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SUMMARY

CTLA-4 immune checkpoint blockade is clinically
effective in a subset of patients with metastatic
melanoma. We identify a subcluster of MAGE-A
cancer-germline antigens, located within a narrow
75 kb region of chromosome Xq28, that predicts
resistance uniquely to blockade of CTLA-4, but
not PD-1. We validate this gene expression signa-
ture in an independent anti-CTLA-4-treated cohort
and show its specificity to the CTLA-4 pathway
with two independent anti-PD-1-treated cohorts.
Autophagy, a process critical for optimal anti-can-
cer immunity, has previously been shown to be sup-
pressed by the MAGE-TRIM28 ubiquitin ligase
in vitro. We now show that the expression of the
key autophagosome component LC3B and other
activators of autophagy are negatively associated
with MAGE-A protein levels in human melanomas,
including samples from patients with resistance to
CTLA-4 blockade. Our findings implicate autophagy
suppression in resistance to CTLA-4 blockade in
melanoma, suggesting exploitation of autophagy
induction for potential therapeutic synergy with
CTLA-4 inhibitors.
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INTRODUCTION

Antibodies targeting the cytotoxic T lymphocyte-associated

antigen-4 (CTLA-4) pathway in advanced melanoma have

yielded lasting clinical responses in a subset of patients (Hodi

et al., 2010). Combining CTLA-4 blockade with antagonists of

an alternative immune checkpoint pathway, the programmed

death (PD-1) pathway, increases response rates in metastatic

melanoma compared with either agent alone and suggests the

potential benefit of combining CTLA-4 blockade with other

immunotherapeutics (Wolchok et al., 2013). However, robust

determinants of response and resistance to CTLA-4 blockade

remain elusive, hindering efforts to rationally incorporate it in

combinatorial strategies and to precisely pair it with patients

most likely to respond.

While several investigators have identified genomic markers

of clinical outcome to CTLA-4 blockade (Gao et al., 2016;

Riaz et al., 2016; Snyder et al., 2014; Van Allen et al., 2015), dis-

covery of robust transcriptional signatures for response to

immune checkpoint therapy has been limited by small sample

sizes and lack of validation cohorts. Along with important

genomic markers that have highlighted resistance pathways

common to various checkpoint inhibitors (Gao et al., 2016; Zar-

etsky et al., 2016), discovery of biomarkers specific to a given

immune checkpoint may illuminate the processes distinguishing

these inhibitory pathways. To interrogate and identify transcrip-

tional determinants of clinical outcome specific to CTLA-4
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Figure 1. A Specific Cluster of Cancer-Germline Antigens Predicts Resistance to CTLA-4 Blockade

(A) Volcano plot depicting genes enriched in CB and NB tumors (n = 457 and 326, respectively; fold change >2, one-sided Wilcoxon test p value < 0.05). Relative

positions of CRMA and immune-related genes (pink) are shown. Inset: computational purity estimates by the ABSOLUTE algorithm are comparable between the

CB and NB groups (Carter et al., 2012).

(B) Top: 75 kb region within the CRMA locus containing the 8 CGAs is shown; CSAG3 and MAGEA2 are duplicated genes. Bottom: Boxplots depicting the

individual RNA-seq expression value for each MAGEA and CSAG gene within this locus in the discovery cohort stratified by CB and NB status (Van Allen

et al., 2015).

(C) Volcano plot depicting genes enriched in ‘‘no progressive disease’’ (no PD) and ‘‘progressive disease’’ (PD) groups at week 13 in the ipilimumab-nivolumab

arm of the CheckMate 064 trial (Weber et al., 2016) (validation cohort).

(D) Boxplots depicting RNA-seq expression for CRMA MAGEA genes between the no PD and PD groups in validation cohort.

(E) IHC staining analysis of MAGE-A protein expression in pre-ipilimumab melanoma biopsies.

(F) Examples of MAGE-A protein expression from a patient in the CB (left) and NB (right) groups. Magnification, 31000.

See also Figure S1 and Tables S1 and S2.
blockade in advanced melanoma, we analyzed RNA

sequencing (RNA-seq) data from 146 melanoma biopsies repre-

senting patients from three previously reported clinical studies

comprising four clinical treatment cohorts (Hugo et al., 2016;

Van Allen et al., 2015; Weber et al., 2016) as well as both

transcriptomic and DNA methylation data from The Cancer

Genome Atlas (TCGA) (Cancer Genome Atlas Network, 2015).

These analyses allowed us to discover an unexpected role for

cancer-germline antigens in primary resistance to CTLA-4 but

not PD-1 blockade and to conduct studies implicating the

involvement of autophagy dysregulation in clinical outcome to

ipilimumab, setting the stage for future investigations in larger,

prospective trials.
RESULTS

A Specific Cluster of Cancer-Germline Antigens
Predicts Resistance to CTLA-4 Blockade
From a previously reported cohort of 110 melanoma patients

treated with ipilimumab, we analyzed the 40 with associated

tumor-derived RNA-seq data from pre-therapy samples (Van

Allen et al., 2015). Thirty-five of these 40 patients could be unam-

biguously classified into the clinical benefit (CB) and no benefit

(NB) designations maintained from the original report (see

STAR Methods). A differential gene expression analysis

comparing NB (n = 22) and CB (n = 13) groups identified 457

genes upregulated in NB samples (Figure 1A; Tables S1 and
Cell 173, 624–633, April 19, 2018 625



S2). Strikingly, 7 of the top 12 genes overexpressed in NB sam-

ples were clustered within a 75 kb region of chromosome Xq28

(median 67-fold increase, range 34–188; Figure 1B, top). An

additional gene, MAGEA3, was also located within this narrow

genomic region and was similarly upregulated in NB samples

(24-fold increase). All 8 genes (MAGEA3, CSAG3, CSAG2,

MAGEA2, MAGEA2B, CSAG1, MAGEA12, MAGEA6) encoded

cancer-germline antigens (CGAs), a large family of genes notable

for their restricted expression in testis and placenta during

normal development but re-expression across many tumor

types. These 8 genes constitute one of four subclusters within

the MAGE-A family and are coordinately regulated, independent

of the other threeMAGE-A subclusters (Bredenbeck et al., 2008).

16 of 22 NB samples showed upregulation of at least one of

these 8 CGAs, which we refer to as ‘‘anti-CTLA-4 resistance

associated MAGE-A (CRMA)’’ genes, compared to only 2 of 13

CB samples (Fisher’s exact test, p = 0.002; Figure S1A).

We performed several confirmatory assessments to evaluate

the validity of the CRMA signature. First, we ruled out potential

sequencing-related artifacts by confirming expression of the

CRMA genes in the original tumor RNA from the discovery set

by gene-specific real-time qPCR (Figure S1B). Second, we

found similar tumor purity estimates in both patient groups

(see STARMethods), suggesting that relative enrichment of can-

cer cells in the NB group was unlikely to explain our finding (Fig-

ure 1A, inset). Finally, given the signature’s genomic localization

to the X chromosome and potential modification by DNA

damaging agents, we ensured that neither gender nor prior

exposure to cytotoxic therapy (i.e., dacarbazine/temozolomide)

was associated with clinical outcome (Figures S1C and S1D).

