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Figure 3: A) Frequency of the 10 most recurrent mutations across the TCGA by age group. Young (< 50)
and old (> 69) age groups correspond to the bottom and top 30% of individuals by age respectively. The
intermediate (50 < x < 69) age group corresponding to the remaining 40% of individuals. B) Relative age
group distribution of the 10 most recurrent mutations across the TCGA. C) Fraction of driver mutations
presented by autoimmune alleles as a function of BR score. D) Fraction of driver mutations presented by
HLA-B autoimmune alleles relative to common (> 1% population frequency; 19 alleles) HLA-B alleles.
Maximum and minimum population allele coverage corresponds to the maximum and minimum fraction of
driver mutations capable of being presented across common alleles at each best rank score respectively.
E) Fraction of driver mutations presented by HLA-C autoimmune alleles relative to common (> 1%
population frequency; 13 alleles) HLA-C alleles. F) Individuals with a BRAF V600E mutation show a
significant 9 year earlier age of melanoma diagnosis relative to those without this mutation (p = 7.58x10°).
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G) Discovery cohort individuals with an Al allele show a significant median later age of diagnosis of 8
years in the absence of a BRAF V600E mutation (p = 2.98x10*). However BRAF V600E mutation
presence appears to counter the Al allele protective effect with a loss of significance between those with
and without Al alleles (p = 0.232) H) BRAF V600E significantly reduces melanoma age of diagnosis
across discovery cohort individuals independent of autoimmune allele presence with median earlier ages
of diagnosis of 8.5 years in those without an Al allele (p = 7.39x10*) and 13 years in those with an Al
allele (p = 8.12x107). I) BRAF V600E mutation presence is significantly associated with 7.91 earlier years
to melanoma diagnosis (Psrarvesee = 7-12x10%), while having at least one MHC-I linked autoimmune allele
is significantly associated with 3.97 delayed years to melanoma diagnosis (Pauoimmune = 4.59x107%) after
controlling for sex and mutation burden. Mutation burden also remained significant, but had a minimal
contribution to age of diagnosis with 0.003 delayed years until melanoma diagnosis (Pmutation = 0-014)

We next examined whether specific mutations significantly influenced age of diagnosis across
the discovery cohort. If so, this could suggest mutation-specific coverage as a mechanism for Al
melanoma protection. One mutation, BRAF V600E, showed significant age differences with
mutation carriers being diagnosed with melanoma on average 9 years earlier than those without
(Fig. 3F; p = 7.58x10°). However, rather than observing a correlation between lack of Al allele
presence and having a BRAF V600E mutation, BRAF V600E status served as an indiscriminate
melanoma catalyst, significantly shifting age of diagnosis earlier regardless of Al allele status
(Fig. 3G). Moreover, it appeared to counter the Al allele protective effect with a reduced age gap
between those with and without Al alleles in BRAF V600E tumors (Fig. 3H). Regression
analysis showed similar results with V60OE mutation presence having a larger effect size than
Al carrier status by almost 4 years. (Fig. 3I).

Across Al alleles, only three were predicted to present BRAF V600E based on rank score.
HLA-B*27:05 was the only allele with a predicted affinity below the strong binding cutoff (best
rank score = 0.22). HLA-B*27:05-restricted cytotoxic T-cell responses have been observed
against V600E."” HLA-B*39:06 and HLA-B*57:01 had scores of 1.78 and 0.61 respectively,
showing potential for weak V600E binding. We found no association with occurrence (OR =
1.04, p = 0.84) or expression of BRAF V600E (p=0.34) in individuals carrying Al alleles in
general, or those carrying one or more of these three Al alleles specifically. As association might
have been expected if the mutant allele was subject to strong counter selection by immune
surveillance. Notably, BRAF VG600E has been suggested to avoid immune surveillance by
accelerating internalization of cell surface MHC-1.'%

