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ABSTRACT

Background Accumulating data suggest that mucosal
melanoma, well known for its poor response to immune
checkpoint blockade (ICB) and abysmal prognosis, is a
heterogeneous subtype of melanoma with distinct genomic
and clinical characteristics between different anatomic
locations of the primary lesions. Primary malignant
melanoma of the esophagus (PMME) is a rare, highly
aggressive disease with a poorer prognosis compared
with that of non-esophageal mucosal melanoma (NEMM).
In this study, we retrospectively analyzed the efficacy of
anti-programmed death (PD)-1 in patients with PMME and
explored its molecular basis.

Methods The response and survival of patients with
PMME and NEMM under anti-PD-1 monotherapy were
retrospectively analyzed. To explore the molecular
mechanisms of the difference in therapeutic efficacy
between PMME and NEMM, we performed genomic
analysis, bulk RNA sequencing, and multiplex
immunohistochemistry staining.

Results We found that PMME (n=28) responded better

to anti-PD-1 treatment than NEMM (n=64), with a
significantly higher objective response rate (33.3% (95%
Cl 14.3% t0 52.3%) vs 6.6% (95% Cl 0.2% to 12.9%)) and
disease control rate (74.1% (95% Cl 56.4% 1o 91.7%) vs
37.7% (95% Cl 25.2% to 50.2%)). Genomic sequencing
analysis revealed that the genomic aberration landscape of
PMME predominated in classical cancer driver genes, with
approximately half of PMME cases harboring mutations in
BRAF, N/KRAS, and NF1. In contrast, most NEMM cases
were triple wild-type. Transcriptome analysis revealed that,
compared with NEMM, PMME displayed more significant
proliferation and inflammatory features with higher
expression of genes related to antigen presentation and
differentiation, and a less immunosuppressive signature
with lower expression of inhibitory immune checkpoints
and dedifferentiation-related genes. The multiplex
immunohistochemical analysis also demonstrated higher
CD8" T-cell infiltration in PMME than in NEMM.
Conclusions PMME is an outlier of mucosal melanoma
showing a malicious phenotype but a particularly high
response rate to ICB because of its distinct molecular
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Anti-PD-1 monotherapy has limited efficacy in
mucosal melanoma. The incidence of primary ma-
lignant melanoma of the esophagus (PMME) is ex-
tremely low, and its survival is shorter than that of
non-esophageal mucosal melanoma (NEMM).

= The efficacy of anti-PD-1 monotherapy in PMME and
the molecular characteristics and immune infiltra-
tion features of PMME remain unclear.

WHAT THIS STUDY ADDS

= PMME exhibits a more favorable response to anti-
PD-1 treatment than NEMM.

= PMME shows more inflammatory features than
NEMM.

= PMME harbors more aberrations in canonical driver
genes and exhibits greater proliferation than NEMM,
resulting in more aggressive behavior.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study provides preliminary data on the efficacy
of anti-PD-1 monotherapy in PMME and indicates
that PMME is a specific type of mucosal melanoma
with a more proliferative molecular signature but
responds better to anti-PD-1 treatment than NEMM.

characteristics. Patient stratification based on anatomic
origin can facilitate clinical decision-making in patients

with mucosal melanoma following the verification of our
results in future prospective studies.

BACKGROUND

Mucosal melanoma arises from the malig-
nant transformation of melanocytes located
at mucosal membranes. The incidence of
mucosal melanoma is lower than that of
cutaneous melanoma. The common sites
of mucosal melanoma include the nasopha-
ryngeal and oral, lower gastrointestinal, and
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gynecological tissues, and the stage, nodal and distant
metastases, distant metastases predilection sites, and
overall survival (OS) are similar between different primary
anatomic sites." Therefore, mucosal melanoma was previ-
ously treated as a single histological subtype. Primary
malignant melanoma of the esophagus (PMME) is a rare
disease, which is more aggressive and has a poorer prog-
nosis than non-esophageal mucosal melanoma (NEMM),
and its etiology and pathogenesis are poorly understood.
The median time to recurrence of patients with PMME
who underwent surgery and median OS from diagnosis
are 5.9-6 and 13.5-18.1 months, respectively. The 5-year
survival rate of PMME is significantly lower than that of
NEMM.*™

Immune checkpoint blockade (ICB) is the main ther-
apeutic approach for advanced melanoma and leads to
improved clinical outcomes.” Numerous factors were
reported to be associated with the response to ICB, such
as CD8" T-cell infiltration, programmed death ligand (PD-
L1) expression, tumor mutational burden (TMB), inser-
tion/deletion (indel) burden, tumor neoantigen burden
(TNB), human leukocyte antigen (HLA)-corrected TMB,
antigen presentation, and mutation status of JAKI/2,
PTEN.5? However, the clinical benefits of ICB in mucosal
melanoma are limited because of the lower TMB and
tumor PD-L1 expression in this subtype.' ™ The molec-
ular characteristics and immune infiltration features of
PMME remain unclear, and there is no standard treat-
ment for patients with advanced PMME because of the
lack of strong clinical evidence.

In this study, we retrospectively analyzed patients with
mucosal melanoma who were treated with anti-PD-1
monotherapy in our center and compared its efficacy
against PMME and NEMM. Genome and RNA sequencing
as well as multiplex immunohistochemistry (mIHC)
staining were performed and compared in retrospectively
assembled samples from patients with either PMME or
NEMM to characterize the genomic and transcriptomic
landscape and tumor immune microenvironment.

