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ABSTRACT Thereisacriticalneed toimprove our understanding of the pathogenesis of melanoma

brain metastases (MBM). Thus, we performed RNA sequencing on 88 resected MBMs
and 42 patient-matched extracranial metastases; tumors with sufficient tissue also underwent whole-

exome sequencing, T-cell receptor sequencing, and IHC. MBMs demonstrated heterogeneity of immune
infiltrates that correlated with prior radiation and post-craniotomy survival. Comparison with patient-
matched extracranial metastases identified significant immunosuppression and enrichment of oxida-
tive phosphorylation (OXPHOS) in MBMs. Gene-expression analysis of intracranial and subcutaneous
xenografts, and a spontaneous MBM model, confirmed increased OXPHOS gene expression in MBMs,
which was also detected by direct metabolite profiling and [U-13C]-glucose tracing in vivo. IACS-010759,
an OXPHOS inhibitor currently in early-phase clinical trials, improved survival of mice bearing MAPK
inhibitor-resistant intracranial melanoma xenografts and inhibited MBM formation in the spontaneous
MBM model. The results provide new insights into the pathogenesis and therapeutic resistance of MBMs.

SIGNIFICANCE: Improving our understanding of the pathogenesis of MBMs will facilitate the rational
development and prioritization of new therapeutic strategies. This study reports the most compre-
hensive molecular profiling of patient-matched MBMs and extracranial metastases to date. The data
provide new insights into MBM biology and therapeutic resistance.

See related commentary by Egelston and Margolin, p. 581.

INTRODUCTION

Melanoma is the most lethal form of skin cancer (1). Despite
comprising fewer than 5% of skin cancer cases, melanoma
causes over 70% of skin cancer-related deaths (1). Metastasis to
the central nervous system (CNS) is a particularly common and
lethal complication of advanced melanoma (2). Brain metasta-
ses (BM) are diagnosed clinically in up to 60% of patients with
metastatic melanoma and in up to 80% of patients at autopsy
(2). Treatment of melanoma brain metastases (MBM) with
surgery and/or radiation (XRT) has historically resulted in a
median overall survival (OS) of ~4 months from diagnosis (2).
New targeted and immune therapies have shown significant
activity in clinical trials for patients with MBMs (3-5). How-
ever, clinical activity is often less than what is observed in
patients with extracranial metastases only (6, 7). Further, the
CNS is a frequent initial site of disease progression in patients
receiving these treatments, and this progression often occurs

!Department of Cancer Biology, The University of Texas MD Anderson
Cancer Center, Houston, Texas. 2Department of Melanoma Medical Oncol-
ogy, The University of Texas MD Anderson Cancer Center, Houston, Texas.
3Department of Translational Molecular Pathology, The University of Texas
MD Anderson Cancer Center, Houston, Texas. “Department of Neurosurgery,
Baylor College of Medicine, Houston, Texas. Department of Oncological
Sciences, University of Utah Health Sciences Center, Salt Lake City, Utah.
6Department of Genomic Medicine, The University of Texas MD Anderson
Cancer Center, Houston, Texas. “Department of Surgical Oncology, The Uni-
versity of Texas MD Anderson Cancer Center, Houston, Texas. 8Department
of Biostatistics, The University of Texas MD Anderson Cancer Center, Hou-
ston, Texas. °Department of Thoracic/Head and Neck Medical Oncology, The
University of Texas MD Anderson Cancer Center, Houston, Texas. °Depart-
ment of Pathology, A.C. Camargo Cancer Center, So Paulo, Brazil. ' Chil-
dren’s Medical Research Institute, The University of Texas Southwestern
Medical Center, Dallas, Texas. 1“Department of Computational Sciences, The
Jackson Lab for Genomic Medicine, Farmington, Connecticut. 1*Department
of Molecular and Cell Biology, Baylor College of Medicine, Houston, Texas.
14Advanced Technology Core, Alkek Center for Molecular Discovery, Dan L.

in isolation while other sites of disease are controlled (8, 9). An
improved understanding of the characteristics and pathogen-
esis of MBMs will facilitate the development of more effective
therapies to treat and/or prevent them.

There is growing evidence that MBMs possess unique molecu-
lar characteristics compared with metastases at other sites. Our
previous reverse phase protein array-based proteomic analysis
of oncogenic signaling pathways identified significant overex-
pression of multiple activation-specific markers in the PI3K-
AKT pathway in a cohort of MBMs compared with extracranial
metastases from the same patients (patient-matched), a find-
ing also observed by other investigators using IHC (10, 11).
Gene-expression microarray studies also identified numerous
genes differentially expressed between MBMs and extracranial
metastases (10, 12). However, the microarray studies featured a
relatively small number of samples, including very few patient-
matched metastases, and perhaps for this reason failed to iden-
tify significantly enriched pathways. Although focused DNA
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sequencing of hotspot mutations has demonstrated concord-
ance of driver mutations between patient-matched MBMs and
extracranial metastases, a recent whole-exome sequencing (WES)
study identified significant genetic differences between BMs and
primary tumors from multiple tumor types, including 3 MBMs
(10, 13). Together, the results highlight the unmet need for global
profiling of additional patient-matched MBMs and extracranial
metastases to improve our understanding of the features, hetero-
geneity, drivers, and therapeutic resistance of MBMs.

To address this unmet need, we performed transcriptomic
capture and Illumina RNA sequencing (RNA-seq) on surgically
resected formalin-fixed, paraffin-embedded (FFPE) MBMs (88
tumors from 74 patients) and surgically resected extracranial
metastases from a subset of those same patients (42 tumors
from 29 patients). Clinical information for patients included in
the study is presented in Supplementary Table S1. The findings
from RNA-seq were supplemented by WES and T-cell receptor
sequencing (TCR-seq) on samples with sufficient material, and
by IHC for key markers of interest (i.e., PD-L1) and to validate
RNA-seq findings. Together with functional studies in preclini-
cal models, this analysis has identified immune and metabolic
features of MBMs that may contribute to resistance to immune
and targeted therapies, and strategies to overcome them.

RESULTS

RNA-seq Identifies Clinically and Biologically
Distinct Clusters of MBMs Defined by Differential
Enrichment of Inmune-Related Gene Expression

RNA-seq was performed on mRNA isolated from 88 FFPE
MBMs. We performed unsupervised hierarchical clustering of
the log,(FPKM+1) values of highly expressed genes (n=1,030)
to elucidate transcriptomic heterogeneity among the tumors.
MBMs from individual patients generally clustered together
(21/24; 87.5%), and two large clusters, referred to hereafter as
“cluster 1” and “cluster 2” (Fig. 1A), were observed. Log,-fold
changes (FC) for all 1,030 genes between clusters 1 and 2 were
calculated, and Ingenuity Pathway Analysis identified numer-
ous immune signaling networks as significantly enriched
(P < 0.05) and activated in cluster 2 (Supplementary Fig.
S1). Thus, heterogeneity of immune cell signaling networks
largely drove the overall clustering of the MBMs.