As we observed no obvious differences in Al-allele specific presentation of putative driver
neoantigens, we next evaluated conserved antigens. We collected a set of known conserved
cancer antigens in melanoma (Supplementary Table 3),6'%°"4-120 gnd further expanded this
set to include other genes that could potentially serve as conserved antigens using the criteria
that they be (i) stably expressed in melanocytes, (ii) specific to melanocytes and (iij) expressed
in melanomas. We first identified genes that exhibited uniquely stable expression across
melanocytes by comparing stably expressed genes (SEGs) across a cohort of melanocytes and
53 tissues from the Genotype-Tissue Expression (GTEx) project. We developed a score to
capture stable expression and added to our set 52 genes (Supplementary Table 3) that scored
as well as the majority of canonical melanocyte genes and were exclusive to melanocytes.
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These SEGs included four well-known melanocyte genes, PMEL, MLANA, TYRP1, and TYR,
and the rest were enriched for the folate metabolism pathway which is important for DNA repair
in melanocytes '* (Methods: Identification and Differential Expression of Conserved Antigens).
We next evaluated whether these genes were differentially expressed (DE) between
melanomas in our discovery cohort and normal melanocytes. Consistent with published
findings, we observed that two MAGE genes, MAGEA10 and MAGEE1, were significantly
upregulated and that several canonical melanocyte and stably expressed genes were
downregulated (Fig. 4A). Specifically, MAGE genes have been shown to be specific to
reproductive tissues "*° and tumors "% and canonical melanocyte genes such as TYRP1 have
been shown to be minimally expressed, if not undetectable, in melanoma. 12131132

Conserved antigens encompass a broader space of presentable peptides than neoantigens as
any peptide across a protein could serve as a MHC-l| binding target. To evaluate broad
allele-specific differences in conserved antigen-derived peptide repertoires, we compared the
fraction of 8-11mers from each conserved antigen predicted to bind at a given percentile rank
(Methods: Predicting Binding Affinities). Across Al alleles we observed minimal variation with
HLA-B*51:01 being the most promiscuous Al allele and HLA-B*13:02 being the second most
promiscuous across the binding range (Fig. 4B). However, in general, Al alleles exhibited a
narrower conserved antigen repertoire relative to common alleles, with HLA-B*39:06,
HLA-B*57:01, and HLA-B*27:05 exhibiting the narrowest repertoires (Fig. 4C). Similarly, HLA-C
Al alleles exhibited relatively small repertoires within the range exhibited by common alleles
(Fig. 4D). HLA-B though generally presented a broader range of peptides across conserved
antigens than HLA-C (Supplementary Fig. 10B). This discrepancy again draws attention to
potential HLA type specific binding preferences and further suggests innate binding preferences
between HLA-B and HLA-C.

Considering individual conserved genes, Al alleles were generally predicted to bind a smaller
fraction of derived peptides than common alleles. Comparison of the distributions of the top 10
differences by mean at a gene-specific level between Al and common alleles shows that almost
all Al alleles present conserved antigens no better than common alleles (Supplementary Fig.
11). There were a few exceptions, however, as HLA-B*27:05 presented SRSF8 and TOMMG6
remarkably better than common alleles (Supplementary Fig. 11A-B).

Recent analyses of eluted peptides bound to MHC-I and MHC-II found that presented peptides
are not uniformly sampled across the entire parent protein sequence.’® We therefore revisited
our analysis with a focus on regional differences in binding affinity for the set of conserved
antigens. We considered position-wise best percentile ranks from Al and common alleles by
computing the best percentile rank across all 8-11mers overlapping a position in each gene
(Fig. 4E). We then looked for regions where common alleles were non-binders (eluted at > 2%
rank) and autoimmune alleles were strong binders (eluted at < 0.5% rank). We observed that
HLA-B*27:05, an especially strong binder to the conserved antigen SRSF8 (Supplementary
Fig. 11A-B), also exhibited the greatest position-wise advantage to SRSF8 over common alleles
(Fig 4F). This is in spite of having the smallest conserved antigen repertoire overall (Fig. 4B-C).
We additionally observed that amongst Al alleles, there was a substantial degree of variability in
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binding affinity at the position-wise level and it was rare for more than one allele to present the
same position well. This is counter-intuitive given the minimal variability seen more broadly (Fig.
4B). Thus, even though Al alleles have similar overall repertoire size, they appear to present
different regions of proteins. Furthermore, the regions for which Al alleles have better
presentation are sparse and short rather than long or contiguous (Fig. 4F, median length = 2
amino acids, s.d. = 1.7 amino acids). We also found that several canonical melanocyte and
MAGE genes had positions with marked differences between HLA-B Al and common alleles,
specifically the canonical melanocyte genes PMEL, GPNMB, TYR, and MITF and the MAGE
genes MAGEA10 and MAGEET (Fig. 4F, Supplementary Fig. 12). However, the autoimmune
alleles with the greatest advantages over common alleles, HLA-B*27:05 and HLA-B*57:01, did
not exhibit better binding to the upregulated MAGE genes (Fig. 4F, Supplementary Fig. 12).
Unlike with HLA-B alleles, HLA-C Al alleles exhibited only one marked advantage in regional
binding affinity over common alleles. MBD5 showed modestly better affinity for HLA-C*06:02
with a percentile rank of 0.5 compared to 2.11 for common alleles for 8-11mers overlapping
amino acid positions 1490-1491. Overall, despite the fact that most 8-11mers from conserved
antigens are better presented by common alleles, there were regional differences that could
potentially facilitate Al allele-specific immunogenic responses.

