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Abstract: Over the years, cancer has been affecting the lives of many people globally and it has become
one of the most studied diseases. Despite the efforts to understand the cell mechanisms behind this
complex disease, not every patient seems to respond to targeted therapies or immunotherapies. Drug
resistance in cancer is one of the limiting factors contributing to unsuccessful therapies; therefore,
understanding how cancer cells acquire this resistance is essential to help cure individuals affected
by cancer. Recently, the altered microbiome was observed to be an important hallmark of cancer and
therefore it represents a promising topic of cancer research. Our review aims to provide a global
perspective of some cancer hallmarks, for instance how genetic and epigenetic modifications may be
caused by an altered human microbiome. We also provide information on how an altered human
microbiome can lead to cancer development as well as how the microbiome can influence drug
resistance and ultimately targeted therapies. This may be useful to develop alternatives for cancer
treatment, i.e., future personalized medicine that can help in cases where traditional cancer treatment
is unsuccessful.

Keywords: carcinogenesis; cancer hallmarks; human microbiome; altered microbiome; gut microbiome;
drug resistance; genetic instability; epigenetic modifications; personalized medicine

1. Introduction

Through the course of history, there has been an enormous effort from the scientific
community to investigate the mechanisms that lead to the transformation of a normal
cell into cancer. Therefore, different theories have emerged ranging from cancer seen as a
malediction to the comprehension at the level of single-cell heterogeneity, suggesting that
there exists countless molecular challenges to overcome even between a single sub-type of
cancer. Because of the development of different fields such as cancer genetics and biology,
this disease is becoming an enormous challenge to elucidate. It is important to understand
that usually tumor cells do not create new mechanisms; instead, they start controlling
molecular and cellular pathways that already exist to escape protective systems which are
in place to avoid the formation of a tumor [1].

The technological progress of the “omics” such as genomics, proteomics, epigenomics,
pharmacogenomics, and metabolomics enabled the improvement of the diagnosis, prog-
nosis, and treatment of cancer. Due to this development, today, precision medicine is a
clinical reality [2]. In recent decades, the fast development of new therapeutic strategies
has significantly helped to reduce mortality in patients with cancer [3]. However, drug
resistance is one of the most challenging topics to investigate in cancer research because it
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still represents a huge obstacle to treat this disease. So, decoding the mechanisms of drug
resistance is essential to fully comprehend the multifactorial pathways involved in cancer,
and this may provide information to develop specific targeted treatments [4].

Theodor Boveri observed that tumor cells had abnormal chromatin structures and
by that observation he gave the first insights for the role of epigenetics in cancer [5]. The
first author to coin the term ‘epigenetics’ was Conrad Waddington and he defined it by
being the ‘the branch of biology which studies the causal interactions between genes and
their products which bring the phenotype into being’ [6]. Vogelstein and Feinberg tried
to determine the mechanisms behind the higher frequency of mutations existing in tumor
cells—in comparison to normal tissue, the tumor tissue had lost DNA methylation to
a considerable degree, suggesting that hypomethylation of CpG islands may result in
oncogene activation in cancer [7]. So, this work enabled understanding how frequent
hypomethylation is in tumor genomes [1]. Holliday enhanced the concept of epigenetics as
heritable modifications that occur in gene expression without changing the DNA sequence;
in other words, modifying the phenotype without changing the genotype [8].

It is becoming clear that epigenetics plays a key role in carcinogenesis by altering the
gene expression and there are various situations in which this occurs, for example, the
hypermethylation of tumor-suppressor genes in retinoblastoma [9], as well as epigenetic
silencing of microRNAs [10]. It is also known that the epigenetic mechanisms ensure the
maintenance of genomic integrity and faithful genome replication in the cell cycle. Trans-
posable elements (TE) are extremely repetitive sequences of DNA that are present in the
human genome, they possess their own regulatory sequence, and this allows autonomous
expression and capacity to modify the expression of neighboring genes. Because TE activity
has a high susceptibility to disturbing genomic integrity, these are commonly silenced
genes by epigenetic mechanisms; however, this regulation is lost in cancer [11]. Recently,
epigenetic dysregulation was proposed to be a pivotal hallmark of cancer because it is a
unique feature that is found within cancer cells (there are epigenetic fingerprints on tumor
cells), so it is an active and functional ability that these cells have that confer their chronic
nature. This completely changes the view of epigenetic dysregulation seen as a simple
by-stander and finally recognizes its active role in tumorigenesis [1].

The microbiology field is used to characterize microorganisms, for example, viruses,
bacteria, fungi, archaea, and protozoa, and associates them with the pathogenesis of
human diseases. There is an interactive ecosystem among the human microbiome that
includes various microorganisms, and they continuously interact with the environment
as well as the host, particularly the immune system [12,13]. Recent evidence shows the
importance of endogenous and exogenous microorganisms in the pathogenesis of different
neoplasms [14–16] in addition to non-neoplastic diseases [17,18]. Therefore, among the
microorganisms with established or probable carcinogenic effects are Helicobacter pylori
and Epstein–Barr virus for gastric carcinoma [19]; hepatitis B and C viruses (HBV and
HCV) for hepatocellular carcinoma (HCC) [20]; human herpesvirus-8 for Kaposi’s sar-
coma [21]; human immunodeficiency virus for Kaposi’s sarcoma, aggressive B-cell non-
Hodgkin lymphoma, and cervical carcinoma [21]; HPV for uterine cervical, anal, and
oropharyngeal carcinomas [22,23]; human T-lymphotropic virus type 1 for adult T-cell
leukemia/lymphoma [24]; Fusobacterium nucleatum for colorectal carcinoma [25]. Moreover,
it is possible that the tumors that result from carriers of these pathogenic microorganisms
have different molecular pathological characteristics, in comparison with tumors that arise
in non-carriers [26]. Several studies have shown that modifications of the microbial ecosys-
tem are also important in the pathogenesis of numerous neoplasms [27,28]. Pathogens
may promote cancer development using distinct genetic processes [29]. One of the most
important among described biologic carcinogenic agents for humans is Helicobacter pylori
(H. pylori), which has been shown to lead to inflammation as well as gastric cancer [29–31].
It is described that H. pylori is not only capable of triggering cancer, but that H. pylori
combined with different microorganisms promotes violent gastrointestinal intraepithelial
neoplasia [32].
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The present review was conducted to collect the most recent findings about the mech-
anisms by which an altered microbiome induces genetics and epigenetics modifications on
the human body involved in carcinogenesis as well as mechanisms such as drug resistance
moving towards personalized medicine. The PubMed and B-ON search was performed,
and we used the keywords “Microbiome” and “Cancer” together or along with one more
keywords, for example, “Epigenetic modifications”, “drug resistance”, or “genetic instabil-
ity”. Full-text articles published in English in 2015 or later were considered. In addition,
for further elucidation and a deeper understanding, we also considered different older
articles as well. Abstracts, case reports, editorials, commentaries, or manuscripts published
in languages apart from English were not considered for this review.

2. Drug Resistance in Cancer

Elucidating the pathways of resistance to treatment in human cancer cells has grown
into a multifaceted constraining factor to obtain adequate cures in cancer patients. Apart
from genetic and epigenetic modifications, increased DNA damage repair activity, un-
controlled cell death, overexpression of transmembrane transporters, as well as complex
relations that occur inside the tumor microenvironment, additional ways of cancer therapy
resistance have been suggested recently. Increasing evidence from preclinical as well as
clinical studies have been focusing on the essential role of microbiota not only in cancer
initiation and progression but, equally importantly, in the success of anticancer treatments,
usually chemo- and immunotherapy [33].

Cancer and Infectious Diseases

The issue regarding drug resistance is remarkably similar to the area of infectious
disease because it is also challenged by highly proliferating intrinsic or extrinsic aggressors.
So, comparing what happened with antimicrobial therapy, the first chemotherapeutics
(such as nitrogen mustard [34] and aminopterin [35]) used in patients showed initial
success; however, this initial excitement vanished because the results started showing
that even though tumors went into remission rapidly, they acquired resistance, and the
result was the disease relapsed. To overcome the resistance to single-agent chemotherapy,
another approach was performed; without surprise it was taken from the rulebook of
antimicrobial therapy [36] and so it combined the administration of agents with non-
overlapping mechanisms of action, or polychemotherapy. The results showed that this
approach worked particularly well in several forms of lymphoma, breast cancer as well as
testicular cancer [37–39].

In cancer therapy, polychemotherapy has become a new paradigm and enabled the
development of increasingly complex regimens. Additionally, several different methods to
dose intensity [40], as well as shorter-interval administrations of chemotherapy [41,42] or
even higher doses of chemotherapy [41] with growth factor support to avoid continued
bone marrow suppression, revealed an improvement of success of these therapies by
avoiding early regrowth of tumors. At the turn of the century, approximately 50 years
after its introduction, the advances accomplished with polychemotherapy had plateaued.
It was observed that surgery, radiotherapy as well as polychemotherapy were certainly
insufficient to treat various tumor types. Therefore, new therapeutic strategies started
to be developed aiming to target the key enabling characteristics as well as the obtained
abilities that allow cancer cells to transform normal cells and tissues into malignancies.
The emergence of therapies that disturbed these hallmark characteristics [43,44] in which
targeted therapies are included was a step forward towards cancer treatment. In fact, the
elucidation of the biological characteristics of cancer has led to highly efficient therapies
against tyrosine kinases, nuclear receptors, as well as other molecular targets. The first
successful results of estrogen receptor (ER) and androgen receptor (AR) antagonists, in
addition to BCR-ABL, HER2 and EGFR inhibitors, resulted in an enormous attempt to
develop agents that target oncogenes as well as critical cellular weaknesses. In recent
years, there was a new advance in oncological therapy using immunological methods



Int. J. Mol. Sci. 2023, 24, 11855 4 of 29

to identify and attack cancer. There are monoclonal antibodies such as anti-CTLA4 [45]
and anti-PD-1/PD-L1 [46] that impair negative regulators, or checkpoints, of the adaptive
immune system, leading to significant antitumor activity—and even cures—in different
tumor types [47].

Previously, using the typical chemotherapy treatment, some resistance was observed,
and this is also verified in targeted and immunological therapies, so it continues to be highly
frequent. This is where the correlations regarding cancer and infectious diseases can differ:
combination therapy usually results, for instance, in disease becoming unnoticeable in HIV
or treated in tuberculosis; however, in metastatic cancers, this ends up being the exception
instead of the rule [48]. As expected, cancer is a more complex biological disease [49].

3. The Human Microbiome

Microbes begin to colonize our body at early stages of fetal development, particularly
in the 2nd trimester, in which reduced levels of microbial signals may be identified in
the fetal gut, skin, placenta, as well as lung tissue [50]. Nevertheless, the first main
colonization episode in early life occurs at birth, in which the form of childbirth molds the
neonate microbiome constitution to be similar to either a vaginal or skin microbiome [51].
Afterwards, our microbiomes are molded by external influences including diet, lifestyle,
as well as surrounding biological diversity [52]. Our microbiome constitution changes
with age. In early newborn life, breastfeeding allows the vertical transmission (mother to
child) of bacteria. Consequently, neonates reveal a microbiome constitution similar to their
mother’s milk [53].

There are trillions of microbes inhabiting the human bodies and a co-evolution exists
between humans and microbes, so they created mechanisms to be admirably adapted
to the host physiology that is in constant change [54]. Despite most of these microbes
reside inside our gut, different groups of microbes are also present in most body parts, in
which the brain may be included; however, recent evidence is not conclusive [55]. The
microbiome of every body part has different aspects in terms of population dynamics as
well as the variety of microbial species [56]. This site-specific variety and dynamics may
be considered as a health indicator [57]. Studies have made it possible to establish that
the microbial environment in the human body is essential regarding health preservation
by their association with the nutrient absorption, the immune system, as well as different
metabolic pathways. Therefore, in a symbiotic state, host–microbe relations counteract
invading pathogens and avoid tumor formation [58].

3.1. Altered Human Microbiome and Carcinogenesis

It has been emerging and expanding the elucidation of the variety as well as the
differences in the abundance of microorganisms, together named the microbiota. They
make symbiotic associations with the barrier tissues of the human body that are found
to be in direct contact with exterior environment—the epidermis as well as the internal
mucosa, particularly the gastrointestinal tract, in addition to the lung, the breast, as well as
the urogenital system. There is increasing comprehension that the ecosystems established
by inhabitant bacteria as well as fungi—the microbiomes—have a significant effect on the
organism’s health but also disease [59], a recognition promoted by the possibility to analyze
the populations of microbial species through next-generation sequencing in addition to
bioinformatic tools. In fact, for cancer, the data are progressively becoming consistent that
polymorphic differences in the microbiomes among individuals within a population may
have a remarkable influence on cancer phenotypes [60,61].

Different association investigations in humans as well as investigational manipulation
in mouse models of cancer are showing that specific microorganisms, mostly but not only
bacteria, may have either protective or harmful influences on carcinogenesis, malignant
evolution, as well as treatment reaction—as may the total complexity and composition
of a tissue microbiome in general. In fact, although the intestinal microbiome has led
the way, many tissues as well as organs have their respective microbiomes that reveal
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unique features regarding population dynamics as well as variety of microbial species
and subspecies. Nevertheless, it is still not elucidated if the microbiome is a discrete
empowering feature that has significant positive and negative influences on the gain of
hallmark capacities for cancer [59].

Microbiota is currently starting to be identified as an essential player in carcinogenesis
as well as the interactions between microbes are higher than it was previously predicted [62].
As arising tumor elements, intratumoral bacteria were discovered in various solid tumors
and different studies have shown that various cancer subtypes have different microbial
constitutions. Other mechanistic research observed that intratumoral bacteria can lead to
cancer initiation and development by inducing DNA damage, epigenetic alterations, in-
flammatory responses, modulation of host immunity as well as the activation of oncogenes
or oncogenic pathways (Figure 1) [63]. It was observed that the causative agents of cancer
were H. pylori, human papilloma virus, hepatitis B virus (HBV) and hepatitis C virus
(HCV); however, it is important to mention that the composition of the human microbiome
consists in 10–100 trillion microbial partners, most of them are not identified [64]. This fact
shows that we should not underestimate the role the microbiome plays in cancer and that
more research in this field is required.

Figure 1. Different consequences of an altered human microbiome that may lead to cancer.

In studies designed to analyze the impact that pathogenic bacteria have in promoting
epigenetic dysregulation it was observed that they play a significant role in the dysregula-
tion of the epigenetic machinery of their target human cells. It was also important to notice
that they did not only promote this directly, but these bacteria produce toxins and surface
proteins targeting the host human cell membrane and they can also synthesize effector
proteins entering the host cell nucleus. It was observed that all these products usually have
consequences such as changes in the host human cells DNA methylation patterns, histone
alterations or in other words modifications of the “histone code”. Therefore, the alterations
in the host human cells epigenotype and in the gene expression pattern can interfere with
the activity of the antibacterial immune response and produce a propitious environment
for bacterial colonization, growth, or spread [65].

The production of inflammatory cytokines and other inflammatory mediators is pro-
moted by epigenetic dysregulation mediated by bacterial products disturbing the epigeno-
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type of their target human cells. The indirect epigenetic modifications in addition to the
direct interference with the epigenetic machinery of the host human cells is a promising
topic in the cancer research field since they can trigger the initiation and progression
of malignant tumors related with different bacterial infections [65]. Different studies
have shown that bacteria included in such wide phyla as Firmicutes, Actinobacteria, Bac-
teroidetes, Chlamydiae, Fusobacteria, and Proteobacteria end up encoding proteins or
processing cell wall components that can interact with the epigenetic machinery of host
human cells [66–68].

3.2. The Importance of the Gut Microbiome
Varied Modulatory Influences of the Gut Microbiome

It has been described that the intestinal microbiome is remarkably essential regarding
the role of the large intestine (the colon) in degrading as well as importing nutrients into
the body in the context of metabolic homeostasis, and that disturbances in the microbial
populations—dysbiosis—in the colon may provoke a range of different physiologic dis-
eases [59]. Therefore, there has been the intuition that the predisposition, progress, as
well as pathogenesis of colon cancer are affected by the intestinal microbiome. Recently,
credible functional investigations that involved fecal transplants from colon tumor-bearing
patients but also mice into recipient mice susceptible to being affected by colon cancer
have recognized that there are both cancer-protective as well as tumor-promoting micro-
biomes, encompassing specific bacterial species that may modulate the prevalence as well
as pathogenesis of colon tumors [69].

The processes by which microbiota confer these modulatory functions are even now be-
ing clarified; however, two common outcomes are becoming progressively well recognized
for tumor-promoting microbiomes and, in several situations, for particular tumor-inducing
bacterial species. The primary consequence is mutagenesis of the colonic epithelium, re-
sulting from the production of bacterial toxins as well as different molecules that impair
DNA directly, or disturb the mechanisms that preserve genomic integrity, or stress cells
using other methods that indirectly damage the fidelity of DNA replication and repair. One
example is E. coli carrying the PKS locus, which evidently mutagenizes the human genome
and is involved in the transmission of hallmark empowering mutations [70]. In addition,
bacteria have been described to bind to the surface of colonic epithelial cells and generate
ligand mimetics that promote epithelial proliferation, promoting in neoplastic cells the
hallmark ability for proliferative signaling [60]. Additional process in which particular
bacterial species lead to tumorigenesis include butyrate-producing bacteria, the incidence
of which is increased in individuals affected by colorectal cancer [71].

The generation of the metabolite butyrate has complicated physiological consequences,
such as the generation of epithelial cells and also of fibroblastic cells. It was observed that a
mouse model of colon carcinogenesis inhabited by butyrate-producing bacteria revealed
additional tumor development, and when compared to mice that lacked these bacteria;
the association between butyrate-induced senescence of epithelial cells and increased
colon tumorigenesis has been proved with the utilization of a senolytic drug that destroys
senescent cells, and which have damaged tumor development [71]. Furthermore, butyrate
produced by bacteria has pleiotropic as well as paradoxical influences on differentiated cells
versus undifferentiated (stem) cells in the colonic epithelium under circumstances in which
the gut barrier is disturbed (dysbiosis) and the bacteria are invasive, impacting, for instance,
cellular energetics as well as metabolism, histone modification, cell-cycle progression, but
also (tumor-promoting) innate immune inflammation which is immunosuppressive of
adaptive immune responses [72].

In addition to causal associations to colon cancer and melanoma, the intestinal micro-
biome’s evident capacity to stimulate the expression of immunomodulatory chemokines
as well as cytokines that are released in the systemic circulation is also clearly able to
influence cancer pathogenesis and treatment reaction in different organs of the body [15,73].
A revealing case includes the progression of cholangiocarcinomas in the liver: intestinal
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dysbiosis enables the entry and transport of bacteria as well as bacterial products through
the portal vein to the liver, in which TLR4 is expressed on hepatocytes is triggered to stimu-
late the expression of the chemokine CXCL1, that recruits CXCR2- expressing granulocytic
myeloid cells (gMDSC) which functions to suppress natural killer cells so as to evade
immune destruction, and possible confer other hallmark abilities. Thereby, the intestinal
microbiome is unequivocally involved as an enabling feature that may instead help or
confer protection against various types of cancer [74,75].

