
Citation: Cazzaniga, M.; Cardinali,

M.; Di Pierro, F.; Zonzini, G.B.; Palazzi,

C.M.; Gregoretti, A.; Zerbinati, N.;

Guasti, L.; Matera, M.R.; Cavecchia, I.;

et al. The Role of Short-Chain Fatty

Acids, Particularly Butyrate, in

Oncological Immunotherapy with

Checkpoint Inhibitors: The

Effectiveness of Complementary

Treatment with Clostridium butyricum

588. Microorganisms 2024, 12, 1235.

https://doi.org/10.3390/

microorganisms12061235

Academic Editor: David Bermudes

Received: 30 April 2024

Revised: 6 June 2024

Accepted: 16 June 2024

Published: 19 June 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

microorganisms

Review

The Role of Short-Chain Fatty Acids, Particularly Butyrate, in
Oncological Immunotherapy with Checkpoint Inhibitors: The
Effectiveness of Complementary Treatment with Clostridium
butyricum 588
Massimiliano Cazzaniga 1,2, Marco Cardinali 3,4, Francesco Di Pierro 1,2,5 , Giordano Bruno Zonzini 4,
Chiara Maria Palazzi 2,*, Aurora Gregoretti 2, Nicola Zerbinati 5, Luigina Guasti 5, Maria Rosaria Matera 2,
Ilaria Cavecchia 2 and Alexander Bertuccioli 2,4

1 Scientific & Research Department, Velleja Research, 20125 Milan, Italy; maxcazzaniga66@gmail.com (M.C.);
f.dipierro@vellejaresearch.com (F.D.P.)

2 Microbiota International Clinical Society, 10123 Torino, Italy; auroragregoretti@gmail.com (A.G.);
jajamatera74@gmail.com (M.R.M.); ilaria.cavecchia@gmail.com (I.C.); alexander.bertuccioli@uniurb.it (A.B.)

3 Department of Internal Medicine, Infermi Hospital, AUSL Romagna, 47921 Rimini, Italy;
marco.cardinali@uniurb.it

4 Department of Biomolecular Sciences, University of Urbino Carlo Bo, 61122 Urbino, Italy;
giordano.zonzini@uniurb.it

5 Department of Medicine and Surgery, University of Insurbia, 21100 Varese, Italy;
nicola.zerbinati@uninsubria.it (N.Z.); luigina.guasti@uninsubria.it (L.G.)

* Correspondence: pchiaramaria@gmail.com

Abstract: The discovery of immune checkpoints (CTLA-4, PD-1, and PD-L1) and their impact on
the prognosis of oncological diseases have paved the way for the development of revolutionary
oncological treatments. These treatments do not combat tumors with drugs “against” cancer cells
but rather support and enhance the ability of the immune system to respond directly to tumor
growth by attacking the cancer cells with lymphocytes. It has now been widely demonstrated
that the presence of an adequate immune response, essentially represented by the number of TILs
(tumor-infiltrating lymphocytes) present in the tumor mass decisively influences the response to
treatments and the prognosis of the disease. Therefore, immunotherapy is based on and cannot
be carried out without the ability to increase the presence of lymphocytic cells at the tumor site,
thereby limiting and nullifying certain tumor evasion mechanisms, particularly those expressed
by the activity (under positive physiological conditions) of checkpoints that restrain the response
against transformed cells. Immunotherapy has been in the experimental phase for decades, and its
excellent results have made it a cornerstone of treatments for many oncological pathologies, especially
when combined with chemotherapy and radiotherapy. Despite these successes, a significant number
of patients (approximately 50%) do not respond to treatment or develop resistance early on. The
microbiota, its composition, and our ability to modulate it can have a positive impact on oncological
treatments, reducing side effects and increasing sensitivity and effectiveness. Numerous studies
published in high-ranking journals confirm that a certain microbial balance, particularly the presence
of bacteria capable of producing short-chain fatty acids (SCFAs), especially butyrate, is essential not
only for reducing the side effects of chemoradiotherapy treatments but also for a better response to
immune treatments and, therefore, a better prognosis. This opens up the possibility that favorable
modulation of the microbiota could become an essential complementary treatment to standard
oncological therapies. This brief review aims to highlight the key aspects of using precision probiotics,
such as Clostridium butyricum, that produce butyrate to improve the response to immune checkpoint
treatments and, thus, the prognosis of oncological diseases.
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1. Introduction

In recent decades, the effectiveness of oncological therapies has steadily improved,
thereby improving the prognosis for many tumors. However, despite this, it remains
evident that a significant proportion of patients continue to respond inadequately to
oncological treatments [1]. Immunotherapy, one of the most innovative therapies in this
regard, is no exception. Numerous efforts have been made to increase the effectiveness
of immunotherapy and improve the prognosis of the disease. Among these efforts are
various administration methods [2], which can have a significant impact on the effectiveness
of immunotherapy itself. These methods influence the drug concentration, duration of
action, immune response, and treatment tolerability. Immunotherapy has made significant
progress in various forms of treatment, including cancer vaccines, adoptive cell transfer
(ACT), and immune checkpoint inhibitors (ICIs). Considering the undeniable impact that
the microbiota has demonstrated on the response to various oncological therapies, such
as chemotherapy, immunotherapy, and radiotherapy [3], many studies are emphasizing
how our ability to modulate the intestinal microbial composition could be beneficial. In
particular, stimulating the production of certain beneficial compounds could help optimize
therapeutic regimens in order to make them less toxic and more effective in terms of
prognosis, especially concerning immunotherapy [4]. Authoritative publications state that
the levels of short-chain fatty acids (SCFAs) present in our bodies, particularly butyrate,
and/or our ability to stimulate their production, are strongly associated with the final
treatment response [5].

2. The Fundamental Role of Immunity in Oncology

Our immune system, particularly the acquired immune response, better defined as
specific or adaptive, is engaged when a pathogenic microorganism is present. This oc-
curs following the targeted activation of B lymphocytes and T lymphocytes, which are
specialized cells for this action. This mediated response can be triggered not only by
infected cells (for example, by bacteria and viruses) but also by transformed cells—that
is, “self” cells that will instead be recognized as “non-self” because, following the onco-
genic transformation process, they begin to express “foreign” antigens on their surface [6].
Our immune system thus possesses the potential to control the indiscriminate growth of
tumor cells, in addition to the ability to attack and destroy them through the action of T
lymphocytes. The effectiveness of this response is highlighted by the presence of TILs
(tumor-infiltrating lymphocytes) within the tumor mass, which is now widely accepted
as a predictive biomarker for treatment responses and disease prognoses [7]. In practice,
the presence of lymphocytes in the oncological mass, and especially the extent of this
presence, represents a fundamental indicator for predicting the clinical course of the disease
as well as the response to oncological treatments [8]. Much scientific evidence supports
this notion. As early as 2003, Zhang et al. published a study in the NEJM that highlighted
how the presence of TILs significantly influenced the treatment response and prognosis
in advanced-stage ovarian cancer [9]. In recent decades, scientific evidence of this finding
has been confirmed: for example, in breast cancer [10], as well as in lung and colon cancer,
with some meta-analyses published in top-tier journals [11,12]. With these premises, it
becomes quite clear and evident how a significant portion of the “battle against cancer” is
played out at the onset of a neoplastic transformation, particularly by our body’s ability to
respond to cellular oncologic insult, recognizing and eliminating potentially dangerous
altered cells in a timely manner, regardless of the transforming factor. Especially with such
a finely organized and efficient system, it remains somewhat incomprehensible how a large
number of uncontrolled oncological developments are possible.

