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Abstract: The interplay between the human gut microbiota and the peripheral immune system
significantly affects the efficacy of immune checkpoint inhibitors (ICls) in cancer therapy. Despite
this profound connection, the practical implications of microbiota dysbiosis in cancer
immunotherapy ICIs & and CAR-T remain intricate and poorly understood in practical terms. This
paper offers a comprehensive review of current literature on the role of gut microbiota dysbiosis in
tumor development, and emerging microbiota modulation interventions, with a focus on fecal
microbiota transplantation (FMT). FMT is a cost-effective therapeutic avenue, particularly in
addressing diseases rooted in antibiotic-resistant bacteria, such as Clostridium difficile. Here we
provided insights into the applications of FMT and other gut microbiota therapies in the landscape
of cancer treatment, emphasizing their influence on the tumor microenvironment and the efficacy
of ICIs with suggestions for future research directions and their implications for clinical practice.
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Introduction

The gastrointestinal tract (GIT), an integral component of the human digestive system, plays a
pivotal role in digestion, immunity, and absorption. The human gut microbiota constitutes the largest
immunological organ in the body, harboring 60-80% of immune cells (1). The human gut microbiota
is renowned for its significant influence on various host functions, especially immune modulation.
Recent advancements in next-generation sequencing methodologies have enriched our
understanding of the gut microbiota’s essential role. It sustains the equilibrium between human
health and microorganisms, including bacteria, fungi, and archaea (2,3). Althougmicrobiota
icrobiome maintains a stable composition throughout an individual’s lifetime, the proportions of
different bacteria can be influenced by alterations in the intestinal micro-ecological system (4-6).

The gut microbiota is a key component in maintaining health and can contribute to disease,
including cancer. Certain bacteria and viruses have been linked to cellular dysplasia and
carcinogenesis (7). For instance, Salmonella typhi and Helicobacter spp. are associated with biliary
cancer (8,9), while Helicobacter pylori are linked to gastric cancer (10). H. pylori can exert genotoxic
effects and alter intracellular signaling pathways, contributing to gastric adenocarcinoma and MALT
lymphoma, classified as a class I carcinogen by the WHO (11). Thus, general gut microbiota dysbiosis
is connected with carcinogenesis (12).
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Gut Microbiota Composition, Function, and Its Role in Immunotherapy
Overview of the Gut Microbiota and Its Microbial Diversity

The gut microbiota incorporates genetic material from bacteria, fungi, protozoa, and viruses
inhabiting the digestive systems of humans and animals (13). The microbiota’s composition is unique
to each mammalian gut, harboring a diversity of microorganisms, especially Firmicutes and
Bacteroidetes. Additionally, environmental and ethnic backgrounds play a key role in shaping the
distinct gut microbe composition. According to Qin J et al. (2012), distinctions in the European and
Chinese gut microbiotas are due to a confluence of environmental and genetic factors, although the
underlying mechanisms are still ambiguous (14).

Furthermore, the literature reports a strong relationship between diet and the gut microbiota.
Evidence suggests that the host has a considerable influence on the human gut microbiota makeup
through dietary factors, with age, gender, race, and body weight playing comparatively subordinate
roles (13). Moreover, gut microbiota can be classified into essential, autochthonous (resident), and
nonessential, allochthonous (traveler) microbes specific to everyone. For instance, Ruminococcus is a
substantial ecotype, and in Taiwanese individuals, Enterobacteriaceae seems to be a crucial
ecotype (13). Autochthonous microbes reside permanently in the colonic mucosa, while
allochthonous appear during digestion and serve various roles in the ecosystem (15). Hence, it could
be hypothesized that several environmental and genetic factors play a role in the unique gut
microbiota of everyone, including essential and nonessential bacteria, which can be dichotomized
into resident and transient categories.

Roles of Gut Microbes on the Host Immune System

Gut microbiota actively contribute to the improvement of the Immune system and are integral
to disease progression and therapy. The single layer of epithelial cells, or mucosa, comprises intestinal
epithelial cells (IECs) which are categorized as Paneth cells, goblet cells, and intraepithelial
lymphocytes (9,13). The Paneth cells secrete antimicrobial peptides, while goblet cells produce mucus
(9). Bacterial byproducts, such as short-chain fatty acids, and bacteria cause local dendritic cells to
migrate to mesenteric lymph nodes (9). There, adult dendritic cells turn on naive T cells, accelerating
their differentiation into effector T cells, regulatory T cells (Tregs), or Th17 cells, which then either
return to the gut or disseminate consistently (9). Tregs contribute by secreting interleukin-10 (IL-10)),
establishing a localized anti-inflammatory cytokine environment (9,13). Meanwhile, the secretion of
cytokines, including IL-17, by Th17 cells prompts IECs to fortify tight junctions and release
antimicrobial proteins. IL-17 can also trigger the release of other inflammatory cytokines. This
mechanism contributes to the local immune responses (9).

