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Summary

Background The microbiome is emerging as a crucial player of the immune check-
point in cancer. Melanoma is a highly immunogenic tumour, and the composition
of the gut microbiome has been correlated to prognosis and evolution of advanced
melanoma and proposed as a biomarker for immune checkpoint therapy.
Objectives We investigated the gut fungal and bacterial compositions in early-stage
melanoma and correlated microbial profiles with histopathological features.
Methods Sequencing of bacterial 16S rRNA and the fungal internal transcribed
spacer region was performed on faecal samples of patients with stage I and II
melanoma, and healthy controls. A meta-analysis with gut microbiota data from
patients with metastatic melanoma was also carried out.
Results We found a combination of gut fungal and bacterial profiles significantly
discriminating patients with melanoma from controls. In patients with mela-
noma, we observed an abundance of Prevotella copri and yeasts belonging to the
order Saccharomycetales. We found that the bacterial and fungal community cor-
related to melanoma invasiveness, whereas the specific fungal profile correlated
to melanoma regression. Bacteroides was identified as general marker of immuno-
genicity, being shared by regressive and invasive melanoma. In addition, the bac-
terial communities in patients with stage I and II melanoma were different in
structure and richer than those from patients with metastatic melanoma.
Conclusions The composition of the gut microbiota in early-stage melanoma
changes along the gradient from in situ to invasive (and metastatic) melanoma.
Changes in the microbiota and mycobiota are correlated to the histological fea-
tures of early-stage melanoma, and to the clinical course and response to
immune therapies of advanced-stage melanoma, through direct or indirect
immunomodulation.

What is already known about this topic?

• The microbial community living in symbiosis with our human body (i.e. the

microbiota) is fundamental for health.

• In the cancer field, and in particular in melanoma, the gut microbiota is drawing

attention due to its ability to control immune checkpoints and to determine the

success of immune therapies.

What does this study add?

• This study evaluates for the first time the gut microbial community of patients

with early melanoma (stage I and II), including bacteria, yeasts and fungi.
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• Promising associations between gut microbial profiles and histopathological fea-

tures of melanoma along the in situ–invasive (and metastatic) axis were found.

• Gut microbiota and the degree of immunogenicity of early-stage melanoma were

linked.

What is the translational message?

• Microbial profiles might contribute to better prognosis of early-stage melanoma

through direct or indirect immunomodulation.

Melanoma is a malignant tumour arising from melanocytes.1

It causes the greatest number of skin-cancer-related deaths

worldwide, and despite the recent advances in therapeutic

strategies, its prognosis in advanced stages remains poor.1 The

environmental determinants of melanoma remain elusive,

although a well-known risk factor is sun exposure.2,3

In the past 10 years, it has become increasingly evident that

in addition to our genome, health status depends on complex

interactions with our symbiotic microbial community (the

microbiota) and the genes and functions associated with it

(the microbiome). The human microbiota is emerging as a

crucial player in several types of cancer, and is an excellent

predictor of the outcome of cancer immune checkpoint ther-

apy.4–6 Patients with melanoma under nivolumab or pem-

brolizumab therapy showed a significantly higher alpha

diversity and enrichment of selected microbial species posi-

tively associated with enhanced systemic or local antitumour

immune reaction.6 A specific gut bacterial composition was

found to be a predictive biomarker for the clinical outcome

and the possible development of adverse gastrointestinal

effects to ipilimumab treatment,6–10 suggesting that the gut

microbiota is able to modulate both anticancer mechanisms

and immune surveillance.11 Nevertheless, none of these stud-

ies investigated the gut fungal community. Fungi are well

known for their immunogenicity traits, as recently observed

in autoimmune diseases, such as Crohn disease.12 Moreover,

neither gut bacterial nor fungal communities have yet been

investigated in patients with early-stage (nonmetastatic) mela-

noma.

