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Current Landscape in Minimal Residual

Disease (MRD) Testing in Hematologic
Malignancies




Outline

Response evaluation in hematologic malignancies

Technical aspects of MRD measurement
*  Flow cytometry

* Quantitative PCR

» Next generation sequencing

Incorporation of MRD results into patient management
» Patient monitoring

* Risk stratification and treatment decisions

« Trial endpoints

Summary
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Response Assessments: The Basics

With the enormous increase in the clinical use of drugs to .

“ control the growth of cancer, it becomes essential tog David A. KarnOfSKY
develop an acceptable and meaningful %
terminology to describe the indications and therapeutic Criviea
effectiveness of each agent or procedure. The orderly P" ARMACOLOGY
presentation of information would serve as a guide to -'""I‘" ERAPEUTICS

volvme 1 pewder 6 November-Decernber 1961

the practicing physician and it would provide a
common language to facilitate the collection and analysis
of clinical experiences. ”

= Response Assessments:
* Provide prognostic information
« Simplify the evaluation of new agents
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Established Techniques for Response Assessment

Microscopy/Morphology PET/CT or Radiology Flow Cytometry Serology

ALL12 v +
AML23 v +
cLL v v v
CMLS v
NHL36 v v v +
MM v v v v
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Timeline of Selected Response Criteria in Hematologic
Malignancies — Multiple Myeloma
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Timeline of Selected Response Criteria in Hematologic
Malignancies — Lymphoma
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Timeline of Selected Response Criteria in Hematologic
Malignancies — Leukemia
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Key discovenes
Response criteria/guidelines released
Techniques incorporated into guidelines
2011
: p 1988 1999 immunophenotypic
1956 1964  First response criteria First response mﬂa and molecular CR
Light chains Use of ~for AML released® - for NHL relea introduced by
discovered in MM? | MMUnOaton _— IMWG
2007
PET-CT is added to
m‘ NHL assessment
P&AM guidefines'?

11 981 1968

il

1939 1971 | 1998 2001 2014
M protein spike Development of CT | 1989 The first PET-CT | Development of the PIPES NI GIaE
discovered in MM and scanning? CT Is recommended scanner becomes | serum FLC assay in introduced
use of serum protein for HL assessment® | available® | MM10
electrophoresis in MM! !
o 1968 2006
First response criteria IMWG response
for MM established® criteria guidelines

published for MM

AMGEN

Oncology




Complete Response

= Complete response or remission is often accepted as a predictor of clinical
benefit

= Limitations of complete response
« Presence of sanctuary sites’
« Sampling errors?
* Insensitive assays34
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Minimal/Measurable Residual Disease (MRD)

= MRD is the presence of
malignant cells below the
detection limit of conventional
methods'2

< 10" malignant celis present

= Routine MRD assessments
have become a key element in
the management of patients
with hematologic tos (S B s
malignancies?3 o)

Proportion of Malignant Cells
]

Time

Graphical definitions of MRD.

Adaptad from Bruggemann M, et & ¢
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Timeline of Selected Response Criteria in Hematologic

Malignancies
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Selected Timeline of MRD Testing Development

Preliminary
Developments

1980
Use of flucrescence
microscopy to identify
leukemic cells?

1982
Development of
cloning of oncogenic
gene multations®
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Selected Timeline of MRD Testing Development

LOreRcCHNOo muark
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| —
: g 1990 ) :
1975 1988 Use of 2015 - 2016
Development of Use of flow cytometry multidimensional® flow Development of 8-10
monocional to detect MRD in B-cell cytometry to detect color flow cytometry
antibodies' _ ALL! ) MRD in AMLS ~ for MRD detection®®

Proliminary
Developments

1980 =
Use of flucrescence [_ Flow Cytometry
microscopy to identify
leukemic cells?

1982
Development of
cloning of oncogenic
gene rearrangements’
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Selected Timeline of MRD Testing Development
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Selected Timeline of MRD Testing Development
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Use of PCR to detect Use of PCR to amplify
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Techniques for Measuring MRD

= There are currently 2 established methods
in use for determining MRD'

«  Flow Cytometry: sensitivity of 103 — 104
»  PCR: sensitivity of 104 — 10-°

= Paired analysis shows high levels of
concordance between the two methods?3

Approximate Equipment Sizes

Flow cytometry®

PCR* Next-generation
sequencing®

|‘

33 cm ; 46 cm 91 cm

67 cm

MRD by PCR (log)

2 2 A 0 i
MRD by Flow Cytometry (log)

Adapied from Denys B, st al’
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Flow Cytometry Overview

= Flow cytometry measures properties of individual particles, typically cells,
passing in single file between a laser and a detector’

« Light scatter conveys particle size and internal complexity’
+ Light emission from fluorescently labelled antibodies or dyes'
« Capability to sort cells based on phenotype?