Finally, we attempted to validate the positions that had better affinity for Al alleles than common
alleles using the HLA Ligand Atlas. The HLA Ligand Atlas contains the immunopeptidomes of
21 individuals measured via mass spectrometry and identified their corresponding MHC-I
molecules with strong and weak binding via allele-specific binding predictions.”* However we
were unable to find overlap of ligands detected in the HLA Ligand Atlas with peptides derived
from conserved antigens. However, the HLA Ligand Atlas did not specifically measure the
human melanocyte immunopeptidome. At the time of writing, it contains samples from 21

individuals of which only 8 contributed to information about MHC class | in skin (of which

melanocytes are only a small fraction) and only 4 of the Al alleles are represented. Given these
limitations, functional validation of these findings is a future direction.
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Figure 4: A) Differential expression of conserved antigens between normal melanocytes and melanoma.
Labeled genes have an adjusted p-value > 0.5 and an absolute fold change > 2. B) Fraction of peptides
from conserved antigens (CA) presented by each autoimmune allele. C) Fraction of peptides from
conserved antigens (CA) presented by HLA-B autoimmune alleles relative to common HLA-B alleles (>
1% population frequency; 19 alleles). Maximum and minimum population allele representations
correspond to the maximum and minimum fraction of conserved antigen peptides bound across common
alleles at each rank score respectively. D) Fraction of peptides from conserved antigens (CA) presented
by HLA-C autoimmune alleles relative to common HLA-C alleles (> 1% population frequency; 13 alleles).
E) Position-wise best percentile rank scores were computed from predictions for 8-11mers by taking the
best percentile rank of all overlapping peptides at any given position. F) Greatest position-wise
differences in best percentile rank between HLA-B autoimmune and common alleles amongst the top 2
differences (SRSF8 and the canonical melanocyte gene PMEL) and several DE conserved antigens
(GPNMB, MAGEA10, TYR, MAGEET). Common alleles are shown in orange and autoimmune alleles are
shown in transparent blue unless they are predicted to elute at better percentile ranks than common
alleles. Vertical purple lines demarcate positions where autoimmune alleles are predicted to elute at better
percentile ranks than common alleles; plots show up to +/- 20 amino acids of the demarcated positions.
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Discussion:

Immunosurveillance has been implicated in melanomagenesis prevention,'®'3! yet HLA
contributions to melanoma risk have largely remained uncharacterized. Here we investigated
whether predisposing MHC-I alleles for CD8+ T-cell driven skin-associated autoimmune
disorders (vitiligo and psoriasis) could protect against melanoma. Our findings support this
hypothesis, with Al-allele carriers exhibiting a significant later age of melanoma diagnosis in
both the TCGA and an independent validation cohort. Moreover, Al-allele specific protection
appears not only to be uncaptured by current melanoma PRS,* but also can augment PRS
performance in relative risk stratification. While at least 6 vitiligo risk SNPs are protective from
melanoma,?2° our results show that autoimmune risk effects can be extended to MHC-I as well,
and suggest a broader space of joint autoimmune predisposition and melanoma protection.

We further investigated potential mechanisms linking MHC-I Al alleles to delayed age at
diagnosis. Immune activity against melanoma has been linked to high mutation burden due to
UV exposure,®"? suggesting neoantigens could provide a potential substrate. Focusing on
mutations that drive melanomagenesis, we did not see obvious differences in the affinity for
MHC-I Al alleles for neopeptides relative to other alleles. Interestingly, lack of Al allele
association with improved response to immunotherapy would seem to support that neoantigens
are not the mechanism by which Al alleles boost immune surveillance in melanoma. While Al
alleles did not seem to interact with specific mutations, we did note that BRAF V600E was
associated with an earlier age at diagnosis independent of Al allele carrier status. Potential of
autoimmune alleles to present BRAFVG600E did not appear to impact the incidence of the
mutation, which is consistent with reports that this mutation associates with impaired immune
surveillance.'®®