This study aimed to assess the gut bacterial and fungal com-

munity composition in a group of patients with stage I and II

melanoma and to compare it with that of healthy controls.

We correlated clinical and histopathological features of early-

stage melanoma with the identified microbial profiles in order

to discover putative microbial biomarkers. Finally, a compar-

ison with patients with advanced-stage metastatic melanoma

was achieved with a meta-analysis.

Patients and methods

Study participants

Twenty patients with a histopathological diagnosis of mela-

noma, and 16 age- and sex-matched healthy controls living in

the province of Florence (Tuscany, Italy) were recruited. They

were compliant to the inclusion and exclusion criteria

(Appendix S1; see Supporting Information) and were screened

among patients referring to the university-based outpatient

service for melanoma prevention and follow-up of the Sec-

tion of Dermatology, Department of Health Sciences, Univer-

sity of Florence (Florence, Italy). For each enrolled patient and

control, we collected demographic, personal and clinical data

(Tables S1 and S2; see Supporting Information).

The study was carried out in compliance with the Declara-

tion of Helsinki principles for medical research involving

human subjects and was reviewed and approved by the local

institutional ethics review committee (Comitato Etico Regio-

nale per la Sperimentazione Clinica della Regione Toscana-

Sezione: Area Vasta Centro; study ID: 10578_BIO).

Evaluation of clinical and histopathological parameters

of patients with melanoma

Clinical data and histological parameters of melanoma13 were

assessed, including body site, histopathological subtype, Bres-

low thickness (recorded in millimetres and measured from the

granular layer or, when present, the ulcer base, to the deepest

extent of invasion by tumour cells), ulceration, mitotic index

(number of mitoses per mm2), lymphovascular invasion,

microsatellite or in transit metastasis, perineural invasion or

neurotrophism, growth phase, tumour-infiltrating lympho-

cytes and type (brisk or not brisk), regression and Clark

level.13,14 Melanoma staging was defined according to Ameri-

can Joint Committee on Cancer 8th edition pathological stag-

ing of cutaneous malignant melanoma, regional lymph nodes

and metastasis15 (Table S3; see Supporting Information).

Sample collection and total DNA extraction

To collect faecal samples, all enrolled patients received a pho-

tographic booklet to instruct them. Stool samples were stored

with 8 mL of RNAlater stabilization solution (Thermo Fisher

Scientific, Waltham, MA, USA) at �20 °C until DNA extrac-

tion. Total DNA was extracted from 250 mg (wet weight) of

each faecal sample using the DNeasy PowerSoil Kit (Qiagen,

Venlo, the Netherlands). DNA integrity and quality were

checked on 1% agarose gel and quantified using the Qubit 4

Fluorometer (Thermo Fisher Scientific).

Sample collection was performed after excision of the

tumour and subsequent histopathological diagnosis of
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melanoma, within 12 months. We assumed that the micro-

biota composition should have remained stable before and

after diagnosis, as patients using medication reported an intake

of several years before melanoma diagnosis, and no further

medication was prescribed after melanoma excision, as such a

procedure is considered minor surgery. In addition, all

enrolled patients had early-stage melanoma, which does not

need any treatment except for wide surgical excision and reg-

ular noninvasive follow-up.

Microbiota and mycobiota sequencing

For each DNA sample, the bacterial 16S rRNA gene was

amplified using a primer set specific for the V3–V4 hypervari-

able regions (341f: 50-CCTACGGGNGGCWGCAG-30 and 805r:

50-GACTACNVGGGTWTCTAATCC-30),16 while the fungal

internal transcribed spacer (ITS) was amplified using a primer

set specific for the ITS1 rDNA region (ITS1f: 50- CTTGGTCAT
TTAGAGGAAGTAA-30 and ITS2r: 50-GCTGCGTTCTTCAT
CGATGC-30).17 Sequencing was performed on the Illumina

MiSeq (Illumina, San Diego, CA, USA) with the V3 chemistry

600 cycle PE300 protocol, at the Fondazione Edmund Mach,

Trento, Italy, following their internal protocol.