= Sensitivity and specificity improves with more lasers and detectors?®
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Flow Cytometry for MRD Detection

= Use of specific molecular or immunophenotypic markers and size to distinguish between malignant
and normal hematopoietic cells’

= Establishment of standardized vs patient-specific antibody combinations?

A

cD10

A

-

C

Tube 1
cD27
cD81
cD19
cD38
CcD138
CD45

192: 2544754401, 2 Roct

CD56

Recommended 6-color flow cytometry
panel for MM

Tube 2

CD117

coD19
CcD38

CD138

J !

CD4s

A) MRD+ patient, pre-chemotherapy
B) MRD+ patient, post-chemotherapy

C) MRD- patient

Examples of Markers Used in
B-cell ALL*#

CD10
CD19
CD34
CD38
CD45
CD58
cob123
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Sources of Error in Flow Cytometric Analysis

Sample-based'-?
Sample quality
Event number
Hemodilution

19 200876

Fluorescence-based?*

Spectral overlap
Autoflourescence

Operator-based
Gating

Disease-based?
Immunophenotypic
shift
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20 1. Bruaoe writs M ot

Quantitative Real-Time PCR (qPCR)

= Standard (qualitative) PCR determines presence or absence of mutated gene of

interest’2

* gPCR allows for estimation of tumor burden (frequency)?
* Relies on a hybridization probe labeled with 2 different fluorescent dyes?

- Reporter dye/Quencher dye

» Comparison to a standard curve allows quantitation

During annealing, the hydrolysis probe
binds to the target sequence

During extension, the probe is partially
displaced and the reporter is cleaved.
The free reponter fluoresces

Q Reporter
Q Quencher

pe—

Q@8

\ Extension

An amplification
curve is generated

— 1.8 1
‘E 1.6

1 Threshold

Plateau

Baseline

10
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Alternative Approaches to Disease Quantitation:
Droplet Digital PCR (ddPCR)

= Sample DNA is partitioned into ~20,000 droplets, allowing multiple parallel reactions'’

= Provides quantitation without the need for standard curves?

= Similar sensitivity and accuracy to gqPCR?23

88% sample concordance in ALL? and strong concordance in pooled MM, MCL, and FL
samples® with correlation of coefficient of 0.94

Partitioning *» Amplification —*> Detection

Target Background

threshold

AMGEN
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qPCR in MRD Detection

= gPCR has the capability to detect:
g NPM1 - m'r;‘:eggen:;;‘toseng Jsegments  Constant region exons

D to J rearrangement

__l,/\ " E TR E I =
-—f—’__’_/ ; .
W A ot - : V to DJ rearrangement ™
CTCIGTCTGG GRALG T )
GG

Mutation C SCAG C L-f./ franseription, splicing R G-,
Mutation D 3GCAGT GGAGG /
Mutation E 5 "'c TCTT GCCC [ ] &
Muytation F GTCCCTGOAGAANGTCTCTT N Y

VDJ rearrangement  transcriplion, assembly

Gene rearrangements’

AMGEN

22 1. vanDongen ), e W Bisod. 2015125:3996-4008, 2. Lydon N. Nat Med. 2009,15:1153- 1157, 3. ey A el al. N Eng! J Mad 2016374422433, 4. Liohio MA ¢ al. Rev Bras Hemalty Hemaler, 201(032:476-48 ()nc()l()g'\



Emerging Platforms:

Next-Generation Sequencing (NGS)

=  Sensitivity': 10° - 10

« High concordance with both flow cytometry and gPCR'2

Methods?®

= Sequencing by synthesis *
* Pyrosequencing

= Sequencing by ligation

= Nanopore

Terms?5

Library= a collection of DNA or cDNA for

sequencing

Adapters- synthetic DNA added during
library generation

Barcodes = unique DNA sequences that
can be added to individual libraries for
multiplexing

Read=base pair information generated by

sequencing

Read length = number of bases sequenced

Depth of Coverage= the number of distinct

reads of a given DNA sequence

1. Fa \ Biood. 2012:12051 180 2 Kotrova M, ot . B 1 2015128 10"
23 Availabie st hity Eahowen Comdog 1 55492 1 iack-10-0ie-Dasics—naxl-ganar ¢

Reference Genome

<
Sequencing Reads

CCATATTACGCATGATACGGGCATY C‘H’ACCGGCA}' R(." .m'o"
............ "!‘!""""" TG

TTACGCATGATACGGGCATCT)
GCATGAT c;_,(_ GCAYCTT CCL-
CATATTACGCATGATACGGGC
CCATATTACGCATGATACGGG A
GATACG Cc CCGGC A | sequenang
CCATATTACGCATGATACG Reaqs
TACG c CCcaGe
CGCATGATACGEGGC c

TATTACGCATGATACGGGC
CATATTACGCATGATACGGGC
CCATATTACGCATGATACGGG

=T Cfr.c TGATACGGG ceC

Deptn w-o-pm 12x Depth N

nar peesartaton; Ocloher 8§, 2011
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NGS Methods: Sequencing by Synthesis

= Nucleotides are passed over immobilized
sample DNA fragments’

= DNA synthesis occurs one base at a
time’

= |ncorporation of nucleotide generates
a signal’

= Examples:'?
» Fluorescently tagged nucleotides

* lon Torrent: nucleotide binding
triggers a pH change

AMGEN
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NGS Methods: Nanopore!

