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Figure 4

(57) Abregée/Abstract:

Systems and methods are presented that allow for predicting treatment response of a tumor to a checkpoint inhibitor. In one
exemplary aspect, the treatment response Is directly associated with a relatively high number of patient- and tumor-specific

iImmunologically visible neoepitopes. Specific mutational patterns in the nucleic acid encoding the neoepitope may be further
Indicative of treatment response.
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Figure 4

(57) Abstract: Systems and methods are presented that allow for predicting treatment response of a tumor to a checkpoint inhibitor.
In one exemplary aspect, the treatment response 1s directly associated with a relatively high number of patient- and tumor-specific
immunologically visible neoepitopes. Specific mutational patterns m the nucleic acid encoding the neoepitope may be further indic -
ative of treatment response.
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SYSTEMS, COMPOSITIONS, AND METHODS FOR DISCOVERY OF MSI AND
NEOEPITOPES THAT PREDICT SENSITIVITY TO CHECKPOINT INHIBITORS

[0001] This application claims priority to US provisional application with the serial number

62/240494, which was filed October 12, 2015, and which 1s incorporated by reference herein.

Field of the Invention

[0002] The field of the invention 1s computational analysis of omics data to predict treatment
options, especially as 1t relates to predicting a positive treatment response of a tumor to one

or more checkpoint inhibitors.

Background of the Invention

[0003] The background description includes information that may be useful in understanding
the present invention. It 1s not an admission that any of the information provided herein 1s
prior art or relevant to the presently claimed invention, or that any publication specifically or

implicitly reterenced 1s prior art.

[0004] All publications and patent applications herein are incorporated by reterence to the
same extent as 1f each individual publication or patent application were specitically and
individually 1ndicated to be incorporated by reference. Where a definition or use of a term 1n
an incorporated reference 1s inconsistent or contrary to the definition of that term provided
herein, the definition of that term provided herein applies and the definition of that term 1n

the reference does not apply.

[0005] Cancer immunotherapies have led to remarkable responses 1n some patients, however,
many patients failed to respond, despite having the apparent same type of cancer as compared
with immunotherapy responders. One possible explanation for such failure 1s that various
effector cells of the immune system can be blocked by compounds (checkpoint inhibitors)
that interact with one or more 1inhibitory regulatory pathways. Notably, some tumor cells can
make use of the inhibitory regulatory pathways to so evade detection and destruction by the
immune system. Among other components, PD-1 and CTLA-4 are the most studied receptors
that are involved with inhibition of immune responses and specific drugs have now become
available that block activation of these receptors. For example, antibodies directed to PD-1
(e.g., mvolumab and pembrolizumab) and CTLA4 (e.g., 1iptlimumab) have yielded significant

clinical responses 1n some cases of melanoma, renal cell carcinoma, non-small cell lung
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cancer, and various other tumor types. Unfortunately, not all types of cancers respond equally

well to treatment with checkpoint inhibitors. Moreover, even within the same type ot cancer,

positive response predictability for checkpoint inhibitors has been elusive.

[0006] In addition, loss of mismatch repair (MMR) often results in drug resistance directly by
impairing the ability of the cell to detect DNA damage and activate apoptosis, and indirectly
by increasing the mutation rate throughout the genome. For example, MMR-deficient cells
have been reported to be resistant to various methylating/alkylating agents, certain platinum-
containing drugs, antimetabolites, and topoisomerase 1l inhibitors. Moreover, MMR deficient
cells have an increased mutation rate, which 1s often expressed as microsatellite instability
(MSI). As these cells are often less sensitive to conventional drug treatment, immunotherapy
would be desirable. However, efficacy of immunotherapy for MSI tumors 1s unpredictable as

1s treatment of MSI tumors with checkpoint inhibitors.

[0007] Thus, 1t would be desirable to have a prognostic tool that would help assess efficacy
of treatment of a cancer with checkpoint inhibitors, alone or in combination with treatment

that targets patient- and cancer-speciiic neoepitopes.

Summary of The Invention

[0008] The inventive subject matter 1s directed to various devices, systems, and methods for
predicting treatment response of a tumor to a checkpoint inhibitor. In especially preterred
aspects, presence and quantity (and patterns) of HLA-matched neoepitopes are then used as

proxy indicators for likely treatment success with checkpoint inhibitors.

[0009] In one aspect of the inventive subject matter, the inventors contemplate a method of
improving treatment of a cancer using immunotherapy that includes a step of obtaining from
a patient omics data from a tumor tissue and a matched normal tissue, and another step of
using the omics data to determine a plurality of missense based patient- and tumor-specific
neoepitopes. In a further step, the neoepitopes are then filtered and quantified to obtain
HLA-matched neoepitopes. A checkpoint inhibitor (e.g., CTLA-4 inhibitor or PD-1 1nhibitor)
1s then administered to the patient when 1t 1s determined that the quantity of HLA-matched

neoepitopes has exceeded a predetermined threshold quantity.

[0010] Most typically, the step of filtering the neoepitopes 1s performed for each of the

neoepitopes using a plurality of distinct individual neoepitope sequences (e.g., each having a
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length of between 7 and 20 amino acids) in which a changed amino acid has a distinct
position within the neoepitope sequence. It 1s also contemplated that the step of filtering may
further include a step of filtering by an a priort known molecular variation, such as a single
nucleotide polymorphism, a short deletion and 1nsertion polymorphism, a microsatellite
marker, a short tandem repeat, a heterozygous sequence, a multinucleotide polymorphism, or
a named variant. In further contemplated aspects, the step of filtering may also include a
determination of affinity of the neoepitopes to at least one MHC Class I sub-type and/or to at
least one MHC Class 1I sub-type of the patient, and may also include a determination of the

expression level ot the neoepitope.

[0011] While not limiting to the inventive subject matter, 1t 1s contemplated that the HLA-
matched neoepitopes will have an affinity of equal or less than 150 nM to at least one MHC
Class I sub-type and/or to at least one MHC Class II sub-type of the patient. For example, 1t 1s
contemplated that the step of quantifying the HLA-matched neoepitopes may include a
quantification of the affinity of the neoepitopes to at least one MHC Class I sub-type or to at
least one MHC Class II sub-type of the patient (e.g., equal or less than 500 nM, or equal or
less than 250 nM, or equal or less than 150 nM, or equal or less than 50 nM), and a
determination of the total number of HLA-matched neoepitopes (e.g., at least 50, or at least

100, or at least 200, or at least 300, etc.).

[0012] In addition, 1t 1s contemplated that such methods may further comprise a step of
filtering the HLA-matched neoepitopes by a mutation signature (e.g., signature characteristic
for UV-induced DNA damage or smoking-induced DNA damage). Where desired, 1t 1s also
contemplated that the methods presented herein may turther include a step of using the omics
data to detect microsatellite instability (MSI) and/or defective mismatch repair (MMR) 1n the

diseased tissue.

[0013] Therefore, and viewed from a different perspective, the inventors also contemplate a
method of predicting positive treatment response of a tumor to a checkpoint inhibitor. Such
method will typically include a step of obtaining from a patient omics data from a tumor
tissue and a matched normal tissue, and using the omics data to determine a plurality of
missense based patient- and tumor-specific neoepitopes. In a turther step, the neoepitopes are
filtered and quantified to obtain HLA-matched neoepitopes. I still another step, 1t 1s

determined - upon ascertaining that the quantity of HLA-matched neoepitopes has exceeded a
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predetermined threshold quantity - that the tumor 1s responsive to treatment with the

checkpoint inhibitor.

