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Abstract

The immune system plays a pivotal role in the battle against cancer, serving as a formidable guardian in the ongoing fight
against malignant cells. To combat these malignant cells, immunotherapy has emerged as a prevalent approach leverag-
ing antibodies and peptides such as anti-PD-1, anti-PD-L1, and anti-CTLA-4 to inhibit immune checkpoints and activate
T lymphocytes. The optimization of gut microbiota plays a significant role in modulating the defense system in the body.
This study explores the potential of certain gut-resident bacteria to amplify the impact of immunotherapy. Contemporary
antibiotic treatments, which can impair gut flora, may diminish the efficacy of immune checkpoint blockers. Conversely,
probiotics or fecal microbiota transplantation can help re-establish intestinal microflora equilibrium. Additionally, the gut
microbiome has been implicated in various strategies to counteract immune resistance, thereby enhancing the success of
cancer immunotherapy. This paper also acknowledges cutting-edge technologies such as nanotechnology, CAR-T therapy,
ACT therapy, and oncolytic viruses in modulating gut microbiota. Thus, an exhaustive review of literature was performed to
uncover the elusive link that could potentiate the gut microbiome’s role in augmenting the success of cancer immunotherapy.
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Abbreviations

ICIs Immune checkpoint inhibitors

CTLA-4 Cytotoxic T-lymphocyte antigen-4

PD1/PD-L1 Programmed cell death protein 1/pro-
grammed cell death ligand 1

IECS Intestinal epithelial cells

APCs Antigen-presenting cells

SMP Submucosal plexus

CM Circular muscle

MP Myenteric plexus

LM Longitudinal layer of muscle

HGC High gene count

LGC Low gene count

SCFAs Short chain fatty acids

IL Interleukin

CRC Colorectal cancer

ATF6 Activating transcription factor 6

MyD88/TRIF Myeloid differentiation factor88/Toll/
IL-1 receptor domain-containing adaptor
inducing IFN-beta

@ Springer

CCL5
CXCL9
ICD
HCC
ORR
NKT
PDAC
LTS
STS
FMT
CD8
ESBL
GVHD
PAP2
LBPs
SPF
NSCLC
PFS
(oM
DCs

CC-chemokine ligand 5

CXC chemokine ligand
Immunogenic cell death
Hepatocellular cancer

Objective response rate

Natural killer T cells

Pancreatic ductal adenocarcinoma
Long-term survival

Short-term survival

Fecal microbial transfer

Cluster of differentiation 8
Extended-spectrum of beta-lactamase
Graft versus host disease
Phosphatic acid phosphatase type-2
Live biotherapeutic products
Specific pathogen free

Non-small cell lung cancer
Progression-free survival

Overall survival

Dendritic cells
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GI Gastrointestinal tract
RCC Renal cell carcinoma

MAMPs Microbial-associated molecular patterns

TLRs Toll-like receptors

NOD Nucleotide oligomerization domain

NLRs NOD-like receptors

PPAR Peroxisome proliferator-activated receptor
gamma

TNBC Triple-negative breast cancer

AML Acute myeloid leukemia

HCT Hematocrit test

Introduction

A healthy human gut serves as a cocoon to multiple micro-
organisms and helps to thrive and replenish the ecosystem
by creating a symbiotic relationship with the host. This has
a significant impact on how diseases and human health are
modulated. The intestinal epithelial layer acts as a home to
a diverse range of microorganisms, which includes bacteria,
fungus, viruses, archaea, and protozoa [1, 2]. The epithelial
layer consists of mucosal immune cells which is responsi-
ble for maintaining the integrity of this barrier. The normal
gut microbiota fulfills unique functions in the host, includ-
ing processing nutrients, metabolizing foreign compounds
and medications, maintaining the structural integrity of the
intestinal mucosal barrier, regulating the immune system,
and protecting against harmful pathogens [3, 4]. When the
intestinal ecosystem is slightly modified, some commensal
bacteria like Clostridium difficile or vancomycin-resistant
enterococcus rapidly proliferate and gather pathogenic fea-
tures. These are known as pathobionts [5, 6]. Within the
gastrointestinal realm, the gut microbiome forms intricate
partnerships with epithelial and stromal cells, demonstrating
a diverse array of essential regulatory tasks. These include
upholding the integrity of protective barriers, ensuring a
harmonious balance in mucosal immune activity and the
coexistence of host and microbes, defeating potential path-
ogenic invasions, curbing the proliferation of detrimental
organisms, and regulating metabolic functions [7-11]. The
gut microbiota is also responsible for metabolism of various
nutrients, lipids, and xenobiotic drugs. The gut microbiota
helps to synthesize vitamin K and multiple components
of vitamin B. Recent studies have shown that diet plays a
very important role to prevent cancer. Organic diets contain
inactive polyphenols. Many plants, fruits, and plant-based
items contain polyphenolic secondary compounds, such as
flavanols, flavanones, flavan-3-ols, isoflavones, anthocyani-
dins, flavones, tannins, lignans, and chlorogenic acids. These
inactive polyphenols are converted to their active form by
biotransformation of the sugar moiety with the help of gut
microbiota and are absorbed in the small intestine [12].

These flavonoids have the efficacy to scavenge free radicals,
regulate cellular metabolism, and prevent oxidative stress
thus participating in cell cycle arrest, inducing cell cycle
and apoptosis and autophagy, and suppressing cancer cell
proliferation and invasiveness [13].

The latest treatment for cancer in this century that has
become a boon to the mankind is cancer immunotherapy.
The immune system is utilized to provide a cytotoxic impact.
The most novel immunotherapeutic agents for cancer immu-
notherapy is the utilization of immune checkpoint inhibitors
(ICIs). These ICIs function using antibodies to block cyto-
toxic T-lymphocyte antigen-4 (CTLA-4) and programmed
cell death protein 1/programmed cell death ligand 1 (PD1/
PD-L1). Though ICI therapy has reached heights in cases of
advanced hematologic malignancies but the main limitation
of this therapy is that it causes subjects to inherit acquired
or primary resistance, which restricts the broad clinical use
of ICIs [14, 15].

In this context, we dive into the intricate interplay
between the gut microbiome, dietary factors, cancer, immu-
nology, and cancer immunotherapy, while also providing a
concise overview of the relevant obstacles influencing treat-
ment effectiveness and potential remedies.

Gut structure and composition of gut microbiota

The human body serves as a home to several trillions of
microbes [16]. These microbes constantly interact with the
host by the symbiotic relationship they withhold with the
multiple parts of human body, like the skin and the interior
surfaces of mucosa [12]. The intestinal mucosa is the inner-
most layer of the intestine and is made up of three layers.
The inner layer of intestinal mucosa is the epithelium where
most the processes like digestion, absorption, and secretion
occurs. It comprises intraepithelial lymphocytes and intes-
tinal epithelial cells (IECs). Within the IECs, Paneth cells
and goblet cells secrete mucus and antimicrobial peptides,
respectively. A layer of connective tissue is also present
within the mucosa which is called lamina propria [17]. This
specialized structure helps to interact with the immune cells.
Aggregated lymphoid nodules and numerous immune cells
such as T, B, innate lymphoid cells, and antigen-presenting
cells (APCs) are found in this layer at higher proportions
[18]. This tissue found in the intestine is a prime example
of the most substantial element within a living immune sys-
tem, as it holds a pivotal function in both local and systemic
immune responses. Apart from this, there is the muscularis
mucosae, a thin layer of smooth muscle outside the lam-
ina propria that facilitates the passage of body fluids and
enhances peristalsis and agitation to improve the interac-
tion between the lumen’s contents and the epithelial layer
(Fig. 1) [19].
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Fig. 1 Structure and composi-
tion of gut microbiota illustrat-
ing the submucosal plexus
(SMP), circular muscle (CM),
myenteric plexus (MP), and lon-
gitudinal layer of muscle (LM).
Within this layer, the enteroen-
docrine cells are present which
are responsible for secretion of
multiple hormones and peptides
that regulate digestion, metabo-
lism and absorption. The paneth
cells and tuft cells also located
in this layer secretes antimicro-
bial mediators that prevent the
growth of microorganisms and
prevent parasitic infections. The
goblet cells and stem cells help
in mucus secretion and helps to
repair the damaged cells
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The gut microbiota is composed of three “enterotypes”
[20]. Bacteroides, Prevotella, or Ruminococcus are mainly
prevalent in this region, without any biasness over national-
ity, age, or body mass [21-23]. Populations that consume
high-fat diets, large amounts of animal protein, a sufficient
quantity of amino acids, and saturated fats, while consuming
very little fiber are more likely to have dominant Bacteroides
and Bifidobacteriales. People consuming high quantity of
carbohydrates and simple sugar and having low quantity
of aforementioned products are more prone to be dominant
to Prevotella [22]. As a result, Prevotella is more common
in vegetarians, whereas people who are vegan have high
prevalence of F. prausnitzii. Based on the available data, it
appears that dietary habits have a significant influence on
the enterotype level of gut microbiota [22-24]. Based on
gut environment, an intriguing theory of high gene count
(HGC) and low gene count (LGC) was identified from a
Danish study, which involved multiple non-obese and obese
individuals and both of them had separate impacts on health
and disease (Fig. 2) [12].