4. Examples of Microbes and Their Association with Several Cancer Types

Every tissue and organ in contact, directly or indirectly, to the external environment
is also a repository for commensal microorganisms [76]. Contrasting with the gut, where
the symbiotic function of the microbiome in metabolism is clearly identified, the nor-
mal and pathogenic functions of microbiota residing in these distinct sites are still being
elucidated. Apparently, there are organ/tissue-specific distinctions in the composition
of the corresponding microbiomes in homeostasis, aging, as well as cancer [76,77]. Fur-
thermore, association investigations are reporting more and more data regarding local
tumor-antagonizing/protective versus tumor-promoting tissue microbiomes, in the same
way as the intestinal microbiome may modulate predisposition and pathogenesis to human
cancers developing in their related organs [78–81].

4.1. Colorectal Cancer

Recently, various authors have described the effect of the gut microbiome in the
development of colorectal cancer (CRC) [82]. Because the CRC occurrence is currently
being described in young adults, and it is also reported as the second most common cause
of death throughout the world, precise knowledge regarding the role that gut microbes
plays in the progress of colorectal cancer is becoming urgent to elucidate. So, in this review,
we describe the current knowledge regarding the effect of gut microbes on the genetics
as well as epigenetics of colorectal cancer [82]. Imbalances in the gut flora are related
to colorectal cancer, curiously numerous investigations have shown that Fusobacterium is
associated with colorectal tumor [83–86]. However, the incidence of distinct bacteria such as
Leptotrichia, Prevotella, Gemella, Porphyromonas, Peptostreptococcus, Parvimonas, Campylobacter
are linked with colorectal cancer [87,88].

Zackular et al. (2014) have described that when feces from people affected by cancer
are analyzed, they reveal to carry distinct bacteria, in addition to an excess of the traditional
mouth bacteria, Fusobacterium or Porphyromonas [89]. In addition, Zeller et al. (2014) de-
scribed the relations occurring between the gut microbiota and cancer, it
two Fusobacterium species were observed, specifically Peptostreptococcus stomatis as well as
Porphyromonas asaccharolytica, and they revealed to be increased in colorectal cancer patients
compared to the healthy individuals [90]. Moreover, with new technology development, the
meta-transcriptome analyses provided data that exposed a significant increment and simul-
taneous presence of Leptotrichia genera and Fusobacterium. Furthermore, Campylobacter in
CRC tumors that are Gram-negative bacteria exist in the oral cavity; however, both Campy-
lobacter as well as Fusobacterium are inherently distinct from their oral counterparts [88].
In addition, Burns et al. discovered Providencia within the tumor microenvironment [91].
Further, it was determined that initiation of inflammatory reactions through commensal
bacteria contributes to tumor development as well as growth [92]. Enterococcus faecalis
generates DNA-damaging superoxide radicals as well as genotoxins that are drivers that
may promote CRC development [93].

Apart from these driver bacteria, the passenger microorganisms that comprise bacteria
as well as several viruses additionally promote the development of cancer. As stated in the
CRC ‘driver-passenger’ model, symbiotic ‘driver’ bacteria contribute to tissue tumor forma-
tion through cell DNA damage, and colorectal tumorigenesis is then mediated by alterations
in the intestinal microenvironment, that contributes to the growth of “passengers” oppor-
tunistic pathogens such as Fusobacterium spp., Streptococcus bovis, and Roseburia spp. [94].
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The Human Polyoma Viruses (HPyVs) are another example that can also be listed among
the “passenger” players. HPyVs infections are usually asymptomatic, regardless of their
described transformative abilities, with an age profile indicating an elevated incidence of
early-age infections and that it remains throughout life [95,96]. It is important to note that
gut bacterial as well as viral dysbiosis is a main reason for modified host immune response
in both CRC and obese patients, resulting in a lasting inflammatory state [97].

4.2. Breast Cancer

All over the world, breast cancer (BC) in men is a rare disease; however, it continues to
affect the lives of millions of women and it is the most frequent type of cancer in terms of
incidence among women [98]. Breast cancer includes a heterogeneous group of neoplasms
with various morphologies, molecular phenotypes, therapy reactions, probabilities of
recurrence and general survival [99]. It is not a single disease; instead, there are various
distinct cancers and every single one of them influences the breast. Molecular subtyping
considering the presence or absence of cell surface receptors, for instance ER, PR and
Her2 provides the information required for the right treatment strategy. In situations
where it is observed that there is an absence in patients of all three receptors or markers,
or triple-negative breast cancer (TNBC), they have various adverse outcomes [100]. The
reason this occurs is mostly because of the non-existence of targeted therapies and it is
another example of how important it is to study cancer hallmarks aiming to understand
how targeted therapies can be developed.

Bacterial inhabitants of the human body have the possibility to interfere in different
phases of cancer initiation, development, as well as therapy. These bacteria can be distal to
the primary tumor, for example gut microbiota, or local to the tissue, previous or posterior
tumor growth [101]. Different investigations have shown that the gut microbiome of
patients affected by breast cancer changed compared to healthy matched controls [102].
Considering the importance of microbial dysbiosis in chronic inflammation, inflammation-
mediated carcinogenesis processes, and immune evasion, it was expected that certain
microbes contributed to the growth of some types of cancers. As it was mentioned before,
such relationships have been observed with the role of H. pylori in gastric cancer as well
as Fusobacterium in colorectal cancers [99,103,104]. Nevertheless, there is not extensive
knowledge about the relations that exist between the microbiome and breast cancer [105];
therefore, it may be an interesting topic for future research.

The influence of the microbiome environment on the metabolism of estrogen is becom-
ing increasingly evident, where there exists a solid association with breast carcinogenesis.
This fact was observed in one investigation in which patients that obtained ampicillin treat-
ment had higher fecal excretion of conjugated estrogens, highlighting the active impact of
the gut microbiota in estrogen metabolism (Figure 2) [106]. This indicates that gut microbes
can be implicated in the metabolism of estrogen; therefore, altering one’s microbiome can
have several consequences on breast cancer pathogenesis. Additionally, sex hormones may
also influence the gut microbiome constitution [107]. One case–control research revealed
that the fecal microbiota of postmenopausal breast cancer patients showed reduced variety
as well as general distinct constitution in comparison with matched controls [102]. Another
investigation described identical results with an increase in Methylobacterium radiotolerans in
breast tumor tissue compared to Sphingomonas yanoikuyae in corresponding healthy tissues.
Essentially, quantification of total bacterial DNA load exhibited an inverse association
among bacterial load and breast cancer disease stage. Stage 1 patients carried the highest
copy numbers of bacterial DNA in comparison with both stage 2 and 3 patients. This
difference in bacterial load was also related to lower expression of antibacterial response
genes between advanced stage breast cancer patients. These results indicate that dysbiosis
can play a role in breast cancer tumor development, in which a lower or modified bacterial
constitution may promote downstream abnormal immune system functioning allowing
tumorigenesis. In addition, these results indicate that bacterial load may be used as a
biomarker for diagnosis as well as staging, therefore requiring further research [107].
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Figure 2. The influence of the gut microbiota in estrogen metabolism using ampicillin treatment on
patients showing that it may have impact on breast cancer because of the increase in fecal excretion
of conjugated estrogens.

The breast tissue and milk were considered sterile; however, they are currently rec-
ognized to incorporate a varied as well as specific microbial community [108,109]. A
study that compared the microbial constitution of nipple aspirate fluid in women that
possess history of breast cancer versus normal controls exhibited a comparatively increased
prevalence of the genus Alistipes as well as reduced prevalence of a genus from the Sphin-
gomonadaceae family. Further investigations show that the microbiome of breast skin swabs
as well as breast tissue obtained from patients with breast cancer in comparison with health
controls is increased in specific microbes, such as Fusobacterium, Atopobium, Gluconaceto-
bacter, Hydrogenophaga, Bacillus, Enterobacteriaceae, Staphylococcus, Comamonadaceae, as well
as Bacteroidetes [110–112].

Predominantly, research on microbiome and its impact on breast diseases has high-
lighted the comprehension of the associations regarding invasive cancers; nevertheless,
non-malignant breast diseases are usual and may adversely influence the quality of living
which includes a higher probability of cancer [113]. This kind of non-malignant breast
diseases consist of Atypical Ductal Hyperplasia (ADH), Ductal Carcinoma In Situ (DCIS),
as well as mastitis/breast abscesses. Although specific microorganisms, most remarkably
S. aureus, have for a long time been associated as causative in mastitis, recently a study
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revealed that milk obtained from mastitis patients exhibited microbiota disruptions such
as reduced microbial variety with higher opportunistic pathogens and lower commensal
organisms [114]. ADH as well as DCIS, represented by aberrant, neoplastic cell prolifera-
tion and perhaps promoting invasive breast cancer, have several recognized risk factors;
however, their etiology is not widely known. Supplied data indicating that microbial dis-
similarities in different tissues may be related with neoplastic non-malignant growth [115];
the doubt is whether the breast and gut microbiomes can affect non-malignant breast
diseases like ADH as well as DCIS [105].

4.3. Gastric Cancer
Helicobacter Pylori and Gastric Carcinogenesis

Helicobacter pylori is the most frequent bacterium which means it is almost ubiquitous in
humans; it colonizes the gastric epithelium of approximately 50% of people worldwide and
has been co-evolving with humans in an interaction spanning 50,000 years [116,117]. H. pylori
colonization offers protection against demyelinating diseases including tuberculosis [118],
multiple sclerosis [119] and inflammatory bowel disease [120]. It was observed that in
fact it has several beneficial roles; however, it is important to mention that it was the first
bacterial carcinogen reported and it is linked to 90% of gastric cancers [121,122]. Due to
the toxins that the bacteria produce occurs gastric oxidative stress and reactive aldehyde
formation. Another important consequence is related to the production of cellular DNA
and RNA damage and hypermethylation of DNA promoter genes. Moreover, Helicobacter
pylori toxins may also provoke host inflammatory response, chronic mucosal inflamma-
tion, achlorhydria, synergistic interactions with other carcinogens, as well as making the
antioxidant protection inefficient in the gastric mucosa [123].

Helicobacter pylori induces pathogenicity as well as the gastric carcinogenesis which
appear to be related to various virulence factors that are vacuolating cytotoxin A (VacA),
obviously depending on the expression of vacuolating cytotoxin gene A (vacA); cytotoxin-
associated gene pathogenicity island (cagPAI); an oncoprotein (i.e., cytotoxin-associated gene
A (CagA)), as well as adhesion proteins [124–127]. It is important to understand how this
works because CagA-positive H. pylori contributes to the creation of genetic instability by
disturbing the mitotic spindle checkpoint, leading to chromosomal instability [128] as well
as epigenetic instability [129] and can ultimately lead to gastric carcinogenesis.

5. Influence of Intratumoral Microbiota

Pathologists have long established that bacteria may be discovered inside solid tumors,
a finding that has now been demonstrated with advanced profiling tools. For instance, an
investigation of 1526 tumors containing seven human cancer types (bone, brain, breast,
lung, melanoma, ovary, as well as pancreas), every form was identified by a characteristic
microbiome that was mostly located within cancer cells and immune cells, and inside every
tumor type, changes in the tumor microbiome might be discovered as well as deduced to
be linked to clinicopathologic characteristics [130]. Microbiota have also been discovered
in genetically engineered de novo mouse models of lung and pancreas cancer, and its
deprivation in germ-free mice and/or their abrogation with antibiotics may evidently
damage tumorigenesis, functionally involving the tumor microbiome as a facilitator of
tumor-promoting inflammation as well as malignant development [131,132].

Association investigations in human pancreatic ductal adenocarcinoma as well as func-
tional exams through fecal transplants into tumor-bearing mice have recognized that changes
in the tumor microbiome—and the corresponding intestinal microbiome—modulate im-
mune phenotypes and survival [133]. A significant task for the future will be to expand
these effects to different tumor types, as well as to define the possibly independent influ-
ences of composition and changes in the tumor microbiome to that of the intestine (as well
as local tissue of origin) microbiome, possibly by recognizing certain microbial species that
are essentially important in one site or another [75].
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6. Epigenetics

Epigenetics comprehends heritable structural as well as biochemical changes in the
chromatin with no alterations on the DNA sequence [134]. Epigenetic processes control
different physiological as well as pathological mechanisms by regulations of important
gene expressions through modifying the ease of access of epigenetic codes to the chromatin
locally but also globally [135–137].

There are three fundamental epigenetic codes that have been admirably investigated
consisting of DNA methylation, histone modifications as well as non-coding RNAs (ncR-
NAs). DNA methylation is the most significant epigenetic process that has been intensively
studied. There are distinct DNA methylation alterations for example 5-methylcytosine
(5 mC), N6-methyladenine (6 mA) as well as 4-methylcytosine (4 mC) [138,139]. Although
6 mA and 4 mC are usually discovered in prokaryotic genome, 5 mC is the most broadly dis-
persed methylation type in eukaryotes, but also the most investigated and comprehended
DNA alteration pattern in general [140].

There are various methodologies typically used to assess the estimated or precise
methylation contents of DNA. Bisulfite conversion is the basis for most of DNA methylation
assays that converts cytosine to uracil in single-stranded DNA; however, it does not impact
5 mC [141]. Additional methods consist of digestion of genomic DNA using particular
endonucleases with distinct methylation sensitivities aiming to obtain an approximate
prediction of the totality of DNA methylation [142]. Because of these changes, DNA
methylation status in particular loci or global contents may be assessed using various
methodologies. It is important to notice that not every RNA transcript will ultimately
lead to proteins, some of them have regulatory functions. ncRNAs are a group of RNA
transcripts that do not encode proteins as mRNAs do [143]. ncRNAs have been recognized
as by-products of protein transcription with reduced biological functions. Indeed, ncRNAs
have been associated as essential epigenetic regulators that are actively involved in many
physiological as well as pathological mechanisms [144].

The growing epigenetics field will possibly promote an increase in high-throughput
sequencing technologies, which will create a potential possibility to decode the nature of
the epigenome at the systematic level. Therefore, bioinformatic and biostatistics technolo-
gies/pipelines are crucial for processing of large volumes of datasets as well as providing
helpful knowledge in this “omic” era [145]. The essential advance in the area of epigenetics
encourages the progress of improved tools in support of finely designed technologies and
mechanisms to identify, quantify, as well as visualize the dynamics of chromatin state [146].

Non-Mutational Epigenetic Reprogramming

The empowering feature of genome (DNA) instability, as well as mutation is a key
element of cancer development and pathogenesis. Currently, several international consortia
are categorizing mutations around the genome of human cancer cells, therefore in virtually
all types of human cancer, at distinct stages of malignant development, in which metastatic
lesions are included, and through the progress of adaptive resistance to treatment. As a
consequence, the current extensive comprehension that mutations in genes that organize,
modulate, as well as preserve chromatin architecture, and thus as a whole regulate gene
expression, are more and more being identified and functionally linked with cancer hall-
marks [147–149]. There is, additionally, a situation to be presented for another evidently
independent way of genome reprogramming that simply includes epigenetically regu-
lated modifications in gene expression, which could be named “non-mutational epigenetic
reprogramming”. In fact, the idea of mutation-less cancer progress and just epigenetic
programming of hallmark cancer phenotypes appeared practically a decade ago [150] and
is gradually more debated [147,151–153].

The notion of non-mutational epigenetic regulation of gene expression is clearly
recognized as the main process mediating embryonic growth, differentiation, as well as
organs development [154–156]. In the adult, for instance, long-term memory includes
alterations in gene and histone modification, in chromatin structure, as well as in the
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induction of gene expression changes that are stably preserved in the course of time by
positive and negative feedback loops [157,158]. Increasing data confirm the idea that
analogous epigenetic modifications may support the gain of hallmark abilities through
tumor progression and malignant development [75].

7. Epigenetic Regulation of CRC

The DNA methylation is the most investigated epigenetic modification, in CRC [159].
Abnormal DNA methylation is promoted in driver genes through CRC progress [160–162],
in addition, histone alterations also influence CRC growth [163,164]. Circulating nucleo-
somes transport CRC related histone marks, for instance, H3K9me3, H4K20me3, as well as
H3K27me3 [165]. Furthermore, the trimethylation of histones H3K4, H3K9, and H4K20
was linked to CRC survival and relapse [166].

It was observed several genes that become hypermethylated in CRC such as APC,
MGM2, RAAS F2A, RUNX3, HLTF, ALX4, SOX2, p14, p16, DLCK1, WIF1, as well as
NDRG4 [167]. Curiously, the left side of colon reveals different features from the right
side regarding the methylation level of distinct genes, microsatellite instability (MSI),
types of mutations, as well as reaction to therapy. The designation CpG Island Methy-
lator Phenotype or CIMP was applied for CRC classification based on the methylation
status [168,169]. In most sporadic CRC where high MSI is observed, it is observed that
patients have abnormal hMLH1 promoter methylation [170].

Helicobacter (H.) pylori infection has been described in CRC and has revealed to stimu-
late alterations in the methylation of host genes, particularly genes implicated in inflamma-
tory pathway [171]. These genes are, for instance, II1b, Nos2, and Tnf [171]. Moreover, the
total abnormal methylation is related with the probability of developing CRC in patients
infected by H. pylori. Even though H. pylori has been identified in colorectal malignant
tissues its direct influence in carcinogenesis is not elucidated [172,173]. H. pylori infection
targets the normal gastric mucosa leading to non-atrophic gastritis [161].

An investigation indicated that infection with virulent strain of H. pylori that express
CagA gene is suggested to CRC carcinogenesis through promoting IL8 synthesis [174]. The
study of epigenetic as well as clinical information from The Cancer Genome Atlas (TCGA)
suggested subgroups of individuals with different clinical characteristics and a group of
genes as well as pathways implicated in CRC growth [175]. Furthermore, the existence
of John Cunningham Virus (JC virus) in CRC has been described, and it is predicted that
infection can have influence in carcinogenesis and can be implicated in the late phases
of CRC progress [175–179]. Despite the comprehension of the epigenetic processes in
single infections, the implication of epigenetic processes in microbiome-mediated CRC is
not known [180].

8. Drug Resistance and Toxicity in Cancer Induced by Microbiome
8.1. Chemotherapy

Commensal microbes may modulate chemotherapy efficacy. For instance, E. coli
can modulate the efficiency of two anticancer treatments, gemcitabine (1, Figure 3) and
also CB1954, through promoting resistance as well as activating cytotoxicity in tumors,
correspondingly. Gemcitabine has revealed to be metabolized by bacteria existent in human
PDAC (pancreatic ductal adenocarcinoma), an influence associated with intratumoral LPS
(lipopolysaccharide toxin) incidence, which can be overcome with the administration of an
antibiotic therapy [181].
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Figure 3. Chemical structures of gemcitabine (1), oxaliplatin (2), cyclophosphamide (3), 5-fluorouracil (4)
and irinotecan (5).

Various anticancer drugs revealed to possibly be modulated by different bacteria
in vitro [182]. In a study using mice, oxaliplatin (2, Figure 3) as well as cyclophosphamide
(3, Figure 3) have reduced efficacy in inhibiting tumor development when the studies
are performed on germ-free mice or mice treated with wide-spectrum antibiotics. After
antibiotics-mediated commensal reduction, tumor-infiltrating myeloid cells reacted unsuc-
cessfully to CpG-oligonucleotide tumor immunotherapy resulting in lower TNF production,
or to oxaliplatin treatment with diminished formation of reactive oxygen species as well
as impaired cytotoxicity [183]. Further, chemotherapy corresponding intestinal barrier
damage allows intestinal commensal translocation to secondary lymphoid organs, where
they promote systemic simulation of Th17-type tumor antigen-specific CTLs in mouse
models [184]. Antibiotic therapy prevents that commensal intestinal translocation and corre-
sponding T-cell polarization, thus reducing the tumoricidal activity of chemotherapy [185].
Furthermore, microbial influences on chemotherapy efficiency, chemotherapy and associ-
ated mucosal damage may affect the intestinal microbiome constitution. Even before the
extensive utilization of NGS methods, culture-based procedures revealed data regarding
chemotherapeutic agents similar to 5-fluorouracil (5-FU, 4, Figure 3) that may modulate
the oral but also fecal microbiome of laboratory animals with an increase in Gram-negative
anaerobes [186]. These results were after extended by 16S rRNA sequencing, showing a
reduction in Eubacterium as well as Ruminococcus spp. [187].

