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Chapter 5

Abstract

Background: The profound disparity in response to immune checkpoint blockade (ICB)
by cutaneous melanoma (CM) and uveal melanoma (UM) patients is not well understood.
Therefore, we characterized metastases of CM and UM from the same metastatic site
(liver), in order to dissect the potential underlying mechanism in differential response
upon ICB.

Methods: Tumor liver samples from untreated CM (n=38) and UM (n=28) patients were
analyzed at the genomic (whole exome sequencing), transcriptional (RNA sequencing)
and protein (immunohistochemistry and GeoMx Digital Spatial Profiling) level.

Results: Comparison of CM and UM metastases from the same metastatic site revealed
that, although originating from the same melanocyte lineage, CM and UM differed in
somatic mutation profile, copy number profile, tumor mutational burden (TMB) and
consequently predicted neoantigens. A higher melanin content and higher expression
of the melanoma differentiation antigen MelanA was observed in liver metastases of
UM patients. No difference in B2M and HLA-DR expression was observed. A higher
expression of PD-L1 was found in CM compared to UM liver metastases, although
the majority of CM and UM liver metastases lacked PD-L1 expression. There was no
difference in the extent of immune infiltration was observed between CM and UM
metastases, with the exception of a higher expression of CD163 (p<0.0001) in CM liver
samples. While the extent of immune infiltration was similar for CM and UM metastases,
the ratio of exhausted CD8T cells to cytotoxicT cells, to total CD8T cells, and to Th1 cells,
was significantly higher in UM metastases.

Conclusions: While TMB was different between CM and UM metastases, tumor immune
infiltration was similar. The greater dependency on PD-L1 as an immune checkpoint
in CM and the identification of higher exhaustion ratios in UM may both serve as
explanations for the difference in response to ICB. Consequently, in order to improve
current treatment for metastatic UM, reversal of T cell exhaustion beyond PD-1 blockade
should be considered.
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Background

Immune checkpoint blockade (ICB) by anti-cytotoxic T-lymphocyte-associated protein
4 (anti-CTLA-4) and/or anti-programmed cell death 1 (anti-PD-1), or anti-programmed
cell death ligand 1 (anti-PD-L1) currently forms the most effective therapy in late stage
cutaneous melanoma (CM). Long-term benefitin afraction of patients has been observed
(1-4), with a 5-year progression-free and overall survival (OS) rate for the combination of
ipilimumab plus nivolumab of 36% and 52%, respectively (5). In contrast, the response
rates in uveal melanoma (UM), a rare subset of melanoma (3-5% of all melanomas, 0.6-
0.7 cases/100,000/year), are disappointing (ranging from 0 to 15%), and none of the
conducted phase lll trials has reported significant OS benefit (6-13).

To date, the underlying cause for the differences in response rate of CM and UM on ICB
is unclear. The lack of success of immunotherapy modulatory therapeutics in UM could
be explained by the lower average mutational burden in UM as compared with CM (14).
A high tumor mutational burden (TMB) is predictive for response to ICB therapy across
various cancer types (15). High TMB is thought to be associated with a high neoantigen
load, thus possibly increasing the chance of being recognized by tumor-specific T cells
(16, 17). Interestingly, CM and UM originate from the transformation of the same cell type,
that is, melanocytes, and as a consequence express the same melanoma differentiation
antigens (MDA), for example, melanocyte protein (PMEL)/glycoprotein 100 (gp100),
melanoma antigen recognized by T cells 1 (MART-1 or MelanA) and tyrosinase (18, 19).
Despite this similarity, CM and UM differ in oncogenic mutations and copy number
alterations (20-23).

Additional predictors for response to ICB include the presence of CD8" T cells within
the tumor, PD-L1 expression on tumor cells, PD-1 expression on T cells and alterations
in the major histocompatibility complex (MHC) and interferon-gamma (IFN-y) receptor
pathways (24-27). In this study, we determined TMB, oncogenic mutations and
expression of MDA in liver metastasis of patients with metastatic CM or UM. In order
to determine whether these were associated with other predictors of response to
ICB, we also compared the expression of PD-L1, MHC, IFN-y induced gene signature
and immune infiltration of CM and UM liver metastases (UM predominant metastatic
site (28)). Prior comparisons of PD-L1 and immune infiltration in CM and UM were
performed at different metastatic sites, or based on small numbers (29, 30), thereby
ignoring potential organ-specific influences. Our comprehensive comparison of CM and
UM lesions from the same tissue site provides a unique opportunity to avoid possible
site-specific bias to determine potential resistance mechanisms to ICB harbored by UM
metastases.
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Material and methods

Study population

A retrospective review of pathology records at the Netherlands Cancer Institute (NKI)
identified 50 patients who underwent a liver biopsy or partial liver resection with a
diagnosis of metastatic cutaneous or uveal melanoma between 2002 and 2017 (Figure
S$1). Asthe number of liver biopsies/resections of patients with CM were low, we included
an additional 16 samples from patients that underwent a liver biopsy or partial liver
resection for metastatic CM between 1999 and 2017 at the Melanoma Institute Australia
(MIA). The CM cohort consisted of 38 patients. The majority of patients (80%) did not
receive any treatment prior to the liver biopsy. Some patients received treatment prior
to the liver biopsy (Table S1), but all patients had progressive disease at the moment of
the biopsy. In total, 22 patients underwent a biopsy/resection at the NKI and 16 patients
at MIA. The UM cohort included 28 untreated patients who underwent a biopsy of a
liver metastasis between 2012 and 2016 at the NKI within the SECIRA-UM study, in
which all patients were treated with a combination of ipilimumab and radiofrequency
ablation (RFA)(31), following written informed consent. The study was approved by the
Institutional Review Board of the NKI.

