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Abstract: Inmunotherapy has revolutionized the treatment of melanoma, but its limitations due to
resistance and variable patient responses have become apparent. The microbiota, which refers to the
complex ecosystem of microorganisms that inhabit the human body, has emerged as a promising
area of research for its potential role in melanoma development and treatment response. Recent
studies have highlighted the role of microbiota in influencing the immune system and its response
to melanoma, as well as its influence on the development of immune-related adverse events as-
sociated with immunotherapy. In this article, we discuss the complex multifactorial mechanisms
through which skin and gut microbiota can affect the development of melanoma including microbial
metabolites, intra-tumor microbes, UV light, and the immune system. In addition, we will discuss the
pre-clinical and clinical studies that have demonstrated the influence of different microbial profiles on
response to immunotherapy. Additionally, we will explore the role of microbiota in the development

of immune-mediated adverse events.

Keywords: melanoma; immune checkpoint inhibitors; gut microbiota; skin microbiota; immune-related
adverse events

1. Introduction

Skin cancer is a major public health concern with increasing incidence rates worldwide.
It has been estimated that melanoma alone will account for around 100,000 new cancer
diagnosis cases in 2022 [1]. Over the past decade, immunotherapy has transformed the
treatment landscape for advanced melanoma and other skin cancers [2]. Immune check-
point inhibitors (ICIs) have demonstrated significant efficacy by unleashing the power of
the immune system to recognize and attack cancer cells [2].

Despite the impressive clinical outcomes achieved with ICIs, a considerable proportion
of patients fail to respond to therapy or develop resistance over time [2]. Several factors
contribute to the variability in treatment response, including tumor heterogeneity, host fac-
tors, and environmental factors. Among these, the role of the gut microbiota in modulating
the response to cancer immunotherapy has gained increasing attention in recent years [3].
The gut microbiota has been shown to shape the immune system and influence the efficacy
of cancer immunotherapy in preclinical and clinical studies (as reviewed in [4-6]).

However, the role of skin microbiota in the pathogenesis of melanoma and their
response to ICIs remains largely unexplored. The skin microbiota is a diverse community
of microorganisms that inhabit the skin surface and play a critical role in maintaining skin
homeostasis and host defense [7].
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Understanding the contribution of the skin and gut microbiota to the response of skin
cancers to ICls is essential for improving treatment outcomes and developing personalized
strategies for cancer immunotherapy. In our previous work published in 2021, we discussed
the role that the gut microbiota plays in overcoming the resistance to ICIs used in the
treatment of different cancer types [8]. As the field has significantly evolved in the past
couple of years, the role of gut microbiota has been extensively studied in many types of
cancer, requiring an extensive review for its role in every cancer type alone.

In this article, we aim to discuss the potential mechanisms underlying the interaction
between the skin and gut microbiota and the immune system in melanoma, the current
evidence supporting the role of the microbiota in ICI response, and the future implications
for clinical practice. As such, this article will focus on the role of gut as well as skin
microbiota in the development and response of melanoma to ICIs, providing a focused
update on this interaction in melanoma patients in particular [8].

2. Role of Skin and Gut Microbiota in the Development of Melanoma
2.1. Proposed Mechanisms of Skin Microbiota Influence on Melanoma Development

Many kinds of skin commensal bacteria have been shown to promote skin im-
munity and consequently protect against skin infections, inflammatory disorders, and
malignancies [9-12]. On the other hand, some chronic skin conditions may lead to alter-
ations in the skin microbiome. Although no causative bacterial pathogen has been identified
in melanomagenesis, alterations of the skin microbiome in chronic skin conditions may lead
to colonization with pathogenic bacteria, which may in turn play a role in the development
of non-melanoma skin cancers [13]. In addition, some small studies have shown differences
in the skin microbiota in melanomas [14,15]. In a study by Mizuhashi et al., the presence of
Corynebacterium was found to be much higher in patients with stage III/IV melanoma
(76.9%) compared to those with stage I/Il melanomas (28.6%) [14]. In addition, Salava et al.
reported a numerically decreased skin microbial diversity in melanomas as compared to
benign nevi; however, the results were not statically significant [15].

The skin immune system is composed of the innate and adaptive immune system.
Keratinocytes constitute an essential component of the innate immune system and produce
a variety of chemokines, cytokines, and antimicrobial peptides [16]. Antimicrobial peptide
production is controlled and upregulated by microbial stimuli known as microorganism-
associated molecular patterns (MAMPs) [17]. In this way, skin microbial flora regulate
the innate immune system. Antimicrobial peptides bind to pattern recognition receptors
(PRRs) located on keratinocytes, antigen-presenting cells, and melanocytes orchestrating
the immune response [18]. PRRs include intracellular cytoplasmic receptors and Toll-
like receptors TLRs [19]. Persistent activation of TLRs has been implicated in chronic
inflammation and skin carcinogenesis [20].

Skin barrier disruption can alter microbial homeostasis and lead to microbial
dysbiosis [21]. In addition, skin microbes can contribute to barrier dysfunction by re-
leasing proteases that damage the epidermal lining [22]. While microbiota-specific barrier
disruption has not yet been proven to promote skin cancers, skin barrier disruption in gen-
eral and consequent chronic inflammation has been related to non-melanoma skin cancers
in multiple studies [22,23]. It also remains unclear whether the skin barrier disruption and
consequent microbial dysbiosis or the microbial-induced skin barrier damage constitute
the inciting event of chronic inflammation and carcinogenesis.

Moreover, it has been suggested that ultraviolet radiation (UV)-induced immunosup-
pression and consequent skin carcinogenesis can be inhibited by skin microbiota through
alteration of cytokine gene expression and immune cell infiltration in the skin [24]. In a
study by Patra et al. using germ-free mice, epidermal hyperplasia and neutrophil infil-
tration in UV exposed skin were higher in the presence of skin microbiota, whereas mast
cells, macrophages, and monocytes were more prominent in the absence of microbes [24].
In addition, genetic expression of proinflammatory cytokines was higher in colonized
skin, whereas increased expression of immunosuppressive cytokines was observed in their
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germ-free counterparts [24]. Other studies have reported a protective effect of lactobacilli
against UV-induced skin carcinogenesis [25,26].

Overall, intra-tumoral microbes can impact skin carcinogenesis by directly interacting
with cancer cells or regulating other components of the tumor microenvironment (TME).
Intra-tumoral bacterial composition in melanoma may influence the extent of immune cell
infiltration, chemokine expression, and overall prognosis. For example, in a study using
RNA sequencing data from The Cancer Genome Atlas in cutaneous melanoma, patients
with low levels of intratumoral CD8+ T cells had significantly shorter survival compared
to those with high levels. In this study, intratumoral bacterial load of Lachnoclostridium was
positively associated with infiltrating CD8+ T cells, suggesting that intratumoral microbiota
may affect intratumoral immune cell infiltration, thereby influencing survival [27]. To date,
strategies to modulate the skin microbiome have not been studied as a therapeutic inter-
vention for melanoma. There is a prospective study, SKINBIOTA (NCT 04734704), which
will analyze the composition of the skin microbiota using skin swabs in patients treated
with anti-PD-1 for metastatic melanoma. This study will contribute to the emerging field
examining the interplay between composition of the skin microbiome and immunotherapy
response and resistance.

2.2. Role of Gut Microbiota in the Development of Skin Cancers: Effects on the Immune System

The gut microbiota has also been shown to play a role in the development of skin
cancers [28]. In fact, gut microbiota have been shown to have both oncogenic and tumor-
suppressive properties that can exert specific effects on multiple types of cancers, including
skin cancers [28]. In a study by Luo et al., Lactobacillus reuteri FLRE5K1was shown to
stimulate the production of anti-oncogenic cytokines in mice and prevent the migration
of melanoma cells, thereby preventing the development of melanoma and prolonging
survival [29]. In another pre-clinical study, supplementation with VSL#3 probiotics was
found to trigger the production of butyrate and propionate by gut microbiota [30]. This
cascade led to the recruitment of Th17 cells, which in turn reduced lung metastases and
decreased the number of tumor foci [30]. Li et al. demonstrated that transferring 11 bacterial
strains, which were more abundant in mice with negative ubiquitin ligase RNF5, resulted
in the development of anti-tumor immunity and limited melanoma growth in germ-free
mice [31].