Sequencing data processing and statistical analysis

The sequencing data analyses are described in full in

Appendix S1. Briefly, amplification primers and any sequenc-

ing adapter were removed with Cutadapt,18 and low-quality

bases at the 50-end of the reads were filtered with Sickle.19

MICCA v1.7.220 was used to remove sequences containing N

bases, to merge forward and reverse reads (allowing a maxi-

mum 8 mismatch in a minimum overlap of 32 bp), for pick-

ing of zero-radius operational taxonomic units (zOTUs) with

the UNOISE321 picking algorithm (zOTUs defined by the

UNOISE algorithm author), and for taxonomic assignation

using the RDP classifier and database v2.1122 for bacteria,

while using the RDP classifier v2.11 and the UNITE database

(release 4 July 2014)23 for fungi. Processed reads data are

available at the European Nucleotide Archive under accession

number PRJEB35665.

To perform a meta-analysis to compare bacterial communi-

ties from our study against the cohort of patients with meta-

static melanoma from Matson et al.,6 16S-targeted

metagenomics raw data were firstly retrieved from the

Sequence Read Archive (accession SRP116709). Given that in

Matson et al. the sole V4 hypervariable region was targeted,

we firstly had to make the two datasets comparable by select-

ing the portion corresponding to the V4 hypervariable region

from our data. To do so, we used Cutadapt to trim and dis-

card the portion of our reads before the forward primer used

in Matson et al. (i.e. primer 515f; in Cutadapt we used the -g

option for the primer sequence and the option -discard

untrimmed). After trimming, the two datasets were joined

and then processed in MICCA for OTU picking using the

‘greedy denovo’ algorithm with a similarity threshold of 97%,

and for taxonomy assignment. We preferred the use of the

similarity-based OTU picking algorithm to avoid any assump-

tions or considerations connected to the more recent zOTU

picking method (UNOISE3) that we used for our data.

For the analysis of both our original data and those from

the meta-analysis, subsequent analyses were performed in R

v3.42 (R Foundation, Vienna, Austria), similarly to the meth-

ods previously reported.24,25 Prior to any analysis, count data

were scaled with cumulative sum scaling (CSS transform, fol-

lowed by log2 scaling), as implemented in metagenomeSeq

v1.26.3.26 An extended description of the methods used can

be found in Appendix S1.

Results

Patient enrolment

The mean age of the patients with melanoma was significantly

higher than that of the healthy controls (66 vs. 41 years, P <
0�001), while the sex distribution and body mass index (BMI)

were comparable between the two groups: eight of 20 female

in the melanoma group vs. 10 of 16 female controls, P =
0�18; and mean (SD) BMI values of 26.3 (4�6) in the mela-

noma group vs. 24�2 (3�2) in the controls, P = 0�14.
We characterized the gut microbiota and mycobiota compo-

sition of the 20 patients with melanoma compared with the

16 healthy controls. The clinical data of both groups are

reported in Tables S1 and S2. Considering the histological

parameters (Table S3), in the melanoma group seven of 20

patients (35%) had in situ melanoma, 13 of 20 (65%) had

invasive melanoma (Breslow thickness ranging from 0.2 to

4.1 mm) and 10 of 20 (50%) had regression.

Different gut microbial communities between patients

with melanoma and healthy controls

The diversity of gut microbial communities was investigated

by alpha diversity (Figure 1a, b) and beta diversity ordination

(Figure 1c–e). No significant differences in alpha diversity

between patients with melanoma and healthy controls were

found for bacterial community (Figure 1a), while a signifi-

cantly higher richness of fungi was observed in patients with

melanoma (Figure 1b).