DNA and RNA extraction

Tumor DNA and RNA was isolated from formalin-fixed, paraffin-embedded (FFPE)
sections. A pathologist scored the tumor percentage and indicated the most tumor-
dense region on a H&E stain slide for subsequent DNA/RNA isolation. A total of 5-10
FFPE slides (10 um) were used for simultaneous isolation of DNA and RNA using the
AllPrep DNA/RNA FFPE isolation kit (Qiagen, 80234) and the QlAcube, according to the
manufacturer’s protocol.

Germline DNA was isolated from peripheral blood mononuclear cells using AllPrep
DNA/RNA/miRNA Universal isolation kit (Qiagen, 80224) and the QlAcube, according to
the manufacturer’s protocol.

RNA and whole exome sequencing

Strand-specific libraries were generated using the TruSeq RNA Exome Library Prep
Kit (Ilumina), according to the manufacturer’s instructions. In brief, total RNA was
randomly primed and reverse transcribed using SuperScript Il Reverse Transcriptase
(Invitrogen) with the addition of Actinomycin D. Second strand synthesis was performed
using Polymerase | and RNaseH, replacing dTTP with dUTP. Resulting cDNA fragments
were 3’ end adenylated and ligated to Illumina Paired-end sequencing adapters and
subsequently amplified by PCR. Libraries were validated on a 2100 Bioanalyzer using
a 7500 chip (Agilent) and pooled. The pooled libraries were enriched for target regions
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using the probe Coding Exome Oligos set (CEX, 45MB), according to the manufacturer’s
instructions (lllumina). The enriched libraries were subjected to a second round of
enrichmentfollowed by a 10-cycle PCRamplification and cleanup using AMPure XP beads
(Beckman). Resulting target enriched pools were analyzed on a 2100 Bioanalyzer using a
7500 chip (Agilent), diluted and pooled equimolar into a multiplexed sequencing pool.
Next, libraries were sequenced with 65 base pair (bp) single-end reads on a HiSeq2500
using V4 chemistry (lllumina). Fastq files were mapped to the human reference genome
(Homo.sapiens.GRCh38.v82) using STAR(2.6.0c) (32) with default settings. Count data
generated with HTseq-count (33) was analyzed with DESeq2 (34). Centering of the
normalized gene expression data per dataset was performed by subtracting the row
means and scaling by dividing the columns by the standard deviation (SD). Next,
previously defined gene expression signatures (IFN-y (35), microenvironment cell
populations-counter (MCP-counter) (36) and Danaher immune cell (37)) were analyzed.
The average IFN-y signature was calculated by the average z-score of all genes within
the IFN-y signature. Immune cell populations of the Danaher immune cell signature
were evaluated by comparing the z-score of the immune subset. The distance among
samples was computed using the Euclidean distance. DNA was fragmented up to 160-
180 bp fragments by Covaris DNA shearing and purified using 2X Agencourt AMPure XP
PCR Purification beads, according to the manufacturer’s instructions (Beckman Coulter).
Library preparation for lllumina sequencing of the sheared DNA was performed using
the KAPA Hyper Prep Kit (KAPA Biosystems, KK8504). DNA libraries were cleaned up
using 1X AMPure XP beads. The libraries were sequenced with 100 bp paired-end reads
on a HiSeq2500 System, according to the manufacturer’s instructions.

Whole exome sequencing data analysis

Fastq files were aligned to GRCh38 using Burrows-Wheeler Aligner (38), followed by
marking of duplicate reads by Picard MarkDuplicates. Subsequently, base quality scores
were recalibrated using GATK BaseRecalibrator and single nucleotide variants were
called using GATK MuTect2 (39). All identified mutations were required to have passed
all Mutect2 tests (FILTER field equals “PASS”). Variants were subsequently annotated
using Variant Effect Predictor (VEP)(40). TMB was calculated by summarizing the total
number of non-synonymous, somatic mutations per sample with minimal variant allele
frequency (VAF) of 0.05 (5%).

The COSMIC mutational signatures (V2 - March 2015) (14, 41-44) were assessed
using MutationalPatterns (45). Both non-synonymous as well as synonymous somatic
mutations with a minimal VAF of 0.05 were used to calculate the relative contribution of
each of the 30 COSMIC signatures in each sample.

135



Chapter 5

DNA copy number profiles were generated from the exome sequence data using
CopywriteR (46) with default settings and a 500 kb bins size. Segmentation was
performed using circular binary segmentation (CBS) (47) after which gains and losses
were identified using CGHcall (48).

For neoantigen prediction, variants were annotated using SnpEff 4.3t (49). Based on
these variants, candidate tumor-specific neoepitopes were predicted and annotated
using an in-house epitope prediction pipeline, which uses a random forest model to
score the probability of surface expression of candidate neoepitopes based on the major
prerequisites for (neo-)antigen presentation: RNA expression level (Salmon V.0.9.1) (50),
proteasomal processing (NetChop V.3.1) (51, 52) and human leukocyte antigen binding
(netMHCpan V.4) (53). Candidate neoepitopes that have a model prediction score below
0.02 were filtered out.

Immunohistochemistry

Immunohistochemistry (IHC) of FFPE tumor samples was performed on a BenchMark
Ultra autostainer (Ventana Medical Systems). In brief, paraffin sections were cut in 3 um,
heated at 75°C for 28 min and deparaffinized in the instrument with EZ prep solution
(Ventana Medical Systems). Heat-induced antigen retrieval was carried out using Cell
Conditioning 1 (CC1, Ventana Medical Systems) for 48 min at 95°C.

PD-L1 was detected using clone 22C3 (1/40 dilution, 1 hour at RT, Agilent/DAKO).
Bound antibody was detected using the OptiView DAB Detection Kit (Ventana Medical
Systems). Slides were counterstained with Hematoxylin and Bluing Reagent (Ventana
Medical Systems). A scoring system of three levels of PD-L1 expression by IHC stain
was used: less than 1%, between 1% and 50% and more than 50%. FFPE sections
were stained for CD163 (clone: ERP14643-36, Abcam). Pigmentation was scored by a
pathologist as 0-3 (0= no melanin pigment, 1 = pigmentation visible at high power, 2
= moderate pigmentation visible at low power, 3 = high pigmentation readily visible at
low power with dense melanin content) (54).

