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Abstract

Purpose: Merkel cell carcinoma (MCC) is a rare, aggres-
sive cutaneous malignancy, which has demonstrated sensi-
tivity to immune checkpoint inhibitor therapy. Here, we
perform the largest genomics study in MCC to date to
characterize the molecular landscape and evaluate for clin-
ical and molecular correlates to immune checkpoint inhib-
itor response.

Experimental Design: Comprehensive molecular profil-
ing was performed on 317 tumors from patients with MCC,
including the evaluation of oncogenic mutations, tumor
mutational burden (TMB), mutational signatures, and the
Merkel cell polyomavirus (MCPyV). For a subset of 57
patients, a retrospective analysis was conducted to evaluate
for clinical and molecular correlates to immune checkpoint
inhibitor response and disease survival.

Results: Genomic analyses revealed a bimodal distribu-
tion in TMB, with 2 molecularly distinct subgroups. Ninety-

four percent (n ¼ 110) of TMB-high specimens exhibited an
ultraviolet light (UV)mutational signature. MCPyV genomic
DNA sequences were not identified in any TMB-high cases
(0/117), but were in 63% (110/175) of TMB-low cases. For
36 evaluable patients treated with checkpoint inhibitors, the
overall response rate was 44% and response correlated with
survival at time of review (100% vs. 20%, P < 0.001).
Response rate was 50% in TMB-high/UV-driven and 41% in
TMB-low/MCPyV-positive tumors (P ¼ 0.63). Response rate
was significantly correlated with line of therapy: 75% in first-
line, 39% in second-line, and 18% in third-line or beyond
(P ¼ 0.0066). PD-1, but not PD-L1, expression was associ-
ated with immunotherapy response (77% vs. 21%, P ¼

0.00598, for PD-1 positive and negative, respectively).
Conclusions:We provide a comprehensive genomic land-

scape of MCC and demonstrate clinicogenomic associates of
immunotherapy response.

Introduction

Merkel cell carcinoma (MCC) is a rare and deadly neuroendo-
crine malignancy of the skin with variable incidence across
geographic regions correlated with exposure to UV radiation, a
known risk factor for the disease (1–4). In 2008, the Merkel cell
polyomavirus (MCPyV) was discovered and is now considered
themost common etiologic agent ofMCC (5–7). The discovery of
the MCPyV spurred interest in uncovering prognostic differences
and optimizing treatment strategies between virus-positive and
virus-negative patients (8–10).

Historically, prognosis for patients with advanced MCC was
poor, with less than 20% alive at 5 years (11–14). Although first
described in 1972 (15), there were no FDA-approved treatments
for patients withMCC prior to the approval of avelumab, an anti-
PD-L1 checkpoint inhibitor, in March 2017. MCC is sensitive, at
least in the short term, to chemotherapeutics including platinum
agents and etoposide, with first-line response rates of 53% to
61% (16–20).

Recently, the treatment paradigm for advanced MCC has
shifted dramatically, with immune checkpoint inhibitors dem-
onstrating remarkable efficacy in this disease. In the first-line
setting, a single-arm study of pembrolizumab in 26 patients with
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MCC demonstrated response rates of 62% and 44% in MCPyV-
positive and MCPyV-negative cases, respectively (21). In the
setting of previous chemotherapy treatment, a single-arm study
of avelumab in 88 patients demonstrated an overall response rate
of 33% (26.1% and 35.5% in MCPyV-positive and MCPyV-
negative cases, respectively; ref. 22). This study led to the accel-
erated approval of avelumab for the treatment of patients with
metastatic MCC, the first FDA approved therapy for the disease.
Updated avelumab efficacy analysis showed that responses were
durable, with an estimated 74% of responses lasting �1 year
(median duration not reached), and with 1-year PFS and overall
survival (OS) rates of 30% and 52% respectively, for the entire
cohort (23).Updated pembrolizumab efficacy data have similarly
demonstrated favorable durability of responses and survival
rates (24). Although these studies assessed the impact of biomar-
kers such as viral status and PD-L1 status on efficacy, no subgroup
has been reliably established as conferring a statistically signifi-
cant difference. Thus, there remains an ongoing search for bio-
markers to predict response.

With the advent of next-generation sequencing (NGS), the
mutational profile of MCC has emerged. MCPyV-positive and
MCPyV-negative MCC's have displayed unique mutational pro-
files. For MCPyV-negative patients, NGS and whole exome
sequencing have revealed a high tumor mutational burden
(TMB), with recurrent mutations in TP53 and RB1. On the other
hand, for MCPyV-positive patients a particularly low TMB has
been noted, without a pattern of recurrent mutations (25–29).
Because of the rarity of MCC, comprehensive genomic analyses
have been limited studies of less than 50 patients. Furthermore,
there is an even greater paucity of information from comprehen-
sive genomic analyses in tandemwith clinical correlation, includ-
ing the association between genomics and response to therapy.

