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SUMMARY

A small fraction of cancer patients with advanced disease survive significantly longer than patients with clin-
ically comparable tumors. Molecular mechanisms for exceptional responses to therapy have been identified
by genomic analysis of tumor biopsies from individual patients. Here, we analyzed tumor biopsies from an
unbiased cohort of 111 exceptional responder patients using multiple platforms to profile genetic and epige-
netic aberrations as well as the tumor microenvironment. Integrative analysis uncovered plausible mecha-
nisms for the therapeutic response in nearly a quarter of the patients. The mechanisms were assigned to
four broad categories—DNA damage response, intracellular signaling, immune engagement, and genetic al-
terations characteristic of favorable prognosis—with many tumors falling into multiple categories. These an-
alyses revealed synthetic lethal relationships that may be exploited therapeutically and rare genetic lesions
that favor therapeutic success, while also providing a wealth of testable hypotheses regarding oncogenic
mechanisms that may influence the response to cancer therapy.

INTRODUCTION

Treatment response is assumed to depend on a combination of

molecular features of the tumors, including their somatic muta-

tional and epigenetic landscapes, germline polymorphisms,

and the tumor microenvironment. Often, cancer therapies only

produce meaningful responses in a small subset patients,

referred to as ‘‘exceptional responders’’ (ERs), but the molecular

basis for these striking therapeutic successes has not been sys-

tematically investigated. Nonetheless, early proof-of-concept

Cancer Cell 39, 1–16, January 11, 2021 Published by Elsevier Inc. 1

ll

Please cite this article in press as: Wheeler et al., Molecular Features of Cancers Exhibiting Exceptional Responses to Treatment, Cancer Cell (2020),
https://doi.org/10.1016/j.ccell.2020.10.015

mailto:lstaudt@mail.nih.gov
https://doi.org/10.1016/j.ccell.2020.10.015


studies show that genetic analysis of tumors from such patients

can yield insights into oncogenic processes that influence the

response to therapy. For example, among 14 patients in a phase

2 clinical trial of everolimus in bladder cancer, one had a com-

plete response and that patient’s tumor had mutations inactivat-

ing TSC1 and NF2, two negative regulators of the drug target,

mTOR (Iyer et al., 2012).

Exceptional responses in cancer are, by definition, rare, and

thus the genetic lesions that may be causative would also be ex-

pected to be rare. A priori, genetic events conferring therapeutic

responsiveness fall into two broad categories: oncogene addic-

tion (Weinstein, 2002) and synthetic lethality (Hartwell et al.,

1997). In oncogene addiction, a genetic change in a tumor cell

renders it exceptionally dependent on the encoded protein and

sensitive to therapies targeting the protein or downstream path-

ways. An oncogenic aberration that renders a tumor responsive

to a therapy can be much more common in some cancer types

than others. Nonetheless, this oncogene may confer therapeutic

sensitivity when it occurs sporadically. A prime example is the

response of some non-melanoma tumors harboring BRAF

V600E to vemurafinib (Hyman et al., 2015).

The concept of synthetic lethality, as it applies to cancer, is

based on the fact that mammalian cells have redundant regula-

tory circuits that control a particular phenotype important for ma-

lignancy (e.g., proliferation, survival). If a tumor has a genetic

alteration that inactivates one of two parallel signaling pathways

that control cell survival, for example, a drug targeting the sec-

ond pathway could be exceptionally effective against that tumor.

However, there can be more than two redundant pathways con-

trolling an essential cellular function and, in such cases, a thera-

peutic response may only occur in tumors that have inactivated

more than one of those parallel pathways. If tumors with this

constellation of genetic aberrations are uncommon, such a

response could be deemed exceptional.

The malignant cells in a tumor coexist with immune and stro-

mal cells in the microenvironment, implying a failure in immune

surveillance. Nonetheless, spontaneous regression of mela-

noma, follicular lymphoma, metastatic renal carcinoma, and

certain types of neuroblastoma have been documented, which

may indicate that the immune system can eradicate established

tumors. This rare and presumably stochastic ‘‘awakening’’ of im-

mune cells could conceivably play a role in exceptional re-

sponses to cancer therapy.

Whether these or other hypotheses account for the phenome-

non of exceptional responses in cancer is unknown due to the

limited number of ER cases that have been profiled molecularly.

Previous studies of ER tumors have been largely based on anal-

ysis of somaticmutations,whereas it is well known that responses

to cancer therapy can be predicted by RNA expression profiling

(Alizadeh et al., 2000), analysis of DNA copy number alterations

(Slamon et al., 2001), methylation (Figueroa et al., 2010; Mack

et al., 2014), and rearrangements (Druker et al., 2001; Kwak

et al., 2010), as well as by the abundance of particular immune

subpopulations in the microenvironment (Dave et al., 2004; Mun-

tasell et al., 2019; Cabrita et al., 2020; Helmink et al., 2020; Hollern

et al., 2019; Petitprez et al., 2020). We therefore sought to inves-

tigate the molecular basis for exceptional responses to cancer

therapy using multi-platform genomic profiling of tumor biopsies

from a large, unbiased cohort of ER patients.

RESULTS

The NCI ER Cohort
To systematically investigate the molecular basis for exceptional

responses in cancer, we conducted a multi-platform genomic

study of tumors from a large cohort of ER patients, defined oper-

ationally as patients for whom a complete or partial response

was expected in less than 10% of similarly treated patients or

whose duration of response lasted three times the publishedme-

dian or longer (Conley et al., 2020). This cohort allowed us to

determine how often integrative genomic analysis can offer an

explanation for exceptional responses and whether mechanistic

themes would emerge.

Tumor specimens from 111 ER patients (Table S1) were exam-

ined using multiple genomic methodologies to detect mutations,

copy number changes, aberrant methylation, outlier gene

expression, and the cellular makeup of the tumor microenviron-

ment. Integrative analyses of these data allowed us to propose a

plausible ‘‘level 1’’ mechanistic explanation (see the STAR

Methods) for the exceptional response in 26 (23.4%) cases (Ta-

bles 1 and S2). These included cancers of the brain (8); GI tract

(6); breast (4); bile duct system and lung (2 each); pancreas,

endometrium, ovary, and bladder (1 each). DNA-damaging

agents were used to treat 17 (65%) patients, either alone or in

7 (27%) cases together with targeted agents (Figure S1). Tar-

geted therapies were used to treat 14 (54%) patients.

The hypothesized level 1 mechanisms for exceptional re-

sponses divided broadly into four categories—DNA damage

response (15), intracellular signaling pathway (9), prognostic ge-

netics (9), and immunologic engagement (16)—with many cases

involving two or more mechanisms (Table 1). We detail some of

the most illustrative cases in the following.

DNA Damage Response
The predominance of plausible DNA damage response mecha-

nisms parallels the frequent use of cytotoxic chemotherapy in

routine cancer treatment and in this cohort. One glioblastoma

multiforme (GBM) patient (ER0366) was treated sequentially

with surgery, localized carmustine, and radiation (Figure 1A).

On recurrence, temozolomide was administered, achieving a

complete response that has lasted for over 10 years (Figure 1B).

Two parallel pathways exist for repair of temozolomide-induced

DNA methylation: direct repair (DR) of O6-methylguanine by

MGMT (O-6-methylguanine-DNA methyltransferase) and base

excision repair (BER) for the more common N3-methyladenine

(N3mA) and N7-methylguanine (N7mG) adducts (Erasimus

et al., 2016) (Figure 1C). In BER, the methylated purine base is

removed by MPG (N-methylpurine DNA glycosylase) to create

an abasic site, which is a substrate for APEX1 (apurinic/apyrimi-

dinic endonuclease 1), resulting in a single-stranded gap that is

repaired by DNA polymerase b (Erasimus et al., 2016). In the

ER0366 tumor, MGMT promoter methylation (Figures S2A and

S2B; see the STAR Methods, Clustering of ER and TCGA Brain

Tumors) resulted in low MGMT mRNA expression relative to

other ER tumors (Figure 1D, left panel), thereby inactivating the

DR pathway. This ER tumor also inactivated the BER pathway

as a consequence of a translocation that disrupted the third

exon of APEX1 on chromosome 14, joining it to the first intron

of ACTN4 on chromosome 19 and silencing APEX1 mRNA
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Table 1. Cases with Strong Hypothesis for Exceptional Response

Case

Number Cancer Type

Treatment Associated

with Exceptional

Response Response

Duration

(months)

Exceptional Responder Category

Key Molecular FindingsbDDR

Signaling

Pathway Immunea
Prognostic

Genetics

0072 oligoastrocytoma (G3) irinotecan CR 57 t + d IDH1 p.R132H; 1p, 19q loss (prog-

nostic genetics)

0151 astrocytoma (G3) bevacizumab, irinotecan PR 96 n + d IDH1 p.R132H, ATRX p.D497fs

(prognostic genetics)

0187 glioblastoma multiforme cediranib, cilengitide

(NCT00979862)

CR 111 b + d IDH1 p.R132H (prognostic genetics)

0305 astrocytoma (G3/4) cabozantinib

(NCT01068782)

CR 60 b + d IDH1 p.R132L, ARTX p.I2050N

(prognostic genetics)

0394 glioblastoma multiforme RT, TMZ CR 117 + + d IDH1 p.R132H, ATRX p.M1839K

(prognostic genetics)

d MGMT, DDB2 promoter me (DDR)

0486 astrocytoma, grade 3 RT, TMZ, irinotecan

(NCT00099125)

CR 145 + + d IDH1 p.R132C, ATRX p.E991fs

(prognostic genetics)

d MGMT, DDB2, POLE4 promoter

me (DDR)

0366 glioblastoma multiforme gliadel wafer, RT, TMZ CR 135 + d inactivating translocation

APEX1 (DDR)

d MGMT, EXO5 promoter methyl-

ation (DDR)

d low MGMT and APEX1 expres-

sion (DDR)

0256 astrocytoma anaplastic bevacizumab, irinotecan CR 103 + n/a + d MSI: MLH1 p.R100*; POLE p.V411L

(DDR, prognostic genetics, immune)

0075 breast ductal

adenocarcinoma,

ER� PR� Her2+

trastuzumab, carboplatin,

docetaxel

CR 76 + t d BRCA2 p.W563*, BRIP1 p.S601*,

TOP1 p.F329fs; BRCA1c del (DDR)

0197 breast ductal

adenocarcinoma,

ER� PR� Her2+

trastuzumab, capecitabine CR 72 + + d germline POLQ p.S1632* (DDR)

d high ERBB2 expression (signaling

pathway)

0512 breast ductal

adenocarcinoma,

ER+ PR� Her2+

anastrazole, trastuzumab PR 30 + tnb d high CYP19A; Low ERBB2 express-

sion (signaling pathway)

d ERBB2 amplification (signaling

pathway)

0513 breast ductal

adenocarcinoma,

ER+ PR+ Her2+

trastuzumab,

pertuzumab

(NCT01615068)

CR 37 + t d high ERRB2, ERBB3 expression

(signaling pathway)

d ERBB2 amplification (signaling

pathway)

0399 cholangiocarcinoma gemcitabine, cisplatin CR 18 + b d TP53 p.R248Q, BRCA2

p.A1648fsc (DDR)

(Continued on next page)
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Table 1. Continued

Case

Number Cancer Type

Treatment Associated

with Exceptional

Response Response

Duration

(months)

Exceptional Responder Category

Key Molecular FindingsbDDR

Signaling

Pathway Immunea
Prognostic

Genetics

0493 cholangiocarcinoma gemcitabine, cisplatin CR 12 + d TP53 p.C135F, extensive chromo-

some instability, mTOR

p.T2380A (DDR)

0349 colon adenocarcinoma irinotecan CR 56 + nb d ATM p.R337C (DDR)

d high TOP1 expression (DDR)

0474 colon adenocarcinoma TMZ, TRC102

(NCT01851369)

PR 45 + d MGMT promoter me, low MGMT

expression germline RAD50

p.N1238N (DDR)

0483 rectal adenocarcinoma bevacizumab,

capecitabine,

oxaliplatin

CR 53 + b d BRCA1 exons 7–8 del,c POLN splice

site mutation (DDR)

0454 endometrial carcinoma temsirolimus,

carboplatin,

taxol (NCT00977574)

CR 70 + + t b + d MSI: MLH1 promoter me (DDR,

immune)

d PIK3CA p.Y1021C, PTEN fs

(signaling pathway)

d BRCA2 p.T3033fs, SLX4 p.G142fs,

WRN p.G327fs (DDR)

0096 gastrointestinal stromal sunitinib CR 9 + d KIT exon 11 del: YEVQ (signaling

pathway)

d KDR, FLT1, FLT3 expression

(signaling pathway)

0214 gastrointestinal stromal imatinib CR 70 + tnb d KIT exon 11 del: EVQWKVVE

(signaling pathway)

d high KIT; deficient SDHB expression

(signaling pathway)

0392 GE junction adenocarcinoma EOX CRs 32 + + d TP53 p.G245S, germline EXO1

p.D249N (DDR)

0190 lung, non-small cell afatinib CR 6 + t d EGFR del exon 19 (signaling pathway)

0428 Lung, squamous cell carboplatin, taxol CR 25 + tn d PALB2 p.W898*, DDB1 p.Q466fs, (2)

TP53 p.R158H, fs

(Continued on next page)
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expression in the process (Figures 1C, iv; 1D, right panel; and

1E). Inactivating APEX1 alterations were observed in only

0.02% of patients in The Cancer Genome Atlas (TCGA) cohort

(Knijnenburg et al., 2018) and APEX1 translocations were re-

ported in only three TCGA tumors (Kim and Zhou, 2019), none

of which were GBMs. Thus, we attribute the exceptional

response to temozolomide in this patient to a rare genetic vulner-

ability that simultaneously inactivated the two primary pathways

that repair temozolomide-induced DNA modifications, DR

and BER.