MATERIALS AND METHODS

Patients

The data of patients with advanced mucosal melanoma
treated with anti-PD-1 monotherapy (including pembroli-
zumab, toripalimab, and camrelizumab) between July
2015 and July 2022 (last follow-up in October 2022) within
and outside of the clinical trial setting at Peking Univer-
sity Cancer Hospital were extracted and reviewed. Radio-
logical evaluations were conducted either by treating
physicians or independent radiologists as per Response
Evaluation Ciriteria in Solid Tumors (V.1.1). The overall
response rate (ORR) was defined as the proportion
of patients who achieved a complete response (CR) or
partial response (PR). The disease control rate (DCR)
was defined as the proportion of patients who had stable
disease or achieved a CR or PR. Progression-free survival
(PFS) was defined as the time from the start of treatment

to progression or last follow-up. OS was defined as the
time from the start of treatment to death or last follow-up.
Disease-free survival (DFS) was defined as the time from
the surgery to the date of recurrence or metastases.
For the molecular and cellular underpinning study, the
primary tumor samples and matched peripheral blood
samples were collected between December 2012 and
January 2019.

DNA extraction and genomic sequencing

The genomic DNA from fresh frozen tumor tissue and
matched normal samples was isolated using a DNeasy
Blood & Tissue Kit (Qiagen, Hilden, Germany). From
formalin-fixed paraffin-embedded (FFPE) samples,
DNA was extracted using a Maxwell RSC DNA FFPE
kit (Promega, Madison, Wisconsin, USA). A library
was constructed using an NEBNext Ultra II DNA Kit
(New England Biolabs, Ipswich, Massachusetts, USA)
and sequenced on a HiSeq 3000 Sequencing platform
(Illumina, San Diego, California, USA), with 100 bp
paired-end reads.

Fastp was used to filter out low-quality and short reads
and to trim the adapters from the raw reads to obtain
clean reads. The clean reads were aligned to the GRCh37
assembly using Burrows-Wheeler Aligner. Binary files
(BAM) were created using samtools. Somatic single-
nucleotide variants and short indels were detected
using GATK HaplotypeCaller (V.4.1.2.0) and Mutect2
(V.4.1.4.1) software. Somatic non-synonymous muta-
tions per megabase of the panel region annotated by the
Ensembl variant effect predictor were used in TMB anal-
ysis. Copy number variations (CNVs) were expressed as
the ratio of the adjusted depth between tumor tissue DNA
and germline DNA and were analyzed using FACETS with
log2 ratio thresholds of 0.322 and -0.415 for gain and
loss, respectively.

HLA genotyping and neoantigen identification

HLA genotyping was predicted by OptiType, an HLA
genotyping algorithm based on integer linear program-
ming thatis capable of producing accurate four-digit HLA
genotyping predictions from next-generation sequencing
data by simultaneously selecting all minor and major
HILA-I alleles. Loss of heterozygosity in HLA (HLA-LOH)
was identified by the HLALOH repository, a computa-
tional tool that evaluates HLA loss using next-generation
sequencing data and HLA genotyping. We used pVACseq
software to predict major histocompatibility complex
(MHC)-I class neoantigen based on missense, in-frame
insertion, in-frame deletion, protein-altering, frameshift
mutations, and HLA genotyping. The MHC-I class predic-
tion algorithms included the NetMHC, NetMHCpan,
PickPocket, SMM, and SMMPMBEC modules. HLA-
corrected TMB was determined as previously reported.®

RNA extraction and sequencing data analysis
RNA was extracted using an RNeasy FFPE Kit (Qiagen),
and ribosomal RNAs were removed using an NEBNext
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rRNA Depletion Kit (New England Biolabs). The
NEBNext Ultra II Directional RNA Library Prep Kit for
INlumina (New England Biolabs) was used for library
preparation. RNA sequencing was conducted on a
NovaSeq 6000 system (Illumina). Adaptor sequences, low-
quality reads, and reads with a high N ratio were removed
using fastp (V.0.20.0). The remaining clean reads were
aligned to ribosomal RNA sequences to remove ribo-
somal reads using bowtie2-2.2.8 and were further aligned
to the human reference genome (GRCh37) using STAR
software with default parameters.

Differentially expressed genes and gene set enrichment
analysis

We used the R DESeq2 package to calculate the fold-
changes between the PMME and NEMM subtypes. The
false discovery rate (FDR) method was used to adjust the
p values for multiple testing. Genes with an adjusted p
value of less than 0.01 and llog2(fold-change)l > 2 were
considered as significantly differentially expressed.
Enrichment analysis was performed using the R cluster-
profiler package, and pathways with an adjusted p value
less than 0.05 and absolute value of normalized enrich-
ment score greater than 1 were considered as significant.

mIHC staining

mIHC staining was conducted using a PANO 7-plex IHC
kit (Panovue, Beijing, China). The slides were blocked
and then incubated sequentially with CD8 (C8/144B,
Cell Signaling Technology, Danvers, Massachusetts,
USA), PD-L1 (E1L3N, Cell Signaling Technology), and
SOX10 (EPR4007, Abcam, Cambridge, UK). The nuclei
were counterstained with 4’,6-diamidino-2-phenylindole
(Sigma-Aldrich, St. Louis, Missouri, USA). Multispectral
images were obtained using a Mantra System (Perkin-
Elmer, Waltham, Massachusetts, USA), and digital images
were analyzed using inForm image analysis software
(PerkinElmer).

