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ABSTRACT

For patients with metastatic melanoma,
immunotherapy agents represent a promising
treatment option, and researchers are actively
seeking to identify factors that may predict a
favorable response in patients. Recent studies
have elucidated possible associations between
the gut microbiome and the effects of
immunotherapy, where variations in the gut
microbiome may influence treatment response
and frequency of adverse effects. In this clinical
review, we describe the current literature related
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to the gut microbiome in the setting of
immunotherapy, and we provide an overview of
interventions under investigation that may
modulate the gut microbiome. These interven-
tions include fecal microbiota transplantation,
probiotics, and dietary modifications.
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Key Summary Points

For patients with metastatic melanoma,
current standard treatment options
include the following immunotherapy
classes: anti-programmed cell death 1
(anti-PD-1), anti-programmed death-
ligand 1 (anti-PD-L1) [S], and anti-
cytotoxic T-lymphocyte-associated
antigen 4 (anti-CTLA-4).

Recent studies have shown increasing
evidence that the gut microbiome may
influence the anti-tumor effects of
immunotherapy and that modulation of
the gut microbiome may enhance or
impair patient response to
immunotherapy.

There has been ongoing research
evaluating interventions (e.g., fecal
microbiota transplantation, probiotics,
dietary modifications) to alter the gut
microbiota in order to optimize
immunotherapy response rates in
patients.

INTRODUCTION

The human microbiome plays a critical role in
human health and disease and comprises the
collection of microorganisms that inhabit the
surface of the body’s epithelium [1]. The gut
microbiome, the largest microbiome in the
human body, contains approximately 3 x 10'3
bacteria [4]. Variations in the composition of
the gut microbiome can influence physiologic
functions such as metabolism, inflammation,
and innate and acquired immunity [1]. Collec-
tively, the human microbiome may also influ-
ence cancer initiation, progression, and
treatment response including response to
immunotherapy [2].

Immunotherapy agents, also referred to as
immune checkpoint inhibitors (ICIs) or
immune checkpoint blockade therapeutics

Table 1 Common immunotherapy agents for the treat-
ment of metastatic melanoma

Immunotherapy Immunotherapy Mechanism of
class agents action
Anti-PD-1 Pembrolizumab ~ Monoclonal
Nivolumab antibody that
inhibits PD-1
Cemiplimab .
activity by
Dostarlimab binding to the
PD-1 receptor
on T cells to
block ligands
PD-LI1 and
PD-L2 from
binding [5]
Anti-PD-L1 Atezolizumab Monoclonal
Avelumab antibody that
binds to PD-L1
Durvalumab
on tumor cells
and prevents it
from binding to
PD-1 on T cells
(5]
Anti-CTLA4 Ipilimumab Monoclonal

antibody that
binds CTLA-4
and blocks it
from binding
CD80 and
CD8e,
resulting in
continuing
T-cell

stimulation [6]

PD-1 programmed cell death 1, PD-LI programmed
death-ligand 1, PD-L2 programmed death-ligand 2,
CTLA-4 cytotoxic T-lymphocyte-associated protein 4

(ICBTs), treat cancer by reducing inhibition of
the body’s immune system. By “lightening up
on the brakes,” these agents enable the immune
system to better recognize and destroy cancer
cells. Immunotherapy has revolutionized the
treatment of melanoma and other cancers such
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as lung cancer, ovarian cancer, renal cancer
carcinoma, and Hodgkin’s lymphoma [3, 4]. For
patients with metastatic melanoma, promising
new agents include monoclonal antibodies
against anti-programmed cell death 1 (anti-PD-
1) [5], anti-programmed death-ligand 1 (anti-
PD-L1) [5], and anti-cytotoxic T-lymphocyte-
associated antigen 4 (anti-CTLA-4) [6] (Table 1).