Systemic immune reactions are affected by microbiota-mediated briefing of immune cells.
Antigens from gut bacteria in mesenteric lymph nodes mLNs induce B cells and T cell subsets,
facilitating immune reactions against identical remote antigens via cross-reactivity (9). Thus, the
symbiotic relationship between gut microbiota and the intestinal epithelial cells not only fosters
immunity through the secretion of antimicrobial peptides and mucus but also plays a pivotal role in
disease progression and therapeutic interventions, as bacterial byproducts influence the activation
and differentiation of immune cells, shaping the overall immune landscape.

Factors Influencing Gut Microbiota Composition

Diet and host genetics are crucial elements framing the gut microbiota (9,16). Alteration in diet
can significantly influence major gut bacteria, including Bacteroides thetaiotaomicron , Eubacterium
rectale, and Methanobrevibacter smithii (17). Studies have emphasized the importance of dietary
elements, specifically alcohol, in altered gut microbiota in both animals and humans, as studied in
the literature (13). Conversely, modification in the composition of these key gut bacteria can, in turn,
influence host metabolism and contribute to the development of associated diseases.

In the gut environment, microbial products, such as lipopolysaccharides (LPS) generated by
Gram-negative bacteria and delivered by chylomicrons (18). Lipopolysaccharides prompt innate
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immunity in various organisms. The survival of peritoneal dialysis patients is intricately linked with
plasma LPS and C-reactive protein levels, demonstrating their role as markers for inflammation and
prognosis (13). LPS, a component of the outer membrane of Gram-negative bacteria, can trigger
systemic inflammation. Elevated LPS levels in peritoneal dialysis patients may indicate bacterial
translocation or endotoxin exposure, contributing to an inflammatory state (19). LPS can promote
cancer progression by stimulating chronic inflammation. It activates immune cells and inflammatory
pathways, leading to an environment supporting tumor growth and metastasis.

CRP is a protein produced by the liver in response to inflammation. Elevated CRP levels are
associated with a higher risk of cancer progression and poor prognosis. CRP reflects systemic
inflammation, which can contribute to tumor development and resistance to treatment (20).
Moreover, Trimethylamine (TMA), metabolized into trimethylamine N-oxide (TMAO), a dietary
metabolite of gut flora, influences patient morbidity, highlighting the vast impact of microbiota on
host health and disease (21). The combined influence of diet, genetics, and the gut microbiota leads
to significant health consequences, offering potential efficacy for disease prevention and treatment.
In addition, microbial products like LPS and TMAOQ reveal systemic microbiota imputations (13). The
gut microbiota of horses is susceptible to several factors such as stresses, drugs, and diet, as revealed
by advanced sequencing and bioinformatics. (22).

Gut Microbiota; A Critical Factor in Cancer Imnmunotherapy

The term ‘microbiota’ refers to individual microorganisms, while their collective genomes are
called ‘microbiotas’. The human body contains billions of microorganisms that constantly interact
with the host (7,8). The gut microbiota can modulate the host immune system at both local and
systemic levels (7).

The gut microbiota has emerged as a remarkable factor in cancer immunotherapy; however,
maintaining its delicate equilibrium is essential for therapeutic efficacy. Gut microbes influence the
peripheral immune system (23) and serve as crucial contributors to the effectiveness of immune
checkpoint inhibitors (ICls) for cancer treatment (12). However, the disruption of the gut microbiota,
referred to as ‘intestinal dysbiosis’, is epidemiologically linked to several chronic inflammatory
diseases. (24). Thus, the effectiveness of ICIs should be properly balanced against the potential risks
for long-term inflammatory disorders.