Irinotecan (5, Figure 3) therapy was linked to certain intestinal microbiome dysbiotic
configurations and extended expression of microbial β-glucuronidases [188]. Similarly, in-
dividuals obtaining a myeloablative conditioning treatment for non-Hodgkin’s lymphoma
showed an increase in Enterobacteriaceae and Enterococcaceae as well as a reduction in
Ruminococcaceae, Lachnospiraceae, and Bifidobacterium spp. [189]; on the other hand, allo-
geneic hematopoietic cell transplantation (allo-HCT) as well as immune cell reconstruction
have been linked to an increase in the intestinal commensals Faecalibacterium, Ruminococcus,
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and Akkermansia spp. [190]. The influences of these chemotherapy-promoted microbial mod-
ifications in affecting tumorigenesis, therapy reactions, as well as chemotherapy-promoted
adverse impacts are worth of additional research [191].

Irinotecan and Gut Microbiome

Topoisomerase-I enzymes are ubiquitous and are essential in different DNA mecha-
nisms that allow life maintenance such as DNA transcription, replication, and repair. The
comprehension of the role of eukaryotic topoisomerase-I resulted in the identification of
this enzyme as a possible target for anticancer treatment [192].

Irinotecan (CPT-11) is a camptothecin derivative that shows anticancer activity in
various solid tumors. It has been extensively used as therapy for colorectal, pancreatic, as
well as lung cancer [193]; further, in children, it is currently administrated essentially as
a therapy for soft tissue sarcomas, bone tumors as well as neuroblastoma [194,195]. CPT-
11 may be administrated alone; however, it is more commonly combined with different
cytotoxic drugs (e.g., 5-fluorouracil, oxaliplatin), monoclonal antibodies (e.g., cetuximab,
bevacizumab) or with kinase inhibitors [196,197]. Latest experimental as well as clinical
investigations have revealed that inhibitors of DNA repair, epigenetic alterations, signaling
modulators, and immunotherapy may additionally be used together with CPT-11 [198].
Irinotecan is a chemotherapeutic agent with antineoplastic activity [194], and it enters
the blood circulating system as a prodrug, CPT-11, which needs enzymatic conversion
by carboxylesterase (CES1 and 2) (Figure 4) [199,200]. CES1 and CES2 can be found in
liver, colon, kidney, as well as blood cells; however, the conversion by these esterases
predominantly takes place intrahepatically [201]. The active metabolite is SN-38 inhibits
topoisomerase-I, leading to single-strand DNA breaks causing the cell cycle arrest and
eventually, the cells cannot repair the accumulation of damage and initiate apoptosis [199].
Furthermore, irinotecan’s active metabolite, SN-38, is glucuronidated in the liver by UDP-
glucuronosyltransferase (UGT) and it is converted in an inactive glucuronide (SN-38G),
that is excreted into the gut lumen through the bile duct (Figure 4) [202].

Several symbiotic bacterial species of intestinal microbiota may synthetizeβ-glucuronidase
that converts SN-38-G back to its active and more toxic metabolite structure, SN-38, leading
to an increase in irinotecan gut toxicity. Examples of these bacteria are Escherichia coli,
Bacteroides vulgatus, as well as Clostridium ramosum [203,204]. Wallace and collabora-
tors [204] demonstrated that bacterial β-glucuronidases cleave the glucuronide fraction
aiming to utilize it as a carbon supply, distributing the active form, SN-38, into the gut
lumen, causing diarrhea (Figure 4) [204].

Bacterial β-glucuronidases (or potential candidate structures) are present in 43% of
species in The Human Microbiome database. Further, the bacterial enzyme has a ‘bacterial
loop’ not observed in the human form of the enzyme, allowing extremely selective inhibitors
of the bacterial enzyme to be produced, two of which blocked the active site of the E. coli β-
glucuronidase, but had no influence on bovine liver glucuronidase. The quinolone antibiotic
ciprofloxacin has also been described as inhibitor of this enzyme, and small doses of
amoxapine, recognized to cause inhibition of bacterial β-glucuronidases, blocked diarrhea
linked to irinotecan in a rat model [205,206]. An investigation of crystal constitutions of
representative β-glucuronidases from Streptococcus agalactiae and Clostridium perfringens and
the Proteobacteria Escherichia coli as well as the Bacteroidetes Bacteroides fragilis has shown
that these enzymes have noticeable distinctions in catalytic properties and susceptibilities
for inhibition, indicating that the intestinal microbiome can guarantee functional variety in
orthologous enzymes. Furthermore, minor alterations in the structure of designed inhibitors
may promote major conformational alterations in the β-glucuronidase active site [203].

The use of irinotecan therapy itself may alter the host gut microbiome (GM) consti-
tution, increasing the incidence of glucuronidases-expressing species, for example E. coli,
Staphylococcus spp., as well as Clostridium spp. [207]. Taking into consideration the role
of GM constituents on irinotecan metabolite-generated diarrhea, the possible benefit of
antibiotics coadministration with irinotecan has been investigated, with positive results.
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The use of penicillin/streptomycin, in irinotecan-treated rats caused a decrease in the
levels of SN-38 present in the feces and diminished diarrhea [208]. Despite the fact that
several early investigations have pointed to the role of neomycin in decreasing irinotecan-
generated delayed diarrhea [209], some later data mitigated these findings [210]. Regard-
less of its potential efficacy, the utilization of concomitant prophylactic antibiotics with
chemotherapy is debatable, because of potential occurrence of antibiotic resistance as well
as influence on GM constitution. Different approaches more precise to target-glucuronidase
activity have been studied, comprising the “old” drugs, for instance Amoxapine to inhibit-
glucuronidases [206]. 3D X-ray crystallographic results are also under analysis in order to
logically design a glucuronidase inhibitor [204]. New pharmacological compounds have
been investigated and positive effects have been observed [211]; however, their use for
clinical practice has not yet been approved [212].

Figure 4. Irinotecan (CPT-11) metabolism and excretion in the human body. The deactivation and
activation of compounds (CPT-11 or SN-38) are represented by dark and blue arrows, respectively.
CPT-11 generated delayed diarrhea due to the toxicity promoted by bacterial species of intestinal mi-
crobiota that synthetize β-glucuronidase inducing the conversion of SN-38-G to its active metabolite
structure, SN-38.

8.2. Immunotherapy

Immune-based anticancer therapies consist of a range of therapeutic methods aiming
to empower the individual’s immune system or use third-party immune elements to destroy
cancer cells. This method is now spearheaded by interventions targeting negative regulators
of T-cell activation, named “immune checkpoints”, which are regularly “hijacked” by the
tumor in stimulating an immune-benefiting TME (tumor microenvironment). Checkpoint
inhibitors, for example antibodies against programmed cell death protein 1 (PD-1) or its
ligand PD-L1 as well as cytotoxic T lymphocyte-associated protein 4 (CTLA-4), may block
the communication of T cells with their suppressive cognate ligands on tumor or stromal
cells [47,213], to release an antitumor immune reaction. Consequences of this involvement,
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notable in a minority of individuals, differ from fully remission in sporadic occasions
to substantial life extension even in metastatic cancers (metastatic melanoma, non-small-
cell lung cancer, Hodgkin lymphoma, as well as renal cell carcinoma as representatives).
In 2015, two mouse investigations revealed that members of the commensal intestinal
microbiome such as Bifidobacterium spp. were able to increase the antitumor efficiency
of PD-L1 checkpoint blockade [214], while Bacteroides thetaiotaomicron and B. fragilis were
linked to increased CTLA-4 inhibitor effectiveness [214,215]. Moreover, the antitumor
effectiveness of PD-1/L1-targeting treatments were linked to various bacteria, such as
Akkermansia, Faecalibacterium, Clostridiales, as well as Bifidobacterium spp. [216–218].

Increased levels of fecal SCFA (short-chain fatty acids) have been linked to extended
progression-free survival or improved antitumor reactions, but increased systemic levels
were linked to worse therapy reactions [219]. Butyrate can also restrict the ability of
dendritic cells to stimulate tumor-specific T cells and memory T cells, thus limiting the
effectiveness of anti-CTLA-4 ICI (immune checkpoint inhibitor) [220]. Another microbial
metabolites also influence ICI. For instance, Bifidobacterium pseudolongum-produced inosine
improves ICIs by the activation of A2A receptors on T cells [221]. Other ways of microbe-
host relations in cancer immunotherapy involve direct induction of dendritic cells in lymph
nodes by Akkermansia muciniphila to enhance the antitumor efficiency of ICIs in an IL-12-
dependent way [218] or by Bacteroides spp. by stimulation of Th1 and CD8+ T-cell antitumor
immune reactions [215,218].

8.2.1. Immunotherapy in Advanced Melanoma and the Gut Microbiome

The development of therapies targeting immune checkpoints, for example programmed
death-ligand 1 (PD-L1), programmed cell death protein 1 (PD-1) as well as cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) with immune checkpoint inhibitors (ICIs) has
extraordinarily changed the course of melanoma treatment, currently making possible to
fight advanced melanoma with remarkably higher success. Various landmark randomized
controlled trials have demonstrated significant and durable survival benefits, causing
alterations to standard of care internationally [222,223]. Currently, over 50% of patients
that received an administration of combined PD-1 and CTLA-4 blockade are alive after five
years. Regardless of these progresses, less than half of the patients that had an administra-
tion of a single-agent ICI respond to it, while a higher response to a combination of PD-1 and
CTLA-4 is linked to recurrent toxicity with immune-associated adverse effects [224,225].

The study of an association between the intestinal microbiome and reaction to ICIs,
in melanoma as well as other tumors, demonstrated that the intestinal microbiome has
potential as a biomarker of reaction to therapy [216,217] in addition to a therapeutic tar-
get [226,227]. Even though there is substantial data for particular gut microbial charac-
teristics linked to positive responses in mouse investigations [215,228], occurs a major
disagreement on which microbiome features are related to therapy reactions in the human
setting (Table 1). In one of the largest metagenomic investigations so far, Routy et al. [218]
discovered responders to harbor substantially increased relative incidence of Akkermansia
muciniphila, Alistipes and in general more Firmicutes compared to non-responders [218],
while Gopalakrishnan et al. [216] discovered an increased relative incidence of Faecalibac-
terium prausnitzii in responders compared with non-responders (Table 1). Additionally,
Matson et al. [217] discovered that responsiveness to PD-1 treatment was characterized
by a higher relative incidence of a group of eight species driven by Bifidobacterium longum.
Frankel et al. [229] described that microbiota changed by ICI regimen; however, the higher
incidence of Bacteroides caccae was frequent in responders treated with any ICI regimen
(Table 1) [229]. Various confounding elements can play a role in this lack of agreement,
for instance collection and DNA extraction protocols, dietary and variations in drug use
across countries, problems of specimen size and statistical power, variability in microbiome
signatures between responders as well as functionally associated microbial signals, yet
intrinsic to every cohort. Cohort has influences ranging from population-specific features
to methodological choices in specimen processing as well as laboratory analysis, which are
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main issues in microbiome investigations [230,231]. Therefore, larger and varied cohorts
with metagenomic data as well as standardized metadata are required to improve the
elucidation of the microbiome determinants of reaction to immunotherapy [232].

Table 1. Microbiome features acquired by immunotherapy reactions.

Authors Microbiome Features

Routy et al. [221] ↑ Akkermansia muciniphila, Alistipes and Firmicutes
Gopalakrishnan et al. [219] ↑ Faecalibacterium prausnitzii
Matson et al. [220] ↑ Group of eight species driven by Bifidobacterium longum
Frankel et al. [232] ↑ Bacteroides caccae

Anti-programmed cell death protein 1 (anti-PD-1) treatment is responsible for long-
term clinical improvements in patients diagnosed with advanced melanoma; further,
the constitution of the intestinal microbiota is associated with anti-PD-1 efficiency in
preclinical models and cancer patients. A clinical trial designed to study whether anti-PD-1
resistance may be surmounted by altering the intestinal microbiota, analyzed the safety
and efficiency of responder-derived fecal microbiota transplantation (FMT) along with
anti-PD-1 in patients with PD-1-refractory melanoma. This combination was well tolerated,
has shown clinical improvements in 6 of 15 patients, furthermore responders revealed
higher incidence of taxa that were previously demonstrated to be related to a response to
anti-PD-1, higher CD8+ T-cell activation, as well as decreased incidence of interleukin-8
expressing myeloid cells. This investigation has shown that FMT and anti-PD-1 altered
the intestinal microbiome and reprogrammed the tumor microenvironment to surmount
resistance to anti-PD-1 in a subgroup of PD-1 advanced melanoma [233]. So, the more we
understand about the impact that immunotherapies have on the gut microbiome, the more
we will be able to use it to overcome resistance to different immunotherapeutic agents and
this will definitely represent a step forward in cancer treatment.

8.2.2. Microbiome and CAR-T Therapy

Chimeric antigen receptor (CAR) T-cells are autologous T-cells re-directed towards a
tumor-specific antigen. They are progressively being studied in various tumor types that
are relapsed/refractory in addition to frontline disease settings, mainly in hematologic
malignancies (HM) because it revealed to be an efficient approach for patients with refrac-
tory B-cell hematological malignancies. CAR T-cells, now authorized in HM treatment, are
linked to harmful impacts, for instance cytokine release syndrome (CRS), neurotoxicity, as
well as suppression of humoral immunity caused by B-cell aplasia [234–236]. As we men-
tioned before, more and more data indicate that the microbiome can modulate the efficiency
of cancer immunotherapy. In a B cell lymphoma patient cohort, it was demonstrated that
large-spectrum antibiotics therapy (‘high-risk antibiotics’) before CD19-targeted chimeric
antigen receptor (CAR) T-cell treatment is linked to harmful effects. Considerable associa-
tions concerning pre-CAR-T infusion Bifidobacterium longum and microbiome-encoded pep-
tidoglycan biosynthesis, as well as CAR-T therapy-related 6-month survival or lymphoma
evolution, were observed [237]. In a different investigation, they studied the role of the gut
microbiome on adverse effects in multicenter research of patients with B cell lymphoma
and leukemia. They determined that alterations in the gut microbiome are linked to clinical
effects after anti-CD19 CAR T-cell treatment in patients with B cell malignancies [238].

9. Allogeneic Hematopoietic Stem Cell Transplantation

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) combines stem cell
treatment, conventional treatment (with chemotherapy, radiation or antibodies) in addition
to immunotherapy [239]. Allo-HSCT is based on a conditioning regimen, which includes
chemotherapeutic agents producing or not whole-body irradiation and/or antibodies, that
eliminate cancer cells and make it possible for the recipient immune system to be able
to then receive an immune system-rebuilding combination of donor HSCs. Additionally,
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allogeneic donor T cells may attack residual tumor cells, leading to graft-versus-tumor
(GVT) activity. Nevertheless, these alloreactive donor T cells may also attack target organs
of the host, which includes the skin, liver, intestine, thymus, central nervous system,
ovary or testis in addition to the haematopoietic system (named graft-versus-host disease
(GVHD)) [239–243].

The intestinal microbiota represents a powerful modulator of systemic immune re-
sponses. Further, there is increasing data supporting that microbiota may remarkably influ-
ence cancer immunosurveillance [181,214,215,244–247]. Different investigations revealed
that gut microbiota may affect the immune response to systemic cancer chemotherapy,
radiotherapy as well as immunotherapy [248,249]; further, disruption of the intestinal
microbiota is linked to resistance to cancer treatment [181,183]. GVHD (particularly chronic
GVHD) is inversely linked to relapse [239,240,250] as the allogeneic T cells leading to
GVHD also promote GVT activity. Since the development of GVHD is linked to alterations
in the gut flora as we mentioned before, investigations to study modifications in the gut
microbiota and relapse after allo-HSCT seem justified. A retrospective observational in-
vestigation of 541 patients undergoing allo-HSCT at a single centre recognized a cluster
of bacteria mostly constituted by Eubacterium limosum that might work as a biomarker of
relapse risk: increased incidence of this cluster was linked to reduced relapse [249]. Quanti-
tative species-based measures, for instance inverse Simpson index and Shannon diversity
index were frequently utilized to summarize and compare the microbiome alpha variety in
distinct communities [251]. To investigate the possible influence of the gut microbiota on
allo-HSCT complications, Taur et al. investigated allo-HSCT recipients from a particular
institution, analyzing fecal specimens collected at the time of neutrophil recovery [252]
and discovered that an increased gut microbiome variety was considerably linked to an
increased generally survival as well as lower transplant-associated mortality compared to
patients with reduced variety (Inverse Simpson less than 2). An additional investigation
showed that a higher gut bacterial variety was specifically linked to lower mortality from
GVHD, while correlations between variety and malignant relapse were not observed [253].
Remarkably important, the elucidation of a correlation between an increased variety of
the gut microbiota and a reduced risk of transplant-associated mortality was afterwards
confirmed in an investigation with large multicenter international cohorts [254]. However,
considering the fact that the microbiome is varied even geographically, it is critical to
have multiple investigations regarding the alterations that occur in the microbiome when
allo-HSCT and GVHD occurs, so that beforehand can be standardized for clinical use the
prediction of complications and disease relapse.

9.1. Fecal Microbiota Transplantation as a Preventive Approach in Allo-HSCT

As we mentioned above, the disruption of intestinal microbiota has been associated
with major problems in allogeneic hematopoietic stem cell transplantation (allo-HSCT)
recipients. Therefore, different approaches have been suggested to decrease dysbiosis as
well as associated complications [255].

Fecal microbiota transplantation (FMT) is a promising and possibly helpful approach
in allo-HSCT recipients [255]. FMT is based on the combination of fecal substances from a
healthy donor into the gastrointestinal tract of a recipient carrying a disrupted intestinal
microbiome. The origin of the fecal substances can be autologous, with feces collected
prior to the onset of dysbiosis, or from a related or unrelated healthy donor. Due to having
a similar genetic background as well as similar environment, a related FMT donor may
have a similar GM constitution, which may be not recommended in several cases [256].
Because of its possible capacity to re-establish an eubiotic intestinal microbiome layout
in the recipient, FMT has been suggested as a therapy of other clinical illnesses, such as
inflammatory bowel disease, with encouraging primary results [257].

Even though there is an emerging possible clinical benefit of FMT in allo-HSCT
patients, the risk of infections caused by the transport of living microbial consortia to an
immunocompromised host with compromised intestinal permeability must be the highest
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concern [258]. Therefore, supplementary information on the biological mechanisms behind
clinical results is required, so that the use FMT is possible in clinical practice; further,
the safety profile as well as efficiency of the procedure must be verified to improve the
understanding of the role of FMT in allo-HSCT recipients [255].