As CD8+ T-cells target healthy melanocytes through conserved antigens in both psoriasis and
vitiligo, responses against conserved antigen could also provide an explanation. We observed
positions with greater presentability by Al alleles in genes spanning all subcategories of
conserved antigens including canonical melanocyte genes, melanoma antigen genes, and
genes stably expressed in melanocytes. In particular, Al alleles had greater presentability of
amino acids in PMEL and TYR (Fig. 4F), which are melanocyte-specific antigens recognized by
CD8+ T-cells in melanoma-associated vitiligo.”®'% However, we did not observe position-wise
advantages for Al alleles in other CD8+ T-cell targets reported in melanoma-associated vitiligo,
such as MLANA or TYRP2. MHC-I Al alleles also uniquely target positions in the melanoma
antigen genes MAGEA10 and MAGEE1 which are upregulated in melanoma relative to
melanocytes (Fig. 4A). Finally, we observed positions uniquely targeted by Al alleles within
melanocyte stably expressed genes. Notably, SRSF8 exhibited the position most favored by Al
alleles and is overall substantially better targeted by the Al allele, HLA-B*27:05
(Supplementary Fig. 11). This suggests that melanocyte-specific conserved antigens other
than those already identified in melanoma-associated vitiligo may also contribute to the
protective effect of Al alleles. Additionally, while canonical melanocyte genes have been known
to be recognized by CD8+ T cells, they are typically downregulated in melanoma (Fig. 4A) or
otherwise inconsistently expressed.'®*'%® In contrast, the novel conserved antigens described in
this study exhibit stable expression across melanocytes and melanoma and might serve as
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more consistent immune targets.

Altogether, these findings support that Al alleles’ unique immunopeptidomes could contribute to
their protective effect against melanoma. However, further investigation is needed. In particular,
some studies have suggested that stability of the MHC-I-peptide complex distinguishes Al
alleles from other MHC-I alleles,’*®'*® so it is possible that the mechanism is not fully dependent
on antigen specificity. We noted that protective effects were confined to 7 specific Al-associated
HLA alleles, and were not shared by broader HLA supertype groupings supporting that
allele-specific characteristics, whether related to unique antigen specificities, stability or some
other characteristic, are likely to account for any protective effect.

In general, Al alleles presented a narrower peptide repertoire compared to common alleles (Fig.
4C-D). Notably, HLA-B*27:05 and HLA-B*57:01, both of which covered a smaller fraction of
potential conserved peptides than the minimum HLA-B population allele representation, are
known for their fastidiousness, or narrow peptide-binding repertoire, as studied in the context of
progression from HIV infection to AIDS."™° Kodmrlj et al. also observed that fastidious alleles
present peptides not found in common alleles’ repertoires, which we similarly observed with the
most fastidious Al alleles, HLA-B*27:05 and HLA-B*57:01, exhibiting the greatest position-wise
advantages over common alleles. Additionally, fastidious class | alleles are expressed on the
cell-surface at much higher levels than their promiscuous class | counterparts,’® and therefore
likely offer more opportunities for both neoepitope and self-antigen presentation from their
binding repertoires. Interestingly, we note that outside of autoimmune associations four of our
seven Al-alleles (HLA-B*27:05, HLA-B*51:01, HLA-C*06:02 and HLA-B*57:01) are among the
strongest HIV-protective alleles.”® #1142

Peptide-MHC (pMHC) affinity is driven largely by MHC-I sequence variation where specific
polymorphisms shape the binding pockets in the peptide-binding groove. Unsurprisingly, given
the skin-specific autoimmune associations for which these alleles were selected, certain
Al-alleles have similar binding pocket characteristics. For example, HLA-C*06:02 and
HLA-C*12:03 both share a strongly negative E-pocket.””® HLA-C*06:02 shares an
electronegative B-pocket with HLA-B*27:05 as well."**'* An allele’s affinity-based presentable
peptide repertoire though is an idealistic representation that fails to account for antigen
processing pathway contributions. Ultimately the space of bound peptides presented on the
cell-surface is far narrower. Endoplasmic reticulum aminopeptidases (ERAP) 1 and 2 play an
essential role in MHC-I antigen processing. They function to clip peptides to the appropriate size
for MHC-| binding,'**'® but can also destroy potential ligands through overtrimming.'#"~'%
ERAP1 and ERAP2 are prominent risk factors in MHC-I linked autoimmune conditions and both
are associated with psoriasis risk."''%® Epistatic effects between ERAP1 and Al-risk alleles
have been observed, particularly with HLA-C*06:02 in psoriasis,’™' and suggests this risk
interaction is tied to an increased likelihood of specific autoantigens making it to the cell surface.
Taken together, this suggests skin-specific autoimmune predisposing ERAP genes may also
confer melanoma protection and is an interesting area for further pursuit.