While our discovery cohort was generated from formalin-fixed

samples from an observational, retrospective study, we could

validate our findings in an independent RNA-seq dataset gener-

ated from cryopreserved tumors from a prospective, random-

ized trial using pre-treatment patient samples derived from the

CheckMate 064 trial (Weber et al., 2016). This cohort comprised

41 patients, divided into ‘‘progressive disease’’ (PD; n = 12) or

‘‘no progressive disease’’ (no PD; n = 29) groups (see STAR

Methods for details). Again, the CRMA genes were among the

most significantly upregulated genes (Figure 1C). Because

overall survival data attributable to ipilimumab monotherapy

was not available given the subsequent administration of nivolu-

mab, we re-classified our discovery cohort based on response

assessments used for the CheckMate 064 trial with PD and no

PD groups. RNA-seq expression values from the validation

cohort were available for 5 of 8 genes in the CRMA locus

(MAGEA3, MAGEA2, MAGEA2B, MAGEA12, and MAGEA6),

and we observed consistent increases in all of these genes in

patients with PD in both discovery (median 57-fold increase,

range 24–159; maximum p value = 0.075) and validation cohorts

(median 108-fold increase, range 5–236; maximum p value =

0.044; Figures 1C, 1D, S1E, and S1F).

To assess protein-level expression of the CRMA genes in

relationship to clinical response, we performed immunohisto-

chemistry (IHC) using a MAGE-A antibody (clone 6C1) broadly

reactive for gene products from the MAGE-A family (i.e., recog-

nizing MAGEA1, MAGEA2, MAGEA3, MAGEA4, MAGEA6,

MAGEA10, and MAGEA12) on 55 melanoma samples from the
626 Cell 173, 624–633, April 19, 2018
original discovery cohort (Van Allen et al., 2015). Forty-eight of

these 55 patients could be unambiguously classified into CB

and NB cohorts (see STAR Methods). Consistent with the

RNA-seq analysis, the NB cohort (n = 33) comprised a higher

proportion of MAGE-A+ tumors compared to the CB cohort

(n = 15) (Figures 1E and 1F, 76% versus 40%, p = 0.024), further

confirming the strong association of baseline transcript and

protein expression of a specific cluster of MAGE-A genes with

primary resistance to ipilimumab.

DNA Methylation Patterns in Resistant Tumors and
CRMA-High TCGA Samples
To define the transcriptome-wide effects of CRMA expression,

we analyzed RNA-seq data from 465 melanomas from TCGA

(Cancer Genome Atlas Network, 2015). Genes overexpressed

in NB samples overlapped with genes positively associated

with CRMA expression in TCGA melanomas (p < 2.2 3 10�16)

but not with genes negatively associated with CRMA expression

(Figure 2A; Tables S3 and S4; see STARMethods). These results

suggest that primary resistance to ipilumumab is associated with

transcriptional programs inherent to high CRMA-expressing

tumors.

To investigate potential mechanisms underlying the transcrip-

tional enrichment of CRMA genes in resistant tumors, we

analyzed copy-number variation and DNA methylation at this

locus in the clinical trial samples. We observed no copy-number

alterations of this region based on analysis of matched whole-

exome sequencing (WES) data (Figure S2A; see STAR Methods

for details). On the other hand, locus-specific methylation

analysis of the MAGEA3 and MAGEA6 promoters revealed

decreased DNA methylation throughout these promoters in NB

samples (Figure 2B; p = 3 3 10�6) and a slight to moderate

decrease in unique methylation sites within the gene bodies of

MAGEA6, MAGEA3, and MAGEA12 (Figure S2B), consistent

with known epigenetic regulation of CRMA genes (Simpson

et al., 2005).

We further investigated DNA methylation patterns associated

with CRMA expression by querying methylation data from TCGA

melanoma samples. Differential methylation analysis of 485,577

probes between samples with high (n = 116) and low expression

(n = 117) of the CRMA locus (see STAR Methods for details)

revealed 47 probes relatively hypermethylated in the ‘‘CRMA-

high’’ group compared to 65,467 in the ‘‘CRMA-low’’ group (Fig-

ure 2C, top). These 65,467 probes mapped across the genome,

suggesting global hypomethylation in melanoma samples with

high CRMA expression (Figure S2C). Gene set enrichment anal-

ysis for genes corresponding to these 65,467 probes using

PANTHER (Mi et al., 2016) revealed four pathways as signifi-

cantly demethylated in the CRMA-high melanoma TCGA group

(Figure 2C, bottom). Of these, cadherin signaling and Wnt

pathway signaling were also two of only three PANTHER path-

ways enriched in genes upregulated in NB samples (Bonferroni

adjusted p < 0.01 and p < 0.05, respectively), further implicating

epigenomic dysregulation in primary resistance to anti-CTLA-4

therapy.

In addition to the CRMA cluster, we also found increased

expression of additional CGAs in NB samples, although none

were as highly expressed as those at the CRMA locus (Table



Figure 2. DNA Methylation Patterns in Resistant Tumors and CRMA-High TCGA Samples

(A) Genes associated with high CRMA expression in TCGA significantly overlap with genes associated with NB tumors; hypergeometric test.

(B) Methylation of MAGEA3 andMAGEA6 promoters in NB patients (orange; n = 3) compared to CB patients (blue; n = 3) as validated by bisulfite PCR. The plot

highlights the local regression (solid line) of the meanmethylation for every CpG (dots) along theMAGEA3 andMAGEA6 promoters in CB versus NB patients. The

SD is indicated by the shaded area. Both promoter sequences are identical within the analyzed amplicon span.

(C) Volcano plot of differentially methylated probes (FDR = 0.05) across the genome between CRMA-low and CRMA-high expression groups in the TCGA

melanoma cohort. Table shows PANTHER pathways (Mi et al., 2016) enriched in genes corresponding to 65,467 probes relatively hypomethylated in the CRMA-

high group. Highlighted in red are two of only three PANTHER pathways enriched in NB samples.

See also Figure S2, Tables S2, S3, and S4.
S2). Moreover, CGAs previously described to elicit humoral and

cellular responses linked to clinical outcome, such as NY-ESO-1

(Yuan et al., 2011), were not differentially expressed, nor were

melanoma differentiation antigens (e.g., TYR, TYRP1, PMEL,

and MLANA) (Figure S3A). Additional gene families upregulated

in NB samples included those related to epithelial-to-mesen-

chymal transition (Kalluri and Weinberg, 2009) (i.e., CLDN1,

CLDN2, EGF, EYA1, FGF2, SNAI1,WNT3) and embryonic devel-

opment (HOXA2,HOXA3,HOXA5,HOXD10,HOXD11,HOXD13)

(Table S2). Moreover, multiple subunits of the GABA-A receptor,

which has been implicated in mediating suppression of inflam-

matory macrophages and anti-tumor T cells, were also enriched

in NB samples (fold change: 2.7–110; 6 of 19 family members,

hypergeometric test, p < 5.7 3 10�6) (Pu et al., 2016). Recent

work has also implicated GABRA3, a GABA-A receptor subunit,

in mediating cancer invasion and metastasis, potentially through

increasing stem cell populations (Gumireddy et al., 2016).

