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This presentation: drug discovery

1. Pl’inCipleS Of test mOdels and drug teSting } 3 Preclinical evaluation Of new

2. Principles of target discovery therapeutics
Forward pharmacology approach Reverse pharmacology approach
Functional activity in vivo or in vitro E Identification of promising

(e.g., of extracts or natural products) target proteins

J }
& :

i
Lead - Screening for compounds interacting with the
compounds : target protein
i

l s

Target identification i Functional activity in vive

Atanasov AG et al. Biotechnol Adv. 2015



Preclinical test models: in vitro — cell lines
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Preclinical test models: ex vivo — patients’ cells
(leukemia)

‘R + Closest to patient

® * Genetic context intact
Q:. «  Tumor heterogeneity intact

)

@ Limitations:
« Limited availability
« Difficult to obtain, to isolate and to preserve

Nolte, Signals 2014 » Short survival time ex vivo (days)
* Disconnected from tumor microenvironment

BUT..



Preclinical test models: ex vivo — tumor organoids
(solid and brain tumors)
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Preclinical test models: ex vivo — tumor organoids
(solid and brain tumors)

» Closest to patient
e (Genetic context intact

» Tumor heterogeneity often intact
Q  Prolonged culture possible

Mammary gland Cerebral organoid

organoid

e Limitations:
P 2 - Success rate varies between
| 30 and 80%

Liver organoid ' Lung organoid ° Depending on COthaiI Of

external growth factors
 Disconnected from tumor
microenvironment

Intestinal organcid Stomach organoid




Preclinical test models: in vivo - mouse

In vivo is not synonymous to patients

Patient Derived Xenograft

Xenograft in
Immunodeficient

Xenograft in
lmmunudeﬁdent,‘ ‘primo graft’
Mouse ,-\(N-’& m

‘primo graft’ ‘secondairy/tertiairy
recipients’




Preclinical test models: in vivo - mouse

S ig_**x GEMM: genetically engineered mouse model
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Preclinical test models: in vivo - mouse

> 9 9 « More holistic view of cancer
> O8N - To
» Real-time monitoring of drug effect
2 D9 possible (response biomarkers)
l Limitations (PDX):

 Irradiation/immunocompromised mice
needed to facilitate engraftment:
« Complement activation/ADCC

| levels low
ﬂ * Immune modulatory agents hard to

study
Xenograftin « Often biased to high risk tumors (which
Immunodeficient engraft)
Mouse « PK/PD and microenvironment mouse

differs from humans



Principles of drug testing; of mice and man

Assay systems to be discussed:
1. Short term culture assays

2. Mouse models

Blanks Controls Cytostatics




In vitro and ex vivo evaluation
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preclinical drug evaluation: drug libraries

Input:
» cell lines
R
\\\\\:“* 2 - primary patients’ cells
* organoids




Dedicated library of new agents
relevant to childhood cancer

Tested compounds in the ITCC cell line panel and primary cells (leukemia)

BRD4(1); RD4(2) JMID3; UTX PI3Ka; PI3KS
BCL-2 AKT1; AKT2; AKT3 p53-MDM2
MET CDK4; CDK6 HDAC1; HDAC2
CDK1; CDK2; CDK4; CDK6; CDK9 EENEES xpo1; cRML
ATR NPT AKTL; AKT2; AKT3 MEKZL; p-ERK1; p-ERK2
mTORC1; mTORC2 Nedd8-activating enzyme PARP1; PARP2
MEK1; MEK2 ULKL; ULK2 PI3Ka-mutant
Nurrl W PRMTL; PRMT3; PRMT4; PMRT6; MTH1
PMRTS
c-Met; ALK PI3Ka; PI3KB; PI3KS; PI3Ky; MEK1; MEK2
mTORC; mTORC2
ERKZ; ERK2 PEG-BCT-100 XTI I
Courtesy of: Jan Molenaar’s group &
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MAXIMA

centrum voor kinderoncologie



Successful testing of >140 small molecule drugs
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Medullo-

