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Cancer Center

Breast Cancer SPORE Advocate Workshop
Hosted by Mayo Clinic
Agenda
November 2020

Monday, November 2"

Join meeting
Meeting Link For November 2™ Only
Meeting number (access code): 172 547 8504
Meeting password: BreastSPORE2020@
Times listed are Central Time

9:00-9:35 Welcome, Introductions
Matthew P. Goetz, M.D. and Cynthia Chauhan

9:35-10:30 Round table advocate introductions

10:30 - 12:00 Communications Workshop
Amy Hauenstein, PhD.


https://cbiit.webex.com/cbiit/j.php?MTID=m4d7f7a09184600f86094009171de8563

MAYO CLINIC m NATIONAL CANCER INSTITUTE

Cancer Center

Wednesday, November 11"

Join meeting
Meeting Link For November 11" Only
Meeting number (access code): 172 418 7187
Meeting password: BreastSPORE2020@
Times listed are Central Time

9:00 Welcome, Introductions
Matthew P. Goetz, M.D. and Cynthia Chauhan

9:00 - 9:45 New Drug Treatments for Endocrine Resistant Breast Cancer
Matthew P. Goetz, M.D.
Co-Director, Mayo Clinic Women’s Cancer Program
Director, Mayo Clinic Breast Cancer SPORE

9:45-10:30 New Approaches to TNBC
Jennifer Pietenpol, Ph.D.
Director, Vanderbilt-Ingram Cancer Center

Principal Investigator, Vanderbilt-Ingram Cancer Center Breast
SPORE

10:30 - 10:45 Break

10:45 -11:30 New Approaches for HER2+ Breast Cancer
Eric Winer, M.D.
Chief, Division of Women'’s Cancers, Dana-Farber Cancer Institute
Principal Investigator, Dana-Farber/Harvard Cancer Center SPORE
in Breast Cancer

11:30 - 12:15 What is a biomarker? What makes a good biomarker?
Andrea Richardson, M.D., Ph.D.
Director of Pathology, Community Practice, Johns Hopkins

12:15-12:30 Break

12:30 - 1:30 Breast Cancer Vaccines for HER2+ and TNBC
Keith Knutson, Ph.D.
Co-Director, Mayo Clinic Cancer Immunology and Immunotherapy
Program

1:30 - 2:00 Communication Review
Amy Hauenstein, PhD.


https://cbiit.webex.com/cbiit/j.php?MTID=mcebcd763e71fb98cc25cf27ea1f35d1b

MAYO CLINIC m NATIONAL CANCER INSTITUTE

Cancer Center

11:30

11:30 - 12:00
12:00 — 12:45
12:45-1:00
1:00 - 3:00
3:00 - 3:30
4:00 - 5:00

Thursday, November 12"

Join meeting
Meeting Link For November 12" Only
Meeting number (access code): 172 213 8327
Meeting password: BreastSPORE2020@
Times listed are Central Time

Welcome, Introductions
Matthew P. Goetz, M.D. and Cynthia Chauhan

SPORES: Translational Science, NCI Perspective

JoyAnn Phillips Rohan, Ph.D.

Program Director, Translational Research Program, Division of
Cancer Treatment and Diagnosis, National Cancer Institute

New insights into the Genetic Basis for TNBC Susceptibility
Fergus Couch, Ph.D.

Chair, Division of Experimental Pathology and Laboratory Medicine,
Department of Laboratory Medicine and Pathology

Break

Translational Research — Communicating with Scientists and
Patients Workshop
Amy Hauenstein, PhD.

Workshop wrap-up session

Breast SPORE Scientific Symposium Join Here
Immune cells in Breast Cancer: is it a big deal or not at all?
Roberto Salgado, M.D., Ph.D.

Scientific Collaborator of the Immuno-Task Force of the Breast
International Group (BIG)

Honorary Research Associate at the Division of Research at the
Peter Mac Callum Cancer, Melbourne, Australia

Department of Pathology, GZA-ZNA Hospitals, Antwerp, Belgium
Chair of International Immuno-Oncology Biomarkers Working Group


https://cbiit.webex.com/cbiit/j.php?MTID=mb22b5aebb7c132fe1c79d9d777c3b4de
https://cbiit.webex.com/cbiit/j.php?MTID=mb22b5aebb7c132fe1c79d9d777c3b4de

Breast Cancer SPORE Advocate Workshop

Baylor College of Medicine

Jane Marmion

6224 San Felipe St

Houston, Texas 77057-2810
(713) 785-3636
j77008@comcast.net

Julia Maues

4610 Ellicott St NW
Washington, D.C. 20016
(202) 380-7477
maues.ju@gmail.com

Eva May

108 Turquoise Creek Drive
Cary, North Carolina 27513
(919) 462-8071
eva.connector@gmail.com

Stephanie Miller

10907 Albury Drive

Houston, Texas 77096

(832) 729-5859
stephanie@stephaniedmiller.com

Josh Newby

1 Baylor Plaza
Houston, Texas 77007
(618) 580-0908
joshua.newby@bcm.edu

Susan Rafte

2228 Dunstan Rd.
Houston, Texas 77005
(832) 524-8505
susanrafte@me.com

Institutional Directory

Dana-Farber C/

Margaret Carvan

65 Clewley Road

Medford, Massachusetts 02155
(617) 694-1421
mcarvans57@aol.com

Elizabeth Frank

80 Park Street 75

Brookline, Massachusetts 02446
(617) 872-5873
Isalmonfrank@gmail.com

Barbara LeStage

360 Spring Street

Wrentham, Massachusetts 02093
(508) 954-3960
blestage@yverizon.net

Nancy Poorvu

117 Woodridge Rd

Wayland, Massachusetts 01778
(617) 592-7897
nlp@poorvu.com

Duke Clinical Research Institute

Coleen Crespo

5832 Solitude Way

Durham, North Carolina 27713
919-824-3946
coleen.crespo@duke.edu

Learning Designs, LLC

Amy Hauenstein
amy@learningdesignslic.com
Twitter: @amyhauenstein
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Breast Cancer SPORE Advocate Workshop

Mayo Clinic, Rochester

Lori Denison
200 First Street SW

Rochester, Minnesota 55901-4834

(507) 251-2431
ldenison@mayo.edu

Barbara Goodnature

2922 17th Ave NW
Rochester, Minnesota 55901
(507) 358-8517
goodnatureb@hotmail.com

Carol Phillips

2475 Crimson Ridge Cir NW
Rochester, Minnesota 55901
(507) 358-5368
phillips.carol 1@mayo.edu

Susan Quella

711 15th Ave NE

Rochester, Minnesota 55906
(507) 319-7227

susanrn7 1 @gmail.com

Elda Railey

2709 Cunningham CT
Opelika, Alabama 36801
(214) 683-9937
erailey@researchadvocacy.org

Mary Lou Smith

718 South Wright Street
Naperville, lllinois 60540
(630) 420-2958
mismith@researchadvocacy.org

Institutional Directory

NIH/National Cancer Institute

JoyAnn Rohan

Program Director

9609 Medical Center Drive
3W206

Rockville, Maryland 20850
(240) 276-5150
joyann.rohan@nih.gov

Toby Hecht

Assistant Director,

Translational Research Program
Deputy Director,

Division of Cancer Treatment and
Diagnosis

9609 Medical Center Drive
Rockville, Maryland 20850
(240) 276-5683
hechtt@mail.nih.gov

University of North Carolina, Chapel Hill

Vernal Branch

119 Landings Dr., #403
Mooresville, North Carolina 28117
(804) 551-1815

verbra@msn.com

Christine Foster

UNC Chapel Hill

450 West Drive

Chapel Hill, North Carolina 27719
(919) 536-2505
cefoster@med.unc.edu

Laura Jensen

3000 Galloway Ridge Rd., Apt B106
Pittsboro, North Carolina 27312
(919) 265-7507

Itiensen7 @gmail.com
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Institutional Directory

Marian Johnson-Thompson

111 Wenonah Way

Durham, North Carolina 27713-2461
(919) 544-3394
mjohnsonthompson@aol.com

Patty Spears

8605 Caolingian Court
Raleigh, North Carolina 27615
(919) 656-5401
paspears@med.unc.edu

Missy VanLokeren

704 Wayne Drive

Raleigh, North Carolina 27608
(603) 440-9535
missyvanlokeren@gmail.com

Vanderbilt

Lynne Cargen

9441 Ashford Place
Brentwood, Tennessee 37027
(615) 479-3186
Ibcargen@gmail.com

Janet Piper

113 West Ridge Drive
Hendersonville, Tennessee 37075
(615) 429-1721
janet.piper@comcast.net
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Breast Cancer SPORE Advocate Workshop

Institutional Directory

Planning Committee

Matthew Goetz, M.D.

Co-Director, Mayo Clinic Women'’s Cancer Program
Director, Mayo Clinic Breast Cancer SPORE
Goetz.Matthew@mayo.edu

Cynthia Chauhan
Chair, Mayo Clinic Breast SPORE Patient Advisory Committee
cynthiachauhan@aol.com

Joyann Rohan
joyann.rohan@nih.gov

Bobbi Jebens
Jebens.Bobbi@mayo.edu

Organizer

Tamara Walton
tamara.walton@nih.gov

* The directory is a list of attendees of the Breast Cancer SPORE Workshop and shall not be
distributed beyond the explicit permission of Dr. Goetz or Cynthia Chauhan.
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Alphabetical Directory

Vernal Branch

University of North Carolina, Chapel Hill
119 Landings Dr., #403

Mooresville, North Carolina 28117
Phone: (804) 551-1815
verbra@msn.com

Lynne Cargen

Vanderbilt

9441 Ashford Place
Brentwood, Tennessee 37027
Phone: (615) 479-3186
Ibcargen@gmail.com

Margaret Carvan

Dana-Farber C/

65 Clewley Road

Medford, Massachusetts 02155
Phone: (617) 694-1421
mcarvans57@aol.com

Coleen Crespo

Duke Clinical Research Institute
5832 Solitude Way

Durham, North Carolina 27713
Phone: (919) 824-3946
coleen.crespo@duke.edu

Lori Denison

Mayo Clinic, Rochester

200 First Street SW

Rochester, Minnesota 55901-4834
Phone: (507) 251-2431
ldenison@mayo.edu

Christine Foster

University of North Carolina, Chapel Hill
450 West Drive

Chapel Hill, North Carolina 27719
Phone: (919) 536-2505
cefoster@med.unc.edu

Elizabeth Frank

Dana-Farber C/

80 Park Street 75

Brookline, Massachusetts 02446
Phone: (617) 872-5873
Isalmonfrank@gmail.com

Barbara Goodnature

Mayo Clinic, Rochester
2922 17th Ave NW
Rochester, Minnesota 55901
Phone: (507) 358-8517
goodnatureb@hotmail.com

Amy Hauenstein

Learning Designs, LLC
amy@learningdesignslic.com
Twitter: @amyhauenstein

Toby Hecht

NIH/National Cancer Institute
Associate Director,
Translational Research Program
Associate Director, DCTD
9609 Medical Center Drive
Rockville, Maryland 20850
Phone: (240) 276-5683
hechtt@mail.nih.gov

Page 10of4



Breast Cancer SPORE Advocate Workshop

Alphabetical Directory

Laura Jensen

University of North Carolina, Chapel Hill
3000 Galloway Ridge Rd., Apt B106
Pittsboro, North Carolina 27312
Phone: (919) 265-7507

Itiensen7 @gmail.com

Marian Johnson-Thompson

University of North Carolina, Chapel Hill
111 Wenonah Way

Durham, North Carolina 277 13-2461
Phone: (919) 544-3394
mjohnsonthompson@aol.com

Barbara LeStage

Dana-Farber C/

360 Spring Street

Wrentham, Massachusetts 02093
Phone: (508) 954-3960
blestage@verizon.net

Jane Marmion

Baylor College of Medicine
6224 San Felipe St

Houston, Texas 77057-2810
Phone: (713) 785-3636
j77008@comcast.net

Julia Maues

Baylor College of Medlicine
4610 Ellicott St NW
Washington, District of Columbia
20016

Phone: (202) 380-7477
maues.ju@gmail.com

Eva May

Baylor College of Medicine
108 Turquoise Creek Drive
Cary, North Carolina 27513
Phone: (919) 462-8071
eva.connector@gmail.com

Stephanie Miller

Baylor College of Medlicine
10907 Albury Drive

Houston, Texas 77096

Phone: (832) 729-5859
stephanie@stephaniedmiller.com

Josh Newby

Baylor College of Medicine
1 Baylor Plaza

Houston, Texas 77007
Phone: (618) 580-0908
joshua.newby@bcm.edu

Carol Phillips

Mayo Clinic, Rochester
2475 Crimson Ridge Cir NW
Rochester, Minnesota 55901
Phone: (507) 358-5368
phillips.carol1 @mayo.edu

Janet Piper

Vanderbiilt

113 West Ridge Drive
Hendersonville, Tennessee 37075
Phone: (615) 429-1721
janet.piper@comcast.net
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Breast Cancer SPORE Advocate Workshop

Alphabetical Directory

Nancy Poorvu

Dana-Farber C/

117 Woodridge Rd

Wayland, Massachusetts 01778
Phone: (617) 592-7897
nlp@poorvu.com

Susan Quella

Mayo Clinic, Rochester

711 15th Ave NE

Rochester, Minnesota 55906
Phone: (507) 319-7227
susanrn7 1@gmail.com

Susan Rafte

Baylor College of Medicine
2228 Dunstan Rd.
Houston, Texas 77005
Phone: (832) 524-8505
susanrafte@me.com

Elda Railey

Mayo Clinic, Rochester

2709 Cunningham CT
Opelika, Alabama 36801
Phone: (214) 683-9937
erailey@researchadvocacy.org

JoyAnn Rohan

NIH/National Cancer Institute
Program Director

9609 Medical Center Drive, 3W206
Rockville, Maryland 20850

Phone: (240) 276-5150
joyann.rohan@nih.gov

Mary Lou Smith

Mayo Clinic, Rochester

718 South Wright Street
Naperville, lllinois 60540
Phone: (630) 420-2958
mismith@researchadvocacy.org

Patty Spears

University of North Carolina, Chapel Hill
8605 Caolingian Court

Raleigh, North Carolina 27615

(919) 656-5401
paspears@med.unc.edu

Missy VanLokeren

University of North Carolina, Chapel Hill
704 Wayne Drive

Raleigh, North Carolina 27608

Phone: (603) 440-9535
missyvanlokeren@gmail.com
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Breast Cancer SPORE Advocate Workshop
Alphabetical Directory

Planning Committee

Matthew Goetz, M.D.

Co-Director, Mayo Clinic Women'’s Cancer Program
Director, Mayo Clinic Breast Cancer SPORE
Goetz.Matthew@mayo.edu

Cynthia Chauhan
Chair, Mayo Clinic Breast SPORE Patient Advisory Committee
cynthiachauhan@aol.com

Joyann Rohan
joyann.rohan@nih.gov

Bobbi Jebens
Jebens.Bobbi@mayo.edu

Organizer

Tamara Walton
tamara.walton@nih.gov

* The directory is a list of attendees of the Breast Cancer SPORE Workshop and shall not be
distributed beyond the explicit permission of Dr. Goetz or Cynthia Chauhan.
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Breast Cancer SPORE Advocate
Workshop

Day 1 - Slides

November 2, 2020




A COMMUNICATIONS COURSE FOR RESEARCH ADVOCATES'

MAYO
CLINIC

Y

Communications
Skill Builders

Research Advocacy Netwm
Advocatelnstitute



Session 1: Preparing for an online conference

Audience Analysis
Strategies + Preparing for
the Q&A

Digital Audience
Participation




Digital Audience Participation Best Practices

* Electronic Etiquette
* Platform Familiarity
 Understanding Expectations & Participation Options

* Prepare

Research Advocacy Netwm
Advocatelnstitute



Research Advocacy Netwo

Advocatelnstutute

Communication _ _
Strategy Information is not knowledge.

Preview
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Two Major Challenges When Facing Information Overload

knowledge

« Effectively knowledge for others to

moemergnlh



“It's not Information overload. It's filter failure.”
Clay Shirky

Q@

llustration from Tha Economist
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Research Advocacy Netwo

Advocatelnstutute

* Takes information and organizes it into meaningful
categories that have wide appeal.

Critical

* |t understands that the audience has limited
capacity to remember information and even less
to translate information into knowledge for their
own use.

Essence Model




Critical Essence Model

« Take all your notes from the
conference

» Organize them under 3 headings
(maximum)

* Align priority knowledge to specific
audiences

« Strategically choose communication
channels to delivery knowledge to
audiences

Research Advocacy Metwork :
Advocatelnstitute )



Group Dialogue

What do they know they want to know?

Who are your audiences?
What should they want to know?

What do they not know — that they
should know?

Research Advocacy Netwm
Advocatelnstitute



Communication Strategy Preview

Communication Theory

Research Advocacy Netwm
Advocatelnstitute



Critical
Essence

\' [eYe [

Research Advocacy Netwo

Advocatelnstutute

« A strong communication framework is aspirational
and designed to inspire stakeholders to take an
action.

* |t educates community members and tells the
compelling story of how this knowledge can
advance their vision, purpose, and goals.



DATE:
SPEAKER: EXPERTISE:

’ AFFILIATIONS:
\ TALK TITLE: CONTACT:

QUESTIONS/KEY WORDS:

NOTES/ANSWERS/DEFINITIONS/EXAMPLES

Note-taking !
Strategy

CRITICAL ESSENCE SUMMARY .

Advocatelnstitute )




We'll meet for 30 minutes to
discuss organizing the notes
you’ve taken.

Information 12 Now
Organizing —

Strategy 11 Now.

We will work to create
communication for
knowledge sharing.

Research Advocacy Netwm
Advocatelnstitute



Audience + Speaker Analysis

What can you find out in
advance about the speaker that
you and your audience(s) care
about?

Use the notes column when
those questions get answered
and cross them out in the
question-column to keep track.

Researc h Advocac Yy Nemm
Advocatelnstitute

What questions can you
anticipate that the speaker will
answer? Put those in your
question-column of your notes.

If possible, ask any remaining
guestions or new ones that
arise. Be careful to listen to
others questions so as not to
duplicate.



Q&A Preparation

O
ﬁ e o o
ﬂ_‘
Prioritize your questions and Use the format you're most Ask in as succinct a way as
ask the most pressing confident in — either unmute possible and be prepared to
question that remains (again — and ask verbally or use the capture the answer
be sure it hasn’t been chat function

asked/answered previously)

Researc h Advocac Yy Nemm
Advocatelnstitute
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AFFILIATIONS:
TALK TITLE: CONTACT:
QUESTIONS/KEY WORDS:

NOTES/ANSWERS/DEFINITIONS/EXAMPLES

CRITICAL ESSENCE SUMMARY:
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New Drug Treatments for Endocrine
Resistant Breast Cancer

Matthew P. Goetz
Professor of Oncology and Pharmacology
Mayo Clinic
Rochester, MN

22222222222



° Review the incidence and natural history of
estrogen receptor (ER) positive breast
cancer

° Define the impact of adjuvant hormonal
therapies on the survival of women with
ER+ breast cancer

* Discuss the emerging treatments for
endocrine resistant breast cancer



Age and Subtype Specific Incidence

of breast cancer

* Globally, 2 million
women estimated to
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ER+ cancer still rising?®

2007

1. Bray F, et al. Global Cancer Statistics 2018
2. Siegal et al. CA: A Cancer Journal for Clinicians 2019
3. DeSantis et al. CA: A Cancer Journal for Clinicians 2019



U.S Breast Cancer Mortality:

Impact of Time and Stage
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From 1989 to 2015, U.S. breast cancer death rates decreased by 39%, with
322,600 averted breast cancer deaths

1. DeSantis et al. CA: A Cancer Journal for Clinicians 2019
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°* The majority of breast cancers express
the ER.

° In the U.S., the incidence of ER+ (but not
ER-) breast cancer is slowly rising

* Substantial gains in mortality have been
observed over time in women with both
localized and metastatic breast cancer



IHC Detection of ER Expression in

Breast Cancer
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Breast Cancer

Endocrine Therapy

Therapeutic Strategies

* Block or Degrade ER —
* Tamoxifen (SERM) (pre and postmenopausal)
* Fulvestrant (Degrade ER) (postmenopausal)

* Decrease estrogen synthesis
* ovarian estrogen production—LHRH agonists
(Goserelin) or oophorectomy (Premenopausal)
* Aromatase inhibitors (postmenopausal)




Tamoxifen Metabolism: Inhibition of

Estrogen-mediated growth

<
CH,CH,N
Qg e

o
P
<
= ) +
CH;—CH, c@ g E
CYP3A4 S [
H CYP2B6
CYP3A5 Cyng-bamOXﬁen CYP2C9 g 8 g
CYP2C9 CYP2D6 CYP2C19 < @ =
CYP2C19 2 £ =
HCYP1A2 <CH3 é %
:OCHZCHZN(H ? Q QOCHzCHzN - 3
<;2:c= CH —cH’°=°Q suLT1A1, [
CH,—CH, 3 2 e F i
ke  Ten
N-desmethyltamoxifen = 4-hydroxytamoxifen

CYP2C9
racs o /CYP3A4
QDN 3 St
CH3—CH;C_CQ

OH

4-hydroxy-N-desmethyltamoxifen
(Endoxifen)

SULT1A1
UGTs

Sideras et al. JCO 2010
Jayaraman et al. Breast Can Res 2020



Tamoxifen and Aromatase Inhibitors: Adjuvant

Treatment of Postmenopausal ER+ Breast Cancer

Tamoxifen vs Control

ER-positive disease
50— ER-positive PR-positive: 7378 women
(45% node positive, 55% chemotherapy)
A0 Contral
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= 30
; 26-1%
o 24-8%
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[
15-4%
10+
RR 0-63 (95% C1 0-58-0-68)
Log-rank 2p<0-00001
10-year gain 12-9% (5E 1.2)
0 [ |
0 5 10 years

Recurrence rates (% per woman-year) and log-rank analyses

Al’s vs Tamoxifen

A
505 9885women, 1791 events
RR=0-80(95% Cl 0-73-0-88)
40
10-year gain 3-6% (95% Cl 1.7 to 5-4)
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Recurrence rate/year (%), events/woman-years and log-rank statistics
Allocation Years 0-1 Years 2-4 ‘ears 5-9 Year 104
Al 1.62 (157/9691) 214 (285/13336) 233 (365/15648) 3.23(20/619)
Tamoxifen 2.41(230/9542) 2-62 (338/12906) 2-48 (372/14985) 454 (24/529)
Rate ratio (95% C1)  0-64 (0-52-0-78) 0-80 (0-68-0.93) 092 (0-79-1-06) 0-72(039-1-30)
from (0-E)/V -411/92-8 3411490 ~15:5/177-2 ~3-6/10.7

Early Breast Cancer Trialists' Collaborative Group (EBCTCG)- Lancet 2011 and 2015



°* Four decades of work focused on
understanding the biology of ER breast
cancer

Accurate identification of ER

Substantial benefit of adjuvant hormonal
therapy in ER+ but not ER- breast ca

Improvements in adjuvant hormonal
therapy (Al vs tamoxifen) have improved
outcomes in the adjuvant setting

* Major goal: Identify resistance
targets/pathways to prevent early and late
resistance to hormonal therapy.



Heterogeneity of Breast Cancer

a In situ cancor y b Invasion of the tumour border
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Breast Cancer Molecular Subtypes

Microarray-Based Breast
Cancer Subtype'® '/

Immunohistochemical
Profile

Luminal A Luminal B HER2+/ER Basal-like

Normal Breast-like

ER-, PR-, HER2-,
CKS5/6+ and/or HER1+

ER+ and/or PR+,
HER2-

ER+ and/or PR+,
HER2+

ER-, PR-,
HER2+

Gene Expression
{(Foid Deiference Relative to Median Level of Expression Across All Samples)

56 4 28 2 14 1 14 2 28 4 56

Lower Median Higher

TCGA. Nature. 2012.



Endocrine Resistance

° Primary Endocrine Resistance

Recurrence within the first 2 years of adjuvant
endocrine therapy while on endocrine therapy

Progression within first 6 months of initiating
first-line endocrine therapy for the treatment
of metastatic breast cancer (while on
endocrine therapy)



Primary Endocrine Resistance

* Summary of Genes/Pathways associated with
primary endocrine resistance
Low or absent ER

ER+/HER2+ (luminal HERZ2) (effects abrogated in the
setting of trastuzumab)

Luminal B (heterogeneous)
Activation of Growth Factor Pathways (e.g. EGFR1)
Activation of proliferation genes

Commercially available gene expression profiles
encompass many of these genes/pathways



21 Gene Recurrence Score:

Distant Recurrence in NSABP B14

8 90 - --"--—_-,_:__ — Low risk
c ', N
g 820 - e § . SSe—— - Intermediate
- s risk
é = 04 e, ..r1|gh nsk
tE 60 -4
§s
g& P ti
a s rognosticC
E ©° 40
Ex
g 30
g 201
w 10
0 . . . . . .
0 2 4 6 8 10 12 14 16
Years
No. at Risk

Low risk 338 328 313 298 276 258 231 170 38
Intermediate 149 139 128 116 104 96 80 66 16
fisk

High risk 131 154 137 119 105 91 83 63 13

The difference among the three recurrence score (RS) groups is significant (P<0.001)

Paik et al. N Enal J Med 2004



Chemotherapy and Early Recurrence

Can multi-gene panels predict drug
response?

Most multi-gene panels are heavily weighted
towards “proliferation” genes and thus
“high risk” patients may gain the greatest
benefit from systemic chemotherapy



Recurrence Score: Benefit of chemotherapy

Restricted to High-Risk Group

1.0
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w 094
s | T
2 0.8
@
E 0.7
2
s  NSABP B20
e
= 0.5
©
£ 0«4 QOverall Cohort
= 0.3
(=]
‘e 0.2
s 01 4 Tam + chemo
g T | eeeenes Tam P=.02
1 T T T T I T
0 2 4 6 8 10 12
Years
— 424 410(7) 397(10) 363(18) 338(24) 244(30) 86(32)
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0 2 4 6 8 10 12
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o
T T T T T T
0 2 4 6 8 10 12
Years
—_— 218 214(0)  208(0)  194(1) 185(4)  131(8)  48(10)
135 126(1)  125(2)  118(3)  113(3) 78 (4) 321(5)
o 1.0 4
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£ 09 i;
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£ 074 E
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o 0.6 e Y T
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S e g
(1]
B 04 :
o
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e 024
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S | seennes Tam P<.001
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T T T T T T
0 2 4 6 8 10 12
Years
— 117 109(7)  105(7)  94(11) 88(11) 640130 24(13)
47 43(4)  34(12)  29(16) 26(17) 19(18)  11(18)

Paik et al. JCO, 2006; 24: 3726



Prospective Validation of 21 gene Recurrence

Score (TAILORX)

Eastern Cooperative SCHEMA
Oncology GrF:)up EAC?CT'1 Addendum #1
ER- Positive and/or PR-Positive Breast Cancer evised 6/06 — Addendum
Axillary Node-Negative
Candidate for Adjuvant Cytotoxic Therapy
In Addition to Hormonal Therapy
[

Pre-Registration

v

Rev. 6/06 Submit tumor specimen for ONCOTYPE DX Assay'

Rev. 6/06 Registration®/Randomization®
Rev. 6/06 |
v | v
Secondary Study Group — 1 Primary Study Group Secondary Study Group - 2
Recurrence Score < 11(~29% of Population) Recurrence Score ?1-25 Recurrence Score .> 25
Patients = Registered (~44% of Population) (~27% of Population)
Rev. Patients = Randomized Patients = Registered
6/06 [
Stratify
*Tumor Size: <2.0cmvs =2.1 cm
-Post-menopausal vs. Pre- or Peri-menopausal*
*Planned chemotherapy: Taxane-containing (i.e. paclitaxel, docetaxel)
vs. Non-taxane-containing
*Planned radiation therapy: whole breast, no boost planned vs. whole
breast, boost planned vs. partial breast irradiation planned vs. no
v planned radiation therapy (for patients who had a mastectomy) v
Rev. Arm A Arm D
6/06 Hormonal Therapy? Chemotherapy Plus Hormonal
v v Therapy35
Arm B Arm C

Accrual Goal = 10,046 Patients Hormonal Therapy? Chemotherapy Plus Hormonal

Patients who have had breast conservation Therapy?

surgery will also be treated with radiotherapy.

Refer to Section 5.2 for RT guidelines Clinical Trial ID: NCT00310180



Kaplan—Meier Estimates of Key Endpoints

1626 patients with a recurrence score of 0 to 10.

B Freedom from Recurrence of Breast Cancer at Distant Site

A Invasive Disease—free Survival
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Sparano JA et al. N Engl J Med 2015;373:2005-2014.




No Benefit of Chemotherapy for Patients with

a Recurrence Score of 11 to 25

— = = Endocrine therapy

1.0-

0‘9—\“\\_‘
0.3
0.7
0.6
0.5
0.4

0.3+
0.2 Hazard ratio for invasive-disease recurrence, second primary cancer,
’ or death, 1.08 (95% Cl, 0.94-1.24)

Chemoendocrine therapy

A Invasive Disease—free Survival

Probability of Invasive
Disease—free Survival

0.14 p=0.26
Oc T T T T T T T T 1
0 12 24 36 48 60 72 84 96 108
Months
No. at Risk
Chemoendocrine therapy 3312 3204 3104 2993 2849 2645 2335 1781 1130 523
Endocrine therapy 3399 3293 3194 3081 2953 2741 2431 1859 1197 537

B Freedom from Recurrence at a Distant Site
1.0
0.94
0.8
0.74
0.6
0.5
0.4
0:34 Hazard ratio for recurrence at a distant site, 1.10 (95% Cl, 0.85-1.41)
0.24 P=0.48

0.14

0.0 T T T T T T T T 1
0 12 24 36 48 60 72 34 96 108

Months

Probability of Freedom from
Recurrence at a Distant Site

No. at Risk
Chemoendocrine therapy 3312 3215 3142 3059 2935 2734 2432 1866 1197 554
Endocrine therapy 3399 3318 3239 3147 3033 2833 2537 1947 1267 581

JA Sparano et al. N Engl J Med 2018;379:111-121.



NCCN Guidelines

SYSTEMIC ADJUVANT TREATMENT: NODE-NEGATIVE - HORMONE RECEPTOR-POSITIVE - HER2-NEGATIVE DISEASE®

Tumor £0.5 cm = pNO » Consider adjuvant endocrine therapy®*2@ (category 2B)

Adjuvant endocrine therapy®22
or

Histology:Y —» Not done—— |Adjuvant chemotherapybP.c¢
* Ductal pT1, pT2, followed by endocrine
: ;::::‘I‘ar ;:H lu);l'l’-i and therapy®32 (category 1)
: Recurrence . |See
* Metaplastic L s » Adjuvant endocrine therapy”®®" |Follow-Up
Strongly ) (BINV-17)
Tumor >0.5 cm consider 21- Adjuvant endocrine therapy®32
gene EiT—E!TCR Recurrence or
assay“?9"" > score 26-30 Adjuvant chemotherapy®P:cc
followed by endocrine therapy®2?
Recurrence Adjuvant endocrine theraggz'“
score 231 + adjuvant chemotherapy®?:¢¢

tSee Principles of HER2 Testing (BINWV-A).

¥Mixed lobular and ductal carcinoma should be graded based on the ductal compenent and treated 2
based on this grading. For metaplastic carcinoma, the prognostic value of the histologic grading WTher;;reNIEnétﬁdctli_aga tlnprnack;? cl‘gnjgllﬂerap?r regc:::jmm;jndnag:\ns Ifar thosa >70y of
is uncertain. However, when a specific histologic subtype of metaplastic carcinoma is present and 298 9€€ THEAETIACICE DLICENINGS JOr LICSn FIREL ORCOiogy.

accounts for more than 10% of the tumor, the subtype is an independent prognostic variable. 90ther Fi'7f3§;f1::r;:t c mult _ill_::nc: assays IrTu's'T_- be c.ca;'.':;lt:c:rnci to help assess risk of A
zConsider adjuvant bisphosphonate therapy in postmenopausal (natural or induced) patients recurrence but have not been val dated to ;;rc-,':'.l;:_l r 15 lo ::h:-,-r_ru'."v.e' See

receiving adjuvant therapy. Multigene Assays for Consideration of Addition of Adjuvant Systemic Chemotherapy
#3Eyidence supports that the magnitude of benefit from surgical or radiation ovarian ablation in to Adjuvant Endocrine Therapy (BINY-M)

premencpausal women with hormone receptor-positive breast cancer is similar to that achieved  ""Patients with T1b tumors with low grade histology should be treated with endocrine

with CMF alone. See Adjuvant Endocring Therapy (BINV-J). manotherapy as the TAILORx trial did not include patients with such tumors
beChemotherapy and endocrine therapy used as adjuvant therapy should be given sequentially 'Consider the use of adjuvant chemotherapy in women 50 years of age or younger

with endocrine therapy following chemotherapy. Available data suggest that sequential or with a recurrence score of inalysis from the

concurrent endocrine therapy with radiation therapy is acceptable. See Adjuvant Endocrine TAILORx study demonstrating lower distant recurrences in women 50 years of age

Therapy (BINV-J) and Preoperative/Adjuvant Therapy Regimens (BINV-K). or younger randomized to chemotherapy

Varsion 3.2018 & Mational Comprehensive Cancer Metwork, Inc. 2019. All rights reserved.

The NCCM Guidelines® and lhlspglluslmﬁun may not be reproduced in any F:grm without the express written permission of NCCN G Oetz et al J N C C N 2 0 1 9 BINV-6




Natural History of ER Positive Breast Cancer:

Annual hazard rates (%)
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Two Peaks for Recurrence over Time

Tamoxifen (T)
Anastrozole (A)
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Buzdar et al. Clin Canc Res 2006

First peak (primary
endocrine resistance)
addressed with
improvements in
endocrine therapy,
selective use of
chemotherapy and new
targeted therapies
(trastuzumab)

Second Peak:
(secondary resistance).
What is the natural
history?



Endocrine Resistance

* Secondary Clinical Resistance (Late
Recurrence)

Multi-modality therapies reduce “early”
recurrences and prolong overall survival

What are accepted strategies to prevent
late recurrences?



20-Year Risks of Breast-Cancer Recurrence after

Stopping Endocrine Therapy at 5 Years

A Risk of Distant Recurrence, According to Tumor Size
309 Rate ratio (T1a/bNO vs. TLNO), 0.67 (95% CI, 0.56-0.80)
= P<0.001
g 4
A Risk of Distant Recurrence g 0l
o
g 5 14
N4-9 + 52 g 31
50 s o g
. - E 104 - -1
J 451, -~ g ="
—_— - ,r a 7 & 7
& 404 36~ - 5 3
by | 0 5 10 15 20
E 304 N1—3’ ’+ 31 . Years
3 25, ™ No. at Risk
S d o T1eNO 13,875 5967 1641 309
E 22 19 97 Tla/bNO 5,527 2053 704 131
ﬁ 20 No. of Events —
k7] f NO annual rate (%)
a 10 16 TleNO 413 (0.8) 171 (1.1} 46 (1
10 Tla/bNO 96 (0.5) 47 (0.3) 12 (0.
11
B 6 C Risk of Distant Recurrence, According to Tumor Grade
0 T T T 1 309 gate ratio (low vs. high grade), 0.50 (95% Cl, 0.37-0.67)
0 5 10 15 20 £ J :P=0:00L
Years g 204 +
g 17, b
No. at Risk g i -~ 13
o - P ’T h
N4-9 12,333 8,116 2165 259 52 2 104 ,,i_,’ L
N1-3 31,936 23,576 7250 949 183 8 5 .- -71 10
NO 29,925 24,081 8571 1982 414 a ] T 6
0 =t L T 2 T ]
No. of Events — 0 5 10 15 20
annual rate (%) Years
N4-9 2568 (4.8) 969 (4.0) 1210351 1:5i(222) No. at Risk
N1-3 3126 (2.2) 1421 (1.9) 241 (1.7) 39 (1.8) :If:e%:::egrade -;22; ;g:’? :ii 2
NO 1646 (1.2) 835 (1.1) 272:(1.3) 68 (1.4) Low grade 3524 1253 239 P
No. of Events —
annual rate (%)
High grade 92 (0.9) 32 (1.3) 6 (2.6
Moderate grade 186 (0.7) 60 (1.0) 6 (1.1
Pa n et al N EJ M 20 1 7 Low grade 49 (0.4) 23 (0.8) 2 (0.6




° The natural history of ER+ breast cancer

Late distant recurrences occur up to 20
years after the initial diagnosis for

women receiving 5 years of endocrine
therapy

Major factor driving the risk of late
recurrence is tumor burden (tumor size,
nodal status) at the time of initial
diagnosis. However, some late
recurrences occur for smallest tumors

* Can extending endocrine therapy reduce
late recurrence?



Extending Therapy Beyond 5 Years: 10 years of

Total Endocrine Therapy

10 vs 5 yrs of Tamoxifen Letrozole after 5 yrs of Tamoxifen

. ] 100
50— -@- Continue tamoxifen to 10 years - ‘--."'""'“"----______H_
~B- Stop tamoxifen at 5 years i -“--"-11_“
5-9years: RR 0-90 (0.79-1.02) 5-9 years: RR 0-97 (0-79-1-18) $ 80 -
404 =10years: RR 0-75 (0-62-0-90) - =210years: RR 0.71(0-58-0-88) = .
Allyears: log-rank p=0-002 Allyears: log-rank p=0.01 O
£ 301 A o 60 -
E ke -
L‘% , c i Letrozole Placebo
: S 404 Month N S 95%CI N S 95%CI
< % 12 2425 98.5 (98.1,99.0) 2409 97.9 (974, 98.5)
o 4 24 1555 96.9 (96.1,97.6) 1530 954 (94.6,96.3)
o {1 36 768 95.7 (94.8,96.7) 723 92.2 (909, 93.6)
o 20 48 244 94.4 (93.0,95.8) 231 89.8 (87.9,91.8)
: 4
0 5 5
(Diagnosis) (ATLAS {End of (10 years (Diagnosis) (ATLAS (End of {10 years
entry) treatment) since entry) entry) treatment) since entry) 0 T T T T T T T T T T T T
A sowas  W0ldyears  iyeas soyas  104yeas  sisweas 00 100 200 300 400 500  60.0
ontinue tamoxifen to 10 years -83% b % 17% 38% -64%
(428/15115)  (165/8439)  (24/945) (SE0-09) (SE012) (SE0:39) 2583 2497 1905 1110 541 176 6
Stop tamoxifen at 5 years 316% 2.66% 3.03% 121% 2.01% 2:29% 2587 2489 1874 1075 519 164 8
(471/14889)  (214/8038) (26/859) (SE0-09) (SE015) (SE0-47) . . .
Rate ratio, from (O-E)/V 0-90 (SE0-06) 0-74(SE0-09)  0-85(SE026) 097(SE0-10) 070 (SE010)  0-79 (SE 0-27) Time from randomization (months)
Log-rank O-E and variance V -248/2247  -291/947 21125 32940 27775 -25/106 # At Risk(Letrozole)
# At Risk(Placebo)
Letrozole  ----—-- Placebo

Davies et al. Lancet 2013
Goss P, Ingle JN et al. NEJM 2003 and JNCI 2005.



Strategies to Reduce Late Recurrence

°* Extended Adjuvant Endocrine Therapy:
amoxifen for 10 years’

"amoxifen for 5 years followed by Al for
5 years?

Al therapy for 7.5-10 years?

* Benefit of 2" five years of therapy “modest”
compared to 5 years of therapy

°* Research ongoing to

|dentify patients at high risk for late recurrence
(Breast Cancer Index) (H/I)

Develop new therapeutic strategies

1. Davies et al. Lancet 2013
2. Goss PE and Ingle, JN et al. NEJM 2003
3. Goss PE and Ingle, JN et al. NEJM 2016



Investigation on the Duration of Extended Letrozole
(IDEAL)

Tamoxifen

Letrozole

’

Aromatase Inhibitors @

/,V
,l
\\~
~
\\‘
Tamoxifen Letrozole

4 < b
5 Years 2.50r 5 Years
of Adjuvant Therapy of Extended Therapy

« Study explored whether a shorter extension of Al therapy is sufficient vs a
full additional 5 years

+ 88% of patients received either Al only (29%) or sequence of tamoxifen +
Al (59%) in the first 5 years

« 73% of patients had LN+ disease

« HR 0.92 (0.74-1.16) for 5 vs 2.5 years (may change to 0.88 for blinded
after events in the first 2.25y)

« Similar to studies such as ABCSG16A, results suggested that shorter
duration of Al therapy might be as effective as full 10 years



Benefit from an Additional 2.5y vs 5y of Extended
is Dependent on Classification by

Endocrine TherapY
BCI (H/I): Overal

Recurrence %
02 03 04 05

0.0 0.1

Overall, Unselecte:

= 7.5years
- = 10years

= 4.9%

- HR: 0.69 (0.47-1.03)

N 0-0%
=T T T T T 1
0 2 4 6 8 10
Years
No. at risk
454 454 433 401 302 117
454 454 433 407 311 124

overall cohort

Cohort

Recurrence %
02 03 04 05

. Noordhoek | et. Clin Canc Res 2020

0.0 0.1

Overall, H/l-Low (N

= T7.5years
- = 10 years

7 0.5%

- HR 0.95(0.58-1.56)

” OISF
=T T T T T 1
0 2 4 6 8 10
Years
No. at risk
246 246 239 221 165 66
233 233 219 205 161 63

Overall cohort included both NO (27%) and N+ (73%) patients

No significant interaction between: H/I status, nodal status, and benefit

Recurrence %
02 03 04 05

0.0 0.1

Overall, H/I-High (N

= T7.5years
- = 10 years
- 9.8%
- HR: 0.42 (0.21-0.84)
N 0015:1:
=1 T T T 1
0 2 4 6 8 10
Years
No. at risk
208 208 194 180 137 51
221 221 214 202 150 61

Significant stratification response across endocrine driven (high H/I) and low endocrine low across the



New Therapeutic Strategies for ER+

Breast Cancer: Important New Targets

* Cyclin-dependent kinases 4 and 6 (CDK
4/6 inhibitors)

Metastatic
Adjuvant

* PIBK/AKT/mTOR pathway

° The mutated ER: Targeting the ER for
Degradation (SERD’s)

ESR1 gene mutations

* Other important drugs/drug targets
(AURKA, Alisertib; BCL-2)



Cyclin D1 and CDK4/6 Regulate G1-S Checkpoint,
Drive Cellular Proliferation Downstream of Signaling

Pathways

PI3K/Akt ER/PR/AR Wnt/B-catenin
NF-kB

STATs MAPKs
FGFR
Active tumor /

suppressor

Cyclin D

GO

A
Restriction point

«—@@ vy

Gene
(P{PXP) -

transcriptio
n

CDK4/6 \<
€D

Inactive

Lange. Endocr Relat Cancer. 2011;18:C19. Kundsen. Trends Cancer. 2017;3:39. Otto. Nat Rev Cancer.
2017;17:93. Corona. Drug Des Devel Ther. 2018.12:321. Tripathy. Clin Cancer Res. 2017;23:3251-3262.




First-line Metastatic ER+/HER2- Breast Cancer

PALOMA-2, MONALEESA 2, and MONARCH 3
__

A Investigator Assessment
100+ PALOMA 2 0.5 14.5m 248 m
90+
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- 70+
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. . 0 10 4 Log-rank Pvalue = .000021
T 1 T T T T T
0 4 8 12 16 20 24 28
Time (months)
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1) Flnn et al NEJM 2016 Abemaciclib arm 328 271 234 205 125 25 1 0
2) Hortobagy| etal. NEJM 2016 Placebo arm 165 127 105 82 45 7 0 0

3) Goetz et al. JCO 2017
ORR: 59.2%



Survival Data from the 1st and 2" line Settings

° First line premenopausal setting (MONALEESA 7)

Ribociclib + ET prolonged OS compared with ET alone
(HR 0.71; 95% CI, 0.54 to 0.95; P=0.009)

°* Combined 1st/2nd line postmenopausal setting
(MONALEESA 3)

Ribociclib + fulvestrant (F) prolonged OS vs F alone
(HR 0.724; 95% CI, 0.57 to 0.92; P=0.004).