Principal coordinate analysis (PCoA) ordinations (on Bray–
Curtis dissimilarity) were performed on bacterial (Figure 1c)

and fungal communities (Figure 1d) separately, then the two

datasets were joined and analysed together to provide a global

picture of the total gut microbiota (Figure 1e). The total

microbial community structure showed significant differences

between controls and patients with melanoma, while margin-

ally significant differences were found when analysing the

bacterial community alone, and no significant differences were

found when analysing the fungal community alone (PERMANOVA

analysis P-values in Figure 1c–e). Both the bacterial commu-

nity and the total gut community showed the same differences

in PCoA ordination, yet the PERMANOVA test indicated that the
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total gut community dataset (bacteria and fungi joined

together; P = 0.041) was better able to discriminate the two

cohorts. In Figures S1 and S2 (see Supporting Information)

we report the composition analysis of the bacterial (at family

level) and fungal communities (at order level) in all of the

samples (Figure S2a) and in samples grouped by disease class

(Figure S2b).

By linear discriminant analysis effect size analysis (Figure 1f

and Figure S1) we discovered eight bacterial genera as candi-

date biomarkers of early-stage melanoma. Among them, five

were found with higher abundance and three with lower

abundance in patients with melanoma compared with healthy

controls. Considering the relative abundance and prevalence

distribution of those markers in patients with melanoma

(a)

(b)

(c)

(d)

(e)

(f)

Figure 1 Diversity analysis of bacterial and fungal communities in patients with early-stage melanoma. (a, b) Alpha diversity analysis using

synthetic indexes of richness and evenness for (a) bacterial and (b) fungal communities. (c–e) Principal coordinates analysis (PCoA) ordination

based on Bray–Curtis distance of samples from patients with melanoma and healthy controls considering bacterial community alone (c), fungal

community alone (d) and combined bacterial and fungal community (e) datasets. (f) Putative differential bacterial (at the genus level) and fungal

(at the species level) markers between patients with early-stage melanoma and controls assessed by linear discriminant analysis (LDA) effect size

analysis (alpha = 0.05; LDA cutoff = 2). OTU, operational taxonomic unit.
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(Figure S1), Prevotella, Clostridium IV, Holdemania and Anaerofustis

were enriched in patients with melanoma, while Saccharibacteria

and Parasutterella were depleted in patients with melanoma.

Considering the fungal component, only the order Saccha-

romycetales was enriched in patients with melanoma vs.

healthy controls.

Microbial profiles of patients with melanoma differ

according to histopathological features

Significant correlations between the global gut biota structure

and invasive melanoma (i.e. the presence or not of invasion

beyond the dermoepidermal junction) were observed. In Fig-

ure 2(a, b) we show the PCoA ordination in the melanoma

group with different melanoma invasion features. The ordina-

tion analyses suggested that microbial communities from

patients with in situ and invasive melanoma were different, as

confirmed by the significant results of PERMANOVA (Figure 2a and

Table 1) and ANOSIM analysis (Figure 2c, d and Table 1). We

found a significant relationship between the fungal community

composition (and, to a lesser extent, the combined bacterial

and fungal community) and melanoma regression (Table 1 and

Figure 2e, f; fungal community alone).

In order to uncover significantly enriched or depleted

zOTUs associated with melanoma at early stage or of different

severity, we compared patients with melanoma with the con-

trol group, and subgroups of patients with melanoma accord-

ing to the main histopathological features (invasiveness and

regression; Figure S2). Those comparisons suggested that

community rearrangement at the single zOTU level occurred

both between patients and healthy controls and in relation to

pivotal histopathological features of disease (Figure 2g; and

Tables S4–S6; see Supporting Information).