We utilized the Estimation of Stromal and Immune cells in
Malignant Tumor tissues using Expression data (ESTIMATE)
and Microenvironment Cell Populations-Counter (MCP-
Counter) R packages to further characterize differences in
immune cell infiltration between clusters 1 and 2. ESTIMATE
is a tool used to infer tumor purity from gene-expression
data that were originally validated in 11 cancer types (14). It

generates three scores: StromalScore (the presence of stro-
mal cells in the tumor generated from expression values of
141 stromal genes), ImmuneScore (the presence of immune
cells in the tumor generated from expression values of 141
immune genes), and ESTIMATE score (the tumor purity;
ref. 14). The ImmuneScore correlates significantly with an
independent gene signature of immune cell infiltrate able
to accurately predict prognoses of patients with melanoma
(15). However, ESTIMATE does not identify the specific
classes of immune cell populations present in a tumor. In
contrast, MCP-Counter uses gene-expression data to gener-
ate abundance estimates for multiple intratumoral immune
cell populations that can be compared between samples
(16). Together, these approaches identified increases in the
ImmuneScore (P < 0.0001), T cells (P < 0.0001), CD8" T cells
(P < 0.001), cytotoxic lymphocytes (P < 0.0001), monocytic
lineage cells (P < 0.0001), and myeloid dendritic cells (P <
0.01) in the MBMs of cluster 2 (Fig. 1B and C). Significantly
higher density of CD3* (P = 0.0001) and CD8" (P = 0.0028)
T cells in cluster 2 was confirmed by IHC (Fig. 1D).
Supporting the clinical significance of the observed hetero-
geneity of immune infiltrates among MBMs, Kaplan-Meier
analysis identified significant improvement in OS from cra-
niotomy for patients with MBMs in cluster 2 compared with
cluster 1 (HR, 0.382; 95% CI, 0.214-0.683, P = 0.002; Fig. 1E).
Exploratory analyses were performed to assess the correlation
of other immune indices with OS. Comparing patients in the
highest (n = 22) and lowest quartiles (» = 22) of immune-
related gene set expression, improved OS was also associated
with increased MBM ImmuneScores (HR, 0.232; P = 0.003),
T cells (HR, 0.232; P = 0.002), CD8" T cells (HR, 0.381; P =
0.010), cytotoxic lymphocytes (HR, 0.366; P = 0.005), natural
killer (NK) cells (HR, 0.488; P=0.005), and monocytic lineage
cells (HR, 0.201; P < 0.0001; Supplementary Fig. S2A-S2F).

Factors Associated with Immune
Infiltration of MBMs

As immune infiltration correlated with OS and has previ-
ously been shown to correlate with responsiveness to both
anti-PD-1 immunotherapy and BRAF inhibitors (17, 18), we
investigated tumor and patient characteristics for significant
associations with the immune status of the MBMs. We first
assessed the expression of PTEN, B-catenin, and PD-L1 pro-
teins, as each has been implicated in regulation of the immune
response in melanoma (19-21). No significant difference in
ImmuneScores was observed between MBMs with and with-
out PTEN loss (P =0.2638), and ImmuneScores did not corre-
late with cytoplasmic (r=-0.1572; P=0.2755) or membranous
(r=-0.0942; P=0.5151) B-catenin expression (Supplementary

>

Figure 1. Unsupervised hierarchical clustering identifies immune cell signaling heterogeneity in MBMs. A, Unsupervised hierarchical clustering of
logy(FPKM + 1) values for 1,030 Entrez genes from 88 MBMs. Genes that showed less than 1.5-fold change from the median in more than 75% of the
samples were excluded from analysis. Samples from the same patient are colored identically. B, ESTIMATE ImmuneScore analysis of MBMs in clusters 1
(n=30) and 2 (n =58) identified by unsupervised hierarchical clustering. Lines represent mean + SD, and each dot represents a single sample.
Significance was determined via two-sided Student t test. C, MCP-Counter analysis of indicated immune cell populations in clusters 1 (n=30) and 2
(n=58). Each plot is a simple box and whisker plot. Median values (lines) and interquartile range (whiskers) are indicated. ****, P < 0.0001; ***, P< 0.001;
** P<0.01; ns, not significant (P> 0.05) by two-sided Student t test. D, Comparison of CD3 and CD8 IHC staining results between MBMs from clusters 1
(n=28)and 2 (n=53). Lines represent mean £ SD, and each dot represents a single sample. Significance was determined via two-sided Student t test.
E, Kaplan-Meier OS analysis from craniotomy of patients in clusters 1 (n=30) and 2 (n=58). Hazard ratio was determined via the Mantel-Haenszel test

and significance by the log-rank test.
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Figure 2. Immune infiltration in MBMs is associated with prior radiotherapy and OS. A, ESTIMATE ImmuneScore analysis of PD-L1(-) (n = 28) and
PD-L1(+) (n=21) MBMs with available RNA-seq and IHC data. B, Prevalence of PD-L1 IHC positivity in MBMs in clusters 1 and 2 (identified by clustering
of RNA-seq data). Significance determined via the Fisher exact test. C, ESTIMATE ImmuneScore analysis of irradiated (n=38) and nonirradiated (n = 48)
MBMs. WBRT, whole-brain radiation therapy. D, MCP-Counter analysis of irradiated (n = 38) and nonirradiated (n = 48) MBMs. (continued on following page)

Fig. S3A-S3C). ImmuneScores were significantly increased in
MBMs with positive (21% of tumor cells) PD-L1 expression
(P=0.0114), and PD-L1 positivity was more frequent in MBMs
in cluster 2 versus cluster 1 (P = 0.0488; Fig. 2A and B; ref. 22).
We also analyzed WES data for 32 MBMs from 26 patients to
determine the total number of genes with nonsynonymous
somatic mutations (23). No significant correlation between
the number of mutated genes and ImmuneScores was identi-
fied (r=-0.0778; P = 0.6834; Supplementary Fig. S3D).
Neither patient demographic features [age (r = -0.0465;
P =0.6668), sex (P = 0.6136), body mass index (r = -0.0309;
P = 0.7980)], nor prior systemic therapies [immunotherapy
(n = 10; P = 0.5956), biochemotherapy (n = 16; P = 0.0581),
chemotherapy (n = 26; P = 0.4744)] were significantly asso-
ciated with ImmuneScores (Supplementary Fig. S4A-S4F).
However, MBMs resected after previous XRT (n = 38) had sig-
nificantly higher ImmuneScores than nonirradiated MBMs
(n = 48, P = 0.0143; Fig. 2C). This effect did not associ-
ate with the time interval between XRT and craniotomy
(P = 0.7994), nor vary with radiation treatment modality
[stereotactic (n = 33) or whole brain radiation (n = 5); P =
0.6024; Supplementary Fig. S4G and S4H]. Notably, previous
treatment with XRT was not associated with significantly
improved OS (HR, 0.881; 95% CI, 0.545-1.424, P = 0.60S;
Supplementary Fig. S4I). MCP-Counter analysis identified
significantly higher infiltration of NK cells, B lineage cells,
and neutrophils in previously irradiated MBMs (P < 0.05

for each; Fig. 2D). IHC analysis confirmed higher density of
PAXS* B-cell infiltration in irradiated MBMs (P = 0.0086), as
well as the lack of enrichment of CD3* (P = 0.7360) or CD8*
(P = 0.3073) T cells (Fig. 2E-G). To evaluate if prior XRT
resulted in general stromal infiltration, we compared single
sample gene set enrichment analysis (ssGSEA) scores for four
different glial-related MSigDB Gene Ontology (GO) gene sets
and observed no significant differences between irradiated
and nonirradiated MBMs (Fig. 2H).

Recent studies have implicated interferon-f (IFNB) and
IFNY signaling as key mediators of the immunogenic effects
of radiation treatments in breast and colorectal cancers (24,
25). To determine if IFNB/y signaling associated with the
increased immune infiltrates observed in irradiated MBMs, we
performed a preranked gene set enrichment analysis (GSEA-P),
which demonstrated significant enrichment (FDR ¢ < 0.001)
of IFNo,/P and IFNY signaling gene sets in the previously irra-
diated MBMs (Fig. 2I). Although IFNP and IFNYy expression
did not differ significantly between groups (Supplementary
Fig. S5A and S5B), higher expression levels were observed for
14 of 15 IFN-stimulated genes in previously irradiated MBMs,
including significantly (P < 0.05) increased expression of MX1,
OAS1, IFIT1, IFIT2, IFIT3, CXCL16, and CCL2 (Supplementary
Fig. S5C). Consistent with previous studies (24), the increase
in immune infiltrates in the previously irradiated MBMs was
not accompanied by an induction of the DNA exonuclease
TREX1 (Supplementary Fig. SSD).
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Figure 2. (Continued) E-G, IHC analysis (PAX5, CD3, and CD8) of irradiated and nonirradiated MBMs with IHC data available. H, Comparison of glial
cell ssGSEA signatures between irradiated (n = 38) and nonirradiated (n = 48) MBMs. I, GSEA-P enrichment plots demonstrating significant enrichment
of IFNa/B and IFNy signaling pathways in previously irradiated MBMs (n = 38) versus nonirradiated MBMs (n = 48). Normalized enrichment score (NES)
and FDR q are listed on the enrichment plots. A, C, E=G, Lines represent mean £ SD, and each dot represents a single sample. Significance determined

via two-sided Student t test. D and H, Each plot is a simple box and whisker plot. Median values (lines) and interquartile range (whiskers) are indicated.