Vitiligo has been reported as a favorable irAE correlating with melanoma immunotherapy
response.®*® However, we did not observe any associations of Al carrier status with ICPI
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response. Work by Chowell et al.* and Cummings et al.”* showed that in melanoma the B44
supertype associates with extended survival after treatment with ICPIs. While none of our Al
alleles fall within this supertype, we surprisingly observed that the B44 supertype trended
towards an earlier age of diagnosis in our discovery cohort (Supplementary Fig. 3). The B44
supertype has an electropositive B-pocket, with an affinity for negatively charged residues at P2
such as glutamate (E)." Given this strong glutamate affinity, it may be that in the context of
ICPI, the B44 supertype is capable of inducing an immune response through the binding and
presentation of the highly recurrent BRAF VG0OE mutation. In fact certain Al alleles, such as
HLA-B*27:05 and HLA-C*06:02, have electronegative B-pockets with strong affinities for the
positively charged arginine at position 2,'**' and effectively serve as B44 antonyms. This
suggests noticeable peptide repertoire differences between the B44 supertype and the Al allele
set, and further suggests the potential for a dichotomy between MHC-I associated melanoma
protection and ICPI response, which is associated with somatic mutation presentation and high
tumor mutation burden. We note that sample sizes for assessing the role of Al alleles in ICPI
responses are small, and revisiting this analysis in larger studies in the future may provide
further insight.

In conclusion, our study supports that skin-specific auto-immune MHC alleles have a protective
effect in melanoma. We note the potential for MHC-I mediated autoimmunity to interact with
cancer development more broadly; we observed four other cancers (ACC, ESCA, PCPG,
SARC) for which skin Al-allele carrier status showed similar later age of diagnosis effects
(Supplementary Fig. 6A). Some MHC-I alleles are associated with multiple autoimmune
conditions, such as HLA-B*27:05 in both psoriasis and ankylosing spondylitis.5®70.7273.1%6.157
Ankylosing spondylitis is a targeted form of spinal arthritis primarily affecting the entheses and
leads to bone erosion and broad vertebral fusion.'® This may explain the observation of delayed
diagnosis with Sarcoma (SARC), which is primarily a bone and connective tissue cancer. Our
study did not address MHC-I| alleles which are generally expressed more specifically by antigen
presenting cells, but have nonetheless been implicated in both skin autoimmune disorders and
immunosurveillance. Taken together, tissue-specific MHC Al carrier status may broaden the
scope of the autoimmune-cancer risk interplay and remains an interesting area for further
exploration.
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obtained from The Cancer Genome Atlas (TCGA) Research  Network
(http://cancergenome.nih.gov/). Normal exome sequences and clinical data were downloaded
from the GDC on June 23-26", 2018 and April 25", respectively, using the gdc-client v1.3.0.
Somatic mutations were accessed from the NCI Genomic Data Commons
(https://portal.gdc.cancer.gov/) on May 14" 2017. Genotype calls for TCGA were accessed
from GDC on April 26, 2019. Validation and Stably Expressed Gene Cohorts: dbGaP data from
cohorts phs000452.v2.p1.c2, phs001550.v2.p1.c1, phs000933.v2.p1.c1 and
phs001500.v1.p1.c1 were obtained using AsperaConnect v3.9.5.172984. SRA toolkit v2.9.2
was used to obtain WXS/WGS data from the Sequence Read Archive (SRA) (including from the
following studies: SRP067938, SRP090294). UKBB data was retrieved under project ID 37671.
Melanostrum Cohort: Genotype data from Gu et al. ¥ were obtained by direct communication
with the authors.

Code Availability:
Code for all analyses can be found at https://github.com/cartercompbio/MelMHC/

Methods:

Datasets:

TCGA skin cutaneous melanoma tumors (SKCM) were used as the discovery set (N = 470).
Cases were retained if they had appropriate clinical information for downstream analysis (i.e.,
age of diagnosis; 11 did not have this information), were microsatellite-stable (3 MSI tumors
were removed), and were at least 20 years of age at time of diagnosis (5 were < 20). Individuals
below 20 years of age were excluded due to their increased likelihood of harboring rare
predisposing risk variants. After filtering there were 451 tumor samples. MHC-I genotypes were
called using the exome based methods POLYSOLVER and HLA-HD.#":8

An independent validation cohort of melanoma cases with germline WXS/WGS data was built
from 5 separate melanoma studies. Two of these studies (Hugo et al. %: SRP067938,
SRP090294, Van Allen et al. °. phs000452.v2.p1.c2) focused on melanoma response to
immune-checkpoint inhibitors (ICPI) and were used to evaluate autoimmune associations in the
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context of ICPl response. Two of these studies (Melanoma Exome Sequencing:
phs000933.v2.p1.c1 %% The genetic and transcriptomic evolution of melanoma:
phs001550.v2.p1.c1 *), were broader melanoma studies focusing on the genetic basis of
sun-exposed melanoma and melanoma evolution. The final study consisted of individuals from
the UKBB with WXS/WGS with ICD10 codes: C433, C434, C436, and C437. Validation cohort
individuals were also filtered by age to exclude individuals under 20 years old. MHC-I genotypes
for the validation cohort were called using HLA-HD.® Discovery and validation cohorts are
described in Supplementary Table 1.