Dietary influence on gut microbiota

To decode immunotherapy, the proper understanding
between dietary factors and its impact on an individual’s
gut flora is essential. Patients may experience varying
responses to immunotherapy based on the makeup of their
gut flora [25-28]. The constructiveness of immunotherapy
can be directly impacted by the intestinal microbiota through
interactions with drugs, or indirectly with the host’s natural
immune system responds to the treatment [25, 26, 29, 30].
The impact of the side effects to the treatment can also be
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altered by gut bacteria [25]. Hence, the diet significantly
influences the makeup of the gut microbiota. [22, 26, 29,
31-35].

Animal-based diet in contrast to a plant-based diet

According to a study conducted by David and his research-
ers performed a clinical trial between the two groups where
one group consumed a heavy diet including meat and dairy
products and the other group that consumed only plant-based
foods. According to this study, the conformation of the gut
microbiota was found to be significantly more impacted
by an animal-based diet as they produced more fermented
products of amino acids and fewer fermented products of
carbohydrates in comparison to a diet gathered from plants
(Fig. 3).

The quantity of putrefactive, bile-tolerant bacteria like
Bacteroides and Clostridia correlated favorably with the
amount of amino acid fermentation products [21, 22]; con-
versely, the numbers of friendly bacteria like Bifidobacteria
and Eubacteria [21, 22, 36] had a negative correlation with
the amount of amino acid fermentation products. Further-
more, a diet high in saturated fats increased the populations
of Bacteroides and anaerobic bacteria [21, 22, 36, 37]. Con-
suming protein-rich diet broadens the variety of gut flora,
but the benefits vary depending on the source. Consuming
whey and pea protein raises Bifidobacterium and Lactobacil-
lus levels, whereas it restricts the growth of Clostridium per-
fringens and Bacteroides fragilis [34]. Pea protein also raises
the levels of gastrointestinal short chain fatty acids (SCFAs).
A high-fiber diet promotes the growth of Firmicutes and
Proteobacteria, which are typically reduced in patients who
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Fig.2 Arrangement of microbes on the basis of multiple classifica-
tion systems. A Arrangement of microbes on the basis of body lev-
els. B Types of microbes on the basis of enterotypes. C Types of
microbes on the basis of Danish study. The above figure demonstrates

consume a high-fat diet [22]. Ruminococcus development
in the gut was facilitated by high polyunsaturated fat intake,
whereas Bacteroides proliferated quickly, when diet rich in
carbohydrates and simple sugars were provided [36].

Different kinds of cancer that may result
from alterations in the gut microbiome

Before examining the special combination of interactions
between immune system and the gut microbiota, it is impor-
tant to recognize about the connections between the immune
system, the microbiota, and cancer that are connected to the
alimentary tract.

Colorectal cancer (CRC)

Florencia McAllister and his research team demonstrated the
interaction between the immune system and the microbiota
in case of colorectal cancer [38]. Nevertheless, more recent
research has revealed other host microbiome relationships

the location of numerous microbes at different pHs in the gastrointes-
tinal tracts which are responsible for synthesis of multiple forms of
vitamins and short chain fatty acids that helps in proper functioning
of our body. HGC high gene count, LGC low gene count

that may contribute to the development of CRC. Scientists
have established that in the APC-mutated model for CRC,
cell type-specific IL-1 responses can lead the disease to an
advanced stage [39]. IL-1 when uncontrolled can lead to
development of cancer. In addition, researchers observed
that IL-1 activation in the myeloid cells released neutrophils
that halted the course of colorectal cancer by preventing bac-
terial invasion in the tumor. IL-1 activation in IEC and T
cells thus leads to carcinogenesis in a cell autonomous man-
ner [39]. This emphasizes the importance of accounting for
cell-specific reactions when developing and implementing
IL-1 receptor agonists and antagonists.

Activating transcription factor (ATF6), a modulator of
endoplasmic reticulum stress, is an essential component
for the onset of CRC. When the ATF6 expression in CRC
patients increases the disease-free survival time of patient
decreases [40]. The mice harboring triggered form of ATF6
(nATF6IEC) in the IEC develop colonic adenomas on their
own intestines. Particularly, these mice developed changes
in the makeup of their microbiomes, and the application
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Fig.3 Multiple diets and its effects on various gut microbes. Diets
are responsible for the modulation of both commensal bacteria
and the harmful bacteria. The arrows pointing upward depicts the

of antibiotics or germ-free housing markedly reduced or
stopped the growth of tumors. Subsequently, the genetic
removal of MyD88/TRIF, which are essential molecules for
detecting bacteria, in nATF6IEC mice notably decreased
tumor formation and occurrence [40]. Therefore, this study
highlighted ATF6 as a key player in the complex interactions
among the immune system, the microbiota, and colorectal
cancer.

Chemokines, including CCLS5, CXCL9, and CXCL10, are
linked to the infiltration of cytotoxic T cells into tumors.
Notably, the expression of these chemokines was correlated
with specific bacterial taxa, such as proteobacteria, particu-
larly methylobacteriaceae [41]. Additionally recent research
has demonstrated that in both CRC patients and mouse mod-
els of the disease, the ileal microbiota, in particular Bacte-
roides fragilis and Erysipelotrichaceae, can induce ICD in
ileal intestinal epithelial cells. Irrespective of the stability
or instability of the microsatellite, this sort of cell death
produces PD-1+follicular helper T cells that are interleu-
kin-1 receptor 1-dependent and interleukin-12-dependent
that ultimately impacts the effectiveness of chemotherapy
and PD-1 restriction in colon carcinoma [42]. These results
indicate the potential of employing microbial-based thera-
pies or probiotics to increase the infiltration of beneficial T
cell into tumors and extending patient’s life.
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increase in commensal bacteria on consumption of that particular
diet, whereas the arrows pointing downward depicts the reduction of
microorganisms that may be harmful or destructive for our gut

Liver cancer

Hepatocellular cancer (HCC) ranks third among all cancers
in the world. Ten-year cycles of liver injury and inflamma-
tion are a major cause of hepatocellular carcinoma. Leaky
gut and microbial translocation to the liver constitute the
primary cause of HCC development. These variables trig-
ger ongoing immunological responses and simultaneously,
emphasizing how the microbiota affects this illness [43].

Advanced-stage HCC has been managed using the multi-
kinase inhibitor Sorafenib, which demonstrates an objective
response rate (ORR) of less than 5% [44]. Multiple stud-
ies demonstrated the effectiveness of immune checkpoint
blockers (ICBs) on microbiota in individuals with numer-
ous cancers, such as melanoma, lung cancer, and renal
cell carcinoma [18, 45, 46]. This may also reflect to HCC
as Zhang et al. demonstrated that non-responders had an
enriched environment of proteobacteria and HCC patients
who responded well to anti-pd-1 therapy had an enriched
environment of Akkermansia muciniphila and Ruminococ-
caceae spp. [44]. This demonstrates that patients responded
well to ICB therapy when the gut microbiome is enriched
with certain microbial species.

Recent research indicates that there is a complex link
between the development of hepatocellular carcinoma, bile
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acid metabolism, and the gut microbiota. Secondary bile
acids that develop when certain colonic bacteria, such as
Clostridium scindens, metabolize primary bile acids and the
increment of the secondary bile acids have a tremendous
impact on the immune system of liver [47]. Specifically in
the liver, they can lead to a decline in availability of natural
killer T (NKT) Cell [47]. These NKT cells are vital for halt-
ing cancer cells from spreading to the liver. Therefore, a
reduction in NKT cells due to increased secondary bile acids
could potentially contribute to the development and progres-
sion of HCC.

Pancreatic cancer

Understanding the relationship between the microbiome and
pancreatic ductal adenocarcinoma (PDAC) is still develop-
ing, while there have been multiple reports that associates
between certain bacteria, such as Porphyromonas gingivalis
or Fusobacterium spp., and PDAC [48]. Justification of such
microorganisms and microbial profiles linked to long-term
survival (LTS) in PDAC in comparison to short-term sur-
vival (STS) is currently being worked upon. Pseudoxan-
thomonas, Streptomyces, Saccharopolyspora, and Bacillus
Clausii were among the distinct bacterial signatures iden-
tified during the examination of the tumor microbiome in
PDAC patients. It was discovered that patients with LTS
had an abundance of these bacteria. Mice with PDAC
tumors that received fecal microbial transfer (FMT) from
LTS patients not only had a decreased tumor burden but
also had an increase in intratumoral CD8+IFN-g+T cells,
which are immune cells linked to antitumor immunity. Com-
paring donor samples revealed that 40% of the transplanted
microbiome engrafted into the mice, reflected only 25% of
the tumor microbiome in the fecal microbiome [49]. This
suggests that in PDAC, antitumor immunity may be induced
by a small number of bacteria from the tumor microbiome.
Certainly, the interactions between the microbiome associ-
ated with tumors in the pancreas and its influence on PDAC
development is evident. However, a thorough understanding
of the specific mechanisms underlying these host-micro-
biome interactions will require further investigation and
research.