Digital spatial profiling of tumor biopsy FFPE tissues

Using NanoString's GeoMx Digital Spatial Profiling (DSP) we performed multiplexed
and spatially resolved profiling analysis on pretreatment FFPE liver metastasis samples.
The DSP technology uses a cocktail of primary antibodies conjugated to unique
oligonucleotide tags with an ultraviolet UV photocleavable linker. Here, 4um-thick
FFPE tissues were incubated with an antibody cocktail of 44 unique oligonucleotide-
labeled antibodies (Table S2). Melanoma cells, leukocytes and T cells were defined by
fluorescence imaging with antibodies for ST00B/PMEL17, CD45 and CD3, respectively
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(Table S1). Based on fluorescence imaging, regions of interest (ROls) (200 um - 600
pum in diameter) within the tumor-enriched tissue areas (ST00B/PMEL17 positive) were
chosen for multiplex profiling. Tumor-infiltrating lymphocyte (TIL) high and low ROls
were selected based on CD3 positive staining within these tumor-enriched tissue areas.
Photocleaved oligos were transferred into a microwell and quantified using optical
barcodes in the nCounter platform. For analysis, digital counts were first normalized
with internal spike-in controls (External RNA Control Consortium; ERCCs) to account for
technical variation, then normalized to the geometric mean of housekeeping controls
of their defined ROIs, and subsequently background was subtracted using the IgG
controls (rabbit, mouse).

Statistics

Statistical analysis was performed using GraphPad Prism 7 software (GraphPad
Software, Inc., San Diego, California, USA) or with the R programing language. Measures
of spread in PD-L1 and pigmentation were calculated using x2 test. Measured of spread
in immune infiltration, mean centered DSP data, or ratios in CM and UM patients were
calculated using an independent t-test. For DSP analysis of individual data points, a
linear mixed effect model was used to control for multiple sampling within a slide, using
the Satterthwaite’s approximation for degrees of freedom for p value calculation. All
analyses were two-sided and used a significant level of p value <0.05.

Results

Distinct genomic profile of CM and UM at the same metastatic site

CM and UM have previously been shown to have a different genetic profile at the primary
tumor site. Genome characterization has largely been restricted to primary tumors and
a wide variety of metastatic sites, however, genome profiling of these melanomas at
the same metastatic site is lacking. We performed whole exome sequencing on liver
tumor samples and paired germline DNA from 16 CM patients and 15 UM patients to
determine mutational burden and oncogenic drivers. As expected, a strong difference
in TMB and oncogenic drivers between CM and UM liver metastases was observed
(Figure 1). UM liver metastases have significantly lower non-synonymous mutational
load than CM liver metastases (p<0.0001, Figure 1A, B), and consequently displayed
fewer predicted neoepitopes (Figure 1C).

Previous analyzes indicated that CM patients most frequently harbor alterations in
BRAF, RAS, NF1, TP53 and CDKN2A, resulting in deregulation of the MAPK/ERK pathway
in the majority of the CM patients (20). In UM, the most commonly mutated genes
are GNAT1, GNAQ, BAP1, EIFTAX and SF3B1, which leads to upregulated signaling via
MEK, Akt, and protein kinase C (21, 22). These CM-specific and UM-specific mutations
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were also observed in the liver metastases samples (Figure 1A). BRAF kinase mutations
were present in 81% of the CM patients, 46% were located at codon 600 (Figure 1D). In
addition, BRAF mutations at other codons were observed, which could be a consequence
of a high TMB and are therefore most likely passenger mutations (Figure 1A, D). Most
UM liver metastases carried mutations in GNATT (67%), BAP1 (80%) and/or GNAQ (27%).
Only one CM tumor carried a GNAT1 mutation, which has previously been described in
a rare subgroup of CM which is also characterized by a lower mutational burden (55).
The UM-specific mutations in EIF1AX and SF3B1 were observed less frequently than the
UM-specific GNAQ/11 and BAPT mutations, which may potentially be explained by a
lower metastatic rate of UM tumors with EIFTAX and SF3B1 mutations (56).

Chromosomal anomalies that are often found in primary tumors of CM and UM patients
were also detected in the liver metastases of these patients (23, 57). Specifically, loss of
chromosome 6q, 8p, 9 and 10, and copy number gains in chromosome 6p, 7, 8, 20 were
observed in CM metastases (Figure 1E). Copy number aberrations on chromosome 1 (1p
loss, 1g gain), chromosome 3 (loss), chromosome 6 (6p gain, 69 loss) and chromosome
8 (8p loss, 8q gain) were observed in UM metastases (Figure 1E). Overall, the genetic
differences between CM and UM are maintained at the metastatic site.

Pigmentation and MDA expression of CM and UM liver metastases

Both CM and UM arise from the transformation of melanocytes. Regardless of the fact
that they have common lineage from melanin-producing cells, CM and UM showed a
significant difference in the level of pigmentation. Whereas 58% of the UM metastases
displayed pigmentation (score 1, 2 or 3), only 27% of CM metastases showed presence
of melanin pigmentation (p=0.0265) (Figure S2A, B). These pigment-producing
cells can express the same MDA (PMEL, MelanA, tyrosinase), however there was only
significant difference for MelanA (MLANA) (p=0.0062) (Figure S2C, D); UM patients had
a significantly higher expression of MelanA compared with CM patients.