The microbiota significantly influences tumor development and the response to cancer
treatments, particularly immunotherapy (25,26). Inmunotherapy, notably using immune checkpoint
inhibitors (ICIs) such as antibodies against cytotoxic T-lymphocyte antigen 4 (CTLA-4) and
programmed death/ligand 1 (PD-1/PD-L1), has markedly improved survival outcomes for advanced
metastatic cancers, including melanoma and lung carcinoma (27). Inmunotherapy is an alternative
therapeutic approach for cancer treatment but unfortunately, not all patients respond effectively.
Furthermore, patients who exhibit positive responses experience adverse side effects, such as
diarrhea, colitis, hepatitis, skin problems, and hormonal problems (28). Therefore, in certain
individuals, immunotherapy accelerates the growth of the tumor raising concerns regarding its
clinical use. Proposed contributing pathological mechanisms include modulation of tumor immune
microenvironment through macrophages and regulatory T cells and activation of oncogenic signaling
pathways (29). Risk factors for hyperprogression during immunotherapy have not been validated.
However, some associations have been reported between hyperprogression and MDM2 or MDM4
amplifications and EGFR alterations in tumor cells as well as older age, female sex, and the presence
of more than 2 pretreatment sites of metastases (29). Identifying biomarkers and predictive factors
that can anticipate hyperprogression is an active area of research to improve the safety and efficacy
of immunotherapy treatments.

The Impact of Gut Microbiota on Immunotherapy Outcomes

Increasing evidence indicates the significance of the human gut microbiota in cancer
immunotherapy. The human gastrointestinal tract is colonized by 3 x 10 microorganisms (30), and
the body’s immune system serves as the main force controlling tumor development (11). Hence, the
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microbiota of the gastrointestinal (GI) tract plays a significant role in the immune system response
toward immunotherapy, which has substantial implications for tumor development and progression.

The normal human gut microbiota has a positive influence on immune responses, exerting an
anticancer effect. According to previous studies, the gut microbiota influences tumor vulnerability to
therapies like immunotherapy (31), targeting co-inhibitory molecules such as PD-1/PD-L1, immune
checkpoint inhibitors (ICIs), and enhancing host immunity (32). However, an abnormal composition
can lead to adverse effects such as immune-related colitis, respiratory infections, and myocarditis
(31). Certain gut microorganisms have been identified to safeguard against these complications (33),
enhancing treatment sensitivity while minimizing drug side effects (34). For further clarification, the
tendency of the microbiota to affect the outcome of cancer treatment is summarized in Table 1

Diet has a profound impact on intestinal bacterial diversity, which influences the metabolism of
anticancer and immunotherapeutic drugs. Recent studies have shown that a combination of butyrate
with irinotecan enhances drug effectiveness (35,36). Moreover, certain bacterial taxa, including
Lactobacillus fermentum BR11, act as a probiotic and minimize 5-FU-induced mucositis (37). Likewise,
prebiotics, inulin, and oligofructose have shown promising results in reducing tumor growth and
increasing survival in rat models (37) (refer to Table 1).

Antibiotics can alter gut microbiota diversity and enhance treatment efficacy. Co-administration
of ciprofloxacin and gemcitabine has demonstrated improved treatment efficacy, despite potential
side effects, making antibiotics an intensively used strategy for microbiota modification (38).
However, antibiotics can lower microbiota diversity and enhance the proliferation of harmful
bacteria in colorectal cancer.(39)

Immunomodulatory treatment (IMT) has shown benefits in murine models, with enhanced
efficacy observed in mice that responded positively to anti-PD-L1, while contrasting outcomes were
observed in patients who did not respond to the treatment (40). Another successful combination
involves Saccharomyces cerevisine UFMG A-905 and selenium, which significantly improves therapeutic
results in 5-FU treatment, maintaining intestinal integrity and suppressing inflammation (41)(Table
1).

Mechanism Underlying Microbiota-Immune System Interaction

The host-microbiota connection is a complex interplay, influenced by food, microbiota, host
metabolites, and antibiotics, with significant consequences on metabolism, the immune system, and
health. The host actively contributes to this symbiotic interaction by producing antimicrobial
peptides such as defensing (42,43), IgA (44), and miRNAs, which shape microbiota development and
anatomical settings, thereby influencing bacterial transcription and growth (45). Furthermore,
commensal gut microbes, in turn, adapt to host immunity and activate metabolic pathways for
coexistence (46). The host recognition of microbial compounds triggers immune responses. This
interaction establishes tolerance to commensals and susceptibility to pathogens (47).