In metastatic melanoma patients, response
to immunotherapy has been found to be asso-
ciated with specific gut flora: patients who
respond well to immunotherapy demonstrate
different gut flora compared with those who
respond poorly [7-11]. In preclinical mouse
models of metastatic melanoma, altering the
gut microflora has been shown to enhance
response to immunotherapy [7-9, 12, 13]. The
effects of gut microbiome modulation on
immunotherapy response have also been
demonstrated in human cohort studies [14].
Multiple lines of research are currently explor-
ing how the gut microbiome can be altered to
optimize immunotherapy efficacy for various
cancers including melanoma.

This clinical review addresses the gut micro-
biome as it relates to immunotherapy response
in melanoma patients and immune-mediated
adverse events from immunotherapy. We also
provide an overview of interventions that may
modulate the gut microbiome and thus affect
immunotherapy response. In the current liter-
ature, these interventions include fecal micro-
biota transplantation, antibiotics, probiotics,
prebiotics, and dietary modifications. This
review is based on published literature and does
not contain any new studies with human par-
ticipants or animals performed by any of the
authors.

THE GUT MICROBIOME
AND IMMUNOTHERAPY RESPONSE
IN MELANOMA

An association between the gut microbiome
and immunotherapy responsiveness was first
demonstrated in preclinical animal studies. In
mouse models, the efficacy of anti-CTLA-4
therapy was found to be directly influenced by
gut microbial composition [12]. The presence of

certain commensal gut microbes such as Bac-
teroides fragilis, Bacteroides thetaiotaomicron,
Burkholderiales, and Bifidobacterium was shown
to be associated with enhanced tumor control
[12, 13]. Interestingly, oral administration of
Bifidobacterium alone achieved a similar degree
of tumor control compared with anti-PD-1
therapy, and combining the two approaches
achieved a synergistic anti-tumor effect [13].

Studies in human cohorts have also found
that responders (Rs) and non-responders (NRs)
to immunotherapy differed in terms of their gut
microbiome. For anti-PD-1 therapy, fecal sam-
ples from Rs were found to exhibit greater
diversity of gut bacteria and higher abundance
of certain gut microbes such as Clostridiales,
Ruminococcaceae, and Faecalibacterium compared
with NRs [7]. Other gut microbes such as Bifi-
dobacterium longum, Collinsella aerofaciens, Ente-
rococcus faecium, and Dorea formicogenerans were
also found in greater abundance in Rs compared
to NRs [11]. In contrast to Rs, NRs to anti-PD-1
therapy had lower diversity of gut bacteria and
higher abundance of the phylum Bacteroidales
[7].

For anti-CTLA-4 therapy, the presence of the
phylum Firmicutes in the gut microbiota was
associated with enhanced immunotherapy
response [10]. A clinical study exploring anti-
CTLA-4 and anti-PD-1 combination therapy
found that the fecal samples of Rs were enriched
with specific gut microbes such as Faecalibac-
terium prausnitznii, Bacteroides thetaiotamicron,
and Holdemania filiformis [11]. These above
findings may be due to an enhanced immune
response against cancer cells, mediated by
increased antigen presentation and improved
T-cell function [7].

Overall, these studies have identified
numerous taxa of gut microbes that may mod-
ulate immunotherapy response. The levels of
these gut microbes may be therapeutically
manipulated to enhance tumor control in mel-
anoma patients receiving immunotherapy.
Further studies are needed to understand the
mechanisms by which specific gut microbes
influence  immunotherapy  response in
melanoma.
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IMMUNE-RELATED ADVERSE
EFFECTS FROM IMMUNOTHERAPY

Gut microbiota may modulate not only the
effects of immunotherapy on tumor burden but
also its immune-related adverse effects (irAEs).
These adverse effects from immunotherapy are
believed to arise as a result of the loss of T-cell
inhibition and reduced self-tolerance and may
affect the gut, skin, liver, and the endocrine
system [15]. One of the most common adverse
effects reported following immunotherapy
administration is immunotherapy-induced col-
itis, which presents as diarrhea and may prompt
treatment cessation [15, 16]. Of note, toxicity
symptoms are more frequent for patients
receiving single-agent anti-CTLA-4 compared to
single-agent anti-PD-1 or anti-PD-L1 therapy
[9, 17]. Patients receiving combination anti-
CTLA-4 with either anti-PD-1 or anti-PD-L1
therapy experience more frequent and more
severe irAEs compared to patients receiving
monotherapy approaches [18, 19].

