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MICROSATELLITE INSTABILITY DETERMINATION SYSTEM AND RELATED METHODS
Cross-Reference to Related Applications

[0001] This application claims benefit of priority to and claims under 35 U.S.C. §119(e)(1) the
benefit of the filing date of U.S. provisional application serial number 62/745,946 filed October

15, 2018, the entire disclosure of which is incorporated herein by reference.

Field of the Invention

[0002] The present disclosure relates to the use of next generation sequencing to determine

microsatellite instability (MSI) status.

Background

[0003] The background description provided herein is for the purpose of generally
presenting the context of the disclosure. Work of the presently named inventors, to the extent
it is described in this background section, as well as aspects of the description that may not
otherwise qualify as prior art at the time of filing, are neither expressly nor impliedly admitted

as prior art against the present disclosure.

[0004] Microsatellite instability (MSI) is a clinically actionable genomic indication for cancer
immunotherapies. MSl is a type of genomic instability that occurs in repetitive DNA regions
and results from defects in DNA mismatch repair. MSI occurs in a variety of cancers. This
mismatch repair defect results in a hyper-mutated phenotype where alterations accumulate in
the repetitive microsatellite regions of DNA. In Microsatellite Instability-High (MSI-H) tumors,
the number of short tandem repeats present in microsatellite regions differ significantly from

the number of repeats that are in the DNA of a benign cell.

[0005] In clinical MSI PCR testing, tumors with length differences in 2 or more of the 5
microsatellite markers on the Bethesda panel are unstable and considered Microsatellite
Instability-High (MSI-H). Microsatellite Stable (MSS) tumors are tumors that have no functional
defects in DNA mismatch repair and have no significant differences between tumor and normal
in any of the 5 microsatellite regions. Microsatellite Instability-Low (MSI-L) is a tumor with an
intermediate phenotype that has 1 unstable marker. Overall, MSI-H is observed in 15% of
sporadic colorectal tumors worldwide and has been reported in other cancer types including

uterine and gastric cancers.
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Summary of the Invention

[0006] The present application presents techniques for determining microsatellite instability
(MSI) directly from microsatellite region mappings for specific loci in the genome. The
techniques include an MSI assay that may employ a support vector machine (SVM) classifier to
assess MSI. The assay may be a tumor-normal MSI assay in some examples. In other examples,
the assay may be a tumor-only MSI assay. The techniques provide an automated process for

MSI testing and MSI status prediction via a supervised machine learning process.

[0007] In accordance with an example, a computer-implemented method of indicating a
likelihood of microsatellite instability comprises: for each locus in a plurality of microsatellite
instability (MSI) loci: mapping a first plurality of genomic sequencing reads from a tumor
specimen to the locus; mapping a second plurality of genomic sequencing reads from a
matched-normal specimen to the locus; comparing the mapping of the first plurality to the
mapping of the second plurality and determining the likelihood of microsatellite instability
based on the comparison; and generating a report indicating the determined likelihood of

microsatellite instability.

[0008] In accordance with an example, the plurality of MSI loci includes at least one locus

listed in Table 1 below.

[0009] In accordance with an example, the plurality of MSI loci includes all of the loci listed

in Table 1 below.

[0010] Inaccordance with an example, the plurality of MSI loci includes at least one locus on

a chromosome listed in Table 1 below.

[0011] In accordance with an example, each locus in the plurality of MSl loci is positioned on

a chromosome listed in Table 1 below.

[0012] In accordance with an example, mapping the first plurality comprises mapping reads
containing 3-6 base pairs, and mapping the second plurality comprises mapping reads

containing 3-6 base pairs

[0013] In accordance with an example, mapping the first plurality of genomic sequencing
reads comprises mapping at least 30-40 genomic sequencing reads from the tumor sample;
and mapping the second plurality of genomic sequencing reads comprises mapping at least 30-

40 genomic sequencing reads from the normal sample.
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[0014] In accordance with an example, the computer-implemented method includes when
mapping the first plurality of genomic sequencing reads, determining if at least 20-30
microsatellites meet a coverage minimum; and when mapping the second plurality of genomic

sequencing reads, determining if at least 20-30 microsatellites meet a coverage minimum.

[0015] In accordance with an example, the computer-implemented method includes if at
least 20-30 microsatellites do not meet the coverage minimum when mapping the second
plurality of genomic sequencing reads, then replacing the mapping of the second plurality of
genomic sequencing reads with mean and variance data from a trained sequencing data before

performing the comparison.

[0016] In accordance with an example, the computer-implemented method includes
comparing the mapping of the first plurality to the mapping of the second plurality and
determining the likelihood of microsatellite instability based on the comparison by measuring
changes in the number of repeat units in the first plurality of genomic sequencing reads from
the tumor specimen to the number of repeat units in the second plurality of genomic

sequencing reads from the matched-normal specimen

[0017] In accordance with an example, the computer-implemented method includes
comparing the mapping of the first plurality to the mapping of the second plurality and
determining the likelihood of microsatellite instability based on the comparison using a

Kolmogorov-Smirov test.

[0018] In accordance with an example, the computer-implemented method includes

determining the likelihood of microsatellite instability based on a p value (probability value).

[0019] In accordance with an example, the computer-implemented method includes
determining the likelihood of microsatellite instability as microsatellite instability high (MSI-

H), microsatellite stable (MSI-S), or microsatellite equivocal (MSI-E).

[0020] In accordance with an example, MSI-H is > about 70% probability, MSI-E is between
about 50% and about 70% probability, and MSI-S is < about 50%, where "about" is defined as

between 0% to 10% +/- difference.

[0021] In accordance with an example, the computer-implemented method includes
determining a therapeutic for a subject based on the determined likelihood of microsatellite

instability.
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[0022] In accordance with an example, the therapeutic is selected from the group consisting
of fluoropyrimidine, oxaliplatin, irinotecan, Ipilimumab, nivolumab, Pembrolizumab, an anti-
PD-L1 antibody (e.g., durvalumab), an anti-CTLA antibody (e.g., tremelimumab), and
checkpoint inhibitor (e.g., PD-1 inhibitor, PD-L1 inhibitor, PD-L2 inhibitor, CTLA-4 inhibitor).

[0023] In accordance with an example, a computing device is provided to perform the

computer-implemented methods herein.

[0024] In accordance with an example, a computing device configured to indicate a
likelihood of microsatellite instability, the computing device comprising one or more
processors configured to: for each locus in a plurality of microsatellite instability (MSI) loci:
map a first plurality of genomic sequencing reads from a tumor specimen to the locus; map a
second plurality of genomic sequencing reads from a matched-normal specimen to the locus;
compare the mapping of the first plurality to the mapping of the second plurality and
determine the likelihood of microsatellite instability based on the comparison; and generate a

report indicating the determined likelihood of microsatellite instability.

Brief Description of the Drawings

[0025] The figures described below depict various aspects of the system and methods
disclosed herein. It should be understood that each figure depicts an example of aspects of the

present systems and methods.

[0026] FIG. 1is a block diagram of an example method of MSI Detection and classification in
a paired mode using tumor and normal matched samples, in accordance with an example

implementation.

[0027] FIG. 2 is a block diagram of an example method of MSI Detection and classification in

an unpaired mode using tumor-only samples, in accordance with an example implementation.

[0028] FIG. 3 is a plot of validation results for microsatellite status classification from a
genomic sequencing assay on a set of tumor samples, in accordance with an example
implementation. The plot displays the count of samples (y-axis) and exemplary thresholds of

MSI-H, MSE, and MSS (x-axis).

[0029] FIG. 4 is a screenshot of an example clinical reporting of MSI status, in accordance

with an example implementation.

[0030] FIG. 5 illustrates an example computing device for implementing the processes of
FIGs. 1 and 2, in accordance with an example implementation.

4
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Detailed Description

[0031] The present application presents techniques for determining microsatellite instability
(MSI) directly from microsatellite region mappings for specific loci in the genome. In some
examples, a MSI assay is disclosed. The assay may be a tumor-normal MSI assay. The MSI
assay may refer to specific loci in the genome. The MSI assay may employ a support vector
machine (SVM) classifier. For a tumor-normal MSI assay, instability may be tested at each
locus by comparing the distributions of the repeat length of the tumor and normal sample. The

proportion of unstable loci may then be fed into a logistic regression classifier.

[0032] Inexemplary embodiments, the techniques for determining MSl include a sequencing
data pre-processing process and an MSI status calling process. These processes may be applied
to specific microsatellite regions, in particular a specific panel chromosomes with identified

microsatellite regions.

[0033] In exemplary embodiments, an initial procedure includes sequencing data pre-
processing. In particular, the methods and systems described herein may be used on
information generated from next generation sequencing (NGS) techniques. Extracted DNA
from tumor tissue is single or paired-end sequenced using a NGS platform, such as a platform
offered by Illumina. Methods for sequencing using an NGS platform are described in further
detail in, for instance, U.S. Patent Publication No. US20160085910A1, which is incorporated by

reference in its entirety.

[0034] The results of sequencing (herein, the “raw sequencing data”) may be passed through
a bioinformatics pipeline where the raw sequencing data is analyzed. After sequencing
information is run through the bioinformatics pipeline, the sequencing information may be
evaluated for quality control, e.g., through use of an automated quality control system. If the
sample does not pass an initial quality control step, it may be manually reviewed. If the sample
passes an automated quality control system or is manually passed, an alert may be published
to a message bus that is configured to listen for messages from quality control systems. This
message may contain sample identifiers, as well as the location of BAM files, i.e. a binary
format for storing sequence data. When a message notifying that the topic is received, an MSI
micro-service may be triggered. In one embodiment, the MSI micro-service launches a Jenkins
job, which deploys an EC2 instance with an MSI Algorithm Docker image that may be stored in

in an elastic container repository, such as the web server AWS ECR.

[0035] In exemplary embodiments, the techniques for determining MSI further include a

process of MSI calling. In an example, a plurality of microsatellites is analyzed to determine
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the frequency of DNA slippage events. A “DNA slippage event” is a change in the length of
repetitive regions in the genome, like microsatellites, due to local mismatches between DNA
strands during replication. When the mismatch repair machinery is defective, these slippage
events accumulate throughout the genome, particularly in microsatellite regions. For MSI
testing, microsatellites may be selected on the basis of their instability in tumors with
mismatch repair deficiencies, where microsatellites with greater instability are better

candidates for selection.

[0036] Inanexample, the frequency of microsatellite instability is measured by obtaining the
lengths of the microsatellite repeats for all reads that map to each locus and comparing that
distribution of repeat lengths to the distribution of repeat lengths obtained from a matched
normal sample at each locus using a statistical method, such as Kolmogorov-Smirnov test. A
threshold of significance number is set, such as a false discovery rate of <= 0.05, for the locus

to determine whether it is considered unstable versus stable.

[0037] In an example, some or all of the 43 microsatellites listed in Table 1 may be used to
determine the frequency of DNA slippage events. The information detected is provided to an
MSI classification algorithm, described hereinbelow, which then classifies tumors into three
categories: microsatellite instability high (MSI-H), microsatellite stable (MSS), or microsatellite
equivocal (MSE). Table 1 illustrates the chromosome number, start and end position of the

microsatellite, and the nucleotide or nucleotides repeated in that region of DNA (repeat unit).

[0038] Table 1 lists chromosomes with identified microsatellite regions. The first column lists
the chromosome name. The second column lists the start position (genomic coordinates) of
the microsatellite region (locus) within the chromosome. The third column lists the end
position (genomic coordinates) of the microsatellite region (locus) within the chromosome.

The fourth column lists the unit(s) that repeat throughout the microsatellite region.

Table 1. xT Microsatellite Regions

Chromosome | MS start MS end Repeat unit
18 649879 649893 T
14 73959703 | 73959718 T
8 23712066 | 23712077 T
3 71008341 | 71008353 T
4 39501722 | 39501739 A
3 113377481 | 113377491 T
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Chromosome | MS start MS end Repeat unit
14 53513439 | 53513450 A
19 14104688 | 14104701 T
11 63149670 | 63149680 A
6 11714639 | 11714652 A
1 47325299 | 47325311 A
3 130733046 | 130733056 T
3 30691871 | 30691880 A
13 58299434 | 58299444 A
11 115047032 | 115047045 T
1 149900985 | 149901000 A
X 101409254 | 101409269 T
8 79629738 | 79629751 A
11 125763610 | 125763622 T
12 85285920 | 85285936 A
5 67584512 | 67584523 T
3 164905648 | 164905658 A
21 33974094 | 33974107 T
5 58270457 | 58270468 A
2 211179765 | 211179775 T
1 237060945 | 237060959 T
6 71571694 | 71571705 A
3 123332875 | 123332890 T
18 319944 319954 T
2 64069277 | 64069291 A
12 13364426 | 13364435 A
5 88018388 | 88018400 A
21 30339205 | 30339215 T
17 1326754 1326767 A
5 161494990 | 161495001 A
15 37391752 | 37391763 T
6 43021976 | 43021987 G
7 94989255 | 94989271 T
2 99614595 | 99614607 A
2 152236045 | 152236058 A
11 65268479 | 65268490 T
2 118854094 | 118854106 T
12 31435608 | 31435618 T
1 89449508 | 89449518 T
2 148683685 | 148683692 A
1 33402334 | 33402350 A
4 83785564 | 83785572 T
11 77784146 | 77784154 A
7 30673512 | 30673526 A
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Chromosome | MS start MS end Repeat unit
4 158142151 | 158142159 A
18 9954233 9954245 T
12 130883554 | 130883566 T
19 9361740 9361750 T
8 33356825 | 33356837 T
1 221875661 | 221875671 A
17 55016354 | 55016367 A
12 54405179 | 54405189 C
1 6257784 6257791 T
2 197531518 | 197531528 A
19 12574740 | 12574760 A
9 110093970 | 110093981 A
X 18183097 | 18183111 A
1 159032486 | 159032495 T
18 30913142 | 30913151 T
20 58497481 | 58497495 A
22 39079920 | 39079934 T
17 56435160 | 56435166 C
7 54819993 | 54820003 A
2 88056970 | 88056980 A
X 101138438 | 101138448 T
5 79970914 | 79970921 A
20 52491773 | 52491783 A
9 86584222 | 86584232 A
12 118588761 | 118588778 T
19 44662274 | 44662286 A
6 167453519 | 167453530 T
1 116655183 | 116655195 A
20 58587783 | 58587792 A
6 49459994 | 49460003 T
6 55739711 | 55739724 A
11 126137086 | 126137093 T
2 8998775 8998786 A
6 88853530 | 88853540 A
5 158526534 | 158526548 A
10 74653468 | 74653477 A
5 82937251 | 82937260 A
13 47345469 | 47345482 T
18 57013193 | 57013201 T
3 170715683 | 170715692 T
11 104879686 | 104879695 T
1 28785729 | 28785738 A
17 4442639 4442656 A
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Chromosome | MS start MS end Repeat unit
8 38961268 | 38961278 T
11 104878040 | 104878049 T
2 114500276 | 114500285 A
3 124951171 | 124951185 T
11 5687320 5687336 A
1 161091814 | 161091830 A
8 33356191 | 33356206 T
17 33288433 | 33288443 A
7 151874147 | 151874155 T
14 45716018 | 45716028 T
3 111831723 | 111831735 A
20 44470648 | 44470660 T
6 71508369 | 71508378 A
5 16474778 | 16474793 T
3 12571420 | 12571432 T
5 145647319 | 145647327 A
19 52249071 | 52249084 T
2 179330468 | 179330478 A
10 78646910 | 78646918 A
1 160589600 | 160589608 T
10 27037487 | 27037497 A
10 121335156 | 121335164 T
2 55863360 | 55863370 A
1 153516162 | 153516171 A
1 23636874 | 23636884 T
15 25319287 | 25319302 T
4 177100754 | 177100764 T
3 98518160 | 98518169 A
11 18231788 | 18231797 T
14 88934423 | 88934431 T
3 44373517 | 44373531 T
9 27062802 | 27062814 A
11 26581382 | 26581421 AC
14 69520518 | 69520530 T
5 121362852 | 121362862 A
15 83659295 | 83659308 T
12 42835328 | 42835342 A
20 47858503 | 47858510 A
7 27868483 | 27868499 A
1 152195728 | 152195738 T
11 55065031 | 55065039 T
X 132351002 | 132351016 A
1 236714292 | 236714309 A
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Chromosome | MS start MS end Repeat unit
14 95999676 | 95999687 A
19 11944947 | 11944954 T
19 49850472 | 49850479 G
3 112719791 | 112719806 A
4 70160632 | 70160642 A
3 136573485 | 136573493 A
3 160395092 | 160395100 A
2 138721942 | 138721958 T
15 45848230 | 45848245 T
16 83828683 | 83828693 A
14 58471378 | 58471388 T
5 134086670 | 134086682 A
X 15364158 | 15364167 T
11 112832276 | 112832285 G
21 35475614 | 35475629 A
9 100700505 | 100700515 A
X 153906377 | 153906392 A
1 14108748 | 14108756 A
18 32917176 | 32917187 T
5 122359467 | 122359478 A
2 112252632 | 112252643 A
14 64990700 | 64990712 T
11 5799651 5799660 A
15 56736722 | 56736731 T
6 54130829 | 54130842 T
11 134188851 | 134188865 T
1 78414310 | 78414327 A
8 103289348 | 103289355 T
12 55038408 | 55038430 T
8 18393159 | 18393169 T
11 63886066 | 63886077 T
17 1248583 1248600 A
3 194409257 | 194409271 A
X 135961587 | 135961599 T
2 173368989 | 173368999 A
9 114694383 | 114694392 A
6 108214754 | 108214763 T
15 83677270 | 83677283 A
4 9785354 9785364 A
9 20346377 | 20346390 A
10 90034667 | 90034677 A
9 20346393 | 20346404 A
10 75135833 | 75135845 A

10
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Chromosome | MS start MS end Repeat unit
X 151302890 | 151302908 T
5 162945387 | 162945398 T
11 36601096 | 36601107 T
5 134907432 | 134907474 T
11 93170909 | 93170917 C
4 56336953 | 56336961 A
1 118502087 | 118502097 T
15 48634319 | 48634333 A
9 129596297 | 129596307 A
14 70793015 | 70793028 A
7 77423459 | 77423467 T
1 110906247 | 110906265 A
4 57220268 | 57220277 A
19 21561408 | 21561426 T
8 38845644 | 38845656 A
4 93225752 | 93225763 A
12 64812754 | 64812762 T
13 115057210 | 115057218 A
19 38161161 | 38161171 T
X 37312610 | 37312617 C
1 33146113 | 33146123 T
11 43515493 | 43515501 A
10 124924484 | 124924494 T
5 122359502 | 122359531 AC

[0039] In exemplary embodiments, a MSI classification algorithm is applied to the
sequencing data that has passed quality control. The algorithm may be performed in paired
mode, where the algorithm has access to matched tumor-normal sequencing data. The
algorithm may also be performed in unpaired mode, if the algorithm does not have access to

paired normal sequencing data.

[0040] In an example of a MSI classification (i.e., detection) performed in a paired mode,
initially MSI loci read filtering and sampling quality control is performed. For example, to be
an MSI locus mapping read, the read must be mapped to the MSI locus during alignment with
a bioinformatics pipeline, such as the Tempus xT bioinformatics pipeline. In an example, the

mapping read must also contain at least 3-6 mapping base pairs in both the front and rear flank

of the microsatellite, with any number of the expected repeating units in between.

[0041] Inan example, at least 30-40 mapping reads in the tumor sample and 30-40 mapping

reads in the normal sample must be identified for a microsatellite to be included in the analysis.

11
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This defines an example coverage minimum. Further, at least 20-30 of the 43 microsatellites
on the panel must reach the coverage minimum described above for the assay to be run. If this
coverage threshold is not met for the normal sample, MSI detection and calling will switch to

running in unpaired mode, discussed further below.

[0042] With the coverage threshold met, MSI classification is performed. In an exemplary
embodiment of MSI classification in the paired mode, each microsatellite is tested for
instability. For example, each microsatellite locus may be tested for instability by measuring
changes in the distribution of the number of repeat units in the tumor reads compared to the
distribution of the number of repeat units in the normal reads. An example method of
measurement for use is the statistical Kolmogorov-Smirnov test. If p <= 0.05, the locus may be
considered unstable. That is, a statistical analysis is performed that analyzes the distribution
of reads mapping to a locus of a tumor sample with the distribution of reads mapping to a

locus of a normal sample.

[0043] The proportion of unstable microsatellites per sample across all loci may then be
provided to a univariate logistic regression classifier. In an example, the classifier already has
been trained on data from cancer samples. For instance, the classifier may have been trained
on data from colorectal and endometrial cohorts that have clinically determined MSI statuses
from MSI PCR testing, such as cohorts from The Cancer Genome Atlas (“TCGA”, available from
the U.S. National Institutes of Health, Bethesda, MD). In an example training process, the same
microsatellites used with present MSI test were assessed for instability in TCGA samples (e.g.,
245 TCGA samples although training may be performed on fewer or larger numbers). The TCGA
MSI PCR statuses were converted to a binary dependent variable: e.g., whether the sample
was MSI-H or not. A logistic regression classifier was then trained to predict the binary MSI-H
status using the proportion of unstable microsatellites. The output of the trained logistic
function can then be interpreted as the probability of the dependent variable being
categorized as MSI-H or not. To address different numbers of MSS and MSI-H samples in
training set, the class weights were set to be inversely proportional to class frequencies

(number of MSS and MSI-H samples) in the input data during training.

[0044] The classifier groups the samples into three categories: MSI-H, MSE, and MSS. If there
is a greater than 70% probability of MSI-H status, the sample is classified as MSI-H. If there is
between 50-70% probability of MSI-H status, the test results are too ambiguous to interpret.
Those samples should make up a relatively small proportion of samples and are classified as

MSE. If there is less than 50% probability of MSI-H status, the sample is considered MSS.

12
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[0045] FIG. 1illustrates an example of the MSI Detection and classification process in paired
mode using tumor and normal matched samples, in accordance with an example. A process
100 includes a pre-processing procedure 102 and an MSI testing procedure 104. During the
pre-processing procedure 102, at process 106, a MSI determination processing system
electronically receives BAM files from a resource, such as a next generation sequencer, stored
databased on gene expression data, or other resource coupled to the MSI determination
processing system through a network or other interface. The processing system slices the BAM
files on genomic coordinates of microsatellites, at process 108. To determine if suitable
microsatellite data is available, the processing system, at a process 110, determines if the
microsatellite data meets sufficient coverage requirements, such as covering a sufficient
number of generic sequencing reads. In some examples, the process 110 may determine if the
microsatellite data covers reads such as those corresponding to all or desired portion of Table
1 are covered. For any low coverage microsatellites, the processing system removes those low

coverage microsatellites from consideration, at a process 112.

[0046] In the MSI testing procedure 104, at process 114, the MSI determination processing
system identifies the number of repeat units in each read mapping to each microsatellite
identified by process 108 and meeting the coverage requirements of process 110. For each
locus, the processing system determines in the number of repeat units is significantly different
between gene expression data from tumor samples and gene expression data from normal
(non-tumor) samples, at process 116. In an example, the process 116 performs a statistical
analysis, such as Kolmogorov-Smirov test, to determine if there is significant difference in gene
expression data. For example, the process 116 may compare a mapping of a first set of
genomic sequencing reads (such as reads onto a tumor sample) to a mapping of a second set
of genomic sequencing reads (such as reads on a normal sample) using a Kolmogorov-Smirov
test. The proportion of unstable microsatellites from among all the microsatellites tested at
process 114 is determined at process 118, for example applying instability determination

techniques described herein, such as those based on the Kolmogorov-Smirov test.

[0047] At a process 120, which may also be performed by the MSI determination processing
system, the repeat units and comparison data from the process 118 is provided to a trained
MSI classifier which determines a predicted MSI status generates a predicted MSI status report
at process 122. As discussed herein, in this paired mode, the MSI classification at process 120
may be performed each microsatellite, testing each microsatellite for instability. The trained
classifier, in the illustrated example, is trained on genomic expression data from the TCGA

dataset, and in particular genomic expression data on colon adenocarcinoma (COAD) tumor
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samples and endometrial (ENDO) cohorts samples, that are used for determine MSI status of
suitable tissue samples. In various embodiments, the training data for the classifier includes
DNA sequencing data for the microsatellite regions used in the MSI assay paired with the MSI
status of the tumor. In another exemplary embodiment, a MSI classification algorithm is
applied to the sequencing data an in unpaired mode using tumor-only samples, as shown in
FIG. 2 and as may be implemented on an MSI determination processing system. MSI detection
and calling process 200, which is configured as an unpaired mode, is used for tumor-only
samples, i.e., where there is no matched tumor-normal sequencing data at process 202, or if
the coverage threshold discussed above is not met for the normal sample in paired mode. The
received tumor sample BAM files are sliced on genomic coordinates of microsatellites at
process 204, similar to process 108 of FIG. 1. Similarly, the processing system performs a check

to see if microsatellite slicing meets coverage requirements, at a process 206.

[0048] As in the paired mode, initially MSI loci read filtering and sampling quality control is
performed. To be a MSI loci mapping read, the read must be mapped to the MSI locus during
the alignment process of a bioinformatics pipeline. In an example, a process 208 determines if
sufficient microsatellite coverage data exists to perform MSI testing. In an example, at the
process 208 determines if there is sufficient microsatellite coverage by looking at the front and
rear flank of the microsatellite and determining if a threshold number of base pairs appear at
both the front and rear flank. For example, the process 208 may be configured such that the
mapping read is to contain the 5 base pairs in both the front and rear flank of the microsatellite,
with any number of expected repeating unit in between. In this example, if 5 or more

microsatellites have less than 30X coverage, the assay cannot be run.

[0049] In an exemplary embodiment of MSI classification in the unpaired mode, the MSI
testing process receives the microsatellite coverage data, and at a process 210 determines the
mean and variance of the distribution of the number of repeat units, which is calculated for
each microsatellite locus in a sample. If there are no reads mapping to a particular locus, the
mean and variance of the number of repeat units is imputed for that locus based on the
average values from the tumors in a training set, such as the TCGA training data, at a process
212. In an example, if at least 20-30 microsatellites do not meet the coverage minimum when
mapping the second plurality of genomic sequencing reads, then the process 212 may replace
the mapping of the second plurality of genomic sequencing reads with mean and variance data

from trained sequencing data before performing the classification.

[0050] In the illustrated example, a vector containing the mean and variance data for each

microsatellite locus (provided at process 214) is put into a support vector machine (SVM)

14



WO 2020/081607 PCT/US2019/056393

classification algorithm (process 216), with a linear kernel trained on samples from the TCGA
colorectal and endometrial cohorts that have clinically determined MSI statuses. In an
example, the mean and variance of the repeat length for each microsatellite was determined
for all the TCGA training samples and the corresponding MSI PCR statuses were converted to
a binary dependent variable representing whether the sample was MSI-H or not. A SVM was
then trained to predict the binary MSI-H status using the mean and variance data. When
running patient samples, Platt scaling is used to transform the outputs of the SVM classifier
into a probability distribution over classes, returning the probability of the patient being MSI-

H.

[0051] The trained MSI SVM classification algorithm groups samples into three categories:
MSI-H, MSE, and MSS, and generates a report at process 218. If there is a greater than 70%
probability of MSI-H status, the sample is classified as MSI-H. If there is between 50-70%
probability of MSI-H status, the test results is too ambiguous to interpret. Those samples
should make up a relatively small proportion of samples and are classified as MSE. If there is
less than 50% probability of MSI-H status, the sample is considered MSS. These thresholds
were generated after evaluation of samples that received both the MSI detection and calling,

as well as an orthogonal clinically validated MSI test.

[0052] FIG. 3 displays a graph of validation results for microsatellite status classification from
a genomic sequencing assay on a set of tumor samples. The graph displays the count of samples
(y-axis) and exemplary thresholds of MSI-H, MSE, and MSS (x-axis). If there is a greater than
70% probability of MSI-H status, the sample is classified as MSI-H. If there is between 50-70%
probability of MSI-H status, the test results is too ambiguous to interpret and is classified as

MSE. If there is less than 50% probability of MSI-H status, the sample is considered MSS.

[0053] After MSI detection and calling is performed, for example in a cloud based server on
the EC2 instance, the results may be written and saved to a network-connected production
database, a network-connected immunotherapy research database, and the logs may be
stored in S3. Results may be sent to physician in a printable report, digital online portal, and
other media forms, such as a digital PDF or mobile application. FIG. 4 illustrates an example
clinical digital report displaying MSI status to physicians. In this example, the patient was MSI
“Stable” (i.e., MSS) and had less than 50% probability of MSI-H status as illustrated in FIG 3. If
the MSI status was MSE, then the “Equivocal” indication would be highlighted in the displayed
report; and corresponding if the MSI status was MSI-H, then the “High” indication would be

highlighted.
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[0054] With the MSI classification, in some examples, the techniques herein further include
therapy matching based on the MSI classification. That is, the outcome of the techniques
described herein is useful, for example, for determining appropriate treatment regimens for
cancer patients. For instance, immune checkpoint inhibitors are suitable for treating cancers
with microsatellite instability (MSI). Pembrolizumab (KEYTRUDA, Merck & Co.), for example,
can be administered to adult and pediatric patients with unresectable or metastatic,
microsatellite instability-high (MSI-H) or mismatch repair deficient (dMMR) solid tumors,
including in those patients that have progressed following prior treatment and who have no
satisfactory alternative treatment options. Pembrolizumab also may be administered to
patients with MSI-H or dMMR colorectal cancer that has progressed following treatment with
a fluoropyrimidine, oxaliplatin, and irinotecan. Ipilimumab (YERVOY, Bristol-Myers Squibb
Company Inc.) and nivolumab (OPDIVO, Bristol-Myers Squibb Company) can be administered,
for example, in MSI-H or dMMR metastatic colorectal cancer (mCRC) patients, including
patients that have progressed following treatment with a fluoropyrimidine, oxaliplatin, and
irinotecan. An example of an anti-PD-L1 antibody is durvalumab. An example of an anti-CTLA
antibody is tremelimumab. In various aspects, the disclosure contemplates a method wherein
a cancer therapy, such as a checkpoint inhibitor (e.g., PD-1 inhibitor, PD-L1 inhibitor, PD-L2
inhibitor, CTLA-4 inhibitor, and the like), is administered to patient with MSI-H tumors as

determined by the methods described herein.

[0055] FIG. 5 illustrates an MSI determination processing system 300 that may be
implemented on a computing device such as a computer, tablet or other mobile computing
device, or server. The system 300 may include a number of processors, controllers or other
electronic components for processing sequence data and performing the processes described
herein. As illustrated, the system 300 may be implemented on a computing device and in
particular on one or more processing units, which may represent Central Processing Units
(CPUs), and/or on one or more or Graphical Processing Units (GPUs), including clusters of CPUs
and/or GPUs. Features and functions described for the system 300 may be stored on and
implemented from one or more non-transitory computer-readable media 302 of the

computing device.

[0056] The computer-readable media 302 may include, for example, an operating system
and an MSI determination framework 303 having elements configured to perform the
processes described herein, including those of FIGS. 1 and 2. For example, the MSI
determination framework 303 may include an unpaired mode process controller for executing

the process of FIG. 2 and a paired mode process controller for executing the process of FIG. 1.
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Each of these controls may access an MSI classifier module that may include trained paired
mode classifiers and trained unpaired mode classifiers. More generally, the computer-
readable media 302 may store any number of trained classifiers, such as SVM models,
executable code, etc. for implementing the techniques herein. The processing system 300
includes a network interface communicatively coupled to a network 304, for communicating
to and/or from a portable personal computer, smart phone, electronic document, tablet,
and/or desktop personal computer, or other computing devices. The processing system 300
further includes an 1/O interface connected to devices, such as digital displays, user input
devices, etc. In some examples, the processing system 300 generates MSI prediction status
reports, like that of FIG. 4, that are displayed on the digital displays connected through an I/O
interface or that are communicated to remote connected processing devices through the

network 304 for display, as shown.

[0057] In some examples, the MSI determination processing system 300 is configured to
additionally report a therapeutic option corresponding to the predicted MSI status determined
by the techniques herein. For example, based on the MSI status, the processing system 300
may generate a list of matched possible therapies, from among a plurality of available
therapies. Possible therapeutic options that may be reported include any one of
fluoropyrimidine, oxaliplatin, irinotecan, Ipilimumab, nivolumab, Pembrolizumab, an anti-PD-
L1 antibody (e.g., durvalumab), an anti-CTLA antibody (e.g., tremelimumab), and checkpoint
inhibitor (e.g., PD-1 inhibitor, PD-L1 inhibitor, PD-L2 inhibitor, CTLA-4 inhibitor). For example,
to treat a subject with nivolumab or Pembrolizumab an MSI-H status prediction may be
required; therefore a determined MSI-H status may result in the processing system 300
identifying these possible therapies. If other therapies are possible based on the MSI status,
then the processing system 300 may determine and generate a reporting of a more expansive

list of possible therapies.

[0058] In the illustrated example, the processing system 300 is implemented on a single
server 306. However, the functions of the processing system 300 may be implemented across
distributed devices 306, 308, 310, etc. connected to one another through a communication
link. In other examples, functionality of the processing system 300 may be distributed across
any number of devices, including the portable personal computer, smart phone, electronic
document, tablet, and desktop personal computer devices shown. The network 304 may be a
public network such as the Internet, private network such as research institutions or
corporations private network, or any combination thereof. Networks can include, local area

network (LAN), wide area network (WAN), cellular, satellite, or other network infrastructure,
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whether wireless or wired. The network can utilize communications protocols, including
packet-based and/or datagram-based protocols such as internet protocol (IP), transmission
control protocol (TCP), user datagram protocol (UDP), or other types of protocols. Moreover,
the network can include a number of devices that facilitate network communications and/or
form a hardware basis for the networks, such as switches, routers, gateways, access points
(such as a wireless access point as shown), firewalls, base stations, repeaters, backbone

devices, etc.

[0059] The computer-readable media 302 may include executable computer-readable code
stored thereon for programming a computer (e.g., comprising a processor(s) and GPU(s)) to
the techniques herein. Examples of such computer-readable storage media include a hard disk,
a CD-ROM, digital versatile disks (DVDs), an optical storage device, a magnetic storage device,
a ROM (Read Only Memory), a PROM (Programmable Read Only Memory), an EPROM (Erasable
Programmable Read Only Memory), an EEPROM (Electrically Erasable Programmable Read
Only Memory) and a Flash memory. More generally, the processing units of the computing
device 102 may represent a CPU-type processing unit, a GPU-type processing unit, a field-
programmable gate array (FPGA), another class of digital signal processor (DSP), or other

hardware logic components that can be driven by a CPU.

[0060] Throughout this specification, plural instances may implement components,
operations, or structures described as a single instance. Although individual operations of one
or more methods are illustrated and described as separate operations, one or more of the
individual operations may be performed concurrently, and nothing requires that the
operations be performed in the order illustrated. Structures and functionality presented as
separate components in example configurations may be implemented as a combined structure
or component. Similarly, structures and functionality presented as a single component may be
implemented as separate components or multiple components. These and other variations,

modifications, additions, and improvements fall within the scope of the subject matter herein.

[0061] Additionally, certain embodiments are described herein as including logic or a
number of routines, subroutines, applications, or instructions. These may constitute either
software (e.g., code embodied on a machine-readable medium or in a transmission signal) or
hardware. In hardware, the routines, etc., are tangible units capable of performing certain
operations and may be configured or arranged in a certain manner. In example embodiments,
one or more computer systems (e.g., a standalone, client or server computer system) or one

or more hardware modules of a computer system (e.g., a processor or a group of processors)
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may be configured by software (e.g., an application or application portion) as a hardware

module that operates to perform certain operations as described herein.

[0062] In various embodiments, a hardware module may be implemented mechanically or
electronically. For example, a hardware module may comprise dedicated circuitry or logic that
is permanently configured (e.g., as a special-purpose processor, such as a microcontroller, field
programmable gate array (FPGA) or an application-specific integrated circuit (ASIC)) to perform
certain operations. A hardware module may also comprise programmable logic or circuitry
(e.g., as encompassed within a general-purpose processor or other programmable processor)
that is temporarily configured by software to perform certain operations. It will be appreciated
that the decision to implement a hardware module mechanically, in dedicated and
permanently configured circuitry, or in temporarily configured circuitry (e.g., configured by

software) may be driven by cost and time considerations.

[0063] Accordingly, the term "hardware module" should be understood to encompass a
tangible entity, be that an entity that is physically constructed, permanently configured (e.g.,
hardwired), or temporarily configured (e.g., programmed) to operate in a certain manner or to
perform certain operations described herein. Considering embodiments in which hardware
modules are temporarily configured (e.g., programmed), each of the hardware modules need
not be configured or instantiated at any one instance in time. For example, where the
hardware modules comprise a general-purpose processor configured using software, the
general-purpose processor may be configured as respective different hardware modules at
different times. Software may accordingly configure a processor, for example, to constitute a
particular hardware module at one instance of time and to constitute a different hardware

module at a different instance of time.

[0064] Hardware modules can provide information to, and receive information from, other
hardware modules. Accordingly, the described hardware modules may be regarded as being
communicatively coupled. Where multiple of such hardware modules exist
contemporaneously, communications may be achieved through signal transmission (e.g., over
appropriate circuits and buses) that connects the hardware modules. In embodiments in which
multiple hardware modules are configured or instantiated at different times, communications
between such hardware modules may be achieved, for example, through the storage and
retrieval of information in memory structures to which the multiple hardware modules have
access. For example, one hardware module may perform an operation and store the output of
that operation in a memory device to which it is communicatively coupled. A further hardware

module may then, at a later time, access the memory device to retrieve and process the stored
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output. Hardware modules may also initiate communications with input or output devices, and

can operate on a resource (e.g., a collection of information).

[0065] The various operations of the example methods described herein can be performed,
at least partially, by one or more processors that are temporarily configured (e.g., by software)
or permanently configured to perform the relevant operations. Whether temporarily or
permanently configured, such processors may constitute processor-implemented modules
that operate to perform one or more operations or functions. The modules referred to herein

may, in some example embodiments, comprise processor-implemented modules.

[0066] Similarly, the methods or routines described herein may be at least partially
processor-implemented. For example, at least some of the operations of a method can be
performed by one or more processors or processor-implemented hardware modules. The
performance of certain of the operations may be distributed among the one or more
processors, not only residing within a single machine, but also deployed across a number of
machines. In some example embodiments, the processor or processors may be located in a
single location (e.g., within a home environment, an office environment or as a server farm),

while in other embodiments the processors may be distributed across a number of locations.

[0067] The performance of certain of the operations may be distributed among the one or
more processors, not only residing within a single machine, but also deployed across a number
of machines. In some example embodiments, the one or more processors or processor-
implemented modules may be located in a single geographic location (e.g., within a home
environment, an office environment, or a server farm). In other example embodiments, the
one or more processors or processor-implemented modules may be distributed across a

number of geographic locations.

[0068] Unless specifically stated otherwise, discussions herein using words such as

"processing,” "computing,” "calculating,” "determining," "presenting," "displaying," or the like
may refer to actions or processes of a machine (e.g., a computer) that manipulates or
transforms data represented as physical {e.g., electronic, magnetic, or optical) quantities
within one or more memories (e.g., volatile memory, non-volatile memory, or a combination
thereof), registers, or other machine components that receive, store, transmit, or display

information.

[0069] As used herein any reference to "one embodiment"” or "an embodiment" means that
a particular element, feature, structure, or characteristic described in connection with the

embodiment is included in at least one embodiment. The appearances of the phrase "in one
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embodiment" in various places in the specification are not necessarily all referring to the same

embodiment.

[0070] Some embodiments may be described using the expression "coupled" and
"connected" along with their derivatives. For example, some embodiments may be described
using the term "coupled" to indicate that two or more elements are in direct physical or
electrical contact. The term "coupled," however, may also mean that two or more elements
are not in direct contact with each other, but yet still co-operate or interact with each other.

The embodiments are not limited in this context.

[0071] As used herein, the terms "comprises,” "comprising," "includes," "including," "has,"
"having" or any other variation thereof, are intended to cover a non-exclusive inclusion. For
example, a process, method, article, or apparatus that comprises a list of elements is not
necessarily limited to only those elements but may include other elements not expressly listed
or inherent to such process, method, article, or apparatus. Further, unless expressly stated to
the contrary, "or" refers to an inclusive or and not to an exclusive or. For example, a condition
A or B is satisfied by any one of the following: A is true (or present) and B is false (or not

present), A is false (or not present) and B is true (or present), and both A and B are true (or

present).

[0072] Inaddition, use of the "a" or "an" are employed to describe elements and components
of the embodiments herein. This is done merely for convenience and to give a general sense
of the description. This description, and the claims that follow, should be read to include one
or at least one and the singular also includes the plural unless it is obvious that it is meant

otherwise.

[0073] This detailed description is to be construed as an example only and does not describe
every possible embodiment, as describing every possible embodiment would be impractical, if
not impossible. One could implement numerous alternate embodiments, using either current

technology or technology developed after the filing date of this application.

21



WO 2020/081607 PCT/US2019/056393

What is Claimed:

1. A computer-implemented method of indicating a likelihood of microsatellite
instability, the method comprising:

for each locus in a plurality of microsatellite instability (MSI) loci:

mapping a first plurality of genomic sequencing reads from a tumor specimen to the locus;

mapping a second plurality of genomic sequencing reads from a matched-normal specimen
to the locus;

comparing the mapping of the first plurality to the mapping of the second plurality and
determining the likelihood of microsatellite instability based on the comparison; and

generating a report indicating the determined likelihood of microsatellite instability.

2. The computer-implemented method of claim 1, wherein the plurality of MSI loci

includes at least one locus listed in Table 1.

3. The computer-implemented method of claim 1, wherein the plurality of MSI loci

includes all of the loci listed in Table 1.

4, The computer-implemented method of claim 1, wherein the plurality of MSI loci

includes at least one locus on a chromosome listed in Table 1.

5. The computer-implemented method of claim 1, wherein each locus in the plurality

of MSl loci is positioned on a chromosome listed in Table 1.

6. The computer-implemented method of claim 1, wherein the mapping the first
plurality comprises mapping reads containing 3-6 base pairs, and wherein the mapping the second

plurality comprises mapping reads containing 3-6 base pairs

7. The computer-implemented method of claim 1, wherein mapping the first plurality
of genomic sequencing reads comprises mapping at least 30-40 genomic sequencing reads from the
tumor sample; and wherein mapping the second plurality of genomic sequencing reads comprises

mapping at least 30-40 genomic sequencing reads from the normal sample.

8. The computer-implemented method of claim 7, further comprising:
when mapping the first plurality of genomic sequencing reads, determining if at least 20-30

microsatellites meet a coverage minimum; and
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when mapping the second plurality of genomic sequencing reads, determining if at least 20-

30 microsatellites meet a coverage minimum.

9. The computer-implemented method of claim 8, further comprising: if at least 20-30
microsatellites do not meet the coverage minimum when mapping the second plurality of genomic
sequencing reads, then replacing the mapping of the second plurality of genomic sequencing reads

with mean and variance data from a trained sequencing data before performing the comparison.

10. The computer-implemented method of claim 1, further comprising comparing the
mapping of the first plurality to the mapping of the second plurality and determining the likelihood
of microsatellite instability based on the comparison by measuring changes in the number of repeat
units in the first plurality of genomic sequencing reads from the tumor specimen to the number of
repeat units in the second plurality of genomic sequencing reads from the matched-normal

specimen

11. The computer-implemented method of claim 1, further comprising comparing the
mapping of the first plurality to the mapping of the second plurality and determining the likelihood

of microsatellite instability based on the comparison using a Kolmogorov-Smirov test.

12. The computer-implemented method of claim 11, further comprising determining the

likelihood of microsatellite instability based on a p value.

13. The computer-implemented method of claim 1, further comprising: determining the
likelihood of microsatellite instability as microsatellite instability high (MSI-H), microsatellite stable

(MSI-S), or microsatellite equivocal (MSI-E).

14. The computer-implemented method of claim 13, wherein MSI-H is > about 70%
probability, MSI-E is between about 50% and about 70% probability, and MSI-S is < about 50%,

where "about" is defined as between 0% to 10% +/- difference.

15. The computer-implemented method of claim 1, further comprising determining a

therapeutic for a subject based on the determined likelihood of microsatellite instability.

16. The computer-implemented method of claim 15, wherein the therapeutic is selected
from the group consisting of fluoropyrimidine, oxaliplatin, irinotecan, Ipilimumab, nivolumab,

Pembrolizumab, an anti-PD-L1 antibody (e.g., durvalumab), an anti-CTLA antibody (e.g.,
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tremelimumab), and checkpoint inhibitor (e.g., PD-1 inhibitor, PD-L1 inhibitor, PD-L2 inhibitor, CTLA-
4 inhibitor).

17. A computing device configured to indicate a likelihood of microsatellite instability,
the computing device comprising one or more processors configured to:

for each locus in a plurality of microsatellite instability (MSI) loci:

map a first plurality of genomic sequencing reads from a tumor specimen to the locus;

map a second plurality of genomic sequencing reads from a matched-normal specimen to
the locus;

compare the mapping of the first plurality to the mapping of the second plurality and
determine the likelihood of microsatellite instability based on the comparison; and

generate a report indicating the determined likelihood of microsatellite instability.

18. The computing device of claim 17, wherein the plurality of MSI loci includes at least

one locus listed in Table 1.

19. The computing device of claim 17, wherein the plurality of MSI loci includes all of the

loci listed in Table 1.

20. The computing device of claim 17, wherein the plurality of MSI loci includes at least

one locus on a chromosome listed in Table 1.

21. The computing device of claim 17, wherein each locus in the plurality of MSI loci is

positioned on a chromosome listed in Table 1.

22. The computing device of claim 17, wherein the one or more processors are
configured to map of the first plurality by mapping reads containing 3-6 base pairs, and wherein the
one or more processors are configured to map the second plurality by mapping reads containing 3-6

base pairs

23. The computing device of claim 17, wherein the one or more processors are
configured to map the first plurality of genomic sequencing reads by mapping at least 30-40 genomic
sequencing reads from the tumor sample; and wherein the one or more processors are configured
to map the second plurality of genomic sequencing reads by mapping at least 30-40 genomic

sequencing reads from the normal sample.
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24. The computing device of claim 23, wherein the one or more processors are further
configured to:

when mapping the first plurality of genomic sequencing reads, determine if at least 20-30
microsatellites meet a coverage minimum; and

when mapping the second plurality of genomic sequencing reads, determine if at least 20-

30 microsatellites meet a coverage minimum.

25. The computing device of claim 24, wherein the one or more processors are further
configured to: if at least 20-30 microsatellites do not meet the coverage minimum when mapping
the second plurality of genomic sequencing reads, then replace the mapping of the second plurality
of genomic sequencing reads with mean and variance data from a trained sequencing data before

performing the comparison.

26. The computing device of claim 17, wherein the one or more processors are further
configured to: compare the mapping of the first plurality to the mapping of the second plurality and
determine the likelihood of microsatellite instability based on the comparison by measuring changes
in the number of repeat units in the first plurality of genomic sequencing reads from the tumor
specimen to the number of repeat units in the second plurality of genomic sequencing reads from

the matched-normal specimen

27. The computing device of claim 17, wherein the one or more processors are further
configured to: compare the mapping of the first plurality to the mapping of the second plurality and
determine the likelihood of microsatellite instability based on the comparison using a Kolmogorov-

Smirov test.

28. The computing device of claim 27, wherein the one or more processors are further

configured to: determine the likelihood of microsatellite instability based on a p value.

29. The computing device of claim 17, wherein the one or more processors are further
configured to: determine the likelihood of microsatellite instability as microsatellite instability high

(MSI-H), microsatellite stable (MSI-S), or microsatellite equivocal (MSI-E).

30. The computing device of claim 29, wherein MSI-H is > about 70% probability, MSI-E
is between about 50% and about 70% probability, and MSI-S is < about 50%, where "about" is

defined as between 0% to 10% +/- difference.
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31. The computing device of claim 17, wherein the one or more processors are further
configured to: determine a therapeutic for a subject based on the determined likelihood of

microsatellite instability.

32. The computing device of claim 31, wherein the therapeutic is selected from the
group consisting of fluoropyrimidine, oxaliplatin, irinotecan, Ipilimumab, nivolumab, Pembrolizumab,
an anti-PD-L1 antibody (e.g., durvalumab), an anti-CTLA antibody (e.g., tremelimumab), and

checkpoint inhibitor (e.g., PD-1 inhibitor, PD-L1 inhibitor, PD-L2 inhibitor, CTLA-4 inhibitor).
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INTERNATIONAL SEARCH REPORT

International application No.
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A.
IPC -

CLASSIFICATION OF SUBJECT MATTER

C12Q 1/68, CO7K 16/30, CO7K 16/40 (2020.01)

CPC - C12Q 1/6886, C12Q 2600/156, CO7K 16/2803, CO7K 16/2818, CO7K 16/2827, A61K 2039/505,
AB61K 2039/55, CO7K 2317/00, CO7K 2317/24,

CO7K 2317/76, C12Q 2600/106

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

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by ¢
See Search History document

lassification symbols)

See Search History document

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

Electronic data base consulted during the international search (name of
See Search History document

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 2017/112738 A1 (MYRIAD GENETICS, INC.) 29 June 2017 (29.06.2017) Abstract; Claim | 1, 6-10, 13-15
---------------- 1; Claim 2; Claim 4; Claim 6; para [0017-0019]; para [0042-0043); para [0071-0072]; para
Y [0080}; para {0082]; para {0085] 2,4,5,11,12, 16
Y WO 2013/153130 A1 (VIB VZW et al.) 17 October 2013 (17.10.2013) Abstract; p19, Table 1, 2,4,5
p35

Y WO 2013/050705 A1 (UNIVERSITE CLAUDE BERNARD LYON | et al.) 11 April 2013 11,12
(11.04.2013); [Note, English translation used for citations] Abstract; p18, last para; p20, para 4

Y US 2012/0238464 A1 (KO et al.) 20 September 2012 (20.09.2012) Abstract; para [0043) 12

Y WO 2016/077553 A1 (THE JOHNS HOPKINS UNIVERSITY) 19 May 2016 (19.05.2016) 16
Abstract; Claim 1

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

D 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 after the international
filing date

“L” document which may throw doubts on priority claim(s) or which
is cited to establish ¢ q’_{)ubhcatlon 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 apghganon 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

17 February 2020

Date of mailing of the international search report

04 MAR 2020

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Lee Young

Telephone No. PCT Helpdesk: 571-272-4300
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Box No. Il Observations where certain claims were found unsearchable (Continuation of item 2 of first shect)

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

1. I:l Claims Nos.:

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

2. I:] 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. D Claims Nos.:

because they are dependent claims and are not drafied 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:
----Please see continuation in first extra sheet ----------------

1. l:l As all required additional search fees were timely paid by the applicant, this international 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. K{ No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:
1, 2, 4-18, limited to MSI loci comprising first two loci in Table 1

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)
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Continuation of Box No. Ill. Observations where unity of invention is lacking.

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.

Group |+, Claims 1-16, directed to a computer-implemented method of indicating a likelihood of microsatellite instability. The method will
be searched to the extent that the plurality of MSI encompasses the MSI on chromosome 18 spanning position §49879-649893
comprising a repeat of T, and MS| on chromosome 14 spanning position 73959703-73959718 comprising a repeat of T (note, these are
the fist two claimed loci for MS| in Table 1). Itis believed that claims 1, 2, 4-16 encompass this first named invention, and thus these
claims will be searched without fee to the extent that the plurality of MSI comprises the first two oci in Table 1. Additional MSI ioci will be
searched upon the payment of additional fees. Applicants must specify the claims that encompass any additionally elected MSI loci
combination(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 a MSI combination further
encompassing the MSI repeat on chromosome 8 spanning position 23712066-23712077 comprising a repeat of T and MSI| on
chromosome 3 spanning position 7100834 1-71008353 comprising a repeat of T (claims 1, 2, 4-16).

Group lI+, claims 17-32, directed to a computing device configured to indicate a likelihood of microsatellite instability. Group 11+ will be
searched upon payment of additional fees. The device may be searched, for example, to encompass analyzing the MSI on chromosome
18 spanning position 649879-649893 comprising a repeat of T, and MSI on chromosome 14 spanning position 73959703-73959718
comprising a repeat of T, for an additional fee and election as such. It is believed that claims 17, 18, 20-32 read on this exemplary
invention. Additional device(s) configured to analyze additional MSI loci will be searched upon the payment of additional fees. Applicants
must specify the claims that encompass any additionally elected device(s) configured to analyze additional MSI loci. 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. Another exemplary election would be a device configured to analyze a MSI combination further encompassing the MSI repeat
on chromosome 8 spanning position 237 12066-23712077 comprising a repeat of T and MS! on chromosome 3 spanning position
71008341-71008353 comprising a repeat of T (claims 17, 18, 20-32).

The inventions listed as Group I+ and Group |1+ 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

The inventions of Group I+ and Group I+ each include the special technical feature of a unique nucleic acid sequence comprising a
MSI. Each nucleic acid sequence encodes a unique variant, and is considered a distinct technical feature.

Additionally, Group I+ has the special technical feature of a method, that is not required by Group Il+.

Group li+ has the special technical feature of a device, that is not required by Group |+.

Common technical features

No technical features are shared between the unique nucieic acid sequences comprising a MSI of Groups 1+ and lI+ and, accordingly,
these groups lack unity a priori.

Additionally, even if Groups I+ and |I+ were considered to share the technical features of including:

use of a computer to indicate a likelihood of microsatellite instability,

for each locus in a plurality of microsatellite instability (MSI) loci:

mapping a first plurality of genomic sequencing reads from a tumor specimen to the locus;

mapping a second plurality of genomic sequencing reads from a matched-normal specimen

to the locus;

comparing the mapping of the first plurality to the mapping of the second plurality and

determining the likelihood of microsatellite instability based on the comparison; and

generating a report indicating the determined likelihood of microsatellite instability;

these shared technical features are previously disclosed by WO 2017/112738 A1 to MYRIAD GENETICS, INC, (hereinafter 'Myriad').

-----—---please see continuation on next extra sheet--------------
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Continuation of Box No. . Observations where unity of invention is lacking.
--———-continued from previous sheet---—---------—--—

Myriad teaches use of a computer to indicate a likelihood of microsatellite instability,

for each locus in a plurality of microsatellite instability (MSI) loci:

mapping a first plurality of genomic sequencing reads from a tumor specimen to the locus;

mapping a second plurality of genomic sequencing reads from a reference specimen to the locus;

comparing the mapping of the first plurality to the mapping of the second plurality and

determining the likelihood of microsatellite instability based on the comparison; and

generating a report indicating the determined likelihood of microsateliite instability (Abstract - 'Methods for detecting microsatellite
instability in nucleic acids derived from a patient sample are provided comprising identifying insertions or deletions in microsatellite
regions of the nucleic acid. The methods can be used on samples derived from tumors, and are useful for determining whether the
sample has no, intermediate, or high degrees of microsatellite instability.’; Claim 1 - 'A method of analyzing microsatellite regions
comprising:

analyzing DNA derived from a patient sample to determine the nucleotide sequence of the DNA at a plurality of microsateliite regions,
wherein (a) the plurality of microsatellite regions comprises at least one test microsatellite region...(c) the sequence of the at least one
test microsatellite region is analyzed to detect at least one indel at a homopolymer subregion comprising;’; Claim 6 - 'The method of
claim 1 wherein the sample is a tumor sample.'; Claim 8 - 'The method of claim 1 wherein the indel is detected using next generation
sequencing'; para [0017] - ‘Examples of algorithms include but are not limited to ratios, sums, regression operators such as exponents or
coefficients, biomarker value transformations and normalizations (including, without limitation, normalization schemes that are based on
clinical parameters such as age, gender, ethnicity, etc.), rules and guidelines, statistical classification models, and neural networks
trained on populations'; para [0018] - 'As used herein, the term "analyze" or "analyzing” includes "measure,” "measuring,” "detect,”
"detecting,” identify," "identifying," "assay,"” "assaying," "quantify,” or "quantifying,” and refers to the process of determining a value or set
of values associated with a sample by measurement of indels in a sample, and may further comprise comparing a test sequence to a
reference sequence, which may include constituent nucleotides in a sample or set of samples from the same subject or other subject(s),
to detect or identify indels.’; para [0085] - '3) the average SNP coverage was over 100 independent reads to increase good coverage of
nearby homopolymers.'; para [0082] - 'The assays disclosed herein can be used to generate a “subject MSI profile." The subject MSI
profiles can then be compared to a reference profile. The biomarker profiles, reference and subject, of embodiments of the present
teachings can be contained in a machine- readable medium, such as analog tapes like those readable by a CD-ROM or USB flash
media, among others. The machine-readable media can also comprise subject information, e.g., the subject's medical or family history.";
para [0019] - ‘A skilled artisan will understand that the term "diagnosis" refers to an increased probability that certain course or outcome
will occur; that is, that a course or outcome is more likely to occur in a patient exhibiting a given characteristic, e.g., the presence or level
of a diagnostic indicator, when compared to individuals not exhibiting the characteristic. Diagnostic methods can be used independently,
or in combination with other diagnosing methods known in the art to determine whether a course or outcome is more likely to occur ina
patient exhibiting a given characteristic.’; para [0080] - 'Data comprising the presence of indels can be implemented in computer
programs that are executing on programmable computers, which comprise a processor, a data storage system, one or more input
devices, one or more output devices, etc. Program code can be applied to the input data to perform the functions described herein, and
to generate output information. This output information can then be applied to one or more output devices, according to methods well-
known in the art. The computer can be, for example, a personal computer, a microcomputer, or a workstation of conventional design.’).
Myriad does not expressly teach that the reference specimen is a matched-normal specimen. However, since Myriad teaches use of
normalization schemes that are based on clinical parameters such as age, gender, ethnicity, etc. (para [0017]-(0018]), it would have
been obvious to one of ordinary skill in the art that the reference used by Myriad comprises an age and gender matched normal sample
according to well known clinical practice.

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.

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

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