* 2"d line Endocrine Resistant setting

Abemaciclib prolonged OS
Palbociclib (PALOMA 3): No overall OS Benefit

Im etal. NEJM 2019
Slamon et al. NEJM 2020
Sledge et al. JAMA Oncology 2019



New Therapeutic Strategies for ER+

Breast Cancer: Important New Targets

* Cyclin-dependent kinases 4 and 6 (CDK
4/6 inhibitors)

Metastatic

Adjuvant
PALLAS: Palbociclib
monarchE: Abemaciclib



PALLAS: Phase lll open-label study of palbociclib and adjuvant
endocrine therapy

Arm B
— Endocrine Treatment
1:1 * Aromatase inhibitor or tamoxifen, +/- LHRH agonist

Primary Endpoint: invasive Disease-Free Survival (iDFS)

Mayer E et al, ESMO 2020



PALLAS: Patient Characteristics
» Between 9/2015 and 11/2018, 5,760 patients
were randomized and included in the ITT set.

* The majority had higher stage disease and had
received prior chemotherapy.

* 58:7% had high clinical risk disease, described
as:

« >4 nodes involved (>N2), or

* 1-3 nodes with either T3/T4 and/or G3
disease

Mayer E et al, ESMO 2020



PALLAS: Primary Endpoint iDFS
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At a median follow-up of 23.7 months, no significant difference in either 3-year iDFS or DRFS was observed

Efficacy population: Intent-to-treat (ITT) principle, with patients withdrawing consent for all analysis excluded

Mayer E et al, ESMO 2020




EEESM) ™"~ PALLAS: Subgroup Analysis

Subgroup Palbociclib+ET ET Hazard Ratio (95% CI) P Value for
Events /N Events /N | Interaction
|
All patients 170/ 2883 181172877 =y 0.93(0.75-1.14)
Stage : 0.99
1A 21/504 25/509 e 0.91 (0.51 -1.63)
s/ 149 /2370 156 /2359 —— 0.92 (0.73-1.15)
T-Stage : 0.60
TO/T1/Tis/TX 26 /557 221500 e N 1.10 (0.62 - 1.94)
T2 84 /1603 101 /1636 —=+— 0.84 (0.63 - 1.12)
T3/T4 60/722 581741 ] 1.01 (0.70 - 1.44)
N-Stage : 0.50
NO 14 /367 23/383 e 0.65 (0.33 - 1.26)
N1 53 /1427 53/1415 —t=— 1.02 (0.70 - 1.50)
N2/N3 103 /1088 105/1079 I—Jl——i 0.89(0.68 - 1.17)
Histologic grade | 0.56
G1/G2 86 /1922 100/1971 - 0.88 (0.66 - 1.18)
G3 731836 721767 - 0.89 (0.65 - 1.24)
GX 11/122 9/139 | : - { 1.43(0.59 - 3.44)
Neo/adjuvant chemotherapy | 0.36
No 18 /498 27 1507 e 0.71(0.39-1.28)
Yes 152 /2384 154 /2370 I—h—| 0.96 (0.77 - 1.20)
Age group : 0.29
<50 79/1309 73/1304 —=— 1.06 (0.77 - 1.45)
>50 91/1573 108 /1573 — 0.84 (0.64 - 1.11)
Clinical Risk : 0.87
High risk 131/1710 136/ 1672 —m— 0.89 (0.70 - 1.13)
Low risk 39/1172 45 /1205 —a—q 0.93 (0.61 - 1.43)
T T T T
0.25 0.50 1.00 2.00 4.00
Palbociclib+ET Better ~ ET Better Mayer E et al, ESMO 2020




congress * monarchE Study Design

/HR+, HER2-, high risk early \
breast cancer

High risk defined as:

» 24 positive axillary lymph nodes (ALN)
OR
* 1-3 ALN and at least 1 of the below:
o Tumor size 25 cm
o Histologic grade 3

Stratified for:

\ o Centrally tested Ki67 220% /

Other criteria:

* Women or men

* Pre-/ postmenopausal

» With or without prior
adjuvant/neoadjuvant chemotherapy

* No distant metastases

R
monarchc

Abemaciclib (150mg twice daily for up to 2 years®)
+ Standard of Care Endocrine Therapy
(5 to 10 years as clinically indicated)

N=56372

Standard of Care Endocrine Therapy®
(5 to 10 years as clinically indicated)

Prior chemotherapy
Menopausal status

Region Endocrine therapy of physician’s choice

Primary Objective: Invasive disease-free survival (STEEP criteria)
Key Secondary Objectives: Distant relapse-free survival, Overall
survival, Safety, Patient reported outcomes, and Pharmacokinetics

aRecruitment from July 2017 to August 2019;  Treatment period = first 2 years on study treatment after randomization
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* Analysis Populations and Disposition

X
monarchc

EARLY BREAST CANCER

Median follow up at the interim analysis: ~¥15.5 months in each arm
o 12.5% of patients had completed the 2-year treatment period
o Over 70% of patients were still in 2-year treatment period

Abemaciclib + ET ET Alone

Received study treatment
DN oy popucion) (O
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* High Risk Disease Characteristics

7(02) 7(02)

X
mondrehc

0
Number of positive Additional high risk
lymph nodes 13 9 (352 1143 (404 eligibility criteria for --

| =4 or more 1680 (59.8) 1679 (59.3) | patients with 1-3 nodes

Grade 1 209 (7.4) 215 (7.6) Tumor size 25 cm (pathology) @ 249 (8.9) 236 (8.3)
Histological grade Grade 2 1373 (48.9) 1395 (49.3) Tumor size 25 cm (imaging) &b 152 (5.4) 158 (5.6)

Grade 3 1090 (38.8) 1066 (37.7) —
Primary tumor size <2 em 780 (27.8) 765 (27.0) Histologic grade 3 629 (22.4) 618 (21.8)
by pat.hology. ) 9.5 om 1369 (48.8) 1419 (50.2) Central Ki-67 =20% only ¢ 216 (7.7) 237 (8.4)
following definitive
surgery >5 ¢m 610 (21.7) 612 (21.6)

<20% 953 (33.9) 973 (34.4)
Central Ki-67 220% 1262 (44.9) 1233 (43.6)

Unavailable 593 (21.1) 623 (22.0) | | |

— 2 Patients could be counted in more than one of the sub-categories under

Progesterone Positive 2421 (86.2) 2453 (86.7) 1-3 positive lymph nodes; ° Patients who received neoadjuvant
receptor status Negative 208 (10.6) 204 (10.4) chemotherapy may have been eligible based on imaging tumor size prior

Note: where values do not add up to 100%, remaining data are missing, unavailable or could

not be assessed

to receiving systemic therapy; ¢ Patients not double counted; patients did
not have tumor size =5 cm (either by pathology or imaging) or histologic
grade 3
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EARLY BREAST CANCER

Number of IDFS events

Abemaciclib + ET ET Alone
136 187

p = 0.0096 (2-sided)

HR (95% Cl): 0.747 (0.598, 0.932)

Risk of invasive disease reduced by
25.3%
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EARLY BREAST CANCER
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Abemaciclib + ET 2808 2680 2619 2555 2005 1378 925 573 247 3 1 0
ET Alone 2829 2704 2659 2576 2026 1417 941 590 263 7 0
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CDK 4/6 inhibitors have changed the landscape of
ER+/HER2- BC

° Important differences comparing CDK 4/6
inhibitors

Metastatic: Ribociclib and abemaciclib
increased OS. No OS observed with
palbociclib.
Adjuvant Abemaciclib but not palbociclib
improved IDFS in the high risk adjuvant setting
(Primary endocrine resistance).

Adjuvant Ribociclib (NATALEE): ongoing

° Additional follow-up is necessary to evaluate the
sustainability of the early abemaciclib benefit



New Therapeutic Strategies for ER+

Breast Cancer: Important New Targets

* Cyclin-dependent kinases 4 and 6 (CDK
4/6 inhibitors)

Metastatic
Adjuvant

° PIBK/AKT/mTOR pathway

* The mutated ER: Targeting the ER for
Degradation (SERD’s)

ESR1 gene mutations



San Antonio Breast Cancer Symposium®,
December 4-8, 2018

SOLAR-1: A Phase 3 Randomized, Double-Blind, Placebo-Controlled
Trial (NCT02437318)'

ALP 300 mg PO QD
+ FUL 500 mg IMP
PIK3CA-mutant n =169 Primary endpoint
cohort (n = 341) n * PFSin PIK3CA-mutant cohort
Men or postmenopausal women PBO (locally assessed)
with HR+, HER2- ABC + FUL 500 mg IM®
« Recurrence/progression on/after prior Al n =172 Secondary endpoints include
+ Identified PIK3CA status 1:1, stratified by presence of + 0S (PIK3CA-mutant cohort)
(in archival or fresh tumor tissue) liver/lung metastases and prior
+ Measurable disease or CDK4/6 inhibitor treatment " PFS (PIK3CA-non-mutant cohort)
> 1 predominantly lytic bone lesion ALP 300 mg PO QD * PFS (PIK3CA mutation in ctDNA)
 ECOG performance status < 1 + FUL 500 mg IM® * PFS (PIK3CA-non-mutant in ctDNA)
(N=572) PIK3CA-non-mutant e n=1b - ORRJCBR (both cohorts)
cohort (n =231) PBO . Safety
+ FUL 500 mg IMP
n=116
. The primary endpoint included all randomized patients in the PIK3CA-mutant cohort; PFS was analyzed in the PIK3CA-non-mutant cohort as a proof of concept
. Safety was analyzed for all patients who received = 1 dose of study treatment, in both cohorts

ABC, advanced breast cancer; Al, aromatase inhibitor; ALP, alpelisib; CBR, clinical benefit rate; ctDNA, circulating tumor DNA; ECOG, Eastern Cooperative Oncology Group; FUL, fulvestrant;
HER2-, human epidermal growth factor receptor-2—negative; IM, intramuscular; ORR, overall response rate; OS, overall survival; PBO, placebo; PFS, progression-free survival;

PO, oral; QD, once daily; R, randomization.

a More than 90% of patients had mutational status identified from archival tissue.

b Fulvestrant given on Day 1 and Day 15 of the first 28-day cycle, then Day 1 of subsequent 28-day cycles.

1. Andre F, et al. ESMO 2018. Abstract LBA3 [oral].

This presentation is the intellectual property of Dejan Juric. Contact Juric.Dejan@mgh.harvard.edu for permission to reprint and/or distribute.
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Primary Endpoint:
Locally Assessed PFS in the PIK3CA-mutant Cohort'2

100 =

80—

60 =

40

Probability of PFS

20+

Median PFS, months:

s Alpelisib + fulvestrant (n=169)

== Placebo + fulvestrant (n=172)

11.0 (95% Cl: 7.5-14.5)
5.7 (95% CI: 3.7-7.4)

Number of subjects still at risk

Alpelisib + Fulv169 158 145 141 123 113 97 95 8 8 756 T

12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 28 30 31

Time (Months)

62 54 50 43 39 32 30 27 17 16 14
Placebo +Fulv 172 167 120 111 89 88 80 77 67 66 58 54 48 41 37 29 29 21 20 19 14 13

Cl, confidence interval; HR, hazard ratio; PFS, progression-free survival.
@ Mutation status determined from tissue biopsy.

1. Andre F, et al. ESMO 2018. Abstract LBA3 [oral].
This presentation is the intellectual property of Dejan Juric. Contact Juric.Dejan@mgh.harvard.edu for permission to reprint and/or distribute.
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San Antonio Breast Cancer Symposium®,

December 4-8, 2018

Data cut-off: ALP + FUL | PBO + FUL
Jun 12, 2018 (n=169) (n=172)

Number of PFS events, n
(%)
Progression
Death
Censored
Median PFS (95% Cl)
HR (95% ClI)
One-sided P value

103(609)  129(75.0)
99(586) 120 (69.8)
4(24) 9(5.2)
66 (39.1) 43 (25.0)
11.0 (7.5-14.5) 5.7 (3.7-74)
0.65 (0.50-0.85)
0.00065

47
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SOLAR-1: AEs

AEs = 20% in Either Alpelisib + FULV (n = 284) Placebo + FULV (n = 287)
Arm, n (%) Grade 3 Grade 4 All Grade 3 Grade 4
Any AE 282 (99.3) 183 (64.4) 33(11.6) 264(92.0) 87(30.3) 15(5.2)
Hyperglycemia 181 (63.7) 93(32.7) 11(3.9) 28 (9.8) 1(0.3) 1(0.3)
Diarrhea 164 (57.7) 19 (6.7) 0 45 (15.7) 1 (0.3) 0
Nausea 127 (44.7) 7 (2.5) 0 64 (22.3) 1(0.3) 0
Decreased appetite 101 (35.6) 2 (0.7) 0 30 (10.5) 1(0.3) 0
Rash* 101 (35.6) 28 (9.9) 0 17 (5.9) 1(0.3) 0
Vomiting 77 (27.1) 2 (0.7) 0 28 (9.8) 1(0.3) 0
Decreased weight 76 (26.8) 11 (3.9) 0 6(2.1) 0 0
Stomatitis 70 (24.6) 7 (2.5) 0 18 (6.3) 0 0
Fatigue 69 (24.3) 10 (3.5) 0 49 (17.1) 3(1.0) 0
Asthenia 58 (20.4) 5(1.8) 0 37 (12.9) 0 0

= Alpelisib discontinued for hyperglycemia by 18 patients (6.3%), for rash by 9
patients (3.2%); no patients discontinued placebo due to either

= Maculopapular rash, all grade (grade 3): 14.1% (8.8%) with alpelisib vs 1.7% (0.3%)

with placebo
P *Does not include maculopapular rash. E

And®. Safetyisimilamin PIK3CA-mutant and PIK3CA-nonmutant cohorts  Slide credit: clinicaloptions.



http://www.clinicaloptions.com/

BYLieve: Alpelisib + Fulvestrant in PIK3CAm
HR+/HER2- ABC After CDK4/6i + Al (Cohort A)

* International, open-label, multicohort, noncomparative phase Il study

Cohort A: Prior CDK4/6i + Al

Alpelisib 300 mg PO QD +
Men and pre/postmenopausal > Fulvestrant 500 mg IM™*
women with PIK3CA-mutant* (n =127)
HR+/HER2- advanced BC; Cohort B: Prior CDK4/6i +
immediate prior treatment Alpelisib 300 mg PO QD +
CDK4/6i and ET, systemic CT, or  ==——p Letrozole 2.5 mg PO QD*
ET; no prior PI3Ki; measurable (minimum n =112)
disease or > 1 predominantly lytic Cohort C: Prior Al then CT or
bone lesion; ECOG PS <2 Alpelisib 300 mg PO QD +
(planned N = 340) o Fulvestrant 500 mg IM*¥
(minimum n =112)
= Primary endpoint: proportion of each cohort n

alive without PD at 6 mos (RECIST v1.1)
— Endpoint met if lower 95% Cl > 30%

Rugo. ASCO 2020. Abstr 1006. NCT03056755.

Current
analysis

*Centrally confirmed. TFulvestrant given

on Days 1 and 15 of cycle 1, Day 1 for
subsequent cycles. *Men in letrozole cohort
and premenopausal women received
goserelin 3.6 mg SC Q28D or leuprolide

7.5 mg IM Q28D for adequate gonadal
suppression.

Secondary endpoints (in each cohort): PFS,
PFS2, ORR, CBR, DoR, OS, safety




Alpelisib + Fulvestrant in PIK3CAm HR+/HER2-

ABC After CDK4/6i + Al (Cohort A): Outcomes
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30%
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Any AE
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* Primary endpoint met in Cohort A (95% Cl lower bound > 30%):

50.4% (95% CI: 41.2% to 59.6%) alive without PD at 6 mos
— In those with measurable disease at baseline (n = 100): ORR, 21.0%; CBR, 42.0%

Rugo. ASCO 2020. Abstr 1006.

320, 3-9%

Hyperglycemia

Rash

BYLieve (cohort A)




Conclusions

= Alpelisib: first PI3K inhibitor to result in

* meaningful improvement in PFS in a predefined
biomarker cohort (PIK3CA mutations)

» Benefit of alpelisib in PIK3CA mutation cohort
appears to be similar whether PIK3CA is
assessed from FFPE tumor tissue or by ctDNA

» Benefit of alpelisib after CDK 4/6 inhibitor

"BYLieve (ASCO 2020): Pts with confirmed PIK3CA
mutation: ORR was 20% (FUL) and 18% (LET)

= Concerns regarding the tolerability in general
population




New Therapeutic Strategies for ER+

Breast Cancer: Important New Targets

* Cyclin-dependent kinases 4 and 6 (CDK
4/6 inhibitors)

Metastatic
Adjuvant

* PI3K/AKT/mTOR pathway

° The mutated ER: Targeting the ER for
Degradation (SERD’s)

ESR1 gene mutations



ESR1 mutations and effects on Estrogen Signaling

5
5 -D ehicle]
g EE R 8 g 10 :
w 5 > 9 8 @© &
g%
ER - e
= a-ACtin — ——— — E E
o B 0
== Emptyvector  ERwi Y537N ¥537C D538G
~
‘}': 2 120 120 1002 0018 O
Q P= ERWT ERWT
AF1d ; E & € o ly E ER Y537N « 100 B er vs37n
L wy = =
B AF1 domain w2 Z . g
@ DBD S 0 0.006 P= g °°
(] g
[[] Hinge domain 2 e L= pa £ 60 p=
2 . 0.001 P= 3 0.0011
[[] LBD and AF2 5 0.006 ° 0.0803
3 40 2 a0
@ WW protein-protein interaction domains 2 z
. . a. & 20 X 20
O Missense mutation @ =
2 Teor o
(%) = [ T r 0
s m 2 e a2 il
9= FLN00 R g 2 g 8 8 8 & 2 g0 8 8 BE8g 3 g b
oo O o w g =] S 3 -3 = 3 3
o M w w 3 2
w > > o 3 E, (10 nmoliL) + 3 E, (10 nmoliL) +
gg e Increasing doses of 4-OHT (nmol/L) i Increasing doses of Fulv (nmol/L)
B c ERWT ER Y537N
& 0
L ] = -
ERoL g E2(10nmoll) B E2 (10 nmol/L)
T T T 1 c c
0 100 200 300 400 500 595 =) g g o g g
Scale (amino acids) fg8882s5g888 2¢
Calnexin

Jeselsohn R et al. Clin Cancer Res 2014;20:1757-1767



ESR1 mutations: Primary versus metastatic
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P <0.05
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Jeselsohn R et al. Clin Cancer Res 2014;20:1757-1767




San Antonio Breast Cancer Symposium — December 8-12, 2015

Prognostic Effect of ESR1 Mutation on OS

1.0 - WT 1.0 4
- MT - WT
- D538G

2 8- 2 08- - Y5378
a 3 — Double MT
Q @
P! 9
0 0
o 0.6 & 0.6-
I o
2 2
> >
5 041 5 0.4-
) ()
g g
0 A5 0
8 0.2 5 0.2

0.0 T T T T 1 0.0 T T T T 1

0 10 20 30 40 50 0 10 20 30 40 50
Time (Months) Time (Months)
Median OS (95%CI
months

WT 385 217 32.1 (28.1-36.4)

MT 156 112 20.7 (17.7 - 28.1) 1.40 (1.2 - 1.65) 0.000037
D538G 83 57 26.0 (19.2-32.4) 1.25 (1.02-1.54) 0.033
Y537S 42 30 20.0 (13.0-29.3) 2.31 (1.34-3.97) 0.0024

Double MT 30 24 15.2 (10.9-27 .4) 1.77 (1.31-2.39) 0.00018

* Both D538G and Y537S mutations were poor prognostic factors associated with shorter OS

* In a multivariate analysis adjusting for sensitivity to prior hormonal therapy, visceral disease and ECOG status, the effect
of ESR1 mutation (compared to wild-type) on OS remained significant

Chandarlapaty et al. JAMA Oncology 2016

This presentation is the intellectual property of the author/presenter. Contact them at ChandarS@MSKCC.ORG for permission to reprint and/or distribute.



mailto:ChandarS@MSKCC.ORG

New Therapeutic Strategies for ER+

Breast Cancer: Important New Targets

 The mutated ER: ESR7 gene mutations

—Better SERM's (Z-Endoxifen and
Lasofoxifene)

—Better oral SERD’s
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Tamoxifen Metabolism: Inhibition of

Estrogen-mediated growth
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Sideras et al. JCO 2010
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FOR CLINICAL TRIALS IN ONCOLOGY

N C I Community Oncology
Research Program
! .'._'(._'t: Cs ;-:p 5 @

a National Cancer Institute program A program ef the National Cancar Institut

Alliance A011203: Randomized Phase |l Trial
of Tamoxifen versus Z-endoxifen

in Postmenopausal Women with
Metastatic ER+, HER2- Breast Cancer

NCI National Clinical
Trials Network

Matthew P. Goetz, Vera J Suman, Joel M. Reid, Mary Kuffel, Sarah A. Buhrow,
Renee M. McGovern, John Black, Travis Dockter, Carrie Strand,

William F. Symmans, Minetta C. Liu, John R. Hawse, Anna M. Storniolo,
James H. Doroshow, Jerry M. Collins, Howard Streicher, Matthew M. Ames,

James N. Ingle, Ann H. Partridge, Lisa A. Carey



A011203: A Randomized Phase II Trial of Tamoxifen and Z-
endoxifen in Postmenopausal Women with Metastatic ER+,
HER2- Breast Cancer (NCT02311933)

Z-Endoxifen
Key Eligibility Criteria Biopsy 80 mg/day
» Age 218 years confirms
« Postmenopausal invasive breast

* History of metastatic ER+/HER2- cancer,

breast cancer and progression on ER+ (>10%,

a nonsteroidal Al and HER2- Tamoxifen
* Willingness to undergo a tumor

biopsy 20 mg/day

B Z-Endoxifen
80 mg/day)

Stratification Factors:
Investigational Agent: Z-Endoxifen *Primary vs Secondary Endocrine Resistance
NSC #750393, Supplied by CTEP, DCTD, NCI *Prior CDK 4/6 inhibitor and/or everolimus
*Measurable vs bone only disease

Statistics: With a sample size of 80 eligible patients (40 per treatment arm randomized in equal numbers) a one-sided alpha=0.10
generalized log-rank test will have at least a 90% chance of detecting a 50% decrease in hazard of disease progression with Z-
Endoxifen HCI relative to tamoxifen. (corresponds to being able to detect an increase in the median PFS time from 3.0 months with
tamoxifen to 6.0 months with Z-Endoxifen HCI.
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PFS According to Prior CDK 4/6 inhibitor
(Data on ESR1 mutations forthcoming)

Prior CDK 4/6i
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Better SERM: Lasofoxifene Binding affinity

for the Y537S mutation

K4 (nM)*

Ligand/Mutant
WT Y3378

Estradiol*® 022 * 0.11 1.40 * 0.54

K; (nM)"
4-OHT (SERM)* 0.12 * 0.003 2.64 X 04
Raloxifene (SERM)* 0.30 £ 0.05 359 1.0
Bazedoxifene 0.37 * 0.01 350 £ 0.6
(SERM/SERD)*
Fulvestrant (SERD)* 0.13 * 0.03 368 X 08
Lasofoxifene 0.41 * 0.1 051 £ 0.1

“a” is direct detection of binding, “d” is the competitive Ki derived from the Cheng-Prussof equation
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L.asofoxifene vs fulvestrant

Lasofoxifene essentially blocked metastasis, while fulvestrant (ICl) was

no different from vehicle.
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ELAINE STUDY SCHEMA

RANDOMIZED | OPEN LABEL | MULTICENTER

* Histological or cytological confirmation of ER+/HER2-disease assessed by a local
laboratory

* Locally advanced or metastatic breast cancer with radiological or clinical progression
on an Al in combination with a CDK 4/6 inhibitor for advanced breast cancer with
demonstrated prior sensitivity to endocrine therapy

* Recurrence or progression after at least 12 months of treatment in the
metastatic setting

* Subjects who have not received cytotoxic chemotherapy or who have received one
cytotoxic chemotherapy regimen in the neo-adjuvant or adjuvant setting prior to entry
into the trial; and/or no more than one chemotherapy regimen for metastatic breast
cancer.

* ECOGO0-1

sSTUuDY

EyaLuamyG LAsororlreNe m Esg | wmamons

Experimental — Lasofoxifene (Oral)
5 mg per day

Comparator — Fulvestrant (Intramuscular)
500 mg on Day 1, 15, and 29 then monthly

PRIMARY OUTCOME
* Progression Free Survival

SECONDARY OUTCOMES

« Clinical Benefit Rate

* Objective Response Rate

* Duration of Response

¢ Time to Response

* Incidence of AEs and Serious AEs
* Quality of Life

CONFIDENTIAL

64



SERDs: Targeting the Mutated ER

EGFR/HER2
N/
Membrane
7N Ras
\
_ Raf

/ ; ’ ____MAPK j
SERDs
(fulvestrant |
TOR
Many others) i \

Protein

SERM’S - Cell growth
(Lasofoxifene “‘RN,AX Angiogoncsi
Endoxifen)

Nucleus

Massarweh et al.




Comparison of SERD (Fulvestrant) with Anastrozole

Proportion of patients alive and

progression free

1.0 1

0.9 -

0.8 -

0.7 1

0.6 -

0.5 -

0.4 1

0.3 1

0.2 1

0.1

HR 0.797 (95% Cl 0.637, 0.999); p=0.0486

Median PFS
Fulvestrant: 16.6 months

Anastrozole: 13.8 months

—— Fulvestrant (n=230)

—— Anastrozole (n=232)

0.0

0

Number of patients at risk:

Fulvestrant
Anastrozole

230
232

I
3 6 9 12 15 18 21
Time (months)

187 171 150 124 110 96 81
194 162 139 120 102 84 60

A circle represents a censored observation
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New Therapeutic Strategies for ER+

Breast Cancer: Important New Targets

* Better SERD’s

Multiple New Oral SERD’s developed by
many different companies with ongoing
phase |, I, and lll studies



Elacestrant (Oral SERD) in ER+ Breast Cancer

Patient-derived Xenograft Models

A ST2177 B 8T941 — Vehicle
—=— Fulvestrant 3 mg/dose
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New Therapeutic Strategies for ER+

Breast Cancer: Important New Targets

* Cyclin-dependent kinases 4 and 6 (CDK
4/6 inhibitors)

Metastatic
Adjuvant

* PIBK/AKT/mTOR pathway

* The mutated ER: Targeting the ER for
Degradation (SERD’s)

ESR1 gene mutations

° Other important drugs/drug targets
(AURKA, Alisertib; BCL-2)



Aurora-A Kinase is associated
with ERa downregulation and
endocrine resistance

CD24 (-) subpopulation
Alisertib >
0 2 hrs

Aurora-A == ..

P~Aurora-A & & ¥8

CD44 | ww— :
CD24 wew < wew wil
S
HER-2 Sea e v
E-cadhering s im s—
B-catenin e | w— a—

vimentin e se
SMADS et 1mem s

p~SMADS

!
1
I

Activation of EMT reprogramming

Expansion of CD44+/CD24- tumor
initiating cells

* Decreased ERa expression

* Endocrine resistant

D'Assoro AB et al. Oncogene 2014, 33:599-610; Opyrchal M et al. PLoS ONE 2014, 9:e96995



TBCRC-041: Phase II Trial to Evaluate Alisertib
Alone or Combined with Fulvestrant for Women
with Advanced, Endocrine-resistant Breast Cancer

Tufia C Haddad MD
Matthew P Goetz MD
Vera J Suman PhD
James N Ingle MD

Antonio B D’Assoro MD PhD
Minetta C Liu MD

John R Hawse PhD

Liewei Wang MD PhD

To be presented at the 2020 San Antonio Breast Cancer Symposium.
This presentation is the intellectual property of the authors. Contact them at
haddad.tufia@mayo.edu for permission to reprint and/or distribute.



Phase Il trial of alisertib alone or combined
with fulvestrant for endocrine-resistant,
metastatic breast cancer

Arm 1

Alisertib

Primary tumor or de novo Alisertib
stage IV was ER+
Pre-reg
biopsy for >
ER
evaluation

Stratification Factors:
1° or 2° endocrine

M Fulvestrant

Arm 2
l PD

\ Alisertib _PD_ __
Event Monitoring
Fulvestrant

resistance
* Prior CDK 4/6 inhibitor 1‘ 1‘ T
 Level of ER expression Research biopsy PD Biopsy
and blood before and
after Cycle 1

MC1431 / TBCRCO041 / NCT02860000
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Confirmed Responses
Objective Response Rate

Clinical Benefit Rate
(24-week)

Median PFS (months)

Deaths
6-month OS rate

Alisertib
(n=43)

8 PR
17.8% (90% CI: 9.2-29.8%)

42.2% (90% CI: 29.7-55.6"%)

5.6 (95%CI: 3.9 - 9.3)

n=10
90. 6% (95% CI: 82.2-99.8%)

Clinical Outcomes

Alisertib + Fulvestrant
(n=435)

1CR;8PR
20.0% (90% CI: 10.9-32.3%)

28.9% (90% CI: 18.0-42.0%)

5.1 (95%CI: 3.8 - 7.6)

n=14
75.6% (95% CI: 63.9-90.2%)




* Substantial gains in mortality have been
observed over time in women with both
localized and metastatic breast cancer

° New drug targets and drugs rapidly
being identified to address both primary
and secondary resistance



New Approaches to Triple-Negative Breast Cancer
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Limited targeted therapy for triple-negative breast cancer — we are trying to change that




Breast Cancer Subtypes
TNBC Accounts for 25% of Breast Cancer Mortality

Molecular

subtypes Triple negative = HER2+ Luminal B Luminal A
ER-, PR—, HER2—

% of breast 15% 15%  25% 45%

cancers

Receptor HER2

expression

Histologic . —

Level of cell differentiation i

Correlates to histologic grade

Response to Chemotherapy

medical therapy Trastuzumab

_

Luminal A tumours respond best to endocrine
therapy, e.g. antiestrogen or aromatase inhibitor.

Triple negative tumours respond best to
chemotherapy, similar to other aggressive cancers.

Adamo et al., 2011

Inter- and intra-tumor heterogeneity presents significant clinical challenges

Proportion of Surviving Patients

Overall Survival Depends on

Breast Cancer Subtype
OS by Subtype

o
-— LI i — ER/PR-,Her2-

--- ER/PR+,Her2-
© _| 3 ~ Her2+
o
© _
o
< _
o
N _ :
S :
o i
o

0 2 4 6 8 10 12 14

Years Since Diagnosis




Need to expand the spectrum of targetable
molecular features in TNBC

* A significant fraction of TNBCs lack
high-frequency “driver” alterations
amenable to therapeutic
intervention

* TP53 mutations — only alteration
occurring in a majority of TNBC

* TNBCs exhibit a high frequency of
genomic instability
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Shah et al. Nature 2012



Chemotherapy remains the stand-of-care for primary TNBC

Primary, treatment-naive tumors Advanced/metastatic tumors

Chemotherapy Majority of TNBC Targeted therapy

tumors
progress/recur

Anthracyclines, cyclophosphamide, platins & taxanes

O OH o) Cl

H
0 O OH O, o0

PARP inhibitor Immunotherapy

oH O/\\P/\NH
e olaparib Atezolizumab* + nab-paclitaxel
doxorubicin cyclophosphamide paclitaxel talazoparib Pembrolizumab +drug 1, 2,3
cl NH5 veliparib pembrolizumab + eribulin
“pt
Cl”  “YNH;
cisplatin ‘ ‘
BRCA1/2-mutant PD-L1*

DNA damage Microtubule damage tumors expression



The NEW ENGLAND
JOURNAL of MEDICINE

ORIGINAL ARTICLE

February 21, 2019

N Engl ] Med 2019; 380:741-751
DOI:10.1056/NE]Moa1814213

Sacituzumab Govitecan-hziy in Refractory Metastatic Triple-Negative
Breast Cancer

Aditya Bardia, M.D., Ingrid A. Mayer, M.D., Linda T. Vahdat, M.D., M.B.A., Sara M. Tolaney, M.D., M.P.H., Steven |. Isakoff, M.D., Ph.D., Jennifer
R. Diamond, M.D., Joyce O’Shaughnessy, M.D., Rebecca L. Moroose, M.D., Alessandro D. Santin, M.D., Vandana G. Abramson, M.D., Nikita C.
Shah, M.D., Hope S. Rugo, M.D., et al.

@ Binding, Internalization, 2, Tumor cell
Degradation and Cell Cytotoxicity "f:;:,,

(2) Bystander Effect "‘::'4:;", @

(3) Intracellular SN-38 Release After """41?::,.., " ’
Internalization/DNA Damage to Targeted Cell and e
Bystander Effect on Adjacent Tumor Cells N Y ’

Sacituzumab

-
govitecan S ¢
\__’ New antibody-drug conjugate "NNS o
'x% ‘é’“‘,.uluuuullnuuuununnuunnu.,"“
L) & t‘}" o

Tumor cell Cell Death Due to

DNA Damage

Lysosome

WA

e The primary efficacy outcome measures were
investigator assessed overall response rate (ORR)
using RECIST 1.1 and response duration

* The ORR was 33.3% (95% Cl: 24.6, 43.1)

* The median response duration was 7.7 months (95%

Cl: 4.9, 10.8)

Potential for other antibody-drug conjugates to follow:

e Ladiratuzumab vedotin (SGN-LIV1A)
* Trastuzumab deruxtecan (DS-8201a/T-DXd)




Now and Future — Combination Strategies

. Exciting new treatment approaches to triple-negative breast cancer
New targets
New antibody-drug conjugates (1 FDA approved; several under investigation)
New combinations with immunotherapy (chemo + targeted agents)

. Chemotherapy combined with immunotherapy is the new standard of care
treatment for PD-L1* TNBC, but a large proportion of patients do not respond to
these therapies

. Several combination studies are ongoing focusing on strategies to improve
response rates to immunotherapy-based treatment



Expanding the spectrum of targetable

molecular features in TNBC

* Can we identify TNBC subtypes and
targetable features of the “adapted O
states” of subtypes, including Brce
2
oy

immunomodulation?

e What is the extent of intra-tumor

heterogeneity in TNBC and is it ‘o

DNAH3
DNAH9

targetable?
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Diversity within Triple-Negative Breast Cancer:

TNBC Subtypes

Breast Canceris a Heterogeneous Disease
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Leveraged Worldwide Data

21 breast cancer data sets
8 countries
3247 cases; 587 TNBC
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Diversity within Triple-Negative Breast Cancer:
TNBC Subtypes

We identified distinct molecular subtypes of TNBC by profiling genes that were expressed

Breast Cancer is a Heterogeneous Disease
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GO Terms/
Canonical Pathways
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Basal-like 2
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Immunomodulatory
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Antigen Processing/ Prosentation
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T Col Signal Transduction
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BCR Signaling Pathway
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JAK/ STAT Signaling Pathway
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Lehmann, Bauer, Chen, Sanders, Shyr, Pietenpol; JCI, 2011




Evolution of TNBC Subtyping

TNBCtype TNBCtype-4

587 TNBC 767 TNBC
tumors tumors
Expansion of
data set and
Laser Capture
Microdissection analyses
Before 2011 — 2011 _—> 2017
4 TNBC subtypes
plus immune-modulatory
descriptor

Lehmann, Bauer, Chen, Sanders, Shyr, Pietenpol; JC/, 2011
Lehmann, Jovanovic Chen, Shyr, Pietenpol; PLoS One, 2016



Gene expression-based TNBC subtypes have specific drug sensitivities

Gene expression

analysis of TNBC Mutation
767 TNBC tumors subtype Gene Ontology enrichment Drug Sensitivity
BL1 Cell cycle/DNA damage  BRCA1/2 Platinum agents
response features (NAC*)/PARP inhibition
BL2 MET/EGFR signaling and mTOR, growth factor
myoepithelial features receptors
M NOTCH/TGFR and trans- mTOR, growth factor
differentiation features receptors, Src inhibition
LAR Luminal androgen PIK3CA AR antagonist/PI3K
receptor signaling inhibition
N=767 IM Immune-modulatory Chemo- and immuno-
descriptor therapy

J Clin Invest. 2011 Jul;121(7):2750-67

* .
PloS One. 2016 Jun 16;11(6) Neoadjuvant chemotherapy



Gene expression-based TNBC subtypes have specific drug sensitivities

Gene expression

analysis of TNBC Mutation
767 TNBC tumors subtype Gene Ontology enrichment Drug Sensitivity
BL1 Cell cycle/DNA damage  BRCA1/2 Platinum agents
response features (NAC*)/PARP inhibition
BL2 MET/EGFR signaling and mTOR, growth factor
myoepithelial features receptors
M NOTCH/TGFR and trans- mTOR, growth factor
differentiation features receptors, Src inhibition
LAR Luminal androgen PIK3CA AR antagonist/PI3K
receptor signaling inhibition
N=767 IM Immune-modulatory Chemo- and immuno-
descriptor therapy

J Clin Invest. 2011 Jul;121(7):2750-67

* .
PloS One. 2016 Jun 16;11(6) Neoadjuvant chemotherapy



Luminal Androgen Receptor Subtype Vulnerabilities

“Rethinking hormone therapy in TNBC”

Pre-clinical Data

AR inhibitor w00 - SUM185
bicalutamide
o 0 12+ CAL148
Il Basal-like s00 @ 600 1
[ Mesenchymal-like g 400 E 5o 0.8 - e» o s e a» @
E] Luminal AR :% 00 g == Control g . J
= 3 e 506 gm—BK M
(®] HMEC 200 S | BEZ235 8
. [ L >
S AR expression 100 n H H g ' —<Bicalutamide ~ 0-4 - e (DX
AR (+)
100 7 0T T T ]
53538 8R9858RER8ES
GLJEPsigoEESrggeg3sndgs < 0 1000 2000 3000
$302°33738L38388*8383:" o
2 g9 gF " Tg*F 3 ga 7 12 17 22 BKM120 (nM)
Time (d)

Lehmann et al., JCI, 2011
Lehmann et al., BCR, 2014

Enzalutamide — Second Generation AR Antagonist

Inhibits AR binding to DNA
and coactivator recruitment

Cytoplasm
| Enzalutamide
Ol itively inhibits
n pinding to

Rodriguez-Vida A et al. Drug Des Devel Ther, 2015

ﬂlCT02457910 (TBCRC 032): Phase Ib/ll Study of PIK3CA Inhibitor
Taselisib with Enzalutamide in AR+ TNBC

Metastatic
AR+ TNBC

3:1
randomization

Enzalutamide
+

Taselisib

L

Baseline
Core Biopsy

n=37

Enzalutamide
n=12

Day 14-21, Cycle 1
Core Biopsy

~

* Optional crossover at progression

Enzalutamide +
Taselisib

L

Progression of Disease
Core Biopsy

>

Vandana
Abramson, MD

Tumor Assessment Every 8 Weeks




TBCRC 032 Patient accrual and correlative analyses

AR IHC Screening
n=149
>10% AR+ (n=78)

Intent-to-treat (n=31)

Phase lb (n=14)

Level enzalutamide taselisib Nn= TNBC

1 160 mg 2mg 3 2
2 160 mg 4 mg 6 1
3 160 mg 6 mg 3 1
4 160 mg 8 mg 2 1

Phase ll (n=17)

[

enzalutamide

n=12

+ taselisib (4mg)

enzalutamide

+taselisib (4mq)
n=3

Crossover

|

Patient# Subject  Age on Study Arms Taselisib(mg) TNBC
1 1009 46 PH1b E+T 4 NO
2 1012 62 PH1b E+T 6 NO
3 1003 70 PH1b E+T 2 NO
4 1010 66 PH1b E+T 4 NO
5 1011 43 PH1b E+T 4 NO
6 1015 54 PH1b E+T 6 NO
7 1007 59 PH1b E+T 4 NO
8 1016 57 PH1b E+T 8 YES
9 1001 62 PH1b E+T 2 YES
10 1006 58 PH1b E+T 4 YES
11 1014 60 PH1b E+T 6 YES
12 1017 59 PH1b E+T 8 YES
13 1002 60 PH1b E+T 2 YES
14 1020 60 PHII E+T 4 YES
15 1021 36 PHII E+T 4 YES
16 2001 59 PHII E+T 4 YES
17 2004 64 PHII E+T 4 YES
18 4001 38 PHII E+T 4 YES
19 5001 54 PHII E+T 4 YES
20 5002 63 PHII E+T 4 YES
21 7001 71 PHII E+T 4 YES
22 2005 69 PHII E+T 4 YES
23 3001 58 PHII E+T 4 YES
24 2002 68 PHII E+T 4 YES
25 1019 51 PHII E+T 4 YES
26 3002 74 PHIIE NA YES
27 4002 72 PHII E NA YES
28 2003 62 PHII E; _COE+T NA YES
29 3003 60 PHIIE; _COE+T NA YES
30 1018 59 PHII E; PHII E+T NA YES

Lehmann, Abramson, Sanders et al. & Pietenpol, Clin Can Res, 2019

Evaluable (ln:1 2,5TNBQC)

DNA-seq (n=5)

RNA-seq
Pre (n=5)

Evalualble (n=8)

EvaIuatTIe (n=3)

RNA-seq
Pre (n=11)
Post (n=4)
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Androgen Receptor Immunohistochemistry Screening

Melinda
Sanders, MD

10%

Lehmann, Abramson, Sanders et al. & Pietenpol, Clin Can Res, 2019
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Patients with Luminal AR subtype had better progression-free
survival after enzalutamide + taselisib combination

e - Enzalutamide e = PIK3CA-WT o LAR
= Enzalutamide + taselisib PIK3SCA-MUT - - non-LAR
21 21 20
5 5° 5°
® © Ke)
o Q 8
O v O
oo o e Qo
T S T
26 2 5 g
S N S 20
5o So N
%) n ao
g g p=0.86 g p=0.082 |
0 4 ) 8 12 16 0 4 8 12 16 0 4 8 12 16
Time (months) Time (months) Time (months)
_ Number at risk Number at risk Number at risk
Enzalutamide | 5 0 0 0 0 PIK3CA-WT | 7 2 1 1 1 non-LAR | 8 2 0 0 0
Enzalutamide + ] 14 4 1 1 PIK3CA-MUT] 7 2 0 0 0
taselisib
0 4 8 12 16 0 4 8 12 16 0 4 8 12 16
Months Months Months

AR-target genes decreased after enzalutamide treatment in patient’s tumors

Lehmann, Abramson, Sanders et al. & Pietenpol, Clin Can Res, 2019



Patients with LAR subtype had greater clinical benefit rate
at 16 wk compared to patients with other subtypes

Arm Subgroup CBR16 (%) OR N= PR SD PD p-value
Enzalutamide All patients 0 5 0 0 5
All patients 35.7 14 1 4 9
PIK3CA mutation 1.00
wild-type 28.6 7 0 2 5
Enzalutamide mutant 42.9 18 7 1 2 4
+ taselisib TNBCtype 0.06
LAR 75.0 142 4 1 2 1
other subtype 12.5 8 0 1 7
NA 50 2 0 1 1

Abbreviations: CBR16, clinical benefit rate at 16 weeks; OR, odds ratio; PR, partial
response; SD, stable disease; PD, progressive disease; NA, not available

Clinical benefit rate=%[partial response + stable disease]



Mutation Status of Patients’ Tumors
PI3K Pathway Mutations & FGFRZ2 gene rearrangements enriched in LAR subtype
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Summary

* LAR subtype tumors displayed high percentage (>80%) of AR+ cells

* LAR gene signature predictive of response and tumor decreases post-treatment in
responding patients

e PIK3CA mutations not predictive of response to enzalutamide + taselisib

* AR splice variants (AR-V7) lacking the ligand binding domain may confer
resistance to enzalutamide (similar to prostate cancer)

* FGFR2 alterations enriched in LAR subtype and provides evidence for future
combinatorial targeted therapy trials



Gene expression-based TNBC subtypes have specific drug sensitivities

Gene expression

analysis of TNBC Mutation
767 TNBC tumors subtype Gene Ontology enrichment Drug Sensitivity
BL1 Cell cycle/DNA damage  BRCA1/2 Platinum agents
response features (NAC*)/PARP inhibition
BL2 MET/EGFR signaling and mTOR, growth factor
myoepithelial features receptors
NOTCH/TGFR and trans- mTOR, growth factor
differentiation features receptors, Src inhibition
LAR Luminal androgen PIK3CA AR antagonist/PI3K
receptor signaling inhibition
N=767 Immune-modulatory Chemo- and immuno-
descriptor therapy

J Clin Invest. 2011 Jul;121(7):2750-67
PloS One. 2016 Jun 16;11(6) Approaches for other 84% of TNBC



Immunotherapy in TNBC?