3. Immunotherapy in Oncology

The answer to this question lies in the ability of our oncological cells to evade the
immune response, but above all in an evolutionary limitation present in our immune
system. Specifically, despite the optimal conditions in which tumor cells recognized by
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immune cells are destroyed and eliminated, all too often, carcinomatous cells are capable
of activating multiple effective evasion phenomena that underlie treatment resistance and
failure. Among the various mechanisms implemented by the tumor, the ability to inhibit the
presentation of tumor antigens (APCs); the secretion of immunosuppressive factors (e.g.,
TGF-β), which inhibit the activation of cytotoxic T cells and NK cells, allowing the tumor
to evade immune surveillance and progress easily; the inhibition of previously activated
cells; and the recruitment of immunosuppressive and immunoregulatory immune cells
(Tregs) are certainly important [13] (Figure 1).
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of Tregs.

However, the most important mechanism appears to be related to the action of immune
checkpoints, exploiting a limitation of the system itself. In practice, evolution has created
these “brakes” on our immune system to prevent it from proposing violent reactions
(autoimmune) every time it is called into action. This evolutionary “subtlety”, which
allows us to regulate the action of our defense system, protects us in most situations but
proves counterproductive in cases where we would need to develop the full power of
the immune system, such as in the presence of cancerous masses. In fact, it provides
assistance to the tumor, which exploits this limitation to evade the response and proliferate
uncontrollably. Therefore, oncological immunotherapy aims to unleash the power of the
system by eliminating these brakes through the use of monoclonal antibodies that target
these checkpoints (checkpoint inhibitors, or CPIs) [14].

Immunotherapy based on immune checkpoint inhibitors, such as anti-PD-1 and anti-
PD-L1, has undoubtedly revolutionized the treatment of certain tumors, and it is becoming
increasingly important in the innovation of oncological treatments. However, despite the
promising results and undeniable clinical improvements achieved, it remains a fact that
treatment with these drugs, alone or in combination, works in less than half of patients [15].
For this reason, researchers’ interest is increasingly focused on identifying factors that can
predict the patient’s response to immunotherapy, in addition to the ability to increase the
treatment’s effectiveness. Many studies have now highlighted the effectiveness of these
treatments, particularly in certain forms of tumors, such as melanoma, lung carcinoma,
and kidney carcinoma, showing a reduction in tumor mass but, above all, an increase
in survival superior to that achieved with chemotherapy alone [16–18]. Despite these
promising premises, a significant proportion of patients still do not respond to drugs, or
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they become resistant to them early on. Therefore, one of the most active “research sections”
at present is focused on understanding the factors responsible for such issues and/or
discovering elements that can help us bypass the problem. In this regard, much attention
has been paid to the microbiota, and particularly to the quota of SCFAs that it can generate.

4. Short-Chain Fatty Acids (SCFAs)

Short-chain fatty acids (SCFAs) are defined as fatty acids with fewer than six carbon
atoms. They are produced by the intestinal microbiota thanks to the ability of some bacterial
groups to ferment certain undigested and absorbed nutrients in the small intestine, such as
some carbohydrates with low or limited digestibility (polysaccharides, oligosaccharides,
fibers, inulin, etc.). They are degraded into monosaccharide residues through the enzymatic
action of certain bacterial groups, often associated with one another to increase fermentative
capacity (a phenomenon known as cross-feeding), and then catabolized to form a compound
called phospho-enol-pyruvate (PEP), a precursor of pyruvate and a determinant element
from which SCFAs, and in particular the three most important ones (acetate, propionate, and
butyrate), are derived through a series of complicated biochemical events [19] (Figure 2).
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Among the bacterial groups suitable for this function, and, in particular, for generating
butyrate (the short-chain fatty acid that we will extensively discuss in this work), the most
important are certainly the Firmicutes phyla, especially those of the Lachnospiraceae and
Ruminococcaceae genera, as they are capable of producing enzymes such as butyrate kinase
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and butyrate CoA transferase, which are responsible for the genesis of the majority of
compounds [20].

These butyrate-producing bacterial genera contribute to maintaining the health of our
microbiota, and among the strategies that can be adopted to promote intestinal wellbeing,
undoubtedly, there is nutrition, which is capable of influencing our intestinal microbiota.
In this regard, one of the most well-known dietary patterns is the Mediterranean diet,
universally considered healthy due to the vast majority of its applications. Its distinctive
features, including the use of olive oil, fish, and its abundance of fruits and vegetables,
make it functional in controlling the glycemic index, protecting against oxidative stress,
normalizing blood lipid levels, and contributing to reducing the incidence of cardiovascular
diseases and cancer [21]. Furthermore, its richness in fiber can contribute to increasing the
amount of SCFAs [22].

It is important to emphasize that these compounds are not produced in equal quan-
tities throughout the entire intestinal tract, varying enormously depending on the tract
considered. There is high production at the level of the proximal colon, decreasing pro-
portionally as one moves from the distal colon towards the rectum. This is because the
vast majority of undigested compounds in the small intestine will naturally be found
immediately after the ileocecal valve and, therefore, in the proximal colon, where most of
the fermentative action takes place and, consequently, where bacterial phyla capable of
carrying it out will be most represented [23].

After their formation, the fate of SCFAs, and particularly the three most important
ones, is not the same. Butyrate, in fact, is the main energy source for enterocytes, so it is
not surprising that a large part (~70%) of the amount absorbed by the intestinal barrier
remains at the level of colon cells, and only a portion of the compound passes into the
periphery. The destiny of propionate is different; after colonic absorption, it passes in large
quantities through the portal vein to the liver, where it carries out most of its functions,
contributing to reducing lipogenesis and lowering serum cholesterol levels; meanwhile,
acetate (the fatty acid produced in greater quantities) passes almost entirely to the liver and
then into the peripheral circulation [24]. However, despite the fact that only a small portion
of propionate and especially butyrate reaches the periphery and, thus, the organs, there
are numerous functions for which they are responsible. Butyrate, for example, plays an
important metabolic role by increasing fat oxidation and fasting and postprandial plasma
concentrations of PYY; evidence also suggests its role in improving insulin sensitivity [25].
Consequently, there are many problems in case of their absence or low production, with
many occuring during oncological treatments due to the decrease in bacterial phyla.

5. The Action of the Microbiota and Butyrate on Oncological Therapies

As highlighted in some of our previous publications, the impact of the microbiota on
various oncological therapies is now widely recognized, underscored by a fundamental
influence in terms of both therapy efficacy and the modulation of side effects [26].