Acute lymphoid

Ewing sarcoma

Rhabdomyosarcoma Osteosarcoma Neuroblastoma blastoma

leukemia

Differential efficacy of inhibitors of the
PIBK/AKT/mTOR (survival) pathway
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Of mice and man: preclinical evaluation of drugs

Assay systems to be discussed:
1. Short term culture assays

2. Mouse models

Blanks Controls Cytostatics




In vivo drug monitoring

Luciferase positive cells tumor reduction

Drug or placebo
Xenograftin >
Immunodehcient
Mouse

VIS system



Inhibition outgrowth of MLLP°s leukemia

Control

Week 0 (Start Tx)

Week 1

PKC412 150 mg/kg/day PO

Armstrong et al, Cancer Cell 2003



PRD in vitro, LC50 (ug/ml)

EX vivo drug cytotoxicity data and target discovery
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Ex vivo drug cytotoxicity data used for target discovery

Primary ALL cells Invitro sensitivity Gene-expression profile Treatment outcome

(6 @ e S A N
dd @ LT . T 804
LR Rt R TLANR 2
©) B = .
d | = 1. d o
£ 401
0
g 20
o
0 .
0 i 4 b 8
Years
| = Sensitive = Resistant |
L 1
|

To identify genes that are associated with
drug resistance and treatment outcome

Cheok & Evans, Nat Rev Cancer 2006






Prednisone resistance and Myeloid Cell Leukemia 1 (MCL-1)
in B-lineage ALL

ex vivo prednisolone test results

Sensitive pts Resistant pts
PRED 1T | e et 11 (11 (11 A e 17 (A T T e Ty rrr ]

R

Holleman et al., New Engl J Med 2004

gene expression

MCL-1:
» Anti-apoptotic member of the Bcl-2 family
- Elevated expression induces resistance to drugs

* Role in mitochondrial function



Gene expression-based chemical genomics identifies Targeting MCL1 and

rapamycin as a modulator of MCL1 and glucocorticoid

resistance glucocorticoid resistance in ALL

Guo Wal.'? Dovid Twomey, ™ Justin Lamb,? Erysta Schilis”? kol Agarwal? Ronald W, Stam*
Joseph T. Opferman.® Stephen £ Sdlan.'~ Monigue L den Boer* Rab Fieters* Todd &, Golup,'¥*4
and scott AL Armatrang

Sensitive Resistant

7 1'

Connectivity gy
H Sensitivity/ e el Sigraiore ;o
mapping : el /| Database Sirolimus
Resistance B tais s o :
: 3«“\‘} || Pattern (Rapamycin)
Signature | i | Matching
164 compounds b LIRREEE 4
e 4o
library screen .
Rapamycin
0.009 -
0.008
Gene set 0.007 -
enrichment analysis o 0%
= 0.005+
= 0.004
163 pathways 0.003 -
0,002 | P=0-001

0.001

Akt Arenrf2 nfat vip p38Mapk  Tgfp Hif Stress IL6

Akt/mTOR-pathway most affected
Wei et al., Cancer Cell 2006



Silencing MCL-1 sensitizes to dexamethasone
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Wei et al., Cancer Cell 2006



Target discovery: BCRABL1 - Philadelphia Chromosome t(9;22)

THE PHILADELPHIA CHROMOSOME

Before translocation After translocation
- £

~ =
. BCR
BER - - ABL
' Philadelphia
Chromosome
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ABL E
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CML and ALL



Targeting BCRABLA1
Imatinib (STI571), dasatinib et al.

Goldman JM, Melo JV. N Engl J Med. 344:1084-1086.