*,P<0.05; ns, not significant (P> 0.05) via two-sided Student t test.

To determine if prior radiation affected T-cell quality, TCR-
seq was performed on MBMs with sufficient DNA available
(14 previously irradiated MBMs and 23 nonirradiated MBMs),
including tumors that did not undergo WES due to lack of
available germline DNA. T-cell clonality, a metric of T-cell
expansion and reactivity, ranged from 0.002 to 0.101 in irradi-
ated MBMs and from 0.002 to 0.184 in nonirradiated MBMs.
The mean clonality did not differ significantly between the
groups (P = 0.8695), indicating an even distribution of clones
and no difference in reactivity of the T-cell infiltrate (ref. 26;
Supplementary Fig. S6A). To further evaluate reactivity, we
assessed mean max productive frequency (mean frequency of
the most common productive rearrangement of each sample)
and mean cumulative productive frequency (mean sum of the
frequencies of the top 10, 20, and 100 clones of each sample),
and again detected no significant differences between irradi-
ated and nonirradiated MBMs (Supplementary Fig. S6B and
S6C; ref. 26). Further, mean observed richness (a marker of
diversity in T-cell clones present in a tumor) did not differ
significantly (P = 0.5491; Supplementary Fig. S6D; ref. 26).

Patient-Matched Melanoma Brain and Extracranial
Metastases Show Differences in Immune Cell
Infiltration

Unsupervised hierarchical clustering of RNA-seq data for the
500 most variable genes (those with the greatest variance across

samples) from 35 MBMs and 42 patient-matched extracranial
metastases (from 29 patients) showed that nearly all samples
clustered by patient ID rather than by tissue site, suggest-
ing overall similar gene-expression patterns between MBMs
and extracranial metastases from individual patients (Fig.
3A). However, further analysis of patient-matched MBMs and
extracranial metastases identified 494 differentially expressed
genes (FDR g < 0.05; Supplementary Table S2). Ensemble
of gene set enrichment analyses (EGSEA) of numerous gene
sets repeatedly indicated that MBMs are characterized by (i)
suppression of immune cell networks and (ii) upregulation
of nervous system pathways (Table 1). ImmuneScores were
significantly lower in the MBMs compared with the patient-
matched extracranial metastases, even after omitting lymph
node (LN) extracranial metastases from the analysis (P = 0.030;
Fig. 3B). IHC staining confirmed significantly lower CD3*
(P=0.032) and CD8* (P=0.026) T-cell infiltration in the MBMs
versus patient-matched non-LN extracranial metastases (Fig.
3C and D), but no significant difference in PAX5* B cells was
detected (P = 0.315; Fig. 3E). MCP-Counter analysis of other
immune cell classes identified significantly fewer monocytic
lineage cells (P = 0.019) and myeloid dendritic cells (P = 0.015)
in MBMs; no significant difference in NK cells (P = 0.626);
and significantly more neutrophils in MBMs (P = 0.022; Sup-
plementary Fig. S7A-S7D). We again examined molecular fea-
tures associated with immunosuppression and did not identify
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Molecular Profiling of Melanoma Brain Metastases

Table 1. Pathway analysis of patient-matched MBMs and Extracranial Metastases

Gene set Summary
MSigDB: Hallmark * Allograft rejection — depleted in MBMs
signatures * Interferon gamma response — depleted in MBMs

* |L6-JAK-STAT3 signaling — depleted in MBMs
MSigDB: c5 GO gene  « 18/20 top-ranked gene sets — related to immune system and depleted in

sets MBMs

* 2/20 top-ranked gene sets — related to nervous system and enriched in MBMs

GeneSetDB: Pathway ¢ 18/20 top-ranked gene sets — related to immune system and depleted in

MBMs
* 2/20 top-ranked gene sets — related to nervous system and enriched in
MBMs
KEGG: Non-Disease * 4/5 top-ranked gene sets — related to immune system and depleted in
Pathway MBMs

* 1/5 top-ranked gene sets — related to nervous system and enriched in MBMs

NOTE: Results of EGSEA analyses of 35 MBMs and 42 patient-matched extracranial metastases (from 29
patients). “Gene set” lists the database [MSigDB, GeneSetDB, or Kyoto Encyclopedia of Genes and Genomes
(KEGG)] and the specific collection of gene sets (Hallmark and c5: Gene Ontology from MSigDB, Pathway from
GeneSetDB, and Non-Disease Pathway from KEGG) included in each analysis. Only nervous system and immune
system pathways from these databases are included. Median rank was used to order the top-20 gene sets in
each analysis. All gene sets listed have an adjusted P < 0.001. EGSEA, sort by median rank (adj. P<0.001).

significant differences in membranous (P = 0.254) or cytoplas-
mic (P = 0.074) B-catenin expression or PTEN loss (P = 0.458)
between MBMs and patient-matched extracranial metastases
(Supplementary Fig. S8A-S8C). We also did not detect a sig-
nificant difference in PD-L1 expression between the MBMs and
ECMs (P = 0.635; Supplementary Fig. S8D), although discor-
dant PD-L1 expression (MBM-postive/extracranial metastasis-
negative or MBM-negative/extracranial metastasis—positive) was
detected in 40% of patient-matched samples (Fig. 3F). In addi-
tion, comparative analysis of RNA-seq data from a cohort of
unmatched FFPE primary melanomas (27) identified decreased
ImmuneScores (P=0.0017), myeloid dendkritic cells (P < 0.0001),
T cells (P < 0.001), B lineage cells (P < 0.05), and neutrophils (P <
0.05) in MBMs (Supplementary Fig. S9A and S9B).

To rule out possible confounding effects of treatment with
glucocorticoids, which are commonly used to control cer-
ebral edema in patients with large or symptomatic MBMs, we
performed RNA-seq on xenografts of YUMM3.1 (Braf Vo00E/¥'T;
Cdkn2a™"),YUMMS.2 (Braf Vo /T: Trp537/7), or BP (Braf Vo0 VT
Pten”/") syngeneic murine melanomas that had been estab-
lished by intracranial (ICr) injection in C57BL/6 mice. Upon
detection of 10% weight loss, mice were treated with either

<

2.3 png dexamethasone (analogous to 8 mg for a 70 kg human)
or phosphate-buffered saline (PBS) daily for 48 hours, fol-
lowed by tumor harvest and RNA isolation. ESTIMATE and
MCP-Counter identified no differences in ImmuneScores or
immune cell class infiltrates in YUMMS3.1 and BP ICr tumors
treated with dexamethasone versus vehicle (Supplemen-
tary Fig. S10A-S10D). Dexamethasone treatment resulted
in increased ImmuneScores (P = 0.0226) in YUMMS.2 ICr
xenografts (Supplementary Fig. S10E), though MCP-Coun-
ter analysis did not identify significant differences in any
immune cell population (Supplementary Fig. S10F).