On the contrary, other studies have shown that gut microbiota can promote oncogene-
sis in skin cancers [32]. Gut bacterial profiles have been shown to be significantly different
between melanoma and control patients, with changes in the bacterial composition with
progression from in situ to invasive and, later, metastatic melanoma [32]. In particular,
Saccharomytecales and Prevotella copri species were more abundant in advanced stages of
melanoma [32]. Furthermore, Pereira et al. found that IL-6 and the microbiota of obese
mice can promote the advancement of melanoma [33]. They conducted fecal transplants
experiments using leptin-deficient mice and found that the transfer resulted in tumor
development in lean mice [33]. In addition, microbial depletion using oral antibiotics leads
to reduced burden of subcutaneous and hepatic melanoma in mice, indicating a potential
role of the gut microbiota in the progression of melanoma [34]. All these studies suggest
that interventions targeting the gut microbiota constitute potential therapeutic modalities
to target the development and progression of melanoma.

3. Role of the Microbiota in Influencing Response to Inmune Checkpoint Inhibitors (ICIs)
3.1. Pre-Clinical and Clinical Studies Studying the Microbial Profiles’ Influence on the Response
to ICIs

Immune checkpoint inhibitors (ICIs) represent a significant advance in the field of
cancer immunotherapy and are widely used across multiple tumor types. These drugs
specifically target immune checkpoints, including programmed cell death 1 (PD-1), PD lig-
and 1 (PD-L1), and cytotoxic T-cell lymphocyte-associated protein (CTLA-4) (Figure 1) [8].
Immune checkpoints are a complex set of stimulatory and inhibitory proteins that play a
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crucial role in regulating the T-cell immune response. They are responsible for controlling
the activation of cytotoxic T-lymphocytes, maintaining self-tolerance, preventing autoim-
munity, and adjusting the duration and strength of the immune response to minimize tissue
damage during inflammation [35,36]. Several preclinical and clinical studies have shown
that the responsiveness of multiple cancer types to immune checkpoint inhibitors (ICIs)
relies on the microbiota present in the gut and the skin.

Major
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Figure 1. Mode of action of immune checkpoint inhibitors [8]. Immune checkpoint inhibitors work
by targeting specific mechanisms that prevent T cells from attacking cancer cells in the body. One
such mechanism involves the binding of B7-1/B7-2 to CTLA-4, which keeps T cells inactive and
unable to kill cancer cells. Anti-CTLA-4 antibodies block this binding, enabling the T cells to become
active and attack cancer cells. Another mechanism involves the binding of PD-L1 to PD-1, which also
prevents T cells from attacking cancer cells. Anti-PD-1/PD-L1 antibodies interrupt this binding and
enhance the ability of T cells to target and kill cancer cells.

In a study by Routy et al., the therapeutic efficacy of anti-PD-1 alone or in combination
with anti-CTLA-4 was compared between antibiotic-treated (germ-free) or untreated mice
with melanoma [3]. The administration of antibiotics had a considerable negative impact on
the efficacy of anti-PD-1 monoclonal antibody therapy, either alone or in combination with
anti-CTLA-4 antibodies, resulting in increased tumor size, reduced antitumor effects and
decreased survival in germ-free mice [3]. In addition, colonizing the intestines of germ-free
mice with fecal transplants rich in Akkermansia muciniphilia restored the responsiveness
of melanoma-bearing hosts to ICIs, a response that had been previously inhibited with
the use of antibiotics [3]. Similar results were also reported in another study using mice
with melanoma treated with anti-CTLA-4 antibodies [37]. Vetizou et al. showed that
antibiotic-treated mice with melanoma did not respond to anti-CTLA-4, until colonized
with Bacteroides fragilis [37]. Oral supplementation with B. fragilis in germ-free mice restored
the therapeutic response of anti-CTLA-4 via the induction of T helper 1 (TH;) immune
responses in tumor-draining lymph nodes (LN) and the promotion of the maturation of
intra-tumoral dendritic cells (DC) [37]. In addition, germ-free mice with melanoma that
received fecal microbiota transplant (FMT) from melanoma patients with a strong response
to CTLA-4 had better outcomes after treatment with ICIs as compared to those with FMT
from non-responder patients, with the former group favoring the growth of B. fragilis [37].

A study by Gopalakrishnan et al. examined the feces of 112 patients with melanoma
treated with anti-PD-1 therapy. The patients’ gut microbiota was examined pre- and
post-treatment via 165 sequencing and metagenomic whole genome shotgun sequenc-
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ing. Patients with a more diverse gut microbiome had a better response to anti-PD-1
therapy compared to patients with less diverse gut microbiome. The microbiota of re-
sponding patients were enriched with the Clostridiales order, the Ruminococcaceae fam-
ily and the Faecalibacterium genus, whereas those of non-responding patients were en-
riched with Bacteroidales [38]. Similar findings in patients who received anti-CTLA-4
have been demonstrated. In fact, in a prospective study of patients who received ipili-
mumab for metastatic melanoma, patients whose baseline gut microbiota was enriched
for Faecalibacterium had longer progression-free survival versus patients whose gut mi-
crobiota was enriched for Bacteroidale [39]. However, this is opposed to the findings by
Vetizou et al. summarized above, where Bacteroidales was associated with better response to
anti-CTLA-4 [37]. Gopalakrishnan et al. also performed FMT from the responding patients
and non-responding patients into mice. Mice transplanted with responding FMT had better
response to anti-PD-L1 therapy. These mice were found to have a higher abundance of
Faecalibacterium in their gut microbiota [38].

Finally, by studying the response of 38 patients with metastatic melanoma to anti-PD-1
and anti-CTLA-4, Andrews et al. showed that responders had different gut microbial
composition compared to non-responders. Through 16S rRNA gene sequencing and shot-
gun metagenome sequencing of fecal samples, they showed that patients who were more
likely to respond had microbiome rich in Bacteroides stercoris, Parabacteroides distasonis, and
Fournierella massiliensis. However, non-responding patients were more likely to have a
microbial composition rich in Klebsiella aerogenes and Lactobacillus rogosae [6]. In order to
address discrepancies between different studies, McCulloch et al. assessed the microbial
composition of five different melanoma cohorts [40]. In their study, time-to-event analy-
sis revealed that the baseline microbiota composition was optimally linked with clinical
outcome after about one year of treatment initiation [40]. When the combined data were
analyzed through meta-analysis and other bioinformatic methods, it was found that the
Actinobacteria phylum and the Lachnospiraceae/Ruminococcaceae families of Firmicutes were
associated with a favorable response, whereas Gram-negative bacteria were associated with
an inflammatory intestinal gene signature, increased blood neutrophil-to-lymphocyte ratio,
and unfavorable outcome [40]. Two microbial signatures, one enriched for Lachnospiraceae
spp. and the other for Streptococcaceae spp., were linked with favorable and unfavorable
clinical response, respectively, and with distinct immune-related adverse effects [40]. De-
spite variations between different cohorts, optimized learning algorithms that were trained
on batch-corrected microbiome data consistently predicted outcomes for programmed cell
death protein-1 therapy in all cohorts [40]. In summary, these studies examining the gut
microbiome of immunotherapy responders and non-responders demonstrate an association
between the gut microbiome and ICI response and resistance. Taken together these findings
suggest that the gut microbiome is an exciting therapeutic target to overcome ICI resis-
tance. However, conflicting results have been published regarding the prognostic impact of
specific microbial signatures, and uncertainty remains regarding the optimal evaluation
and interpretation of the gut microbiome as a biomarker of immunotherapy response and
toxicity. Additional large-scale studies are needed to determine if specific microbial profiles
can be linked to ICI response and resistance and clinically used as biomarkers.