The disorganization of the gut microbiota can initiate an immunological imbalance, contributing
to immune dysfunction and vulnerability to diseases. Pattern recognition receptors (PRRs) detect
microbiota, reinforce host-microbiota connections, and defend against pathogens. Microbial signals
generate pro-inflammatory cytokines, such as IL-23 and IL-1b, triggering T-cell manufacturing of IL-
17 and IL-22, which foster the production of antimicrobial peptide (AMP). Dendritic cells pass on
microbial antigens to gut lymphoid follicles, promoting Th17 and regulatory T cell development, and
increasing IgA-producing plasma B cells. The gut microbiota sustains the host’s innate immunity by
monitoring the gut environment (48). PRRs, including TLRs and NLRs, secrete microbial metabolites
to control epithelial barriers, phagocyte durability, AMPs, and IgA production. Beneficial gut
bacteria, through the fermentation of dietary fibers, generate short-chain fatty acids, which boost anti-
inflammatory cytokines and Treg production (49) (Figure 1).


https://doi.org/10.20944/preprints202408.0401.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 August 2024 doi:10.20944/preprints202408.0401.v1

Environmental/
Dietary Triggers Dysbiosis
Bacterial Toxins ~ Metabolites Microbial Translocation
R L .
a'f-’ ‘ |
cATY
%, 0 ® 0 o
Host's & .l
Response <
Increased Chronic Autoimmunity Hyper

Proliferation

(J Permeability Inflammation

! B
7
Colorectal Cancer

Figure 1. microbiota-immune system interaction. Dynamic interactions between the gut microbiota
and the immune system. The host immune system is crucial for preserving homeostasis with the
microbial species. The mucus layer, the secretion of antimicrobial peptides (AMP) and
immunoglobulin A (IgA) by lamina propria plasma cells, and the presence of dendritic cells (DC) are
some of the immune system mechanisms that help to limit the luminal microbes, to reduce the
interaction of the microorganisms and the immune system, and to minimize bacterial-epithelial
contact.

The gut microbiota sustains intestinal immunological stability, triggering T-cell responses and
inflammasome signaling, and producing cytokines such as TNF-a, IL-6, pro-IL-1b, and pro-IL-18. It
promotes Th17 and Treg cell growth and tolerance via pattern recognition (48). Host immunity
measures microbial metabolism through metabolites recognized by pattern recognition receptors
(PRRs) (49). The microbiota, in turn, digests compounds like non-digestible fibers, tryptophan,
arginine, and hepatic bile acids (50). Therefore, these transformations affect the gut immune system,
increase antimicrobial activity, and facilitate sustained colonization. Moreover, the activity of
inflammasomes enables microbial-mediated metabolic processes, controlling immune signaling
pathways (51).

Immune Checkpoint Modulation by Gut Microbes

The immune system employs a network of inhibitory pathways known as Immune checkpoint
inhibitors (IClIs), which enhance immune responses for eliminating tumor cells. Three categories of
Immune checkpoint inhibitors, including monoclonal antibodies targeting PD-1, PD-L1, and CTLA-
4, have received clinical approval. Notably, the gut microbiota produces essential compounds that
affect metabolism, endocrine function, and immunity, which can influence the effectiveness of
Immune Checkpoint Inhibitors. This leads to significant implications for drug development aimed at
improving ICI efficacy (52).

The gut microbiota has the potential to enhance the efficacy of immunotherapy by modulating
innate and adaptive immunity, as well as immunogenicity of tumor antigens, thereby restructuring
the tumor microenvironment (53). Hence, the role of the gut microbiota in the regulation of intestinal
immunity and modulation of the host immune system via mechanisms including systemic metabolic
processes and immunological regulation. The role of the gut microbiota in immune regulation is
continuously evolving, encompassing the inhibition of pro-inflammatory cytokines, overcoming
regulatory T-cell (Treg) density, and promoting anti-tumor dendritic cell maturation and T-cell
accumulation in the tumor microenvironment (12,54). Additionally, cytokines and metabolites play
a crucial role in regulating gut microbiota, preserving the mucosal barrier, maintaining endocrine
homeostasis, and modulating intestinal immunity (55). Moreover, the gut microbiota’s influence on
immunotherapy effectiveness can be triggered by altering MHC class I/II genes (55). Disruption of
microbial metabolism plays a significant role in regulating gut mucosa immunological balance. Some
bacterial species contribute to anti-tumor tolerogenesis owing to lower short-chain fatty acids and
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increased primary bile acid conversion to secondary bile acids by Clostridiales, positively related to
immune checkpoint inhibitor responses (56).

Cancer Immunotherapy: A Paradigm Shift in Cancer Treatment

The human body acquires all host-related microorganisms through vertical transmission after
birth. These microorganisms undergo evolutionary changes through environmental exposure
throughout life (57,58). Microbiota inhabits the human gut and tumor microenvironmentsas depicted
in Table (2) and can influence both tumor development and treatment response (25). Consequently,
cancer immunotherapy harnesses the body’s immune system to combat cancer, making a major
scientific breakthrough.