Comparison of PD-L1 and MHC expression between CM and UM liver metastases

PD-L1 expression was analyzed by conventional IHC and DSP, in order to determine if this
predictor could explain the difference in response rate of CM and UM patients to ICB. Both
techniques identified higher and more frequent PD-L1 expression on CM liver samples
compared with UM samples (Figure 2A-C). Specifically, although the majority of both UM
and CM liver metastases lacked PD-L1 expression, the percentage of PD-L1 positive CM
metastases, as determined by IHC, was significantly higher (11/41, 27%) as compared with
UM metastases (2/31, 6%) (p=0.0260, Figure 2A). This observation was confirmed by DSP
analyzes, showing a significantly higher expression of PD-L1 (p=0.0068) in CM as compared
with UM liver metastases (Figure 2C). CM patients that received treatment prior to biopsy
did not show higher PD-L1 expression to untreated CM patients (supplemental Figure 2E).
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Figure 1 | Whole exome sequencing (WES) analysis of cutaneous melanoma (CM) and uveal melanoma
(UM) liver metastases. (A) Mutation rates and mutational patterns of recurrent mutated CM and UM genes
(with different mutation types coded differently) found by WES. Each column represents one patient. (B) Non-
synonymous mutational load (altering amino acid sequence of protein) of CM and UM patients. The mean and
SD are shown. (C) Number of predicted neoepitopes and tumor mutational burden (TMB) per patient. Predicted
neoantigens were ordered from the lowest to highest rank. (D) Mutation Lolliplot displaying somatic mutations
in BRAF. (E) Copy number alterations of CM (left) and UM (right) liver metastases. Alterations are ordered from
chromosome 1-22. Red bar: copy-number gain; blue bar: copy-number loss. Orange: CM patients; blue: UM
patients. Gray: untreated patients; pink: patient with prior treatment to biopsy. **** p<0.0001.
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Loss of MHC has previously been described as an escape mechanism from ICB therapy
(25, 58). Using DSP analysis, we assessed expression of MHC class | and class Il proteins
by staining for 3, microglobulin (B2M) and HLA-DR, respectively (Figure 2D, E). No
significant difference in B2M and HLA-DR expression between CM and UM was found.
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Figure 2 | Programmed cell death ligand 1 (PD-L1) expression and major histocompatibility complex
(MHC) expression of cutaneous melanoma (CM) and uveal melanoma (UM) liver metastases. (A)
Immunohistochemistry (IHC) quantification of PD- L1 expression of CM and UM liver metastases. (B)
Representative IHC for PD-L1 scoring. (C) Comparison of PD-L1 expression of CM and UM liver metastases by
digital spatial profiling (DSP) analysis, showing the mean and SD. (D) B2M and (E) human leukocyte antigen-DR
(HLA-DR) expression by DSP analysis of CM and UM liver metastases. The mean and SD are shown. Orange: CM
patients; blue: UM patients. ns p>0.05, **p<0.01.

Immune cell infiltrates in CM and UM liver metastases unveil similarities

PD-L1 expression has been reported to be positively correlated with immune cell
infiltration (59), and the observed difference in PD-L1 expression between CM and
UM could therefore potentially be coupled to a difference in immune cell infiltrate.
To address this, immune-related signatures that have previously been correlated with
clinical benefit to ICB therapy in late stage malignancies (35-37) were assessed. In
this analysis, we focused on the previously defined IFN-y (35), MCP-counter (36) and
Danaher immune cell(37) signature. The IFN-y response signature showed no apparent
difference in expression between CM and UM samples (Figure 3A). As PD-L1 forms one
of the IFN-y responsive genes (60), we also evaluated the association between PD-L1
expression and IFN-y gene expression profile of CM and UM metastases. A positive
correlation between IFN-y (defined as the average expression of genes included in the
IFN-y signature) and PD-L1 expression was observed (Figure 3B).
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The MCP-counter signature, which quantifies the absolute abundance of eight immune
and two stromal cell populations, showed also no difference in immune cell infiltrates
between CM and UM samples (Figure 3C). When applying the Danaher immune cell
signature evaluating a set of marker genes for different immune cell subpopulations, no
distinct difference between CM and UM patients was found (Figure 3D). Comparing the
different immune subsets of the Danaher signature, showed no significant difference
in expression between CM and UM patients (Figure 3E). These findings on RNA level
were also confirmed by DSP data, in which no difference in protein level of CD4 and
CD8 was observed between CM and UM patient samples (Figure 3F). However, a
significantly lower expression of CD3 in UM liver metastases was found compared with
CM liver metastases (p=0.0433).This could potentially indicate a higher expression
of CD3"CD4CD8 double-negative T cells (61) in CM liver metastases compared with
UM liver metastasis, however, a single cell characterization (e.g. multiplex IHC or flow
cytometry) for CD3, CD4 and CD8 expression would be required in order to prove this.

Next, we examined the ratio between different immune subsets identified by the
Danaher immune cell signature. Strikingly, the ratio of exhausted CD8" T cells (defined
by the RNA expression of LAG3, CD244, EOMES, PTGER4) to cytotoxic T cells (defined by
the RNA expression of Perforin 1, Granzyme A/B/H, NKG7, KLRK1, KLRB1, KLRD1, CTSW,
GNLY), CD8" T cells (defined by the RNA expression of CD8A and CD8B), and Th1 cells
(defined by the RNA expression of TBX21) was significantly higher in metastases of UM
patients compared with CM patients (p=0.0061, p=0.0058, p=0.0312 respectively, Figure
3G), while the individual subsets of these T cells (exhausted CD8* T cells, cytotoxic T
cells, CD8* T cells and Th1 cells) in both tumors was similar (Figure 3E). In addition,
the ratio of exhausted CD8" T cells to cytotoxic T cells, to CD8" T cells and to Th1 cells
were also associated with TMB (Figure 3H), in which a higher TMB was associated with a
lower ratio of exhausted CD8" T cells to the other immune populations. Furthermore, a
high IFN-y score (defined as average expression IFN-y signature) was likewise associated
with a lower ratio of exhausted CD8" T cells to CD8" T cells in UM metastases (p=0.0386)
(Figure 31). These data are both consistent with a model in which the relative level
of T cell exhaustion is associated with melanoma subtype and with a model in which
low TMB - and consequently low immunogenicity - is associated with increased T cell
exhaustion.