Statistical analysis

Categorical variables were summarized as frequencies
and percentages and analyzed using Pearson’s ” test or
Fisher’s exact test. Continuous variables were summarized
as the median and range and compared between groups
using the two-tailed unpaired Student’s t-test or Wilcoxon
test. Kaplan-Meier analysis was used to estimate the PFS
and OS, which were compared using the log-rank test.
Multivariate logistic regression analysis was used to adjust
for potential confounders and estimate ORs and the 95%
CI. Multivariable Cox proportional hazards regression
models were used to adjust for potential confounders
and estimate HRs and the 95% CI. All statistical analyses
were two sided, and the significance level was set at 0.05.
Statistical analyses were performed using RV.3.6.3 (The R
Project for Statistical Computing, Vienna, Austria), SPSS
software V.26.0 (SPSS), and GraphPad Prism V.8 software
(GraphPad, La Jolla, California, USA).

Table 1 Patient demographics and baseline characteristics
of patients administered anti-PD-1 (n=92)
PMME NEMM

Characteristics (n=28) (n=64)
Sex

Female 11 (39.3) 48 (75.0)

Male 17 (60.7) 16 (25.0)
Age, years 60 (42-74) 57 (27-79)

<565 9 (32.1) 30 (46.9)

>55 19 (67.9) 34 (53.1)
Metastases

MO 3(10.7) 18 (28.1)

M1 25 (89.3) 46 (71.9)
Previous systemic therapy

No 11 (39.3) 22 (34.4)

Yes 17 (60.7) 42 (65.6)
LDH

Normal 20 (71.4) 48 (75.0)

Elevated 8 (28.6) 16 (25.0)
ECOG

0 12 (42.9) 34 (53.1)

1 16 (57.1) 30 (46.9)

ECOG, Eastern Cooperative Oncology Group; LDH, lactate
dehydrogenase; NEMM, non-esophageal mucosal melanomas;
PMME, primary malignant melanoma of the esophagus.

RESULTS

PMME exhibited a better response to anti-PD-1 monotherapy
compared with NEMM

In total, 92 patients with advanced mucosal melanoma
were treated with anti-PD-1 monotherapy, including 28
patients with PMME and 64 with NEMM (26 genital, 25
nasal/oral, 12 anorectal, and 1 conjunctival). The basic
patient characteristics are listed in table 1. The ORR of
PMME (9/27, 33.3% (95% CI 14.3% to 52.3%)) was
significantly higher than that of NEMM (4/61, 6.6%
(95% CI 0.2% to 12.9%); p=0.002); similar results were
observed for the DCR (20/27, 74.1% (95% CI 56.4%
to 91.7%) in PMME, vs 23/61, 37.7% (95% CI 25.2%
to 50.2%) in NEMM; p=0.002). PMME remained inde-
pendently correlated with a better ORR (OR, 6.660 (95%
CI 1.568 to 28.284); p=0.010) and DCR (OR, 8.478 (95%
CI 2.421 to 29.691); p=0.001) in the multivariate logistic
regression model (table 2). The median follow-up times
of PMME and NEMM were 34.4 weeks (range, 10.6-222.0
weeks) and 43.0 weeks (range, 5.9-309.0 weeks), respec-
tively. Although PMME and NEMM showed no significant
difference in both PFS and OS (table 2, online supple-
mental figure 1A,B), the median PFS of PMME (32.0,
95% CI 17.8 to 46.2 weeks) was longer than that of NEMM
(13.0,95% CI 7.8 to 18.2 weeks).
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Table 2 Best response and survival outcomes to anti-PD-1 treatment

Variables PMME (n=28) NEMM (n=64)
Response, No. (%)
CR 0(0) 1(1.6)
PR 9 (32.1) 34.7)
SD 11 (39.3) 19 (29.7)
PD 7 (25.0) 38 (59.4)
NE* 1(3.6) 34.7)
ORRt
No. (%) 9 (33.3) 4 (6.6)
95% Cl, % 14.3 t0 52.3 0.2t012.9
Univariate P value 0.002
Multivariatef P value 0.010
OR (95% Cl) 6.660 (1.568 to 28.284)
DCR§
No. (%) 20 (74.1) 23 (37.7)
95% Cl, % 56.4 t0 91.7 25.2t0 50.2
Univariate p value 0.002
Multivariatef P value 0.001

OR (95% Cl)

PFS
Median (95% ClI), weeks
Univariate P value
HR (95% Cl)
Multivariate9| P value

HR (95% Cl)

oS
Median (95% ClI), weeks
Univariate P value
HR (95% Cl)
Multivariatef| P value

HR (95% Cl)

8.478 (2.421 to 29.691)

32.0 (17.8 to 46.2)
0.311
0.787 (0.495 to 1.251)
0.234
0.589 (0.246 to 1.409)

13.0 (7.8 to 18.2)

40.0 (27.1 to 52.9)
0.512

1.178 (0.708 to 1.960)
0.584

0.781 (0.323 to 1.892)

42.0 (23.3 t0 60.7)

*Patients not evaluable for response: two patients died before the evaluation of the disease and two patients were lost to follow-up.

tORR = (CR + PR)/(CR + PR + SD + PD) x 100%.