Consistent with previous reports, immune subsets were found

to be significantly upregulated only in CB transcriptomes (Fig-

ures S3B and S3C). Altogether, the primary resistance pheno-

type to CTLA-4 blockade appears to be marked by CRMA

overexpression and may comprise epigenomic dysregulation

coupled with activation of additional programs including EMT,

embryonic development, and invasion.

CRMA Signature Predicts Clinical Outcome to CTLA-4
but Not PD-1 Blockade
Within the full cohort from Van Allen et al. (2015), a Kaplan-Meier

analysis of overall survival on ipilimumab therapy demonstrated

that samples with high CRMA expression had poorer overall and
progression-free survival than those with low CRMA expression

(log-rank p = 0.007 and p = 0.006, respectively, n = 40) (Figures

3A and S3D). Similarly, detectable MAGE-A protein expression

associated with inferior overall and progression-free survival on

ipilimumab therapy (log-rank p = 0.011 and p = 0.032, respec-

tively, n = 55) (Figures 3B and S3E). In a multivariable analysis

of these 40 patients that included evaluation of neoantigen

load, CRMA expression emerged as the sole independent risk

factor for poor outcome after ipilimumab therapy (Cox propor-

tional-hazards model, p = 0.018; Figure 3C).

To investigate any bias resulting from inclusion of patients with

stable disease, we removed patients with stable disease from

the expression analysis and re-classified the cohort into patients

with objective responses (complete [CR] or partial response

[PR]) and to those with PD. A differential expression analysis of

CRMA genes between these groups confirmed the association

of CRMA expression with primary resistance (median 99-fold

increase, range 37–196; maximum p value = 0.073; Figure S3F),

leading us to ask whether there is any prognostic value to the

signature. We then demonstrated that CRMA expression did

not discriminate overall survival in the untreated TCGA mela-

noma cohort (Figure 3D). These findings support the predictive,

rather than prognostic, nature of the CRMA signature for CTLA-4

blockade. Taken together, these data suggest CRMAexpression

as a transcriptomic determinant of clinical outcome to CTLA-4

blockade.

Because the CTLA-4 and PD-1 pathways drive markedly

different immunobiologic processes, we hypothesized that tran-

scriptional signatures of clinical outcomes to their antagonists

would be unique to each pathway. Indeed, whenwe interrogated
Cell 173, 624–633, April 19, 2018 627



Figure 3. CRMA Molecular Signatures

Correlate with Clinical Outcome to CTLA-4

but Not PD-1 Blockade

(A and B) Kaplan-Meier overall survival analysis

comparing patients from discovery cohort classi-

fied by (A) expression of genes within the CRMA

locus (median split) or (B) expression of MAGE-A

protein.

(C) Cox proportional hazards model of risk factors

for outcomes on ipilimumab therapy.

(D) Kaplan-Meier overall survival analysis of TCGA

melanoma samples with high or low expression of

CRMA genes.

(E) Boxplots of RNA-seq expression values for

each MAGEA gene in the CRMA locus within no

PD (light green; n = 15) and PD (dark green; n=13)

tumors from anti-PD-1 cohort 1(Hugo et al., 2016).

(F) Boxplots of RNA-seq expression values for

each MAGEA gene in the CRMA locus within no

PD (green; n = 23) and PD (yellow; n = 14) tumors

from anti-PD-1 cohort 2 (Weber et al., 2016).

See also Figure S3 and Table S1.
pre-treatment CRMA expression in a recently reported set of

transcriptomic data from pre-PD-1 blockade treated mela-

nomas, we found none of these genes to associate with clinical

outcome to PD-1 blockade, suggesting the specificity of the

CRMA signature to ipilimumab outcome (Figure 3E) (Hugo

et al., 2016). We confirmed similar results in an analysis of

transcriptome data from an independent nivolumab-treated

cohort in a parallel arm of the CheckMate 064 trial (Figure 3F;

Table S1; see STAR Methods for details), further supporting

the notion that the CRMA signature is predictive for CTLA-4

blockade rather than prognostic of aggressive natural history.

Collectively, these results are consistent with the notion that

the CTLA-4 and PD-1 pathways occupy biologically and clini-

cally distinct niches.

MAGE-A Protein Is Associated with Decreased
Expression of Regulators of Autophagy in Melanoma
Although MAGE proteins have often been studied as immuno-

therapeutic targets bound to HLA molecules on the cell surface

(Van Der Bruggen et al., 2002), recent studies have attributed

them with key oncogenic capacities. Critical to the oncogenic

functions of MAGEs may be their ability to bind to and potentiate

the activity of various E3 ubiquitin ligases (Lee and Potts, 2017).

MAGEA2, MAGEA3, and MAGEA6 all share specific binding to

the TRIM28 ubiquitin ligase (Doyle et al., 2010). Extensive,

in vitro mechanistic characterization of diverse cancer cell lines
628 Cell 173, 624–633, April 19, 2018
has revealed autophagy to be a prime

target of the MAGE-TRIM28 complex

(Pineda et al., 2015). Several other

studies have demonstrated the potential

for autophagy to induce potent immune

responses by cytokine-mediated priming

of antigen-specific interferon (IFN)-ɣ-pro-
ducing T cells (Ghiringhelli et al., 2009)
and stimulation of immunogenic cell death (Michaud et al.,

2011). A role for MAGE-A genes in autophagy regulation in vivo

in human tumors, however, has not been previously

demonstrated.

We hypothesized that autophagy would be suppressed in

human melanomas with elevated MAGE-A protein levels to

mediate MAGE-A-driven primary resistance to CTLA-4

blockade, and hence sought to investigate whether CRMA

expression was negatively associated with markers of auto-

phagy. To explore this hypothesis, we first evaluated the poten-

tial targets of the MAGE-TRIM28 complex by examining the list

of proteins negatively correlated with CRMA proteins in human

melanomas from The Cancer Protein Atlas (TCPA) (see STAR

Methods for details). In this unbiased analysis, the only signifi-

cantly downregulated protein in tumors with high expression of

the CRMA locus was 14-3-3 protein zeta (14-3-3z), a known acti-

vator of autophagy that acts through the AMPK pathway (Weer-

asekara et al., 2014) (Figure 4A, t test, p = 0.0002, false discovery

rate [FDR] = 0.05).

We also considered the results of a recent in vitro ubiquitina-

tion screen of >9,000 recombinant proteins to identify protein

targets of the MAGE-TRIM28 complex (Pineda et al., 2015). In

addition to known targets such as AMPK, high-mobility group

box 1 (HMGB1), a protein with well-described roles in both auto-

phagy and immunogenic cell death that is required for dendritic

cell-mediated priming of an adaptive immune response (Apetoh



Figure 4. MAGE-A Proteins May Degrade Regulators of Autophagy

(A) 14-3-3z is downregulated in melanoma tumors with high CRMA expression.

(B) In vitro screen for MAGE-TRIM28 ubiquitination substrates identifies HMGB1 (p = 0.04). AMPKa1 was used as a positive control (Pineda et al., 2015). Data

represented as mean ± SD.

(C) Immunofluorescence staining (IF) for MAGE-A and HMGB1 in a melanoma tissue microarray (TMA) shows a negative association between the two proteins in

individual cells.