9.2. Colonization Screening to Guide Antibiotic Therapy in Allo-HSCT

An investigation conducted by Dhanya et al. analyzed the clinical importance of colo-
nization screening cultures to monitor empirical antibiotic treatment in allo-HSCT [259].
This cohort of patients predominantly included recipients of HSCT for hemoglobinopathies,
in whom previous exposure to chemotherapy as well as intravenous (IV) antibiotics was
not usual. Therefore, these results might not be generalizable to patients that were sub-
mitted to transplantation for hematological malignancies. Screening of colonization by
resistant strains is a possibly helpful approach, as part of structured stewardship programs,
and this is verified by different data regarding the influence of multidrug-resistant (MDR)
bacterial colonization on transplantation consequences [260,261]. These moderately con-
flicting conclusions emphasize the necessity for additional investigations in order to better
comprehend the clinical importance of colonization monitoring [262].

10. Conclusions

Cancer is an increasingly complex disease each time we try to understand it at a deeper
level; in this article, we summarize recently discovered cancer hallmarks. Although the
microbiome is an important part of the human body due to its varied functions, most
investigations reveal that, far more than expected, it plays a fundamental role in carcino-
genesis. The gut microbiome is the most studied because it has key functions in the human
body beyond most microbiomes inhabiting the human intestine; however, the human
microbiome is varied, largely unknown and it has a lot of interesting particularities that are
not completely elucidated.

The genetic field has revealed interesting discoveries because of the development of
new sequencing tools as well as bioinformatic technology, which can ultimately provide a
better understanding of multiple diseases such as cancer; here, we have correlated cancer
with genetic and epigenetics changes induced by the microbiome, and we found that it is a
topic that requires more investigation. Apart from that, it was possible to elucidate that
the microbiome, directly or indirectly (toxins), can not only damage DNA but also provide
resistance to different anticancer treatments.

For future investigations, it is essential to have multidisciplinary teams to study
anticancer resistance acquired by an altered human microbiome in patients that does not
respond to the conventional therapies in various cancer types, so that possible alternatives
to fight this disease can be developed.

Author Contributions: Conceptualization, N.V.; methodology I.M.; formal analysis, I.M. and N.V.;
investigation, I.M.; writing—original draft preparation, I.M.; writing—review and editing, N.V.;
supervision, N.V.; project administration, N.V.; funding acquisition, N.V. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was financed by Fundo Europeu de Desenvolvimento Regional (FEDER)
funds through the COMPETE 2020 Operational Programme for Competitiveness and Internationalisa-
tion (POCI), Portugal 2020, and by Portuguese funds through Fundação para a Ciência e a Tecnologia
(FCT) in the framework of projects IF/00092/2014/CP1255/CT0004 and CHAIR in Onco-Innovation
from Faculty of Medicine, University of Porto (FMUP).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: I.M. acknowledges CHAIR in Onco-Innovation/FMUP for funding her project.



Int. J. Mol. Sci. 2023, 24, 11855 20 of 29

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Senga, S.S.; Grose, R.P. Hallmarks of cancer-the new testament. Open Biol. 2021, 11, 200358. [CrossRef]
2. Fernández-Figueroa, E.A.; Lino-Silva, S.; Peña-Velasco, J.E.; Rangel-Escareño, C. Pharmaco-Geno-Proteo-Metabolomics and

Translational Research in Cancer. In Advances in Experimental Medicine and Biology; Ruiz-Garcia, E., Astudillo-de la Vega, H., Eds.;
Springer Nature: Cham, Switzerland, 2019; Volume 1168, pp. 1–7. [CrossRef]

3. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics. CA Cancer J Clin. 2021, 71, 7–33. [CrossRef] [PubMed]
4. Zhu, J.; Zhu, W.; Wu, W. MicroRNAs Change the Landscape of Cancer Resistance. In Methods in Molecular Biology, 2nd ed.; Wu,

W., Ed.; Humana Press: New York, NY, USA, 2018; Volume 1699, pp. 83–89. [CrossRef]
5. Boveri, T. Concerning the origin of malignant tumours by Theodor Boveri. Translated and annotated by Henry Harris. J. Cell Sci.

2008, 121, 1–84. [CrossRef]
6. Waddington, C.H. The epigenotype. Endeavour 1942, 1, 18–20. [CrossRef] [PubMed]
7. Feinberg, A.; Vogelstein, B. Hypomethylation distinguishes genes of some human cancers from their normal counter-parts. Nature

1983, 301, 89–92. [CrossRef] [PubMed]
8. Holliday, R. The inheritance of epigenetic defects. Science 1987, 238, 163–170. [CrossRef]
9. Greger, V.; Passarge, E.; Höpping, W.; Messmer, E.; Horsthemke, B. Epigenetic changes may contribute to the formation and

spontaneous regression of retinoblastoma. Hum. Genet. 1989, 83, 155–158. [CrossRef]
10. Saito, Y.; Liang, G.; Egger, G.; Friedman, J.M.; Chuang, J.C.; Coetzee, G.A.; Jones, P.A. Specific activation of microRNA-127

with downregulation of the proto-oncogene BCL6 by chromatin-modifying drugs in human cancer cells. Cancer Cell 2006, 9,
435–443. [CrossRef]

11. Ross, J.P.; Rand, K.N.; Molloy, P.L. Hypomethylation of repeated DNA sequences in cancer. Epigenomics 2010, 2,
245–269. [CrossRef]

12. Capurso, G.; Lahner, E. The interaction between smoking, alcohol and the gut microbiome. Best Pract. Res. Clin. Gastroenterol.
2017, 31, 579–588. [CrossRef]

13. Ogino, S.; Nowak, J.A.; Hamada, T.; Phipps, A.I.; Peters, U.; Milner, D.A., Jr.; Giovannucci, E.L.; Nishihara, R.; Giannakis, M.;
Garrett, W.S.; et al. Integrative analysis of exogenous, endogenous, tumour and immune factors for precision medicine. Gut 2018,
67, 1168–1180. [CrossRef]

14. Chen, J.; Domingue, J.C.; Sears, C.L. Microbiota dysbiosis in select human cancers: Evidence of association and causality. Semin.
Immunol. 2017, 32, 25–34. [CrossRef] [PubMed]

15. Gopalakrishnan, V.; Helmink, B.A.; Spencer, C.N.; Reuben, A.; Wargo, J.A. The Influence of the Gut Microbiome on Cancer,
Immunity, and Cancer Immunotherapy. Cancer Cell 2018, 33, 570–580. [CrossRef] [PubMed]

16. Rajpoot, M.; Sharma, A.K.; Sharma, A.; Gupta, G.K. Understanding the microbiome: Emerging biomarkers for exploiting the
microbiota for personalized medicine against cancer. Semin. Cancer Biol. 2018, 52, 1–8. [CrossRef] [PubMed]

17. Healey, G.R.; Murphy, R.; Brough, L.; Butts, C.A.; Coad, J. Interindividual variability in gut microbiota and host response to
dietary interventions. Nutr. Rev. 2017, 75, 1059–1080. [CrossRef]

18. Vatanen, T.; Franzosa, E.A.; Schwager, R.; Tripathi, S.; Arthur, T.D.; Vehik, K.; Lernmark, Å.; Hagopian, W.A.; Rewers, M.J.; She,
J.X.; et al. The human gut microbiome in early-onset type 1 diabetes from the TEDDY study. Nature 2018, 562, 589–594. [CrossRef]

19. Van Cutsem, E.; Sagaert, X.; Topal, B.; Haustermans, K.; Prenen, H. Gastric cancer. Lancet 2016, 388, 2654–2664. [CrossRef]
20. Forner, A.; Reig, M.; Bruix, J. Hepatocellular carcinoma. Lancet 2018, 391, 1301–1314. [CrossRef]
21. Yarchoan, R.; Uldrick, T.S. HIV-Associated Cancers and Related Diseases. N. Engl. J. Med. 2018, 378, 1029–1041. [CrossRef]
22. Leemans, C.R.; Snijders, P.J.F.; Brakenhoff, R.H. The molecular landscape of head and neck cancer. Nat. Rev. Cancer 2018, 18,

269–282. [CrossRef]
23. Serrano, B.; Brotons, M.; Bosch, F.X.; Bruni, L. Epidemiology and burden of HPV-related disease. Best Pract. Res. Clin. Obstet.

Gynaecol. 2018, 47, 14–26. [CrossRef]
24. Ishitsuka, K.; Tamura, K. Human T-cell leukaemia virus type I and adult T-cell leukaemia-lymphoma. Lancet Oncol. 2014, 15,

517–526. [CrossRef] [PubMed]
25. Gholizadeh, P.; Eslami, H.; Kafil, H.S. Carcinogenesis mechanisms of Fusobacterium nucleatum. Biomed. Pharmacother. 2017, 89,

918–925. [CrossRef] [PubMed]
26. Mima, K.; Sukawa, Y.; Nishihara, R.; Qian, Z.R.; Yamauchi, M.; Inamura, K.; Kim, S.A.; Masuda, A.; Nowak, J.A.; Nosho, K.; et al.

Fusobacterium nucleatum and T Cells in Colorectal Carcinoma. JAMA Oncol. 2015, 1, 653–661. [CrossRef] [PubMed]
27. Akshintala, V.S.; Talukdar, R.; Singh, V.K.; Goggins, M. The Gut Microbiome in Pancreatic Disease. Clin. Gastroenterol. Hepatol.

2019, 17, 290–295. [CrossRef]
28. Ren, Z.; Li, A.; Jiang, J.; Zhou, L.; Yu, Z.; Lu, H.; Xie, H.; Chen, X.; Shao, L.; Zhang, R.; et al. Gut microbiome analysis as a tool

towards targeted non-invasive biomarkers for early hepatocellular carcinoma. Gut 2019, 68, 1014–1023. [CrossRef]
29. Schwabe, R.F.; Jobin, C. The microbiome and cancer. Nat. Rev. Cancer 2013, 13, 800–812. [CrossRef]
30. Garrett, W.S. Cancer and the microbiota. Science 2015, 348, 80–86. [CrossRef]
31. Rajagopala, S.V.; Vashee, S.; Oldfield, L.M.; Suzuki, Y.; Venter, J.C.; Telenti, A.; Nelson, K.E. The Human Microbiome and Cancer.

Cancer Prev. Res. 2017, 10, 226–234. [CrossRef] [PubMed]

https://doi.org/10.1098/rsob.200358
https://doi.org/10.1007/978-3-030-24100-1_1
https://doi.org/10.3322/caac.21654
https://www.ncbi.nlm.nih.gov/pubmed/33433946
https://doi.org/10.1007/978-1-4939-7435-1_6
https://doi.org/10.1242/jcs.025742
https://doi.org/10.1093/ije/dyr184
https://www.ncbi.nlm.nih.gov/pubmed/22186258
https://doi.org/10.1038/301089a0
https://www.ncbi.nlm.nih.gov/pubmed/6185846
https://doi.org/10.1126/science.3310230
https://doi.org/10.1007/BF00286709
https://doi.org/10.1016/j.ccr.2006.04.020
https://doi.org/10.2217/epi.10.2
https://doi.org/10.1016/j.bpg.2017.10.006
https://doi.org/10.1136/gutjnl-2017-315537
https://doi.org/10.1016/j.smim.2017.08.001
https://www.ncbi.nlm.nih.gov/pubmed/28822617
https://doi.org/10.1016/j.ccell.2018.03.015
https://www.ncbi.nlm.nih.gov/pubmed/29634945
https://doi.org/10.1016/j.semcancer.2018.02.003
https://www.ncbi.nlm.nih.gov/pubmed/29425888
https://doi.org/10.1093/nutrit/nux062
https://doi.org/10.1038/s41586-018-0620-2
https://doi.org/10.1016/S0140-6736(16)30354-3
https://doi.org/10.1016/S0140-6736(18)30010-2
https://doi.org/10.1056/NEJMra1615896
https://doi.org/10.1038/nrc.2018.11
https://doi.org/10.1016/j.bpobgyn.2017.08.006
https://doi.org/10.1016/S1470-2045(14)70202-5
https://www.ncbi.nlm.nih.gov/pubmed/25281470
https://doi.org/10.1016/j.biopha.2017.02.102
https://www.ncbi.nlm.nih.gov/pubmed/28292019
https://doi.org/10.1001/jamaoncol.2015.1377
https://www.ncbi.nlm.nih.gov/pubmed/26181352
https://doi.org/10.1016/j.cgh.2018.08.045
https://doi.org/10.1136/gutjnl-2017-315084
https://doi.org/10.1038/nrc3610
https://doi.org/10.1126/science.aaa4972
https://doi.org/10.1158/1940-6207.CAPR-16-0249
https://www.ncbi.nlm.nih.gov/pubmed/28096237


Int. J. Mol. Sci. 2023, 24, 11855 21 of 29

32. Lertpiriyapong, K.; Whary, M.T.; Muthupalani, S.; Lofgren, J.L.; Gamazon, E.R.; Feng, Y.; Ge, Z.; Wang, T.C.; Fox, J.G. Gastric
colonisation with a restricted commensal microbiota replicates the promotion of neoplastic lesions by diverse intestinal microbiota
in the Helicobacter pylori INS-GAS mouse model of gastric carcinogenesis. Gut 2014, 63, 54–63. [CrossRef]

33. Sevcikova, A.; Izoldova, N.; Stevurkova, V.; Kasperova, B.; Chovanec, M.; Ciernikova, S.; Mego, M. The Impact of the Mi-
crobiome on Resistance to Cancer Treatment with Chemotherapeutic Agents and Immunotherapy. Int. J. Mol. Sci. 2022,
23, 488. [CrossRef] [PubMed]

34. Goodman, L.S.; Wintrobe, M.M. Nitrogen mustard therapy; use of methyl-bis (beta-chloroethyl) amine hydrochloride and tris
(beta-chloroethyl) amine hydrochloride for Hodgkin’s disease, lymphosarcoma, leukemia and certain allied and miscellaneous
disorders. J. Am. Med. Assoc. 1946, 132, 126–132. [CrossRef]

35. Farber, S.; Diamond, L.K. Temporary remissions in acute leukemia in children produced by folic acid antagonist, 4-aminopteroyl-
glutamic acid. N. Engl. J. Med. 1948, 238, 787–793. [CrossRef] [PubMed]

36. Crofton, J. Chemotherapy of pulmonary tuberculosis. Br. Med. J. 1959, 1, 1610–1614. [CrossRef] [PubMed]
37. Bonadonna, G.; Brusamolino, E.; Valagussa, P.; Rossi, A.; Brugnatelli, L.; Brambilla, C.; De Lena, M.; Tancini, G.; Bajetta, E.;

Musumeci, R.; et al. Combination chemotherapy as an adjuvant treatment in operable breast cancer. N. Engl. J. Med. 1976, 294,
405–410. [CrossRef]

38. DeVita, V.T.; Simon, R.M.; Hubbard, S.M.; Young, R.C.; Berard, C.W.; Moxley, J.H., 3rd; Frei, E., 3rd; Carbone, P.P.; Canellos, G.P.
Curability of advanced Hodgkin’s disease with chemotherapy. Long-term follow-up of MOPP-treated patients at the National
Cancer Institute. Ann. Intern. Med. 1980, 92, 587–595. [CrossRef]

39. Bosl, G.J.; Gluckman, R.; Geller, N.L.; Golbey, R.B.; Whitmore, W.F.; Herr, H.; Sogani, P.; Morse, M.; Martini, N.; Bains, M. VAB-6:
An effective chemotherapy regimen for patients with germ-cell tumors. J. Clin. Oncol. 1986, 4, 1493–1499. [CrossRef]

40. Hryniuk, W.; Bush, H. The importance of dose intensity in chemotherapy of metastatic breast cancer. J. Clin. Oncol. 1984, 2,
1281–1288. [CrossRef]

41. Sternberg, C.N.; de Mulder, P.H.; Schornagel, J.H.; Théodore, C.; Fossa, S.D.; van Oosterom, A.T.; Witjes, F.; Spina, M.; van
Groeningen, C.J.; de Balincourt, C.; et al. Randomized phase III trial of high-dose-intensity methotrexate, vinblastine, doxorubicin,
and cisplatin (MVAC) chemotherapy and recombinant human granulocyte colony-stimulating factor versus classic MVAC in
advanced urothelial tract tumors: European Organization for Research and Treatment of Cancer Protocol no. 30924. J. Clin. Oncol.
2001, 19, 2638–2646. [CrossRef]

42. Citron, M.L.; Berry, D.A.; Cirrincione, C.; Hudis, C.; Winer, E.P.; Gradishar, W.J.; Davidson, N.E.; Martino, S.; Livingston, R.;
Ingle, J.N.; et al. Randomized trial of dose-dense versus conventionally scheduled and sequential versus concurrent combination
chemotherapy as postoperative adjuvant treatment of node-positive primary breast cancer: First report of Intergroup Trial
C9741/Cancer and Leukemia Group B Trial 9741. J. Clin. Oncol. 2003, 21, 1431–1439. [CrossRef]

43. Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [CrossRef] [PubMed]
44. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
45. Leach, D.R.; Krummel, M.F.; Allison, J.P. Enhancement of antitumor immunity by CTLA-4 blockade. Science 1996, 271,

1734–1736. [CrossRef] [PubMed]
46. Iwai, Y.; Ishida, M.; Tanaka, Y.; Okazaki, T.; Honjo, T.; Minato, N. Involvement of PD-L1 on tumor cells in the escape from host immune

system and tumor immunotherapy by PD-L1 blockade. Proc. Natl. Acad. Sci. USA 2002, 99, 12293–12297. [CrossRef] [PubMed]
47. Ribas, A.; Wolchok, J.D. Cancer immunotherapy using checkpoint blockade. Science 2018, 359, 1350–1355. [CrossRef] [PubMed]
48. Glickman, M.S.; Sawyers, C.L. Converting cancer therapies into cures: Lessons from infectious diseases. Cell 2012, 148,

1089–1098. [CrossRef]
49. Vasan, N.; Baselga, J.; Hyman, D.M. A view on drug resistance in cancer. Nature 2019, 575, 299–309. [CrossRef]
50. Mishra, A.; Lai, G.C.; Yao, L.J.; Aung, T.T.; Shental, N.; Rotter-Maskowitz, A.; Shepherdson, E.; Singh, G.S.; Pai, R.; Shanti, A.; et al.