PD-L1 binds to PD-1 and inhibits
T cell killing of tumor cell

Tumor cell

Blocking PD-L1 or PD-1 allows
T cell killing of tumor cell

Tumor cell
death

PD-L1

Anti-PD-L1

Anti-
PD-1

'Emens et al, AACR 2015; Nanda et al, AACR 2015; N Engl J Med. 2018

Rugo et al, KEYNOTE-028 trial, SABCS 2015;
Lefebvre et al, PLoS Medicine, 2016

s

\_

Immune checkpoint inhibitors are \
effective in a variety of solid tumors

In the metastatic setting (single agent):
~20% objective response rate in TNBC

Atezolizumab plus nab-paclitaxel
prolonged progression-free survival
among patients with metastatic TNBC?

Immunotherapy combination strategies:

> Increase immune recognition
through enhanced antigen
presentation (BL1)

and/or

> Increased T-cell homing may increase
immunotherapy response in
recalcitrant TNBC (BL2 and M) /




Which TNBC patients will benefit from immunotherapy?

TNBC tumor

=587)

Assign subtype

TNBC Tumor Dataset (n

l N=767

Analyze immune features —
immune descriptor

.(-g.,....

Immune
descriptor/
phenotype

\ 4
Immune Score
-0.5 0.0 0.5
| |
- - Hpeorbadeliethians

~ evefpidfleorent el o G4

{
.oy w{“\! {ﬁ((b aprefglised oo g o

BL1
BL2
LAR
UNC

Lehmann, Chen, Shyr, Sanders, Pietenpol; PLoS One, 2016
Shaver, Lehmann, Beeler, Shyr, Pietenpol; Cancer Res, 2016 M. Sanders B. Lehmann



Neo-adjuvant Chemotherapy Induces Changes in

Immune Cell Infiltration

TNBCtype-4

Overall Survival

00 0.2 04 06 08 1.0
|

Lehmann, Chen, Shyr, Sanders, Pietenpol; PLoS One, 2016

Pre-Clinical and Clinical Data

Tumor-infiltrating lymphocytes and tumor

PD-L1 expression in tumors after cisplatin
treatment
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Chemoimmunotherapy in 1st/ 2nd line Metastatic TNBC
NCT03206203 (TBCRCO030)

TBCRC 030: Phase Ib/ll Study of PD-L1 Inhibitor Atezolizumab \

Pre-Clinical and Clinical Data H H = =
Kumor-inﬁltrating lymphocytes and tumm\ Wlth Carboplatln in AR-negatIVG TN BC
PD-L1 expression in tumors after cisplatin
treatment .
Carboplatin L _ _ _ _ - 2:1rb<>lplat|n ;
A 4T Untreated  4T1 + Cisplatin H 1:1 - ezolizuma
Metas_tatlc AR- | . omization / n=53 < ptonat e
A o | negatlve TNBC \_' Carboplatin + at progression
\:" . el 2 line Atezolizumab
n=53
Vandana
i i i i Abramson, MD
Baseline Progression of Disease
Core Biopsy Core Biopsy

Tumor Assessment Every 8 Weeks

Goals:

- Clinical efficacy of treatment; comparison to IMpassion130 data
- Immunophenotyping

- ldentification of biomarkers for response and mechanism

- Analysis of response relative to TNBC subtype



Accrual Complete: Determine mechanisms by which carboplatin modulates tumor
Immune response in combination with checkpoint immunotherapy

Team work across NCI Centers

Center Accrual #
Vanderbilt 31
U Penn 18
Georgetown 14
Indiana 18
Johns Hopkins 5
UNC 20
106

BRE15136

carboplatin +
atezolizumab

Metastatic
TNBC
carboplatin Crossover atezolizumab
Specimens Collected
Archived Metastatic Cy1D1  CY2D1  EOT EOT Crossover CcYiD1  CY2D1  EOT
FFPE tissue Biopsy CIDNA  ctDNA  ctDNA Biopsy Biopsy CtDNA  ctDNA  ctDNA
Block n=29 RNA later n=100 n=82 n=47 RNA later RNA later n=14 n=12 n=12
Slides n=51 n=82 Cy1D1 cCy2p1 EOT n=9 n=12 CY1D1 CY2D1 EOT
Curls n=16 FFPE block PBMC PBMC PBMC  FFPE block FFPE block PBMC PBMC PBMC
n=85 n=29 n=25 n=18 n=10 n=12 n=2 n=22 n=1

EOT= End of treatment



Analysis of biospecimens from patients (3000 samples)

Analysis for:

(a) tumor size

(b) neo-antigenic burden

(c) PD-L1 expression

(d) TNBC subtype

(e) antigen presentation

(f) microenvironment composition

(g) tumor and blood immune cell composition

Pretreatment

Pretreatment

Tumor Tissue

RNA later
n=82

FFPE curls
n=16

Tumor Tissue

FFPE
n=85

CYCLE 1
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Peripheral blood monuclear cells
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Tumor genomics
Assays Biomarker
RNA-seq TNBC type
DNA-seq Mutation load

Intra-tumor immune cell characterization

Slide Assays Biomarkers
1 PD-L1 PD-L1
2 H&E TILs, TIME
3-10 Multiplex-IF CD8,CD4, CD68
PD-L1, B7-H4
FOXP3, pan CK
HLA-A, GZMB

Peripheral immune cell characterization

Assays Biomarkers

Flow cytometry  CD8, CD4, CD3,
CD68,PD-L1, IFNG,
TIGIT, FOXP3, GZMB,
ICOS, Tim-3

CyTOF

Circulating tumor DNA analysis

Assays Biomarkers
ctDNA Process to be dictated

by Ben Ho Park
ELISA B7-H4

Core
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VANTAGE

Core
HistogeneX
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Immunophentyping
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Park Lab
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Expanding the spectrum of targetable
molecular features in TNBC

* Can we identify TNBC subtypes and
targetable features of the “adapted
states” of subtypes, including

immunomodulation?

 What is the extent of intra-tumor
heterogeneity in TNBC and is it
targetable?
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Science
TranSIatiOnal Targeting MYCN-expressing triple-negative breast

cancer with BET and MEK inhibitors
® ® Johanna M. Schafer', Brian D. Lehmann?3*, Paula I. Gonzalez-Ericsson®*, Clayton B. Marshall'=>*,
J. Scott Beeler’, Lindsay N. Redman’', Hailing Jin?, Violeta Sanchez?, Matthew C. Stubbs®,
Peggy Scherle®, Kimberly N. Johnson®, Quanhu Sheng®, Joseph T. Roland’, Joshua A. Bauer'®,
Yu Shyr®, Bapsi Chakravarthy3'9, Bret C. Mobley"’, Scott W. Hiebert'?, Justin M. Balko?3,
- Melinda E. Sanders>'°, Phillip C. C. Liu'!, Jennifer A. Pietenpol>'
/,p% -
) Y Triple-negative breast cancer (TNBC) is an aggressive form of breast cancer that does not respond to endocrine
| therapy or human epidermal growth factor receptor 2 (HER2)-targeted therapies. Individuals with TNBC experience
higher rates of relapse and shorter overall survival compared to patients with receptor-positive breast cancer
subtypes. Preclinical discoveries are needed to identify, develop, and advance new drug targets to improve outcomes
21 for patients with TNBC. Here, we report that MYCN, an oncogene typically overexpressed in tumors of the nervous
system or with neuroendocrine features, is heterogeneously expressed within a substantial fraction of primary and
¥ recurrent TNBC and is expressed in an even higher fraction of TNBCs that do not display a pathological complete
response after neoadjuvant chemotherapy. We performed high-throughput chemical screens on TNBC cell lines
with varying amounts of MYCN expression and determined that cells with higher expression of MYCN were more
sensitive to bromodomain and extraterminal motif (BET) inhibitors. Combined BET and MEK inhibition resulted in

a synergistic decrease in viability, both in vitro and in vivo, using cell lines and patient-derived xenograft (PDX)
models. Our preclinical data provide a rationale to advance a combination of BET and MEK inhibitors to clinical

Copyright © 2020
The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim
to original U.S.
Government Works

Johanna Schafer, Melinda Sanders, Paula Gonzalez-
PhD MD Ericsson, MD




MYC-family isoform expression in human tissue & tumors

MYC MYCN MYCL
Predominant ?;**e :
adult tissue e ;:-:.; L
expression ? N
In tumors: Nearly all Sympathetic and central Lung cancer

tissue types nervous system

Cell Cycle. 2017. 16(16): 1489-1498.



Intra-tumoral heterogeneity of MYCN and MYC expression in TNBC

C Primary, NAC-treated TNBC Recurrent TNBC
Neuroblastoma

Control Patient 1 Patient 3 Patien

% a
‘ ’-rh‘.
(ot S UG I

MYC-family isoform TSA-IF MYCN

Nuclei: Blue MYCN: Magenta MYC: Green

Tyramide signal-amplified immunofluorescence TSA-IF



MYCN is expressed in neuronally-derived & non-neuronal tumors
Correlates with a poor prognosis

Table 1. N-myc-amplified tumors
Tumor type Frequency of N-myc alteration Clinical implications References
Neuroblastoma Amplification in 20% Poor prognosis, selection for Seeger et al. (13),
aggressive treatment Brodeur et al. (14),
Look et al. (15), and
Neurona"y' Schneiderman et al. (17)
derived Medulloblastoma Amplification in 5% Poor prognosis Aldosari et al. (92) and
Swartling et al. (19)
cancers Glioblastoma multiforme Overexpression in a subset Histone 3.3 mutations associated Hodgson et al. (93) and
with overexpression of N-myc Bjerke et al. (24)
Retinoblastoma Amplification in <5% Early onset, unilateral, nonhereditary, Lee et al. (25) and
poor prognosis Rushlow et al. (28)
Alveolar rhabdomyosarcoma Amplification in 25%, Correlates with presence of Tonelli et al. (94)
overexpressed in 55% PAX3-FOXO1 or PAX7-FOXO1
Non- fusion genes, poor prognosis
Small-cell lung cancer Amplification in 15%-20% Poor response to chemotherapy, Nau et al. (32) and
neurOﬂa"V- shorter survival Funa et al. (34)
derived Prostate cancer Amplification in 40% of Clinical aggressiveness Beltran et al. (35) and
neuroendocrine prostate Mosquera et al. (36)
cancers cancer, 5% of prostate
adenocarcinoma

Mol Cancer Res; 12(6) June 2014 Molecular Cancer Research



MYCN-expressing triple-negative breast cancer:
Implications for therapeutic strategies

Assess levels of MYCN expression during TNBC disease progression
e At diagnosis (primary, treatment-naive)
e After standard-of-care chemotherapy (residual disease)
» After recurrence (locally-advanced/metastatic)

Determine and characterize MYCN-associated drug sensitivities
* Invitro cell line models
* In vivo with human TNBC tumors (patient-derived
xenografts)




Evaluation of MYCN-expressing TNBC cell lines for drug sensitivity

National Cancer Institute (NCI) U.S. Food and Drug
Administration (FDA)—approved oncology drug (AOD) library
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Evaluation of MYC family isoform expression after drug treatment

N

TNBC cell line populations
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Schema for Patient-derived Xenograft (PDX) Murine “Clinical Trial”

Vehicle

Trametinib
(0.1mg/kg QD)

TNBC surgical resection NCBOS4329
(50mg/kg BID)
Immuno- N
deficient mice ., Trametinib
\ 12 mice per arm +INCB054329
“ 7 o a1
\., 4..; \: (50mg/kg BID)
Patient-Derived Xenografts Trametinib
established +JQ1

Tumor measurements
twice a week

22 days

»

»

\ 4

\ 4

\ 4

A 4

\ 4

|

Early
molecular
analyses

|

End of study
molecular
analyses

Clayton Marshall, PhD
Kimberly Johnson



MYCN-low expressing PDX tumors do not have a synergistic decrease in viability
after BETi and MEKi combination treatments in vivo
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Summary

MYCN-expressing cells are present in a significant fraction of TNBC tumors
(treatment-naive, chemotherapy-treated, recurrent) and correlate with a less
favorable prognosis

Nearly half of TNBC tumors heterogeneously express MYCN and MYC with tumor-cell
nuclei robustly express only one isoform

MYCN-expressing cell have increased sensitivity to BET inhibitors, and BET inhibitors
decrease MYCN expression

Combined BET and MEK inhibitors synergistically decrease tumor-cell growth in cell
lines and tumor models that express both MYCN and MYC



Expanding the spectrum of TNBC targetable states

TNBC-MATCH

Current practice

Thera Target FDA-Approval
Compounds & Biomarker o
Anthracyclines Genomic
(o T SETAAS  Cis/Carboplatin Instability NA All stages
Taxanes Microtubules
Germline
s Olaparib PARP Advanced or
PARP inhibitors
- Talazoparib PARP EHER2 metastatic
mutant
UGG EETOA  Atezolizumab PD-LI PD-L1 Advanced or
Combination Taxane expression metastatic

Path Forward

Unmet needs remain in TNBC treatment

1. More durable and effective therapies in the
management of patients who relapse early or are
resistant to chemotherapy

2. Determine why immune reactions are suppressed
as patients get further into their disease course with
later lines of therapy, important for future trial
combinations

Improve detection strategies to identify clinically relevant
“states” in individual patients with TNBC tumors
* Dependence on known targetable pathways

- BRCA1/2 alterations or “BRCAness” (PARP inhibitors)

- LAR gene expression and PIK3CA alterations (AR
antagonists and kinase inhibitors)

- Heterogeneity — combinations of BETi, MEKi, PI3Ki

* High frequency non-synonymous mutations / neo-antigens
facilitating immunotherapy; combination approach to target
tumor and microenvironment; faulty DNA repair and
expression of immune-oncology biomarkers (e.g. PD-L1)

* Lower-frequency targetable alterations

- Gene fusions; high sensitivity detection can identify
targetable alterations in a heterogeneous background
(e.g. FGFR); proof-of-concept in mouse models
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Triple-negative breast cancer (TNBC) is an aggressive form of breast cancer that does not respond to endocrine
therapy or human epidermal growth factor receptor 2 (HER2)-targeted therapies. Individuals with TNBC experience
higher rates of relapse and shorter overall survival compared to patients with receptor-positive breast cancer
subtypes. Preclinical discoveries are needed to identify, develop, and advance new drug targets to improve outcomes
for patients with TNBC. Here, we report that MYCN, an oncogene typically overexpressed in tumors of the nervous
system or with neuroendocrine features, is heterogeneously expressed within a substantial fraction of primary and
recurrent TNBC and is expressed in an even higher fraction of TNBCs that do not display a pathological complete
response after neoadjuvant chemotherapy. We performed high-throughput chemical screens on TNBC cell lines
with varying amounts of MYCN expression and determined that cells with higher expression of MYCN were more
sensitive to bromodomain and extraterminal motif (BET) inhibitors. Combined BET and MEK inhibition resulted in
a synergistic decrease in viability, both in vitro and in vivo, using cell lines and patient-derived xenograft (PDX)
models. Our preclinical data provide a rationale to advance a combination of BET and MEK inhibitors to clinical

investigation for patients with advanced MYCN-expressing TNBC.

INTRODUCTION
Triple-negative breast cancer (TNBC) affects younger women and is
characterized by increased rates of relapse, more frequent metastasis,
and shorter survival compared to the other breast cancer subtypes
(1). Although TNBC only represents ~15% of all breast cancer cases,
it accounts for ~25% of all breast cancer-related deaths (2), with treat-
ment options for most patients limited to cytotoxic chemotherapy.
Prognosis is unfavorable for patients with metastatic TNBC, as >50%
of patients with metastatic disease die within 1 year of diagnosis (2).
Development of targeted therapies for TNBC is challenging because
of its molecular heterogeneity and lack of therapeutically targetable,
high-frequency driver alterations (3). Understanding the heterogeneity
within TNBC and molecular mechanisms that contribute to the emer-
gence of treatment-resistant, metastatic disease may inform the devel-
opment of more effective therapeutics and address an unmet medical
need in breast cancer.

Aside from TP53, most of the mutations found in TNBC are within
the phosphoinositide 3-kinase (PI3K) or mitogen-activated protein
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kinase (MAPK) kinase 1/2 (MEK1/2) signaling pathways. The most
frequent oncogenic mutations in TNBC occur in “hotspot” regions of
the PIK3CA gene (E545 helical domain and H1047 kinase domain)
(4), and the most frequently amplified oncogene is MYC (5, 6). MYC
family members—MYC, MYCN, and MYCL—are transcription factors
that regulate the expression of genes involved in normal development,
cell growth, proliferation, metabolism, and survival (7). Aberrant ex-
pression of MYC family members has been considered tumorigenic in
a tissue-specific manner [MYCN in neuronal (8, 9) or neuroendocrine
(NE) tumors (10, 11) and MYCL in lung (7)]. However, recent reports
have shown elevated MYCN expression in nonneuronal tissues, such
as ovarian (12) and prostate cancer (13), as well as hematopoietic cells
that give rise to acute lymphoblastic (14) and myeloid (15) leukemias.
Further, there is increasing evidence that MYCN expression is de-
regulated in a subset of breast cancers with unfavorable prognostic
features and clinical outcomes (16-18). MYCN transcript has been
found in circulating breast tumor cell clusters within the bloodstream
of breast cancer patients (19) and is associated with a stem cell pro-
gram found in tumor-initiating metastatic cells (18), implicating a role
for MYCN in the recurrence and metastatic spread of breast cancer.

To determine the overall frequency of MYCN-expressing tumors
in primary TNBC and whether MYCN expression changes in response
to neoadjuvant chemotherapy (NAC), we evaluated TNBC patient
cohorts composed of primary, treatment-naive tumors or primary,
NAC-treated tumors. We also evaluated the quantity of MYCN RNA
and protein in the metastatic setting. In parallel, we investigated the
biological relevance of MYCN versus MYC expression in TNBC cells
and whether MYCN expression was associated with response to com-
pounds currently or previously under clinical development [including
the National Cancer Institute (NCI) U.S. Food and Drug Adminis-
tration (FDA)-approved oncology drug (AOD) library]. Top “hits”
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from the drug screen were examined as single agents and in combina-
tion, in vitro, and in mice harboring TNBC patient-derived xenografts
(PDXs) with differing amounts of MYCN. We found that combined
bromodomain and extraterminal motif (BET) and MEK inhibition
synergistically inhibited growth of MYCN-expressing PDX TNBC
tumors.

RESULTS

A substantial fraction of primary TNBCs express MYCN

To evaluate MYCN expression in TNBC, we first identified TNBC
tumors from primary, treatment-naive cases in The Cancer Genome
Atlas (TCGA) Breast Invasive Carcinoma (BRCA) dataset (fig. S1A)
(4). MYCN transcript was expressed in all tumors [transcript per million
(TPM) >0] and elevated (>12 TPM, >1 SD above the mean) in 10.2%
(20 0f 197) of cases (Fig. 1A). Likewise, we detected elevated MYCN
expression in a similar proportion of primary TNBC cases (fig. S1B) in
two other datasets, TNBC587 (>0.65 median-centered log, normalized,
n = 65 of 587) (20) and Molecular Taxonomy of Breast Cancer Inter-
national Consortium (METABRIC) (>7 log, normalized, n = 48 of
323) (fig. S2, A and B) (21). To gain insight into the biological relevance
of MYCN expression in TNBC, we compared the amount of MYCN
transcript in primary, treatment-naive TNBC (source: TCGA, BRCA)
to transcript expressed in known MYCN-driven cancers (Fig. 1B) (22).

Cancers with MYCN gene amplifications such as neuroblastoma (NB),
glioblastoma multiforme (GBM), and acute myeloid leukemia (AML)
originate from migrating neural crest cells, neural stem cells, or he-
matopoietic stem cells, respectively (22). MYCN is also amplified or
overexpressed in at least 20 and 60% of adenocarcinoma (Adeno) and
NE castration-resistant prostate cancer (CRPC) cases, respectively
(10, 13). Although the amount of transcript in TNBC was not as high
asin NB (23), AML (source: TCGA, LAML), or GBM (source: TCGA,
GBM), MYCN expression was similar to NE-CRPC and significantly
higher (P < 0.0001) than Adeno-CRPC (Fig. 1B and data file S1) (24, 25).
Further, elevated MYCN-expressing TNBC cases identified in TCGA
(Fig. 1A) had higher MYCN expression than the top MYCN-expressing
NE-CRPC tumors (Fig. 1B and data file S1).

Because the MYCN transcript in clinical specimens could have
originated from tumor or tumor-infiltrating immune or stromal cells,
we performed MYCN immunohistochemistry (IHC) to identify the
cellular distribution of MYCN protein in an independent cohort of
191 primary, treatment-naive TNBC tumors, curated at Vanderbilt
University Medical Center (VUMC) and US Biomax. IHC demon-
strated that 45% of specimens contained nuclear MYCN within tumor
cells, and similar to our RNA analyses, 11.5% of cases had high ex-
pression (H-score > 30, >1 SD above the mean) (Fig. 1, C and D, and
data file S2). IHC specificity was confirmed with positive and negative
controls from PDXs and cell line-derived xenografts (CDXs), includ-

ing SK-N-BE(2)C, a validated MYCN-
amplified NB CDX (fig. S3, A and B; table

A B FRXK )
50, TCGA - S1A; and data file S1) (26). The relative
RNA-seq . = 6] i amounts of MYCN transcript highly
_ sy n= 197 . é ik correlated with THC protein quantities
E 30 High . £ 4 s (H-score) across two PDX cohorts (co-
E 102% 4 ) hortl, R* = 0.968; cohort2, R = 0.822),
§ 20 I‘ g , | further validating antibody specificity (fig.
S ,,|>15Daboven 2 S3, C and D; table S1, A and B; and data
10 42/ E l A _i_ file S1). Collectively, these data demon-
0 0+ strated the prevalence of MYCN protein
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Fig. 1. MYCN RNA and MYCN protein expression in primary, treatment-naive TNBC. (A) MYCN transcript (TPM)
from 197 primary, treatment-naive TNBCs (source: TCGA, BRCA). i1, mean. (B) Violin plot showing MYCN expression in
TNBC (source: TCGA, BRCA; n=197) compared to neuroblastoma (NB; n=161) (23), acute myeloid leukemia (AML)
(source: TCGA, LAML; n = 173), glioblastoma multiforme (GBM) (source: TCGA, GBM; n = 156), and castration-resistant
prostate cancer (CRPC), including neuroendocrine (NE; n = 15) and adenocarcinoma (Adeno; n = 123) (24, 25). Wilcox-
on rank sum test comparing TNBC to the other cancer types. P values were adjusted by false discovery rate (FDR),
***¥¥P < 0.0001. ns, not significant. (C) MYCN protein quantities (H-scores) from 191 primary, treatment-naive TNBCs
[source: Vanderbilt University Medical Center (VUMC) and US Biomax]. Int., intermediate. (D) Representative MYCN
IHC images in TNBC specimens devoid of MYCN protein expression (H-score =0), which contain intermediate
amounts of MYCN (H-score between >0 and <30) or have high MYCN (H-score > 30). Scale bars, 20 um.
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CRPC CRPC

in TNBC tumor cell nuclei and provided
rationale to further characterize MYCN-
expressing cells in the context of disease
etiology.

MYCN high

Increased fraction of
MYCN-expressing cells in

residual TNBC after NAC

Because of the lack of therapeutic targets
in TNBC, patients are primarily treated
with combination chemotherapy, and less
than 30% of patients achieve a patholog-
ical complete response (pCR) after NAC
(27, 28). Patients with residual disease
after NAC exhibit poor overall survival
due to an enrichment of chemotherapy-
resistant tumor cells and a lack of sub-
sequent therapeutic options (29, 30). To
evaluate MYCN expression in residual
tumor cells after NAC, we performed IHC
for MYCN on a primary TNBC cohort
(n = 115) with residual disease surgically
resected after NAC (Fig. 2A, table S2A,
and data file S2) (6). MYCN expression
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Fig. 2. Increased percentage of MYCN-expressing cells in residual disease after NAC. (A) MYCN H-scores in residual
disease from 115 primary, NAC-treated TNBCs (source: VUMC). Null, H-score = 0; Int., H-score >0 to <30; High,
H-score > 30. (B) Box plot showing MYCN H-scores in primary, treatment-naive TNBC cases (n=191; see Fig. 1C) compared
to residual disease from primary, NAC-treated TNBC cases [n=115; see (A)]. Wilcoxon rank sum test, ***P=0.0001. (C) MYCN
H-scores in patient-matched TNBC cases before and after NAC (n = 6; see table S2C for treatments and patient

characteristics).

was significantly (P = 0.001) higher in the post-NAC-treated TNBC
cohort (Fig. 2A and data file S2) compared to cases in the treatment-
naive TNBC cohort (Fig. 1C), with 65% versus 45% of cases having
an H-score greater than zero (Fig. 2, A and B, and table S2B). Most
(90%) of the patients in the NAC-treated TNBC cohort had stage III
disease at the time of diagnosis, whereas the treatment-naive cohort
consisted primarily of patients with stage I (11%) and stage IT (70%)
disease (table S2A). To remove a potential bias due to differences
in clinical stage between cohorts, we restricted the comparison of
MYCN expression to tumors from patients with stage III disease
from each cohort; MYCN expression (H-score > 0) remained sig-
nificantly (P = 0.014) higher in the residual disease of patients after
NAC treatment (65%, 54 of 83) compared to treatment-naive pa-
tients (40%, 10 of 25) (table S2B). Because the primary treatment-
naive and NAC-treated TNBC cohorts were independently assembled,
we examined MYCN expression in patient-matched TNBC before
and after NAC treatment (n = 6) (table S2C). Compared to the
quantity of MYCN protein before treatment, MYCN protein ex-
pression was similar or increased after NAC, demonstrating that
MYCN-expressing cells remained after treatment (Fig. 2C and data
file S1). These data suggest that either MYCN expression was in-
duced or preexisting MYCN-expressing tumor cells persisted in the
TNBC cell populations after chemotherapy.

Primary and metastatic TNBC display heterogeneous MYCN
and MYC protein expression

Despite better initial responses to NAC in TNBC compared to the
other breast cancer subtypes, patients with TNBC experience higher
rates of relapse and a worse overall survival in the metastatic setting
(27). Given that nearly all women with metastatic TNBC ultimately
die of their disease (31), we evaluated MYCN expression in the con-
text of disease recurrence. We analyzed the TNBC cases from a
recent study evaluating transcriptional changes between primary
and metastatic breast cancer (fig. S4A) (32). MYCN transcript was
increased or similarly expressed in nearly all metastatic specimens
compared to matched primary TNBC, and MYCN was expressed at
all metastatic sites evaluated [adrenal gland, lymph node, liver,
lung, chest (chest wall, rib, pleura, and mediastinum), neural tissue
(brain and spine), kidney, and skin] (fig. S4B and data file S1). Sim-
ilarly, we performed MYCN IHC on 10 locally recurrent (5 chest

Schafer et al., Sci. Transl. Med. 12, eaaw8275 (2020) 11 March 2020

<. 2.5+ Patient- wall and 5 skin) and 28 metastatic (5lung
2 matched and 23 brain) surgically resected TNBC
; I~ 2.0 tumors and detected MYCN protein
£ § 1511 expression (H-score > 0) in 55% (21 of 38)
8 + 3 of the recurrent TNBC tumors analyzed
g < 101 [lung, 80% (4 of 5); skin, 80% (4 of 5);
é‘.‘ S chest wall, 60% (3 of 5); brain, 43% (10 of
o 0.5+ 6 23)] (Fig. 3A and data file S2).
= 0.0 Because MYCN expression has been

shown to be elevated in newly seeded
metastatic TNBC lesions that differen-
tiate into high MYC-expressing prolifera-
tive tumors (18), we investigated the
relationship between MYC family iso-
forms (MYCN and MYC) in both primary
and recurrent TNBCs. We performed
MYC IHC on tissue representing each
of our TNBC patient cohorts [primary,
treatment-naive TNBC (Fig. 1C); primary,
NAC-treated TNBC (Fig. 2A); and recurrent TNBC (Fig. 3A)]
previously analyzed for MYCN. Thirty-four percent (30 of 88) of
primary, treatment-naive TNBC; 49% (56 of 114) of primary, NAC-
treated TNBC; and 50% (19 of 38) of recurrent TNBC expressed
both MYC family isoforms (Fig. 3B). MYCN and MYC can be
expressed both spatially and temporally in a mutually exclusive
manner during normal tissue development (33); thus, we assessed
the distribution of these proteins in individual cells within a given
tumor section using dual MYC family isoform tyramide signal-
amplified immunofluorescence (TSA-IF). We found that both MYCN
and MYC were heterogeneously expressed in tumor cells throughout
the sections, and most of the cell nuclei robustly expressed only one
MYC family member (Fig. 3C and fig. S5). These data demonstrate
the cell-to-cell heterogeneity of MYC family isoform expression in
TNBC and the dynamic distribution of expression of these onco-
genes at both primary and metastatic sites.

NAC: Pre Post

Preclinical models of MYCN-expressing TNBC

To identify MYCN-expressing TNBC cell line models for preclinical
evaluation, we assessed MYCN expression across TNBC cell lines
in the Cancer Cell Line Encyclopedia (34). CAL-51 and MDA-MB-468
displayed the highest amounts of MYCN transcript (fig. S6A). Given
that TNBC clinical specimens displayed heterogeneous MYCN and
MYC expression (Fig. 3C), we evaluated whether this heterogeneity
existed within TNBC cell line models. We adapted our TSA-IF
staining procedure used on formalin-fixed, paraffin-embedded tumor
sections to cells fixed in situ after growth as adherent cultures and
analyzed cellular MYCN and MYC expression within the CAL-51
and MDA-MB-468 cell populations. Individual cells in either cell line
culture robustly expressed either nuclear MYCN or MYC (Fig. 4A),
consistent with observed MYC family isoform heterogeneity in clinical
specimens (Fig. 3C). To further evaluate the biological characteristics
of MYCN-expressing tumor-derived cells, we isolated single cells
from the CAL-51 parental cell line and generated clonally derived
cell lines. Individual clones displayed varying MYCN and MYC
protein expression, with 6% (2 of 33) of cells exhibiting elevated
MYCN (Fig. 4B). MYCN and MYC protein quantities were consist-
ent with the relative MYCN and MYC transcript in six of the clonal
cell lines evaluated (Cln3, Cln5, CIn8, Cln15, Cln37, and CIn39;
fig. 6, B and C), and individual MYC family isoform RNA and protein
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(None)]. (C) Representative
hematoxylin and eosin
(H&E), IHC, and TSA-IF
stains of MYCN and MYC
in primary and recurrent
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cence images for cell nu-
clei (blue), MYCN (magenta),
and MYC (green) can be
found in fig. S5. The dashed
lines separating a MYCN-
amplified NB-positive control
from TNBC cases repre-
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times for all samples but a decreased brightness adjustment for MYCN in the NB control due to overexpression of MYCN. Tumor images do not represent serial sections.

Scale bars, 50 um (top four rows) and 20 um (bottom row).

were expressed at higher quantities in the clonal lines as compared
to the CAL-51 cell population (fig. S6, B and C). Thus, the CAL-51
cell line is composed of a heterogeneous population of cells with
varying MYC family isoform expression.

CAL-51 cells harbor an activating PIK3CA mutation (E542K),
and their growth is dependent on PI3K pathway signaling (35).
Given the frequent evolution of tumor cell drug resistance in re-
sponse to PI3K-targeted cancer therapies (36), we hypothesized that
MYCN-expressing cells in the CAL-51 population (Fig. 4, A and B)
would have a growth advantage under selective pressure with PI3K in-
hibitor (PI3Ki) treatment. To test this hypothesis, we treated CAL-51
with increasing concentrations of the PI3Ki taselisib (GDC-0032)
over time to generate PI3Ki-resistant cells (CAL-517KR) - After
6 months, single cells from CAL-51""K were isolated to generate
clonally derived PI3Ki-resistant cell lines. To determine whether the
individual CAL-51"%® clonal cell lines displayed durable resistance
to PI3Ki, we treated CAL-51"X® cells with taselisib or another PI3Ki,
pictilisib (GDC-0941), after the lines were cultured for 2 weeks in the
absence of drug (a “drug holiday”). Five of the seven CAL-51"K}
clonal cell lines maintained resistance to PI3K inhibition, whereas
two of the lines reverted back to a PI3Ki-sensitive state (Fig. 4C and

Schafer et al., Sci. Transl. Med. 12, eaaw8275 (2020) 11 March 2020

data file S1). CAL-51"*XR clonal cell lines were evaluated for MYC
family isoform expression, and those lines that had acquired durable
resistance to PI3Ki also displayed higher MYCN protein expression
(compare Fig. 4, Cand D). In contrast to 6% (2 of 33) of the parental
clonal cell lines, most (86%, 12 of 14) of the CAL-51"* R clonal cell
lines expressed MYCN (Fig. 4D), suggesting that MYCN expression
conferred a growth advantage to CAL-51 cells under the continuous
selective pressure of PI3Ki treatment. For all subsequent description
of results presented herein, we refer to the clonally derived CAL-51
low and high MYCN-expressing cell lines as MYCN™" and MYCN'"¢",
respectively.

MYCN-expressing TNBC cells have increased sensitivity

to BET inhibitors

The heterogeneity of MYC family isoform expression in the CAL-51
and MDA-MB-468 cell lines, which is consistent with the hetero-
geneity observed in TNBC clinical specimens (Fig. 3C), supports the
use of these two cell lines as preclinical tools to investigate differen-
tial drug sensitivity of MYCN-expressing cells. Because the MYC
family members are basic helix-loop-helix (bHLH) transcription
factors lacking catalytic domains, strategies to inhibit their activity
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Fig. 4. Evaluation of MYCN-expressing TNBC clonal cell line drug sensitivity. (A) Representative TSA-IF stains of
MYCN and MYC in the CAL-51 and MDA-MB-468 TNBC cell lines. Colors represent cell nuclei (blue), MYCN (magenta),
and MYC (green). Scale bars, 50 um [overlay fluorescence images at x20 magnification (left panel for each cell line)]
and 20 um [individual fluorescence images at x40 magnification (right panels for each cell line)]. (B) Immunoblot
analysis of MYCN, MYC, and B-actin in the indicated 33 clonally derived cell lines established from CAL-51. NB control,
MYCN-amplified SK-N-BE(2)C cell lysate. (C) Viability of PI3Ki-resistant (PI3KiR) CAL-51 clonally derived cell lines after
treatment with escalating doses of GDC-0032 or GDC-0941 for 72 hours. Black and red dose-response curves repre-
sent the indicated MYCN"*" and MYCN™9" clonally derived cell lines, respectively. Data shown represent the means
+ SEM of three biological replicates. (D) Immunoblot analysis of MYCN, MYC, and B-actin in the 14 indicated CAL-51 PI3KIR
clonally derived cell lines. (E) ICso of 40 compounds used in a secondary screen to treat five MYCN"®" and MYCN'eh
cell lines for 72 hours. Colors associate with drug class [PI3K (purple), ATR (orange), BRD family (blue), Aurora kinase
A (brown), and MAPK pathway (green)]. Horizontal red dashed lines represent a separation of compounds that had a
greater or less than twofold difference in ICso between MYCN"" and MYCN"9P cell lines. (F) ICs0 of 31 CAL-51 clonally
derived cell lines after treatment with escalating doses of INCB054329 for 72 hours. Red lines represent means. Student’s
t test, ****P < 0.0001. (G) Quantification of crystal violet-stained colonies compared to control for 10 MYCN"*" and 4
MYCN'9" cell lines treated with 0.5 uM INCBO054329 for 6 days. Red lines represent means. Student’s t test, ***P < 0.001.

MYCN"" and two MYCN"#" clonally
derived cell lines (described in the pre-
vious section) for sensitivity to a library
of 158 compounds, containing the 114
compounds in the NCI FDA-AOD li-
brary and 44 additional compounds of
interest. Analysis of half-maximal in-
hibitory concentrations (ICsy) demon-
strated similar drug sensitivities between
each clonal cell line set (MYCN™Y,
R? = 0.9476; MYCN™#", R = 0.9439),
with MYCN'8" cell lines having greater
sensitivity to compounds that target the
BRD family, Aurora kinase A, and MAPK
pathway proteins (fig. S7 and data file
S3). We performed a secondary screen
on MYCN"" (n = 5) and MYCN"e"
(n = 5) cell lines with inhibitors that
demonstrated a >2-fold increase or de-
crease in ICsg, plus additional related
compounds of interest. Again, MYCN'¢"
cell lines displayed greater sensitivity to
compounds previously shown to regu-
late MYC family isoform expression or
activity (Fig. 4E and data file S4), includ-
ing compounds targeting the BRD fam-
ily of transcriptional regulators (JQ1,
INCB054329, and OTX-015) (41-43).
BET inhibitors (BETis) are a class of
compounds currently under clinical
development that broadly target the
BRD family (predominantly BRD2, BRD3,
and BRD4) (44). Preclinical studies have
demonstrated that BETis are a promis-
ing strategy to target MYCN-amplified
NB because BRD4 regulates the tran-
scription of MYCN and occupies MYCN
target gene enhancers and super-enhancers
(8, 9). Because BETi sensitivity has been
reported to have a stronger positive cor-
relation with MYCN expression than
with MYC expression in both hormon-
ally (12) and nonhormonally regulated
malignancies (8, 9), we investigated BET's
further using our MYCN-expressing TNBC
preclinical models. By treating addi-
tional CAL-51 clonally derived cell lines
that had differing expression of MYCN
(n = 26) with BETi, we validated results
from our earlier drug screens, showing
that high MYCN-expressing cells were
more sensitive (P < 0.0001) to BETi
(Fig. 4F and data file S1). Further, we

have been limited to indirect targeting of proteins that regulate
MYC family isoform stability or expression; these include the bromo-
domain (BRD)-containing family of transcriptional regulators,
PIM1, MEK1/2, and Aurora kinase A (9, 37-40). To gain insight
into potential strategies for targeting MYCN-expressing TNBC,
we performed a high-throughput drug sensitivity screen on two

Schafer et al., Sci. Transl. Med. 12, eaaw8275 (2020) 11 March 2020

performed longer-term drug treatments and evaluated the colony-
forming ability of a subset of clonal cell lines (n = 14) differing in
MYCN and MYC expression. Again, high MYCN-expressing cells
were more sensitive to BETi, and longer-term treatments resulted
in more profound differential sensitivity (P < 0.001) (Fig. 4G and
data file S1). MYCN'8 cell lines had a >5-fold decrease in cell
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growth compared to MYCN™" cell lines in both short-term
metabolic and long-term colony formation assays, demonstrating
an association between MYCN expression and BETi sensitivity
in TNBC.

Changes in MYC family isoform expression in response

to BETi treatment

To determine whether the increased sensitivity of MYCN-expressin,
cells to BETi was MYCN dependent, MYCN"*" and MYCN*#
lines were subjected to MYCN small interfering RNA (siRNA)-
mediated knockdown. siRNAs targeting MYCN RNA decreased MYCN
protein and decreased viability in a dose-dependent manner only in
the MYCN™#" cell lines, without altering the amount of MYC in
MYCN™Y cells (Fig. 5A). MYC expression increased with MYCN
knockdown in MYCN™E" cells (Fig. 5A), suggesting a feedback
signaling mechanism between the MYC family members to ensure
cell survival under normal growth conditions. To determine whether
MYCN is a downstream target of BRD-mediated transcriptional
regulation, we performed precision nuclear run-on sequencing
(PRO-seq) on two MYCN™#" and two MYCN"" cell lines treated
with BETi (0.5 uM INCB054329) for 15 min. Nascent RNA at the
MYCN locus was observed only in MYCNM€" cells, and MYCN
transcripts were reduced after BETi treatment (Fig. 5B). Nascent
RNA at the MYC locus decreased in the MYCN"" cell lines after
BETi treatment, consistent with reported responses to BETi in pre-
vious studies (Fig. 5B) (37, 45). However, the MYC RNA increased
to basal quantities by 4 hours [RNA sequencing (RNA-seq); Fig. 5C]
in the MYCN™" cells, and protein amounts were increased at
24 hours (immunoblot; Fig. 5D) in the MYCNig cells, in parallel
experiments. Gene set enrichment analyses (GSEAs) performed on
RNA samples harvested after 4 hours of BETi treatment demon-
strated that MYC target genes were significantly down-regulated in
response to BETi treatment in the MYCN'™#" cells [Hallmark MYC
targets V1: P < 0.0001, false discovery rate (FDR) g < 0.0001; Hall-
mark MYC targets V2: P < 0.0001, FDR ¢q < 0.0001; fig. S8], con-
sistent with BETi-mediated down-regulation of MYCN-mediated
transcriptional activity.

To evaluate MYC family isoform dynamics in individual cells
after BETi exposure, CAL-51 and MDA-MB-468 were treated with
increasing doses of BETi (INCB054329 or JQ1) for 24 hours and
TSA-IF was performed for MYCN and MYC detection. Similar to
MYC family isoform expression changes observed in the CAL-51
clonal cell lines (Fig. 5, C and D), BETi treatment decreased MYCN
expression in a dose-dependent manner in the heterogeneous CAL-51
and MDA-MB-468 parental populations (Fig. 5, E and F, and data
files S5 and S6). In addition to the activating PIK3CA mutation in
CAL-51, both CAL-51 and MDA-MB-468 lack PTEN protein, a
negative regulator of PI3K pathway signaling (35). BETi treatment
resulted in little to no change in MYC expression in both CAL-51
and MDA-MB-468 (Fig. 5, E and F, and data files S5 and S6), which
is consistent with a previous study demonstrating that BETi treat-
ment had little effect on MYC expression in PI3K pathway-mutant
breast cancer (46).

Combination BETi and MEK inhibitor treatment in
MYCN-expressing TNBC cell lines

Given that most of the MYCN-expressing TNBCs also contain
MYC-expressing tumor cells (Fig. 3B), we identified drug combina-
tions that would decrease expression of both isoforms and thereby

Schafer et al., Sci. Transl. Med. 12, eaaw8275 (2020) 11 March 2020

inhibit cell proliferation and tumor development. We performed
differential gene expression analyses using TNBC tumors from the
TNBC587 dataset (20) with high MYCN expression and low MYC
(MYCNReteHighy compared to tumors with high MYC expression
and low MYCN (MYcCRetioHighy Selecting tumors on the basis of
expression ratios allowed us to minimize the inclusion of hetero-
geneous tumors coexpressing both isoforms that would confound the
results. The optimal number of tumors used for comparative analy-
ses was determined by comparing the number of differentially
express_ed_g%enes for different percentages of MYCN tioHigh 5 q
MYCROHE tumors compared to random samplings (fig. S9, A and B).
To determine the degree of variance among all MYCN!8MRat© 5 q
MyYCHighRato 4y mors selected for analysis, we performed a principal
components analysis (PCA). MYCNighRatio 5 q prycHighRatio
tumors clustered apart from each other, indicating that tumors within
each respective group have a greater similarity (fig. S9C). GSEA
comparing MYCN'ighRato 4 p 4 pry cHighRatio ty m o rs demonstrated
a positive association between MYCN expression and MEK signal-
ing (El-Ashry MEK Up V1 Up: P < 0.001, FDR g < 0.001; fig. S9D),
providing rationale to explore the regulation of MYCN and MYC
expression by MAPK pathway signaling.

MYC protein stability can be regulated by the MAPK pathway
(47), and inhibition of MAPK pathway signaling can cause MYC
instability and proteasomal degradation (48). Given that MAPK
pathway inhibitors are also under preclinical investigation to treat
aggressive relapsed MYCN-driven NB (49, 50) and were among the
top hits in our previously described drug screens (Fig. 4E and
fig. S7), we evaluated whether MAPK pathway inhibition would alter
MYCN protein quantities and/or be effective at decreasing MYC
expression when combined with BRD inhibition. MYCNHig" and
MY C-expressing MYCN"" CAL-51 clonal cell lines were treated
with inhibitors targeting proteins in the MAPK pathway, including
epidermal growth factor receptor (erlotinib), RAF (TAK-632),
MEK1/2 (trametinib and GDC-0973), and extracellular signal-
regulated kinase 1/2 (ERK1/2) (SCH772984). MEK inhibitors (MEKis)
were most effective at inhibiting MAPK pathway signaling, as evi-
denced by decreased ERK1/2 phosphorylation and decreased MYC
and MYCN in each line that expressed a given isoform (Fig. 6A).
Because the FDA-approved MEKIi trametinib demonstrated the
greatest decrease in MYC and MYCN, we evaluated the effects of
trametinib treatment alone or in combination with BETi. MYCN
decreased while MYC increased in CAL-51 MYCN'™ " clonal cell
lines treated with either BETi agent alone (INCB054329 or JQI;
Fig. 6B). However, trametinib in combination with either BET1i
attenuated MYC up-regulation, thereby decreasing the amount of
both MYC family isoforms (Fig. 6B).