In this study, comprehensive genomic profiling on MCC
tumors from 317 patients was performed to characterize the
genomic landscape of MCC. In addition, a retrospective clinical
and genomic analysis via NGS of 57 consecutive patients diag-
nosed with MCC was conducted at a single academic cancer
center. The objective was to evaluate both clinical and molecular
correlates to immunotherapy response and patient survival.

Materials and Methods

Study design and participants

Assessment of genomic landscape (Full Genomic Cohort)
included all patients (n ¼ 317) with a reported diagnosis of
MCC who underwent comprehensive genomic profiling by
Foundation Medicine between May 2013 and April 2018. For
the clinical portion of this study (Clinical Cohort), a retrospec-
tive, single-center analysis was performed for all consecutive
patients diagnosed with advanced/metastatic MCC and treated
at Moffitt Cancer Center who underwent comprehensive geno-
mic profiling by Foundation Medicine between September
2014 and August 2017. A retrospective chart review collected
demographic, clinical, disease, treatment, and outcome vari-
ables on 57 patients, all of whom are included in the larger 317
patient genomic analysis. Patients were considered responders
if they were assessed as having a complete response (CR),
partial response (PR), or stable disease for at least 6 months
by the treating physician. This study was approved under IRB
protocol MCC #19191 (Pro00022458) at Moffitt Cancer
Center and the Western Institutional Review Board (Protocol
No. 20152817) at Foundation Medicine, Inc. Although the
diagnosis of MCC is supported for the cases on the clinical
portion as detailed below, the diagnosis of MCC for the
remaining cases were reported from the requesting institution
to Foundation Medicine and could not be independently
verified histopathologically. The study was performed in accor-
dance with the ethical guidelines of the Belmont report. Where
required, written consent was obtained from study subjects.

Sequencing and genomic analysis

Comprehensive genomic profiling of 322 unique cancer-
related genes, including evaluation of TMB and mutational sig-
natures, was performed onMCC tumors from 317 patients. DNA
(�50 ng) was extracted from formalin-fixed paraffin-embedded
(FFPE) specimens' archival tissue and sequenced to a median
coverage depth of 500� using a hybrid capture-based NGS
platform that covers the entire coding region of 315 cancer-
related genes and select introns from 28 genes that are commonly
rearranged or altered in cancer (FoundationOne). All NGS was
performed in a Clinical Laboratory Improvement Amendments
(CLIA)-certified, College of American Pathologists (CAP)-accre-
dited, New York State approved laboratory (Foundation Medi-
cine). Genomic data were analyzed for point mutations, short
insertions and deletions, copy number alterations, rearrange-
ments, and TMB as part of routine clinical care. TMB was calcu-
lated as the number of nondriver somatic coding mutations per
megabase of genome sequenced. The categories of TMB-low (<6
mutations/MB), TMB-intermediate (6–19 mutations/MB), and
TMB-high (�20 mutations/MB) are based on those used in the
FoundationOne assay (30–32).

Mutational signatures

Mutational signatures were determined in all samples contain-
ing at least 20 nondriver somatic missense alterations, including
silent and noncoding mutations. Signatures were assigned by
analysis of the trinucleotide context and profiled using the Sanger
COSMIC signatures of mutational processes in human cancer, as
described by Zehir and colleagues (33). A positive status was
determined if a sample had at least a 40% fit to a mutational
process, as is convention (33). The COSMIC UV signature

Translational Relevance

This is the largest genomics study of Merkel cell carcinoma
(MCC) to date, providing a comprehensive landscape of
recurrent driver mutations and highlighting the molecular
distinction between the ultraviolet light (UV)-driven and
viral-driven subtypes. We further evaluate clinicogenomic
markers of immunotherapy response in a large institutional
cohort. Response rates to checkpoint inhibitor therapy are
highest when used first line, and the genomic relationship to
other cancers suggests that differential therapeutic strategies
may be appropriate for each subtype despite similar responses
to immunotherapy. PD-1, but not PD-L1 expression, was
associated with favorable immunotherapy response. These
results provide a comprehensive genomic characterization of
MCC, show a novel means of detecting MCPyV using targeted
sequencing, place molecular subgroups in the context of other
human cancers, and demonstrate the importance of using
immunotherapy as early as possible.

Knepper et al.
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(signature 7) is dominated byC>T transitionmutations in aCCor
TT dinucleotide context (34).