= \oltage current is applied across a nanopore
= DNA is drawn through the nanopore
» Each nucleotide provides a distinct signal as it passes through
ICTTTCCGATGACGAAGCTT “__::L:C‘MG"?\'(;ﬂﬁ
[ l | 1] {1
A
AMGEN
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Amplicon vs Array-Based Sequencing

= During NGS, hundreds of millions of DNA segments are sequenced in
parallel

= Targeted sequencing focuses only on genes of interest?
« Hybridization-capture: gene specific hybridization probes?
«  Amplicon-based: gene specific primer sets?

= Multi-array panels identify a broad scope of the genetic mutations present*

Hybridization-Capture Sequencing

DNA
f— — —ry L]
|———1 1 ?
ki) vy o
T V—— Hybridization C e Probes captured
to probes by beads
? L X
<> Probes Probe capture

AMGEN
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Sources of Error in NGS Based Analysis

Sample-based
Sample degradation
Low DNA input
Sample contamination
AMGEN

27 Rotwssy K, ot 8l Nat Rey Gunat 2014155662 Oncology



MRD Detection Methods: Important Considerations

28 '

Flow
Cytometry'

gPCR!2

NGS#+

Important Considerations

« Rapid
« Applicable in most patients

+ High sensitivity: 10 — 105
+ High standardization and automation

+ High sensitivity: 10° - 10°

False positives due to similarities in phenotypes
Less sensitive than other techniques
Limited standardization between laboratories

False negatives due to clonal evolution

Limited standardization across laboratories

« Complex bioinformatics

AMGEN
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MRD Testing: Bone Marrow (BM) vs. Peripheral Blood

(PB)

=  While BM samples are frequently used, PB as a less invasive sample option has been

proposed’
* Results vary by disease

BM More
Sensitive than PB

Similar

Detection Levels

B-cell ALL'?
MMm4

T-cell ALL'
AML?
CMLS
F:l_ﬁ.a
MCLS
CLL"®

7 A previous study using less sensitive testing methods reported BM having
superior detection limits; ® In patients not undergoing treatment or
chemotherapy. Advantages of PB or BM may vary by treatment.

14 120 1 1TRA 1182 & Sorer

100 |
10",
107 |
107 |

& 10+ ]
10° |

gPCR in T-ALL
(n=149 paired samples)

n=0 ' n=6

v
e @

=% n=26
® @

f=82 :n=1

e
’

,0’:.;

1

n=0

neg pos 10°10*10*10210710° neg pos10°10+10°10710" 10° 10*

gPCR in BCP-ALL
(n=532 paired samples)

=1 n=0

® @
n=11 n=17

® ®
n=425 n=41_

® < 3 months
@ > 3 months
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Developing Detection Methods:
Cell-Free Circulating Tumor DNA

= Shedding of apoptotic or necrotic cell DNA fragments into the bloodstream is
physiologic’

* In patients with cancer, a large fraction of cell-free DNA is tumor derived and termed
circulating tumor (ct) DNA'2

= ctDNA has use in a variety of applications:’
« Detecting specific mutations
» Assessing tumor burden
* Monitoring therapy responses

* MRD surveillance
Plasma DNA Isolation qgPCR

-
-

\ ‘__J'
l’f \%f)
\;_‘ = ¥ 4
=N\
)

” %
£\

«dq 00Z - 081

50 -50
4 6 B 1214161820224 262830

e AMGEN

Oncology

Relative fluorescence units
=1
=]



AMGEN

Oncology

Established and Exploratory Uses of MRD in

Disease Management




MRD in Patient Monitoring

32 1. Buggermann M, e

= Once a patient achieves a complete remission/response, regular monitoring for relapse
is important’

* Patient monitoring schedules provide specific time points at which MRD can be used to

assess a patient’s response to treatment and predict disease progression?2

= Example: The European LeukemiaNet guidelines for CML?2

* Monitoring can be performed using a molecular or cytogenetic test, or both

MMR
3 6 9 12 15 18 21 time, months
A A A A A
1 ‘
Monitor every 3 months Monitor every 3-6 months after
until MMR is reached achieving MMR

AMGEN
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Use of MRD in Heme Malignancies

MRD has been used for risk stratification and in guiding treatment decisions

Patient Population MRD Detection Method

ALL’
ALL?