Microbial exposure during early human development primes fetal immune cells. Cell 2021, 184, 3394–3409.e20. [CrossRef]
51. Mueller, N.T.; Bakacs, E.; Combellick, J.; Grigoryan, Z.; Dominguez-Bello, M.G. The infant microbiome development: Mom

matters. Trends Mol. Med. 2015, 21, 109–117. [CrossRef]
52. Claesson, M.J.; Jeffery, I.B.; Conde, S.; Power, S.E.; O’Connor, E.M.; Cusack, S.; Harris, H.M.; Coakley, M.; Lakshminarayanan,

B.; O’Sullivan, O.; et al. Gut microbiota composition correlates with diet and health in the elderly. Nature 2012, 488,
178–184. [CrossRef] [PubMed]

53. Rodríguez, J.M.; Murphy, K.; Stanton, C.; Ross, R.P.; Kober, O.I.; Juge, N.; Avershina, E.; Rudi, K.; Narbad, A.; Jenmalm, M.C.; et al.
The composition of the gut microbiota throughout life, with an emphasis on early life. Microb. Ecol. Health Dis. 2015,
26, 26050. [CrossRef] [PubMed]

54. Petersen, C.; Round, J.L. Defining dysbiosis and its influence on host immunity and disease. Cell Microbiol. 2014, 16,
1024–1033. [CrossRef] [PubMed]

55. Link, C.D. Is There a Brain Microbiome? Neurosci. Insights 2021, 16, 26331055211018709. [CrossRef] [PubMed]
56. Lloyd-Price, J.; Mahurkar, A.; Rahnavard, G.; Crabtree, J.; Orvis, J.; Hall, A.B.; Brady, A.; Creasy, H.H.; McCracken, C.; Giglio,

M.G.; et al. Strains, functions and dynamics in the expanded Human Microbiome Project. Nature 2017, 550, 61–66. [CrossRef]
57. Amato, K.R.; Arrieta, M.C.; Azad, M.B.; Bailey, M.T.; Broussard, J.L.; Bruggeling, C.E.; Claud, E.C.; Costello, E.K.; Davenport, E.R.;

Dutilh, B.E.; et al. The human gut microbiome and health inequities. Proc. Natl. Acad. Sci. USA 2021, 118, e2017947118. [CrossRef]

https://doi.org/10.1136/gutjnl-2013-305178
https://doi.org/10.3390/ijms23010488
https://www.ncbi.nlm.nih.gov/pubmed/35008915
https://doi.org/10.1001/jama.1946.02870380008004
https://doi.org/10.1056/NEJM194806032382301
https://www.ncbi.nlm.nih.gov/pubmed/18860765
https://doi.org/10.1136/bmj.1.5138.1610
https://www.ncbi.nlm.nih.gov/pubmed/13662631
https://doi.org/10.1056/NEJM197602192940801
https://doi.org/10.7326/0003-4819-92-5-587
https://doi.org/10.1200/JCO.1986.4.10.1493
https://doi.org/10.1200/JCO.1984.2.11.1281
https://doi.org/10.1200/JCO.2001.19.10.2638
https://doi.org/10.1200/JCO.2003.09.081
https://doi.org/10.1016/S0092-8674(00)81683-9
https://www.ncbi.nlm.nih.gov/pubmed/10647931
https://doi.org/10.1016/j.cell.2011.02.013
https://www.ncbi.nlm.nih.gov/pubmed/21376230
https://doi.org/10.1126/science.271.5256.1734
https://www.ncbi.nlm.nih.gov/pubmed/8596936
https://doi.org/10.1073/pnas.192461099
https://www.ncbi.nlm.nih.gov/pubmed/12218188
https://doi.org/10.1126/science.aar4060
https://www.ncbi.nlm.nih.gov/pubmed/29567705
https://doi.org/10.1016/j.cell.2012.02.015
https://doi.org/10.1038/s41586-019-1730-1
https://doi.org/10.1016/j.cell.2021.04.039
https://doi.org/10.1016/j.molmed.2014.12.002
https://doi.org/10.1038/nature11319
https://www.ncbi.nlm.nih.gov/pubmed/22797518
https://doi.org/10.3402/mehd.v26.26050
https://www.ncbi.nlm.nih.gov/pubmed/25651996
https://doi.org/10.1111/cmi.12308
https://www.ncbi.nlm.nih.gov/pubmed/24798552
https://doi.org/10.1177/26331055211018709
https://www.ncbi.nlm.nih.gov/pubmed/34104888
https://doi.org/10.1038/nature23889
https://doi.org/10.1073/pnas.2017947118


Int. J. Mol. Sci. 2023, 24, 11855 22 of 29

58. Shapira, I.; Sultan, K.; Lee, A.; Taioli, E. Evolving concepts: How diet and the intestinal microbiome act as modulators of breast
malignancy. ISRN Oncol. 2013, 2013, 693920. [CrossRef]

59. Thomas, S.; Izard, J.; Walsh, E.; Batich, K.; Chongsathidkiet, P.; Clarke, G.; Sela, D.A.; Muller, A.J.; Mullin, J.M.; Albert, K.; et al.
The Host Microbiome Regulates and Maintains Human Health: A Primer and Perspective for Non-Microbiologists. Cancer Res.
2017, 77, 1783–1812. [CrossRef]

60. Dzutsev, A.; Badger, J.H.; Perez-Chanona, E.; Roy, S.; Salcedo, R.; Smith, C.K.; Trinchieri, G. Microbes and Cancer. Annu. Rev.
Immunol. 2017, 35, 199–228. [CrossRef]

61. Helmink, B.A.; Khan, M.A.; Hermann, A.; Gopalakrishnan, V.; Wargo, J.A. The microbiome, cancer, and cancer therapy. Nat. Med.
2019, 25, 377–388. [CrossRef]

62. Wei, M.Y.; Shi, S.; Liang, C.; Meng, Q.C.; Hua, J.; Zhang, Y.Y.; Liu, J.; Zhang, B.; Xu, J.; Yu, X.J. The microbiota and microbiome in
pancreatic cancer: More influential than expected. Mol. Cancer 2019, 18, 97. [CrossRef]

63. Wang, G.; He, X.; Wang, Q. Intratumoral bacteria are an important “accomplice” in tumor development and metastasis. Biochim.
Biophys. Acta Rev. Cancer 2023, 1878, 188846. [CrossRef] [PubMed]

64. de Martel, C.; Georges, D.; Bray, F.; Ferlay, J.; Clifford, G.M. Global burden of cancer attributable to infections in 2018: A worldwide
incidence analysis. Lancet Glob. Health 2020, 8, e180–e190. [CrossRef] [PubMed]

65. Niller, H.H.; Minarovits, J. Patho-epigenetics of Infectious Diseases Caused by Intracellular Bacteria. In Patho-Epigenetics of
Infectious Disease; Advances in Experimental Medicine and Biology; Minarovits, J., Niller, H., Eds.; Springer Nature Switzerland
AG: Cham, Switzerland, 2016; Volume 879, pp. 107–130. [CrossRef]

66. Bierne, H.; Hamon, M.; Cossart, P. Epigenetics and bacterial infections. Cold Spring Harb. Perspect. Med. 2012, 2, a010272. [CrossRef]
67. Niller, H.H.; Banati, F.; Ay, E.; Minarovits, J. Epigenetic changes in virus-associated neoplasms. In Patho-Epigenetics of Disease;

Springer: New York, NY, USA, 2012; pp. 179–225.
68. Niller, H.H.; Banati, F.; Ay, E.; Minarovits, J. Microbe-induced epigenetic alterations. In Patho-Epigenetics of Disease; Springer:

New York, NY, USA, 2012; pp. 419–455.
69. Sears, C.L.; Garrett, W.S. Microbes, microbiota, and colon cancer. Cell Host Microbe 2014, 15, 317–328. [CrossRef]
70. Pleguezuelos-Manzano, C.; Puschhof, J.; Huber, A.; van Hoeck, A.; Wood, H.M.; Nomburg, J.; Gurjao, C.; Manders, F.; Dal-

masso, G.; Stege, P.B.; et al. Mutational signature in colorectal cancer caused by genotoxic pks+ E. coli. Nature 2020, 580,
269–273. [CrossRef] [PubMed]

71. Okumura, S.; Konishi, Y.; Narukawa, M.; Sugiura, Y.; Yoshimoto, S.; Arai, Y.; Sato, S.; Yoshida, Y.; Tsuji, S.; Uemura, K.;
et al. Gut bacteria identified in colorectal cancer patients promote tumourigenesis via butyrate secretion. Nat. Commun. 2021,
12, 5674. [CrossRef] [PubMed]

72. Salvi, P.S.; Cowles, R.A. Butyrate and the Intestinal Epithelium: Modulation of Proliferation and Inflammation in Homeostasis
and Disease. Cells 2021, 10, 1775. [CrossRef]

73. Fessler, J.; Matson, V.; Gajewski, T.F. Exploring the emerging role of the microbiome in cancer immunotherapy. J. Immunother.
Cancer 2019, 7, 108. [CrossRef]

74. Hanahan, D.; Coussens, L.M. Accessories to the crime: Functions of cells recruited to the tumor microenvironment. Cancer Cell
2012, 21, 309–322. [CrossRef]

75. Hanahan, D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022, 12, 31–46. [CrossRef]
76. Ding, T.; Schloss, P.D. Dynamics and associations of microbial community types across the human body. Nature 2014, 509,

357–360. [CrossRef] [PubMed]
77. Byrd, A.L.; Liu, M.; Fujimura, K.E.; Lyalina, S.; Nagarkar, D.R.; Charbit, B.; Bergstedt, J.; Patin, E.; Harrison, O.J.;

Quintana-Murci, L.; et al. Gut microbiome stability and dynamics in healthy donors and patients with non-gastrointestinal
cancers. J. Exp. Med. 2021, 218, e20200606. [CrossRef] [PubMed]

78. Healy, C.M.; Moran, G.P. The microbiome and oral cancer: More questions than answers. Oral Oncol. 2019, 89,
30–33. [CrossRef] [PubMed]

79. Swaney, M.H.; Kalan, L.R. Living in Your Skin: Microbes, Molecules, and Mechanisms. Infect. Immun. 2021,
89, e00695-20. [CrossRef] [PubMed]

80. Willis, J.R.; Gabaldón, T. The Human Oral Microbiome in Health and Disease: From Sequences to Ecosystems. Microorganisms
2020, 8, 308. [CrossRef]

81. Xu, J.; Peng, J.J.; Yang, W.; Fu, K.; Zhang, Y. Vaginal microbiomes and ovarian cancer: A review. Am. J. Cancer Res. 2020, 10,
743–756.

82. Allen, J.; Sears, C.L. Impact of the gut microbiome on the genome and epigenome of colon epithelial cells: Contributions to
colorectal cancer development. Genome Med. 2019, 11, 11. [CrossRef]

83. Kostic, A.D.; Gevers, D.; Pedamallu, C.S.; Michaud, M.; Duke, F.; Earl, A.M.; Ojesina, A.I.; Jung, J.; Bass, A.J.; Tabernero, J.; et al.
Genomic analysis identifies association of Fusobacterium with colorectal carcinoma. Genome Res. 2012, 22, 292–298. [CrossRef]

84. Castellarin, M.; Warren, R.L.; Freeman, J.D.; Dreolini, L.; Krzywinski, M.; Strauss, J.; Barnes, R.; Watson, P.; Allen-Vercoe, E.;
Moore, R.A.; et al. Fusobacterium nucleatum infection is prevalent in human colorectal carcinoma. Genome Res. 2012, 22,
299–306. [CrossRef]

https://doi.org/10.1155/2013/693920
https://doi.org/10.1158/0008-5472.CAN-16-2929
https://doi.org/10.1146/annurev-immunol-051116-052133
https://doi.org/10.1038/s41591-019-0377-7
https://doi.org/10.1186/s12943-019-1008-0
https://doi.org/10.1016/j.bbcan.2022.188846
https://www.ncbi.nlm.nih.gov/pubmed/36496095
https://doi.org/10.1016/S2214-109X(19)30488-7
https://www.ncbi.nlm.nih.gov/pubmed/31862245
https://doi.org/10.1007/978-3-319-24738-0_6
https://doi.org/10.1101/cshperspect.a010272
https://doi.org/10.1016/j.chom.2014.02.007
https://doi.org/10.1038/s41586-020-2080-8
https://www.ncbi.nlm.nih.gov/pubmed/32106218
https://doi.org/10.1038/s41467-021-25965-x
https://www.ncbi.nlm.nih.gov/pubmed/34584098
https://doi.org/10.3390/cells10071775
https://doi.org/10.1186/s40425-019-0574-4
https://doi.org/10.1016/j.ccr.2012.02.022
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1038/nature13178
https://www.ncbi.nlm.nih.gov/pubmed/24739969
https://doi.org/10.1084/jem.20200606
https://www.ncbi.nlm.nih.gov/pubmed/33175106
https://doi.org/10.1016/j.oraloncology.2018.12.003
https://www.ncbi.nlm.nih.gov/pubmed/30732955
https://doi.org/10.1128/IAI.00695-20
https://www.ncbi.nlm.nih.gov/pubmed/33468585
https://doi.org/10.3390/microorganisms8020308
https://doi.org/10.1186/s13073-019-0621-2
https://doi.org/10.1101/gr.126573.111
https://doi.org/10.1101/gr.126516.111


Int. J. Mol. Sci. 2023, 24, 11855 23 of 29

85. Flanagan, L.; Schmid, J.; Ebert, M.; Soucek, P.; Kunicka, T.; Liska, V.; Bruha, J.; Neary, P.; Dezeeuw, N.; Tommasino, M.; et al.
Fusobacterium nucleatum associates with stages of colorectal neoplasia development, colorectal cancer and disease outcome. Eur.
J. Clin. Microbiol. Infect. Dis. 2014, 33, 1381–1390. [CrossRef]

86. Bullman, S.; Pedamallu, C.S.; Sicinska, E.; Clancy, T.E.; Zhang, X.; Cai, D.; Neuberg, D.; Huang, K.; Guevara, F.; Nelson, T.; et al. Analysis
of Fusobacterium persistence and antibiotic response in colorectal cancer. Science 2017, 358, 1443–1448. [CrossRef] [PubMed]

87. Kauppila, J.H.; Karttunen, T.J.; Saarnio, J.; Nyberg, P.; Salo, T.; Graves, D.E.; Lehenkari, P.P.; Selander, K.S. Short DNA sequences and
bacterial DNA induce esophageal, gastric, and colorectal cancer cell invasion. APMIS 2013, 121, 511–522. [CrossRef] [PubMed]

88. Warren, R.L.; Freeman, D.J.; Pleasance, S.; Watson, P.; Moore, R.A.; Cochrane, K.; Allen-Vercoe, E.; Holt, R.A. Co-occurrence of
anaerobic bacteria in colorectal carcinomas. Microbiome 2013, 1, 16. [CrossRef] [PubMed]

89. Zackular, J.P.; Rogers, M.A.; Ruffin, M.T., 4th; Schloss, P.D. The human gut microbiome as a screening tool for colorectal cancer.
Cancer Prev. Res. 2014, 7, 1112–1121. [CrossRef]

90. Zeller, G.; Tap, J.; Voigt, A.Y.; Sunagawa, S.; Kultima, J.R.; Costea, P.I.; Amiot, A.; Böhm, J.; Brunetti, F.; Habermann, N.; et al.
Potential of fecal microbiota for early-stage detection of colorectal cancer. Mol. Syst. Biol. 2014, 10, 766. [CrossRef]

91. Walker, A.W. Microbiota of the Human Body. In Microbiota of the Human Body: Implications in Health and Disease; Cohen, I.R.,
Lajtha, N.S., Lambris, J.D., Paoletti, R., Eds.; Springer Nature: Cham, Switzerland, 2016; Volume 902, pp. 5–32. [CrossRef]

92. Elinav, E.; Nowarski, R.; Thaiss, C.A.; Hu, B.; Jin, C.; Flavell, R.A. Inflammation-induced cancer: Crosstalk between tumours,
immune cells and microorganisms. Nat. Rev. Cancer 2013, 13, 759–771. [CrossRef]

93. Gao, Z.; Guo, B.; Gao, R.; Zhu, Q.; Qin, H. Microbiota disbiosis is associated with colorectal cancer. Front. Microbiol. 2015, 6, 20. [CrossRef]
94. Tjalsma, H.; Boleij, A.; Marchesi, J.R.; Dutilh, B.E. A bacterial driver-passenger model for colorectal cancer: Beyond the usual

suspects. Nat. Rev. Microbiol. 2012, 10, 575–582. [CrossRef]
95. Kean, J.M.; Rao, S.; Wang, M.; Garcea, R.L. Seroepidemiology of human polyomaviruses. PLoS Pathog. 2009, 5, e1000363. [CrossRef]
96. Baez, C.F.; Brandão, R.; Villani, S.; Delbue, S. Human Polyomaviruses: The Battle of Large and Small Tumor Antigens. Virology

2017, 8, 1178122X17744785. [CrossRef]
97. Saltzman, E.T.; Palacios, T.; Thomsen, M.; Vitetta, L. Intestinal Microbiome Shifts, Dysbiosis, Inflammation, and Non-alcoholic

Fatty Liver Disease. Front. Microbiol. 2018, 9, 61. [CrossRef]
98. Ahmad, A. Breast Cancer Statistics: Recent Trends; Springer: Cham, Switzerland, 2019; Volume 1152, pp. 1–7. [CrossRef]
99. Kalinowski, L.; Saunus, J.M.; McCart, A.E.; Lakhani, S.R. Breast Cancer Heterogeneity in Primary and Metastatic Disease. In

Breast Cancer Metastasis and Drug Resistance; Springer: Cham, Switzerland, 2019; Volume 1152, pp. 75–104. [CrossRef]
100. Giaquinto, A.N.; Sung, H.; Miller, K.D.; Kramer, J.L.; Newman, L.A.; Minihan, A.; Jemal, A.; Siegel, R.L. Breast Cancer Statistics,

2022. CA Cancer J. Clin. 2022, 72, 524–541. [CrossRef]
101. Devoy, C.; Flores, Y.; Tangney, M. Understanding and harnessing triple-negative breast cancer-related microbiota in oncology.