Microbiome modulation improves cancer
immunotherapy responses

Modulation of gut microbiota by utilizing antibiotics

It is broadly acknowledged that antibiotics possess the abil-
ity to instigate transformations in the intestinal microbiota,
prompting the emergence of transiently stable or alterna-
tive equilibrium conditions. These newly established states
may, in turn, develop resistance to external influences. The

post-antibiotic dysbiosis generally causes loss of variation
in flora, loss of some important taxa, shift in metabolism
rate and increased susceptibility against invading pathogens
[50]. In mice exposed to antibiotics or raised in a germ-free
(GF) environment, the ability of tumor-infiltrating lympho-
cytes (TILs) to stimulate inflammatory cytokines like TNF
and IL-12 in correspondence to CpG-oligodeoxynucleotides
is diminished. Conversely, administering oral gavage with
lipopolysaccharide (LPS) has been detected to superficially
restore this reduced response. TNF-alpha, renowned for its
versatile cytotoxic properties, collaborates with its recep-
tors (TNFR-1/TNFR-2) to activate various signal transduc-
tion pathways, leading to varied functions such as inducing
apoptosis and necrosis in tumor cells, promoting the release
of other cytokines, and activating or recruiting immune cells
to the infection site [52].

Reduction in bacterial variations

Use of antibiotics leads to reduced diversity of microbiota
and research shows that restoration of microbial diversity for
post-antibiotic treatment takes about one month in children
[53]. Using a combination of gentamicin, vancomycin, and
meropenem as treatment in adults induces a drop in butyrate-
producing species and a rise in Enterobacteriaceae and other
pathobionts [54]. The gut microbiota’s initial composition
is effectively re-established in 1.5 months. Antibiotics often
destroy the normal balance between pathogenic and non-
pathogenic bacteria and causes overgrowth of hazardous C.
difficile [55].

A decrease in variation does not imply a decrease in the
total number of bacteria. Antibiotic-resistant microorgan-
isms proliferate, replicate, and replace those microbes that
were formerly susceptible to antibiotics. This could result in
a decrease in species diversity and an increase in the micro-
bial load. In a study, patients receiving wide spectrum anti-
biotics recognized a twofold increase in the bacteria load
in their stool specimens after receiving f-lactam treatment
for seven days and the investigation also revealed that there
was an increase in the proportions of Bacteroidetes to Fir-
micutes [56].

Alternation in the metabolome

The term “metabolome” refers to the entire collection
of small molecules of the biological system that have a
mass of less than 1500 Da [57]. Young mice were used in
the investigation, and the results showed that small dose
of antibiotics caused obesity and elevated hormone lev-
els that were directly related to the metabolism of fats,
carbs, and cholesterol [2]. A different study revealed that
administering imipenem and vancomycin together raised
the amounts of sugars and arabinitol in the feces [58].
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Arabinitol could not be converted to pentose sugar due to
the reduction of Ruminococcaceae and Lachnospiraceae
to their relative proportions by the use of vancomycin or
imipenem. As soon as the vancomycin/imipenem treatment
was restricted, there was a significant drop in arginine lev-
els. This drop was correlated with a higher abundance of
Escherichia and Shigella species and a lower abundance of
Ruminococcaceae and Bacteroides in the gut microbiota.
On the other hand, at the end of the 9 days of vancomycin/
imipenem therapy, there was an increase in arginine levels
that was associated with a higher frequency of Enterobac-
ter genus organisms and a lower frequency of Alistipes.
Notably, arginine functions as a predecessor for a number
of immunoregulating substances [58].

Fecal microbiota transplantation

Willaim Coley, the father of cancer immunotherapy used
a mixture of specific species like streptococcus and ser-
ratia to treat tumors [59, 60]. Today, bacterial treatments
for cancer are proof based, targeted, and individualized
due to our expanding understanding of the microbiome.
Fecal microbiota transplantation was among the initial
attempts to adjust the microbiome for the treatment of
cancer (FMT). In simple terms, this means taking the
stool from people who responded well to cancer immu-
notherapy and giving it to those who did not respond as
effectively. This was originally demonstrated in tumor-
bearing [MCA-205 or BRAFV600E/PTEN-/- (BP) syn-
geneic tumor cell line] GF mice that obtained FMT from
immunotherapy-responsive cancer patients. The tumors in
these mice were smaller, and the tumor-infiltrating CD8+
T cells were more prevalent within the tumors [18, 46].
This concept was then tested in two clinical trials involv-
ing melanoma patients who were not responding well to
immunotherapy. The results were very much positive. The
combination of FMT and immunotherapy are safe and,
importantly, it helped reverse resistance to immunotherapy
in some melanoma patients [61, 62]. These patients had
more activated immune cells in their tumors and fewer
myeloid cells producing a substance called IL-8, which is
often linked to poor responses to immunotherapy [62, 63].
Comparing responding patients to non-responding ones,
the number of intestinal bacterial taxa associated with
the ICI response, such as Ruminococcaceae and Lach-
nospiraceae, was considerably higher in the responding
patients [62]. Regardless of these encouraging results,
questions remain regarding the reliability and possible side
effects of FMT therapy, such as the emergence of drug-
resistant infections. Researchers are working to address
these concerns as they continue to explore the potential of
bacterial treatments for cancer [64].
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Live biotherapeutic products

In response to the demand for a more trustworthy, safer, and
simpler-to-develop substitute for FMT, researchers have pro-
posed the concept of “well-defined bacterial therapeutics”.
These therapies may involve the administration of either a
single strain of bacteria or a combination of various bac-
terial species, typically sourced from individuals in good
health. The biggest benefit of these treatments is that, in
order to alleviate safety worries, they can be examined for
pathogenicity, virulence, or antibacterial resistance compo-
nents. Additionally, scientists have created dependable and
effective techniques for producing huge amounts of live bio-
therapeutic products (LBPs), which facilitates the production
of LBPs in batches for therapeutic use (Fig. 4) [65]. The
selection of these bacterial therapies can be dependent on
how well they influence the immune system of individuals.
For instance, in one study, researchers dosed germ-free mice
with the feces of healthy individuals in order to investigate
several bacterial strains. They were looking for strains that
could stimulate the production of a substance called IFN-y
by CD8+T cells. For the immune system to effectively
combat cancer, this component is crucial. Using MC38
adenocarcinoma-engrafted GF or antibiotic-treated specific
pathogen-free (SPF) mice as a consortium, they were able to
identify 11 bacterial strains that significantly increased the
effectiveness of anti-PD-1 antibody treatment [66]. Compar-
ing these animals to those who did not get this treatment,
the tumors were smaller and the number of CD8+T cells
producing IFN-y inside the tumors was higher. Experimental
and clinical studies are also being used to produce simple
LBP therapies with a single species of bacteria. For exam-
ple, they found that certain strains of Bifidobacterium were
linked to better responses against tumors, when engrafted
with B16.SIY tumors in wild-type C57BL/6 mice [67]
and also improved ICI responsiveness in patients suffering
melanoma [45]. Analogous to this, patients with non-small
cell lung cancer (NSCLC) who reacted effectively to anti-
PD-L1 treatment had higher Bifidobacterium prevalence
than non-responders [68]. When MC38 colon cancer was
injected into wild-type C57BL/6 mice, certain strains of B.
bifidum worked in collaboration with anti-PD-1 antibody
treatment to repel the embedded tumor. This led to a reduc-
tion in the size of the tumor and an increase in the number
of tumor-infiltrating CD8+ and CD4+ T cells that produce
IFN-gamma and IL-2 when compared to anti-PD-1 antibody
therapy alone [68].

Influence of consumables high in fat and fructose content
Dietary habits, such as consuming high-fat, high-fructose

diets, can significantly influence the onset of certain can-
cers [69, 70]. This implies that altering the composition of
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Bacterial consortia

Antibiotics

Fig.4 Modulation of gut microbiome to improve responses to can-
cer immunotherapy. Multiple factors such as antibiotics, diet, bacte-
rial consortia, and fecal microbiota transplantation (FMT) can sig-
nificantly influence the gut microbiome. Negative modulators (red
arrows) like antibiotics and high-fat diets lead to a decrease in bac-
terial diversity while increasing the population of antibiotic-resistant

gut bacteria through diet may help increase the beneficial
effects of cancer immunotherapies [71]. Administering spe-
cific dietary elements called prebiotics, such as inulin or
mucin, altered the microbial composition of wild-type mice
that received syngeneic melanoma tumor cell transplants
(YUMML.5 cells) [72]. Consequently, tumor-infiltrating
effector CD8+ and CD4+ T cells that combat cancer were
more prevalent within the tumors, which were smaller over-
all. This was verified by demonstrating synergy in wild-type
mice injected with CT26 colon cancer cells when these die-
tary ingredients were coupled with anti-PD-1 antibody. In
contrast to anti-PD-1 antibody treatment alone, the tumors
vanished and the survival rate dramatically graduated
upwards. A recent observational study on individuals with
melanoma examined the influence of gut bacteria on the
effectiveness of immune checkpoint blockade (ICB) treat-
ment in cancer patients, an area where the effects of diet and
supplements are not well understood. The study analyzed
fecal microbiota profiles, dietary habits, and the use of com-
mercially available probiotic supplements among melanoma
patients, alongside conducting parallel preclinical studies. In
128 patients undergoing ICB, higher dietary fiber intake was
significantly linked to improved progression-free survival,
particularly in those who had sufficient dietary fiber intake
and did not use probiotics. These findings were supported
by preclinical models, which showed that a low-fiber diet or
probiotic use impaired the response to anti-programmed cell
death 1 (anti—PD-1) therapy in mice. This was indicated by

strains. Conversely, positive modulators (blue arrows) such as plant-
based diets, FMT, and bacterial consortia promote the growth of
beneficial commensal bacteria. This favorable modulation of the gut
microbiome can enhance the efficacy of cancer immunotherapy treat-
ments by improving the immune response against tumor cells

a lower frequency of interferon-gamma-positive cytotoxic
T cells in the tumor microenvironment. These results have
significant clinical implications for cancer patients receiving
ICB therapy [73]. While more research is needed to fully
understand these findings, it is suggested to have a look
on the patient’s diet before starting immunotherapy. It also
shows that changing diets to influence the gut bacteria could
potentially make immunotherapy treatments more effective
against cancer.