Complete response to anti-PD-1 antibodies occurs in 10-20% of patients with metastatic
melanoma, and the majority of patients who receive anti-PD-1 antibodies for metastatic
melanoma will ultimately develop resistance [41]. There is an unmet need to identify
biomarkers to predict ICI resistance and to develop novel treatment strategies to overcome
ICI resistance [42]. One proposed strategy to overcome ICI resistance relies on using FMT.
This technique requires transplantation of donor fecal matter into the recipient’s intestinal
tract, facilitating a transformation in the recipient’s microbial composition [42,43]. Two
phase 1 trials were recently published in Science investigating FMT from immunotherapy
responders combined with anti-PD-1 antibodies as a strategy to overcome anti-PD-1 re-
sistance in patients with metastatic melanoma [42,44]. Baruch et al. performed a phase I
clinical trial to study feasibility, safety, and immune cell impact of FMT combined with
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the reintroduction of anti-PD-1 for patients with anti-PD-1 refractory melanoma [42]. Two
FMT donors were chosen based on complete response to previous anti-PD-1 monotherapy
for metastatic melanoma [42]. There were ten total recipients, who received equal trans-
plantation from each donor. Three recipients showed a response to anti-PD-1 treatment,
all from a similar donor (Donor #1), including one patient with complete response (CR)
and two patients with partial response (PR). Stool 16S gene sequencing analysis showed a
significant difference between pre- and post- treatment microbiota of the recipients. The
post-treatment microbiota also differed between the recipients of the different donors. The
recipient groups from donor #1 contained a higher abundance of Bifidobacterium adolescentis,
whereas the recipients from Donor #2 had a higher abundance of taxa like Ruminococcus
bromii. Further analysis found that responders had a higher relative abundance of Enterococ-
caceae, Enterococcus, and Streptococcus australis and a lower relative abundance of Veillonella
atypica. Interestingly, only recipients from donor #1 upregulated some additional gene sets
related to APCs activity, innate immunity, and interleukin-12 (IL-12), with the responding
patients increasing the CD8+ T cell infiltration into the tumors [42]. In addition, Davar et al.
showed that in patients with advanced melanoma who were resistant to anti-PD-1 ther-
apy, the combination of responder-derived FMT and anti-PD-1 was found to be safe and
effective [44]. Out of 15 patients, 6 experienced clinical benefit including 1 patient with CR,
2 patients with PR, and 3 patients with SD lasting > 12 months, and the microbiota was
perturbed rapidly and durably [44]. The responders showed an increase in the abundance
of Firmicutes (Lachnospiraceae and Ruminococcaceae families) and Actinobacteria (Bifidobacte-
riaceae and Coriobacteriaceae families) taxa that were previously linked to the response to
anti-PD-1, as well as increased activation of CD8+ T cells and a decrease in the frequency
of myeloid cells expressing interleukin-8 [44]. Additionally, the responders had distinct
proteomic and metabolomic signatures, and the gut microbiome was shown to regulate
these changes through transkingdom network analyses [44].

While it can be difficult to draw definite conclusions regarding the effect of specific
microbial species on the response to ICIs given the inconsistencies between different studies,
it has been noticed that Akkermansia muciniphilia, Bacteroide fragilis, and Fecalibacterium tend
to be usually associated with a positive outcome, unlike Bacteroidales which usually nega-
tively impact the response of melanoma patients to ICIs. It is worth noting, however, that
microbial diversity remains the only consistent finding associated with positive response
outcomes along the different studies.

Tables 1 and 2 summarize the main published preclinical and clinical studies assessing
the gut microbiota and response to ICIs. Despite all the above, many challenges still exist
when it comes to drawing clinical conclusions from the above data. In fact, most studies
cited above had small sample sizes. The majority are also non-randomized single arm early
phase trials. In addition, as noted above, many studies had discordant data, and no specific
microbial species has been consistently associated with a positive or negative response to
ICIs in melanoma patients. That being said, several clinical trials are currently running to
broaden our clinical understanding of this complex interaction. Tables 3 and 4 summarize
the ongoing clinical trials and observational studies currently assessing the interaction
between the microbiota and response to ICIs in melanoma patients.

Table 1. Preclinical studies assessing the interaction between the gut microbiota and the response to
immune checkpoint inhibitors in Melanoma.

Bacteria Immunotherapy Target Tumor Main Findings Reference
Resistance to response to ICI therapy in
Akkermansia MCA-205, LLC antibiotic-pretreated mice.
. PD-1 mAb & CTLA-4 mAb and RET Restored response with FMT from ICI [3]
muciniphilia . . .
tumor-bearing mice responders due to increased levels of

Akkermansia muciniphila
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Table 1. Cont.
Bacteria Immunotherapy Target Tumor Main Findings Reference
Resistance to response to ICI therapy in
antibiotics-treated mice. Restored response
Bactero?des CTLA-4 mAb Melanoma of antl-tgmor response via oral [37]
fraglis feeding with B. fragiles.
Enhanced response with FMT from patients
with increased Bacteroides spp. levels.
Increased levels of Faecalibacterium led to
Faecalibacterium PD-1 mAb Melanoma reduced tumor size and improvement in [38]
response to ICI therapy.
Table 2. Clinical studies assessing the gut microbiota and the response to immune checkpoint
inhibitors in Melanoma.
Bacteria Immunotherapy Target Tumor Main Findings Reference
Bifidobacterium Melanoma Increa§efi levels of Bifidobacterium
) . adolescentis in ICI responders (Donor #1).
adolescentis, PD-1 mAb (anti-PD-1-refractory . . [42]
. .. . Increased levels of Ruminococcus bromii
Ruminococcus bromii metastatic melanoma) .
in ICI non-responders (Donor #2).
Responders from Donor #1 had a higher
Enterococcaceae, .
Enterococcuss Melanoma relative abundance of Enterococcaceae,
Lo PD-1 mAb (anti-PD-1-refractory Enterococcus, and Streptococcus australis, [42]
Streptococcus australis, . .
. . metastatic melanoma) and a lower relative abundance of
Veillonella atypica ; .
Veillonella atypica.
e Increased levels of Clostridiales order, the
Clostridiales order, . .
Ruminococcaceae famil Ruminococcaceae family and the
. . 4 PD-1 mAb Melanoma Faecalibacterium genus in ICI responders. [38]
Faecalibacterium genus, . .
. Increased levels of Bacteroidales in ICI
Bacteroidales
non-responders.
Increased levels of
Faecalibacterium Faecalibacterium had longer
. ! CTLA-4 mAb Metastatic Melanoma progression-free survival versus [39]
Bacteroidale . . .
patients with a higher abundance
of Bacteroidale.
Bacteroides stercoris, Increased levels of Bacteroides stercoris,
Parabacteroides Parabacteroides distasonis, and Fournierella
distasonis, and PD-1 mAb + Metastatic Melanoma massiliensis in ICI responders. 6]
Fournierella massiliensis; CTLA-4 mADb Increased levels of Klebsiella aerogenes
Klebsiella aerogenes and and Lactobacillus rogosae in ICI
Lactobacillus rogosae non-responders.
Firmicutes FMT from previous anti-PD-1
(Lachnospiraceae, responders increased Firmicutes and
Ruminococcaceae), Advanced Melanoma Actinobateria in previous
Actinobacteria PD-1mAB resistant to anti-PD-1 non-responders. [44]
(Bifidobacteriaceae, Increased CD8+ T cell activation
Coriobacteriaceae) Decreased IL-8-producing myeloid cells
Actzr.zobacterza, the Lach- PD-1 mAB PD-1 treated melanoma  Association with decreased progression [40]
nospiraceae/Ruminococcaceae
Bacteroides genus and PD-1 mAB PD-1 treated melanoma  Association with increased progression [40]

Proteobacteria
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Table 3. Ongoing clinical trials assessing the interaction between ICIs and microbiota in melanoma.