A patient with metastatic colon adenocarcinoma (ER0474)

achieved an ongoing, nearly complete response lasting

45months at last follow-up after receiving temozolomide in com-

bination with the investigational drug TRC102 in a phase 1 clin-

ical trial (Figure 1F). In the ER0474 tumor, as in ER0366,

MGMT expression was silenced by promoter methylation but,

unlike ER0366, there was no genetic lesion in the BER pathway.

However, TRC102 binds covalently to abasic sites created by

MPG (Figure 1C, v), thereby preventing endonucleolytic cleav-

age of the damage site by APEX1 (Wilson and Simeonov,

2010) (Figure 1C, vi), and blocking the BER pathway. Although

TRC102 DNA adducts allow topoisomerase II DNA double-

strand cleavage, they act like a topoisomerase II poison, trig-

gering a DNA double-strand repair response and apoptosis

(Yan et al., 2007) (Figure 1C, vii). The MRN (MRE11-RAD50-

NBS1) protein complex is required for DNA double-strand break

repair (Stracker and Petrini, 2011). Of note, the ER0474 tumor

harbored a rare germline heterozygous missense mutation tar-

geting the MRN subunit RAD50 (D1238N), which was rendered

homozygous in the tumor through copy number neutral loss of

heterozygosity on chromosome 5q. This particular RAD50muta-

tion (Figure 1G) was previously shown to abrogate the DNA

repair activity of the MRN complex (Al-Ahmadie et al., 2014),

suggesting that the exceptional response of this tumor may

have stemmed from apoptosis that was triggered by unrepaired,

topoisomerase II-induced double-strand breaks (Figure 1C, viii).

Given the above, we hypothesize that the combination of temo-

zolomide and TRC102 was effective in this patient because all

necessary DNA repair pathways were compromised genetically,

epigenetically, or pharmacologically.

The clinical trial testing temozolomide plus TRC102 was

expanded to include an additional cohort of 16 patients with co-

lon adenocarcinoma, among whom there was one more partial

response. MGMT expression was measured by immunohisto-

chemistry in biopsies from 11 patients in this expansion cohort.

The tumor associated with the partial response did not express

MGMT, whereas 10 tumors that did not respond to this therapy

expressed this enzyme robustly (Figure 1H). These findings are in

keeping with the mechanism outlined above for ER0474 and

suggest that this therapeutic combination will be most effective

in patients whose tumors lack MGMT expression. However, the

partial response observed in this patient contrasts with the com-

plete response in ER0474, suggesting that the RAD50 lesion in

ER0474 may have augmented the therapeutic effect by crippling

DNA double-strand break repair.

Platinum compounds were used in 8 of the 17 level 1 cases

treated with DNA-damaging agents. Tumors from six of these

eight cases had somatic or germline mutations in BRCA1,

BRCA2, or PALB2. BRCA pathway mutations sensitize tumorsT
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Figure 1. Exceptional Responders with Genetic Disruption of DNA Damage Response Pathways

(A) Treatment timeline for ER0366 with GBM. Gray shaded bars depict treatments and duration. XRT, radiation treatment. The broad blue arrow indicates the

duration of the exceptional response.

(B) MRI before and 11 years after treatment.

(C) The predominant DNA methylation damage by temozolomide (i) with the direct repair and base excision pathways that repair these damaged bases. Both

ER0366 and ER0474 exhibited promoter methylation and silencing ofMGMT preventing the removal of O6-methylguanine (O6mG) (ii). After MPG (N-methylpurine

DNA glycosylase) removes modified adenine (N3mA) and guanine (N7mG) bases (iii), ER0366 (iv), and ER0474 (v–viii) diverge in their details. In ER0366, APEX1 is

inactivated by a translocation event (iv). In ER0474, TRC102 binding to the abasic sites created by MPG, inhibits the action of APEX1 (vi). During DNA replication,

TOP2 creates double-strand breaks in the DNA, but at TRC102-bound sites, TOP2 cannot reseal the breaks (vii). An inactivating mutation in RAD50 prevents

double-strand break repair from resolving these breaks (viii) blocking double-strand break repair.

(D) Expression ofMGMT (left) and APEX1 (right) mRNA inGBM (n = 9), colorectal carcinoma (COAD, n = 17), and other ER cases (n = 88). The boxmarks the 25th and

75th quartiles and the whiskers are 1.5 times the inter-quartile range. Purple asterisks indicate ER0366 and ER0474. See also Figure S2.

(E) Chromosomal translocation fusing ACTN4 to APEX1 in ER0366; the genomic coordinates on hg38 of the breakpoints joined by translocation are given in base

pairs (bp).

(F) Treatment timeline for ER0474 with colorectal carcinoma on ClinicalTrials.gov: NCT01851369 (https://clinicaltrials.gov/ct2/show/NCT01851369). On day

2,515 tumor could no longer be visualized by CT; however, a PET scan exhibitedminimal fluorodeoxyglucose uptake near the site of the primary tumor, whichwas

not biopsied, and therefore remains classified as PR.

(legend continued on next page)
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to platinum-based antineoplastic drugs (Isakoff et al., 2015), but

these drugs rarely produce exceptional responses in metastatic

cases. ER0075 was a patient with Her2+ metastatic breast can-

cer who had a complete response to the combination of trastu-

zumab, carboplatin, and docetaxel, which has lasted 7 years

(Figure 2A). This patient’s tumor had a homozygous deletion of

BRCA1, inactivating somatic mutations in BRCA2 and BRIP1

(Figure 2B), and a high-level amplification and overexpression

of ERBB2 (Figures 2C and 2D). BRIP1 physically interacts with

BRCA1, and these two proteins function with BRCA2 to promote

homologous recombination and the resolution of stalled replica-

tion forks that occur during replicative stress (Feng and Jasin,

2017). The exceptional response of this tumor may thus be

ascribed to a triple deficiency in the BRCA pathway, addressed

by carboplatin, and to ERBB2 amplification, addressed by

trastuzumab.

We identified inactivating somatic BRCA2 or BRCA1 genetic

lesions in ER0399, a metastatic cholangiocarcinoma, and

(G) Location of the germline missense mutation, D1238N, in RAD50 in ER0474. When the homologous residue in yeast was mutated, it abolished the action of

RAD50 (see text for details).

(H) Waterfall plot showing response of patients in a colorectal cancer expansion cohort in trial NCT01851369 and corresponding MGMT protein expression by

IHC. For each subject, 100 tumor cells were scored for MGMT immunofluorescence on a scale of 0–3: 0meaning no tumor cells staining and +3meaning >60%of

the tumor cells positive. All patients that failed to respond, expressed MGMT protein robustly (3+, as indicated); the only patient responding to treatment failed to

express MGMT protein (0, as indicated). Bx, biopsy; CT, computed tomography scan; CR, complete response; FOLFOX, 5-fluorouracil, folinic acid, oxaliplatin;

FOLFIRI, 5-fluorouracil, folinic acid, irinotecan; GBM, glioblastoma multiforme; mets, metastases; MRI, magnetic resonance imaging; NGS, next-generation

sequencing; PD, progressive disease; PET, positron emission tomography scan; Sx, surgery; XRT, X-ray treatment.
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Figure 2. Genetic Disruption of Multiple Members of Double-Stranded Break Repair Pathway Combined with HER2 Amplification

(A) Treatment timeline for ER0075 with metastatic breast adenocarcinoma.

(B) Truncating mutations in BRCA2 and BRIP1 in ER0075.

(C) Relative copy number levels in ER0075. Purple dots indicate homozygous deletion of BRCA1.

(D) Expression of ERBB2mRNA in ER breast adenocarcinomas (BRCA, n = 10), all other ER (n = 104) and TCGA (n = 4) cohorts. Purple asterisk indicates ER0075;

the box marks the 25th and 75th quartiles and the whiskers are 1.5 times the inter-quartile range.

(E) Treatment timeline for ER0399, cholangiocarcinoma.

(F) Location of BRCA2 frameshift mutation (see also Table 1) in case ER0399.

(G) Treatment timeline for ER0483, rectal adenocarcinoma.

(H) Intragenic deletion of exons 7–8 in BRCA1 in case ER0483. BRCA, breast cancer; Ca, carcinoma; Dx, diagnosis; Mb, megabases; PR, partial response; NLS,

nuclear localization signal; see legend to Figure 1 for all other abbreviations.
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ER0483, a metastatic rectal adenocarcinoma, respectively, both

of which had an exceptional response when treated with plat-

inum-based therapies (Table 1; Figures 2E–2H). BRCA lesions

are rarely observed in these types of tumors (Figures S3A and

S3B) but could plausibly render these malignancies susceptible

to platinum-based antineoplastic drugs as in other cancer types.

Intracellular Signaling Pathways
Agents targeting oncogenic signaling pathways, most

commonly trastuzumab or bevacizumab, were used to treat 14

of the level 1 cases (Table 1). A patient with metastatic, estrogen

receptor-positive breast cancer (ER0512) was treated with tras-

tuzumab because of a high-level ERBB2 amplification, together

with anastrozole, resulting in an ongoing 2.4-year partial

response (Figure 3A). While the patient was clinically HER2+

(as defined by DNA amplification), the tumor had exceedingly

low expression of ERBB2 mRNA in comparison with the full

TCGA breast cancer cohort (Figure 3B). Indeed, molecular

profiling classified this tumor into the basal-like subtype (Fig-

ure S4) rather than the HER2-enriched subtype, making it un-

likely that trastuzumab contributed to the exceptional response.

The expression of estrogen receptor in this tumor prompted

treatment with anastrozole, an inhibitor of aromatase

(CYP19A), that converts testosterone into estradiol. In the

TCGA and ER breast cancer cohorts, the expression of

CYP19A1 in this patient’s tumor was in the top 1.5% of all sam-

ples (Figure 3B). Thus, the exceptional response in this patient

may have been elicited by anastrozole, potentially reflecting an

extreme addiction of this tumor to aromatase-dependent estro-

gen synthesis. While plausible, the relationship between excep-

tionally high CYP19A1 expression and response to anastrozole

requires validation in other cohorts.

The gastrointestinal stromal tumor from patient ER0096 had a

deletion of KIT exon 11, resulting in a constitutively active KIT

isoform. This patient relapsed after an initial response to the im-

atinib, which targets KIT, but then achieved a complete response

to sunitinib (Figure 3C). Gene expression profiling revealed high

expression of KIT, as expected, but also of genes encoding

several tyrosine kinases that are targeted by sunitinib (KDR,

FLT1, and FLT3) (Lemmon and Schlessinger, 2010), potentially

accounting for the exceptional complete response (Figure 3D).

Of note, previous studies have associated high expression of

these targets with response to sunitinib. For example, a patient

with refractory B-ALL was treated with sunitinib based on high

expression of FLT3 in the leukemic cells and achieved a near

complete molecular remission (Griffith et al., 2016). In a random-

ized phase 3 trial, sunitinib prolonged progression-free and over-

all survival in patients with pancreatic neuroendocrine tumors

(Raymond et al., 2011), which are characterized by high expres-

sion of FLT1 (VEGFR1) and/or KDR (VEGFR2) in the absence of

recurrent mutations in either gene (La Rosa et al., 2003).

Immune Microenvironment
Given the role of immune surveillance in cancer, we examined

immune cell infiltration in ER tumors and control TCGA tumors

using a NanoString immune-oncology gene expression profiling

panel and immunohistochemistry. Among 18 pre-defined signa-

tures of immune subpopulations (see the STAR Methods,
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Figure 3. Exceptional Responders with Genetic Disruption of Signaling Pathways

(A) Treatment timeline for ER0512 with metastatic breast adenocarcinoma.

(B) CYP19A1 and ERBB2 mRNA expression in ER and TCGA tumors. Pink asterisks, HER2+ ER tumors; black asterisks, HER2- ER tumors. ER0512 has high

CYP19A1 but low ERBB2 expression. See also Figure S4.

(C) Treatment timeline for ER0096 with gastrointestinal stromal tumor (GIST).

(D) Relative mRNA expression of indicated genes in GIST (n = 3) and other ER cases (n = 111). Pink asterisk, ER0096; the box marks the 25th and 75th quartiles

and the whiskers are 1.5 times the inter-quartile range.
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Evaluation of Immune Cell-Specific Gene Expression), signa-

tures of B cells and activated (CD56dim) natural killer (NK) cells

were higher in ER tumors than in TCGA tumors (false discovery

rates of 0.0016 and 0.0001, respectively; Figure 4A; Table S3;

see also the STAR Methods). Similar results were obtained

when comparing ER and TCGA tumors from the same cancer

subtype (Figure S5; Table S3). Of note, emerging studies have

associated therapeutic response with increased abundance of

tumor-infiltrating B cells and/or activated NK cells (Cabrita

et al., 2020; Helmink et al., 2020; Hollern et al., 2019; Muntasell

et al., 2019; Petitprez et al., 2020). The immune microenviron-

ment of ER tumors is summarized in Table 1.

We uncovered an unusual immune mechanism while investi-

gating the exceptional response of a patient with metastatic ur-

othelial cancer (ER0401) who was treated with the immune

checkpoint inhibitor nivolumab following failure of chemo-

therapy, radiation, and surgery. Nivolumab produced a complete

response lasting 7months, an outcome observed in only�3%of

bladder cancer patients (Kim and Seo, 2018) (Figure 4B). This tu-

mor expressed high mRNA levels of PDCD1, encoding the nivo-

lumab target PD-1, andCD274, encoding the PD-1 ligand PD-L1

(Figure 4C). It also harbored approximately 32 copies of an am-

plicon encompassing MDM2 and IFNG (encoding interferon-g;

Figure 4D), both of which were expressed at exceptionally high

levels (Figure 4E). Amplification of MDM2 was detected in

�5% of TCGA urothelial cancers but was never associated

with IFNG mRNA upregulation, as in this ER case (Figures S3C

and S3D). Immunohistochemical staining of this tumor revealed

a relatively low abundance of CD3+ T cells (Figure 4F, top panel),

although in moderate proportion relative to tumor-infiltrating

lymphocytes in other ER and TCGA samples (Table S4). CD3+

T cells typically produce interferon-g. We therefore used in situ

mRNA hybridization to investigate whether the high-level IFNG

amplification might result in high IFNG mRNA expression by

the malignant bladder cells. Indeed, IFNG mRNA was robustly

expressed by both the malignant bladder cancer cells and the

sparse CD3+ T cells (Figure 4F, middle panel, and magnified

T cells in Figure 4F, bottom panel). While the amplification of

IFNG in this case could represent either a homogeneously stain-

ing region or an extrachromosomal DNA circle (ecDNA), the high
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Figure 4. Immune Microenvironment of Exceptional Responders

(A) Comparison of B cell- and CD56dim cell-type-specific expression scores between ER (n = 93) and TCGA (n = 35) cases. The box marks the 25th and 75th

quartiles and the whiskers are 1.5 times the inter-quartile range. See also Figure S5 and Table S3.