To expand our analysis of effects of BETi and MEKi combina-
tion treatment on heterogeneous populations of MYCN-expressing
TNBC, we treated CAL-51 and MDA-MB-468 cells with trametinib,
INCBO054329, or JQ1 as single agents, or with either BETi in combi-
nation with trametinib, for 48 hours and examined MYC and
MYCN expression. Treatment with either BETi alone decreased
MYCN expression in both TNBC cell lines (Fig. 6, C and D, and data
file S7), consistent with previous single-agent results (Fig. 5, E and F).
Whereas BETi treatment resulted in little to no change in MYC,
single-agent trametinib decreased MYC expression to a greater
extent than MYCN in both cell lines; when trametinib was com-
bined with either BETi, MYC and MYCN decreased to a larger
extent than with either agent alone (Fig. 6, C and D, and data file S7).
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Fig. 5. Evaluation of MYC family isoform expression after BETi treatment. (A) Top: Viability of MYCN"*" and MYCN™9" cell lines after siRNA-mediated knockdown
using nontargeting (siNT) or anti-MYCN (siMYCN) siRNAs for 96 hours. Data shown represent the mean of three technical replicates. Bottom: Immunoblot analysis of
MYCN, MYC, and B-actinin MYCN™" and MYCNH19P cell lines after the described knockdown with 25 nM siRNAs. (B) Genome viewer showing sequencing alignment tracks
of nascent transcript PRO-seq mapping at the MYCN and MYC gene loci for the two indicated MYCN"®" and MYCN™9" cell lines after treatment with dimethyl sulfoxide
control (Unt, blue) or 0.5 uM INCB054329 (BETi, red) for 15 min. (C) MYCN and MYC expression (TPM) in the two indicated MYCN'®" (CIn3 and CIn5) and four MYCNHigh
(CIn8, CIn15, CIn37, and CIn39) cell lines after treatment with 0.5 uM INCB054329 for 4 hours. (D) Immunoblot analysis of MYCN, MYC, and B-actin in three of the cell lines
described in (C) after treatment with 0.5 and 1.0 uM INCB054329 or JQ1 for 24 hours. (E) MYC family isoform TSA-IF on two MYCN-expressing TNBC cell lines (MDA-MB-468
and CAL-51) after 0, 0.25, 0.5, or 1.0 uM INCB054329 or JQ1 for 24 hours. Colors represent cell nuclei (blue), MYCN (magenta), and MYC (green). Scale bars, 50 um.
(F) Quantification of fluorescence intensity per nucleus for MYCN and MYC after BETi treatments described in (E). Data shown represent the median + SEM of three
biological replicates. Student’s t test between untreated and BETi-treated cells, *P < 0.05, **P < 0.01.

MDA-MB-468 and CAL-51 cell populations were treated with a
range of low-dose BETi and MEKIi concentrations to evaluate growth
and viability in response to BETi and MEKi treatment. Both TNBC
cell lines were treated with escalating doses of INCB054329 or JQ1,
as single agents, or in combination with increasing doses of trame-
tinib, and colony-forming ability was assessed after 6 days (Fig. 6E
and data file S1). MDA-MB-468, the higher MYCN-expressing cell
line (Figs. 5F and 6D), displayed greater sensitivity to single-agent
BETi treatments compared to CAL-51, and the combination of BETi
and MEKi resulted in a synergistic decrease in cell growth, as deter-
mined by Bliss independence analyses (51, 52), in both MYCN-
expressing lines (Fig. 6E and data file S1). These data demonstrate
that low-dose BETi and MEKi combinations are effective in MYCN-
expressing TNBC cell populations and provide rationale to further
evaluate the combination using in vivo model systems of MYCN-
expressing TNBC.

Schafer et al., Sci. Transl. Med. 12, eaaw8275 (2020) 11 March 2020

Combination BETi and MEKi treatment is effective at
inhibiting in vivo growth of MYCN-expressing TNBC PDXs

To evaluate the preclinical efficacy of BET and MEK inhibition
in vivo, we first confirmed MYCN and MYC protein expression in
three TNBC PDX models with differing MYCN and MYC RNA
expression (Fig. 7A and table S1A). The TM00096 PDX model was
derived from a TNBC metastatic lung lesion (table S1A) (53) and
expresses MYCN and MYC in ~37 and ~51% of the tumor cells,
respectively (Fig. 7B). PDX models TM01273 and TM00090 both
have a low percentage of MYCN-expressing cells (~2 and <1%,
respectively) relative to MYC-expressing cells (~63 and ~32%,
respectively) (Fig. 7B). For all three models, a 2-mm”® tumor was
subcutaneously implanted into NOD (nonobese diabetic) scid gamma
(NSG) mice, and when xenograft tumor volumes reached ~150 mm’,
mice were treated with vehicle control, trametinib [0.1 mg/kg, once
daily (QD)], INCB054329 [50 mg/kg, twice daily (BID)], or the
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combination of the two agents at the indicated doses for 14 days.
Compared to vehicle-treated controls, combined BETi and MEKi
treatment resulted in a synergistic and significant (P < 0.01) reduc-
tion in tumor growth only in the high MYCN-expressing PDX
model [delta Bliss synergy (Syn) and tumor growth inhibition
(TGI): TM00096: Syn = 38, TGI = 97%; TM01273: Syn = —4,
TGI = 58%; TM00090: Syn = -8, TGI = 35%] (Fig. 7C and data file
S1). These in vivo results were consistent with our in vitro observa-
tions and further confirmed an association between MYCN expres-
sion and efficacy of BETi and MEKi combination treatment.

To expand and reproduce our in vivo ﬁndin%s, we performed
another PDX “trial” with TM00096 (MYCN''8") alongside two
additional TNBC PDX models, HBCx1 and BCM-2147, that have
an intermediate (MYCN™termediatey o1 Jow (MYCNMY) percentage
of MYCN-expressing cells (~20 and ~2%, respectively) relative to
MYC-expressing cells (~80 and ~95%, respectively) (Fig. 7D). All
three models were treated for 22 days with trametinib, INCB054329,

Schafer et al., Sci. Transl. Med. 12, eaaw8275 (2020) 11 March 2020

or JQ1 (50 mg/kg, BID) as single agents or with the indicated BETi
combined with trametinib. All compounds administered were well
tolerated, and all animals completed the study without excess weight
loss (fig. S10 and data file S1) or limiting morbidities. In response to
either single-agent BETi treatment, we observed the greatest statis-
tical difference from vehicle in the MYCN'8" model (TMO00096),
with a 63% TGI in response to INCB054329 treatment (compared
to 40 and 38% in the MYCN™*™medi2e 3 p 4 MYCN'™ models, re-
spectively) and an 83% TGI in response to JQ1 (compared to 75 and
57% in the MYCN™e™medi2ie 4nd MYCN'Y models, respectively;
Fig. 7E and data file S1). Combined MEKi and BETi resulted in a
synergistic TGI in mice harboring either MYCN'8" or MYCN/™ermediate
tumors (INCB054329 and trametinib: Syn = 21 and 15, respectively;
JQ1 and trametinib: Syn = 18 and 16, respectively; Fig. 7E and data
file S1) and an 11 and 85% reduction in tumor volume, compared to
the starting treatment-naive tumor volume, in the MYCN"¢" pDX
model when trametinib was combined with either INCB054329 or
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Fig. 7. Evaluation of tumor growth after BETi and MEKi combination treatment in vivo. (A) MYCN and MYC expression (TPM) in three TNBC PDX models (TM00096,
TMO01273, and TM00090). (B) Representative IHC and quantification of percent positive cells for MYCN and MYC in TM00096, TM01273, and TM00090 sections. Scale bars,
20 um. (€) Tumor volume (in cubic millimeters) of TM00096, TM01273, and TM00090 treated with trametinib [0.1 mg/kg, once daily (QD)] or INCB054329 [50 mg/kg, twice
daily (BID)] alone or in combination for 14 days. Red bars represent means. (D) Representative IHC and quantification of percent positive cells for MYCN and MYC in HBCx1
and BCM-2147 sections. Scale bars, 20 um. (E) Tumor volume (in cubic millimeters) of TM00096, HBCx1, and BCM-2147 treated with trametinib, INCB054329, or JQ1
(50 mg/kg, BID) alone, or either BETi in combination with trametinib for 22 days. The dashed lines represent the mean initial tumor volume at time of first treatment. Avg,
average; TGI, tumor growth inhibition. Data shown represent the means + SEM. Student’s t test between vehicle, BETi, and corresponding combination-treated tissue,

*P<0.05,**P<0.01, ***P<0.001, ****P < 0.0001.

JQ1, respectively (left panel, below the gray dashed lines; Fig. 7E
and data file S1).

To determine the effects of the agents on pharmacodynamic
markers in vivo, tumors were resected and protein was extracted
after the initial (2 days) and final (22 days) treatments during the
PDX study. Through immunoblot analyses, we observed that
trametinib decreased phosphorylated ERK1/2 (pERK1/2) and both
BETis decreased MYC and MYCN in all three PDX models, consis-
tent with the agents’ predicted biochemical activities (fig. S11A). To
determine whether decreased cell proliferation or increased apop-
tosis contributed to the observed decrease in tumor growth in the
MYCN'#" and MYCN'™ermediate 1y dels treated with the combina-
tion, we evaluated markers of proliferation (Ki67) and apoptosis
[cleaved poly(adenosine diphosphate-ribose) polymerase (PARP)
and cleaved caspase-3] by IHC and immunoblot, respectively. Unlike
the MYCN"" PDX model, Ki67 decreased in tissue from the MY CN'i&h
and MYCN™ermediate 1y dels treated with BETi, as a single agent or
in combination with MEKi, after 2 days of treatment and to a greater
extent at the end of treatment (fig. S11B and data file S1). Only the

Schafer et al., Sci. Transl. Med. 12, eaaw8275 (2020) 11 March 2020

MYCN™i8" model displayed markers of apoptosis after 2 days of
treatment with each single agent alone or in combination (fig. S11A).
These data suggest that BETis decreased the quantity of both MYCN
and MYC in tumor cells grown in vivo and the combination treat-
ments that resulted in a decrease in tumor volume in both
MYCN-expressing TNBC models (Fig. 7E) were due to proapoptotic
mechanisms in the MYCN™" model and antiproliferative effects in
the MYCN'¢" and MYCN'™ <4t o els.

Changes in MYC family isoform expression in vivo after BETi
and MEKi combination treatment

To evaluate changes in cellular expression of MYCN and MYC
during treatment, we performed IHC and dual MYC family isoform
TSA-IF on PDX tissue collected after initial and final doses. Similar
to immunoblot results at the early treatment time point (fig. S11A),
single-agent BETis decreased MYC in the MYCN"" PDX model
and both MYC and MYCN in the MYCN"8" and MYCN/™termediate
models compared to vehicle-treated MYC family isoform expres-
sion (Fig. 8A, fig. S12, and data files S1 and S7). At the late treatment
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time point, MYCN expression was inhibited to a greater extent than
MYC after treatment with either single-agent BETi in both MYCN-
expressing PDX models compared to vehicle-treated tissue
(Fig. 8, B and C, and data files S1 and S7). However, trametinib
combined with either BETi decreased MYCN and MYC to a greater
extent than with either BETi alone throughout the time course of
treatment in both the MYCN™8" and MyCN™termediate 4 dels
(Fig. 8, B and C, and data files S1 and S7). Together, treatment with
either structurally distinct BETi, INCB054329 or JQI, when com-
bined with MEKIi, continuously inhibited MYC family isoform ex-
pression and resulted in synergistic TGI in the MYCNHi" and
MYCN/™termediate TNBC PDX models and tumor regression in the
MYCN"&" model.

DISCUSSION

The lack of therapeutically targetable, high-frequency driver alter-
ations across TNBC creates a challenge for developing strategies to
treat patients with this cancer. Here, we evaluate the expression of
MYCN, a transcription factor associated with increased stemness,
epithelial-to-mesenchymal transition, survival, and dormancy
phenotypes in TNBC cells (18). Through the use of IHC, we assessed
MYCN protein expression in several TNBC patient cohorts, includ-
ing both primary tumors and metastatic disease, and report that a
substantial fraction (45 to 64%) of tumors heterogeneously express
MYCN. Further, MYCN-expressing cells are present in residual dis-
ease after NAC treatment, as well as in TNBC cell line cultures that
acquired resistance to PI3Ki, suggesting that induction or maintenance
of MYCN expression confers a survival advantage for cells treated
with compounds that target microtubule structure (taxanes), induce
DNA damage (anthracyclines), or cause metabolic stress (PI3Ki). NE
prostate cancer, a tumor type considered to be driven by MYCN ex-
pression (54), is associated with castration and androgen inhibitor
resistance and a poor prognosis (54, 55). Unlike MYCN-amplified
NB, AML, and GBM, which are tumors that have retained a same-cell
lineage, NE prostate cancers are thought to have differentiated from
castration-resistant prostate adenocarcinoma through MYCN-mediated
mechanisms and lineage switching (13, 54). Here, we found MYCN
transcript in primary, treatment-naive TNBC to be comparable to
MYCN expression in NE-CRPC, suggesting that MYCN-expressing
TNBC could represent a similar altered differentiation state.

In addition to TNBC tumors lacking therapeutic targets, the
development of effective drug treatment strategies for TNBC
patients has also been hindered by the presence of highly hetero-
geneous intratumoral cell populations with differing biological proper-
ties within an individual patient’s tumor. Through the use of dual
MYC isoform TSA-IF, we report that MYCN and its family mem-
ber MYC are heterogeneously expressed in separate cell nuclei
within a given tumor in at least 40% of TNBC tumors. Previous
studies have demonstrated that MYCN and MYC preferentially
regulate the same set of core genes involved in metabolism and cell
growth, and although the MYCN allele can functionally replace
MYC in murine development (56), MYCN and MYC have separate
temporal regulation over organogenesis in early vertebrate develop-
ment (33). MYCN expression is essential for initial establishment of
stem and progenitor populations; over the course of organ system
development, MYCN expression switches to low MYC expression
to support stem and progenitor cell maintenance, and during cell
lineage commitment and expansion, increased MYC drives highly

Schafer et al., Sci. Transl. Med. 12, eaaw8275 (2020) 11 March 2020

proliferative cells until they reach terminal differentiation (33). We
observed similar MYC family isoform switching in our clonally
derived TNBC cell line models, indicating that tumor cells have re-
tained the ability to transition between MYCN and MYC, which
may account for the large range (2 to 100%) of MYCN expression
within heterogeneous TNBC cell populations.

By isolating and expanding single cells from heterogeneous
TNBC tumor-derived cell line populations, we generated distinct
MYCN- and MYC-expressing cell cultures with a similar genetic
background, thus allowing us to assign the biological relevance of
MYCN versus MYC expression to sensitivity of compounds under
preclinical or clinical investigation. We conducted a high-throughput
158-drug screen that included compounds from the NCI FDA-
AOD library and identified inhibitors of the BRD family of tran-
scriptional regulators (BETi) that were preferentially effective in
inhibiting MYCN-expressing tumor cell growth. BETis are a class
of compounds currently under early-stage clinical development
that broadly target the BRD family (predominantly BRD2, BRD3,
and BRD4) of transcriptional regulators (44). These compounds
were of particular interest given previous reports that MYC family
isoform signaling, including contributions from MYCN, is enriched
in TNBC (57) and that TNBC has preferential sensitivity to BETis
compared to other breast cancer subtypes (45). Further, efficacy of
BETis has been predominantly attributed to selective disruption of
super-enhancer—associated genes that deregulates transcription factor
activity (45, 58, 59). BRD4 regulates transcription of MYCN as well
as occupies MYCN-associated target genes, enhancers, and super-
enhancers (22), and preclinical studies have suggested BETis as a
promising strategy to target MYCN-driven neuronal [NB (8, 9),
medulloblastoma (60), and embryonal tumors with multilayered
rosettes (61)] and nonneuronal [ovarian cancer (12) and alveolar
rhabdomyosarcomas (62)] tumor cell growth. Whereas previous
studies have focused on BRD-mediated targeting of MYC, we show
that TNBC tumors are heterogeneously composed of MYC- and
MYCN-expressing cells and MYCN-expressing cells have differen-
tial sensitivity to BETis in select tumor cells and model systems.

We acknowledge that limitations exist in regard to this study. As
previously mentioned, MYCN-expressing cells exist within highly
heterogeneous intratumoral cell populations. Our assessment of
MYCN expression in TNBC tumors is limited to the tissue sections
under investigation and may not be representative of the entire
tumor. Thus, the number of MYCN-expressing TNBC tumors may
be higher than reported here. We also demonstrate the presence of
MYCN-expressing cells in residual disease after NAC and PI3Ki
treatment. Whether MYCN-expressing cells were preexisting and
selected for with treatment or whether epigenetic events up-regulated
MYCN expression in cells initially devoid of MYCN remains un-
clear. Last, the restricted availability of MYCN-expressing TNBC
models for in vitro and in vivo preclinical evaluation limits analyses
of the effects of combined MEKi and BETi treatment across a larger
cohort of MYCN-expressing TNBC.

Currently, BETis are in the initial stages of clinical assessment
and have had their greatest single-agent clinical efficacy in hemato-
poietic and nuclear protein in testis (NUT) midline malignancies
(44); however, favorable preclinical investigations with BETi com-
bination treatments have catalyzed interventional trials to improve
hematopoietic malignancy and solid tumor patient responses (44, 63).
In our study, we found that single-agent BETi and MEKi treatments
decreased both MYCN and MYC expression and had a greater effect
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inhibitors on MYC family isoform pathway signaling (57), CDK
and Aurora kinase inhibitors could also be evaluated as a means for
targeting MYCN-expressing TNBC.

In summary, we have identified MYCN-expressing TNBC cell
populations within a substantial fraction of evaluated tumors that
have the ability to survive various forms of drug-induced cellular
stress, have survival advantages in vitro under selective antiprolifer-
ative treatments, and transition between differentiation states (as
defined by MYC family expression status). On the basis of our pre-
clinical results using in vitro and in vivo TNBC models, we posit
that BETi and MEKi combination treatment will induce regression
of MYCN-expressing TNBC tumors. Given that patients with
TNBC primarily receive systemic cytotoxic chemotherapies that
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frequently result in unfavorable outcomes, we propose the clinical
development of combination BETi and MEKIi for patients with
advanced TNBC, with parallel evaluation of MYCN as a potential
marker for patient selection.

MATERIALS AND METHODS

Study design

The study was designed to identify the proportion of treatment-
naive (n = 191), NAC-treated (n = 115), and recurrent TNBC tumors
(n = 38) that express MYCN. Clinical specimens for IHC analyses
were collected at VUMC in Nashville, TN; Instituto Nacional de
Enfermedades Neopldsicas in Lima, Peru; or in conjunction with a
commercial source, US Biomax. All clinical and pathologic data
were retrieved under institutionally approved protocols. Protein
expression (H-scores) resulting from IHC for MYCN and MYC was
determined by a pathologist (P.I.G.-E.), and analyses were per-
formed by researchers blinded to the patients’ medical background
and treatments received.

We also designed the study to investigate whether compounds
identified through in vitro assays would induce TNBC cell growth
inhibition and/or apoptosis in vivo. Mice were housed and treated
in accordance with protocols approved by the Institutional Care
and Use Committee for animal research at Vanderbilt University.
To sufficiently power the studies at 90% (B = 0.2) and a significance
level of o = 0.05, assuming normal distributions, equal SD, and an
expected effect size of 50%, five to nine mice were used for tumor
measurements per arm, depending on the growth kinetics of each
PDX model. Once the PDX tumors reached about 150 to 250 mm®,
mice were randomized into single-agent or combination treat-
ment groups that consisted of a MEKi (trametinib) and/or BETi
(INCB054329 or JQ1). Two additional mice per arm were included
in the study for early PDX molecular analyses and were removed
after 2 days of treatment. The MYCN™? PDX model (TM00096)
was evaluated twice: first, in a four-arm study with trametinib and
INCB054329 treatments for 14 days and, again, in a six-arm study
with all described compounds for 22 days. No data exclusion cri-
teria were applied or outliers excluded. Early and late molecular
analyses (after 2 and 22 days of treatment, respectively) on PDX
tumors were performed. MYCN and MYC expression (H-scores)
were quantified by a pathologist (P.I.G.-E.), and analyses were per-
formed blinded to treatments received.

In vivo PDX experiments

Mice were housed and treated in accordance with protocols ap-
proved by the Institutional Care and Use Committee for animal
research at Vanderbilt University. Female 6- to 8-week-old NSG or
athymic nude mice (The Jackson Laboratory) were anesthetized
with isoflurane and subjected to subcutaneous engraftment of a
2-mm°’ TNBC PDX [The Jackson Laboratory (TM00096, TM00090,
TMO01273), Baylor University (BCM-2147), and Xentech (HBCx1)]
fragment into the lateral dorsal side of each mouse. After surgical
implantation, the mice were monitored daily for 10 to 14 days.
Once wound clips were removed and tumors reached about 150 to
250 mm®, mice were randomized into single-agent and combina-
tion treatment groups. Mice were treated with a MEKi, trametinib
(0.1 mg/kg, QD), in 0.5% methylcellulose with 0.2% Tween 80, and/
or a BETi, INCB054329 or JQ1 (50 mg/kg, BID), in 0.5% methylcel-
lulose with 5% N,N-dimethylacetamide, through orogastric gavage
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for either 14 or 22 days. Tumor volumes were calculated twice a
week by caliper measurements (width” x length/2), and body weights
were measured once a week. Tumors used for subsequent molecular
analyses were snap-frozen and deposited in a liquid nitrogen
storage tank.

Statistical methods

Statistical analyses were performed using GraphPad Prism software
(GraphPad) and R (version 3.6, www.R-project.org/). As indicated
in the figure legends, the SD, SEM, or boxplot is shown. Wilcoxon
rank sum test was used to compare the amount of MYCN tran-
script between TNBC and the other MYCN-expressing cancer
types. P values were adjusted by FDR (Fig. 1B). Wilcoxon rank sum
test was also used to determine the difference in MYCN expression
between treatment-naive and NAC-treated MYCN-expressing
tumors (Fig. 2B). Student’s ¢ tests were used to determine differen-
tial BETi sensitivity between MYCN"" and MYCN™#¢" CAL-51
clonal cell lines (Fig. 4, F and G) and changes in MYC family iso-
form relative fluorescence intensity per nucleus before and after
BETi treatments (Fig. 5F). Student’s ¢ tests were also used to deter-
mine significance of differences in tumor volumes and MYC family
isoform expression between MEK and/or BETi treatments in the
PDX experiments (Figs. 7, C and E, and 8B). P < 0.05 was con-
sidered statistically significant.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/534/eaaw8275/DC1

Materials and Methods

Fig. S1. Identification of TNBC breast cancers in TCGA and METABRIC datasets.

Fig. S2. Distribution of MYCN expression across TNBC.

Fig. S3. IHC detection of MYCN in CDX and PDX tissue.

Fig. S4. MYCN expression in primary TNBC and patient-matched metastases.

Fig. S5. MYCN and MYC intratumoral heterogeneity in primary and recurrent TNBC.

Fig. S6. MYCN and MYC expression in TNBC cell populations and CAL-51 clonally derived cell
lines.

Fig. S7. BETi sensitivity of CAL-51 MYCN9" cell lines.

Fig. $8. Changes in MYC target gene expression in CAL-51 MYCN™9" cell lines after BETi
treatment.

Fig. S9. Differential gene expression analyses between MYCNFetioHioh ang ppychatiotish npc,
Fig. S10. Effect of BETi and MEKi combination treatments on weight of treated mice.

Fig. S11. Evaluation of apoptosis and proliferation after BETi and MEKi treatment in TNBC PDX
models.

Fig. $12. Evaluation of MYC family isoform expression after BETi and MEKi combination
treatment in vivo.

Table S1. MYCN and MYC expression in breast cancer PDX models.

Table S2. Characteristics of patients with treatment-naive and NAC-treated primary TNBC.
Data file S1. Tabular data points for experiments with a sample size of n < 20.

Data file S2. IHC results for MYCN and MYC in primary, treatment-naive; primary, NAC-treated;
and recurrent TNBC cases.

Data file $3. Primary drug screen results using CAL-51 MYCN"*" and MYCNHI9" cell lines.
Data file 54. Secondary drug screen results using CAL-51 MYCN"*" and MYCN™9" cell lines.
Data file S5. Tabular data points for MYC family isoform TSA-IF in CAL-51 after single-agent
BETi treatment.

Data file S6. Tabular data points for MYC family isoform TSA-IF in MDA-MB-468 after
single-agent BETi treatment.

Data file S7. Tabular data points for MYC family isoform TSA-IF in TNBC cell lines and PDX
tissue after BETi and MEKi single-agent and combination treatment.

References (66-79)

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES
1. L. A.Carey, C. M. Perou, C. A. Livasy, L. G. Dressler, D. Cowan, K. Conway, G. Karaca,
M. A. Troester, C. K. Tse, S. Edmiston, S. L. Deming, J. Geradts, M. C. U. Cheang,
T. O. Nielsen, P. G. Moorman, H. S. Earp, R. C. Millikan, Race, breast cancer subtypes,
and survival in the Carolina Breast Cancer Study. JAMA 295, 2492-2502 (2006).

120f 15

0202 ‘2 18quiaidas uo Ausianiun 1igiapue 1e /610 Bewsousios wis//:dny wolj papeojumoq


https://www.R-project.org/
http://stm.sciencemag.org/cgi/content/full/12/534/eaaw8275/DC1
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/scitranslmed.aaw8275
http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

2. R.Dent, M. Trudeauy, K. I. Pritchard, W. M. Hanna, H. K. Kahn, C. A. Sawka, L. A. Lickley,
E. Rawlinson, P. Sun, S. A. Narod, Triple-negative breast cancer: Clinical features
and patterns of recurrence. Clin. Cancer Res. 13, 4429-4434 (2007).

3. S.P.Shah, A. Roth, R. Goya, A. Oloumi, G. Ha, Y. Zhao, G. Turashwvili, J. Ding, K. Tse,
G. Haffari, A. Bashashati, L. M. Prentice, J. Khattra, A. Burleigh, D. Yap, V. Bernard,
A. McPherson, K. Shumansky, A. Crisan, R. Giuliany, A. Heravi-Moussavi, J. Rosner, D. Lai,
1. Birol, R. Varhol, A. Tam, N. Dhalla, T. Zeng, K. Ma, S. K. Chan, M. Griffith, A. Moradian,
S. W. G. Cheng, G. B. Morin, P. Watson, K. Gelmon, S. Chia, S.-F. Chin, C. Curtis, O. M. Rueda,
P.D.Pharoah, S. Damaraju, J. Mackey, K. Hoon, T. Harkins, V. Tadigotla, M. Sigaroudinia,
P.Gascard, T. Tlsty, J. F. Costello, . M. Meyer, C. J. Eaves, W. W. Wasserman, S. Jones,
D. Huntsman, M. Hirst, C. Caldas, M. A. Marra, S. Aparicio, The clonal and mutational
evolution spectrum of primary triple-negative breast cancers. Nature 486, 395-399
(2012).

4. D.C.Koboldt, R.S. Fulton, M. D. McLellan, H. Schmidt, J. Kalicki-Veizer, J. F. McMichael,
L. L. Fulton, D. J. Dooling, L. Ding, E. R. Mardis, R. K. Wilson, A. Ally, M. Balasundaram,
Y. S. N. Butterfield, R. Carlsen, C. Carter, A. Chu, E. Chuah, H. J. E. Chun, R. J. N. Coope,
N. Dhalla, R. Guin, C. Hirst, M. Hirst, R. A. Holt, D. Lee, H. I. Li, M. Mayo, R. A. Moore,
A.J.Mungall, E. Pleasance, A. G. Robertson, J. E. Schein, A. Shafiei, P. Sipahimalani,
J.R. Slobodan, D. Stoll, A. Tam, N. Thiessen, R. J. Varhol, N. Wye, T. Zeng, Y. Zhao, |. Birol,
S.J. M.Jones, M. A. Marra, A. D. Cherniack, G. Saksena, R. C. Onofrio, N. H. Pho, S. L. Carter,
S.E. Schumacher, B. Tabak, B. Hernandez, J. Gentry, H. Nguyen, A. Crenshaw, K. Ardlie,
R. Beroukhim, W. Winckler, G. Getz, S. B. Gabriel, M. Meyerson, L. Chin, R. Kucherlapati,
K. A. Hoadley, J. T. Auman, C. Fan, Y. J. Turman, Y. Shi, L. Li, M. D. Topal, X. He, H. H. Chao,
A. Prat, G. O. Silva, M. D. Iglesia, W. Zhao, J. Usary, J. S. Berg, M. Adams, J. Booker, J. Wu,
A. Gulabani, T. Bodenheimer, A. P. Hoyle, J. V. Simons, M. G. Soloway, L. E. Mose,
S.R. Jefferys, S. Balu, J. S. Parker, D. N. Hayes, C. M. Perou, S. Malik, S. Mahurkar, H. Shen,
D.J. Weisenberger, T. Triche, P. H. Lai, M. S. Bootwalla, D. T. Maglinte, B. P. Berman,
D.J.Van Den Berg, S. B. Baylin, P. W. Laird, C. J. Creighton, L. A. Donehower, M. Noble,
D. Voet, N. Gehlenborg, D. DiCara, J. Zhang, H. Zhang, C. J. Wu, S. Yingchun Liu,
M. S. Lawrence, L. Zou, A. Sivachenko, P. Lin, P. Stojanov, R. Jing, J. Cho, R. Sinha,
R. W. Park, M. D. Nazaire, J. Robinson, H. Thorvaldsdottir, J. Mesirov, P. J. Park, S. Reynolds,
R. B. Kreisberg, B. Bernard, R. Bressler, T. Erkkila, J. Lin, V. Thorsson, W. Zhang,
1. Shmulevich, G. Ciriello, N. Weinhold, N. Schultz, J. Gao, E. Cerami, B. Gross, A. Jacobsen,
R. Sinha, B. A. Aksoy, Y. Antipin, B. Reva, R. Shen, B. S. Taylor, M. Ladanyi, C. Sander,
P. Anur, P.T. Spellman, Y. Lu, W. Liu, R. R. G. Verhaak, G. B. Mills, R. Akbani, N. Zhang,
B. M. Broom, T. D. Casasent, C. Wakefield, A. K. Unruh, K. Baggerly, K. Coombes,
J.N. Weinstein, D. Haussler, C. C. Benz, J. M. Stuart, S. C. Benz, J. Zhu, C. C. Szeto,
G. K. Scott, C. Yau, E. O. Paull, D. Carlin, C. Wong, A. Sokolov, J. Thusberg, S. Mooney, S. Ng,
T. C. Goldstein, K. Ellrott, M. Grifford, C. Wilks, S. Ma, B. Craft, C. Yan, Y. Hu, D. Meerzaman,
J. M. Gastier-Foster, J. Bowen, N. C. Ramirez, A. D. Black, P. White, E. J. Zmuda, J. Frick,
T. M. Lichtenberg, R. Brookens, M. M. George, M. A. Gerken, H. A. Harper, K. M. Leraas,
L.J. Wise, T. R. Tabler, C. McAllister, T. Barr, M. Hart-Kothari, K. Tarvin, C. Saller,
G. Sandusky, C. Mitchell, M. V. lacocca, J. Brown, B. Rabeno, C. Czerwinski, N. Petrelli,
0. Dolzhansky, M. Abramov, O. Voronina, O. Potapova, J. R. Marks, W. M. Suchorska,
D. Murawa, W. Kycler, M. Ibbs, K. Korski, A. Spychata, P. Murawa, J. J. Brzeziriski, H. Perz,
R.tazniak, M. Teresiak, H. Tatka, E. Leporowska, M. Bogusz-Czerniewicz, J. Malicki,
A. Mackiewicz, M. Wiznerowicz, X. Van Le, B. Kohl, N. Viet Tien, R. Thorp, N. Van Bang,
H. Sussman, B. D. Phu, R. Hajek, N. P. Hung, T. V. T. Phuong, H. Q. Thang, K. Z. Khan,
R. Penny, D. Mallery, E. Curley, C. Shelton, P. Yena, J. N. Ingle, F. J. Couch, W. L. Lingle,
T. A.King, A. M. Gonzalez-Angulo, M. D. Dyer, S. Liu, X. Meng, M. Patangan, F. Waldman,
H. Stoppler, W. K. Rathmell, L. Thorne, M. Huang, L. Boice, A. Hill, C. Morrison, C. Gaudioso,
W. Bshara, K. Daily, S. C. Egea, M. D. Pegram, C. Gomez-Fernandez, R. Dhir, R. Bhargava,
A. Brufsky, C. D. Shriver, J. A. Hooke, J. L. Campbell, R. J. Mural, H. Hu, S. Somiari, C. Larson,
B. Deyarmin, L. Kvecher, A. J. Kovatich, M. J. Ellis, T. Stricker, K. White, O. Olopade, C. Luo,
Y. Chen, R. Bose, L. W. Chang, A. H. Beck, T. Pihl, M. Jensen, R. Sfeir, A. Kahn, A. Chu,
P. Kothiyal, Z. Wang, E. Snyder, J. Pontius, B. Ayala, M. Backus, J. Walton, J. Baboud,
D. Berton, M. Nicholls, D. Srinivasan, R. Raman, S. Girshik, P. Kigonya, S. Alonso,
R. Sanbhadlti, S. Barletta, D. Pot, M. Sheth, J. A. Demchok, K. R. M. Shaw, L. Yang, G. Eley,
M. L. Ferguson, R. W. Tarnuzzer, J. Zhang, L. A. L. Dillon, K. Buetow, P. Fielding,
B. A. Ozenberger, M. S. Guyer, H. J. Sofia, J. D. Palchik, Comprehensive molecular portraits
of human breast tumours. Nature 490, 61-70 (2012).

5. E.Cerami, J. Gao, U. Dogrusoz, B. E. Gross, S. O. Sumer, B. A. Aksoy, A. Jacobsen,
C.J.Byrne, M. L. Heuer, E. Larsson, Y. Antipin, B. Reva, A. P. Goldberg, C. Sander,
N. Schultz, The cBio cancer genomics portal: An open platform for exploring
multidimensional cancer genomics data. Cancer Discov. 2, 401-404 (2012).

6. J.M.Balko, J. M. Giltnane, K. Wang, L. J. Schwarz, C. D. Young, R. S. Cook, P. Owens,
M. E. Sanders, M. G. Kuba, V. Sanchez, R. Kurupi, P. D. Moore, J. A. Pinto, F. D. Doimi,
H. Gomez, D. Horiuchi, A. Goga, B. D. Lehmann, J. A. Bauer, J. A. Pietenpol, J. S. Ross,
G. A. Palmer, R. Yelensky, M. Cronin, V. A. Miller, P. J. Stephens, C. L. Arteaga, Molecular
profiling of the residual disease of triple-negative breast cancers after neoadjuvant
chemotherapy identifies actionable therapeutic targets. Cancer Discov. 4, 232-245
(2014).

Schafer et al., Sci. Transl. Med. 12, eaaw8275 (2020) 11 March 2020

7.
8.

20.

21.

22.

23.

W. P. Tansey, Mammalian MYC proteins and cancer. New J. Sci. 2014, 1-27 (2014).

A. Henssen, K. Althoff, A. Odersky, A. Beckers, R. Koche, F. Speleman, S. Schafers, E. Bell,
M. Nortmeyer, F. Westermann, K. De Preter, A. Florin, L. Heukamp, A. Spruessel,

K. Astrahanseff, S. Lindner, N. Sadowski, A. Schramm, L. Astorgues-Xerri, M. E. Riveiro,
A. Eggert, E. Cvitkovic, J. H. Schulte, Targeting MYCN-driven transcription by
BET-bromodomain inhibition. Clin. Cancer Res. 22, 2470-2481 (2016).

. A.Puissant, S. M. Frumm, G. Alexe, C. F. Bassil, J. Qi, Y. H. Chanthery, E. A. Nekritz, R. Zeid,

W. C. Gustafson, P. Greninger, M. J. Garnett, U. McDermott, C. H. Benes, A. L. Kung,
W. A. Weiss, J. E. Bradner, K. Stegmaier, Targeting MYCN in neuroblastoma by BET
bromodomain inhibition. Cancer Discov. 3, 308-323 (2013).

. E.Dardenne, H. Beltran, M. Benelli, K. Gayvert, A. Berger, L. Puca, J. Cyrta, A. Sboner,

Z.Noorzad, T. MacDonald, C. Cheung, K. S. Yuen, D. Gao, Y. Chen, M. Eilers,

J.-M. Mosquera, B. D. Robinson, O. Elemento, M. A. Rubin, F. Demichelis, D. S. Rickman,
N-Myc induces an EZH2-mediated transcriptional program driving neuroendocrine
prostate cancer. Cancer Cell 30, 563-577 (2016).

. J.K.Lee, J. W. Phillips, B. A. Smith, J. W. Park, T. Stoyanova, E. F. McCaffrey, R. Baertsch,

A. Sokolov, J. G. Meyerowitz, C. Mathis, D. Cheng, J. M. Stuart, K. M. Shokat,
W. C. Gustafson, J. Huang, O. N. Witte, N-Myc drives neuroendocrine prostate cancer
initiated from human prostate epithelial cells. Cancer Cell 29, 536-547 (2016).

. M. G.Baratta, A. C. Schinzel, Y. Zwang, P. Bandopadhayay, C. Bowman-Colin, J. Kutt,

J. Curtis, H. Piao, L. C. Wong, A. L. Kung, R. Beroukhim, J. E. Bradner, R. Drapkin, W. C. Hahn,
J.F. Liu, D. M. Livingston, An in-tumor genetic screen reveals that the BET bromodomain
protein, BRD4, is a potential therapeutic target in ovarian carcinoma. Proc. Natl. Acad. Sci. U.S.A.
112, 232-237 (2015).

. A.Berger, N. J. Brady, R. Bareja, B. Robinson, V. Conteduca, M. A. Augello, L. Puca,

A. Ahmed, E. Dardenne, X. Lu, I. Hwang, A. M. Bagadion, A. Sboner, O. Elemento, J. Paik,
J. Yu, C. E. Barbieri, N. Dephoure, H. Beltran, D. S. Rickman, N-Myc-mediated epigenetic
reprogramming drives lineage plasticity in advanced prostate cancer. J. Clin. Invest. 130,
3924-3940 (2019).

. Y. Liu, J. Easton, Y. Shao, J. Maciaszek, Z. Wang, M. R. Wilkinson, K. McCastlain,

M. Edmonson, S. B. Pounds, L. Shi, X. Zhou, X. Ma, E. Sioson, Y. Li, M. Rusch, P. Gupta,

D. Pei, C. Cheng, M. A. Smith, J. G. Auvil, D. S. Gerhard, M. V. Relling, N. J. Winick,

A.J. Carroll, N. A. Heerema, E. Raetz, M. Devidas, C. L. Willman, R. C. Harvey, W. L. Carroll,
K. P.Dunsmore, S. S. Winter, B. L. Wood, B. P. Sorrentino, J. R. Downing, M. L. Loh,
S.P.Hunger, J. Zhang, C. G. Mullighan, The genomic landscape of pediatric and young
adult T-lineage acute lymphoblastic leukemia. Nat. Genet. 49, 1211-1218 (2017).

. H.Kawagoe, A. Kandilci, T. A. Kranenburg, G. C. Grosveld, Overexpression of N-Myc

rapidly causes acute myeloid leukemia in mice. Cancer Res. 67, 10677-10685 (2007).

. H. Beltran, The N-myc oncogene: Maximizing its targets, regulation, and therapeutic

potential. Mol. Cancer Res. 12, 815-822 (2014).

. Y. Mizukami, A. Nonomura, T. Takizawa, M. Noguchi, T. Michigishi, S. Nakamura,

T. Ishizaki, N-myc protein expression in human breast carcinoma: Prognostic
implications. Anticancer Res. 15, 2899-2905 (1995).

. D.A.Lawson, N. R. Bhakta, K. Kessenbrock, K. D. Prummel, Y. Yu, K. Takai, A. Zhou, H. Eyob,

S. Balakrishnan, C.-Y. Wang, P. Yaswen, A. Goga, Z. Werb, Single-cell analysis reveals
a stem-cell program in human metastatic breast cancer cells. Nature 526, 131-135 (2015).

. N.Aceto, A. Bardia, D. T. Miyamoto, M. C. Donaldson, B. S. Wittner, J. A. Spencer, M. Yu,

A. Pely, A. Engstrom, H. Zhu, B. W. Brannigan, R. Kapur, S. L. Stott, T. Shioda,
S.Ramaswamy, D. T.Ting, C. P. Lin, M. Toner, D. A. Haber, S. Maheswaran, Circulating
tumor cell clusters are oligoclonal precursors of breast cancer metastasis. Cell 158,
1110-1122 (2014).

B.D.Lehmann, J. A. Bauer, X. Chen, M. E. Sanders, A. B. Chakravarthy, Y. Shyr,

J. A. Pietenpol, Identification of human triple-negative breast cancer subtypes

and preclinical models for selection of targeted therapies. J. Clin. Invest. 121, 2750-2767
(2011).

C. Curtis, S. P. Shah, S.-F. Chin, G. Turashvili, 0. M. Rueda, M. J. Dunning, D. Speed,

A. G.Lynch, S. Samarajiwa, Y. Yuan, S. Graf, G. Ha, G. Haffari, A. Bashashati, R. Russell,

S. McKinney, S. Aparicio, J. D. Brenton, I. Ellis, D. Huntsman, S. Pinder, L. Murphy,

H. Bardwell, Z. Ding, L. Jones, B. Liu, |. Papatheodorou, S. J. Sammut, G. Wishart, S. Chia,
K. Gelmon, C. Speers, P. Watson, R. Blamey, A. Green, D. MacMillan, E. Rakha, C. Gillett,
A. Grigoriadis, E. De Rinaldis, A. Tutt, M. Parisien, S. Troup, D. Chan, C. Fielding, A. T. Maia,
S. McGuire, M. Osborne, S. M. Sayalero, I. Spiteri, J. Hadfield, L. Bell, K. Chow, N. Gale,

M. Kovalik, Y. Ng, L. Prentice, S. Tavaré, F. Markowetz, A. Langergd, E. Provenzano,

A. Purushotham, A. L. Bgrresen-Dale, C. Caldas, The genomic and transcriptomic
architecture of 2,000 breast tumours reveals novel subgroups. Nature 486, 346-352
(2012).

D.S. Rickman, J. H. Schulte, M. Eilers, The expanding world of N-MYC-driven tumors.
Cancer Discov. 8, 150-163 (2018).

T.J. Pugh, O. Morozova, E. F. Attiyeh, S. Asgharzadeh, J. S. Wei, D. Auclair, S. L. Carter,

K. Cibulskis, M. Hanna, A. Kiezun, J. Kim, M. S. Lawrence, L. Lichenstein, A. McKenna,
C.S.Pedamallu, A. H. Ramos, E. Shefler, A. Sivachenko, C. Sougnez, C. Stewart, A. Ally,

1. Birol, R. Chiu, R. D. Corbett, M. Hirst, S. D. Jackman, B. Kamoh, A. H. Khodabakshi,

130f 15

0202 ‘2 18quiaidas uo Ausianiun 1igiapue 1e /610 Bewsousios wis//:dny wolj papeojumoq


http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

Schafer et al., Sci. Transl. Med. 12, eaaw8275 (2020)

M. Krzywinski, A. Lo, R. A. Moore, K. L. Mungall, J. Qian, A. Tam, N. Thiessen, Y. Zhao,

K. A. Cole, M. Diamond, S. J. Diskin, Y. P. Mosse, A. C. Wood, L. Ji, R. Sposto, T. Badgett,
W. B. London, Y. Moyer, J. M. Gastier-Foster, M. A. Smith, J. M. G. Auvil, D. S. Gerhard,

M. D. Hogarty, S.J. M. Jones, E. S. Lander, S. B. Gabriel, G. Getz, R. C. Seeger, J. Khan,

M. A. Marra, M. Meyerson, J. M. Maris, The genetic landscape of high-risk neuroblastoma.
Nat. Genet. 45, 279-284 (2013).

H. Beltran, D. Prandi, J. M. Mosquera, M. Benelli, L. Puca, J. Cyrta, C. Marotz,

E. Giannopoulou, B. V. S. K. Chakravarthi, S. Varambally, S. A. Tomlins, D. M. Nanus,
S.T.Tagawa, E. M. Van Allen, O. Elemento, A. Sboner, L. A. Garraway, M. A. Rubin,

F. Demichelis, Divergent clonal evolution of castration-resistant neuroendocrine prostate
cancer. Nat. Med. 22, 298-305 (2016).