NCT Trial Phase or Type Patient Selection Intervention or Treatment Number of Cases
NCT05273255 Pilot ICI-refractory melanoma FMT (via endoscopy) 30
NCT03341143 Phase I Anti-PD1 refractory melanoma FMT (via colonoscopy) + 16

pembrolizumab
NCT05251389 Phase I ICI refractory melanoma FMT (by endoscopy) 24
NCT03353402 Phase I Anti-PD1 refractory melanoma Oral FTM + Nivolumab 10
NCT03772899 Phase I Metastatic or Oral FMT + ICI 201
unresectable melanoma
NCT04521075 Phase I Metastatic or Oral FMT + Nivolumab 7wy
unresectable melanoma *
NCT03934827 Phase I Resectable melanoma *** MRXQSB vs. placebo 1201
prior to surgery
NCTO03817125 Phase I Metastatic or Nivolumab + SER-401 10
unresectable melanoma vs. placebo
*% st .
NCT03819296  PhaselandTl ~ Melanoma ™ with [Cl-related EMT (by endoscopy) 800
GI complications
NCT04988841 Phase II Unresectzible metastatic or ICIs + MaaT013a enema 601
ICI-naive melanoma vs. placebo
NCT04951583 Phase II Untreated melanoma * Nivolumab + ipilimumab + 701
FMT capsules
Stage Il and stage Diet intervention (isocaloric high
NCT04645680 Phase II & 8 fiber vs. whole foods diet) + 2
IV melanoma
Immunotherapy
NCT04577729 Randomized PD-1 refractory melanoma ICIs +FMT vs. FMT 601
NCT04866810 Randomized Unresectab'le or untreated Ant'l-PD-l'or anti-PDL-1 + 601
metastatic melanoma behavioral diet vs. observation
! Planned enrollment. * Also includes NSCLC. ** Also includes GU and lung cancer. *** Also includes other solid
tumors. MaaT013a is a microbiome restoration biotherapeutic. MRx0518 is a formulation of enterococcus species.
SER-401: capsules made up of healthy human donors’ purified suspension of firmicute spores.
Table 4. Observational studies assessing the interaction between ICIs and melanoma.
NCT Patient Selection Treatment Observation or Test Primary Outcome N
NCT05102773 Stage lll or IV ICIs Blood and stool Alpha-diversity change 89
melanoma samples
NCT04136470 Melanoma * ICIs Stool sample Gut microbial diversity 130
NCT02600143 Melanor'n.a with ICIs Stool sample Gut m1'c1Tob1al differences in 123
colitis colitis development
NCTO04875728 Stage I and II Surgery + Cefazohp Stool sample Change in ml.crob1.on.1e .after 20
melanoma (surgical prophylaxis) prophylactic antibiotics
NCT04698161 Melanoma * ICIs Stool, saliva, urine, Mlcroblomelblobank 50
and blood samples collection
Stool microbial diversity,
NCT0364289 Stage III and ICIs Stool and .perlpheral blood c.ell 450
IV melanoma blood samples immunophenotyping,
adverse effects
Malignant Anti-PD-1, Anti-PDL-1 Change in gut microbiome
NCT05037825 & and anti-CTLA-4 alone Stool samples sem s 800

Melanoma **

or in combination

composition with treatment
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Table 4. Cont.

NCT Patient Selection Treatment Observation or Test Primary Outcome N
NCT04734704 [Cl treated Anti-PD-1 Skin Swabs on 16?101’1 Skin microbial composition 175
melanoma *** and non-lesion sites
Anti-PD-1 alone or in . . ,
NCT04107168 Stage IIl and stage combination with Stool and Gut microbiome’s effect on
IV melanoma saliva samples 1-year PFS

Anti-CTLA-4

* Also includes non-small cell lung cancer. ** Also includes NSCLC, RCC, and triple negative breast cancer.
*** Also includes patients with vitiligo or those who developed vitiligo after ICI treatment.

3.2. Proposed Mechanisms through Which Microbiota Influences the Response to ICIs

The mechanisms through which the microbiota influences the response to ICIs have
been extensively studied. Some of those potential mechanisms are summarized in Figure 2.
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Figure 2. Proposed mechanisms of microbial influence on the response to immune checkpoint-
inhibitors. These include production of inosine, anabolic amino acids, short chain fatty acids, as well
as molecular mimicry between microbial and self-antigen. Through these mechanisms, microbiota
can affect the immune cell infiltration into the tumor cells and consequent responses to immune-

checkpoint inhibitors.

The impact of the microbiota on anti-tumor immune cell infiltration is the most
studied mechanism of interaction between the microbiota and the response to ICIs. At the
level of the tumor microenvironment, a higher density of CD8+ T cells were observed in
responding patients as compared to non-responding patients. This CD8+ T cell infiltration
was positively correlated with the Clostridiales order, the Ruminococcaceae family, and
the Faecalibacterium genus, and it was non-significantly but negatively correlated with
Bacteroidales. In addition, a higher level of systemically circulating effector CD4+ and
CD8+ T cells with a preserved cytokine response to anti-PD-1 therapy was associated with
Clostridiales order, the Ruminococcaceae family, and the Faecalibacterium. On the other hand,
gut microbiota enriched with Bacteroidales was associated with higher levels of Treg cells
and myeloid-derived suppressor cells in the systemic circulation with a blunted cytokine
response to anti-PD-1 therapy [38]. Moreover, and similarly to what was found in human
patients, mice transplanted with responder FMT were also found to have a higher density
of CD8+ T cells. Furthermore, an upregulation of PD-L1 was also established in the mice
models. In fact, mice receiving FMT from responders were also found to have a higher
frequency of innate effector cells and a lower frequency of suppressive myeloid cells [38].
Additionally, studies in mouse models have discovered that colonizing germ-free mice with
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specific gut microbiota leads to an increase in CD8+ T cell infiltration into the tumors and
an increase in CD8+ and CXCR3+ CD4+ T cells in the circulation [45]. This, in turn, results
in an increase in type 1 immune response [45]. Similarly, Baruch et al. demonstrated an
increase in intra-tumoral CD8+ T cell infiltration in FMT recipients responding to anti-PD-1.
The FMT caused an increase in CD68+ APCs infiltration into the gut lamina propria [42].
Another similar study showed that responding recipients shifted closer to the donors’ gut
microbiota as compared to the non-responders [44]. Increases in cytolytic CD56+ CD8+
T cells and terminally differentiated effector memory CD8+ T cells (CCR7— CD45RA+)
were also noted through longitudinal single cell analyses of peripheral mononuclear blood
cells and tumor-infiltrating immune cells. Regulatory T cells (Tregs) were also found to
be decreased in the responding recipients [44]. Therefore, through the use of FMT, some
recipients are able to respond to immunotherapy via similar mechanisms of the responding
donor [45]. It is important to note, however, that research is needed to fully understand the
mechanisms by which these microorganisms influence the response to ICIs.

Another proposed mechanism includes immune modulation by bacterial metabo-
lites. Bacterial fermentation of carbohydrates into short chain fatty acids (SCFAs) has been
correlated with the host immunity to ICIs [46]. The effects of butyrate have been highly
studied and have shown differential influences the response to anti-PD-1 and anti-CLA4
therapy. Faecalibacterium prausnitzii is considered a major contributor to butyrate forma-
tion. SCFA formation has been correlated with improvement in response to anti-PD-1
therapy [39,47,48]. However, it has been shown to blunt the response with anti-CLA4
therapy in melanoma patients [49].

In addition to the production of SCFA, gut microbiota may also induce molecular
mimicry to host cell antigens. Self-reactive T cells are mostly eliminated during develop-
ment; however, some are able to escape [50]. These may be activated by microbial antigens
that have immunogenic properties that are similar to host cell antigens [51]. Some tumor
cells express self- or neo-antigens that can be recognized by the self-reactive T cells [52].
As such, this cross-reactivity has been proven to enhance the response to ICIs, mostly by T
cell-mediated killing [3,45,51].

One suggested mechanism also involves the formation of anabolic amino acids by
the gut microbiota. These were found to be predominant in responding patients, while
catabolic amino acids were mostly predominant in non-responding patients [38]. In fact,
the biosynthesis of amino acids is proposed to stimulate host immunity [38].

Furthermore, inosine, a purine riboside, has been shown to be correlated with re-
sponse to ICIs in mice. Inosine is an intestinal metabolite produced by Bifidobacterium and
Akermansia muciniphilia. It has been shown to enhance TH; differentiation and adenosine
App receptor expressing naive T cell function. Inosine modulates the response to ICIs by
inhibiting the immunosuppressive activity of adenosine, which is a naturally occurring
molecule that suppresses the immune response. In contrast to adenosine, inosine has pro-
inflammatory effects on the adenosine Ay receptor, supporting the TH; and its anti-tumor
effects in the mice [53]. Inosine mainly acts as a competitive inhibitor of adenosine by
blocking its binding to its receptors and facilitating an increased immune response against
cancer cells [54].