Immune Checkpoint Inhibitors

Immune checkpoint inhibitors (ICIs) have emerged as one of the most innovative and promising
cancer treatments in the past decade (57). Numerous reports indicated that these inhibitors function
by blocking immune checkpoints, which are membrane-bound molecules used by cancer cells to
evade the immune system (58,59). The most prominent immune checkpoints include the
programmed cell death 1 (PD-1), programmed cell death ligand 1 (PD-L1), and cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4). These checkpoints suppress T cell activation, thereby
weakening immune responses against cancer. However, it's noteworthy that less than 30% of patients
derive benefit from Immune checkpoint blockade (ICB) (60) which is a type of immunotherapy that
has demonstrated efficacy against metastatic tumors (61).

The role of PD-1 as an immune checkpoint was confirmed with the discovery of one of its
ligands, PD-L1 (26). Researchers proposed that inhibiting PD-1 would result in sustained T-cell
responses. This concept gained support from several preclinical researchers, which finally led to the
development of ipilimumab, a monoclonal antibody that targets human CTLA-4 and is used in
clinical trials (59,62). Immune checkpoint inhibitors (ICIs) have achieved multiple approvals from
both the Food and Drug Administration (FDA) and the European Medicines Agency (EMA), leading
to a transformation in the treatment approach for certain metastatic cancers (35). Various immune
checkpoint inhibitors (ICIs) have now become the standard treatment for several advanced cancer
types, including lung cancer, renal cell carcinoma (RCC), urothelial carcinoma, and head and neck
cancer (63).

Chimeric Antigen Receptor T Cell (CAR-T) Therapy

Chimeric antigen receptor (CAR)-T cell therapy is a revolutionary treatment, demonstrating
highly effective and long-lasting clinical outcomes (64). CARs, synthetic receptors engineered to
redirect immune cells, primarily T cells, are helpful in the identification and elimination of cells
bearing a particular target antigen (65). These receptors interact directly with target antigens on the
cell surface instead of utilizing the conventional major histocompatibility complex (MHC) receptor.
It utilizes chimeric antigen receptors to empower T cells for tumor antigen recognition (66), leading
to abundant T-cell activation and anti-tumor responses (67). Therefore, due to its exceptional success
in combating B-cell malignancies, the US Food and Drug Administration (FDA) approved anti-CD19
CAR-T cell therapy in 2017 (66,67). FDA-approved treatments involve Tisagenlecleucel and
Axicabtagene ciloleucel, with ongoing development targeting solid tumors (66).

CARs are considered modular synthetic receptors, comprising four primary elements:

e  An antigen-binding domain (64).

¢ A hinge domain (64,65).

e A transmembrane domain (64).

¢ One or more intracellular signaling domains (65).
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Gut Microbiota and Cancer Development:

The gut microbiota is also a major factor in the development of cancer, according to recent
studies, which have prompted an investigation into the complex mechanisms underlying this
correlation. To create focused interventions to reduce cancer risk and progression, it is crucial to
comprehend these pathways.

Inflammation and Immune Modulation:

Chronic inflammation is an indication of cancer, with gut microbiota controlling host immune
reactions. However, Intestinal carcinogenesis is also influenced by the gut microbiota. In addition to
known particular carcinogens like Salmonella typhi and Helicobacter pylori, a general change in the
gut microbiota may possibly play a role in the development of cancer(27). Dysbiosis can also induce
persistent inflammation and cancer progression (68). Microbial components like LPS regulate pro-
inflammatory pathways via Toll-like receptors (TLRs) (69). The gut microbiota influences the
immune cell community, affecting antitumor immunity and fostering a pro-tumorigenic
environment (Figure 2).
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Figure 2. Dysbiosis and host’s response to environmental and dietary triggers. Functioning models of
common mechanisms of bacteria—associated colon cancer. Increasing toxic bacterial products,
decreasing beneficial bacterial metabolites, disrupting tissue barriers, translocating the microbes, and
dysbiosis results in the activation of abnormal immune systems, chronic inflammation, and
hyperproliferation that induces colorectal cancer. The host factors, such as genetic errors, could
promote dysbiosis along with the environmental trigger and change of diet.

Metabolism and Diet:

The gut microbiota digests food into bioactive compounds, such as anti-cancer short-chain fatty
acids (SCFAs) from fiber (70,71) and potentially carcinogenic secondary bile acids that cause
colorectal cancer. By direct effects on human cell physiology, intracellular homeostasis, metabolic
regulation, or xenobiotic digestion, gut microbiota interacts with food components to induce
persistent inflammation and colorectal cancer (CRC)(72). Hence, maintaining balance in the gut
microbiota is crucial to promote a healthy metabolome.