W. Abida, J. Cyrta, G. Heller, D. Prandi, J. Armenia, |. Coleman, M. Cieslik, M. Benelli,

D. Robinson, E. M. Van Allen, A. Sboner, T. Fedrizzi, J. M. Mosquera, B. D. Robinson,

N. De Sarkar, L. P. Kunju, S. Tomlins, Y. M. Wu, D. N. Rodrigues, M. Loda, A. Gopalan,

V. E. Reuter, C. C. Pritchard, J. Mateo, D. Bianchini, S. Miranda, S. Carreira, P. Rescigno,

J. Filipenko, J. Vinson, R. B. Montgomery, H. Beltran, E. I. Heath, H. I. Scher, P. W. Kantoff,
M.-E. Taplin, N. Schultz, J. S. deBono, F. Demichelis, P. S. Nelson, M. A. Rubin,

A. M. Chinnaiyan, C. L. Sawyers, Genomic correlates of clinical outcome in advanced
prostate cancer. Proc. Natl. Acad. Sci. U.S.A. 116, 11428-11436 (2019).

J. L. Harenza, M. A. Diamond, R. N. Adams, M. M. Song, H. L. Davidson, L. S. Hart,

M. H. Dent, P. Fortina, C. P. Reynolds, J. M. Maris, Transcriptomic profiling of 39
commonly-used neuroblastoma cell lines. Sci. Data 4, 170033 (2017).

V. Guarneri, K. Broglio, S.-W. Kau, M. Cristofanilli, A. U. Buzdar, V. Valero, T. Buchholz,

F. Meric, L. Middleton, G. N. Hortobagyi, A. M. Gonzalez-Angulo, Prognostic value

of pathologic complete response after primary chemotherapy in relation to hormone
receptor status and other factors. J. Clin. Oncol. 24, 1037-1044 (2006).

C. Liedtke, C. Mazouni, K. R. Hess, F. André, A. Tordai, J. A. Mejia, W. F. Symmans,

A. M. Gonzalez-Angulo, B. Hennessy, M. Green, M. Cristofanilli, G. N. Hortobagyi,

L. Pusztai, Response to neoadjuvant therapy and long-term survival in patients

with triple-negative breast cancer. J. Clin. Oncol. 26, 1275-1281 (2008).

C.Kim, R. Gao, E. Sei, R. Brandt, J. Hartman, T. Hatschek, N. Crosetto, T. Foukakis,

N. E. Navin, Chemoresistance evolution in triple-negative breast cancer delineated by
single-cell sequencing. Cell 173, 879-893.e13 (2018).

J. M. Balko, R. S. Cook, D. B. Vaught, M. G. Kuba, T. W. Miller, N. E. Bhola, M. E. Sanders,

N. M. Granja-Ingram, J. J. Smith, I. M. Meszoely, J. Salter, M. Dowsett, K. Stemke-Hale,

A. M. Gonzélez-Angulo, G. B. Mills, J. A. Pinto, H. L. Gémez, C. L. Arteaga, Profiling

of residual breast cancers after neoadjuvant chemotherapy identifies DUSP4 deficiency
as amechanism of drug resistance. Nat. Med. 18, 1052-1059 (2012).

M. Bonotto, L. Gerratana, E. Poletto, P. Driol, M. Giangreco, S. Russo, A. M. Minisini,

C. Andreetta, M. Mansutti, F. E. Pisa, G. Fasola, F. Puglisi, Measures of outcome

in metastatic breast cancer: Insights from a real-world scenario. Oncologist 19, 608-615
(2014).

M. B. Siegel, X. He, K. A. Hoadley, A. Hoyle, J. B. Pearce, A. L. Garrett, S. Kumar, V. J. Moylan,
C. M. Brady, A. E. D. Van Swearingen, D. Marron, G. P. Gupta, L. B. Thorne, N. Kieran,

C. Livasy, E. R. Mardis, J. S. Parker, M. Chen, C. K. Anders, L. A. Carey, C. M. Perou,
Integrated RNA and DNA sequencing reveals early drivers of metastatic breast cancer.
J. Clin. Invest. 128, 1371-1383 (2018).

P. J. Hurlin, Control of vertebrate development by MYC. Cold Spring Harb. Perspect. Med. 3,
a014332(2013).

J. Barretina, G. Caponigro, N. Stransky, K. Venkatesan, A. A. Margolin, S. Kim, C. J. Wilson,
J. Lehar, G. V. Kryukov, D. Sonkin, A. Reddy, M. Liu, L. Murray, M. F. Berger, J. E. Monahan,
P. Morais, J. Meltzer, A. Korejwa, J. Jané-Valbuena, F. A. Mapa, J. Thibault, E. Bric-Furlong,
P.Raman, A. Shipway, I. H. Engels, J. Cheng, G. K. Yu, J. Yu, P. Aspesi, M. de Silva, K. Jagtap,
M. D. Jones, L. Wang, C. Hatton, E. Palescandolo, S. Gupta, S. Mahan, C. Sougnez,

R. C. Onofrio, T. Liefeld, L. MacConaill, W. Winckler, M. Reich, N. Li, J. P. Mesirov,

S.B. Gabriel, G. Getz, K. Ardlie, V. Chan, V. E. Myer, B. L. Weber, J. Porter, M. Warmuth,
P.Finan, J. L. Harris, M. Meyerson, T. R. Golub, M. P. Morrissey, W. R. Sellers, R. Schlegel,
L. A. Garraway, The Cancer Cell Line Encyclopedia enables predictive modelling

of anticancer drug sensitivity. Nature 483, 603-607 (2012).

B. D.Lehmann, J. A. Bauer, J. M. Schafer, C. S. Pendleton, L. Tang, K. C. Johnson, X. Chen,
J. M. Balko, H. Gémez, C. L. Arteaga, G. B. Mills, M. E. Sanders, J. A. Pietenpol, PIK3CA
mutations in androgen receptor-positive triple negative breast cancer confer sensitivity
to the combination of PI3K and androgen receptor inhibitors. Breast Cancer Res. 16, 406
(2014).

S.J.Klempner, A. P. Myers, L. C. Cantley, What a tangled web we weave: Emerging
resistance mechanisms to inhibition of the phosphoinositide 3-kinase pathway.

Cancer Discov. 3, 1345-1354 (2013).

J.E.Delmore, G. C. Issa, M. E. Lemieux, P. B. Rahl, J. Shi, H. M. Jacobs, E. Kastritis,

T. Gilpatrick, R. M. Paranal, J. Qi, M. Chesi, A. C. Schinzel, M. R. McKeown, T. P. Heffernan,
C.R.Vakoc, P. L. Bergsagel, I. M. Ghobrial, P. G. Richardson, R. A. Young, W. C. Hahn,

K. C. Anderson, A. L. Kung, J. E. Bradner, C. S. Mitsiades, BET bromodomain inhibition

as a therapeutic strategy to target c-Myc. Cell 146, 904-917 (2011).

11 March 2020

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52

53.

54.

D. Horiuchi, R. Camarda, A. Y. Zhou, C. Yau, O. Momcilovic, S. Balakrishnan, A. N. Corella,
H. Eyob, K. Kessenbrock, D. A. Lawson, L. A. Marsh, B. N. Anderton, J. Rohrberg, R. Kunder,
A.V.Bazarov, P. Yaswen, M. T. McManus, H. S. Rugo, Z. Werb, A. Goga, PIM1 kinase
inhibition as a targeted therapy against triple-negative breast tumors with elevated MYC
expression. Nat. Med. 22, 1321-1329 (2016).

R.Sears, G. Leone, J. DeGregori, J. R. Nevins, Ras enhances Myc protein stability. Mol. Cell
3,169-179(1999).

D. Dauch, R. Rudalska, G. Cossa, J.-C. Nault, T.-W. Kang, T. Wuestefeld, A. Hohmeyer,
S.Imbeaud, T. Yevsa, L. Hoenicke, T. Pantsar, P. Bozko, N. P. Malek, T. Longerich, S. Laufer,
A. Poso, J. Zucman-Rossi, M. Eilers, L. Zender, A MYC-aurora kinase A protein complex
represents an actionable drug target in p53-altered liver cancer. Nat. Med. 22, 744-753
(2016).

P. Filippakopoulos, J. Qi, S. Picaud, Y. Shen, W. B. Smith, O. Fedorov, E. M. Morse, T. Keates,
T.T. Hickman, I. Felletar, M. Philpott, S. Munro, M. R. McKeown, Y. Wang, A. L. Christie,

N. West, M. J. Cameron, B. Schwartz, T. D. Heightman, N. La Thangue, C. A. French,

0. Wiest, A. L. Kung, S. Knapp, J. E. Bradner, Selective inhibition of BET bromodomains.
Nature 468, 1067-1073 (2010).

M. C. Stubbs, T. C. Burn, R. Sparks, T. Maduskuie, S. Diamond, M. Rupar, X. Wen, A. Volgina,
N. Zolotarjova, P. Waeltz, M. Favata, R. Jalluri, H. Liu, X. M. Liu, J. Li, R. Collins,

N. Falahatpisheh, P. Polam, D. DiMatteo, P. Feldman, V. Dostalik, P. Thekkat, C. Gardiner,
X. He, Y. Li, M. Covington, R. Wynn, B. Ruggeri, S. Yeleswaram, C.-B. Xue, W. Yao,
A.P.Combs, R. Huber, G. Hollis, P. Scherle, P. C. C. Liu, The novel bromodomain

and extraterminal domain inhibitor INCB054329 induces vulnerabilities in myeloma cells
that inform rational combination strategies. Clin. Cancer Res. 25,300-311 (2019).

M. Boi, E. Gaudio, P. Bonetti, I. Kwee, E. Bernasconi, C. Tarantelli, A. Rinaldi, M. Testoni,

L. Cascione, M. Ponzoni, A. A. Mensah, A. Stathis, G. Stussi, M. E. Riveiro, P. Herait,

G. Inghirami, E. Cvitkovic, E. Zucca, F. Bertoni, The BET bromodomain inhibitor OTX015
affects pathogenetic pathways in preclinical B-cell tumor models and synergizes

with targeted drugs. Clin. Cancer Res. 21, 1628-1638 (2015).

A. Stathis, F. Bertoni, BET proteins as targets for anticancer treatment. Cancer Discov. 8,
24-36 (2018).

S.Shu, C.Y. Lin, H. H. He, R. M. Witwicki, D. P. Tabassum, J. M. Roberts, M. Janiszewska,
S.J.Huh, Y. Liang, J. Ryan, E. Doherty, H. Mohammed, H. Guo, D. G. Stover, M. B. Ekram,

J. Brown, C. D'Santos, I. E. Krop, D. Dillon, M. McKeown, C. Ott, J. Qi, M. Ni, P. K. Rao,

M. Duarte, S.-Y. Wu, C.-M. Chiang, L. Anders, R. A. Young, E. Winer, A. Letai, W. T. Barry,
J.S. Carroll, H. Long, M. Brown, X. S. Liu, C. A. Meyer, J. E. Bradner, K. Polyak, Response
and resistance to BET bromodomain inhibitors in triple-negative breast cancer. Nature
529,413-417 (2016).

E. E. Stratikopoulos, M. Dendy, M. Szabolcs, A. J. Khaykin, C. Lefebvre, M.-M. Zhou,

R. Parsons, Kinase and BET inhibitors together clamp inhibition of PI3K signaling

and overcome resistance to therapy. Cancer Cell 27,837-851 (2015).

R. C. Sears, The life cycle of C-myc: From synthesis to degradation. Cell Cycle 3,1133-1137
(2004).

R. Sears, F. Nuckolls, E. Haura, Y. Taya, K. Tamai, J. R. Nevins, Multiple Ras-dependent
phosphorylation pathways regulate Myc protein stability. Genes Dev. 14, 2501-2514
(2000).

T.F.Eleveld, D. A. Oldridge, V. Bernard, J. Koster, L. C. Daage, S. J. Diskin, L. Schild,

N. B. Bentahar, A. Bellini, M. Chicard, E. Lapouble, V. Combaret, P. Legoix-N¢, J. Michon,
T.J.Pugh, L. S. Hart, J. Rader, E. F. Attiyeh, J. S. Wei, S. Zhang, A. Naranjo, J. M. Gastier-Foster,
M. D. Hogarty, S. Asgharzadeh, M. A. Smith, J. M. G. Auvil, T. B. K. Watkins, D. A. Zwijnenburg,
M. E. Ebus, P. van Sluis, A. Hakkert, E. van Wezel, C. E. van der Schoot, E. M. Westerhout,

J. H. Schulte, G. A. Tytgat, M. E. M. Dolman, I. Janoueix-Lerosey, D. S. Gerhard, H. N. Caron,
O. Delattre, J. Khan, R. Versteeg, G. Schleiermacher, J. J. Molenaar, J. M. Maris, Relapsed
neuroblastomas show frequent RAS-MAPK pathway mutations. Nat. Genet. 47, 864-871
(2015).

L.S. Hart, J. Rader, P. Raman, V. Batra, M. R. Russell, M. Tsang, M. Gagliardi, L. Chen,

D. Martinez, Y. Li, A. Wood, S. Kim, S. Parasuraman, S. Delach, K. A. Cole, S. Krupa,

M. Boehm, M. Peters, G. Caponigro, J. M. Maris, Preclinical therapeutic synergy of MEK1/2
and CDK4/6 inhibition in neuroblastoma. Clin. Cancer Res. 23, 1785-1796 (2017).

A. A. Borisy, P. J. Elliott, N. W. Hurst, M. S. Lee, J. Lehar, E. R. Price, G. Serbedzija,

G. R. Zimmermann, M. A. Foley, B. R. Stockwell, C. T. Keith, Systematic discovery

of multicomponent therapeutics. Proc. Natl. Acad. Sci. U.S.A. 100, 7977-7982 (2003).

J.J. Wallin, J. Guan, W. W. Prior, L. B. Lee, L. Berry, L. D. Belmont, H. Koeppen, M. Belvin,
L.S. Friedman, D. Sampath, GDC-0941, a novel class | selective PI3K inhibitor, enhances
the efficacy of docetaxel in human breast cancer models by increasing cell death in vitro
and invivo. Clin. Cancer Res. 18,3901-3911 (2012).

H. Kim, P. Kumar, F. Menghi, J. Noorbakhsh, E. Cerveira, M. Ryan, Q. Zhu, G. Ananda,

J. George, H. C. Chen, S. Mockus, C. Zhang, Y. Yang, J. Keck, R. K. M. Karuturi, C. J. Bult,

C. Lee, E. T. Liu, J. H. Chuang, High-resolution deconstruction of evolution induced by
chemotherapy treatments in breast cancer xenografts. Sci. Rep. 8, 17937 (2018).

A. H. Davies, H. Beltran, A. Zoubeidi, Cellular plasticity and the neuroendocrine
phenotype in prostate cancer. Nat. Rev. Urol. 15, 271-286 (2018).

14 of 15

0202 ‘2 18quiaidas uo Ausianiun 1igiapue 1e /610 Bewsousios wis//:dny wolj papeojumoq


http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

Schafer et al., Sci. Transl. Med. 12, eaaw8275 (2020)

M. Kirby, C. Hirst, E. D. Crawford, Characterising the castration-resistant prostate cancer
population: A systematic review. Int. J. Clin. Pract. 65, 1180-1192 (2011).

B. A. Malynn, I. M. De Alboran, R. C. O'Hagan, R. Bronson, L. Davidson, R. A. DePinho,

F. W. Alt, N-myc can functionally replace c-myc in murine development, cellular growth,
and differentiation. Genes Dev. 14, 1390-1399 (2000).

D. Horiuchi, L. Kusdra, N. E. Huskey, S. Chandriani, M. E. Lenburg, A. M. Gonzalez-Angulo,
K. J. Creasman, A.V. Bazarov, J. W. Smyth, S. E. Davis, P. Yaswen, G. B. Mills, L. J. Esserman,
A. Goga, MYC pathway activation in triple-negative breast cancer is synthetic lethal

with CDK inhibition. J. Exp. Med. 209, 679-696 (2012).

B. Chapuy, M. R. McKeown, C. Y. Lin, S. Monti, M. G. M. Roemer, J. Qi, P. B. Rahl, H. H. Sun,
K.T.Yeda, J. G. Doench, E. Reichert, A. L. Kung, S. J. Rodig, R. A. Young, M. A. Shipp,

J. E. Bradner, Discovery and characterization of super-enhancer-associated dependencies
in diffuse large B cell lymphoma. Cancer Cell 24, 777-790 (2013).

J. Lovén, H. A. Hoke, C. Y. Lin, A. Lau, D. A. Orlando, C. R. Vakoc, J. E. Bradner, T. |. Lee,

R. A. Young, Selective inhibition of tumor oncogenes by disruption of super-enhancers.
Cell 153,320-334 (2013).

P.Bandopadhayay, G. Bergthold, B. Nguyen, S. Schubert, S. Gholamin, Y. Tang, S. Bolin,
S.E. Schumacher, R. Zeid, S. Masoud, F. Yu, N. Vue, W. J. Gibson, B. R. Paolella, S. S. Mitra,
S. H. Cheshier, J. Qi, K.-W. Liu, R. Wechsler-Reya, W. A. Weiss, F. J. Swartling, M. W. Kieran,
J. E. Bradner, R. Beroukhim, Y.-J. Cho, BET bromodomain inhibition of MYC-amplified
medulloblastoma. Clin. Cancer Res. 20, 912-925 (2014).

P.Sin-Chan, . Mumal, T. Suwal, B. Ho, X. Fan, I. Singh, Y. Du, M. Lu, N. Patel, J. Torchia,

D. Popovski, M. Fouladi, P. Guilhamon, J. R. Hansford, S. Leary, L. M. Hoffman,

J. M. M. Levy, A. Lassaletta, P. Solano-Paez, E. Rivas, A. Reddy, G. Y. Gillespie, N. Gupta,

T. E.Van Meter, H. Nakamura, T.-T. Wong, Y.-S. Ra, S.-K. Kim, L. Massimi, R. G. Grundy,
J.Fangusaro, D. Johnston, J. Chan, L. Lafay-Cousin, E. |. Hwang, Y. Wang, D. Catchpoole,
J. Michaud, B. Ellezam, R. Ramanujachar, H. Lindsay, M. D. Taylor, C. E. Hawkins, E. Bouffet,
N. Jabado, S. K. Singh, C. L. Kleinman, D. Barsyte-Lovejoy, X.-N. Li, P. B. Dirks, C. Y. Lin,

S. C. Mack, J. N. Rich, A. Huang, A C19MC-LIN28A-MYCN oncogenic circuit driven by
hijacked super-enhancers is a distinct therapeutic vulnerability in ETMRs: A lethal brain
tumor. Cancer Cell 36,51-67.€7 (2019).

B. E. Gryder, M. E. Yohe, H.-C. Chou, X. Zhang, J. Marques, M. Wachtel, B. Schaefer, N. Sen,
Y. Song, A. Gualtieri, S. Pomella, R. Rota, A. Cleveland, X. Wen, S. Sindiri, J. S. Wei, F. G. Barr,
S.Das, T. Andresson, R. Guha, M. Lal-Nag, M. Ferrer, J. F. Shern, K. Zhao, C. J. Thomas,

J. Khan, PAX3-FOXO1 establishes myogenic super enhancers and confers BET
bromodomain vulnerability. Cancer Discov. 7, 884-899 (2017).

A. G. Cochran, A. R. Conery, R. J. Sims Ill, Bromodomains: A new target class for drug
development. Nat. Rev. Drug Discov. 18, 609-628 (2019).

A. Wyce, J. J. Matteo, S. W. Foley, D. J. Felitsky, S. R. Rajapurkar, X.-P. Zhang, M. C. Musso,
S. Korenchuk, N. O. Karpinich, K. M. Keenan, M. Stern, L. K. Mathew, C. F. McHugh,

M. T. McCabe, P. J. Tummino, R. G. Kruger, C. Carpenter, O. Barbash, MEK inhibitors
overcome resistance to BET inhibition across a number of solid and hematologic cancers.
Oncogene 7, 35 (2018).

J.S. Zawistowski, S. M. Bevill, D. R. Goulet, T.J. Stuhlmiller, A. S. Beltran, J. F. Olivares-Quintero,
D. Singh, N. Sciaky, J. S. Parker, N. U. Rashid, X. Chen, J. S. Duncan, M. C. Whittle,
S.P.Angus, S. H. Velarde, B. T. Golitz, X. He, C. Santos, D. B. Darr, K. Gallagher, L. M. Graves,
C. M. Perou, L. A. Carey, H. S. Earp, G. L. Johnson, Enhancer remodeling during adaptive
bypass to MEK inhibition is attenuated by pharmacologic targeting of the P-TEFb
complex. Cancer Discov. 7,302-321 (2017).

M. Dodt, J. Roehr, R. Ahmed, C. Dieterich, FLEXBAR—Flexible barcode and adapter
processing for next-generation sequencing platforms. Biology 1, 895-905 (2012).

A. Dobin, C. A. Davis, F. Schlesinger, J. Drenkow, C. Zaleski, S. Jha, P. Batut, M. Chaisson,
T.R. Gingeras, STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21 (2013).
J. Harrow, A. Frankish, J. M. Gonzalez, E. Tapanari, M. Diekhans, F. Kokocinski, B. L. Aken,
D. Barrell, A. Zadissa, S. Searle, |. Barnes, A. Bignell, V. Boychenko, T. Hunt, M. Kay,

G. Mukherjee, J. Rajan, G. Despacio-Reyes, G. Saunders, C. Steward, R. Harte, M. Lin,
C.Howald, A. Tanzer, T. Derrien, J. Chrast, N. Walters, S. Balasubramanian, B. Pei, M. Tress,
J. M. Rodriguez, . Ezkurdia, J. van Baren, M. Brent, D. Haussler, M. Kellis, A. Valencia,
A.Reymond, M. Gerstein, R. Guig6, T. J. Hubbard, GENCODE: The reference human
genome annotation for The ENCODE Project. Genome Res. 22, 1760-1774 (2012).
C.Trapnell, B. A. Williams, G. Pertea, A. Mortazavi, G. Kwan, M. J. van Baren, S. L. Salzberg,
B.J. Wold, L. Pachter, Transcript assembly and quantification by RNA-seq reveals
unannotated transcripts and isoform switching during cell differentiation.

Nat. Biotechnol. 28,511-515 (2010).

M. . Love, W. Huber, S. Anders, Moderated estimation of fold change and dispersion

for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

11 March 2020

71. R.Kolde, pheatmap: Pretty Heatmaps. R package version 1.0.1 (2019); https://cran.r-project.org/
package=pheatmap.

72. A.Subramanian, P. Tamayo, V. K. Mootha, S. Mukherjee, B. L. Ebert, M. A. Gillette,

A. Paulovich, S. L. Pomeroy, T. R. Golub, E. S. Lander, J. P. Mesirov, Gene set enrichment
analysis: A knowledge-based approach for interpreting genome-wide expression
profiles. Proc. Natl. Acad. Sci. U.S.A. 102, 15545-15550 (2005).

73. A.Liberzon, A. Subramanian, R. Pinchback, H. Thorvaldsdéttir, P. Tamayo,

J. P. Mesirov, Molecular signatures database (MSigDB) 3.0. Bioinformatics 27,
1739-1740 (2011).

74. D.B.Mahat, H. Kwak, G.T. Booth, I. H. Jonkers, C. G. Danko, R. K. Patel, C. T. Waters,

K. Munson, L. J. Core, J. T. Lis, Base-pair-resolution genome-wide mapping of active
RNA polymerases using precision nuclear run-on (PRO-seq). Nat. Protoc. 11, 1455-1476
(2016).

75. R.Schmieder, R. Edwards, Quality control and preprocessing of metagenomic datasets.
Bioinformatics 27, 863-864 (2011).

76. H.Li, Toward better understanding of artifacts in variant calling from high-coverage
samples. Bioinformatics 30, 2843-2851 (2014).

77. H.Li, B. Handsaker, A. Wysoker, T. Fennell, J. Ruan, N. Homer, G. Marth, G. Abecasis,

R. Durbin; 1000 Genome Project Data Processing Subgroup, The sequence alignment/
map format and SAMtools. Bioinformatics 25, 2078-2079 (2009).

78. J.Wang, Y. Zhao, X. Zhou, S. W. Hiebert, Q. Liu, Y. Shyr, Nascent RNA sequencing analysis
provides insights into enhancer-mediated gene regulation. BMC Genomics 19, 633
(2018).

79. A.E.Carpenter, T.R. Jones, M. R. Lamprecht, C. Clarke, I. H. Kang, O. Friman, D. A. Guertin,
J.H.Chang, R. A. Lindquist, J. Moffat, P. Golland, D. M. Sabatini, CellProfiler: Image
analysis software for identifying and quantifying cell phenotypes. Genome Biol. 7, R100
(2006).

Acknowledgments: We thank the patients who contributed tissue used in this study, the
clinical providers at VUMC (Nashville, TN) and the Instituto Nacional de Enfermedades
Neoplasicas (Lima, Peru) for processing of tumor samples, and B.C., B.C.M., and J.M.B. for
construction of TMA11-4-09, TMA111, and TMAP1,P2,P3, respectively. We thank M. T. Lewis for
generating and supplying the BCM-2147 TNBC PDX model and S.W.H. for expertise and
resources to conduct PRO-seq. SK-N-BE(2)C and VU661013 were provided by D. H. Chung and
S. W. Fesik, respectively. Funding: This research was supported by a grant from Incyte
Corporation (to J.A.P. and S.W.H.) as part of the Incyte-Vanderbilt Alliance; NCI grants
CA068485 (to J.A.P.), CA098131 (to J.A.P.), and CA211206 (to J.A.B.); and Susan G. Komen
grants SAC110030 (to J.A.P.) and CCR13262005 (to B.D.L.). We thank Vanderbilt Technologies
for Advanced Genomics (VANTAGE) and the Translational Pathology Shared Resources (TPSR),
supported by the Vanderbilt-lIngram Cancer Center (P30 CA068485), and the Pathology and
Tissue Informatics Core of the Specialized Program of Research Excellence (SPORE) in Breast
Cancer (P50 CA098131) for providing the histopathological analyses. Author contributions:
Conception and design: J.M.S. and J.A.P.; development of methodology and acquisition of
data: JM.S, M.ES, P.1G-E,VS,BD.L,JAB,JTR,JSB, LNR,B.C,B.CM,JMB,SWH.,
M.CS., C.B.M,, HJ, KN.J,, P.C.C.L, and J.A.P.; analysis and interpretation of data: J.M.S., P..G.-E.,
JSB, VS, QS., YS,BD.L, MCS., PS., P.CCL, and J.A.P.; writing and revision of the
manuscript: JM.S,, B.D.L, P.C.C.L, and J.A.P; study supervision: JM.S,, P.C.C.L, and J.A.P. All
authors reviewed and gave their final approval of the manuscript. Competing interests:
M.C.S. is a current employee of Incyte Corporation. P.C.C.L. and P.S. are former employees of
Incyte Corporation; their current affiliations are Kymera Therapeutics and Prelude
Therapeutics, respectively. The other authors declare that they have no competing interests.
Data and materials availability: All data associated with this study are present in the main
text or the Supplementary Materials. The CAL-51 clonal cell lines are available from the
corresponding author’s laboratory and require a material transfer agreement.

Submitted 28 January 2019
Resubmitted 14 October 2019
Accepted 28 January 2020
Published 11 March 2020
10.1126/scitranslmed.aaw8275

Citation: J. M. Schafer, B. D. Lehmann, P.|. Gonzalez-Ericsson, C. B. Marshall, J. S. Beeler,
L. N. Redman, H.Jin, V. Sanchez, M. C. Stubbs, P. Scherle, K. N. Johnson, Q. Sheng, J. T. Roland,
J.A. Bauer, Y. Shyr, B. Chakravarthy, B. C. Mobley, S. W. Hiebert, J. M. Balko, M. E. Sanders, P.C. C. Liu,
J. A. Pietenpol, Targeting MYCN-expressing triple-negative breast cancer with BET and MEK
inhibitors. Sci. Transl. Med. 12, eaaw8275 (2020).

150f 15

0202 ‘2 18quiaidas uo Ausianiun 1igiapue 1e /610 Bewsousios wis//:dny wolj papeojumoq


https://cran.r-project.org/package=pheatmap
https://cran.r-project.org/package=pheatmap
http://stm.sciencemag.org/

Science Translational Medicine

Targeting MYCN-expressing triple-negative breast cancer with BET and MEK inhibitors

Johanna M. Schafer, Brian D. Lehmann, Paula |I. Gonzalez-Ericsson, Clayton B. Marshall, J. Scott Beeler, Lindsay N.
Redman, Hailing Jin, Violeta Sanchez, Matthew C. Stubbs, Peggy Scherle, Kimberly N. Johnson, Quanhu Sheng,
Joseph T. Roland, Joshua A. Bauer, Yu Shyr, Bapsi Chakravarthy, Bret C. Mobley, Scott W. Hiebert, Justin M. Balko,
Melinda E. Sanders, Phillip C. C. Liu and Jennifer A. Pietenpol

Sci Transl Med 12, eaaw8275.
DOI: 10.1126/scitranslmed.aaw8275

BETting on combination treatment

MYCN is a well-known oncogene that plays a role in cancer aggressiveness, but it is typically associated
with neuroendocrine cancers. Schafer et al. found a role for MYCN in triple-negative breast cancer, a particularly
aggressive form of the disease, and identified a potential intervention. Although there is no standard way to target
MYCN directly, the authors determined that a group of experimental drugs called BET inhibitors are effective
against triple-negative breast cancers that overexpress MYCN, especially when coupled with the inhibition of MEK,
another known oncogene.
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HER2+ Breast Cancer: 1994

* HER2+ was recognized as a CALGB 8541: Low vs Moderate vs. High Dose CAF
negative prognostic factor in

adjuvant and metastatic settings

High c-erbB-2 Expression (= 50%)
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. . 20 S e i
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advanced disease

High dose therapy associated with greater benefit in
patients with HER2+ disease, but still relatively high

risk of recurrence
Muss et al, NEJM 1994
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lus u

Chemotherapy alone
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ession-free Survival (%)

Progr

Progr

Chemotherapy versus Trastuzumab +
Chemotherapy in HER2+ MBC

Chemotherapy | Chemotherapy

(AC/paclitaxel) plus
trastuzumab

jf Response 32% 50%
Rate

:mmm = - . 1: PFS 4.6 months 7.4 months
0S 20.3 months  25.4 months

Slamon et al, NEJM 2001

<0.001

<0.001

0.046



Why has the impact of anti-HER2 therapy
been so impressive given initial results?

Problems with initial trial

1.

2.

Unexpected cardiac toxicity

Poor quality testing for HER2
(targeted therapy requires
accurate target identification)

Cross-over

Advances over two decades

1.

Indefinite continuation of HER2
directed therapy

Development of multiple new
agents

Better treatment of brain
metastases

Widespread use in early stage
disease



Multiple New Agents
(showing importance of HER2 as target after initial progression)

e Lapkinib

* Pertuzumab
*T-DM1

* Neratinib

* Tucatinib

* Trastuzumab deruxtecan



CLEOPATRA: Final OS Analysis
Taxotere + Herceptin +/-Pertuzumab

HR 0.68
95% Cl =0.56, 440 = m= Ptz + T +D
0.84 %0 7 Pla+T+D
a+T+
p= 0.0002 80 =
70 =
—_— 60 -
X
~ 50 =
3 40 e,
|
30 =
20 4 408' n157 1565
10 - months Emonthsal months
0 1 1 1 1 1 - 1 1
0 10 20 30 40 50 60 70
Time (months) )
n at risk Swain et al, ESMO 2014
—— Ptz+T+D 402 371 318 268 226 104 28 1 and NEJM 2015

Pla+T+D 406 350 289 230 179 91 23 0



EMILIA: T-DM1 vs Capecitabine/Lapatinib
in Second Line Setting

Median
(mos) No. events
0.8 = Cap + Lap 6.4 304
T-DM1 9.6 265
0.6 = Stratified HR=0.650 (95% CI, 0.55, 0.77)

P<0.0001

Proportion progression-free
e
H
]

o
[\
|

o
o

T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Time (mos)

Second interim analysis confirmed a statistically significant
benefit in overall survival with T-DM1

Blackwell et al, NEJM 2012



Progression Free Survival: Capecitabine + Neratinib vs
Lapatinib

1.0 A
Hazard ratio
0.9 - (95% CI) Log-rank p-value
—— Neratinib + Capecitabine
0.8 o o 0.76 (0.63-0.93) 0.0059
—— Lapatinib + Capecitabine
0.7 =
>
2 06-
o)
o
'§ 0.5 - 47%
o
2 044
~ 38%
(1]
0,
0.3 29%
0.2 - 16%
0.1 ]
|
0 I I I I I I I I I I I |
0 3 6 9 12 15 18 21 24 27 30 33 36
Time since randomization (months)
No. at risk:
N+C 307 183 113 69 54 35 20 13 9 7 3 2 2
L+C 314 183 82 39 24 9 8 3 2 2 2 2 1

Brufsky et al, ASCO 2019



Tucatinib — Potent and Selective
HER2Z2 Inhibitor

Cellular Selectivity Data

- Selective small molecular tyrosine kinase inhibitor

similar to Neratinib and Lapatinib Compound
HER2 EGFR
. . ICso (NM) ICso (NM)
- HERZ2 selectivity leads to decreased potential for
EGFR-related toxicities compared to dual inhibitors N
Lapatinib 49 31
- Penetrates CNS very well
Neratinib 7 8
Tucatinib 8 >10,000

Moulder et al. AACR-NCI-EORTC 2011; Koch et al. AACR 2011; Borges et al, AACR Special Conference on Advances in Breast Cancer
Research 2013



HER2CLIMB Trial Design

et e o Tucatinib + Trastuzumab + Capecitabine
Key Eligibility Criteria (21-day cycle)

« HER2+ metastatic breast cancer

* Prior treatment with trastuzumab,
pertuzumab, and T-DM1

» ECOG performance status 0 or 1

Tucatinib 300 mg PO BID
+

Trastuzumab 6 mg/kg Q3W (loading dose 8 mg/kg C1D1)
+
* Brain MRI at baseline Capecitabine 1000 mg/m2 PO BID (Days 1-14)
* Previously treated stable brain
metastases

» Untreated brain metastases not
needing immediate local therapy
 Previously treated progressing brain Placebo
metastases not needing immediate +
local therapy Trastuzumab 6 mg/kg Q3W (loading dose 8 mg/kg C1D1)

* No evidence of brain metastases +
Capecitabine 1000 mg/m? PO BID (Days 1-14)

*Stratification factors: presence of brain metastases https://clinicaltrials.gov/ct2/show/NCT02614794
(yes/no), ECOG status (0 or 1), and region (US or
Canada or rest of world)

Placebo + Trastuzumab + Capecitabine
(21-day cycle)

Murthy.....Winer; SABCS 2019, NEJM 2020


https://clinicaltrials.gov/ct2/show/NCT02614794?term=her2climb&draw=2&rank=1

Progression-Free Survival in the Primary Endpoint Population

1.0 4 Events, HR
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Overall Survival in the Total Study Population

10— Events HR
N=612 (95% CI) P Value
08 TUC+Tras+Cape | 130/410 0.66 0.00480
< . Pbo+Tras+Cape | 85202 | (0-500.88)
T g6 .
S ! Vedian Risk of death was reduced by
7 | 34% in the total population
© 047 E ! Two-year OS (95% ClI):
o ! ' e
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0.2 i 127% 45% e
| | (37, 53) 27%
| | (16, 39)
00 T I I 1 I I T i I T I 1 .
O 3 6 9 12 15 18 21 24 27 30 33 36 Median OS (95% Cl):
Months since Randomization 21.9 months 17.4 months
No.at Risk (18.3, 31.0) (13.6,19.9) )
TUC+Tras+Cape 410 388 322 245 178 123 80 51 34 20 10 4 0
Pbo+Tras+Cape 202 191 160 119 77 48 32 19 7 5 2 1 0 was met at ine Tirst Interim analysis.

Data cut off: Sep 4, 2019



Trastuzumab Deruxtecan: The membrane-permeable payload can
attack neighbouring cancer cells (i.e. a bystander effect)

Penetration of released V'
[Fam-] trastuzumab payload to neighboring cells Cancercell |
deruxtecan -

-

&=w= _ |nternalization ’

‘Il. \
%‘ Pa‘.‘.flnad release H'.J .;"'
{i- i

I'.k - . " "- ¢ ' '\_/"’__'E Nudeus___
HEREQ '| “ @ Nucleus "-——\\\MFJ

.': |
\ i w Topoisbmerase | inhibition
|
| <
Cell death
Legend

* ¢ * Payload or chemotherapy agent @ HERZ2 receptor

ADCC-= antibody-dependent cellular cytotoxicity; HER2=human epidermal growth factor receptor 2; Topo-1=topoisomerase I.

1. Ogitani Y et al. Cancer Sci. 2016;107:1039-1046 . 2. Ogitani Y et al. Clin Cancer Res. 2016;22:5097-5108.



Best % Change From Baseline in the Sum
of Diameters of Measurable Tumors

Phase Il Trial of Trastuzumab Deruxtecan

7 n=168
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The line at 20% indicates progressive disease; the line at -30% indicates partial response.
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Phase Il Trial of Trastuzumab Deruxtecan

Progression-Free Survival Overall Survival
Median: 16.4 months (95% Cl, 12.7-NE) Median: Not reached (95% CI, NE-NE)
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§ Events: 31.5% L Events: 13.6%
S 0.0 0.0
a T T T T T T T T T T T T T T T T T T T T 1 T T T T T T T T T T T T T T T T T T T T 1
01 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 012 3 4 56 7 8 9 1011 12 13 14 15 16 17 18 19 20
Months Months
No. at risk: 184182174 155153135121107103 94 69 54 38 17 11 10 9 4 3 1 0 No. at risk: 184 183182 179174171167 161 155147133101 66 36 21 16 12 9 8 4 0

* Median follow-up, 11.1 months (range, 0.7-19.9 months)
* Median PFS in the 24 patients with brain metastases was 18.1 months (95% Cl, 6.7-18.1 months)

Patients who received T-DXd 5.4 mg/kg.
Cl, confidence interval; NE, not estimable.

Modi....Krop, SABCS 2019, NEJM 2020
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Approach to Therapy for Metastatic HER2+ disease: Move
to Personalization

15t Line Taxane + trastuzumab + pertuzumab

T-DM1

(consider Tucatinib/tras/cape if substantial CNS disease)

No or minor CNS disease Significant CNS disease
Tucatinib
Trastuzumab/capecitabine
Tucatinib
L Trastuzumab deruxtecan
Trastuzumab/capecitabine
Trastuzumab deruxtecan

\ 4 \ 4
5th Line+ Trastuzumab+ chemotherapy

2nd Line

3rd Line

4th Line

Do Not Forget Endocrine Therapy Combinations in ER+ Disease

This presentation is the intellectual property of the author/presenter. Contact them at rmurthy1@mdanderson.org for permission to reprint and/or distribute.
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CNS Response to Large HER2-Directed Molecules

Pre-T-DM1 Post-T-DM1 High Dose Trastuzumab + Pertuzumab

Betore T-REAL

BaFoade T-DRAL

E

Bedore T-[411

TI+CA : Figure 4. Efficacy within the CNS per RANO-BM criteria (N=15)
100
90

80

73.3

70+

SfreEr A T-AL admiini=rarions

FLAIR | 0oy FLAIR

60 -

50

40 -

Percentage of patients

30
20

10

A 4 T-ERL S fnieds e dads

T1+CM | g T1+CM

D -
0 ORR CBR CBR

(CR + PR) (CR + PR + SD =4 months) (CR + PR + SD =6 months)
n=4 n=11 n=9

CBR, clinical benefit rate; CNS, central nervous system; CR, complete response; ORR, objective response rate; PR, partial
response; RANO-BM, Response Assessment in Neuro-Oncalogy Brain Metastases; SD, stable disease.

Lin et al, ASCO 2017

fiftar 4 T-[811 adminiztresfan:

" J Neurooncol (2014) 116:205-206 17
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Lapatinib + Capecitabine for HER2+ BCBM

Study N Prior RT CNS ORR TTP/PFS oS

Lin et al 50 100% 200/0 3 6 mo NR

CCR 2009*

Boccardo et al, 138 NR 1 80/ Median time NR

ASCO 2008 O | onstudy2.8

(LEAP) mo

Sutherland et al, 34 94% 0 NR

BrJ Ca 2010 21 /o 51 mo

(LEAP)

Metro et al, Ann 22 86% V) 11 mo

Oncol 2011 32 /o 5.1 mo from start
of LC

Lin et al, 13 100% 38% NR NR

J Neuro-Oncol

2011*

Bachelot et al, 45 0% o 91%

Lancet Oncol 66 /o 9.5 mo alive at 6

2013

mo

As a single agent, CNS ORR
to lapatinib is only ~ 6%
(Lin et al, CCR 2009)

In pre-treated patients,
lapatinib-cape results in CNS
ORR 18-38%

In the upfront setting (instead
of RT), lap-cape results in
CNS ORR 66%

18
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Capecitabine and Neratinib: Volumetric Response

Best CNS Volumetric Response (n=31)*

100

80

60

40

20

o

-2

o

4

o

-6

o

-80

-100

CNS ORR =49% (95% CI 32-66%)

18 responses

Freedman et al, ASCO 2017, JCO 2019

Led to compendium listing by NCCN
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Progression-Free Survival for Patients with Brain Metastases

- Events HR
] N=291 (95% Cl) P Value
< TUC+Tras+Cape | 106/198 0.48 <0.0000
S 08+
E Pbo+Tras+Cape 51/93 (0.34,0.69) 1
c% 0.6 60% Risk of progression or death in
Q : Median patients with brain metastases was
o : reduced by 52% in the total
_S 0.4 : population
2 ! One-year PFS (95% CI):
§ 0.2 i ! TUC+Tras+Cape Pbo+Tras+Cape
' E 25% 0%
. | | o (17, 34)
"0 3 6 9 12 15 18 24 27 30 33 36 Median PFS (95% ClI):
. Months since Randomization 7.6 months 5.4 months
TUC+Tras+Cape 198 144 78 45 14 8 2 1 1 1 1 0 (6.2, 9.5) (4.1, 5.7)
Pbo+Tras+Cape 93 49 12 4 0 0 0 0 0 0 0 0

(P=0.0080) was met at the first interim analysis.
Data cut off: Sep 4, 2019

20
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OS Benefit in Patients with Active Brain Metastases

Events ‘ HR Risk of death was reduced by
eI B N SEvalte 51% in patients with active
1.04 TUC+TraS+Cape 39/118 0.49 0.004 brain metastases
Pbo+Tras+Cape  30/56 (0.30, 0.80)
% 0.8 71.7% One-year 0OS (95% Cl):
§ TUC+Tras+Cape Pbo+Tras+Cape
a 059 _ 71.7% 41.1%
[ g (61.4,79.7) (25.5, 56.1)
2 e
@ R Median OS (95% Cl):
©
Bl 20.7 months 11.6 months
(15.1, NE) (10.5, 13.8)
00 - : . . , 5 NE: not estimable
o 3 6 27 30 33 36
Months since Randomization
No. at Risk

TUC+Tras+Cape 118 111 89 66 51 33 19 1" 10 6 9 2 0
Pbo+Tras+Cape 56 54 39 29 12 8 6 2 0 0 0 0 0

HR: hazard ratio computed from Cox proportional hazards model using stratification factors (ECOG performance status: 0/1, and Region of world:
North America/Rest of World) at randomization. All P values are nominal.

PRESENTED AT: 2020ASCO s, o PRESENTED BY: Nancy Lin, nlin@partners.org

ANNUAL MEETING

Lin et al. ASCO 2020
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Intracranial Response Rate (ORR-IC) in Patients with Active Brain
Metastases and Measurable Intracranial Lesions at Baseline

Confirmed Objective Response | TUC+Tras+Cape | Pbo+Tras+Cape
Rate (RECIST 1.1)

Best Overall Intracranial Response?, n (%)

P=0.03*
Complete Response (CR) 3 (5.5) 1(5.0)
Partial Response (PR) 23 (41.8) 3(15.0)
801 47%
5 (33.7,61.2) Stable Disease (SD) 24 (43.6) 16 (80.0)
3 60~ 20% e B
Ty) o Progressive Disease (PD 2 (3.6 0
2 (5.7, 43.7) 2 (PD) (36)
2 40m Not Available® 3(5.5) 0
[$)
= Subjects with Objective Response of 26 4
nO: 20+ Confirmed CR or PR, n
Duration of Int ial R
i uration or Intracranial hesponse 6.8 (55’ 164) 3.0 (30’ 103)

(DOR-IC)® (95% Cl)f, months

TUC+Tras+Cape Pbo+Tras+Cape

(a) Confirmed Best overall response assessed per RECIST 1.1. (b) Subjects with no post-baseline response assessments. (c) Two-
N=55 N=20 sided 95% exact confidence interval, computed using the Clopper-Pearson method (1934). (d Cochran-Mantel-Haenszel test
controlling for stratification factors (ECOG performance status: 0/1, and Region of world: North America/Rest of World) at
randomization. (e) As estimated using Kaplan-Meier methods. (f) Calculated using the complementary log-log transformation
*Stratified Cochran-Mantel-Haenszel P value method (Collett, 1994).