4. Role of Skin and Gut Microbiota in the Development of Toxicities Associated with ICIs
4.1. Definition of Immune-Related Adverse Event (irAE): Limitation to Using ICIs

Although use of ICIs has transformed the landscape of cancer treatment by facilitating
the harnessing of the immune system to generate an anti-tumor immune response, there
exist several limitations to using these drugs. First, not all patients respond to ICI, and
response rates vary by tumor type [42]. In addition, ICI are expensive and may not be acces-
sible to all patients [55]. Most importantly, ICIs can cause severe immune-related adverse
events (irAEs) that can be life-threatening if not treated promptly and appropriately [56-58].
By definition, irAE occurs as a result of an ICI-induced “inappropriate” immune system
activation against the hosts” own cells [8]. While cutaneous irAEs are among the most
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common, any organ system can be involved, and side effects can range from colitis to
dermatitis, hepatitis, pneumonitis, as well as endocrinopathies such as thyroiditis and
hypophysitis [56-58]. In addition, ICIs have been associated with musculoskeletal adverse
events including inflammatory arthritis, myositis, and polymyalgia rheumatica [59]. While
neurotoxicity, cardiotoxicity, and pulmonary toxicity are less frequent, they tend to be the
most severe and life-threatening. In addition, much remains unknown about the long-term
effects of ICIs on patients and the management of irAEs [56-58].

4.2. The Role of the Microbiota in Influencing the Rate of Immune-Mediated Adverse Events

Cutaneous irAEs can range from mild pruritus to life-threatening epidermal
necrolysis [56-58]. Hu et al. studied the effect of skin microbiota on a mouse model
of cutaneous irAE [56]. Treatment with anti-CTLA-4 alone did not produce any skin
inflammation in the mouse model, nor did local skin colonization with Staphylococcus
epidermidis [56]. However, when the mice received concurrent cutaneous colonization
with S. epidermidis and systemic anti-CTLA-4, skin inflammation developed on days 6 to
8 of treatment [56]. The inflammatory infiltrate consisted of macrophages and cytokine-
producing neutrophils and monocytes [56]. This innate, hyperactive immune response to
anti-CTLA-4 treatment was found to be dependent on IL-17 production by commensal-
specific T cells in an excessive, dysregulated manner [56]. These findings suggest that
alterations in the skin microbiome may affect development of cutaneous irAE.

Colitis is a common irAE seen with both anti-CTLA-4 and anti-PD-1 antibodies and
may be severe or life-threatening [60,61]. The impact of the gut microbiome on development
of immune-related colitis has been extensively studied. The Bacteroidetes phylum has been
associated with increased resistance to colitis. Dubin et al. analyzed the composition of the
intestinal microbiota in 34 patients with metastatic melanoma being treated with anti-CTLA-
4. Patients who were not diagnosed with gastrointestinal inflammation between 13 and
59 days of treatment were found to have a higher abundance of Bacteroidaceae, Rikenellaceae,
and Barnesiellaceae [60]. It is thought that the Bacteroidetes phylum stimulates Treg cell
differentiation, which may play a role in certain patients’ resistance to colitis [60,62,63].
Another study by Chaput et al. showed similar findings. In this study, 26 patients with
metastatic melanoma received anti-CTLA-4 and were closely observed for the development
of colitis [39]. Abundance of the Bacteroidetes phylum was associated with resistance to
colitis. In addition, patients with Firmicutes-rich microbiota were more likely to develop
colitis. Interestingly, it was also found that decreased bacterial diversity was also associated
with gastrointestinal inflammation [39].

However, opposing results were found in patients treated with dual ICIs (anti-CTLA-4
and anti-PD-1) [6]. In fact, patients that were more resistant to colitis had a higher abun-
dance of Firmicutes, while patients prone to colitis had a higher abundance of Bacteroidetes [6].
Patients and pre-clinical models that had Bacteroidetes-rich profiles and that developed
colitis were found to upregulate IL-1£s. This was confirmed via treatment with IL-1 receptor
antagonist (anakinra), along with the dual ICIs, resulting in less inflammation. In addition,
via transcriptional profiling, a prompt and selective transcriptional upregulation of II1b
was also found [6].

Liu et al. found a link between the composition of a patient’s gut microbiome and
their likelihood of developing irAE from anti-PD-1 antibodies [64]. Patients with a less
diverse gut microbiome had a higher risk of experiencing irAE [64]. A total of 150 patients
were included in the study, and irAEs due to anti-PD-1 included pruritis and/or rash,
thyroid dysfunction, and mild to severe diarrhea. Patients were grouped into no/mild
irAE versus severe irAE group based on a National Cancer Institute Common Terminology
Criteria for Adverse Events (CTCAE V5.0) grading system. Patients experiencing severe
irAEs were found to have gut microbiota abundant with Streptococcus, Paecalibacterium,
and Stenotrophomonas. However, patients with mild irAE had gut microbiota enriched for
Faecalibacterium. Patients experiencing each irAE were analyzed and compared to patients
with no irAE. The microbiota in patients experiencing pruritis and rash had no significant
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difference when compared to those without irAE. However, patients with no irAE had
a higher abundance of Bacteroides and Lactobacillus as compared to patients experiencing
thyroid dysfunction, who had abundant Paecalibacterium. It was also found that patients
with severe diarrhea had a higher presence of Stenotrophomonas and Streptococcus, whereas
patients without irAEs or with mild diarrhea had higher levels of Faecalibacterium and
Bacteroides [64].

In summary, these studies highlight the interplay between the gut microbiota and
development of irAE. A retrospective analysis of 327 cancer patients treated with ICI for
multiple tumor types found that patients who developed diarrhea or colitis had improved
overall survival compared to those who did not develop diarrhea or colitis [65]. The mech-
anism underlying improved survival in patients who develop immune-related colitis is not
known, but it is possible that the gut microbiome may play a role and could be targeted
in future prospective studies. Future work is also needed to clarify specific microbial
profiles affecting colitis risk, which will improve risk assessment for and management of
immune-related colitis. There are multiple ongoing, prospective trials investigating the
impact of the microbiome on ICI efficacy and toxicity (NCT03643289 and NCT04107168).

Table 5 summarizes the role of microbiota in influencing the irAEs in skin cancer.

Table 5. The role of the microbiota in influencing rate of immune mediated adverse events in skin
cancers.

Bacteria

Immunotherapy Adverse Event Main Findings Reference

Staphylococcus epidermidis

Mice skin colonized with S. epidermidis
followed by treatment with systematic ICI
developed skin inflammation was seen on
CTLA-4 mAb Skin inflammation days 6 to 8 of treatment. [56]
No skin inflammation was seen in
treatment of mice with ICI alone or
colonization of S. epidermidis alone.

Bacteroidetes phylum
(Bacteroidaceae, Rikenellaceae,

Bacteroidetes phylum was associated with

CTLA-4 mADb Colitis . . o
increased resistance to colitis.

Barnesiellaceae)
Bacteroidetes phylum was associated with
Bacteroz-det-es phylum, CTLA-4 mAb Colitis o resistance to colitis. . [39]
Firmicutes Firmicutes-rich microbiota were associated
with increased tendency to colitis.
Bacteroidetes phylum was associated with
Bacteroidetes phylum, PD-1 mAb + Colitis increased tendency to colitis.
Firmicutes CTLA-4 mAb Firmicutes-rich microbiota were associated
with resistance to colitis.
Severe irAE: gut microbiota abundant
Streptococcys, Pruritis and /or rash, with Streptococcus and Stenotrgphomonus
Paecalibacterium, . . (diarrhea) Paecalibacterium
PD-1 mAb thyroid dysfunction, . . [64]
Stenotrophomonas, (thyroid dysfunction)

Faecalibacterium, Bacteroides

and diarrhea Mild irAE: gut microbiota abundant with

Faecalibacterium and Bacteroides (diarrhea)

5. Conclusions

In conclusion, emerging evidence suggests that the composition and diversity of the
skin and gut microbiota play a critical role in modulating the efficacy of immune checkpoint
inhibitors in the treatment of skin cancers. Despite the progress made in the field, several
challenges remain in harnessing the potential of microbiota-based therapies to optimize
immune checkpoint inhibitor efficacy. Future research efforts should aim to identify spe-
cific microbial profiles that predict the response to therapy and elucidate the molecular
mechanisms underlying their effects on tumor immunity. This knowledge may enable the
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development of microbiota-based interventions, such as fecal microbiota transplantation or
probiotics, to enhance the clinical efficacy and safety of immune checkpoint inhibitors in
patients with skin cancers.