(B) Treatment timeline for ER0401 with metastatic bladder carcinoma. p values represent FDR-adjusted t test.

(C) Relative mRNA expression of PDCD1, encoding PD-1, and CD274, encoding PD-L1, in bladder cancer from ER (n = 3), other ER cancers (n = 111), and BLCA

from TCGA (n = 3). Red asterisk is ER0401; the box is defined as in (A). CDDP, cisplatin; Mit-C, mitomycin C.

(D) DNA copy number at the MDM2 locus in ER0401 showing high-level amplification of IFNG, encoding interferon-g.

(E) RelativemRNA expression levels of IFNG andMDM2. This case expresses a higher level of IFNGmRNA than any other ER case. n, number of cases; the box is

as in (A).

(F) In situ analysis of IFNGmRNA expression in top panel, CD3 immunofluorescence (green) labeling T cells. DAPI labeling (blue) of cell nuclei, most of which are

tumor cells. Middle panel, IFNG mRNA detected by in situ hybridization using a fluorescently labeled IFNG probe (red), with anti-CD3 co-staining (green). Most

IFNGmRNA foci were detected in the malignant bladder cancer (Ca) cells but were also present in T cells, as indicated. The tissue section was DNase treated to

abrogate hybridization due to amplified IFNG DNA. Bottom panel, high-power image showing IFNG mRNA foci as indicated.
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degree of amplification (323) is more consistent with ecDNA

(Turner et al., 2017), as is the extreme expression of IFNG

mRNA, which is consistent with an altered chromatin structure

in ecDNA (Wu et al., 2019). Interferon-g plays an important,

although complex, role in promoting anti-cancer immunity, and

its expression has been associated with favorable response to

checkpoint blockade (Benci et al., 2019; Garris et al., 2018),

providing a potential explanation for the exceptional response

in this case.

Prognostic Genetics
We defined a ‘‘prognostic genetics’’ category that included ER

tumors with genetic lesions that are now known to be associated

with a favorable prognosis but were not part of routine cancer

diagnosis at the time these patients presented clinically (Table

1). Although ER patients in the prognostic genetics category

relapsed following front-line therapy, their exceptional survival

following salvage therapy could have been abetted by their prog-

nostically favorable genomic characteristics.

Several of the ten high-grade GBMs and astrocytomas had

genetic lesions that aremuchmore common in low-grade glioma

(LGG) than in high-grade glioma and have been associated with

an indolent clinical course following standard therapy (Cancer

Genome Atlas Research et al., 2015). Specifically, six had acti-

vating IDH1 R132 mutations, including one that also co-deleted

chromosome arms 1p and 19q, and four had ATRX mutations

(Tables 1 and S5). Three of the IDH1 mutant tumors exhibited a

DNA methylation pattern characteristic of LGG, whereas the

three tumors with wild-type IDH1 had a DNAmethylation pattern

resembling GBM (Figure 5A). Two ATRX mutations were trun-

cating while two introduced missense substitutions in function-

ally important ATRX domains and were predicted to be delete-

rious. In the TCGA cohort of LGG tumors, these domains

preferentially accumulated missense mutations while, in

contrast, truncating mutations were distributed throughout the

gene (p = 0.0065, Fisher’s exact text, two-sided). Recent reports

demonstrated that several missense mutations targeting one of

these domains (SNF2_N) are loss-of-function (Mitson et al.,

2011), leading us to hypothesize that the missense variants

observed in these two ER patients may well be pathogenic.

Another prognostically favorable genetic lesion is a hotspot

mutation targeting DNA replication polymerase-ε (POLE

V411L), whichwas detected in one refractory anaplastic astrocy-

toma (ER0256) and one poorly differentiated ovarian carcinoma

with clear cell and serious features (ER0009; Figures 5E–5G).

Additionally, this ER ovarian tumor had microsatellite instability

due to a nonsense mutation in MLH1 (Figure 5G, right panel).

POLE V411L alters the exonuclease proofreading domain of

this polymerase, causing an ultramutated genomewith a distinc-

tive mutational signature (Temko et al., 2018). Consistent with

this, ER0256 and ER0009 had 380 and 240 mutations/Mb,

respectively, �100-fold higher than tumors without this muta-

tion. These rare POLE mutations are present in less than 1% of

gliomas (Erson-Omay et al., 2015) and were not detected among

398 TCGA ovarian serous carcinomas (Cancer Genome Atlas

Research Network, 2011). The prolonged survival of these two

ER patientsmay reflect the favorable prognosis of thisPOLEmu-

tation in other cancer types, possibly involving immune recogni-

tion of mutant neoantigens (see Temko et al., 2018 and refer-

ences therein).

Compound ER Mechanisms
Sixteen level 1 cases (62%) harbored molecular changes that

suggested classification into two or more ER categories. One

exemplar was a patient with stage IVb endometrial cancer

(ER0454) who achieved a complete response with paclitaxel,

carboplatin, and temsirolimus and was alive without evidence

of disease 5.8 years after diagnosis (Figure 6A). Exome

sequencing revealed inactivating mutations targeting three

proteins involved in DNA repair—BRCA2, SLX4, and WRN—

that could have sensitized the tumor to carboplatin therapy.

In addition, an activating PIK3CA mutation and an inactivat-

ing PTEN mutation could foster addiction to PI3 kinase/

mTOR signaling and sensitivity to the mTORC1 inhibitor tem-

sirolimus (Meric-Bernstam et al., 2012) (Figure 6B). Tumor

sequencing also revealed microsatellite instability (MSI) due

to methylation and silencing of MLH1 (Figure 6C). MSI endo-

metrial cancers are associated with a relatively favorable

prognosis and abundant microenvironmental immune cells,

attributed to their elevated mutational burden (Cosgrove

et al., 2017), as was observed in this ER tumor (Figure 6D).

Thus, this tumor exhibited features of all four ER categories,

which individually or together could explain the observed

favorable outcome.

Figure 5. Mutations in ER GBM Cases Prognostic for Favorable Outcome

(A) IDH1 mutation correlates with DNA methylation pattern in LGG and GBM. A heatmap showing unsupervised clustering of cancer-associated DNA hyper-

methylation profiles of brain tumors from ER (n = 6), TCGA LGG (n = 511), and TCGA GBM (n = 131) cases as indicated in tracks above the heatmap. The DNA

methylation b values are represented by using a color scale from dark blue (low DNAmethylation) to red (high DNAmethylation). Four ER cases (ER0072, ER0151,

ER0187, and ER0256) were excluded from this analysis, as described in the STAR Methods (see ‘‘Joint unsupervised clustering of ER and TCGA brain tumors’’).

See also Figure S6 and Table S5.

(B) Treatment timeline for case ER0394.

(C) Treatment timeline for ER case ER0305.

(D) Missense mutations in ATRX in ER0305 and ER0394 are likely to be functional. The distribution of missense (green lollipops) and truncating mutations (gray

lollipops) in gliomas are shown. The twomissense mutations found in the ER gliomas (orange squares), M1839K and I2050N, are in key functional domains of the

proteins, SNF2_N and Helicase (He), respectively. SNF2_N domain, amino acid positions 1,536–1,889; helicase domain, amino acid positions 2,018–2,155.

Darker green shading depicts the density of missense mutations; light gray shading is the distribution of truncating mutations. The increase in missense mutation

density over the SNF2 and helicase domains suggests that these mutations may be enriched for functional mutations in glioma. (Compare to distributions of

missense and truncating mutations in lung adenocarcinoma from the TCGA Pan Lung Cancer, where ATRX plays a much smaller role and inactivating mutations

are rare, see Figure S6B.)

(E) Treatment timeline for case ER0256.

(F) Treatment timeline for case ER0009. Doxil, doxorubicin, liposomal.

(G) Schematic depiction of POLE (left) and MLH1 (right) genes accounting for the ultramutated phenotype in cases ER0256 and ER0009.
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DISCUSSION

Bymulti-platform genomic analysis of tumors from a large cohort

of ER patients we were able to generate plausible mechanisms

accounting for the favorable clinical outcomes of nearly one-

quarter of these patients. We identified ER cases in our cohort

with presumptive mechanistic explanations invoking oncogene

addiction, synthetic lethality, the tumor immune microenviron-

ment, and the compound action of multiple genetic aberrations

in the same tumor. Our study provides plausible and testable hy-

potheses that will need to be confirmed in larger cohorts of ERs.

Nonetheless, our study has implications for the use and utility of

comprehensive molecular profiling in cancer diagnosis and

therapy.

Common mechanistic themes emerged among pathologically

diverse ER tumors treated with similar agents, highlighting op-

portunities to exploit synthetic lethal vulnerabilities created by

genomic abnormalities in cancer. This was best exemplified by

the response of a GBM and a colorectal carcinoma to temozolo-

mide, which exerts its antineoplastic effect by methylating

adenine and guanine bases throughout the genome. Tumors

resist temozolomide using both the DR and BER pathways,

which were dually inactivated in these tumors genetically, epige-

netically, or by treatment with the investigation drug TRC102. In

addition to inactivating the BER pathway, TRC102 poisons topo-

isomerase 2, leaving double-strand DNA breaks that are re-

paired by the MRN complex. The ER tumor that was treated

with TRC102 harbored an inactivating mutation targeting the

MRN subunit RAD50, potentially fostering DNA damage-

induced apoptosis. Of note, temozolomide plus TRC102 also

induced a partial remission in one additional patient with colo-

rectal carcinoma, and this patient’s tumor was the only one of

11 tested in which the DR pathway was inactivating by MGMT

silencing. Together, our results suggest a synthetic lethal rela-

tionship between the DR and BER pathways in the context of te-

mozolomide treatment, a concept supported by pre-clinical

studies (MacLeod et al., 2019; Montaldi et al., 2015). These find-

ings suggest a precision medicine strategy to develop the temo-

zolomide/TRC102 combination in MGMT-inactivated tumors

and support the development of inhibitors of MGMT (Wang

et al., 2015) andMRN (Shibata et al., 2014) for use in this context.

Our analysis of ER tumors with lesions in the BRCA pathway

demonstrates both the need for multi-platform genomic profiling

as part of cancer diagnosis and the sophistication that is needed

to interpret the findings correctly. One ER tumor mutationally in-

activated BRCA2 and its interacting partner BRIP1, and also

deleted BRCA1, suggesting that compound damage to the ho-

mologous recombination pathway should be considered when

weighing treatment with platinum compounds and/or PARP in-

hibitors. We detected inactivatingBRCA1 andBRCA2mutations

in two ER tumors representing cancer subtypes in which such

events are extremely rare. Both tumors responded exceptionally
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Figure 6. Exceptional Responders Often Exhibit Vulnerabilities in Multiple Categories

(A) Treatment timeline for ER0454 with metastatic endometrial carcinoma.

(B) Activating PIK3CA mutation and truncating PTEN mutation in ER0454.

(C) mRNA expression ofMLH1 (left panel) and promoter methylation ofMLH1 (right panel) in endometrial carcinomas (UCEC) in the ER and TCGA cohorts. Right

panel, top are color-coded DNA methylation levels from 18 probes in the MLH1 promoter region (see heatmap color key to the right) for ER0454 and, negative

control, ER0521. Right panel, bottom, are methylation data from probe cg00893636 versus MLH1 gene expression levels.

(D) Left panel, relative CD8 and CD3 mRNA expression levels in ER UCEC, all other ER, and TCGA cases. Purple asterisk is ER0454. Right panel, immuno-

histochemical analysis of CD3 andCD8 expression in tissue sections of ER0454. In both (C and D), box plotsmark the 25th and 75th quartiles and thewhiskers are

1.5 times the inter-quartile range; ER UCEC, n = 3; all other ER, n = 111; UCEC TCGA, n = 3.

UCEC, endometrial cancer.
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to cisplatin, suggesting that the detection of such rare events

could provide clinical benefit to such patients.

The prognostic genetics category emphasizes the limitations

of histopathological cancer diagnosis and the need for rapid

integration of relevant genomic findings into routine clinical prac-

tice. ThePOLE-mutant cases in this category illustrate that driver

mutations with known prognostic value in some cancer subtypes

can also be clinically relevant when they occur sporadically in

other cancers. It is arguable whether patients in the prognostic

genetics category should be considered ERs, since it is possible

that they would have had a favorable outcome no matter what

treatment they received. Nonetheless, our analysis suggests

that it is important to recognize such prognostic genetic alter-

ations in tumors from patients on clinical trials to correctly under-

stand the efficacy of an investigational drug. A broad implication

for all cancer patients is that molecular diagnoses should include

screening for such prognostic genetic features since this infor-

mation could inform therapeutic decisions.

