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Materials and Methods

URLs

Memorial Sloan-Kettering Cancer Center cBioPortal for Cancer Genomics,
http://www.cbioportal.org/; SnpEff, http://snpeff.sourceforge.net/; dbSNP,
http://www.ncbi.nlm.nih.gov/projects/SNP/; ESP5400,
http://evs.gs.washington.edu/EVS/; 1000 Genomes Project,
http://www.1000genomes.org/; Ingenuity, http://www.ingenuity.com/products/ipa; SIFT,
http://sift.jcvi.org/; PolyPhen-2 http://genetics.bwh.harvard.edu/pph2/; VVarScan Copy
Number Tool http://varscan.sourceforge.net/copy-number-calling.html; ATHLATES,
http://www.broadinstitute.org/scientific-community/science/projects/viral-
genomics/athlates; R package, e1071 http://CRAN.R-project.org/package=e1071.

Patients and clinical characteristics

All patients had stage IV non-small cell lung cancer (NSCLC) and were treated at
Memorial Sloan Kettering Cancer Center (n=29) or the University of California at Los
Angeles (n=5) on protocol NCT01295827 (Table S3). All patients initiated therapy in
2012-2013 and were treated at 10mg/kg every 2-3 weeks, except for 5 patients treated at
2mg/kg every 3 weeks. The overall response rate and progression-free survival are
reported to be similar across dose and schedules (8). All patients had consented to
Institutional Review Board-approved protocols permitting tissue collection and
sequencing. PD-L1 expression was assessed prospectively by immunohistochemistry
using a previously validated murine anti-human anti-PD-L1 antibody (clone 22C3, Merck
& Co., Inc.). Analysis was performed on pre-treatment tumor tissue submitted as part of
the clinical trial and scored by a central pathologist affiliated with the clinical trial.
Membranous expression of PD-L1 on tumor cells and infiltrating immune cells were
scored semi-quantitatively, as >50% membranous staining was considered strong, 1-49%
was considered weak, and <1% was considered negative. PD-L1 scoring was available in
30 of 34 patients; four had unknown expression. Smoking status was evaluated using
previously completed self-reported smoking questionnaires executed as standard of care
at MSKCC or review of medical records at UCLA. Patients eligible for this analysis all
received at least two doses of study therapy and were evaluable for response to
pembrolizumab, and did not prematurely discontinue therapy due to toxicity or
withdrawal of consent.

Tumor samples

All tumor tissue used for sequencing was obtained prior to dosing with pembrolizumab,
except for one non-responder in whom post-treatment tissue was used (study ID
DM123062). Tumor samples used for whole exome sequencing were either formalin-
fixed paraffin-embedded (FFPE, n=26) or flash frozen material (n=8; Table S4). The site
of procurement of tissue used and details of the tissue are listed in Table S4. The
presence of tumor tissue in the sequenced samples was confirmed by examination of a
representative hematoxylin and eosin-stained slide by thoracic pathologists (N.R. or
A.M). Peripheral blood was collected and DNA isolated from all patients (Nucleospin
Blood L, Machery-Nagel). DNA extraction was performed using the DNEasy Kit

(Qiagen).
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Clinical efficacy analysis

Objective response to pembrolizumab was assessed by investigator-assessed immune-
related response criteria (irRC) (46) by a study radiologist. Per protocol, CT scans were
performed every nine weeks. Partial and complete responses were confirmed by a repeat
imaging occurring at least 4 weeks after the initial identification of response;
unconfirmed responses were considered stable or progressive disease dependent on
results of the second CT scan. Durable clinical benefit (DCB) was defined as stable
disease or partial response lasting longer than 6 months (week 27, the time of third
protocol-scheduled response assessment). No durable benefit (NDB) was defined as
progression of disease < 6 months of beginning therapy. Patients who were still ongoing
study therapy at the time of the data lock (October 10", 2014) but who had not yet
reached 6 months of follow up were considered “Not reached” (NR). These patients were
not included in the analysis of DCB/NDB, but were included in assessments of objective
response and progression-free survival. For patients with ongoing response to study
therapy, progression-free survival was censored at the date of the most recent imaging
evaluation. For alive patients, overall survival was censored at the date of last known
contact.