In terms of conditioning effectiveness, we recall some of the most well-known exam-
ples related to chemotherapy, highlighting how the main way in which the microbiota alters
the response to a chemotherapeutic agent is through the induction of chemoresistance,
i.e., the ability of certain bacterial strains to modulate, transform, metabolize, or change
the chemotherapy agent itself, gradually reducing its effectiveness [27]. One of the most
well-known examples in this regard is related to gemcitabine and its early inactivation by
certain bacterial groups (in this case, proteobacteria). In this regard, a study published in
Science in 2017 [28] shows how resistance to chemotherapy treatment with gemcitabine in
patients with pancreatic cancer is more prevalent in those with a microbiota abnormally
rich in proteobacteria; it highlights how the restoration of microbial eubiosis, particularly
with a decrease in proteobacteria obtained through specific antibiotic therapy, increased
the therapeutic response and, thus, improved the prognosis of these subjects. Even more
significant and well known in this regard is the involvement of Fusobacterium nucleatum in
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chemoresistance in colorectal tumors, through the upregulation of autophagy [29,30], and,
thus, its impact on both the prognosis and the onset of the disease.

Even in terms of the toxicity of oncological treatments, the impact of the microbiota
is not negligible at all. One of the clearest pieces of evidence in this regard is the ability
of certain bacterial groups capable of producing a specific enzyme (β-glucuronidase) to
de-conjugate certain chemotherapeutic agents (such as irinotecan), making them ready for
post-treatment elimination, putting them back into circulation, and effectively increasing
their concentration and, therefore, their undesirable effects [31]. However, the most com-
prehensive example to understand the toxic effects induced by certain microbial regimes is
that related to chemotherapy-induced mucositis. Mucositis is a complication of various
oncological therapies, such as radiotherapy and chemotherapy [32]. It is characterized by
highly debilitating symptoms, such as nausea, abdominal cramps, bloating, and especially
high-grade diarrhea [33]. The presence, or rather the absence, of certain bacterial groups
(particularly those capable of producing SCFAs, especially butyrate) generates a microen-
vironment that directly (through the stimulation of particular receptors called TLR4) and
indirectly (by increasing bacterial permeability and, therefore, the translocation of Gram-
negative bacteria and LPS into circulation) favors the genesis of inflammatory and immune
processes responsible for the typical toxic effects of mucositis [34]. The release of LPS
induces an inflammatory response in the gastrointestinal tract, primarily mediated by the
activation of the NF-kB transcription factor and the subsequent release of pro-inflammatory
cytokines. This process also involves various immune cells, including macrophages and
dendritic cells, which detect and respond to the presence of LPS in the gastrointestinal tract.

In addition to chemotherapy and radiotherapy, numerous other oncological treatments
are now being used in the battle against these diseases. As highlighted earlier, the use
of immunotherapy is becoming increasingly common and valuable. Like the treatments
described previously, this scenario cannot and will not overlook our understanding of
the impact that the microbiota has on immunotherapeutic treatments and our ability to
modulate it.

6. The Action of the Microbiota and Butyrate on Immunotherapy

The impact of the gut microbiota on the response to CPIs has been primarily studied
in mice, with the publication of a couple of papers that later became reference points for
all scientific research in this field. In 2015, Sivian et al. [35] first demonstrated in Science
how the microbial composition, particularly the abundance of Bifidobacteria, influenced the
response to immune treatment with anti-PD-L1 (programmed death protein-1 ligand). In
the same year, Vetizou et al. [36] highlighted in Science how the abundance of Bacteroidetes
was crucial for the action of anti-CTLA-4 (cytotoxic T-lymphocyte antigen-4). These highly
important studies paved the way for a multitude of works on this specific target, all agreeing
on the role of the microbiota in patients undergoing immunotherapy [37–40]. Obviously,
the bacterial composition influences the treatment response based on its characteristics and
functions, and it appears quite evident that one of the fundamental and discriminating
elements for this influence is the level of SCFAs produced, particularly butyrate. Indeed,
among the many actions of butyrate [24] (e.g., action on the intestinal barrier, energy
production for enterocytes, participation in maintaining glycemic homeostasis, inhibition
of histone deacetylase (HDAC)), it also plays a crucial regulatory role in immune system
function and, thus, in the immune response to carcinogenic processes. Feitelson et al. [41]
suggested that SCFAs, particularly butyrate, can influence gene expression and cancer-
associated signaling pathways, promoting cellular differentiation and apoptosis in tumor
cells, as well as reducing the inflammation often associated with cancer development. There
is now abundant scientific evidence available regarding how disturbances in the intestinal
microbiota, particularly affecting the quota of butyrate-producing bacteria, impact both
intestinal pathophysiology and the genesis of significant inflammatory effects, contributing
to the onset of important pathologies, such as IBD [42], and the ability to maintain an active
and balanced immune response.
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Butyrate plays a crucial role in enhancing the innate immune response and inflamma-
tory response by promoting cellular activation and differentiation through its receptors
(GPR109, GPR41, and GPR43), particularly macrophage differentiation, increasing their
antitumor capacity [43]. These receptors are widely expressed in the myeloid cell popu-
lation, including macrophages. Particularly, butyrate is known to favor the activation of
M1 macrophages, with their potent immune action over M2 macrophages, which have
the opposite effect [44] (Figure 3). In addition to this effect on innate immunity, butyrate
has now demonstrated a fundamental impact on adaptive immunity as well; it has the
capacity to both promote the differentiation of T cells into regulatory T cells (Tregs), which
are important to maintaining immune homeostasis and suppressing excessive immune
responses, and directly increase the response mediated by T cells (CD8+), including an-
titumor activity [45–47]. Thus, butyrate can finely regulate the immune system. On the
other hand, myeloid-derived suppressor cells (MDSCs) are cells with immunosuppressive
activity that act by regulating immune cells such as T lymphocytes, Tregs, and macrophages.
Their elevated presence is associated with a poor response to immunotherapy.
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In summary, the action of our intestinal immune system is generally considered sup-
pressive, capable of maintaining the delicate balance between tolerance towards commensal
bacteria and intolerance towards pathogens, typically leaning towards the former con-
dition. This dual capacity appears increasingly linked to the presence of SCFAs. In fact,
the immunosuppressive mechanism is essential for maintaining intestinal homeostasis,
achieved through the production of IL-18 (an interleukin with a strong anti-inflammatory
and anticarcinogenic action), the activation of IL-10 (known as the interleukin of tolerance,
also with a strong anti-inflammatory action), and the generation of Tregs (regulatory T cells
of the immune response). All of this is facilitated by butyrate’s action on its specific receptor,
called GPR109A, which promotes anti-inflammatory activity and induces the release of
IL-18 in the colon epithelium. Interestingly, butyrate also participates in and regulates
the opposite action, i.e., intolerance towards pathogens; its presence allows the immune
system to recognize and eliminate non-self-pathogens by activating T cells (CD8+ T cells)
and regulating various pathways, such as HDAC, mTORC1, and Th17 [19] (Figure 4). All
of this confirms how, through these and other mechanisms, butyrate-producing bacteria
are closely related to the activity of the immune system, suggesting that their presence
during oncological immunotherapy treatments (aimed at activating and stimulating the
immune system against tumor cells) could indeed amplify the therapeutic response and,
thus, improve disease outcomes.
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regulation with increased levels of IFN-γ, and Treg regulation, consequently activating effector T
cells [48].