Cases from the Melanostrum Consortium (N = 3001) were used to evaluate PRS generalizability
from absolute risk (i.e., cases vs. controls) to relative risk (i.e., age-specific effects). Genotype
was available at 204 risk SNPs used in the development of the PRS by Gu et al.®” Cases from
this cohort were filtered to include individuals > 20 years in age.

To identify putative conserved antigens we leveraged RNA-seq from a cohort of healthy
melanocytes (dbGaP: phs001500.v1.p1) derived from newborn foreskins (N=106) and version 7
of the Genotype-Tissue Expression (GTEX) project (dbGaP: phs000424.v7.p2).

Identifying Driver Mutations:

We downloaded WES-based mutation calls from the TCGA GDC portal from four different
mutation callers: VarScan,’™® MuSE,"®® MuTect,'®' and SomaticSniper."®> RNA Variant Allelic
Fraction (VAF) was obtained with bam-readcount. We considered a mutation to be a potential
driver if it: 1) altered protein sequence, 2) was found in both the DNA and RNA in at least one
individual, and 3) had a median DNA and RNA variant allele fraction (VAF) percentile less than
or equal to 40%. DNA mutations were only considered at a patient-specific level if they were
called by at least two of the mutation callers mentioned above. In total 51,062 mutations
satisfied these criteria.

We further filtered the list of putative drivers based on recurrence. Specifically, if a specific
mutation was detected in 4 or more different tumors we categorized it as a likely driver. In total
109 mutations satisfied this criterion (0.215% of the 51,062 candidate mutations). For those
mutations that failed to reach this recurrence, we calculated mutation-specific contributions to
melanoma pathogenicity using scores from a melanoma-specific CHASM classifier.'2*12°
Mutations with a CHASM score greater than or equal to 0.9 were deemed to be likely melanoma
drivers; 106 mutations satisfied this criterion (0.206% of the 51,062 candidate mutations).
Combining these recurrent and predicted driver singleton mutations yielded a final set of 215
melanoma drivers.

Identification and Differential Expression of Conserved Antigens:

GTEx V7 contains 11,688 RNA-seq samples from 714 donors across 53 tissue types and was
aligned with STAR v2.4.2a to GENCODE v19 and quantified with RNA-SeQC v1.1.8. RNA-seq
reads from healthy melanocytes were aligned with STAR v2.5.0b to GENCODE v19 and
quantified with RSEM v1.2.31. After quantification, both cohorts were filtered such that genes
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with < 0.5 RSEM or with counts < 6 in > 93% of samples were removed. Additionally, ribosomal
RNA, Y chromosomal, and histone genes were removed. Ribosomal and histone mRNA are not
polyadenylated. Notably, the melanocyte cohort is exclusively male, while GTEx is not, which
would potentially lead to Y chromosomal genes being falsely identified as stably expressed
downstream.

Across healthy melanocytes and each tissue type in GTEX, genes were scored as stably
expressed genes (SEGs) using the output from the scoring method described in scMerge.'®?
Briefly, the method first fits the expression of each gene from each tissue sample to a
Gamma-Gaussian mixture. For the expression of a gene X, the Gamma component

corresponds to samples with low expression and the Gaussian component corresponds to
samples with high expression. This mixture has the joint density function

f(xl_; a, Bi, W, o, ?\i) = ?\i- Gamma(oci, Bi) + (1 - ?\i) . N(ui, O'i)

where aiand Biare the shape and rate parameters of the gamma component, uiand c are the
mean and standard deviation of the Gaussian component, and the mixing proportion Aiis

bounded by [0,1]. The SEG scoring method also takes into account the proportion of zeros in
each gene u)l,for each tissue. Each gene is then scored by the percentile ranks of its mixing

proportion Ai, coefficient of variation (CV) Gi/”i’ and proportion of zeros ooisuch that the average

percentile rank across all three metrics is minimal. The highest scoring genes have lower mixing
proportions, CVs, and proportion of zeros.

