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Abstract

Although immune checkpoint inhibitors (ICIs), such as anti-programmed cell death protein 1
(PD-1), can deliver durable anti-tumor effects, most patients with cancer fail to respond. Recent
studies suggest that ICI efficacy correlates with a higher load of tumor-specific neoantigens and
development of vitiligo in patients with melanoma. Here, we report that patients with low
melanoma neoantigen burdens who responded to ICIs had tumors with higher expression of
pigmentation-related genes. Moreover, expansion of peripheral blood CD8* T cell populations
specific for melanocyte antigens was observed only in patients who responded to anti-PD-1
therapy, suggesting that ICIs can promote breakdown of tolerance toward tumor-lineage self-
antigens. In a mouse model of poorly immunogenic melanomas, skewing of epitope recognition
toward wild type melanocyte antigens was associated with markedly improved anti-PD-1 efficacy
in two independent approaches: introduction of neoantigens by ultraviolet (UV) B radiation
mutagenesis, or the therapeutic combination of ablative fractional photothermolysis plus
imiquimod. Complete responses against UV mutation-bearing tumors after anti-PD-1 resulted in
protection from subsequent engraftment of melanomas lacking any shared neoantigens, as well as
pancreatic adenocarcinomas forcibly overexpressing melanocyte-lineage antigens. Our data
demonstrate that somatic mutations are sufficient to provoke strong anti-tumor responses after
checkpoint blockade, but long-term responses are not restricted to these putative neoantigens.
Epitope skewing toward T cell recognition of wild type tumor-lineage self-antigens represents a
common pathway for successful response to ICIs, which can be evoked in neoantigen-deficient
tumors by combination therapy with ablative fractional photothermolysis and imiquimod.

One Sentence Summary:

Neoantigens sensitize melanomas to checkpoint blockade and trigger epitope skewing to self-
antigens, a process mimicked by combination immunotherapy.

Introduction

Clinical responses to immune checkpoint inhibitors (ICIs) targeting the cytotoxic T
lymphocyte-associated antigen-4 (CTLA-4) (1) and programmed cell death-1 (PD-1)
pathways (2, 3) achieve impressive and durable clinical benefit in a subset of patients with
cancer. T cell infiltration and spontaneous tumor inflammation (4-7) and higher putative
neoantigen loads are associated with enhanced efficacy of ICI in melanoma, non-small cell
lung cancer, and colorectal cancer (8-10). However, the proportion of nonsynonymous
mutations encoding neoantigens for which specific T cells can be detected is low in many
tumor types, and recurrent classes of neoantigens associated with response to ICls are not
found in all melanoma cohorts (11). Moreover, numbers of mutations and putative
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neoantigens do not predict clinical benefit for individuals, as excellent responses to
checkpoint blockade are still observed in some patients with low neoantigen burdens.

In patients with melanoma, ICI treatment is often associated with development of vitiligo, a
depigmentation disorder resulting from autoimmune destruction of melanocytes. Vitiligo
appears after anti-PD-1 therapy in one of four patients with melanoma (12), but not other
cancers, suggesting that it is a melanocyte-lineage-specific adverse event. A recent
prospective study reported that development of vitiligo among patients with melanoma is
associated with higher rates of objective responses to anti-PD-1 therapy (12). Vitiligo likely
arises from immune responses against melanocyte-lineage antigens shared by melanocytes
and melanomas rather than neoantigens, but it is unclear whether autoimmunity against
these wild type melanocyte antigens contributes to melanoma clearance, or whether vitiligo
development is simply a correlating adverse effect.

Here, we identify a functional role of self-reactive T cells recognizing wild type melanocyte-
lineage antigens in successful immunity against neoantigen-bearing melanomas after anti-
PD-1 therapy. In poorly immunogenic melanomas and pancreatic ductal adenocarcinomas
with few neoantigens, response to checkpoint blockade can be rescued by a combinatorial
therapeutic strategy that promotes epitope skewing toward wild type tumor-lineage antigens.
These results establish a functional role for tumor lineage-specific autoimmunity in
responses to checkpoint blockade. They also provide a rationale for optimization of cancer
therapies that enhance expression, presentation, or epitope skewing toward wild type tumor-
lineage self-antigens.

Recognition of wild type melanocyte antigens following immune checkpoint blockade in
patients with melanoma

To understand determinants of response in patients without large neoantigen burdens, we
first interrogated a dataset of pre-treatment melanoma biopsies from patients receiving the
CTLA-4 inhibitor ipilimumab (11). Gene set enrichment analysis (GSEA) (13) of RNA-
sequencing profiles of patients with comparably low neoantigen loads [10-100 predicted
neoantigens with <50 nM binding affinity (11, 14) or 100-1000 predicted neoantigens with
<500 nM binding affinity for human leukocyte antigen (HLA) class | molecules (15)]
revealed that the top Gene Ontology (GO) biological process gene sets enriched in
ipilimumab responders compared with non-responders included multiple pigmentation-
related gene sets (data file S1 and fig. S1A). Moreover, the GO:0043473 pigmentation gene
set was enriched in low neoantigen ipilimumab responders compared to non-responders
(Fig. 1A) as well as nivolumab or pembrolizumab responders from two additional cohorts of
patients with melanoma (Fig. 1, B and C) (14, 15). A caveat of these analyses is that they are
limited by having used thresholds to define low neoantigen subsets with comparable
neoantigen burdens between responders and non-responders (fig. S1, B and C).

The GO:0043473 pigmentation gene set includes many melanocyte differentiation antigens
that are shared by melanoma cells and normal melanocytes and have been implicated as
immune targets in the pathogenesis of vitiligo (16). We hypothesized that development of
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immune activity against wild type melanocyte antigens contributes to efficacy of anti-
CTLA-4 and anti-PD-1 therapies, and thus higher expression of tumor-lineage self-antigens
in melanoma may compensate for low neoantigen burden.