MCPyV detection

Presence of MCPyV was detected through DNA sequences
consistent with genomic MCPyV DNA. Specifically, determined
through Velvet de novo assembly of off-target sequencing reads left
unmapped to the human reference genome (hg19). Assembled
contigs were competitively aligned by BLASTn to the NCBI
database of all known viral nucleotide sequences (3.6 million
sequences total, 574ofwhichwereMCPyV-specific). Positive viral
status was determined by contigs�100 nucleotides in length and
with �98% identity to the BLAST sequence. MCPyV integration
sites were determined using discordant read pairs where one read
aligned to a location within the human reference genome (hg19)
and one read aligned to the MCPyV reference genome
(NC_010227.2 MCPyV isolate R17b, complete genome; Supple-
mentary Fig. S1). A positive integration site was determined if the
majority of human reads aligned to one genomic region, with at
least 2 readsmapping. Additional viral analysis was performed by
IHC in 36 of the clinically annotated cases for which materials
were available. IHC for viral antigens was performed at the Dana
Farber Cancer Institute using the CM2B4 and MCV203Ab3 anti-
bodies for 22 cases and MCV203Ab3 for 14 subsequent cases
given complete concordance between initial results obtained
from the 2 antibodies. The CM2B4 antibody had some false-
positive reactivity manifested as faint nuclear staining of lym-
phocytes. Mouse monoclonal antibodies MCV203Ab3 and
CM2B4 (Santa Cruz Biotechnology Inc.) were applied at the
indicated final concentration (0.6 or 2.4 mg/mL for MCV203Ab3;
2 mg/mL for CM2B4) in Dako diluent for 1 hour.

Clustering and gene enrichment analyses

Clustering and gene enrichment analyses were performed on
18 selected tumor types sequenced by the FoundationOne
assay. Clustering was achieved by comparing the prevalence
of the top 10 most frequently altered genes within each tumor
type and clustered based on Euclidean distance. To investigate
which genes were driving the clustering seen between the TMB-
high MCC samples and other neuroendocrine tumors (prostate
neuroendocrine carcinoma, bladder neuroendocrine carcino-
ma, and small cell lung carcinoma), a gene enrichment analysis
was performed by comparing the genomic alterations detected
in these samples against the genomic alterations detected in the
other tumor types. The odds ratios and P values were deter-
mined using Barnard's test.

PD-L1 and PD-1 expression

Dual IHC for PD-L1 and PD-1 expression was performed
using Cell Signaling Technologies #13684 (clone E1L3N) and
Abcam AB52587 (Nat105) in the Tissue Core Facility at Moffitt
Cancer Center and evaluated on 37 cases total and 27/36 cases
with evaluable responses to immunotherapy (Supplementary
Fig. S2). PD-L1 expression was quantified using manual mor-
phometric analysis in blinded fashion by a dermatopathologist
(KYT). Given the large variability of tissue sample sizes, the
following approach was used. PD-L1 expression was largely
confined to the tumor periphery and quantitated on the basis
of estimating the proportion of tumor cells expressing mem-
branous or membranous and cytoplasmic PD-L1. The tumor
periphery was defined here as the 50-mm-thick outer edge of

every physically distinct tumor nodule. Within this region, the
proportion of tumor cells exhibiting expression was quantitat-
ed as <1% (negative) or �1% (positive). All evaluated tumors
had some expression of PD-L1.

Because of the relative paucity of PD-1 expression overall, the
staining was scored solely on the basis of presence (1) or absence
(0) of expression on peritumoral (within 0.02 mm ¼ 20 mm of
tumor periphery) lymphocytes (35).

Statistical analysis

Summary statistics are descriptive for demographics, clinical
characteristics, and treatment patterns. For continuous data,
medians and interquartile ranges (IQR) are presented. For cate-
gorical data, frequencies and percentages are presented. No
adjustments were made for multiplicity. Statistical analyses were
done with SAS software, version 9.3.

OS was analyzed using the Kaplan–Meier method to compare
the survival of immunotherapy responders versus those with
progressive disease. A univariate analyses using the Barnard test
was used to generate P values for the relationships between
immunotherapy response and molecular subtype, PD-L1 status
and PD-1 status. A Mantel–Haenszel test was used to detect a
linear association between line of immunotherapy treatment and
response. Barnard test was utilized to calculate P values for the
remaining comparisons (36).

Role of the funding source

The funders of the study had no role in the study design, data
collection, data analysis, data interpretation, or the writing of the
report. TCK, ASB, and KYT had full access to all the data from the
clinical cohort and MM had full access to all the data from the
genomic cohort. Foundation Medicine provided data generated
through the genomic analyses that they performed in the com-
mercial setting but did not provide a direct financial contribution
to support or influence this study. JSR's role in conducting this
study predated his employment by Janssen Pharmaceuticals, Inc.,
and no financial contribution was made to this study by Janssen
Pharmaceuticals, Inc.