A higher number of differentially abundant zOTUs was

found for the comparison between patients with in situ and

invasive melanoma (n =180; 117 bacterial zOTUs and 63

(a) (b) (c)

(d)

(e) (f) (g)

Figure 2 Differences in microbial communities of patients with early-stage melanoma with respect to invasion and regression. (a, b) Principal

coordinates analysis (PCoA) ordination based on Bray–Curtis distance of the combined bacterial and fungal communities in patients with

melanoma. Points are coloured based on melanoma invasion features. (c) Graphical representation of the results of the ANOSIM statistical test. (d)

Distribution of patients with melanoma in the different classes of melanoma invasion and regression. (e, f) PCoA ordination based on Bray–Curtis

distance of the fungal community in patients with melanoma. Points are coloured based on regression features. (g) Venn diagram showing

intersections between differentially abundant zero-radius operational taxonomic units found in the comparison between (i) invasive vs. in situ

melanoma (‘invasivity’), (ii) regressed vs. not regressed melanoma (‘regression’) and (iii) control vs. melanoma (C vs. M).
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fungal zOTUs), with most of those enriched in in situ mela-

noma (162 of 180, 90%). In total 23 zOTUs (16 bacterial

zOTUs and seven fungal zOTUs) were found to be differen-

tially abundant between patients with regressed and not

regressed melanoma. Most of those were enriched in patients

with melanoma with regression (16 of 23, 70%). Finally, a

total of 19 zOTUs (10 bacterial zOTUs and nine fungal

zOTUs) were found to be differentially abundant in compar-

ison between patients with melanoma and healthy controls

(10 of 19 enriched in healthy controls, nine of 19 in patients

with melanoma; Tables 2 and 3).

Of note, five zOTUs (three bacterial and two fungal) were

more abundant in in situ melanoma without regression (poten-

tial poor immunogenic melanoma). On the other hand, a

zOTU from the genus Bacteroides (identified in BLAST as Bac-

teroides ovatus) was the only zOTU enriched in samples of

patients with invasive melanoma and regressing melanoma

(potentially the most immunogenic melanoma).

Differences between in situ and invasive melanoma were fur-

ther explored with random forest analysis, allowing the identi-

fication of the most important zOTUs in the two a priori

subgroups of patients with melanoma (Figure 3a, b). Among

those, a higher number of zOTUs were enriched in in situ mel-

anoma (eight of 10), while only two zOTUs were enriched in

invasive melanoma (Figure 3c and Table 4). All of the identi-

fied zOTUs belonged to the order Clostridiales, including sev-

eral butyrate-producing bacteria. Moreover, lower richness

(Figure 3d) and diversity (Figure 3f) in invasive melanoma

were found for bacteria, but not for fungi (Figure 3e, g).

Evidence of different gut microbiota composition between

patients with metastatic and nonmetastatic melanoma: a

meta-analysis

Finally, we compared our cohorts of patients with early-stage

melanoma against patients with metastatic melanoma from a

Table 1 Results of PERMANOVA and ANOSIM tests for evaluation of the relationship between microbial community structure and histopathological

parameters of melanoma

Invasivity Breslow Inflammation (yes/no) Regression (yes/no) Mitosis

Bacteria

PERMANOVA R2 0.069 0.044 0.053 0.062 0.042
P-value 0.074 0.95 0.56 0.18 0.99

ANOSIM R 0.33 – 0.071 0.073 –
P-value 0.008 – 0.13 0.12 –

Fungi
PERMANOVA R2 0.083 0.054 0.064 0.094 0.058

P-value 0.042 0.5 0.25 0.013 0.38

ANOSIM R 0.36 – 0.078 0.094 –
P-value 0.006 – 0.1 0.074 –

Bacteria + fungi
PERMANOVA R2 0.071 0.045 0.055 0.066 0.043

P-value 0.039 0.94 0.48 0.095 0.98
ANOSIM R 0.36 – 0.078 0.094 –

P-value 0.006 – 0.1 0.074 –

Statistically significant P-values are shown in bold.