FMultivariate logistic regression analysis adjusted for age (>55 vs <55), sex (male vs female), baseline LDH level (elevated vs normal), baseline ECOG
(1 vs 0), distant metastasis (with vs without), and prior systemic treatment (yes vs no).

§DCR = (CR + PR + SD)/(CR + PR + SD + PD) x 100%.

{|Other covariates included in the multivariate Cox proportional hazard regression model of PFS and OS were age, sex, baseline LDH level, baseline

ECOG, distant metastasis, and previous systemic treatment.

CR, complete response; DCR, disease control rate; ECOG, Eastern Cooperative Oncology Group; LDH, lactate dehydrogenase; NE, not evaluable;
NEMM, non-esophageal mucosal melanomas; ORR, overall response rate; OS, overall survival; PD, progressive disease; PFS, progression-free
survival; PMME, primary malignant melanoma of the esophagus; PR, partial response; SD, stable disease.

Molecular and cellular underpinning strategy

To determine the genomic characteristics and gain insights
into the mechanism of the outstanding response of PMME to
anti-PD-1 compared with that of NEMM, we collected fresh
frozen or FFPE samples of primary tumors from 23 patients
with PMME and 45 patients with NEMM. The genomic and
transcriptomic signatures were explored via next-generation
sequencing; we also assessed the expression level of PD-L1
and infiltration of CD8" T cells using mIHC. The basic
patient characteristics and results of specific molecular
underpinning analysis are listed in online supplemental table

1, and the sample number of each analysis is shown in online
supplemental figure 2.

PMME and NEMM display different mutational signatures

Genomic sequencing was performed in 21 patients with
PMME and 23 with NEMM (figure 1A), and the detailed
sequencing information is listed in online supplemental
table 2. The median TMB of PMME and NEMM was
numerically similar (both 2.0 mutations/Mb, range
0.5-11.7 and 0.6-7.8, respectively; p=0.805; online supple-
mental figure 3A). Similarly, no significant difference was
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Figure 1 Overview of clinical and genetic characteristics of primary malignant melanoma of the esophagus (PMME) and non-
esophageal mucosal melanoma (NEMM). (A) Overview of PMME (n=21) and NEMM samples (n=23) showing total number of
single-nucleotide variations (SNVs) and insertions/deletions (indels), tumor mutational burden (TMB) using mutations (SNVs and
indels) per megabase, human leukocyte antigen-corrected tumor mutation burden (HLA-TMB), indel burden, tumor neoantigen
burden (TNB), and proportions of significantly different mutational processes. The patient ID, sex, age, and locations of the
primary lesions in each sample are shown beneath the bar plot. (B) Oncoplot of mutations in classical melanoma driver genes,
significantly mutated genes, and HLA class | and class Il genes. (C) Oncoplot of copy number variations (CNVs) in significantly
different genes. *Genes significantly different between PMME and NEMM (Fisher’s exact test, *p<0.05, **p<0.01).

observed between PMME and NEMM in terms of indel transversions (Tv, p=0.015) and fewer transitions (Ti,
burden (p=0.706), HLA-corrected TMB (p=0.734), and  p=0.015) than NEMM; specifically, PMME exhib-
TNB (p=0.314; online supplemental figure 3B-D). ited a significantly lower fraction of C>T Ti (p=0.013)

As shown in online supplemental figure 3E-H and  and T>G Tv (p=0.042) and higher fraction of C>G Tv
online supplemental figure 4, PMME harbored more (p=0.091). In PMME, the most prevalent signatures were
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age-related signature 1, homologous recombination
deficiency-related signature 3, immunoglobulin gene
hypermutation-related signature 9 (all 9/21, 42.9%), and
alkylating agents-related signature 11 (8/21, 38.1%). In
NEMM, the most prevalent signatures were signature 1
(18/23, 78.3%), signature 3 (12/23, 52.2%), liver cancer-
related signature 12 (11/23, 47.8%), and signature 16
(11/23, 47.8%). Signature 1 is reported to be negatively
associated with immune activity and prognosis following
immune checkpoint inhibitor therapy in melanoma."*
Although signature 1 is the most common signature in
both PMME and NEMM, its frequency was significantly
lower in PMME than in NEMM (p=0.029). Furthermore,
the TMB was lower in patients with PMME with signature
1 (median 1.53, range 0.47-2.71) than in those without
it (median 2.88, range 1.32-11.74; p=0.009); however, no
differences were found in the NEMM cohort (median
1.75, range 0.55-7.84 vs median 1.92, range 0.89-2.47;
p=0.787; online supplemental figure 3I). The contri-
bution of each signature was further analyzed, and the
results showed that the contribution of signature 11 was
significantly higher in PMME (p=0.014), whereas that of
signature 19 was significantly higher in NEMM (p=0.025;
online supplemental figure 3J-L).