Author Contributions: Y.B., C.F, M.B.Z. and L.B.K. made substantial contributions to the conception
or design of the work; Y.B., C.F, M.B.Z. and L.B.K. have drafted the work and substantively revised
it. Y.B., C.F, M.B.Z. and L.B.K. have approved the submitted version. Y.B., C.E,, M.B.Z. and L.B.K.
agree to be personally accountable for the author’s own contributions and for ensuring that questions
related to the accuracy or integrity of any part of the work, even ones in which the author was not
personally involved, are appropriately investigated, resolved, and documented in the literature. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

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

Abbreviations

APC Antigen-presenting cell
CTCAE  Common Terminology Criteria for Adverse Events
CTLA-4  Cytotoxic T-cell lymphocyte-associated protein

DC Dendritic cell

FMT Fecal microbiota transplant
GU Genitourinary

ICI Immune checkpoint inhibitor
11 Interleukin

irAE Immune-related adverse event

MAMPs  Microorganism-associated molecular patterns
NSCLC  Non-small cell lung cancer

PD-1 Programmed cell death 1
PDL-1 Programmed cell death 1 ligand
PFS Progression-free survival
PRR Pattern recognition receptors
RCC Renal cell carcinoma

SCFA Short chain fatty acid

TH T helper

TLR Toll-like receptor

Treg Regulatory T cell

TME Tumor microenvironment
uv Ultraviolet radiation

1.  Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA A Cancer ]. Clin. 2022, 72, 7-33. [CrossRef] [PubMed]

2. Ribas, A.; Wolchok, ].D. Cancer immunotherapy using checkpoint blockade. Science 2018, 359, 1350-1355. [CrossRef]

3. Routy, B.; le Chatelier, E.; DeRosa, L.; Duong, C.P.M.; Alou, M.T.; Daillere, 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] [PubMed]

4. Wang, Y, Jenq, RR.; Wargo, ].A.; Watowich, S.S. Microbiome influencers of checkpoint blockade-associated toxicity. . Exp. Med.
2023, 220, €20220948. [CrossRef] [PubMed]

5. Abu-Sbeih, H.; Herrera, L.N.; Tang, T.; Altan, M.; Chaftari, A.-M.P.; Okhuysen, P.C.; Jenq, R.R.; Wang, Y. Impact of antibi-
otic therapy on the development and response to treatment of immune checkpoint inhibitor-mediated diarrhea and colitis.
J. Immunother. Cancer 2019, 7, 1-11.


https://doi.org/10.3322/caac.21708
https://www.ncbi.nlm.nih.gov/pubmed/35020204
https://doi.org/10.1126/science.aar4060
https://doi.org/10.1126/science.aan3706
https://www.ncbi.nlm.nih.gov/pubmed/29097494
https://doi.org/10.1084/jem.20220948
https://www.ncbi.nlm.nih.gov/pubmed/36622383

Int. . Mol. Sci. 2023, 24,9702 14 of 16

10.
11.
12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Andrews, M.C.; Duong, C.PM.; Gopalakrishnan, V.; Iebba, V.; Chen, W.-S.; Derosa, L.; Khan, A.W.; Cogdill, A.P.; White, M.G.;
Wong, M.C,; et al. Gut microbiota signatures are associated with toxicity to combined CTLA-4 and PD-1 blockade. Nat. Med.
2021, 27, 1432-1441. [CrossRef]

Belkaid, Y.; Segre, J.A. Dialogue between skin microbiota and immunity. Science 2014, 346, 954-959. [CrossRef]

Bouferraa, Y.; Chedid, A.; Amhaz, G.; El Lakkiss, A.; Mukherji, D.; Temraz, S.; Shamseddine, A. The Role of Gut Microbiota in
Overcoming Resistance to Checkpoint Inhibitors in Cancer Patients: Mechanisms and Challenges. Int. J. Mol. Sci. 2021, 22, 8036.
[CrossRef]

Nakatsuji, T.; Chen, T.H.; Butcher, A.M.; Trzoss, L.L.; Nam, S.-J.; Shirakawa, K.T.; Zhou, W.; Oh, J.; Otto, M.; Fenical, W.; et al. A
commensal strain of Staphylococcus epidermidis protects against skin neoplasia. Sci. Adv. 2018, 4, eaa04502. [CrossRef]

Byrd, A.L.; Belkaid, Y.; Segre, ].A. The human skin microbiome. Nat. Rev. Microbiol. 2018, 16, 143-155. [CrossRef]

Stacy, A.; Belkaid, Y. Microbial guardians of skin health. Science 2019, 363, 227-228. [CrossRef] [PubMed]

Ansaldo, E.; Farley, T.K,; Belkaid, Y. Control of immunity by the microbiota. Annu. Rev. Immunol. 2021, 39, 449-479. [CrossRef]
Coggshall, K.; Brooks, L.; Nagarajan, P; Arron, S.T. The microbiome and its contribution to skin cancer. In Microbiome and Cancer;
Springer: Berlin/Heidelberg, Germany, 2019; pp. 87-106.

Mizuhashi, S.; Kajihara, I.; Sawamura, S.; Kanemaru, H.; Makino, K.; Aoi, J.; Makino, T.; Masuguchi, S.; Fukushima, S.; Thn, H.
Skin microbiome in acral melanoma: Corynebacterium is associated with advanced melanoma. J. Dermatol. 2021, 48, e15—el6.
[CrossRef] [PubMed]

Salava, A.; Aho, V,; Pereira, P; Koskinen, K.; Paulin, L.; Auvinen, P; Lauerma, A. Skin microbiome in melanomas and melanocytic
nevi. Eur. |. Dermatol. 2016, 26, 49-55. [CrossRef]

Tokumaru, S.; Sayama, K.; Shirakata, Y.; Komatsuzawa, H.; Ouhara, K.; Hanakawa, Y.; Yahata, Y.; Dai, X.; Tohyama, M.;
Nagai, H.; et al. Induction of keratinocyte migration via transactivation of the epidermal growth factor receptor by the antimicro-
bial peptide LL-37. J. Immunol. 2005, 175, 4662-4668. [CrossRef] [PubMed]

Gonzalez-Sanchez, P.; DeNicola, G.M. The microbiome(s) and cancer: Know thy neighbor(s). J. Pathol. 2021, 254, 332-343.
[CrossRef] [PubMed]

Dickinson, S.E.; Wondrak, G.T. TLR4 in skin cancer: From molecular mechanisms to clinical interventions. Mol. Carcinog. 2019, 58,
1086-1093. [CrossRef]

Fore, E; Indriputri, C.; Mamutse, J.; Nugraha, J. TLR10 and its unique anti-inflammatory properties and potential use as a target
in therapeutics. Immune Netw. 2020, 20, e21. [CrossRef]

Janda, J.; Burkett, N.B.; Blohm-Mangone, K.; Huang, V.; Curiel-Lewandrowski, C.; Alberts, D.S.; Petricoin, E.F,; Calvert, V.S.;
Einspahr, J.; Dong, Z.; et al. Resatorvid-based pharmacological antagonism of cutaneous TLR4 blocks UV-induced NF-«B and
AP-1 signaling in keratinocytes and mouse skin. Photochem. Photobiol. 2016, 92, 816-825. [CrossRef]