Using the aforementioned method, each gene from every tissue was fit to a Gamma-Gaussian
distribution using scMerge v1.6.0 and given a score from 0 to 1 for stable expression. Then, the
set of genes across all GTEx tissues that had scores > 0.69 was removed from the set of genes
in melanocytes that had scores > 0.69. The threshold of 0.69 was chosen based on the
observation that the scores of canonical melanocyte genes were, with the exception of
DCT/TYRPZ2, all ~0.7 and by visual inspection of the distributions of scores across tissues
(Supplementary Fig. 13). This process yielded 4 canonical melanocyte genes (PMEL, MLANA,
TYRP1, TYR) and 52 additional protein coding genes for downstream analysis. The 52
non-canonical melanocyte genes were also passed to PANTHER ' for Reactome pathway '
overrepresentation analysis using Fisher's Exact test, which identified several genes as
members of the folate metabolism pathway (FDR 0.0288).

To determine differential expression of conserved antigens in melanoma relative to
melanocytes, we applied the same expression quantification pipeline and gene filtering steps to
both healthy melanocytes and SKCM. Specifically, we quantified HLA-allele specific expression
using HLApers v1.0 ' and the Kallisto v0.44.0 '*" pipeline for HLApers. Reads were aligned to
GENCODE v30 ' and IMGT HLA v3.41.0.'%° After quantification, both cohorts were filtered in
the same way as the conserved antigen identification pipeline described above. Additionally, 11
samples with missing age of diagnosis were removed from the SKCM cohort. We then
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performed a differential expression analysis with DESeq2 v1.30.1 '° conditioned on ancestry.
However, several potentially relevant covariates were also incompatible across the two cohorts.
Namely, age, sex, tumor type (primary or metastatic), tumor purity,"”"' melanocytic plasticity
score,' and TIDE score."” Due to these discrepant covariates between the cohorts, we also
checked that no covariates were associated with significant DE for any conserved antigens. The
only gene subject to DE was MAGEA10 with a -1.3 +/- 0.4 log fold change (LFC) in primary vs.
metastatic melanoma. This is substantially less than the +8 LFC of MAGEA10 observed in
melanocytes vs. melanoma (Fig. 4A).

Finally, we used the HLA Ligand Atlas ' to validate the peptides from conserved antigens that
were observed to have preferential binding to autoimmune alleles. At time of writing, the HLA
Ligand Atlas has identified 90,428 HLA-I ligands from the tissues of 21 individuals. We queried
the HLA Ligand Atlas for ligands from our conserved antigens that were predicted to be strong
or weak binders to autoimmune alleles.

Predicting Binding Affinities:

MHC-I allele binding affinities were computed across the available 2,915 unique MHC-I alleles
for both driver mutations and conserved antigens. Since driver mutations altered protein
sequence, we evaluated MHC-I alleles’ ability to present neoepitopes by generating all unique
8-11mers found in a mutation relative to the wild-type (corresponding to the set of novel
peptides a MHC-| allele can present to the immune system). To circumvent cross-allele and
cross-peptide variabilities that are inherent in predicted IC50 comparisons, we used percentile
ranks relative to a random set of peptides provided by NetMHCpan-4.1'* to approximate
binding affinity for every MHC-I allele peptide pair. These percentile rank scores correspond to
how strongly an allele binds a particular peptide relative to a set of random natural peptides.
From peptide level rank scores, MHC-I mutation specific binding affinities were assigned
according to the best rank score, the minimum allele-specific rank score across all unique
8-11mers for a mutation.

For conserved antigens, we partitioned proteins into their entire set of 8-11mers across the full
length of the protein. MHC-| allele peptide pair percentile rank scores were again generated
using NetMHCpan-4.1. Several metrics were derived from the percentile rank scores for
downstream analyses. For broad and gene-level comparisons, we defined an allele-specific
conserved antigen repertoire as the set of 8-11mers presented at or below a given percentile
rank (Fig. 4B-D, Supplementary Fig. 10B, 11). For position-wise presentability (Fig. 4E-F) we
used the best percentile rank of all overlapping peptides at each position along a protein.

HLA Population Allele Representations:

To compare HLA-B and HLA-C autoimmune (Al) alleles to common non-Al alleles, defined as
those alleles with a population frequency > 1% as given by the NMDP (19 common HLA-B
alleles, 13 common HLA-C alleles), we established maximum and minimum population allele
representations. For driver neoantigens, a maximum population allele representation was
assigned to have coverage at each rank equating to the coverage of the best presenting
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common allele at that rank. Similarly a minimum population allele representation was assigned
to have coverage at each rank equating to the coverage of the worst presenting common allele
at the rank. For maximum and minimum population allele representations in conserved antigens
(CA), the metric of assignment was the fraction of CA peptides bound as opposed to coverage,
as was consistent with CA analyses.