(D) Examples from the TMA of mutually exclusive expression of MAGE-A and HMGB1 in cells from the same tumor. Magnification 3200.

(E) A higher proportion of MAGE- tumors are positive for LC3B, a marker of autophagy, by IHC staining compared to MAGE+ tumors in the melanoma TMA

(p = 0.004) (top). Examples of LC3B+ and LC3B� tumors, magnification 3400 (bottom).

(F) Immunofluorescence staining for MAGE-A and HMGB1 shows mutual exclusion in five patient samples from the discovery cohort in addition to a human

xenograft melanoma. Magnification 3400.

(G) MAGE-TRIM28 complex drives primary resistance to CTLA-4 blockade by degradation of regulators of autophagy.
et al., 2007; Tang et al., 2010), was identified as a lead target (Fig-

ure 4B). To investigate whether HMGB1 was a potential target of

the MAGE-TRIM28 complex in melanoma tumors in vivo, we

enumerated on a cell-by-cell basis the relative expression of

HMGB1 and MAGE-A in tumor sections of a tissue microarray

(TMA) comprising 100 samples (9 benign nevi tumors, 91 primary
and metastatic melanomas) through immunofluorescence (IF)

staining. We found that the fraction of HMGB1-positive cells

was comparable in MAGE-A� cells from both benign nevi and

malignant tumors but was significantly reduced in MAGE-A+

cells (26% and 31% versus 8%, Chi-square test p < 2.2 3

10�16, Figure 4C). We also observed mutual exclusivity of
Cell 173, 624–633, April 19, 2018 629



HMGB1 and MAGE-A proteins within the same tumor

(Figure 4D).

In order to directly explore the association of MAGE-A

protein levels and autophagy, we used an available subset of

melanoma samples on the TMA (n = 58) for staining with micro-

tubule-associated protein 1A/1B-light chain 3 (LC3A/B), a well-

established marker of autophagosomal membranes (Schläfli

et al., 2015). MAGE-A� tumors were commonly LC3B-express-

ing (71%, 34 of 48) compared to MAGE-A+ tumors (20%, 2 of

10, Fisher’s test, p = 0.004), indicating an in vivo attenuation

of autophagy in samples with high MAGE-A levels (Figure 4E).

Finally, IF staining of the clinical samples from the discovery

cohort for expression of HMGB1 and MAGE-A proteins re-

vealed ubiquitous expression of HMGB1 protein in 3 of 3

MAGE-A� tumors and absent HMGB1 expression in 2 of 2

MAGE-A+ tumors and the MAGE-A+ A375 human xenograft

(Figure 4F). Taken together, these results suggest that

the MAGE-A proteins are associated with suppression of

autophagy in vivo in melanoma, potentially disrupting the devel-

opment of optimal anticancer immunity and driving primary

resistance to CTLA-4 blockade (Figure 4G).

DISCUSSION

MAGE family members were first identified as targets of anti-tu-

mor T cells in melanoma, and their restricted expression in

immune-privileged gonadal tissues and various tumor types

highlighted them as immunogenic targets (Coulie et al., 2014;

De Plaen et al., 1994; Simpson et al., 2005; van der Bruggen

et al., 1991). Therefore, our findings of a specific subcluster of

MAGE-A genes overexpressed in melanomas resistant to

CTLA-4 blockade were unexpected. However, clinical efforts

to immunotherapeutically target these proteins have yielded

mixed results, suggesting their in vivo immunogenicity should

not be assumed (Vansteenkiste et al., 2016). Indeed, many

groups have demonstrated the association of CGAs and

especially the MAGE family with poor prognostic features in mel-

anoma such as ulceration, thickness, metastases, and progres-

sion in contrast to the positive prognosis afforded by immune

infiltration (Azimi et al., 2012; Barrow et al., 2006; Roeder

et al., 2005).

One possible explanation for our findings is that reduced

CRMA expression in responding tumors is a manifestation of

effective anti-MAGE-A immune activity. Responding melanoma

samples are characterized by immune infiltrates that may have

already selected against tumor cells expressing high levels of

CRMA genes. However, we observed that other CGAs previ-

ously demonstrated to elicit cellular and humoral responses,

such as NY-ESO-1, and various differentiation antigens, showed

no evidence of selection in our analysis (Figure S3A). To our

knowledge, this particular MAGE-A subfamily has not been

shown to provoke stronger immune responses than other

cancer-germline or melanoma-associated antigens; further

investigation of in situ immune responses should be pursued to

rule out this possibility.

An alternative explanation is that these particular CRMA genes

induce immune resistance. Recently described cell-intrinsic

functions for MAGE-A3/A6 have implicated these proteins in
630 Cell 173, 624–633, April 19, 2018
oncogene addiction and the repression of autophagy in vitro

(Doyle et al., 2010; Pineda et al., 2015). We also observed a

mutually exclusive expression pattern between MAGE-A and

the damage-associated molecular pattern protein and alarmin

HMGB1. In addition, autophagy also plays a role in upregulation

of class I and II presentation through non-canonical pathways

(Bronietzki et al., 2015; Tey and Khanna, 2012). Consistent

with our hypothesis that MAGE-TRIM28 driven dysregulation of

autophagy contributes to primary resistance to anti-CTLA-4

therapy, we observed a strong, negative association in vivo

between MAGE-A protein and LC3B, a well-established marker

for autophagy (Adams et al., 2016), in melanoma patient sam-

ples. We also observed a mutually exclusive expression pattern

between MAGE-A and the damage-associated molecular

pattern protein HMGB1, which has well-known roles in medi-

ating the highly related processes of cellular autophagy and

immunogenic cell death (Apetoh et al., 2007; Tang et al., 2010).

Nevertheless, further mechanistic studies are needed to care-

fully dissect the role of CRMA gene-mediated suppression of

autophagy in conferring resistance to CTLA-4 blockade. These

findings raise the notion of synergistic potency that may emerge

from combining autophagy activation with CTLA-4 blockade and

should be explored for clinical therapeutic development. Indeed,

evidence from preclinical models suggests that activation of

cancer cell autophagy enhances responses to immunogenic

therapies (Di Biase et al., 2016; Pietrocola et al., 2016).

The possibility that the CRMA genes mediate resistance

uniquely to CTLA-4, and not PD-1, blockade through impair-

ment of immune priming may be initially puzzling because im-

mune effector function is usually thought to be contingent on

previous T cell priming. However, other factors could explain

why CRMA expression is a marker of resistance for anti-

CTLA-4 but not anti-PD-1 therapy. Given the importance of

autophagy for T cell priming, which is restrained by the

CTLA-4 pathway, autophagy suppression by the MAGE-

TRIM28 complex could directly explain the relevance of the

MAGE-A signature to anti-CTLA-4 therapy. However, unlike

the restricted expression of CTLA-4 to the T cell compartment,

the promiscuous expression of PD-1 in various cell types con-

tributes to diverse and heterogeneous mechanisms underlying

responses to PD-1 pathway blockade—that operate through

both cell-autonomous (i.e., melanoma cells expressing the

PD-1 receptor and driven by intrinsic PD-1 pathway signaling)

(Kleffel et al., 2015) and non-autonomous (e.g., reversal of

T cell exhaustion) (Barber et al., 2006) processes. Furthermore,

tumor biopsies (such as used in this study) provide only a snap-

shot in time; if MAGE-A gene expression has occurred later in

tumor development after an anti-cancer effector immune

response has already developed, then a PD-1 inhibitor may

be able to exploit a pre-existing reservoir of intratumoral lym-

phocytes whereas a CTLA-4 inhibitor is still restrained by an

upstream defect in priming. The classical assumption that

effector immunity generally follows intact priming has been

challenged by the results of the CheckMate 064 trial that found

that patients treated with CTLA-4 blockade (priming manipula-

tion) after PD-1 blockade (effector manipulation) had a signifi-

cantly improved overall survival compared to the reverse

sequence (Weber et al., 2016).