Notwithstanding the mechanistic insights reported here

regarding exceptional responses to therapy in cancer, we were

unable to solve these fascinating clinical puzzles in many cases,

leaving ample room to investigate these ER tumors by alternative

analytical methods in the future. To foster reanalysis of these ER

cases, all of their molecular profiling data and clinical information

have been deposited in the NCI Genomic Data Commons, laying

a foundation for even larger studies of exceptional responses in

cancer in the future. The need for further study is highlighted by

several of our ER cases, in which the proposed mechanistic

explanation involved the co-occurrence of multiple genomic ab-

normalities targeting the same pathway, a tumor genotype that

would be rare in unselected cancer series. Other exceptional re-

sponses were apparently explained by a constellation of

genomic aberrations falling into distinct mechanistic categories,

again likely to be uncommon overall in cancer and even among

ER cases. These considerations imply that much larger cohorts

of ER patients will need to be genomically profiled to establish

which rare co-occurring genetic aberrations foster therapeutic

sensitivity. In this regard, other large retrospective population-

based genomic profiling efforts, such as AACR Project GENIE

(Consortium, 2017), should prove helpful in identifying additional

exceptional responder patients whose genomic and clinical data

can be aggregated to understand the actionability of rare genetic

lesions. A final important observation is that the majority of ER

cases could not have been ‘‘solved’’ by analysis of DNA muta-

tions alone, emphasizing the need for multi-platform genomic

analyses of additional ER cases in the future. Such analyses

may solidify, modify, or reject the hypotheses we have proffered,

arguing for an international effort to study large cohorts of these

fascinating patients.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat monoclonal Anti-CD3 Bio Rad Cat# MCA1477; RRID: AB_321245

Rabbit monoclonal Anti-CD8 Abcam Cat# Ab101500; RRID: AB_10710024

Rabbit monoclonal Anti-CD45 Cell Signaling Technology Cat# 13917; RRID: AB_2750898

Rabbit monoclonal. Anti-PDL1 Abcam Cat# Ab228462; RRID: AB_2827816

Mouse monoclonal Anti PD-1 Abcam Cat# Ab52587; RRID: AB_881954

Rabbit polyclonal Anti-cytokeratin, wide

spectrum

DAKO Cat# Z0622; RRID: AB_2650434

Critical Commercial Assays

Library Amplification Readymix: with KAPA

HiFi DNA Polymerase

Kapa Biosystems, Inc., Cat# KK2612

Agencourt AMPure XP beads Beckman Coulter Cat# A63882

SeqCap EZ HGSC VCRome, 96 Reactions Roche NimbleGen Cat# (06465676001)

xGen Blocking Oligos Integrated DNA technologies Cat# 1016184, Cat#1016186

TruSeq RNA Exome, previously marketed

as TruSeq RNA Library Prep for Enrichment

(Cat. No. 20020189), TruSeq RNA

Enrichment (Cat. No. 20020490), Exome

Panel (Cat. No. 20020183)

Illumina Cat# 20020490

TruSeq Rapid SBS Kit-HS (200 cycles) Illumina Cat# FC-402-4001

TruSeq SBS kit v3-HS (200 cycles) Illumina Cat# FC-401-3001

HiSeq Rapid SBS Kit v2 (200 cycles) Illumina Cat# FC-402-4021

XT_HS_IO360_CSO + Standard NanoString Cat# 115000222

Low RNA Input Kit NanoString Cat# 1220000219

XT_IO360 Primers NanoString Cat# 115000219

Deposited Data

TCGA data sets TCGA legacy archive https://portal.gdc.cancer.gov/

legacy-archive/

RNAseq BAM files This paper Phs001145.v1.p1 at https://www.ncbi.nlm.

nih.gov/gap/ and

EXCEPTIONAL_RESPONDERS-ER at

https://portal.gdc.cancer.gov/

DNA BAM files This paper Phs001145.v1.p1 at https://www.ncbi.nlm.

nih.gov/gap/ and

EXCEPTIONAL_RESPONDERS-ER at

https://portal.gdc.cancer.gov/

Mutation tables for SNV and indels, and

for CNA

This paper Phs001145.v1.p1 at https://www.ncbi.nlm.

nih.gov/gap/ and

EXCEPTIONAL_RESPONDERS-ER at

https://portal.gdc.cancer.gov/

DNA Methylation IDAT files This paper Phs001145.v1.p1 at https://www.ncbi.nlm.

nih.gov/gap/ and

EXCEPTIONAL_RESPONDERS-ER at

https://portal.gdc.cancer.gov/

NanoString expression tables This Paper Phs001145.v1.p1 at https://www.ncbi.nlm.

nih.gov/gap/ and

EXCEPTIONAL_RESPONDERS-ER at

https://portal.gdc.cancer.gov/
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RESOURCE AVAILABILITY

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

Staudt, MD, Ph.D. (lstaudt@mail.nih.gov)

Materials Availability
There are no tangible materials produced by this study that are available for distribution.

Data and Code Availability
All DNA and RNA sequence BAM files, DNA methylation files, mutation data, NanoString expression tables, and clinical information

gathered in this study are available in the NCI, Genomic Data Commons under project ID: EXCEPTIONAL_RESPONDERS-ER avail-

able at https://gdc.cancer.gov/about-data/publications/exceptional_responders_2020. The Exceptional Responders project is re-

gisted in dbGaP under accession number Phs001145.v1.p1 at https://www.ncbi.nlm.nih.gov/gap/.

All computer code used in this study is available in the public domain or commercially available as noted in the Key

Resources Table.

METHOD DETAILS

Overview of Genomic Data Analysis
Genomic data from all platforms, as described below, were aggregated and evaluated by genomic data analysts and presented to a

molecular tumor board consisting of clinicians and cancer biologists. Cases were assigned priority levels based on evidence for ER

mechanisms as follows: Level 1: Novel or rare molecular alterations that could be associated through literature support and/or mech-

anistic plausibility with pathways relevant to disease prognosis and/or response to therapy; Level 2: Molecular alterations that were

plausibly associated with therapeutic response, but not supported by evidence in the literature; Level 3: No cancer driver genetic

alterations were observed.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Immunohistochemistry immune cell type

quantification (see also Table S4)

This paper Phs001145.v1.p1 at https://www.ncbi.nlm.

nih.gov/gap/ and

EXCEPTIONAL_RESPONDERS-ER at

https://portal.gdc.cancer.gov/

Clinical information This paper Phs001145.v1.p1 at https://www.ncbi.nlm.

nih.gov/gap/ and

EXCEPTIONAL_RESPONDERS-ER at

https://portal.gdc.cancer.gov/

Oligonucleotides

RNAscope 2.5 LS Probe - Hs-IFNG-C3 Advanced Cell Diagnostics Cat# 310508-C3

Software and Algorithms

R v3.6. 2006 R Development Core Team https://www.r-project.org

function HotellingsT2 in R package ICSNP,

v1.1-1. Nordhausen, Sirkia, Oja, Tyler. 2018

https://CRAN.R-project.org/

package=ICSNP

functions anova, lm, p.adjust, and t.test in

the R package stats (incorporated into base

R, v3.6)

R Development Core Team https://www.r-project.org

function gls in R package nlme, v3.1-137.

Pinheiro, Bates, DebRoy, Sarkar. 2018

R Core Team, 2018 https://CRAN.R-project.org/package=nlme

Function RUVr in RUVseq package v1.22.0 PMID: 25150836 https://www.bioconductor.org/packages/

release/bioc/html/RUVSeq.html

Function varianceStabilizingTransformation

in DESeq2 Bioconductor package v1.28.1

PMID: 25516281 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

Function betweenLaneNormalization in

EDAseq Bioconductor package v2.22.0

PMID: 22177264 https://bioconductor.org/packages/

release/bioc/html/EDASeq.html

SeSAMe v1.3.2 PMID: 30085201 https://www.bioconductor.org/packages/

release/bioc/html/sesame.html
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Tumor Sample Processing
Tumor samples (primary, metastatic, and/or recurrent) with or without matched germline controls (blood or uninvolved solid tissue)

were obtained from 132 patients. FFPE specimens and fresh blood samples were shipped ambient overnight. Frozen specimens

were shipped overnight to the Biospecimen Core Resource using a cryoport that maintained an average temperature of less

than -180�C.
Pathology quality control was performed on each tumor specimen to confirm the specimen was histologically consistent the re-

ported histology, as well as to assess the percent tumor nuclei, percent necrosis, and other pathology features. Tumor samples

with R5% tumor nuclei were submitted for nucleic acid extraction.

DNA and RNAwere co-extracted from solid tissue using amodification of the DNA/RNA AllPrep kit (Qiagen). For frozen tissues, the

flow-through from the Qiagen DNA column was processed using a mirVana miRNA Isolation Kit (Ambion). FFPE tissues were ex-

tracted with a Qiagen FFPE DNA column and a HighPure miRNA RNA column (Roche). DNA was extracted from blood (when avail-

able) using the QiaAmp DNA Blood Midi kit (Qiagen).

RNA samples were quantified by measuring Abs260 with a UV spectrophotometer and DNA quantified by PicoGreen assay. DNA

specimens were resolved by 1% agarose gel electrophoresis to confirm size of molecular weight fragments. A custom Sequenom

SNP panel or AmpFISTRTM IdentifilerTM (ThermoFisher) was utilized to verify that all DNA samples from a case were derived from

the same patient and that the molecular sex matched the reported clinical sex. RNA was analyzed via the RNA6000 Nano assay (Agi-

lent) for determination of an RNA Integrity Number (RIN) for frozen samples or DV200 for FFPE samples. The BCR received samples

from a total of 132 patients, of which 119 cases were sent for genomic analysis. Of the 13 that disqualified, 4 samples were too small

to perform pathology review, 6 had low nucleic acid yields, 1 had fewer than 5% tumor nuclei, and 2 were ineligible due to other pa-

thology findings.

DNA and RNA samples were sent to the Human Genome Sequencing Center (HGSC) at Baylor College of Medicine (Houston, TX)

for sequencing and DNA from tumor samples with greater than 15% tumor nuclei were sent to FoundationMedicine (Cambridge, MA)

for targeted deep sequencing. When nucleic acid quantities were a limiting factor, nucleic acids were prioritized for sequencing at the

HGSC.When residual DNA (96 cases) was available, 250-500 ng of DNAwas sent to the Bellvitge Biomedical Research Institute (Bar-

celona, Spain) for DNA methylation.

For cases with residual tumor (71 cases), 5 unstained slides were prepared at 5-micron thickness and shipped to MD Anderson

(Houston, TX) or the Oregon Health & Science University (Portland, OR) for immunohistochemistry analysis.

Pathology and Image Analysis
Digital slides containing sections of tumor stained for CD3, CD45, CD8, PD-1, and PD-L1 using chromogenic immunohistochemistry

(IHC) were evaluated. Whole slide images were evaluated for quantification and characterization of immune cell infiltrates and PD-L1

expression on neoplastic cells. Serial sections from formalin-fixed paraffin embedded tumorswere stained using IHC for PD-L1, CD3,

CD45, CD8, and PD1. All slides were digitally scanned and scored using semi-quantitative grading and digital image analysis.

The number of positive cells per mm2 (PD1, CD3, CD45, CD8, and PDL1) and the intensity of positive staining (PDL1) were calcu-

lated using QuPath (McCarty et al., 1985). CD3, CD45, CD8, and PD1 expression was found on scattered immune cells that were

individualized within the tumor and in the perivascular compartment. The average area evaluated for PD1, PDL1, CD3, CD45, and

CD8 expression was 16.2 mm2.

In addition to digital cell counts, each sample was scored using a semi-quantitative score as follows: 0 for no positive cells, 1 for

minimal positive cells, 2 for low numbers of infiltrating positive cells which are predominantly along periphery of tumor or perivascular,

3 for moderate infiltrates within tumor with or without significant cells along periphery of tumor, and 4 for marked infiltrate of positive

cells within tumor sample. PDL1 expression was evaluated on neoplastic cells and tumor-infiltrating immune cells throughout viable

regions of tumor including the invasive front. The staining intensity was scored using a scale of 0-3 as follows: 0 for no staining, 1 for

mild staining, 2 for moderate, and 3 for strong staining and tumor H-score (Bankhead et al., 2017) was calculated using QuPath. Tu-

morswere considered PDL1 positive when > 5%of the tumor cells and/or tumor-infiltrating immune cells weremoderately or strongly

PD-L1 positive(Patel and Kurzrock, 2015).

Multiple melanoma samples were evaluated which appeared amelanotic (lacking melanin pigment) and therefore melanin bleach

was not performed. If present, melanin pigment is chromogenically similar to the DAB (3,3’-diaminobenzidine) chromogen used for

IHC staining in this study and can falsely increase staining estimates. Intracellular black pigment (pneumoconiosis) was present in

multiple pulmonary samples and was distinguished from brown pigment resulting from IHC DAB pigment using deconvolution during

quantifications.

IFNG In Situ Hybridization
Interferon gamma (IFNG) expression was detected by staining 5 umFFPE tissue sections with RNAscope 2.5 LS Probe - Hs-IFNG-C3

(ACD, Cat# 310508-C3) and the RNAscope� LS Multiplex Fluorescent Assay (ACD, Cat# 322800) using the Bond RX auto-stainer

(Leica Biosystems) with a tissue pretreatment of 15minutes at 95�Cwith Bond Epitope Retrieval Solution 2 (Leica Biosystems), 15mi-

nutes of Protease III (ACD) at 40�C, and 1:750 dilution of TSA-Cyanine 5 Plus (PerkinElmer).

To confirm if IFNG expression was within activated T-cells, sections where subsequently stained by IHC with rat anti-human CD3

antibody (Bio Rad Ref# MCA1477) at a 1:100 dilution for 60 minutes followed with a 1:100 dilution of rabbit anti-rat IgG secondary

antibody (Vector Laboratories, Inc., Ref# BA-4001) using the Bond Polymer Refine Kit (Leica Biosystems) minus the post primary re-
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agent, DAB andHematoxylin. Antibody bindingwas detectedwith anti-HRP antibody conjugatedwith Alexa 488 (Jackson ImmunoR-

esearch Laboratories, Inc., Cat# 123-545-021) diluted to 13.6 ug/ml for 30 min. Confirmation of tumor cells was determined by sub-

sequent Cytokeratin IHC staining. Following a normal donkey serum block, sections were incubated with Pan Cytokeratin (AE1/AE3

Invitrogen# 41-9003-82) at a 1:25 dilution for 30 minutes. Antibody binding was detected with Donkey anti-mouse IgG Alexa 594 (In-

vitrogen# A-21203).