CM and UM liver metastases show differences at the transcriptome level

To further explore the dissimilarities between CM and UM liver metastases, we
performed additional transcriptional analyzes of CM and UM liver metastasis samples.
First, we evaluated the distance among samples. An apparent clustering of CM and
UM samples was detected (Figure 4A). In order to further investigate which genes
contribute to this difference, we analyzed the genes that were differentially expressed
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genes (DEGs) between CM and UM liver metastases (Figure 4B), and identified 6523
DEGs (p<0.05). The genes with the lowest p values that were found to be more highly
expressed in CM liver metastases were hardly expressed in UM liver metastases, and vice
versa (Figure 4C). The stark difference between CM and UM liver metastases was also
highlighted when CM and UM were analyzed for disparities by principal component
analysis. Comparing PC1 to PC2 showed a close clustering of UM samples, more closely
to PC2, while CM samples cluster less together (Figure 4D).

Gene set enrichment analyzes (GSEA) on DEGs and PC1/PC2 (Figure 4E, Figure S3)
demonstrated increased expression of hallmark gene sets involved in metabolic
pathways, such as oxidative phosphorylation (OXPHOS), xenobiotic metabolism
and fatty acid metabolism in UM. It has previously been described that UM is ranked
among the tumors with the highest OXPHOS signature(62), and this property has been
associated with invasiveness and drug resistance(63). Pathways upregulated in CM
involved proliferation (mitotic spindle, E2F targets, MYC targets and G2M checkpoint)
and immune pathway (tumornecrosefactor-alfa (TNFA) signaling via NFKB) (Figure 4E).
GSEA on PC1 showed a diversity of enriched biological states or processes, and revealed
significant enrichment of genes up-regulated in response to ultraviolet (UV) radiation.
An estimated 60%-70% of CM are thought to be caused by UV radiation exposure.
This fits with the observation that a part of the CM samples tend to correlate to PC1,
which was not observed for the UM samples. In addition, analyzes for the presence of
COSMIC mutational signatures showed a contribution of UV-related mutations (COSMIC
signature 7) in the CM samples (Figure S4). GSEA on PC2 also revealed in the highest
ranked pathways (based on false discovery rate (FDR)) an enrichment for immune
associated pathways (TNFA signaling via NFKB, IL6 JAK STAT3 signaling, interferon alpha
and gamma response) (Figure S3).

Figure 3 | Comparison of immune cell infiltration of cutaneous melanoma (CM) and uveal melanoma (UM)
liver metastases. Heatmaps of the gene signatures (A) interferon-gamma (IFN-y) (35) (C) microenvironment cell
population (MCP) counter (36) and (D) Danaher immune cell signature (37). Columns represent patients (CM pa-
tients (orange); UM patients (blue). Hierarchical clustering of the gene signatures is displayed MCP counter and
Danaher immune cell signature.) and rows genes. Positive values (red) are indicated as higher expression, negative
values (blue) are indicated as lower expression. (B) Programmed cell death ligand 1 expression (quantified by im-
munohistochemistry) and average expression of IFN-y gene signature for CM (orange) and UM (blue) patients. (E)
Normalized expression of immune cell subsets of the Danaher immune cell signature for CM and UM liver metas-
tases, displaying the mean and SD. (F) Digital spatial analysis of CM and UM liver metastases for CD3, CD4 and CD8
expression. The mean and SD are shown. (G) The ratio of immune cell subsets values of the Danaher immune cell
signature. The mean and SD are shown. (H) Non-synonymous tumor mutational load (TMB) and ratio of immune
cell subsets of panel (G) for CM (orange) and UM (blue) patients. (1) IFN-y score (positive (+) or negative (—) average
expression of IFN-y gene signature expression) and ratio of exhausted T cells to CD8 T cells (defined by the Danaher
immune cell signature) for CM (orange) and UM (blue) patients. The median is shown. The statistical differences of
the different immune cell infiltration were compared through independent t-test. ns p>0.05, * p<0.05, **p<0.01.
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Figure 4 | Transcriptional profile of cutaneous melanoma (CM) and uveal melanoma (UM) liver metastases.
(A) Distance matrix with hierarchical clustering of CM (orange) and UM (blue) patient sample. (B) Volcano plot
of differentially expressed genes (DEGs), showing 6523 significant genes (p<0.05) in blue and p>0.05 in red. Left:
genes higher expressed in UM; right: genes higher expressed in CM. (C) Heatmap based on the top 20 most
significant DEGs higher in CM (orange) and UM (blue). Positive values (red) are indicated as higher expression,
negative values (blue) are indicated as lower expression. (D) Comparison of CM and UM samples by principle
component analysis, showing PC1 and PC2. CM in orange dots, UM in blue dots. (E) Gene set enrichment analysis
of DEGs between CM (orange) and UM (blue) patient samples, ordered according to the false discovery rate
(FDR), in which the pathways with an FDR<0.05 are shown.
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DSP analysis of CM and UM liver metastases