Genotoxicity and DNA Damage:

Some gut microbial species can directly cause DNA damage in host cells by producing
genotoxins such as cytolethal distending toxin (CDT) and colibactin. Type I deoxyribonuclease
(DNase I) in mammals is functionally analogous to bacteria’s genotoxins, which cause single-strand
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breaks (S5Bs) and double-strand breaks (DSBs) on genetic material in targeted cell populations,
thereby inducing an initiation of the DNA damage response (DDR)(73). This promotes the
development and spread of tumors by causing cell death, apoptosis, or mutations in genes as a result
of these reactions (74).

Modulation of Host Signaling Pathways:

Mood, digestion, cognitive function, and motor skills are all significantly impacted by the
relationship between the gut bacteria and the central nervous system. A multitude of illnesses,
including cancer, can be attributed to disturbances in the microbiota-gut-brain pathway. The gut
microbiota can affect cell division, death, and differentiation by interacting with host signaling
pathways (75). Microbial metabolites may act as mediator for the activation of oncogenic pathways
such as Wnt/-catenin and the epidermal growth factor receptor (EGFR) pathway, accelerating the
development of cancer (76).

Microbial Dysbiosis and Cancer:

Microbial dysbiosis, a disruption of the gut microbiota’s delicate equilibrium, is linked to the
emergence of cancer by various mechanisms (77). First, inflammation, a precipitating factor for
tumors, can damage DNA promoting cell proliferation and creating a preferable environment for
cancer growth (78). Second, microbiota alteration produces metabolites affecting host cells, leading
to host immune system dysfunction and potentially impairing the body’s ability to recognize and
combat cancer cells. Third, certain bacteria can activate procarcinogens, which become carcinogenic
when metabolized. Thus, the connection between microbial dysbiosis and cancer emphasizes the
importance of microbiota health in oncology.

Microbiota and Immunotherapy Response:

The gut microbiota influences immunotherapy efficiency by regulating anti-tumor immune
responses, enhancing T-cell activation, and improving immune checkpoint inhibitor efficacy (79,80).
Therefore, understanding and manipulating it holds promise for improving the efficacy of
immunotherapy in cancer patients.

Mechanisms of Influence:

Researchers are still investigating the processes through which the microbiota affects the efficacy
of cancer immunotherapy. The generation of chemicals by gut bacteria that can have an impact on
the immune system is one mechanism. These metabolites can either stimulate or decrease the immune
response, affecting how well immunotherapies work.

Microbiota and Immunotherapy Toxicity:

The toxicity connected with immunotherapy may potentially be influenced by the microbiota
(81). The gut microbiota’s makeup may have an impact on how quickly and severely adverse effects
from immunotherapy manifest. For instance, specific gut flora may affect the immunological
reactions and inflammation that lead to adverse outcomes associated with immunotherapy (82).

Specific Cancer Types Influenced by the Gut Microbiota:

Gut microbiota such as Fusobacterium nucleatum are related to colorectal cancer risk (83).
Particular gut microbes boost anti-tumor immune responses and immunotherapy efficacy in
melanoma (84). Specific bacteria interlink with enhanced response and persistent survival in lung
cancer individuals on immunotherapy (85). Gut microbiota alterations impact liver inflammation and
liver cancer risk (86). Recent research explores a significant interaction between the gut microbiota
and breast cancer (87). A changed gut microbiota may influence immune response and inflammation,
impacting pancreatic cancer development and treatment response (88). The gut microbiota’s role in
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gastroesophageal cancers, including esophageal and gastric cancers, is under analysis for its influence
on inflammation, immunity, and cancer development (89).

Several studies have highlighted the tumor specificity of certain bacterial taxa and their potential
role in cancer treatment. Some of these bacteria are manipulated due to their characteristics such as
localied cytotoxicity, tumor specific germination, spore formation under specific conditions.
Neospora caninum and Clostridium species spores, offer a promising approach to cancer therapy
due to their ability to germinate specifically in the hypoxic and necrotic environments of tumors,
minimizing toxicity to healthy tissues (90). Once activated, these spores secrete enzymes that degrade
tumor cells while simultaneously triggering an immune response that enhances the infiltration of
immune cells, such as neutrophils and monocytes, into the tumor microenvironment. Engineered
strains like Clostridium novyi-NT, which have reduced toxicity, can effectively induce tumor
regression and promote long-term immune activation(90). Additionally, these spores can be designed
to release prodrug-converting enzymes at the tumor site, transforming non-toxic prodrugs into
potent cytotoxic agents. This multifaceted mechanism highlights the potential of bacterial spores as
a targeted and effective cancer treatment strategy.