Zeeuwen, P.L.; Boekhorst, J.; van den Bogaard, E.H.; de Koning, H.D.; van de Kerkhof, PM.; Saulnier, D.M.; van Swam, LI;
van Hijum, S.A.; Kleerebezem, M.; Schalkwijk, J.; et al. Microbiome dynamics of human epidermis following skin barrier
disruption. Genome Biol. 2012, 13, R101. [CrossRef]

Williams, M.R.; Cau, L.; Wang, Y.; Kaul, D.; Sanford, J.A.; Zaramela, L.S.; Khalil, S.; Butcher, A.M.; Zengler, K.; Horswill, A.R.; et al.
Interplay of staphylococcal and host proteases promotes skin barrier disruption in Netherton syndrome. Cell Rep. 2020, 30,
2923-2933.e7. [CrossRef] [PubMed]

Gajanan, G.; Bohra, C.; Nanjappa, S.; Greene, ].N. Chronic infections leading to squamous cell carcinoma from chronic inflamma-
tion: A case report and review of all causes. Infect. Dis. Clin. Pract. 2016, 24, 133-137. [CrossRef]

Patra, V.; Wagner, K.; Arulampalam, V.; Wolf, P. Skin microbiome modulates the effect of ultraviolet radiation on cellular response
and immune function. Iscience 2019, 15, 211-222. [CrossRef]

Weill, ES.; Cela, EM.; Paz, M.L,; Ferrari, A ; Leoni, J.; Gonzalez Maglio, D.H. Lipoteichoic Acid from Lactobacillus Rhamnosus Gg as
an Oral Photoprotective Agent against Ultraviolet-Induced Carcinogenesis; Cambridge University Press: Cambridge, UK, 2013.
Zoschke, C.; Ulrich, M.; Sochorova, M.; Wolff, C.; Vavrova, K.; Ma, N.; Ulrich, C.; Brandner, ].M.; Schéfer-Korting, N. The barrier
function of organotypic non-melanoma skin cancer models. J. Control. Release 2016, 233, 10-18. [CrossRef]

Zhu, G.; Su, H.; Johnson, C.H.; Khan, S.A.; Kluger, H.; Lu, L. Intratumour microbiome associated with the infiltration of cytotoxic
CD8+ T cells and patient survival in cutaneous melanoma. Eur. J. Cancer 2021, 151, 25-34. [CrossRef]

Makaranka, S.; Scutt, E; Frixou, M.; Wensley, K.E.; Sharma, R.; Greenhowe, J. The gut microbiome and melanoma: A review. Exp.
Dermatol. 2022, 31, 1292-1301. [CrossRef] [PubMed]

Luo, M.; Hu, M,; Feng, X.; XiaoLi, W.; Dong, D.; Wang, W. Preventive effect of Lactobacillus reuteri on melanoma. Biomed.
Pharmacother. 2020, 126, 109929. [CrossRef]

Chen, L.; Zhou, X.; Wang, Y.; Wang, D.; Ke, Y.; Zeng, X. Propionate and butyrate produced by gut microbiota after probiotic
supplementation attenuate lung metastasis of melanoma cells in mice. Mol. Nutr. Food Res. 2021, 65, €2100096. [CrossRef]

Li, Y,; Tinoco, R.; Elmén, L.; Segota, I; Xian, Y.; Fujita, Y.; Sahu, A.; Zarecki, R.; Marie, K,; Feng, Y.; et al. Gut microbiota dependent
anti-tumor immunity restricts melanoma growth in Rnf5~/~ mice. Nat. Commun. 2019, 10, 1492. [CrossRef]

Vitali, E; Colucci, R.; Di Paola, M.; Pindo, M.; De Filippo, C.; Moretti, S.; Cavalieri, D. Early melanoma invasivity correlates with
gut fungal and bacterial profiles. Br. J. Dermatol. 2022, 186, 106-116. [CrossRef]


https://doi.org/10.1038/s41591-021-01406-6
https://doi.org/10.1126/science.1260144
https://doi.org/10.3390/ijms22158036
https://doi.org/10.1126/sciadv.aao4502
https://doi.org/10.1038/nrmicro.2017.157
https://doi.org/10.1126/science.aat4326
https://www.ncbi.nlm.nih.gov/pubmed/30655428
https://doi.org/10.1146/annurev-immunol-093019-112348
https://doi.org/10.1111/1346-8138.15633
https://www.ncbi.nlm.nih.gov/pubmed/33017068
https://doi.org/10.1684/ejd.2015.2696
https://doi.org/10.4049/jimmunol.175.7.4662
https://www.ncbi.nlm.nih.gov/pubmed/16177113
https://doi.org/10.1002/path.5661
https://www.ncbi.nlm.nih.gov/pubmed/33723873
https://doi.org/10.1002/mc.23016
https://doi.org/10.4110/in.2020.20.e21
https://doi.org/10.1111/php.12659
https://doi.org/10.1186/gb-2012-13-11-r101
https://doi.org/10.1016/j.celrep.2020.02.021
https://www.ncbi.nlm.nih.gov/pubmed/32130897
https://doi.org/10.1097/IPC.0000000000000349
https://doi.org/10.1016/j.isci.2019.04.026
https://doi.org/10.1016/j.jconrel.2016.04.037
https://doi.org/10.1016/j.ejca.2021.03.053
https://doi.org/10.1111/exd.14639
https://www.ncbi.nlm.nih.gov/pubmed/35793428
https://doi.org/10.1016/j.biopha.2020.109929
https://doi.org/10.1002/mnfr.202100096
https://doi.org/10.1038/s41467-019-09525-y
https://doi.org/10.1111/bjd.20626

Int. . Mol. Sci. 2023, 24,9702 150f 16

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.
52.

53.

54.

55.

Pereira, FV.; Melo, A.C.L.; Silva, M.B.; de Melo, EM.; Terra, EE; Castro, LA.; Perandini, L.A.; Miyagi, M.T.; Sato, ET,
Origassa, C.S5.T.; et al. Interleukin-6 and the gut microbiota influence melanoma progression in obese mice. Nutr. Cancer 2021, 73,
642-651. [CrossRef] [PubMed]

Sethi, V.; Kurtom, S.; Tarique, M.; Lavania, S.; Malchiodi, Z.; Hellmund, L.; Zhang, L.; Sharma, U.; Giri, B.; Garg, B.; et al. Gut
microbiota promotes tumor growth in mice by modulating immune response. Gastroenterology 2018, 155, 33-37.€6. [CrossRef]
[PubMed]

Alsaab, H.O.; Sau, S.; Alzhrani, R.; Tatiparti, K.; Bhise, K.; Kashaw, S.K.; Iyer, A.K. PD-1 and PD-L1 checkpoint signaling inhibition
for cancer immunotherapy: Mechanism, combinations, and clinical outcome. Front. Pharmacol. 2017, 8, 561. [CrossRef] [PubMed]
Rothlin, C.V.; Ghosh, S. Lifting the innate immune barriers to antitumor immunity. J. Immunother. Cancer 2020, 8, e000695.
[CrossRef]

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

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]

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]

McCulloch, J.A.; Davar, D.; Rodrigues, R.R.; Badger, ].H.; Fang, ]J.R.; Cole, A.M.; Balaji, A.K.; Vetizou, M.; Prescott, S.M.;
Fernandes, M.R; et al. Intestinal microbiota signatures of clinical response and immune-related adverse events in melanoma
patients treated with anti-PD-1. Nat. Med. 2022, 28, 545-556. [CrossRef]

Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, ].J.; Lance Cowey, C.; Lao, C.D.; Schadendorf, D.; Dummer, R.; Smylie, M.;
Rutkowski, P; et al. Combined nivolumab and ipilimumab or monotherapy in previously untreated melanoma. N. Engl. J. Med.
2015, 373, 23-34. [CrossRef]

Baruch, E.NN.; 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]

Gupta, S.; Allen-Vercoe, E.; Petrof, E.O. Fecal microbiota transplantation: In perspective. Ther. Adv. Gastroenterol. 2016, 9, 229-239.
[CrossRef] [PubMed]

Davar, D.; Dzutsev, A.K.; McCulloch, J.A.; Rodrigues, R.R.; Chauvin, ].-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]

Griffin, M.E.; Hang, H.C. Microbial mechanisms to improve immune checkpoint blockade responsiveness. Neoplasia 2022,
31, 100818. [CrossRef] [PubMed]