Results

The baseline demographics of the patients in this study were
consistent with those reported in previous studies of this disease.
The male:female prevalence was approximately 4:1 in both the
full genomic group and the Moffitt subgroup ("clinical cohort").
The median age (years) at sequencing was 71 (IQR ¼ 63–78) for
the full genomic cohort (n ¼ 317) and the median age at time of
sequencing biopsy was 73 (IQR ¼ 66–80) for the clinical cohort
(n¼ 57). In the clinical cohort, the vast majority of patients were
non-Hispanic Caucasians (98%) and had been diagnosed with
advanced stage MCC (stage IIIB or IV) by the time of sequencing
biopsy (45/57, 79%; Table 1). Forty-nine of 53 cases evaluated
for CK20 expression were CK20-positive with the characteristic
perinuclear accentuation. The 4 CK-20 negative cases all had pan-
cytokeratin expression with characteristic perinuclear accentua-
tion, with additional markers such as synaptophysin, CD56,
and/or AE1/AE3. Two-thirds (n ¼ 38, 67%) of patients in the
clinical cohort received treatment with an immune checkpoint
inhibitor by the time of data cutoff for the chart review, 36 of
whom were assessable for response. The most common immune
checkpoint therapies utilized were pembrolizumab (n ¼ 18,

Genomic Landscape of MCC and Immunotherapy Biomarkers
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47%), avelumab (n ¼ 10, 26%), nivolumab (n ¼ 1, 2%), and
ipilimumab plus nivolumab (n ¼ 1, 2%). Five patients (13%)
received sequenced avelumab and pembrolizumab, with pem-
brolizumab first followed by avelumab in 3 cases, and the reverse
in 2. Of the patients who received any immunotherapy, the initial
treatment with checkpoint inhibitor was received in the first line
for 12 patients (32%), the second line for 15 (39%), and in the
third or later line for 11 (29%). Thirty (79%) of the patients
treated with immunotherapy received prior radiation therapy,
the remaining 8 patients either did not receive radiation (n ¼ 6)
or underwent radiation therapy at some point after immunother-
apy treatment (n ¼ 2; Table 1).

Genomic analysis revealed that the TMB of MCC exhibited a
bimodal distribution between TMB-high and TMB-low speci-
mens, with only 25 (8%) specimens having an intermediate TMB

(Fig. 1A). Overall, 117/317 (37%) of MCC samples were TMB-
high (median¼ 53.9 mutations/MB; range¼ 20.4–217.5; IQR¼

40.9–70.9) and in contrast, 175/317 (55%) of MCC specimens
were TMB-low (median ¼ 1.2 mutations/MB; IQR ¼ 0.0–2.6).
Within the clinical cohort the trend was the same, with only 5%
(3/57) patients having an intermediate TMB, whereas 39% (22/
57) were TMB-high (median ¼ 63.1; range ¼ 31.3–133.1 muta-
tions/MB; IQR ¼ 46.3–75.9), and the remaining 56% (32/57)
TMB-low. TP53 and RB1 were the 2 most frequently mutated
genes in both the TMB-high and TMB-low groups, but the pro-
portion of cases carryingmutations in those geneswere drastically
different (Fig. 1C and D). All (117/117, 100%) TMB-high cases
had a short variant mutation in either TP53 or RB1 or both,
whereas 40% (70/175) of the TMB-low cases had no genomic
alteration that is known or likely to be an oncogenic driver in any
gene within the Foundation panel. Overall, the top altered genes
in the TMB-low cohort included TP53 (13%), RB1 (9%), and
PTEN (7%). In contrast, the top altered genes in the TMB-high
cohort included TP53 (97%), RB1 (80%), NOTCH family (50%;
[NOTCH1 (45%), NOTCH2 (14%), NOTCH3 (6%), NOTCH4

(4%)]), KMT2D (26%), FAT1 (26%), LRP1B (23%), PIK3CA
(21%), TERT (15%), and KMT2C (13%). In addition, we report
a number of recurrently mutated genes at lower frequencies
(Supplementary Table S1). Copy number alterations were
detected in only 24% (28/117) of the TMB-high specimens. Copy
number gains were restricted to 2 genes, MYCL (7/117, 6%) and
MYC (5/117, 4%), which were amplified in a mutually exclusive
manner, and copynumber deletionswere detected in 5 genes:RB1
(5/117, 4%), PTEN (2/117, 2%), TP53 (1/117, 1%), LRP1B

(1/117, 1%), CDKN2A (1/117, 1%), and NF1 (1/117, 1%).
TMB classification was strongly associated with the presence of

MCPyV genomic DNA, which was detected in 36% (114/317) of
the overall patient population, including 37% (21/57) of the
clinical cohort. MCPyV DNA was not detected in any of the TMB-
high cases (0/117), but was detected in 63% (110/175; P �

0.00001, Barnard test) of the TMB low cohort. The UV damage
mutational signature was mutually exclusive with DNA evidence
of MCPyV integration but strongly positively correlated with
TMB-high classification (Fig. 1B). Ninety-four percent (110/
117) of the TMB-high samples expressed a UV signature; classi-
fication of mutational signatures required at least 20 nondriver
somatic mutations; thus, the TMB-low cases could not be defined
by anymutational signature. Of the TMB-intermediate cases, 36%
(9/25) were found to have a UV signature and 16% (4/25) were
found to be viral-positive by NGS, always in a mutually exclusive
pattern. Forty-four percent (11/25) of the TMB-intermediate cases
had neither a UV signature nor virus detected, thus were unable to
be categorized into one of the 2 molecular subgroups (Fig. 2A;
Supplementary Fig. S3). A post hoc pooling of the collective
mutations in the TMB-low group, resulting in 595 mutations for
the entire 175 TMB-low samples, was conducted to allow for
mutational signature analysis on the entire cohort. No signature
reached the 40% threshold needed to be classified as dominant.
The highest match was a 30.1% fit to Signature 5, a nonspecific
signature seen across cancer types, followed by Signature 3
(27.5%) and Signature 1 (17.8%). By comparison, there was a
1.1% fit to Signature 2 and a 0% fit to Signature 13, both of which
are linked to APOBEC (33, 34) and a 4.2% fit to Signature 7 (UV;
Supplementary Fig. S4).

To validate NGS-based viral detection, viral expression by IHC
was performed on 36 cases from the clinical cohort, 15 of which

Table 1. Baseline characteristics and treatment data for patients in

retrospective analysis

Characteristic Value

Baseline characteristics (n ¼ 57)

Age (years)

At diagnosis, median (range) 71 (29–88)

At biopsy, median (range) 73 (29–88)

At sequencing, median (range) 73 (30–88)

Sex

Male 46 (81%)

Female 11 (19%)

Race

Caucasian 57 (100%)

Ethnicity

Non-Hispanic 56 (98%)

Hispanic 1 (2%)

Stage at biopsy

I 2 (4%)

I or II 1 (2%)

II 2 (4%)

IIIA or IIIB 7 (12%)

IIIB 11 (19%)

IV 34 (60%)

Immunocompromised

No 51 (89%)

CLL 2 (4%)

Transplant 2 (4%)

Lupus 1 (2%)

Rheumatoid arthritis 1 (2%)

Treatment data for immunotherapy-treated patients (n ¼ 38)

Immunotherapy received

Pembrolizumab 18 (47%)

Avelumab 10 (26%)

Pembrolizumab; ipilimumab þ nivolumab 3 (8%)

Pembrolizumab; avelumab 3 (8%)

Avelumab; pembrolizumab 2 (5%)

Ipilimumab þ nivolumab 1 (3%)

Nivolumab 1 (3%)

Line of therapy when immunotherapy first received

1 12 (32%)

2 15 (40%)

3 6 (16%)

4 3 (8%)

5 2 (5%)

Radiation sequence relative to immunotherapy

Radiation first 30 (79%)

Immunotherapy first 2 (5%)

No radiation 6 (16%)

Immunotherapy treatment follow-up (months)

Median (range) 12.1 (0.6–33.2)

NOTE: Data are n (%) unless stated otherwise. Total percentage values might

sum to >100% because of rounding. CLL, chronic lymphocytic leukemia.

Knepper et al.
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were viral-positive and 21 were viral-negative by NGS. MCPyV
was detected by IHC in 14/15 (93%) of NGS-positive cases and in
3/21 (14%) of the NGS-negative cases. Of note, all 3 cases that
were IHC-positive but NGS-negative were in tumors of low

mutational burden. All 15 cases that were NGS-positive were in
tumors of low mutational burden (Supplementary Table S2). Of
the 114 samples with NGS-detected MCPyV, 7% (8/114) had
integration sites identified through discordant viral-human

Figure 1.

Genomic landscape of MCC. A, Distribution of MCCs with high, intermediate, and low TMB (N ¼ 317). B, Violin plots of the TMB distribution for the

entire cohort and by molecular subgroup; the widest point occurs at the TMB with the largest number of samples. Genes most frequently affected by

putatively pathogenic mutation in TMB-high MCC (C) and TMB-low MCC (D).

Genomic Landscape of MCC and Immunotherapy Biomarkers
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sequencing reads. Of these samples, one integration site appeared
to be intergenic while the other 7 sites were located in genes
predominantly known to have oncogenic or tumor suppressive
functions. Five specimens had integration sites detected within
exons (impacted genes: TP53, TOP2A, KDM6A, CASZ1, and

PLPPR3) and 2 specimens had integration sites detected within
introns (impacted genes: LGALS4 and MICALL2).

In order to gauge genomic similarity of MCC to other
cancers, we performed clustering analysis based upon the ten
most commonly altered genes in each of a variety of cancer

Figure 2.