Improved outcome with Imatinib

—— No imatinib
—— Imatinib
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| | | |
0 1 2 3 4

Time (years)
Number at risk
Mo imatinib 31 30 27 25 21 21 17 15 10

Imatinib 58 57 53 50 41 37 28 19 15



Identification of BCR-ABL1-like subgroup
by gene expression profiling

N e o ey ey
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T-ALL

| E2A-rearranged
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T e b

TEL-AMLA
Hyperdiploid 5 real BCR-ABL1
/ 30 BCR-ABLA1 like
| BCR-ABL1}

Den Boer et al. Lancet Oncology 2009



Validation of BCR-ABL1-like ALL: 4 independent cohorts

Cumulative incidence of relapse

Cumulative incidence of relapse

P=0.02

BCR-ABL1-like (38%)

Non BCR-ABL1-like (16%)

P=0.004

BCR-ABL1-like (29%)

| @codﬂi’:—:cT:e—ABu-ﬁke (8%)

T
0 2 4 6 E] 10 12

Time from initial diagnosis
(years)

100

BCR-ABL1-like (32%)

P=0.002
BA-like in children:

* 15% of BCP-ALL
» 50% of B-other group
 70% MRD-medium risk

I :Jr’ Non BCR-ABL1-like (11%)

 independent prognostic
factor

4

T T
6 8 10 12

BCR-ABL1:like (37%)

P=0.03

Van der Veer et al,

Blood 2013
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Figure 2. Recurring Kinase Alterations in Ph-ike ALL.

Data are shown for 154 patients with Ph-like ALL who underwent detailed genomic analysis, including transcriptome sequencing (RMNA-seq), whole-genome sequencing (WGS),
whele-exom e sequencing (WES), and reverse-transcriptase polym erase chain reaction (RT-PCR). The cohart is divided inte patients with ABL-class fusions (ABLI, ABL2 CSFIR,
POGFR B) responsive to dasatinib, EPOR or JAK2 rearrangements, CRLF2 rearrangements, other JAK-STAT-activating mutations (IL7R, FLT3, SH2B3, JAKI, JAK 3, TYK2, IL2RB, and
TSLP), other kinase fusions (miscellaneous group, including NTRK3 and DGKH), alterations in the Ras pathway (KRAS NRAS, PTPNI1, NF1, and BRAF), and no kinase alteration.
For details of specific alterations, see Tables 59 and 512 in Supplementary Appendix 1 and Table 520 in Supplem entary Appendix 3.

Roberts et al, New Engl J Med 2014




RNAseq/WGS of BCR-ABL1-like ALL

Table 1. Kinase Fusions Identified in Ph-like Acute Lymphoblastic Leukemia.
Tyrosine Kinase Fusion
Kinase Gene Inhibitor Partners Patients 5' Genes
r ———————————————————————— P PP PO . -i
: ABLI Dasatinib 6 14 ETV6,™ NUP214,** RCSD1,"* RANBP2,'t SNX2¥ ZMIZ1* : AB L'CIaSS
1 | ABL2 Dasatinib 3 7 PAG1,* RCSD1,* ZC3HAV1* | .
: CSFIR Dasatinib 1 4 SSBP2* :fUSIOn genes
|| oorRe | Dwaind | I U EBFIY SSBPZCTMIPLIZEBZ |
CRLF2 JAK2 inhibitor 2 30 IGH,** P2RY8*
JAK2 JAK2 inhibitor 10 19 ATF7IP* BCR,** EBF1,* ETVG6,2 PAX5,'* PPFIBP1,* SSBP2*
STRN3,** TERF2* TPR*
EPOR JAK2 inhibitor 2 9 IGH," IGK*
DGKH Unknown 1 1 ZFAND3*
IL2RB JAKL inhibitor, JAK3 1 1 MYH9*
inhibitor, or both
NTRK3 Crizotinib 1 1 ETVG™7
PTK2B FAK inhibitor 2 1 KDMGA,* STAG2*
TSLP JAK2 inhibitor 1 1 IQGAP2*
TYKZ2 TYK2 inhibitor 1 1 MYB*

13 kinase/cytokine receptor genes, ~30 fusion partners
+ more emerging (IGH-DUX4, TCF3-ZNF384-fusions)

Roberts et al, N Engl J Med 2014; Yasuda et al, Nat Gen 2016; Lilljebjorn et al, Nat Comm 2016