Although we relaxed our statistical stringency because of our

small discovery cohort, we could validate our finding of CRMA

gene upregulation in primary resistance to CTLA-4 blockade

through confirmation in a prospective, independent cohort and

technical verification by qPCR and immunohistochemistry.

Because both CTLA-4 blockade and cancer vaccines impact

immune priming and memory formation, our findings may also

explain the long history of unsuccessful cancer vaccination

efforts targeting MAGE-A3 and MAGE-A6 (Palucka and Ban-

chereau, 2014; Pedicord et al., 2011; Saiag et al., 2016; Van-

steenkiste et al., 2016). Our results further suggest that mecha-

nisms of response and resistance to immune priming (e.g.,

CTLA-4 blockade) may differ substantially from those relevant

to clinical manipulation of effector immunity (e.g., PD-1/PD-L1

blockade). As immunotherapeutic combinations are increasingly

evaluated, understanding these mechanisms will be important

for precisely pairing patients with appropriate combinations to

avoid toxicity and ensure efficacy. Nevertheless, our findings

should be investigated in larger, prospective cohorts to evaluate

these signatures as potential biomarkers of outcome, and stud-

ied in preclinical models as potential therapeutic targets to sensi-

tize to or combine with CTLA-4 blockade.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d CONTACT FOR REAGENT AND RESOURCE SHARING

d EXPERIMENTAL MODEL AND SUBJECT DETAILS
B Human subjects

B Animals

B Cell lines

d METHOD DETAILS

B Quantitative real-time RT-PCR

B Amplicon methylation analysis

B Tissue Microarray

B Staining

B In vitro ubiquitination screen

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Study Design

B Processing and analysis of sequencing data

B TCGA gene expression analysis

B TCGA methylation analysis

B The Cancer Protein Atlas analysis

B Copy number analysis

B Survival analysis

SUPPLEMENTAL INFORMATION

Supplemental Information includes three figures and four tables and can be

found with this article online at https://doi.org/10.1016/j.cell.2018.03.026.

ACKNOWLEDGMENTS

We thank Patrick Ott for stimulating scientific discussions; Samuel Lee and

David Benjamin for method development for copy-number analysis; and

Christine Horak, Donald Jackson, and Han Chang for facilitating access to
RNA sequencing data from the CheckMate 064 trial. This work has made

extensive use of data generated by TCGA, a project of the National Cancer

Institute and National Human Genome Research Institute. C.J.W. is a Scholar

of the Leukemia and Lymphoma Society and acknowledges support from the

Blavatnik Family Foundation, National Heart, Lung, and Blood Institute (NHLBI)

(1RO1HL103532-01), and National Cancer Institute (NCI) (1R01CA155010-

01A1). S.A.S. acknowledges support by the NCI (R50 RCA211482A). P.B. ac-

knowledges support by the Damon Runyon Physician-Scientist Training

Award and the Conquer Cancer Foundation Young Investigator Award. A.M.

was supported by the Starr Foundation, the New York Stem Cell Foundation,

NIH (R01DA036898), and DoD (BC134001P1). D.N. is supported by Dana-

Farber/Harvard Cancer Center Support Grant 5P30 CA006516. D.M. is sup-

ported by the Howard Hughes Medical Institute.

AUTHOR CONTRIBUTIONS

S.A.S. and P.B. conceived the study, designed the experiments, interpreted

the results, and wrote the manuscript. D.G., E.M.V.A., D.M., and P.R.P.

contributed data and performed analysis. M.B. and K.C. performed analysis.

C.G., Q.Z., P.C.L., Z.J.C., D.B.K., A. Mohammad, A. Meissner, A.G., G.F.M.,

C.G.L., C.B., R.L., and Y.H. performed experiments and interpreted results.

B.S., D.S., E.M.V.A., A.S., T.M., and J.D.W. provided tissue reagents. F.S.H.

and J.S.W. provided validation cohort data and interpreted results. D.N. and

N.H. provided feedback on experimental design and interpretation, and edited

the manuscript. C.J.W. edited the manuscript and supervised the study. All

authors have read the paper.

DECLARATION OF INTERESTS

C.J.W. and N.H. are co-founders and scientific advisory board members

of Neon Therapeutics. D.S. and B.S. are on the advisory board or have

received honoraria from Novartis, Roche, Bristol-Myers Squibb (BMS), and

MSD Sharp & Dohme, research funding from Bristol-Myers Squibb and MSD

Sharp & Dohme and travel support from Novartis, Roche, BMS, and AMGEN.

S.A.S. and P.B. report equity in 152 Therapeutics. S.A.S., P.B., and C.J.W.

have a patent application filed based on the discoveries presented. F.S.H.

reports consultant/advisory fees from Merck, Novartis, Genentech, Amgen,

and EMD Serono, and research support from BMS.

Received: May 2, 2017

Revised: December 11, 2017

Accepted: March 13, 2018

Published: April 12, 2018

REFERENCES

Adams, O., Dislich, B., Berezowska, S., Schläfli, A.M., Seiler, C.A., Kröll, D.,
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-MAGE-A Santa Cruz Biotechnology Cat# sc-20034, RRID:AB_627907

Rabbit polyclonal anti-HMGB1 Abcam Cat# ab18256, RRID:AB_444360

Rabbit polyclonal anti-LC3B Novus Cat# NB600-1384, RRID:AB_669581

Donkey anti-Mouse IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor 594

ThermoFisher Cat# A-21203, RRID:AB_2535789

Donkey anti-Rabbit IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor 488

ThermoFisher Cat# A-21206, RRID:AB_2535792

Bacterial and Virus Strains

One Shot TOP10 Chemically Competent E. coli Invitrogen C404010

Biological Samples

Patient melanoma FFPE sectioned slides Department of Dermatology, University

Hospital, University Duisburg

N/A

Melanoma tissue microarray Brigham and Women’s Hospital,

Boston, MA

N/A

Critical Commercial Assays

SuperScript II RT ThermoFisher Scientific 18064014

Random hexamers Invitrogen N8080127

Rnase OUT Invitrogen 10777019

TaqMan Gene Expression Master Mix Applied Biosystems 4369016

EZ DNA Methylation-Gold Kit Zymo Research D5005

TaKaRa EpiTaq HS Takara R110

Deposited Data

Expression data from the discovery cohort Van Allen et al., 2015 https://github.com/vanallenlab/

VanAllen_CTLA4_Science_RNASeq_TPM/

blob/master/20160304_MEL-TPM_noDups.txt

Expression data from the Hugo cohort Hugo et al., 2016 https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE78220