To test this hypothesis, we assessed antigen-specific CD8* T cells in pre-treatment and on
anti-PD-1 therapy peripheral blood samples from HLA-A02* patients with melanoma,
including 13 responders and 5 non-responders (data file S1). We measured the proportion of
circulating CD8* T cells specific for the melanocyte antigens melanoma antigen recognized
by T cells 1 (MART-1) and tyrosinase (TYR) using human leukocyte antigen (HLA) class 1
dextramers. Anti-PD-1 treatment was associated with expansion of MART-1-specific CD8*
T cells in responders but not non-responders (p = 0.0046, Fig. 1D and fig. S1D). No
significant increase in TYR-specific CD8* T cells was observed in our small cohort (Fig.
1E). When the proportion of CD8" T cells specific to MART-1 and TYR were combined, we
also found an increase on anti-PD-1 treatment in responders (p = 0.0081) but not in non-
responders (Fig. 1F). Although vitiligo is a striking and visible adverse event associated with
immunotherapies, immune responses against melanocyte antigens that fail to reach the
threshold for clinical vitiligo development may still constitute clinically meaningful activity
against melanoma cells. In this cohort, anti-PD-1 therapy led to an expansion of MART-1-
specific CD8* T cells in responders, but only 5 of 13 responders developed vitiligo (data file
S1).

Ultraviolet B radiation-associated somatic mutations enhance response to checkpoint

blockade

To study the role of wild type self-antigen recognition in the response to checkpoint
blockade and the contribution of tumor-specific neoantigens in vivo, we used a mouse
melanoma model. We derived a stable cell line (D4M.3A.3, “parental”) from a single cell
clone of the poorly immunogenic D4M.3A melanoma cell line (17) established from a
Tyr::CreER; BrafcA,Pten/®/Iox mouse (18) fully backcrossed to the C57BL/6 background.
Exome sequencing revealed that, compared to the wild type C57BL/6 reference genome, this
parental D4M.3A.3 cell line contains 1.78 mutations/Mb, far fewer than the 46.86
mutations/Mb present in the B16-F10 mouse melanoma cell line (data file S1). To mimic the
mutagenic effects of sun exposure, we subjected our parental D4M.3A.3 melanoma line to
ultraviolet B (UVB) irradiation in vitro and isolated single cell “UV clones”. Two clones,
D3UV2 (“UV2”) and D3UV3 (“UV3”), had the same in vitro growth kinetics (fig. S2A and
B) and expression of PD-1, programmed cell death 1 ligand 1 (PD-L1), and major
histocompatibility complex (MHC) class | and Il following stimulation with interferon-y
(IFN+y) (fig. S2C). There was no difference in pigment gene expression between UV2 and
the parental D4M.3A.3 cell line as determined by GSEA (fig. S2D). Compared to the
parental D4M.3A.3 cell line, exome sequencing of UV2 and UV3 revealed an additional
61.08 and 58.78 mutations/Mb, respectively (data file S1), which is within the 0.1 to 100/Mb
range of somatic mutation rates reported in human melanomas (19). As expected, most
mutations resulted from C>T transitions associated with UVB mutagenesis and occurred at a
2:1 ratio of nonsynonymous to synonymous events (fig. S2E and data file S1).
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In vivo growth kinetics of melanoma grafts generated by subcutaneous flank inoculation of 1
x 108 parental D4M.3A.3 or UVB-mutagenized cells in 0.1 ml of phosphate buffered saline
(PBS) were comparable in immunodeficient nonobese diabetic (NOD)/severe combined
immunodeficient (SCID)/ychain™!! (NSG) mice (Fig. 2A). However, implantation of
melanoma cells into immunocompetent syngeneic C57BL/6 hosts resulted in slower tumor
growth of UV2 and UV3 tumors than parental D4M.3A.3 melanomas, resulting in longer
survival (p = 0.002 for UV2; p = 0.002 for UV3, Fig. 2B and C). Anti-PD-1 treatment of
C57BL/6 mice was initiated on day 8 after tumor cell inoculation. Compared to parental
D4M.3A.3 melanomas, survival of mice with UV clone tumors was improved by anti-PD-1
(p = 0.022 for UV2; p = 0.009 for UV3), with stable complete clearance of 20 to 60% of
these tumors versus 0% of parental D4M.3A.3 melanomas (Fig. 2, B and C). The UV2
melanoma cell line was selected for further analysis because of its greater immunogenicity
and response rate to anti-PD-1 treatment (Fig. 2B).

Somatic mutations increase melanoma inflammation and epitope skewing to wild type
melanocyte antigens after checkpoint blockade

To further investigate responses against wild type melanocyte antigens, we measured
gp100:H-2DP tetramer staining in tumor-infiltrating CD8* T cells. Glycoprotein 100
(gp100), also known as premelanosome protein PMEL, is a melanocyte and melanoma
antigen enriched in melanosomes. In low mutational load parental D4M.3A.3 melanomas,
anti-PD-1 treatment did not measurably affect the proportion of CD8" T cells recognizing
gp100 antigen (Fig. 2D). In contrast, anti-PD-1 treatment of mice bearing UV2 melanomas
increased the gp100-specific CD8* T cell population (p < 0.0001, Fig. 2D), similar to
findings in human circulating CD8"* T cells (Fig. 1, D to F). Parental D4M.3A.3 and UV2
melanoma grafts exhibited comparable expression of gp100 mRNA (fig. S3A). We next
sought to evaluate the functional importance of shared melanocyte-lineage antigens as T cell
targets in long-term anti-tumor immunity. To do this, mice with complete UV2 melanoma
regressions after anti-PD-1 treatment were rechallenged with inoculation of 1 x 10° parental
D4M.3A.3 melanoma cells in 0.1 ml PBS on the opposite flank (Fig. 2E). When challenged
over 3 months after treatment, six of eight UV2 melanoma survivors rejected parental
D4M.3A.3 melanomas, although initial anti-PD-1-mediated tumor regression in these mice
was dependent on the presence of UVB-induced mutations (Fig. 2B). Thus, UVB-induced
mutations were sufficient to provoke an initial anti-melanoma immune response (Fig. 2, B
and C). However, responses to a secondary tumor challenge were not restricted to these
same putative neoantigens.