Whole-exome capture and sequencing

Whole-exome capture libraries were constructed via the Agilent Sure-Select Human All
Exon v2.0, 44Mb baited target with the Broad in-solution hybrid selection process.
Enriched exome libraries were sequenced on the HiSeq 2000 platform (Illumina) to
generate paired-end reads (2x76bp) to a goal of 150X mean target coverage (Broad
Institute, Cambridge, MA) (Fig. S12, Table S4). Targeted resequencing using a custom
panel of 376 loci to a target coverage of 500X was performed using Ampliseq (Life
Technologies).

HLA typing
HLA typing was performed at the MSKCC HLA typing lab New York Blood Center by

high-resolution SeCore HLA sequence-based typing method (HLA-SBT) (Invitrogen).
ATHLATES (47) was also used for HLA typing.

Exome analysis pipeline

Raw sequencing data were aligned to the hg37 genome build using the Burrows-Wheeler
Aligner (BWA) version 0.7.10 (48) (Fig. S1). Further indel realignment, base-quality
score recalibration and duplicate-read removal were performed using the Genome
Analysis Toolkit (GATK) version 3.2.2 (49). Mutations were annotated using SnpEffect
version 3.5d (build 2014-03-05) (50). Somatic Sniper version 1.0.0 (51), VarScan
version 2.2.3 (52), Strelka version 1.0.13 (53) and MuTect version 1.4 (54) were used to
generate single nucleotide variant (SNV) calls using default parameters. VarScan and
Strelka were used to generate indel calls.

For variants called by one caller, filters included: coverage depth of 7X or greater and
>10% variant nucleotide allelic fraction in tumor DNA, and >97% normal allelic fraction
in normal DNA. All variants called by one caller were also manually reviewed using



Integrative Genomics Viewer (IGV) (55). For SNVs called by two or more callers,
variants were accepted if they passed the same filters: coverage depth of 7X or greater
and >10% variant nucleotide allelic fraction in tumor DNA, and >97% normal allelic
fraction in normal DNA. However, two additional filtering steps were added. First, for
those variants called by two, three, or four callers, manual review using IGV was
conducted for variants that had a tumor DNA coverage of <7X, tumor variant allelic
fraction 0&K10%, or normal allelic fraction of <97%. Second, single nucleotide
polymorphisms (SNPs) that were rare in the SNP data bases, present in tumor DNA, and
had an allelic fraction of zero in normal DNA were also manually reviewed using IGV
and included as somatic SNVs. Common SNPs were eliminated by comparison to 1000
Genomes Project, ESP6500 (National Heart, Lung and Blood Institute [NHLBI] GO
Exome Sequencing Project) and dbSNP132 (56-58).

Called SNVs (Table S5) were evaluated as deleterious if denoted as such by snpEff
(high), SIFT (59) (score <0.05) or PolyPhen-2 (“D” or "P") (60). SIFT and Polyphen2
prediction scores and GERP++ conservation scores were parsed from doNSFP version
2.2 (61). Validation resequencing of detected mutations was determined to be 95%.

Molecular signature analysis

The mutation spectrum in each sample was calculated by analyzing nonsynonymous and
synonymous exonic single nucleotide substitutions within their trinucleotide sequence
context. That is, for each sample the percentage of each of the six possible single
nucleotide changes (C>A:G>T, C>G:G>C, C>T:G>A, T>A:A>T, T>C:A>G, T>G:A>C,
with the pyrimidine of the Watson-Crick base pair referenced first) within each of the 16
possible combinations of flanking nucleotides was calculated to generate a 96-feature
vector that is used to represent the mutation spectrum for that sample. We utilized a
Support Vector Machine (R package €1071) to generate a binary classifier to distinguish
transversion low (TL) and transversion high (TH) tumors. Similar to a previously
published analysis (16), the classifier was trained using tumors from lifelong never-
smokers and patients with>60 pack -years of smoking history as the respective controls.
The training set was derived from publicly available exome sequencing and smoking
history data from TCGA and previously published results (62). This classifier was
applied to all sequenced patients in order to classify all samples as belonging to either the
TL or TH categories.

In silico neoantigen prediction pipeline

All nonsynonymous point mutations identified were translated into strings of 17 amino
acids with the mutant amino acid situated centrally using a bioinformatic tool called
NAseek (24). A sliding window method was used to identify the 9 amino acid substrings
within the mutant 17mer that had a predicted MHC Class | binding affinity of<500nM to
one (or more) of the patient-specific HLA alleles. Binding affinity for the mutant and
corresponding wild type nonamer were analyzed using NetMHCv3.4 software (25, 26,
63-65) (Table S6).