Modulation of microbiota with probiotics, prebiotics,
synbiotics, and physical exercise

When the beneficial bacteria get eliminated from our body
because of the cancer treatment regimens, this may often
lead to mucositis, diarrhea, vomiting, constipation, and
abdominal pain [74]. Probiotics and prebiotics are frequently
given to cancer patients to help diminish the side effects
of chemotherapy and radiation on the gastrointestinal tract
and oral toxicity. Probiotics are live bacteria that maxi-
mizes the healthy advantages of the host body when given
in sufficient amounts [74]. A study found that only 8.5% of
patients who took probiotic supplements experienced side
effects such as diarrhea, vomiting, allergies, constipation,
and flatulence after using probiotics during chemotherapy or
chemoradiotherapy, compared to 28.5% of all patients [75].
Clinical research showed that probiotics are safe because it
is uncommon for them to induce infections, bacteremia, or
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sepsis [76]. Probiotics are an inexpensive and safe way to
help cancer patients with diarrhea and infections and that
was established via a comprehensive meta-analysis study
among the disease bearing individuals [77].

Probiotics

An important research field proposed and conceptualized by
Metchnikoff was “probiotics” [74, 78]. These are live micro-
organisms which when administered in sufficient amount can
bring health benefits to the host body. Few studies that have
been done till date demonstrate the potential advantages of
probiotics on cancer treatments and recent research has con-
centrated on the effects of probiotics to prevent the forma-
tion and metagenesis of tumors or on the toxicity connected
to cancer therapy [79]. A placebo-controlled, double-blind
study with 490 patients when administered with a probiotic
preparation consisting of 8§ strains of lactic acid produc-
ing bacteria (Streptococcus thermophilus, Bifidobacterium
breve, Bifidobacterium longum, Bifidobacterium infantis,
Lactobacillus acidophilus, Lactobacillus plantarum, Lacto-
bacillus paracasei, Lactobacillus delbrueckii subsp. Bulga-
ricus) known as VSL#3, rescued the patients from diarrhea
brought on by radiation [80]. Combining probiotics for pre-
venting dysbiosis in patients receiving chemoradiotherapy
for nasopharyngeal carcinoma in a randomized controlled
clinical trial not only improved the immune response of the
patients but also decreased the risk of radiation-related com-
plications, especially oral mucositis. The probiotic combi-
nation reduced the risk of developing a severe form of oral
mucositis in patients by increasing the quantity of CD4+ and
CD3+T cells [81]. CRC patients when administered perio-
peratively with a probiotic combination of Lactobacillus
acidophilus, Enterococcus faecalis, and Bifidobacterium
longum reduced the frequency of diarrhea and a reduced
period of intestinal healing [82]. Fecal samples from 100
CRC patients receiving chemotherapy were supplemented
with Bifidobacterium infantis, Lactobacillus acidophilus,
Enterococcus faecalis, and Bacillus cereus tablets to restore
the optimal microbiota composition. Patients who developed
toxicity in the gastrointestinal tract, when were administered
with probiotics had a diminished toxicity than to the placebo
group [83].

Tanoue and colleagues extracted 11 commensal strains
from the feces of healthy volunteers in their study. It was
identified that in the intestines of germ-free (GF) mice, these
strains were strong inducers of interferon-releasing CD8+T
cells. The identified strains, which include Ruthenibacte-
rium lactatiformans, Eubacterium limosum, Fusobacterium
ulcerans, Phascolarctobacterium succinatutens, Bacteroides
uniformis, Bacteroides dorei, Paraprevotellaxylaniphila,
Parabacteroides distasonis, Parabacteroides johnsonii,
Parabacteroides gordonii, and Alistipes senegalensis, are

@ Springer

elements of the human microbiome that are comparatively
uncommon and low in quantity [66] (Table 1). Further-
more, in mice-bearing MC38 tumors and residing in specific
pathogen-free (SPF) conditions, the response to anti-PD1 or
anti-CTLA-4 antibodies were notably heightened when the
mice were colonized with these 11 strains. These findings
from translational research imply that the administration of
these bacteria could potentially enhance the effectiveness of
immune checkpoint inhibitor therapy and chemotherapy in
various rodent tumor models. This enhancement appears to
occur by instigating dendritic cells to release interleukin-12
(IL-12) and simultaneously promote the replication of killer
T lymphocytes that target the tumor [84].

In summary, these findings provide essential insights into
the selection of specific strains for enhancing the effective-
ness of cancer therapy. Nevertheless, delving deeper into
the molecular mechanisms responsible for the individual
impacts of commensal or probiotic strains appears to be
logical for the next phase in optimizing the utilization of
probiotics in conjunction with cancer treatment.

Prebiotics and synbiotics

Numerous components found in our food supply serve as
essential nutrients for gut bacteria and in return these gut
bacteria can metabolize these compounds into substances
that help suppress tumor growth [85]. Prebiotics are indi-
gestible or non-absorbable dietary fibers that are especially
used by gut microbes [86]. They may help certain benefi-
cial bacteria and the metabolites to thrive and populate the
gut. These metabolites, in turn, may play a positive role to
enhance the therapies that prevent tumor metastasis. Prebi-
otics are substances that allow bacteria such as Lactoba-
cilli and Bifidobacteria to flourish in the small intestine by
remaining unabsorbed, indigestible, and non-viable [87]. In
addition, a prebiotic need to have the ability to restore the
gut microbiota to a healthy state and be fermented by advan-
tageous bacteria in the colon [76]. This ultimately leads to
the production of short-chain fatty acids or SCFAs in the
colon. Prebiotics have the ability to enhance immune system
and bowel function in addition to modulating gut microbiota
in an in vitro setting by fostering Lactobacillus plantarum
L12 and Bifidobacterium pseudocatenulatum B7003 [88].
Prebiotics, however, are only as useful as long as these good
bacteria are present in the host’s digestive system. Thus,
using probiotics and prebiotics together, sometimes known
as a “synbiotic”, shows a lot of potential in this area.

In individuals with advanced melanoma, inadequate
responses to immunotherapy have been solely associ-
ated with a restricted diversity of the gut microbiota [18].
Additionally, poor results from allogeneic stem cell trans-
plant recipients have been linked to this decreased variety
[89]. Taking into considerations these findings, the use of
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Table 1 (continued)

Primary outcomes

Intervention

Patients in trial status

Phase

Trial no

Cancer type

Alpha diversity and beta diversity

Inulin +ICIs

Ongoing

40

NCTO05821751 NA

Head and neck cancer

analysis in the Gut microbiota,

evaluation of circulating cytokines

dynamics

To evaluate safety, treatment-related

Drug: fecal microbiota transplanta-

Not yet Started

20

NCT06393400 1

Pancreatic cancer

adverse events will be evaluated

tion
Drug: PEG3350

and rated using the NCI-CTCAE

v5 system

Drug: gemcitabine

Drug: nab-paclitaxel

Percentage of patients experiencing

CAR-T cell therapy

Completed

20

NCTO03271632 1/II

Multiple Myeloma

side effects from their treatment

To determine response rate until the

Drug: temozolomide
Drug: bevacizumab

Completed

102

NCTO01102595 1I

Glioblastoma

first 9 weeks of treatment

Radiation: standard radiation

therapy

pre- and synbiotic therapies becomes an important consid-
eration both before and alongside cancer treatment, with
the aim of preserving microbiome diversity and enhancing
treatment efficacy [90]. In a study, including patients with
periampullary tumors undergoing palliative or curative ther-
apy, researchers from Brazil assessed postoperative infection
rates and mortality rates (NCT0146877). The results of this
study showed that patients treated with a combination of
fructo-oligosaccharides and Lactobacillus acidophilus, Lac-
tobacillus rhamnosus, Lactobacillus casei, and Bifidobacte-
rium bifidum both before and after surgery had lower post-
operative mortality and complications [91]. In addition, a
phase Il randomized study was started in 2019 with the goal
of improving treatment efficacy and clinical outcomes for
individuals with anal canal squamous cell cancer by evaluat-
ing the effects of probiotics as well as prebiotics during the
last stage of chemotherapy-radiotherapy (NCT03870607).
Prebiotics and synbiotics have the capability to enhance
patient outcomes in oncological environments, opening up
new ways to boost the effectiveness of anticancer therapy.