The RNAscope� 3-plex LS Multiplex Negative Control Probe (Bacillus subtilis dihydrodipicolinate reductase (dapB) gene in chan-

nels C1, C2, and C3, Cat# 320878) followed by IHC with rat anti-IgG1k Isotype antibody (BD Pharmingen, Cat# 559072) and mouse

IgG1 (BD Bioscience# 550878) was used as a negative control for in situ hybridization and IHC negative control. The RNAscope� LS

2.5 3-plex Positive Control Probe, Hs, was used as a technical control to ensure the RNA quality of tissue sections was suitable for

staining. Slides were digitally imaged using an Aperio ScanScope FL Scanner (Leica Biosystems).

Nuclease Treatment

Tissue sections were deparaffinized twice in xylene for 5 minutes each and then twice in 100% ethanol for 3 minutes each. Tissue

pretreatment consisted of peroxidase quenching with RNAscope� Hydrogen Peroxide for 10 minutes at room temperature, antigen

retrieval by boiling in 1X RNAscope� Target Retrieval Reagent for 15 minutes. DNase treatment of sections was performed before

protease digestion by incubating slides with an 8-fold dilution of DNase I (Qiagen) in Buffer RDD (Qiagen) for 30 minutes at 37�C.
Tissue was permeabilized with a 15-minute incubation of Protease Plus (ACD) at 40�C. RNase treatment of tissue was performed

after the protease digestion by incubating slides in 5 mg/ml RNase A (Sigma, Cat#R6513) in PBS for 30 minutes at 40�C. Slides
were thoroughly rinsed in nuclease-free water. Slides were stained (without tissue pretreatment) with a duplex of RNAscope human

PPIB and IFNG probes as described above with 1:750 dilutions of TSA-Cyanine 3 Plus and TSA-Cyanine 5 Plus (PerkinElmer),

respectively.

IFNg and CD3 Immunofluorescence

RNAscope IFNG staining was performed as described above. Slides were then treated with a peroxidase block and subsequently

IHC stained. Normal donkey serum was applied to the sections, followed by incubation with IFN-gamma (1:25 30’, abcam

#ab218426). Reaction was detected with donkey anti-mouse IgG Alexa Fluor 594 (Invitrogen). Multiplex staining continued on the

Bond RX auto-stainer using the Bond Polymer Refine Detection Kit for CD3 (with omission of peroxidase block, post primary reagent,

DAB, and hematoxylin). Sections were incubated with CD3 (1:100 60’, BioRad #MCA1477), followed by Rabbit anti-Rat IgG (Vector

Labs), Polymer anti-rabbit HRP (Bond Refine Kit) and Alexa Fluor 488 AffiniPure Goat anti-Horseradish Peroxidase (Jackson Immu-

noResearch Laboratories). For negative controls, appropriate isotype reagents (mouse IgG2b or rat IgG1) were applied to sections in

place of primary antibodies. Cover slips with Prolong Gold antiFade Mountant (Invitrogen) were placed on slides.

NanoString Gene Expression
Data Production

RNA from FFPE tumor and adjacent normal samples were evaluated for gene expression using the nCounter PanCancer IO 360Gene

Expression Panel, which includes 750 genes related to the microenvironment and immune response in cancer and 20 housekeeping

control genes. Starting with 10 ng of total RNA, we used the Nanostring Low RNA Input Amplification kit (MAN-10046-02) for multi-

plexed target enrichment. Input RNA was initially converted to cDNA prior to amplification with target-specific primers.

In addition, total RNA from 48 TCGA samples, purified from FFPE tissue matched to patients whose fresh frozen tumors had also

been studied, were obtained from the BioSpecimen Core Resource. Of these 35 were successfully sequenced on the NanoString

Platform. These include: BLCA, 3; BRCA, 4; COAD, 8; LUAD, 12; RCC, 4; UCEC, 4.

Amplified cDNA was hybridized with probes from the NanoString Technologies nCounter PanCancer IO360 Profiling Panel

including additional custom probes using hybridization protocol (MAN-10023-13). Overnight hybridization occurred for 20 hours

at 65�C after which the reactions were transferred to the nCounter Prep Station. Removal of excess probes with magnetic bead pu-

rification was performed on the nCounter Prep Station (software v4.0.11.2). Once unbound reporter and capture probeswerewashed

away, the ternary target-probe complexes were immobilized to the streptavidin-coated cartridge and aligned by an electric current.

The cartridge was transferred to the nCounter Digital Analyzer (software v3.0.1.4) and scanned at 555 field of view (FOV). An epi-

fluorescent microscope and CCD camera identified sets of fluorescent spots, which were tabulated for data output. Quality control

metrics were recorded using the nSolver Analysis Software v3.0.22.

Data Analysis

NanoString gene expression values were normalized with the method of Bhattacharya et al. (2020) with upper-quartile normalization

(Bullard et al., 2010) andRemoveUnwanted Variation using Residuals (RUVr) using the RUVr function from theRUVSeqBioconductor

package(Risso et al., 2014). We estimated unwanted technical variation using the set of housekeeping genes that had 1) expression

above background in >97% of samples and 2) the highest correlation with expression of other housekeeping genes (Spearman co-

efficientR0.8), considering the deviance residuals from tumor and adjacent normal samples.We removed 2 dimensions of unwanted

variation with RUVr and counts were variance-stabilizing transformation (VST)-scaled using the DESeq2 Bioconductor package

(Love et al., 2014).

Evaluation of Immune Cell Markers

A 77-gene immune signature representative of 16 individual immune cell types and two cytokines was curated based on work from

Danaher et al., 2017 and Bindea et al., 2013. The cell-types and genes composing the signatures were as follows: B-cells (9 genes)

BLK, CD19, FCRL2, HLA-DOB,MS4A1, PNOC, SPIB, TCL1A, TNFRSF17; CD45 cells (1 gene) PTRPC; T-cells (12 genes) CD2, CD28,
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CD3D, CD3E, CD3G, CD6, CD96, IL2RB, LCK, SH2D1A, TRAT1, ZAP70; Th1 cells (1 gene) TBX21; Treg cells (3 genes) FOXP3,

HAVCR2, CD274; CD8 T cells (3 genes) CD8A, CD8B, GZMM; T helper cells (2 genes) ICOS, CD4; Exhausted CD8 cells (4 genes)

LAG3, CD244, EOMES, PTGER4; Tfh cells (2 genes) CXCL13, PDCD1; Cytotoxic cells (10 genes) CTSW, GNLY, GZMA, GZMB,

GZMH, KLRB1, KLRD1, KLRK1, NKG7, PRF1; Dendritic Cells (3 genes) CCL13, CD209, HSD11B1; Macrophages (7 genes)

CD68, CD84, CXCL5, CD163*, MS4A4A, CCL7, CYBB; Mast cells (3 genes) CPA3, MS4A2, HDC; Neutrophils (8 genes) FPR1, SI-

GLEC5, CSF3R, FCAR, CEACAM3, S100A12, CXCR2, LILRB2; NK CD56dim cells (4 genes)KIR2DL3, KIR3DL1, KIR3DL2, IL21R;

NK cells (3 genes) XCL1, XCL2, NCR1; Cytokines (2 genes) IFNG, TNF. Immune signatures were evaluated in 128 samples with

expression results available on the NanoString platform and include 35 TCGA tumors and 93 exceptional responders. Individual

cell and cytokine scores (18 total, see Table S3) were calculated as the median standardized gene expression of marker genes

for each cell-type or cytokine. Statistical analyses to compare immune profiles, characterized by the 18 different immune scores,

between ER and TCGA tumor samples were performed in the R statistical computing environment (R Core Team, 2018, see Key Re-

sources Table). A Hotelling T2 test (Johnson and Wichern, 2007) was performed using the function HotellingsT2 in the R package

ICSNP (Nordhausen et al., see Key Resources Table) to assess for an overall difference in the mean 18-score immune profile for

ER versus TCGA cases (see Table S3, and main text Figure 4A).

Not all tumor types in the ER set (24 tumor types, 93 cases) were represented in the TCGA set (6 tumor types, 35 cases), therefore a

second Hotelling T2 test was performed restricted to only the subset of six tumor types represented in both case sets (Table S3, and

Figure S5). Additionally, a two-factor multivariate analysis of variance (MANOVA) (Johnson andWichern, 2007) was performed using

the R functions lm and anova in the packages stats (incorporated into base R) applied to the data for the six overlapping tumor types

to evaluate overall difference in the mean 18-score immune profile between ER and TCGA cases after adjustment for tumor type.

Analyses were also conducted for the individual immune scores, and p-values were adjusted for multiple testing (18 scores), control-

ling the false discovery rate (FDR) at a maximum of 10% using the method of Benjamini and Hochberg (Benjamini and Hochberg,

1995) as implemented in the R function p.adjust. For an individual score type, comparisons of mean score unadjusted for tumor

type were based on t-tests; each adjusted comparison was based on a likelihood ratio test in the context of a two-factor Gaussian

linear model evaluating the significance of ER vs TCGA after adjustment for tumor type using the functions gls as implemented in R

package nlme and anova in base R.

Whole Exome Sequencing
Library Preparation

Tumor DNA samples were predominantly derived from FFPE except 3 ovarian samples, which were fresh frozen (FF); and Normal

DNA samples, which were derived from the peripheral blood. DNA samples were constructed using Illumina paired-end pre-capture

libraries following the protocol previously described for FF samples(Rokita et al., 2019). DNA input for libraries was 250 ng of DNA and

Pre-capture Ligation Mediated-PCR (LM-PCR) was performed for 8-10 cycles using the Library Amplification Readymix containing

KAPA HiFi DNA Polymerase (Kapa Biosystems, Inc., Cat # KK2612)

Exome Capture

For exome capture, FFPE, FF and normal samples were pooled separately as 4 libraries per pool using 250 ng of library for each

sample. These pools of libraries were then hybridized separately in solution to the HGSC VCRome 2.1 design (Bainbridge et al.,

2011) (42Mb, NimbleGen) according to the manufacturer’s protocol NimbleGen SeqCap EZ Exome Library SR User’s Guide (Version

2.2) form samples enriched between 2015-2017. Starting in December 2017, probes for exome coverage across >3,500 clinically

relevant genes that are previously <20X (�2.72Mb) were supplemented with PKv1 and PKv2 into the VCRome 2.1 probe to enhance

capture performance of low coverage regions. Blocking oligonucleotides from Sigma (individually sequence specifically synthesized)

or xGen Universal Blocking oligonucleotides (Integrated DNA Technologies) were added into the hybridization to block the adaptor

sequences. Hybridization for FF and normal samples was performed at 560C for �16h and for FFPE samples hybridization was at

420C for 72h. Post-capture LM-PCR amplification was performed using the Library Amplification Readymix containing KAPA HiFi

DNA Polymerase (Kapa Biosystems, Inc., Cat # KK2612) with 12 cycles of amplification. After the final AMPure XP bead purification,

quantity and size of the capture library was analyzed using the Agilent Bioanalyzer 2100 DNA Chip 7500.

Sequencing and Analysis

The library pools were then loaded onto a HiSeq flow cell lane, and following amplification with Illumina’s cBot cluster generation

system, sequencing runs were performed in paired-end mode (2 x 100-bp reads) using the Illumina HiSeq 2000 or 2500 platforms.

On average, the data yielded 10.5 Gb data and 92.6% target bases were covered to 20x or greater depth per sample.

The sequencing pipeline for mapping reads and calling somatic variation was described previously(Wang et al., 2016). Nucleotide

substitutions were called using CARNAC (Consensus and Repeatable Nucleotide Alterations in Cancer), and small indels were de-

tected using PinDel(Ye et al., 2009). Variant annotation was performed with Oncotator(Ramos et al., 2015), with mutation frequencies

taken from COSMIC(Forbes et al., 2017), dbSNP(Sayers et al., 2019), and ExAC(Lek et al., 2016) databases. Tumor purity was esti-

mated using the variant allele fraction of the somatic clonal variants of driver genes. Somatic mutations are tabulated in Table S6.

Putative rare and novel germline variation was defined as SNVs or indels with variant allele fraction ranging from 0.35 to 0.65, and

with population frequency < 0.001 in Thousand Genomes or ExAC databases (Table S7). Copy number alterations, including focal

amplification, deletion, arm-level amplification, and arm-level deletion analyzed using VarScan2(Koboldt et al., 2012). Copy number
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segmentation files from VarScan2 were processed using the Nexus package (BioDiscovery, Inc.) to yield relative copy number plots

showing genomic regions of gain, loss or focal amplification and deletion for each tumor. Table S8 tabulates the genes involved in

each regional copy number event.

RNA Sequencing
Total RNA was quantified using either Caliper Gx or Bioanalyzer 7500 (Agilent) and RNA integrity was determined based on- RIN and

DV200 values. To access the quality of the RNA isolated from FFPE, DV200 was considered as a priority over RIN as previously de-

scribed(Greytak et al., 2018). For CTS sequencing, total RNA requirements were 50ng and DV200 R30%. Illumina’s TruSeq RNA

Library Prep for Enrichment (Cat. No. 20020189), formally known as TruSeq RNA Access Library Prep Kit (Cat # RS-301-2001)

was used to prepare cDNA, libraries following manufacturer’s instructions. Libraries were quantified using Agilent Bioanalyzer

2100 DNA Chip 7500 and 4- libraries were pool for capture enrichment using the TruSeq RNA Enrichment (Cat# 20020490) and

Exome Panel (Cat# 20020183). Enriched library pools were sequenced on Illumina HiSeq 2000 or 2500 platforms to generate

2x100-bp reads.

In addition to the ER samples, total RNA from 48 TCGA samples, purified from FFPE tissuematched to patients whose fresh frozen

tumors had also been studied, were obtained from the BioSpecimen Core Resource. Library preparation and sequencing were

exactly has described for the ER samples. Expression levels for comparing TCGA and ER data shown in all figures pertain to this

data set, except for Figures 4A and S5 which are derived from NanoString data.

