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METHODS AND MATERIALS FOR ASSESSING AND TREATING CANCER

PRIORITY CLAIM

This application claims benefits of priority to U.S. Provisional Application No.
62/824,807 filed March 27, 2019, the entire contents of which are incorporated herein by

reference.
STATEMENT REGARDING FEDERAL FUNDING

This invention was made with government support under CA180950, CA006973,
and CA121113 awarded by the National Institutes of Health. The government has certain

rights in the invention.

BACKGROUND

1. Technical Field

This document relates to methods and materials involved in assessing and/or
treating a mammal having a cancer. For example, methods and materials provided herein
can be used to determine the corrected tumor mutation burden (cTMB) of one or more
cells (e.g., one or more cancer cells) from a mammal having cancer, thereby identifying
the cancer as being likely to respond to a particular cancer treatment (e.g., a cancer
immunotherapy). This document also provides methods and materials for treating a

mammal identified as having a cancer likely to respond to a particular cancer treatment.

2. Background Information

A high tumor mutation burden (TMB) has been associated with benefit from
immune checkpoint blockade (ICB) across tumor types (Yarchoan ef al., The New
England J. Med. 377:2500-2501 (2017); and Samstein et al., Nature genetics,
doi:10.1038/541588-018-0312-8 (2019)). Despite the value of TMB in predicting
response and survival to ICB, there are tumors with a high TMB that do not respond and
conversely there are tumors with low TMB that benefit from immunotherapy. Moreover,
tissue-based TMB estimates may be challenging in low tumor purity samples and in
tumors with a higher intra-tumoral heterogeneity. These limitations are reflected in the
current NCCN guidelines, where the use of TMB as a predictive biomarker is limited by
lack of calibration and harmonization across multiple next-generation sequencing

platforms. Furthermore, response to immunotherapy is orchestrated by immune-related
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pathways, with the antigen presentation machinery playing a major role as mutation-
associated neo-antigens (MANAs) are presented on MHC-I molecules to CD8+ T cells
and trigger an anti-tumor immune response that translates to clinical benefit. Genetic
variation in the antigen presenting machinery, both at a germline as well as a somatic
level may therefore modulate an effective anti-tumor immune response (Gettinger et al.,

Cancer discovery 7:1420-1435 (2017); and Chowell ef al., Science 359:582-587 (2018)).

SUMMARY

This document provides methods and materials for assessing and/or treating a
mammal having a cancer. For example, methods and materials provided herein can be
used to determine the cTMB of one or more cells (e.g., one or more cancer cells) from a
mammal having cancer, thereby identifying the cancer as being likely to respond to a
particular cancer treatment (e.g., a cancer immunotherapy). This document also provides
methods and materials for treating a mammal identified as having a cancer likely to
respond to a particular cancer treatment.

As demonstrated herein, TMB can be corrected for tumor purity to obtain a cTMB
which can be used to more accurately predict a patient outcome for immune checkpoint
blockade. Furthermore, cTMB can be combined with genomic alterations in receptor
tyrosine kinase (RTK) genes, genome-wide mutational signatures, and HLA class |
genetic variation to capture the multifaceted nature of the tumor-immune system crosstalk
to more accurately predict a patient outcome for immune checkpoint blockade. For
example, this document demonstrates that an analysis of whole exome sequence data
from 3,788 TCGA tumor samples found a significant correlation between TMB and tumor
purity, suggesting that samples with low tumor purity are likely to have inaccurate TMB
estimates. Whole exome sequencing using tumor samples from a cohort of 104 non-small
cell lung cancer patients treated with immune checkpoint blockade identified improved
markers of response, which were validated in a second independent cohort of
immunotherapy treated lung cancer patients.

Having the ability to more accurately predict whether a patient is likely to respond
to a particular cancer treatment (e.g., a cancer immunotherapy) can allow clinicians to
provide an individualized approach in selected cancer treatments, thereby improving
disease-free survival and/or overall survival and/or minimizing subjecting patients to

ineffective treatments. In addition, insights into new mechanisms of resistance to
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immune checkpoint blockade described herein can lay the groundwork for the
identification of molecular markers of response to a particular cancer treatment.

In general, one aspect of this document features methods for treating mammals
having cancer where the methods can include, or consist essentially of, identifying a
sample from a mammal as having a mutation in an ARID1A nucleic acid sequence; and
administering a cancer immunotherapy to the mammal under conditions where the
number of cancer cells present within the mammal is reduced. The sample can include at
least one cancer cell. The sample can be a tissue sample. The mammal can be a human.
The cancer immunotherapy can be alemtuzumab, atezolizumab, avelumab, ipilimumab,
ofatumumab, nivolumab, pembrolizumab, rituximab, or durvalumab. The mammal also
can be administered an additional cancer treatment. The additional cancer treatment can
be surgery, radiation therapy, administration of a chemotherapy, administration of a
hormone therapy, administration of a targeted therapy, or administration of a cytotoxic
therapy. The cancer can be a lung cancer (e.g., a non-small cell lung cancer, a lung
squamous cell carcinoma, or a lung adenocarcinoma).

In another aspect, this document features methods for treating mammals having
cancer where the methods can include, or consist essentially of, identifying a sample from
the mammal as having a molecular smoking signature; and administering a cancer
immunotherapy to the mammal under conditions wherein the number of cancer cells
present within the mammal is reduced. The sample can include at least one cancer cell.
The sample can be a tissue sample. The mammal can be a human. The cancer
immunotherapy can be alemtuzumab, atezolizumab, avelumab, ipilimumab, ofatumumab,
nivolumab, pembrolizumab, rituximab, or durvalumab. The mammal also can be
administered an additional cancer treatment. The additional cancer treatment can be
surgery, radiation therapy, administration of a chemotherapy, administration of a
hormone therapy, administration of a targeted therapy, or administration of a cytotoxic
therapy. The cancer can be a lung cancer (e.g., a non-small cell lung cancer, a lung
squamous cell carcinoma, or a lung adenocarcinoma).

In another aspect, this document features methods for treating mammals having
cancer where the methods can include, or consist essentially of, administering a cancer
immunotherapy to a mammal identified as having at least one cancer cell having a
mutation in an ARID A4 nucleic acid sequence. The mammal can be a human. The cancer

immunotherapy can be alemtuzumab, atezolizumab, avelumab, ipilimumab, ofatumumab,
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nivolumab, pembrolizumab, rituximab, or durvalumab. The mammal also can be
administered an additional cancer treatment. The additional cancer treatment can be
surgery, radiation therapy, administration of a chemotherapy, administration of a
hormone therapy, administration of a targeted therapy, or administration of a cytotoxic
therapy. The cancer can be a lung cancer (e.g., anon-small cell lung cancer, a lung
squamous cell carcinoma, or a lung adenocarcinoma).

In another aspect, this document features methods for treating mammals having
cancer where the methods can include, or consist essentially of, administering a cancer
immunotherapy to a mammal identified as having at least one cancer cell with a
molecular smoking signature. The mammal can be a human. The cancer immunotherapy
can be alemtuzumab, atezolizumab, avelumab, ipilimumab, ofatumumab, nivolumab,
pembrolizumab, rituximab, or durvalumab. The mammal also can be administered an
additional cancer treatment. The additional cancer treatment can be surgery, radiation
therapy, administration of a chemotherapy, administration of a hormone therapy,
administration of a targeted therapy, or administration of a cytotoxic therapy. The cancer
can be a lung cancer (e.g., anon-small cell lung cancer, a lung squamous cell carcinoma,
or alung adenocarcinoma).

In another aspect, this document features methods for treating mammals having
cancer where the methods can include, or consist essentially of, identifying a sample from
the mammal as an activating mutation in EGFR nucleic acid, an activating mutation in
ERBB2 nucleic acid, an activating mutation in MET nucleic acid, an activating mutation
in FGFR1 nucleic acid, or an activating mutation in IGF1R nucleic acid; and
administering a cancer treatment to the mammal under conditions where the number of
cancer cells present within the mammal is reduced, and where the cancer treatment is not
a cancer immunotherapy. The sample can include at least one cancer cell. The sample
can be a tissue sample. The mammal can be a human. The cancer treatment can be
surgery, radiation therapy, administration of a chemotherapy, administration of a
hormone therapy, administration of a targeted therapy, or administration of a cytotoxic
therapy. The cancer can be a lung cancer (e.g., a non-small cell lung cancer, a lung
squamous cell carcinoma, or a lung adenocarcinoma).

In another aspect, this document features methods for treating mammals having
cancer where the methods can include, or consist essentially of, identifying a sample from

the mammal as having germline homozygosity or a loss of at least one HLA class I locus;
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and administering a cancer treatment to the mammal under conditions where the number
of cancer cells present within the mammal is reduced, and where the cancer treatment is
not a cancer immunotherapy. The sample can include at least one cancer cell. The
sample can be a tissue sample. The mammal can be a human. The cancer treatment can
be surgery, radiation therapy, administration of a chemotherapy, administration of a
hormone therapy, administration of a targeted therapy, or administration of a cytotoxic
therapy. The cancer can be a lung cancer (e.g., a non-small cell lung cancer, a lung
squamous cell carcinoma, or a lung adenocarcinoma).

In another aspect, this document features methods for treating mammals having
cancer where the methods can include, or consist essentially of, identifying a sample from
the mammal as having a mutation in a KEAP I nucleic acid sequence; and administering a
cancer treatment to the mammal, and where the cancer treatment is not a cancer
immunotherapy. The sample can include at least one cancer cell. The sample can be a
tissue sample. The mammal can be a human. The cancer treatment can be surgery,
radiation therapy, administration of a chemotherapy, administration of a hormone
therapy, administration of a targeted therapy, or administration of a cytotoxic therapy.
The cancer can be a lung cancer (e.g., anon-small cell lung cancer, a lung squamous cell
carcinoma, or a lung adenocarcinoma).

In another aspect, this document features methods for treating mammals having
cancer where the methods can include, or consist essentially of, administering a cancer
treatment to a mammal identified as having at least one cancer cell having an activating
mutation in £GFR nucleic acid, an activating mutation in ZRBB2 nucleic acid, an
activating mutation in AM/E7 nucleic acid, an activating mutation in ZGFR/ nucleic acid,
or an activating mutation in /GF'/R nucleic acid, where the cancer treatment is not a
cancer immunotherapy. The mammal can be a human. The cancer treatment can be
surgery, radiation therapy, administration of a chemotherapy, administration of a
hormone therapy, administration of a targeted therapy, or administration of a cytotoxic
therapy. The cancer can be a lung cancer (e.g., a non-small cell lung cancer, a lung
squamous cell carcinoma, or a lung adenocarcinoma).

In another aspect, this document features methods for treating mammals having
cancer where the methods can include, or consist essentially of, administering a cancer
treatment to a mammal identified as having germline homozygosity or a loss of at least

one HLA class I locus, where the cancer treatment is not a cancer immunotherapy. The
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mammal can be a human. The cancer treatment can be surgery, radiation therapy,
administration of a chemotherapy, administration of a hormone therapy, administration of
a targeted therapy, or administration of a cytotoxic therapy. The cancer can be a lung
cancer (e.g., a non-small cell lung cancer, a lung squamous cell carcinoma, or a lung
adenocarcinoma).

In another aspect, this document features methods for treating mammals having
cancer where the methods can include, or consist essentially of, administering a cancer
treatment to a mammal identified as having a mutation in a KEAP1 nucleic acid
sequence, where the cancer treatment is not a cancer immunotherapy. The mammal can
be a human. The cancer treatment can be surgery, radiation therapy, administration of a
chemotherapy, administration of a hormone therapy, administration of a targeted therapy,
or administration of a cytotoxic therapy. The cancer can be a lung cancer (e.g., a
non-small cell lung cancer, a lung squamous cell carcinoma, or a lung adenocarcinoma).

In another aspect, this document features methods for identifying a mammal as
having a cancer that is likely to respond to an immunotherapy. The methods can include,
or consist essentially of, determining a cTMB of the cancer, determining a mutational
signature of the cancer, and identifying the cancer as not being likely to respond to an
immunotherapy when the mutational signature of the cancer includes 1) an activating
mutation in a nucleic acid encoding a receptor tyrosine kinase (RTK) polypeptide; and ii)
germline homozygosity or a loss of at least one HLA class I locus. The nucleic acid
encoding the RTK polypeptide is a EGFR, ERBB2, MET, FGFRI, or IGF'IR nucleic acid.
Determining the cTMB of the cancer can include determining an observed TMB
(obsTMB) of a sample including at least one cancer cell from the cancer, determining a
tumor purity () of the sample, and adjusting the observed TMB based on the tumor
purity using a correction factor (v) as set forth in Table 4 to determine the cTMB. The
method of ¢cTMB can be determined using the equation cTMB = r(o)*obsTMB. The
cancer can be a lung cancer (e.g., a non-small cell lung cancer, a lung squamous cell
carcinoma, or a lung adenocarcinoma).

In another aspect, this document features methods for identifying a mammal as
having a cancer that is likely to respond to an immunotherapy. The methods can include,
or consist essentially of, determining a cTMB of the cancer, determining a mutational
signature of the cancer, and identifying the cancer as being likely to respond to the

immunotherapy when the mutational signature of the cancer includes 1) mutation in an
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ARID 1A nucleic acid sequence or a molecular smoking signature; and ii) germline
heterozygosity at least one HLA class I locus. The molecular smoking signature can
include cytosine (C) to adenosine (A) transversions (C>A transversions). Determining
the cTMB of the cancer can include determining an observed TMB (obsTMB) of a
sample including at least one cancer cell from the cancer, determining a tumor purity (a)
of the sample, and adjusting the observed TMB based on the tumor purity using a
correction factor (») as set forth in Table 4 to determine the cTMB. The method of cTMB
can be determined using the equation cTMB = r(0)*obsTMB. The cancer can be a lung
cancer (e.g., a non-small cell lung cancer, a lung squamous cell carcinoma, or a lung
adenocarcinoma).

In another aspect, this document features methods for determining a cTMB. The
methods can include, or consist essentially of, determining an obsTMB of a sample
including at least one cancer cell; determining a tumor purity (a) of the sample; and
adjusting the observed TMB based on the tumor purity using a correction factor (r) as set
forth in Table 4 to determine the cTMB. The ¢cTMB can be determined using the
equation cTMB = r(0)*obsTMB.

Unless otherwise defined, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
invention pertains. Although methods and materials similar or equivalent to those
described herein can be used to practice the invention, suitable methods and materials are
described below. All publications, patent applications, patents, and other references
mentioned herein are incorporated by reference in their entirety. In case of conflict, the
present specification, including definitions, will control. In addition, the materials,
methods, and examples are illustrative only and not intended to be limiting.

The details of one or more embodiments of the invention are set forth in the
accompanying drawings and the description below. Other features, objects, and
advantages of the invention will be apparent from the description and drawings, and from

the claims.