Table 2 Zero-radius operational taxonomic units (zOTUs) found at significantly different abundance in multiple comparisons

zOTU Intersection Identification Associated with

DENOVO40|ITS All Cryptococcus_fuscescens|SH215218.06FU In situ, no regression, melanoma
DENOVO314|16S Invasivity ∩ regression Phylum Firmicutes In situ, no regression

DENOVO55|16S Invasivity ∩ regression Genus Bacteroides Invasive, regression
DENOVO256|16S Invasivity ∩ regression Genus Prevotella In situ, no regression

DENOVO590|16S Invasivity ∩ regression Genus Victivallis In situ, no regression

DENOVO124|ITS Invasivity ∩ regression Mortierella_sp|SH218045.06FU In situ, no regression
DENOVO31|ITS Invasivity ∩ regression Mortierella_sp|SH217983.06FU In situ, no regression

DENOVO16|ITS Invasivity ∩ regression Malasseziales_sp|SH206221.06FU Invasive, no regression
DENOVO27|ITS Invasivity ∩ melanoma control Davidiella_tassiana|SH196750.06FU In situ, control

DENOVO62|16S Regression ∩ melanoma control Family Clostridiales Regression, melanoma
DENOVO42|ITS Regression ∩ melanoma control Sordariomycetes_sp|SH219629.06FU No regression, melanoma

DENOVO14|ITS Regression ∩ melanoma control Tremellomycetes_sp|SH219359.06FU No regression, melanoma
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previous study who did or did not respond to therapy.6 PCoA

ordinations (Figure 4a) showed changes in community struc-

ture between tumour stages (from early to metastatic mela-

noma). We did not find a clear separation of samples between

patients with early melanoma and healthy controls; on the

contrary, samples of patients with metastatic melanoma (both

responders and nonresponders) clustered separately.

Pairwise PERMANOVA analysis confirmed significant differences

between the bacterial communities of patients with metastatic

melanoma and both patients with early melanoma and healthy

controls (Figure 4b). However, no significant differences were

found between patients with early melanoma and controls.

Intriguingly, bacterial richness (Figure 4c) and evenness (Fig-

ure 4d) showed a significant decline in community diversity

in advanced metastatic melanoma vs. early melanoma. A simi-

lar trend was also observed in invasive melanoma with respect

to in situ melanoma (Figure 3).

Discussion

To date, the composition of the gut microbiota has been anal-

ysed only in patients with metastatic melanoma undergoing

targeted immune therapies,5–10 highlighting specific gut bacte-

rial components related to response to immunotherapies and

Table 3 BLAST identification of the bacterial zero-radius operational taxonomic units (zOTUs) found at significantly different abundance in

multiple comparisons

zOTU Hit Identity Query cover E-value Max score Total score Associated with

DENOVO314|16S Christensenella massiliensis 88.6 100 2 9 10�139 494 494 In situ, no regression

DENOVO55|16S Bacteroides ovatus 100 100 0.0 780 780 Invasive, regression
DENOVO256|16S Prevotella copri 97.9 100 0.0 732 732 In situ, no regression

DENOVO590|16S Victivallis vadensis 93.6 100 4 9 10�171 599 599 In situ, no regression
DENOVO62|16S Anaerobacterium chartisolvens 88.6 99 3 9 10�137 486 486 Regression, melanoma

(a)

(b)

(c) (d) (e)

(f) (g)

Figure 3 Random forest analysis for the classification of patients with early-stage melanomas with an in situ or invasive tumour. (a) Receiver

operating characteristic curve, P-value, area under the curve (AUC) and out of bag (OOB) value showing the significance of the random forest

model for the classification of patients with in situ and invasive melanoma. (b) Identification of the most important zero-radius operational

taxonomic units (zOTUs) in the random forest classification model, denoted by a red point and a label. (c) Abundance of the most important

zOTUs in the random forest classification model patients with between in situ and invasive melanoma. (d–g) Alpha diversity analysis using

synthetic indexes of richness (d, e) and Shannon’s index (f, g) for bacterial (d, f) and fungal (e, g) communities, in patients with in situ and

invasive melanoma. Differences were assessed using the Wilcoxon test; P-values for the comparisons are shown on the plot.
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to side-effects, such as colitis. Here, we focused on identifica-

tion of gut microbiota profiles associated with early mela-

noma, speculating that a specific gut microbial community

might be associated with local or systemic antimelanoma

immune response and/or to invasive behaviour, given the

highly immunogenic nature of this tumour.