On average, 108M readswere generated per sample. RNA-Seq readswere aligned to the human reference genome (hg38) with the

STAR algorithm(Dobin et al., 2013). Gene expression levels determined by HTSeq(Anders et al., 2015) were normalized to FPKM-UQ,

using genemodels fromGENCODE v22 (Harrow et al., 2012). Fusion transcripts were identified using the DeFuse algorithm(McPher-

son et al., 2011).

DNA Methylation
Data Production

The DNA methylation status of the Exceptional Responders patients was determined using bisulfite-converted DNA processed by

the Infinium FFPE restoration process and then hybridized on an Infinium MethylationEPIC BeadChip array (�850,000 CpG sites)

following the manufacturer’s instructions (Illumina Infinium HD Methylation Assay Experienced User Card, Automated Protocol

15019521 v01), as previously described(Moran et al., 2016).

The signal intensities corresponding to methylated (M) and unmethylated (U) alleles were extracted from the IDAT files by the read-

IDATpair function in the R package SeSAMe (https://github.com/zwdzwd/sesame). A detection P-value for each probe was calcu-

lated using pOOBAH (P-value with Out-Of-Band probes for Array Hybridization), which is based on the empirical cumulative distri-

bution function of the out-of-band signal from all Type-I probes(Zhou et al., 2017). The signal intensities were further processed with

background correction and dye-bias correction. The background correction is based on the noob method(Triche et al., 2013). The

dye-bias is corrected using a non-linear quantile interpolation-based method using the dyeBiasCorrTypeINorm function(Zhou et al.,

2017). b values, defined as SM /(SM+SU) for each locus where SM and SU represent signal intensities for methylated and unmethylated

alleles, were computed using the getBetas function. b values range from zero to one, with scores of zero indicating no DNA methyl-

ation and scores of one indicating complete DNA methylation. Probes with a detection P-value greater than 0.05 in a given sample

weremasked as not available (NA). Additional experiment-independent masking of probes subject to cross-hybridization and genetic

polymorphism (N=105,454) was implemented according to the probe manifest (release 20180909) downloaded from http://zwdzwd.

github.io/InfiniumAnnotation(Zhou et al., 2018). Further information on the EPIC array, including detailed annotation of transcription

association for each probe, was obtained from the same source. Probe success rates for each sample calculated after removing the

aforementioned probes masked independently of an experiment are provided in Table S9. GBM (Astrocytoma G4) 0187 was

excluded from the subsequent DNA methylation analysis due to a very low tumor purity.

Epigenetic Silencing in DNA Damage Repair Pathways (DDR)

We examined epigenetic silencing in 276 genes involved in major DDR pathways(Knijnenburg et al., 2018). For each gene, we first

selected CpG sites in the promoter region, defined as the 3 kb region spanning from 1,500 bp upstream to 1,500 bp downstream of

the annotated transcription start site (TSS), that are typically unmethylated (median b value across tumors < 0.2). We then identified

tumors having at least one methylated (b value >0.3) CpG site within that region. Evaluating using a heatmap, we generally observed

DNA methylation at multiple CpG sites across the region in a hypermethylated tumor (MLH1, Figure 3I, right panel; andMGMT, Fig-

ure S2A). The remainder of the cases in which we did not observe a methylated CpG site were left as not having evidence of DNA

hypermethylation, given various numbers of missing data in each sample and a limited number of CpG sites covered in the array.

To identify cases of epigenetic silencing, we first selected the optimal probe for calling epigenetic silencing among TCGA tumors

of the same type by evaluating scatter plots of DNA methylation versus gene expression. We used HM450 data to include additional

probes not examined in the TCGA Pan-Cancer study which was restricted to the probe sets represented on the older generation

HM27 and HM450 array(Knijnenburg et al., 2018). We called epigenetic silencing among Exceptional Responders based on whether

the DNA methylation level fell within the range of TCGA tumors exhibiting epigenetic silencing. We reported six genes with evidence

for epigenetic silencing (Tables 1 and S5). Five genes (EXO5, DDB2, MGMT, MLH3 and MLH1) have been described previously as

frequently hypermethylated in a variety of cancers(Knijnenburg et al., 2018). We also identified POLE4 epigenetic silencing, which

was not examined in the TCGA study due to lack of shared CpG island probes between HM27 and HM450 arrays. MGMT promoter
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DNAmethylation b-value (cg12981137) in each tumor sorted according to the heatmap analysis shown in Figure S2A are included in

Table S10.

Clustering of ER and TCGA Brain Tumors

To examine DNA hypermethylation profiles in brain tumors from Exceptional Responders, we performed joint unsupervised clus-

tering analysis of Exceptional Responder (N=6), TCGA LGG (N=511), and TCGA GBM (N=131) cases in which IDH1 and ATRX mu-

tation status have been determined (Figure S6C). Four Exceptional Responder cases were excluded from the analysis for the

following reasons: No DNA methylation data available (0256); Poor DNA methylation data quality (0072 and 0151 with a probe suc-

cess rate 0.057 and 0.055, respectively); A sample aliquot with little or no tumor cells (0187). Unsupervised clustering was performed

based on CpG sites that did not exhibit tissue-specific DNAmethylation but acquired cancer-associated DNA hypermethylation. We

used DNA methylation data from TCGA histologically normal tissues (720 samples from 22 different tissue types) and leukocytes (3

samples obtained using the sesameDataGet function in the R package sesameData). We selected 100,405 CpG sites that lacked tis-

sue-specific DNA methylation (Methylated at < 10% frequency in any tissue type using a b-value of > 0.2 to define positive DNA

methylation). To minimize the influence of variable tumor purity levels on a clustering result, we dichotomized the tumor DNAmethyl-

ation data using a b-value ofR 0.3 to define positive DNA methylation and < 0.3 a lack of methylation. The dichotomization not only

ameliorated the effect of tumor sample purity on the clustering but also removed a great portion of residual batch effects that are

mostly reflected in small variations near the two ends of the range of b-values. For clustering analysis, we used 5,604 CpG sites

that had data in more than 80% of the samples and were methylated in more than 5% of the tumors. We applied hierarchical clus-

tering with Ward’s method to cluster the distance matrix computed with the Jaccard index. A heatmap was generated based on the

original b-values.

QUANTIFICATION AND STATISTICAL ANALYSIS

d Immune Cell Markers. Eighteen individual immune cell-type and cytokine scores were calculated as the median standardized

gene expression of marker genes for each cell-type or cytokine.

d Statistical analyses to compare immune profiles between ER (24 tumor types, 93 cases) and TCGA (6 tumor types, 35 cases)

tumor samples were performed in the R statistical computing environment (R Core Team, 2018, see Key Resources Table).

d The function HotellingsT2 (R package ICSNP,see Key Resources Table) assessed the overall difference in the mean 18-score

immune profile for ER versus TCGA cases (see Table S3, and main text Figure 4A).

d Statistical analyses to compare immune profiles between a subset of six tumor types represented in both ER (38 cases) and

TCGA (35 cases) sets (Table S3, and Figure S5) was performed using the same Hotelling T2.

d The two-factor multivariate analysis of variance (MANOVA) used the R functions lm and anova in the packages stats (incorpo-

rated into base R) applied to the data for the six overlapping tumor types to evaluate overall difference in the mean 18-score

immune profile between ER and TCGA cases after adjustment for tumor type.

d p-values for individual immune scoreswere adjusted formultiple testing (18 scores), controlling the false discovery rate (FDR) at

a maximum of 10% using the method of Benjamini and Hochberg as implemented in the R function p.adjust.

d Comparisons ofmean score, for an individual score-type, unadjusted for tumor typewere based on t-tests; each adjusted com-

parison was based on a likelihood ratio test in the context of a two-factor Gaussian linear model evaluating the significance of

ER vs TCGA after adjustment for tumor type using the functions gls as implemented in R package nlme and anova in base R.

d These methods are described in detail in the STAR Methods, ‘‘Evaluation of Immune Cell Markers.’’

d T-tests and ANOVA analyses are based on the normal distribution theory. We did not test the assumption of normality because

even when the raw data are not exactly normally distributed, these analysis methods are very robust to departures from

normality as long as the sample sizes are larger than approximately 30.

ADDITIONAL RESOURCES

Study Oversight
This trial, NCT02243592, was approved by the institutional review board/ethics committee at each site and conducted per GoodClin-

ical Practice guidelines, defined by the International Conference onHarmonisation https://www.ich.org/. All patients providedwritten

informed consent in accordance with Declaration of Helsinki principles, https://pubmed.ncbi.nlm.nih.gov/24141714/. Further details

surrounding patient accrual are published, https://pubmed.ncbi.nlm.nih.gov/32339229/.
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Figure S1. Agents used in treatments leading to exceptional response, Related to STAR 

Methods.  Treatment agents are listed on the left and categorized by mechanism of action as 

indicated on the right. Treatments involving standard combinations of drugs are evident from 

systematic correlation across multiple patients. FOLFOX, 5-FU, Folinic acid, oxaliplatin; 

FOLFIRI, 5-FU, Folinic acid, Irinotecan; FOLFIRINOX, 5-FU, Folinic acid, Irinotecan, Oxaliplatin; 

EOX, Epirubicin, Oxaliplatin, Capecitabine (Xeloda). Some agents could be classified in more 

than one category, for example Carmustine alkylates N1 of guanine and N3 of cytosine but also 

forms inter-strand crosslinks.  Note, methoxyamine (TRC102) binds to apurinic/apyrimidinic 

sites formed in the first step of base excision repair, thereby blocking this repair pathway, 

leading to double stranded breaks. Further, bound methoxyamine poisons topoisomerase 2, 

preventing it from re-joining double strand breaks during replication and transcription.  It is 

classified with the alkylating agents because it is often given in combination with alkylating 

agents. Carmustine is administered infused in a biodegradable, Gliadel, wafer layered onto the 

site from which the brain tumor was resected.  CP, cyclophosphamide; XRT, X-ray treatment.  

The mechanism of action of Thalidomide is unknown.   





Figure S2. MGMT CpG island promoter DNA hypermethylation analysis, Related to Figure 

1D.  

(A) DNA methylation patterns at the MGMT promoter CpG island in the Exceptional Responder 

tumors. Tumors with a probe success rate lower than 10% were omitted from the analysis (see 

Table S10). The DNA methylation β values are represented by using a color scale from dark 

blue (low DNA methylation) to red (high DNA methylation). The red box highlights probe 

cg12981137, which was selected in a previous TCGA study as the optimal probe for evaluation 

of MGMT epigenetic silencing (See Methods, “Epigenetic silencing in DNA damage repair 

pathways”). Tumors in each disease group are arranged from top to bottom in order of 

decreasing DNA methylation level at cg12981137. Patient IDs in the selected disease groups 

are listed to the right of the heatmap, in which hypermethylated cases are indicated in red.  

(B) Scatter plots exhibiting an inverse relationship between DNA methylation (cg12981137) and 

MGMT expression [log2(RSEM+1)] in TCGA brain tumors. The DNA methylation levels of 

Exceptional Responder cases are indicated by the red triangles on the horizontal axis. Three 

Exceptional Responder cases (ER0072, ER0151, and ER0256) are missing DNA methylation 

data. 



BRCA1

BRCA2

0.3%

1.8%

BRCA1

BRCA2

1.4%

3%

Colorectal Cancer (n=1099)

Cholangiocarcinoma (n=331)

Genetic Alteration Missense Mutation (putative driver) Truncating Mutation (putative driver)

Fusion Germline Mutation Deep Deletion No alterations

BRCA1

BRCA2

BRCA1

BRCA2

A

B

Figure S3

MDM2

IFNG

CNA 9%

5%

Copy Number (CNA): Amplification Diploid mRNA Expression (Exp) No data
z-score

-3 3

Exp

CNA

Exp

TCGA Bladder Urothelial Carcinoma (n=408)
C

Shallow Deletion
Diploid

Gain

Amplification

-2

0

2

4

6

8

10

12

Shallow Deletion
Diploid

Gain

Amplification

m
R

N
A

 E
xp

re
ss

io
n 

z-
S

co
re

s

-10

0

10

20

30

40

50
MDM2

IFNG

m
R

N
A

 E
xp

re
ss

io
n 

z-
S

co
re

s

D



Figure S3. ER Cases 0075, 0399, 0483. Inactivating mutation in BRCA1 and BRCA2 are 

rare in colorectal cancers and cholangiocarcinomas, Related to Table 1.   

(A) Colorectal cancers, data from MSKCC Impact (n = 1099). In MSKCC impact, BRCA1 had 13 

inactivating of 1099 CRC patients (inactivating = homozygous deletion, nonsense, fs, splice site 

= 10 of 13 are fs.  5/10 are MLH1 or MSH2 inactivating mutations (<1% of patients), 1.4% of 

patients.  

(B) Cholangiocarcinoma, data from 3 studies, MSKCC Impact, TCGA, and the Shanghai 

Intrahepatic Cholangiocarcinoma study were pooled for a combined cohort of 334 samples. 

Data is rendered from cBioPortal. 

Occurrence of MDM2 and INFG amplification in TCGA bladder cancer, Figures C and D 

are also related to Figures 4B-F, case 0401.   

(C) MDM2 and IFNG  are located about 690kb apart on Chr 12q15 and co-amplified in about 

5% of bladder cancers from TCGA (copy number alteration [CNA] tracks). MDM2 is almost 

always upregulated when amplified, whereas IFNG was never upregulated when amplified in 

this data set (expression [exp] tracks).  Nonetheless, in ER0401, IFNG was robustly expressed 

in tumor cells. 

(D) Overall relationship between gene copy number and gene expression for MDM2 and IFNG 

in the TCGA bladder cancer cohort, n=404. The box marks the 25th and 75th quartiles and the 

whiskers are the 1.5 times the inter-quartile range. 
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Figure S4. Breast cancer subtypes among Exceptional Responders, Related to Figures 

3A and B.   