Imatinib induces CR in a child with refractory EBF1-PDGFRB*V¢ ALL

EBF1-
PDGFRB

Acitin

before Imatinib after Imatinib

EBF1 exon 15 . POGFRB exon 11 X
CCAACGGG.t’-'l.AGAGECTGGAA:SECTTGCCETTTAAGGTGGT;.';

_ 300- Y
) ex Vvivo testing
-
=]
o 200+
<
=
= NS NS
S 1004-= === === —mm— -
U ik wHw
g
2o
Weston et al, J Clin Oncol 2013; Lengline et al, Haematologica 2013 & qé q"" S ¥

Roberts et al, NEJM 2014; Boer et al, Oncotarget 2017
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Caveat 1:
Different breakpoints in ABL genes,
not all may be equally sensitive to TKis

Dasatinib

*ACVR2B  * MAP2Ks5 * SLK

* BMX * MAP3K1, + SYK
*BTK MAP3K2, * TAOK3
= EGFR MAP3K3and = TEC

Neoplasm *ERBB2and  MAP3K4 « TESK2

ABL1 NA ERBB4 *MAPsK1and  « TNK2

*FCR MAP4KS « TNNI3K

CML, B-ALL, * GAK *NLK « TXK

T-ALL and AML *GCK +PTK2 and PTK6 = TYK2
*ILK *RAFL * ULK1

CML, B-ALL, «LIMK1and e RIPK2

T-ALL and AML

LIMK2 * 5IK2 and SIK3

| FactinBD | MTBD ESCH" ETV6-ABLZ  T-ALLand AML

F-actin

- ~ SF1R
BD EML1-ABL1 T-ALL

* DDR1an Ponatinib

* FGFR1, FGFR2

F-actin . - d FGFR3
g o NUP214-ABL1 T-ALL e
Facti «TRK
SH3H SH2 II DNA BD I B 7MIZ1-ABL1  B-ALL * VEGFR1, VEGFR2
Lrich | - BD and VEGFR3

4{ Unknown }—m Kinase HH' IDNA BD E’S’“"” RCSD1-ABL1 B-ALL
|
il B oMt RRM2 1 e HH' I DNA BD SFPO-ABLL  B-ALL
h
‘
Forkhead | sHz e H-H—Hl IDNA BD I ctin
‘
b .
—W Kinase H-H—Hl IDNA BD g’[‘;c“" SNX2-ABL1  B-ALL
| - F-actin ) Inactive state Active state
4 SH2 Kinase DNA BD BD GAG-ABL1 Murine lympho- g

FOXP1-ABL1 B-ALL

! sarcoma and pre-B
Fusion— cell leukaemia e

Y245

C-lobe
kinase "

some lack SH3 domain

Myristate-
binding pocket

Greuber et al. Nat Rev Cancer 2013



ABL fusion genes not equally sensitive to TKls (dasatinib)

—&—Ba/F3+IL-3 —&—P19BCR-ABL1
—&— SNX2-ABL1 —#&—r210BCR-ABL1
1.2

1

0.8
0.6 -

0.4 -

/ lacks SH3
*

— contain SH3

Relative OD value

0.2 -

0 10 20 30 40 50
Dasatinib (nM)

Tomita et al, Leukemia Research 2014



Caveat 2: inactivating mutations

i Tyrosine
{ > Substrate

: 'i'vrosine :

Branford et al, Blood, 2002



‘Imatinib-resistance’ mutations

1st generation ABL-inhibitors:
T3151 mutation

Imatinib
14
E12 —+—E355G
8 —m—M351T
3 1 —aF317L
2 08 5~ Y253F
] —#—Q252H
% 0.6 I —e— G250E
= 0.4 b —+—T315I
E / —— E255K
20 ——WT P210
© “wt” BCRABL1
0.01 o g 10 . Parental Ba/F3 cells A BCRABLAWT
imatinib [I.I“’ ) \l/ M24 4N
> S T~ — G250
= Q252H
= S - (Q252R
> 087 T315]1 mutation -v253F
= ——Y253H
O —E255K
- 067
D E255V
N | T315l
E 04 F317L
d : C _ = M351T
2"¢ generation ABL-inhibitors: o ., g
H H (13 b
Dasatinib wt” BCRABL1 Fas5oV
0 +— : , , — H396R
0 0.5 25 5 25 50 F4865
~——BalF3