Molecular subtypes of MCC. A,Oncoprint of co-occurrence of TMB status, dominant mutational signature, viral status, and altered gene demonstratingmutual

exclusivity of MCV integration and UV damage. Each column corresponds to one unique MCC specimen. Only alterations that are known or likely to be oncogenic

are included. Tumors are sorted in descending order by TMB from the left. B, Clustering of prevalence of recurrent gene alterations in selected tumor types show

that molecular subgroups of MCC cluster separately as compared with other tumor types. The TMB-high subgroup clusters primarily with other neuroendocrine

tumor types. The TMB-low subgroup clusters primarily with other viral-driven tumor histologies.
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types. Surprisingly, TMB-high MCC was most similar to other
neuroendocrine cancers such as prostate neuroendocrine car-
cinoma, bladder neuroendocrine carcinoma, and small cell
lung cancer and not UV-associated skin cancers such as squa-
mous and basal cell carcinomas, and melanoma. Indeed, small
cell lung cancer (SCLC) is regarded as a close histologic mimic
of MCC and typically must be excluded in the routine histo-
pathologic diagnostic evaluation of MCC. Genomic analysis of
SCLC reveals a near-universal requirement for loss of RB1 and
TP53, with the prevailing notion that loss of NOTCH signaling
is important for the neudoendocrine phenotype (37).
Although mutations in KMT2C/D are common in MCC and
are more similar in frequency to cutaneous SCC (38–42),
epigenetic modifiers are frequently affected in SCLC, and both
MCC and SCLC appear to exhibit altered signaling that appears
to converge, at least in part, on PIK3CA (37). Likewise, the
mutational landscape of neuroendocrine variants of bladder
and prostate carcinoma are dominated by RB1 and TP53

inactivation (43, 44).
On the other hand, TMB-low MCC was most similar to carci-

noid tumors, another rare neuroendocrine tumor, as well as other
virally-driven cancers including HPV-positive head and neck
squamous cell carcinoma, cervical squamous cell carcinoma, anal
squamous cell carcinoma, and Kaposi sarcoma (Fig. 2B). Gene
enrichment analysis revealed that 9 genes were significantly
enriched in neuroendocrine malignancies, led by RB1 andMYCL,
and 6 genes were significantly enriched in non-neuroendocrine
malignancies, led by CDKN2A and CDKN2B and consistent with
previous reports of Merkel cell oncogenesis (Supplementary
Table S3; refs. 45, 46).

Of the 38 patients in the clinical cohort who received treatment
with at least one immune checkpoint inhibitor, 36were evaluable
for response at the time of review. The overall response rate was
44% (16/36). There was a difference in OS between immuno-
therapy responders and those with progressive disease. All 16
responders were alive with a median follow-up time of
16�9 months from the time of advanced/metastatic diagnosis
(IQR ¼ 14.0–27.3), compared with only 20% (4/20) of patients
who did not have a favorable response to immunotherapy
(median follow-up ¼ 14.8 months; IQR ¼ 9.8–19.5; P <

0.0001; Fig. 3A). All responses were classified as either CR
(5/36; 14%) or PR (11/36; 31%); with no patients experiencing
prolonged stable disease.

For analysis of correlates of immune response, patients were
classified by molecular subtype as either UV signature/TMB-high
(n ¼ 14) or viral positive/TMB-low (n ¼ 22; 2 TMB-intermediate
patients had a UV signature and did not have MCPyV DNA
detected, thus were grouped with TMB-high/UV signature). There
was no observed difference in response rate between molecular
subgroups, with 50% (7/14) vs. 41% (9/22; P ¼ 0.63, Barnard
test) responding in the UV versus MCPyV-positive/TMB-low
groups, respectively (Fig. 3B; Supplementary Table S4). For other
potential correlates of immunotherapy response, a dramatic effect
of line of systemic therapy on response was noted (Table 2). The
response rate was 75% (9/12) in the first-line setting, 39% (5/13)
in the second, and 18% (2/11) when used in third line or beyond
(P ¼ 0.0066, CMH trend test). Of note, for the 5 patients who
received 2 different immunotherapy regimens, only the first
regimen utilized was considered for line of therapy analysis. In
multivariate analysis including line of therapy, molecular sub-
type, age, immunosuppression, and prior radiation therapy, line

of therapy remained statistically significantly associated with
treatment response (P < 0.01).

Of the 5 patients who received pembrolizumab and avelumab
sequentially, all responseswere concordant.Onepatient achieved
a response to both (CR on avelumab, eventually coming off
treatment due to grade 3 ALT elevation, followed by on a second
CR to pembrolizumab rechallenge after development of a new
metastasis) whereas none of the other 4 patients achieved a
response to either agent.