Combinatorial Coding and Multimer Screening




HLA-A restricted candidate neoantigens were synthesized in-house (Netherlands Cancer
Institute) and HLA-multimers containing these peptides were produced by micro-scale
parallel UV-induced peptide exchange reactions as previously described (28, 66). Briefly,
peptide-MHC complexes loaded with UV-sensitive peptide were subjected to 366-nm
UV light (CAMAG) for one hour at 4°C in the presence of candidate neoantigen peptide
in a 384-well plate. pMHC multimers were generated using a total of 11 different
fluorescent streptavidin (SA) conjugates (Invitrogen). For each pMHC monomer,
conjugation was performed with two of these fluorochromes. NaN3 (0.02% w/v) and an
excess of D-biotin (26.4 mM, Sigma) were added to block residual binding sites.

For T-cell staining, a combinatorial encoding strategy was employed to be able to analyze
for reactivity against up to 47 different peptides in parallel (29). PBL samples were
thawed, treated with DNAse for 1h and stained with pMHC multimer panels for 15 min
at 37C. Subsequently, anti-CD8-AF700 (Invitrogen), anti-CD4-FITC (Invitrogen), anti—
CD14-FITC (Invitrogen), anti-CD16-FITC (Invitrogen), anti-CD19-FITC (Invitrogen),
and LIVE/DEAD Fixable IR Dead Cell Stain Kit (Invitrogen) were added for an
additional 20 min on ice. Data acquisition was performed on an LSR Il flow cytometer
(Becton Dickinson) with FACSDiva 6 software. Cutoff values for the definition of
positive responses were >0.005% of total CD8" cells and >10 events.

For immunophenotypical analysis, day 44 PMLs were stained with HERC1 P3278S
MHC multimers in two colors (qdot 625 (Invitrogen) and PerCPeFluor710 (ebioscience))
plus anti-CD45RA Ab (Invitrogen), anti-CCR7 Ab (BD Bioscience), anti-HLA-DR Ab
(BD Bioscience), and anti-LAG-3 Ab (R&D systems). The immunophenotype of HERC1
P3278S reactive and bulk CD8+ T-cells were analyzed. Data were acquired using an LSR
I flow cytometer (Becton Dickson) with FASCDiva 6 software.

Intracellular cytokine staining

HERC1 P3278S mutant and wild type peptides of 9 amino acids in length (Mutant:
ASNASSAAK, Wild type: ASNAPSAAK) were synthesized (GenScript Piscataway,
NJ). 1.5 x 10° patient PBLs were cultured with 1.5 x 10° autologous PBLs pulsed
with HERC1 P3278S mutant peptide in RPMI media containing 10% pooled human
serum (PHS), 10 mM HEPES, 2 mM L-Glutamine, and 50 uM B-mercaptoethanol
supplemented with IL-15 (10 ng/ml) and IL-2 (10 1U/ml), using methods previously
described (67). Cells were harvested at day 12, stained with 3 uL PE-Cy5-CD107a (BD
Pharmingen), and either left unstimulated, or stimulated by the addition of (a) mutant
peptide or (b) wild type peptide for 2 hours. Cells were then treated with 1x Brefeldin A
and monensin (BioLegend) for 4 hours, and subsequently stained with 1 puL Alexa Fluor
405-CD3 (Invitrogen), 3 uL APC-H7-CD8 (BD Bioscience), and 1 uL ECD-CD4
(Beckman Coulter). Upon subsequent washing and permeabilization, the cells were
stained with the following antibodies to intracellular cytokines: 3 uL Alexa Fluor 647-
IFN-y (Biolegend), 3 uL PE-MIP-1B, and 1 uL PE-Cy7-TNF-a (BD Pharmingen). Data
were acquired by flow cytometry (using CYAN flow cytometer, Summit software, Dako
Cytomation California Inc., Carpinteria, CA). Analysis was done by FlowJo version 10.1,
TreeStar, Inc. CD3+ single cell lymphocytes were gated for analysis (SS vs. FS [low,
mid], FS vs. Pulse Width [all, low], and CD3 vs. “dump” channel [high, low]).