PMME contains more aberrations in canonical driver genes
than NEMM

Melanoma is typically classified into four mutational
subtypes: BRAFmutated, RASmutated, NFI-mutated,
and triple wild-type.”” In our study, approximately half
of the PMME cases harbored mutations in BRAF, N/
KRAS, and NFI (10/21, 47.6%), whereas most NEMM
cases were triple wild-type (17/23, 73.9%; figure 1B). N/
KRAS was the most frequently mutated gene in PMME
(8/21, 38.1%), compared with a mutation rate of 17.4%
(4/23) in NEMM. TP53 was the second most frequently
mutated driver gene in PMME with a mutation frequency
of 19.0% (4/21) compared with 8.7% (2/23) in NEMM.
KIT was mutated in 13.0% (8/23) of NEMM, whereas
no KIT mutation was found in the PMME cohort. SF3B1,
which was thought to be commonly mutated in anorectal
and genital melanomas but rare in mucosal melanomas
from other sites, was mutated in 9.5% (2/21) of PMME
cases. Three genes were significantly differently mutated
between the two cohorts. The centromere-coding gene
CENPB and a mucin-coding gene MUCI7 were more
prone to be mutated in NEMM, whereas a neuroblastoma
breakpoint family member NBPFI mutation was only
found mutated in PMME (4/21, 19.0%). The somatic
mutation profiles are listed in online supplemental table
3.

Seventeen significantly different CNVs were identi-
fied between the two cohorts (figure 1C). Most PMME-
enriched CNVswere copy number gain in receptor-coding
or kinase-coding genes which can activate downstream
signaling and promote cell proliferation, including a
Notch pathway receptor (NOTCH?2), GTPases (HRAS,
KRAS, and RACI), a lipid kinase (PIP5KIA), tyrosine or

serine/threonine kinases (ABL2, AKT3, and WNKI), and
a pb3 inhibitor (MDM+). The different mutational land-
scape between the two cohorts indicated that the driving
molecular events in PMME differ from those in NEMM,
and PMME harbored more aberrations in canonical
driver genes than NEMM.

PMME contains less loss-of-function aberrations in

JAK1/2 but more mutations in neurodevelopment or
neurodegenerative-related genes than NEMM

Analysis of the genomic difference between PMME and
NEMM in immune-related genes showed that 19.0%
(4/21) of PMME cases harbored the HILA-I mutation,
whereas only 4.3% (1/23) of NEMM cases harbored this
mutation (figure 1A). Heterozygosity at the HLA-I loci
(HLA-A, HLA-B, and HLA-C) was further analyzed; the
results showed that 26.1% (6/23) of NEMM cases were
homozygous in at least one HLA-Ilocus, which was higher
than the rate observed in PMME (2/21, 9.5%). Gene
alterations in signaling pathways previously reported to
be associated with ICB sensitivity® "’ '° 17 were further
compared between PMME and NEMM (figure 2A). Loss-
offunction mutation or copy number loss in JAKI/2
was found in 28.6% (6/21) of PMME cases and 47.8%
(11/23) of NEMM cases. In the 10 PMME cases subjected
to genome and transcriptome sequencing, we performed
gene set enrichment analysis (GSEA); the results showed
that JAK/STAT signaling and immune-related genes were
more enriched in cases with normal JAK1/2 (figure 2B).
The PMME cohort contained more variations in the
PTPR family, which can dephosphorylate and inactivate
JAKs, indicating that the signaling activity of JAK/STAT is
higher in PMME than in NEMM. For B-catenin signaling,
NEMM tends to show higher copy number gain in genes
regulating B-catenin degradation (APC2, AXINI, and
AXIN2). No significant difference was observed in the
DNA repair, CDK4 pathway or PTEN.

By comparing the top 20 mutated genes in each cohort
(online supplemental figure 5), we found that PMME
harbored more mutations in neurodevelopmental
or neurodegenerative disease-related genes (NBPFI,
DPF1, MACFI1, MAOB, MYCBP2, and RNI40). We inves-
tigated the impact of mutations in these genes on the
efficacy and survival of patients treated with anti-PD-1
in three published clinical cohorts,lg’20 and found that
the response rate was significantly higher in patients
harboring these mutations than in patients without
mutations (52.8% (95% CI 38.9% to 66.7%) vs 33.5%
(95% CI 26.6% to 40.4%), p=0.015; online supplemental
figure 6A), particularly NBPFI (75.0% (95% CI 46.3% to
103.7%) vs 35.8% (95% CI 29.5% to 42.1%), p=0.011;
online supplemental figure 6B). In addition, the six genes
mutant patients tended to have a longer PFS (mPFS 9.3,
95% CI 0 to 31.5 months vs 3.6, 95% CI 1.2 to 6.0 months;
HR 0.73,95% CI 0.46 to 1.17; p=0.226) and a significantly
longer OS (mOS not reached vs 24.7, 95% CI 19.0 to 30.4
months; HR 0.52, 95% CI 0.34 to 0.79; p=0.011), partic-
ularly NBPFI and MYCBP2 (online supplemental figure
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Figure 2 Somatic alterations in reported immune checkpoint sensitivity related genes. (A) Oncoplot of somatic alterations
(including mutations and copy number variations) in reported response genes with at least one somatic aberration. (B) Gene set
enrichment analysis (GSEA) plot of the gene sets in IL6-JAK-STAT3, antigen processing and presentation, allograft rejection,
inflammatory response, interferon alpha, and interferon gamma, identified as significantly enriched (adjusted p<0.05) using
unbiased GSEA. *Genes significantly different between PMME and NEMM (Fisher’s exact test, *p<0.05).

6C-H). These results indicated that mutations in neuro-
developmental or neurodegenerative disease-related
genes may be a predictor of good response to anti-PD-1
therapy.