Physical activity

Numerous pieces of data indicate that lifestyle choices are
extremely important when it comes to cancer prognosis,
especially for people with colorectal cancer (CRC) [92].
Dysbiosis, an imbalance in the gut microbiota, can have
a negative impact on skeletal muscle integrity, leading to
muscle atrophy [93-96]. Muscle atrophy is an essential
indicator of life expectancy in patients, particularly those
with colorectal cancer (CRC) [97-101], as it plays a major
role in the morbidity and mortality of many cancer types
[102]. Recently, a new concept has emerged, emphasizing
the potential interplay between the gut microbiome and
skeletal muscle, termed the ‘gut-muscle’ axis [93]. The
gut-muscle axis explains the potential effects of gut bac-
teria on muscle mass, quality, and function. For example,
the reinstatement of commensal E. coli levels was found
to hinder muscle atrophy in a mouse model of chronic
gastrointestinal inflammation [103]. For instance, in case
of colorectal cancer (CRC), a number of observational and
experimental research have suggested exercise as a useful
strategy for preventing CRC and reducing the side effects
of disease and its treatment [104, 105]. However, the pre-
cise chemical process responsible for exercise’s protective
effects against cancer have yet to be fully defined. Exercise
may have positive impacts on immune system function,
oxidative stress, inflammation, metabolism and hormone
balance, obesity, gene regulation, and mitochondrial integ-
rity [92, 104, 106] (Fig. 5). Exercise may also improve the
body’s anticancer immune response and alter the struc-
tural microenvironment of tumors, according to certain
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Fig.5 Gut microbiome modulation by prebiotics, probiotics and
moderate exercise. Obesity plays a major role in dysbiosis and
inflammation as they lead to the release of LPS which are very strong
stimulators of our innate immunity that leads to inflammation and
metabolic disturbances. Obesity and processed food are also respon-
sible for reduction in SCFAs-producing bacteria which are beneficial
for DNA repair and multiplication. Whereas, exercise and a diet rich

research [44, 107]. All these effects of exercise may col-
lectively influence tumor growth kinetics and metabolism
[108, 109].

Given the ideal significance of the ‘gut-muscle’ configu-
ration, the concept of using physical exercise to modify the
microbiome is novel and has significant ramifications for sci-
ence and society. This interplay needs further investigation
in the context of cancer to strengthen the case for the inclu-
sion of physical activity in the treatment of cancer patients.

The gut microbiota and the effectiveness of PD-1
and CTLA-4 inhibitors

In 2015, the relationship between the ICI efficacy in preclini-
cal mice models and the gut microbiota was unwrapped by
two researchers that were published in science. It was shown
that in mice harboring commensal intestinal flora, such as
Bifidobacterium species and bacteroides, CTLA-4 and PD-1
inhibition could inhibit the growth of tumors [67, 110].
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in polyphenols help to proliferate beneficial bacteria thus helps in reg-
ulation of T-regulatory cells. These processed foods not only increase
the TMAO levels in the blood plasma but also increases the H,S lev-
els in the blood which has been associated with atherosclerosis and
ultimately causing metabolic disturbances. LPA lipopolysaccharides,
SCFAs short chain fatty acids, H,S hydrogen sulfide, TMA trimethyl-
amine, TMAO triethylamine N-oxide

Impact of gut microbiota on the effectiveness
of anti-CTLA-4 therapy

The importance of the presence of certain particular com-
mensals in toxicity and clinical manifestations was con-
firmed by Chaput et al. A study with a cohort of 26 patients
treated with ipilimumab for metastatic melanoma demon-
strated that those with a rich microbiome of Faecalibacte-
rium had better PFS and OS than those with a low diversity
or had a shortage of Firmicutes [111]. However, the patients
who had a great diversity of this commensals demonstrated
frequent occurrence of ipilimumab-induced colitis.

When anti-CTLA-4 antibodies are given, the bacterial
population of clostridiales bacteria increases, whereas bac-
teroidales, and Burkholderiales decreases in the gut and
furthermore dysbiosis is fostered. Nevertheless, even after
anti-CTLA-4 antibody treatment, the amount of Bacte-
roides fragilis in the intestine stays unchanged [110, 112,
113]. B. fragilis acts in the GI tract and helps in prevention
and curing inflammation [114]. Bacteroides fragilis has an
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immunomodulatory role and helps to boost the production
of polysaccharide A in the CTLA-4 pathway and helps in
upregulation of IL-10 and leads to reduced inflammation
[115]. When given orally to germ-free mice, B. fragilis,
Bacteroides thetaiotaomicron, or a combination of B. fra-
gilis and Burkholderia cepacia, exhibit antitumor immune
response comparable to that of mice with normal microbiota,
resulting in a reduction in tumor growth [110]. The bacte-
rial ability to cause dendritic cell maturation and concur-
rent IL-12 synthesis in the lamina propria is what restores
the response. When an antigen is processed and presented
to T lymphocytes for destruction, dendritic cells serve as
antigen-presenting cells or APCs. This reaction involves the
surface molecule CD11b, which is frequently seen on DCs
[116]. Thl cells, or T helper cells, are activated and stimu-
lated to aid in the antitumor immune response by the secre-
tion of IL-12 from dendritic cells [67, 110]. Vancomycin
antibiotics typically reduce the presence of gram-positive
bacteria in the gut while preserving gram-negative species,
like Bacteroidales and Burkholderiales. Pre-treatment with
vancomycin before anti-CTLA-4 therapy holds promise for
cancer treatment. Nevertheless, antibiotic use can disrupt
the microbiome, potentially leading to challenges such as
allowing harmful bacteria to thrive in the human colon and
eliminating bacteria essential for drug metabolism [117].

Impact of gut microbiota on the effectiveness of anti-PD-1
therapy

Unlike CTLA-4 inhibition, the PD-1/PD-L1 pathway does
not require gut microbiota in an absolute sense. The pres-
ence of bacteria belonging to the genus Bifidobacterium,
specifically B. breve and B. longum, is highly associated
with a definitive response to anti-PD-1 therapy, but no
specific species of bacteria is necessary for the efficacy of
PD-1 blockage [67]. Furthermore, positive reactions to PD-1
therapy have been associated with elevated levels of Faecali-
bacterium prausnitzii and Akkermansia muciniphila in the
gastrointestinal tract.

In mice with melanoma, oral treatment of B. breve and B.
longum independently enhanced tumor proliferation to the
same degree as PD-1 inhibition [46]. Complete reduction
in tumor growth was achieved by combination therapy of
anti-PD-1 antibodies and oral B. breve and B. longum [67].
Patients treated with anti-PD-1 antibodies having Bifidobac-
terium in GI tract helped to instigate the immune system to
deliberately strike tumor cells [67].

An anaerobic bacteria called Akkermansia muciniphila is
found in healthy people which plays a critical role in mucous
catabolism [46]. According to Routy and colleagues, indi-
viduals with RCC or NSCLC who had more A. muciniphilia
in their microbiome than non-responders responded better
to anti-PD-1 therapy [45]. The complete reaction to PD-1

therapy is attributed to the increased generation of memory
T cells, which trigger the release of IFN-gamma, ultimately
resulting in the destruction of tumor cells. Thus, patients
receiving PD-1 therapy responds to those who have abun-
dance of A. muciniphilia [46].

F. prausnitzii, an obligate anaerobe present in the gut,
helps in the prevention of colonic mucosa [46]. In case
of melanoma, according to research by Gopalkrishnan
et al. patients with a more diversified gut microbiome had
extended progression-free survival than those with fewer
bacterial species present in their GI tract. This discovery
indicates that multiple kinds of gut bacteria, rather not just
one, are necessary to boost the effectiveness of anti-PD-1
therapy survival [18].

Interaction between gut microbes and immune cells

At local and systemic levels, certain components of micro-
biota have the unique capability to generate a favorable clini-
cal impact on the microbiome to activate innate and adaptive
immune cells that can overcome the constraints of tumor
micro-environment. Below, the possible potential mecha-
nisms are demonstrated that may be helpful to understand
the events.

Patterns associated with microbial molecules

Friendly gut bacteria or commensal bacteria immedi-
ately trigger the immune system upon noticing any threat.
They recognize certain patterns on harmful microorgan-
isms known as microbial-associated molecular patterns
(MAMPs). These patterns act as red signals to our immune
system. This MAMPs associate or engage themselves to
pattern recognition receptors which are expressed on TLRs
and nucleotide oligomerization domain (NOD)-like recep-
tors (NLRs) of our innate immune cells [118]. For example,
there are specific red flags called unmethylated CpG DNA
motifs which act as immunostimulants. Numerous bacterial
phyla, including actinobacteria, bacteroidetes, and proteo-
bacteria [119], showcase them on their DNA. When these
motifs attach to TLR9, our immune system recognizes them
and as a result, myeloid cells release cytokines that promote
inflammation, such as type I IFN (Fig. 6A) [120]. Preclini-
cal research has demonstrated that when CpG motifs and
ICIs are engrafted in mice with multiple tumor cell lines
cultures like CT26, MCA238, or NHRI-HN1, they indicated
smaller tumors and decrease in mortality rates [121, 122].
This combination causes polyfunctional CD8+ and CD4+T
lymphocytes [121] to accumulate intratumorally and syn-
ergize with the intratumoral production of inflammatory
mediators, such as IFN-Gamma, IL-12, and tumor necrosis
factor (TNF-a) [122].
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Fig.6 Mechanism of action of gut microbiome. a Patterns associ-
ated with microbial molecules. The gut commensal bacteria interact
with the harmful bacteria that leads to the release of MAMPs. These
MAMPs binds to TLRs which triggers the TLR signaling pathway
which activates the MyD88 and TRIF proteins which causes the acti-
vation of type I interferon genes (by Interferon Regulatory Factors).
This results into the release of interferons that stimulates the myeloid
cells to release cytokines and activation of immune system. b Anti-
gen mimicry. The beneficial bacteria exert its epitopes to which the
cancer cell producing specific codes gets attached as a result CD8+T

Flagellin developed from a bacteria called Enterococcus
gallinarum which is a strong immunostimulant, activate our
immune system that produce substances like 1L-12, IL.-23,
TNF-a, and IL-6 from monocyte-derived DCs [123]. These
substances are good at fighting off cancer. Presence of this
bacterium in the body can help to slow down the growth of
tumors in mice with breast, renal, and lung cancers [124].
Another bacterium called A. muciniphila which is found
abundantly in the intestine has robust response to ICIs [46,
125]. The response is caused due to the secretion of immu-
nogenic phospholipid, which may stimulate DCs via the
TLR1/TLR2 heterodimer. This results in the production of
distinct cytokines such as IL-6 and TNF-a by DCs generated
from mouse bone marrow (BMDCs), but IL-2 and IL-10
were not present [126]. In a mouse model of B16 melanoma
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implanted with ICIs, peptidoglycans molecules produced
from enterococcus species enhances the response, lowering
tumor growth and stimulating CD8+T cells that leads to
reactive mechanisms activated by NOD-2 signaling [127].