PRS Implementation:

We implemented the melanoma PRS developed by Gu et al. °” comprising 204 SNPs. For the
discovery cohort we were able to extract 190 of the 204 risk SNP genotypes using Plink. For the
validation cohort, datasets lacking sufficient SNP data for PRS construction were excluded
leaving 239 individuals for which 201 of the 204 risk variants were extracted using Plink2. For
the Melanostrum Consortium (N=3001), all 204 risk SNPs were extracted. Risk SNP MAFs were
compared across cohorts to ensure no significant differences (Supplementary Fig. 7). The final
PRS for each cohort was generated as a weighted sum across extracted risk SNPs in each
cohort in accordance with the optimal melanoma risk model by Gu et al.?’

Multistage Carcinogenesis Model for Melanoma:

Dating back to the 1950’s Armitage-Doll model '° of cancer incidence and those created soon
after by Knudsen and Moolgavkar '® and others, multistage models of cancer are among the
most developed mathematical methods for defining carcinogenesis and determining timescales
of tumor formation in human populations.’’~"®" These models assume evolutionary stages from
normal cells to development of clinically detected symptomatic cancers. These stages typically
include intermediate premalignant and preclinical malignant stages that represent field
cancerization dynamics of stochastically growing and shrinking clonal populations in a tissue.
These models can be described mathematically as stochastic multi-type branching processes
with probabilities of events occurring with certain rates (Supplementary Fig. 9A). By calculating
an age-dependent hazard function for cancer incidence using solutions to equations from the
probability generating functions starting from birth, we can calibrate these models to fit hazard
rates derived from cancer incidence registry data such as SEER in the US."® Importantly, this
modeling framework provides a link between cell-level dynamics and population-level incidence
data so that we can estimate parameters governing clonal growth, dwell times, and mutational
“hits” in at-risk individuals.

In previous work we found that the “two-stage” model (2 “hits” for development of a first
malignant cell) shown in Supplementary Fig. 9 is closely approximated by a model that
includes an effective malignant transformation rate and a characteristic lag-time or “sojourn”
time between malignant transformation and clinical detection (see Luebeck et al. 2013 for
mathematical details ). Here we created a two-stage model for melanoma incidence that
adjusts for birth cohort trends, similar to methods used previously in esophageal squamous cell
carcinoma (ESCC)." In this way, our models capture trends for both age and birth cohort (and
thus calendar period) to enable robust estimation via Markov Chain Monte Carlo simulation of
cell-level parameters for tumor evolution by sex and race/ethnicity (see Supplementary Fig. 9B
for examples of model fits). We obtained estimates and 95% confidence intervals in the main
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text for tumor sojourn times in men and women via MCMC posterior estimates for the lag-time
parameter. Chains were run for 100,000 cycles with a 4000 cycle burn-in and checked for
convergence. All code for hazard function calculation and parameter estimation was written in
Fortran. The ICD-O-3 codes used for extraction of SEER data melanoma, all races combined,
from SEER*Stat include: 8720/3, 8721/3, ,8722/3, 8723/3, 8726/3, 8727/3, 8728/3, 8730/3,
8740/3, 8741/3, 8742/3, 8743/3, 8744/3, 8745/3, 8746/3, 8761/3, 8770/3, 8771/3, 8772/3,
8773/3, 8774/3, 8780/3, 8790/3.

Statistical Analyses:

All box plot statistical tests comparing age of diagnosis effects between groups were assessed
using the default Mann-Whitney U statistical test. Leave-one-out analysis was conducted by
narrowing the Al allele set into all 7 unique sets of 6 Al alleles and stratifying individuals
accordingly. Performing leave-one-out analysis by dropping all carriers of each allele yielded
similar results, with Al status significantly associated with a later age of diagnosis in each
holdout set. T-tests were used to compare PRS distributions across Al-allele status in both
discovery and validation cohorts. Fisher's exact tests were used to evaluate associations
between: 1) MHC-I Al allele carrier status and ICPI response status 2) Major and minor Al SNP
alleles and ICPI response status 3) HLA-proximal PRS SNPs and MHC-I Al allele carrier status.
These statistical tests were all implemented via the default scipy.stats Python package.
Regression analyses were modeled using ordinary least squares linear models through the
statsmodels.formula.api Python package.' All multiple hypothesis testing correction utilized the
Benjamini-Hochberg ~ procedure, and was implemented by means of the
statsmodels.stats.multitest package in Python.
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