AML3
AML#
MM®
CLL?

33

Adults, post-induction

Children, newly diagnosed
NPM1-mutated AML
Children with mainly de novo AML
Post-ASCT

Post-chemotherapy

gPCR
Flow cytometry and/or gPCR

gPCR
Flow cytometry
Flow cytometry

Flow cytometry

AMGEN
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MRD in Choosing Post-Induction Treatment Regimens

= Treatment decisions based on MRD may allow for the personalization of therapy
regimens'?

Consolidation/
/ Maintenance
Remission
= Treatment decision
Induction
\ SCT

Pretreatment
prognostic factors

AMGEN
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MRD in Choosing Post-Induction Treatment Regimens

= Treatment decisions based on MRD may allow for the personalization of therapy
regimens'?

Consolidation/
/ Maintenance :
Remission
= Treatment decision
Induction
\ SCT

Pretreatment
prognostic factors

Remission

Induction ' \ '

Consolidation/
MRD Maintenance

‘e

3 SCT. storn cot vanaplantatia

AMGEN
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MRD Can Identify Patients with ALL for SCT

= MRD status after induction determined treatment
« MRD negative: maintenance therapy
« MRD positive: hyper-fractionated cycle treatment (H/C) and SCT

Phase A: '
Induction/ SCT i e Wiy completed: Phase B:
Consolidation " ‘w =1 =) n = 142/236 (60.2%) = MRD/Risk-Oriented Therapy
= 11211 B9
MRD Study . b o sampmh n = 112/142 (78.8%) — e —
(n=23) (n=7) (n = 58) / {non-VHR)
MRD** SR

MRDPes |~ scT

(n=10)
[_ji;. Cc1 czE c3 HD4 H cs @ HD7 cs Allogenic
o (o]

< Lo [o] (n = 54)
Diagnosis CR MRD MRD MRD MRD"* HR/VHR \or‘ (no donor)
(n = 280) (n = 236) TP1 TP2 TP3 (n =20)
HIC I HIC I maintenance
1 - L L . L L . 1 2 3 ‘
Day 1 28 49 70 g1 115 133 154 R R R R
Week 4 10 16 22 - T

Key: © =Bone marrow examination H/R = Autologous blood stem cell harvest/ reinfusion
D = Cranial irradiation (18 Gy) TP = Timepoint

HR, high nsk. SR, standard K, VHHE, vary hgh rish
= T el Slood. 2000 11341534182
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1. Beunoamant M
37 1. Beuggem \

MRD as a Surrogate Clinical Endpoint

= Traditional clinical endpoints such as OS are the “gold standard” primary endpoint’

= Surrogate endpoints can predict clinical benefit without directly measuring clinical

benefit itself?
Potential to expedite drug development

= Since MRD status may correlate with patient outcomes and can be measured at earlier

time points, it has potential for use as a surrogate endpoint?

Clinical Trial
Initiation

N Traditional
Endpoints

AMGEN

18 dot 1011/ lsmsoncol 2016 3112 Oncology



MRD as a Surrogate Clinical Endpoint (cont.)

Challenges:’
Standardization of assays
Determination of proper MRD threshold
Optimizing measurement time points

CML.: accelerated US FDA approval for tyrosine kinase
inhibitor was based on BCR-ABL transcript levels detected
by gPCR?23

Workshops have been held by the US FDA to discuss
potential adoption of MRD as a surrogate endpoint for ALL,
CLL, AML, and MM1:4

MRD is currently approved as a surrogate endpoint in CLL
by the EMAS

38 www.erma europa e

EUROPEAN MEDICINES AGENCY
( MEDICINES {EALTH

CIEN( |

AMGEN

Oncology



AMGEN

Oncology




MRD Summary

40 prnt, Septimber 15, 2016, d

MRD is the presence of malignant cells under the detection limit of conventional
methods’

Strong prognostic indicator of patient outcomes?

Potential for use in guiding treatment decisions?®
* Intensity of therapy
Appropriateness of SCT

Currently measured using flow cytometry or gPCR?
Newer testing methods are emerging

MRD is currently being evaluated as a potential surrogate endpoint, and may have the
potential to replace or augment morphological CR as a response criteria in certain
hematologic malignancies*
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MRD is the presence of malignant cells under the detection limit of conventional
methods’

Strong prognostic indicator of patient outcomes?

Potential for use in guiding treatment decisions?®
* Intensity of therapy
Appropriateness of SCT

Currently measured using flow cytometry or gPCR?
Newer testing methods are emerging

MRD is currently being evaluated as a potential surrogate endpoint, and may have the
potential to replace or augment morphological CR as a response criteria in certain
hematologic malignancies*
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