DESCRIPTION OF THE DRAWINGS
Figure 1 (includes Figures 1A-11). Evaluation of the impact of tumor purity and
clonal heterogeneity on TMB estimates. Mutation burden was estimated for 2 in sifico
tumor samples, a high mutator with high intratumoral clonal heterogeneity (A, B) and a

low mutator with low intratumoral heterogeneity (C, D), across a wide range of tumor
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purity values (0.2 — 1.0, shown in the header of each graph). Mutant allele frequency-
MAF distributions are shown for a simulated tumor with true TMB of 265 and 4 mutation
clusters (C1-C4); C1 with 100 clonal mutations (cellular fraction; CF = 1.00), C2 with 50
mutations at CF = 0.70, C3 with 40 mutations at CF = 0.40, and C4 with 75 mutations at
CF = 0.20 at different tumor purity levels (A). The dotted line indicates a MAF of 10%,
which is the threshold used for somatic mutation calling. Power of detection of different
subclones decreased with decreasing tumor purity resulting in a decline in TMB
estimation accuracy (B). The blue line and ribbon mark the median and range of
estimated TMB across 10 replicates, while the red dotted line indicates the true TMB of
the tumor. MAF distributions are shown for a simulated homogeneous tumor with true
TMB of 150 and two mutation clusters (C1-C2); C1 with 100 clonal mutations (CF =
1.00), and C2 with 50 mutations at CF = 0.50 at different tumor purity levels (C).
Estimated TMB for the tumor in (C) at each purity level shows that TMB estimates
remain accurate for lower tumor purity tiers compared to the more heterogeneous tumor
in (A). As tumor purity decreases below 40%, TMB estimates converge. Panel headers
indicate tumor purity and estimated TMB in (A) and (C) and cellular fraction refers to the
fraction of cancer cells harboring a mutation. Analysis of paired tumor-normal whole
exome sequencing data from TCGA samples with tumor purity less than 50% revealed a
positive correlation between TMB and tumor purity in head and neck cancer (R=0.33,
p=0.05; E), renal clear cell carcinoma (R=0.48, p=0.0003; F), lung adenocarcinoma
(R=0.18, p=0.09; G) and lung squamous cell carcinoma (R=0.39 , p=0.002; H). A linear
model was fitted to the mutation sequence data for each tumor type. TMB scores derived
from targeted sequencing highly correlated with tumor purity assessments (Spearman
rho=0.29, p<0.0001; I). HNSCC; head and neck squamous cell carcinoma, KIRC; kidney
renal clear cell carcinoma, LUAD; lung adenocarcinoma, LUSC; lung squamous cell
carcinoma, NSCLC; non-small cell lung cancer.

Figure 2. Tumor purity correlates with TMB estimates from higher sequencing
depth targeted next-generation sequencing. TMB scores derived from targeted sequencing
and tumor purity assessments were retrieved from a published cohort of 1,661 tumors
treated with immune checkpoint blockade (Samstein et al., Nature genetics,
doi:10.1038/s41588-018-0312-8 (2019)) and non-parametric correlations were evaluated.
A significant correlation between TMB and tumor purity was identified for NSCLC
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(Spearman tho=0.29, p<0.0001), bladder cancer (tho=0.18, p=0.03), esophagogastric
cancer (tho=0.19, p=0.05) and head and neck cancer (tho=0.18, p=0.07).

Figure 3 (includes Figures 3A-3F). Correlation of tumor purity with tumor
mutational burden and clinical response in 957 TCGA NSCLC samples and the two
immunotherapy NSCLC cohorts. TCGA lung adenocarcinomas-LUAD (A) and lung
squamous cell carcinomas-LUSC (B) with a higher degree of normal contamination had a
significantly lower TMB compared to tumors with a tumor purity > 50% (Mann-Whitney
p=0.06 and p<0.001 for LUAD and LUSC respectively). In the two immunotherapy
treated NSCLC cohorts, the correlation between TMB and tumor purity was particularly
pronounced for tumor purity less than 30% (p=0.008 and P=0.08 for overall comparisons
of TMB across tumor purity tiers for cohort 1 and cohort 2 respectively (C-D). Tumor
purity was associated with clinical benefit from ICB when mutation-based purity was
used, which is most likely attributed to the contribution of TMB in the mutation-based
purity calculation; however no difference in tumor purity was found between responding
and non-responding tumors when copy-number based tumor purity and adjusted tumor
purity was used in cohort 1 (E) and cohort 2 (F).

Figure 4 (includes Figures 4 A-4F). Impact of corrected TMB and single genomic
biomarkers on overall survival. Through simulation analyses correction factors were
developed for different tumor purity values (A) and we determined corrected TMB values
for the tumors our cohort. Patients with higher observed TMB (using the second tertile as
a threshold) had marginally longer overall survival (log rank p=0.048; B); the association
of TMB with overall survival became more significant after TMB was corrected for
tumor purity (log rank p=0.014; C). Patients with a molecular smoking mutational
signature derived durable benefit from immune checkpoint blockade (log rank p=0.031;
D). Activating RTK mutations identified a group of patients with dismal prognosis in
both cohort 1 (log rank p=0.005) and cohort 2 (log rank p=0.009). cTMB; corrected
TMB, RTK; receptor tyrosine kinase.

Figure 5. Genomic drivers associated with response to immune checkpoint
blockade. Responding tumors had a higher total and clonal observed TMB compared to
non-responding tumors (p=0.002, FDRadjusted p=0.012 and p<0.001, FDR-adjusted
p=0.005 respectively), however there was considerable overlap in the TMB range
between responding and non-responding tumors. There were no differences in tumor

purity and tumor aneuploidy between responding and non-responding tumors. Overall, a
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higher number of single base substation and indels were found in responding tumors,
which was largely driven by their higher TMB. An enrichment in the C>A
transversion-rich molecular smoking signature was found in patients with durable clinical
benefit (p=0.003, FDR-adjusted p=0.027). Activating mutations in RTK genes (EGFR
and ERBB2 point mutations and amplifications, MET amplification, FGFR1
amplification and IGF1R amplification) were found to cluster in patients that did not
derive durable clinical benefit from immune checkpoint blockade (p<0.001,
FDR-adjusted p=0.002) independent of TMB (TMB-adjusted p=0.04). Recurrent genomic
alterations in ARID1A, including truncating mutations in the setting of LOH of the
wild-type allele, were predominantly found in patients with durable clinical benefit
(p=0.005, FDRadjusted p=0.024, TMB-adjusted p=0.062). A trend towards enrichment in
KEAPI mutations, especially in the context of biallellic inactivation was found in patients
without durable clinical benefit (TMB-adjusted p=0.074). We did not detect any
loss-of-function mutations in JAK1 or JAK2 or an enrichment of cooccurring KRAS and
inactivating STK11 mutations in non-responding tumors. A homozygous deletion in
PTEN was found in a patient with a short-lived response to immune checkpoint blockade
and MDM2/MDM4 amplifications were identified in 3 non responders. CNV; copy
number variation.

Figure 6. Distribution of observed (black circles) and corrected TMB for patients
in cohort 1 are shown for each tumor purity tier. Corrected TMB values are denoted by
purple circles for tumor purity 0.1-0.25 and green circles for tumor purity >0.25, error
bars represent 95% confidence intervals. cTMB values are capped at 1000. After
correction for tumor purity cases 5 patients were reclassified from low mutators to high
mutators. DCB; durable clinical benefit, NDB; non-durable clinical benefit, NA;
radiographic response non evaluable.

Figure 7 (includes Figures 7A-7B). [n silico dilution experiment of single base
substitutions to evaluate the power to accurately determine contribution of a dominant
mutation signature. Mutation signature analyses were performed on whole exome data
from 985 NSCLC tumors (508 lung adenocarcinomas and 477 squamous cell carcinomas)
obtained through TCGA. Seventy-six NSCLC tumors (64 lung adenocarcinomas and 12
squamous cell carcinomas) had a tumor mutation load >250 and a molecular smoking
signature >75% and were further selected for an in silico dilution series. Mutation counts

were diluted from maximum count to a minimum of 5 using random resampling, to

10
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evaluate consistency and divergence in the predicted presence of a smoking signature (A).
On average, 20 mutations were sufficient to predict the presence of a smoking signature
at a 50% level. Mutational load below 20 mutations lead to a 30% difference from the
original contribution of the C>A transversion rich signature value and therefore
represents a threshold beyond which, there is a significant deviation from accurately
determining a dominant mutation signature (B).

Figure 8 (includes Figures 8 A-8B). Genomic drivers associated with response to
immune checkpoint blockade in cohort 2 and impact of RTK mutations on outcome in
cohort 3. Responding tumors had a higher total and clonal TMB compared to
non-responding tumors (Mann Whitney p=0.006 and p=0.004 respectively; A).
Progression-free survival, histology and tumor purity are shown as separate panels.
Patients with a clinical response had a higher contribution of the molecular smoking
signature (Mann Whitney p=0.054). There were no differences in tumor aneuploidy
between responders and non-responders (Mann Whitney p=0.72). A significant
enrichment in RTK activating mutations, including point mutations and amplifications in
EGFR, amplifications in ERBB2 and MET exon 14 skipping, was found in
non-responding tumors (chi square p=0.056). A third cohort of NSCLC patients treated
with ICB was obtained from CBioportal; for this cohort sequence and copy number
alterations alongside with outcome information was publicly available. Patients with
activating RTK mutations in EGFR, ERBB2, MET, FGFR1 and IGF1R had a
significantly shorter progression-free survival (log rank p=0.035; B). CNV; copy number
variation.

Figure 9 (includes Figures 9A-9C). Co-deletion of IFN-related genes in tumors
with CDKN2A homozygous deletions. Given that deletions in IFN-y genes have been
described as a potential mechanism of intrinsic resistance to immunotherapy, we
investigated whether there is an enrichment in IFN-y related gene copy number variation
in non-responding tumors. A cluster of IFN-y related genes (IFNE, IFNA1, IFNA2,
IFNA4, IFNAS, IFNA6, IFNAS, IFNA14, IFNA21, IFNW1 and IFNBI1) is located on
chromosome 9 (p21.3), in close proximity to the CDKN2A locus (A). The locus that
contains both the IFN-y related genes and CDKN2A was frequently found to be deleted;
an example of such homozygous deletion is shown for case CGLU262 (B). The vertical
axes denote the relative copy ratio (log2 scale), and the integer copy number levels

assigned to genomic bins (circles) and segments. Purple and green boxes mark the
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coordinates of IFN gene cluster and CDKN2A, respectively. The frequency of
homozygous deletions in IFNE, IFNA1, IFNA2, IFNA4, IFNAS, IFNA6, IFNAS,
IFNA14, IFNA21, IFNW1 and IFNB1 was similar in responding and non-responding
tumors and more importantly, these deletions co-occurred with CDKN2A loss in 86% of
the cases, whereas CDKN2A deletions also occurred independently (C). Given that,
CDKNZ2A and the group of IFN-y pathway genes lie on chromosome 9p within a span of
917 Kb, IFN-y deletions may be passengers in the setting of a driver CDKN2A deletion.
CNA: copy number aberration.

Figure 10. Pathway enrichment analysis for DNA damage repair genes and the
wnt pathway in cohort 1. We investigated co-occurrence of mutations in DNA damage
repair genes involved in base excision repair (DDR-BER), DNA damage sensoring, the
Fanconi anemia pathway (FA), homologous recombination (DDR-HR), mismatch repair
(DDR-MMR), nucleotide excision repair (DDR-NER), non-homologous end joining
(DDR-NHEJ) and translesion DNA synthesis (DDR-TLS). Mutations were characterized
by consequence (missense, frameshift, nonsense, splice site, in-frame) and recurrence
(hotspots) and loss of the wild type allele was considered in case of truncating mutations
(biallellic inactivation). A similar analysis was performed for genes involved in the wnt
pathway. A high TMB tumor with biallellic inactivation of MLH1 and a tumor with a
gain-of-function beta-catenin hotspot mutation were identified among responders and
non-responders respectively, with no additional significant differences in genomic
alterations in the DDR and WNT pathways between responders and non-responders.

Figure 11. Large-scale copy number analyses for NSCLC tumors in cohort 1. A
genome-wide analysis of copy number profiles revealed genomic regions with copy
number gains and losses and was used to determine the extent of tumor aneuploidy. The
relative copy ratio (LogR) values quantifying the abundance of each genomic region
compared to the genome average (ploidy) are shown after correction for tumor purity in
responding and non-responding tumors. Red and blue shades indicate copy gains and
losses, respectively, whereas white marks copy neutral regions. There was no significant
difference in the degree of aneuploidy assessed by the fraction of genome with allelic
imbalance between the two groups (Mann Whitney p=0.367, FDR-corrected p=0.65).

Figure 12. MANA characteristics for NSCLC tumors in cohort 1. The
distributions of total MANA load and fit MANA load are shown in the top panel.
Responding tumors harbored a higher load of fit MANAs (determined as neopeptides
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with a predicted MHC affinity < 50nM for which the wild type peptides has a predicted
MHC affinity of > 1000nM) compared to non-responding tumors (Mann-Whitney
p=0.01). MANAs derived from frameshift mutations were compared between responders
and nonresponders after filtering out those most likely to undergo nonsense mediated
decay; a higher MANA load stemming from frameshifts was found in responders
(p=0.08). The cumulative length of frameshifts until reaching a stop codon was assessed
after correcting for nonsense mediated decay and TMB; no differences were found
between responding and non-responding tumors. Neopeptides RLDGHTSL, FYSRAPEL
and HRHPPV AL stemming from frameshift mutations in SH2D7, ADAMTS12 and
KLHLA42, found in 3 responding tumors, had a high homology to Mycobacterium leprae,
Mycobacterium tuberculosis and HHV 5 antigens respectively. FS; frameshift, NMD;
nonsense mediated decay, Hom; homologous.

Figure 13. Distribution of hotspot mutations and associated potentially
immunogenic MANAs in NSCLC tumors with differential responses to immune
checkpoint blockade. The number of mutations with at least one fit MANA (determined
as neopeptides with a predicted MHC affinity < 50nM for which the wild type peptides
has a predicted MHC affinity of > 1000nM) in each tumor, divided by clonality and
hotspot status is shown in the top distribution graph. Clinical response and overall
survival are shown in the middle panel. Clonal hotspot frameshifts and in-frame
insertions and deletions in ANTRX2, TP53, EGFR, ASXLI, NOTCH?2, ZFP36L2,
FAMI71B, SLC35F5, CD93 and SLAMF'] generated fit MANAs shown in the lower
panel. There was no difference in the number of clonal fit MANAs between responding
and non-responding tumors. NDB: No durable benefit, DCB: durable clinical benefit.

Figure 14 (includes Figures 14A-14D). HLA class I genetic variation and
association with response to immune checkpoint blockade. The number of HLA class 1
germline alleles is shown in (A), with no differences in the degree in homozygosity found
between responders and non-responders. HLA class I somatic mutations were infrequent.
HLA class I germline zygosity and somatic HLA class I LOH events were combined to
calculate the unique number of HLA class I alleles on cancer cells. We identified one
tumor with homozygous loss of HLA-B in patient CGLU310 who achieved durable
clinical benefit from anti-PD1 therapy without evidence of disease progression 14 months
after treatment initiation, suggesting that response may be attributed to NK-cell mediated

cell lysis in the setting of HLA class I homozygous deletion. There was no evidence of
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biallellic inactivation of f2-microglobulin in cohort 1. Tumors with reduced antigen
presentation potential (<5 unique tumor HLA class I alleles) were linked to worse
outcome (log rank p=0.08; B), this observation was more prominent when the number of
HLA class I alleles in the tumor was combined with TMB. Patients with low TMB and
reduced antigen presentation potential had a significantly shorter overall survival (log
rank p=0.01; C). Tumors with lower antigen presentation capacity showed a significantly
lower level of CD8+ T cell density (Mann Whitney p=0.005; D).

Figure 15. Frequency of loss of heterozygosity at a chromosomal arm level in 11
tumor types. We investigated whether there is an enrichment for chromosome 6p
-contains the HLA class I loci- LOH events in NSCLC compared to the background
arm-level allelic imbalance of the same tumor type and across tumor types. Chromosome
6p losses were not more frequent compared to other chromosomal arm level deletions (on
the contrary the degree of chromosome 6p LOH was lower compared to other
chromosomal arms deletions in lung tumors, p=0.037). In contrast, when chromosome 6p
LOH events were compared between lung tumors and 9 tumor types (BLCA, BRCA,
COAD, GBM, HNSC, KIRC, OV, READ and SKCM, n=3,674), we found that LOH
events involving chromosome 6p that contains the HLA class I loci are more frequent in
lung cancer (17.3% vs. 8.2%, p<0.001), without any evidence for positive selection of
these events in advanced stage disease. BLCA; bladder urothelial carcinoma, BRCA;
breast invasive carcinoma, COAD; colon adenocarcinoma, GBM; glioblastoma, HNSC;
head and neck squamous cell carcinoma, KIRC; kidney clear cell carcinoma, LUAD; lung
adenocarcinoma, LUSC; lung squamous cell carcinoma, OV ovarian cancer, READ;
SKCM; skin cutaneous melanoma.