GSEA of RNA-sequencing data from bulk tumors (data file S1) revealed strong enrichment
of multiple immune-associated gene sets in UV2 melanomas compared with parental
D4M.3A.3 melanomas, extending across innate and adaptive immunity (Fig. 3A and data
file S1). Immunohistochemical analysis revealed higher numbers of tumor-infiltrating T
cells in UV2 than in parental D4M.3A.3 melanomas (p < 0.0001, Fig. 3B and C). By flow
cytometry, UV2 tumors contained more CD8* T cells (p = 0.008, Fig. 3D) and had
correspondingly greater immune cytolytic activity (fig. S3B) (20). However, this was
accompanied by evidence of impaired CD8* T cell responses, such as greater numbers of
CD4*FOXP3* T regulatory (Teg) cells (p = 0.003) (Fig. 3D). In addition, transcriptional
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lo etal.

Page 6

analysis of UV2 tumors revealed increased expression of inhibitory receptors and molecules,
including interleukin-10 (IL-10), programmed cell death 1 ligand 2 (PD-L2), C-C motif
chemokine 22 (CCL22), and lymphocyte-activation gene 3 (LAG3) (fig. S3C). Treatment of
UV2 tumors with anti-PD-1 increased the proportion of CD8* T cells positive for Ki67 (p <
0.0001, Fig. 3E). In contrast, in parental D4M.3A.3 melanomas anti-PD-1 treatment did not
alter the CD8:T g ratio or the proportion of GzmB* CD8" T cells and had only a small
effect on the proportion of CD8" T cells expressing Ki67 (p = 0.016; Fig. 3E).

Rescuing response to checkpoint inhibition in cancers with low mutational burdens

Our data demonstrate that implantation of the parental D4M.3A.3 melanoma line in vivo
provides a stringent in vivo model of neoantigen-deficient, poorly inflamed,
immunotherapy-resistant tumors. To extend these findings to patients with melanoma, we
hypothesized that stimulating inflammation in a localized tumor lesion could improve broad
systemic responses against wild type melanocyte antigens after immune checkpoint
blockade. To this end, we used two local treatments: ablative fractional photothermolysis
(aFP) (21) and topical imiquimod, a Toll-like receptor 7 (TLR7) agonist used in the
treatment of basal cell and squamous cell carcinomas, actinic keratoses, and lentigo maligna
melanoma (22, 23). Higher expression of TLR7 is associated with longer survival in patients
with melanoma (fig. S4A).

Mice with bilateral flank parental D4M.3A.3 melanomas were treated with indicated
combinations of imiquimod, aFP, and anti-PD-1 starting on day 6 after tumor inoculation
(Fig. 4, A and B, and fig. S4B). Treatments of aFP and topical imiquimod were applied to
only one tumor per mouse, whereas anti-PD-1 treatment was administered systemically. The
parameters of aFP were adjusted to ablate only ~2.5 to 5% of subcutaneous tumor volumes,
thereby aiming to enhance inflammation without eliminating tumor-infiltrating immune cell
populations. Complete response rates, with complete regression of both tumors, improved
from 0% with any single agent therapy to 10% with any combination of two treatments, to
50% after the triple combination of imiquimod+aFP+anti-PD-1 (p = 0.0003, Fig. 4, A and B,
and fig. S4B). Combinatorial benefit of triple therapy with anti-CTLA-4 instead of anti-
PD-1 (imiquimod+aFP+anti-CTLA-4) was also observed, with complete responses in 25%
of mice (p = 0.007; fig. S4C). Virtually identical responses were observed in tumors on both
mouse flanks despite only unilateral imiquimod+aFP treatments (fig. S4D), suggesting that
local administration of imiquimod and aFP mediates an abscopal effect against mutation-
deficient contralateral melanomas when combined with checkpoint inhibition. Vitiligo was
observed in only 1 of 24 evaluable mice with complete responses against melanoma (fig.
S4E). Furthermore, no gross toxicities such as rashes, hair loss, poor diet, diarrhea or colitis,
sudden death, or failure to thrive were observed.

Responses to anti-PD-1+anti-CTLA-4 in mice with parental D4M.3A.3 melanomas were
superior to either alone (p < 0.0001, Fig. 4C). Addition of imiquimod plus aFP further
increased the complete bilateral complete response rate to 75% (p = 0.043; Fig. 4C and fig.
S4F). We additionally tested imiquimod+aFP+anti-PD-1 triple therapy as a treatment for
pancreatic ductal adenocarcinoma using the transplantable syngeneic genetically-engineered
KPC mouse model (KrastSL-G12D p53R172H pox 1 -:Cre) (24). Whereas anti-PD-1
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monotherapy initiated on day 6 after tumor implantation provided no benefit, triple therapy
induced bilateral pancreatic tumor regressions with durable complete responses in 60% of
mice (p = 0.002; Fig. 4D and fig. S4G). Last, when the brand of imiquimod used in our
initial experiments was no longer available for purchase, we tested a different brand/
formulation that similarly demonstrated efficacy of triple therapy (fig. S4H).