nil BMS-354825



Preclinical and early clinical evidence TKiIs for ABL class

Sensitive to imatinib/dasatinib

ABL class fusion Transforming In vitro Ex vivo Mouse Patient
IL3/IL7 independent growth inhibition growth g[c_:\ﬂ:}: lr1_h_iE)T_ti_clr1_ response in early clinical
growthinBa/F3or inBa/F3orlK6 inhibition of in patient-derived trials or case reports*
K6 Arf-/- Arf-/- patients’ cells xenograft
ETV6-ABL1 Yes Yes Yes Yes Yes; Transient
FOXP1-ABL1 Inconclusive: short FU
No, but sensitive . .
SNX2-ABL1 Yes . Transient; Poor/partial
to nilotinib
Inconclusive: shortFU ;
NUP214-ABL1 Yes Yes Yes Yes i
Transient
RANBP2-ABL1 Yes Yes Yes Yes Yes
Yes ; Partial; short FU ;
RCSD1-ABL1 Yes Yes :
Transient
ZMIZ1-ABL1 Yes Yes Yes
RCSD1-ABL2 Yes Yes Yes Yes Yes
PAG1-ABL2 Yes Yes Yes Yes
ZC3HAV1-ABL2 Inconclusive: short FU
EBF1-PDGFRB Yes Yes Yes (6 cases) ; Partial
ETV6-PDGFRB Yes Yes
ZEB2-PDGFRB Yes
ATF7IP-PDGFRB Yes Yes Yes Yes
SSBP2-CSF1R Yes Yes Yes
MEF2D-CSF1R Yes

Roberts et al. 2014; Roberts et al. 2012; Carroll et al. 1997; Yeung et al. 2015; Zuna et al. 2010; Malone et al. 2010; Zaliova et al. 2016; Tomita et al.
2014; Ernst et al. 2011; Masuzawa et al. 2014; De Keersmaecker et al. 2008; Duployez et al. 2016; Perwein et al. 2016; Inokuchi et al. 2011; Mustjoki et
al. 2009; Lengline et al. 2013; Weston et al. 2013; Schwab et al. 2016; Ishibashi et al. 2016; Kobayashi et al. 2015; Tasian et al. 2016



This presentation: drug discovery

1. Principles of drug testing

2. Principles of target discovery :|- 3. Preclinical evaluation of new therapeutics

Summary:

* Preclinical test models: in vitro — ex vivo — in vivo

» Drug discovery: often forward library screens, combined with gene expression
profiling (and/or mutational spectrum)

» Target discovery = functional driven research

Caveats:

» type of cells used for drug discovery (often non-representative cell lines, lack of
tumor heterogeneity, genetic context)

* mouse models: often outgrowth inhibition instead of tumor reduction

* intrinsic and/or acquired mutations (T315l in ABL)

* (immune regulation/microenvironment)



“B-cell precursor ALL” research group

. Femke Hormann, MSc
° Naomi Michels, MD

Leukemic niche:

o Femke Meijers-Stalpers, BSc
e  Myrthe Vermeeren, BSc
e  Mandy Smeets, MSc

o llse Dingjan, PhD

o Iris van de Sandt, MSc

Mouse models:
* o Cesca van de Ven, PhD
\Prl,n CeSS e  Aurelie Boeree, BSc
-
m aXL m a Clinical Genomics:
e  Judith Boer, PhD
Ce n e r e  Alex Hoogkamer, BSc
pediatric oncology Early clinical trial studies:
. Marjolein Bakker, BSc

E: m.l.denboer@prinsesmaximacentrum.nl
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Drug Design
and Discovery

Design a drug workshop (figuratively)

Overall aim: Actively think about the drug development process
Objectives:

Design your most optimal drug target

Design your most optimal targeted drug
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