Antigenic imitation

Friendly bacteria or commensal bacteria can affect the anti-
cancer responses by antigenic imitation or antigen mimicry.
The term antigen mimicry refers to a process in which the
bacteria or the microbes act like a key which is a secret code
and the cancer cells behaves like a lock. These certain strains
of bacteria acting like keys are similar to the pattern of codes
found on cancer cells fits properly, it triggers a powerful
response in our immune system. Here, the keys are referred
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to as the epitopes and the tumor derived epitopes are referred
to as codes found on the cancer cells. As a result, some com-
mensal bacterial strains carry epitopes that are analogous
to MHC-restricted tumor-derived epitopes (Fig. 6B) [127,
128]. These epitopes stimulate CD8+ T lymphocytes, which
are able to identify and interact with tumor cells, eliminate
tumor cells, and decrease tumor growth [128, 129].

For example, one type of bacteria, Bifidobacterium breve
has a key (SVY epitope) that is similar to a code (SIY neo-
antigen) which are demonstrated by the melanoma B16.STY
cell line (Bessell et al. 2020). Mice with wild-type DNA and
devoid of B. breve demonstrated a lower quantity of tumor-
infiltrating SVY-specific CD8+ T cells compared to mice
infested with this bacterial species which led to a more rapid
development of the tumor and a shorter longevity [128].

Cyclophosphamide and anti-PD-1 antibody were given
to wild-type mice carrying the PSMB4-expressing MCA-
205 sarcoma cell line, TMP1(key), another MHC-I binding
prophage epitope, which is found on Enterococcus hirae,
that is similar to a tumor antigen (PSMB4), resulted in dim-
inution in tumor size and elevated infiltrating of CD8+ T
Cells [129]. The reported antitumor response was not exhib-
ited by E. hirae strains that either lacked or expressed mutant
TMPI1 [129].These findings are significant because they
suggest a link between the presence of certain bacteria in
the gut and how well cancer patients respond to treatments
like anti-PD-1 antibodies. In simple terms, having the right
bacteria with the right keys in the gut might help your body
fight cancer better.

Immunomodulatory metabolites

The efficacy of ICI may be influenced by gut microbiota
metabolites because they have the ability to alter systemic
immune activities [130]. Short-chain fatty acids (SCFAs)
produced by the microbiota, which include butyrate, propi-
onate, kynurenines, and acetate, are engaged in a number of
biological activities and have an effect on ICI therapy [131].
For instance, in patients with non-small cell lung cancer,
elevated levels of propionate and butyrate in the stool sam-
ple have been linked to a superior response to anti-PD-1 anti-
body therapy. However, butyrate normally activates peroxi-
some proliferator-activated receptor gamma (PPAR-gamma),
a nuclear receptor mostly produced in intestinal epithelial
cells, with the purpose of maintaining homeostasis [132]
and induces oxidative phosphorylation in colonocytes and
stimulates the mitochondrial B-oxidation of SCFAs, hence
preserving a local hypoxic microenvironment. In such envi-
ronment the obligate anaerobic SCFAs-producing bacteria
grow rapidly, while the facultative anaerobic enteric patho-
gens growth gets suppressed [132]. Higher levels of SCFAs
in the feces were linked to patients having a longer time
before their cancer worsened (progression-free survival) in

cases of melanoma, renal cell carcinoma (RCC), and head
and neck carcinoma when administered with anti-PD-1 anti-
bodies (Fig. 6C) [133]. Similarly, when a specific gut bacte-
ria called F. prausnitzii, which produces butyrate (a type of
SCFA), was more abundant in the gut, melanoma patients
treated with anti-PD-1 antibodies also demonstrated an
extended progression-free survival [18]. However, patients
suffering from melanoma having elevated levels of propi-
onate and butyrate in the bloodstream when treated with a
different type of immunotherapy such as anti-CTLA-4 anti-
body, did not produce a favorable clinical outcome [134].
These differences suggest that SCFAs might have varying
effects depending on where in the body they are found and
the specific type of cancer treatment used.

Multiple connections have been observed between the
availability of particular metabolites, which are influenced
by the microbiota, and the ICI response [131]. NSCLC
patients comprising alanine and pyruvate in their blood
serum responded well to anti-PD-1 antibody than to those
who did not have these in their blood plasma [135].

Mechanisms associated with overcoming immune
resistance by the gut microbiome

Several studies have indicated that bacteria may have vary-
ing effects on the T cell-mediated immune responses, pos-
sibly by transforming the tumor microenvironment (TME)
from “cold” or suppressive to “hot” or responsive. To com-
prehensively address this issue, data from a range of micro-
bial genera are needed to be analyzed, considering the mul-
tivariate nature of tumors and considering various inducing
factors, for example, the TME and host features affecting
the effectiveness of therapeutic index [51]. It is plausible
that metabolic alterations triggered by the microbiome could
orchestrate the TME, allowing T cell activities to be restored
in order to combat immunotolerance brought on by tumors
[136].

Enhancing the generation of cytokines

Recent research has shown a significant rise in IFN-gamma
levels in the tumor-draining lymph nodes and the spleen
after the introduction of commensal bacteria [67]. IFN-
gamma is a vital cytokine in antitumor defense that helps
not only to increase MHC expression not only on tumor
cells but also in M1 macrophages. Thus, assisting in iden-
tifying and removing transformed cells [137]. IFN-gamma
acts as a dimer, binding to specific receptor heterodimers
to activate JAK1/2, which then controls STAT1 dimeriza-
tion and genetic transcription initiation [138]. Studies on
tumor-bearing mice undergoing CTLA-4 blocking therapy
have also demonstrated improvements in IFN-gamma signal-
ing in T cells [139]. The absence of IFN-gamma signaling
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has been associated with resistance to anti-CTLA-4 therapy
[140]. Consistent with the above discoveries, microorgan-
isms might have the ability to counteract resistance to immu-
notherapy by reactivating IFN-gamma signaling pathways.

Previous studies have consistently demonstrated that
oral supplementation with beneficial microbiota following
fecal microbiota transplantation (FMT) from non-responder
(NR) donors can restore the effectiveness of PD-1 blockade.
According to Routy and his colleagues, interleukin-12 may
be necessary for this restoration and promote the engage-
ment of CD4+ T lymphocytes to multiple tumor sites [46].
IL-12 serves as a flexible cytokine pivotal in coordinating
the immune reaction against tumors through the activation
of Thl cells. It is chiefly generated by activated antigen-pre-
senting cells, like dendritic cells (DCs) and hematopoietic
phagocytes [141]. IL-12 is an intricate protein characterized
by its heterodimeric structure, comprising covalently linked
p35 and p40 subunits. The receptor for IL-12 is expressed
on various immune cell types, including natural killer (NK)
cells, T cells, and B lymphocytes. When ligands bind to the
IL-12 receptor, it leads to sequential phosphorylation events
on tyrosine residues, activating JAK2 and TYK?2 kinases
[52]. Recent studies indicate that inhibiting IL-12 using anti-
bodies and IL-12 knockout (KO) mice effectively mitigates
the exaggerated response observed in adoptive cell transfer
(ACT). This confirms the reliance of the gut microbiome’s
impact on adoptive transfer therapy on IL-12 [142]. Conse-
quently, elevating IL-12 levels could improve the efficacy
of immunotherapy by stimulating IFN-gamma production,
fostering the generation and cytotoxicity of activated natural
killer (NK) cells and T cells, and expediting the differen-
tiation of CD4+ ThO cells into the Th1 phenotype, thereby
augmenting antibody-mediated cell cytotoxicity [143].

The biological impact of various cytokines demonstrates
a synergistic interaction. Gut microbiota associated with sig-
nificantly prolonged progression-free survival (PFS) main-
tain a robust response of cytokines to treatments targeting
PD-1 [110]. Hence, cytokine production could serve as one
of the mechanisms through which the gut microbiota influ-
ences resistance to cancer immunotherapy.

Fostering the stimulation of dendritic cells

Recent studies conducted in animal models along with
human patients suffering from advanced cancer have
revealed that the gut microbiome regulates the initiation
of tolerogenic macrophages and dendritic cells (DCs) dur-
ing immunotherapy. In mice treated with Bifidobacterium,
MHC-II" DCs were identified within tumors [144]. Fur-
thermore, the oral delivery of B. fragilis initiated a Thl
immune reaction in the lymph nodes associated with the
tumor and enhanced the development of DCs in the tumor
microenvironment (TME). Consequently, this process aided
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in re-establishing the effectiveness of clinical treatments that
inhibit CTLA-4 [145].