PMME exhibits a less immunosuppressive but more
proliferation signature than NEMM

RNA sequencing was performed in 10 PMME and 24
NEMM fresh frozen samples to further evaluate tran-
scriptome signature differences between PMME and
NEMM. CIBERSORT was used to estimate the immune

cell infiltration differences between the two cohorts
(figure 3A). We observed a higher proportion of CD8"
T cells (Mann-Whitney U test unadjusted p=0.009, FDR-
adjusted p=0.060) and activated DCs (Mann-Whitney
U test unadjusted p=0.006, FDR-adjusted p=0.062) in
PMME. We then explored the expression of genes related
to T-cell activity or response to ICB and found that PMME
showed higher expression of several markers of T-cell
cytotoxicity and HLA-I antigen presentation than NEMM
(figure 3A). Although the expression of PD-L1 and PD-L.2
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Figure 3 Primary malignant melanoma of the esophagus (PMME) displays a more inflammatory tumor microenvironment

than non-esophageal mucosal melanoma (NEMM). (A) Immune cell infiltration differences between PMME and NEMM were
measured using the CIBERSORT method. Expression of several markers of T-cell cytotoxicity and exhaustion, human leukocyte
antigen (HLA)-I antigen presentation, and immunosuppressive markers in myeloid cells are shown. Each column represents
individual patients. (B-G) Expression differences of immune checkpoints in PMME and NEMM.

were reported to be positively associated with the response
to anti-PD-1, the expression of CD274 (encoding PD-L1)
and PDCDILG (encoding PD-L2) were significantly lower
in PMME than in NEMM (figure 3B,C). Except for PDCD1
(p=0.8323, figure 3D), which encodes the receptor for
PD-L1 and PD-L2, the expression levels of most other
inhibitory immune checkpoints expressed on T cells,
such as CTLA4, LAG3, HAVCRZ2 (encoding TIM3), TIGIT,
BTLA, were lower in PMME than in NEMM (figure 3E-TI).
PMME also showed lower expression of immunosuppres-
sive markers in myeloid cells than NEMM, indicating a
less immunosuppressive molecular signature.

GSEA was performed to identify other biological differ-
ences between the two cohorts to provide insight into
why PMME is more aggressive than NEMM but showed a
better clinical benefit from anti-PD-1 monotherapy. DNA

repairrelated and telomerase-related gene setswere signifi-
cantly enriched in PMME, whereas myeloid cell-mediated
immunity-related and metabolic process-related gene sets
were more enriched in NEMM (figure 4A,B). We found
that the expression levels of the melanoma proliferative
phenotype-associated genes, MITF, PAX3, FOXD3, ETVI,
TBX2, SOX9, TRPMI, PARPI, and ZEB2, were signifi-
cantly higher in PMME than in NEMM (figure 4C). Cell
cycle pathway checkpoint CDK4 was upregulated and its
inhibitors CDKNIA and CDKNZ2A were downregulated in
PMME. MITF and its upstream PAX3 and FOXD3 regulate
the proliferation of melanocytes and melanoma but are
also the main modulators of melanocyte differentiation.”
Dedifferentiation and loss of melanocyte differentiation
antigens can result in resistance to immunotherapy22;
therefore, the melanocyte differentiation-related genes
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Figure 5 Primary malignant melanoma of the esophagus (PMME) has more infiltrating CD8" T cells than non-esophageal
mucosal melanoma (NEMM). (A) Representative multiplex immunohistochemistry (IHC) of CD8 and PD-L1 expression.

(B) Heatmap of CD8 and PD-L1 expression in the tumor, stroma, and whole slides. Each column represents individual patients
grouped according to cohorts. (C) Density (cells/mm?) differences in CD8 and PD-L1 expression in the tumor, stroma, and whole

slides (Wilcoxon, *p<0.05, **p<0.01).

were further compared. PMME expressed higher levels
of melanocyte differentiation genes (TYR, TYRPI, PAX3,
FOXD3, MITF, MLANA, SLC24A5, PMEL, and MCIR),
and NEMM showed a more dedifferentiation feature
with higher expression of neural crest cell and stem cell
markers (NGIR, MSX1, WNT5A, ABCG2, POU5F1B, SOX2,
and CD34) than NEMM.

More CD8" T cells infiltrate in PMME than in NEMM

The infiltration of CD8" T cells as well as PD-L1 expression
in 16 PMME and 17 NEMM samples were further exam-
ined using mIHC staining, and SOX10 was used to label
melanoma cells (figure 5A). The intratumoral densities
of CD8" T cells were significantly higher in PMME than in
NEMM, and the densities of CD8" T cells in the stromal
area and total slides tended to be higher in PMME than
in NEMM (figure 5B,C), which was in accordance with
the CIBERSORT estimation based on transcriptome
sequencing. These results indicate that PMME had higher
CD8" T-cell infiltration in the tumor microenvironment
than NEMM. Inconsistent with the lower CD274 level in
PMME, the expression level of PD-L1 did not significantly
differ between PMME and NEMM (figure 5B,D).

DISCUSSION
Mostreported ORRs to anti-PD-1 monotherapy in mucosal
melanoma were below 25%, which is considerably lower

than those for cutaneous melanoma.”* Compared with
patients with cutaneous melanoma, patients with mucosal
melanoma have a shorter PFS of 1.4-10.2 months and
median OS of 8.2-20.1 months following anti-PD-1 treat-
ment.?* However, patients with PMME have not been
widely examined, possibly because of the extremely low
incidence of this subtype. We retrospectively analyzed
patients with PMME and NEMM treated with anti-PD-1
monotherapy. The results revealed an ORR and DCR of
33.3% and 74.1%, respectively, for patients with PMME,
which was significantly higher than the values in our
NEMM cohort. Sheng et al reported that the anti-PD-1
antibody toripalimab combined with the vascular endo-
thelial growth factor receptor inhibitor axitinib could
improve the ORR up to 48.3% in mucosal melanoma.
In this clinical trial, a better clinical response was also
observed in PMME.?’