Figure 16. Correlation between tumor mutation burden and degree of germline
HLA homozygosity and somatic HLA LOH by stage. Kruskal-Wallis one-way analysis
of variance was applied to assess the correlation of germline homozygosity in HLA class
I genes with tumor mutation burden in 6 tumor types (BLCA, BRCA, COAD, HNSCC,
KIRC, LUAD and LUSC, n=3,601). Germline HLA zygosity was not correlated with
TMB for the vast majority of tumors examined with the exception of bladder cancer
(p=0.02). Germline and tumor HLA class I status was combined to determine the number
of unique HLA class I alleles in each tumor. The number of unique HLA class I alleles
appeared to correlate with TMB such that tumors with a higher number of unique HLA

class I alleles in the tumor, that would therefore have a more intact antigen presentation
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capacity, harbored a lower non-synonymous mutation load for BLCA (p=0.02) and
HNSCC (p=0.07). When tumors heterozygous for all three HLA class I loci (6 HLA class
I alleles) where compared to tumors that were homozygous in all three HLA class I loci
(3 HLA class I alleles), a higher TMB was noted in the tumors with the more intact
antigen presentation capacity (Wilcoxon p=0.05 for BLCA, p=0.09 for BRCA, p=0.01 for
HNSCC, p=0.01 for LUAD).

Figure 17 (includes Figures 17A-171). HLA class I distribution by supertype and
association with TMB and outcome. Individual HLA-I alleles were classified into discrete
supertypes, based upon similar peptide-anchorbinding specificities. HLA-A supertype
distribution is shown in (A) for cases in cohort 1. TMB did not differ among different
HLA-A supertypes (B) and there was no association with overall survival (C). The same
observations held true for HLA-B supertype analyses (D-F). Germline HLA class |
variation was not associated with outcome (G), however there was a trend towards longer
overall survival for TMB high tumors with maximal germline HLA class I heterozygosity
(H). Cases with maximal germline HLA class I heterozygosity were found to have a less
clonal TCR repertoire (I).

Figure 18 (includes Figures 18 A-18C). Multivariable model for prediction of
outcome to immune checkpoint blockade. cTMB, RTK mutations, molecular smoking
signature and HL A germline variation were combined in a multivariable Cox proportional
hazards regression model and a risk score was calculated for each case based on the
weighted contribution of each parameter (A). Patients with a higher risk score had a
significantly shorter overall survival in cohort 1 (13 vs. 38 months, HR=3.29, 95% CI:
1.77- 6.14, log rank p=0.0001; B) and progression-free survival in cohort 2 (3 vs. 8
months, HR=2.73, 95% CI 1.15-6.45, log rank p=0.017; C).

DETAILED DESCRIPTION

This document provides methods and materials for assessing and/or treating a
mammal having a cancer. For example, this document provides methods and materials
for identifying a mammal having a cancer as being likely to be responsive to a particular
cancer treatment (e.g., by detecting a cTMB of one or more cells such as cancer cells
from the mammal), and, optionally, treating the mammal. In some cases, the methods and
materials described herein can be used to predict response to a particular cancer treatment
(e.g., a cancer immunotherapy). For example, a sample obtained from a mammal (e.g., a

human) having a cancer can be assessed to determine if the mammal is likely to be
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responsive to a particular cancer treatment (e.g., a cancer immunotherapy) based, at least
in part, on the cTMB of the sample and/or on a multivariable model including the cTMB,
the presence of one or more mutations in one or more nucleic acid sequences encoding a
RTK polypeptide, the ability to present one or more antigens (e.g., HLA germline
variation), and/or the presence of a smoking-related mutational signature in the sample.

In some cases, the methods and materials described herein can be used to treat a
mammal having a cancer. For example, a mammal having a cancer identified as being
likely to be responsive to a particular cancer treatment based, at least in part, on the
cTMB of the sample from the mammal, can be treated with that particular cancer
treatment as described herein. In some cases, a mammal having a cancer identified as
being likely to be responsive to a cancer immunotherapy based, at least in part, on the
c¢TMB of the sample from the mammal, can be treated with a cancer immunotherapy as
described herein. In some cases, the methods and materials described herein can be used
to improve progression-free survival. In some cases, the methods and materials described
herein can be used to improve disease-free (e.g., relapse-free) survival. In some cases,
the methods and materials described herein can be used to improve overall survival.

When treating a mammal having a cancer as described herein, the treatment can
be effective to treat the cancer (e.g., to reduce one or more symptoms of the cancer). In
some cases, the number of cancer cells present within a mammal can be reduced using the
materials and methods described herein. In some cases, the size (e.g., volume) of one or
more tumors present within a mammal can be reduced using the materials and methods
described herein. In some cases, the size (e.g., volume) of one or more tumors present
within a mammal does not increase.

When treating a mammal having a cancer as described herein, the treatment can
be effective to treat the cancer (e.g., to reduce one or more symptoms of the cancer) with
reduced or eliminated complications associate with that treatment. For example, when
the treatment is a cancer immunotherapy, the cancer immunotherapy can be administered
to a mammal having cancer, and identified as being likely to be responsive to a cancer
immunotherapy (e.g., by detecting a cTMB of one or more cells such as cancer cells from
the mammal), with reduced or eliminated toxicity from the cancer immunotherapy. For
example, when the treatment is a cancer immunotherapy, the cancer immunotherapy can
be administered to a mammal having cancer, and identified as being likely to be

responsive to a cancer immunotherapy (e.g., by detecting a cTMB of one or more cancer
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cells from the mammal), with reduced or eliminated infection from the cancer
immunotherapy.

Any type of mammal having a cancer can be assessed and/or treated as described
herein. Examples of mammals that can be assessed and/or treated as described herein
include, without limitation, primates (e.g., humans and monkeys), dogs, cats, horses,
cows, pigs, sheep, rabbits, mice, and rats. In some cases, a human having a cancer can be
assessed to determine if the human is likely to be responsive to a particular cancer
treatment based, at least in part, on the cTMB of the sample and, optionally, can be
treated with that particular cancer treatment as described herein.

A mammal having any type of cancer (e.g., a cancer including one or more cancer
cells) can be assessed and/or treated as described herein. In some cases, a cancer can
include one or more tumors (e.g., one or more solid tumors). In some cases, a cancer can
be a blood cancer. Examples of cancers that can be assessed and/or treated as described
herein include, without limitation, lung cancers (e.g., non-small cell lung cancers such as
lung squamous cell carcinoma and lung adenocarcinoma), breast cancers (e.g., breast
carcinomas such as breast invasive carcinoma), prostate cancers, ovarian cancers, gastric
cancers (e.g., gastroesophageal cancers), endometrial cancers, bladder cancers (e.g.,
bladder carcinomas such as bladder urothelial carcinoma), colon cancers (e.g., colon
adenocarcinomas), brain cancers (e.g., glioblastomas), head and neck cancers (e.g., head
and neck squamous cell carcinomas), kidney cancers (e.g., kidney clear cell carcinomas),
and skin cancers (e.g., melanomas such as skin cutaneous melanoma).

In some cases, a mammal can be identified as having a cancer. Any appropriate
method can be used to identify a mammal as having a cancer. For example, imaging
techniques and biopsy techniques can be used to identify mammals (e.g., humans) as
having cancer.

A mammal having a cancer can be assessed as described herein to determine
whether or not it is likely to respond to a particular cancer treatment (e.g., a cancer
immunotherapy). For example, a sample (e.g., a sample including one or more cancer
cells) obtained from the mammal can be assessed for the cTMB as described herein, and
the cTMB of one or more cancer cells from that mammal can be used to determine
whether or not that mammal is likely to respond to a particular cancer treatment.

Any appropriate sample from a mammal (e.g., a human) having a cancer can be

assessed as described herein. In some cases, a sample can be a biological sample. For
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example, a sample can be a tumor sample. In some cases, a tumor sample can contain at
least a portion of a tumor. In some cases, a sample can contain one or more cancer cells.
Examples of samples that can be assessed as described herein include, without limitation,
tissue samples (e.g., colon tissue samples, rectum tissue samples, and skin tissue
samples), stool samples, cellular samples (e.g., buccal samples), and fluid samples (e.g.,
blood, serum, plasma, urine, and saliva). A sample can be a fresh sample or a fixed
sample. In some cases, a sample can be an embedded (e.g., paraffin embedded or OCT
embedded) sample. In some cases, a sample can be processed (e.g., processed to isolate
and/or extract one or more biological molecules such as nucleic acids and polypeptides).

In some cases, a cTMB of one or more cells (e.g., one or more cancer cells) from
a mammal can be used to identify that mammal as being likely to be responsive to a
cancer immunotherapy. As used herein a cTMB is a TMB that is adjusted for tumor
purity. In some cases, a cTMB can include an increased number of mutations (e.g., as
compared to a TMB that has not been corrected as described herein and/or as compared to
a sample having low tumor purity). For example, a higher cTMB score can be used to
identify that mammal as being likely to be responsive to a cancer immunotherapy. In
some cases, a higher cTMB score can be a score that is within the top 20-30% of cTMB
scores in a given cohort. For example, mammals having a cTMB score that is within the
top 20-30% of ¢cTMB scores in a given cohort can be identified as likely to be responsive
to a cancer immunotherapy.

Any appropriate method can be used to obtain a cTMB. For example, a TMB
(e.g., an observed TMB (obsTMB)) of a sample (e.g., a sample obtained from a mammal)
can be adjusted, based at least in part on the tumor purity of the sample, to obtain a
¢TMB. A TMB can be determined using any appropriate method. For example, whole
exome sequencing and targeted next-generation sequencing can be used to determine a
TMB. As used herein, “tumor purity” refers to the percentage of cells in a sample (e.g., a
sample obtained from a mammal) that are cancer cells. The tumor purity of a sample can
be obtained using any appropriate method. For example, whole exome sequencing,
and/or targeted next-generation sequencing can be used to determine the tumor purity of a
sample. In some cases, a cTMB can be corrected for tumor purity using correction
factors for particular tumor purity values. Correction factors for particular tumor purity
values can be as described in Table 4. For example, a cTMB can be determined using the

equation
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cTME = r{a} » obsTHE

where r is the correction factor and a is the tumor purity. In some cases, a cTMB can be
corrected for tumor purity as described in Example 1.

A cTMB can include any number of mutations. In some cases, the number of
mutations found in a cell can be referred to as the mutational load of the cell. In some
cases, a mutational signature can include from about 1 mutation to about several
thousands of mutations. For example, a cTMB can include from about 5 mutations to
about 100 mutations. In some cases, a cTMB can include at least about 20 mutations.

A ¢TMB can include any appropriate mutational signature (e.g., can include any
mutations found in a cell, such as a cancer cell, from a mammal). As used herein a
“mutational signature” is a characteristic combination of mutations. A mutational
signature can include any appropriate types of mutations. In some cases, a mutation can
be a somatic mutation. In some cases, a mutation can be an activating mutation. In some
cases, a mutation can be a loss of function mutation (e.g., an inactivating mutation).
Examples of types of mutations that can be included in a mutational signature can
include, without limitation, substitutions such as transversions (e.g., point mutations such
as C>A transversions), insertions (e.g., in-frame insertions or frameshift insertions),
deletions (e.g., gene deletions such as in-frame deletions or frameshift deletions and/or
chromosomal deletions), insertion/deletions (indels; e.g., in-frame indels or frameshift
indels), and truncating mutations. A mutation that can be included in a mutational
signature can be any appropriate location within the genome of a cell (e.g., a cancer cell).
In some cases, a mutation included in a mutational signature can be in a coding sequence
(e.g, anucleotide sequence that encodes a polypeptide). In some cases, a mutation
included in a mutational signature can be in non-coding sequence. In some cases, a
mutation included in a mutational signature can be in a splice site. In some cases, a
mutation included in a mutational signature can be in regulatory region (e.g., a nucleotide
sequence that controls expression of a polypeptide such as a promoter sequence or an
enhancer sequence). When a mutation that can be included in a mutational signature is in
a coding sequence (or a regulatory region that control expression of that coding
sequence), the mutation can be in any appropriate coding sequence. In some cases, a
mutation that can be included in a mutational signature can be in a coding sequence (or a
regulatory region that control expression of that coding sequence) that encodes a RTK

polypeptide. In some cases, a mutation that can be included in a mutational signature can
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be in a coding sequence (or a regulatory region that control expression of that coding
sequence) that encodes a polypeptide involved in DNA damage repair (DDR). In some
cases, a mutation that can be included in a mutational signature can be in a coding
sequence (or a regulatory region that control expression of that coding sequence) that
encodes a polypeptide involved in the WNT-B-catenin pathway. In some cases, a
mutation that can be included in a mutational signature can be in a coding sequence (or a
regulatory region that control expression of that coding sequence) that encodes a
polypeptide involved in an immune-related pathway (e.g., the IFNy pathway). In some
cases, a mutation that can be included in a mutational signature can be in a coding
sequence (or a regulatory region that can control expression of that coding sequence) that
encodes a polypeptide involved in the PI3K-AKT-mTOR pathway. Examples of nucleic
acid (coding sequences or regulatory regions that control expression of that coding
sequence) that can include one or more mutations in a mutational signature can include,
without limitation, EGFR, ERBB2, MET, FGFRI, IGFIR, ARIDIA, KEAPI, JAK1, JAK2,
KRAS, STK11, PTEN, MDM?2, and MDM4 nucleic acid. In some cases, a mutation that
can be included in a mutational signature and can be used to identify that mammal as
being likely to be responsive to a cancer immunotherapy can be as described in Example
1. In some cases, a mutation that can be included in a mutational signature and can be
used to identify that mammal as being likely to be responsive to a cancer immunotherapy
can be as described in one or more examples, Tables and/or Figures herein.

Any appropriate method can be used to detect one or more mutations in the
genome of a cell (e.g., a cancer cell). In some cases, one or more mutations can be
detected in the genome of a cell using sequencing techniques (e.g., PCR-based
sequencing such as Next-Generation PCR-based sequencing and Sanger sequencing),
DNA hybridization techniques, and/or restriction enzyme digestion methods.

In some cases, the presence or absence of one or more mutations in one or more
nucleic acid sequences encoding a RTK polypeptide (e.g., a RTK nucleic acid) can be
used to identify that mammal as being likely to be responsive to a cancer immunotherapy.
For example, detecting one or more mutations in one or more nucleic acid sequences
encoding a RTK polypeptide in the genome of one or more cells (e.g., one or more cancer
cells) from a mammal can be used to identify that mammal as being likely to be
responsive to a cancer immunotherapy. A mutation included in nucleic acid sequence

encoding a RTK polypeptide can be a somatic mutation or a germline mutation. A
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mutation in nucleic acid sequence encoding a RTK polypeptide can be an activating
mutation or a loss of function mutation (e.g., an inactivating mutation). Examples of
types of mutations that can be present in nucleic acid sequence encoding a RTK
polypeptide can include, without limitation, substitutions such as transversions (e.g., C>A
transversions), insertions (e.g., in-frame insertions or frameshift insertions), deletions
(e.g . in-frame deletions or frameshift deletions), insertion/deletions (indels; e.g., in-frame
indels or frameshift indels), amplifications, and truncating mutations. Examples of
nucleic acid sequences that can encoding a RTK polypeptide can include, without
limitation, EGFR, ERBB2, MET, FGFRI, and /GF'IR nucleic acids. For example, one or
more point mutations in £GFR nucleic acid (e.g., point mutations in EGFR exon 21 such
as L858R), one or more point mutations in £RBB2 nucleic acid (e.g., point mutations in
ERBB2 exon 19 such as E770_A771insAY VM), one or more point mutations in MET
nucleic acid, one or more point mutations in FGFRI nucleic acid, and/or one or more
point mutations in /GF /R nucleic acid; an amplification of FGFRI nucleic acid and/or an
amplification of /GF'IR nucleic acid; both one or more point mutations in and an
amplification of EGFR nucleic acid, both one or more point mutations in and an
amplification of FRBB2 nucleic acid, and/or both one or more point mutations in and an
amplification of MET nucleic acid; an in-frame deletion in £ZGFR nucleic acid (e.g.,
in-frame deletions in EGFR exon 19 such as 745KELREA>T, E746_A750del, and
L747 T751del); an in-frame insertion in ZGFR nucleic acid (e.g., frame insertions in
EGFR exon 20 such as N771_H773dup); and/or an in-frame insertion in £ZRBB2 nucleic
acid (e.g., frame insertions in ERBB2 exon 20 such as 776G>VC) can be used to identify
that mammal as being likely to be responsive to a cancer immunotherapy. In some cases,
a mutation in nucleic acid sequence encoding a RTK polypeptide that can be used to
identify that mammal as being likely to be responsive to a cancer immunotherapy can be
as described in Example 1. In some cases, a mutation in nucleic acid sequence encoding
a RTK polypeptide that can be used to identify that mammal as being likely to be
responsive to a cancer immunotherapy can be as described in Tables 3, 5, 6 and/or 7.
Any appropriate method can be used to detect one or more mutations in the
genome of a cell (e.g., a cancer cell). In some cases, one or more mutations can be
detected in the genome of a cell using sequencing techniques (e.g., PCR-based
sequencing such as Next-Generation PCR-based sequencing and Sanger sequencing),

DNA hybridization techniques, and/or restriction enzyme digestion methods.