Tumor Micro-Environnement Immune Response Modulation:

The gut microbiota affects the tumor microenvironment and induce immune cells against
tumors, having an anti-tumor response. In the tumor microenvironment, angiogenesis and tissue
remodeling caused by gut bacteria influence tumor growth and interference (91). Considering these
relationships is necessary for personalized cancer treatment. Modifying the gut microbiota via diet,
probiotics, or fecal microbiota transplantation (FMT) can change the tumor microenvironment and
potentially enhance responses to immunotherapies and cancer treatments.

Strategies to Manipulate the Gut Microbiota to Improve Cancer Immunotherapy:

The composition and activity of gut bacteria can be changed to improve the efficacy of
immunotherapeutic methods as part of strategies to regulate the gut microbiota to improve cancer
immunotherapy. The objective is to alter the gut microbiota in a way that promotes an immune
response that fights cancer and enhances the effectiveness of cancer immunotherapies such as
immune checkpoint inhibitors. The following are some of the approaches under consideration and
investigation:

Probiotics and Prebiotics:

Probiotics, live microorganisms administered in sufficient dosages, offer positive effects on
health (92). Certain probiotic strains have been investigated for their potential to modulate the gut
microbiota and enhance the response to immunotherapy (93). On the other hand, prebiotics, or
indigestible fibers, provide nourishment for good microorganisms in the gut. These symbiotic
microbial species encourage the growth of helpful bacteria, thereby improving the immune system'’s
capacity to fight tumors.

Administration of Probiotics to Improve the Efficacy of Immunotherapy and Chemotherapy:

Fighting cancer is a challenging task, as cancerous cells possess the ability to surpass the host’s
immune system despite advanced therapies. However, probiotics hold the promise to overcome such
barriers and act as anti-cancerous agents by promoting the development of anti-oxidant, anti-
cancerous, and anti-inflammatory products (94). Furthermore, Probiotics combat cancer through a
variety of methods, including enhancing the intestinal barrier, translocation of bacteria, and
preserving the homeostasis of the gut microbiota(95).

Probiotics play a key role in improving immune checkpoint inhibitor therapy for cancer patients.
Probiotics such as Lactobacillus and Bifidobacterium, are essential parts of the healthy gut flora that aid
in halting the growth and spread of tumors. By inducing phagocytes to eliminate cancer cells in the
initial stages and controlling anti-inflammatory cytokines, they improve the body’s reaction to
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immunological checkpoint inhibitors (ICIs). Probiotics’ control over the host’s immunological history
is directly related to their capacity to affect the effectiveness of ICIs(96). Among probiotics,
Lactobacillus rthamnosus GG (LGG) constitutes one of the most researched and thoroughly
characterized archetypes. Lactobacilli is one of the probiotics being researched as a supplementary
therapy for intestinal damage linked to chemotherapy(97). Moreover,several onging clinical studies
focus on using probiotics to prevent and manage chemotherapy-induced side effects (Table 3).
Notably, probiotics may help alleviate symptoms like diarrhea and mucositis, enhancing patients’
quality of life during cancer treatment.

Dietary Interventions:

Dietary modifications have a significant effect on the gut flora. A diet high in plant-based foods
and fiber can encourage the development of good gut flora, which provides compounds that support
an anti-inflammatory and anti-tumor environment (98).

Antibiotics and Microbiota Modulation:

Antibiotics have a short-term impact on the gut microbiota and studies suggest that their usage
can influence the efficacy of cancer immunotherapy treatments (99). Therefore, Antibiotic use should
be careful, though, as it can potentially eliminate helpful bacteria.

Synbiotics:

Synbiotics are a combination of probiotics and prebiotics. They aim to enhance the survival and
activity of beneficial bacteria in the gut by providing the necessary nutrients for their growth and
maintenance. Hence, improving the therapeutic effect of gut microbiota (100).

Fecal Microbiota Transplantation (FMT):

Fecal Microbiota Transplantation restores a healthy gut microbiota by transplanting feces from
a healthy donor into the recipient’s digestive system. FMT has been investigated as a potential
method to modify the gut microbiota and enhance cancer immunotherapy response rates (101). Fecal
microbiota transplantatio is a promising treatment option. However, research studies have shown
both positive and negative outcomes in relation to immunotherapy and cancer treatment. Clinical
trials have also identified both beneficial and adverse effects of FMT on cancer (Table 4).