(A) Exceptional responder breast cancer samples co-clustered with the TCGA breast cancer 

and adjacent normal breast samples for the 50 PAM50 genes.  Annotation bars above cluster 

indicate PAM50 subtype, Exceptional Responder Cohort (Ex Resp), Clinical status for ER, PR 

and HER2, and indicator adjacent normal samples.  

(B) The expression profiles of the Exceptional Responder breast cancer cases were fit to the 

PAM50 classifier based on correlation to centroids of each of 5 subtypes listed in the figure Key 

at the upper right.  Below the plot clinical status for estrogen receptor (ER), progesterone 

receptor (PR) and Her2 (ERBB2) are given. The final call for the PAM50 subtype, based on this 

highest correlation, is given at the top of the figure. Note: In this test a normal centroid was 

included, and 3 of the tumors matched the normal most closely.  The commercial Prosigna test 

does not include a Normal-like centroid. Using the Prosigna criteria the 3 Normal like would 

match the Luminal A.  NC – not well correlated (AC0F, had poorer quality RNA); HER2E -- 

Her2-enriched.  
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Figure S5. Comparison of immune signatures for B-cell and CD56dim NK cells. 

Related to Figure 4A Exceptional Responders (ER) and TCGA FFPE samples compared 

among the same 6 tumor types shared by both cohorts. “n”, is the number of tumors tested. 

Expression levels were based on NanoString IO360 array with modifications (see also Star 

Methods, and Tables S3A, B). 





Figure S6. Co-occurrence of ATRX, TP53, IDH1 in LGG and GBM; Related to Figure 5 and 

Table S5.  

(A) Mutation occurrence plot showing the TCGA mutation frequencies for the 3 genes is 

significantly different between low- and high-grade glioma: ATRX, TP53 and IDH1 are all 

commonly mutated in low grade glioma, and much less frequent in primary GBM in the TCGA 

data.    

(B) ATRX mutations in lung adenocarcinoma (TCGA Pan Lung Cancer) where the gene plays a 

much smaller role and inactivating mutations are rare compared to missense mutations. Note 

that in spite of many more missense mutations in this cancer, there is no clustering of missense 

mutations in the SNF2_N or Helicase domains as was observed in glioma. The distribution of 

missense mutations mirrors the distribution of truncating mutations.   



Table S3. Comparison of immune expression signatures between ER and TCGA samples, Related to Figures 4, S5 and STAR 
Methods, “Evaluation of Immune Cell Markers.” 

Signaturea 
ER vs TCGA 
Comparisonb 

MEAN  
ERc SD  ERd 

MEAN  
TCGAe 

SD  
TCGAf p Ttestg 

p Ttest  
FDRh 

p LR  
Group 

adji 

p LR  
Group 

adj FDRj 
B Cell All 0.0493 0.6617 -0.4348 0.5481 0.0002 0.0016 n/a n/a 
NKCD56dim All 0.1628 0.7042 -0.4762 0.5893 0 0.0001 n/a n/a 
CD45 All -0.0537 1.0043 -0.0701 0.8904 0.9325 0.9325 n/a n/a 
CD8 T Cell All 0.0242 0.6174 -0.2166 0.7439 0.0657 0.1805 n/a n/a 
Cytotoxic Cell All -0.025 0.5715 -0.0069 0.6702 0.8791 0.9325 n/a n/a 
Dentritic Cell All 0.0176 0.5092 -0.0713 0.8108 0.4602 0.6372 n/a n/a 
Exhausted CD8 All -0.0784 0.6114 -0.1459 0.7444 0.6014 0.7732 n/a n/a 
Macrophage All -0.0513 0.5498 0.1127 0.6187 0.1488 0.2976 n/a n/a 
Mast Cell All -0.0637 0.7752 -0.0879 0.9114 0.8812 0.9325 n/a n/a 
Neutrophil All 0.0612 0.5257 -0.3025 0.5935 0.001 0.0061 n/a n/a 
Nk Cell All 0.0671 0.8084 -0.2025 0.7639 0.0904 0.2034 n/a n/a 
T Cell All 0.0056 0.6556 -0.1277 0.6944 0.315 0.5154 n/a n/a 
T helper All -0.0984 0.7707 0.1735 0.6174 0.0636 0.1805 n/a n/a 
T fh All 0.0157 0.707 -0.1034 0.6161 0.3817 0.5726 n/a n/a 
Th1 All 0.1027 0.9971 -0.3539 0.9742 0.0217 0.0978 n/a n/a 
T reg All -0.019 0.6411 0.1278 0.6225 0.2467 0.4441 n/a n/a 
IFNG All -0.0388 0.992 0.0511 1.0992 0.6582 0.7899 n/a n/a 
TNF All 0.1047 0.8996 -0.2495 1.1643 0.0702 0.1805 n/a n/a 

B Cell Match Histo -0.1058 0.7378 -0.4348 0.5481 0.0352 0.3166 0.0095 0.0858 
NKCD56dim Match Histo  0.1648 0.8035 -0.4762 0.5893 0.0002 0.0045 0.0007 0.0118 
CD45 Match Histo  -0.1922 1.0241 -0.0701 0.8904 0.5897 0.7582 0.858 0.858 
CD8 T Cell Match Histo  -0.0386 0.5922 -0.2166 0.7439 0.2601 0.6681 0.1322 0.4758 
Cytotoxic Cell Match Histo  -0.0167 0.4746 -0.0069 0.6702 0.9421 0.9421 0.5103 0.7065 
Dentritic Cell Match Histo  -0.0023 0.4934 -0.0713 0.8108 0.6587 0.7673 0.3047 0.6255 
Exhausted CD8 Match Histo  -0.1138 0.6193 -0.1459 0.7444 0.8413 0.8908 0.7726 0.858 
Macrophage Match Histo  -0.0559 0.528 0.1127 0.6187 0.2137 0.6681 0.4347 0.652 
Mast Cell Match Histo  0.051 0.7889 -0.0879 0.9114 0.4876 0.7308 0.658 0.7896 
Neutrophil Match Histo  -0.0587 0.5192 -0.3025 0.5935 0.0654 0.3303 0.1087 0.4758 
Nk Cell Match Histo  -0.0861 0.7993 -0.2025 0.7639 0.5278 0.7308 0.3299 0.6255 
T Cells Match Histo  0.0327 0.63 -0.1277 0.6944 0.3043 0.6681 0.0796 0.4758 
T helper Match Histo  -0.087 0.6065 0.1735 0.6174 0.0734 0.3303 0.2613 0.6255 
T fh Match Histo  0.0469 0.6972 -0.1034 0.6161 0.3341 0.6681 0.1792 0.5377 
Th1 Match Histo  -0.2541 1.0892 -0.3539 0.9742 0.682 0.7673 0.8392 0.858 
T reg Match Histo  0.0402 0.556 0.1278 0.6225 0.527 0.7308 0.6201 0.7896 
IFNG Match Histo  -0.2017 0.9037 0.0511 1.0992 0.2852 0.6681 0.3822 0.6255 
TNF Match Histo  -0.0403 0.8339 -0.2495 1.1643 0.3776 0.6797 0.3634 0.6255 

a, Cell-type signatures from Nanostring IO360               
b,  Cell-type signatures were compared in two ways:  All ER vs All TCGA available; and by using indentical histologies     
c, Mean of scores for the ER cases                  
d, Standard deviation of scores for the ER cases               
e, Mean of scores for the TCGA cases                 
f, Standard deviation of scores for the TCGA cases               
g, P-value for standard t-test (assuming equal variance) comparing mean score in ER cases to that in TCGA cases 
h, Benjamin- Hochberg FDR-adjusted p-value computed from the 18 unadjusted p-values in column F (p Ttest ) 
i,  P-value for a likelihood ratio (LR) test comparing mean score in ER cases to that in TCGA cases after adjusting for tumor type. The LR test tends to be slightly 
more powerful than the standard ANOVA 

j, Benjamin- Hochberg FDR-adjusted p-value computed from the 18 unadjusted p-values in column H (p LR Group adj) 

 

  



Table S5. Exceptional Responder Brain Cancers, Related to Figure 5 and Figure S6A,B. 

Disease Case 
ID 

Age 
Gender Treatment 1p/19q 

loss IDH1 Tel 
mainta TP53 MGMT 

DNA 
Damage 

Responseb 

L1 
Category Comments 

GBM 366 48 F RT, Gliadel 
wafer, TMZ N - TERTp - dn me APEX1,c      

EXO5 me DDR High prolifereation score 

GBM 431 51 M TMZ N - TERTp  - dn - - Lowest MGMT among GBM, 
high IFNG 

GBM 484 73 M RT, TMZ N - TERTp  mut - - Highest proliferation score 
among GBM 

GBM 187 26 F Cediranib 
Cilengitide N R132H - mut - PG 

GBM 394 27 F TMZ, RT N R132H ATRX 
pM1839K mut me DDB2 me PG ATRX VUS in SNF2 domain 

GBM 486 35 M RT TMZ, 
Irinotecan N R132C ATRX fs mut dn me 

DDB2 me 
POLE4 me, 
XRCC4 fs 

PG 

Astrocytoma 
(G3) 151 45 F Irinotecan 

Bevacusumab N R132H ATRX fs mut - PG 

Astrocytoma 
(anaplastic 
G3/4) 

305 28 F Carbozantinib N R132L ATRX 
p.I2050N mut MLH3 me,  

DDB2 me PG 
High mutation burden 7.9/Mb, 
ATRX (VUS) in helicase 
domain 

Astrocytoma 
(G3/4) 256 25 F 

TMZ, 
Irinotecan 

Bevacizumab 
N - - mut POLE V411L PG 

MSI and POLE exonuclease 
domain mutant tumor likely 
indolent 

Low Grade 
Glioma  72 40 M Irinotecan Y R132H - - POLQ ns PG High mutation burden. REV1 

R167S (VUS) 
Abbreviations: DDR, DNA Damage Response; down reg, down-regulation of mRNA expression; fs, frame shift; me, promoter methylation; ns, nonsense mutation; ss, splice site mutation; VUS, 
variant of unknown significance. See footnotes to Table 1 for drug definitions. 

a, TERTp, promoter region mutations upregulating TERT. Inactivation of ATRX promotes activation of the ALT telomere maintenance pathway. 

b, Inactivation of known DNA damage response genes by mutation or DNA methylation. 

c, APEX1 is the 3' partner of a translocation with ACTN4. APEX1 transcriptionally silenced (see Figure 1.) 



Table S9.  Probe success rates for Exceptional Responder cases with methylation 
data. Related to Star Methods, “DNA Methylation, Data production.” 

ER 
Case 

ID 
Sample ID IDAT barcode Probe 

success rate 

012 ER-ABCU-TTM1-A-1-0-D-A508-38 200512330144_R01C01 0.104 
012 ER-ABCU-TTP1-A-1-0-D-A508-38 200512330144_R02C01 0.199 
018 ER-ABDN-TTP1-A-2-0-D-A508-38 200512330144_R03C01 0.577 
073 ER-ABDV-NT1-A-2-0-D-A508-38 200512330144_R04C01 0.521 
073 ER-ABDV-TTP1-A-1-0-D-A508-38 200512330144_R05C01 0.559 
064 ER-ABDX-NT1-A-1-0-D-A508-38 200512330144_R06C01 0.085 
064 ER-ABDX-TTP1-A-2-0-D-A508-38 200512330144_R07C01 0.162 
099 ER-ABEA-TTM1-A-1-0-D-A508-38 200512330144_R08C01 0.065 
095 ER-ABEN-TTP1-A-1-0-D-A76T-38 202915460135_R06C01 0.936 
060 ER-ABEO-TTM1-A-1-0-D-A508-38 200514030011_R01C01 0.066 
060 ER-ABEO-TTP1-A-1-0-D-A508-38 200514030011_R02C01 0.057 
075 ER-ABF0-TTP1-A-1-0-D-A508-38 200514030011_R03C01 0.529 
075 ER-ABF0-NB1-A-1-0-D-A76T-38 202915600004_R04C01 0.984 
104 ER-ABMI-NT1-A-1-0-D-A732-38 202277800017_R03C01 0.786 
104 ER-ABMI-TTP1-A-1-0-D-A76T-38 202915460135_R05C01 0.799 
131 ER-ABNX-TTP1-A-1-0-D-A508-38 200514030011_R04C01 0.395 
009 ER-ABO1-NT1-A-1-0-D-A508-38 200514030011_R05C01 0.625 
009 ER-ABO1-TTP1-A-1-0-D-A508-38 200514030011_R06C01 0.641 
100 ER-ABO4-NT1-A-1-0-D-A508-38 200514030011_R07C01 0.464 
100 ER-ABO4-TTP1-B-1-0-D-A508-38 200514030011_R08C01 0.098 
190 ER-ABOM-TTP1-A-1-0-D-A508-38 200514030133_R01C01 0.233 
176 ER-ABON-TTM1-A-1-0-D-A508-38 200514030133_R02C01 0.058 
176 ER-ABON-TTP1-A-1-0-D-A508-38 200514030133_R03C01 0.429 
137 ER-ABOT-TTM1-A-1-0-D-A508-38 200514030133_R04C01 0.394 
120 ER-ABOU-NT1-A-2-0-D-A508-38 200514030133_R05C01 0.119 
120 ER-ABOU-TTP1-A-1-0-D-A508-38 200514030133_R06C01 0.155 
122 ER-ABPA-TTP1-A-2-0-D-A508-38 200514030133_R07C01 0.067 
010 ER-ABS8-TTP1-A-1-0-D-A508-38 200514030133_R08C01 0.086 
117 ER-ABSE-TTM1-A-1-0-D-A508-38 200514030157_R01C01 0.393 
118 ER-ABSF-TTM1-A-1-0-D-A508-38 200514030157_R02C01 0.558 
143 ER-ABU7-TMM1-A-1-0-D-A508-38 200514030157_R03C01 0.610 
132 ER-ABV2-TTM1-A-1-0-D-A508-38 200514030157_R04C01 0.223 
211 ER-ABV6-TTP1-A-1-0-D-A508-38 200514030157_R05C01 0.706 
108 ER-ABWP-TTM1-A-1-0-D-A508-38 200514030157_R06C01 0.409 