To supplement our transcriptomic profiling, we performed
WES on patient-matched MBMs (#» = 21) and extracranial
metastases (n = 23) from patients (n = 17) with germline DNA
and sufficient tissue available. We observed no significant
difference between the overall number of genes with nonsyn-
onymous somatic mutations between the patient-matched
MBMs and extracranial metastases (P = 0.4831), nor in the
mutation rate of 74 therapeutically targetable genes (ref.
28; Supplementary Fig. S11A). TCR-seq was performed on
patient-matched MBMs (n = 11) and extracranial metasta-
ses (n = 16) with sufficient DNA from 10 patients. T-cell

Figure 3. MBMs are immunosuppressed compared with patient-matched extracranial metastases. A, Unsupervised hierarchical clustering of the

500 most variable genes from 35 MBMs and 42 extracranial metastases (ECM) from 29 patients with melanoma. Samples are labeled according to the
patient identifier and site. Multiple MBMs or extracranial metastases from the same patient are labeled accordingly. B, ESTIMATE ImmuneScores of
MBMs and patient-matched extracranial metastases (lymph nodes excluded). Lines represent mean + SD, and each dot represents the average of all MBM
or extracranial metastasis samples from a single patient. Significance was determined by two-sided paired Student t test. C-E, IHC analysis (CD3, CD8,
and PAX5) of patient-matched MBMs and non-LN extracranial metastases. Lines represent mean + SD, and each dot represents the average of all MBM or
extracranial metastasis samples from a single patient. Significance was determined via one-sided paired Student t test. F, Pie chart showing concordance
and discordance for PD-L1 IHC positivity in patient-matched MBMs and extracranial metastases. Each MBM from a single patient was compared against
each extracranial metastasis from the same patient. G and H, Mean clonality and observed richness of patient-matched MBMs and extracranial metas-
tases by TCR-seq. Lines represent mean = SD, and each dot represents the average of all MBM or extracranial metastasis samples from a single patient.
Significance was determined via two-sided paired Student t test. I, Quantification of T-cell clone repertoire overlap between patient-matched MBMs and
extracranial metastases with available TCR-seq data. The color scale indicates the Morisita overlap index between two tumor samples.
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clonality ranged from 0.002 to 0.090 in MBMs and 0.006 to
0.087 in patient-matched extracranial metastases, and mean
clonality did not differ between matched pairs (P=0.8036; Fig.
3G). Observed richness, however, was significantly lower in the
MBMs (P =0.0495; Fig. 3H). Together, the results indicate that
although T cells present in MBMs are equally as reactive as T
cells in the extracranial metastases, there is a significantly less
diverse repertoire of T-cell clones in MBMs. To evaluate T-cell
repertoire heterogeneity, we calculated the Morisita overlap
index (26), which identified minimal similarity in the T-cell
repertoires between MBMs and patient-matched extracranial
metastases (mean Morisita overlap index = 0.163; range =
0.013-0.617; Fig. 3I). We also examined the heterogeneity
present in the top 5%, 2.5%, 1%, and 0.5% of T-cell clones.
Although matched pairs from 2 patients (5182 and 11405)
displayed minimal unique clones in these cutoffs on average
(16% and 13%, respectively), matched pairs from the remain-
ing patients displayed between 30% and 90% unique clones
across these cutoffs on average (Supplementary Fig. S11B).
Together, the results suggest that there is divergent tumor
immunogenicity associated with metastasis to the brain.

Oxidative Phosphorylation Is Enriched in MBMs

As the observed upregulation of multiple neuronal gene
networks in MBMs compared with patient-matched extracra-
nial metastases could be due to contamination by surround-
ing brain tissue, we implanted A375 (BRAF'®°E/¥T) A375-R1
(BRAFVOOORNTMEKFIZLWVT, ref, 29) WM1361A (NRASQOIVQGIRY
and MEWO (BRAFYVT/YTNRASWT/WT) human melanoma cells
ICr and subcutaneously (SQ) in CD-1 nude mice. Tumors were
harvested when mice became moribund or SQ tumors reached
250 mm?’. RNA-seq was performed on RNA isolated from
dissected tumor tissue, and Xenome (30) was used to further
discern gene-expression signatures from the tumor (human)
RNA. EGSEA failed to demonstrate significant enrichment of
MSigDB c2 database nervous system gene sets in MBMs in any
of the models, suggesting that the neuronal signatures identi-
fied in the clinical samples could be due to the contribution of
normal brain tissue (Supplementary Table S3). However, oxida-
tive phosphorylation (OXPHOS) was identified as the most
enriched (FDR ¢ < 0.001) MSigDB Hallmark gene network in
three of the four models and the third most enriched in the
fourth. Based on this unexpected and consistent difference, and
to further interrogate metabolic pathways in the clinical sam-
ples, we selected 70 MSigDB KEGG metabolism-specific gene
sets (Supplementary Table S4) and performed GSEA-P on the
patient-matched MBMs and extracranial metastases. This anal-
ysis demonstrated greater enrichment of the KEGG OXPHOS
gene set than any other metabolism gene set in the MBMs (FDR
q<0.001; Fig. 4A and B). Next, we used a panel of 15 melanoma
cell lines with gene expression and Seahorse Extracellular Flux
Assay data to derive an OXPHOS-Index (OP-Index), a transcrip-
tional signature that correlates with OXPHOS in vitro (Sup-
plementary Fig. S12A and S12B). We found that the majority
(75.8%) of MBMs had a higher OP-Index than their patient-
matched extracranial metastases, and the average OP-Index of
MBMs was significantly higher than the OP-Index of patient-
matched extracranial metastases (P = 0.0013; Fig. 4C). We con-
firmed OXPHOS enrichment in unmatched treatment-naive
MBMs (n = 29) versus extracranial metastases (» = 33; FDR g <

0.001), as well as in the patient-matched treatment-naive MBMs
(n = 10) versus extracranial metastases (» = 12; FDR ¢ < 0.001)
in that subset, excluding the possibility that enrichment of
OXPHOS in MBMs was due to differences in prior treatments
(Supplementary Fig. S13A-S13C). The KEGG OXPHOS gene
set and OP-Index were also enriched in treatment-naive MBMs
(n=29) versus primary melanomas (n = 54; FDR 4 < 0.001 and
P =0.0006, respectively; Fig. 4D and E).

Recently, investigators have described an autochthonous
mouse model of melanoma that develops spontaneous lung
and brain metastases in the setting of BRAF'*°F mutation,
loss of CDKNZ2A, and PI3K-AKT pathway activation (31).
To determine if OXPHOS contributed to MBM formation
in this model, exploratory RNA-seq was performed on a
small cohort of primary tumors, lung metastases, and BMs.
Enrichment of the KEGG OXPHOS gene set and OP-Index
was detected in the murine MBMs compared with both lung
metastases (FDR g < 0.001 and P = 0.0049) and primary
tumors (FDR g < 0.001 and P = 0.0479; Supplementary Fig.
S14A-S14D). Focused qRT-PCR using RNA from additional
tumors confirmed increased expression (P < 0.0001-P < 0.01)
of several OXPHOS-related genes in the MBMs (Fig. 4F).

To directly assess the metabolism of MBMs, we implanted
Low-OXPHOS A375 and CHL1 (BRAFVTUNTNRASVT/VT)
human melanoma cells into the brains and SQ tissue of
CD-1 nude mice. Liquid chromatography/mass spectrometry
(LC/MS) analysis of metabolites collected from the ICr and
SQ xenografts (described in Supplementary Methods) dem-
onstrated significantly (FDR g < 0.25) higher concentrations
of individual tricarboxylic acid (TCA) cycle metabolites in
ICr versus SQ xenografts for both cell lines (Fig. SA and B).
Metabolite set enrichment analysis of differentially expressed
metabolites (DEM) demonstrated significant enrichment
(FDR g < 0.05) of the TCA cycle pathway in ICr versus
SQ xenografts for both lines (Fig. 5SC and D), supporting
increased OXPHOS in MBMs. To further support this find-
ing, we implanted Low-OXPHOS A375 cells into the brains
and SQ tissue of CD-1 nude mice and performed in vivo
[U-83C]-glucose tracing studies. Gas chromatography/mass
spectrometry (GC/MS) analysis of the xenografts demon-
strated greater labeling of the TCA cycle metabolites fuma-
rate (P < 0.01), malate (P < 0.01), and citrate (P < 0.001) in
ICr versus SQ tumors but no significant differences in labe-
ling patterns in glycolytic intermediates, indicating a specific
increase in glucose oxidation in ICr xenografts (Fig. SE).