Conclusion

microbiotas emerge as powerful tools, both in the clinical and pre-clinical context, revealing their
potential for treating cancer through immunotherapy. Since the discovery of immune checkpoint
inhibitors, the modulation of the gut microbiota for optimal health has evolved significantly in cancer
therapy. However, it presents certain challenges that necessitate comprehensive research to
implement this immunotherapeutic strategy for optimal results. A thorough analysis of the
microbiota’s influence on the immune system, along with the identification of unique beneficial
bacterial taxa, for different individual ethnic and environmental backgrounds, and their pathways
linked to immunity, is necessary. This can be beneficial in overcoming challenges in novel therapy
strategies, such as the association of fecal microbiota transplantation (FMT) with infections. A
systematic classification of individuals into groups, discerning the shared or disparate factors
(including diet, environment, and genetics) influencing their microbiota composition. The adoption
of distinctive methodologies, such as profiling techniques to delineate a group of individuals’
microbiotas, holds significant promise for attaining favorable therapeutic outcomes
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Challenges and Future Directions
Unanswered Questions and Areas for Further Research

The gut microbiota plays a pivotal role in eradicating cancer via modulation therapies, especially
immunotherapy; however, certain unanswered questions need to be highlighted. A novel microbiota
modulation therapy, Fecal Microbiota Transplantation is an efficient way of treating diseases caused
by bacterial species possessing antibiotic resistance, such as Clostridium difficile (102), and enhances
insulin resistance in diabetic patients. Despite these achievements, various complications in FMT
therapy need to be addressed, specifically the selection of the best donor which should have a broad
diversity of microbial species having beneficial bacteria. To date, Akkermansia muciniphili,
Bifidobacteria spp, Bacteroides spp, and E. hirae have been considered advantageous bacteria that
increase anti-cancer immunity. Further, it elevates concerns about the potential transmission of
infectious pathogens, necessitating careful examination, and disregarding viruses and bacteria (103).

Harmful bacteria can weaken immunotherapy efficiency but are indiscriminately eliminated by
antibiotics, causing dysbiosis. Prebiotics, whether dietary or chemical, can increase the growth of
beneficial bacteria, enhancing the role of immunotherapy. The complete digestion of dietary fiber
elements produces fatty acids with anti-tumor characteristics (104). The effectiveness of prebiotics
relies on the host’s specific bacteria. Merging specific bacteria with prebiotics as symbiotics can be
helpful (105). Moreover, bacteriophages selective for specific bacterial species may assist in
eliminating harmful intestinal bacteria (106). Challenges from the early 20th century regarding
perniciousness and impurity still affect microbiota-related tumor diagnosis and therapies (107).
Precise studies with selected samples are needed to mitigate toxicities and understand microbial
effects on oncogenesis and therapeutic responses.

Standardization of Microbiota-Related Protocols in Clinical Practice

Scientific literature discloses questions about the necessity and efficacy of microbiota profiling
in cancer therapy. Challenges include the selection of profiling methods and reference databases.
Unanswered questions revolve around the need to regulate the mechanisms through which diet,
medication, mental health, and environment affect the gut microbiota and cancer therapy. However,
complexities arise during the manipulation of the gut microbiota for therapeutic benefits which
makes it a tough therapeutic strategy (7). Studies till today have failed to clarify which overall
microbiota composition is ideal for enhancing anti-tumor responses, requiring comprehensive
clinical trials. Therefore, preparatory steps and long-term maintenance are essential considerations.

Moreover, scientific experiments carried out in animal models provide valuable insights into
drug interactions with human microbiota, although unable to fully explain the physiology of an
individual (108). To translate such findings for therapeutic purposes, comprehensive and focused
research through human gut-on-chip is needed. Thus, In-depth analysis is required to understand
the basic relationship between drugs and human microbiota. Such studies will aid in finding
biomarkers derived from the microbiota to invent ideas for altering the gut microbiota for better
immunotherapy outcomes.

The gut microbiota’s influence on cancer immunotherapy remains complicated and not fully
comprehended. It's unclear whether the whole microbiota or unique bacteria have therapeutic results
(54) Finding the optimal composition for increasing immunotherapy is crucial, necessitating in-depth
analysis of strategies such as diet and FMT. Previous mouse experiments have shown bidirectional
modulation of the gut microbiota in cancer therapy, offering insights into effective biomarkers.
Extensive research is required to display the underlying cellular and molecular procedures.
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