Of 6 documented immunocompromised patients within the
clinical cohort, 3were treatedwith immunotherapy, and2of the 3
(one with a renal transplant and another with chronic lympho-
cytic leukemia) achieved responses. Of note, the patient with
renal transplant lost the allograft and required renal replacement
therapy as a result of immunosuppression withdrawal and check-
point inhibitor treatment.

To evaluate the immune microenvironment, IHC for PD-L1
and PD-1 expression was performed in a subset of 27 evaluable
patients with available tissue (Table 2). No association between
PD-L1 status and immunotherapy response was detected, with a
response rate of 54% (7/13) in PD-L1 negative and 43% (6/14) in
PD-L1 positive tumors (P ¼ 0.606). However, there was a statis-
tically significant association between PD-1 status and response
rate, with 10 of 13 (77%) of patients with PD-1 positive tumors
responding compared with 3 of 14 (21%) of PD-1 negative (P ¼

0.00598).

Discussion

In this study, we comprehensively characterize 2 molecularly
distinct subtypes of MCC, demonstrate the ability of clinically
available NGS to accurately distinguish them, and place the
molecularly subtypes in the context of other human cancers
(Fig. 2B). We perform a retrospective evaluation of clinicoge-
nomic associates to immunotherapy response and show that
while both subsets respond similarly well to immunotherapy,
clinical response is associated with a long-term impact on sur-
vival. Importantly, the use of other therapies prior to immuno-
therapy negatively influences the ultimate response to immuno-
therapy, suggesting that immune checkpoint blockade should be
used initially when possible.

Prior to this study, the largest genomic analyses of patients with
MCC have been performed in fewer than 50 patients, thus
limiting the ability to describe less frequent drivers and to cluster
molecular subsets (25–29). Themagnitude of this study provides
a more definitive landscape of the disease, demonstrating the
distinctive mutational spectra of MCPyV-positive/TMB-low and
UV-driven MCC subgroups (25–27). Although TP53 and RB1

rank as the 2 most common mutations in both subsets, the UV-
driven subset harbors mutations in genes such as KMT2C/D,

FAT1, and LRP1B at high frequency, akin to cutaneous squamous
cell carcinoma (38–42, 47). This may imply that MCPyV genes
confer the same oncogenic properties as the suite of mutations
enriched in the UV-driven subset. Conversely, the frequency of
PTEN alterations is similar across both subsets, suggesting a
common requirement for alterations in this key pathway.

Importantly, the size of our cohort and depth of our profiling
enables us to place these 2 classes of MCC within the greater
genomic context of human cancers. As a whole, neuroendocrine
carcinomas exhibit aggressive clinical behavior with the treat-
ment-emergent variant of neuroendocrine prostate cancer arising

Genomic Landscape of MCC and Immunotherapy Biomarkers
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specifically in the context of drug-resistant disease (4, 43, 48).
Genomically, they are largely defined by mutationally or virally-
abrogated RB1 and TP53 function, with upregulation of MYC
activity, all features which are observed to be relevant in animal
models as well (49). UV-driven MCC is characterized by a high
TMB, mutation of TP53 and RB1, a UVmutational signature, and

absence ofMCPyVDNA. It ismost closely linked to SCLC, both of
which are closely associated with exposure to the environmental
carcinogens such as UV radiation and cigarette smoke, respec-
tively (Fig. 2B). The MCPyV-positive/TMB-low subset is defined
by a low TMB along with MCPyV DNA integration and is most
closely associated with HPV and HHV-8-driven cancers as well as

Figure 3.

Response to treatment with immune checkpoint inhibitors and patient survival. A, Kaplan–Meier plot of OS in immunotherapy responders versus those with

progressive disease. Patients with favorable immunotherapy response have dramatically prolonged survival from the time of advanced/metastatic diagnosis

compared with immunotherapy-treated patients without a good response. Patients were considered to be responders if they were assessed as having a CR, PR,

or stable disease for at least 6 months. B, Relationship between tumor mutation burden, mutational signature, viral status (by NGS only), PD-L1 expression, PD-1

expression, response to therapy, and selected genomic alterations among 57 patients in clinical cohort.

Knepper et al.

Clin Cancer Res; 25(19) October 1, 2019 Clinical Cancer Research5968

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

5
/1

9
/5

9
6
1
/2

0
5
3
3
3
9
/5

9
6
1
.p

d
f b

y
 g

u
e

s
t o

n
 2

8
 A

u
g

u
s
t 2

0
2
2



carcinoid tumors largely by virtue of their lowmutational burdens
(Fig. 2B). Pulmonary carcinoid tumors appear to be driven by
mutations in chromatin modifiers (50), which may overlap with
some functions of MCPyV small T-antigen, which has also been
shown to interact with MYCL to drive oncogenic chromatin
remodeling (46). Taken together, these data strongly suggest that
many, if not all, neuroendocrine cancers may have genomic
commonalities that portend common therapeutic approaches.