Oxidative Phosphorylation Is Functionally
Significant in MBMs

Previously, we and others have demonstrated that OXPHOS
mediates resistance to MAPK pathway inhibitors in non-
CNS melanomas and cell lines, and that inhibiting factors
that promote this metabolic pathway sensitize cell lines to
MAPK pathway inhibitors (29, 32). Thus, we evaluated direct
OXPHOS inhibition in ICr xenografts of melanoma cell lines
with de novo (SKMELS) and acquired (A375-R1) resistance
to BRAF and MEK inhibitors (29). Mice were randomized
to treatment with IACS-010759 (5 mg/kg p.o. once daily)—a
novel mitochondrial complex I inhibitor currently in phase
I clinical trials (NCT02882321 and NCT03291938)—or
0.5% methylcellulose vehicle control (33). Treatment with
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Figure 4. Oxidative phosphorylation is enriched in MBMs compared with patient-matched extracranial metastases. A, GSEA-P analysis enrichment
plot demonstrating significant enrichment of the KEGG OXPHOS gene set in 35 MBMs versus 42 patient-matched extracranial metastases. Normalized
enrichment score (NES) and FDR g are listed on the enrichment plot. B, GSEA-P analysis demonstrating all KEGG metabolism pathways significantly
altered (FDR q < 0.05) in MBMs (n =35) versus patient-matched extracranial metastases (n=42). Upregulated gene sets are shown in red. The NES forms
the x-axis. No downregulated gene sets met the criteria for statistical significance. C, Differences of OXPHOS-Index (OP-Index) in MBMs versus patient-
matched extracranial metastases. For patients with multiple tumors, the difference was calculated using the average of all MBMs and the average of all
extracranial metastases. Significance was determined via two-sided paired Student t test. D, GSEA-P analysis enrichment plot demonstrating significant
enrichment of the KEGG OXPHOS gene set in 29 treatment-naive MBMs versus 54 primary tumors. NES and FDR q are listed on the enrichment plot. E,
OP-Indices of treatment-naive MBMs (n = 29) and primary tumors (n = 54). Lines represent mean + SD, and each dot represents a single sample. Significance
was determined via two-sided Student t test. F, mRNA levels of OXPHOS genes measured in RCAS-TVA model tumors from brain lung and primary sites

* P< 0.01 by two-sided Student ¢ test.
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Figure 5. Metabolomics analyses confirm enrichment of oxidative phosphorylation in MBMs. A and B, LC/MS analysis was performed on A375 and
CHL1 ICr and SQ xenografts to identify DEMs (FDR g < 0.25). The TCA cycle metabolites fumarate, citrate, and succinate were significantly upregulated
(log2 FC>0and FDR g < 0.25) in A375 ICr xenografts, and the TCA cycle metabolites malate, citrate, and o-ketoglutarate were significantly upregulated
in CHL1 ICr xenografts. Data are presented as heat maps of median-centered log,-transformed concentrations of all DEMs. C and D, Metabolite set
enrichment analysis of individual metabolites significantly upregulated (log, FC > 0 and FDR g < 0.25) in A375 and CHL1 ICr versus SQ xenografts. All
pathways listed are significantly enriched in ICr versus SQ xenografts (FDR g < 0.05). X-axis indicates degree of significance. Values were generated from
three biological replicates per condition. E, 13C enrichment in metabolites from ICr and SQ xenografts of A375 cells following infusions with [U-13C]-
glucose. The fractional enrichment of metabolites is made relative to the enrichment of glucose in the tissue. Average values and SD for four biological
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IACS-010759 for 24 hours or 7 days eliminated pimonidazole

staining, confirming sustained ICr target inhibition (Fig. 6A
and B; ref. 33). Treatment with TACS-010759 significantly
improved survival in mice with ICr xenografts of A375-R1
(HR, 0.197; 95% CI, 0.075-0.519, P=0.001) and SKMELS (HR,
0.072; 95% CI, 0.024-0.214, P < 0.0001) cells (Fig. 6C and D).
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The impact of OXPHOS inhibition was also tested in the
immunocompetent autochthonous spontaneous lung and
brainmetastasismodel. Newborn Dct::TVA; Braf “*,Cdkn2a'*/',
Pten!/1* mice were injected SQ with viruses encod-
ing myrAktl and Cre to induce brain-metastatic Braf V%,
Cdkn2a™/;Pten”/";myrAkt1 primary tumors. Mice with palpable
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Figure 6. Oxidative phosphorylation is functionally significant for melanoma brain metastasis pathogenesis. A, Pimonidazole staining of ICr A375-R1
xenografts treated with either IACS-010759 (5 mg/kg p.o. once daily) or 0.5% methylcellulose vehicle control. Y-axis indicates the percentage of total
tumor positivity. Average values and SD of three biological replicates per condition are displayed. Significance was determined via two-sided Student

t test. B, Representative pimonidazole staining analysis results of ICr A375-R1 xenografts treated for 1 week with IACS-010759 (5 mg/kg p.o. once
daily) or vehicle. C, Kaplan-Meier OS analysis of mice bearing ICr A375-R1 xenografts and treated with either IACS-010759 (5 mg/kg p.o. once daily) or
vehicle. Hazard ratio was generated via the Mantel-Haenszel test. Significance was determined via the log-rank test. D, Kaplan-Meier OS analysis of mice
bearing ICr SKMEL5 xenografts and treated with either IACS-010759 (5 mg/kg p.o. once daily) or vehicle. Treatments ended 42 days after randomization.
Hazard ratio was generated via the Mantel-Haenszel test and significance was determined via the log-rank test. E, Comparison of Braf'6%%;Cdkn2a™/;
Pten”/~myrAkt1 primary tumor growth rates in mice treated with IACS-010759 (7.5 mg/kg p.o. once daily) or vehicle upon initial detection of palpable
tumor. Rate-based tumor/control (T/C) metric (34) was used to reflect primary tumor growth rates. Significance was determined via two-sided Student

t test. F, Incidence of brain and lung metastases in mice with Braf"®9%€;Cdkn2a~;Pten”-;myrAkt1 primary tumors treated with IACS-010759 (7.5 mg/kg
p.o. once daily) or vehicle. Systemic treatment was started upon initial detection of palpable primary tumor. Y-axis indicates tumor incidence, and x-axis
indicates metastatic site. Significance was determined via the Fisher exact test.
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primary tumors were randomized to receive IACS-010759 (7.5
mg/kg p.o. once daily) or 0.5% methylcellulose treatment. IACS-
010759 had no significant impact on primary tumor growth
[rate-based tumor/control (T/C) = 0.7002; P = 0.543; ref. 34;
Fig. 6E]. IACS-010759 also had no impact on lung metastasis
incidence (P = 0.635), but mice treated with IACS-010759 had
no detectable MBMs (incidence 4/10 versus 0/11, P = 0.035;
Fig. 6F).

DISCUSSION

Although the treatments and outcomes for patients with
advanced melanoma have improved dramatically over the
last decade, MBMs remain a clinically significant challenge in
this disease. Improving our understanding of the features of
MBMs is a critical first step to facilitate the development of
new, more effective therapeutic approaches to treat or prevent
them. Our global analysis of gene expression in the largest
cohort of MBMs analyzed by RNA-seq to date, and the largest
cohort of patient-matched brain metastases and extracranial
metastases from any tumor type, provides key new insights
into the pathogenesis of these tumors. Importantly, a number
of these novel findings provide the rationale for the testing of
new clinical strategies, including the targeting of OXPHOS, to
improve the outcomes of patients with MBM.