TCGA expression data Broad GDAC https://doi.org/10.7908/C1571BB1

(stddata__2015_11_01)

TCGA methylation data TCGA https://tcga-data.nci.nih.gov/docs/

publications/skcm_2015/jhu-usc.edu_

SKCM.HumanMethylation450.Level_3.tar.gz

Experimental Models: Cell Lines

A375 human melanoma cell line ATCC Cat# CRL-1619, RRID:CVCL_0132

Experimental Models: Organisms/Strains

RAG2�/� mice JAX JAX:008309

Oligonucleotides

MAGE-A3/A6 promoter forward primer

(for methylation analysis)

IDT AATTTTAGGATTTTGAGGGATGAT

MAGE-A3/A6 promoter reverse primer

(for methylation analysis)

IDT AAACCCTCTATCTAAAATAAAACCC

MAGE-A3/A6/A12 body forward primer

(for methylation analysis)

IDT GATTGTGTTTTTGAGGAGAAAATTT

MAGE-A3/A6/A12 body reverse primer

(for methylation analysis)

IDT CTCCCACTAACCCTAACTACAACTC

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MAGE-A3 (for quantitative RT-PCR) Applied Biosystems Hs00366532_m1

MAGE-A6 (for quantitative RT-PCR) Applied Biosystems Hs04190523_gH

MAGE-A12 (for quantitative RT-PCR) Applied Biosystems Hs00855175_s1

CSAG2 (for quantitative RT-PCR) Applied Biosystems Hs01680099_gH

CSAG1 (for quantitative RT-PCR) Applied Biosystems Hs01564427_g1

CSAG3 (for quantitative RT-PCR) Applied Biosystems Hs00383358_g1

HPRT1 (for quantitative RT-PCR) Applied Biosystems Hs02800695_m1

PGK1 (for quantitative RT-PCR) Applied Biosystems Hs00943178_g1

GAPDH (for quantitative RT-PCR) Applied Biosystems Hs02758991_g1

Software and Algorithms

STAR Dobin et al., 2013 https://github.com/alexdobin/STAR

RSEM Li and Dewey, 2011 https://github.com/deweylab/RSEM

ABSOLUTE Carter et al., 2012 http://archive.broadinstitute.org/

cancer/cga/absolute

PANTHER Mi et al., 2016 http://pantherdb.org/
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Catherine

J. Wu (cwu@partners.org).

For the validation cohorts from the CheckMate 064 trial, we were given permission from Bristol-Myers Squibb (BMS) only to

interrogate CRMA gene expression. Expression data for the CRMA genes will be provided upon request. We understand that the

full gene expression data from this study will be published as part of a study that is currently under review.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
For data from the discovery cohort, all patients were consented to an Institutional Review Board protocol that allows research

molecular characterization of tumor and germline samples (University Hospital Essen 12-4961-BO) (Van Allen et al., 2015).

For data from the CheckMate 064 study, all patients provided written informed consent, and the protocol, amendments, and

patient informed consent were approved by the institutional review board (IRB) or independent ethics committee (IEC) of the partici-

pating center before initiation of the study at the site (Weber et al., 2016).

For both cohorts, gender identity and age for all human subjects are provided in Table S1.

Animals
RAG2�/�mice were obtained from the Jackson Laboratory, and bred andmaintained at HarvardMedical School. For transplantation

of A375 melanoma cells, female mice aged 4-6 weeks were injected subcutaneously with 23 106 A375melanoma cells. Subcutane-

ous tumors were harvested, fixed with 10% formalin and used for immunofluorescent staining. Mice were maintained and experi-

ments performed in accordance with IACUC approved experimental protocols.

Cell lines
A375 melanoma cell line (human; sex: female; Cat# CRL-1619, RRID:CVCL_0132) was cultured according to the manufacturer’s

recommendations. Briefly, cells were grown in ATCC-formulated Dulbecco’s Modified Eagle’s Medium, Catalog No. 30-2002

supplemented with fetal bovine serum to a final concentration of 10% and pencillin/streptomycin to a final concentration of 1%.

For cell collection for murine injection, culture media was removed, and cells were treated with Trypsin-0.53 mM EDTA solution

for 5 minutes at 37 degrees to facilitate detachment after which time cells were spun down and resuspended in phosphate-buffered

saline for injection.
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METHOD DETAILS

Quantitative real-time RT-PCR
We validated expression of target genes in the discovery cohort (Van Allen et al., 2015) from RNA that was extracted for

RNA-sequencing. We used the following TaqMan gene expression assays (Applied Biosystems, Foster City, CA): MAGE-A3

(Hs00366532_m1), MAGE-A6 (Hs04190523_gH), MAGE-A2 (Hs01032164_g1), MAGE-A12 (Hs00855175_s1), CSAG2

(Hs01680099_gH), CSAG1 (Hs01564427_g1), CSAG3 (Hs00383358_g1), HPRT1 (Hs02800695_m1), PGK1 (Hs00943178_g1), and

GAPDH (Hs02758991_g1). We performed cDNA amplification using the TaqMan Gene Expression Master Mix (Applied Biosystems)

on an Applied Biosystems 7500HT Fast real-time polymerase chain reaction (PCR) System (10-minute enzyme activation and 40

cycles of 15 s at 95�C, 1minute at 60�C).Wemeasured samples in duplicate; ‘‘undetermined’’ valueswere assigned a cycle threshold

(Ct) of 40. HPRT1, GAPDH, and PGK1 were used as housekeeping genes to calculate relative expression values according to the

delta-Ct method.

Amplicon methylation analysis
We bisulfite-treated (EZ DNAMethylation-Gold Kit, Zymo Research) genomic DNA samples of male patients and amplified individual

amplicons via PCR (using TaKaRa EpiTaq HS, Clonetech) and the following program: one cycle at 98�C for 10 s followed by 40 cycles

at 98�C for 10 s, 55�C for 30 s, and 72�C for 30 s. The following primer pairs were used: MAGEA3, MAGEA6 and MAGEA12 gene

body, Forward Primer: GATTGTGTTTTTGAGGAGAAAATTT, Reverse Primer: CTCCCACTAACCCTAACTACAACTC. MAGEA3 and

MAGEA6 gene promoter, Forward Primer: AATTTTAGGATTTTGAGGGATGAT, Reverse Primer: AAACCCTCTATCTAAAATAAAA

CCC. PCR products were subcloned (One Shot TOP10 Chemically Competent E. coli, NEB) and individual colonies were sequenced

for subsequent methylation analysis. For the local regression analysis (R package ‘msir’) the span smoothing parameter for loess was

set to 0.4.

Tissue Microarray
A total of 100 cases of melanocytic lesions including benign nevi (n = 18), primary cutaneous (n = 54) and metastatic (n = 28)

melanomas were selected from a tissue microarray previously constructed from the Archives of Pathology Department, Brigham

andWomen’s Hospital of Harvard Medical School. The hematoxylin and eosin stained sections, prior diagnoses, and reported prog-

nostic attributes were independently reviewed and confirmed by board-certified dermatopathologist (C.G.L.). The study protocol

was approved by the Institutional Review Board at Brigham and Women’s Hospital (Boston, MA). A subset of these comprising

58 melanomas (primary cutaneous, n = 36; metastatic, n = 22) was also available for LC3B staining.