Combination immunotherapy confers long-term immunity against shared tumor-lineage

antigens

RNA-sequencing was performed to investigate mechanisms underlying triple therapy
responses against low mutational burden tumors. In parental D4M.3A.3 melanomas treated
with imiquimod-+aFP+anti-PD-1 compared to anti-PD-1 alone, GSEA identified enrichment
of several immune-related KEGG gene sets (Fig. 5A and data file S1). In parental
D4M.3A.3 melanomas, addition of imiquimod and aFP to checkpoint inhibitor antibodies
substantially increased intratumoral CD3* T cell density (p < 0.0001) and the CD8:T g ratio
(p < 0.0001) compared to isotype-control antibodies or anti-PD-1, respectively (Fig. 5B, C,
and E). Imiquimod alone (p < 0.0001) or with anti-PD-1 (p = 0.029) or aFP (p = 0.0005)
expanded the granzyme B* fraction of CD8* tumor infiltrating lymphocytes (TILs) (Fig. 5D
and E). In draining lymph nodes (dLNs), PD-L2 expression on CD11c* dendritic cells (DCs)
was reduced by imiquimod, suggesting that imiquimod makes DCs less suppressive (p <
0.0001, Fig. 5D). Similar changes were observed in both directly treated and untreated
contralateral tumors and dLNs, indicating that local imiquimod has broad immune effects
(fig. S5A and B). These data suggest that imiquimod enhances antigen presentation and
activates the T cell compartment independently of anti-PD-1, but anti-PD-1 is needed to
increase T cell infiltration, proliferation, and effector activity in tumors. Depletion of CD8*
T cells abrogated triple therapy-mediated parental D4M.3A.3 melanoma regression and
survival (p < 0.0001; Fig. 5F and fig. S5C). Tumor rejection was also dependent on Batf3
expression (p = 0.0005; Fig. 5G and fig. S5D), suggesting that triple therapy efficacy
requires cross-priming of anti-tumor CD8* T cells (25-28).

Of note, GSEA revealed that the same GO pigmentation gene set enriched in low neoantigen
patient ipilimumab or anti-PD-1 responders compared with non-responders (Fig. 1, A to C)
is enriched in parental D4M.3A.3 mouse melanomas after triple therapy (Fig. 6A), but not
after anti-PD-1 monotherapy. Further, protein expression of gp100 and another well-known
melanocyte gene, tyrosinase related protein-2 (TRP2), was shown by immunofluorescence
in tumor samples isolated from mice treated with triple therapy but not with anti-PD-1
monotherapy in parental D4M.3A.3 melanomas (Fig. 6B and fig. S6, A and B). Multiple
pathways including cytokine signaling (29) and stress responses such as induction of p53
(30) have been reported to regulate melanocyte antigen expression. p53 Hallmark and
KEGG pathways are also enriched after triple therapy in parental D4M.3A.3 melanomas
(data file S1) and may respond to intratumoral inflammation and thermal injury by aFP.

To test whether upregulated wild type melanocyte antigens might be targeted by T cells after
triple therapy, we analyzed mouse parental D4M.3A.3 melanomas for melanocyte antigen
recognition by tumor-infiltrating CD8* T cells using gp100:H-2DP tetramer staining. Triple
therapy produced a strong increase in the frequency of gp100-tetramer-positive CD8* TILs
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(p < 0.001) compared with either no treatment or anti-PD-1 treatment alone (Fig. 6C). This
larger population of gp100-specific CD8* TILs in triple therapy-treated tumors retains the
same functionality as gp100-specific CD8* TILs from isotype or anti-PD-1-treated tumors,
as demonstrated by comparable expression of Ki-67, granzyme B, CD44, and PD-1 (fig.
S6C).

These results demonstrate that, in poorly immunogenic melanomas treated with anti-PD-1,
either a high somatic mutation load or addition of imiquimod and aFP leads to measurable
expansion of CD8" T cell populations capable of recognizing wild type melanocyte
antigens.

To evaluate long-term immunological anti-tumor memory, mice exhibiting complete
regression of parental D4M.3A.3 melanomas after triple therapy were rechallenged with a
second melanoma inoculation. Both UV2 melanoma (high mutational load) and parental
D4M.3A.3 melanoma (low mutational load) survivors after triple therapy were resistant to
rechallenge with parental D4M.3A.3 melanoma cells (p = 0.001, Fig. 6D). In addition, 38%
of parental D4M.3A.3 melanoma survivors after combination immunotherapy (p = 0.0003)
and 50% of UV2 melanoma survivors after anti-PD-1+anti-CTLA-4 therapy (p = 0.004)
were protected against unrelated syngeneic B16-F10 mouse melanoma (Fig. 6E). Whole-
exome sequencing revealed that B16-F10 shares no amino acid-altering mutations with the
parental D4M.3A.3 or UV2 melanoma cell lines (data file S1). In contrast, parental
D4M.3A.3 and UV2 melanoma survivors had no immunity against KPC pancreatic tumors
(Fig. 6F and fig. S6D).

We next investigated whether expression of wild type melanocyte antigens is sufficient for
productive memory responses in UV2 melanoma survivors. Mice with complete UV2
melanoma regression after anti-PD-1 monotherapy were subsequently challenged with
inoculation of KPC pancreatic tumor cells overexpressing five wild type melanocyte
antigens: gp100, Tyr, tyrosinase-related protein 1 (Tyrpl), melanoregulin (Mreg), and
dopachrome tautomerase (Dct). Compared to naive mice, UV2 melanoma survivors
displayed longer survival after KPC-5 wild-type melanocyte antigen challenge (p = 0.004;
Fig. 6G).