Unbiased comparison of CM and UM by DSP analysis revealed significantly higher
expression of phosphatase and tensin homolog (PTEN) and B-catenin (CTNNB1) in UM
liver metastases compared twith CM liver metastases when taking both areas with high
and low TIL infiltration into consideration (Figure 5B, Figure S5). The higher expression
of PTEN in UM liver metastases is in line with the previous observation that a part of
CM liver samples have a missense mutation in the tumor suppressor gene Pten and a
loss of chromosome 10 (location Pten) (Figure 1A, E), and as a consequence lower or
absent protein expression (Figure 5B). In addition, a significantly higher expression of
B-catenin is observed in UM liver metastases compared with CM liver metastases.
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Figure 5 | Digital spatial profiling (DSP) analysis of cutaneous melanoma (CM) and uveal melanoma (UM)
liver metastases. (A) Example of regions of interest (ROI) selection using the visualization makers syto13 (blue),
S100B/PMEL17 (green), CD45 (red) and CD3 (yellow). Per patient 12 ROIs were selected in tumor-infiltrating
lymphocyte (TIL) high, low or random areas. areas of 200 pm in diameter (n=6) and 600 um in diameter (n=6)
were placed. (B) Volcano plot of differently expressed markers by DSP analysis. Left: markers higher expressed
in CM; right: markers higher expressed in pm. Dotted line p value cut-off. (C) DSP analysis of CM and UM liver
metastases for CD163. The mean and SD are shown. (D) Representative immunohistochemistry for CD163
staining. (E) Average expression of transforming growth factor beta (TGF-B) gene signature for CM (orange)
and UM (blue) patients. The mean and SD are shown. (F) Heatmap of transcription TGF-8 gene signature (65).
Columns represent patients (CM patients (orange); UM patients (blue)). Positive values (red) are indicated as
higher expression, negative values (blue) are indicated as lower expression. ***p<0.001, ****p<0.0001.
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DSP analysis also revealed significantly higher expression of CD163 (marker for
monocytes/macrophage lineage) (p<0.0001) and CD66b/CEACAM8 (marker for
granulocytes) in CM liver metastases compared with UM (Figure 5B, C). To confirm our
DSP analysis observation, an IHC stain for CD163 was performed on the FFPE slides, and
a clear difference in CD163 expression was observed (Figure 5D). This implies that CM
liver metastases have a higher infiltration of CD163+ tumor associated macrophages
(TAMs). TAMs in the tumor microenvironment (TME) could release anti-inflammatory
cytokines, such as interleukin (IL)-10 and transforming growth factor beta (TGF-f),
which inhibit other immune cell functions (64). In order to determine whether there
was an associated higher expression of TGF-f in CM liver metastases compared with UM
liver metastases, we examined for the TGF-f pathway associated gene signature (65).
However, we observed that liver metastases of CM patients exhibit a lower (average)
expression of the TGF-f signature compared with UM patients in general (p=0.0005,
Figure 5E, F).

Discussion

Despite their shared origin, CM and UM respond differently to ICB. This makes these
tumors an interesting model to identify parameters that may be responsible for ICB
resistance. The major reason for the difference in response to ICB is postulated to
be a higher TMB in CM (14), and consequently an expression of a higher number of
neoantigens that can be recognized by tumor-specific T cells (17). However, until now,
CM and UM have been predominantly analyzed by comparison of primary tumors or
metastases at different sites. The former comparison is complicated by the fact that,
contrary to skin, the eye is considered an immune privileged site, and the latter analysis
includes possible site-specific influences on tumor immune infiltrates as a potential
confounder. In this study, we performed the first comprehensive comparison of CM and
UM liver metastases for predictors for response; TMB, predicted neoantigens, immune
infiltration, PD-L1 expression and MHC expression.

TMB is predictive for the response to ICB across multiple cancer types (15). The
neoantigens that are generated as a consequence of tumor-specific mutations can
induce a tumor-specific immune response, likely explaining the observed relationship
(17). In line with prior data, we demonstrated that liver metastases of CM patients have
a significantly higher TMB, and hence a higher amount of predicted neoepitopes, than
UM liver metastasis, and this difference is likely to contribute to the low response rate
of UM patients to ICB (6-13). While TMB and predicted neoantigen load were higher
in CM, expression of MDA (PMEL, MelanA, tyrosinase), which are common targets for
endogenous self-antigen reactive T cells, was as high or even higher for UM patients
than for CM patients. While the evidence is indirect, collectively these data are
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consistent with a dominant role of neoantigens relative to MDA in clinical response to
ICB (17). Potentially, the activity of MDA reactive T cells is capped by self-tolerance, and
therapies targeting these MDA (eg, CAR-T-cell therapy or bispecific molecules) might
be a potential treatment option for UM (66). A phase | study with bispecific IMCgp100
(tebentafusp) antibody consisting of a soluble affinity enhanced TCR for gp100 and an
anti-CD3 fragment, has shown promising results, with a progression-free survival and
1-year OS of 62% and 73%, respectively in patients with advanced UM (67).

Genetic alterations in the MHC and IFN-y pathways have been shown to be predictors
for response to ICB (25-27). In this study, MHC class | and Il protein expression was not
specifically assessed on tumor cells only, indicating that our result could have been
biased by expression of MHC on infiltrated immune cells. However, assessment of MHC
class | and Il expression in TIL low regions also revealed no difference in the expression
of B2M and HLA-DR. This is in line with findings by Rothermel et al, (2016) (68), where
no difference in loss of MHC class | between CM and UM samples was found. This
makes MHC loss as an unlikely immune escape mechanism in UM, although a complete
analysis for HLA stains (HLA-A/B/C and HLA-DR/DP/DQ) is required to be conclusive.
Due to the scarce and small biopsies of liver metastases, no material was left to perform
this additional staining.

PD-L1 expression on tumor cells and PD-1 expression on T cells, is also predictive for
response to anti-PD-(L)1 therapy (24, 69). A significantly lower PD-L1 expression was
found in UM metastases compared with CM metastases, which could potentially
contribute to low response rate to ICB in UM patients. Although higher expression of
PD-L1 was observed in CM metastases, we observed that the majority of liver metastases
of CM and UM patients lacked PD-L1 expression, which could be a consequence of less
IFN-y driven PD-L1 expression (60) and is in line with another trial that reports low PD-L1
expression in liver metastases of CM patients compared with other metastatic sites (29).
Furthermore, it has been shown that liver metastases are the least responsive metastatic
site to ICB (70-72).