Despite a clear molecular delineation between the UV-driven
and MCPyV-positive/TMB-low subtypes of MCC, both groups
have a similar response rate to checkpoint inhibitor therapy
(Fig. 3B). This finding is consistent with the results of previous
clinical trials and is likely reflective of 2 distinct but dually
effective mechanisms of response.(21, 22) Across multiple cancer
types, a high TMB has been associated with increased likelihood
of clinical benefit from immune checkpoint therapy, a finding
attributed to a greater number of neoantigens that can be recog-
nized by the immune system (51, 52). Indeed, many immune
checkpoint inhibitors have demonstrated clinical benefit in can-
cer types with a generally high TMB, such as cutaneousmelanoma
and non-small cell lung cancer. However, in MCC frequent
response to immune checkpoint therapy inMCPyV-positive cases
has contributed to a response rate that exceeds what would be
predicted by median TMB alone (53). Presumably, viral antigens
provide an alternate source of immunogenicity in the TMB-low
viral subgroup (54, 55).

Intriguingly, wewere able to assess viral genomic integration in
a subset of samples and show direct disruption of tumor sup-
pressor genes such as TP53 at some integration sites. Additional
work is warranted to further characterize this potential mecha-
nism of oncogenesis. One potential limitation of our study is that
MCPyV-positivity was defined by detection of viral sequences
utilizing off-target sequencing reads in an NGS-based assay.
Although exploratory, our results provided proof of concept for
this approach. Furthermore, confirmatory IHC in a subset of
tumors supported the specificity of NGS-based viral detection.
The TMB-low cases for which MCPyV sequences were not
detected, are likely to be MCPyV-driven tumors for which viral
sequences were undetectable by this method. If that is the case,
our proportion of MCPyV-driven to UV-driven tumors was
approximately 60:40, nearly identical to cohorts in recent clinical
trials for advanced MCC (21, 22). Furthermore, the lack of an
APOBEC mutational signature in the MCyPV-positive/TMB-low

subset is notable with respect to how strong the APOBEC signa-
ture is in other viral-driven tumors, particularly HPV-associated
tumors (56).Whole genome sequencing has also thus far failed to
implicate APOBEC-mediated mutagenesis in MCC (57) perhaps
suggesting that MCPyV can override APOBEC restriction of viral
replication or a short latency between productive infection and
tumor development. Nevertheless, the dichotomy between
MCPyV-positive (NGS)/TMB-low cases and those with either a
UV mutational signature or a high TMB in this large cohort
demonstrates the presence of at least 2major biologically distinct
groups of MCC.

Toour knowledge, our clinical review is the largest single-center
immunotherapy experience for MCC in the literature to date and
highlights several clinically relevant observations. First, we dem-
onstrate that response to immunotherapy has a dramatic impact
on survival for advanced MCC. This is in line with most recent
updates fromimmunotherapyclinical trials in thisdisease(23,24)
and lends further evidence to the applicability of these results to
the general MCC population. Crucially, we observed that the line
of therapy in which immunotherapy was given has a dramatic
effect on response rate. This result has been suggested previously
by indirect comparison across clinical trials, although differences
in trial design and cross-study comparisons precluded definitive
conclusions. We believe that the significant decrease in immu-
notherapy response rate from first- to second- to third-line plus
observed in our study and in light of previous trial results provides
convincing evidence of this phenomenon. We therefore agree
strongly with most current NCCN guidelines that immunother-
apy should preferentially be utilized in the first-line setting for all
eligible patientswith advancedMCC.Although small in numbers,
another important clinical observation from our study was that 0
of 4 patients who failed anti-PD-1/PD-L1 therapy had a successful
response after switching to an alternate anti-PD-1/PD-L1 mono-
therapy. Patients for whom 1 anti-PD-1/PD-L1 agent has failed
should therefore be offered alternate treatment, ideally on a
clinical trial, rather than routinely switched to another anti-PD-
1/PD-L1 agent.

In regards to other potential biomarkers of immunotherapy
response, we found a statistically significant association between
PD-1, but not PD-L1, positivity, and immunotherapy response.
This finding corroborates and extends a previous finding that
MCC from patients who responded to anti-PD-1 therapy showed
higher densities of PD-1-positivity when compared with nonre-
sponders (35) and warrants prospective validation.

In summary, this study represents the largest description of the
genomic landscape of MCC. Although there are 2 distinct molec-
ular subsets of this disease, interestingly, they exhibit similar
response rates to checkpoint inhibitor therapy. In one of the
largest clinical experiences to date with checkpoint inhibitor
therapy use in this disease, a significant impact of line of therapy
on checkpoint inhibitor response rate was noted.
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