Statistics

Mann-Whitney test was used to compare mutation burdens and differences in the
frequency of nucleotide changes. The log-rank test was used compare Kaplan-Meier
survival curves and the Mantel-Haenszel method was used to determine hazard ratios.
The proportion of objective responders/non-responders or DCB/NDB were compared
using Fisher’s exact test. The receiver operator characteristic (ROC) curve was generated
by plotting the rate of DCB at various threshold settings of mutation burden. That is, the
proportion of all DCB patients with mutation burden above any given cut point
(sensitivity) is plotted against the proportion of the NDB patients that would also exceed
the same cut point (1 — specificity). The area under the curve and exact 95% confidence
intervals are reported. Correlations between nonsynonymous mutation burden and
neoantigen burden, neoantigen burden and best overall response, and frequency of
neoantigen burden/nonsynonymous mutation and best overall response were calculated
using Spearman correlation formula. Statistical analyses were performed using GraphPad
Prism v.6 (Graphpad Prism Software, San Diego, CA).
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Coverage and depth of target exome sequence. Coverage and depth of sequenced
exomes in all sequenced tumors, discovery and validation cohorts, and those with durable
clinical benefit (DCB) or no durable benefit (NDB).
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series of NSCLC (15, 16). (A) Somatic nonsynonymous mutation burden. (B) Total

exonic mutation burden.
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Correlation of molecular smoking signature, nonsynonymous mutation burden, and
neoantigen burden. (A) This hive plot displays the relationship between molecular
smoking signature, mutation and neoantigen burden for each tumor. Red lines depict
transversion low tumors; blue lines depict transversion high tumors. Transversion low
tumors have significantly lower mutation and neoantigen burden compared to
transversion high tumors (Mann Whitney p<0.0001 for both). Nonsynonymous mutation
burden correlates with neoantigen burden (Spearman p 0.91, 95% CI 0.83-0.96,
p<0.0001). (B) This hive plot displays the relationship between pack-years of tobacco
consumption, mutation and neoantigen burden for each tumor. Red lines depict those who
are light/never smokers (<median pack-years of the cohort, 25); blue lines heavy smokers
(>25 pack-years). Modest correlation is seen between pack-years and non-synonymous
mutation burden (Spearman p 0.31, 95% CI -0.05-0.59, p=0.08) as well as between pack-
years and neoantigen burden (Spearman p 0.35, 95% CI 0-0.62, p=0.04).
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Neoantigens and best objective response. Correlation between best overall radiographic
response to pembrolizumab with (A) the absolute quantity of candidate neoantigens
(Spearman p -0.43, 95% CI -0.68- -0.10, p=0.01) or (B) the frequency of candidate
neoantigens/nonsynonymous mutation (Spearman p -0.04, 95% CI -0.39-0.30, p=0.78).
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Immunophenotype of neoantigen-specific T-cells. In the left panel, peripheral blood
lymphocytes (PBLs) from day 44 were used to identify HERC1 P3278S neoantigen
(ASNASSAAK) reactive T-cells using two-color MHC multimer staining, as described.
Neoantigen-specific T-cells are represented by the events in the double positive position.
Flow cytometry dot plots of staining of HERC1 P3278S neoantigen-specific T-cells (Top
panels) and bulk CD8+ T-cells (Bottom panels) show expression of indicated phenotypic
markers.
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Fig. S11.

PBLs pulsed with mutant peptide for 12 days followed by stimulation with mutant
peptide,wild type peptide or no stimulation control show a polyfunctional CD8+ T-
cell response to the mutant peptide only. (A) Neoantigen-induced IFNy production by
CD3+CD8+ T-cells at day 63 and day 297 after initiation of therapy. (B) Co-staining of
CD3+CD8+ cells for CD107a and IFNy after no stimulation, stimulation with wild type
peptide, or stimulation with mutant peptide. (C) Co-staining of CD3+CD8+ cells for
CCL4 and IFNy after no stimulation, simulation with wild type peptide, or stimulation
with mutant peptide. (D) Co-staining of CD3+CD8+ cells for TNF-a and IFNy after no
stimulation, simulation with wild type peptide, or stimulation with mutant peptide.
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_ All patients Discovery Cohort Validation Cohort
n 34 16 18

Age (median, range) 63 years (41-80)
Gender (n, %)
Male 16 (47)
Female 18(53)

Smoking status (n, %)