Although PMME showed a better response and longer
median PFS than NEMM, the OS after anti-PD-1 mono-
therapy was comparable between PMME and NEMM,
which may be the result of PMME being more aggres-
sive.! In our cohort, the DFS of patients with PMME
(median 25.7 (95% CI 19.5 to 31.9) weeks) was signifi-
cantly shorter than that of patients with NEMM (median
37.6 (95% CI 24.5 to 50.7) weeks) in multivariate Cox
regression analysis after adjusting for age, sex, LDH
at diagnosis, local metastasis, ECOG at diagnosis, and
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adjuvant treatment (HR 2.654 (95% CI 1.085 to 6.489);
p=0.032), establishing that PMME was more malicious
than NEMM. Therefore, we speculated that the superior
response rate of PMME did not produce a survival benefit
over NEMM because PMME is more aggressive and
progresses faster than NEMM. From another perspective,
the poorer survival of PMME was reversed as anti-PD-1
monotherapy prolonged the OS of PMME to a similar
level as that of NEMM.

Through assembled multiomics profiling, we analyzed
the molecular differences between PMME and NEMM to
explore their mechanisms. At the genomic level, a higher
TMB, indel burden, TNB, and HLA-corrected TMB were
reported to be correlated with a better response to ICB.%
In our study, the mutation burden was low in both PMME
and NEMM, with no difference observed in these terms.
The mutational signatures are the footprints of endoge-
nous and exogenous mutagenic factors that may reveal
the etiology of cancer. In our study, the most prominent
signatures in PMME were signatures 1, 3, 9, and 11; those
in NEMM were signatures 1, 3, 12, and 16, supporting that
signature 1 was the most important signature in mucosal
melanoma.”® Furthermore, the TMB was significantly
higher in PMME cases with signature 1 than in those
without this signature, which corresponds with the find-
ings of Chong et al in cutaneous melanoma.'* However,
the TMB did not differ in patients with NEMM with or
without signature 1. Signature 11 is most commonly
found in melanoma and glioblastoma and is associated
with mismatch repair deficiency and a higher TMB.* The
three most active signatures in cutaneous melanoma were
signatures 1, 7, and 11.%° PMME contained more muta-
tions in classical cutaneous melanoma driver genes, and
only 52.4% of PMME cases was triple wild-type. The muta-
tional signature and driver genes reflect those reported
by Li et al, who found that PMME had similar genomic
patterns as cutaneous melanoma.” Overall, similar
genomic patterns with cutaneous melanoma may explain
why PMME exhibited a more favorable response to anti-
PD-1 treatment than NEMM.

NRAS was the most frequently mutated gene in PMME,
with a mutation rate of 33.3%, which was higher than
that in NEMM and is consistent with previous reports
showing that NRAS is the most commonly mutated gene
in PMME.* 33N/KRAS and TP53 were reported to be
correlated with a better response to ICB in melanoma and
lung cancer.”* In our study, 57.1% (12/21) of PMME
cases harbored an N/KRAS or TP53 mutation, which was
significantly higher than that in NEMM (5/23, 21.7%,
p=0.029). One reason that patients with NRAS mutations
were more likely to benefit from ICB is that NRAS mutant
melanoma is associated with a higher mutational burden
and NRASmutated melanoma showed a higher propor-
tion of PD-L1-positive cells.”> KRAS is correlated with an
inflammatory phenotype and favorable clinical benefit
of anti-PD-1/PD-L1 immunotherapy for non-small cell
lung cancer.* N/K/HRAS are the most important drivers
of tumorigenesis and are activated by mutation in 15%

of human cancers, and melanoma harboring NRAS is
more aggressive than BRAF*"mutated and wild-type
melanoma.”” The higher response rate of NRASmutated
melanoma did not translate into a survival benefit. We
previously retrospectively analyzed the association of
NRAS mutation status with the clinical outcomes of anti-
PD-1 monotherapy in advanced melanoma, which showed
that the PFS and OS of patients with NRAS mutation were
shorter than those of patients without NRAS mutation in
cutaneous and acral/mucosal melanoma.®® Kirchberger
et alalso reported that survival is less favorable in immune
checkpoint inhibitor-treated patients with NRAS muta-
tion.” Therefore, the high mutation frequency of RAS
family might be another reason for a better response
to anti-PD-1 and the highly aggressive nature of PMME
compared with NEMM.

Loss-of-function mutation in JAKI/2 may induce
acquired resistance to ICB in melanoma, possibly
because JAKI/2 mutations caused melanoma cells to
lose the ability to respond to interferon y and prevented
PD-L1 expression.” In our study, compared with NEMM,
PMME harbored lower levels of loss-offunction muta-
tion or copy number loss in JAKI/2, and PMME with a
normal JAKI/2 genotype displayed higher JAK/STAT
signaling enrichment and more inflammatory transcrip-
tome signatures, indicating that a lower JAKI/2 aberra-
tion frequency leads to a stronger response to anti-PD-1
in PMME. In addition to a larger number of RAS muta-
tions and smaller number of JAKI/2 alterations, PMME
showed higher HLA-I heterozygosity and higher expres-
sion of antigen-presenting machinery-related genes than
NEMM. Transcriptional downregulation of HLA-I mole-
cules on melanoma cells was associated with resistance
to ICB, and MHC-Flow tumors displayed reduced T-cell
infiltration and a myeloid cell-enriched microenviron-
ment.*” # Therefore, enhanced antigen procession and
presentation may be the fourth reason for the exceptional
response to anti-PD-1 of PMME. Furthermore, a higher
proportion of CD8" T cells, lower expression of T exhaus-
tion markers, and less immunosuppressive and myeloid
cell signature were observed in PMME, indicating that a
more inflammatory microenvironment is the fifth reason
for these results.