21



10

15

20

25

30

WO 2020/198717 PCT/US2020/025551

In some cases, the ability of one or more cells (e.g., one or more cancer cells)
from a mammal to present one or more antigens (e.g., one or more tumor antigens such as
MANAS) can be used to identify that mammal as being likely to be responsive to a cancer
immunotherapy. For example, detecting one or more mutations that can reduce the
antigen presentation potential of one or more cells (e.g., one or more cancer cells) from a
mammal can be used to identify that mammal as being likely to be responsive to a cancer
immunotherapy. As used herein a mutation that can reduce antigen presentation potential
is a mutation in the genome of a cell (e.g., a cancer cell) that reduce the ability of that cell
to present one or more antigens on its surface (e.g., as compared to a cell that does not
have that particular mutation in its genome). In some cases, one or more mutations in
nucleic acid encoding an antigen presenting polypeptide (e.g., MHC class I polypeptides)
can reduce the ability of that cell to present one or more antigens on its surface. Any
appropriate genomic event can reduce the antigen presentation potential of a cell (e.g.,
cancer cell). Examples of genomic events that can reduce the antigen presentation
potential of a cell (e.g., cancer cell) can include, without limitation, a loss of
homozygosity of an HLA locus. For example, a cancer cell whose genome has a
homozygous loss of at least one HL A class I locus (e.g., ahomozygous loss of HLA-B)
can have a reduced antigen presentation potential. In some cases, a genomic event that
can reduce the antigen presentation potential of a cell (e.g., a cancer cell) can be as
described in Example 1. In some cases, a genomic eventthat can reduce the antigen
presentation potential of a cell (e.g., a cancer cell) can be as described in Table 11.

Any appropriate method can be used to determine the ability of one or more cells
(e.g., one or more cancer cells) from a mammal to present one or more antigens. In some
cases, immunohistochemistry techniques, whole exome sequencing, targeted next
generation sequencing, or expression analyses can be used to determine the ability of one
or more cells from a mammal to present one or more antigens.

In some cases, the presence of a smoking-related mutational signature in one or
more cells (e.g., one or more cancer cells) from a mammal can be used to identify that
mammal as being likely to be responsive to a cancer immunotherapy. As used herein, a
smoking-related mutational signature includes one or more (e.g., one, two, three, four,
five, six, or more) mutations that are C>A transversions in the genome of acell (e.g., a
cancer cell) from a mammal. A smoking-related mutational signature can include one or

more C>A transversions in any appropriate nucleic acid sequence within the genome of a
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cell. In some cases, a C>A transversion can be in a coding sequence (or a regulatory
region that can control expression of that coding sequence). In some cases, a C>A
transversion can be a in a non-coding sequence. In some cases, a smoking-related
mutational signature can be as described in Example 1.

Any appropriate method can be used to determine the presence or absence of a
smoking-related mutational signature in one or more cells (e.g., one or more cancer cells)
from a mammal. In some cases, the presence or absence of a C>A transversion can be
detected using sequencing techniques (e.g., PCR-based sequencing such as Next-
Generation PCR-based sequencing and Sanger sequencing), DNA hybridization
techniques, and/or restriction enzyme digestion methods.

In some cases, a cTMB (and, optionally, the presence of one or more mutations in
one or more nucleic acid sequences encoding a RTK polypeptide, the ability to present
one or more antigens, and/or the presence of a smoking-related mutational signature) in
one or more cells (e.g., one or more cancer cells) from a mammal can be used to
determine whether or not that mammal is likely to respond to a particular cancer
treatment (e.g., a cancer immunotherapy). For example, a cTMB including the presence
of one or more particular mutations in one or more particular nucleic acid sequences
encoding a RTK polypeptide, the ability to present one or more antigens, and/or the
presence of a smoking-related mutational signature in one or more cells (e.g., one or more
cancer cells) from a mammal can be used to determine whether or not that mammal is
likely to respond to a cancer immunotherapy.

When a ¢cTMB (and, optionally, the presence of one or more mutations in one or
more nucleic acid sequences encoding a RTK polypeptide, the ability to present one or
more antigens, and/or the presence of a smoking-related mutational signature) in one or
more cells (e.g., one or more cancer cells) from a mammal can be used to determine that a
cancer is likely to respond to a cancer immunotherapy, the cTMB can include any
appropriate one or more mutations. For example, a cTMB and, optionally, the presence
of one or more mutations in one or more nucleic acid sequences encoding a RTK
polypeptide, the ability to present one or more antigens, and/or the presence of a
smoking-related mutational signature can be used to determine that a cancer is likely to
respond to a cancer immunotherapy. In some cases, a cTMB that can be used as
described herein to determine that a cancer is likely to respond to a cancer

immunotherapy can be a cTMB that includes one or more mutations in a nucleic acid that
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can encode ARID1A, one or more inactivating mutations in nucleic acid that can encode
KEAPI1, and/or one or more C>A transversions (e.g., a smoking-related mutational
signature).

When a ¢cTMB (and, optionally, the presence of one or more mutations in one or
more nucleic acid sequences encoding a RTK polypeptide, the ability to present one or
more antigens, and/or the presence of a smoking-related mutational signature) in one or
more cells (e.g., one or more cancer cells) from a mammal can be used to determine that a
cancer is not likely to respond to a cancer immunotherapy, the cTMB can include any
appropriate one or more mutations. For example, a cTMB and, optionally, the presence
of one or more mutations in one or more nucleic acid sequences encoding a RTK
polypeptide, the ability to present one or more antigens, and/or the presence of a
smoking-related mutational signature can be used to determine that a cancer is not likely
to respond to a cancer immunotherapy. In some cases, a cTMB that can be used as
described herein to determine that a cancer is not likely to respond to a cancer
immunotherapy can be a cTMB that includes one or more activating mutations in nucleic
acid that can encode EGFR, one or more activating mutations in nucleic acid that can
encode ERBB2, one or more activating mutations in nucleic acid that can encode MET,
one or more activating mutations in nucleic acid that can encode FGFR1, one or more
activating mutations in nucleic acid that can encode IGF1R, one or more activating
mutations in nucleic acid that can encode MDM2/MDM4, and/or a homozygous loss of at
least one HLA class I locus. For example, a cTMB having a mutational signature that
includes one or more activating point mutations in nucleic acid encoding EGFR, one or
more activating point mutations in nucleic acid encoding ERBB2, amplification of
nucleic acid encoding MET, amplification of nucleic acid encoding FGFR1, amplification
of nucleic acid encoding IGF1R, one or more activating point mutations in nucleic acid
encoding MDM2/MDM4, and homozygous loss of at least one HLA class I locus can be
used to determine that a cancer is not likely to respond to a cancer immunotherapy.

A mammal (e.g., a human) having a cancer can be administered, or instructed to
self-administer, any one or more (e.g., 1, 2, 3, 4, 5, 6, or more) cancer treatments. A
cancer treatment can include any appropriate cancer treatment. In some cases, a cancer
treatment can include surgery. In some cases, a cancer treatment can include radiation
therapy. In some cases, a cancer treatment can include administration of a

pharmacotherapy such as a chemotherapy, hormone therapy, targeted therapy, and/or
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cytotoxic therapy. Examples of cancer treatments include, without limitation,
administration of one or more receptor tyrosine kinase inhibitors (e.g., erlotinib),
administration of one or more PD1/PD-L1 inhibitors (e.g., nivolumab, pembrolizumab,
atezolizumab, avelumab, and durvalumab), administration of one or more
immunotherapies (e.g., alemtuzumab, ipilimumab, nivolumab, ofatumumab, and
rituximab), administration of one or more platinum compounds (e.g., a cisplatin or
carboplatin), administration of one or more taxanes (e.g., paclitaxel, docetaxel, or an
albumin bound paclitaxel such as nab-paclitaxel), administration of altretamine,
administration of capecitabine, administration of cyclophosphamide, administration of
etoposide (vp-16), administration of gemcitabine, administration of ifosfamide,
administration of irinotecan (cpt-11), administration of liposomal doxorubicin,
administration of melphalan, administration of pemetrexed, administration of topotecan,
administration of vinorelbine, administration of one or more luteinizing-hormone-
releasing hormone (LHRH) agonists (such as goserelin and leuprolide), administration of
one or more anti-estrogen therapies (such as tamoxifen), administration of one or more
aromatase inhibitors (such as letrozole, anastrozole, and exemestane), administration of
one or more angiogenesis inhibitors (such as bevacizumab), administration of one or
more poly(ADP)-ribose polymerase (PARP) inhibitors (such as olaparib, rucaparib, and
niraparib), administration of external beam radiation therapy, administration of
brachytherapy, administration of radioactive phosphorus, and administration of any
combinations thereof.

In cases where a mammal (e.g., a human) is identified as having a cancer that is
likely to be responsive to a cancer immunotherapy based, at least in part, on the cTMB of
the sample from the mammal, the mammal can be treated with one or more (e.g., 1, 2, 3,
4, 5, 6, or more) cancer immunotherapies. In some cases, a cancer immunotherapy can be
a cellular immunotherapy (e.g., a dendritic cell therapy or a chimeric antigen receptor
(CAR)-T cell therapy). In some cases, a cancer immunotherapy can be an antibody
therapy (e.g., a monoclonal antibody therapy). In some cases, a cancer immunotherapy
can be a cytokine therapy (e.g., interferon therapy or interleukin therapy). In some cases,
a cancer immunotherapy can activate one or more cell death mechanisms (e.g., antibody-
dependent cell-mediated cytotoxicity (ADCC) or the complement system). In some
cases, a cancer immunotherapy can target one or more (e.g., 1, 2, 3, 4, 5, 6, or more)

immune checkpoint molecules. An immune checkpoint molecule can be an inhibitory
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checkpoint molecule. Examples of immune checkpoint molecules that can be targeted by
a cancer immunotherapy can include, without limitation, cytotoxic T-lymphocyte-
associated protein 4 (CTLAA4, also known as cluster of differentiation 152 (CD152)),
programmed cell death protein 1 (PD-1, also known as cluster of differentiation 279
(CD279)), and programmed death-ligand 1 (PD-L1, also known as cluster of
differentiation 274 (CD274) and B7 homolog 1 (B7-H1)). Examples of cancer
immunotherapies that can be administered to a mammal identified as having a cancer that
is likely to be responsive to a cancer immunotherapy based, at least in part, on the cTMB
of a sample from the mammal can include, without limitation, alemtuzumab,
atezolizumab, avelumab, ipilimumab, ofatumumab, nivolumab, pembrolizumab,
rituximab, and durvalumab.

In cases where a mammal (e.g., a human) is identified as having a cancer that is
likely to be responsive to a cancer immunotherapy based, at least in part, on the cTMB of
the sample from the mammal, the mammal can be treated with a cancer immunotherapy
and also can be administered any one or more (e.g., 1, 2, 3, 4, 5, 6, or more) additional
cancer treatments (e.g., one or more cancer treatments that are not cancer
immunotherapies). A cancer treatment can include any appropriate cancer treatment. A
cancer treatment can include any appropriate cancer treatment. In some cases, a cancer
treatment can include surgery. In some cases, a cancer treatment can include radiation
therapy. In some cases, a cancer treatment can include administration of a
pharmacotherapy such as a chemotherapy, hormone therapy, targeted therapy, and/or
cytotoxic therapy. Examples of chemotherapeutic agents that can be administered to a
mammal having a cancer can include, without limitation, pemetrexed, platinum-based
compounds, taxanes, and combinations thereof.

In cases where a mammal having cancer is treated with one or more (e.g., 1, 2, 3,
4, 5, 6, or more) cancer immunotherapies and is treated with one or more (e.g., 1, 2, 3, 4,
5, 6, or more) additional cancer treatments (e.g., one or more cancer treatments that are
not cancer immunotherapies), the one or more cancer immunotherapies and the one or
more additional cancer treatments can be administered at the same time or independently.
For example, one or more cancer immunotherapies can be administered first, and the one
or more additional cancer treatments (e.g., one or more cancer treatments that are not

cancer immunotherapies) administered second, or vice versa.
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The invention will be further described in the following examples, which do not

limit the scope of the invention described in the claims.

EXAMPLES

Example 1: Genomic Drivers of Response to Immune Checkpoint Blockade in Non-small

Cell Lung Cancer

This Example describes an integrated approach where an improved measure for
TMB, corrected for tumor purity, is combined with genomic alterations in RTK genes,
genome-wide mutational signatures, and HLA class I genetic variation to capture the
multifaceted nature of the tumor-immune system crosstalk and more accurately predict

outcome for immune checkpoint blockade.

Results

TMB is an emerging predictive biomarker of response to immune checkpoint
blockade, however its broad implementation in clinical decision making has been
hindered by complexities with establishing a robust predictive power. Low tumor purity,
mainly due to sampling, may greatly affect TMB assessments, resulting in falsely low
TMB in low tumor cellularity samples, especially for tumors with a higher fraction of
subclonal mutations. Furthermore, the estimation of tumor purity itself may be
challenging as pathologic assessments are frequently imprecise and have limited
reproducibility (Viray et al., Archives of pathology & laboratory medicine 137:1545-1549
(2013)). To determine tumor purity for cohorts 1 and 2, both a mutant allele frequency
based and a copy-number based approach were employed. To determine the tumor purity
needed to accurately determine TMB in the setting of different clonal composition
backgrounds, simulation analyses were performed and the tumor purity required to
establish reliable TMB assessments was determined, and that TMB also depends on
intratumoral clonal heterogeneity (Figure 1). On the lower spectrum of tumor purity,
TMBs of clonally heterogeneous TMB-high and clonally homogeneous TMB-low tumors
become indiscernible, underlining the need to correct TMB for tumor purity.

To substantiate these findings, tumor whole exome sequencing data from 3,788
TCGA samples from 7 tumor types (bladder carcinoma, breast carcinoma, colon
adenocarcinoma, head and neck squamous cell carcinoma, kidney clear cell carcinoma,

NSCLC and melanoma) were analyzed and a correlation between TMB and tumor purity
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was found, with a lower number of alterations observed in samples with low tumor purity
(Figure 1). Focusing on lung adenocarcinomas (LUAD, n=493) and squamous cell
carcinomas (LUSC, n=464), it was found that the correlation between TMB and tumor
purity was particularly pronounced for samples with tumor purity below 50% (Pearson’s
R=0.18, p=0.09 and R=0.39, p=0.002 in LUAD and LUSC respectively; Figure 1). Given
that targeted NGS approaches enable deeper sequencing coverage and may therefore
mitigate the effect of tumor purity on analysis of low tumor purity highly clonally
heterogeneous tumors, the correlation between tumor purity and TMB was evaluated in a
large cohort of tumors sequenced with targeted next-generation sequencing (Samstein ef
al., Nature genetics, doi:10.1038/s41588-018-0312-8 (2019)). A significant correlation
between tumor purity and TMB estimates was identified, particularly in NSCLC (Figure
2), suggesting that tumor purity remains a limiting factor for accurately estimating TMB
even in the setting of higher sequencing depth. To further examine TMB and identify
other biomarkers of response to ICB, whole exome sequencing was performed on 104
matched tumor/normal pairs from NSCLC patients treated with ICB. Eighty-nine cases
that passed strict quality control measures (Methods) were further analyzed (cohort 1,
Tables 1-3) and a published cohort of 34 NSCLC patients treated with anti-PD1
blockadel (cohort 2) was analyzed for independent validation. In the two
immunotherapy treated NSCLC cohorts, the correlation between TMB and tumor purity
was particularly pronounced for tumor purity less than 30% (p=0.008 and P=0.08 for
overall comparisons of TMB across tumor purity tiers for cohort 1 and cohort 2
respectively; Figure 3). These findings suggest that observed TMB values may largely
deviate from the true TMB in low purity tumors.