7. The Importance of Increasing Circulating Butyrate and Its Impact on Immunotherapy
in Oncological Treatments

As highlighted, it is obvious how our ability to increase the quota of SCFAs (and par-
ticularly butyrate) in our body could greatly help in enhancing the efficacy of immunother-
apeutic oncological treatments, which also exhibit a significant portion of non-responders
and important resistance phenomena [49,50]. As explained in the formation process, there
are essentially two ways to boost the amount of circulating butyric acid, both oh which are
focused on enhancing its natural production: The first approach, and perhaps the most
straightforward, involves stimulating increased production of this compound by providing
more fermentable material to the bacteria responsible for its synthesis. This can be achieved
through specific dietary choices, particularly by consuming foods rich in prebiotics [51,52].
Increasing the amount of fermentable material for butyrate production through the diet
might not be effective if there is a decrease in the specific bacterial groups responsible for
SCFA formation. Essentially, providing more “food” to these bacteria becomes pointless
when they are depleted due to ongoing cancer treatments.

Various applications have considered the use of nutraceuticals and probiotics for the
resolution of specific conditions, such as adjunct therapy in the eradication of Helicobacter
pylori [53] or adjunct therapy to conventional therapies for the treatment of diverticular
disease [54], demonstrating significant potential in the management of various digestive
problems and showing other innovative applications of adjunct therapies for respiratory,
gastric, and atopic diseases [55–58].
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At this point, the second approach to this issue involves modulating the microbiota to
enhance the presence of butyrate-producing bacterial groups, which is likely to be more
effective. This centers around our capacity to cultivate and consume probiotics specifically
designed for this purpose. These probiotics are bacterial strains that, when introduced into
our system, can establish themselves and generate enough SCFAs and butyrate. However,
the practical implementation of this idea faces significant challenges. Most bacteria suitable
for this task are delicate and challenging, if not impossible, to cultivate on a large scale.
Nevertheless, there are some notable exceptions, with one of the most prominent being
the bacterial genus “Clostridium butyricum”, specifically the strain known as CBM588
(Clostridium butyricum MIYAIRI 588), which appears to be well suited for this task [59,60].
This is one of the most extensively studied strains due to its versatility, and it currently
represents the only cultivable and usable strain due to the volume of data confirming its
safety. Clostridium butyricum 588 is a widely recognized beneficial symbiotic bacterium,
Gram-positive butyrate producer, and obligate anaerobe capable of forming spores; it is
commonly found in numerous environments, with a notable presence in soil. Clostridium
butyricum CBM588 demonstrates remarkable beneficial properties due to the production of
short-chain fatty acids (SCFAs), particularly butyric acid; it has been the subject of extensive
studies in the field of oncology for its ability to improve intestinal health, increase treatment
tolerability, and reduce toxicity. Additionally, it can enhance the host’s immune system and
promote the growth of beneficial bacteria, such as Bifidobacteria [26,61].

CBM588 is detectable in approximately 20% of adults [62] and is obviously present
at the colonic level, where it ferments undigested carbohydrates, producing butyric acid.
Extensive scientific research exists regarding this bacterium, as it is already extensively
utilized in Eastern countries such as Japan, Korea, and China as a safe and effective treat-
ment for various gastrointestinal issues, especially stubborn diarrhea and colitis induced
by antibiotics [63]. CBM588 exhibits typical beneficial traits of a butyrate-producing bac-
terium, including promoting mucin production for intestinal wall protection, enhancing
tight junctions (which are crucial in preventing diarrhea), and regulating inflammatory and
immune responses [64].

8. The Clinical Action on Immunotherapy

The relationship existing between a certain type of microbiota and the efficacy of
oncological immunotherapy is now a scientifically consolidated fact. There have been
numerous reviews, as mentioned above, confirming how the response to immunother-
apy is strongly dependent on the quota of butyrate-producing bacteria and circulating
butyrate present [65]. One of the most important works in this sense was published by
Frenkel et al. in 2019 [38], where the microbiota–immunotherapy relationship was certified
and the main bacterial groups that correlated with an increase in immunotherapeutic
action were identified, all of which were practically butyrate-producing bacteria (Table 1).
The following year, in JAMA Network Open, Nomura et al. highlighted how among pa-
tients treated with nivolumab and pembrolizumab for various solid tumors, those who
responded to treatment had a much higher concentration of SCFAs compared to non-
responders, particularly their butyrate quota, which was more than double [66]. Many
types of tumors were explored in these studies, highlighting how butyrate activity can
transversely increase the efficacy of immunotherapy in various oncological contexts and
stages. In 2018, Gopalakrishnan demonstrated how patients with melanoma undergo-
ing immunotherapy treatment responded very differently depending on their microbial
composition. Specifically, responders had a microbiota rich in some of the major butyrate
producers, while non-responders carried an “unfavorable” microbiota mainly composed of
Bacteroidales [67]. This work followed and confirmed the findings of the one published the
previous year with ipilimumab (anti-CTLA-4) in patients with metastatic melanoma, where
the response to therapy differed depending on the presence or absence of a “favorable”
microbiota [68]. Melanoma is not the only tumor to have been studied in this regard and
shown to be sensitive to circulating butyrate levels. In 2022, an important randomized study
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was published in Nature Medicine, comparing the efficacy of immunotherapy treatment
(nivolumab and ipilimumab) with butyrate supplementation through the administration
of a probiotic containing Clostridium butyricum (a butyrate-producing bacterial strain) vs.
placebo in patients with metastatic renal carcinoma [69]. Analogous results have also been
published on lung carcinoma [70].

Table 1. Bacterial species associated with improved treatment with CPIs [38].

Cancer Type ICT Bacterial Species

Melanoma Anti-CTLA-4
Faecalibacterium prausnitzii 12-6, Gemmiger formicilis

ATCC27749, butyrate-producing bacteria SS2-1,
Ruminococcus, Lachnospiraceae, Clostridium XIVa, Blautia

Melanoma Anti-PD1 + anti-CTLA-4 Faecalibacterium prausnitzii, Bacteroides thetaiotamicron,
Holdemania filiformis, Bacteroides caccae

Melanoma Anti-PD1
Faecalibacterium prausnitzii, Ruminococcus bromii,

Porphyromonas pasteri, Clostridium hungati,
Phascolarctobacterium faecium

Melanoma Anti-PD1

Enterococcus faecium, Collinsella aerofacients,
Bifidobacterium adolescentis, Klebsiella pneumoniae,

Veillonella parvula, Parabacteroides merde, Lactobacillus sp.,
Bifidobacterium longum

NSCLC, RCC Anti-PD1

Akkermansia muciniphila, Lachnospiraceae,
Erisypelotrichaceae lacteria 5-2-64, Enterococus faevium,

Alistipes indistinctus, Bacteroidaceae, Bacteroides
xylanisolvens, Bacteroides nordii

Abbreviations: ICT, immune checkpoint inhibitor therapy; CTLA, cytotoxic T-lymphocyte-associated protein 4;
PD1, programmed death receptor-1; NSCLC, non-small-cell lung carcinoma; RCC, renal cell carcinoma.