PRESENTED AT: 2020ASCO uthor, PRESENTED BY: Nancy Lin, nlin@partners.org

ANNUAL MEETING
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Orthotopic PDX Models of Brain
Metastases

Intracranial injection

DF-BM354

Evaluation of
Anti-cancer drugs

—

I
Patient BCBM

DF-BM355

*Note: Initial experiments done by intracranial injection—we have subsequently show
success using intra-carotid or intra-cardiac injection

This presentation is the intellectual property of the author/presenter. Contact them at rmurthy1@mdanderson.org for permission to reprint and/or distribute.

Courtesy of Jean Zhao



mailto:rmurthy1@mdanderson.org

DF-BM354

DF-BM355
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PDXs maintain the pathological and
molecular profiles of primary tumors

H&E HER2/Neu ER PR PTEN
L B BEES ARTSTTN ' [l GesaRy IHC
 phef o st mﬂm (g : - ISR BM-ID# HER2 ER PTEN
-_,CL_,J r;a‘#‘i%f‘ EARETE e by ” . . w b Ta e
T IGEEN W . 354 + - [ -
Sl s 3 4 . - s = 355 + + -
%ﬁ““%ﬁfﬂr&‘ L e 463 + + -
C A e ; so7 [ | - | -
tere -@ﬁtﬁ}w = goke = & = = 590 + - -
= LT P e e 623 + + -
D Halg o M retes > 686 + + -
© B e e £ B AT el A
o E?ﬁ*%%%&i? A 1 'u‘ ": . 1 \ 727 + -+ +
———— — — - 751 + + -
s fieas | + - _
é 27 - pA IS LS B 7.94
o \. : r‘ e | .: S Y A Ni-7 + + _
MRS U T L Y R T Ni-17 + - -

J Ni, & S. Ramkissoon

This presentation is the intellectual property of the author/presenter. Contact them at rmurthy1@mdanderson.org for permission to reprint and/or distribute.
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PDX models of brain metastases

derived from HERZ2 breast cancer
patienEeEd

o

=

In general,thrainmets havea.suhsiantialiy-higherdakerate indbraintham manman ﬁitpﬂagﬁz%gdgi[gg;:grﬁioon
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Evaluation of Rational Targeted Therapies
_

Control BKM+RAD

Single Agents with Minimal Activity
-- lapatinib
-- BKM 120
-- bromodomain inhibitor
-- RAD 001

Multiple Combinations Tested Control BKM+RAD
With Minimal Activity Except =
BKM + RAD 001

. i 0

Ni et al, Nat Med 2016
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Perhaps more than in any other area of HER2+ disease, progress will only be
made as a result of close collaboration between laboratory and clinic

This presentation is the intellectual property of the author/presenter. Contact them at rmurthy1@mdanderson.org for permission to reprint and/or distribute.
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Major Question For HER2+ Metastatic
Disease: Are Some Patients Curable?

* Clearly tail on the curve in most studies

* Patients with de novo disease most likely to have long term
disease free survival

* With new non-cross resistant drugs, can we develop curative
approaches?

* What will be the role of local therapy?
* Planned TBCRC study is trying to tackle this challenge



Outcomes in stage I-1ll Disease with

Chemotherapy and Trastuzumab
Joint Analysis

Aphinity

—
—
1

Owverall Surwvival (26)

No. at risk

AC-+TH 2026 1,99 1,059 1,897 1,843 1786 1,708 1,506 1,065 735 439
AC+T 2018 1,962 1,683 1,606 1,730 1640 1634 1336 %44 604 363

[="=]
b1
1

60

40

el
E—1
1

B4%
!
75.2%
HR, 0.63; 5% C1, 0.54 to 0.73
P01
AC + TH (286 events)
= AC+ T 418 events)
T2 3 4 65 6 7 8 910

Time Since Random Assignment (years)

B
1004
9
< 80 137%
2 I
4
3 A
o ¥ %
o | RO, 08008
9 P< 01
";.; 4 Only 12% had
g distant recurrence
0 2
o AC  TH 473 events)
Q| =T erents
0 1 2 3 &5 6 78 91
Time Since Random Assignment years|
No. at risk

AC-TH 2028 1,069 1848 1747 1676 1611 1514 1283 910 619 360
AC+T 2018 1,667 1,689 152 1423 1329 1232 1027 706 449 268

Invasive disease-free survival (%)

No. at Risk
Pertuzumab
Placebo

00 98.6% 96.4% 94 1% 92 3%
__H
204 98.8% 95.7% 93.2% 90.6%
60 -
40+
== Pertuzumab, 171 events
g = Placebo, 210 events
Strafified hazard ratio, 0.81 (95% Cl, 0.66-1.00)
p=0.045
0 | | | | [ [ | |
0 6 12 18 24 30 36 42 48
Months
2400 2309 2275 236 2199 2153 2101 1687 879
2404 233 2312 214 215 2168 2108 1674 866

Perez et al, JCO 2014

von Minckwitz et al NEJM 2017



APHINITY: A Phase lll adjuvant study investigating the benefit
of pertuzumab when added to trastuzumab + chemotherapy

F
o
S L
u [ ) Chemotherapy* + trastuzumab 5
R Central + pertuzumab (N = 2400) w
_] confirmation Y
G of HER2 status P
E (N = 4805) Chemotherapy* + trastuzumab 10
R\ J + placebo (N = 2405) v
E
Y « A
_— Anti-HER2 th for a total of 1 (52 weeks) R

Randomization and treatment T concurrent with start of taxane) S

Radiotherapy and/or endocrine therapy may be
started at the end of adjuvant chemotherapy

* Standard anthracycline or non-anthracycline (TCH) regimens were allowed: 3—4 x FEC (or FAC) - 3-4 x TH; 4 x AC (or EC) > 4 x TH; 6 x TCH

e  Primary endpoint: IDFS (APHINITY definition differs from STEEP definition)
e Secondary endpoint: IDFS with 2"d primary non-breast primary cancers included, DFS, OS, RFI, DRFI, safety, and
HRQoL

*  Stratification factors: nodal status, HR status, chemotherapy regimen, geographic region, Protocol version (A vs. B)

cal cut ff d te (CCOD) at the time of primar | yas, 19 Dec 2016, median follow up of 45.4 mont
DFS, disease-free survwal gl!{H gstant relapse-i ree |$tervall'?-?R hormone receptorpHHBaLyh Itﬁ r%? quality OH% p rAndapteQ?rom von Minckwitz et al. N Engl J Med 2017
IDFS, invasive disease-free survival; OS, overall survival; RFI, relapse-free interval www.clinicaltrials.gov/ct2/show/NCT01358877

Piccart et al, SABCS 2019



APHINITY Updated Analysis
Time to first IDFS event by treatment regimen (ITT population)

100 3 years 6 years
—— 94.1%
0,
93.2%?“—————_\;9&
87.8%
80 -
60 -
) Pertuzumab Placebo .
:"E (n = 2400) (n = 2404) 741 med|an fO”OW'up
=)
T 4o Events,n(%) 221(9.2) 287 (11.9)
Stratified HR (95% Cl) 0.76 (0.64, 0.91)
Median FU, months 741
20 4 6 year duration
Difference in Event Free Rate (%) 2.8
95% Cl for Difference (1.0, 4.6)
0 1 1 1 I 1 1 1 I 1 1 I 1
0 1 2 3 4 5 6

No. of patients at risk L.
Years from Randomization

2400 2277 2198 2122 2055 1978 1482
2404 2312 2215 2134 2039 1967 1421



APHINITY Updated Analysis
Time to first IDFS event by treatment regimen and nodal status

Node-positive cohort, ITT population

3 years 6 years
100+
92.0%
87.9%
90.2%
804 83.4%
504 Pertuzumab
T {n =1503)
g
a 40 Events, n (%) 173 (11.5) 239 (15.9)
Unstratified HR {95% Cl) 0.72 (0.59, 0.87)
6 year duraticn
204 Difference in Event Free Rate (%) 4.5
95% Cl for Difference (1.9, 7.1}
0 . 1 2 3 4 5 6
No. of patients at risk Years from Randomization
1503 1420 1357 1301 1257 1205 814
1502 1439 1359 1288 1223 1176 741

Node-negative cohort, ITT population

3 years 6 years
100 97.5% 95 0%
98.4%
94.9%
80 4
. 60 E!
£
m "’ G
a Events, r
= 40 4
Unstra\
6 yeard. e
204 Difference
95% Cl for L 0\ \-2.0, 2.2)
0 I B E— T T T T T T T T
0 . 1 2 3 4 5 6
No. of patients at risk Years from Randomization
897 857 841 821 798 773 668
902 873 856 846 816 791 680

74.1 median follow-up



APHINITY Updated Analysis
Time to first IDFS event by treatment regimen and HR status

Hormone Receptor negative cohort, ITT population Hormone Receptor positive cohort, ITT population

3 years 6 years 3 years 6 years
100 92.8% = S 9
- 89.5% ——— 91.2%
[} . —
91.2% 2T 0% 88.2%
804 804
= 601 Pertuzumah Placebo = 601 Pertuzumab
S (n = 864) (n = 858) £ (n = 1536}
wy (74
= £
= 4pd Events, n (%) 90 (10.4} 106 (12.4) = 404 Events, n (%) 131 (8.5) 181 (11.7)
Unstratified HR (95% Cl) 0.83 {0.63, 1.10) Unstratified HR {95% CI) 0.73 (0.59, 0.92)
6 year duration 6 year duration
204 20+
Difference in Event Free Rate (%} 2.5 Difference in Event Free Rate (%) 3.0
95% Cl for Difference (-0.7, 5.6} 95% Cl for Difference (0.8,5.2)
0 T T T T T T T T T T T T 0 T T T T T T T T T T T T
0 1 2 3 4 5 6 0 dl 2 3 4 5 6
No. of patients at risk Years from Randomization e Years from Randomization
864 821 796 759 732 708 520 1536 1456 1402 1363 1323 1270 962
858 811 771 743 716 693 502 1546 1501 1444 1391 1323 1274 919

74.1 median follow-up



Overall Survival (%)

APHINITY Interim Overall Survival Analysis
Median follow-up 74.1 months

100
80
60 Pertuzumab Placebo
(n = 2400) (n = 2404)
Events, n (%) 125 (5.2) 147 (6.1)
40 Stratified HR (95% CI) 0.85 (0.67, 1.07)
p-value 0.170
Median FU, months 74.1
20 4 6 year duration
Difference in Event Free Rate (%) 0.9
95% Cl for Difference (-0.5,2.2)
0 1 1 1 I 1 1 1 1 1 1 1 I
0 1 2 3 4 5 6

No. of patients at risk L
Years from Randomization

2400 2304 2261 2216 2161 2090 1544
2404 2339 2292 2241 2165 2107 1522



For majority of patients with stage Il/Ill disease, neoadjuvant
therapy is the preferred approach

* Increases rate of conservative surgery
* Decreases need for axillary dissection

* Provides option of reducing treatment, at least on trial, in
patients with pathologic complete response

* Allows for treatment escalation in those without a pathologic
complete response

* In multiple trials, leads to same long term disease free
survival

* Outside of a trial, a standard adjuvant regimen can be used
in neoadjuvant setting



PCR is predictive of EFS and DRFS in HR+/HER2+

EFS HR+HER2+ DRFS
o HR+HER2+ (n=149) o HR+HER2+ (n=149)
- - - 3yr DRFS: 97% . .
3yr EFS: 96% 3yr DRFS: 029

e 0] . [e0]

g 3yr EFS: 87% gl

© | © | '
g o (L/L) o
m 5

S <

O O

N N

© 7| Hazard Ratio: 0.26 © 7| Hazard Ratio: 0.19

(95% CI: 0.06-1.14) —— non-pCR (95% CI: 0.02-1.51) —— non-pCR
o | Log rank p: 0.054 — pCR o | Logrank p: 0.080 — pCR
o o
| T T | T T I T | T
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Years Years

Number at Risk Number at Risk
non-pCR 91 78 62 42 22 10 4 0  non-pCR 91 81 63 44 24 1 4 0
pCR 58 49 37 20 10 6 2 0 pCR 58 50 38 20 10 6 2 0

Yee et al, SABCS 2017; JAMA Oncology 2020



PCR is predictive of EFS and DRFS in HR—/HER2+

EFS DRFS
o HR-HER2+ (n=77) HR-HER2+ & HR-HER2+ (n=77)
-ttt f—H—H—
3yr EFS: 93% 3yr DRFS: 93%
@© @
o 7 O 7
© | © | : —
o © ; L 3yr DRFS: 62%
w 3yr EFS: 53% g
< <
o 7 o 7
N N
© 7| Hazard Ratio: 0.10 © 7| Hazard Ratio: 0.14
(95% CI: 0.03-0.37) —— non-pCR (95% CI: 0.04-0.51) — non-pCR
o | Logrank p: 1.98e-5 — pCR o | Logrank p: 5.09e-4 — pCR
o o
I T T T T T T T T I
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6
Years Years
Number at Risk Number at Risk
non-pCR 25 18 12 7 4 1 1 0 non-pCR 25 21 14 9 5 1 1
pCR 52 47 39 23 13 4 0 0 pCR 52 47 39 23 13 4 0

Yee et al, SABCS 2017




Kristine Trial: Neoadjuvant TCHP vs T-DM1/P

100 4 ————
Early progression seen & — o
more (6.7% vs. 0%) 5 807 t Estimated time of
on T-DM1/P arm ;
: ’ S 60- surgery
largely in HER2 2+ pts 3
§ 40 - 3-Year EFS (95% Cl)
o TCH+P 94.2% (91.0-97.4) —— TCH + P (n=221)
§ 201 | 1-om1+P | 85.3% (80.5-90.1) T-DM1 + P (n=223)
w Stratified HR (95% C1)=2.61 (1.36-4.98) + Censored
O B T T T T T T T T I
Day 1 6 12 18 24 30 36 42 48

No. of Patients at Risk
TCH+ P
T-DM1 + P

221
223

Time (months)

214 211 209 197 190 140 10
199 192 185 177 173 126 16

Hurvitz et al, ASCO 2019 and JCO 2019



Kristine Trial: Invasive Disease-Free
Survival

1004 —

A e
o
u? 80
N
8% 60
=
= >
Q-3 40 -
o 5 3-Year IDFS (95% Cl)
B P TCH+P | 92.0% (86.7-97.3) —— TCH + P (n=214)
g 201 [1-om1+p | 93.0% (89.4-96.7) T-DM1 + P (n=204)
- Stratified HR=1.11 (0.52-2.40) + Censored
O B T T T T T T T T
Day 1 6 12 18 24 30 36 42
) Time (months)
No. of Patients at Risk
TCH+P 214 212 209 198 191 161 17
T-DM1 + P 204 193 187 177 174 156 24

Hurvitz et al, ASCO 2019 and JCO 2019



We need to stop praying at the altar of pCR!

I | |
E. Winer: St Gallen 2019



Time for a new approach for clinical trials in the
neoadjuvant setting

* We should generally put the brakes on looking for “better” regimens/higher pCR rates
that to date have not led to clinically significant improvements in EFS/0S

* Instead, we should:
1. Maximize the biologic insights from neoadjuvant trials

2. Explore ways in which we can de-escalate therapy by considering the importance of
pathologic CR as a powerful biomarker for the individual patients

3. In the absence of a pCR, we can pursue salvage regimens on and off trial, including
e Completion of standard therapy
* Use of new regimens (such as T-DM1)

* Novel therapies in relatively high risk patients



DAPHNE Trial: Preop THP in Stage II/Ill HER2+ Disease
A Feasibility Trial

PCR — Antibodies only

Stage II-lll
HER2+ Trastumab SURGERY Radiation as indicated
0-1PS Pertuzumab  x 12 weeks
healthy Residual disease
Physician choice therapy,
N=100 but often T-DM1 alone

100/100 enrolled at DFCI/MGH/BI More chemo if
in 12 months

obvious residual
disease and poor

response to therapy
Pl: Ada Waks, MD (DFCl)



==y

=) COMPASS Trial

‘ Alliance Schema
o Part 1 pCR (~40-45%
Eligibility Eelipieon No fuprthe(r chemo )
HER2+ breastca | & THP x 4 (12 weeks) -
Stage 2 or 3a o pac weekly or doc q3w (T) 3
(T2-3, NO-2) s PLUS o0
Newly diagnosed, go trastuzumab (H) & 55)
no prior therapy &J pertuzumab (P) q3w Part 2 RD (~55%)
. SOC chemo as deemed necessary
Research Biopsy l
Eligibility T-DM1 to 1y
HER2+ RD
Any ER-
ER+ if N+

/
L

T-DM1 to 1y + tucatinib

~ 50% Part 1, 50%
outside enrollees

Registration

Primary Objectives: 3y RFS HER2+




Optimal result from such a study...
* De-escalation of therapy for some
 Escalation of therapy for those with residual disease
* Development of even more effective escalation approaches

* Biologic insights to differentiate patient populations and design
tailored treatments



DFCI Study Hypothesis and Rationale

 HER2 heterogeneity is associated with inferior pathologic complete response (pCR)
rate to neoadjuvant targeted anti-HER2 thera

HER2 Heterogeneity Residual Disease

SodflO

HER2-targeted Rx i'. O .
Q a®

® o

Investigating the impact of HER2 heterogeneity on response to therapy is an important

step in understanding tumor sensitivity to anti-HER2 agents and potentially to backing
off on therapy

Metzger et al, ASCO 2019



Study Design

* Centrally-confirmed
HER2+ BC
« Stage ll and Il T-DM1 + Pertuzumab gq3w x
o
(N = 164) £

 Two image-guided
research biopsies

< XoxmQ@G /WC W;m

HER2 Heterogeneity defined as either

1) HER2 positivity by FISH in > 5% and < 50% of tumor cells (i.e., CAP guideline)
2) An area of tumor that tested HER2 negative

Blinded assessment performed by central laboratory (European Institute of Oncology, Milan)



Prevalence of Heterogeneity

 16/157(10%) of evaluable cases were classified as HER2 heterogenous

e 13 (81%) hormone receptor positive and 3 (19%) hormone receptor negative

FISH ratio = 3.85 FISH ratio=1.1
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Effect of Heterogeneity on pCR

Pathologic Complete Response
Residual Cancer Burden Class 0

0%

16

p <0.001

N =141

Pathologic CR by HR Status

pCR 65% pCR 42%

The study met its primary endpoint by

demonstrating a significant association

between HER2 heterogeneity and pCR
adjusted by ER status (p < 0.001)



Three comments

*Heterogeneity may account for drug resistance, leading to
either early or late treatment failure

*If clinically significant, treatment strategies may need to include
HER2-directed and non-directed therapy

*Heterogeneity probably needs to be distinguished from tumors
that are simply HER2 low and are not pathway driven



APT: Study Design

HER2+ Enroll
ER+ or ER- —)

Node Negative PACLITAXEL 80 mg/m2 + TRASTUZUMAB 2 mg/kg x 12

<3cm

FOLLOWED BY 13 EVERY 3 WEEK DOSES OF TRASTUZUMAB (6 mg/kg)*

N=410

Tolaney et al, NEJM 2015



Disease-Free Survival Events with Median Follow-
up of 7 Years

DFS Event N (%) Time to event
[months; mean(range)]
Any recurrence or death 23 (5.7)
Local/Regional Recurrence* 5(1.2)
Ipsilateral axilla (HER2+) 3 29 (12-54)
Ipsilateral breast (HER2+) 2 51 (37-65)
New Contralateral Primary Breast Cancer 6 (1.5)
HER2+ 1 56
HER2- 3 36 (12-59)
Unknown 2 87 (84-90)
Distant Recurrence 4 (1.0) 49 (27-63)
Death

Non-breast cancer related 8 (2.0) 58 (13-71)

Tolaney et al, ASCO 2017



APT: Updated Recurrence Free Interval

1.00 T —t T TrTiToLiEanire
RFI Events
0757
o|nvasive = Point Est. 95% Conf. No. of
. j= Interval events
LocallReglonal E | 3-yr RFI 99.2% 98.4% to >99.9% 3
Recurrence g7
5 5-yr RFI 98.1% 96.8% to 99.5% 7
.Distant Recu rrence 50-25 i 7-y|" RFI 97.5% 95.9% t0 99.1% 9
*Death from Breast
Cancer B 1 21 36 18 60 72 4 9
Time (Maonths)
Number at risk
406 388 385 378 362 347 247 120 34

Tolaney et al, ASCO 2017



ATEMPT Trial Schema

3 Trastuzumab-DM1 q3weeks X17
Stage | /
HER2+* N=375

ER+ or ER- v

PS 0-1

Paclitaxel + Trastuzumab x12->
Adequate organ fx 1

Trastuzumab q3weeks x13

N=500 N=125

All HER2 testing centrally confirmed
Adjuvant endocrine therapy can be initiated after completion of 12 weeks of therapy

Adjuvant radiation therapy can be administered concurrently with study treatment.

Tolaney et al, SABCS 2019



Recurrence Free Survival Probability

1.001

0.751

0.501

0.251

0.001

T-DM1

San Antonio Breast Cancer Symposium - Cancer Therapy and Research Center at UT Health Science Center - December 10-14, 2019

Recurrence Free Interval: T-DM1

Recurrence Free Interval=

*Invasive Local/Regional Recurrence
*Distant Recurrence

*Death from Breast Cancer

95% Conf.
Interval

98.1-100%

0 6 12 18 24 30 36 42 48 54 60 66
Months
Number at risk
383 381 375 373 367 325 227 140 85 46 18 1
0 6 12 18 24 30 36 42 48 54 &0 66
Months

This presentation is the intellectual property of the author/presenter. Contact her at stolaney@partners.org for permission to reprint and or distribute
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Summary

* Treatment of HER2+ metastatic disease has evolved dramatically —
individuals with the disease are living longer and longer and far better

* Most adjuvant and neoadjuvant therapy is curative
* We can often reduce the extent of local therapy

* A minority of patients develop recurrent disease, and as noted above,
advances are being made

* Brain metastases remain a major challenge
* Health disparities (not discussed) are still huge

* Health care givers and researchers need to work together seamlessly to
make additional progress



What is a biomarker?
What makes a good biomarker?
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GAMES BROWSE THESAURUS WORD OF THE DAY WORDS AT PLAY

SINCE 1828 biomarker

DICTIONARY THESAURUS

biomarker unoun

bio-mark-er | \ 'bi-0- mar-ker \

Definition of biomarker

. a distinctive biological or biologically derived indicator (such as a metabolite) of a
process, event, or condition (such as aging, disease, or oil formation)




Uses of biomarkers

Table 1 — Intended use contexts for tumor biomarker tests.

e Risk categorization

e Screening for new cancer

e Differential diagnosis
O Cancer vs. benign
O Epithelial vs. hematopoietic vs. mesenchymal
O Organ of origin

e Prognosis
O Early stage
O Metastatic

e Prediction of therapy activity
O Early stage
O Metastatic

e Monitoring disease status
O Early stage
O Metastatic

Biomarker validation and testing. Hayes, D.F. Molecular Oncology, 2015; 9(5): 960-966.



What can be a tumor biomarker?

Normal cell Tumor cell
X~ = -//\§ DNA alterations
mutations/ amplifications
l LOH l l

i / Altered

/ /& RNAievels
%%% Altered
e W proteins

l l

Changes 1n cell

@ | appearance and
uncontrolled

growth and
spread



Assay

A laboratory procedure or method to detect and
measure a biomarker.

Preanalytic requirements: What material can be
used to test, tissue cold ischemia time, tissue
fixative, fixation time, quality of DNA or RNA.

Key ingredients: specific antibody, DNA probe,
reagents or solutions, dyes.
Details of the procedure: How much of each

ingredient, incubation times, incubation
temperatures

Method of interpretation: cellular location, how many
cells to evaluate, how many sequencing reads, etc.

Specified cutoffs for defining positive or negative.



Examples of biomarkers: Proteins

Assay: Immunohistochemistry

Indirect Immunohistochemistry

Colored g4 | f
Product @@ \ _HRPO mmunoriuorescence

Signal —

DAB ' Oad
— Labeled Secondary - Fluorescent Tag
f w. .f--.nt|b-|:rclgn,|r 1

Primary Antibody —
/ \ Proteins
.' E b ,z, Y

,
A"

Cell/Tissue

Cell/Tissue

Diagram 1: lllustration of Indirect Immunohistochemistry and Immunofluorescence methods.

Can be performed in most pathology laboratories using
commercial antibodies and detection kits. Large IHC
machines automate the process.



Examples of biomarkers: Proteins

A major advantage is that protein expression specific to invasive
carcinoma can be determined and distinguished from expression in
stroma, normal cells, or carcinoma in situ.

Ki-67

nuclear nuclear membrane nuclear



Examples of biomarkers: DNA gene amplification
Assay: Fluorescence In Situ Hybridization (FISH)

FISH Technology

TINIT I ke kxk
L L

Heterozygous Homozygous
deletion deletion

3

ot

Performed in larger pathology laboratories using commercial
probes and detection kits. Scoring/counting is done by
cytotechnologists.



Examples of biomarkers: HER2 amplification

Assay: FISH

Normal expression Overexpression
Her2 protein Her2 protein ., j.ig» : - ,
B c o]
' Ly S
LA
- L
Messenger ,
RNA e

.q— Chromosome 17 .* E

Her2 gene Her2 gene amplification

LATIONAL

INSTITUT
Performed in larger pathology laboratories using commercial
probes and detection kits. Scoring/counting is done by
cytotechnologists.



Dual probe HER2 FISH

Only portions of nuclei are present on
sections used for FISH.

Normal cells have 2 chromosome 17°s and 2 CEP17
sequences. The average number of CEP17 sequences
observed in FISH studies for normal cells is 1.61.

HER2 Ratio: Count of HER2 copies / Count of CEP17 copies




Examples of biomarkers: mRNA expression levels
Assay: RT-PCR (example: recurrence score)

Validation subsets

250 RT-PCR -
candidate —p assay on =p Tailoredto  —p f'z%rxgll;o::teazt;\t/se
genes fixed tissue 16 genes NO. ER+
(literature) specimens -
Tamoxifen-treated
+1.04 + 0.47 - 0.34 : =
s
%l
<
GST"’” REFERENCE :
Beta-actin
INVASION GAPDH
Stromolysin 3 RPLPO

Paik, NEJM 2004

Cathepsin L2 m GUS
TFRC

Paik et al. SABCS 2003



Biomarkers: mRNA or Protein?

Immunohistochemistry detects protein on intact tissue.

The Oncotype DX assay detects mMRNA with RT-PCR on
tissue that's been ground up.

Single gene scores are reported for ER, PR, and HER2.

MRNA levels for these three genes are major determinants
of the recurrence score.

PROLIFERATION INVASION

Kl-67

5TKis Stromelysin 3
Survivin Cathepsin L2
Cyclin B1

MYBL2

ESTROGEN

ER
PR
Belz
SCUBEz




HER2 — DNA, mRNA, or protein?

i ."i'*i" P v . ¥ ';
R DNA — in situ hybridization
od

MRNA — Oncotype single gene score

Protein - IHC




HER2 — mRNA - Oncotype DX

36 HERZ2 positive cases by both IHC and FISH (amplified)

10 reported as positive
12 reported as equivocal
14 reported as negative

Therefore, there was a 39% (14/36) false negative rate (probably dilution
of the total MRNA by non-tumor cells).

Unfortunately, some patients did not receive HERZ2 targeted therapy due
to the negative Oncotype DX result.

Dabbs, DJ, et al, High false-negative rate of HER2 quantitative reverse transcription
polymerase chain reaction of the Oncotype DX test J Clin Oncol 29:1-7, 2011.

Bartlett, JIMS, Starczynski, J, gRT-PCR and the Oncotype DX test for assessment of HER?2 status: time to
reflect again? J Clin Oncol 29: 2011.



Examples of biomarkers: Gene mutations
Assay: Next generation sequencing of DNA

e Exon Exon Exon Exon Exon
] Ir}trqr] V}ntrc_m VI_ntror} i __IntroTn - S
DNA DR <R < DRI > DO DA DN
xon xon

RNA

mRNA

« Capture and sequence all
the exons of a panel of

Area of .

Interest genes of interest

* Will find any type of
mutation present anywhere
in the coding exons of the
genes you “captured” (e.g.
PIK3CA, AKT, HER2)




Mutation Drivers

Errors happen with every cell replication cycle
Many of these potential mutations are repaired.

Increased mutation occurs due to mutagenic
exposures or to defects in DNA repair.

“Driver” mutations are those that give a
growth/survival advantage and are enriched in tumor
cells.

Specific drugs target specific mutated proteins:
example: PIK3CA mutations make a protein that is
“on” all the time and drives the tumor cell to
proliferate. PIK3CA inhibitors specifically target
tumors that have this mutation.



What makes a good biomarker?

- Analytical validity: Is the test accurate and reliable
for measuring what is supposed to measure?

« Clinical validity: Does the test accurately and reliably
identify a clinical disorder or separate one
population into two or more relevant groups.

« Clinical utility: Does using the biomarker test to
guide clinical decisions result in improved outcomes
compared to not using the test.



Analytical Validity of the Assay

Preanalytic requirements: What material can be
used to test, tissue cold ischemia time, tissue
fixative, fixation time, quality of DNA or RNA.

Key ingredients: specific antibody, DNA probe,
reagents or solutions, dyes.

Details of the procedure: How much of each
ingredient, incubation times, incubation
temperatures

Method of interpretation: cellular location, how many
cells to evaluate, how many sequencing reads, etc.

Specified cutoffs for defining positive or negative.



Analytic validity

Test Validation Phase
IRE Appreval and
Consultation with the FDA

Dafirne

) Clinicalf
Clinical Aralytical Biclogical
Tast Validatian Validats

Mathod Lising

BEnded
Samnple Set

Befined, Validated, and Locked-Bown Test
{Intended Use, Assay, Computational
Procedures, and Interpretation Criteria)

Biomarker validation and
testing. Hayes, D.F.
Molecular Oncology,
2015; 9(5): 960-966.

Low accuracy Low accuracy
Low precision High precision
(J

High accuracy High accuracy
Low precision High precision

Test replicates for reproducibility

Test in the type of specimen to which
assay will be applied (FFPE, age of
specimen, type of patient)

Test a blinded sample set and
compare to a “gold standard”...do you
get the same results?



Analytic validity:
ASCO/CAP guidelines for ER
and PgR testing

« Hammond et al. 2010 JCO 28(16): 2784-2795

« Why develop new guidelines?

— Review of literature indicated that up to 20% of IHC
determinations of ER and PgR testing worldwide were
probably inaccurate

 Major issues with testing are due to

— pre-analytic variables

— thresholds for positivity

— interpretation criteria



Pre-analytic variables: delay of fixation

Khoury et al. Delay to formalin fixation Mann et al. Reliance on hormone receptor
effect on breast biomarkers. Mod Path assays of surgical specimens may
(2009) 22:1457 compromise outcome of patients with breast

cancer. J Clin Oncol (2005) 23 (22):5148

Table 2. ER and P

O hr
1 hr
= 10
=10
ER/PR core biopsy
4 h r Megative

8 hr




ASCO/CAP guidelines for ER
and PR interpretation

« Optimal algorithm for ER/PR testing

— Positive: 2 1% of tumor cell nuclei are staining

— Negative: < 1% of tumor cell nuclei are staining with
evidence that the sample can express ER or PR (positive
intrinsic controls are seen)

— Uninterpretable: finding that no tumor nuclei are staining
and that the internal epithelial elements present in the
sample lack any nuclear staining



Case 1: Patient comes for
recommendations for adjuvant therapy

« 43 year old with mammographically detected mass

« S/P surgical excision of a 1.8 cm invasive ductal
carcinoma, grade ll, 0/7 positive lymph nodes

« Original receptor studies on excision :
— Estrogen receptor NEGATIVE

— Progesterone receptor NEGATIVE
— C-Erb-B2/HER2 NEGATIVE (0)



A review of pathology was performed.

* Review results of the receptor studies:

Estrogen receptor Uninterpretable
Progesterone receptor Uninterpretable

Normal duct cells
are also negative

Tumor cells
are negative




More Case 1:

* You learn that the surgery had been performed at 4 pm
on a Friday afternoon

* A prior core biopsy had been done but no receptor
studies had been performed.

* You request that receptor studies be performed on core
biopsy

« Estrogen receptor Positive (50% of cells)
 Progesterone receptor Positive (40% of cells)




« Surgical excisions and mastectomies are more likely
to have delay in time to tumor fixation and reduced
tissue penetration than core biopsies, especially if
surgery is late on a Friday.....

* Poorly fixed specimens cannot be resurrected.
False negative results cannot be resolved by
— Central pathology review of IHC slides
— Repeat of IHC by a “better lab” on same specimen
— MRNA assay such as 21-gene assay or 70-gene assay



Analytic validity: HER2 test interpretation

The results of IHC and FISH are concordant in ~95% of
cases.

Discordant cases: protein IHC positive (3+) but no gene
amplification (FISH negative)

False positive IHC (majority of cases) —
Technical problems with the assay
Overinterpretation of results

Estimated to be as high as 20%.



HERZ2: IHC 3+, No amplification — False positive

Overstaining — normal breast tissue should be negative

Edge artifact — lobular carcinomas can appear falsely positive
In edges or between cells

Cytoplasmic positivity — only membrane positivity should be
scored

" Normal posmve Lobular carcinoma . | Edge artifact 2 Cytoplasm posmve '
5 2 % e - g 7 - ‘_/_..i:‘*‘ ‘\\\ L Y

»« 3 4 "‘“_’ -~ \ o\ ; ' ; 2
é y - " ‘~C & » .‘ »




Interpreted as 3+ but
FISH not amplified.



4 TP <% P

v 9‘;.;0’ 3

Immunoreactivity appears to Compare to this cancer
be between cells rather than with strong complete

on membrane. Therefore, this membrane positivity (3+).
should not have been

interpreted as 3+.



Clinical validity: Does test reliably separate a
population into two relevant groups?

An ideal biomarker would be like this:

Negative Positive
Don’ t treat Treat — improved outcome



Clinical validity: HER2 is a pretty good
biomarker! Splits pretty cleanly into 2 groups.

Plot of FISM Ratios

8
-
:
i
2
:

Normal

2 genes/
2 chromosomes = 1

M. Press ASCO 2008



Some cases don’t fit though: Heterogeneity

HERZ2 negative




HER2: Heterogeneity - FISH

SN
i

Two separate
populations.

Starczynski, J, et al HER2 amplification in breast cancer, Anatomic Pathol

137:595-605, 2012.

Intermingled cells.

Most common
pattern.

Single cells.



HER2: Heterogeneity for HER2

Significance?

Relationship to prognosis and response to HERZ2 targeted
therapy is under investigation.

~1/3 of HERZ2 positive cancers treated with HER?2 targeted
therapy are HERZ2 negative after neoadjuvant therapy.

Likely due to heterogeneity of expression with
preferential survival of HER2 negative subset.

Poor prognostic factor.



Ki-67 Labeling Index: Maybe not so good

* Proliferation rate is one of the most important prognostic
factors, especially for ER-positive breast cancer.

« But how should it be measured?
— MRNA expression (e.g. 21-gene assay, 70-gene assay)
— S-phase fraction
— Ki-67 immunohistochemistry

« Change in Ki-67 after 2 weeks of neoadjuvant therapy
has been suggested as a biomarker for prediction of
therapy response in ER+ breast cancer
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Assessment of Ki67 in Breast Cancer: Recommendations from
the International Ki67 in Breast Cancer Working Group

Mitch Dowsett, Torsten O. Nielsen, Roger A'Hern, John Bartlett, R. Charles Coombes, Jack Cuzick, Matthew Ellis,
N. Lynn Henry, Judith C. Hugh, Tracy Lively, Lisa McShane, Soon Paik, Frederique Penault-Llorca, Ljudmila Prudkin,
Meredith Regan, Janine Salter, Christos Sotiriou, lan E. Smith, Giuseppe Viale, Jo Anne Zujewski, Daniel F. Hayes

Manuscript received March 14, 2011; revised September 1, 2011; accepted September 2, 2011.

JNCI 2011; 103:1656-64
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Figure 2. Examples of Ki67 staining in breast cancer. Tumor biopsies
were fixed in neutral buffered formalin and sections stained for Ki67
with the MIB1 antibody (brown stain) and counterstained with Mayer’s
hematoxylin (blue stain). A) Well-fixed specimen. B) Poorly fixed spec-
imen. The micrograph was taken using a Leica Microsystems Ariol
image analyzer (Leica Microsystems, Gateshead, UK). Scale bar =50 pm.




Box 1. Recommendations for Ki67 assessment in breast cancer
Preanalytical

Core-cut biopsies and whole sections from excision biopsies are acceptable specimens; when comparative scores
are to be made, it is preferable to use the same type for both samples (eg, in presurgical studies).

TMAs are acceptable for clinical trial evaluation or epidemiological studies of Ki67.

Fixation in neutral buffered formalin should follow the same guidelines as published for steroid receptors (39,40).
Once prepared, tissue sections should not be stored at room temperature for longer than 14 days. Results after
longer storage must be viewed with caution.

Analytical

» Known positive and negative controls should be included in all batches; positive nuclei of nonmalignant cells and
with mitotic figures provide evidence of the quality of an individual section.
Antigen retrieval procedures are required. The best evidence supports the use of heat-induced retrieval most
frequently by microwave processing.
The MIB1 antibody is currently endorsed for Ki67.

Interpretation and scoring

In full sections, at least three high-power (x40 objective) fields should be selected to represent the spectrum of

staining seen on initial overview of the whole section.

For the purpose of prognostic evaluation, the invasive edge of the tumor should be scored.

If pharmacodynamic comparisons must be between core cuts and sections from the excision, assessment of the
latter should be across the whole tumor.

If there are clear hot spots, data from these should be included in the overall score.

Only nuclear staining is considered positive. Staining intensity is not relevant.

Scoring should involve the counting of at least 500 malignant invasive cells (and preferably at least 1000 cells) un-
less a protocol clearly states reasons for fewer being acceptable.

Image analysis methods for Ki67 remain to be proven for use in clinical practice.

Data handling

The Ki67 score or index should be expressed as the percentage of positively staining cells among the total number
of invasive cells in the area scored.

Statistical analysis should take account of the log-normal distribution generally followed by Ki67 measurement.
The most appropriate endpoint in comparative studies of treatment efficacy or response is the percentage
suppression of Ki67-positive cells.

The most appropriate endpoint for assessing residual risk of recurrence is the on-treatment proportion of
Ki67-positive cells.

Cut points for prognosis, prediction, and monitoring should only be applied if the results from local practice have
been validated against those in studies that have defined the cutoff for the intended use of the Ki67 result.

JNCI 2011; 103:1656-64
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How Reliable Is Ki-67 Immunohistochemistry in Grade 2
Breast Carcinomas? A QA Study of the Swiss Working

Group of Breast- and Gynecopathologists

Zsuzsanna Varga', Joachim Dieboldz, Corina Dommann-Scherrer3, Harald Frick4, Daniela Kaup5,
Aurelia Noske', Ellen Obermann®, Christian Ohlschlegel’, Barbara Padberg®, Christiane Rakozy®,
Sara Sancho Oliver?, Sylviane Schobinger-Clement?, Heide Schreiber-Facklam'®, Gad Singer!?,
Coya Tapia', Urs Wagner'®, Mauro G. Mastropasqua®, Giuseppe Viale™, Hans-Anton Lehr'™*

« 5 pathologists evaluated MIB-1-LI (Ki-67) in 10 breast cancers
 The same tumors were re-examined by same pathologists 4 months later
« For 10 cases evaluated by 5 pathologists
« overall K=0.56-0.72 (pretty good).
» Just G2 cancers, Kappa= 0.17-0.49 (poor)
« Not accounted for by central vs local staining, counting vs eyeballing, self
selected vs pre-defined areas of interest

« Update in 2017: They are better, but still only agree if
Ki67 i1s <5 or >30. Its no good in the middle where we
really need it.

This suggests Ki-67 IHC may not be ready for prime-time!!



Some nuclei are indisputably positive

JNCI 2011; 103:1656-64



Other faintly staining nuclei are less clear
and likely variably called positive or
negative

JNCI 2011; 103:1656-64



Clinical Utility

BRIGHT LINE

Evaluation for Clinical Utility and Use Stage
Three Potential Pathways (IRE Approval and FDA Consultation)

Prospective/ Prospective

Prospective

Retrospective Clinical Trial; Clinical Trial;
Study with Test Does NOT Test Directs
Archived Direct Patient Patient
Specimens Management Management

IDE Neadad?

el  [w]  [e

FDA Approval/Clearance or LDT Process for Clinical Test

Additional High-Quality Evidence to Evaluate Clinical Utility of the Test

Practice Guidelines and Reimbursement

Biomarker validation and testing. Hayes, D.F. Molecular Oncology, 2015; 9(5): 960-966.



Clinical Utility

Does using the test to guide clinical decisions
improve patient outcomes or outcomes are same
with lower toxicity.

ER for endocrine therapy- Yes

HER2 for HER2 targeted therapy — Yes

Oncotype RS for giving chemotherapy or not — Yes
PD-L1 for immunotherapy — not clear

PIK3CA mutation — maybe



Summary

Biomarkers can be proteins, mRNA, or DNA
molecules that indicate a biologic state

Assays must be standardized and validated
Best biomarkers are bi-modal, splitting cleanly into
two groups

Guidelines are important for minimizing pre-analytic
variables, interpretation mistakes, or classification
variability (what is called “positive”).

Clinical utility of a biomarker test must be
demonstrated by high levels of evidence in clinical
trials.



Thank You!
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Breast cancer burden

Worldwide: 2,000,000 cases/year, 500,000
deaths/year

USA: 240K cases/year, 40K deaths/year
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Estimated USA Breast Cancer Costs: $ 180,000,000,000
0.2% of the GDP

Eur J Health Econ. 2007
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The immune system naturally responds to

breast cancer

HER-2 Breast Cancer — 10 Year Survival Analysis
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Principles of vaccination

A Initial exposure Second exposure
‘ to antigen to antigen

'.'\

#

Response is
larger

i Primary immune | Secondary

: response : immune

5 : response

Antibody concentration

"3 Response is
faster

Pearson Prentice Hall, 2005
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Target antigen choices for a cancer
vaccine

THE CENTRAL DOGMA

* Viral antigens
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The adaptive Immune system is the
body’s drug making machinery

CD4 “helper” T cells N hw

o Inflammation (macrophages and

neutrophils) i"z J'.
o Antibodies HER2

o Activate cytotoxic T cells

o Immune-surveillance

o Epitope-spreading

CD8 “cytolytic” T cells

o Tumor lysis

@

B cells CD4 T cell
o Antibodies
o Signaling “ﬂ TCR
o ADCC Antigen ).
o Complement -
CD8 T Ce” Biorender
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Differentiation of the adaptive immune
response
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Prevailing data suggest that viruses
do not cause breast cancer

 Human papilloma virus

P53 inactivation

« Epstein-Barr virus
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Lower mutation load correlates with worse
overall survival
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Presenter
Presentation Notes
To the right side of the tree: worse survival; To the left side of the tree: better survival;
Additional tests were performed for Class-I and Class-II NeoAg from fusion genes, and for total NeoAg load from SNV+INDEL+Fusion, only shown here are the significant results


Neoantigens are largely private making
every vaccine different

NeoAg Recurrence in the TCGA BRCA patients
>42 | 18 DIXDC1, PIK3CA >5% cohort
18-42 | 1963 21 genes
O Z
c
g 10-17 | 11066 164 genes 5 1% cohort
© S Sy
w 06-9 | 35874
0
N 2-5 801141 < 1% cohort
1 4384641
I I I I ]
0 1000000 2000000 3000000 4000000 5000000
# of NeoAg

Ren et al., 2020, Oncoimmunol

MAYO CLINIC
Cancer Center


Presenter
Presentation Notes
Figure 4. The number of neoantigens occurring in different numbers of patients. 
1 patient
2-5 patients (<0.059%), 6-9 patients (<1%), >17 patients (2%), 42 patients (5%), >42 patients (>5%)


Overexpressed self proteins as a source of
tumor neoantigens

Normal Cell

Dominant Subdominant
Epitope Epitope

Cibotti, R., Proc Natl Acad Sci U S A, 1992. 89(1): p. 416-20
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Early murine HER2 vaccine development
informed on best use of vaccines

. Protection - Treatment
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Cancers quickly suppress the immune
system to prevent their destruction

TGF-f3
Chemokines

T R E G S (e.g. CCL4)
(CD4+ and
CD8+)
ANTI-
TUMOR
IMMUNITY
(CTL, Helper T
cells)

Cancer Rea. 2017 Myeloid
g::z:; :—\;:ri’ui(())‘llind Immunother, 201 C “
Cancer Immunol Res, 2014 e ° e S
Plos One, 2013
Plos One, 2011 (e.g. DC,
J Immunol 2013 suppressors)

J Immunol 2009
J Immunol 2006
Nature Med 2004
Nature Med 2003

MAYO CLINIC
Cancer Center



Early HER2 vaccines demonstrated feasibility
but were less than optimal in coverage

« ECD Vaccine
* ICD Vaccine
* HLA-A2 Vaccine
« E75 Vaccine

E75 is useful in 40% and requires
frequent boosting

Vaccine Prolongs Remission in Triple-Negative
Breast Cancer

100 SAN FRANCISCO -- Treatment with a novel peptide vaccine appeared to delay disease recurrence in triple-
negative breast cancer (INBC) patients with low HER2 expression, a subgroup analysis of a phase II trial
% a0 found.
5]
w
§_ At a median follow-up of 26.1 months, disease recurrence occurred in 7.5% of TNBC patients who received
§ 60 nelipepimut-S (NeuVax) compared with 26.7% 1in the control arm (HR 0.26, 95% CI 0.08-0.81, P=0.01),
= reported Guy T. Clifton, MD, of San Antonio Military Medical Center in Texas.
2 a0
% "We think the results are intriguing in light of what we now understand as far as triple-negative breast cancer
E 20 being a more immunogenic subtype of breast cancer that's more responsive to immunotherapy,” he said during

his presentation here at the ASCO-SITC Clinical Immuno-Oncology Symposium.