To overcome this limitation of TMB measurements, an approach was developed
to estimate corrected TMB values (cTMB) for each tumor based on tumor purity. First,
20,000 tumors were simulated with various levels of intra-tumoral heterogeneity, TMB,
and depth of coverage using a reference set from TCGA. In sifico dilutions of these
simulated tumors were then used to model the observed TMB resulting from
characterization of each simulated tumor sample at various levels of tumor purity. For
each simulated tumor a correction factor was generated for different purity tiers (Figure
4A and Table 4). An analysis of the observed TMB in cohort 1 revealed that patients
with durable clinical benefit to ICB had significantly higher observed tumor mutation

burden compared to patients with non-durable clinical benefit (Mann-Whitney p=0.002,

28



10

WO 2020/198717

PCT/US2020/025551

FDR-adjusted p=0.012, Figure 5, Table 5). There was a substantial overlap in the range

of observed TMB between the two groups (Figure 5), and observed TMB only marginally

predicted overall survival (log rank p=0.048, Figure 4B). Using the developed correction

factors for different purity tiers, cTMB values were determined for the tumors in the

cohort (Table 4). Corrected TMB more accurately predicted overall survival (log rank

p=0.014, Figure 4C), suggesting that the observed TMB may be largely underestimated in

low tumor purity samples and result in misclassification of patients with these tumors

(Figure 6).

Table 4. Correction factor for observed TMB by tumor purity tier

Tumor Purity

Correction Factor

Correction Factor Cl (95%)

1
0.99
0.98
0.97
0.96
0.95
0.94
0.93
0.92
0.91

0.9
0.89
0.88
0.87
0.86
0.85
0.84
0.83
0.82
0.81

0.8
0.79
0.78
0.77
0.76
0.75
0.74
0.73
0.72
0.71

0.7

1.01
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.03
1.03
1.03
1.03
1.03
1.03
1.03
1.03

29

(1.00-1.07)
(1.00-1.07)
(1.00-1.07)
(1.00-1.07)
(1.00-1.07)
(1.00-1.07)
(1.00-1.07)
(1.00-1.07)
(1.00-1.07)
(1.00-1.08)
(1.00-1.08)
(1.00-1.08)
(1.00-1.08)
(1.00-1.08)
(1.00-1.08)
(1.00-1.08)
(1.00-1.09)
(1.00-1.09)
(1.00-1.09)
(1.00-1.09)
(1.00-1.09)
(1.00-1.10)
(1.00-1.10)
(1.00-1.10)
(1.00-1.10)
(1.00-1.10)
(1.00-1.11)
(1.00-1.11)
(1.00-1.11)
(1.00-1.11)
(1.00-1.12)
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Tumor Purity

Correction Factor

Correction Factor Cl (95%)

0.69
0.68
0.67
0.66
0.65
0.64
0.63
0.62
0.61
0.6

0.59
0.58
0.57
0.56
0.55
0.54
0.53
0.52
0.51
05

0.49
0.48
0.47
0.46
0.45
0.44
0.43
0.42
0.41
0.4

0.39
0.38
0.37
0.36
0.35
0.34
0.33
0.32
0.31
0.3

0.29
0.28
0.27
0.26
0.25

1.03
1.03
1.03
1.04
1.04
1.04
1.04
1.04
1.04
1.04
1.05
1.05
1.05
1.05
1.05
1.06
1.06
1.06
1.06
1.06
1.07
1.07
1.07
1.08
1.08
1.09
1.09
1.1

1.1

1.11
1.12
1.12
1.13
1.14
1.15
1.17
1.19
1.21
123
125
13
1.35
1.41
1.46
1.51

30

(1.00-1.12)
(1.00-1.12)
(1.00-1.13)
(1.00-1.13)
(1.00-1.13)
(1.00-1.14)
(1.00-1.14)
(1.00-1.14)
(1.00-1.15)
(1.00-1.15)
(1.00-1.15)
(1.01-1.16)
(1.01-1.16)
(1.01-1.17)
(1.01-1.17)
(1.01-1.18)
(1.01-1.18)
(1.01-1.19)
(1.01-1.19)
(1.01-1.20)
(1.01-1.20)
(1.01-1.21)
(1.01-1.22)
(1.02-1.22)
(1.02-1.23)
(1.02-1.24)
(1.02-1.25)
(1.02-1.26)
(1.03-1.26)
(1.03-1.27)
(1.03-1.29)
(1.04-1.30)
(1.04-1.31)
(1.05-1.33)
(1.05-1.34)
(1.06-1.37)
(1.08-1.39)
(1.09-1.42)
(1.10-1.44)
(1.11-1.47)
(1.15-1.54)
(1.19-1.62)
(1.23-1.69)
(1.27-1.76)
(1.31-1.83)
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Tumor Purity Correction Factor Correction Factor Cl (95%)

0.24 1.74 (1.48-2.15)
0.23 1.96 (1.65-2.47)
0.22 2.19 (1.81-2.79)
0.21 2.41 (1.98-3.11)
0.2 2.63 (2.15-3.42)
0.19 3.87 (2.93-5.69)
0.18 5.1 (3.70-7.96)
0.17 6.34 (4.48-10.23)
0.16 757 (5.25-12.50)
0.15 8.81 (6.03-14.77)
0.14 17.57 (9.55-2011.81)
0.13 26.34 (13.08-4008.86)
0.12 35.1 (16.61-6005.91)
0.11 43.87 (20.14-8002.95)
0.1 52.63 (23.67-10000.00)

PCT/US2020/025551

Table 5. Differences in clinical and genomic characteristics between responders and non-

responders.
Characteristic DCB (n=41) NDB (n=46) pvalue FDR p value
mean* SE mean* SE
Age 66.46+1.48 64.04+1.50 0.286 0.650
Gender (female vs male) 1.000 1.000
Histotype 0.460 0.868
TMB 270.41+36.65 128.19+£18.18 0.002 0.012
TMB (high vs low) 0.003 0.015
Clonal TMB 293.94+39.25 130.98£18.40 <0.001 0.005
Clonal TMB (high vs low) 0.001 0.008
Fraction of Clonal Mutations (%) 95+1 92+2 0.422 0.650
Adjusted Tumor Purity (%) 4413 403 0.193 0.579
Molecular Smoking Signature (%)* 49+5 2815 0.003 0.027
Hotspot Mutations 1.56+0.26 1.30+0.16 0.588 0.706
RTK mutations (yes vs no) <0.001 0.003
Fraction of Genome with LOH (%) 32+2 2943 0.317 0.650
Fraction of Genome with Allelic Imbalance (%) 66+3 58+4 0.367 0.650
Genome Entropy 1.85+0.08 1.62+£0.10 0.192 0.579
Fit MANAs 18.51+3.19 7.63+1.23 0.012 0.050
HLA class | germline alleles 0.920 0.920
HLA class | tumor alleles 0.483 0.669
Maximal germline HLA heterozygosity (yes vs no) 1.000 1.000
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*only tumors with a TMB equal or greater than 20 were included, **fraction of genome with LOH, fraction of genome with allelic
imbalance, entropy, clonal TMB, fraction of clonal mutations were calculated only for tumors with succeful copy number analyses
(n=74). Differences in continuous variables were assessed with the Mann-Whitney test, differences in categorical variables were
assessed with the Fisher's exact test and differences between nominal variables were assessed with chi square, followed by FDR
correction.

The approach was further refined by interrogating mutational signatures as
smoking-related C>A transversions have been identified in NSCLC patients with clinical
benefit from ICB (Miao ef al., Nature genetics 50:1271-1281 (2018); and Forde et al.,
The New England journal of medicine, 378:1976-1986 (2018)). The number of mutations
needed to accurately estimate the contribution of the C>A rich molecular smoking
signature were evaluated. /» silico dilution experiments of whole exome mutational
profiles of 985 TCGA NSCLC tumors were performed and it was found that a minimum
of 20 non-synonymous mutations would be required to predict the presence of a dominant
smoking signature (Figure 7). An analysis of tumor samples with at least 20 mutations
revealed an enrichment of the molecular smoking signature in patients with durable
clinical benefit (Mann-Whitney p=0.003, FDR-adjusted p=0.027, Figure 5, Table 5). The
molecular smoking signature more accurately predicted overall survival than observed
TMB (log rank p=0.031, Figure 4B), suggesting that the smoking-associated mutational
processes are the likely cause of high mutation load and therefore, for samples with low
tumor purity, mutational signatures could serve as a proxy for TMB.

Genomic alterations in driver genes that were selectively associated with
responding or non-responding tumors after accounting for the mutation load of a given
tumor were identified. Such an adjustment is crucial given the higher probability of
passenger mutations in driver genes in tumors with a high tumor mutation burden. A
significant enrichment in activating mutations in receptor tyrosine kinase (RTK) genes
were found in patients who did not derive durable clinical benefit from immune
checkpoint blockade (Mann-Whitney p<0.001, FDR-adjusted p=0.002, Figure 5, Table
5). The RTK superfamily of cell-surface receptors serve as mediators of cell signaling by
extra-cellular growth factors and these oncogenes can be activated by point mutations,
amplifications (FGFRI, IGF'IR) or both (EGFR, ERBB2, MET). EGFR exon 19 in-frame
deletions (745KELREA>T, E746 _A750del, L747 _T751del), exon 20 in-frame insertions
(N771_H773dup) and exon 21 point mutations (L858R) as well as ERBB2 exon 19
(E770_A771insAY VM) and exon 20 (776G>VC) in-frame insertions were exclusively
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found in nonresponding tumors in cohort 1 (Figure 5). Similarly, EGFR, ERBB2, MET
and /GF'IR amplifications were only observed in non-responding tumors, and FGFR/
amplifications were detected in 2 non-responding and one responding tumor (Figure 5).
The distribution of activating RTK mutations was independent of TMB (Mann-Whitney
p=0.33) and remained significantly associated with clinical response to immune
checkpoint blockade after correction for TMB (logistic regression p=0.04, Table 7). A
significantly lower CD8+ T cell infiltration was found in tumors with activating RTK
mutations (CD8+ T cell density of 7.36+2.5 vs. 15.16£2.5 for tumors with and without
activating RTK mutations, p=0.036), indicating that RTK signaling may be linked to
intratumoral T cell depletion. RTK activating mutations conferred reduced survival (log
rank p=0.005, Figure 4C) and these observations were validated in cohort 2, where an
enrichment in activating mutations in RTK genes was found in non- responding tumors
and resulted in worse progression-free survival (log rank p= 0.009, Figure 4D, Figure 8).
Analysis of a third independent cohort of 240 NSCLC patients treated with ICB and
where tumors were analyzed with targeted NGS confirmed these findings, revealing that
RTK activating mutations in EGFR, ERBB2, MET, FGFRI and IGF IR were enriched in
non-responding tumors (Fisher’s exact p=0.027). RTK alterations were associated with
shorter progression-free survival (log rank p=0.035; Figure 8) independent of TMB
(Mann-Whitney p=0.11 for TMB differences between responding and nonresponding

tumors).

Table 7. Gene enrichment analysis in patients with differential responses to immune
checkpoint blockade.

Gene / Gene group DCB NDB p value FDR p value TMB adjusted p value
count count

RTK mutations 1 15 <0.001 0.002 0.040
KRAS 16 13 0.364 0.545 0.660
STK11 5 8 0.559 0.559 0.153
ARID1A 9 1 0.005 0.024 0.062
KEAP1 4 9 0.240 0.439 0.074
JAK1/ JAK2 3 0 0.101 0.302 0.391
PTEN 1 0 0.471 0.559 NE
MDM2 / MDM4 0 3 0.244 0.439 NE
TP53 24 23 0.519 0.559 0.552
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Recurrent alterations in ARID 1A were found in patients with durable clinical
benefit (Mann-Whitney p=0.005, FDR-adjusted p=0.024), with a trend towards statistical
significance after correction for TMB (p=0.062, Figure 5, Table 7). KEAP I mutations, in
particular inactivating mutations and loss of the wild type allele, were more commonly
found in patients with non-durable clinical benefit however this observation did not reach
statistical significance (p=0.074, Figure 5, Table 7). A homozygous deletion in PTEN
was found in one patient with a short-lived response to immune checkpoint blockade and
MDM2/MDM4 amplifications were identified in 3 patients with non-durable clinical
benefit (Figure 5). Loss-of-function mutations were not detected in JAK7 or JAK2 nor
was an enrichment of co-occurring KRAS and inactivating STK // mutations in
non-responding tumors detected (Figure 5). Additionally, homozygous deletions were
observed in IFN-y pathway genes but their frequency was similar in responding and
non-responding tumors and these deletions co-occurred with loss of the CDKN2A4 tumor
suppressor gene in all but two of the nine cases in which they were present (Figure 9).
CDKN2A and the group of IFN-y pathway genes are on chromosome 9p 917Kb apart, and
therefore IFN-y deletions may be co-occurring passengers in the setting of a driver
CDKN24 deletion.

A pathway-focused approach was followed in order to identify enrichment or
mutual exclusivity of genomic alterations in oncogenic processes or signaling pathways.
DNA damage repair (DDR) genes and the WNT-B-catenin pathway were considered.
One responding TMB-high tumor was identified with biallellic inactivation of MLH1, but
an overall enrichment was not identified in deleterious somatic DDR gene mutations in
responding tumors (Figure 10). Similarly, a gain-of-function CTNNB/ hotspot mutation
was detected in a non-responding tumor but no additional differences in activating
mutations in the WNT pathway between responders and non-responders were detected
(Figure 10). Genome-wide copy number analyses were employed to investigate
differences in tumor aneuploidy (Methods), however no significant differences were
found in the fraction of the genome with allelic imbalance or LOH between patients with
durable and non-durable clinical benefit (Figure 11).

A strong correlation was found between TMB and predicted MANA load
(R=0.98, p<0.001). As only a small fraction of predicted MANAs are immunogenic,
neoantigens that have predicted MHC affinities <50nM and for which the corresponding
wild-type peptide does not bind MHC class I (affinity >1000nM) were focused on as
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these “fit” neoantigens are most likely to be identified as non-self by the immune system
and potentiate an anti-tumor immune response. A higher number of fit MANASs was
found in responding vs. non-responding tumors (Mann-Whitney p=0.01, FDR-adjusted
p=0.05; Figure 12 and Table 5). Neoantigens stemming from frameshift alterations were
further focused on, as conceptually these could generate multiple immunogenic
neoantigens. Responding tumors showed a trend for a higher number of MAN As
predicted to be derived from frameshift mutations (Mann-Whitney p= 0.08; Figure 12).
The potential of hotspot mutations in driver and other genes to generate fit MANAs was
then studied as such alterations may be less likely to be eliminated as a means of immune
escape. A subset of clonal hotspot frameshifts and in-frame indels generated fit MANASs
(Figure 13) and patients harboring fit hotspot MANAs showed a trend towards longer
overall survival (log rank p=0.1).