9. Future Strategies

Based on what has been discussed, it is clear that oncological immunotherapy is
strongly influenced by the composition of the patient’s microbiota, and that this can be
exploited in predictive terms (knowing in advance which patients are likely to respond
better to immunotherapy), as a sort of oncotype for immunotherapy, and in prognostic
terms, since our ability to interfere with or modulate the microbiota can influence the
clinical outcome. In this regard, many preclinical studies have shown that fecal micro-
biota transplantation (FMT) from responder animals to non-responder animals was able
to improve the outcomes of the latter [67], and the first studies on patients are beginning
to become available [71]. However, while FMT is still considered to be a somewhat com-
plicated and difficult technique to execute, at least for large numbers of patients, the level
of circulating butyrate can be increased through a couple of clinically feasible strategies:
by using suitable prebiotics to modulate the microbiota in a eubiotic direction, favoring
the implantation and colonization of symbiotic bacteria and/or SCFA producers [51,52],
or by directly administering butyrate-producing bacteria. In this sense, the presence of
CBM588 provides us with a tool that is easy to use, is effective, and is safe with regard to
improving the response of oncological patients [59,60]. As already highlighted in one of
our recent publications [61], CBM588 finds a natural place in clinical oncological practice,
particularly in reducing the side effects of chemoradiotherapy (primarily mucositis and
subsequent diarrhea), but its qualities in stimulating and activating the immune system also
make it an ideal compound for attempting to increase the effectiveness of these treatments.
Indeed, its undeniable ability to act protectively towards the intestinal barrier and thus
provide a “favorable” microbiota, along with its high capacity for butyrate production, the
stimulation of particular bacterial groups fundamental for immune activity (e.g., Bifidobac-
teria), and direct immunoregulatory and immunostimulatory action potentially, make it the
ideal compound for this purpose, able to be administered both before starting oncological
treatment and during the treatment in case of non-response.



Microorganisms 2024, 12, 1235 11 of 14

Author Contributions: Conceptualization, A.B. and C.M.P.; methodology, G.B.Z. and C.M.P.; vali-
dation, M.C. (Massimiliano Cazzaniga) and F.D.P.; formal analysis, M.C. (Marco Cardinali) and
A.G.; investigation, A.B., C.M.P., and G.B.Z.; resources, A.B., M.R.M., and I.C.; data curation,
M.C. (Massimiliano Cazzaniga), F.D.P., and M.C. (Marco Cardinali); writing—original draft prepa-
ration, A.B., C.M.P., and G.B.Z.; writing—review and editing, A.B., C.M.P., G.B.Z., A.G., I.C., and
M.R.M.; visualization, M.C. (Massimiliano Cazzaniga), F.D.P., N.Z., L.G., and A.B.; supervision, A.B.,
A.G., L.G., N.Z., and I.C.; project administration, A.B. and I.C. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: F.D.P. belongs to the scientific board of the company that markets CBM588 in
Italy. M.C. (Massimiliano Cazzaniga) and A.B. are scientific advisors to the company that markets
CBM588 in Italy. The remaining authors declare that this research was conducted in the absence of
any commercial or financial relationships that could be construed as potential conflicts of interest.

References
1. Falzone, L.; Salomone, S.; Libra, M. Evolution of Cancer Pharmacological Treatments at the Turn of the Third Millennium. Front.

Pharmacol. 2018, 9, 1300. [CrossRef]
2. Zhang, Y.; Zhang, Z. The History and Advances in Cancer Immunotherapy: Understanding the Characteristics of Tumor-

Infiltrating Immune Cells and Their Therapeutic Implications. Cell. Mol. Immunol. 2020, 17, 807–821. [CrossRef]
3. Roy, S.; Trinchieri, G. Microbiota: A Key Orchestrator of Cancer Therapy. Nat. Rev. Cancer 2017, 17, 271–285. [CrossRef]
4. Choudhry, H. The Microbiome and Its Implications in Cancer Immunotherapy. Molecules 2021, 26, 206. [CrossRef]
5. Sun, J.; Chen, S.; Zang, D.; Sun, H.; Sun, Y.; Chen, J. Butyrate as a Promising Therapeutic Target in Cancer: From Pathogenesis to

Clinic (Review). Int. J. Oncol. 2024, 64, 44. [CrossRef]
6. Parkin, J.; Cohen, B. An Overview of the Immune System. Lancet 2001, 357, 1777–1789. [CrossRef]
7. Lin, B.; Du, L.; Li, H.; Zhu, X.; Cui, L.; Li, X. Tumor-Infiltrating Lymphocytes: Warriors Fight against Tumors Powerfully. Biomed.

Pharmacother. 2020, 132, 110873. [CrossRef]
8. Whiteside, T.L. Tumor-Infiltrating Lymphocytes and Their Role in Solid Tumor Progression. In Interaction of Immune and Cancer

Cells; Klink, M., Szulc-Kielbik, I., Eds.; Experientia Supplementum; Springer International Publishing: Cham, Switzerland, 2022;
Volume 113, pp. 89–106. ISBN 978-3-030-91310-6.

9. Zhang, L.; Conejo-Garcia, J.R.; Katsaros, D.; Gimotty, P.A.; Massobrio, M.; Regnani, G.; Makrigiannakis, A.; Gray, H.; Schlienger,
K.; Liebman, M.N.; et al. Intratumoral T Cells, Recurrence, and Survival in Epithelial Ovarian Cancer. N. Engl. J. Med. 2003, 348,
203–213. [CrossRef]

10. Mahmoud, S.M.A.; Paish, E.C.; Powe, D.G.; Macmillan, R.D.; Grainge, M.J.; Lee, A.H.S.; Ellis, I.O.; Green, A.R. Tumor-Infiltrating
CD8+ Lymphocytes Predict Clinical Outcome in Breast Cancer. J. Clin. Oncol. 2011, 29, 1949–1955. [CrossRef]

11. Efil, S.C.; Guner, G.; Guven, D.C.; Celikten, B.; Celebiyev, E.; Taban, H.; Akyol, A.; Isik, A.; Kilickap, S.; Yalcin, S.; et al. Prognostic
and Predictive Value of Tumor Infiltrating Lymphocytes in Combination with Systemic Inflammatory Markers in Colon Cancer.
Clin. Res. Hepatol. Gastroenterol. 2023, 47, 102171. [CrossRef]

12. Munari, E.; Marconi, M.; Querzoli, G.; Lunardi, G.; Bertoglio, P.; Ciompi, F.; Tosadori, A.; Eccher, A.; Tumino, N.; Quatrini, L.; et al.
Impact of PD-L1 and PD-1 Expression on the Prognostic Significance of CD8+ Tumor-Infiltrating Lymphocytes in Non-Small Cell
Lung Cancer. Front. Immunol. 2021, 12, 680973. [CrossRef]

13. Vinay, D.S.; Ryan, E.P.; Pawelec, G.; Talib, W.H.; Stagg, J.; Elkord, E.; Lichtor, T.; Decker, W.K.; Whelan, R.L.; Kumara, H.M.C.S.;
et al. Immune Evasion in Cancer: Mechanistic Basis and Therapeutic Strategies. Semin. Cancer Biol. 2015, 35, S185–S198. [CrossRef]

14. Granier, C.; De Guillebon, E.; Blanc, C.; Roussel, H.; Badoual, C.; Colin, E.; Saldmann, A.; Gey, A.; Oudard, S.; Tartour, E.
Mechanisms of Action and Rationale for the Use of Checkpoint Inhibitors in Cancer. ESMO Open 2017, 2, e000213. [CrossRef]