For the first time, we assessed the composition of the gut

mycobiota, which to the best of our knowledge has never

been assessed in melanoma, regardless of stage. Evidence

showed that fungal cell wall components (such as chitin) can

interact with the host immune system triggering proinflamma-

tory responses,27–29 or acting as a double-edged sword, induc-

ing both T helper (Th)1-derived Th17 responses and Treg

responses.29–32 As inflammation is considered a crucial step

towards cancer, as reported for several visceral cancers,33,34 it

is conceivable that also for skin melanoma an intestinal

inflammatory status linked to the presence of altered microbial

profiles35 could contribute to maintain a systemic proinflam-

matory and pro-oncogenic status.36 In fact, increased levels of

circulating proinflammatory cytokines stimulate immune cells

to move towards skin, leading to local inflammation, which is

considered a crucial step for neoplastic differentiation of mela-

nocytes.37,38

Our results support this evidence, and additionally suggest

that gut fungal profiles could be specifically associated with

melanoma regression. Regression is a phenomenon involving

T lymphocytes recognizing specific melanoma antigens39 that

are capable of destroying melanoma cells, leading to the pro-

gressive (partial or complete) disappearance of the tumour

and replacement with immune or fibrotic infiltration. The

prognostic role of regression is still under debate38,39 as the

occurrence of immune or fibrotic infiltration might lead to an

Table 4 BLAST identification of the 10 most important zero-radius operational taxonomic units (zOTUs) in explaining the random forest

classification model of patients with in situ and invasive melanoma

Hit Identity Query cover E-value Max score Total score Enriched in

zOTU 1559 Hungateiclostridium cellulolyticum 90.1 100 3 9 10�147 520 520 In situ

zOTU 231 Agathobaculum butyriciproducens 99.8 100 0.0 743 743 Invasive
zOTU 530 Kineothrix alysoides 97.0 100 0.0 678 678 In situ

zOTU 392 Kineothrix alysoides 98.3 100 0.0 704 704 In situ
zOTU 2266 Desulfosporosinus fructosivorans 89.0 99 6 9 10�150 529 529 In situ

zOTU 232 Christensenella massiliensis 90.4 100 4 9 10�151 532 532 In situ
zOTU 1804 [Eubacterium] rectale 99.7 96 0.0 710 710 Invasive

zOTU 240 Intestinimonas butyriciproducens 93.1 100 2 9 10�169 593 593 In situ

zOTU 517 Sporobacter termitidis 93.3 100 3 9 10�172 603 603 In situ
zOTU 197 Saccharofermentans acetigenes 88.9 100 4 9 10�141 499 499 In situ

(a)

(b)

(c)

(d)

Figure 4 Meta-analysis between the results of this study and that of Matson et al.6 (a) Principal coordinates analysis (PCoA) ordination based on

Bray–Curtis distance of the bacterial community in the meta-analysis. (b) Results of pairwise PERMANOVA between the sample classes of the meta-

analysis. (c-d) Alpha diversity analysis of bacterial communities using synthetic indexes of richness and evenness, respectively. M, melanoma; NS,

not significant; OTU, operational taxonomic unit; *P < 0.05, **P < 0.01.
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underestimation of the Breslow thickness. Fungi could pass

across the gut barrier and induce systemic immune

responses.40,41 This event could help to restore the cancer

immune checkpoint and induce cancer regression.