Prospective clinical studies in metastatic
melanoma patients receiving anti-CTLA-4 ther-
apy have examined the association between
treatment-induced colitis and baseline gut
microbial composition [10, 20]. Investigators
found that overabundance of the Bacteroidetes
phylum, especially the Bacteroides genus, at
baseline was associated with a reduced risk for
colitis [10, 20]. However, these patients were
also associated with having a poor response to
anti-CTLA-4 therapy [10]. Meanwhile, patients
with higher levels of the Faecalibacterium genus
(and other genera in the Firmicutes phylum)
experienced more frequent colitis symptoms
but demonstrated an enhanced response to
anti-CTLA-4 therapy [10].

These studies suggest that baseline microbial
composition may be an important factor for
consideration when predicting patient risks for
irAEs. Additionally, there appears to be a cor-
relation between irAEs and response to
immunotherapy that may be mediated by the
gut microbiome. Further studies are needed to
understand the role of different gut microbes in
irAEs and their predictive value for imminent
gastrointestinal symptoms.

ANTIBIOTIC USE AND THE GUT
MICROBIOME

Since the gut microbiome may affect
immunotherapy response in patients, iatro-
genic disruptions of gut bacteria including
antibiotic use may positively or negatively
affect the efficacy of immunotherapy. Broad-
spectrum antibiotics may disrupt gut bacteria,
decrease levels of proinflammatory cytokines
(e.g., IL-6, IFN-y), and reduce immunotherapy
response [16]. Preclinical studies in mouse
models have shown that the use of antibiotics
can reduce the effectiveness of anti-PD-1 and
anti-CTLA-4 therapies [9, 12, 21].

In an experimental study, investigators
administered broad-spectrum antibiotics to
sarcoma mouse models [12]. The tumors con-
tinued to progress in the antibiotic-treated
mice, but in the control mice with intact gut
flora, the tumors were stable [12]. Similarly, in
clinical studies, patients who took antibiotics
before or shortly after beginning immunother-
apy experienced considerably lower survival [9].
These findings suggest that the gut microbiota
may be required for the anti-tumor effects of
anti-CTLA-4 therapy [12]. A possible direct cor-
relation between antibiotic use and poor
immunotherapy response warrants further
exploration. Future observational studies may
perform longitudinal microbiome analyses in
patients receiving immunotherapy before and
after antibiotic use [16].

INTERVENTIONS

FOR MODULATING THE GUT
MICROBIOME TO ENHANCE
IMMUNOTHERAPY RESPONSE

In modulating the gut microbiome, specific
interventions may enhance immunotherapy
response in metastatic melanoma patients.
Current interventions under investigation
include fecal microbiota transplantation (FMT),
probiotics, prebiotics, and dietary
modifications.
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Fecal Microbiota Transplantation (FMT)

In FMT, fecal matter is transferred from a donor
to a host with therapeutic intent. While the
fecal samples predominantly consist of com-
mensal gut bacteria, viruses and fungi can also
be administered along with bacteria, though
sample reproducibility is challenging [22]. FMT
is commonly used to treat recurrent Clostridium
difficile infection. Response rates to FMT for C.
difficile colitis are thought to differ according to
administration routes: administration via colo-
noscopy or enema demonstrates the highest
response rates, followed by administration via
nasogastric tube or oral capsules [23]. FMT has
also been utilized in bone marrow transplanta-
tion (BMT) patients requiring pre-procedure
antibiotics. A trial among transplant patients
showed that autologous FMT can reconstitute
the gut microbiome in patients following BMT
[24].