15. Tan, A.C.; Bagley, S.J.; Wen, P.Y.; Lim, M.; Platten, M.; Colman, H.; Ashley, D.M.; Wick, W.; Chang, S.M.; Galanis, E.; et al.
Systematic Review of Combinations of Targeted or Immunotherapy in Advanced Solid Tumors. J. Immunother. Cancer 2021,
9, e002459. [CrossRef]

16. Petrova, V.; Arkhypov, I.; Weber, R.; Groth, C.; Altevogt, P.; Utikal, J.; Umansky, V. Modern Aspects of Immunotherapy with
Checkpoint Inhibitors in Melanoma. Int. J. Mol. Sci. 2020, 21, 2367. [CrossRef]

17. Giri, A.; Walia, S.; Gajra, A. Clinical Trials Investigating Immune Checkpoint Inhibitors in Non-Small-Cell Lung Cancer. Rev.
Recent Clin. Trials 2016, 11, 297–305. [CrossRef]

18. Lavacchi, D.; Pellegrini, E.; Palmieri, V.E.; Doni, L.; Mela, M.M.; Di Maida, F.; Amedei, A.; Pillozzi, S.; Carini, M.; Antonuzzo, L.
Immune Checkpoint Inhibitors in the Treatment of Renal Cancer: Current State and Future Perspective. Int. J. Mol. Sci. 2020,
21, 4691. [CrossRef]

19. Koh, A.; De Vadder, F.; Kovatcheva-Datchary, P.; Bäckhed, F. From Dietary Fiber to Host Physiology: Short-Chain Fatty Acids as
Key Bacterial Metabolites. Cell 2016, 165, 1332–1345. [CrossRef]

https://doi.org/10.3389/fphar.2018.01300
https://doi.org/10.1038/s41423-020-0488-6
https://doi.org/10.1038/nrc.2017.13
https://doi.org/10.3390/molecules26010206
https://doi.org/10.3892/ijo.2024.5632
https://doi.org/10.1016/S0140-6736(00)04904-7
https://doi.org/10.1016/j.biopha.2020.110873
https://doi.org/10.1056/NEJMoa020177
https://doi.org/10.1200/JCO.2010.30.5037
https://doi.org/10.1016/j.clinre.2023.102171
https://doi.org/10.3389/fimmu.2021.680973
https://doi.org/10.1016/j.semcancer.2015.03.004
https://doi.org/10.1136/esmoopen-2017-000213
https://doi.org/10.1136/jitc-2021-002459
https://doi.org/10.3390/ijms21072367
https://doi.org/10.2174/1574887111666160724181330
https://doi.org/10.3390/ijms21134691
https://doi.org/10.1016/j.cell.2016.05.041


Microorganisms 2024, 12, 1235 12 of 14

20. Reichardt, N.; Duncan, S.H.; Young, P.; Belenguer, A.; McWilliam Leitch, C.; Scott, K.P.; Flint, H.J.; Louis, P. Phylogenetic
Distribution of Three Pathways for Propionate Production within the Human Gut Microbiota. ISME J. 2014, 8, 1323–1335.
[CrossRef]

21. Bertuccioli, A.; Ninfali, P. The Mediterranean Diet in the Era of Globalization: The Need to Support Knowledge of Healthy
Dietary Factors in the New Socio-Economical Framework. Mediterr. J. Nutr. Metab. 2014, 7, 75–86. [CrossRef]

22. Fusco, W.; Lorenzo, M.B.; Cintoni, M.; Porcari, S.; Rinninella, E.; Kaitsas, F.; Lener, E.; Mele, M.C.; Gasbarrini, A.; Collado, M.C.;
et al. Short-Chain Fatty-Acid-Producing Bacteria: Key Components of the Human Gut Microbiota. Nutrients 2023, 15, 2211.
[CrossRef]

23. Huazano-García, A.; López, M.G. Agavins Reverse the Metabolic Disorders in Overweight Mice through the Increment of Short
Chain Fatty Acids and Hormones. Food Funct. 2015, 6, 3720–3727. [CrossRef]

24. Blaak, E.E.; Canfora, E.E.; Theis, S.; Frost, G.; Groen, A.K.; Mithieux, G.; Nauta, A.; Scott, K.; Stahl, B.; Van Harsselaar, J.; et al.
Short Chain Fatty Acids in Human Gut and Metabolic Health. Benef. Microbes 2020, 11, 411–455. [CrossRef]

25. Coppola, S.; Avagliano, C.; Calignano, A.; Berni Canani, R. The Protective Role of Butyrate against Obesity and Obesity-Related
Diseases. Molecules 2021, 26, 682. [CrossRef]

26. Cazzaniga, M.; Zonzini, G.B.; Di Pierro, F.; Palazzi, C.M.; Cardinali, M.; Bertuccioli, A. Influence of the Microbiota on the
Effectiveness and Toxicity of Oncological Therapies, with a Focus on Chemotherapy. Pathol. Oncol. Res. 2023, 29, 1611300.
[CrossRef]

27. Algrafi, A.S.; Jamal, A.A.; Ismaeel, D.M. Microbiota as a New Target in Cancer Pathogenesis and Treatment. Cureus 2023,
15, e47072. [CrossRef]

28. 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]

29. Li, Y.-J.; Lei, Y.-H.; Yao, N.; Wang, C.-R.; Hu, N.; Ye, W.-C.; Zhang, D.-M.; Chen, Z.-S. Autophagy and Multidrug Resistance in
Cancer. Chin. J. Cancer 2017, 36, 52. [CrossRef]

30. Yu, T.; Guo, F.; Yu, Y.; Sun, T.; Ma, D.; Han, J.; Qian, Y.; Kryczek, I.; Sun, D.; Nagarsheth, N.; et al. Fusobacterium Nucleatum
Promotes Chemoresistance to Colorectal Cancer by Modulating Autophagy. Cell 2017, 170, 548–563. [CrossRef]

31. Yue, B.; Gao, R.; Wang, Z.; Dou, W. Microbiota-Host-Irinotecan Axis: A New Insight Toward Irinotecan Chemotherapy. Front.
Cell. Infect. Microbiol. 2021, 11, 710945. [CrossRef]

32. Jasiewicz, F.; Qurban, Z.; Hughes, C. Treatment-Induced Mucositis in Oncology. Br. J. Hosp. Med. 2022, 83, 1–8. [CrossRef]
33. Keefe, D.M.K.; Gibson, R.J.; Hauer-Jensen, M. Gastrointestinal Mucositis. Semin. Oncol. Nurs. 2004, 20, 38–47. [CrossRef]
34. Van Vliet, M.J.; Harmsen, H.J.M.; De Bont, E.S.J.M.; Tissing, W.J.E. The Role of Intestinal Microbiota in the Development and

Severity of Chemotherapy-Induced Mucositis. PLoS Pathog. 2010, 6, e1000879. [CrossRef]
35. Sivan, A.; Corrales, L.; Hubert, N.; Williams, J.B.; Aquino-Michaels, K.; Earley, Z.M.; Benyamin, F.W.; Man Lei, Y.; Jabri, B.; Alegre,

M.-L.; et al. Commensal Bifidobacterium Promotes Antitumor Immunity and Facilitates Anti–PD-L1 Efficacy. Science 2015, 350,
1084–1089. [CrossRef]