[0014] Similarly, the inventors also contemplate method of predicting positive treatment
response of a tumor to a checkpoint inhibitor, in which omics data from a tumor tissue and a
matched normal tissue are obtained from a patient, and the omics data are then used to
determine a plurality of missense based patient- and tumor-specific neoepitopes. In another
step, the neoepitopes are filtered to obtain HLA-matched neoepitopes, and the HLA-matched
neoepitopes are quantified. In a further step, a mutation signature 1s determined for the
quantified HLA-matched neoepitopes, and the quantity of neoepitopes and the mutation
signature are then employed as determinants for positive treatment response of the tumor to

the checkpoint inhibitor.

[0015] Various objects, teatures, aspects and advantages of the inventive subject matter will
become more apparent from the following detailed description of preferred embodiments,
along with the accompanying drawing figures in which like numerals represent like

components.

Brief Description of The Drawing

[0016] Figure 1 1s an exemplary graphical representation of neoepitope frequency and coding
variant frequency across various cancers, as well as a graphical representation of frequency of

unique neoepitopes across various cancers.

[0017] Figure 2 1s an exemplary graphical representation of neoepitope trequency and their

expression 1nto RNA 1n cancers.

[0018] Figure 3 1s an exemplary graphical representation of the frequency for HLA-matched

neoepitopes for various cancers.

[0019] Figure 4 1s an exemplary graphical representation of the effect of various filtering
processes tor neoepitopes tor a single cancer type (TNBC) and HLA-restricted neoepitopes
for combined cancers. Also exemplarily shown 1s the location of neoepitopes with respect to

cancer driving genes and non-cancer genes.
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Detailed Description

[0020] The 1inventors have now discovered that HLA-matched patient- and cancer-specific
neoepitopes can be used as proxy indicators for likely treatment success of a tumor with one
or more checkpoint inhibitors where the number of such neoepitopes 1s above a threshold
level. Such relatively large numbers of the expressed neoepitopes may be due to or associated
with various causes, including MMR and/or MSI. Additionally, the inventors also discovered
that the patient- and cancer-specific neoepitopes could be indicative of likely treatment
success where the neoepitopes were associated with a particular mutation pattern (e.g., UV-
induced DNA damage, or smoking-induced DNA damage) that can give rise to unique and

tumor specific antigens.

[0021] Neoepitopes can be characterized as expressed random mutations 1n tumor cells that
created unique and tumor specific antigens. Theretfore, viewed from a different perspective,
neoepitopes may be 1dentified by considering the type (e.g., deletion, insertion, transversion,
transition, translocation) and impact of the mutation (e.g., non-sense, missense, frame shift,
etc.), which may as such serve as a first content filter through which silent and other non-
relevant (e.g., non-expressed) mutations are eliminated. It should further be appreciated that
neoepitope sequences can be defined as sequence stretches with relatively short length (e.g.,
7-11 mers) wherein such stretches will include the change(s) 1n the amino acid sequences.
Most typically, the changed amino acid will be at or near the central amino acid position. For
example, a typical neoepitope may have the structure of A4-N-Ay4, or A3-N-As, or A>-N-A7, or
As-N-Aj, or A7-N-Aj,, where A 1s a proteinogenic amino acid and N 1s a changed amino acid
(relative to wild type or relative to matched normal). For example, neoepitope sequences as
contemplated herein include sequence stretches with relatively short length (e.g., 5-30 mers,
more typically 7-11 mers, or 12-25 mers) wherein such stretches include the change(s) 1n the

ami1no acid sequences.

[0022] Thus, 1t should be appreciated that a single amino acid change may be presented 1n
numerous neoepitope sequences that include the changed amino acid, depending on the
position of the changed amino acid. Advantageously, such sequence variability allows for
multiple choices of neoepitopes and so 1increases the number of potentially useful targets that
can then be selected on the basis of one or more desirable traits (e.g., highest aftfinity to a
patient HLA-type, highest structural stability, etc.). Most typically, neoepitopes will be

calculated to have a length of between 2-50 amino acids, more typically between 5-30 amino
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acids, and most typically between 9-15 amino acids, with a changed amino acid preferably
centrally located or otherwise situated 1n a manner that improves its binding to MHC. For
example, where the epitope 1s to be presented by the MHC-1 complex, a typical neoepitope
length will be about 8-11 amino acids, while the typical neoepitope length for presentation
via MHC-II complex will have a length of about 13-17 amino acids. As will be readily
appreclated, since the position of the changed amino acid 1n the neoepitope may be other than
central, the actual peptide sequence and with that actual topology of the neoepitope may vary

considerably.

[0023] Of course, 1t should be appreciated that the 1identification or discovery of neoepitopes
may start with a variety ot biological materials, including fresh biopsies, frozen or otherwise
preserved tissue or cell samples, circulating tumor cells, exosomes, various body tluids (and
especially blood), etc. Theretore, suitable methods of omics analysis include nucleic acid
sequencing, and particularly NGS methods operating on DNA (e.g., lllumina sequencing, 1on
torrent sequencing, 454 pyrosequencing, nanopore sequencing, etc.), RNA sequencing (e.g.,
RNAseq, reverse transcription based sequencing, etc.), and protein sequencing or mass

spectroscopy based sequencing (e.g., SRM, MRM, CRM, etc.).

[0024] As such, and particularly for nucleic acid based sequencing, 1t should be particularly
recognized that high-throughput genome sequencing of a tumor tissue will allow for rapid
1dentification of neoepitopes. However, it must be appreciated that where the so obtained
sequence information 1s compared against a standard reference, the normally occurring inter-
patient variation (e.g., due to SNPs, short indels, different number of repeats, etc.) as well as
heterozygosity will result 1n a relatively large number of potential false positive neoepitopes.
Notably, such 1naccuracies can be eliminated where a tumor sample of a patient 1s compared

against a matched normal (i.e., non-tumor) sample of the same patient.

[0025] In one especially preferred aspect of the inventive subject matter, DNA analysis 1S
performed by whole genome sequencing and/or exome sequencing (typically at a coverage

depth of at least 10x, more typically at least 20x) of both tumor and matched normal sample.

Alternatively, DNA data may also be provided from an already established sequence record
(e.g., SAM, BAM, FASTA, FASTQ, or VCF file) from a prior sequence determination.
Therefore, data sets may include unprocessed or processed data sets, and exemplary data sets

include those having BAMBAM format, SAMBAM format, FASTQ format, or FASTA
format. However, 1t 1s especially preferred that the data sets are provided in BAMBAM
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format or as BAMBAM ditf objects (see e.g., US2012/0059670A1 and US2012/0066001A1).

Moreover, 1t should be noted that the data sets are reflective of a tumor and a matched normal
sample of the same patient to so obtain patient and tumor specific information. Thus, genetic
germ line alterations not giving rise to the tumor (e.g., silent mutation, SNP, etc.) can be
excluded. Of course, 1t should be recognized that the tumor sample may be from an 1mitial
tumor, from the tumor upon start of treatment, from a recurrent tumor or metastatic site, etc.
In most cases, the matched normal sample of the patient may be blood, or non-diseased tissue

from the same tissue type as the tumor.

[0026] Likewise, the computational analysis of the sequence data may be performed 1n
numerous manners. In most preferred methods, however, analysis 1s performed in silico by
location-guided synchronous alignment of tumor and normal samples as, for example,
disclosed in US 2012/0059670A1 and US 2012/0066001A1 using BAM files and BAM
servers. Such analysis advantageously reduces false positive neoepitopes and significantly

reduces demands on memory and computational resources.

[0027] It should be noted that any language directed to a computer should be read to include
any suitable combination of computing devices, including servers, interfaces, systems,
databases, agents, peers, engines, controllers, or other types of computing devices operating
individually or collectively. One should appreciate the computing devices comprise a
processor configured to execute software instructions stored on a tangible, non-transitory
computer readable storage medium (e.g., hard drive, solid state drive, RAM, flash, ROM,
etc.). The software instructions preferably contigure the computing device to provide the
roles, responsibilities, or other functionality as discussed below with respect to the disclosed
apparatus. Further, the disclosed technologies can be embodied as a computer program
product that includes a non-transitory computer readable medium storing the software
instructions that causes a processor to execute the disclosed steps associated with
implementations of computer-based algorithms, processes, methods, or other instructions. In
especially preferred embodiments, the various servers, systems, databases, or interfaces
exchange data using standardized protocols or algorithms, possibly based on HT'TP, HTTPS,
AES, public-private key exchanges, web service APIs, known financial transaction protocols,
or other electronic information exchanging methods. Data exchanges among devices can be

conducted over a packet-switched network, the Internet, LAN, WAN, VPN, or other type of
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packet switched network; a circuit switched network; cell switched network; or other type of

network.

[0028] Viewed trom a ditferent perspective, a patient- and cancer-specific in silico collection
of sequences can be established that have a predetermined length of between 5 and 25 amino
acids and include at least one changed amino acid. Such collection will typically include tor
each changed amino acid at least two, at least three, at least four, at least five, or at least six
members 1n which the position of the changed amino acid 1s not 1dentical. Such collection can
then be used for further filtering (e.g., by sub-cellular location, transcription/expression level,

MHC-I and/or II affinity, etc.) as 1s described 1n more detail below.

[0029] For example, and using synchronous location guided analysis to tumor and matched
normal sequence data, the inventors previously i1dentified various cancer neoepitopes from a
variety of cancers and patients, including the following cancer types: BLCA, BRCA, CESC,
COAD, DLBC, GBM, HNSC, KICH, KIRC, KIRP, LAML, LGG, LIHC, LUAD, LUSC,

OV, PRAD, READ, SARC, SKCM, STAD, THCA, and UCEC. All neoepitope data can be

found 1n International apphication PCT/US16/29244, incorporated by retference herein.

[0030] Depending on the type and stage of the cancer, 1t should be noted that not all of the
1dentified neoepitopes will necessarily lead to a therapeutically equally etfective reaction 1n a
patient when checkpoint inhibitors are given to a patient. Indeed, 1t 1s well known 1n the art
that only a fraction of neoepitopes will generate an immune response. To increase likelihood
of a therapeutically desirable response, the neoepitopes can be turther filtered. Of course, 1t
should be appreciated that downstream analysis need not take into account silent mutations
tor the purpose of the methods presented herein. However, preferred mutation analyses will
provide 1n addition to the type of mutation (e.g., deletion, insertion, transversion, transition,
translocation) also information of the impact of the mutation (e.g., non-sense, missense, etc.)
and may as such serve as a first content filter through which silent mutations are eliminated.
For example, neoepitopes can be selected tor turther consideration where the mutation 1s a

frame-shift, non-sense, and/or missense mutation.

[0031] In a turther filtering approach, neoepitopes may also be subject to detailed analysis for
sub-cellular location parameters. For example, neoepitope sequences may be selected for
further consideration if the neoepitopes are 1dentified as having a membrane associated

location (e.g., are located at the outside of a cell membrane of a cell) and/or if an in silico
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structural calculation confirms that the neoepitope 1s likely to be solvent exposed, or presents

a structurally stable epitope (e.g., J Exp Med 2014), etc.

[0032] With respect to filtering neoepitopes, 1t 1s generally contemplated that neoepitopes are
especially suitable for use herein where omics (or other ) analysis reveals that the neoepitope
1s actually expressed. Identification of expression and expression level of a neoepitope can
be performed 1n all manners known 1n the art and preferred methods include quantitative
RNA (hnRNA or mRNA) analysis and/or quantitative proteomics analysis. Most typically,
the threshold level for inclusion of neoepitopes will be an expression level of at least 20%, at
least 30%, at least 40%, or at least 50% of expression level of the corresponding matched
normal sequence, thus ensuring that the (neo)epitope 1s at least potentially ‘visible’ to the
immune system. Consequently, 1t 1s generally preferred that the omics analysis also includes
an analysis of gene expression (transcriptomic analysis) to so help identity the level of

expression for the gene with a mutation.

[0033] There are numerous methods of transcriptomic analysis known 1n the art, and all of
the known methods are deemed suitable for use herein. For example, preferred materials
include mRNA and primary transcripts (hnRNA), and RNA sequence information may be
obtained from reverse transcribed polyA™-RNA, which is in turn obtained from a tumor
sample and a matched normal (healthy) sample of the same patient. Likewise, 1t should be
noted that while polyA™-RNA is typically preferred as a representation of the transcriptome,
other forms of RNA (hn-RNA, non-polyadenylated RNA, siRNA, miRNA, etc.) are also
deemed suitable for use herein. Preferred methods include quantitative RNA (hnRNA or
mRNA) analysis and/or quantitative proteomics analysis, especially including RNAseq. In
other aspects, RNA quantification and sequencing 1s performed using RNA-seq, gPCR and/or
rtPCR based methods, although various alternative methods (e.g., solid phase hybridization-
based methods) are also deemed suitable. Viewed from another perspective, transcriptomic
analysis may be suitable (alone or in combination with genomic analysis) to identify and

quantify genes having a cancer- and patient-specific mutation.

[0034] Stmularly, proteomics analysis can be performed 1n numerous manners to ascertain
actual translation of the RNA of the neoepitope, and all known manners of proteomics
analysis are contemplated herein. However, particularly preferred proteomics methods
include antibody-based methods and mass spectroscopic methods. Moreover, 1t should be

noted that the proteomics analysis may not only provide qualitative or quantitative
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information about the protein per se, but may also include protein activity data where the
protein has catalytic or other functional activity. One exemplary technique for conducting
proteomic assays 1s described 1n US 7473532, incorporated by reference herein. Further
suitable methods of 1dentification and even quantification of protein expression include
various mass spectroscopic analyses (e.g., selective reaction monitoring (SRM), multiple

reaction monitoring (MRM), and consecutive reaction monitoring (CRM)).

[0035] In yet another aspect of filtering, the neoepitopes may be compared against a database
that contains known human sequences (e.g., of the patient or a collection of patients) to so
avold use of a human-identical sequence. Moreover, filtering may also include removal ot
neoepitope sequences that are due to SNPs 1n the patient where the SNPs are present 1n both
the tumor and the matched normal sequence. For example, dbSNP (The Single Nucleotide
Polymorphism Database) 1s a free public archive for genetic variation within and across
different species developed and hosted by the National Center for Biotechnology Information
(NCBI) 1n collaboration with the National Human Genome Research Institute (NHGRI).
Although the name of the database implies a collection of one class of polymorphisms only
(single nucleotide polymorphisms (SNPs)), 1t in fact contains a relatively wide range of
molecular variation: (1) SNPs, (2) short deletion and 1nsertion polymorphisms (1ndels/DIPs),
(3) microsatellite markers or short tandem repeats (STRs), (4) multinucleotide
polymorphisms (MNPs), (5) heterozygous sequences, and (6) named variants. The dbSNP
accepts apparently neutral polymorphisms, polymorphisms corresponding to known

phenotypes, and regions of no variation.

[0036] Using such database and other filtering options as described above, the patient and
tumor specific neoepitopes may be filtered to remove those known sequences, yielding a
sequence set with a plurality of neoepitope sequences having substantially reduced false

positives.

[0037] Nevertheless, despite filtering, it should be recognized that not all neoepitopes will be
visible to the immune system as the neoepitopes also need to be presented on the MHC
complex of the patient. Indeed, only a fraction of the neoepitopes will have sutficient affinity
for presentation, and the large diversity of MHC complexes will preclude use of most, if not
all, common neoepitopes. Consequently, 1n the context of immune therapy it should thus be
readily apparent that neoepitopes will be more likely effective where the neoepitopes are

bound to and presented by the MHC complexes. Viewed from another perspective, treatment
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success with checkpoint inhibitors requires multiple neoepitopes to be presented via the MHC
complex 1n which the neoepitope must have a minimum affinity to the patient’s HLA-type.
Consequently, 1t should be appreciated that etfective binding and presentation 1s a combined
function of the sequence of the neoepitope and the particular HLA-type of a patient. Most
typically, the HLA-type determination includes at least three MHC-1 sub-types (e.g., HLA-A,
HLA-B, HLA-C) and at least three MHC-II sub-types (e.g., HLA-DP, HLA-DQ, HLA-DR),
preferably with each subtype being determined to at least 4-digit depth. However, greater
depth (e.g., 6 digit, 8 digit) 1s also contemplated herein.

[0038] Once the HLA-type of the patient 1s ascertained (using known chemuistry or in silico
determination), a structural solution for the HLA-type 1s calculated or obtained from a
database, which 1s then used 1n a docking model in silico to determine binding atfinity of the
(typically filtered) neoepitope to the HLA structural solution. As will be further discussed
below, suitable systems for determination of binding atfinities include the NetMHC platform
(see e.g., Nucleic Acids Res. 2008 Jul 1; 36(Web Server 1ssue): W309-W312.). Neoepitopes
with high affinity (e.g., less than 100 nM, less than 75 nM, less than 50 nM) for a previously
determined HLA-type are then selected for therapy creation, along with the knowledge of the
MHC-I/II subtype.

[0039] HLA determination can be performed using various methods in wet-chemistry that are
well known 1n the art, and all of these methods are deemed suitable for use herein. However,
in especially preferred methods, the HLA-type can also be predicted from omics data in silico
using a reference sequence containing most or all of the known and/or common HLA-types

as 18 shown 1n more detail below.

[0040] For example, 1n one preferred method according to the inventive subject matter, a
relatively large number of patient sequence reads mapping to chromosome 6p21.3 (or any
other location near/at which HLA alleles are found) 1s provided by a database or sequencing
machine. Most typically the sequence reads will have a length of about 100-300 bases and
comprise metadata, including read quality, alignment information, orientation, location, etc.
For example, suitable formats include SAM, BAM, FASTA, GAR, etc. While not limiting to
the inventive subject matter, 1t 1s generally preferred that the patient sequence reads provide a
depth of coverage of at least 5x, more typically at least 10x, even more typically at least 20x,

and most typically at least 30x.
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[0041] In addition to the patient sequence reads, contemplated methods further employ one
or more reference sequences that include a plurality of sequences of known and distinct HLA
alleles. For example, a typical reference sequence may be a synthetic (without corresponding
human or other mammalian counterpart) sequence that includes sequence segments of at least
one HLA-type with multiple HLLA-alleles of that HLA-type. For example, suitable reference
sequences 1nclude a collection of known genomic sequences for at least S0 different alleles of
HLA-A. Alternatively, or additionally, the reference sequence may also include a collection
of known RNA sequences for at least S0 different alleles of HLA-A. Of course, and as further
discussed 1n more detail below, the reference sequence 1s not limited to 50 alleles of HLA-A,
but may have alternative composition with respect to HLA-type and number/composition of
alleles. Most typically, the reference sequence will be 1n a computer readable format and will
be provided from a database or other data storage device. For example, suitable retference
sequence formats include FASTA, FASTQ, EMBL, GCG, or GenBank format, and may be
directly obtained or built from data of a public data repository (e.g., IMGT, the International
ImMunoGeneTics information system, or The Allele Frequency Net Database, EUROSTAM,
URL: www.allelefrequencies.net). Alternatively, the reference sequence may also be built
from 1ndividual known HLA-alleles based on one or more predetermined criteria such as

allele frequency, ethnic allele distribution, common or rare allele types, etc.

[0042] Using the reference sequence, the patient sequence reads can now be threaded through
a de Bruiyjn graph to identify the alleles with the best fit. In this context, it should be noted
that each individual carries two alleles tor each HLA-type, and that these alleles may be very
stmilar, or 1in some cases even identical. Such high degree of similarity poses a significant
problem for traditional alignment schemes. The inventor has now discovered that the HLA
alleles, and even very closely related alleles can be resolved using an approach in which the
de Bruyn graph 1s constructed by decomposing a sequence read into relatively small k-mers
(typically having a length of between 10-20 bases), and by implementing a weighted vote
process 1n which each patient sequence read provides a vote (“quantitative read support™) for
each of the alleles on the basis of k-mers of that sequence read that match the sequence of the
allele. The cumulatively highest vote for an allele then indicates the most likely predicted
HLA allele. In addition, 1t 1s generally preferred that each fragment that 1s a match to the

allele 1s also used to calculate the overall coverage and depth of coverage for that allele.
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[0043] Scoring may further be improved or refined as needed, especially where many of the
top hits are similar (e.g., where a significant portion of their score comes from a highly
shared set of k-mers). For example, score refinement may include a weighting scheme 1n
which alleles that are substantially similar (e.g., > 99%, or other predetermined value) to the
current top hit are removed from future consideration. Counts tor k-mers used by the current
top hit are then re-weighted by a factor (e.g., 0.5), and the scores for each HLA allele are
recalculated by summing these weighted counts. This selection process 1s repeated to find a
new top hit. The accuracy of the method can be even further improved using RNA sequence
data that allows 1dentification of the alleles expressed by a tumor, which may sometimes be
just 1 of the 2 alleles present in the DNA. In further advantageous aspects of contemplated
systems and methods, DNA or RNA, or a combination of both DNA and RNA can be
processed to make HLLA predictions that are highly accurate and can be derived from tumor
or blood DNA or RNA. Further aspects, suitable methods and considerations for high-
accuracy in silico HLA typing are described in International PCT/US16/48768, incorporated

by reterence herein.

[0044] Once patient and tumor specific neoepitopes and HLA-type are identified, turther
computational analysis can be pertormed by docking neoepitopes to the HLA and
determining best binders (e.g., lowest Kp, for example, less than S00nM, or less than 250nM,
or less than 150nM, or less than 50nM), for example, using NetMHC. It should be
appreclated that such approach will not only 1dentify specific neoepitopes that are genuine to
the patient and tumor, but also those neoepitopes that are most likely to be presented on a cell
and as such most likely to elicit an immune response with therapeutic effect. Of course, it
should also be appreciated that thusly 1dentified HLA-matched neoepitopes can be
biochemically validated in vitro prior to inclusion of the nucleic acid encoding the epitope as

payload 1nto the virus as 1s further discussed below.

[0045] Of course, 1t should be appreciated that matching of the patient’s HLA-type to the

patient- and cancer-specific neoepitope can be done using systems other than NetMHC, and

suitable systems include NetMHC 1I, NetMHCpan, IEDB Analysis Resource (URL
immuneepitope.org), RankPep, PREDEP, SVMHC, Epipredict, HLABinding, and others (see
e.g., J Immunol Methods 2011;374:1—4). In calculating the highest affinity, it should be noted
that the collection of neoepitope sequences 1n which the position of the altered amino acid 1s

moved (supra) can be used. Alternatively, or additionally, modifications to the neoepitopes
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may be implemented by adding N- and/or C-terminal modifications to further increase
binding of the expressed neoepitope to the patient’s HLA-type. Thus, neoepitopes may be
native as i1dentified or turther modified to better match a particular HLA-type. Moreover,
where desired, binding of corresponding wildtype sequences (i.e., neoepitope sequence
without amino acid change) can be calculated to ensure high differential affinities. For
example, especially preferred high differential atfimties in MHC binding between the

neoepitope and 1ts corresponding wildtype sequence are at least 2-fold, at least 5-fold, at least

10-fold, at least 100-fold, at least 500-fold, at least 1000-fold, etc.).

[0046] Based on further observations (data not shown), the inventors contemplate that omics
data of the patient may also be analyzed (preferably using synchronous location-guided
alignment of exome or whole genome sequencing) to 1dentify a type or pattern of particular
mutations, and that such pattern (especially in combination with a minimum number of
neoepitopes as described above) may be further indicative of likely treatment success with a
checkpoint inhibitor. For example, where neoepitopes are associated with a mutational
pattern typical for UV damage (e.g., tandem CC>TT/GG>AA mutations) and where more
than 50, or 70, or 100 HLA-matched patient- and cancer-specific neoepitopes are present,
successtul treatment with a checkpoint inhibitor may be more likely than 1n cases without the
mutational pattern and/or where less HLA-matched patient- and cancer-specific neoepitopes
are present. Stmilarly, where neoepitopes are associated with a mutational pattern typical for
smoking-induced DNA damage (e.g., high frequency of G>T mutation) and where more than
50, or 70, or 100 neoepitopes are present, successtul treatment with a checkpoint inhibitor
may be more likely than 1n cases without the mutational pattern and/or where less HLLA-

matched patient- and cancer-specific neoepitopes are present.

[0047] Additionally, 1t 1s contemplated that the increased number of neoepitopes may be due
to various underlying conditions or phenomena. For example, it 1s postulated that a higher
number of neoepitopes may be triggered by a defective or abnormal function of the MMR
(DNA mismatch repair) system 1n the cell, which may lead to multiple strand breaks and
higher mutation rate and potentially a higher count of HLA-matched patient- and cancer-
specitic neoepitopes, which may also be observed as MSI (microsatellite instability). Thus, 1t
1s also contemplated that observations of MMR and/or MSI from whole genome and/or
exome sequencing may be used as a proxy indicator for an increased number of HLA-

matched patient- and cancer-specific neoepitopes. MMR and/or MSI are preferably 1dentified
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against matched normal using known omics analysis algorithms and data visualization (for

example using circle plot diagrams).

[0048] Once neoepitopes have been appropriately filtered using one or more of the methods
as described above, so filtered neoepitopes can be quantified/counted. As will be readily
appreciated, therapeutically effective treatment of cancer with immune checkpoint inhibitors
1s dependent on the presence of expressed and presented neoepitopes. While not wishing to
be bound by any particular theory or hypothesis, the inventors generally contemplate that
only a fraction of expressed and presented neoepitopes will lead to a therapeutic response,
and that a tumor may have a heterogeneous population of cancer cells, each population likely
with respective individual neoepitopes. Theretore, the inventors contemplate that treatment of
cancers with immune checkpoint inhibitors will require a mimimum/threshold quantity of
HLA-matched patient- and cancer-specific neoepitopes. Based on retrospective analysis of
various cancer data and as further discussed 1in more detail below, the inventors therefore
contemplate that checkpoint inhibitors should be administered to a patient when the quantity
of HLA-matched patient- and cancer-specitic neoepitopes have exceeded a predetermined
threshold quantity. Most typically, the predetermined threshold quantity 1s at least 50 HLA-
matched patient- and cancer-specific neoepitopes, or at least 100 HLA-matched patient- and
cancer-specific neoepitopes, or at least 150 HLA-matched patient- and cancer-specific

neoepitopes.

[0049] Viewed from a different perspective, it should be appreciated that diagnosis of a
relatively high number of mutations 1n a cancer 1s per se not predictive of a therapeutic
response 1n treatment of cancer with a checkpoint inhibitor as a large number of such
mutations (a) may not result 1n a neoepitope, for example, due to a silent mutation, (b) may
have a corresponding matched normal sequence and as such not present a neoepitope at all,
(¢c) may not be expressed and as such not be visible to the immune system, (d) may not bind
to the patient specific MHC-complexes and as such not be visible to the immune system. In
contrast, contemplated systems and methods 1dentifty HLA-matched patient- and cancer-
specific neoepitopes with high confidence. Conversely, 1t should be recognized that cancers
with a relatively low mutation frequency may indeed be treatable 1n a patient where the
patients mutations translate 1n a relatively high number of HLA-matched patient- and cancer-

specific neoepitopes (e. g., at least 50, or 100, or 150, or 200, etc.).
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[0050] With respect to suitable checkpoint inhibitors it 1s contemplated that all compounds
and compositions that interfere with checkpoint signaling (e.g., CTLA-4 (CD152) or PD-1
(CD 279)) are deemed suitable for use herein. For example, particularly preterred checkpoint
inhibitors include pembrolizumab, nivolumab, and ipilimumab. Most typically, checkpoint
inhibitors will be administered following conventional protocol and as described 1n the
prescription information. However, 1t should be noted that where the checkpoint inhibitors
are peptides or proteins, such peptides and/or proteins can also be expressed 1n the patient
from any suitable expression system (along or in combination with neoepitopers and/or co-
stimulatory molecules). Moreover, as used herein, the term ‘administering’” with respect to a
checkpoint inhibitor refers to direct administration (e.g., by a physician or other licensed
medical professional) or indirect administration (e.g., causing or advising to administer) of

the checkpoint 1nhibitor to a patient.

[0051] In st1ll further contemplated aspects, a combination therapy may be suitable that uses
checkpoint inhibitors together with one or more anticancer therapeutic agents. Among other
agents, 1t 1s especially preterred that the tumor may be treated with a virus that 1s genetically
modified with a nucleic acid construct that leads to expression of at least one of the 1dentified
neoepitopes to so potentiate immune response against the tumor. For example, suitable
viruses include adenoviruses, adeno-associated viruses, alphaviruses, herpes viruses,
lentiviruses, etc. However, adenoviruses are particularly preferred. Moreover, it 1s further
preferred that the virus 1s a replication deficient and non-immunogenic virus, which 1s
typically accomplished by targeted deletion of selected viral proteins (e.g., E1, E3 proteins).
Such desirable properties may be further enhanced by deleting E2b gene function, and high
titers of recombinant viruses can be achieved using genetically modified human 293 cells as
has been recently reported (e.g., J Virol. 1998 Feb; 72(2): 926-933). Most typically, the
desired nucleic acid sequences (for expression from virus intected cells) are under the control
of appropriate regulatory elements well known 1n the art. Alternatively, immune therapy need
not rely on a virus but may be effected with nucleic acid vaccination, or other recombinant
vector that leads to the expression of the neoepitopes (e.g., as single peptides, tandem mini-

gene, etc.)

[0052] Likewise, turther immunotherapeutic agents other than viral expression vectors are
also deemed suitable and 1nclude genetically engineered cells (and especially various immune

competent cells) that express a chimeric antigen receptor, or a high atfinity CD16 receptor.
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For example, contemplated immunotherapeutic agents include NK cells (e.g., aNK cells,
haNK cels, or taNK cells, commercially available from NantKwest, 9920 Jefferson Blvd.
Culver City, CA 90232) or genetically modified T-cells (e.g., expressing a T-cell receptor) or
T-cells stimulated ex vivo with HLA-matched patient- and cancer-specific neoepitopes.
Alternatively, the HLA-matched patient- and cancer-specitic neoepitopes may also be

administered as peptides, optionally bound to a carrier protein.

Examples

[0053] Data Sets: TCGA WGS and RNAseq data for various cancers as indicated below were
downloaded from the Umversity of California, Santa Cruz (UCSC) Cancer Genomics Hub
(https://cghub.ucsc.edu/). TCGA samples were selected based on the availability of complete
WGS data to aid with in-silico HLA typing. RNAseq data of corresponding samples were

used when available.

[0054] Identification of tumor variants and neoepitopes: Single nucleotide variants (SNVs)
and 1nsertions/deletions (1ndels) were 1dentified by location-guided synchronous alignment of
tumor and normal samples using BAM files 1n a manner substantially as disclosed 1in US
2012/0059670A1 and US 2012/0066001A1. Since HLA-A alleles predominantly bind to 9-
mer peptide fragments, the inventors focused on the 1dentification of 9-mer neoepitopes.
Neoepitopes were 1dentitied by creating all possible permutations of 9-mer amino acid strings
derived from an 1dentified SNV or indel (i.e., each 9-mer had the changed amino acid 1n a
unique position). As a means to reduce possible off-target effects of a particular neoepitope,
the inventors filtered all 1dentified neoepitopes against all possible 9-mer peptide sequences
created from every known human gene. In addition, the inventors also filtered for single
nucleotide polymorphisms from dbSNP (URL: www.ncbi.nlm.nih.gov/SNP/) to account for
rare protein sequences that may have been missed within the sequencing data. Neoepitopes
were further ranked by RNA expression as well as by allele frequency of the observed coding

variant to otfset 1ssues arising from tumor heterogeneity.

[0055] HLA typing: HLA typing data were not available for TCGA samples; therefore, the
inventors performed in-silico HLA typing using WGS, RNAseq data, and the HLA forest
algorithm substantially as described in PCT/US16/48768. Brietly, the Burrows-Wheeler
alignment algorithm was used to align sequencing reads to every different HLA allele within

the IMGT/HLA database (URL: www.ebi.ac.uk/ipd/imgt/hla/). Each alignment 1s given a
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score based on conservation of bases, with the read quality score taken 1into account. Each
HLA allele will then have a sum of scores accounting for how well each read aligns to a
certain HLA allele, and the allele with the highest score 1s selected as a primary allele typing.
Secondary allele typing 1s then performed by removing reads that perfectly align to the
primary allele typing, and subsequent reads are then rescored without alignments to the
primary allele. Using this process, the inventors obtained typing results for HLA-A, HLA-B,
HLA-C, and HLA-DRBI1 for all samples to a level of at least 4 digits.

[0056] Neoepitope-HLA affinity determination: NetMHC 3.4 (URL:www.cbs.dtu.dk/
services/NetMHC-3.4/) was used to predict whether a neoepitope would bind to a specific
HLA allele. To reduce the complexity space, the inventors chose to restrict binding analysis
to HLA-A alleles, as they are the most well-characterized HLA alleles and have the best
binding affimty models. Because the NetMHC 3.4 tool does not have models for every
identified HLA-A allele, a HLA supertype was chosen for binding predictions 1f the patient’s
HLA-A typing was not available for use in NetMHC 3.4. Neoepitopes with predicted
binding atfinities < 500 nM protein concentration were retained for further analysis.
However, other more stringent binding criteria (< 250 nM, or < 150 nM, or < 50 nM) are also

deemed appropriate.

[0057] Coding mutation and neoepitope load across cancer types: WGS data and
corresponding RNAseq data, when available, were used to establish a baseline of potential
neoepitopes and somatic coding variants per megabase of coding DNA for 750 patient
samples across 23 cancer classifications as 1s shown 1n Figure 1. Here, neoepitope and
variant counts are shown for 750 patient samples across 23 cancer classifications within
TCGA. Panel (a) 1llustrates neoepitope counts; Panel (b) 1llustrates variant counts. The y-
ax1s shows counts per megabase of coding DNA (88 MB for human genome assembly
(hg)19). The x-axis shows each cancer classification with the number of patient samples
shown 1n parenthesis. Median sample counts are indicated by squares. Pane (¢) indicates the

percentage of neoepitopes and normal epitopes within all cancer types.

[0058] As can be readily taken from Figure 1, mutational and neoepitope loads varied across
different cancer types, with melanoma and squamous cell lung cancer having the highest
neoepitope load and thyroid cancer and acute myeloid leukemia having the lowest neoepitope
load. Filtering of presumptive neoepitopes against a database of known human sequences to

remove potential off-target etfects revealed that only 10% of 1dentified neoepitopes map to a
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fragment of a known protein; therefore, most mutations generate a unique protein sequence.
However, even though the fraction of unique neoepitopes 1s relatively high, expression and
presentation cannot be presumed to occur. Indeed, as 1s further shown 1n more detail below, 1t
should be recognized that the number of expressed and presented neoepitopes 1s dramatically

lower than the number of neoepitopes 1dentified by sequencing only.

[0059] Neoepitope mutational load and expression: Due to the length of epitopes presented
by the MHC class I (MHC-I), a single mutation may nevertheless result in the expression of
numerous distinct neoepitopes. Therefore, an individual patient’s tumor containing hundreds
of mutations will likely contain thousands of neoepitopes. Although many tumor mutations
are likely to be passenger mutations and not responsible for cancer progression, they could
potentially be exploited as targets tor therapeutic intervention. RNAseq data were used to
select tor neoepitopes that are expressed within all cancer classifications combined, and also
within cancer classifications that have different mutational loads: uterine corpus endometrial
carcinoma, thyroid carcinoma, and breast invasive carcinoma. Most notably, the neoepitope
counts 1dentitied by WGS correlated with neoepitope expression 1dentified by RNAseq
across a wide variety of cancers (Pearson’s r=0.99 for all cancers combined) as can be seen 1n
Figure 2. Here, Panel (a) depicts all cancer, Panel (b) depicts thyroid carcinoma (THCA),
Panel (¢) depicts breast invasive carcinoma (BRCA), and Panel (d) depicts uterine corpus
endometrial carcinoma (UCEC). The y-axis shows the raw counts of neoepitopes per sample
as 1dentified by WGS, and the x-axis shows raw counts of neoepitopes after filtering against
expressed genes as determined by RNAseq. Pearson correlations, P-values, and sample
numbers are shown on each graph. Cancers with a high neoepitope load generally had high

neoepitope expression, regardless of the average mutational load.

[0060] Identification of neoepitopes in triple negative breast cancer: Triple-negative breast
cancer (TNBC) 1s an aggressive cancer with limited treatment options and often very poor
prognosis following progression after standard chemotherapy. The TCGA dataset contained
WGS data and RNAseq data for 26 TNBC samples. The neoepitope counts in TNBC were
1dentified using an iterative approach as tollows: every possible neoepitope was predicted
based on the coding variants 1dentified by WGS; the number of neoepitopes was narrowed by
selecting expressed neoepitopes 1dentitied by RNAseq; and the list was turther refined by

selecting neoepitopes predicted to bind to the specific alleles within a patient’s HLA type.
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This selective pruning of neoepitopes yielded a list of high-quality neoepitopes, which were

unique to each patient as shown in Table 1.

TCGA-E2-AlLL-
01A-11D-A142-09

TCGA-AN-AOGO-
01A-11D-A045-09

TCGA-A2-AQD2-
01A-21D-A128-09

TCGA-A/-A26G-
‘0 1A-21D-A167-09

A*02:01,
A*02:01

A*11:01,
A*11:01

A*03:01,
A*32:01

A*(01:01,
A*01:01

FBXO2

Clorf43

TBCD

PTEN

187.36

5/4.04

57.13

41.3

LLLHVLAAL

TQSCYNYLY

TVVRWSVAK

RTGVMKCAY

p.R57H

p.N94T

p.A380V

p.1135K

LLLRVLAAL

NQSCYNYLY

TVVRWSAAK

RTGVMICAY

A*02:01

A*11:01

A*03:01

A*01:01

TCGA Barcode HLA-A HUGO TPM Neoepitope Protein Normal Bound Affinity for
Typing Gene Change HLA-A HLA-A
Name Allele
TCGA-E2-A14X- A*23:01,
01A-11D-A10Y-09 A*11:01 NAASQO 229.85 PTDAHVLQK p.A145T |PADAHVLQK A*11:01 146 nM

18 nM

225 nM

119 nM

430 nM

‘Table 1

[0061] As 1s depicted in Figure 3 (top panel, a) for all 26 patients, the numbers of predicted

neoepitopes, expressed neoepitopes, and neoepitopes with affinity to each patient-specific

HLA-A type were 17,925, 8184, and 228, respectively. Clearly, reliance on a high number of
neoepitopes as determined by sequencing (and even sequencing and analysis of tumor versus
matched normal) will not provide a meaningful predictor for responsiveness to treatment with
checkpoint inhibitors. Likewise, further consideration of the expression will only moderately
remove false positive results, while normalization of the results to actual HLA-binders will
substantially increase the fraction of expressed and presented patient- and tumor-specific

neoepitopes.

[0062] Identification of neoepitopes across cancer classifications: Since there were no shared
neoepitopes among patients with TNBC, the inventors sought to determine whether any
neoepitopes are shared among the other cancer classifications within the TCGA dataset. To
ensure that common neoepitopes would also bind to the HLA complex, the inventors limited
the analysis to samples containing the HLA-A*02:01 allele, which occurs 1in high frequencies
across North America. Using the same iterative approach performed for TNBC, the inventors
1dentified neoepitopes across 12 cancers that had complete WGS and RNAseq data and
results are shown in Figure 3 (bottom panel, b). Shading within each bar indicates a different

patient sample.
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[0063] Here, the numbers of predicted neoepitopes, expressed neoepitopes, and neoepitopes

with affimty to HLA-A*02:01 were 211,285, 89,351, and 1,732, respectively. Correcting for

different sample sizes, the average number of predicted neoepitopes, expressed neoepitopes,

and neoepitopes with affinity to HLA-A*02:01 were 23,272, 9,619, and 138, respectively.

Across this data, one neoepitope was 1dentitied that occurred 1n four different patient samples

representing four different cancer types: bladder cancer, urothelial carcinoma, lung squamous

cell carcinoma, lung adenocarcinoma, and breast invasive carcinoma. A number of

neoepitopes were shared between pairs of patients representing two different cancer types

(Table 2).

TCGA Barcode

TCGA-E2-A109-01A-
11D-A10M-09, TCGA-
CR-5249-01A-01D-
2276-10, TCGA-BA-
6872-01A-11D-A32X-
10, TCGA-CN-6989-
01A-11D-A32X-10

TCGA-EW-A1J5-01A-
11D-A13L-09, TCGA-

21-1082-01A-01D-1521-

08, TCGA-GD-A2(C5-
01A-12D-A17V-08,
TCGA-75-5147-01A-

01D-1625-08

TCGA-B6-AORT-01A-
21D-A128-09, TCGA-
AQ-A04J-01A-02D-
A128-09

TCGA-55-7281-01A-
11D-2036-08, TCGA-
AO-AQ3L-01A-41D-
A19H-09

TCGA-EL-ASTO-01A-
22D-A22D-08, TCGA-
A8-AO08L-01A-11D-
A19H-09

HUGO Gene
Name

SOS2

USP3&

AKAP11

PCMTD1

PKD1

Neoepitope

YIHTHTFYV

SQIWNLNPV

SCMNPQTEFK

KLSLPESLK

AMPSPEARYV

Protein Change

p.T390!

p.R763W

D.K400T

p.P342S

p.T938M

Normal

YTHTHTFYV

SQIRNLNPYV

SCMNPQKFK

KLPLPESLK

ATPSPEARYV

Cancer Type

HNSC, n=3
BRCA, n=1

LUAD, n=1

BLCA, n=1
LUSC, n=1
BRCA, n=1

BRCA, n=2

LUAD, n=1
BRCA, n=1

THCA, n=1
BRCA, n=1

Table 2

[0064] Notably, initial neoepitope predictions based only on WGS 1dentified several

neoepitopes that recurred among TNBC patients (data not shown). After neoepitope-HLA

binding analysis, all of the recurrent neoepitopes were eliminated due to differences in HLA

alleles and binding potentials among patients. Even among 12 cancer classifications

combined, recurrent neoepitopes were rare, with only one detected neoepitope shared among

4 patients with distinct cancer types, once more again highlighting the need tor

21




CA 03003251 2018-04-25

WO 2017/066357 PCT/US2016/056692

comprehensive molecular profiling. Figure 3 (bottom pie chart, ¢) further illustrates that

across all cancers, approximately 6% of neoepitopes occurred 1n cancer driver genes, which

1S 1n agreement with previous observations.

[0065] Certain tumors such as melanoma and lung cancer have a high mutational load with
increased expression of somatic neoepitopes that should elicit antitumor responses and make
these cancers more responsive to checkpoint inhibitors. On the other hand, cancers that have
relatively low mutation/neoepitope load should be less likely to have an expressed/bound
neoepitope and as such should be less responsive to therapy with checkpoint inhibitors.
Unfortunately, such assumption 1s oversimplified and actual responsiveness to checkpoint
inhibitor treatment will to a large degree depend on the patient and tumor specific match
between tumor specific expressed neoepitopes and the patient specific atfinity of the
neoepitope to the HLA-type of the patient. For example, although the melanoma and lung
cancer samples within TCGA had a high average mutational load, some individual samples
had a low mutational load. Theretore, 1t should be appreciated that ordinary classification by
disease type only will be over-inclusive, and as such subject patients to treatment that 1s not
likely effective. The inventors also 1dentified many individual tumor samples across a diverse
array of cancer types that have high mutational burdens, potentially rendering patients
sensitive to treatment with checkpoint inhibitors. Taken together the inventors’ findings
suggest that a detailed molecular analysis of a patient’s tumor 1s needed to determine the
potential benefit of checkpoint inhibitors outside of the approved indications for these agents.
As a guiding principle, and 1n view of the data and contemplations provided above, analysis
should be focused on HLA-matched (i.e., neoepitopes with high atfinity to patient HLA-type,
typically below 250 nM, or below 150 nM) patient- and cancer-specific neoepitopes that must
be present above a threshold number (e.g., at least 50, more typically at least 100).

[0066] Figure 4 exemplarily depicts the variant count for various cancer neoepitopes that
were 1dentified as described above. As 1s readily apparent, certain cancers have a relatively

high number of neoepitopes, while other cancers have only moderate numbers of

neoepitopes. Moreover, 1t should be noted that the variability of neoepitope occurrence
within the same type of cancer 1s not homogenous. Indeed, some cancers have relatively low

average number of neoepitopes, but high variability extending well above the predetermined
threshold value of 100 (e.g., HNSC, LUAD; threshold shown in dashed line). Notably,

cancers with neoepitope count above the threshold were shown to have a significantly higher
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likelihood to be responsive to treatment with a checkpoint inhibitor (e.g., UCEC, READ,
BLCA, SKCM, LUSC, COAD, STAD). Furthermore, it was also observed that these cancers

were also typically associated with MMR and/or MSI.

[0067] The recitation of ranges of values herein 1s merely intended to serve as a shorthand
method of referring individually to each separate value falling within the range. Unless
otherwise 1indicated herein, each individual value 1s incorporated 1nto the specification as 1f 1t
were 1ndividually recited herein. All methods described herein can be performed 1n any
suitable order unless otherwise indicated herein or otherwise clearly contradicted by context.
The use of any and all examples, or exemplary language (e.g. “such as”™) provided with
respect to certain embodiments herein 1s intended merely to better i1lluminate the invention
and does not pose a limitation on the scope of the invention otherwise claimed. No language
in the specitication should be construed as indicating any non-claimed element essential to

the practice ot the invention.

[0068] It should be apparent to those skilled in the art that many more modifications besides
those already described are possible without departing from the inventive concepts herein.
The inventive subject matter, therefore, 1s not to be restricted except i1n the scope of the
appended claims. Moreover, 1n interpreting both the specification and the claims, all terms
should be interpreted 1n the broadest possible manner consistent with the context. In
particular, the terms “comprises” and “comprising should be interpreted as referring to
elements, components, or steps 1n a non-exclusive manner, indicating that the referenced
elements, components, or steps may be present, or utilized, or combined with other elements,
components, or steps that are not expressly referenced. Where the specification claims refers
to at least one of something selected from the group consisting of A, B, C .... and N, the text
should be interpreted as requiring only one element from the group, not A plus N, or B plus

N, etc.
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AMENDED CLAIMS
received by the International Bureau on 11. March. 2017 (11.03.2017)

What 18 claimed 1s:

1. A method of improving treatment of a cancer in a patient using immunotherapy,
comprising:

obtaining from a patient omics data from a tumor tissue and a matched normal tissue,
and using the omics data to determine a plurality of missense based patient-
and tumor-specitic neoepitopes;

identitying expressed neoepitopes from among the patient- and tumor-specific
neoepitopes;

tfiltering the expressed neoepitopes to obtain HLA-matched neoepitopes, and
quantifying the HLA-matched neoepitopes; and

administering a checkpoint inhibitor to the patient upon determination that the
quantity of HLA-matched neoepitopes has exceeded a predetermined

threshold quantity.

2. 'The method of claim 1 wherein the step ot filtering the expressed neoepitopes 18
performed tor each of the neoepitopes using a plurality ot distinct individual neoepitope
sequences 1 which a changed amino acid has a distinct position within the neoepitope

SCQUCIICC.

3. The method of claim 2 wherein the individual neoepitope sequences have a length ot

between 7 and 20 amino acids.

4. The method of claim 1 wherein the step ot filtering turther comprises a step of filtering by
at least one of an a priori known molecular variation selected tfrom the group consisting
of a single nucleotide polymorphism, a short deletion and insertion polymorphism, a
microsatellite marker, a short tandem repeat, a heterozygous sequence, a multinucleotide

polymorphism, and a named variant.

5. The method of claim 1 wherein the step of filtering comprises determination of atfinity ot
the expressed neoepitopes to at least one MHC Class I sub-type and to at least one MHC

Class II sub-type of the patient.

6. The method of claim 1 wherein the step of tiltering further comprises a determination ot

expression level ot the expressed neoepitope.
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7. 'The method of claim 1 wherein the HLA-matched neoepitopes have an atfinity to at least

one MHC Class I sub-type or to at least one MHC Class II sub-type of the patient of equal
or less than 150 nM.

8. The method of claim 1 wherein the step of quantitying the HLA-matched neoepitopes
comprises quantification of affinity of the neoepitopes to at least one MHC Class I sub-
type or to at least one MHC Class II sub-type of the patient, and determination ot a total

number of HLA-matched neoepitopes.

9. The method claim 1 further comprising a step ot filtering the HLA-matched neoepitopes

by a mutation signature.

10. The method ot claim 9 wherein the mutation signature 1s a signature characteristic for

UV-induced DNA damage or smoking-induced DNA damage.

11. The method of claim 1 wherein the predetermined threshold quantity of HLA-matched

neoepitopes 1s at least 100 HLA-matched neoepitopes.

12. The method ot claim 11 wherein the at least 100 HLA-matched neoepitopes have an
atfinity to at least one MHC Class I sub-type or to at least one MHC Class 11 sub-type ot

the patient of equal or less than 150 nM.

13. The method of claim 1 turther comprising a step of using the omics data to detect

microsatellite instability (MSI) 1n the diseased tissue.

14. The method of claim 1 turther comprising a step of using the omics data to detect

defective mismatch repair (MMR) 1n the diseased tissue.

15. The method of claim 1 wherein the checkpoint inhibitor 1s a CTLA-4 inhibitor or a PD-1

inhibitor.

16. A method of predicting positive treatment response of a tumor to a checkpoint inhibitor,
COmprising:
obtaining from a patient omics data from a tumor tissue and a matched normal tissue,

and using the omics data to determine a plurality of missense based patient-

and tumor-specitic neoepitopes;
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identitying expressed neoepitopes trom among the patient- and tumor-specific
neoepitopes;

tfiltering the expressed neoepitopes to obtain HLA-matched neoepitopes, and
quantitying the HLA-matched neoepitopes; and

determining, upon ascertaining that the quantity ot HLA-matched neoepitopes has
exceeded a predetermined threshold quantity, that the tumor 1s responsive to

treatment with the checkpoint inhibitor.

1'7. The method of claim 16 further comprising a step of filtering the HLA-matched

neoepitopes by a mutation signature.

13. The method of claim 16 further comprising a step of using the omics data to detect at
least one of microsatellite instability (MSI) and detective mismatch repair (MMR) 1n the

diseased tissue.

19. A method of predicting positive treatment response of a tumor to a checkpoint inhibitor,
CoOmprising:

obtaining from a patient omics data from a tumor tissue and a matched normal tissue,
and using the omics data to determine a plurality of missense based patient-
and tumor-specific neoepitopes;

identitying expressed neoepitopes from among the patient- and tumor-specific
neoepitopes;

tfiltering the expressed neoepitopes to obtain HLA-matched neoepitopes, and
quantifying the HLA-matched neoepitopes;

identitying a mutation signature for the quantitfied HLA-matched neoepitopes; and

using the quantity of neoepitopes and the mutation signature as determinants for

positive treatment response of the tumor to the checkpoint inhibitor.

20. The method of claim 19 wherein the mutation signature 1s characteristic tor UV-induced

DNA damage or smoking-induced DNA damage.
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