Clinical insights from the use of FMT for C.
difficile colitis and BMT may support the use of
FMT in the setting of immunotherapy. Cur-
rently, experimental studies are seeking to uti-
lize  FMT in order to modulate the gut
microbiome and improve immunotherapy out-
comes [25]. In mice receiving FMT from
humans, FMT was found to modulate both the
gut microbiome and the tumor microbiome,
affecting tumor growth and tumor immune
infiltrates [26]. In multiple studies on anti-PD-1
efficacy, mice receiving FMT from Rs to anti-PD-
1 therapy showed significantly reduced tumor
growth and enhanced treatment efficacy com-
pared to those receiving FMT from NRs [7-9]. In
a recent clinical trial among patients with
metastatic melanoma receiving anti-PD-1 ther-
apy, 3 out of 10 NRs became Rs after FMT from
Rs, and no adverse effects were noted [14].
These findings support the possibility that
resistance to immunotherapy may be overcome
by modulating the gut microbiota [14].

Based on results from various FMT trials,
important factors to consider when designing
FMT interventions include patient selection,
FMT timing/modality, and post-FMT follow-up
[17]. There may be additional factors inherent
to the donor that may affect FMT efficacy, such
as the composition and functional aspects of

the transplanted microbiota [22]. The variations
in donor FMT specimens may limit the repro-
ducibility and thus scalability of the interven-
tion. Antibiotic ablation prior to FMT may be an
important step to allow engraftment of the
donor microbiota. Medication and antibiotic
use should also be carefully monitored follow-
ing FMT [17]. These multiple factors for con-
sideration may affect the clinical practicality
and feasibility of FMT for cancer patients
receiving immunotherapy.

Probiotics

Probiotics are live microorganisms that may
confer health benefits to the host by enhancing
the gut microbiome [27]. Probiotics may range
from simple formulations with monoclonal
microbes to complex formulations involving
multiple bacterial strains. Probiotics can be
taken either as an oral supplement or obtained
through fermented foods such as yogurt, kefir,
sauerkraut, kombucha, miso, and kimchi [27].
Lactic acid bacilli such as Bifidobacterium and
Lactobacillus are single strains of cultured bac-
teria that are widely commercially available,
and they have been well studied in the context
of various gastrointestinal disorders [27].

Studies investigating probiotic use in col-
orectal cancer patients found that probiotics
increase butyrate-producing bacteria, especially
Faecalibacterium and Clostridiales, in mucosal
and fecal samples [28]. Furthermore, bacteria
associated with colorectal cancer such as
Fusobacterium and Peptostreptococcus are repor-
ted to be reduced in the stool samples of
patients receiving probiotics [28]. Patients with
colon cancer receiving S-fluorouracil (5-FU)
have also been found to experience decreased
diarrheal symptoms when co-administered
Lactobacillus rhamnosus [29].

In melanoma mouse models treated with
immunotherapy, Lactobacillus was shown to be
depleted in mice exhibiting symptoms of colitis
[30]. When Lactobacillus reuteri was adminis-
tered to the mice, toxicity symptoms were
alleviated without impacting treatment efficacy
[30]. Administration of Bifidobacterium in mela-
noma mouse models was also found to improve
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the anti-tumor effects of immunotherapy [13].
Other studies in mice with melanoma suggest
that the specific bacteria that are enriched in Rs,
such as Bacteroidetes thetaiotaomicron and Fae-
calibacterium prausnitzii, may be used in preci-
sion probiotic treatments to enhance the
efficacy of immunotherapy [11].

Orally administered single-strain probiotics
have demonstrated an improved anti-cancer
response in mice receiving immunotherapy,
and these results supports further investigation
into its potential use in cancer patients [13].
However, bacterial colonization of the gut using
probiotics in humans, who exhibit more diverse
gut microbiomes, is much more challenging
than that for mice [31]. While probiotic for-
mulations are generally well tolerated by
patients, safety remains an important factor for
consideration given reports of Dbacterial
translocation, in which organisms from the gut
enter the bloodstream [32]. This adverse effect
has been described in critically ill patients
receiving commercially available probiotics
[32].