Antigen presentation deficiency may lead to immune escape through both HLA
class I germline homozygosity and somatic loss of heterozygosity (LOH). In the cohort,
22 cases were homozygous for at least one HLA class I locus in their germline, and
somatic HLA LOH occurred in 27 tumors (Figure 14A and Table 11). Mutations in HLA
class I genes were rare (only seen in 3 cases). Through analysis of 3,601 TCGA samples,
no enrichment was found in LOH of chromosome 6p that contains the HLA class I loci
compared to background arm-level allelic imbalance in NSCLC, but the degree of 6p
LOH was higher in NSCLC compared to other tumor types (p<0.001, Figure 15). The
B2-microglobulin locus was frequently lost by LOH, however concurrent inactivating
mutations were detected, rendering this an infrequent mechanism of immune evasion in
our cohort (Figure 14A). Conceptually, tumors with increased mutation burden would be
more likely to be recognized by the immune system but may overcome this evolutionary
disadvantage through HL A haplotype loss and diminished presentation potential of
neoantigens. While germline HLA zygosity was not correlated with TMB for the vast
majority of tumors examined, combined germline and tumor HLA status was correlated
with TMB such that tumors with a lower non-synonymous mutation load harbored a more
intact antigen presentation capacity (Figure 16). No association was found between TMB
and HLA class I supertypes, and germline HLA class I variation was not associated with
outcome (Figure 17). HLA class I germline zygosity and somatic HLA class I LOH
events were combined to determine the effect of unique number of HLA class I alleles on

response to ICB. Tumors with reduced antigen presentation potential were linked to
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worse outcome to ICB (Figure 14B) and importantly, when antigen presentation capacity
and TMB were combined, NSCLCs with low TMB and reduced antigen presentation
potential had a significantly shorter overall survival (log rank p=0.01, Figure 14C).
Tumors with lower antigen presentation capacity showed a significantly lower level of
CD8+ T cell density (Mann Whitney p=0.005, Figure 14D), suggesting that these tumors
may present a less diverse neoantigen repertoire to cytotoxic T cells and therefore have
the potential to become partially invisible to the immune system. Furthermore, cases with
maximal HLA class I heterozygosity were found to have a less clonal TCR repertoire
(p=0.01, Figure 17), suggesting that HLA variation determines the selection and clonal

expansion of neoantigen-specific T cells.
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Given the importance of specific individual features identified, cTMB, molecular
smoking signature, RTK activating mutations, and HLA genetic variation were combined in
a multi-parameter predictor of outcome (Figure 18A). Multivariate Cox proportional hazards
regression analysis was applied to evaluate the combined contribution of these molecular
features in predicting overall survival in our cohort, followed by independent validation of
the model in cohort 2 (Table 12). A risk score was calculated as the exponential of the sum
of product of mean-centered covariate values and their corresponding coefficient estimates
and used to classify patients in high and low risk groups (Methods). Patients classified in the
high risk category had a significantly shorter overall survival compared to patients at low risk
for disease progression (median OS 13 vs. 38 months, log rank p=0.0001, HR=3.29, 95% CI:
1.77-6.14; Figure 18B) and these findings were independently validated in cohort 2 (median
PFS 3 vs. 8 months, log rank p=0.017, HR=2.73, 95% CI: 1.15-6.45; Figure 18C).

Table 12. Multivariable Cox Proportional Hazards Regression Analysis.

Variable Multivariate Cox Proportional Hazards Model
Coefficient  Hazard Ratio 95% Cl p value
cTMB -0.001 0.999 0.998 - 1.000 0.111
Molecular Smoking Signature -0.547 0.579 0.301-1.112 0.101
RTK activating mutation 0.981 2.667 1.237 -5.750 0.012
Unique HLA class | alleles-germline (3-4 vs 5-6) 0.718 2.050 0.2765 - 15.242 0.483

The predictive value of individual biomarkers of response to immunotherapy such as
PD-L1 expression and TMB have modest predictive utility across a plethora of studies These
analyses showed that the complexities of the predictive value of TMB may be in part
attributed to tumor purity and developed a new approach to generate corrected TMB values
that more accurately predicted outcome for ICB. These findings are of particular importance
for metastatic NSCLC where the majority of tumor samples are obtained by bronchoscopy or
core needle biopsies and are therefore subject to tumor purity limitations. While targeted

next-generation sequencing may alleviate the tumor purity effect given the higher coverage
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compared to whole exome sequencing, our findings suggest that TMB values should only be
interpreted after taking into consideration the tumor purity of the sample analyzed.

This study found a significant enrichment in activating RTK genomic alterations in
non-responding tumors which identified patients with an inferior outcome from immune
checkpoint blockade in three independent NSCLC cohorts. This study also found that
activating genomic alterations in RTK genes including EGFR, HER2, MET, FGFRI and
IGF IR can be linked to primary resistance to immune checkpoint blockade independent of
mutation burden.

Key molecular features identified in this study were combined into a predictive
classifier for NSCLC patients treated with ICB. Previous attempts to combine biomarkers
have focused on a limited number of features such as TMB and chromosomal imbalance
(Roh et al., Science translational medicine 9:3560 (2017)), TMB and immune cell gene
expression profiles (Cristescu et al., Science 362:3593 (2018)) or HLA variation and TMB
(Chowell et al., Science 359:582-587 (2018); and McGranahan ef al., Cell 171:1259-1271
(2017)). The multivariable model described herein incorporates an improved measure of
TMB through correction of tumor purity, RTK mutations, molecular smoking signature and
HLA genetic variation, highlighting the need for development of integrative platforms that

capture the complexities of the cancer-immune system crosstalk.
Methods

Cohort characteristics

Matched tumor-normal exome sequencing data was obtained from 3,788 patients in
TCGA (cancergenome.nih.gov), as outlined in the TCGA publication guidelines
cancergenome.nih.gov/publications/publicationguidelines, focusing on tumors that would be
relevant for immunotherapy. Cohort 1 consisted of 104 NSCLC patients treated with
immune checkpoint blockade at Johns Hopkins Sidney Kimmel Cancer Center and the
Nederlands Kanker Instituut. Of these, 15 cases were not included in the final analyses
because of tumor purity <10% or absence of matched normal samples. The studies were
approved by the Institutional Review Board (IRB) and patients provided written informed
consent for sample acquisition for research purposes. Clinical characteristics for all patients

are summarized in Table 1. Exome data from a published cohort of NSCLC patients treated
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with PD1 blockade (cohort 2) were obtained and analyzed to validate key findings from
cohort 1 as described elsewhere (see, e.g., Rizvi ef al., Science, 348:124-128 (2015) ; and
Wood et al., Science translational medicine 10:7939 (2018)). A publicly available cohort of
240 NSCLC patients treated with ICB was obtained through CBioPortal for Cancer
Genomics (MSK, JCO 2018; available online at

cbioportal org/study?id=nsclc_pd1 msk 2018) and used to validate the association of RTK
mutations with outcome (cohort 3). A publicly available cohort of 1,661 tumors analyzed by
targeted next-generation sequencing was obtained through CBioportal for Cancer Genomics
(MSKCC, Nat Genet 51(2):202-206 (2019)) to validate the correlation between TMB and
tumor purity in the setting of higher sequencing depth.

Treatment and assessment of clinical response

Eighty patients were treated with anti-PD1 therapy, 7 patients received combination
anti-PD1 and anti-CTLA4 therapy and 2 patients were treated with chemotherapy and
anti-PD1 therapy. Response was defined as durable clinical benefit if complete, partial
response or stable disease was achieved with a duration >6 months. Responding and
non-responding tumors, therefore refer to durable clinical benefit and non-durable clinical
benefit respectively. Progression-free survival (PFS) and overall survival (OS) were defined
as the time elapsed between the date of treatment initiation and the date of disease
progression or death from disease, or the date of death, respectively. Ultimately, overall
survival was used to determine long-term outcome for cohort 1. Overall survival was not
available for cohorts 2 and 3, therefore progression-free survival was used. Response

assessments and outcome are shown in detail in Table 1.
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Sample preparation and whole exome sequencing

Whole exome sequencing was performed on pre-immunotherapy tumor and matched
normal samples, with the exception of 3 cases for which tumor from the time of resistance to
therapy was analyzed (Table 1). Tumor samples underwent pathological review for
confirmation of lung cancer diagnosis and assessment of tumor cellularity; histology,
anatomic location of the lesion analyzed and pathologic tumor purity are shown in Table 1.
Slides from each FFPE block were macrodissected to remove contaminating normal tissue.
Matched normal samples were provided as peripheral blood. DNA was extracted from
patients’ tumors and matched peripheral blood using the Qiagen DNA FFPE and Qiagen
DNA blood mini kit respectively (Qiagen, CA). Fragmented genomic DNA from tumor and
normal samples used for Illumina TruSeq library construction (Illumina, San Diego, CA) and
exonic regions were captured in solution using the Agilent SureSelect v.4 kit (Agilent, Santa
Clara, CA) according to the manufacturers’ instructions as described elsewhere (see, e.g.,
Anagnostou et al., Cancer discovery 7:264-276 (2017)). Paired-end sequencing, resulting in
100 bases from each end of the fragments for the exome libraries was performed using
Ilumina HiSeq 2000/2500 instrumentation (Illumina, San Diego, CA). The mean depth of
total and distinct coverage for the pre-treatment tumors were 23 1x and 144x, allowing
identification of sequence alterations and copy number changes in >20,000 genes (Tables 2,

3 and 6).

Primary processing of exome data and identification of putative somatic mutations

Somatic mutations were identified using VariantDx custom software for identifying
mutations in matched tumor and normal samples as described elsewhere (see, e.g., Jones ef
al., Science translational medicine 7, 283ra253 (2015)). Prior to mutation calling, primary
processing of sequence data for both tumor and normal samples were performed using
Ilumina CASAVA software (version 1.8), including masking of adapter sequences.
Sequence reads were aligned against the human reference genome (version hg19) using
ELAND with additional realignment of select regions using the Needleman-Wunsch method
as described elsewhere (see, e.g., Needleman et al., J Mol Biol 48:443-453 (1970)).
Candidate somatic mutations, consisting of point mutations, insertions, and deletions were

then identified using VariantDx across the whole exome. VariantDx examines sequence
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alignments of tumor samples against a matched normal while applying filters to exclude
alignment and sequencing artifacts. In brief, an alignment filter was applied to exclude
quality failed reads, unpaired reads, and poorly mapped reads in the tumor. A base quality
filter was applied to limit inclusion of bases to those with reported Phred quality score > 30
for the tumor and > 20 for the normal. A mutation in the pre or post treatment tumor samples
was identified as a candidate somatic mutation only when (1) distinct paired reads contained
the mutation in the tumor; (2) the fraction of distinct paired reads containing a particular
mutation in the tumor was at least 10% of the total distinct read pairs and (3) the mismatched
base was not present in >1% of the reads in the matched normal sample as well as not present
in a custom database of common germline variants derived from dbSNP and (4) the position
was covered in both the tumor and normal. Mutations arising from misplaced genome
alignments, including paralogous sequences, were identified and excluded by searching the
reference genome. Candidate somatic mutations were further filtered based on gene
annotation to identify those occurring in protein coding regions. Functional consequences
were predicted using snpEff and a custom database of CCDS, RefSeq and Ensembl
annotations using the latest transcript versions available on hgl19 from UCSC
(genome.ucsc.edu/). Predictions were ordered to prefer transcripts with canonical start and
stop codons and CCDS or Refseq transcripts over Ensembl when available. Finally,
mutations were filtered to exclude intronic and silent changes, while retaining mutations
resulting in missense mutations, nonsense mutations, in-frame and frameshift insertions and
deletions, or splice site alterations. Somatic mutations were annotated against the set of
mutations in COSMIC (v84) database, and the number of samples with identical amino acid
change were reported. Mutations were characterized as hotspots when the same amino acid
change was reported in at least 10 tumor samples in COSMIC v84 database. Missense
mutations were evaluated for their potential as cancer drivers by CHASMplus (Tokheim et
al., bioRxiv dx.doi.org/10.1101/010876 (2018)). For the differential enrichment analysis
between patients with durable and non-durable clinical benefit, only genomic alterations with
known cancer initiating/promoting functional consequences independent of observed
frequency and hotspots for oncogenes and truncating/loss-of-function mutations for tumor

suppressor genes were considered.
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For the TCGA cohort, WES-derived somatic mutation calls from the TCGA
PanCancer Atlas MC3 project were retrieved from the NCI Genomic Data Commons
(gdc.cancer.gov/about-data/publications/ mc3-2017). The MC3 mutation call set is the result
of application of a uniform analysis pipeline including a standardized set of six mutation
callers and an array of automated filters to all the entire TCGA exome data. Mutation calls in
cohort 2 were obtained from re-analysis of the original calls and consequence prediction was
performed using CRAVAT (Masica et al., Cancer Res 77, €35-e38 (2017)). TMB scores for
the cohort of 1,661 tumors were retrieved from the original publication and refer to the total
number of somatic mutations identified normalized to the exonic coverage of the targeted

panel used in megabases (Samstein et al., Nature genetics, 51(2):202-206 (2019)).

Neoantigen prediction and feature characterization

To assess the immunogenicity of somatic mutations, exome data combined with each
individual patient’s MHC class I haplotype were applied in a neoantigen prediction platform
that evaluates binding of somatic peptides to class | MHC, antigen processing, self-similarity
and gene expression. Detected somatic mutations, consisting of nonsynonymous single base
substitutions, insertions and deletions, were evaluated for putative neoantigens using the
ImmunodSelect-R pipeline (Personal Genome Diagnostics, Baltimore, MD) as described
elsewhere (see, e.g., Anagnostou et al., Cancer discovery 7:264-276 (2017)). For single base
substitutions, ImmunoSe/ect-R performs a comprehensive assessment of paired somatic and
wild type peptides 8-11 amino acids in length at every position surrounding a somatic
mutation. In the case of frameshifts, all peptides 8-11 amino acids encompassing the new
protein sequence resulting from the frameshift alteration were considered.

To accurately infer a patient’s germline HLA 4-digit allele genotype,
whole-exome-sequencing data from paired tumor/normal samples were first aligned to a
reference allele set, which was then formulated as an integer linear programming
optimization procedure to generate a final genotype by OptiType v1.0.44. The HLA
genotype served as input to netMHCpan to predict the MHC class I binding potential of each
somatic and wild-type peptide (IC50 nM), with each peptide classified as a strong binder
(SB), weak binder (WB) or non-binder (NB) as described elsewhere (see, e.g., Nielsen ef al.,
Genome Med 8:33 (2016); Lundegaard ef al., Nucleic Acids Res 36:W509-512 (2008); and
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Lundegaard et al., Bioinformatics 24:1397-1398 (2008)). Peptides were further evaluated for
antigen processing (netCTLpan48) and were classified as cytotoxic T lymphocyte epitopes
(E) or non-epitopes (NA). Paired somatic and wild-type peptides were assessed for
self-similarity based on MHC class I binding affinity. Neoantigen candidates meeting an
IC50 affinity < 5000 nM were subsequently ranked based on MHC binding and T-cell
epitope classifications. A single MANA per mutation was selected based on their MHC
affinity and neoantigen candidates with an MHC affinity <500 nM were further selected to
estimate the neoantigen tumor burden and used for downstream analyses. Tumor-associated
expression levels derived from TCGA were used to generate a final ranking of candidate
immunogenic peptides. MANAs were further characterized based on their immunogenic
potential by selecting neopeptides with high MHC affinity for which their wild type
counterpart predicted not to bind MHC class I molecules (fit MANA: MHC affinity for
mutant peptide < 50nM and for wild type peptide > 1000nM). For MANASs stemming from
frameshift mutations, the length of the resulting protein until a stop codon was reached was
considered, as a longer novel amino acid sequence would have the potential to generate more
immunogenic neoantigens. Sequences more prone to undergo nonsense mediated decay were
subsequently filtered out as described elsewhere (see, e.g., Balasubramanian ef al., Nature
communications 8:382 (2017)), during this process aberrant transcripts are typically removed
at the mRNA level and therefore would not stand a chance of occurring despite the presence
of bioinformatic predictions. The percentage of frameshift mutations undergoing nonsense
mediated decay is shown in Figure 12. Frameshift MANAs were interrogated for homology
to microbial and viral antigens by matching the peptide sequence to peptides in the Immune
Epitope Database (IEDB, www.iedb.org), requiring a match of >80% for identity and >75%
for length.