In the NeuVax and control arms, respectively, rates of disease-free survival (DFS) among the 97 TNBC patients

p369.16 pE88.15 p871.18 ECD ICD were:

HER-2/neu Antigens
JC0 2009 e 92.6% versus 70.2% at 24 months

e 82.3% versus 70.2% at 36 months

Knutson KL, et al., JCI 2001
Disis ML, et al., JCO, 2002
Knutson KL, et al., Clin Cancer Res, 2002
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Binding of predicted HER2
neoantigens to purified HLA-DR

IC5o nM to purified HLA

Sequence Peptide Name  Position” CREL DREL DRBL DRBL  DRB1 ~DRBL DRBL ~DRBL DRBL ~DRBL DRBL DRBL DRB3 ~ DRB4  DRBS

*0101  *0301 *0401 *0404 *0405 *0701 *0802 *0901 *1101 *1201 *1302 *1501 *0101  *0101 *0101
NLELTYLPTNASLSF  HER-2/neu.59 59 4.9 7356 6.2 2.7 38 7.2 94 3055 30 141 105 23 ND 29 189
LTYLPTNASLSFLOD ~ HER-2/neu.62 62 9.7 3364 19 16 80 15 426 4081 213 150 47 132 141 1633 173
IQEVQGYVLIAHNQV ~ HER-2/neu.77 77 57 7763 111 178 102 35 213 302 165 3438 103 75 13,508 546 1361
YVLIAHNQVRQVPLQ ~ HER-2/neu.83 83 28 454 53 104 1185 92 300 358 208 302 19 679 649 124 18
HNQVRQVPLQRLRIV ~ HER-2/neu.88 88 950 971 840 78 1303 80 85 6644 21 42 270 3480 ND 18 173
MEHLREVRAVTSANI  HER-2/neu.347 347 9.6 2970 533 12 200 97 95 4345 262 21 23 86 ND 81 216
LREVRAVTSANIQEF  HER-2/neu.350 350 17 3913 43 8.2 50 12 456 5187 661 161 15 27 ND 163 94
LSVFONLQVIRGRIL  HER-2/neu.422 422 13 345 63 33 26 7.1 148 859 96 48 80 33 ND 67 17
RGRILHNGAYSLTLQ  HER-2/neu.432 432 24 710 480 129 2845 56 5077 430 773 40 13 5.4 358 562 82
LRSLRELGSGLALIH ~ HER-2/neu.455 455 7.1 ND 896 14 603 142 1075 594 309 498 16 24 16,142 549 726
VLGVVFGILKRRQQ ~ HER-2/neu.666 666 67 2449 177 335 101 17 35 ND 12 268 17 185  ND 958 38
SRLLGICLTSTVQLY ~ HER-2/neu.783 783 80 2923 85 13 90 9.0 634 137 80 446 47 39 3567 481 392
PIKWMALESILRRRF  HER-2/neu.885 885 12 30 14 250 161 664 312 3620 133 66 349 33 ND 62 3.4
IKWMALESILRRRFT ~ HER-2/neu.886 886 16 10 37 1075 435 1795 515 9282 136 241 1118 11 ND 340 33
FSRMARDPQRFWIQ  HER-2/neu.976 976 29 35 512 2224 855 1423 798 1481 49 6867 240 1408 901 27 45

Tposition of N-terminal amino acid; ND=not determined; Peptides that constitute degenerate pool are in bold

Karyampudi, Cancer Res, 2010
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Detection of pre-existent immunity

4

p885

DRB1*0101, DRB1*0301
DRB1*0401, DRB1*0404
DRB1*0405, DRB1*0701
DRB1*0802, DRB1*0901
DRB1*1101, DRB1*1201
DRB1*1302, DRB1*1501
DRB3*0101, DRB4*0101
DRB5*0101
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HER-2/neu.p59

(545+142)

T Cell Frequency

6% 15%

HER-2/neu p422
(635+172)

T Cell Frequency

15%
Patients

Karyampudi et. al., Clin Cancer Res. 2010

T Cell Frequency

T Cell Frequency

HER-2/heu.p88
(594+114)

6% 23%

HER-2/neu p885
(314+64)

23%
Patients

Knutson KL and Ishioka G, 2007, HLA DR binding peptides and their uses. Patented 12/740,562.




Vaccine induces immunity to naturally
processed antigens

100% of patients

C D
400 pdz2 400 885 demonstrated immunity
following vaccination
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Generation of durable HER2-specific T cells in
majority of patients with resected HER2 breast
cancer
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BC170530: Phase ll resected HER2+ breast
cancer
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Spontaneous immunity to
the folate receptor alpha in
cancer patients

Knutson, K. L. et al. JCO; 24:4254-4261 2006
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FRa peptide vaccine generates immunity in
breast and ovarian cancer patients

Vaccine period
0-6 months

Follow up
period 12-18
months

Matt Block, M.D., Ph.D.
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BC141410: FRa Vaccination to Prevent Progression of

Triple Negative Breast Cancer
FRa is preferentially expressed in

TNBC Edith Perez
Stages
A o lib/ll
2™ TNBC
£
éw- ER+ILC
s
£ gl
B. 4009
£ .o o Convention
2 <l al Therapy
P I
a-
Benign ER+ HER2+ TNBC
(n=4) (n=33) (n=26) (n=68) / \

Necela BM, PLoS ONE 10(3): e0122209. doi:10.1371/journal.pone.0122209

Vaccine

Multicenter Phase Il Trial to Test Whether Vaccine Placebo
N=187

Prevents Recurrence in Patients Diagnosed and N=93
Treated for TNBC
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Differentiation of the adaptive
immune response
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2011: IL-17 association with
improved survival in ovarian cancer

P<.001,N=46,R=10.8
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The combination of IL-15 and p38 MAPK
inhibition in DCs leads enables induction of IL-
17 producing T cells

Martin Cannon, Ph.D.
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Modulation of p38 MAPK signaling enhances dendritic cell DC 15/p38i
activation of human CD4" Th17 responses to ovarian tumor
antigen
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MC1361: Phase | Trial Schema

Priming

Matt Block, M.D., Ph.D. Exam
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Results of phase | trial of ovarian cancer
patients treated with Th17-inducing DC
vaccine

Patients appear to be protected from Immunitv correlates with outcom
disease progression y ©
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Phase Il trial design
MC1963
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Can the natural immune response inform
on the what type of vaccine

N v R e F-Th immunity improves
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Combination vaccine and ICB therapy
results in complete regression and sustained
progression free survival
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Phase | Trial Schema
Combination FRa vaccine + Durvalumab

27 patients with platinum-resistant
ovarian cancer (median 4 prior
A chemotherapies)

l \
L 2R 20N 20K 20 2R

ICB, q 2 weeks >

Vaccination — Folate receptor

0 4 8 12 16 20 24 28 32 36 40 44
week

ICB = anti-PD-L1 (Durvalumab)

Patrick Yeramian, M.D. (Amylyx) Jason Konner, M.D. (MSKCC)
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Combination FRa vaccine + Durvalumab
induces immunity to FRa
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Combination FRa vaccine + Durvalumab
results in improved 0OS?
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A prevention vaccine for breast

* To develop a vaccine that
targets all three major subsets
of breast cancer

* To develop a vaccine that
reduces the incidence of breast
cancer

* To develop a vaccine that
prevents death from breast
cancer

* To develop a safe and cost-
effective vaccine

NB“:C

National Breast Cancer Coalition

MAYO CLINIC

Cancer Center
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CD8

cancer

CD45

CD11c

NATIONAL CANCER INSTITUTE
Division of Cancer Prevention




Antigen selection

* HER2/neu
Expressed in majority of breast cancers and amplified in 20%.

- MAGE3
Expressed in ~50% of breast cancers.

- MUCA1
Overexpressed in 90% of breast cancer.

« Survivin
Overexpressed in more than 90% of breast cancer.

« Mammaglobin A
Expressed 10 fold-higher in 40-80% of breast cancers.

* hTERT
Overexpressed in more than 90% of breast cancer.

MAYO CLINIC
Cancer Center



Vaccines are made and ready for production

HER2 ECD-MUCIN1
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Phase | trial design-Prevention vaccine

Metastatic Patients Metastatic Patients NED Stage Il Patients

N B ’ c Registration
»

National Breast Cancer Coalition

Mandatory biopsy—normal breast
tissue

Treatment
Cycle 1: Artemis 1.P1 + hGM-CSF
followed by
Cycle 2: Artemis 1.V1
30+ 3 days

Clinical follow-up
30+ 3 days after last vaccination

Mandatory biopsy—normal breast
tissue

Survival follow-up monitoring

Sara Chumsri, M.D.

MAYO CLINIC
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Registration

Treatment

Cycle 1: Artemis 1.P1 + Artemis
1.P2 + hGM-CSF

followed by

Cycle 2: Artemis 1.V1 + Artemis
1.v2
30+ 3 days

Clinical follow-up
30+ 3 days after last vaccination

Mandatory biopsy—normal breast
tissue

Survival follow-up monitoring

Registration

Mandatory biopsy—normal breast

tissue

Treatment

Cycle 1: Artemis 1.P1 + Artemis

1.P2 + hGM-CSF
followed by

Cycle 2: Artemis 1.V1 + Artemis

1.v2
30+ 3 days

Clinical follow-up

30+ 3 days after last vaccination

Mandatory biopsy—normal breast

tissue

Survival follow-up monitoring

NATIONAL CANCER INSTITUTE
Division of Cancer Prevention




Conclusions

 More needs to be done in the disease
free period to boost host immunity

Breast Cancer against cancers at high risk for relapse

Typical Tx Disease Course  Vaccines can be developed that target
aberrantly expressed and mutated
proteins. Useful for preventing disease
recurrence?

3,500

Window of opportunity to
boost host immune

defenses * Repolarizing immune response may

improve outcomes using modifying
signaling pathways in autologous DCs.

Tumor volume

w
(&)

o e o . !mmumzmg with an_tlgen vaccines may
SU9  chemo improve outcomes in patients treated

Months/Years with ICB.
« Can we prevent cancers with vaccines?

MAYO CLINIC
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Examine your notes so far:

 How might you categorize the
information in a way that makes
sense to audiences that weren’t here?

« Combining “conference” information for a

CritiCal cumulative report
Essence » Separating by session

* Treatment, trials, experts, etc.

Model

Look over your critical essence
paragraphs:
* Do you see any themes, concepts or
values that are within?

Research Advocacy Network
Advocatelnstitute )
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Pick the most
important audience
that you want to
share conference
information with.

This should be a
specific person,
group, organization,
etc.




Advocatelnstitute 7/

|dentify:

1. (Hook) What do they
know that they want to
know about information
from this conference?

2. (Lede) What
additional information
should they want to
know from this
conference?

3. (Influential
Conclusion) What do
they not know- that
they should know?




Choose the best
commuhnication
channel to deliver the

messaging to the
intended audience.




Tonight and tomorrow:

* How might you categorize the
information in your note?

C rltl Cal * ’;I;)hr;lso?raor\]/vllnform your notetaking for

Essence Do you see any overarching

Model themes, concepts or values that
Ode are within?

* Who is your #1 priority audience
to share this information with?

Advocateln/stitD
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Specialized Programs of Research
Excellence (SPORE):

Translational Science, NCI Perspective

Translational Research Program (TRP)

Division of Cancer Treatment and Diagnosis (DCTD)
National Cancer Institute (NCI)

National Institutes of Health (NIH)

9609 Medical Center Drive, Room 3W110, MSC 9726
Rockville, MD 20850-9726

Tel: 240-276-5730; Fax: 240-276-7881

Website: trp.cancer.gov

JoyAnn NP Rohan, PhD
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The Birth of Specialized Programs
of Research Excellence

Excerpt from 1992 Senate Report

The Specialized Programs of o oy o o Naael e asbimie, ST SRR

: o e Commmt s Hiets thap earch on cancers affecting

W " » )
Research Excellence (SPORE) IS available for breast cancer research. Of this totel, $20,000.000 1 1o
be ‘available for basic breast cancer research to understand the

a translational research | causo and find e cure for broast cancer and $10,000000 s to be
program established in 1992 | (530 granh machanke Lhat ks aboretory studen with G

by the National Cancer  breast cancer into clinical medicine. The grantes institution receiv:

, mghthe award must make a major comrtrgtx;lent :o support a coni;
. . . prehensive, interdisciplinary a; reast cancer researc

Institute in response to the - hat will intograte basic reseateh, stiology. diagaoes, provmtin
:  nittes ainy oyt NCT 1o Sonvre that to Jopte dssues. The Som-
COngFESSIOnal mandate to ggeahdinnovativereaearch;provide training for yo research-
. | ers; attract qualified scientists who previously have not been given
|ntegr‘ate Iaborato ry a nd ﬁ the opportunity to concentrate their talents on breast cancer re-

; and ite the translation of research advances from the

clinical investigations for the ‘:‘%'Leté?m;m"ﬁi‘::*m coabishment o up t tix specnlind
rapid translation of basic | ﬁﬁﬁnm’,*‘“nﬁmmm e with iokonl resorch b

. o[ . . . clinical medicine. The grsgtgehﬁlgsnmnggrutgg :\?vna:;lrmiﬁ
scientific discoveries into —
clinical application.

- make a major commitment to support pilot interdisciplinary col-
. laborative projects in addition to career d?avelopmen "

= By its participation in the trans-NIH health{ women’s study, the
. NCI will explore whether reducing fat intake lowers the risk of de-
. veloping breast, colorectal, and o cancers in addition to cardio-
vascular disease. The NCI will begin a 3-year feasibility study to
. determine effective ways to promote dietary change among minori-
-ty and less educated women by reamcg;ﬁ their fat intake. The
“tumor suppressive effects of tamoxifen will be assessed in a ran-
 domized ical trial that will enroll women at high risk for devel-
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| ing the award must make a major commitment to support a com-
. prehensive, interdisciplinary approach to breast cancer research
¢ that will integrate basic research, etiology, diagnosis, prevention,
t clinical applications, training, and quality-of-life issues. The Com-
¢ mittee also urges NCI to-ensure that the centers encourage cutting
i edge and innovative research; provide training for yo research-
| ers; altract qualified scientists who previously have not been given
% the opportunity to concentrate their talents on breast cancer re-
p aearcﬁ ; and expedite the translation of research advances from the

 .The Committee urges the establishment of up to six sl?emahzed
1 pmgl:mnmn ams. of research excellence [SPORE] through the P50 grant
§ mechanism that.links laboratory studies with clinical research to
| rapidly translate basic scientific discoveries in breast cancer into
- clinical medicine. The grantee institution receiving the award must
- make a major commitment to support dpoilt_)t: interdisciplinary col-
A\ laborative projects in addition to career development. |

DY 18 parucipailon 1n thne trans-IN1ri healthy women's 8 y, he
t NCI will explore whether reducing fat intake lowers the risk of de-
k veloping breast, colorectal, and other cancers in addition to cardio-
f vascular disease. The NCI will begin a 3-year feasibility study to
t determine effective ways to promote dietary change among minori-
. ty and less educated women by restricting their fat intake. The

i -tumor su]])&x;easive effects of tamoxifen will be assessed in a ran-
j domized clinical trial that will enroll women at high risk for devel-
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SPORE Program (1992-2011)

1992-95 | 1996-98 | 1999 | 2000 | 2001 | 2002 |2003-7| 2008 | 2009 | 2010 | 2011

Breast 4 6 6 9 9 9 9 10 10 8 6

Prostate 2 3 3 4 8 11 11 7 9 9 8

Lung 2 3 3 3 6 6 7 6 7 7 7

Gastrointestinal 1 2 2 2 2 4 4 5 5 6 7

Ovary 4 4 4 4 4 4 4 4 4

Bladder 1 1 1 1 1 1 0

Skin 1 2 2 5 3 4 3

Brain 2 2 4 2 2 4

Head & Neck = 3 5 4 5 5

Lymphoma 2 2 4 4 4 5

Endometrial 1 0 1 2 2

Cervical 1 0 1 1 1

Kidney 1 0 1 1 1

Leukemia 1 1 2 2 2

Myeloma 1 1 1 2 2

Pancreas 3 2 2 3 3

Sarcoma 1 1
Thyroid
Neuroendocrine
Pediatrics/RAS
Liver

Total Programs* 9 14 18 22 3 44 53 55 57 62 61

Annual Budget| 20M 30M 39M 48M | 68M | 112M | 126M | 123M | 128M | 134M | 122M




SPORE Program (1992-2011)

199295 | 1996-98 | 1999 | 2000 | 2001 | 2002 |2003-7] 2008 | 2009 | 2010 | 2011

(=]

Breast 4

Prostate

Lung

= ;3N

: _ Joe W Gray — UCSF
Gastrointestinal

Ovary James Inglehart — Duke

Bladder Edison Liu (Chuck Perou/Shelley Earp) — UNC

Skin Kent Osborne (Matthew Ellis) - BCM

Brain

Head & Neck

Lymphoma 2

Endometrial

Cervical

Kidney

Leukemia

Myeloma
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Sarcoma

Thyroid

Neuroendocrine

Pediatrics/RAS

Liver

Total Programs* 9 14 18 22 31 44 53 55 57 62 61

Annual Budget| 20M 30M 39M | 48M | 68M | 112M | 126M | 123M | 128M | 134M | 122M




SPORE Program: Last 10 Years

2011

2012

2013

2014

2015

2016

2017

2018

2019

2020

Breast

(<))

H

(<))

Prostate

Lung

Gastrointestinal

Ovarian

Bladder

Skin/Melanoma

Brain

H&N/Thyroid

Lymphoma

Endometrial

Cervical

Kidney

Leukemia

Myeloma

Pancreatic

Sarcoma
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Total SPOREs

62

56

56

52

52

53

(9,
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D
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Annual Budget

$123.3M

$115.8M

$106.0M

$106.0M

$106.0M

$106.0M

$106.0M

$109.2M

$109.39M

$112.20M




SPORE Sites in FY 2020

[l P50 SPORE Sites
| | P50 SPORE Collaboration

Sites
* P20 Cancer Health
Disparities Sites



Distribution of SPORE Advocates

ORGAN SITE Number of ORGAN SITE Number of
SPORE SPORE
Advocates Advocates

oladder 1 lung 10
orain 10 lymphoma 5
oreast 41 myeloma 7
cervical 2 neuroendocrine 2
endometrial 1 ovarian 6
gastrointestinal 7 pancreas 4
Kidney 4 prostate 23
eukemia 8 skin 7
iver 9 Total 147




Roles of SPORE Advocates

« Serve and support
« EAB
<« Clinical trial consultants/patient navigators
<+ DRP/CEP project committee members
<« Partnerships with Core and Project Leaders
« |AB
<« Community Outreach
<« Patient Advocacy Council
<« Science Symposium
<« Attend SPORE Workshops

<« Participate in SPORE Peer Review (via Special Emphasis Panel)

m) NATIONAL CANCER INSTITUTE



Translational Research in SPORE
(PAR-20-305)

Translational research uses knowledge
of human biology to develop and test the
feasibility of cancer-relevant
interventions* in humans AND/OR
determines the biological basis for
observations made in individuals with
cancer or in populations at risk for
cancer

* The term “interventions” is used in its broadest sense to include molecular assays, imaging
techniques, drugs, biological agents, and/or other methodologies applicable to the
prevention, early detection, diagnosis, prognosis, and/or treatment of cancer.

10


http://grants.nih.gov/grants/guide/pa-files/PAR-20-305.html

Bi-Directional Translational Research
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Individual Research Projects

Test novel translational ideas
Minimum of 3 projects required

> Option: Renewal applications may propose two large-scale, multi-
institutional continuation projects

Project co-leaders:
> Basic and clinical/applied scientists (minimum 2)

» Each having minimum effort of 0.6 person months

Interaction of projects with cores

Human application/endpoint within the project period

Clinical Trial Requirement: At least one project must conduct, as a
specific aim, a SPORE investigator-initiated clinical trial as defined by the

NIH. A population science study is acceptable as a clinical trial if it meets

the NIH definition. The SPORE mechanism does not support large,

randomized Phase Il clinical trials. 12


https://grants.nih.gov/policy/clinical-trials/definition.htm

Breast SPORE Projects

+» Endocrine Resistance

+ TNBC

+» HER2+

+» Metastatic Breast Cancer

+» Genomic Instability

+»Vaccines/Immunology

+~ Blomarker Development

+ Early Detection, Prevention, Population Sciences (EPPS)
+ 27 clinical trials related to funded SPOREs

13



What is a Human Endpoint?

<+ At least one of the following six human endpoints should be
proposed in each SPORE research project:

1) Early phase clinical trials* of new investigational drugs
(INDs) and biologics, experimental procedures, medical
devices, or combinations thereof

2) Early phase clinical trials* of new combinations or new uses
of the FDA-approved agents and devices

3) Discovery and development of biomarkers, only when
measurements are made in human biospecimens, or directly
In human subjects

*To qualify as a human endpoint, the clinical trial protocol must be developed by the project leader/SPORE investigators.
14



What is a Human Endpoint?

+ SPORE human endpoints cont’d:

4) Laboratory studies using clinical materials that lead to new
clinical hypotheses (reverse translation)

5) IND-directed toxicological studies* conducted following a
pre-IND meetingt with the FDA in which the plan proposed
by the investigators is acceptable to the FDA.

6) Population, behavioral, or psychosocial studies, when these
studies address mechanistic aspects of the biology of the
disease

« Cell lines, organoids, xenografts, or patient-derived xenografts
(PDX) using primary human tumors are not sufficient as human
endpoints

*Although IND-directed toxicology studies do not involve human beings, these studies are the last steps before clinical trials
begin, and are therefore are considered programmatically appropriate as a human endpoint for SPORE translational projects.

TA pre-IND meeting is not required prior to submission, but plans for the meeting should be discussed in the application. 15



Biospecimen/Pathology Core

<« Support scientific projects of the SPORE

> Integration with cancer center biospecimen core and clinical
laboratory

« Pathological, clinical, family history information and linkage to
databases, etc.

<« Pre-analytical (parameters of collection and preservation) and
analytical considerations

< Priority plan to share biospecimens with others in the scientific
community

« Technology development that supports research projects may
be included

+» Data management plan

16



Career Enhancement Program (CEP)

<+ Encourage investigators to develop careers in translational cancer
research
> Not a training program: pre- or post-doctoral, pre-clinical or clinical fellows are not eligible.
> Investigators with faculty appointments within one year are eligible.

<+ Provide a plan for solicitation, review, and award with special emphasis on
recruitment of women, individuals from underrepresented racial and
ethnic groups, as well as individuals with disabilities

<+ Provide a short description of the types of potential candidates, the names
and research activities of translational science mentors/advisors, and the
process for monitoring progress of the candidates

<« Minimum of $50,000 direct cost per year from the NCI for awardees, often
matched by institutions

<« CEP Director should have minimum effort of 0.3 person months

<« Potential for promotion to full SPORE project

17



Developmental Research Program (DRP)

<+ Explore innovative ideas
> Pilot projects
> High-risk/high-payoff projects
> Collaborations

<+ Human endpoint not required

<+ Provide a plan for solicitation, review, and award

<« Minimum of $50,000 direct cost per year from the NCI for awardees,
often matched by institutions

+ $25K direct cost/year additional funds can be requested for a DRP
Project led by an investigator from an underrepresented
racial/ethnic group (per NIH Definition, Section A)

<« Funds should not be used for purchase of large equipment

<« DRP Director should have minimum effort of 0.3 person months

<« Potential for promotion to full SPORE project

18


https://grants.nih.gov/grants/guide/notice-files/NOT-OD-20-031.html

SPOREs Unique Features

Team approach; at least
one basic and one
clinical/applied science
co-leader must head
each project

All scientific
projects must be
translational and
have a human
endpoint within 5
years.

Career Enhancement
Program: not a training
program. Allows basic
and clinical scientists
to become involved in
translational research.

Flexibility to terminate projects
and to replace projects within
funding period. This allows the
Pl to move rapidly to refocus
research based upon new
knowledge and opportunities in
the field.

19



SPORE Requirement Summary

< Minimum of three translational «+ Developmental Research Program
research projects with a human (DRP)
endpoint

« Career Enhancement
> Renewals may submit two large-scale Program (CEP)

continuation projects )
Prol + External Advisory Board Members

A clinical trial in at least one project .
-~ Acinical i Pro] +» Commitment to attend and

% May include one or more EPPS participate in SPORE-relevant
projects meetings/workshops

< Scientific Collaboration < Minimum Time Commitment:
> Included in Overall (Program » SPORE Director(s): > 2.4 person months

Overview) (or > 1.8 person months for 3 or more
PD/PIs)

+ Shared Resource Cores: > Project Co-Leader(s): > 0.6 person months

> Biospecimen/pathology: required » Core Director(s): > 0.6 person months

<+ Administrative Core

20


https://grants.nih.gov/policy/clinical-trials/definition.htm

Funding Policy

+ Scientific assessment of SPORE applications is conducted through
a peer-review process. A Patient Advocate serves on the peer-
review panel.

+» Overall Impact Score is assigned to each grant.
+ All applications compete for the same pool of available funds.

+ Program establishes and NCI leaders approve a funding plan for all
SPOREs competing in a given fiscal year.

+» Funding decisions are based on overall impact score and
availability of funds. However, programmatic priorities may also
play arole

> Any Project that does not score well may be removed (including its
budget)

> Any required SPORE Component that does not score well may
jeopardize funding of the entire grant

> Scientific, budgetary, and commitment overlap are not permitted

21



SPORE Review

+» Conducted by a Special Emphasis Panel (SEP) and
not by a standing Study Section

+In the review, TRP request that reviewers
+ place emphasis on the quality of translational science,

+» determine the potential impact on patient care, which should
be the primary determinants of the overall impact score, and

+ note that the overall organizational context and procedural
elements of the proposal should only have a minimal
influence.

+»The sum may be equal, less, or greater than its parts.

22



PROGRAM CHARACTERISTICS OVERALL | SCORE
IMPACT RANGE
Projects uniformly superb - essentially no weaknesses; strong supporting cores; and outstanding progress for competing
renewals
. Sustained powerful impact of all projects on the human disease
. High likelihood that all translational research objectives will be achieved during the project period
. Exceptional research approaches and high innovation 1
. Highly qualified investigators; strong collaboration between basic and applied co-leaders
Programmatic components superb
. Uniformly strong developmental programs
. Superb overall program organization and capabilities, administration, and horizontal and vertical scientific collaborations Hi g h
Projects uniformly strong - only a few weaknesses; strong supporting cores; and excellent progress for competing
renewals
e  High impact of all projects on the human disease
. Likely that most translational research objectives will be achieved during the project period
. Strong research approaches; innovation may vary 20R 3
e Highly qualified investigators; strong collaboration between basic and applied co-leaders
Programmatic components uniformly strong
. Uniformly strong developmental programs
. Strong overall program organization and capabilities, administration, and horizontal and vertical scientific collaborations
Generally strong projects - moderate to significant weaknesses, but strengths prevail; generally strong supporting cores;
and good progress overall for competing renewals
e High likelihood that most projects will impact the human disease
e Likely that some of proposed translational research objectives will be achieved during project period Moderate
e  Generally well designed research approaches, but some deficiencies; innovation may vary 40R5
e Highly qualified investigators; evidence of collaboration between basic and applied co-leaders
Programmatic components generally strong
e  Generally strong developmental programs
e  Generally strong overall program organization and capabilities, administration, and horizontal and vertical scientific collaborations
Uneven quality of projects - significant weaknesses in several projects; quality of cores may be uneven; and uneven
progress for competing renewals
. Some projects not likely to have impact on the human disease
. Unlikely to achieve some of proposed translational research objectives during the project period Moderate
. Uneven quality of research approaches, but some substantial concerns; innovation may vary 60OR7
e  Qualified investigators; evidence of collaboration between basic and applied co-leaders to Low
Programmatic components uneven
. Quality of developmental programs may be high or low
. Quality of overall program organization and capabilities, administration, and horizontal and vertical scientific collaborations uneven
Serious weaknesses in most projects—weaknesses prevail; quality of cores may be uneven; and limited progress for
competing renewals
e  Most projects unlikely to have impact on the human disease
e  Unlikely to achieve most of proposed translational research objectives during the project period
e  Many problems in research approaches, even if ideas are excellent; innovation may vary Low 8SOR 9

e  Qualified investigators; limited evidence of collaboration between basic and applied co-leaders
Programmatic components uneven
e  Quality of developmental programs may be high or low
. Quality of overall program organization and capabilities and administration may be high or low, and serious weaknesses in horizontal
and/or vertical scientific collaborations

23



Lifecycle of a Grant

+» Funding Opportunity Announcement
» Apply

+ Review

+» Funding Decisions

< Award
« Post-Award
« Close-out

24



Lifecycle of a Grant
:;_?Iﬂt.?::rrsmr:a ) &‘ TR Yy - - "y Y 4" IR %

Category Include _ Applications Selected  -payjicse Forwarded
RO1s, etc. Center for Scientific CSR SRG Reviews for Funding to Office of Grants

Review [CSR) . . Administration [0GA]
Assigns to Scientific . . )
Review Group [SRG) : -
E : sasmsma o_
: : NGl Develops Funding Plan %‘; »
. . . inal Review o lssued
D S e . Negotiations by OGA s .
o —
-'!!!#!'-'v f: a :‘ -
Applicant Prepares & Division of Receipt & SRE Assigns Summary Statements Summary Statements
Suhmltslﬁrant Referral at CSR Impact Scores Prepared Forwarded to NCAB NCAB Makes
Application to . Racosumendation i Aurard Received
Grants.gav NCl Director by Institution

in Response to FOA

Applications That

Fall Under This A

I.:n.‘nl!'][:rl'lln':lud": - m AR tlltili-i-lliili-i-li-i-lliili-t-li-i-lliil

Program Projects I - -~
. CSR Assigns to NCI

EERE R
@ E R
BEEEE R

BEEEE R

& Center Grants Division of Extramaral NCISRG Reviews  Summary Statements Investigator
| Activities (DEAI Available to NCI Program Staff Begins Work
& Applicants
MONTH
Receipt & Assignment First-Level Review by Scientific Second-Level Review by National Cancer Award Negotiations
of Applications Review Group [SRG) for Scientific Merit Advisory Board [NCAB) for NCI Funding & Issuance

Determinations
cancer.gov
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he Breast SPORE Community

+» Bil-monthly Teleconferences

+ SPORE Pls & Team
+ P20 Pls & Team
+» Adhoc Meetings

+» Breast SPORE Workshops

+ TBCRC

+ SABCS

26



Important Websites

TRP/SPORE Program:
http://trp.cancer.qgov

SPORE Program Advances:
https://trp.cancer.gov/spore advances/spore advances.htm

Division of Cancer Treatment & Diagnosis (DCTD):
http://dctd.cancer.gov/

SPORE Program Announcement:
http://grants.nih.gov/grants/quide/pa-files/PAR-20-305.html

NC/I’s National Clinical Trials Network:
http://www.cancer.qov/research/areas/clinical-trials/nctn

NCI Disease-Specific Steering Committees:
http://www.cancer.gov/aboutnci/organization/ccct/steering-
committees

Office of Extramural Research (OER):
http://grants.nih.gov/grants/oer.htm

27
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TRP Contact Information

Toby T. Hecht, Ph.D.

Associate Director

Translational Research Program
toby.hecht2@nih.gov

Leah Hubbard, Ph.D.

Program Director

Head & Neck/Thyroid, Brain, Skin
SPOREs

leah.hubbard@nih.gov

JoyAnn Phillips Rohan, Ph.D.
Program Director

Breast, Ovarian, Cervical,
Endometrial SPOREs
joyann.rohan@nih.gov

General Contact Information
Tel: 240-276-5730

Fax: 240-276-7881
trp.cancer.qov

Peter Ujhazy, M.D., Ph.D.
Deputy Associate Director, TRP

Lung, Myeloma, Sarcoma SPOREs

pubs@nih.gov

Igor A. Kuzmin, Ph.D.
Program Director

Leukemia, Lymphoma, Kidney
SPOREs
igor.kuzmin@nih.gov

Terese Trent, B.A.

Program Support

Translational Research Program
tt21x@nih.gov

Julia T. Arnold, Ph.D.
Program Director

Prostate, Bladder SPOREs
[al46x@nih.gov

Steven F. Nothwehr, Ph.D.

Program Director

Gl, Pancreatic, Neuroendocrine, RAS
SPOREs

steve.nothwehr@nih.gov

Tamara Walton, M.P.A., M.H.A.
Program Coordinator
Translational Research Program
tamara.walton@nih.gov
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New insights into the Genetic
Basis for TNBC Susceptibility

Fergus J. Couch, Ph.D.
Mayo Clinic
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Research support - GRAIL Inc.
QlAgen

Consultant - AstraZeneca



Relative Risk

Breast cancer genetics — rare and common
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Germline hereditary cancer genetic testing

NCCN guidelines recommend clinical genetic testing for pathogenic variants
(PV) among women at increased risk of carrying a PV based on:

Family history of cancer (breast, male breast, ovarian, pancreatic, prostate)
Young age at diagnosis

Multiple primary cancers
ASBrS suggests testing of all women with breast cancer

USPSTF recommends testing of unaffected women based on risk stratifying
models

Risks of breast cancer caused by PVs in cancer predisposition genes are not
fully established for high-risk or population-based women with breast cancer



Breast cancer risk estimates by panel gene

Gene Relative Risk
Literature (Easton et al 2015) Clinical testing ({Couch et al 2017)
ATM 2.8 (90% C.l. 2.2-3.7) 2.8 (95%C.1.2.2-3.6)
BARD1 Insufficient data 2.2 (95%C.l.1.3-3.6)
BRIP1 No evidence of association 1.6 (95%Cl.1.1-2.4)

CHEK2 (truncating)
CHEK2 (missense)
MRE11A

NBN

PALB2

RAD50

RAD51C

RAD51D

3.0 (90% C.I. 2.6-3.5)

1.58 (95% C.I. 1.42-1.75) for 1157T
Insufficient data

2.7 (90% C.I. 1.9-3.7) forc.657del5
5.3 (90% C.I. 3.0-9.4)

Insufficient data

No evidence of association

No evidence of association

2.3 (95%C.1.1.9-2.9)
1.5 (95%C..1.3-1.7)
0.9 (95%C.1.0.5-1.6)
1.1 (95%C..0.7-1.8)
7.5 (95%C..5.1-11.2)
0.8 (95%C.1.0.5-1.6)
0.8 (95%C.1.0.5-1.4)
3.1 (95%C..1.2-7.9)

Case-control association study (Ambry Genetics clinical testing cohort (n=90,000) vs. gnomAD (n=50,000))





		Gene

		Relative Risk



		                            Literature (Easton et al 2015)

		Clinical testing (Couch et al 2017)



		ATM

		2.8 (90% C.I. 2.2-3.7)

		2.8  (95%C.I. 2.2-3.6)



		BARD1

		Insufficient data

		2.2  (95%C.I. 1.3-3.6)



		BRIP1

		No evidence of association

		1.6  (95%C.I. 1.1-2.4)



		CHEK2 (truncating) 

		3.0 (90% C.I. 2.6-3.5)

		2.3  (95%C.I. 1.9-2.9)



		CHEK2 (missense) 

		1.58 (95% C.I. 1.42-1.75) for I157T

		1.5  (95%C.I. 1.3-1.7)



		MRE11A

		Insufficient data

		0.9  (95%C.I. 0.5-1.6)



		NBN

		2.7 (90% C.I. 1.9-3.7) for c.657del5

		1.1  (95%C.I. 0.7-1.8)



		PALB2

		5.3 (90% C.I. 3.0-9.4)

		7.5  (95%C.I. 5.1-11.2)



		RAD50

		Insufficient data

		0.8  (95%C.I. 0.5-1.6)



		RAD51C

		No evidence of association

		0.8  (95%C.I. 0.5-1.4)



		RAD51D

		No evidence of association

		3.1  (95%C.I. 1.2-7.9)



		

		

		



		

		

		








Multigene Panel Testing — High/moderate risk genes

Gene OR 95% CI p-value CaseAC CaseAN ControlAC | ControlAN
PTEN 8.79 2.66-34.38 1.69E-05 24 100726 3 110691
PALB2 51 4.06-6.4 1.89E-57 367 83862 96 111508
BRCA1 5.04 4.16-6.12 2.98E-82 586 98560 132 111419
BRCA2 4.86 4.11-5.74 6.63E-100 741 98560 172 110427
CDH1 443 2.07-10.64 4.16E-05 32 98660 8 109193
TP53* 4.29 2.5-7.38 3.17E-09 66 100932 17 111505
NF1 3.19 1.84-5.53 1.02E-05 41 71446 20 111100
ATM 2.91 2.48-3.42 9.53E-44 481 79912 231 111313
CHEK2 2.38 2.12-2.67 3.66E-52 804 79836 467 109773
BARD1 2.09 1.49-2.96 1.78E-05 81 75818 56 109604
RAD51D 2.09 1.2-3.72 0.00765 31 71590 23 111248




Multigene Panel Testing Genes — Low risk

Gene OR 95% CI p-value CaseAC | CaseAN | ControlAC ControlAN
RAD51C 1.84 1.28-2.71 0.00117 64 75964 51 111480
MSH6 1.65 1.06-2.52 0.0202 36 42868 56 110120
BRIP1 1.45 1.13-1.88 0.00434 118 75964 119 111395
MLH1 1.41 0.52-3.78 0.588 6 42868 11 110958
NBN 1.37 1.01-1.86 0.0491 81 75818 87 111166
MSH2 1.29 0.48-3.65 0.604 6 42868 12 110699
PMS2 1.07 0.64-1.78 0.796 22 42868 52 108839
MRE11A 1 0.65-1.54 1 36 75818 53 111326




Risks for Breast Cancer
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Characteristics of 55,000 breast cancer patients by tumor subtype

Patient Characteristic

mean age (SD)
personal Ca Hx
BC (age at diagnosis)
18-36
37-45
46-50
51-60
>60
Multiple BC
Ovarian Ca
family Hx (1st & 2nd degree)
Breast cancer
Ovarian cancer

ER+/HER2-
(N=26620)

51.0 (11.5)

2307 (8.7%)
6828 (25.7%)
5345 (20.1%)
6322 (23.8%)
5727 (21.6%)
3758 (14.1%)

321 (1.2%)

16658 (65.2%)
3331 (13.0%)

ER+/HER2+
(N=5979)

46.8 (11.2)

1125 (18.9%)
1816 (30.5%)
1018 (17.1%)
1256 (21.1%)
747 (12.5%)
649 (10.9%)

54 (0.9%)

3374 (59.6%)
664 (11.7%)

ER-/HER2+
(N=2701)

471 (11.2)

496 (18.4%)
788 (29.3%)
473 (17.6%)
603 (22.4%)
334 (12.4%)
287 (10.6%)

21 (0.8%)

1481 (57.4%)
322 (12.5%)

TNBC
(N=10292)

49.8 (11.2)

1353 (13.2%)
2286 (22.3%)
1700 (16.6%)
3291 (32.1%)
1629 (15.9%)
1161 (11.3%)

118 (1.1%)

5234 (54.2%)
1059 (11.0%)

p value

< 0.001

< 0.001

< 0.001
0.067

< 0.001
< 0.001



Genes associated with breast cancer subtypes (n=55,000)
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Lifetime risks for breast cancer by subtype
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Germline hereditary cancer genetic testing

« Breast cancer risk estimates for predisposition gene mutations
apply to high-risk patients qualifying for clinical genetic testing

* Risk estimates for women in the general population remain to be
defined



Population-based studies
* Developed the CAnceR RIsk Estimates Related to
Susceptibility “CARRIERS” study

« Define the population-based frequencies of pathogenic
mutations in cancer predisposition genes

« Estimate age-related and lifetime risks of breast cancer in the
general population



Phenotypic characteristics of CARRIERS participants

AgeDiag
Mean (SD)
Range
Case Status
invasive
in situ
Race/ethnicity
African American
Asian
White
Hispanic

Unknown

60.7 (11.8)
19.0-94.0

0 (0.0%)
0 (0.0%)

5222 (14.6%)
1387 (3.9%)
27151 (75.8%)
1450 (4.1%)
66 (0.2%)

60.3 (11.9)
16.0-94.0

33039 (85.8%)
5467 (14.2%)

5287 (13.4%)
1936 (4.9%)
29250 (74.3%)
2208 (5.6%)
190 (0.5%)



count

Age distribution by study
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Percent with family history of BC

Family history by study
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Mutation frequency (%) in 21 cancer predisposition
genes in overall CARRIERS study
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Total mutation frequency (%) in 12 known breast
cancer risk genes by study

(ATM, BARD1, BRCA1, BRCA2, CDH1, CHEKZ2, NF1, PALB2, PTEN, RAD51C, RAD51D, TP53)
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Associations between gene mutations and breast cancer

OR 95% Cl  95% CI p.value
ATM 1.815 1.461 2.266 < 0.001
BARD1 1.366 0.872 2.160 0.177
BRCA1 7.349 5.165 10.811 < 0.001
BRCA2 5.280 4129 6.845 < 0.001
BRIP1 1.349 0.927 1.976 0.120
CDHA1 2.500 1.009 7.073 0.060
CHEK2 2.364 1.940 2.894 < 0.001
MSH6 1.126 0.697 1.834 0.628
NBN 1.049 0.705 1.564 0.812
NF1 1.125 0.651 1.954 0.672
PALB2 3.660 2.575 5.331 < 0.001
RAD51C 1.203 0.754 1.930 0.438

RAD51D 1.723 0.884 3.512 0.119




Associations between genes and ER negative breast cancer

OR 95%Cl __ 95%Cl p.value
ATM 1.038 0.585 1.722 0.892
BARD1 2.517 1.180 5.002 0.011
BRCA1 25.404 16.762 39.780 < 0.001
BRCA2 8.964 6.394 12.604 < 0.001
CDH1 3.298 0.646 14.218 0.116
CHEK2 1.320 0.783 2.108 0.269
MSH6 1.842 0.729 4.072 0.157
PALB2 8.903 5.461 14.646 < 0.001
RAD51C 2.189 0.967 4.494 0.043

RAD51D 3.933 1.400 10.289 0.006




Associations between genes and ER positive breast cancer

OR 95%CI 95%CI p.value
ATM 1.955 1.515 2.530 < 0.001
BRCA1 3.278 2.107 5.234 < 0.001
BRCA2 4.744 3.583 6.354 < 0.001
CDH1 3.368 1.238 10.718 0.024
CHEK2 2.556 2.028 3.233 < 0.001
NF1 0.985 0.495 1.900 0.964
PALB2 3.036 1.966 4.789 < 0.001
RAD51C 0.834 0.437 1.536 0.568
RAD51D 1.611 0.709 3.700 0.253
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PV frequency (1.8%) in 21 cancer predisposition genes in
unaffected population-based women in CARRIERS
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African-American population-based breast cancer risks

Affected (N=3916) Unaffected (N=4925)
Gene Mutated Mutation Mutated Mutation Odds ratiot p value

alleles frequency alleles frequency (95% ClI)

No. % No. %

ATM 28 0.72 16 0.33 1.81 (0.97-3.48) 0.067
BARD1 7 0.18 8 0.16 0.98 (0.34-2.80) 0.97
BRCA1 41 1.05 1 0.02 42.79 (9.24- >100) < 0.001
BRCA2 72 1.84 12 0.24 7.31 (4.08-14.29) < 0.001
BRIP1 6 0.15 6 0.12 1.14 (0.34-3.79) 0.83
CHEK2 15 0.38 6 0.12 3.17 (1.26-9.06) 0.020
NBN 4 0.10 9 0.18 0.51 (0.13-1.63) 0.28
PALB2 39 1.00 5 0.10 8.37 (3.56-24.57) < 0.001
RAD51C 7 0.18 3 0.06 2.95 (0.80-13.72) 0.12
RAD51D 6 0.15 2 0.04 3.06 (0.67-21.50) 0.18
Total 277 7.07 103 2.09

Palmer et al., JNCI 2020



Pathogenic mutations and triple negative breast cancer
risk in the African American population

Women with triple negative breast cancer (N=654)

Mutated Mutation

Gene alleles frequency % OR (95% CI) p value
ATM 0 - - -
BARD1 3 0.45

BRCA1 43 6.57 180 (37.9 - 3238) <0.001
BRCA2 13 1.99 6.23 (2.65-14.84) <0.001
BRIP1 2 0.22

CDH1 1 0.15

CHEK2 1 0.15

PALB2 14 2.14 23.5 (8.35-76.71) <0.001



Cancer risk for each gene in common racial/ethnic
populations tested by Ambry Genetics

ATM
BARD1 {
BRCAT A
BRCA2 A
BRIPT Race/Ethnicity
Asian
@
g CDH14 v Black
Hispanic
CHEK2 non-Hispanic white
PALB2 A
RAD51C -
RADS51D 4
TP53 4

1 1
05 10 20 4.0 80 16.0 32.0 64.0
QOdds Ratio



ER negative breast cancer risk for pathogenic variants in
cancer predisposition genes by race and ethnicity

Gene Non-Hispanic White Black Hispanic Asian
Odds 95% CI Odds 95% ClI Odds 95% ClI Odds 95% Cl
Ratio Ratio Ratio Ratio
ATM 1.25 0.84-1.84 ND ND ND ND ND ND
BARD1 6.55 3.99-10.51 12.97 4.26-39.33 16.12 5.22-49.15 18.61 6.56-52.84
BRCA1 21.82 17.39-27.42 56.68 26.3-124.11 43.56 26.15-74.91 20.64 12.48-34.02
BRCA2 6.53 5.16-8.23 13.94 7.54-26.44 5.33 3.05-8.97 7.28 3.6-14.48
CHEK2* 0.87 0.6-1.27 ND ND ND ND ND ND
NBN 1.78 0.94-3.34 ND ND ND ND ND ND
PALB2 6.73 4.85-9.32 4.76 2.04-10.95 9.74 4.38-20.31 17.13 7.04-40.29
RAD51C 1.95 0.98-3.75 ND ND ND ND ND ND
RAD51D 4.11 1.84-8.65 ND ND ND ND ND ND

TP53 5 2.26-10.82 2217 3.1-516.63 ND ND ND ND



Implications for Medical Management
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Summary for Panel Testing

Testing of BRCA1, BRCA2, and moderate risk predisposition genes can result in
improved clinical management of patients

Accurate population-based and family history-based risk estimates for each gene are
now available for non-Hispanic whites

« still needed for other races and ethnicities
Age-related risks must be defined for improved medical management of women with PVs

Should testing be restricted to women qualifying for testing based on risk stratifying
criteria or should all breast cancers be tested?