Front. Oncol. 2022, 12, 1020121. [CrossRef]
102. Goedert, J.J.; Jones, G.; Hua, X.; Xu, X.; Yu, G.; Flores, R.; Falk, R.T.; Gail, M.H.; Shi, J.; Ravel, J.; et al. Investigation of the

association between the fecal microbiota and breast cancer in postmenopausal women: A population-based case-control pilot
study. J. Natl. Cancer Inst. 2015, 107, djv147. [CrossRef] [PubMed]

103. Shreiner, A.B.; Kao, J.Y.; Young, V.B. The gut microbiome in health and in disease. Curr. Opin. Gastroenterol. 2015, 31,
69–75. [CrossRef] [PubMed]

104. Bhatt, A.P.; Redinbo, M.R.; Bultman, S.J. The role of the microbiome in cancer development and therapy. CA Cancer J. Clin. 2017,
67, 326–344. [CrossRef] [PubMed]

105. Chen, J.; Douglass, J.; Prasath, V.; Neace, M.; Atrchian, S.; Manjili, M.H.; Shokouhi, S.; Habibi, M. The microbiome and breast
cancer: A review. Breast Cancer Res. Treat. 2019, 178, 493–496. [CrossRef]

106. Adlercreutz, H.; Martin, F.; Pulkkinen, M.; Dencker, H.; Rimér, U.; Sjöberg, N.O.; Tikkanen, M.J. Intestinal metabolism of estrogens.
J. Clin. Endocrinol. Metab. 1976, 43, 497–505. [CrossRef]

107. Org, E.; Mehrabian, M.; Parks, B.W.; Shipkova, P.; Liu, X.; Drake, T.A.; Lusis, A.J. Sex differences and hormonal effects on gut
microbiota composition in mice. Gut Microbes 2016, 7, 313–322. [CrossRef]

108. Xuan, C.; Shamonki, J.M.; Chung, A.; Dinome, M.L.; Chung, M.; Sieling, P.A.; Lee, D.J. Microbial dysbiosis is associated with
human breast cancer. PLoS ONE 2014, 9, e83744. [CrossRef]

109. Hunt, K.M.; Foster, J.A.; Forney, L.J.; Schütte, U.M.; Beck, D.L.; Abdo, Z.; Fox, L.K.; Williams, J.E.; McGuire, M.K.; McGuire,
M.A. Characterization of the diversity and temporal stability of bacterial communities in human milk. PLoS ONE 2011,
6, e21313. [CrossRef] [PubMed]

110. Hieken, T.J.; Chen, J.; Hoskin, T.L.; Walther-Antonio, M.; Johnson, S.; Ramaker, S.; Xiao, J.; Radisky, D.C.; Knutson, K.L.; Kalari,
K.R.; et al. The Microbiome of Aseptically Collected Human Breast Tissue in Benign and Malignant Disease. Sci. Rep. 2016,
6, 30751. [CrossRef] [PubMed]

111. Chan, A.A.; Bashir, M.; Rivas, M.N.; Duvall, K.; Sieling, P.A.; Pieber, T.R.; Vaishampayan, P.A.; Love, S.M.; Lee, D.J. Characteriza-
tion of the microbiome of nipple aspirate fluid of breast cancer survivors. Sci. Rep. 2016, 6, 28061. [CrossRef] [PubMed]

112. Urbaniak, C.; Gloor, G.B.; Brackstone, M.; Scott, L.; Tangney, M.; Reid, G. The Microbiota of Breast Tissue and Its Association with
Breast Cancer. Appl. Environ. Microbiol. 2016, 82, 5039–5048. [CrossRef]

https://doi.org/10.1007/s10096-014-2081-3
https://doi.org/10.1126/science.aal5240
https://www.ncbi.nlm.nih.gov/pubmed/29170280
https://doi.org/10.1111/apm.12016
https://www.ncbi.nlm.nih.gov/pubmed/23082743
https://doi.org/10.1186/2049-2618-1-16
https://www.ncbi.nlm.nih.gov/pubmed/24450771
https://doi.org/10.1158/1940-6207.CAPR-14-0129
https://doi.org/10.15252/msb.20145645
https://doi.org/10.1007/978-3-319-31248-4
https://doi.org/10.1038/nrc3611
https://doi.org/10.3389/fmicb.2015.00020
https://doi.org/10.1038/nrmicro2819
https://doi.org/10.1371/journal.ppat.1000363
https://doi.org/10.1177/1178122X17744785
https://doi.org/10.3389/fmicb.2018.00061
https://doi.org/10.1007/978-3-030-20301-6_1
https://doi.org/10.1007/978-3-030-20301-6_6
https://doi.org/10.3322/caac.21754
https://doi.org/10.3389/fonc.2022.1020121
https://doi.org/10.1093/jnci/djv147
https://www.ncbi.nlm.nih.gov/pubmed/26032724
https://doi.org/10.1097/MOG.0000000000000139
https://www.ncbi.nlm.nih.gov/pubmed/25394236
https://doi.org/10.3322/caac.21398
https://www.ncbi.nlm.nih.gov/pubmed/28481406
https://doi.org/10.1007/s10549-019-05407-5
https://doi.org/10.1210/jcem-43-3-497
https://doi.org/10.1080/19490976.2016.1203502
https://doi.org/10.1371/journal.pone.0083744
https://doi.org/10.1371/journal.pone.0021313
https://www.ncbi.nlm.nih.gov/pubmed/21695057
https://doi.org/10.1038/srep30751
https://www.ncbi.nlm.nih.gov/pubmed/27485780
https://doi.org/10.1038/srep28061
https://www.ncbi.nlm.nih.gov/pubmed/27324944
https://doi.org/10.1128/AEM.01235-16


Int. J. Mol. Sci. 2023, 24, 11855 24 of 29

113. Santen, R.J. Benign Breast Disease in Women. In Endotext; Feingold, K.R., Anawalt, B., Blackman, M.R., Boyce, A., Chrousos,
G., Corpas, E., de Herder, W.W., Dhatariya, K., Dungan, K., Hofland, J., et al., Eds.; MDText.com, Inc.: South Dartmouth,
MA, USA, 2018.

114. Patel, S.H.; Vaidya, Y.H.; Patel, R.J.; Pandit, R.J.; Joshi, C.G.; Kunjadiya, A.P. Culture independent assessment of human milk
microbial community in lactational mastitis. Sci. Rep. 2017, 7, 7804. [CrossRef]

115. Hanshew, A.S.; Jetté, M.E.; Thibeault, S.L. Characterization and comparison of bacterial communities in benign vocal fold lesions.
Microbiome 2014, 2, 43. [CrossRef]

116. Amieva, M.; Peek, R.M. Pathobiology of Helicobacter pylori-Induced Gastric Cancer. Gastroenterology 2016, 150, 64–78. [CrossRef]
117. Zamani, M.; Ebrahimtabar, F.; Zamani, V.; Miller, W.H.; Alizadeh-Navaei, R.; Shokri-Shirvani, J.; Derakhshan, M.H. Systematic

review with meta-analysis: The worldwide prevalence of Helicobacter pylori infection. Aliment. Pharmacol. Ther. 2018, 47,
868–876. [CrossRef]

118. Perry, S.; de Jong, B.C.; Solnick, J.V.; Sanchez, M.; Yang, S.; Lin, P.L.; Hansen, L.M.; Talat, N.; Hill, P.C.; Hussain, R.; et al. Infection
with Helicobacter pylori is associated with protection against tuberculosis. PLoS ONE 2010, 5, e8804. [CrossRef]

119. Kira, J.I.; Isobe, N. Helicobacter pylori infection and demyelinating disease of the central nervous system. J. Neuroimmunol. 2019,
329, 14–19. [CrossRef]

120. Piovani, D.; Danese, S.; Peyrin-Biroulet, L.; Nikolopoulos, G.K.; Lytras, T.; Bonovas, S. Environmental Risk Factors for Inflamma-
tory Bowel Diseases: An Umbrella Review of Meta-analyses. Gastroenterology 2019, 157, 647–659.e4. [CrossRef] [PubMed]

121. Compare, D.; Rocco, A.; Nardone, G. Risk factors in gastric cancer. Eur. Rev. Med. Pharmacol. Sci. 2010, 14, 302–308. [PubMed]
122. de Martel, C.; Ferlay, J.; Franceschi, S.; Vignat, J.; Bray, F.; Forman, D.; Plummer, M. Global burden of cancers attributable to

infections in 2008: A review and synthetic analysis. Lancet Oncol. 2012, 13, 607–615. [CrossRef] [PubMed]
123. Rawla, P.; Barsouk, A. Epidemiology of gastric cancer: Global trends, risk factors and prevention. Prz. Gastroenterol. 2019, 14,

26–38. [CrossRef]
124. Yamaoka, Y. Mechanisms of disease: Helicobacter pylori virulence factors. Nat. Rev. Gastroenterol. Hepatol. 2010, 7,

629–641. [CrossRef]
125. Hatakeyama, M. Helicobacter pylori CagA and gastric cancer: A paradigm for hit-and-run carcinogenesis. Cell Host Microbe 2014,

15, 306–316. [CrossRef]
126. Ki, M.R.; Hwang, M.; Kim, A.Y.; Lee, E.M.; Lee, E.J.; Lee, M.M.; Sung, S.E.; Kim, S.H.; Lee, H.S.; Jeong, K.S. Role of vacuolating

cytotoxin VacA and cytotoxin-associated antigen CagA of Helicobacter pylori in the progression of gastric cancer. Mol. Cell.
Biochem. 2014, 396, 23–32. [CrossRef]

127. Ansari, S.; Yamaoka, Y. Role of vacuolating cytotoxin A in Helicobacter pylori infection and its impact on gastric pathogenesis.
Expert Rev. Anti Infect. Ther. 2020, 18, 987–996. [CrossRef]

128. Umeda, M.; Murata-Kamiya, N.; Saito, Y.; Ohba, Y.; Takahashi, M.; Hatakeyama, M. Helicobacter pylori CagA causes mitotic
impairment and induces chromosomal instability. J. Biol. Chem. 2009, 284, 22166–22172. [CrossRef]

129. Huang, F.Y.; Chan, A.O.; Rashid, A.; Wong, D.K.; Cho, C.H.; Yuen, M.F. Helicobacter pylori induces promoter methylation of
E-cadherin via interleukin-1β activation of nitric oxide production in gastric cancer cells. Cancer 2012, 118, 4969–4980. [CrossRef]

130. Nejman, D.; Livyatan, I.; Fuks, G.; Gavert, N.; Zwang, Y.; Geller, L.T.; Rotter-Maskowitz, A.; Weiser, R.; Mallel, G.; Gigi, E.; et al. The
human tumor microbiome is composed of tumor type-specific intracellular bacteria. Science 2020, 368, 973–980. [CrossRef] [PubMed]

131. Jin, C.; Lagoudas, G.K.; Zhao, C.; Bullman, S.; Bhutkar, A.; Hu, B.; Ameh, S.; Sandel, D.; Liang, X.S.; Mazzilli, S.; et al. Commensal
Microbiota Promote Lung Cancer Development via γδ T Cells. Cell 2019, 176, 998–1013.e16. [CrossRef] [PubMed]

132. Pushalkar, S.; Hundeyin, M.; Daley, D.; Zambirinis, C.P.; Kurz, E.; Mishra, A.; Mohan, N.; Aykut, B.; Usyk, M.; Torres, L.E.; et al.
The Pancreatic Cancer Microbiome Promotes Oncogenesis by Induction of Innate and Adaptive Immune Suppression. Cancer
Discov. 2018, 8, 403–416. [CrossRef] [PubMed]

133. McAllister, F.; Khan, W.; Helmink, B.; Wargo, J.A. The Tumor Microbiome in Pancreatic Cancer: Bacteria and Beyond. Cancer Cell
2019, 36, 577–579. [CrossRef]

134. Holliday, R. Epigenetics: A historical overview. Epigenetics 2006, 1, 76–80. [CrossRef]
135. Baylin, S.B.; Ohm, J.E. Epigenetic gene silencing in cancer—A mechanism for early oncogenic pathway addiction? Nat. Rev.

Cancer 2006, 6, 107–116. [CrossRef]
136. Kouzarides, T. Chromatin modifications and their function. Cell 2007, 128, 693–705. [CrossRef]
137. Egger, G.; Liang, G.; Aparicio, A.; Jones, P.A. Epigenetics in human disease and prospects for epigenetic therapy. Nature 2004, 429,

457–463. [CrossRef]
138. Chen, K.; Zhao, B.S.; He, C. Nucleic Acid Modifications in Regulation of Gene Expression. Cell Chem. Biol. 2016, 23, 74–85. [CrossRef]
139. Zhang, G.; Huang, H.; Liu, D.; Cheng, Y.; Liu, X.; Zhang, W.; Yin, R.; Zhang, D.; Zhang, P.; Liu, J.; et al. N6-methyladenine DNA

modification in Drosophila. Cell 2015, 161, 893–906. [CrossRef]
140. Jones, P.A.; Takai, D. The role of DNA methylation in mammalian epigenetics. Science 2001, 293, 1068–1070. [CrossRef] [PubMed]
141. Frommer, M.; McDonald, L.E.; Millar, D.S.; Collis, C.M.; Watt, F.; Grigg, G.W.; Molloy, P.L.; Paul, C.L. A genomic sequencing

protocol that yields a positive display of 5-methylcytosine residues in individual DNA strands. Proc. Natl. Acad. Sci. USA 1992,
89, 1827–1831. [CrossRef]

142. Melnikov, A.A.; Gartenhaus, R.B.; Levenson, A.S.; Motchoulskaia, N.A.; Levenson, V.V. MSRE-PCR for analysis of gene-specific
DNA methylation. Nucleic Acids Res. 2005, 33, e93. [CrossRef] [PubMed]

https://doi.org/10.1038/s41598-017-08451-7
https://doi.org/10.1186/2049-2618-2-43
https://doi.org/10.1053/j.gastro.2015.09.004
https://doi.org/10.1111/apt.14561
https://doi.org/10.1371/journal.pone.0008804
https://doi.org/10.1016/j.jneuroim.2018.06.017
https://doi.org/10.1053/j.gastro.2019.04.016
https://www.ncbi.nlm.nih.gov/pubmed/31014995
https://www.ncbi.nlm.nih.gov/pubmed/20496539
https://doi.org/10.1016/S1470-2045(12)70137-7
https://www.ncbi.nlm.nih.gov/pubmed/22575588
https://doi.org/10.5114/pg.2018.80001
https://doi.org/10.1038/nrgastro.2010.154
https://doi.org/10.1016/j.chom.2014.02.008
https://doi.org/10.1007/s11010-014-2138-8
https://doi.org/10.1080/14787210.2020.1782739
https://doi.org/10.1074/jbc.M109.035766
https://doi.org/10.1002/cncr.27519
https://doi.org/10.1126/science.aay9189
https://www.ncbi.nlm.nih.gov/pubmed/32467386
https://doi.org/10.1016/j.cell.2018.12.040
https://www.ncbi.nlm.nih.gov/pubmed/30712876
https://doi.org/10.1158/2159-8290.CD-17-1134
https://www.ncbi.nlm.nih.gov/pubmed/29567829
https://doi.org/10.1016/j.ccell.2019.11.004
https://doi.org/10.4161/epi.1.2.2762
https://doi.org/10.1038/nrc1799
https://doi.org/10.1016/j.cell.2007.02.005
https://doi.org/10.1038/nature02625
https://doi.org/10.1016/j.chembiol.2015.11.007
https://doi.org/10.1016/j.cell.2015.04.018
https://doi.org/10.1126/science.1063852
https://www.ncbi.nlm.nih.gov/pubmed/11498573
https://doi.org/10.1073/pnas.89.5.1827
https://doi.org/10.1093/nar/gni092
https://www.ncbi.nlm.nih.gov/pubmed/15944447


Int. J. Mol. Sci. 2023, 24, 11855 25 of 29

143. Li, J.; Liu, C. Coding or Noncoding, the Converging Concepts of RNAs. Front. Genet. 2019, 10, 496. [CrossRef] [PubMed]
144. Holoch, D.; Moazed, D. RNA-mediated epigenetic regulation of gene expression. Nat. Rev. Genet. 2015, 16, 71–84. [CrossRef]
145. Angarica, V.E.; Del Sol, A. Bioinformatics Tools for Genome-Wide Epigenetic Research. Adv. Exp. Med. Biol. 2017, 978, 489–512. [CrossRef]
146. Li, Y. Modern epigenetics methods in biological research. Methods 2021, 187, 104–113. [CrossRef]
147. Baylin, S.B.; Jones, P.A. Epigenetic Determinants of Cancer. Cold Spring Harb. Perspect. Biol. 2016, 8, a019505. [CrossRef]
148. Flavahan, W.A.; Gaskell, E.; Bernstein, B.E. Epigenetic plasticity and the hallmarks of cancer. Science 2017, 357, eaal2380. [CrossRef]
149. Jones, P.A.; Issa, J.P.; Baylin, S. Targeting the cancer epigenome for therapy. Nat. Rev. Genet. 2016, 17, 630–641. [CrossRef]
150. Huang, S. Tumor progression: Chance and necessity in Darwinian and Lamarckian somatic (mutationless) evolution. Prog.

Biophys. Mol. Biol. 2012, 110, 69–86. [CrossRef] [PubMed]
151. Darwiche, N. Epigenetic mechanisms and the hallmarks of cancer: An intimate affair. Am. J. Cancer Res. 2020, 10, 1954–1978.
152. Feng, Y.; Liu, X.; Pauklin, S. 3D chromatin architecture and epigenetic regulation in cancer stem cells. Protein Cell 2021, 12,

440–454. [CrossRef] [PubMed]
153. Nam, A.S.; Chaligne, R.; Landau, D.A. Integrating genetic and non-genetic determinants of cancer evolution by single-cell

multi-omics. Nat. Rev. Genet. 2021, 22, 3–18. [CrossRef]
154. Bitman-Lotan, E.; Orian, A. Nuclear organization and regulation of the differentiated state. Cell. Mol. Life Sci. 2021, 78,

3141–3158. [CrossRef] [PubMed]
155. Goldberg, A.D.; Allis, C.D.; Bernstein, E. Epigenetics: A landscape takes shape. Cell 2007, 128, 635–638. [CrossRef] [PubMed]
156. Zeng, Y.; Chen, T. DNA Methylation Reprogramming during Mammalian Development. Genes 2019, 10, 257. [CrossRef]
157. Hegde, A.N.; Smith, S.G. Recent developments in transcriptional and translational regulation underlying long-term synaptic

plasticity and memory. Learn. Mem. 2019, 26, 307–317. [CrossRef]
158. Kim, S.; Kaang, B.K. Epigenetic regulation and chromatin remodeling in learning and memory. Exp. Mol. Med. 2017, 49, e281. [CrossRef]
159. Takane, K.; Midorikawa, Y.; Yagi, K.; Sakai, A.; Aburatani, H.; Takayama, T.; Kaneda, A. Aberrant promoter methylation of

PPP1R3C and EFHD1 in plasma of colorectal cancer patients. Cancer Med. 2014, 3, 1235–1245. [CrossRef]
160. Khare, S.; Verma, M. Epigenetics of colon cancer. Methods Mol. Biol. 2012, 863, 177–185. [CrossRef]
161. Valenzuela, M.A.; Canales, J.; Corvalán, A.H.; Quest, A.F. Helicobacter pylori-induced inflammation and epigenetic changes

during gastric carcinogenesis. World J. Gastroenterol. 2015, 21, 12742–12756. [CrossRef]
162. Kumar, D.; Verma, M. Methods in cancer epigenetics and epidemiology. Methods Mol. Biol. 2009, 471, 273–288. [CrossRef]
163. Deb, M.; Sengupta, D.; Kar, S.; Rath, S.K.; Roy, S.; Das, G.; Patra, S.K. Epigenetic drift towards histone modifications regulates

CAV1 gene expression in colon cancer. Gene 2016, 581, 75–84. [CrossRef] [PubMed]
164. Deb, M.; Sengupta, D.; Rath, S.K.; Kar, S.; Parbin, S.; Shilpi, A.; Pradhan, N.; Bhutia, S.K.; Roy, S.; Patra, S.K. Clusterin gene is

predominantly regulated by histone modifications in human colon cancer and ectopic expression of the nuclear isoform induces
cell death. Biochim. Biophys. Acta 2015, 1852, 1630–1645. [CrossRef] [PubMed]

165. Gezer, U.; Yörüker, E.E.; Keskin, M.; Kulle, C.B.; Dharuman, Y.; Holdenrieder, S. Histone Methylation Marks on Circulating
Nucleosomes as Novel Blood-Based Biomarker in Colorectal Cancer. Int. J. Mol. Sci. 2015, 16, 29654–29662. [CrossRef]

166. Benard, A.; Goossens-Beumer, I.J.; van Hoesel, A.Q.; de Graaf, W.; Horati, H.; Putter, H.; Zeestraten, E.C.; van de Velde,
C.J.; Kuppen, P.J. Histone trimethylation at H3K4, H3K9 and H4K20 correlates with patient survival and tumor recurrence in
early-stage colon cancer. BMC Cancer 2014, 14, 531. [CrossRef] [PubMed]

167. Chen, S.P.; Chiu, S.C.; Wu, C.C.; Lin, S.Z.; Kang, J.C.; Chen, Y.L.; Lin, P.C.; Pang, C.Y.; Harn, H.J. The association of methylation
in the promoter of APC and MGMT and the prognosis of Taiwanese CRC patients. Genet. Test. Mol. Biomark. 2009, 13,
67–71. [CrossRef]

168. Nazemalhosseini, M.E.; Kuppen, P.J.; Aghdaei, H.A.; Zali, M.R. The CpG island methylator phenotype (CIMP) in colorectal
cancer. Gastroenterol. Hepatol. Bed Bench 2013, 6, 120–128.