Staining
All specimens were evaluated by conventional histopathology. Antibodies used for IHC and IF included mouse anti-MAGE antibody

(6C1; Santa Cruz Biotechnology, San Diego, CA USA) and rabbit anti-HMGB1 antibody (ab18256; Abcam, Cambridge, MA).

Immunohistochemistry was performed with pressure cooker heat-induced epitope retrieval on 4-mm-thick sections prepared

from formalin-fixed, paraffin-embedded tissues. In addition to detection of biomarker antibodies by use of chromogen vector

NovaRed peroxidase substrate (Vector laboratory, Burlingame, CA, USA), selected samples were evaluated by a dual labeling

approach by combining NovaRed with a blue chromogen vector Blue AP substrate (Vector laboratory). Positive and negative tissue

controls and isotype-specific irrelevant antibody controls were used to ensure specificity. Consistent with other reports of IHC for

MAGE-A protein, nuclear and/or cytoplasmic staining was interpreted as a positive staining pattern; staining in any cancer cells,

irrespective of percentage of positive cells or intensity, was regarded as positive.

Immunohistochemistry for LC3B (Novus Biologicals, Zug, Switzerland, rabbit polyclonal, #NB600-1384, 1:4’000, tris buffer, 95�C,
30 minutes) was performed using an automated immunostainer Leica Bond RX (Leica Biosystems, Heerbrugg, Switzerland) and the

appropriate positive and negative controls as described before (Schläfli et al., 2015). Visualization was done with the Bond Polymer

Refine Detection kit (Leica Biosystems, Muttenz, Switzerland, DS9800) following the manufacturer’s instructions. Staining results

were evaluated by an experienced pathologist (RL) as follows: LC3B dot-like immunohistochemical staining was scored from

0 to 3: score 0 - no dots visible or barely dots visible in < 5% of the tumor cells, score 1 - detectable dots in 5%–25% of the tumor

cells, score 2 - detectable dots in 25%–75% of the tumor cells, score 3 - dots visible in > 75% of the tumor cells. Score 1-3 were

considered positive for LC3B staining.

Dual-labeling immunofluorescence was performed to complement immunohistochemistry as a means of two-channel identifica-

tion of epitopes co-expressed in similar or overlapping sub-cellular locations. Briefly, 4-mm-thick paraffin sections were incubated

with 1:100 mouse anti-MAGE antibody + 1:1000 rabbit anti-HMGB1 antibody at 4�C overnight and then incubated with 1:2000 Alexa

Fluor 594-conjugated anti-mouse IgG and Alexa Fluor 488-conjugated anti-rabbit IgG (Invitrogen,) at room temperature for 1 hour.

The sections were coverslipped with ProLong Gold anti-fade with DAPI (Invitrogen). Sections were analyzed with a BX51/BX52

microscope (Olympus America, Melville, NY, USA), and images were captured using the CytoVision 3.6 software (Applied Imaging,

San Jose, CA, USA). Single label immunofluorescence was also performed using isotype-specific irrelevant primary antibodies and

with switching of the secondary antibodies to ensure specificity and exclude cross reactivity.
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In vitro ubiquitination screen
Briefly, ProtoArray containing > 9,000 GST-tagged recombinant proteins purified from SF9 insect cells was purchased from Invitro-

gen and previously performed in Pineda et al. (2015).

QUANTIFICATION AND STATISTICAL ANALYSIS

Study Design
We analyzed a previously reported RNA-seq dataset of pre-therapy samples collected from a study cohort of 40 melanoma patients

treated with ipilimumab (Van Allen et al., 2015). In this study, RNA and genomic DNA were extracted from formalin-fixed, paraffin-

embedded (FFPE) tumor blocks, and Illumina’s TruSeq Stranded Total RNA Sample Prep Kit was used to generate RNA-seq libraries.

Patient classification was maintained from the original report (Table S1). The ‘‘clinical benefit’’ (CB) group (n = 13) was defined as

patients who achieved complete or partial response by RECIST criteria, or stable disease by RECIST criteria with overall survival

greater than one year. The ‘‘no benefit’’ (NB) group (n = 22) was defined as patients who had PD by RECIST criteria or stable disease

with overall survival less than 1 year. A third group of five patients was described with early progression on ipilimumab (progression-

free survival < 6 months) but overall survival exceeding 2 years (‘‘NB with long-term survival’’). To identify genes associated with clin-

ical benefit and no benefit, we performed the differential expression analysis between the CB and NB groups only. The association of

CRMA expression with survival outcome was evaluated in the entire cohort. Genes were identified as differentially expressed when

their median expression differed by more than two-fold with a nominal one-sided p value % 0.05 (Wilcoxon test). We obtained

sectioned slides from the tumors of 55 patients (15 CB, 33 NB, and 7 NB with long-term survival) from the original cohort used in

Van Allen et al. (2015) for immunohistochemistry staining. Of these, 28 patients (9 CB, 14 NB, and 5 NB with long term survival)

had RNA-seq data (i.e., from the discovery cohort).

An independent, validation cohort comprised 41 patients from the CheckMate 064 trial (Weber et al., 2016) treated with ipilimumab

followed by nivolumab (Table S1). The trial also studied in parallel a cohort comprising patients treated with the reverse sequence of

nivolumab followed by ipilimumab. Overall survival could not be assessed in this crossover design. Response assessments,

collected at week 13 before the planned switch, were used to classify patients into either no PD (comprising stable disease, complete

response and partial response, n = 12) or PD (n = 29) from each arm. Tumor samples were cryopreserved in RNALater. RNA-seq

libraries were generated using the Stranded TruSeq method, and 75bp paired-end reads for duplexed samples were sequenced

per lane (Expression Analysis, Inc; Morrisville, NC). RNA-Seq and associated clinical data were available for the following CRMA

genes: MAGEA3, MAGEA2, MAGEA2B, MAGEA12, MAGEA6.

CRMA expression was evaluated in patients from two different anti-PD-1-treated cohorts. Anti-PD-1 cohort 1 comprised 28 pre-

anti-PD-1-treated tumors (Hugo et al., 2016); anti-PD-1 cohort 2 comprised 37 pre-treatment tumors from the nivolumab followed by

ipilimumab arm of the CheckMate064 trial (Hugo et al., 2016; Weber et al., 2016) (Table S1).

465melanoma samples from TCGA (Cancer Genome Atlas Network, 2015) were used to further investigate identified gene expres-

sion and methylation signatures.

Processing and analysis of sequencing data
RNA sequencing data from the discovery cohort was aligned to the reference human genomewith STAR (Dobin et al., 2013), followed

by removal of duplicates and quantification with RSEM (Li and Dewey, 2011). RNA sequencing data from the CheckMate064 trial was

first aligned using STAR (Dobin et al., 2013) followed by removal of duplicate reads. Gene level quantification of the reads was

performed with the htseq-count tool (Anders et al., 2015).

We also obtained whole exome data for 110 patients from the discovery cohort (including the 40 with transcriptomic data) (Van

Allen et al., 2015) and Infinium 450Kmethylation chip data for 476 samples from TCGA (Cancer Genome Atlas Network, 2015). Tumor

purities were estimated by the ABSOLUTE algorithm (Carter et al., 2012).