Should testing be adopted based on specific criteria (e.g. Ashkenazi Jewish ancestry) in
the general population ??
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Examine your notes so far:

* How might you categorize the
information in a way that makes
sense to audiences that weren’t here?

« Combining “conference” information for a

CritiCal cumulative report
Essence « Separating by session

* Treatment, trials, experts, etc.

Model

Look over your critical essence
paragraphs:
* Do you see any themes, concepts or
values that are within?

Research Advocacy Network
Advocatelnstitute )



ool

Pick the most
important audience
that you want to
share conference
iInformation with.

This should be a
specific person,
group, organization,
etc.




Visualize your
specific

audience...




Advocatelnstitute 7/

|dentify:

1. (Hook) What do they
know that they want to

know about information
from this conference?

What will get their attention?




Advocatelnstitute 7/

|dentify
2. (Lede) What additional

information should they
want to know from this
conference?

Summarize the most important
aspect.




Advocatelnstitute 7/

|dentify

3. (Influential
Conclusion) What do

they not know- that they
should know?

What will pique their interest
enough to keep them coming
back/paying attention to you as
an influencer?



Advocatelnstitute 7/

Discussion:

- Who is your
audience

- Hook
- Lede
- Conclusion




GOAL.:

Choose the best
communication channel
to deliver the
messaging to the
Intended audience.

Research Advocacy Netwm
Advocatelnstitute



Let’s list as many
types of

communhnication
mediums as we can...




Group List of Communication Mediums

* Face to face * Blogs

* Follow up minutes * Websites

* Email * Videos

* E blasts * Youtube

* Social media (public) — b, LI, twitter, « Newspaper, magazines

* Social media (private) — groups * Op Eds

* Hyperlinks references  Slack, Teams, other internal channel
* Newsletter * Phonecall

* Text messages  Whatsapp, Google Duo

 Webinar * Fact Sheets

oo IO,



MORE EFFecTive Richer Mediums

0

Video Conferencing

I
Rich vs. Lean Telephone
Communication __—
Mediums 2-Way Radio

*-— Letters

Written, Addressed Documents )
E-Mail

—
\
LESS EFFECTIVE Leaner Mediums -

EFFECTIVENESS OF COMMUNICATION

Research Advocacy Network .
Advocatelnstitute



Rank the order you
believe the audience
you’ve identified

would consume this
information.




Small Group
Discussion:

What communication
medium(s) do you think

your chosen audience
would best respond to
and why?




Communication Plan

Information: Mayo Spore Conference Date: November 2020
Audience
Date Topic Channel Assessment
Mon, 11/16 Hook, lede, conclusion text
Wed, 11/18 More info on lede phone
Mon, 11/23 Curated links to videos of Email

the actual talks and articles
(note the time of the talk,
etc.) + invite to talk next
week on zoom

Mon, 11/30 Fb group post reminding of Fb group post

zoom talk
Tues, 12/1 Conference summary ppt zoom
12/1-12/15 | tidbits Social media

ool




Developing the Message:

Critical

Essence Credibility + Trustworthiness
Model

Research Advocacy Network
Advocatelnstitute )



- Credibility Trustworthiness
Crltlcal * Your credentials « Personal connection
Essence o Affiliations « Common ground

Model » Experience . Authenticity




Amy J. Hauenstein, PhD
Learning Designs, LLC

Connect with me:
www.learningdesignsllc.com

amy@Ilearningdesignsllc.com

LinkedIn + Twitter: @amyhauenstein



http://www.learningdesignsllc.com/
mailto:amy@learningdesignsllc.com

Immune cells in Breast Cancer: is it a big deal or not at all?
Bringing TILs into daily practice

Roberto Salgado

Scientific Collaborator of the Immuno-Task Force of the Breast International Group (BIG)
Honorary Research Associate at the Division of Research at the Peter Mac Callum Cancer, Melbourne, Australia
Department of Pathology, GZA-ZNA Hospitals, Antwerp, Belgium
Chair of International Immuno-Oncology Biomarkers Working Group
www.tilsinbreastcancer.org
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and pathology.
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+ Chair of The International Immuno-Oncology Biomarker  Working  Group
(www.tilsinbreastcancer.org)



What you see is all there is

Daniel Kahneman



What are TILs?

Tumor Infiltrating Lymphocytes
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LIFE EXPECTANCY FOLLOWING RADICAL AMPUTATION
FOR CARCINOMA OF THE BREAST: A CLINICAL AND
PATHOLOGIC STUDY OF 218 CASES*

By Wavrer E. SistrUNk, M.D.
OF THE BECTION ON BURGERY
AND

WiLiam C. MacCarty, M.D.
OF THE SECTION ON BURGICAL PATHOLOGY, OF THE MAYO CLINIC,
RocaesTer, Minn.
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Dr. MacCarty, pathologist

Dr. Sistrunk, surgeon

* Presented before the Southern Surgical Association, December, 1920. Courtesy of Mayo Clinic
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--patients with glandular and with local lymphocytic
infiltration lived 146 per cent longer than patients with
; glandular in volvement w:thout lymphocytic infiltration.

i As general facts they give some clue to the defensive

. mechanism of the body against malignant neoplasms.”

[

£ t T — ‘
§

i

_,. v
. TRk

5

"

.\ e\ Aol G

gl




Lymphocyte Infiltrates as a Prognostic Variable in
Female Breast Cancer

S. Aaltomaa, P. Lipponen, M. Eskelinen, V.-M. Kosma, S. Marin, E. Alhava
and K. Syrjanen

The predictive value of lymphocyte infiltrates (L) was studied in 489 patients with breast cancer followed-up for
over 10 years. LI were posiuvely correlated 10 axillary lvmph-node status, tumour diamcter and histological and
morphometrnic variables (P - 0.001. In a multivariate analysis LI were independex
node status. LI predicted recurrence-free survival {RFS) in rapidly prolife
predicted RFS (P = 0.08) and breast cancer related survival (BS) (P = 0.01
I¥mph-node negative tumours. [In 2 multivaniate analysis 1.1 independently p )
proliferating tumours. L1 independcently predicted BS in rapidly (P = 0.025) and slowiy . proliferating,
axillary lymph-node ncgative tumouss. If the tumours were not categorised according to proliferation rate, L1
and outcome were not significantly related. The results clearly confirm the prescace of efficient immunological
antitumour defence mechanisms in human breast cancer. Consequently tumour—host interactions are subject to
further studies particularly in axillary lvmph-node negative breast cancer.

Fur 7 Caper. Vol. 28A. Nu. 35, pp. 859864, 992,




12. The average length of postoperative life of patients without lympho-
cytic infiltration, hyalinization, and fibrosis was 42 per cent. less than the
average length of postoperative life of patients with lymphocytic infiltration,
hyalinization, and fibrosis.



Higher levels in HER2+ and TNBC
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We are doing nothing new



TNBC, TlLs AND PROGNOSIS



Pooled individual patient data analysis from 2148 early-stage TNBC treated with anthracycline-based adjuvant CT showed significant
predictive value of sTILs for iDFS, dDFS, and OS

No of No of .
Study patients events Hazard Ratio [95% CI]
dDFS BIG 02-98 269 96 — - 0.78 [0.66, 0.91]
E1199 290 92 0.85 [0.72, 1.00]
E2197 189 55 0.73 [0.54, 1.00]
finHER 134 35 0.79 [0.65, 0.98]
GR 107 28 0.95 [0.80, 1.13]
IBCSG 22-00 525 102 — 0.82 [0.73, 0.92]
IEO 292 70 — - 0.79 [0.69, 0.91]
PACSO1 175 57 — 0.86 [0.77, 0.97]
PACSO04 167 49 — 0.78 [0.67, 0.92]
| All studies 2148 584 — 0.83 [0.78, 0.87] |
Q=5.40 (p =0.71) f f f !
12 = 0.00 0.4 0.6 0.8 1.2
0S
No of No of .

Study patients events Hazard Ratio [95% CI]
BIG 02-98 269 86 —— 0.79 [0.67, 0.94]
E1199 290 86 —_— 0.84 [0.71, 1.00]
E2197 189 55 : 0.74 [0.54, 1.00]
finHER 134 25 ; 0.84 [0.66, 1.06]
GR 107 25 : 0.97 [0.81, 1.16]
IBCSG 22-00 525 26 — 0.81 [0.72, 0.92]
IEO 292 65 —— 0.79 [0.68, 0.91]
PACSO01 175 51 — - 0.88 [0.78, 0.99]
PACS04 167 a4 —— 0.79 [0.67, 0.93]
All studies 2148 533 —— 0.83 [0.79, 0.88]

Q =5.58 (p = 0.69) T T ™ '

12 = 0.00 0.4 0.6 O.8§ 1.2

Hazard Ratio for a 10% infcrease in stromal TILs

Loi S, et al. JCO 2019



Clinical Guidelines

+ St Gallen 2019: The Panel recommended that TILs
be routinely characterized in TNBC because of its
prognostic value. However, data are inadequate to reported according t
recommend TILs as a test to guide neo-adjuvant
treatment choices in TNBC, as treatments are largely
governed by stage.

NBC only

= similar in ESMO 2019 BC Guidelines



How to use TlLs as a prognostic factor in TNBC?
= actually determining TlLs at the moment of diagnosis

Examples:
+ Tlab,c- high vs low TIL- how well do they do WITHOUT chemotherapy? Can we withhold
chemo in high TIL TNBC T1a,b NO?

+ High TIL Node negative and N1-3 — can we get away with LESS chemo- 4 cycles AC for
example vs 6 cycles



How do TILs affect stage?

Stade IA Stade IB Stade lIA Stade IIB

T1NOG1 TON1G1 TON1G2

TINOG2 TIN1G1 TIN1G2

AJCCS TINOG3 T2ZNOG1 T2N0G2
TON1G3

TIN1G3

T2NOG3
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Manuscript in preparation



Intrinsic prognostic value of
tumor infiltrating lymphocytes (TILs)
in early-stage triple negative breast cancer (TNBC)
not treated with adjuvant chemotherapy
A pooled analysis of 4 individual cohorts

Ji Hyun Park T, Sarah Flora Jonast, Guillaume Bataillont, Carmen CriscitielloT,
Roberto Salgado, Sherene Loi, Giuseppe Viale, Hee Jin Lee, Maria Vittoria Dieci, Sung-Bae Kim,
Anne Vincent-Salomon, Giuseppe Curigliano®, Fabrice Andre°, Stefan Michiels™.

Annals of Oncology, 2019



Excellent Outcomes In pStage | tumors
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iDFS (probability)
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Prognostic value of tumor infiltrating
lymphocytes in young triple negative breast
cancer patients who did not receive adjuvant
systemic treatment

V. de Jong, Wang Y, M. Opdam, N. ter Hoeve, K.
Jozwiak, M. Hauptmann, N. Stathonikos, H. Horlings,
A. Broeks, S. Michiels, E. van der Wall, P. van Diest,
S. Siesling, M.K. Schmidt, S. Loi, M. Kok, S. Linn, G.
Dackus®, R. Salgado*

Corresponding author: Sabine Linn; s.linn@nki.nl
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+ Low incidence of DMFS in high sTILs group

DMFS
15 years

SRR 399 (36-42)
SURINEN 16% (12-19)
EEYE R 1.9% (0-3.4)

—— DMFS
----- Second primary malignancy
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Manuscript in preparation



Coming in 2021

In partnership with dr. M. Goetz and dr. J. Carter

Pooled analysis evaluating the prognostic impact of TILs in >1100 TNBC patients that
NEVER
received chemotherapy.
Results expected mid-2021

(before the Mayo Heritage days)



Clinical Guidelines

+ St Gallen 2019: The Panel recommended that TILs
be routinely characterized in TNBC because of its
prognostic value. However, data are inadequate to reported according t
recommend TILs as a test to guide neo-adjuvant
treatment choices in TNBC, as treatments are largely
governed by stage.

NBC only

= similar in ESMO 2019 BC Guidelines



The Narrative to get TILs in daily practice

Why should oncologists and patients need to know?



TILs can be assessed in a reproducible manner by Pathologists.

Pathologists only need a microscope and a HE and can be trained
using a freely available training-tool (www.tilsinbreastcancer.org).

The scoring can be done at the moment of making a diagnosis.

Stage | TNBC with high TILs have excellent 5-year survival, irrespective
of treatment.

So, if TILs are one day used for prediction for ICl, the pathologist has
already scored them for prognostic reasons in the primary sample. This
can help in PDL1-assessment.



TNBC, TILs, PDL1 AND PREDICTION
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KEYNOTE-119: Phase 3 Study of
Pembrolizumab versus Single-Agent
Chemotherapy for Metastatic
Triple-Negative Breast Cancer (ImMTNBC)

Javier Cortes’, Oleg Lipatov?, Seock-Ah Im3 Anthony Goncalves®, Keun Seok Lee?,
Peter Schmid®, Kenji Tamura’, Laura Testa®, Isabell Witzel®, Shoichiro Ohtani’®,
Stefania Zambelli"', Nadia Harbeck'?, Fabrice Andre'?, Rebecca Dent'*, Xuan Zhou's,
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Relationship Between Tumor-Infiltrating Lymphocytes and Outcomes [yt

in the KEYNOTE-119 Study of Pembrolizumab Versus Chemotherapy EaaS="T

Citical ooy DSpenry REpioicof BESPRORSEN, ussin FIErio el Nahess Unhersry, mmmmm

Guiron Geoup, Madii, and H—mwiw-:
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for Previously Treated, Metastatic Triple-Negative Breast Cancer e e e e

OS in subpopulation defined by TILs median cutpoint (TILs 2 5% vs. < 5%)

For TPC arm, the
yellow and red curves
represent the TILs>5%
and TILs<5%, with
little difference
observed

For Pembro arm, there
is separation
according to the
median TILS cut-off
consistent with testing
as a continuous
measure

0.75

80501

0.254

0S, TILS: »= median vs. < median
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Month

Strat == upperHalf:: TRT01A=Pembrolizumab == lowerHalf:: TRT01A=Pembrolizumab
rata
upperHalf: TRTO1A=TPC = lowerHalf- TRT0O1A=TPC

Loi et al., SABC2019



IMpassion130 phase lll study design

/ Key IMpassion130 eligibility criteria2: \

» Metastatic or inoperable locally advanced TNBC
— Histologically documented®

* No prior therapy for advanced TNBC

— Prior chemo in the curative setting, including
taxanes, allowed if TFI = 12 mo (

« ECOG PS 0-1
Stratification factors:

* Prior taxane use (yes vs no)
» Liver metastases (yes vs no)

:\;U)

(z

K PD-L1 status on IC (positive [= 1%] vs negative [< 1%])y

Atezo + nab-P arm:
Atezolizumab 840 mg IV

— Ondays 1 and 15 of 28-day cycle
+ Nab-paclitaxel 100 mg/m? IV
— Ondays 1, 8 and 15 of 28-day cycle

Double blind; no crossover permitted

Plac + nab-P arm:
Placebo IV

— On days 1 and 15 of 28-day cycle
+ Nab-paclitaxel 100 mg/m?2 IV
— Ondays 1, 8 and 15 of 28-day cycle

RECIST v1.1
PD or toxicity

« Co-primary endpoints were PFS and OS in the ITT and PD-L1+ populations®
« Key secondary efficacy endpoints (ORR and DOR) and safety were also

evaluated

IC, tumour-infiltrating immune cell; TF, treatment-free interval. 2 ClinicalTrials.gov: NCT02425891. b Locally evaluated per ASCO-College of American Pathologists
(CAP) guidelines. ¢ Centrally evaluated per VENTANA SP142 IHC assay (double blinded for PD-L1 status). 9 Radiological endpoints were investigator assessed

(per RECIST v1.1).

Schmid P, et al. IMpassion130.
ESMO 2018 (abstract 2056).
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PD-L1 IHC assays: prevalence and analytical concordance

PD-L1+
revalence
100% - P
81%
80% + 75%
[72]
D 60% -
@
O 46%"
+
—,I 400/0 "
o)
o
20% +
0% -

SP142 22C3  SP263
(IC 2 1%) (CPS 2 1) (IC 2 1%)

SP142 (IC 1%)
and 22C3 (CPS 1)

SP142 (IC 1%)
and SP263 (IC 1%)

SP142+
22C3-
(1%)

SP142+
22C3+
(45%)>

SP142-
22C3+

SP142+
SP263-
(1%)

SP142+
SP263+
(45%)?

SP142-
SP263+

A SP142- SP142-
(36%) 22C3- SP263-
(18%) (24%)
OPAc 64% OPAc 69%
PPA 98% PPA 98%
NPA 34% NPA 45%

NPA, negative percentage agreement; OPA, overall percentage agreement; PPA, positive percentage agreement.
2> 97% of SP142+ samples included in 22C3+ or SP263+ samples. ® Compared with 41% in ITT (Schmid, New Engl J Med 2018).

¢ 90% OPA, PPA and NPA required for analytical concordance.




Clinical outcomes in PD-L1+ populations per SP142 (IC 1%), 22C3
(CPS 1) and SP263 (IC 1%)

Population

SP142
IC 21%: 46%

(285/614)

Median PFS, mo HR
A+nP|P+nP A (95% CI)
8.3 4.1 4.2 0.60 (0.47, 0.78)
g %] === Atezolizumab + nab-paclitaxel
R 2 === Placebo + nab-paclitaxel
¥
3
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0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
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Months

Months

HR adjusted for prior taxanes, presence of liver metastases, age and ECOG PS.




TILs correlate with response to immune checkpoint-inhibition.
PDL1 correlates with TILs.
PDL1 correlates -almost- always with response to immune checkpoint-inhibition, in TNBC.



The Narrative to get TILs in daily practice
Why should oncologists and patients need to know?



Considering that:

TILs can be assessed in a reproducible manner by Pathologists.

Pathologists only need a microscope and a HE and can be trained using a freely available
training-tool (www.tilsinbreastcancer.org).

The scoring can be done at the moment of making a diagnosis.

Stage | TNBC with high TILs have excellent 5-year survival, irrespective of treatment.
TILs are associated with prediction.

PDL1 is associated with prediction.

If pathologists score TILs already in their daily practice, for prognostic purposes, this information
is already present in the report if needed for selection for ICI, in a combination with PDL1, at
term.

If the patients develop metastasis, | believe that pathologists can use any PDL1-antibody, as
long as it is well validated, and is used in conjunction with TILs, as if there are no TILs, PDL1 IC
will be negative, and if there are many TILs, probably it may not matter that much which assay
Is used, as long as it is validated.



Quo Vadis TILs?

Prognosis High TILs versus Prediction Low TILs



Turning ‘cold’ into ‘hot’ tumor in TNBC
Can we do this?

CD8  with CD45RO
cell Tcell expression
with PD-L1  with PD-L1
expression expression

from: Sharma & Allison. Science 2015



Adaptive phase Il randomized trial
with nivolumab after induction treatment in TNBC
- TONIC trial -

Final results stage | and first translational data

Marleen Kok?, Leonie Voorwerk?, Hugo Horlings!, Maarten Slagter?, Karolina Sikorska?, Koen van de Vijver?, Sarah Warren3,
SuFey Ong3, Terry Wiersmal, Nicola Russell!, Ferry Lalezaril, Michiel de Maaker?, Inge Kemper?, Ingrid Mandjes?!, Myriam Chalabi?,
Lodewyk Wessels!, Gabe Sonkel, Roberto Salgado?, Sabine Linn', Ton Schumacher! and Christian Blank?!

1. Netherlands Cancer Institute, Amsterdam, the Netherlands. 2. University Hospital Gent, Belgium, 3. NanoString technologies, Seattle, USA, 4. GZA Antwerp, Belgium

Voorwerk, Slagter et al. Nature Medicine, 2019



Randomization

Radiotherapy

Cyclophosphamide
2 weeks 50 mg daily

2x 40 mg/kg IV

Doxorubicin
2x 15 mg IV

3x 8 Gy

Cisplatin

2 weeks

v

anti-PD1

anti-PD1

anti-PD1

anti-PD1

8 weeks

v

biopsy + blood

biopsy + blood

biopsy + blood

Voorwerk, Slagter et al. Nature Medicine, 2019



Stromal TIL associated with response
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PD (n = 50) CR + PR + SD (n = 15)

Mann-hiney Voorwerk, Slagter et al. Nature Medicine, 2019



Turning ‘cold’ into ‘hot’ tumor in TNBC
Can we do this?
Yes We Can

Tumor CD8  with CD45RO
cell Tcell expression
with PD-L1  with PD-L1
expression expression

from: Sharma & Allison. Science 2015



The Dynamic Nature of the Immune System

+  TNBC outcome is determined by systemic immunity, not cancer cell characteristics.
+  That's why Grade is not helpful in predicting outcome in TNBC.

+ High Grade and High proliferation is intrinsic to the subtype but does not help predicting outcome in
patients.

+ (Changes in) Systemic immunity does, that’s why Immune therapy works in this subtype.
+  On-treatment biopsies may be very useful.

IN TNBC, PROGNOSTIC BIOLOGY DETERMINES PREDICTIVE BEHAVIOUR TO IMMUNE THERAPY
(and probably also in HER2+)

+ Inluminal HR+ disease the cancer cell characteristics (grade + tumor cell proliferation) determine
outcome.

+  Systemic immunity does not, that's why Immune therapy does not work in this subtype (yet).



@ PeterMac  The Dynamic Nature of the Inmune System

Victoria Australia

Prognostic associations of tumor-infiltrating lymphocytes
(TILs) in advanced HER2-positive breast cancer treated
with pertuzumab and trastuzumab: a secondary analysis of
the CLEOPATRA study

Stephen J Luen’, Roberto Salgado, Stephen Fox, Peter Savas,
Jennifer Eng-Wong, Emma Clark, Astrid Kiermaier, Sandra Swain,

Jose Baselga, Stefan Michiels, Sherene Loi

*SABCS clinical scholar award 2016



CLEOPATRA clinical trial

Docetaxel (q3w) = 6 cycles recommended

Placebo + trastuzumab (q3w)

N =406

Previously untreated*

HER2-positive 1:1

advanced breast
cancer

\_ N = 808 J

Prospectively collected
tissue samples**

Pertuzumab + trastuzumab (q3w)
Docetaxel (q3w) = 6 cycles recommended

N = 402

After a median of follow up of 50 months:

Improvement in median Hazard ratio (95% p
. - - value
survival confidence interval)
PFS 6.3 months 0.68 (0.58 — 0.80) <0.001
oS 15.7 months 0.68 (0.56 — 0.84) <0.001

* Prior neo(adjuvant) chemotherapy and/or trastuzumab allowed. Prior endocrine therapy allowed.

** Optional metastatic tumor tissue collection included in analyses

Swain et al, NEJM 2015



TIL effect is linearly
related to survival

* Plot demonstrating
the log-relative HR for
death vs stromal TIL
per 10% increment

Cubic smoothing spline for log relative hazard for death.

95% confidence interval shown in grey.

Log relative hazard
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What may (not does) the future bring?



Artificial Intelligence and TlLs

Visualisation of third layer features



The limits of my language means the limits of my world
Ludwig Wittgenstein



| do not think we need to be precise.
It is not always a good idea to be too precise.

The Uncertainty of Science
Richard Feynman



Nearing the final



What you see is all there is
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What you see is all there is

We are doing nothing new

The Narrative: Why should oncologists and patients
need to know?

The limits of my language means the limits of my world

| do not think we need to be precise.
It is not always a good idea to be too precise.



Are TILs a big deal?

If TILs are the answer, what is the question?



For patients



Submitted last week.

The tale of TILs in breast cancer: A report from The International Immuno-Oncology If you want to read it, let me

know
Biomarker Working Group®

. “Shouldn't we be seeking an easier and cheaper marker (e.g. TILs) to
understand the stroma and direct treatment? | still feel very lucky that my TILs
were scored in my pathology report. They've given me a more positive
outlook, and this alone is a reason for scoring them.”

www.tilsinbreastcancer.org

“INEW" PATHOLOGY L T ] '|'| L S ‘ BREAST
%¢  RESOURCES QQ CANCER

INTERMATIOMAL IMMUNO-0NCOLOGY WORKING GROLP

(/ 'y =NEW* POLIHELP DESK

Uncovering TlLs

PATIENT RESOURCES T




For Clinicians
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Manuscript in preparation



5. Loi', E Winer®, D Lipaiov’; S-A m" A_ Gongaives®, J. Cortes” K. 5. Lee' P Schmid; L Testa; L Wizel'". 5. Ohtani®’, K. Tumer™

Relationship Between Tumor-Infiltrating Lymphocytes and Outcomes [yt

in the KEYNOTE-119 Study of Pembrolizumab Versus Chemotherapy EaaS="T

Citical ooy DSpenry REpioicof BESPRORSEN, ussin FIErio el Nahess Unhersry, mmmmm

Guiron Geoup, Madii, and H—mwiw-:

sho Pauk, S Pauls, B mmmmmm Hamburg, Gemany,
Prirostima Ciy Hirshima Cizens Hospital, nmmmmmmsmmm United Kingdeen, "San Raffase

for Previously Treated, Metastatic Triple-Negative Breast Cancer e e e e

OS in subpopulation defined by TILs median cutpoint (TILs 2 5% vs. < 5%)

For TPC arm, the
yellow and red curves
represent the TILs>5%
and TILs<5%, with
little difference
observed

For Pembro arm, there
is separation
according to the
median TILS cut-off
consistent with testing
as a continuous
measure

0.75

80501

0.254

0S, TILS: »= median vs. < median

0 10 20 30
Month

Strat == upperHalf:: TRT01A=Pembrolizumab == lowerHalf:: TRT01A=Pembrolizumab
rata
upperHalf: TRTO1A=TPC = lowerHalf- TRT0O1A=TPC

Loi et al., SABC2019



For pathologists



_ﬁ Standardized | Reproducible | Well-documented

Histological (sub)type

Grade Vv Vv \Y +/- Vv
Size + extent V V \% \% Vv
Proliferation \% \% \% +/- \%
Perineural Invasion \% V +/- +/- Vv
Lymphovascular Invasion V +/- +/- \%
Necrosis V \/ +/- +/- V
Pharmacodiagnostic +/- \%
biomarker

<

----_
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Breast Ca ncer www.nature.com/npjbcancer
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ARTICLE OPEN
Pitfalls in assessing stromal tumor infiltrating lymphocytes

(sTILs) in breast cancer

Zuzana Kos et al.”

Table 1. Comparison of intraclass correlation coefficient and pair-wise
observer concordance rate for 3 ring studies.

Ring study 1 Ring study 2 Ring study 3

ICC 0.7 (0.62-0.78) 0.89 (0.85-0.92) 0.76 (0.69-0.83)
Concordance rates®

TILs <1 vs 21% 0.94 (+0.08) 0.94 (+0.04) 0.91 (+0.06)
TILs <5 vs =5% 0.83 (+x0.09) 0.89 (+0.05) 0.84 (+0.1)
TILs <10 vs 210% 0.77 (+0.08) 0.86 (+0.05) 0.79 (+0.06)
TILs <30 vs =30% 0.81 (+0.08) 0.93 (+0.03) 0.87 (+0.04)
( ) ( ) (

TILs <75 vs 275% 0.90 (+0.06 0.92 (+0.03 0.94 (+0.03)

ICC intraclass correlation coefficient, TILs tumor-infiltrating lymphocytes.
“The concordance of all pairs of pathologists was calculated for five
different TIL-groups. The values in the table are the sample mean and
sample standard deviation of these concordance rates for all pairs of
pathologists in each study.
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Danish Breast Cancer Group

www.dbcg.dk

Danish guidelines for breast cancer treatment

& dbog.dk/vaerktoejer/retningslinjer-vejledninger/

Pathology procedures and
molecular-biomarker analyses in
breast cancer.

Registration of TILs is included in
the updated 2020 Danish
pathology guidelines for especially
ER — and HER2 negative as well as
HER?2 positive breast cancer.

Registration of TILs is optional.

Alithough TILs is not included in
the Danish oncology guidelines
(yet) the pathologists found it
important to start registration in
order to train and get familiar
with the analysis of this important
biomarker.

Retningslinjer
1. DBCG 38 KB (Indhol

analyser ved brystkraft, link til DMCG (Incholdet

3. 8ip og molekyler
sidst opdateret 31. April 2020)

4_Kirurgisk behandling, link til DMCG (Indehaldet siast opdateret ptember 2019)

6. Medicinsk behandling 412 KB (Indholdet sidst opdateret 21. februar 2019)

7. Neoadjuverende kemoterapi ved brystkraeft mhp. down-sizing og down-staging 854 K8 (nyt
kapitel, 4. Oktober 2016)

8. Kapitlet februar 2016)

<. Opfelgning 111 KB (indholdet sidst opdateret 08. maj 2015)

10. Duktalt carcinoma in situ (DCIS) 55 KB (In

12. Kepitiet er

December 2019)

13, ioner vedr. ion 101 KB (Indholdet sidst opdateret 01. januar

14. primaer lokal og regional fremskreden cancer mammae, link til DMCG (inch
15. september 2020)

15. Behandling af brystkreeft hos kvinder pa 75 ar eller wldre ogeller kvinder uanset alder med hoj
komorbiditet 56 KB (Nyt kapitel 12. oktober 2003)

16. Udredning
opdateret O1. jal

ling af brystkreeft i forbindelse med graviditet 53 8 (inch
1)

17. Lokoregionzert recidiv 85 KB (Indholdet sidst opdatere

1. Behandling af cancer mammae med fiernmetastaser 561 K8 (Indholdet sidst opgateret 21
februar 2019)

19. Arvelig cancer mammae - ovarii 424 KB (Indholdet sidst opdateret 23. september 2016)

20. Anbefaling om beveegelse/traening til kvinder opereret for brystkrzeft indenfor de farste 8 uger
postoperativt (Indholdet sidst opdateret 02. oktober 2014)

21. Forlabsbeskrivelse for fysioterapi under brystkirurgiske patientforlab 8268 (Nyt kapite!; 5
december 2011)

22. Vejledning til udarbejdelse af retningslinjer 38 k8 (Indholdt sidst opdateret 01. januar 2006)

. -
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brystkreeft
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Version 1.0
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INDEKSERING
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brystkrasft



http://www.dbcg.dk/

All clinico-pathological data are

registrered in the DBCG database (web-
registration).

Pathology web-schemes for each
procedure, here exemplified by registration
of pathology data after lumpectomy.

Separate web-schemes in the neo-adjuvant
setting including reporting of RCB class.

The biomarker section is identical for all
schemes (for up to three tumours in
multifocal disease).

The pathology report and web-scheme also
include information of prognostic gene
signature.

Annual publication regarding quality af the
reported data — as part of the The Danish
Clinical Quality Program — National Clinical
Registries (RKKP) which constitutes the
infrastructure of the Danish clinical quality
registries and the Danish Multidisciplinary
Cancer Groups (DMCG).

@ dbeg patologiprocedure rkkp - X | B8 Home
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Kirurgi

Kirurgi_far_2020

Patologi

Patologi 2020
Patologi_far_2020
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Off Study
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Skift Password
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Registration
of TiLs
included
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Pathologists from all these countries are involved in the TIL-WG
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To Industry and Regulatory

Who defines clinical practice?



How current assay approval policies are leading to

unintended imprecision medicine

CrossMark

*Roberto Salgado, Andrew M Bellizzi, David Rimm,
John M S Bartlett, Torsten Nielsen, Moch Holger,
Anne-Vibeke Laenkholm, Cecily Quinn, Gabor Cserni,
Isabela W Cunha, Isabel Alvarado-Cabrero, lan Cree
roberto@salgado.be

www.thelancet.com/oncology Published online October 21, 2020 https://doi.org/10.1016/51470-2045(20)30592-1



Panel: Solutions to improve the current assay approval pathway

Industry should be mandated to do concordance studies with other similar assays or
standardised controls before a drug is approved

Industry should support, in concert with all stakeholders, relabelling or revising
approved companion diagnostics if evidence exists that the labelling might lead to
uncertainty in the identification of patients for treatments

Industry should support, in concert with all stakeholders, relabelling or revising of the
companion diagnostics if equivalent clinical validity has been shown with other
biomarkers or standards, providing access to clinical trial tissues to validate other
assays

Industry, when considering the incorporation of assays in their trials, should
communicate and share assay information when using an assay that identifies the same
molecule (eg, epitope, antigen, DNA, RNA) as in other competitive trials—eg, method
information related to the binding sites of the antibodies used in the companion
diagnostic assay should be made public, even if this information is commercially
sensitive

Pathways for requlatory acceptance of other assays that are equivalent, but less
expensive and easier to implement in daily practice, should be developed by
governments and requlatory agencies, ideally before a drug is labelled together with a
companion diagnostic

Early engagement by all stakeholders in external quality control schemes to allow
rapid development of guidelines and quality standards is essential, preferably before
an assay is approved by the regulatory agencies

Clinical practice guidelines developed by professional organisations like the American
Society of Clinical Oncology and the European Society for Medical Oncology should
endorse not just a companion diagnostic assay used in the trial, but any rigorously and
technically validated equivalent laboratory assays that can define essentially the same
population as the companion diagnostic

Regulators should require data confirmation of the analytical validity of the companion
diagnostic in the distributed setting in which it would be applied, at a level of rigor
similar to that required to show efficacy of the drug in question



In conclusion



Importance of collaboration

Taking a new biomarker into daily practice should
be in agreement between pathologists,
oncologists, patients, regulatory and industry.

FROM THE TIL-MOVIE
COMING SOON!



Thank you to all of you
Thank you to many others also

Matthew Goetz, Matthew Dacy, Cynthia Chauchan, Bobbi-Ann Jebens, Jodie
Carter, Nakhleh Raouf, Roberto LF, Aubrey Thompson, Edith Perez, Sherene Loi,
Peter Savas, David Moore, Paula, Melinda, Crispin Hiley, Maise Al-Bakir, Charles
Swanton, Stephen Luen, Jeannette, Sylvia Adams, Sandra Demaria, Sunil
Badve, Giuseppe Floris, Christine Desmedt, Iris, Leonie, Jan, Marleen, Hugo,
Stefan, Fabrice, Beppe V., TIL-WG, Carsten Denkert, Sybille, Fraser, Elia, Jorge
RF, Mark R, David R., Federico R., Lajos P., David S., Zuzana, Torsten, John B.,
Rim K., Tracy L., Ken Emancipator, Jon J., Luciana M., lan Cree, Giancarlo,
Maria Vittoria, etc...
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Comment

How current assay approval policies are leading to
unintended imprecision medicine

Pathologists are responsible for selecting the assays
for the optimal identification of patients for targeted
therapy. The current paradigm of requlatory assay
approval is that when a clinical trial involving a drug and
a biomarker, using a specific assay to identify patients
that might respond to the drug, meets its endpoint,
the assay is approved concomitantly as a companion
diagnostic. Private health insurance bodies or public
health systems then decide on reimbursement of the
assay when they decide on the reimbursement of the
drug. Use of US Food and Drug Administration (FDA)-
approved assays is obligatory in some countries, like the
USA and Japan, to gain access to the drug. In the EU, the
use of an FDA-approved assay is not mandatory to gain
access to the drug, as long as the laboratory-developed
test or assay that is used is validated.

Thresholds for defining a positive biomarker in a
clinical trial, and what constitutes a positive biomarker,
are not standardised. Moreover, companion assays
are co-developed with a drug, as determined by the
pharmaceutical company in collaboration with the
company contracted to produce the assay, without
regard to the other assays being developed for the same
biomarker. For example, PD-L1 assay kits are approved
by the FDA in 15 different cancer types but the PD-L1
staining patterns, scoring methods, and positivity
thresholds are different in almost all of these cancer
types. Moreover, the various assays and scoring systems
are not equivalent, despite being matched to the same
specific drug. There are at least five non-equivalent
assays for PD-L1, each with its own scoring system and
tumour site indications.

Absence of assay standardisation is an emerging issue
for triple-negative breast cancer. In 2019, considering
the results of the IMpassion130 trial, the FDA approved
the Ventana PD-L1 (SP142) assay (Ventana Medical
Systems, Tucson, AZ, USA) and cut-point (1% of
tumour-infiltrating immune cells) to assess PD-L1 in
patients with triple-negative breast cancer treated with
atezolizumab.* However, following the Keynote 355
breast cancer trial,? the results of which were publicised
in 2020, investigating pembrolizumab in the same
patient population, the FDA is likely to approve the

PD-L1 IHC 22C3 pharmDx assay (Agilent Technologies,
Carpinteria, CA, USA) and its combined positivity score-
scoring system to assess PD-L1. Using more than one
assay for the same biomarker is problematic because the
assays have different positive prevalence rates. In the
IMpassion130 trial, 46% of patients with triple-negative
breast cancer were deemed to be positive using the
Ventana PD-L1 (SP142) assay; when using other assays
(eg, the PD-L1 IHC 22C3 pharmDx assay) in the same
patients, the PD-L1 positive prevalence increased to
nearly 80%. The cause of these inconsistencies is
multifactorial and includes reproducibility issues and
variable antibody and assay sensitivity, even when
different assays use the same antibody.** One issue
is the balance of risk, costs, and benefit. If treatment
recommendations differ depending on the assay that
is used, it is difficult for health-care providers to reliably
analyse the cost-effectiveness for reimbursement of
that particular treatment. Costs are arguably even
more important in low-income and middle-income
countries. Some private
governments insist on the use of FDA-approved assays,
which are more expensive than laboratory-developed
tests. A concerning situation is if patients underwent

insurance companies or

unnecessary toxicity and extra costs due to potentially
false-positive tests. However, lower sensitivity of an
assay, with potentially false-negative results, could
lead to fewer patients receiving therapy and benefit.
Some oncologists might prefer their pathologist to use
an FDA-approved assay, despite being unaware of the
analytical validity of the assay and the fact that many
laboratory-developed tests can perform as well as FDA-
approved companion diagnostics.” Others might prefer
an assay with a higher positive prevalence to identify
more patients that can be treated.

Different assays, different platforms, different positivity
thresholds, and a divergent international approach to
reimbursement of these assays suggest that patients
are not well served by the current system. Industry,
regulatory agencies, and
patients also need to be aware that a positive phase 3
trial does not guarantee consistency, reproducibility, and
practicality of the biomarker-specific assay used in

governments, clinicians,

www.thelancet.com/oncology Published online October 21,2020 https://doi.org/10.1016/51470-2045(20)30592-1
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Comment

Panel: Solutions to improve the current assay approval pathway

Industry should be mandated to do concordance studies with other similar assays or
standardised controls before a drug is approved

Industry should support, in concert with all stakeholders, relabelling or revising
approved companion diagnostics if evidence exists that the labelling might lead to
uncertainty in the identification of patients for treatments

Industry should support, in concert with all stakeholders, relabelling or revising of the
companion diagnostics if equivalent clinical validity has been shown with other
biomarkers or standards, providing access to clinical trial tissues to validate other

assays

Industry, when considering the incorporation of assays in their trials, should
communicate and share assay information when using an assay that identifies the same
molecule (eg, epitope, antigen, DNA, RNA) as in other competitive trials—eg, method
information related to the binding sites of the antibodies used in the companion
diagnostic assay should be made public, even if this information is commercially

sensitive

Pathways for requlatory acceptance of other assays that are equivalent, but less
expensive and easier to implement in daily practice, should be developed by
governments and regulatory agencies, ideally before a drug is labelled together with a
companion diagnostic

Early engagement by all stakeholders in external quality control schemes to allow
rapid development of guidelines and quality standards is essential, preferably before
an assay is approved by the regulatory agencies

Clinical practice guidelines developed by professional organisations like the American
Society of Clinical Oncology and the European Society for Medical Oncology should
endorse not just a companion diagnostic assay used in the trial, but any rigorously and
technically validated equivalent laboratory assays that can define essentially the same
population as the companion diagnostic

Regulators should require data confirmation of the analytical validity of the companion
diagnostic in the distributed setting in which it would be applied, at a level of rigor
similar to that required to show efficacy of the drug in question
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the trial. Furthermore, the use of a suboptimal assay
might lead to inconsistent trial outcomes when used in
different trials investigating the same drug in the same
patient population leaving, for example, the best method
to select patients for immunotherapy still uncertain.

We propose solutions to industry (pharmaceuticals
and diagnostics), academia, patients, governments, and
regulatory agencies (panel) who currently hold the keys
to resolving the issues outlined here. The current assay
approval pathway should be updated to reflect current
realities, including mandating a detailed assessment of
the analytical validity of an assay before it is considered
as a companion diagnostic.

Although PD-L1 is the latest diagnostic challenge, it
is neither the first nor will it be the last such challenge
to face the community unless focused efforts in a
partnership between all stakeholders are directed
towards standardisation of assay development for both
current and future applications.
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The Planning Committee would like to thank you for attending
and participating in the Workshop. Please contact the Committee
any questions.
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