Similar to melanoma regional (35) and distant (36) metas-
tases, our analysis identified clinically relevant heterogeneity of
immune infiltrates in MBMs. Our analysis of MBMs and patient-
matched extracranial metastases identified suppression of multi-
ple components of the antitumor immune response in MBMs.
As previous studies have shown that CD8" T-cell and other
immune cell infiltrates correlate positively with responsiveness
to anti-PD-1 immunotherapy in melanoma (17, 37), this result
provides a potential explanation for the relatively disappointing
intracranial response rates (ICRR) observed with pembrolizumab
(18%; ref. 4) and nivolumab (20%; ref. 3). Notably, the ICRR
for combined immunotherapy with ipilimumab and nivolumab
appears to be more promising (3, 38), perhaps consistent with
studies suggesting that the baseline T-cell infiltrate is less critical
to the efficacy of this regimen (39). Although we had previously
shown that loss of expression of the tumor suppressor PTEN
correlates with both increased risk of brain metastasis (40) and
immunosuppression (19), we did not detect differences in PTEN
expression between the matched MBMs and extracranial metas-
tases sufficient to explain the observed differences. However, this
does not preclude the possibility that PI3K-AKT pathway activa-
tion in the MBMs by other mechanisms could contribute to this
difference. Although others have reported tumor microenviron-
ment (TME)-mediated loss of PTEN in preclinical MBM models
(41), previous analyses of melanoma clinical specimens demon-
strated PI3K-AKT pathway hyperactivation in MBMs even in
the absence of changes in PTEN expression (10, 11). We also did
not detect significant differences in either B-catenin expression
or nonsynonymous somatic mutation frequency that would
explain the observed immune suppression in MBMs (20, 23). Our
preclinical studies support that steroid treatment is also unlikely
to fully explain the observed differences.

Additional studies are warranted to further characterize
immunosuppressive factors in MBMs. Nonetheless, it is prom-
ising and clinically significant that we observed increased

immune infiltrates in previously irradiated MBMs. Previous
XRT was associated with significant enrichment of IFNf and
IFNY signaling, which could explain the observed increase in
immune infiltrates in the previously irradiated MBMs. These
findings are consistent with previous studies that have shown
that XRT can enhance the antitumor immune response via
IFNB and IFNY signaling (24, 25), but, to our knowledge,
these data are the first direct demonstration in MBMs in clini-
cal samples. Notably, previous XRT correlated with increased
B-cell infiltration, but not T-cell density or clonal expansion,
in the MBMs. Numerous recent studies have highlighted the
antitumor role of intratumoral B cells, and a potential link
between baseline B-cell infiltration and ipilimumab efficacy
has been proposed (42-44). Although confirmatory studies
would be necessary, our data may provide a mechanism for
the observation in several retrospective studies of favorable
outcomes in patients who received both XRT and anti-CTLA4
for MBMs (45, 46). Recent data also implicate a possible
important role for B cells in response to anti-PD-1 (47),
and thus our results support the rationale for investigat-
ing combinatorial approaches with these immunotherapies
and XRT in patients with MBM. However, efforts to com-
bine radiation and immunotherapy need to be performed
in carefully designed and monitored prospective clinical tri-
als, particularly as retrospective analyses have suggested that
such approaches may increase the risk of radiation necrosis
(48-50). Such studies optimally would evaluate the sequenc-
ing and timing of combinatorial approaches to appropriately
balance clinical responses and risks of toxicity.

Our analyses of both clinical samples and preclinical models,
including data from RNA-seq, direct metabolite profiling, and
in vivo [U-13C]-glucose tracing, strongly implicate increased
utilization of OXPHOS in MBMs compared with extracra-
nial metastases and primary melanomas. In support of this
finding, we also demonstrated the functional significance of
OXPHOS in MBMs, as treatment with the direcc OXPHOS
inhibitor IACS-010759, which is currently being evaluated in
phase I clinical trials in both hematologic malignancies and
solid tumors, prolonged survival in mice with ICr melanoma
xenografts. OXPHOS enrichment in MBMs may contribute
to the increased resistance to MAPK-directed therapies that
has been observed in patients with MBMs (5, 9, 48). Previous
analyses found that the brain was the most common new
site of disease progression in BRAF-mutant patients without
CNS involvement at baseline who were treated with the FDA-
approved combination of dabrafenib [BRAF inhibitor (BRAFi)]
and trametinib [MEK inhibitor (MEKi); ref. 9]. Further, in the
phase II COMBI-MB study of dabrafenib and trametinib in
patients with MBM, 47% of patients progressed in the brain
before progressing extracranially, and the median duration of
ICr responses was ~50% shorter than that previously reported in
patients without CNS involvement (5). As our group and others
have previously shown that OXPHOS can mediate resistance
to BRAFi and MEKi targeted therapies (29, 32), the finding of
increased OXPHOS in MBMs provides a potential explanation
for these clinical observations. The results of our experiments
with TACS-010759 also suggest that OXPHOS inhibition may
be an effective strategy in targeted therapy-resistant MBMs.

Although our results demonstrate that single-agent
OXPHOS inhibition with IACS-010759 can have beneficial
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effects, future studies should assess the efficacy and safety
of combinatorial approaches with BRAFi +/- MEKi targeted
therapies in the treatment of MAPK inhibitor (MAPKi)-sensi-
tive and MAPKi-resistant MBMs. Previous studies have shown
that BRAF-mutant extracranial melanoma metastases treated
with BRAFi therapy can become addicted to OXPHOS and
subsequently are highly sensitive to direct OXPHOS inhibition,
and phenformin, which inhibits OXPHOS, delays the develop-
ment of resistance to BRAFi in human melanoma cell lines
(32, 51). Thus, adding IACS-010759 to MAPK:i therapies at the
initiation of treatment of BRAF-mutant MBMs could increase
the duration of clinical responses, which was the critical factor
that limited the clinical benefit of treatment with dabrafenib
and trametinib in the COMBI-MB study (5). The combination
of MAPKi and TACS-010759 could also yield synergistic effects
in MBMs that have developed resistance to MAPKi therapies
via increased dependence on OXPHOS. We previously showed
that combined targeting of the MAPK and mTORC path-
ways effectively treated MAPKi-resistant non-CNS melanomas
dependent on OXPHOS (29). mTORC1/2 inhibition triggered
apoptosis by preventing these tumors from utilizing OXPHOS
to meet their bioenergetic demands following MAPK pathway
blockade (29). If combinations with IACS-010759 could achieve
responses in MAPKi-resistant MBMs, this would address a criti-
cal unmet need for effective therapies for patients with MBM.

Our experiments in a novel spontaneous mouse model of
lung and brain metastasis suggest that the use of IACS-010759
may also reduce the risk of brain metastasis development/
escape. Future studies will need to clarify if OXPHOS promotes
the formation of MBMs or the outgrowth of micrometastases—
or both. Regardless, the ability of IACS-010759 to prevent the
formation of detectable MBMs could significantly alter treat-
ment options for patients with metastatic melanoma. OXPHOS
inhibitor therapy effectively synergizes with and prevents resist-
ance to MAPKi therapy (32, 51). Thus, up-front treatment of
patients with BRAF-mutant melanoma with MAPKi therapy and
IACS-010759 could effectively reduce tumor burden, prevent the
onset of resistance, and decrease the incidence of escape to the
CNS.IACS-010759 treatment could also prevent the formation/
outgrowth of NRAS-mutant and triple wild-type MBMs, as our
RNA-seq and LC/MS findings demonstrated enrichment of the
pathway in ICr tumors, regardless of genotype.

Although TACS-010759 therapy holds great promise in
MBMs, the molecule will potently inhibit OXPHOS in all
cells of an MBM, including antitumor CD8* T cells. Although
naive CD4* and CD8* T cells rely exclusively on OXPHOS to
meet their bioenergetic demands, activation triggers a shift to
a hypermetabolic phenotype characterized by increased glyco-
lysis and OXPHOS (52). However, pharmacologic suppression
of OXPHOS does not appear to negatively affect effector T-cell
function. Treatment with the OXPHOS inhibitors metformin
and phenformin improves the response of melanoma xeno-
grafts to anti-PD-1 therapy (53-55). Metformin decreases intra-
tumoral hypoxia that is highly detrimental to effector CD8*
T-cell function (53), and phenformin facilitates an increased
response by preventing the immunosuppressive effects of
myeloid-derived suppressor cells (55). Metformin monotherapy
is sufficient to significantly increase intracumoral CD8* effector
cells and protect them from apoptosis in the TME (56). Cumu-
latively, these findings suggest that IACS-010759 will not nega-

tively affect CD8* T-cell function and could even be successfully
combined with anti-CTLA4 and/or anti-PD-1 therapies, but
this will need to be tested in MBM models.