TCGA gene expression analysis
We defined a metagene comprising the following CRMA genes: MAGEA2, MAGEA3, MAGEA6, MAGEA12, CSAG1, CSAG2, and

CSAG3 (MAGEA2B was not quantified by TCGA). The expression of this metagene was defined as the geometric mean of its com-

ponents and was computed for each of 465 TCGAmelanoma samples. TCGA samples with expression values in the bottom and top

quartiles for this metagene were classified into ‘‘CRMA-low’’ (n = 117) and ‘‘CRMA-high’’ (n = 116) groups respectively. An unbiased

gene expression analysis between these two groups was performed using one-sidedWilcoxon tests with a false discovery rate (FDR)

threshold of 0.05 and two-fold change threshold.

Differential expression and methylation analyses within TCGA samples were performed using a false discovery rate (Benjamini-

Hochberg) of 0.05. Hypergeometric tests were used to evaluate overlap of differentially expressed genes between the clinical and

TCGA cohorts. Enrichment of immune gene sets (Angelova et al., 2015) in the discovery cohort were evaluated based on the number

of overlapping genes between a given gene set and genes upregulated in the CB or NB groups as assessed by the hypergeometric

test. Overlaps of gene lists with pathways in the PANTHER (Protein ANalysis THrough Evolutionary Relationships) database (contain-

ing 177 pathways) were evaluated with the overrepresentation test using the Bonferroni correction (Mi et al., 2016).
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TCGA methylation analysis
We retrieved Level3 Infinium 450K methylation chip data from TCGA for ‘‘CRMA-low’’ (n = 117) and ‘‘CRMA-high’’ (n = 116) groups.

We performed a probe-level comparison between the two groups using Wilcoxon tests with an FDR of 0.05 for all 485,577 CpG

probes. A probe with higher median beta values in one group was considered relatively hypermethylated in that group compared

to the other.

The Cancer Protein Atlas analysis
We retrieved Level 4 (L4) normalized protein expression data for 354 proteins for TCGAmelanoma samples from The Cancer Protein

Atlas. We performed a differential expression analysis between the ‘‘CRMA-low’’ (n = 88) and ‘‘CRMA-high’’ (n = 86) groups using a

two-sided t test and FDR = 5%.

Copy number analysis
We tested the clinical benefit (CB) and no benefit (NB) groups for variations in germline and somatic CNVs in Xq28 locus usingGATK 4

target coverage denoising and ACNV pipelines.We collected raw coverage onwhole exome Agilent targets for 110 normal and tumor

samples and corrected for GC bias. We set aside the 40 samples with RNA-seq data used in this study and used the remaining

70 samples to learn the target coverage bias profile (‘‘panel of normals’’). We then denoised and normalized the coverage profile

of samples used in this study using the obtained panel of normals. We detected tumor samples with anomalously low signal-to-noise

ratio and normal samples with significant contamination and excluded them from the analysis. We calculated empirical distributions

of raw copy ratios on all 16 Agilent targets in the Xq28 locus using an agnostic prior distribution and copy ratio likelihoods for each

sample. We estimated absolute copy ratios with respect to diploid by performing allelic CNV analysis, detecting copy neutral auto-

somal intervals, and normalizing the raw copy ratios accordingly.

We tested the two groups for germline and somatic copy number variations in the Xq28 locus using the two-sample KS test. We

performed the test separately for each target, and for the copy ratio average on all 16 targets in the Xq28 locus. We found the copy

ratio distributions in each case via empirical bootstrap.

Survival analysis
The association of CRMA expression with overall survival was evaluated using the Kaplan-Meier method. Patients with long-term

survival with early tumor progression (n = 5) in the discovery cohort were also included in the analysis (Van Allen et al., 2015). In

the discovery cohort, patients with CRMA expression values above the median were considered ‘‘high’’ and below the median

were considered ‘‘low.’’ The effect of CRMA expression on overall survival adjusting for age, gender, number of pre-therapies,

M-stage, LDH and neoantigen load was assessed using the Cox proportional hazards model (R package ‘coxph’). For testing the

association of MAGE-A protein expression with overall survival, all 55 samples with available IHC data were included.
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Supplemental Figures

Figure S1. CRMA Genes Are Upregulated in Ipilimumab-Resistant Melanoma Samples, Related to Figure 1

(A) Heatmap showing relative expression of CRMA genes for CB and NB patients in the discovery cohort with annotations for gender, purity and RECIST

response.

(B) RT-qPCR validation of CRMAgenes using three different housekeeping genes:HPRT1 (top),GAPDH (middle) andPGK1 (bottom). P values using theWilcoxon

test and median fold changes are indicated.

(C) Gender does not affect outcome after ipilimumab.

(D) DTIC/temozolamide treatment history does not affect outcome after ipilimumab. Patients were included into ‘‘DTIC’’ group if DTIC or temozolamide were used

as treatment at any time point prior to ipilimumab.

(E) Heatmap showing relative expression of CRMA genes in the validation set (CheckMate 064) with annotations for gender and RECIST response.

(F) Boxplots depicting the individual fold changes for eachMAGEA gene within the CRMA locus are shown for patients with no PD or PD in the discovery cohort;

p values using the Wilcoxon test.



Figure S2. CRMA Expression Is Inversely Associated with Both Local and Global Demethylation Patterns, Related to Figure 2

(A) Copy number analysis of CRMA region in CB/NB patients. Neither the locus average of copy ratios, nor copy ratios on individual targets showed a statistically

significant germline or somatic variation between the two groups at 5% level.

(B) Bisulfite PCR of unique methylation sites within the gene bodies of MAGEA3/A6/A12 genes highlights a slight to moderate decrease in methylation in NB

patients (n = 4, orange) versus CB patients (n = 4, blue). The position of 3 PCR amplicons are highlighted, and the plots highlight the mean methylation for each

CpG within the amplicon region.

(C) Chromosomal locations of 65,467 hypomethylated (top) and 47 hypermethylated (bottom) probes in CRMA-high TCGA melanoma samples.



Figure S3. CRMA Expression Is Associated with Specific Biological Processes and Clinical Outcomes, Related to Figures 1, 3, and 4

(A) Heatmap showing relative gene expression of NB-enriched biological categories (see Table S2) along with lack of enrichment of NY-ESO-1 and melanoma

differentiation antigens. Annotations of gender, purity and RECIST response included.

(B) Percentage of differentially expressed genes related to immune response, in both NB (3.5%) and CB (56%) tumors.

(C) Immune gene sets enriched in CB and NB tumors showing p value of enrichment (signed according to whether the gene set was enriched in NB (+) or CB (-)

tumors). Dashed line represents p = 0.05.

(D and E) CRMA gene and MAGE-A protein expression correlate with progression-free survival after CTLA-4 blockade. Progression-free survival analyses

comparing patients from the discovery cohort classified by (D) CRMA gene expression or (E) MAGE-A protein expression.

(F) Boxplots depicting the individual RNA-seq expression value for eachMAGEA andCSAG gene within this locus in the discovery cohort stratified by CR/PR and

PD status (Van Allen et al., 2015).
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