In a cohort of 49 patients with melanoma treated with anti-PD-1, we observed that long-
term, sustained anti-tumor immune responses were associated with a more highly
differentiated state with greater pigment production (Fig. 6H and fig. S6E). Increased
melanogenesis results from upregulation of pigment-producing enzymatic machinery,
including multiple wild type melanocyte antigens (31). Histologic sections of melanoma
samples were scored for melanin content (Fig. 6H). Melanomas from survivors at 2-year
follow up after initiation of anti-PD-1 therapy had higher melanin scores than tumors from
non-survivors (p = 0.0416; Fig. 6H and fig. S6E). Together, these data suggest that immune
targeting of wild type melanocyte-lineage antigens may be particularly important for durable
responses to checkpoint blockade therapy in patients with melanoma.
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Discussion

Our results demonstrate two mechanisms by which ICI responses can be enhanced: the
presence of neoantigens or induction of local inflammation using aFP plus imiquimod.
Furthermore, in our mouse models, introduction of putative neoantigens from somatic UVB-
induced mutations was sufficient to provoke a stronger anti-melanoma response after
checkpoint blockade. These results support evidence of enhanced ICI efficacy in patients
with higher predicted neoantigen loads (8-10, 14) and in a recently reported UVB-induced
mouse melanoma model (32). We observed that anti-PD-1 leads to expansion of gp100
tetramer-recognizing CD8* TILs in mutation-rich, but not matched mutation-poor,
melanomas, and this skewing of immune responses against wild type melanocyte-lineage
antigens correlates with treatment efficacy.

A functional role for epitope skewing from neoantigens or melanoma-specific antigens to
antigens shared by normal melanocytes is established by the resistance of UV2 anti-PD-1
complete responders to challenge with parental D4M.3A.3 melanomas sharing no putative
neoantigens. Moreover, in UV2 melanoma survivors subsequently challenged with
pancreatic tumor grafts, overexpression of just five wild type melanocyte antigens in
pancreatic cancer cells was sufficient to confer a survival benefit. These data suggest that
neoantigens, which can themselves be targets of anti-tumor activity, may also contribute to
breaking tolerance toward wild type melanocyte self-antigens in the context of anti-PD-1
treatment.

For poorly immunogenic cancers bearing low mutational burdens, the aFP+imiquimod
+immune checkpoint combination facilitates an abscopal effect, with destruction of both
directly-treated and contralateral established tumors in mouse models of melanoma and
pancreatic ductal adenocarcinoma with low putative neoantigen burdens. CD8* T cells and
Batf3 expression were necessary for combination therapy efficacy, and the addition of
imiquimod and aFP to checkpoint inhibitor treatment promoted tumor inflammation,
increased the tumor infiltrating CD8:T gq ratio, and enhanced antigen presentation.

Combination therapy mediated changes in gene expression associated with immune
signaling and pigmentation. As observed with UV2 melanomas, addition of aFP and
imiquimod overcomes tolerance toward the melanocyte self-antigen gp100 in parental
D4M.3A.3 melanomas, but without introduction of more mutations. Published T cell
receptor (TCR) sequencing of B16 mouse melanomas suggests that gp100-specific T cell
clones, which are commonly found at low frequencies before immunotherapy, can be
expanded by checkpoint blockade (33). Additional studies will help determine how
checkpoint blockade affects priming versus amplification of T cell clones specific for other
wild type melanocyte antigens. AFP produces microscopic channels of thermal injury,
releasing denatured tumor and wild type antigens, with sparing of immune cells in intact
interspersed tissue (34). T cell escape from self-tolerance after triple therapy is likely
mediated by a combination of this local inflammation with TLR7 agonism by imiquimod-
induced DC maturation.
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Our in vivo studies revealed an association between recognition of wild type melanocyte
antigens and long-term melanocyte-lineage-specific immunity. Parental D4M.3A.3
melanoma triple therapy complete responders and UV2 melanoma anti-PD-1 complete
responders were resistant to subsequent challenge with B16-F10 melanomas that share no
protein-coding mutations; however they demonstrated no evidence of protective immunity
against pancreatic ductal adenocarcinoma tumors, which are of another cellular lineage.
These combination therapy and epitope skewing findings have important implications for
immunotherapy in patients with cancer, where low mutational burdens remain an obstacle to
achieving durable clinical benefit.

In 18 patients with melanoma studied by dextramer staining of peripheral blood
mononuclear cells, we observed increases in the proportion of MART-1-specific circulating
CDS8™ T cells after initiation of anti-PD-1 therapy in anti-PD-1 responders, but not in non-
responders. Additional studies of larger groups of patients as well as use of
immunopeptidomics will be helpful in determining whether T cell populations specific for
MART-1, TYR, and other wild type melanocyte antigens could be useful biomarkers in
monitoring responses to immune checkpoint blockade. We also found that higher melanoma
melanin content, which reflects higher expression of wild type melanocyte antigens involved
in pigment production, was correlated with 2-year survival after anti-PD-1 treatment.
Collectively, these results support a potential functional role of T cell activity against wild
type melanocyte antigens in the response to ICIs in melanoma, despite the additional key
role of tumor-restricted neoantigens in at least a subset of patients.

Limitations of this study include the prospect that purposeful induction of epitope skewing,
through treatments such as the combination therapies described here, may trigger
autoimmune adverse events despite lack of apparent gross toxicities in our preclinical
models. Our mouse experiments were conducted using syngeneic subcutaneous tumor grafts
with clonal mutations rather than genetically engineered mouse models, and the effects of
tumor heterogeneity on epitope skewing remains to be addressed. In addition, our
observation of gp100-directed CD8* TIL induction is likely an underestimate of the breadth
of self-antigen-directed T cell responses. Although we provide evidence of epitope skewing
and long-term immunity against several wild type melanocyte antigens, further studies are
required to identify a comprehensive set of melanocyte antigens targeted by the immune
response after combination immunotherapy. We did not observe changes in proliferation or
activation markers expressed on gp100-specific CD8* TILs; however further evaluation of
inhibitory markers may help to more comprehensively characterize the functionality of this
self-antigen directed population. It will also be of interest to investigate potential modulatory
effects of other immune cell types including CD4* T cells, Tregs, and macrophages through
depletion and other experiments.