36. Vétizou, M.; Pitt, J.M.; Daillère, R.; Lepage, P.; Waldschmitt, N.; Flament, C.; Rusakiewicz, S.; Routy, B.; Roberti, M.P.; Duong,
C.P.M.; et al. Anticancer Immunotherapy by CTLA-4 Blockade Relies on the Gut Microbiota. Science 2015, 350, 1079–1084.
[CrossRef]

37. 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]

38. Frankel, A.E.; Deshmukh, S.; Reddy, A.; Lightcap, J.; Hayes, M.; McClellan, S.; Singh, S.; Rabideau, B.; Glover, T.G.; Roberts, B.;
et al. Cancer Immune Checkpoint Inhibitor Therapy and the Gut Microbiota. Integr. Cancer Ther. 2019, 18, 153473541984637.
[CrossRef]

39. Matson, V.; Chervin, C.S.; Gajewski, T.F. Cancer and the Microbiome—Influence of the Commensal Microbiota on Cancer, Immune
Responses, and Immunotherapy. Gastroenterology 2021, 160, 600–613. [CrossRef]

40. Routy, B.; Gopalakrishnan, V.; Daillère, R.; Zitvogel, L.; Wargo, J.A.; Kroemer, G. The Gut Microbiota Influences Anticancer
Immunosurveillance and General Health. Nat. Rev. Clin. Oncol. 2018, 15, 382–396. [CrossRef]

41. Feitelson, M.A.; Arzumanyan, A.; Medhat, A.; Spector, I. Short-Chain Fatty Acids in Cancer Pathogenesis. Cancer Metastasis Rev.
2023, 42, 677–698. [CrossRef]

42. Ariyoshi, T.; Hagihara, M.; Takahashi, M.; Mikamo, H. Effect of Clostridium butyricum on Gastrointestinal Infections. Biomedicines
2022, 10, 483. [CrossRef]

43. Schulthess, J.; Pandey, S.; Capitani, M.; Rue-Albrecht, K.C.; Arnold, I.; Franchini, F.; Chomka, A.; Ilott, N.E.; Johnston, D.G.W.;
Pires, E.; et al. The Short Chain Fatty Acid Butyrate Imprints an Antimicrobial Program in Macrophages. Immunity 2019, 50,
432–445. [CrossRef]

44. Huang, C.; Du, W.; Ni, Y.; Lan, G.; Shi, G. The Effect of Short-Chain Fatty Acids on M2 Macrophages Polarization in Vitro and in
Vivo. Clin. Exp. Immunol. 2022, 207, 53–64. [CrossRef]

45. Smith, P.M.; Howitt, M.R.; Panikov, N.; Michaud, M.; Gallini, C.A.; Bohlooly, Y.M.; Glickman, J.N.; Garrett, W.S. The Microbial
Metabolites, Short-Chain Fatty Acids, Regulate Colonic Treg Cell Homeostasis. Science 2013, 341, 569–573. [CrossRef]

https://doi.org/10.1038/ismej.2014.14
https://doi.org/10.3233/MNM-140008
https://doi.org/10.3390/nu15092211
https://doi.org/10.1039/C5FO00830A
https://doi.org/10.3920/BM2020.0057
https://doi.org/10.3390/molecules26030682
https://doi.org/10.3389/pore.2023.1611300
https://doi.org/10.7759/cureus.47072
https://doi.org/10.1126/science.aah5043
https://doi.org/10.1186/s40880-017-0219-2
https://doi.org/10.1016/j.cell.2017.07.008
https://doi.org/10.3389/fcimb.2021.710945
https://doi.org/10.12968/hmed.2022.0324
https://doi.org/10.1053/j.soncn.2003.10.007
https://doi.org/10.1371/journal.ppat.1000879
https://doi.org/10.1126/science.aac4255
https://doi.org/10.1126/science.aad1329
https://doi.org/10.1016/j.ccell.2018.03.015
https://doi.org/10.1177/1534735419846379
https://doi.org/10.1053/j.gastro.2020.11.041
https://doi.org/10.1038/s41571-018-0006-2
https://doi.org/10.1007/s10555-023-10117-y
https://doi.org/10.3390/biomedicines10020483
https://doi.org/10.1016/j.immuni.2018.12.018
https://doi.org/10.1093/cei/uxab028
https://doi.org/10.1126/science.1241165


Microorganisms 2024, 12, 1235 13 of 14

46. Malczewski, A.B.; Navarro, S.; Coward, J.I.; Ketheesan, N. Microbiome-Derived Metabolome as a Potential Predictor of Response
to Cancer Immunotherapy. J. Immunother. Cancer 2020, 8, e001383. [CrossRef]

47. Luu, M.; Riester, Z.; Baldrich, A.; Reichardt, N.; Yuille, S.; Busetti, A.; Klein, M.; Wempe, A.; Leister, H.; Raifer, H.; et al. Microbial
Short-Chain Fatty Acids Modulate CD8+ T Cell Responses and Improve Adoptive Immunotherapy for Cancer. Nat. Commun.
2021, 12, 4077. [CrossRef]

48. Jianmin, W.; Wang, S.; Zheng, B.; Qiu, X.; Wang, H.; Chen, L. Modulation of Gut Microbiota to Enhance Effect of Checkpoint
Inhibitor Immunotherapy. Front. Immunol. 2021, 12, 669150. [CrossRef]

49. Vesely, M.D.; Zhang, T.; Chen, L. Resistance Mechanisms to Anti-PD Cancer Immunotherapy. Annu. Rev. Immunol. 2022, 40,
45–74. [CrossRef]

50. Bashash, D.; Zandi, Z.; Kashani, B.; Pourbagheri-Sigaroodi, A.; Salari, S.; Ghaffari, S.H. Resistance to Immunotherapy in Human
Malignancies: Mechanisms, Research Progresses, Challenges, and Opportunities. J. Cell. Physiol. 2022, 237, 346–372. [CrossRef]

51. Gibson, G.R.; Hutkins, R.; Sanders, M.E.; Prescott, S.L.; Reimer, R.A.; Salminen, S.J.; Scott, K.; Stanton, C.; Swanson, K.S.; Cani,
P.D.; et al. Expert Consensus Document: The International Scientific Association for Probiotics and Prebiotics (ISAPP) Consensus
Statement on the Definition and Scope of Prebiotics. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 491–502. [CrossRef]

52. Schneider, S.; Girardpipau, F.; Anty, R.; Vanderlinde, E.; Philipsengeerling, B.; Knol, J.; Filippi, J.; Arab, K.; Hebuterne, X. Effects
of Total Enteral Nutrition Supplemented with a Multi-Fibre Mix on Faecal Short-Chain Fatty Acids and Microbiota. Clin. Nutr.
2006, 25, 82–90. [CrossRef]

53. Di Pierro, F.; Bertuccioli, A.; Saponara, M.; Ivaldi, L. Impact of a Two-Bacterial-Strain Formula, Containing Bifidobacterium
Animalis Lactis BB-12 and Enterococcus Faecium L3, Administered before and after Therapy for Helicobacter Pylori Eradication.
Minerva Gastroenterol. Dietol. 2020, 66, 117–123. [CrossRef]

54. Di Pierro, F.; Bertuccioli, A.; Pane, M.; Ivaldi, L. Effects of Rifaximin-Resistant Bifidobacterium Longum W11 in Subjects with
Symptomatic Uncomplicated Diverticular Disease Treated with Rifaximin. Minerva Gastroenterol. Dietol. 2020, 65, 259–264.
[CrossRef]