Our profiling efforts agree with previous studies that dem-
onstrated overall global similarities between MBMs and extra-
cranial metastases (10, 12). At the DNA level, we observed
strong concordance in mutation rates of clinically relevant
genes and no differences in overall mutation burden between
anatomic sites. However, deeper analyses might reveal diver-
gent evolution between MBMs and extracranial metastases
as genomic analyses of brain metastases and primary tumors
from multiple cancer types have previously demonstrated
(13). Our future efforts will focus on evolutionary relation-
ships between MBMs and extracranial metastases and defin-
ing whether any recurring mutations detected during these
analyses facilitate initial seeding of the brain and/or remain
critical for successful outgrowth. At the RNA level, matched
pairs clustered by patient instead of anatomic location. How-
ever, further analyses demonstrated fundamental differences
between MBMs and extracranial metastases. Clinically, our
findings contradict the long-held belief that treatments fail
patients with MBM solely because of poor penetration across
the blood-brain barrier (BBB). Although improved BBB pen-
etration may yield benefits through enhanced target engage-
ment/inhibition, our findings support that strategies that
can overcome the unique immune and molecular features
of MBMs may be necessary. However, it is worth noting that
we observed heterogeneity in the immune infiltrates and
OXPHOS levels among our cohort of MBMs. The develop-
ment of new tools to characterize such features noninvasively
will facilitate further investigation of their significance and
the development of personalized therapeutic approaches.

In conclusion, our study represents the most compre-
hensive molecular profiling of patient-matched MBMs and
extracranial metastases reported to date and shows that
MBMs differ from extracranial metastases both immuno-
logically and metabolically. Importantly, these differences
may contribute to the resistance to both anti-PD-1 immu-
notherapy and MAPK pathway-targeted therapies that has
been observed in patients with MBMs. Our results also sug-
gest rational strategies to improve outcomes in patients (i.e.,
XRT, OXPHOS inhibition). Together, the findings add to our
understanding of the pathogenesis of MBMs, support the
rationale for further dedicated analyses of these tumors, and
provide new directions for interrogation in other diseases in
which brain metastases remain a critical challenge.

METHODS
Patient Cohort/Sample Collection

For the MBM/extracranial metastasis cohort, tumors resected from
patients with melanoma between July 31, 1991, and October 15, 2015,
were obtained from the UT MD Anderson Cancer Center (MDACC) Cen-
tral Nervous System Tissue Bank and the Melanoma Informatics, Tissue
Resource, and Procurement Core facility (MelCore) under a protocol
approved by the Institutional Review Board. Samples were FFPE tissue
blocks (stored at room temperature). Due to known differences in under-
lying biology between melanoma subtypes, only cutaneous melanomas
were included. For full clinical information, see Supplementary Table S1.

For the primary tumor cohort, sample selection and acquisition
have been previously described (27). Since this initial characterization,
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an additional 15 primary tumors that recurred with metastasis to the
brain were identified for molecular characterization and processed
identically to the other tumors. For full clinical information, see Sup-
plementary Table S1.

Cell Lines

All cell lines were grown at 37°C under 5% CO,. A375, MEWO, CHL1,
and WM1361A cells (provided by Guo Chen, MDACC), A375-R1 cells
(developed by Y.N. Vashisht Gopal, ref. 29; and provided by Guo Chen,
MDACC), and SKMELS cells (provided by the Center for Co-Clinical
Trials, MDACC) were grown in RPMI-1640 media supplemented with
5% fetal bovine serum (FBS; both from Gibco). BP cells (developed by
J.A. Wargo, ref. 57; and provided by Weiyi Peng, MDACC) were grown
in RPMI-1640 media supplemented with 10% FBS. YUMM3.1 and
YUMMS .2 cell lines (developed by Marcus Bosenberg, ref. 58, Yale Uni-
versity; and provided by Guo Chen, MDACC) were grown in DMEM/
F12 (50:50) media supplemented with 1% nonessential amino acids
(both from Corning Inc.) and 10% FBS. Identity of the human cell
lines was verified by short-tandem repeat fingerprinting at least every
6 months (59). All cell lines were confirmed negative for Mycoplasma
prior to the study using the MycoAlert Mycoplasma Detection Kit
(Lonza) according to the manufacturer’s specifications.

Compounds

TACS-010759 is a proprietary compound of the Institute of
Applied Cancer Science (IACS) at MDACC and synthesized as previ-
ously described (33). For in vivo treatments, clear suspensions of the
compound were prepared using 0.5% methylcellulose (Sigma) every
14 days. Dexamethasone (Selleck) was prepared in PBS (Corning).

Mice

All mouse experiments were approved by the Institutional Animal
Care and Use Committees of MDACC and the University of Utah
Health Sciences Center. Female C57BL/6 and CD-1 nude mice were
purchased from The Jackson Laboratory and Charles River Laborato-
ries, respectively. C57BL/6 and CD-1 nude mice were used at 8 weeks of
age, and experiments using these mice were performed at the MDACC
South Campus Animal Vivarium and housed in specific pathogen-free
conditions. All experiments using the RCAS-TVA model were con-
ducted at the University of Utah Health Sciences Center.

Animal Xenograft Models

ICr and/or SQ tumors were induced in C57BL/6 mice (YUMM3.1,
YUMMS.2, and BP) or CD-1 nude mice (A375, A375-R1, MEWO,
WM1361A, CHL1, and SKMELS) as previously described (60). Bio-
luminescence imaging was performed as previously described (60).
Harvested tumors were washed briefly in ice-cold normal saline and (i)
flash-frozen in liquid nitrogen, (ii) embedded in optimal cutting tem-
perature (OCT) compound and then flash-frozen in liquid nitrogen,
or (iii) fixed in formalin overnight, dehydrated in 70% ethyl alcohol,
and paraffin-embedded. Detailed descriptions of experimental design
and sample collection are provided in Supplementary Methods.

In Vivo Dexameth Tr and Sample Collection. Following
10% weight loss, mice bearing YUMM3.1, YUMMS.2, and BP ICr
xenografts received daily intraperitoneal injections of dexamethasone
(2.3 pg/mouse) or PBS for 48 hours. OCT-embedded samples were
harvested 3 hours after the final treatment.

TME Gene-Expression Studies. OCT-embedded samples were
acquired from mice used to assess the effect of TME on gene expres-
sion, which were euthanized once moribund if bearing ICr tumors or
when SQ tumors reached 250 mm?.

Metabolic Flux Analysis. Infusions occurred when mice bearing
A375 ICr xenografts lost 15% of body weight or when A375 SQ tumors

reached 250 mm? in size. Mice were fasted for 16 hours, and 27-gauge
catheters were placed in the lateral tail vein under anesthesia. [U-*C]-
glucose infusions started immediately after implantation of the catheter
and continued for approximately 3 hours, also under anesthesia, as
previously described (61). Animals were euthanized at the end of the
infusion. Harvested tumors were frozen in liquid nitrogen. Sample prep-
aration and data acquisition are described in Supplementary Methods.

Targeted Metabolomics. Mice bearing ICr A375 and CHL1 tumors
were euthanized once moribund, and mice with SQ tumors were
euthanized once tumors reached 250 mm?. Harvested tumors were
frozen in liquid nitrogen. Sample preparation and data acquisition
are described in Supplementary Methods.