It is possible that immunity against wild type melanocyte antigens occurs in patients with
melanoma and contributes to immunotherapy efficacy even in individuals without overt
vitiligo. Many patients with melanoma who respond to anti-PD-1 never develop vitiligo, and
in our cohort of responders, checkpoint blockade increased the frequency of melanocyte-
specific CD8* T cells regardless of whether vitiligo appeared. In our experiments, vitiligo
was rarely observed among mice with complete responses against melanoma, further
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suggesting that a therapeutic window exists in which combination immunotherapies can
drive responses against tumor-lineage self-antigens and have clinical benefit without
dangerous toxicities involving autoimmune destruction of the organ of tumor origin.
Strategies such as this may safely achieve efficacy in poorly inflamed cancers and offer
potential promise to the many patients whose cancers are currently refractory to checkpoint
inhibitors.

Materials and Methods

Study design.

This was a preclinical study of determinants of ICI response in melanomas with low
neoantigen loads. We hypothesized that expression and recognition of tumor-lineage self-
antigens renders tumors more responsive to ICIs. Patient melanoma RNA-sequencing data
were analyzed by GSEA, melanoma differentiation and pigment pathway activation were
determined by melanin scoring of histologic sections, and circulating MART-1 and TYR-
specific CD8* T cell populations were quantified by dextramer staining of peripheral blood
mononuclear cells isolated from patients with melanoma. We also used mouse models of
melanoma and pancreatic ductal adenocarcinoma to investigate effects of UVB-associated
neoantigen introduction or combination of aFP+imiquimod+ICI treatment on tumor growth
and survival. Mouse melanomas, TILs, and dLNs were characterized by flow cytometry
immunophenotyping and gp100 tetramer staining, immunohistochemistry and
immunofluorescence for CD3 and melanocyte antigens, and GSEA of tumor RNA-
sequencing.

Informed consent was obtained and serial tumor and blood samples from patients with
melanoma were collected under institutional review board protocol DFCI 11-181. All
patients underwent standard of care follow-up at Massachusetts General Hospital, consisting
of radiographic assessment every 12 weeks, clinical evaluation by the involved oncology
team, and assessment by the treating medical oncologist in which physical exam and
laboratory values were analyzed. Treatment response was classified on the basis of a
combination of radiographic and physical exam findings. Blood was separated into plasma
and peripheral blood mononuclear cells at the time of phlebotomy. Experiments using
patient blood samples or tumors were blinded to responder status.

For in vivo mouse experiments, mice were randomly assigned to each treatment group.
Measurements after treatment were not blinded. Sample sizes were selected on the basis of
previous experience and published experiments. The number of samples and replicates for
each experiment are listed in accompanying figure legends. No outliers were excluded from
any experiments or analyses reported in this manuscript.

In vivo mouse studies.

Eight-week-old female C57BL/6 and NSG mice were obtained from The Jackson
Laboratory. To minimize variation in pathogen exposure in our experiments, all mice were
obtained from the same mouse facility at the same age and housed together in groups of up
to five mice per cage. Mice were housed in solid-bottomed cages with chipped-wood and
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wood-shaving bedding that was changed as needed (minimum weekly) and provided ad
libitum access to water and feed. Melanoma or KPC cells were inoculated subcutaneously at
the flanks at a concentration of 1 x 106 cells in 0.1 ml phosphate buffered saline (PBS) per
site. Blocking antibodies were administered intraperitoneally at a dose of 200 pg in 0.1 ml of
PBS per mouse. For UV clone experiments, antibodies were administered on days 8, 10, 12,
14, and 16 after tumor cell inoculation. Anti-PD-1 [29F.1A12 (35)] was provided by the
Freeman laboratory, and isotype-matched antibodies (2A3) were acquired from BioXCell.
For combination therapy experiments, treatments were started when tumor volumes were
approximately 50 mm3 (day 6 or 8 after tumor cell inoculation): anti-PD-1 (29F.1A12) or
isotype-matched (2A3) and anti-CTLA-4 (9D9) or isotype-matched (MPC-11) were
administered on days 6, 8, and 10; on days 8, 10, and 12 (triple therapy); or on days 8, 10,
and 12 (quadruple therapy). Left flank tumors were treated with 5% imiquimod or vehicle
lotion concurrently with antibody treatments, and aFP using a CO,, laser (UltraPulse
DeepFX, Lumenis, Yokneam, Israel) on the first and last day of antibody treatment. Strides
Pharma 5% imiquimod cream (10 pl per tumor) was used for most experiments. After
Strides Pharma imiquimod became unavailable for purchase, Perrigo 5% imiquimod cream
(5 pl per tumor) was used. For aFP, a 5 mm x 5 mm scanning pattern with 100 mJ energy per
pulse, 5% nominal surface coverage, and 120 pm nominal spot size was applied. For aFP
dosimetry, 100 mJ energy per pulse penetrates to ~2.5 mm depth below the skin surface.
Assuming a 50 mm3 tumor extends from about 0.3 mm from the skin surface (estimate
based on (36)), a 5x5 mm aFP pattern reaches between 2.5% of tumor volume (for larger
tumors measuring between 2.2 to 4.7 mm in depth) and 5% of tumor volume (for smaller
tumors measuring less than 2.2 mm in depth). For CD8 depletion, rat anti-mouse CD8a
(clone 2.43) or isotype-matched (LTF-2) antibody was administered every 3 days for the
duration of the experiment, starting 6 days before tumor inoculation. Tumor volume was
calculated from caliper measurements as length x (width2/2). For experiments evaluating
survival, mice were euthanized when tumors reached a maximum length or width of 20 mm
or 10 mm (corresponding to an estimated maximum tumor volume of 4000 mm?3 or 500
mm?3) in experiments with one or two tumors per mouse, respectively, or earlier in cases of
severe tumor ulceration or failure to thrive as determined by veterinary staff at the
Massachusetts General Center for Comparative Medicine. For most rechallenge
experiments, mice with previous complete responses of their melanomas to immunotherapy
were inoculated with 1 x 10° cells in 0.1 ml of PBS at one flank and euthanized when the
resulting tumors reached a maximum length or width of 10 mm (corresponding to an
estimated maximum tumor volume of 500 mm3) or for severe tumor ulceration or failure to
thrive. For rechallenge experiments with KPC-5 wild type melanocyte antigen cells, 1.5 x
10° cells in 0.1 ml of PBS were inoculated at one flank. All studies and procedures involving
animal subjects were performed in accordance with policies and protocols approved by the
Institutional Animal Care and Use Committee at Massachusetts General Hospital.

