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MAGE  RADIOMICS oss | contributed the first multicellular model of

IMAGE PROCESSING & FEATURES & MULTI-SCALE

ACQUISITION SEGMENTATION BIOMARKERS MODELS Al MODELS  PLATFORM neuroblastoma to the project.

This talk is about what | did with the model

Marti-Bonmati, Luis, et al. "PRIMAGE project: predictive in silico multiscale analytics H
to support childhood cancer personalised evaluation empowered by imaging OUtSIde PRIMAGE

biomarkers." European radiology experimental 4.1 (2020): 1-11.
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Neuroblastoma

Louis, Chrystal U., and Jason M. Shohet.
"Neuroblastoma: molecular pathogenesis and
therapy." Annual review of medicine 66 (2015): 49.

1. Adrenal medulla is the
usual primary site.

2. Most common extracranial
solid tumour in children.

3. 15 % of cancer-related
deaths in this population.

Neural crest

Nature Reviews | Cancer

Marshall, Glenn M., et al. "The prenatal origins of cancer."
Nature Reviews Cancer 14.4 (2014): 277-289.

1. Neural crest, transient in the embryo.
2. Differentiate into different cell types.

3. Sympathetic nervous system.
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Sokol, Elizabeth, and Ami V. Desai. "The evolution of risk
classification for neuroblastoma." Children 6.2 (2019): 27.

1. Low risk, spontaneous regression.
2. High risk, 50 % relapse.

3. MYCN ampilification is a bad sign.

4. MYCN amplification and ALK activation turn

them into neuroblastoma cancer stem cells.
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Apoptosis

Cell cycling

Discrete agents.

1. Neuroblasts and Schwann cells.
Continuous automaton to 2. Cell cycling and death.

voxelate the microenvironment.

Agent attributes.
1. Spatial distributions of cells
and extracellular matrix. 1. Mutations.
2. Concentration dynamics of 2. DNA status.

drugs and nutrients (uniform). 3. Gene expression levels.



Multicellular model

Discrete agents.

1. Neuroblasts and Schwann cells.

Continuous automaton to 2. Cell cycling and death.

voxelate the microenvironment.
Agent attributes.

1. Spatial distributions of cells

and extracellular matrix.

2. Concentration dynamics of

drugs and nutrients (uniform).

1. Mutations.
2. DNA status.
3. Gene expression levels.

Apoptosis

Cell cycling

20 gene products.Telomerase, ALT, MYCN,
MAPK/RAS pathway, JAB1, CHK1, CDS1,
CDC25C, ID2, IAP2, HIF, BNIP3, VEGF, p53, p73,
p21, p27, Bcl-2/Bcl-xL, BAK/BAX, and CAS.



Discrete agents. Centre-based mechanical model.

1. Neuroblasts and Schwann cells.

Continuous automaton to 2. Cell cycling and death. 1. Reso!ve .a_g.ent-agent overlap and
voxelate the microenvironment. contact inhibition.
Agent attributes. _
1. Spatial distributions of cells 2. Linear force law.
and extracellular matrix. 1. Mutations.
2. Concentration dynamics of 2. DNA status. 3. Equation of motion.

drugs and nutrients (uniform). 3. Gene expression levels.



Stochastic simulation algorithm

1. Each agent senses the microenvironment and its neighbouring agents, modifies
its behaviour, and updates its attributes.

2. Resolve agent-agent overlap using the mechanical model.

3. Modify the microenvironment by considering the agents collectively.

4, BaCk to Step 1 ) A series of Bernoulli trials. For example, is
the MAPK/RAS pathway active?
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Calibration

Latin hypercube sampling.

1. 3000 combinations of 20 fitting
parameters.

2. Minimised differences between
simulation results and in vitro data.

3. Refined calibrated parameters for
in vivo use.

AVERAGE NO. (x10%) VIABLE CELLS IN CULTURE

10
s
s Three-stage Direct
. . . . fit 95% CI fit 95% CI
1 Growth kinetics in vitro.
s Maximum oxygen consumption rate, gmax 175 15.3-25.1 163 15.3-17.9
s (mmHg -s™")
Po, for 50% drop in consumption, Ps,, (mmHg) 27 0.0-125 16 1.2-2.1
4 Maximum misonidazole binding rate, kyo (x104s™}) 4.5 3949 44 2553
i Py, for 50% drop in binding. Psg 5 (mmHg) 14 0.3-2.6 1.4 1.1-25
Po, for S0% necrosis, Psy., (mmHg) 12 0149 10 0412

modelling s

0 28 48 72 96 120 144 168

AGE OF CULTURE (HOURS)

Tumilowicz, Joseph J., et al. "Definition of a continuous
human cell line derived from neuroblastoma." Cancer
research 30.8 (1970): 2110-2118.

5 STA-NBB= W =SC-STA-NB3Cocult - -0 - STA-NB6 ~~0=m SC-STA-NB-6 Cocult

Ambros, Ingeborg M., et al. "Neuroblastoma cells provoke
Schwann cell proliferation in vitro." