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Sampling patients directly

Clinical
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Precision medicine

The use of:
genomic technology
and
large-scale data
to guide:
1) individualized patient care
2) new discoveries



Precision cancer medicine:

A paradigm shift

Past
Dacarbazine

Present

BRAFV600E
Vemurafenib




Precision cancer medicine:

A paradigm shift

Advanced s
-
Cancer Targeted therapy

EGFR
BCR-ABL
ALK
HERZ2
BRAF
MEK1/2
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If one gene is good...

erlotinib
imatinib
crizotinib
trastuzumab
vemurafenib
trametinib



Clinical data explosion o o

pgr patient

Whole exomes,
genomes, and 100,000

transcriptome

History and Physical Hotspot genotyping

$10K

Labs, Imaging
Pathology...
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Source: NHGRI



Question #1
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Can large-scale genomics guide
individualized patient care in oncology?

i = one patient



Clinical interpretation (ca. 2012)

In Treatment for Leukemia, Glimpses of the Future

Ex Second Chance: Lukas Wartman, a leukemia doctor and researcher, developed the disease himself. As he faced
death, his colleagues sequenced his cancer genome. The result was a totally unexpected treatment.

New York Times; July 7, 2012



Clinical interpretation (ca. 2012

SO T Why not throw everything we have at NOW PLAYING

seeing if we can find a rogue gene
spurring Dr. Wartman’s cancer, adult acute lymphoblastic
leukemia, he asked? “It’s now or never,” he recalled telling
them. “We will only get one shot.”

4\ Dr. Ley’s team tried a type of analysis that they had never

Dilip Vishwénat for The Neerork Times

Dr. Lukas Wartman, a leukemia patient ~ done before. They fully sequenced the genes of both his
in remission, being examined by his
doctor, John DiPersio, in January in St.

Louis. same time analyzed his RNA, a close chemical cousin to
@, Enlarge This Image DNA, for clues to what his genes were doing.

cancer cells and healthy cells for comparison, and at the

The researchers on the project put other work aside for
weeks, running one of the university’s 26 sequencing

machines and supercomputer around the clock. And they
found a culprit — a normal gene that was in overdrive,

churning out huge amounts of a protein that appeared to

" Sid Hastings for The New York Tmes D€ spurring the cancer’s growth.

“| was definitely scared. It was so

unreal,” said Dr. Wartman on first s .
suspecting that he had leukemia, the ~ LVeD better, there was a promising new drug that might

very disease he had devoted his shut down the malfunctioning gene — a drug that had
medical career to studying.

been tested and approved only for advanced kidney cancer.
@, Enlarge This Image

il

Dr. Wartman became the first person ever to take it for
leukemia.
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And now, against all odds, his cancer is in remission and

has been since last fall.

New York Times; July 7, 2012



The deranged cancer genome

Per patient

Mutations

Insertion/
deletions

Copy number
alterations

...ACC...
..TAG...

..TCG...
...AACCC...

Rearrangements

10s— 1000s

1s— 1000s

10s— 1000s

1s— 1000s

Manual interpretation = not scalable



PHIAL

Precision Heuristics for Interpreting the
Alteration Landscape

”My it be a light to you in dark places, when
all other lights go out.”’

'Galadriel, in Tolkien, The Fellowship of the Ring



PHIAL

Gene + alteration |
in TARGET? [ |
PHIAL :
7y Alteration
Gene + alteration
in CGC/COSMIC? N
l \ T i
. Gene L
Mutations ?22 In linked pathway? |
Insertion/ ..TCG... Investigate Gene
deletions ...AACCC... bioIogicaI In cancer pathway?
relevance l
Copy number " " Gene
alterations WNTHa— In cancer module?
< S
Rearrangements ! in Coesn,\im
:
Synonymous | - - - - - - - - - - - - Linked pathway
variants
Subclassifications per level Linked pathways
Missense mutations @ Actionable Unlinked
> Linked Wild-type
-
Copy number directionality
Gain or loss >
Action

Van Allen, Wagle, et al. Nature Medicine 2014



Impact on clinical decision-making

KRAS o
TK11

ATM e

Lung Adenocarcinoma

KRAS Al146V

Rare activating
alteration
=2+ Not detected
with deployed
profiling
technologies

Cancer Cell

A Synthetic Lethal Interaction between K-Ras
Oncogenes and Cdk4 Unveils a Therapeutic
Strategy for Non-small Cell Lung Carcinoma

So 2014...

David Barbie
Leena Ghandi



Inherited genomics and interpretation

Tumor Inherited Tumor-only
genome genome mutations

20,000-50,000
inherited variants
per patient

Focus Prioritze

General and Context- Population Frequency and Ranked Variants For
\ specific Variant Filtering Database Cross-Reference Committee Review }

Cancer- Cancer- Non-

Specific Pharm cancer

Van Allen et al AACR 2013



Role for inherited genomics in
treatment decision-making

Metastatic
prostate
cancer patient

|

PHIAL

Tumor-only
variants

Inherited
variant

.......
9 Biological
nnnnnn

mmmmmmmmmm
B

““““““““““““ PI3K inhibitor
> AKT inhibitor
MTOR inhibitor

Exceptional responses
in genomically-
enriched cases!

PARP inhibitor
- Platinum chemotherapy

vvvvvv

BRCAZ2 K3326*
nonsense

Van Allen, et al Prostate Cancer Prostatic Dis. 2014
Robinson, Van Allen, et al Cell 2015
Pritchard, et al NEJM 2016



Remember the consumer



Usability testing genomic reports

1
Department of Pathology Unit Number(s):
Center for Advanced Molecular Diagnostics Patient Name:
75 Francis Street, Boston, MA 02115 Burth Date:
Tel (857) 307-1540 Fax (857) 307-1544 Age & Sex at

Diagnosis:

C O | O rS m e a n ? " Pl';ﬁle Clinical Research Report (IRB Protocol # 11-104) - For viewing only. Do not print.

“Physican(s) Copies o: Faport Dase:
Test Performed - MDOPANEL_B

11/ . Test Description - OncoPanel
L O O a t t I S Accession numbers on blocks/tissue submitted — PT-1121877
Original specimen collection date — 10/18/2014
Original pathologic diagnosis — Breast Cancer
Estimated percentage of ic cells in i peci - 40%

° °
actionaple Tier 4 .
There are 5882541 aligned, high-quality reads for this specimen with a mean of 155 reads across all targeted exons and 95%
t t .

“"Which copy Wy

15

number events are S —

Figure legendt: Pict of copy number variation by which are . Sex are exciuded from the analysis. The vertical axis is the ratio
©of number of reads for this specimen and 3 panel of normals In log base 2 scale. A value of 0 denotes no difierence from normal (dipioid). When the sampie contains
100% tumor cels, 3 value of -1 equals to 1 copy loss and 0.58 Is 1 copy gain. The sensiivity and speciicity of copy number variation evaluaton by next-generation

L]
1
sequencing is affected by several factors, Including the tumor picidy, cional . and the GC content of the gene of interest. For exampie, 3
° sampie with 20% tumor cels having 3 5-copy ofageneis from 3 sample with 100% tumor cells Wi 1 copy gain of the same gene.

I I, of all exons having more than 30 reads.
L]

L5

Confirmation of the copy number variation Sndings by Next-Gen witha ]
DNA VARIANTS:
See Background section for tier definitions

Tier 1 variants: None identified.

Tier 2 variants:
TP33 ¢c.613T_>C (p.Y205H), exon 2 - in 50% of 73 reads**



State of the art in clinical informatics

dbye

Van Allen Lab

o °

Hour 15/20 mandatory new #EHR training:

"Click on the tiny triangle next to the house, expand window, find
other triangle and scroll." Sigh.




Standard or web-based/
reporting

Department of Pathology Unit Number(s):
Center for Advanced Molecular Diagnostics Patient Name:
75 Francis Street, Boston, MA 02115 Burth Date:
Tel (857) 307-1540 Fax (857) 307-1544 Age & Sex at

Diagnosis:

Profile Clinical Research Report (IRB Protocol # 11-104) - For viewing only. Do not print.
Pera) Coper & YepsriDae:
Test Performed - MDOPANEL_B
Test Description - OncoPanel
Accession numbers on blocks/tissue submitted — PT-1121877
Original specimen collection date — 10/18/2014
Original pathologic diagnosis — Breast Cancer
Estimated percentage of ic cells in i peci - 40%

RESULTS:
There are 5082541 aligned, high-quality reads for this specimen with a mean of 155 reads across all targeted exons and 95%
of all exons having more than 30 reads. O

1 2 | 3 lals|lel 7 | 8 | 9 110 | 11| 212 |13 |14]15] 16 | 17 |18] 19 |20|21]22| X

Figure lagend: Piot of copy number variation by which are . Sex are exchuded from the analysis. The vertical axis is the ratio
of number of reads for iz specimen and 3 panel of Rormals In log base 2 scale. A valkue of 0 dencles no difierence from normal (diploid). When the sampie contains.
100% tumor cels, 3 value of -1 equals to 4 €opy o2z and 0.58 I 1 copy gain. The sensivity and speciicity of Copy nUmber variaton evaluaton by next-generation

sequencing is affected by several factors, Including the tumor picidy, cional and the GC content of the gene of Interest. For exampie, 3
sampie with 20% tumor cels having 3 5-copy ofageneis from 3 sample with 100% tumor cells wih 1 copy gain of the same gene.
Confirmation of the copy number variation Sndings by Next-Gen witha B 5

See Background section for tier definitions
Tier 1 variants: None identified.

Tier 2 variants:
TP53 ¢.613T_>C (p.Y205H), exon 2 - in 50% of 73 reads**

INteractive

Web-based report
(revealed in survey)

Stacy Gray, Jordan Bryan



OncoSkins survey study

Traditional
report
Clinical . Genomlg
oroviders* — lnterpre.tatlon
questions
Web-based
report

Protocol is live
~100 respondents thus far

Stay tuned...

*Medical, radiation, surgical, and pediatric oncology



Expanding whole exome clinical sequencing

CanSeg
|

Metastatic Her2+
or ER+ Breast
Adenocarcinoma

Metastatic Metastatic

Metastatic Lung
Adenocarcinoma

Castrate-Resistant
Prostate Cancer

Colorectal
Adenocarcinoma

Prior to 1st Prior to 25t line At progression Progression on

line systemic systemic on hormonal trastuzumab /

therapy therapy therapy endocrine Rx
100 Patients 100 Patients 60 Patients 25 Patients

Levi Garraway, Nikhil Wagle, Stacy Gray, Judy Garber, Pasi Janne,

Nelly Oliver, Philip Kantoff, Mary-Ellen Taplin, many others



PHIAL in a CLIA lab!

= CriNicAL RESEARCH Germline calling of Normal
2o SEQUENCING PLATFORM
L S2S
‘$ Broap INSTITUTE OF HARVARD & MIT
GATK Variant
Calling
a N O )
DNA
FFPE Whole Picard
Whole Blood Exome LC & - iear
. Alignment
Cells Sequencing
Tissue
\_ 2N /) MuTect & PHIAL
Indelocator Report

Somatic calling



Question #2
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Can genomics explain clinical resistance to cancer therapies?

i = one patient



Targeted therapies and resistance

BRAF V600E =» vemurafenib

L

Six months later. ..

L

1

Wagle et al JCO 2011



Linking clinical data to genomics

B CR O SD
E PR O PD

Time to progression

NRAS I I

BRAF I I

MEK1 I

MEK2 || I

Harder to obtain from the electronic
health record than genomic data



Resistance heterogeneity

Chr1:115,256,509-115,256,558

Post-resistance
Q61R (T>C)
Reference: 681
Variant: 27

Pre-treatment
Reference: 560
Variant: 0

_|_[-

i

NRAS

Post-resistance
T581 (G>A)
Reference: 449
Variant: 261

Pre-treatment
Reference: 593

Variant: 0

Chr15:66,727,463

MEK1

Post-resistance
V60E (T>A)
Reference: 320
Variant: 24

Pre-treatment
Reference: 639
Variant: 0



Question #3

Responders Non-responders

Can computational oncology enable discovery of genomic
mechanisms of response to cancer therapies?



The rise of immunotherapies

Ott et al Clin Cancer Res 2013



Combining immunotherapies

100
90
80
70
60
50 "

40— ~ —1 Nivolumab

30 — -~
—_— Nivolumab plus

Lo T e - ipilimumab
10 Ipilimumab

Progression-free Survival (%)
]
A

| | | | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Months

Do genomic teatures drive selective response?

Larkin et al NEJM 2015



Mutations and “neo”-antigens

Pieces of protein presented to
immune cells = antigens

A
[ |
Wild-type Patient, Gene, —> Protein, ...YLFSSYSAS...
Mutant Patient,; Gene,* — Protein,* ...YLFSSYSSS...

\ J
/ Y

. Mutation causes “neo”-antigens
Can be a passenger or a driver...

May appear foreign to immune cells

Drive response even if altered
protein itself has no function?

Sachet Shukla
Catherine Wu



Searching for melanoma neoantigens

Clinical cohort consolidation

Cohort development

Y\

Dermatologic Cooperative
Oncology Group
DeCOG

S

Whole exome sequencing Transcriptome sequencing

Diana Miao tumor and germline (n=62)
(n =150)
Quality control Quality control
DNA sequencing RNA sequencing s
| (n=110) (n=42)

Somatic mutation calling (MuTect)
HLA-typing (Polysolver)

Mutational load
Neoantigen load
Gene-specific enrichment

n-mer signature .
Integrated molecular analysis

(n =40)
|—} Enhanced neoepitope selecCtion -«

v

Microenvironmental signature

Van Allen, Miao, Schilling et al, Science 2015



Neoantigen load and clinical benefit
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Mutation Neoantigen
load load

Minimal or Long-term survival Clinical benefit
no clinical benefit with no clinical benefit




Genomic features and
immunotherapy response

Mutational load

\

A Mutational Load
P=0.009 by
Mann-Whitney test
@« 1750+ 1750+
c
X
§ 1500 P=0.01 by 1500
g Mann-Whitney test
o 1250+ 1250+
@
5
@ 1000-] 1000
=
LU 750 750
E .
o
& 5004 .® 500 —t—ae
ey —
° . . L
S 250 250] . e
z K °
—— .o e
o . 20 ol eeet%e
Long-term Minimal or Long-term Minimal or
benefit no benefit benefit no benefit
Discovery Set Validation Set

A %
1000

Mutation or neoantigen load

load

800 - .
600 - )
400"
200"
0-

Mutation Neoantigen

e

load

CTLA4 Ab
and melanoma

CTLA4 Ab

and melanoma

Snyder et al NEJM 2014  Van Allen et al Science 2015
Rizvi et al Science 2015

Le et al NEJM 2015

# Nonsynonymous mutations/tumor 3>

Discovery Cohort Validation Cohort

17

2 .
.
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2

# Nonsynonymous mutations/tumor €9
n a
0 & 3
. %_‘_* .

DCB NDB

PD-1 Ab
and NSCLC

B Radiographic Response

1004 I Mismatch repair-proficient colorectal cancer
W Mismatch repair—deficient colorectal cancer
g M Mismatch repair-deficient noncolorectal cancer
Sg 5o
£
c g
E § 20% increase (progressive disease)
£E
22
g5 ©
]
§g
] 30% decrease (partial response)
£% -50
8
=
v
-100-

PD-1 Ab and
MSI-high tumors




Mutational and neoantigen load

A

« Mutation/neoantigen oo
load ~ clinical
benefit g
.fi’» 600 -
g 400 -
§ 200"
O.

Mutation Neoantigen
load load

Minimal or Long-term survival Clinical benefit
no clinical benefit with no clinical benefit

Van Allen, Miao, Schilling et al Science 2015



Clinical computational oncology
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Question #1 (Interpretation):

Next Steps
Prospective clinical * Improve integrative
Interpretation analyses

» Expanding tumor
® @ types
» Expanding clinical
scenarios



Question #2 (Resistance):

Next steps

Clinical resistance to e More biopsies

therapies
° > * More cohorts
O > * More therapies
O >@ |
o—@ * Morel
o—@




Question #3 (Response):

Next steps
Responders and non- » Studying response to
responders all therapy types
@ e (targeted, chemo,
o0 Q@ iImmuno)
9 @O * Integration into trials
@9 % » Algorithm
@ | ® enhancement
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Clinical computational

oncology team
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Andrea Garofalo
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Travis Zack
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Let’s work together!

vanallenlab.dana-farber.org
eliezer@broadinstitute.org
@vanallenlab

Broad
Institute

Gad Getz

Genomics Platform

Picard Team
Firehose Team
Sachet Shukla
Catherine Wu

Jill Mesirov

Manaswi Gupta

Jasmine Mu

Kris Cibulskis
Carrie Sougnez

Will Gibson
Adam Keizun

Scott Carter

Will Gibson

Many others...
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DFCI + Center for Cancer
Precision Medicine

The Patients
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Philip Kantoff
Mary-Ellen Taplin
Entire GU Oncology team
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