Interestingly, and despite the stark difference in TMB, the infiltration of different
T cell subpopulations (cytotoxic T cells, exhausted CD8 T cells, CD8 T cells, Th1 cells)
was comparable between CM and UM. Our observation is in line with previous work,
comparing metastatic UM to metastatic CM samples, that also found no difference in
CD8* T cell infiltration (29, 30). Moreover, clonal expansion of T cells, indicative of prior
antigen driven proliferation, was found in UM tumors (73). In a subset of UM patients
TIL reactivity to autologous tumor was found in the same magnitude as CM TIL, and an
absence of pigmentation was correlated with TIL reactivity to autologous tumor (68). In
our study a loss of pigmentation in UM liver metastases was also found. The reactivity of
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TIL to autologous tumor implies that metastatic UM patients express antigens that can
be recognized by the adaptive immune system. This was also illustrated by a phase Il
clinical trial, in which 20 metastatic UM patients were treated with adoptive cell transfer
of autologous TILs, achieving an objective response in seven patients (35%) (74).
The activity of tumor-specific T cells in UM may be held back by immunosuppressive
molecules in the TME, such as an overall higher expression of TGF-f3 pathway associated
gene signature was found in UM compared with CM liver metastases. In addition, we
found a higher expression of B-catenin in UM compared with CM liver metastasis, which
has been reported to negatively regulate T cell activation (75, 76). Our data, together
with previous reported data, indicate that the resistance to ICB by UM tumors can neither
be explained by a lack of immune infiltration, nor fully by invisibility of the tumor cells
mediated by MHC loss.

The only differences in immune infiltrates between CM and UM was found for the
expression of CD163 (marker for tumor-associated macrophages; TAMs) and in
composition of the T cell infiltration. Liver metastases of UM showed a lower expression
of CD163 compared with CM (based on DSP analyzes). Previous studies observed
infiltration CD163+ TAMs in both CM and UM (77), but also fewer TAMs in metastatic UM
compared with metastatic CM were observed (78). However, the presence of TAMs is
associated with worse patient outcome for both metastatic CM and UM (79, 80), which
makes it unlikely that the disparity in CD163 explains the difference in response rate to
ICB. The striking difference in composition of the T cell infiltration that we observed was
that UM patients have a higher ratio of exhausted CD8T cells, as defined by expression
of LAG-3, CD244, EOMES and PTGER4, to Th1, cytotoxic and CD8 T cells. LAG-3 and
CD244 have been associated with impaired T cell activation in a variety of malignancies
(81, 82). Our data are in line with a single cell sequencing analysis of UM tumors that
revealed that tumor infiltrating immune cells expressed predominantly LAG-3, rather
than PD-1 or CTLA-4 (73). Targeting these molecules, for example, through anti-LAG-3,
might re-invigorate the dysfunctional T cells, or in an adjuvant approach in early stage
UM might even prevent exhaustion. The first clinical trial with an anti-LAG-3 antibody in
combination with nivolumab reported responses in anti-PD-1 refractory LAG-3 high CM
patients (83). No (ongoing) trials testing combination therapy with anti-LAG-3 antibody
have been reported for UM. In addition, exhausted TILs have been described to be
reversed in their functionality as a result of high dose IL-2 (84-86). Thus, addition of IL-2
to PD-1+CTLA-4 blockade might be an option to restore the observed unfavorable T
exhausted/T effector ratio in UM. Whether these exhausted CD8 T cell are terminally
dysfunctional needs to be tested in subsequent work. If this would be the case, then
combined blockade of LAG-3 and PD-1 might remain challenging (87).

148



Comprehensive analysis of cutaneous and uveal melanoma liver metastases

In summary, this is the largest analysis of UM and CM metastases in one organ site, and
showed that UM liver metastases are similarly immune infiltrated as CM liver metastases.
A lower PD-L1 expression, TMB, and subsequent neoantigens density could explain the
lack of success of immunotherapy in late stage UM. One could think of a “neoantigen
lottery model”, in which UM patients need more chances to get the one activated tumor-
specific T cell clone to eradicate their tumor(17). Our data on a higher T cell exhaustion
ratio and higher expression of MDA, indicate that therapeutic approaches that can
reverse exhaustion of TILs, for example, TIL, IL-2, CAR-T (targeting MDA) or anti-LAG-3,
might be promising approaches for successful immunotherapy in UM.
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Supplementary information

Supplemental Table 1 | Overview of prior treatment to biopsy of cutaneous melanoma patients

Type of treatment (prior to biopsy)

Targeted
Treatment therapy Immuno-  Immuno-& Immuno-,
prior to Immuno-  Chemo-  (BRAF/MEK  &chemo-  targeted targeted &
Untreated biopsy therapy therapy  inhibition) therapy therapy chemotherapy
All patients 35(80) 9 (20) 1(2.3) 2(4.5) 1(2.3) 1(2.3) 3(6.8) 1(2.3)
- no. of
patients (%)
Whole 15 (94) 1(6.3) 0(0) 0(0) 0(0) 0(0) 0(0) 1(6.3)
exome
sequencing
RNA 16 (100) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
sequencing
PD-L1 33(80) 8(20) 1(2.4) 2(4.9) 0(0) 1(2.4) 3(7.8) 1(2.4)
expression
Digital 12 (57) 9 (43) 1(4.8) 2(9.5) 1(4.8) 1(4.8) 3(14) 1(4.8)
spatial
profiling
Supplemental Table 2 | GeoMx™ Digital Spatial Profiling markers
Fluorescent morphology markers
Morphology markers Compartment
Syto13 DNA
S100B/Pmel17 or PanCK Tumor
CD45 Immune cell
CcD3 Immune cell
Oligonucleotide-labeled antibodies
Beta-Catenin Ccb8 B7-H3 CD34 GZMB S6
Ki-67 CDb4 B7-H4 BIM PTEN Histone H3
Beta-2- CD68 STAT3 IDO1 CD66b 4-1BB
microglobulin
Akt CcD3 pSTAT3 CD11c S100B 1gG controls
VISTA CD56 HLA-DR cMyc STING
PD1 CD45 Bcl-2 pSTATS CD40
PD-L1 CD20 Tim3 CD163 CD44
Pan-Cytokeratin CD45RO Ik-Ba ICOS CD19
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Total: 66 patients
50 patients Netherlands Cancer Institute