IACS-010759 Pharmacodynamics Studies. Mice bearing ICr
A375-R1 xenografts were randomized 14 days after tumor cell injection
to receive either 0.5% methylcellulose vehicle control (once daily) or
TACS-010759 (5 mg/kg once daily) via oral gavage. After 24 hours and
7 days of treatment, mice received an intraperitoneal injection of 60
mg/kg pimonidazole at the same time as the vehicle or IACS-010759
treatments. Three hours after this treatment, tumors were harvested
and fixed in 10% formalin. FFPE slides of these tumors were gener-
ated and probed with an anti-pimonidazole antibody as previously
described (33).

TACS-010759 Efficacy Studies. Mice were randomized 3 days
(A375-R1) or 14 days (SKMELS) after tumor cell injections to receive
either 0.5% methylcellulose vehicle control (once daily) or IACS-
010759 (5 mg/kg once daily) via oral gavage. Mice were weighed every
2 days. Mice with 15% weight loss were provided with a single intra-
peritoneal injection of normal saline [mL = (0.06 X weight in g)/2]
and placed on a drug holiday. Mice that recovered to less than 10%
weight loss restarted their treatment regimen, although those that
progressed to 20% weight loss were euthanized. Additionally, mice
were euthanized once moribund or upon displaying neurologic
symptoms. Treatments ended 42 days after randomization.

RCAS-TVA Model

FFPE Specimen Collection. Primary tumors were generated
in  Dct:: TVA;Braf “*,Cdkn24/'*+Pten)*/'>* mice using RCAS:Cre *
RCAS:myrAkt1 retroviruses as previously described (31). A full nec-
ropsy was performed on all mice following euthanasia. Brain, lung,
and primary tumor tissues were fixed in formalin overnight, dehy-
drated in 70% ethyl alcohol, and paraffin-embedded. Sections were
stained with hematoxylin and eosin (H&E) for review by a pathologist.

Metastasis Studies. Upon detection of Braf'";Cdkn2a™/ ;Pten”/";
myrAktl primary tumors, mice were gavaged once daily with 0.5%
methylcellulose vehicle control or TACS-010759 (7.5 mg/kg) until
the experimental endpoint. Body weights and tumor volumes were
recorded every 3 days. A full necropsy was performed on all mice fol-
lowing euthanasia. Brain, lung, and primary tumor tissues were fixed
in formalin overnight, dehydrated in 70% ethyl alcohol, and paraffin-
embedded. Sections were stained with H&E for review by a patholo-
gist as previously described (31). A rate-based T/C metric was used to
compare growth in primary tumors treated with IACS-010759 versus
those treated with vehicle control (34).

RNA-seq

H&E-stained slides were prepared from patient-derived MBM and
extracranial metastasis FFPE tissue blocks and reviewed by a patholo-
gist. Regions containing 70% or more viable tumor cells were identi-
fied. The marked H&E slide was used to guide macrodissection of
the matched tissue block. Extraction of RNA from the isolated tissue
occurred via the Roche High Pure miRNA Kit, according to previously
published methods (27). These methods were also used on MBM, lung
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metastasis, and primary tumor FFPE tissue blocks acquired from the
RCAS-TVA model of spontaneous murine MBM. The Roche High Pure
miRNA kit was used according to the manufacturer’s specifications
for RNA extraction from OCT-embedded A375, A375-R1, MEWO, and
WM1361A ICr and SQ xenografts and dexamethasone experiment
samples. RNA was extracted from the tumor samples after patho-
logic assessment and confirmation of tumor content. RNA-seq was
performed at the Broad Institute and the University of Utah Hunts-
man Cancer Center. Data acquisition and analyses are fully described
in Supplementary Methods. Raw sequencing reads are available as
controlled access via the European Genome-Phenome Archive (EGA;
accession number EGAS00001003672) to safeguard patient privacy.

qRT-PCR Analysis

c¢DNA Synthesis. RNA (1,000 ng) was used to synthesize the first
strand of cDNA using the High-Capacity cDNA Archive kit (Applied
Biosystems) following standard ABI Protocol.

gRT-PCR. Inventoried TagMan assays were purchased from Life
Technologies [Ppargcla (Mm01208835_m1), Idh3a (Mm00499674_m1),
Cox4il (MmO01250094_m1), Ldhb (Mm05874166_gl), and NdufaS
(MmO01165335_m1)]. All qRT-PCR reactions were performed using
the 7900HT Fast Real-Time PCR system and TagMan gene-expression
master mix (Applied Biosystems) with a standard cycling program of’
40 cycles at 95°C for 15 seconds and at 60°C for 1 minute. All reactions
were run in triplicate and normalized to human 18S (Hs99999901_s1).
Data were analyzed using the 27T method.

WES

H&E-stained slides were prepared from patient-derived MBM and
extracranial metastasis FFPE tissue blocks and reviewed by a pathologist.
Regions containing 70% or more viable tumor cells were identified. The
marked H&E slide was used to guide macrodissection of the matched
tissue block. Extraction of DNA from the isolated tissue occurred via
the QIAamp DNA FFPE Tissue Kit, according to the manufacturer’s
protocol. Library preparation, sequencing, sequence alignment, and vari-
ant calling were performed at the MDACC Cancer Genomics Lab. Data
acquisition and analyses are fully described in Supplementary Methods.
Raw sequencing reads are available as controlled access via the EGA
(accession number EGAS00001003672) to safeguard patient privacy.

T-cell Receptor Sequencing

DNA from all MBMs and patient-matched extracranial metastases
with sufficient DNA underwent next-generation immunosequencing
of CDR3 variable regions of human T-cell receptor B chains via the
ImmunoSEQ Assay (Adaptive Biotechnologies), followed by sequenc-
ing on a MiSeq 150x (Illumina) at the MDACC Cancer Genomics
Lab. Sequences were collapsed and filtered in order to identify
and quantitate the absolute abundance of each unique TCRBCDR3
region for further analysis, as previously described (26). Only samples
with at least 150 unique templates were considered for further analy-
sis. Clonality, productive frequency, observed richness, and Morisita
overlap index were defined as previously described (26).

IHC

All THC studies were performed on S-um sections. For immune
cell populations, CD3 (Agilent Technologies, #A0452, 1:100), CD8
(Thermo Fisher, #MS457s, 1:100), and PAXS5 (Leica, #PA0S552, Ready
to Use) were stained and quantified as previously described (19). The
data are expressed as a density (total number of IHC-positive cells/
mm? area). PTEN (6H2.1 clone, DAKO, 1:100) was scored in tumor
cells as previously described (40). Tumor cell positivity for PD-L1
(Cell Signaling Technology, 13684S; 1:100) was scored as a percentage
of tumor cells showing membranous positivity for PD-L1 (62). For
f-catenin [Cell Signaling Technology, Nonphospho (Active) B-Catenin

(Ser33/37/Thr41; D13A1) Rabbit mAb #8814, 1:600], samples were
scored based on the percentage of tumor cells showing membranous
and cytoplasmic positivity and intensity of staining. H-scores were
calculated for both membranous and cytoplasmic staining.

Statistical Analyses

OS Analyses of Patients. All MBMs of interest were identified
by hierarchical clustering analysis or were dichotomized into the
“high” and “low” groups by the quartiles of the ImmuneScore or
immune cell MCP-Counter score. OS was defined as the time interval
from date of craniotomy to the date of death or censoring from any
cause. Survival duration was analyzed by the Kaplan-Meier method.
Survival curves were drawn in Prism 7.0 (GraphPad). Hazard ratios
and significance were calculated via the Mantel-Haenszel test and
log-rank test, respectively, in Prism 7.0 (GraphPad).

Additional Analyses. Data analyses and representations were per-
formed with either the R (v3.3.3), Microsoft Excel 2013, or Prism
7.0 (GraphPad). Comparison of continuous variables between two
groups was performed by unpaired or paired Student ¢ test. The
Spearman rank correlation coefficient was calculated to assess corre-
lation between continuous variables. To control for multiple hypoth-
esis testing, we applied the Benjamini-Hochberg method. Lastly, all
statistical significance testing was two-sided at Type-I error rate of
0.05 except where specifically noted in relevant figure legends.
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