Current 7(21)
Former 21(62)
Never 6(17)
Histology (n, %)
Adenocarcinoma 29(85)
Squamous 4(12)
NSCLC NOS 1(3)
Driver oncogenes (n, %)
KRAS mutant 8(24)
EGFR mutant 2(6)
ALK re-arranged 1(3)
MK3475 as n line of therapy (n, %)
15t 9(26)
2 11(33)
3rd 5(15)
4™ and beyond 9(26)
PDL1 expression (n, %)
Strong (=50% membranous staining) 10(29)
Weak (1-49%) 14 (41)
Negative (<1%) 6(18)
Unknown 4(12)
Dose of pembrolizumab (n, %)
2mg/kg 5(15)
10mg/kg 29(85)
Confirmed objective response by irRC
Partial response 12 (35)
Stable disease 9 (26)
Progressive disease 13(39)

Durable clinical benefit (PR/SD) > 6 months

Yes 14(41)
No 17(50)
Not yet reached 6 month follow up 3(9)
Somatic non-synonymous mutation burden
(median, range) 200(11-1192)
Total somatic exonic mutation burden
(median, range) 327 (45-1732)

Table S1.
Summary of clinical and genomic characteristics.

62 (56-73)

8 (50)
8 (50)

5(31)
10(63)
1(6)

15(94)
1(6)
0(0)

5(31)
1(6)
0

5(31)
6(38)

1(6)
4(25)

5(31)
6(38)
3(19)
2(12)

0(0)
16 (100)

5(31)
5(31)
6(38)

7 (44)
9 (56)
0(0)

207 (11-746)

309 (45-1011)

63 (41-80)

8 (44)
10 (56)

2(11)
11(61)
5(28)

14(78)
3(17)
1(6)

3(17)
1(6)
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4(22)
5(28)
4(22)
5(28)

5(28)
8(44)
3(17)
2(11)

5 (28)
13(72)

7(39)
5(28)
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7(39)
8 (44)
3(17)

200(35-1192)

322(85-1732)
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Mutations Patient
quantified population

MNonsynonymous
mutations

MNonsynonymous
mutations

Total exonic
mutations

Table S2.

Disc. Cohort:
high burden

Disc. Cohort:
low burden

Valid. Cohort:
high burden

Valid. Cohort:
low burden

All patients:
high burden

All patients:
low burden

All patients:
high burden

All patients:
low burden

8

8

w

17

Median #
mutations/
sample (range)

313 (228-748)

127 (11-190)

368 (201-1192)

122 (35-198)

324 (201-1192)

122 (11-198)

494 (328-1732)

190 (45-326)

ORR [n, %) F&":‘;ﬁ;

5 (63)
0.03
0(0)
5(56)
0.33
2(22)
10 (59)
0.01
2(12)
8
0.28
a

DCB (n of x
patients
evaluable at 6
months, %)
6of 8(75)
0.04
10f8(13) 3.7
Not
5of 64 (83) roachad
0.04
20f9(22) 34
11 0f 144 (79) rea”::e .
0.0011
30f 17 (18) 34
9 of 140 145
0.08
Sof 17 4.1

Fisher's | Median PF5 Log- HR for PFS
Exact P (months) rank P (95% ClI)
145

0.19

001 (0.05.0.70)
0.15

0.008 (0.04-0.59)
0.19

00004 1008-0.47)
0.40

0085 017-098)

Nonsynonymous, total exonic mutation burden, and association with clinical efficacy
to pembrolizumab. Analyzed independently, nonsynonymous mutation burden
significantly correlates with improved confirmed ORR, DCB, and PFS (with the
exception of ORR for the validation cohort, p=0.33). Clinical efficacy strongly correlates
with nonsynonymous mutation burden in the overall set of sequenced NSCLCs. High
total exonic mutation burden correlates less strongly with improved clinical efficacy.
"Denotes that three patients are currently undergoing therapy and have not yet reached 6
months of follow-up; as such, these patients are not included in the DCB/NDB
calculations and are removed from the numerator and denominator.
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Table S3.

Detailed clinical and genomic characteristics of individual patients. Table is provided
in Other Supplementary Material as an Excel file.
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Table S4.

Quality metrics for all samples. Table is provided in Other Supplementary Material as
an Excel file.
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Table S5.
Mutation list. Table is provided in Other Supplementary Material as an Excel file.
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Table S6.

Immunogenic mutations, HLA Types, neoantigens, and predicted MHC binding.
Table is provided in Other Supplementary Material as an Excel file.
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