169. Ogino, S.; Cantor, M.; Kawasaki, T.; Brahmandam, M.; Kirkner, G.J.; Weisenberger, D.J.; Campan, M.; Laird, P.W.; Loda, M.;
Fuchs, C.S. CpG island methylator phenotype (CIMP) of colorectal cancer is best characterised by quantitative DNA methylation
analysis and prospective cohort studies. Gut 2006, 55, 1000–1006. [CrossRef]

170. Li, H.; Myeroff, L.; Kasturi, L.; Krumroy, L.; Schwartz, S.; Willson, J.K.; Stanbridge, E.; Casey, G.; Markowitz, S. Chromosomal
autonomy of hMLH1 methylation in colon cancer. Oncogene 2002, 21, 1443–1449. [CrossRef]

171. Zhang, Y.; Zhang, X.R.; Park, J.L.; Kim, J.H.; Zhang, L.; Ma, J.L.; Liu, W.D.; Deng, D.J.; You, W.C.; Kim, Y.S.; et al. Genome-wide
DNA methylation profiles altered by Helicobacter pylori in gastric mucosa and blood leukocyte DNA. Oncotarget 2016, 7,
37132–37144. [CrossRef] [PubMed]

172. Papastergiou, V.; Karatapanis, S.; Georgopoulos, S.D. Helicobacter pylori and colorectal neoplasia: Is there a causal link? World J.
Gastroenterol. 2016, 22, 649–658. [CrossRef] [PubMed]

173. Shmuely, H.; Melzer, E.; Braverman, M.; Domnitz, N.; Yahav, J. Helicobacter pylori infection is associated with advanced colorectal
neoplasia. Scand. J. Gastroenterol. 2014, 49, 516–517. [CrossRef]

174. Brew, R.; Erikson, J.S.; West, D.C.; Kinsella, A.R.; Slavin, J.; Christmas, S.E. Interleukin-8 as an autocrine growth factor for human
colon carcinoma cells in vitro. Cytokine 2000, 12, 78–85. [CrossRef]

175. Choi, W.; Lee, J.; Lee, J.Y.; Lee, S.M.; Kim, D.W.; Kim, Y.J. Classification of Colon Cancer Patients Based on the Methylation
Patterns of Promoters. Genom. Inform. 2016, 14, 46–52. [CrossRef] [PubMed]

https://doi.org/10.3389/fgene.2019.00496
https://www.ncbi.nlm.nih.gov/pubmed/31178900
https://doi.org/10.1038/nrg3863
https://doi.org/10.1007/978-3-319-53889-1_25
https://doi.org/10.1016/j.ymeth.2020.06.022
https://doi.org/10.1101/cshperspect.a019505
https://doi.org/10.1126/science.aal2380
https://doi.org/10.1038/nrg.2016.93
https://doi.org/10.1016/j.pbiomolbio.2012.05.001
https://www.ncbi.nlm.nih.gov/pubmed/22579660
https://doi.org/10.1007/s13238-020-00819-2
https://www.ncbi.nlm.nih.gov/pubmed/33453053
https://doi.org/10.1038/s41576-020-0265-5
https://doi.org/10.1007/s00018-020-03731-4
https://www.ncbi.nlm.nih.gov/pubmed/33507327
https://doi.org/10.1016/j.cell.2007.02.006
https://www.ncbi.nlm.nih.gov/pubmed/17320500
https://doi.org/10.3390/genes10040257
https://doi.org/10.1101/lm.048769.118
https://doi.org/10.1038/emm.2016.140
https://doi.org/10.1002/cam4.273
https://doi.org/10.1007/978-1-61779-612-8_10
https://doi.org/10.3748/wjg.v21.i45.12742
https://doi.org/10.1007/978-1-59745-416-2_14
https://doi.org/10.1016/j.gene.2016.01.029
https://www.ncbi.nlm.nih.gov/pubmed/26794448
https://doi.org/10.1016/j.bbadis.2015.04.021
https://www.ncbi.nlm.nih.gov/pubmed/25917404
https://doi.org/10.3390/ijms161226180
https://doi.org/10.1186/1471-2407-14-531
https://www.ncbi.nlm.nih.gov/pubmed/25047223
https://doi.org/10.1089/gtmb.2008.0045
https://doi.org/10.1136/gut.2005.082933
https://doi.org/10.1038/sj.onc.1205247
https://doi.org/10.18632/oncotarget.9469
https://www.ncbi.nlm.nih.gov/pubmed/27206798
https://doi.org/10.3748/wjg.v22.i2.649
https://www.ncbi.nlm.nih.gov/pubmed/26811614
https://doi.org/10.3109/00365521.2013.879336
https://doi.org/10.1006/cyto.1999.0518
https://doi.org/10.5808/GI.2016.14.2.46
https://www.ncbi.nlm.nih.gov/pubmed/27445647


Int. J. Mol. Sci. 2023, 24, 11855 26 of 29

176. Laghi, L.; Randolph, A.E.; Chauhan, D.P.; Marra, G.; Major, E.O.; Neel, J.V.; Boland, C.R. JC virus DNA is present in the mucosa of
the human colon and in colorectal cancers. Proc. Natl. Acad. Sci. USA 1999, 96, 7484–7489. [CrossRef]

177. Lin, P.Y.; Fung, C.Y.; Chang, F.P.; Huang, W.S.; Chen, W.C.; Wang, J.Y.; Chang, D. Prevalence and genotype identification of human
JC virus in colon cancer in Taiwan. J. Med. Virol. 2008, 80, 1828–1834. [CrossRef]

178. Sinagra, E.; Raimondo, D.; Gallo, E.; Stella, M.; Cottone, M.; Orlando, A.; Rossi, F.; Orlando, E.; Messina, M.; Tomasello, G.; et al.
Could JC virus provoke metastasis in colon cancer? World J. Gastroenterol. 2014, 20, 15745–15749. [CrossRef]

179. Theodoropoulos, G.; Panoussopoulos, D.; Papaconstantinou, I.; Gazouli, M.; Perdiki, M.; Bramis, J.; Lazaris, A. Assessment of JC
polyoma virus in colon neoplasms. Dis. Colon Rectum 2005, 48, 86–91. [CrossRef]

180. Farhana, L.; Banerjee, H.N.; Verma, M.; Majumdar, A.P. Role of Microbiome in Carcinogenesis Process and Epigenetic Regulation
of Colorectal Cancer. Methods Mol. Biol. 2018, 1856, 35–55. [CrossRef] [PubMed]

181. Geller, L.T.; Barzily-Rokni, M.; Danino, T.; Jonas, O.H.; Shental, N.; Nejman, D.; Gavert, N.; Zwang, Y.; Cooper, Z.A.; Shee, K.;
et al. Potential role of intratumor bacteria in mediating tumor resistance to the chemotherapeutic drug gemcitabine. Science 2017,
357, 1156–1160. [CrossRef] [PubMed]

182. Lehouritis, P.; Cummins, J.; Stanton, M.; Murphy, C.T.; McCarthy, F.O.; Reid, G.; Urbaniak, C.; Byrne, W.L.; Tangney, M. Local
bacteria affect the efficacy of chemotherapeutic drugs. Sci. Rep. 2015, 5, 14554. [CrossRef] [PubMed]

183. Iida, N.; Dzutsev, A.; Stewart, C.A.; Smith, L.; Bouladoux, N.; Weingarten, R.A.; Molina, D.A.; Salcedo, R.; Back, T.; Cramer, S.;
et al. Commensal bacteria control cancer response to therapy by modulating the tumor microenvironment. Science 2013, 342,
967–970. [CrossRef]

184. Daillère, R.; Vétizou, M.; Waldschmitt, N.; Yamazaki, T.; Isnard, C.; Poirier-Colame, V.; Duong, C.P.; Flament, C.; Lepage,
P.; Roberti, M.P.; et al. Enterococcus hirae and Barnesiella intestinihominis Facilitate Cyclophosphamide-Induced Therapeutic
Immunomodulatory Effects. Immunity 2016, 45, 931–943. [CrossRef]

185. Viaud, S.; Saccheri, F.; Mignot, G.; Yamazaki, T.; Daillère, R.; Hannani, D.; Enot, D.P.; Pfirschke, C.; Engblom, C.; Pittet, M.J.; et al.
The intestinal microbiota modulates the anticancer immune effects of cyclophosphamide. Science 2013, 342, 971–976. [CrossRef]

186. Von Bültzingslöwen, I.; Adlerberth, I.; Wold, A.E.; Dahlén, G.; Jontell, M. Oral and intestinal microflora in 5-fluorouracil treated
rats, translocation to cervical and mesenteric lymph nodes and effects of probiotic bacteria. Oral Microbiol. Immunol. 2003, 18,
278–284. [CrossRef]

187. Le Bastard, Q.; Ward, T.; Sidiropoulos, D.; Hillmann, B.M.; Chun, C.L.; Sadowsky, M.J.; Knights, D.; Montassier, E. Fecal microbiota
transplantation reverses antibiotic and chemotherapy-induced gut dysbiosis in mice. Sci. Rep. 2018, 8, 6219. [CrossRef]

188. Guthrie, L.; Gupta, S.; Daily, J.; Kelly, L. Human microbiome signatures of differential colorectal cancer drug metabolism. NPJ
Biofilms Microbiomes 2017, 3, 27. [CrossRef]

189. Montassier, E.; Gastinne, T.; Vangay, P.; Al-Ghalith, G.A.; des Varannes, S.; Massart, S.; Moreau, P.; Potel, G.; de La Cochetière,
M.F.; Batard, E.; et al. Chemotherapy-driven dysbiosis in the intestinal microbiome. Aliment. Pharmacol. Ther. 2015, 42,
515–528. [CrossRef]

190. Schluter, J.; Peled, J.U.; Taylor, B.P.; Markey, K.A.; Smith, M.; Taur, Y.; Niehus, R.; Staffas, A.; Dai, A.; Fontana, E.; et al. The gut
microbiota is associated with immune cell dynamics in humans. Nature 2020, 588, 303–307. [CrossRef] [PubMed]

191. Cullin, N.; Azevedo, A.C.; Straussman, R.; Stein-Thoeringer, C.K.; Elinav, E. Microbiome and cancer. Cancer Cell 2021, 39,
1317–1341. [CrossRef] [PubMed]

192. Pommier, Y. Eukaryotic DNA topoisomerase I: Genome gatekeeper and its intruders, camptothecins. Semin. Oncol. 1996, 1, 3–10.
193. Hsiang, Y.H.; Liu, L.F. Identification of mammalian DNA topoisomerase I as an intracellular target of the anticancer drug

camptothecin. Cancer Res. 1988, 48, 1722–1726.
194. Yohe, M.E.; Heske, C.M.; Stewart, E.; Adamson, P.C.; Ahmed, N.; Antonescu, C.R.; Chen, E.; Collins, N.; Ehrlich, A.;

Galindo, R.L.; et al. Insights into pediatric rhabdomyosarcoma research: Challenges and goals. Pediatr. Blood Cancer 2019,
66, e27869. [CrossRef]

195. Bagatell, R.; London, W.B.; Wagner, L.M.; Voss, S.D.; Stewart, C.F.; Maris, J.M.; Kretschmar, C.; Cohn, S.L. Phase II study of
irinotecan and temozolomide in children with relapsed or refractory neuroblastoma: A Children’s Oncology Group study. J. Clin.
Oncol. 2011, 29, 208–213. [CrossRef]

196. Di Desidero, T.; Antonelli, A.; Orlandi, P.; Ferrari, S.M.; Fioravanti, A.; Alì, G.; Fontanini, G.; Basolo, F.; Francia, G.; Bocci, G.
Synergistic efficacy of irinotecan and sunitinib combination in preclinical models of anaplastic thyroid cancer. Cancer Lett. 2017,
411, 35–43. [CrossRef]

197. Chen, Z.; Jiang, L. The clinical application of fruquintinib on colorectal cancer. Expert. Rev. Clin. Pharmacol. 2019, 12, 713–721. [CrossRef]
198. Liu, Q.; Hua, S.; Wang, X.; Chen, F.; Gou, S. The introduction of immunosuppressor (TDO inhibitor) significantly improved the

efficacy of irinotecan in treating hepatocellular carcinoma. Cancer Immunol. Immunother. 2021, 70, 497–508. [CrossRef]
199. Kawato, Y.; Aonuma, M.; Hirota, Y.; Kuga, H.; Sato, K. Intracellular roles of SN-38, a metabolite of the camptothecin derivative

CPT-11, in the antitumor effect of CPT-11. Cancer Res. 1991, 51, 4187–4191.
200. Slatter, J.G.; Su, P.; Sams, J.P.; Schaaf, L.J.; Wienkers, L.C. Bioactivation of the anticancer agent CPT-11 to SN-38 by human

hepatic microsomal carboxylesterases and the in vitro assessment of potential drug interactions. Drug Metab. Dispos. 1997, 25,
1157–1164. [PubMed]

201. Rudakova, E.V.; Boltneva, N.P.; Makhaeva, G.F. Comparative analysis of esterase activities of human, mouse, and rat blood. Bull.
Exp. Biol. Med. 2011, 152, 73–75. [CrossRef]

https://doi.org/10.1073/pnas.96.13.7484
https://doi.org/10.1002/jmv.21296
https://doi.org/10.3748/wjg.v20.i42.15745
https://doi.org/10.1007/s10350-004-0737-2
https://doi.org/10.1007/978-1-4939-8751-1_3
https://www.ncbi.nlm.nih.gov/pubmed/30178245
https://doi.org/10.1126/science.aah5043
https://www.ncbi.nlm.nih.gov/pubmed/28912244
https://doi.org/10.1038/srep14554
https://www.ncbi.nlm.nih.gov/pubmed/26416623
https://doi.org/10.1126/science.1240527
https://doi.org/10.1016/j.immuni.2016.09.009
https://doi.org/10.1126/science.1240537
https://doi.org/10.1034/j.1399-302X.2003.00075.x
https://doi.org/10.1038/s41598-018-24342-x
https://doi.org/10.1038/s41522-017-0034-1
https://doi.org/10.1111/apt.13302
https://doi.org/10.1038/s41586-020-2971-8
https://www.ncbi.nlm.nih.gov/pubmed/33239790
https://doi.org/10.1016/j.ccell.2021.08.006
https://www.ncbi.nlm.nih.gov/pubmed/34506740
https://doi.org/10.1002/pbc.27869
https://doi.org/10.1200/JCO.2010.31.7107
https://doi.org/10.1016/j.canlet.2017.09.032
https://doi.org/10.1080/17512433.2019.1630272
https://doi.org/10.1007/s00262-020-02697-3
https://www.ncbi.nlm.nih.gov/pubmed/9321519
https://doi.org/10.1007/s10517-011-1457-y


Int. J. Mol. Sci. 2023, 24, 11855 27 of 29

202. Gupta, E.; Lestingi, T.M.; Mick, R.; Ramirez, J.; Vokes, E.E.; Ratain, M.J. Metabolic fate of irinotecan in humans: Correlation of
glucuronidation with diarrhea. Cancer Res. 1994, 54, 3723–3725. [PubMed]

203. Wallace, B.D.; Roberts, A.B.; Pollet, R.M.; Ingle, J.D.; Biernat, K.A.; Pellock, S.J.; Venkatesh, M.K.; Guthrie, L.; O’Neal, S.K.;
Robinson, S.J.; et al. Structure and Inhibition of Microbiome β-Glucuronidases Essential to the Alleviation of Cancer Drug Toxicity.
Chem. Biol. 2015, 22, 1238–1249. [CrossRef] [PubMed]

204. Wallace, B.D.; Wang, H.; Lane, K.T.; Scott, J.E.; Orans, J.; Koo, J.S.; Venkatesh, M.; Jobin, C.; Yeh, L.A.; Mani, S.; et al. Alleviating
cancer drug toxicity by inhibiting a bacterial enzyme. Science 2010, 330, 831–835. [CrossRef]

205. Kodawara, T.; Higashi, T.; Negoro, Y.; Kamitani, Y.; Igarashi, T.; Watanabe, K.; Tsukamoto, H.; Yano, R.; Masada, M.; Iwasaki,
H.; et al. The Inhibitory Effect of Ciprofloxacin on the β-Glucuronidase-mediated Deconjugation of the Irinotecan Metabolite
SN-38-G. Basic Clin. Pharmacol. Toxicol. 2016, 118, 333–337. [CrossRef] [PubMed]

206. Kong, R.; Liu, T.; Zhu, X.; Ahmad, S.; Williams, A.L.; Phan, A.T.; Zhao, H.; Scott, J.E.; Yeh, L.A.; Wong, S.T. Old drug new
use—Amoxapine and its metabolites as potent bacterial β-glucuronidase inhibitors for alleviating cancer drug toxicity. Clin.
Cancer Res. 2014, 20, 3521–3530. [CrossRef]

207. Stringer, A.M.; Gibson, R.J.; Logan, R.M.; Bowen, J.M.; Yeoh, A.S.; Keefe, D.M. Faecal microflora and beta-glucuronidase
expression are altered in an irinotecan-induced diarrhea model in rats. Cancer Biol. Ther. 2008, 7, 1919–1925. [CrossRef]

208. Takasuna, K.; Hagiwara, T.; Hirohashi, M.; Kato, M.; Nomura, M.; Nagai, E.; Yokoi, T.; Kamataki, T. Inhibition of intestinal
microflora beta-glucuronidase modifies the distribution of the active metabolite of the antitumor agent, irinotecan hydrochloride
(CPT-11) in rats. Cancer Chemother. Pharmacol. 1998, 42, 280–286. [CrossRef]

209. Kehrer, D.F.; Sparreboom, A.; Verweij, J.; de Bruijn, P.; Nierop, C.A.; van de Schraaf, J.; Ruijgrok, E.J.; de Jonge, M.J. Modulation of
irinotecan-induced diarrhea by cotreatment with neomycin in cancer patients. Clin. Cancer Res. 2001, 7, 1136–1141.