Statistical analysis.

Statistical analyses were performed using GraphPad Prism. For two-way comparisons,
significance was determined by two-tailed Student’s t-tests, or Mann-Whitney t-tests for
unpaired datasets that did not pass the Shapiro-Wilk normality test, or Wilcoxon’s matched-
pairs signed rank tests for paired datasets that did not pass the Shapiro-Wilk normality test.
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For multiple comparisons, significance was determined by one- or two-way analysis of
variance (ANOVA) with Tukey’s method for multiple comparisons of every mean with every
other mean, or Dunnett’s method for multiple comparisons of every mean to a control mean.
Kaplan-Meier analyses were conducted using the log-rank (Mantel-Cox) test. p values less
than 0.05 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Anti-PD-1 therapy increases recognition of wild type melanocyte antigensin patientswith
melanoma.

(A) GSEA plot showing enrichment of the pigmentation gene set GO:0043473 in
ipilimumab responders among patients with melanoma in the Van Allen et a/. dataset (11)
with low neoantigen burdens. (B and C) GSEA plot showing enrichment of the pigmentation
gene set GO:0043473 in nivolumab or pembrolizumab responders among patients with
melanoma with low neoantigen burdens in the Hugo et a/. dataset (14) (B) or Liu et al.
dataset (15) (C). (D to F) Frequencies of HLA-A*0201:MART-1 (ELAGIGILTV) dextramer
* (D), HLA-A*0201:TYR (YMDGTMSQV) dextramer* (E), or combined HLA-
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A*0201:MART-1 and HLA-A*0201: TYR dextramer* (F) CD8" T cells in peripheral blood
mononuclear cells from 18 patients with metastatic melanoma treated with anti-PD-1. Data
are shown as mean + SEM (7=13 responders, n=5 non-responders). **p<0.01, n.s. not
significant using a Wilcoxon paired t-test. ES: enrichment score.
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Fig. 2. UVB-induced mutations enhance anti-tumor immunity and recognition of wild type
melanocyte antigens after PD-1 blockade.

(A) Growth of parental D4M.3A.3 and UVB-mutagenized UV2 and UV3 melanomas in
NSG mice and corresponding survival. Data are shown as mean tumor size = SEM (/=5 per
group). (B and C) Parental D4M.3A.3 and UV2 (B) or UV3 (C) melanoma growth in
C57BL/6 mice and corresponding survival after treatment with anti-PD-1 or isotype-
matched control antibody on days 8, 10, 12, 14, and 16 after tumor cell inoculation. Data are
shown as mean tumor size + SEM (7=5 per group). (D) Tumor-infiltrating CD8" T cells
isolated from parental D4M.3A.3 or UV2 melanomas (TILs) or CD8* T cells isolated from
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draining lymph nodes (dLNs) harvested 5 days after initiation of anti-PD-1 therapy or
isotype control were evaluated for binding to gp100:H-2DP tetramer (/=3 mice for no tumor
control, 7=8 mice for all other groups). Data are shown as mean + SEM. (E) Survival of
UV2 melanoma-bearing mice with complete responses to anti-PD-1 and age-matched naive
C57BL/6 mice after rechallenge with subcutaneous parental D4M.3A.3 melanoma cell
inoculation (/7=8 mice per group). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; n.s., no
significant difference for statistical analyses conducted by two-way analysis of variance
(ANQOVA) with Tukey’s post hoc test [A (left panel) and D] or log-rank test [A (right panel),
B, C, and E].
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Fig. 3. UVB irradiation promotes recruitment of tumor-infiltrating immune cellsand is
associated with T cell dysfunction that isreversed by PD-1 blockade.

(A) GSEA of RNA-sequencing data from bulk tumor grafts in C57BL/6 hosts.
Representative top-scoring KEGG gene sets enriched in UV2 compared with parental
D4M.3A.3 melanomas with nominal p values<0.01 are shown. FDR, false discovery rate. (B
and C) CD3* expression in parental D4M.3A.3 and UV2 melanomas 5 days after initiation
of therapy was evaluated by immunohistochemistry. (B) Representative fields shown. Scale
bar: 50 pm. (C) CD3* expression quantified in nine randomly selected intratumoral fields
from three mice per group. Data are presented as mean + SEM. ****p<0.0001; n.s. not

Sci Transl Med. Author manuscript; available in PMC 2021 May 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lo etal.

Page 22

significant as evaluated by one-way ANOVA with Tukey’s post hoc test. (D) Tumor
infiltrating lymphocytes (TILs) or cells isolated from draining lymph nodes (dLNs)
harvested 5 days after anti-PD-1 therapy initiation were characterized by flow cytometry.
Numbers of CD8" and Tyeg (CD4"FOXP3*) T cells per gram are shown as mean + SEM
(=12 pooled to 6 per group). **p<0.01 as evaluated by two-tailed t-test. (E) TILs or cells
isolated from draining lymph nodes (dLNs) harvested 5 days after anti-PD-1 therapy
initiation were characterized by flow cytometry. Ratios of CD8* T cells to Treg cells, and
proportions of CD8* T cells positive for Ki67 or granzyme B are shown as means + SEM
(=12 pooled to 6 per group). *p<0.05; ****p<0.0001 as evaluated by one-way ANOVA
with Tukey’s post hoc test.
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Fig. 4. Imiquimod and aFP improve responses of poorly immunogenic melanoma and pancreatic
ductal adenocarcinomato checkpoint blockade.