DCs play a pivotal role in antigen capture, transport, and
processing. Upon receiving inflammatory signals, these cells
transition into a mature state, during which they abandon
their antigen uptake and processing functions. Concurrently,
they upregulate chemokine receptor expression, which facili-
tates their relocation to sites of immune activity [52, 145].
The ability of DCs to initiate T cell responses is improved
through several mechanisms, such as heightened surface
expression of major histocompatibility complex (MHC) and
costimulatory molecules, along with the elevation of soluble
factors that impact the polarization of immune responses.
PD-1 plays a crucial role in regulating host immunity by
modulating the antigen response threshold and diminish-
ing the cytotoxic function of CD8+T cells [146]. Emerging
studies have revealed that the expression of PD-1 on DCs
markedly influences the secretion of IL-2 and IFN-gamma,
which in turn attenuates the expansion of antigen-specific
CD8+ T lymphocytes [147]. CTLA-4 expression decreases
during differentiation into immature DCs but is substan-
tially upregulated upon maturation. Elevated populations of
CD8a+ dendritic cells in the spleens of mice treated with
antibiotics and subjected to adoptive cell transfer exhibit
improved cross-presentation of tumor antigens to CD8+T
lymphocytes. This enhancement is accompanied by an aug-
mented release of Thl cytokines, notably IL-12 and IFN-
gamma, which are pivotal in the immune response [148].

Reducing the population of peripherally derived regulatory
T cells (Tregs)

Regulatory T cells (Tregs), essential for preserving immuno-
logical self-tolerance, actively modulate immune responses
by suppressing other immune cells. The transcription fac-
tor Foxp3, expressed by Tregs, is instrumental in curtail-
ing cytokine production and preventing cellular interaction.
Recent investigations have shown that when Tregs from
germ-free mice are treated with propionate in a controlled
environment, there is a significant upregulation of Foxp3
expression [149]. This indicates that SCFAs may have a
selective role in promoting Treg induction. Additionally, the
observed proliferation of Tregs after butyrate administration
is linked to differentiation processes occurring in the body’s
periphery. Moreover, propionate treatment has been associ-
ated with an increased formation of new Tregs in peripheral
regions [52].

The blockade of the PD-1/PD-L1 pathway is known to
potentiate the T cell response through the promotion of
Treg differentiation. It is proposed that commensal bacte-
ria and their metabolic by-products encourage the matu-
ration and proliferation of Tregs, which leads to elevated
CTLA-4 expression and an increased receptivity to CTLA-4
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inhibition. This process potentially counteracts the immuno-
suppressive conditions within the tumor microenvironment
(TME) [150]. Furthermore, short-chain fatty acids (SCFAs)
are implicated in modulating both the build-up and function
of Tregs in mice, thereby amplifying the efficacy of immu-
notherapeutic strategies [151].

Future prospects and innovative approaches
Modulation of gut microbiota by nanotechnology

Nanomaterials are broadly used in the last three decades
for multiple cancer treatments. For clinical practice, nano-
therapy system is rarely used and if ever used only first line
therapy is applied like doxil or Abraxane [152]. Tissues
having leaky endothelial wall contributes to the uptake and
absorption of nanoparticles via the EPR effect through the
porous capillaries and escape from opsonin proteins and
being recognized from phagocytic cells [153]. These gets
deposited at the tumor site to extend the penetrability and
retention time [154] and manipulate the encapsulated drug
discharge [155]. In order to improve their advanced func-
tioning, such as impulse responsiveness, combined delivery
and tissue targeting, the second-generation nanomaterials
are currently undergoing clinical studies [156]. Third-gen-
eration nanomaterials possess sophisticated characteristics
such as self-recognition [157], easy permeability across the
biological barrier membrane [158], and immune system
regulation [159].

In recent studies, the accumulation of copper nanoparti-
cles (CuNPs) in the internal organs of Euodynerus crypti-
cus (E. crypticus) was found to have a significance value of
p <0.05. Moreover, CuNPs were observed to bring altera-
tions in the gut microbiota composition, particularly affect-
ing bacterial species. Interestingly, CuNPs were also linked
to a significant decrease (p < 0.05) in the variety and abun-
dance of antibiotic-resistant genes in E. crypticus as eleva-
tion in Cu®* concentrations can stop the horizontal gene
transfer [160]. There are two distinct scenarios in which
nanomaterials can be employed to influence the composi-
tion of the microbiota. Traditionally, antibiotics are used to
treat infections while also changing the microbiota in the
gut. However, the establishment of antibiotic resistance
has been facilitated by the widespread implementation of
broad-spectrum antibiotics. Wide range of nanomaterials
have been used to target and eliminate specific bacterial
species, including those that are known to cause cancer. For
instance, nanomaterials possessing strong antibacterial prop-
erties have been used to compete against bacteria that causes
cancer by producing reactive oxygen species [161-164]. It
is essential to remember that these antimicrobial nanoma-
terials function as broad-spectrum antimicrobial agents
rather than being specific to a particular kind of bacteria

[165]. Consequently, targeted administration of antibacte-
rial nanoparticles to particular bacterial species—Ilike H.
pylori—that are linked to stomach ulcers may improve the
survival of advantageous microbial species that are normally
negatively impacted by broad-spectrum antibiotics. Addi-
tionally, prebiotics can be carried by nanomaterials, which
will boost the activity of specific bacterial species [166].
In the duodenum, for example, combination of curcumin
and inulin as a nanoparticle formulate can release 90% of
the curcumin and then synergize prebiotic aspects of inulin
[167]. Furthermore, complex nanomaterial/prebiotic combi-
nations can be delivered by nanomaterials, and this helps to
control the metabolism of advantageous bacteria that have
been shown to possess anticancer properties [168]. Through
stimulus—response release mechanisms or by targeting
certain microbial groups, the utilization of nanomaterial/
prebiotic complexes is a unique method to tailor prebiotic
delivery to specific microbial species within the gastroin-
testinal tract. The use of obsolete antibiotics has resulted in
the development of antimicrobial resistance in bacteria that
causes cancer, including F. nucleatum and C. butyricum.
Therefore, nanomaterials present a viable remedy for this
problem [169—-171]. Various inorganic nanomaterials can
also effectively eliminate bacteria by generating reactive
oxygen species (ROS), which can synergize with antibiot-
ics to enhance the eradication of toxic bacterial species that
contributes to cancer [172]. This emphasizes how useful
nanomaterials can be in combating antimicrobial resistance
issues and in focusing on bacteria and other microorganisms
linked to cancer.

Therapies involving chimeric antigen receptor T cells
(CAR-Ts) and allogeneic hematopoietic cell transplantation
(allo-HCT)

The use of ICI therapy has seen remarkable advancements
in various solid tumor categories. Additionally, CAR-T cell
therapy represents a groundbreaking advancement in can-
cer treatment, offering significant promise. While CAR-T
cell treatment has yielded impressive clinical outcomes in
specific types of B cell leukemia or lymphoma, numerous
obstacles hinder its effectiveness in both solid tumors and
hematological malignancies. Nonetheless, in the realm of
hematological malignancies, CAR-T therapies directed at
CD19 and allogeneic hematopoietic cell transplantation
(allo-HCT) have emerged as pioneering and groundbreaking
modalities in T cell-based cancer treatments [173]. Interest
in the field of mucosal immunity, highlighting the impact of
gut microbiota composition on the outcomes of allo-HCT
and CAR-T immunotherapy have increased hastily in the
recent times. Diverse communities of beneficial bacteria,
particularly with a prevalence of Eubacterium limosum, have
been linked to a reduced risk of progression and relapse
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following stem cell transplantation [174]. Conversely, an
increase in enterococcus abundance due to broad-spectrum
antibiotic usage has been associated with worsened graft-
versus-host disease (GVHD) and poorer overall survival
(OS) [175]. Smith and his coworkers found that variations
in gut microbiota dominance prior to CD19-CAR-T therapy
resulted in differing patient responses among those with B
cell malignancies. Specifically, certain bacterial families
such as oscillospiraceae, lachnospiraceae, and ruminococ-
caceae were enriched in patients who achieved complete
responses (CR), whereas heightened levels of peptostrep-
tococcaceae were correlated with resistance to anti-CD19
CAR-T cell treatment [176].

Another study conducted by Uribe-Herranz and col-
laborators explored the impact of vancomycin-induced gut
microbiota imbalance on chimeric antigen receptor (CAR)
T cell immunotherapy. In studies utilizing two mouse tumor
models—CD19 + A20 lymphoma and CD19 +B16 mela-
noma—mmice receiving a combination of vancomycin and
CD19-specific chimeric antigen receptor T cell (CAR-T-19)
therapy showed superior tumor suppression and increased
cross-presentation of tumor-associated antigens (TAAs)
relative to those treated with CAR-T-19 alone. Fecal micro-
biota transplants from healthy human donors into precon-
ditioned mice resulted in outcomes akin to those in mice
with intact gut microbiota. Furthermore, patients with B cell
acute lymphoblastic leukemia undergoing CAR-T-19 therapy
and given oral vancomycin experienced more pronounced
CAR-T-19 cell expansion than those without vancomycin
treatment [177].

These findings underscore the significance of gut micro-
biota in CAR-T cell therapy and propose that modifying the
gut microbiota with vancomycin could potentially enhance
outcomes following CAR-T cell therapy across various
tumor types.