Furthermore, when multi-strain probiotics
were used to recolonize the gut microbiome
following antibiotic use, the gut microbiome
exhibited reduced diversity compared to the
spontaneous recovery approach, highlighting
the need for personalized probiotic formula-
tions [31, 33]. Preliminary results from clinical
studies in patients with melanoma also suggest
that probiotics may negatively affect the gut
microbiome [34]. Due to our knowledge limi-
tations, off-trial probiotic use in the setting of
immunotherapy is discouraged at this time.

Dietary Modifications and Prebiotics

Both dietary changes and prebiotics can signif-
icantly influence the gut microbiome and these
modalities may be used as an intervention in
individuals with more subtle microbiota dis-
ruptions [35]. For cancer patients, changes in
the diet may significantly affect cancer
biomarkers such as those for cellular prolifera-
tion [35, 36]. Yet, these potentially beneficial
effects are just as rapidly reversible, and

consistency with a specific diet is challenging
for patients.

A preliminary study in melanoma patients
has elucidated correlations between diet and
treatment response [34]. In addition to overall
diet quality, whole grains were found to be
positively correlated with a composition of gut
bacteria predictive of response to systemic
therapy [34]. Conversely, added sugars and
processed meats were negatively correlated with
treatment response [34].

While probiotics consist of live microorgan-
isms, prebiotics are nutrients such as resistant
fibers that enrich the gut flora, and they are also
being studied in the context of the gut micro-
biome and cancer. For instance, administration
of inulin, a plant polysaccharide, can stimulate
the growth of species that have been correlated
with an increased response to immunotherapy,
namely Faecalibacterium and Bifidobacterium
[37]. Supplementation with both inulin and
fructo-oligosaccharide may lead to enrichment
of beneficial bacteria such as Lactobacillus and
Bifidobacterium [37]. Patients with melanoma
who consumed a high-fiber diet were more
likely to respond to anti-PD-1 therapy com-
pared to those who consumed a low-fiber diet
(34].

Dietary modifications and prebiotics have
been shown to significantly influence the levels
of beneficial gut microbiome, and ongoing
clinical studies in the setting of immunotherapy
will further elucidate their potential use for
melanoma patients.

FINAL THOUGHTS

The human microbiome impacts many aspects
of cancer care, such as cancer prevention,
development, treatment, and management,
though the specific mechanisms remain unclear
[2]. The gut microbiome may be important in
terms of immune regulation and immunother-
apy response in cancer patients. Preclinical
animal models and clinical patient cohorts have
shown that the gut microbiome may modulate
response to immunotherapy in patients with
metastatic melanoma. Through various inter-
vention strategies, the microbiome may be

A\ Adis



Dermatol Ther (Heidelb) (2022) 12:2489-2497

2495

potentially manipulated by clinicians to benefit
melanoma patients receiving immunotherapy
and improve their odds of treatment response.

As a proven method to alter the gut micro-
biota, FMT is currently being investigated in
clinical trials in the setting of immunotherapy
with the goal of augmenting treatment
response and/or alleviating treatment-induced
toxicity [17]. However, scaling and dissemina-
tion of FMT as a therapeutic intervention is
challenging given inherent variation in donor
FMT specimens across time. Other intervention
modalities under investigation include the use
of antibiotics, probiotics, prebiotics, and dietary
changes. Each of these strategies vary in their
cost and accessibility and bear important safety
concerns to consider. Compared to FMT, inter-
ventions such as dietary changes and prebiotics
may be more practical and feasible for patients
receiving immunotherapy, though evidence of
their effectiveness for patients with melanoma
is still limited.

Clinical trials with integrated specimen col-
lection will provide valuable information to
help improve each of these approaches and
advance our knowledge. By better understand-
ing the interactions between the gut micro-
biome and the immune system, we may
improve upon our abilities to alter the gut
microbiome to optimize the efficacy of
immunotherapy for cancer patients.
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