16 patients Melanoma Institute
Australia

28 liver 38 liver
biopsies/resections of biopsies/resections of
metastatic uveal metastatic cutaneous
melanoma patients melanoma patients

Digitital Spatial
Profiling: 28
patients

RNA
sequencing: 22
patients

Whole exome
sequencing: 15
patients

Digitital Spatial
Profiling: 21
patients

RNA
sequencing: 16
patients

Whole exome
sequencing: 16
patients

Supplemental Figure 1 | Overview of the study population
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Figure S2 | Pigmentation and melanoma differentiation antigen (MDA) expression of cutaneous
melanoma (CM) and uveal melanoma (UM) liver metastases. (A) Comparison of CM and UM liver metastases
pigmentation based on 4 different levels of pigmentation. (B) Examples of immunohistochemistry (IHC) samples
demonstrating the scoring of level of pigmentation in melanoma liver metastases. (C) Heatmap of normalized
transcription expression of the MDA PMEL, MelanA (MLANA) and tyrosinase (TYR). Columns represent patients
(CM patients (orange); UM patients (blue)) and rows genes. Positive values (red) are indicated as higher expression,
negative values (blue) are indicated as lower expression. (D) Normalized transcription expression of MLANA,
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PMEL and TYR for CM (orange) and UM (blue) patients. The mean and SD are shown. (E) IHC quantification of PD-
L1 expression of CM liver metastases for patients with or without prior treatment to biopsy. ns p>0.05, ** p<0.01
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Figure S3 | Gene set enrichment analysis (GSEA) of cutaneous melanoma (CM) and uveal melanoma (UM)

liver metastases. All significant GSEA hallmark pathways of (A) PC1 and (B) PC2, ordered according to the False
Discovery Rate.
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Figure S4 | COSMIC mutational signatures. Heatmap showing the relative contribution of the Catalogue
of Somatic Mutations in Cancer (COSMIC) (17, 44-47) signatures (signature 7: UV-related mutations) to the
mutational profiles of CM liver metastases (orange) and UM liver metastases (blue). COSMIC signatures without
relative contribution are not shown. Columns represent signatures and rows patient samples.
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Figure S5| GeoMx™ Digital Spatial Profiling (DSP) analysis in immune rich and low regions of interest
(ROI). Volcano plot of differently expressed markers for different selected ROls, based on tumor-infiltrating
lymphocyte (TIL) high, TIL low or random areas. Left: markers higher expressed in CM; right: markers higher
expressed in UM. Dotted line p-value cutoff.

160



Comprehensive analysis of cutaneous and uveal melanoma liver metastases

List of abbreviations

Abbreviation

Meaning

B2M
BAP1

bp

bwa
CAR-T
CBS
CDKN2A
c™m
COSMIC
CTLA-4
DEGs
DSP
EIFTAX
EOMES
ERK

FDR
FFPE
GNA11
GNAQ
gp100
GSEA
H&E
HLA

ICB
IFN-y
IHC

IL-
LAG-3
MAPK
MART-1/MelanA
MCP-counter
MEK
MDA
MHC
NF1

(ON)
OXPHOS
PCA

{3, microglobulin

BRCA1 Associated Protein 1

Base pair

Burrows-Wheeler Aligner

Chimeric antigen receptor T cell

Circular binary segmentation
Cyclin-dependent kinase inhibitor 2A
Cutaneous melanoma

Catalogue of Somatic Mutations in Cancer
Cytotoxic T-lymphocyte-associated protein 4
Differentially expressed genes

Digital Spatial Profiling

Eukaryotic Translation Initiation Factor 1A X-linked

Eomesodermin

extracellular signal-regulator kinases
False Discovery Rate

Formalin fixed paraffin embedded

G protein Subunit Alpha 11

G Protein Subunit Alpha Q

Glycoprotein 100

Gene set enrichment analysis
Hematoxylin and eosin

Human leukocyte antigen

Immune checkpoint blockade
Interferon gamma
Immunohistochemistry

Interleukin-

Lymphocyte-activation gene 3
Mitogen-activated protein kinases
Melanoma antigen recognized by T cells 1
Microenvironment Cell Populations-counter
Mitogen-activated protein kinase kinase
Melanoma differentiation antigens
Major histocompatibility complex
Neurofibromin 1

Overall survival

Oxidative phosphorylation

Principal Component Analysis

161



Chapter 5

PD-1
PD-L1
PFS
PKC
PTEN
PTGER4
RFA
ROI
D
SF3B1
SNVs
TAM
TCR
TGF-B
TIL
T™B
TME
UM
uv
VAF
WES

Programmed cell death 1
Programmed death ligand -1
Progression-free survival

Protein Kinase C

phosphatase and tensin homolog
Prostaglandin E Receptor 4
Radiofrequency ablation
Regions of interest

Standard deviation

Splicing Factor 3B subunit 1
Single nucleotide variants
Tumor associated macrophages
T cell Receptor

Transforming growth factor beta
Tumor-infiltrating lymphocyte
Tumor mutational burden
Tumor microenvironment

Uveal melanoma

Ultraviolet

Variant allele frequency

Whole exome sequencing
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