Melanoma progression from in situ to invasive showed a pau-

perization of the gut biota, and a lowering of alpha diversity. Spe-

cies belonging to the order Clostridiales and producers of

butyrate were enriched in invasive melanoma. It has been demon-

strated that butyrate, which can reach circulation and tissues when

produced in the gut, induces the expression of annexin A1,

involved in tumoral invasion through the activation of the

epithelial-to-mesenchymal transition signalling pathway in

human melanoma cells.42 We could speculate that an imbalance

in butyrate-producing bacteria might influence melanoma growth

through increased systemic butyrate levels. However, butyrate

producers were also found associated with in situ melanoma. In

accordance with the controversial role in modulating colorectal

cancer biology43,44 this suggests that enrichment of selected buty-

rate producers might promote melanoma evolution towards an

invasive phenotype, or towards a noninvasive phenotype.

We hypothesized that a highly immunogenic melanoma

might be characterized by invasion and regression together,

and connected to a worse prognosis. Immunogenicity in fact

increases in the invasive advanced stage, and is related to a

high mutational load.45,46 Our results showed that a peculiar

zOTU belonging to the genus Bacteroides was shared by regres-

sive and invasive melanoma, and hence Bacteroides could be

connected to melanoma immunogenicity. Interestingly,

selected strains of B. ovatus capable of eliciting IgM- and IgG-

mediated responses in vitro towards human acute myelogenous

leukaemia cells have been isolated from the human gut.47 Fur-

thermore, our result seems to be in accordance with previous

studies on metastatic melanoma, in which enrichment of the

phylum Bacteroidetes, to which B. ovatus belongs, has an unfa-

vourable impact on melanoma prognosis, limiting responsive-

ness to immune therapy.48

Taken together, our findings suggest that the composition of

the gut microbiota and the degree of immunogenicity of early-

stage melanoma might change along the gradient from in situ to

invasive and, finally, to metastatic melanoma. The observed

trend of deterioration in gut microbiota from in situ to invasive

also likely accompanies the transition from an early and local

melanoma phenotype, to the advanced and metastatic one. In

this study we cannot make any further assumptions or formu-

late more detailed hypotheses, as it was not among our aims,

but it would certainly be interesting and promising to direct

future research efforts specifically in evaluating this transition.

Those microbiota transitions might implicate immunological

changes, possibly involving systemic immune cell activation

and circulating cytokine release, able to modulate melanoma

progression, to which gut microbial changes might contribute

through direct or indirect modulation of the host immune sys-

tem. A growing body of evidence supports the presence of a

gut–skin axis, and further investigations will be needed to

demonstrate how gut fungal or bacterial communities might

exert biological effects at the skin level.

The present study has a few limitations. Firstly, our findings

should be tested further in larger and better balanced cohorts,

as the significantly different average age between the healthy

control and patients with melanoma suggests caution in inter-

preting the results of gut microbiota features in such groups.

At the same time, the comparable age and body mass index of

the invasive and in situ melanoma groups strengthens our

observations on the connections between melanoma progres-

sion and gut microbiota. Secondly, even if the results of the

meta-analysis are promising, the general caution that applies

to any meta-analysis of targeted metagenomic sequencing data

should be used, as possible technical bias and differences

between the two studies could have influenced the results.

Nevertheless, the partial overlap in ordination analysis

between our samples and those of Matson et al. is reassuring

for the soundness of the analysis and its correspondence with

the real biology of the system. Finally, the difficulty in culti-

vating the microbial communities we have highlighted leads

to the impossibility of proving their causal role in the patho-

genesis of melanoma and in its progression, leveraging, for

example, in vivo experimental models.

We can conclude that our results suggest promising future

developments in early melanoma research, where the micro-

biota could represent a valuable tool for early patient classifi-

cation, even if causal relationships were not demonstrated. It

is conceivable that modulation of the microbial community

through interventions on lifestyle habits, diet or treatments

might help to recover a beneficial gut microbiota in which

specific bacterial and fungal components might elicit a prog-

nostic favourable immune response against melanoma cells.
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