(A) Survival of C57BL/6 mice after parental D4M.3A.3 melanoma inoculation (day 0) and
combination treatments using anti-PD-1, ablative fractional photothermolysis (aFP), and
imiquimod administered on the days indicated (/=10 mice per group). ***p<0.001
comparing triple therapy to anti-PD-1 using a log-rank test. (B) Spider plots show growth of
individual tumors in C57BL/6 mice on treated and untreated flanks after therapy with aFP
and/or imiquimod administered to the treated tumor only. Pie charts show percent complete
responses with regression of tumors on both flanks (yellow). (C) Survival of C57BL/6 mice
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after parental D4M.3A.3 melanoma inoculation and treatment with isotype-matched
antibodies (77=9), anti-PD-1+anti-CTLA-4 (77=16), or quadruple therapy using anti-
PD-1+anti-CTLA-4+aFP+imiquimod (/7=17). *p<0.05 using a log-rank test. (D) Triple
therapy induces tumor regression in a mouse model of poorly immunogenic pancreatic
ductal adenocarcinoma. Survival of C57BL/6 mice after subcutaneous inoculation of KPC
pancreatic cancer cells and treatment with isotype-matched antibody, anti-PD-1, or triple
therapy using anti-PD-1+aFP+imiquimod (/=5 per group). **p<0.01 comparing triple
therapy to anti-PD-1 using a log-rank test.
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Fig. 5. Addition of imiquimod and aFP enhances the frequency and function of tumor-infiltrating
T cellsafter checkpoint blockade.

(A) Representative top-scoring KEGG gene sets enriched in bulk parental D4M.3A.3
melanomas in C57BL/6 mice treated with triple therapy (anti-PD-1+aFP+imiquimod)
compared to anti-PD-1 monotherapy with nominal p values<0.01. FDR, false discovery rate.
(B) Representative fields of immunofluorescence microscopy and (C) quantification of six
randomly selected fields reveal CD3* cells in parental melanomas 5 days after initiation of
therapy. Scale bar: 100 pm. Data are presented as mean + SEM. *p<0.05; ****p<0.0001,;
n.s. not significant by one-way ANOVA with Tukey’s post hoc test. (D and E) Immune
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infiltrates in contralateral (untreated flank) tumors and dLNs 5 days after initiation of
indicated treatments were characterized by flow cytometry. Ratios of CD8* T cells to Tregs
(CD4*FoxP3*) and proportion of CD8* T cells that are positive for granzyme B in tumors
are shown, as well as expression of PD-L2* on CD11c* DCs in dLNs. Data are shown as
mean + SEM; in (D) /22=6 mice per group; in (E) 7=12 pooled to 6 per group. *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001 compared with isotype control (D), or anti-PD-1 (E)
by one-way ANOVA with Dunnett’s post hoc test. (F) Survival of mice receiving anti-CD8
depleting antibodies or isotype-matched control antibodies after inoculation of parental
D4M.3A.3 melanoma cells and triple therapy. n=10 mice per group. ****p<0.0001 by log-
rank test. (G) Survival of C57BL/6 and BATF3~/~ mice following parental melanoma
inoculation (day 0) and triple therapy. /7=6 mice per group. ***p<0.001 by log-rank test.
WT, wild type.
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Fig. 6. Combination immunotherapy promotes recognition and long-term immunity against wild
type tumor-lineage self-antigens.
(A) GSEA plot showing enrichment of pigmentation gene set GO:0043473 in triple therapy
(anti-PD-1+aFP+imiquimod)-treated mouse parental D4M.3A.3 melanomas. (B)
Immunofluorescence imaging reveals expression of gp100 (left) and TRP2 (right) after anti-
PD-1+aFP+imiquimod triple therapy in mouse parental melanomas 5 days after initiation of
therapy. Scale bar: 50 um. (C) CD8™ T cells from treated flank parental melanomas (TILs)
and from draining lymph nodes (dLNs) 5 days after initiation of therapy were evaluated for
binding to gp100:H-2DP tetramer (/=4 mice for no tumor control, /=8 for all other groups).
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Data are shown as means £ SEM. (D) Survival of parental (/7=3) or UV2 (7=3) melanoma-
bearing mice with complete responses to triple therapy or naive mice (/7=10), after challenge
with 1 x 10° parental melanoma cells. (E) Survival of UV2 melanoma-bearing mice with
complete responses to anti-PD-1+anti-CTLA-4 (/7=4), or parental melanoma-bearing mice
with complete responses to triple therapy (/7=8), anti-PD-1+aFP (/7=2), anti-
PD-1-+imiquimod (/7=3), or naive mice (/=7), after challenge with 1 x 10° B16-F10
melanoma cell inoculation. (F) Survival of parental melanoma-bearing mice with complete
responses to triple therapy (/7=3) or quadruple therapy (/7=3), or naive mice (/7=5), after
subcutaneous challenge with 1 x 10° KPC cells. (G) Survival of UV2 melanoma-bearing
mice with complete responses to anti-PD-1 (/7=5), or naive mice (/7=5) after challenge with
subcutaneous inoculation of 1.5 x 10° KPC-5 wild type melanocyte antigen combo cells. (H)
Tumor samples from patients with melanoma treated with anti-PD-1 were scored in a
blinded manner based on melanin content in hematoxylin and eosin sections. Representative
images (left) depict cytoplasmic melanin scoring using published parameters (37). Scale bar:
20 pm. Patient melanin scores were stratified by survival status at 2 years after starting anti-
PD-1 (right). For patients with multiple tumor blocks available (from multiple masses or
time points), the mean score was calculated per patient. Data are shown as mean average
melanin score £ SEM, 7=22 non-survivors and 27 survivors at 2-year follow up. **p<0.01;
***n<0.001; n.s., no significant difference for statistical analyses conducted by one-way
ANOVA with Tukey’s post hoc test (C), log-rank test (D to G), or Mann-Whitney test (H).
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