55. Di Pierro, F.; Iqtadar, S.; Mumtaz, S.U.; Bertuccioli, A.; Recchia, M.; Zerbinati, N.; Khan, A. Clinical Effects of Streptococcus
Salivarius K12 in Hospitalized COVID-19 Patients: Results of a Preliminary Study. Microorganisms 2022, 10, 1926. [CrossRef]

56. Di Pierro, F.; Bertuccioli, A.; Giuberti, R.; Saponara, M.; Ivaldi, L. Role of a Berberine-Based Nutritional Supplement in Reducing
Diarrhea in Subjects with Functional Gastrointestinal Disorders. Minerva Gastroenterol. Dietol. 2020, 66, 29–34. [CrossRef]

57. Di Pierro, F.; Khan, A.; Iqtadar, S.; Mumtaz, S.U.; Chaudhry, M.N.A.; Bertuccioli, A.; Derosa, G.; Maffioli, P.; Togni, S.; Riva, A.;
et al. Quercetin as a Possible Complementary Agent for Early-Stage COVID-19: Concluding Results of a Randomized Clinical
Trial. Front. Pharmacol. 2023, 13, 1096853. [CrossRef]

58. Bellomo, A.R.; Rotondi, G.; Rago, P.; Bloise, S.; Di Ruzza, L.; Zingoni, A.; Di Valerio, S.; Valzano, E.; Di Pierro, F.; Cazzaniga, M.;
et al. Effect of Bifidobacterium Bifidum Supplementation in Newborns Born from Cesarean Section on Atopy, Respiratory Tract
Infections, and Dyspeptic Syndromes: A Multicenter, Randomized, and Controlled Clinical Trial. Microorganisms 2024, 12, 1093.
[CrossRef]

59. Grenda, T.; Grenda, A.; Domaradzki, P.; Krawczyk, P.; Kwiatek, K. Probiotic Potential of Clostridium spp.—Advantages and
Doubts. Curr. Issues Mol. Biol. 2022, 44, 3118–3130. [CrossRef]

60. Stoeva, M.K.; Garcia-So, J.; Justice, N.; Myers, J.; Tyagi, S.; Nemchek, M.; McMurdie, P.J.; Kolterman, O.; Eid, J. Butyrate-Producing
Human Gut Symbiont, Clostridium butyricum, and Its Role in Health and Disease. Gut Microbes 2021, 13, 1907272. [CrossRef]

61. Cazzaniga, M.; Cardinali, M.; Di Pierro, F.; Zonzini, G.B.; Palazzi, C.M.; Gregoretti, A.; Zerbinati, N.; Guasti, L.; Bertuccioli, A.
The Potential Role of Probiotics, Especially Butyrate Producers, in the Management of Gastrointestinal Mucositis Induced by
Oncologic Chemo-Radiotherapy. Int. J. Mol. Sci. 2024, 25, 2306. [CrossRef]

62. Hentges, D.J. Human Intestnl Microflorain Hlth & Disease; Elsevier Science: St. Louis, MO, USA, 2014; ISBN 978-0-323-13866-6.
63. Zhang, Z.; Zhang, H.; Chen, T.; Shi, L.; Wang, D.; Tang, D. Regulatory Role of Short-Chain Fatty Acids in Inflammatory Bowel

Disease. Cell Commun. Signal. 2022, 20, 64. [CrossRef]
64. Yao, Y.; Cai, X.; Fei, W.; Ye, Y.; Zhao, M.; Zheng, C. The Role of Short-Chain Fatty Acids in Immunity, Inflammation and

Metabolism. Crit. Rev. Food Sci. Nutr. 2022, 62, 1–12. [CrossRef]
65. Siddiqui, M.T.; Cresci, G.A. The Immunomodulatory Functions of Butyrate. J. Inflamm. Res. 2021, 14, 6025–6041. [CrossRef]
66. Nomura, M.; Nagatomo, R.; Doi, K.; Shimizu, J.; Baba, K.; Saito, T.; Matsumoto, S.; Inoue, K.; Muto, M. Association of Short-Chain

Fatty Acids in the Gut Microbiome With Clinical Response to Treatment With Nivolumab or Pembrolizumab in Patients With
Solid Cancer Tumors. JAMA Netw. Open 2020, 3, e202895. [CrossRef]

67. 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]

68. Chaput, N.; Lepage, P.; Coutzac, C.; Soularue, E.; Le Roux, K.; Monot, C.; Boselli, L.; Routier, E.; Cassard, L.; Collins, M.; et al.
Baseline Gut Microbiota Predicts Clinical Response and Colitis in Metastatic Melanoma Patients Treated with Ipilimumab. Ann.
Oncol. 2017, 28, 1368–1379. [CrossRef]

69. Dizman, N.; Meza, L.; Bergerot, P.; Alcantara, M.; Dorff, T.; Lyou, Y.; Frankel, P.; Cui, Y.; Mira, V.; Llamas, M.; et al. Nivolumab
plus Ipilimumab with or without Live Bacterial Supplementation in Metastatic Renal Cell Carcinoma: A Randomized Phase 1
Trial. Nat. Med. 2022, 28, 704–712. [CrossRef]

https://doi.org/10.1136/jitc-2020-001383
https://doi.org/10.1038/s41467-021-24331-1
https://doi.org/10.3389/fimmu.2021.669150
https://doi.org/10.1146/annurev-immunol-070621-030155
https://doi.org/10.1002/jcp.30575
https://doi.org/10.1038/nrgastro.2017.75
https://doi.org/10.1016/j.clnu.2005.09.006
https://doi.org/10.23736/S1121-421X.19.02651-5
https://doi.org/10.23736/S1121-421X.19.02622-9
https://doi.org/10.3390/microorganisms10101926
https://doi.org/10.23736/S1121-421X.19.02649-7
https://doi.org/10.3389/fphar.2022.1096853
https://doi.org/10.3390/microorganisms12061093
https://doi.org/10.3390/cimb44070215
https://doi.org/10.1080/19490976.2021.1907272
https://doi.org/10.3390/ijms25042306
https://doi.org/10.1186/s12964-022-00869-5
https://doi.org/10.1080/10408398.2020.1854675
https://doi.org/10.2147/JIR.S300989
https://doi.org/10.1001/jamanetworkopen.2020.2895
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1093/annonc/mdx108
https://doi.org/10.1038/s41591-022-01694-6


Microorganisms 2024, 12, 1235 14 of 14

70. Tomita, Y.; Ikeda, T.; Sakata, S.; Saruwatari, K.; Sato, R.; Iyama, S.; Jodai, T.; Akaike, K.; Ishizuka, S.; Saeki, S.; et al. Association of
Probiotic Clostridium butyricum Therapy with Survival and Response to Immune Checkpoint Blockade in Patients with Lung
Cancer. Cancer Immunol. Res. 2020, 8, 1236–1242. [CrossRef]

71. Routy, B.; Lenehan, J.G.; Miller, W.H.; Jamal, R.; Messaoudene, M.; Daisley, B.A.; Hes, C.; Al, K.F.; Martinez-Gili, L.; Punčochář,
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