108 ER-ABWP-NB1-A-1-0-D-A76T-38 202915600004_R03C01 0.986 
192 ER-ABXO-TTM1-A-1-0-D-A508-38 200514030157_R07C01 0.059 
151 ER-ABXP-TTP1-A-1-0-D-A508-38 200514030157_R08C01 0.055 
150 ER-ABXQ-TTP1-A-1-0-D-A508-38 200516380104_R01C01 0.167 
197 ER-AC0F-TTP2-A-1-0-D-A732-38 202176290117_R08C01 0.904 
072 ER-AC3K-TTP1-A-1-0-D-A508-38 200516380104_R02C01 0.057 
222 ER-AC3P-TTP1-A-1-0-D-A508-38 200516380104_R03C01 0.054 
078 ER-AC6N-TTM1-A-1-0-D-A76T-38 202915600004_R02C01 0.888 
242 ER-AC81-TTP1-A-1-0-D-A508-38 200516380104_R05C01 0.446 
274 ER-ACFR-NT1-A-1-0-D-A508-38 200512330133_R06C01 0.790 
274 ER-ACFR-TTP1-A-1-0-D-A508-38 200516380104_R07C01 0.367 
226 ER-ACGR-TTM1-A-1-0-D-A508-38 200512330133_R01C01 0.745 
226 ER-ACGR-NB1-A-1-0-D-A508-38 200516380104_R08C01 0.421 
248 ER-ACH5-TTP1-A-8-0-D-A508-38 200512330133_R02C01 0.600 
305 ER-ACHG-TTP1-A-1-0-D-A508-38 200512330133_R03C01 0.844 
343 ER-AD0G-TTP1-A-1-0-D-A508-38 200512330133_R04C01 0.940 
161 ER-AD0W-TTP1-A-1-0-D-A508-38 200512330133_R05C01 0.830 
291 ER-AD3L-TTM1-A-1-0-D-A508-38 200512330133_R07C01 0.848 
148 ER-AD7D-TTM1-A-1-0-D-A508-38 200512330133_R08C01 0.723 
148 ER-AD7D-NT1-A-1-0-D-A732-38 202232360155_R02C01 0.888 
309 ER-ADBL-NT1-A-2-0-D-A508-38 200512330139_R01C01 0.897 
309 ER-ADBL-TTM1-A-2-0-D-A508-38 200512330139_R02C01 0.895 
214 ER-ADBU-TTP1-A-8-0-D-A508-38 200512330139_R03C01 0.697 
214 ER-ADBU-TTR1-A-8-0-D-A508-38 200512330139_R04C01 0.836 
330 ER-ADC2-TTM1-A-1-0-D-A508-38 200512330139_R05C01 0.905 
170 ER-ADIN-NT1-A-1-0-D-A732-38 202176290160_R01C01 0.872 
170 ER-ADIN-TTM1-A-1-0-D-A732-38 202277800017_R01C01 0.853 
324 ER-ADJ2-TTM1-A-1-0-D-A732-38 202410000035_R02C01 0.721 
204 ER-ADRU-NT1-A-1-0-D-A732-38 202176290117_R03C01 0.913 
204 ER-ADRU-TTP1-A-1-0-D-A732-38 202277800091_R02C01 0.773 
384 ER-ADXD-NT1-A-1-0-D-A732-38 202232360155_R05C01 0.884 
384 ER-ADXD-TTP1-A-1-0-D-A732-38 202277800091_R06C01 0.668 
356 ER-ADXR-TTP1-A-1-0-D-A732-38 202176290160_R03C01 0.736 
356 ER-ADXR-TTM1-A-1-0-D-A732-38 202232360108_R07C01 0.838 
372 ER-AE02-TTP1-A-1-0-D-A732-38 202277800091_R01C01 0.625 
282 ER-AE2I-TTP1-A-1-0-D-A732-38 202232360108_R06C01 0.800 
102 ER-AE67-TTP1-A-1-0-D-A732-38 202277800091_R07C01 0.862 
421 ER-AE6D-TTP1-A-1-0-D-A732-38 202277800091_R05C01 0.819 
390 ER-AE7D-NT1-A-2-0-D-A732-38 202176290160_R05C01 0.709 
390 ER-AE7D-TTM1-A-1-0-D-A732-38 202232360108_R02C01 0.643 



059 ER-AE8Q-TTP1-A-1-0-D-A732-38 202232360155_R01C01 0.853 
024 ER-AE8R-TTM1-A-1-0-D-A732-38 202176290117_R04C01 0.906 
024 ER-AE8R-TTP1-A-1-0-D-A732-38 202232360155_R06C01 0.837 
062 ER-AE8U-TTM1-A-1-0-D-A732-38 202232360155_R07C01 0.883 
413 ER-AE91-TTP1-A-1-0-D-A732-38 202232360155_R03C01 0.874 
322 ER-AEK6-TTM1-A-2-0-D-A732-38 202277800017_R02C01 0.790 
349 ER-AEND-TTP1-A-1-0-D-A732-38 202176290160_R06C01 0.799 
454 ER-AF1I-TTP1-A-1-0-D-A76T-38 202915460135_R08C01 0.739 
454 ER-AF1I-NT1-A-1-0-D-A76T-38 202915590155_R01C01 0.804 
457 ER-AFAH-TTP1-A-1-0-D-A732-38 202277800091_R03C01 0.656 
376 ER-B0AT-TTP1-A-1-0-D-A732-38 202277800091_R04C01 0.802 
399 ER-B0BO-TTM1-A-2-0-D-A732-38 202277800017_R08C01 0.765 
428 ER-B0BP-TTM1-A-1-0-D-A732-38 202277800017_R06C01 0.899 
441 ER-B0BV-TTM1-A-1-0-D-A732-38 202176290160_R08C01 0.779 
441 ER-B0BV-NT1-A-1-0-D-A732-38 202277800017_R07C01 0.784 
441 ER-B0BV-NB1-A-1-0-D-A76T-38 202915590155_R02C01 0.978 
481 ER-B0C1-TTP1-A-1-0-D-A732-38 202232360108_R03C01 0.683 
187 ER-B0C2-TTR1-A-1-0-D-A732-38 202277800017_R05C01 0.907 
496 ER-B0C3-NB1-A-1-0-D-A76T-38 202915590155_R03C01 0.982 
404 ER-B0CR-NT1-A-1-0-D-A732-38 202176290117_R05C01 0.909 
404 ER-B0CR-TTP1-A-1-0-D-A732-38 202232360108_R01C01 0.819 
366 ER-B0DO-TTP1-A-1-0-D-A732-38 202277800091_R08C01 0.743 
223 ER-B0EH-TTM1-A-1-0-D-A76T-38 202915460135_R04C01 0.924 
483 ER-B0FX-TTP1-A-9-0-D-A732-38 202410000035_R03C01 0.639 
498 ER-B0FY-TTM1-A-1-0-D-A732-38 202410000035_R01C01 0.776 
395 ER-B0GE-TTP1-A-1-0-D-A732-38 202176290117_R01C01 0.885 
396 ER-B0GF-TTM1-A-1-0-D-A732-38 202277800017_R04C01 0.822 
431 ER-B0GH-TTP1-A-1-0-D-A732-38 202232360108_R08C01 0.813 
425 ER-B0GI-TTP1-A-1-0-D-A732-38 202232360155_R08C01 0.873 
385 ER-B0GM-TTM1-A-1-0-D-A732-38 202176290117_R07C01 0.927 
455 ER-B0GQ-TTP1-A-1-0-D-A76T-38 202915460135_R07C01 0.894 
392 ER-B0HF-TTP1-A-1-0-D-A732-38 202176290160_R04C01 0.827 
392 ER-B0HF-TTM1-A-1-0-D-A732-38 202232360108_R05C01 0.810 
401 ER-B1HQ-TTP1-A-1-0-D-A76T-38 202915590155_R07C01 0.908 
394 ER-B1HR-TTP1-A-1-0-D-A732-38 202232360155_R04C01 0.817 
402 ER-B1HS-TTP1-A-1-0-D-A732-38 202232360108_R04C01 0.892 
486 ER-B1I4-TTP1-A-1-0-D-A732-38 202176290117_R02C01 0.912 
466 ER-B1I5-TTM1-A-1-0-D-A732-38 202176290160_R02C01 0.763 
474 ER-B1I8-TTP2-A-1-0-D-A732-38 202176290160_R07C01 0.782 
500 ER-B1IK-TTM1-A-6-0-D-A732-38 202176290117_R06C01 0.946 



521 ER-B1MD-TTP1-A-14-0-D-A76T-38 202915590155_R06C01 0.763 
515 ER-B1ME-TTM1-A-1-0-D-A76T-38 202915590155_R05C01 0.898 
520 ER-B1MF-TTR1-A-11-0-D-A76T-38 202915600004_R01C01 0.716 
484 ER-B1MG-TTP1-A-1-0-D-A76T-38 202915590155_R04C01 0.827 
513 ER-B1PV-TTM1-A-10-0-D-A76T-38 202915590155_R08C01 0.812 



Table S10. DNA methylation probe success rates for Exceptional Responder cases, 
Related to Figure S2 and STAR Methods.

Case 
Number 

Tumor 
tissue 

Heatmap 
sample 
order 

Disease group 
MGMT DNA 
methylation 

at 
cg12981137 

366 Primary 1 GBM 0.7712 
305 Primary 2 GBM 0.5237 
394 Primary 3 GBM 0.5199 
484 Primary 4 GBM 0.4953 
486 Primary 5 GBM 0.4534 
431 Primary 6 GBM 0.2526 
498 Metastatic 7 Colorectal adenocarcinoma 0.3879 
248 Primary 8 Colorectal adenocarcinoma 0.3481 
474 Primary 9 Colorectal adenocarcinoma 0.3367 
457 Primary 10 Colorectal adenocarcinoma 0.2800 
404 Primary 11 Colorectal adenocarcinoma 0.2292 
095 Primary 12 Colorectal adenocarcinoma 0.1180 
500 Metastatic 13 Colorectal adenocarcinoma 0.0997 
343 Primary 14 Colorectal adenocarcinoma 0.0587 
483 Primary 15 Colorectal adenocarcinoma 0.0567 
384 Primary 16 Colorectal adenocarcinoma 0.0446 
148 Metastatic 17 Colorectal adenocarcinoma 0.0376 
104 Primary 18 Colorectal adenocarcinoma 0.0355 
349 Primary 19 Colorectal adenocarcinoma 0.0329 
395 Primary 20 Colorectal adenocarcinoma 0.0296 
425 Primary 21 Colorectal adenocarcinoma 0.0290 
117 Metastatic 22 Colorectal adenocarcinoma 0.0149 
176 Primary 23 Colorectal adenocarcinoma 0.0097 
073 Primary 24 Gastroesophageal adenocarcinoma 0.5417 
413 Primary 25 Gastroesophageal adenocarcinoma 0.4071 
392 Primary 26 Gastroesophageal adenocarcinoma 0.3920 
392 Metastatic 27 Gastroesophageal adenocarcinoma 0.2527 
161 Primary 28 Gastroesophageal adenocarcinoma 0.1616 
421 Primary 29 Gastroesophageal adenocarcinoma 0.1371 
282 Primary 30 Gastroesophageal adenocarcinoma 0.1197 
376 Primary 31 Gastroesophageal adenocarcinoma 0.0523 
372 Primary 32 Gastroesophageal adenocarcinoma 0.0424 
441 Metastatic 33 Gastroesophageal adenocarcinoma 0.0390 
211 Primary 34 Gastroesophageal adenocarcinoma 0.0178 



018 Primary 35 Gastroesophageal adenocarcinoma 0.0164 
274 Primary 36 Gastroesophageal adenocarcinoma 0.0115 
064 Primary 37 Other 0.0586 
396 Metastatic 38 Other 0.0548 
481 Primary 39 Other 0.0547 
399 Metastatic 40 Other 0.0517 
322 Metastatic 41 Other 0.0477 
390 Metastatic 42 Other 0.0472 
204 Primary 43 Other 0.0439 
170 Metastatic 44 Other 0.0413 
466 Metastatic 45 Other 0.0404 
356 Primary 46 Other 0.0378 
402 Primary 47 Other 0.0369 
062 Metastatic 48 Other 0.0364 
059 Primary 49 Other 0.0349 
078 Metastatic 50 Other 0.0337 
324 Metastatic 51 Other 0.0332 
024 Primary 52 Other 0.0328 
521 Primary 53 Other 0.0323 
454 Primary 54 Other 0.0311 
024 Metastatic 55 Other 0.0308 
520 Recurrence 56 Other 0.0306 
455 Primary 57 Other 0.0305 
356 Metastatic 58 Other 0.0303 
385 Metastatic 59 Other 0.0303 
428 Metastatic 60 Other 0.0303 
102 Primary 61 Other 0.0301 
401 Primary 62 Other 0.0300 
223 Metastatic 63 Other 0.0287 
197 Primary 64 Other 0.0278 
226 Metastatic 65 Other 0.0253 
515 Metastatic 66 Other 0.0248 
214 Recurrence 67 Other 0.0224 
309 Metastatic 68 Other 0.0215 
132 Metastatic 69 Other 0.0201 
137 Metastatic 70 Other 0.0199 
012 Primary 71 Other 0.0198 
330 Metastatic 72 Other 0.0194 
291 Metastatic 73 Other 0.0181 
214 Primary 74 Other 0.0174 



143 Metastatic 75 Other 0.0171 
118 Metastatic 76 Other 0.0158 
513 Metastatic 77 Other 0.0147 
009 Primary 78 Other 0.0130 
075 Primary 79 Other 0.0127 
108 Metastatic 80 Other 0.0118 
242 Primary 81 Other 0.0098 
120 Primary 82 Other 0.0095 
131 Primary 83 Other 0.0084 
150 Primary 84 Other 0.0084 
190 Primary 85 Other 0.0048 
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