Mutational Signatures

Mutational signatures were extracted based on the fraction of coding point mutations
in each of 96 trinucleotide contexts and estimated the contribution of each signature to each
tumor sample using the deconstructSigs R package as described elsewhere (see, e.g., Viray ef
al., Archives of pathology & laboratory medicine 137:1545-1549 (2013); and Anagnostou et
al., Cancer discovery 7:264-276 (2017)). To evaluate the impact of the total number of
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observed single base substitutions on detection of a smoking signature within a tumor
sample, in-silico dilution experiments were performed utilizing somatic mutation data from
985 NSCLC samples from the TCGA PanCancer Atlas MC3 project. A total of 76 tumors
(64 LUAD and 12 LUSC, with average patient pack years of 43.8 and 32.8, respectively)
with mutational loads >250 (requiring a minimum 10% MAF and at least 4 variant
supporting reads per mutation) and a detected smoking signature with >75% contribution
were diluted in silico by subsampling to lower mutation counts from 5 up to 100. For each
round of subsampling, tumor mutations were re-evaluated for a smoking signature using the
deconstructSigs package. Reductions in the smoking signature and overall percentage
deviation from the original smoking signature percent contribution were then assessed in the

sample.

Copy number analyses, tumor purity and ploidy assessment

The somatic copy number profile and the extent of aneuploidy in each tumor were
estimated using whole exome sequencing data as follows. First, the relative copy number
profile of each tumor sample was determined by evaluating the number of reads mapping to
exonic and intronic regions (bins) of the genome while correcting them for confounding
factors such as region size, GC content, and sequence complexity. The corrected density
profile in each tumor sample was then compared to a reference generated by processing a
panel of normal samples in a similar manner to define log copy ratio values which reflect the
relative copy number profile of each genomic region. Next, circular binary segmentation
(CBS) was applied to bin-level copy ratio values to reduce the inherent noise associated with
stochastic read count variation and to enable accurate assessment of copy number
breakpoints; i.e. boundaries between genomic segments with distinct somatic copy number.
Finally, a genome-wide analysis of segmental copy ratio values combined with minor allele
frequency of heterozygous SNPs overlapping the segments, implemented as an in-house
pipeline, yielded an estimate of tumor purity and ploidy. In brief, the model exhaustively
evaluated all plausible combinations of tumor purity and ploidy and returned the optimal
combination of the two parameters using a maximum likelihood approach. The performance
of this platform was compared against FACETS on a collection of 97 NSCLC tumors and the

two methods provided similar estimates of tumor purity (r = 0.94, p-value < 2.2e-16) and
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ploidy (r = 0.66, p-value = 1.489e-13). The estimated purity and ploidy of the tumor sample
were subsequently used to determine the allele specific copy number of genome segment by
selecting the combination of total and minor copy number that best approximate the
segment’s log copy ratio and average minor allele frequency as described elsewhere (see,
e.g., Anagnostou et al., Cancer discovery 7:264-276 (2017)).

Focal amplifications and homozygous deletions were determined as segments of the
genome with length <3 Mbp and total copy number greater than or equal to three times
ploidy of the genome (amplification), or total copy number of zero (deletion). To increase
the specificity of this approach, a set of blacklisted regions was created from a panel of 96
healthy control samples. For each healthy sample, a weighted mean and weighted standard
deviation was calculated from segment means obtained from the circular binary segmentation
algorithm on copy ratio values, weighted by the number of bins supporting each segment.
Genomic intervals in each healthy sample with a segment mean greater than 3 standard
deviations away from the mean were added to the blacklist. Focal alterations where >50% of
the segment overlapped a blacklisted region in at least 2 healthy control samples were
dropped. In addition, segments supported by less than 5 bins and also segments from
GC-rich and GC-poor regions of the genome where more than 50% of bins supporting a
segment had a GC-content of less than 35% or greater than 70% were excluded.

Several measures of tumor aneuploidy were calculated including the fraction of the
genome with loss of heterozygosity (LOH: complete loss of the minor allele), and allelic
imbalance (Al inequality of major and minor allele copy number). In each tumor sample,
the modal copy number was determined as the most prevalent total copy number value across
the genome. The fraction of the genome with total copy number-CN different from this
modal value was calculated and referred to as Non-modal CN Fraction. This measure of
aneuploidy is equal to zero for a euploid genome, and increases as the tumor genome
accumulates copy number aberrations. Finally, the fraction of the genome at each observed
total copy number value was determined, and applied the concept of entropy from
information theory to quantify the amount of uncertainty in the assignment of total copy
number for each genomic segment. Genome CN Entropy is at its minimum when the entire

genome is at a single total copy number, and reaches its maximum when all the observed
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total copy number levels represent equal fractions of the genome; e.g. 25% of the genome at
n=1,2,3 and 4.

For a subset of cases (n=14 in cohort 1 and n=10 in cohort 2) where the pipeline
could not determine the purity and ploidy due to low tumor purity, technical noise, or
copy-number heterogeneity, a mutation- based measure of tumor purity based on the median
of mutant allele fractions was used to derive an approximate measure of tumor purity.
Tumor purity estimates from copy number analysis above were combined with these

mutation-based estimates to define the “Adjusted Tumor Purity” measure.

Evaluation of Tumor Purity in TCGA Samples

Consensus tumor purity estimates from four independent methods were obtained for
TCGA samples as described elsewhere (see, e.g., Aran ef al., Nature communications 6:8971
(2015)). The analysis were restricted to 3,788 TCGA samples from 7 tumor types (BLCA,
BRCA, COAD, HNSC, KIRC, LUAD, LUSC, and SKCM) that had both MC3 mutation calls
and a consensus tumor purity estimate. For each cancer type, we computed the Pearson
correlation between the total number of mutations called in each sample and tumor purity
(Figure 2). Tumor purity for the cohort of 1,661 tumors were retrieved from the original

publication (Samstein et al., Nature genetics, 51(2):202-206 (2019)).

Mutation clonality assessment

Mutant allele frequency, ploidy and purity were incorporated to estimate mutation
cellular fraction that is the fraction of cancer cells that harbor a specific mutation.
SCHISMS56 was applied to determine the mutation cellular fraction based on the observed
variant allele frequency, estimated copy number, and sample purity by following an approach
similar to that described elsewhere (see, e.g., Anagnostou et al., Cancer discovery 7:264-276
(2017)). Briefly, the expected mutant allele frequency (Vexy) of @ mutation with mutation
cellular fraction (CF) present in m copies (mutation multiplicity), at a locus with total copy
number (777) in the tumor sample and total copy number (#2y) in the matched normal sample,

with purity (o) can be calculated as
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Where m indicates multiplicity, i.e. the number of mutant copies present in the cancer cells.
A confidence interval for variable Vey, can be derived based on the observed distinct mutant
counts and distinct coverage assuming a binomial process. Substitution of this value in the
above equation resulted in a confidence interval for the product of the two unknown variables
m and CF. Finally, the following set of rules were applied to determine the mutation cellular
fraction: (1) For clonal mutations (CF = 1), the product m * CF only assumes integer values;
therefore, if the confidence interval includes an integer value, that value is equal to the
multiplicity of the mutation and the mutation is clonal (CF = 1). (2) For mutations where the
upper bound of the confidence interval for m * CI is below 1, multiplicity is assumed to be
1. If the point estimate for CF'is within a tolerance threshold (0.25) of 1.0, the mutation is
assumed to be clonal and CF is substituted by 1.0. Otherwise, the mutation is deemed
subclonal. (3) For mutations where the confidence interval for m * CF does not encompass
an integer number and the entire interval exceeds 1.0, it is plausible to assume a multiplicity
greater than 1.0. In this case, the multiplicity is set to smallest integer value such that the
confidence value for CF falls within the expected interval of [0, 1]. This procedure results in
a point estimate for CF. Similar to (2), if the point estimate is within a tolerance threshold
(0.25) of 1.0, the mutation is assumed to be clonal and C'F'is substituted by 1.0; otherwise,

the mutation is considered subclonal.

Limitations of TMB assessment

The impact of tumor purity and intratumoral heterogeneity on the accuracy of TMB
estimates was evaluated in a simulation experiment (Figure 1). The experiment modeled two
tumor samples with distinct subclonal composition, and assessed their estimated TMB at
tumor purity levels ranging from 20% to 100% in 10% increments. The first simulated tumor
with TMB of 265 contained four mutation clusters at cellular fractions 1.00 (n = 100), 0.70 (n
=50), 0.40 (n =40), and 0.2 (n =75). The second simulated tumor with TMB of 150
contained two mutation clusters at cellular fractions 1.00 (n = 100), and 0.50 (n = 50). At
each level of tumor purity, the following process was repeated in 10 replicates to estimate the

observed TMB. Distinct coverage (c¢) of each mutation was determined as:

e ~T{fag )
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where uc is the mean distinct coverage of the sample, and was set to set to 200. The rate
parameter 3 determined the variance of base-level coverage in the sample, and was set to
0.013 based on evaluation of coverage distribution in 100 tumor samples. Distinct mutant
read count (m) were generated by assuming a draw from a binomial distribution with
probability of success set to the expected mutation allele frequency (Vexp) given the purity of
the tumor sample (o) and cellular fraction of the mutation (CF), assuming absence of somatic
copy number alterations at the mutation loci as follows:

a ik

i e
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Mutations with simulated distinct coverage ¢ > 10, distinct mutant read count m > 3, and

s

observed allele frequency ¥ > 10% were determined to be present, and were tallied up to
derive the observed TMB (obsTMB). The observed TMB was calculated in each replicate,

and the median was reported (Figure 4).

Correction of TMB for tumor purity

Corrected TMB (cTMB) values were generated based on observed TMB and tumor
purity as follows. Given the findings that low tumor purity can limit the detection of
subclonal mutations and skew the estimates of clonal composition, the level of intra-tumor
heterogeneity in a set of TCGA NSCLC cancers with high tumor purity was first established.
Purity, ploidy, and allele specific copy number profiles of the tumor samples based on
analysis of SNP6 copy number array data were obtained from Synapse (synapse.org/
#!Synapse:syn1710464.2). A set of 31 NSCLC samples with tumor purity of at least 80%
and tumor ploidy in the range of [1.5, 5.0] was selected, where highly confident mutation
calls (MC3 set) were available, and somatic copy number profile was determined. The
cellular fraction of mutations in each tumor was estimated as described above, and
determined the fraction of clonal mutations. This analysis revealed a low level of intra-tumor
heterogeneity in untreated lung tumors, as it was observed clonal mutation fraction of 70% or
above in all but two of the 31 tumors analyzed. Given the small number of lung tumors

where the clonal composition could be accurately determined, an additional group of samples
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was identified to supplement the original set. 704 highly pure (purity >= 80%) tumors were
identified with available mutation and copy number data from the TCGA project in tumor
types other than NSCLC, and characterized them in terms of clonal composition. An
estimate was derived for the clonal composition of each tumor defined as the frequency of
observed mutations in CF bins of width 0.05 spanning the [0,1] interval, and used these
estimates as a basis to model mutation CF values in the simulation experiment. This set was
further filtered to ensure that their level of intra-tumor heterogeneity matches that of NSCLC
tumors by requiring clonal mutation fraction of 70% or above. The clonal composition from
this reference combined set of NSCLC (n = 29) and other (n = 577) tumors with high clonal
fraction (>= 70%) was used to model mutation CF in the following simulation experiment.

20,000 in silico tumor samples were subsequently simulated, where the true TMB of
each tumor was determined by sampling from the distribution of TMB in TCGA NSCLC
samples. The mean sample sequence depth of coverage (C) was set to follow a normal
distribution with u = 150 and 6 = 10. The clonal composition of each tumor was specified by
randomly sampling from the reference set. The cancer cell fraction of mutations in each
tumor were determined by sampling from a multinomial distribution with p parameters set to
match the tumor’s clonal composition.

Next, following the approach outlined above, the observed TMB (obsTMB) was
determined at tumor purity values ranging from 10-100% for each tumor sample. At each
level of tumor purity and for each tumor sample, the ratio of true to observed TMB was
determined. The median of this ratio across the simulated tumors was considered as a
multiplicative correction factor used to transform the observed TMB to a value referred to as
corrected TMB (cTMB) that more closely approximates the true TMB. The median and 95%
confidence interval of the correction factor (7) calculated at different levels of tumor purity

(a) from the simulation experiment are reported (Table 4).

I8 = ria} » ohsTME

This approach was applied to the tumor samples in cohort 1 and estimated the corrected

TMB and its 95% confidence interval (Figure 4).

59



10

15

20

25

WO 2020/198717 PCT/US2020/025551

HILA genetic variation

OptiType v1.2. was used to determine HLA class I haplotypes as described elsewhere
(see, e.g., Szolek et al., Bioinformatics 30:3310-3316 (2014)). The highly polymorphic
nature of the HLA loci limits the accuracy of sequencing read alignment and somatic
mutation detection by conventional methods. Therefore, a separate bioinformatic analysis
using POLYSOLVER27 was applied to detect and annotate the somatic mutations in class I
HLA genes. HLA class I haplotypes derived from application of Optitype-vl.2 to TCGA
RNA-seq samples were retrieved from Genomic Data Commons
(gdc.cancer.gov/about-data/publications/ panimmune). To assess the possibility of loss of
germline alleles in tumor, allele specific copy number profiles of the tumor samples from
analysis of SNP6 copy number array data were obtained from Synapse (synapse.org/
#!Synapse:syn1710464.2). Loss of heterozygosity of each HLA gene was determined by
considering the minor allele copy number of the overlapping genomic region (minor CN=0
indicated complete loss of minor allele). Individual HLA-I alleles are classified into discrete
supertypes, based upon similar peptideanchor- binding specificities as described elsewhere

(see, e.g., Sidney et al., BMC immunology 9:1 (2008)).

Evaluation of Somatic HLA Loss

Given the essential role of MHC class I molecules in presentation of neo-antigens and
initiation of a cascade of events that leads to anti-tumor immune response, we determined
their maintenance or loss in tumor by applying LOHHLA using default program settings as
described elsewhere (see, e.g., McGranahan et al., Cell 171:1259-1271 e1211 (2017)).
LOHHLA determines allele specific copy number of HLA locus by realignment of NGS
reads to patient-specific HLA reference sequences, and correction of the resulting coverage
profile for tumor purity and ploidy. At each HLA locus heterozygous in germline, loss of
heterozygosity was declared if the copy number for one of the two alleles was below 0.5, and
there was a statistically significant different between the log copy ratio of the two alleles
(PVal _unique <0.01). The unique number of class I HLA alleles in tumor was calculated by
subtracting the number of germline heterozygous alleles with somatic LOH from the total

number of unique alleles in germline.
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TCR sequencing

TCR clones were evaluated in tumor tissue by next generation sequencing. DNA
from tumor samples was isolated by using the Qiagen DNA FFPE kit (Qiagen, CA). TCR-f
CDR3 regions were amplified using the survey ImmunoSeq assay in a multiplex PCR
method using 45 forward primers specific to TCR VJ3 gene segments and 13 reverse primers
specific to TCR JB gene segments (Adaptive Biotechnologies) as described elsewhere (see,
e.g., Carlson et al., Nature communications 4:2680 (2013)). Productive TCR sequences were
further analyzed. For each sample, a clonality metric was estimated in order to quantitate the
extent of mono- or oligo-clonal expansion by measuring the shape of the clone frequency
distribution as described elsewhere (see, e.g., Gao ef al., Cell 167:397-404 €399 (2016)).
Clonality values range from O to 1, where values approaching 1 indicate a nearly monoclonal

population (Table 13).
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Immunohistochemistry and Interpretation of CDS staining

Immunolabeling for CD8 detection was performed on formalin-fixed, paraffin
embedded sections on a Ventana Discovery Ultra autostainer (Roche Diagnostics). Briefly,
following deparaffinization and rehydration, epitope retrieval was performed using Ventana
Ultra CC1 buffer (Roche Diagnostics) at 96°C for 64 minutes. Sections were subsequently
incubated with the primary mouse anti-human CD8 antibody, (1:100 dilution, clone m7103,
Dako) at 36°C for 60 minutes, followed by incubation with an anti-mouse HQ detection
system (Roche Diagnostics) and application of the Chromomap DAB IHC detection kit
(Roche Diagnostics). A minimum of 100 tumor cells were evaluated per specimen.