210. de Jong, F.A.; Kehrer, D.F.; Mathijssen, R.H.; Creemers, G.J.; de Bruijn, P.; van Schaik, R.H.; Planting, A.S.; van der Gaast, A.;
Eskens, F.A.; Janssen, J.T.; et al. Prophylaxis of irinotecan-induced diarrhea with neomycin and potential role for UGT1A1*28
genotype screening: A double-blind, randomized, placebo-controlled study. Oncologist 2006, 11, 944–954. [CrossRef] [PubMed]

211. Yue, B.; Gao, R.; Lv, C.; Yu, Z.; Wang, H.; Geng, X.; Wang, Z.; Dou, W. Berberine Improves Irinotecan-Induced Intestinal Mucositis
Without Impairing the Anti-colorectal Cancer Efficacy of Irinotecan by Inhibiting Bacterial β-glucuronidase. Front. Pharmacol.
2021, 12, 774560. [CrossRef]

212. Leardini, D.; Venturelli, F.; Baccelli, F.; Cerasi, S.; Muratore, E.; Brigidi, P.; Pession, A.; Prete, A.; Masetti, R. Pharmacomicrobiomics
in Pediatric Oncology: The Complex Interplay between Commonly Used Drugs and Gut Microbiome. Int. J. Mol. Sci. 2022,
23, 15387. [CrossRef] [PubMed]

213. Pardoll, D.M. The blockade of immune checkpoints in cancer immunotherapy. Nat. Rev. Cancer 2012, 12, 252–264. [CrossRef] [PubMed]
214. Sivan, A.; Corrales, L.; Hubert, N.; Williams, J.B.; Aquino-Michaels, K.; Earley, Z.M.; Benyamin, F.W.; Lei, Y.M.; Jabri, B.; Alegre,

M.L.; et al. Commensal Bifidobacterium promotes antitumor immunity and facilitates anti-PD-L1 efficacy. Science 2015, 350,
1084–1089. [CrossRef] [PubMed]

215. Vétizou, M.; Pitt, J.M.; Daillère, R.; Lepage, P.; Waldschmitt, N.; Flament, C.; Rusakiewicz, S.; Routy, B.; Roberti,
M.P.; Duong, C.P.; et al. Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbiota. Science 2015, 350,
1079–1084. [CrossRef]

216. Gopalakrishnan, V.; Spencer, C.N.; Nezi, L.; Reuben, A.; Andrews, M.C.; Karpinets, T.V.; Prieto, P.A.; Vicente, D.; Hoffman, K.;
Wei, S.C.; et al. Gut microbiome modulates response to anti-PD-1 immunotherapy in melanoma patients. Science 2018, 359,
97–103. [CrossRef]

217. Matson, V.; Fessler, J.; Bao, R.; Chongsuwat, T.; Zha, Y.; Alegre, M.L.; Luke, J.J.; Gajewski, T.F. The commensal microbiome is
associated with anti-PD-1 efficacy in metastatic melanoma patients. Science 2018, 359, 104–108. [CrossRef]

218. Routy, B.; Le Chatelier, E.; Derosa, L.; Duong, C.P.; Alou, M.T.; Daillère, R.; Fluckiger, A.; Messaoudene, M.; Rauber, C.; Roberti,
M.P.; et al. Gut microbiome influences efficacy of PD-1-based immunotherapy against epithelial tumors. Science 2018, 359,
91–97. [CrossRef]

219. Hayase, E.; Jenq, R.R. Role of the intestinal microbiome and microbial-derived metabolites in immune checkpoint blockade
immunotherapy of cancer. Genome Med. 2021, 13, 107. [CrossRef]

220. Coutzac, C.; Jouniaux, J.M.; Paci, A.; Schmidt, J.; Mallardo, D.; Seck, A.; Asvatourian, V.; Cassard, L.; Saulnier, P.; Lacroix, L.; et al.
Systemic short chain fatty acids limit antitumor effect of CTLA-4 blockade in hosts with cancer. Nat. Commun. 2020, 11, 2168. [CrossRef]

221. Mager, L.F.; Burkhard, R.; Pett, N.; Cooke, N.C.; Brown, K.; Ramay, H.; Paik, S.; Stagg, J.; Groves, R.A.; Gallo, M.; et al. Microbiome-
derived inosine modulates response to checkpoint inhibitor immunotherapy. Science 2020, 369, 1481–1489. [CrossRef] [PubMed]

222. Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.J.; Rutkowski, P.; Lao, C.D.; Cowey, C.L.; Schadendorf, D.; Wagstaff, J.;
Dummer, R.; et al. Five-Year Survival with Combined Nivolumab and Ipilimumab in Advanced Melanoma. N. Engl. J. Med. 2019,
381, 1535–1546. [CrossRef] [PubMed]

223. Ascierto, P.A.; Long, G.V.; Robert, C.; Brady, B.; Dutriaux, C.; Di Giacomo, A.M.; Mortier, L.; Hassel, J.C.; Rutkowski, P.;
McNeil, C.; et al. Survival Outcomes in Patients With Previously Untreated BRAF Wild-Type Advanced Melanoma Treated With
Nivolumab Therapy: Three-Year Follow-up of a Randomized Phase 3 Trial. JAMA Oncol. 2019, 5, 187–194. [CrossRef] [PubMed]

224. Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.J.; Cowey, C.L.; Lao, C.D.; Schadendorf, D.; Dummer, R.; Smylie, M.;
Rutkowski, P.; et al. Combined Nivolumab and Ipilimumab or Monotherapy in Untreated Melanoma. N. Engl. J. Med. 2015, 373,
23–34. [CrossRef]

https://www.ncbi.nlm.nih.gov/pubmed/8033091
https://doi.org/10.1016/j.chembiol.2015.08.005
https://www.ncbi.nlm.nih.gov/pubmed/26364932
https://doi.org/10.1126/science.1191175
https://doi.org/10.1111/bcpt.12511
https://www.ncbi.nlm.nih.gov/pubmed/26518357
https://doi.org/10.1158/1078-0432.CCR-14-0395
https://doi.org/10.4161/cbt.7.12.6940
https://doi.org/10.1007/s002800050818
https://doi.org/10.1634/theoncologist.11-8-944
https://www.ncbi.nlm.nih.gov/pubmed/16951398
https://doi.org/10.3389/fphar.2021.774560
https://doi.org/10.3390/ijms232315387
https://www.ncbi.nlm.nih.gov/pubmed/36499714
https://doi.org/10.1038/nrc3239
https://www.ncbi.nlm.nih.gov/pubmed/22437870
https://doi.org/10.1126/science.aac4255
https://www.ncbi.nlm.nih.gov/pubmed/26541606
https://doi.org/10.1126/science.aad1329
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1126/science.aao3290
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1186/s13073-021-00923-w
https://doi.org/10.1038/s41467-020-16079-x
https://doi.org/10.1126/science.abc3421
https://www.ncbi.nlm.nih.gov/pubmed/32792462
https://doi.org/10.1056/NEJMoa1910836
https://www.ncbi.nlm.nih.gov/pubmed/31562797
https://doi.org/10.1001/jamaoncol.2018.4514
https://www.ncbi.nlm.nih.gov/pubmed/30422243
https://doi.org/10.1056/NEJMoa1504030


Int. J. Mol. Sci. 2023, 24, 11855 28 of 29

225. Amaria, R.N.; Reddy, S.M.; Tawbi, H.A.; Davies, M.A.; Ross, M.I.; Glitza, I.C.; Cormier, J.N.; Lewis, C.; Hwu, W.J.; Hanna, E.; et al.
Neoadjuvant immune checkpoint blockade in high-risk resectable melanoma. Nat. Med. 2018, 24, 1649–1654. [CrossRef] [PubMed]

226. Baruch, E.N.; Youngster, I.; Ben-Betzalel, G.; Ortenberg, R.; Lahat, A.; Katz, L.; Adler, K.; Dick-Necula, D.; Raskin, S.; Bloch,
N.; et al. Fecal microbiota transplant promotes response in immunotherapy-refractory melanoma patients. Science 2021, 371,
602–609. [CrossRef] [PubMed]

227. McQuade, J.L.; Ologun, G.O.; Arora, R.; Wargo, J.A. Gut Microbiome Modulation Via Fecal Microbiota Transplant to Augment
Immunotherapy in Patients with Melanoma or Other Cancers. Curr. Oncol. Rep. 2020, 22, 74. [CrossRef] [PubMed]

228. Dubin, K.; Callahan, M.K.; Ren, B.; Khanin, R.; Viale, A.; Ling, L.; No, D.; Gobourne, A.; Littmann, E.; Huttenhower, C.; et al.
Intestinal microbiome analyses identify melanoma patients at risk for checkpoint-blockade-induced colitis. Nat. Commun. 2016,
7, 10391. [CrossRef]

229. Frankel, A.E.; Coughlin, L.A.; Kim, J.; Froehlich, T.W.; Xie, Y.; Frenkel, E.P.; Koh, A.Y. Metagenomic Shotgun Sequencing and
Unbiased Metabolomic Profiling Identify Specific Human Gut Microbiota and Metabolites Associated with Immune Checkpoint
Therapy Efficacy in Melanoma Patients. Neoplasia 2017, 19, 848–855. [CrossRef]

230. Wirbel, J.; Pyl, P.T.; Kartal, E.; Zych, K.; Kashani, A.; Milanese, A.; Fleck, J.S.; Voigt, A.Y.; Palleja, A.; Ponnudurai, R.; et al.
Meta-analysis of fecal metagenomes reveals global microbial signatures that are specific for colorectal cancer. Nat. Med. 2019, 25,
679–689. [CrossRef]

231. Thomas, A.M.; Manghi, P.; Asnicar, F.; Pasolli, E.; Armanini, F.; Zolfo, M.; Beghini, F.; Manara, S.; Karcher, N.; Pozzi, C.; et al.
Metagenomic analysis of colorectal cancer datasets identifies cross-cohort microbial diagnostic signatures and a link with choline
degradation. Nat. Med. 2019, 25, 667–678. [CrossRef] [PubMed]

232. Lee, K.A.; Thomas, A.M.; Bolte, L.A.; Björk, J.R.; de Ruijter, L.K.; Armanini, F.; Asnicar, F.; Blanco-Miguez, A.; Board, R.;
Calbet-Llopart, N.; et al. Cross-cohort gut microbiome associations with immune checkpoint inhibitor response in advanced
melanoma. Nat. Med. 2022, 28, 535–544. [CrossRef] [PubMed]

233. Davar, D.; Dzutsev, A.K.; McCulloch, J.A.; Rodrigues, R.R.; Chauvin, J.M.; Morrison, R.M.; Deblasio, R.N.; Menna, C.; Ding, Q.;
Pagliano, O.; et al. Fecal microbiota transplant overcomes resistance to anti-PD-1 therapy in melanoma patients. Science 2021, 371,
595–602. [CrossRef] [PubMed]

234. June, C.H.; Sadelain, M. Chimeric Antigen Receptor Therapy. N. Engl. J. Med. 2018, 379, 64–73. [CrossRef] [PubMed]
235. Ansell, S.M.; Lesokhin, A.M.; Borrello, I.; Halwani, A.; Scott, E.C.; Gutierrez, M.; Schuster, S.J.; Millenson, M.M.; Cattry, D.;

Freeman, G.J.; et al. PD-1 blockade with nivolumab in relapsed or refractory Hodgkin’s lymphoma. N. Engl. J. Med. 2015, 372,
311–319. [CrossRef]

236. Kuehn, B.M. The Promise and Challenges of CAR-T Gene Therapy. JAMA 2017, 318, 2167–2169. [CrossRef]
237. Stein-Thoeringer, C.K.; Saini, N.Y.; Zamir, E.; Blumenberg, V.; Schubert, M.L.; Mor, U.; Fante, M.A.; Schmidt, S.; Hayase, E.;

Hayase, T.; et al. A non-antibiotic-disrupted gut microbiome is associated with clinical responses to CD19-CAR-T cell cancer
immunotherapy. Nat. Med. 2023, 29, 906–916. [CrossRef] [PubMed]

238. Smith, M.; Dai, A.; Ghilardi, G.; Amelsberg, K.V.; Devlin, S.M.; Pajarillo, R.; Slingerland, J.B.; Beghi, S.; Herrera, P.S.;
Giardina, P.; et al. Gut microbiome correlates of response and toxicity following anti-CD19 CAR T cell therapy. Nat. Med.
2022, 28, 713–723. [CrossRef]

239. Jenq, R.R.; van den Brink, M.R. Allogeneic haematopoietic stem cell transplantation: Individualized stem cell and immune
therapy of cancer. Nat. Rev. Cancer 2010, 10, 213–221. [CrossRef]

240. Zeiser, R.; Blazar, B.R. Acute Graft-versus-Host Disease—Biologic Process, Prevention, and Therapy. N. Engl. J. Med. 2017, 377,
2167–2179. [CrossRef]

241. Shono, Y.; Ueha, S.; Wang, Y.; Abe, J.; Kurachi, M.; Matsuno, Y.; Sugiyama, T.; Nagasawa, T.; Imamura, M.; Matsushima, K. Bone
marrow graft-versus-host disease: Early destruction of hematopoietic niche after MHC-mismatched hematopoietic stem cell
transplantation. Blood 2010, 115, 5401–5411. [CrossRef] [PubMed]

242. Shimoji, S.; Hashimoto, D.; Tsujigiwa, H.; Miyawaki, K.; Kato, K.; Takahashi, S.; Ogasawara, R.; Jiromaru, T.; Iwasaki,
H.; Miyamoto, T.; et al. Graft-versus-host disease targets ovary and causes female infertility in mice. Blood 2017, 129,
1216–1225. [CrossRef] [PubMed]

243. Hartrampf, S.; Dudakov, J.A.; Johnson, L.K.; Smith, O.M.; Tsai, J.; Singer, N.V.; West, M.L.; Hanash, A.M.; Albert, M.H.; Liu, B.;
et al. The central nervous system is a target of acute graft versus host disease in mice. Blood 2013, 121, 1906–1910. [CrossRef]

244. Zama, D.; Biagi, E.; Masetti, R.; Gasperini, P.; Prete, A.; Candela, M.; Brigidi, P.; Pession, A. Gut microbiota and hematopoietic
stem cell transplantation: Where do we stand? Bone Marrow Transplant. 2017, 52, 7–14. [CrossRef]

245. Paulos, C.M.; Wrzesinski, C.; Kaiser, A.; Hinrichs, C.S.; Chieppa, M.; Cassard, L.; Palmer, D.C.; Boni, A.; Muranski, P.; Yu, Z.; et al.
Microbial translocation augments the function of adoptively transferred self/tumor-specific CD8+ T cells via TLR4 signaling.
J. Clin. Investig. 2007, 117, 2197–2204. [CrossRef]

246. Peuker, K.; Muff, S.; Wang, J.; Künzel, S.; Bosse, E.; Zeissig, Y.; Luzzi, G.; Basic, M.; Strigli, A.; Ulbricht, A.; et al. Epithelial
calcineurin controls microbiota-dependent intestinal tumor development. Nat. Med. 2016, 22, 506–515. [CrossRef]

247. Zitvogel, L.; Ayyoub, M.; Routy, B.; Kroemer, G. Microbiome and Anticancer Immunosurveillance. Cell 2016, 165,
276–287. [CrossRef]

248. Roy, S.; Trinchieri, G. Microbiota: A key orchestrator of cancer therapy. Nat. Rev. Cancer 2017, 17, 271–285. [CrossRef] [PubMed]

https://doi.org/10.1038/s41591-018-0197-1
https://www.ncbi.nlm.nih.gov/pubmed/30297909
https://doi.org/10.1126/science.abb5920
https://www.ncbi.nlm.nih.gov/pubmed/33303685
https://doi.org/10.1007/s11912-020-00913-y
https://www.ncbi.nlm.nih.gov/pubmed/32577835
https://doi.org/10.1038/ncomms10391
https://doi.org/10.1016/j.neo.2017.08.004
https://doi.org/10.1038/s41591-019-0406-6
https://doi.org/10.1038/s41591-019-0405-7
https://www.ncbi.nlm.nih.gov/pubmed/30936548
https://doi.org/10.1038/s41591-022-01695-5
https://www.ncbi.nlm.nih.gov/pubmed/35228751
https://doi.org/10.1126/science.abf3363
https://www.ncbi.nlm.nih.gov/pubmed/33542131
https://doi.org/10.1056/NEJMra1706169
https://www.ncbi.nlm.nih.gov/pubmed/29972754
https://doi.org/10.1056/NEJMoa1411087
https://doi.org/10.1001/jama.2017.15605
https://doi.org/10.1038/s41591-023-02234-6
https://www.ncbi.nlm.nih.gov/pubmed/36914893
https://doi.org/10.1038/s41591-022-01702-9
https://doi.org/10.1038/nrc2804
https://doi.org/10.1056/NEJMra1609337
https://doi.org/10.1182/blood-2009-11-253559
https://www.ncbi.nlm.nih.gov/pubmed/20354171
https://doi.org/10.1182/blood-2016-07-728337
https://www.ncbi.nlm.nih.gov/pubmed/27903524
https://doi.org/10.1182/blood-2012-09-456590
https://doi.org/10.1038/bmt.2016.173
https://doi.org/10.1172/JCI32205
https://doi.org/10.1038/nm.4072
https://doi.org/10.1016/j.cell.2016.03.001
https://doi.org/10.1038/nrc.2017.13
https://www.ncbi.nlm.nih.gov/pubmed/28303904


Int. J. Mol. Sci. 2023, 24, 11855 29 of 29

249. Zitvogel, L.; Daillère, R.; Roberti, M.P.; Routy, B.; Kroemer, G. Anticancer effects of the microbiome and its products. Nat. Rev.
Microbiol. 2017, 15, 465–478. [CrossRef]

250. Blazar, B.R.; Murphy, W.J.; Abedi, M. Advances in graft-versus-host disease biology and therapy. Nat. Rev. Immunol. 2012, 12,
443–458. [CrossRef]

251. Lozupone, C.A.; Knight, R. Species divergence and the measurement of microbial diversity. FEMS Microbiol. Rev. 2008, 32,
557–578. [CrossRef] [PubMed]

252. Taur, Y.; Jenq, R.R.; Perales, M.A.; Littmann, E.R.; Morjaria, S.; Ling, L.; No, D.; Gobourne, A.; Viale, A.; Dahi, P.B.; et al. The
effects of intestinal tract bacterial diversity on mortality following allogeneic hematopoietic stem cell transplantation. Blood 2014,
124, 1174–1182. [CrossRef]

253. Jenq, R.R.; Taur, Y.; Devlin, S.M.; Ponce, D.M.; Goldberg, J.D.; Ahr, K.F.; Littmann, E.R.; Ling, L.; Gobourne, A.C.; Miller, L.C.; et al.
Intestinal Blautia Is Associated with Reduced Death from Graft-versus-Host Disease. Biol. Blood Marrow Transplant. 2015, 21,
1373–1383. [CrossRef] [PubMed]

254. Peled, J.U.; Gomes, A.L.C.; Devlin, S.M.; Littmann, E.R.; Taur, Y.; Sung, A.D.; Weber, D.; Hashimoto, D.; Slingerland, A.E.;
Slingerland, J.B.; et al. Microbiota as Predictor of Mortality in Allogeneic Hematopoietic-Cell Transplantation. N. Engl. J. Med.
2020, 382, 822–834. [CrossRef] [PubMed]

255. Pession, A.; Zama, D.; Muratore, E.; Leardini, D.; Gori, D.; Guaraldi, F.; Prete, A.; Turroni, S.; Brigidi, P.; Masetti, R. Fecal
Microbiota Transplantation in Allogeneic Hematopoietic Stem Cell Transplantation Recipients: A Systematic Review. J. Pers. Med.
2021, 11, 100. [CrossRef] [PubMed]

256. Cammarota, G.; Ianiro, G.; Tilg, H.; Rajili’c-Stojanovi’c, M.; Kump, P.; Satokari, R.; Sokol, H.; Arkkila, P.; Pintus, C.; Hart, A.; et al.
European consensus conference on faecal microbiota transplantation in clinical practice. Gut 2017, 66, 569–580. [CrossRef]

257. Ianiro, G.; Bibbò, S.; Scaldaferri, F.; Gasbarrini, A.; Cammarota, G. Fecal microbiota transplantation in inflammatory bowel
disease: Beyond the excitement. Medicine 2014, 93, e97. [CrossRef]

258. Wardill, H.R.; Secombe, K.R.; Bryant, R.V.; Hazenberg, M.D.; Costello, S.P. Adjunctive fecal microbiota transplantation in
supportive oncology: Emerging indications and considerations in immunocompromised patients. eBioMedicine 2019, 44,
730–740. [CrossRef]

259. Andersen, S.; Staudacher, H.; Weber, N.; Kennedy, G.; Varelias, A.; Banks, M.; Bauer, J. Pilot study investigating the effect of
enteral and parenteral nutrition on the gastrointestinal microbiome post-allogeneic transplantation. Br. J. Haematol. 2020, 188,
570–581. [CrossRef]

260. Mao, D.; Jiang, Q.; Sun, Y.; Mao, Y.; Guo, L.; Zhang, Y.; Man, M.; Ouyang, G.; Sheng, L. Treatment of intestinal graft-versus-host disease
with unrelated donor fecal microbiota transplantation capsules: A case report. Medicine 2020, 99, e22129. [CrossRef] [PubMed]

261. Innes, A.J.; Mullish, B.H.; Fernando, F.; Adams, G.; Marchesi, J.R.; Apperley, J.F.; Brannigan, E.; Davies, F.; Pavlů, J. Faecal
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