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, €202895. [CrossRef] [PubMed]

Lopez-Siles, M.; Duncan, S.H.; Garcia-Gil, L.J.; Martinez-Medina, M. Faecalibacterium prausnitzii: From microbiology to
diagnostics and prognostics. ISME J. 2017, 11, 841-852. [CrossRef]

Frankel, A.E.; Coughlin, L.A.; Kim, J.; Froehlich, TW.; 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]

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]

Kronenberg, M.; Rudensky, A. Regulation of immunity by self-reactive T cells. Nature 2005, 435, 598-604. [CrossRef]

Rojas, M.; Restrepo-Jiménez, P.; Monsalve, D.M.; Pacheco, Y.; Acosta-Ampudia, Y.; Ramirez-Santana, C.; Leung, PS.C,;
Ansari, A.A.; Gershwin, M.E.; Anaya, ].M. Molecular mimicry and autoimmunity. J. Autoimmun. 2018, 95, 100-123. [CrossRef]
Wang, W.; Thomas, R.; Sizova, O.; Su, D.-M. Thymic function associated with cancer development, relapse, and antitumor
immunity—A mini-review. Front. Immunol. 2020, 11, 773. [CrossRef]

Mager, L.F,; Burkhard, R.; Pett, N.; Cooke, N.C.A.; 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]

Lu, Y; Yuan, X.; Wang, M.; He, Z.; Li, H.; Wang, J.; Li, Q. Gut microbiota influence immunotherapy responses: Mechanisms and
therapeutic strategies. J. Hematol. Oncol. 2022, 15, 47. [CrossRef]

Verma, V.; Sprave, T.; Haque, W.; Simone, C.B.; Chang, ].Y., 2nd; Welsh, ].W.; Thomas, C.R. A systematic review of the cost and
cost-effectiveness studies of immune checkpoint inhibitors. J. Immunother. Cancer. 2018, 6, 128. [CrossRef] [PubMed]


https://doi.org/10.1080/01635581.2020.1764982
https://www.ncbi.nlm.nih.gov/pubmed/32406264
https://doi.org/10.1053/j.gastro.2018.04.001
https://www.ncbi.nlm.nih.gov/pubmed/29630898
https://doi.org/10.3389/fphar.2017.00561
https://www.ncbi.nlm.nih.gov/pubmed/28878676
https://doi.org/10.1136/jitc-2020-000695
https://doi.org/10.1126/science.aad1329
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1093/annonc/mdx108
https://doi.org/10.1038/s41591-022-01698-2
https://doi.org/10.1056/NEJMoa1504030
https://doi.org/10.1126/science.abb5920
https://doi.org/10.1177/1756283X15607414
https://www.ncbi.nlm.nih.gov/pubmed/26929784
https://doi.org/10.1126/science.abf3363
https://www.ncbi.nlm.nih.gov/pubmed/33542131
https://doi.org/10.1016/j.neo.2022.100818
https://www.ncbi.nlm.nih.gov/pubmed/35816968
https://doi.org/10.1001/jamanetworkopen.2020.2895
https://www.ncbi.nlm.nih.gov/pubmed/32297948
https://doi.org/10.1038/ismej.2016.176
https://doi.org/10.1016/j.neo.2017.08.004
https://doi.org/10.1038/s41467-020-16079-x
https://doi.org/10.1038/nature03725
https://doi.org/10.1016/j.jaut.2018.10.012
https://doi.org/10.3389/fimmu.2020.00773
https://doi.org/10.1126/science.abc3421
https://www.ncbi.nlm.nih.gov/pubmed/32792462
https://doi.org/10.1186/s13045-022-01273-9
https://doi.org/10.1186/s40425-018-0442-7
https://www.ncbi.nlm.nih.gov/pubmed/30470252

Int. . Mol. Sci. 2023, 24,9702 16 of 16

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Hu, Z1,; Link, VM.; Lima-Junior, D.S.; Delaleu, J.; Bouladoux, N.; Han, S.-J.; Collins, N.; Belkaid, Y. Immune checkpoint inhibitors
unleash pathogenic immune responses against the microbiota. Proc. Natl. Acad. Sci. USA 2022, 119, e2200348119. [CrossRef]
[PubMed]

Martins, F; Sofiya, L.; Sykiotis, G.P; Lamine, F; Maillard, M.; Fraga, M.; Shabafrouz, K.; Ribi, C.; Cairoli, A.; Guex-Crosier, Y.; et al.
Adpverse effects of immune-checkpoint inhibitors: Epidemiology, management and surveillance. Nat. Rev. Clin. Oncol. 2019, 16,
563-580. [CrossRef] [PubMed]

Choi, J.; Lee, S.Y. Clinical Characteristics and Treatment of Inmune-Related Adverse Events of Immune Checkpoint Inhibitors.
Immune Netw. 2020, 20, €9. [CrossRef]

Angelopoulou, E; Bogdanos, D.; Dimitroulas, T.; Sakkas, L.; Daoussis, D. Inmune checkpoint inhibitor-induced musculoskeletal
manifestations. Rheumatol. Int. 2021, 41, 33-42. [CrossRef]

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]

Pezo, R.C.; Wong, M.; Martin, A. Impact of the gut microbiota on immune checkpoint inhibitor-associated toxicities. Ther. Adv.
Gastroenterol. 2019, 12, 1756284819870911. [CrossRef]

Faith, ].J.; Ahern, P.P; Ridaura, VK., Cheng, J.; Gordon, J.I. Identifying gut microbe-host phenotype relationships using
combinatorial communities in gnotobiotic mice. Sci. Transl. Med. 2014, 6, 220rall. [CrossRef]

Round, J.L.; Mazmanian, S.K. Inducible Foxp3+ regulatory T-cell development by a commensal bacterium of the intestinal
microbiota. Proc. Natl. Acad. Sci. USA 2010, 107, 12204-12209. [CrossRef] [PubMed]

Liu, W,; Ma, E; Sun, B; Liu, Y.; Tang, H.; Luo, J.; Chen, H.; Luo, Z. Intestinal Microbiome Associated With Immune-Related
Adverse Events for Patients Treated With Anti-PD-1 Inhibitors, a Real-World Study. Front. Immunol. 2021, 12, 756872. [CrossRef]
[PubMed]

Chan, K.K,; Bass, A.R. Autoimmune complications of immunotherapy: Pathophysiology and management. BM]J 2020, 369, m736.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1073/pnas.2200348119
https://www.ncbi.nlm.nih.gov/pubmed/35727974
https://doi.org/10.1038/s41571-019-0218-0
https://www.ncbi.nlm.nih.gov/pubmed/31092901
https://doi.org/10.4110/in.2020.20.e9
https://doi.org/10.1007/s00296-020-04665-7
https://doi.org/10.1038/ncomms10391
https://doi.org/10.1177/1756284819870911
https://doi.org/10.1126/scitranslmed.3008051
https://doi.org/10.1073/pnas.0909122107
https://www.ncbi.nlm.nih.gov/pubmed/20566854
https://doi.org/10.3389/fimmu.2021.756872
https://www.ncbi.nlm.nih.gov/pubmed/34975845
https://doi.org/10.1136/bmj.m736
https://www.ncbi.nlm.nih.gov/pubmed/32253223

	Introduction 
	Role of Skin and Gut Microbiota in the Development of Melanoma 
	Proposed Mechanisms of Skin Microbiota Influence on Melanoma Development 
	Role of Gut Microbiota in the Development of Skin Cancers: Effects on the Immune System 

	Role of the Microbiota in Influencing Response to Immune Checkpoint Inhibitors (ICIs) 
	Pre-Clinical and Clinical Studies Studying the Microbial Profiles’ Influence on the Response to ICIs 
	Proposed Mechanisms through Which Microbiota Influences the Response to ICIs 

	Role of Skin and Gut Microbiota in the Development of Toxicities Associated with ICIs 
	Definition of Immune-Related Adverse Event (irAE): Limitation to Using ICIs 
	The Role of the Microbiota in Influencing the Rate of Immune-Mediated Adverse Events 

	Conclusions 
	References