CD8-positive lymphocyte density was evaluated per 20x high power field.

Statistical analyses

Differences between responding and non-responding tumors were evaluated using
chi-square or Fisher’s exact test for categorical variables and the Mann-Whitney test for
continuous variables. The Pearson correlation coefficient (R) was used to assess correlations
between continuous variables. P values were corrected using the Benjamini-Hochberg
procedure and the associated false discovery rate (FDR) values were calculated. Tumors
were classified based on their non-synonymous sequence alteration load in high and low
mutators, using the second tertile as a cut-off point. The median point estimate and 95% CI
for PFS and OS were estimated by the Kaplan—Meier method and survival curves were
compared by using the nonparametric log rank test. Univariate Cox proportional hazards
regression analysis was used to determine the impact of individual parameters on overall
survival. A multivariable Cox proportional hazards model was employed using corrected
TMB, RTK mutations, smoking mutational signature and number of HLA germline alleles.
A risk score reflecting the relative hazard was calculated as the exponential of the sum of the
product of mean-centered covariate values and their corresponding coefficient estimates for
each case. The second tertile of the risk score was used to classify patients in high risk (top
33.3%) and low risk (bottom 66.6%) groups. All p values were based on two-sided testing

and differences were considered significant at p < 0.05. Statistical analyses were done using
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the SPSS software program (version 25.0.0 for Windows, IBM, Armonk, NY) and R version
3.2 and higher, http://www.R-project.org/).

OTHER EMBODIMENTS
It is to be understood that while the invention has been described in conjunction with
the detailed description thereof, the foregoing description is intended to illustrate and not
limit the scope of the invention, which is defined by the scope of the appended claims. Other

aspects, advantages, and modifications are within the scope of the following claims.
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WHAT IS CLAIMED IS:

1. A method for treating a mammal having cancer, wherein said method comprises:

(a) identifying a sample from said mammal as having a mutation in an ARIDIA
nucleic acid sequence; and

(b) administering a cancer immunotherapy to said mammal under conditions wherein

the number of cancer cells present within said mammal is reduced.

2. A method for treating a mammal having cancer, wherein said method comprises:

(a) identifying a sample from said mammal as having a molecular smoking signature;
and

(b) administering a cancer immunotherapy to said mammal under conditions wherein

the number of cancer cells present within said mammal is reduced.

3. The method of claim 1 or claim 2, wherein said sample comprises at least one cancer
cell.

4. The method of claim 3, wherein said sample is a tissue sample.

5. A method for treating a mammal having cancer, wherein said method comprises:

administering a cancer immunotherapy to a mammal identified as having at least one

cancer cell having a mutation in an ARI/D A4 nucleic acid sequence.
6. A method for treating a mammal having cancer, wherein said method comprises:
administering a cancer immunotherapy to a mammal identified as having at least one

cancer cell with a molecular smoking signature.

7. The method of any one of claims 1-6, wherein said mammal is a human.
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8. The method of any one of claims 1-7, wherein said cancer immunotherapy is selected
from the group consisting of alemtuzumab, atezolizumab, avelumab, ipilimumab,

ofatumumab, nivolumab, pembrolizumab, rituximab, and durvalumab.

0. The method of any one of claims 1-8, wherein said mammal is further administered

an additional cancer treatment.

10. The method of claim 9, wherein said additional cancer treatment is selected from the
group consisting of surgery, radiation therapy, administration of a chemotherapy,
administration of a hormone therapy, administration of a targeted therapy, and administration

of a cytotoxic therapy.

11. A method for treating a mammal having cancer, wherein said method comprises:

(a) identifying a sample from said mammal as an activating mutation in EGFR
nucleic acid, an activating mutation in ERBB2 nucleic acid, an activating mutation in MET
nucleic acid, an activating mutation in FGFR1 nucleic acid, or an activating mutation in
IGF1R nucleic acid; and

(b) administering a cancer treatment to said mammal under conditions wherein the
number of cancer cells present within said mammal is reduced, wherein said cancer treatment

is not a cancer immunotherapy.

12. A method for treating a mammal having cancer, wherein said method comprises:

(a) identifying a sample from said mammal as having germline homozygosity or a
loss of at least one HLA class I locus; and

(b) administering a cancer treatment to said mammal under conditions wherein the
number of cancer cells present within said mammal is reduced, wherein said cancer treatment

is not a cancer immunotherapy.

13. A method for treating a mammal having cancer, wherein said method comprises:
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(a) identifying a sample from said mammal as having a mutation in a KEAP [ nucleic
acid sequence; and
(b) administering a cancer treatment to said mammal, wherein said cancer treatment

is not a cancer immunotherapy.

14. The method of any one of claims 11-13, wherein said sample comprises at least one

cancer cell.

15. The method of claim 14, wherein said sample is a tissue sample.

16. A method for treating a mammal having cancer, wherein said method comprises:
administering a cancer treatment to a mammal identified as having at least one cancer
cell having an activating mutation in FGFR nucleic acid, an activating mutation in FRBB?2
nucleic acid, an activating mutation in MET nucleic acid, an activating mutation in FGFR/
nucleic acid, or an activating mutation in /G/"/R nucleic acid, wherein said cancer treatment

is not a cancer immunotherapy.

17. A method for treating a mammal having cancer, wherein said method comprises:
administering a cancer treatment to a mammal identified as having germline
homozygosity or a loss of at least one HLA class I locus, wherein said cancer treatment is not

a cancer immunotherapy.

18. A method for treating a mammal having cancer, wherein said method comprises:
administering a cancer treatment to a mammal identified as having a mutation in a

KEAP1 nucleic acid sequence, wherein said cancer treatment is not a cancer immunotherapy.

19. The method of any one of claims 11-18, wherein said mammal is a human.

20.  The method of any one of claims 11-19, wherein said cancer treatment is selected

from the group consisting of surgery, radiation therapy, administration of a chemotherapy,
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administration of a hormone therapy, administration of a targeted therapy, and administration

of a cytotoxic therapy.

21. A method for identifying a mammal as having a cancer that is likely to respond to an
immunotherapy, said method comprising:

(a) determining a corrected tumor mutation burden (¢cTMB) of said cancer;

(b) determining a mutational signature of said cancer; and

identifying said cancer as not being likely to respond to said immunotherapy when
said mutational signature of said cancer comprises 1) an activating mutation in a nucleic acid
encoding a receptor tyrosine kinase (RTK) polypeptide; and ii) germline homozygosity or a

loss of at least one HLLA class I locus.

22. The method of claim 21, wherein said nucleic acid encoding said RTK polypeptide is
a EGFR, ERBB2, MET, FGFRI, or IGF' IR nucleic acid.

23. A method for identifying a mammal as having a cancer that is likely to respond to an
immunotherapy, said method comprising:

(a) determining a corrected tumor mutation burden (¢cTMB) of said cancer;

(b) determining a mutational signature of said cancer; and

identifying said cancer as being likely to respond to said immunotherapy when said
mutational signature of said cancer comprises 1) mutation in an ARID A nucleic acid
sequence or a molecular smoking signature; and i1) germline heterozygosity at least one HLA

class I locus.

24, The method of claim 23, wherein said molecular smoking signature comprises

cytosine (C) to adenosine (A) transversions (C>A transversions).

25.  The method of any one of claims 21-24, wherein said determining said cTMB of said

cancer compri SES:
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determining an observed TMB (obsTMB) of a sample comprising at least one cancer
cell from said cancer;

determining a tumor purity (a) of said sample; and

adjusting said observed TMB based on said tumor purity using a correction factor (v)

as set forth in Table 4 to determine the cTMB.

26. The method of claim 25, wherein said cTMB is determined using the equation

27.  The method of any one of claims 1-26, wherein said cancer is a lung cancer.

28. The method of claim 27, wherein said lung cancer is selected from the group
consisting of non-small cell lung cancers, lung squamous cell carcinomas, and lung

adenocarcinomas.

29. A method for determining a cTMB, said method comprising:

determining an observed TMB (obsTMB) of a sample comprising at least one cancer
cell;

determining a tumor purity (a) of said sample; and

adjusting said observed TMB based on said tumor purity using a correction factor (v)

as set forth in Table 4 to determine the cTMB.

30. The method of claim 29, wherein said cTMB is determined using the equation
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A. CLASSIFICATION OF SUBJECT MATTER
IPC-  C12Q 1/6886, C12Q 1/68 (2020.01)
CPC - c12Q 1/6886, C12Q 2600/106, C12Q 2600/156

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

See Search History document

Minimum documentation searched (classification system followed by classification symbols)

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X WO 2018/102584 A1 (ADVAXIS, INC.) 07 June 2018 (07.06.2018) para [00135], [00138], 1,3/1,4/1,6
[00395], [0094], [0102] [0005), [00391], [00398-00399],
A US 2017/0305890 A1 (EPIZYME, INC.) 26 October 2017 (26.10.2017) para [0007], [0011] 1

D Further documents are listed in the continuation of Box C.

I:] See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“D” document cited by the applicant in the international application

“E” earlier application or patent but published on or afier the international
filing date

“L” document which maK throw doubts on priority claim(s) or which
is cited to establish t gﬁpubhcanon date of another citation or other
special reason (as specified)

“O" documentreferringto an oral disclosure, use, exhibition or other means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the apﬁligation but cited to understand
the principle or theory underlying the invention

“X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot
be considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search
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Date of mailing of the international search report
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Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
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Box No. II Observations where certain claims were found unscarchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. Claims Nos.: 7-10, 19, 20, 27-28
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be searched, the appropriate additional search fees must be paid.

emmeeeeeeomeeeee-———--Please see Supplemental Sheet

1. D As all required additional search fees were timely paid by the applicant, this intemational search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. m No required additional search fees were timely paid by the applicant. Consequently, this intemational search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:
1, 3-4(in part), 5, limited to a mutation in ARID1A

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2019)



INTERNATIONAL SEARCH REPORT

. . International application No.
Information on patent family members PP
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Continuation of Box No. |l Observations where unity of invention is lacking:

Group |+, claims 1-6, 11-18, directed to a method for treating a mammal having cancer comprising identifying a sample from said
mammal as having a cancer marker. The method will be searched to the extent that the cancer marker encompasses a mutation in an
ARID1A nucleic acid sequence. It is believed that claims 1, 3-4(in part), and 5 encompass this first named invention, and thus these
claims will be searched without fee to the extent that the cancer marker encompasses a mutation in an ARID1A nucleic acid sequence.
Additional cancer marker(s) will be searched upon the payment of additional fees. Applicants must specify the claims that encompass
any additionally elected cancer marker(s). Applicants must further indicate, if applicable, the claims which encompass the first named
invention, if different than what was indicated above for this group. Failure to clearly identify how any paid additional invention fees are
to be applied to the "+" group(s) will result in only the first claimed invention to be searched. An exemplary election would be the cancer
marker comprising a molecular smoking signature, (claims 2, 3-4(in part), 6).

Group |I, claims 21-26, 29, 30, directed to a method for identifying a mammal or determining cTMB.

The inventions listed as Group |+ do not relate to a single special technical feature under PCT Rule 13.1 because, under PCT Rule 13.2,
they lack the same or corresponding special technical features for the following reasons:

Special technical features
Group I+ has the special technical feature of administering a cancer therapy to a mammal, that is not required by Group II.

Group |l has the special technical feature of determining a corrected tumor mutation burden (cTMB) of a cancer, that is not required by
Group |+.

The inventions of Group I+ each include the special technical feature of a different mutation or mutational signature detected, and is
considered a distinct technical feature.

Common technical features

The inventions of Group I+ and Group |l share the common technical feature of determining treatment of a mammal having cancer,
comprising identifying said cancer wherein a mutational signature of said cancer comprises i) a mutation in an ARID1A nucleic acid
sequence or a molecular smoking signature; i) an activating mutation in a nucleic acid encoding a receptor tyrosine kinase (RTK)
polypeptide; or iii) germline homozygosity or a loss of at least one HLA class | locus.

The inventions of Group [+ further share the common technical feature of a method for treating a mammal having cancer, wherein said
method comprises:

(a) identifying a sample from said mammal as having mutation in a gene; and

(b) administering a cancer immunotherapy to said mammal under conditions wherein the number of cancer cells present within said
mammal is reduced, or wherein said cancer treatment is not a cancer immunotherapy.

However, these shared technical features are previously disclosed by the prior art, as further discussed below.

The features shared by Groups I+ and Il and the features shared by the inventions listed as Group |+ are taught by WO 2018/102584 A1
to Advaxis, Inc. (hereinafter "Advaxis").

Advaxis teaches a method for treating a mammal having cancer (para [00391] - "A method of treating a tumor or cancer in a subject”;
para [00399] - "The term "subject" refers to a mammal (e.g., a human) in need of therapy for, or susceptible to developing, a tumor or a
cancer."), wherein said method comprises:

(a) identifying a sample from said mammal as having a mutation in an ARID1A nucleic acid sequence (para [00135] - "Such tumor driver
genes can be identified, for example, by identifying genes that are mutated more frequently than expected from the background mutation
rate (i.e., recurrence); by identifying genes that exhibit other signals of positive selection across tumor samples"; para [00138] - "the
cancer-associated protein can be encoded by one of the following genes:...ARID1A"; para [00395] - "Any of the above methods can
further comprise screening the subject for and identifying one or more recurrent cancer mutations prior to the administering step"), and
{b) administering a cancer immunotherapy to said mammal under conditions wherein the number of cancer cells present within said
mammal is reduced (para [00395] - "Any of the above methods can further comprise screening the subject for and identifying one or
more recurrent cancer mutations prior to the administering step, and then administering to the subject...an immunogenic composition”;
para [0005] - "Methods and compositions are provided for cancer immunotherapy.”; para {00398] - "The term "treat" or "treating” refers
to both therapeutic treatment and prophylactic or preventative measures, wherein the object is to prevent or lessen the targeted tumor or
cancer. Treating may include one or more of...inhibiting, preventing, reducing the severity of,...reducing/ameliorating symptoms
associated with the tumor or cancer, or a combination thereof. For example, treating may include...decreasing tumor or metastasis
size."), or wherein said cancer treatment is not a cancer immunotherapy (para [00395] "and then administering to the subject a
recombinant fusion polypeptide, a nucleic acid encoding a recombinant fusion polypeptide, a recombinant bacteria or Listeria strain”).

Advaxis teaches a method of determining treatment of a mammal having cancer, comprising identifying said cancer wherein a
mutational signature of said cancer comprises i) a mutation in an ARID1A nucleic acid sequence (para {00135] - "Such tumor driver
genes can be identified, for example, by identifying genes that are mutated more frequently than expected from the background mutation
rate (i.e., recurrence); by identifying genes that exhibit other signals of positive selection across tumor samples”; para [00138] - "the
cancer-associated protein can be encoded by one of the following genes:...ARID1A", para [00395] - "Any of the above methods can
further comprise screening the subject for and identifying one or more recurrent cancer mutations prior to the administering step”).

As the technical features were known in the art at the time of the invention, they cannot be considered special technical features that
would otherwise unify the groups.
Continued on next sheet
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--continued from previous sheet--

Therefore, Group !+ and Il inventions lack unity under PCT Rule 13 because they do not share the same or corresponding special
technical feature.

NOTE, continuation of Item 4 above: claims 7-10, 19, 20, 27, 28 are held unsearchable because they are dependent claims and are not
drafted in accordance with the second and third sentences of Rule 6.4(a).

Form PCT/ISA/210 (extra sheet) (July 2019)
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