Gut microbiota and oncolytic virus

Emerging researches has highlighted the significant impact
of gut microbiota on cancer therapy, including oncolytic
virus therapy. Oncolytic viruses are a type of immuno-
therapy that utilizes viruses to selectively infect and kill
cancer cells while sparing healthy cells. These viruses can
be engineered or naturally occurring, and they exploit the
unique vulnerabilities of cancer cells to replicate and spread
within tumors, leading to their destruction. The interaction
between gut microbiota and oncolytic virus therapy is mul-
tifaceted [178]. Studies have shown that the composition of
the gut microbiota can influence the efficacy of oncolytic
viruses by modulating the host immune response. Certain
bacteria within the gut microbiota can enhance the antitu-
mor immune response, thereby augmenting the therapeu-
tic effects of oncolytic viruses. Conversely, dysbiosis or
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imbalance in the gut microbiota may impair the immune
system’s ability to recognize and eliminate cancer cells,
thereby limiting the effectiveness of oncolytic virus therapy.
Additionally, the gut microbiota can influence the systemic
immune response to oncolytic viruses, potentially impacting
treatment outcomes. For example, specific bacterial species
may regulate the production of pro-inflammatory cytokines
or modulate the activity of immune cells involved in antitu-
mor immunity [179].

Oncolytic viruses (OVs) predominantly serve as vectors
for the delivery of specific checkpoint antibodies. These anti-
bodies modulate immune checkpoints in the tumor microen-
vironment (TME), capitalizing on synergistic actions such
as the secretion of cytokines and chemokines, oncolysis,
and additional processes. This multifaceted approach aims
to regulate the immune landscape within tumors effectively.
Oncoytic viruses (OVs) that are genetically modified can
autonomously synthesize checkpoint antibodies, which
allows them to directly target and eradicate neoplastic cells
within the tumor microenvironment (TME). As an illus-
tration, an innovative recombinant myxoma virus, termed
vPD-1, has been engineered to infect host cells and produce
soluble PD-1. This mechanism activates and perpetuates
anti-neoplastic responses, thereby providing a safety and
efficacy profile that surpasses that of conventional PD-1
antibodies [180]. NK cells and CD8+T cells rely on OV-
mediated immune activation to amplify the effectiveness of
antibodies that disrupt PD-1/PD-L1 or CTLA-4/B7 interac-
tions [181]. OVs encoding specific protein genes, such as
IFN-beta, can notably augment checkpoint blockade therapy.
Vaccines based on oncolytic viruses like adenovirus and vac-
cinia virus are recognized for their robust oncolytic effects
and their capacity to provoke immune reactions in cancer
patients, especially in those with a sparse lymphocyte popu-
lation in the TME [182]. The synergy between oncolytic
viruses and gut microbiota is critical in modulating immune
checkpoints in the TME, notably during colorectal cancer
therapy involving anti-CTLA-4 and anti-PD-1 agents [179].
The gut microbiota and OVs synergistically enhance CRC
therapy efficacy through several pathways. Microbial anti-
gens from the gut, potential pathogenic entities, and OVs
initiate pathogen-associated molecular patterns (PAMPs),
which in turn activate signaling cascades, provoke inflam-
matory reactions, stimulate transcription factors, and lead
to the secretion of pro-inflammatory cytokines and damage-
associated molecular patterns (DAMPs). Simultaneously,
the dense intestinal microbiota and OV infection generate
molecules recognized by Toll-like receptors (TLRs), induc-
ing inflammatory reactions and the release of IFN, other
cytokines, and chemokines. Certain intestinal microorgan-
isms, such as Bifidobacterium, can elicit immune responses
via IFN gene stimulator (STING) and IFN-dependent path-
ways. OVs like HSV can inhibit the cGAS-STING pathway,
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thereby blocking IFN secretion and dampening the immune-
inflammatory response elicited by intestinal bacteria [183].
Oncolytic viruses (OVs) are not only instrumental as gene
carriers but also as stimulators of interferon (IFN) produc-
tion. For example, herpes simplex virus 1 (HSV-1) activates
plasmacytoid dendritic cells (pDCs) to produce IFN type I
and prompts natural killer (NK) cells to secrete IFN type
II through the TLR2/NF-kB pathway [184, 185]. In the
context of gut microbiota, IFN type I signaling in dendritic
cells is pivotal for enhancing the blockade of CD47, a pro-
cess facilitated by Bifidobacterium. This signaling leads to
increased cross-stimulation of DCs, thereby bolstering adap-
tive immune responses. Consequently, OVs may amplify
the effectiveness of immunotherapies for colorectal cancer
(CRC) by promoting IFN secretion in synergy with intestinal
bacteria [186].

Adoptive cell transfer (ACT) therapy and gut microbiota

The efficacy of adoptive cell transfer (ACT) therapy after
total body irradiation (TBI) in fighting cancer is significantly
affected by the makeup of the gut microbiota. This is dem-
onstrated by the noted reduction in therapeutic advantages
when bacterial communities are diminished [112, 178, 187].
TBI stimulates the movement of gut microbes to secondary
lymphoid organs, increases the levels of microbe-derived
lipopolysaccharides (LPS) in circulation, and prompts den-
dritic cells (DCs) to generate pro-inflammatory cytokines.
Conversely, the elimination of gut bacteria impedes micro-
bial migration, reduces the activation of DCs, and weak-
ens the antitumor immune response, thereby undermining
the efficacy of ACT therapy. The interplay between the gut
microbiota and ACT’s antitumor activity is mediated by the
interaction of LPS with Toll-like receptor 4 (TLR4). Con-
sequently, tumor-bearing mice lacking TLR4 fail to respond
to ACT therapy, and the depletion of LPS diminishes the
beneficial effects of TBI on tumor regression [188]. Addi-
tionally, studies conducted by Uribe-Herranz and colleagues
revealed a significant impact of the native gut microbiome
composition, antibiotic treatments, and heterologous fecal
transfer on the efficacy of adoptive T cell therapy in tumor-
bearing mice. Specifically, vancomycin-mediated deple-
tion of bacteria led to a reduction in tumor growth rate in
mice obtained from “The Jackson Laboratory” which were
undergoing adoptive T cell therapy. Administering neomycin
and metronidazole had no impact, emphasizing the signifi-
cance of particular bacteria in regulating the host response.
Treatment with vancomycin also led to a rise in systemic
CD8a+ dendritic cells, supporting the systemic persistence
of adoptively transferred antitumor T cells in an IL-12-de-
pendent manner. Additionally, among individuals receiving
allogeneic hematopoietic cell transplantation, oral vancomy-
cin use was linked to increased IL-12 levels. These findings

collectively underscore the crucial involvement of the gut
microbiota in the antitumor efficacy of adoptive T cell ther-
apy and suggest promising avenues for enhancing therapy
response by modulating the gut microbiome [177, 189].

Conclusion

The era of understanding and controlling the gut microbi-
ome not only depends upon animal studies and human trials
but also have a substantial correlation with cancer immu-
notherapy. Previous findings portray a countless progress
that has been made to improve the cancer therapy outcomes
by discovering the influence of microbiome, but still the
underlying mechanisms and the best ways to harness this
knowledge is unexplored. One of the key prospects raised
by this review is the need of microbiome profiling of can-
cer patients who are undergoing therapy. Furthermore, vast
consideration is to be made on factors like mental health,
obesity, and environmental effects and its impact on the gut
microbiome and cancer therapy. There are some aspects that
have also arises whether one should only monitor these fac-
tors or also modify these factors during the cancer treatment.
As more and more delivery techniques based on nanosci-
ence are getting established, the upcoming years should be
focused and dedicated toward the subsequent effects and
toxicity studies as they exhibit robust correlation with the
commensal microbes which are specific for the treatment
of cancer. Determining the optimal microbiome makeup
to enhance anti-tumor immune responses, multiple meth-
ods are needed to be explored in modification of the gut
microbiota to increase therapeutic responses. Yet, there are
various ways to alter the microbiome, and careful testing
of these approaches are needed to be done in clinical trials.
In addition, multiple ways to maintain the intended altera-
tions through dietary and prebiotic supplements, as well
as proactive steps like administering antibiotics prior to
microbiome modification are required. Ultimately, to fully
grasp these complex interactions, extended comprehensive
research in both animal models and clinical trials is neces-
sary. In near future, there are certain avenues that needs to
be explored to learn how to modify the gut microbiota and
subsequently enhance immune function for effective and
efficient cancer treatment. Further research is required to
thoroughly map the profiles of beneficial commensal strains
in different cancer types and monitor the evolving dynam-
ics of gut microbiota during treatment. Additionally, there
is a need to delve into the intricate role of gut microbiota
in emerging forms of immunotherapy for future investiga-
tions. Simultaneously, the intricate interplay between the
gut microbiota and emerging therapeutic modalities such
as nanotechnology, CAR-T therapy, adoptive cell transfer
therapy, and oncolytic viruses presents a fascinating frontier
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in cancer treatment. Understanding the dynamic relationship
between the gut microbiota and these innovative approaches
is crucial for optimizing therapeutic outcomes. Nanotechnol-
ogy offers promising avenues for targeted drug delivery and
precision medicine, while CAR-T therapy and adoptive cell
transfer therapy harness the power of the immune system to
combat cancer. Furthermore, the gut microbiota’s influence
on systemic immune responses underscores its potential as
a modifiable factor in enhancing treatment efficacy. Incor-
porating insights from microbiome research into the design
and implementation of novel cancer therapies holds great
promise for improving patient outcomes and advancing per-
sonalized medicine in oncology.
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