Activation of Wnt/B-catenin signaling is reportedly
to be associated with ICB sensitivity.' However, NEMM
showed a higher copy number gain in genes regulating
B-catenin degradation than PMME, which contrasts the
notion of an attenuated response to ICB. Grasso et al
analyzed transcriptome tumor biopsies from patients with
melanoma at baseline or during ICB therapy and found
that ICB responders exhibited a significantly decreased
Wnt activation score in on-therapy biopsies, whereas no
change was observed in non-responders.* Therefore, the
decline in Wnt/B-catenin signaling after treatment may
be more crucial than the baseline aberration status and
expression level. Notably, Wnt/B-catenin signaling plays
a key role in melanocyte differentiation,” and dediffer-
entiation and loss of melanocyte differentiation antigens
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can result in resistance to immunotherapy.22 NBPFI was
a significantly differently mutated gene between PMME
and NEMM. This gene is involved in brain development
and neuroblastoma onset and exerts tumor-suppressive
effects in different cancers.***° In addition to NBPFI,
we found that PMME cases harbored a larger number of
mutations in genes involved in brain and neurological
system development, and these mutations were associated
with clinical outcome of anti-PD-1 therapy. Furthermore,
at the transcriptome level, PMME expressed higher levels
of melanocyte differentiation genes, and NEMM showed
more dedifferentiation features with higher expression
of neural crest cell and stem cell markers. Accordingly,
mutations in differentiation-related genes and a more
differentiated phenotype may be the sixth reason for the
better therapeutic response in PMME than in NEMM.

In addition to the above-mentioned genes related to
the responses to anti-PD-1 therapy (RAS, TP53), other
canonical oncogenic driver genes were frequently altered
in PMME, particularly those associated with the signaling
activity and malignancy of cancer. Amplification in
NOTCH?2, MDMH4, PIP5KI1A, RACI, and WNKI was consid-
erably more frequentin PMME than in NEMM. Newell ¢t al
reported that NOTCH2 amplification was more common
in the tumors of European patients than in those of East
Asian patients.”® Zou et al performed genomic profiling
of Chinese patients with melanoma, including 54 acral
melanomas and 13 mucosal melanomas, and reported
that NOTCH2 amplification was enriched in acral mela-
nomas but was not detected in mucosal melanomas.*’
These data demonstrate that NOTCH?2 amplification is
relatively rare in Chinese NEMM cases. MDM+, PIP5KIA,
and RACI are all associated with the function of RAS
family.**’Additionally, transcriptome analysis revealed
greater enrichment of DNA repairrelated and telomere
maintenance-related genes in PMME, and the expression
levels of proliferation markers were higher in PMME than
in NEMM. Therefore, the high frequency of aberration in
genes regulating various cancer signaling pathways and
high proliferation characteristics in PMME may explain
the more aggressive behavior and shorter DFS of PMME
than those of NEMM.

This study had some limitations. First, because mucosal
melanoma is rare, the number of patients receiving anti-
PD-1 monotherapy was small, and most patients were
administered multiple lines of treatment. Moreover,
individual heterogeneity and drug discrepancy influ-
enced the drawing of a solid conclusion. Further multi-
center prospective studies including more patients with
mucosal melanoma receiving the same anti-PD-1 therapy
as first-line treatment are required to verify the superior
response to anti-PD-1 therapy in PMME. Another limita-
tion is that the multi-omics analysis samples were not from
anti-PD-1 clinical trials, and because of the low sample
volume, quality, and conservation method limitations,
not all samples could be evaluated in all experiments.
Therefore, we could not confirm the specific molecular
mechanism underlying the improved response of PMME

to ICB. In addition, we performed bulk RNA sequencing
to analyze the transcriptome signature and evaluate the
immune microenvironment, as it was difficult to acquire
fresh PMME samples for single-cell RNA sequencing or
mass cytometry, and some samples had been stored in
liquid nitrogen for several years. Baseline and on-treat-
ment biopsies from a prospective cohort analyzed via
single-cell RNA sequencing and mass cytometry will
provide a more accurate transcriptome landscape and
immune infiltration feature of PMME, thereby revealing
the specific mechanism of the improved ICB response in
PMME.

Our results suggest that PMME differs from NEMM as
PMME responds better to anti-PD-1 treatment, possibly
because of its distinct pattern of genomic alterations,
larger number of infiltrating CDS8' T cells, higher antigen
presentation, greater differentiation character, and lower
expression of co-inhibitory molecules and immunosup-
pressive features. However, PMME harbored more muta-
tions and amplifications in canonical driver genes than
NEMM, leading to more aggressive behavior. Combina-
tion therapies to impair melanoma cell proliferation may
further improve the survival of patients with PMME.
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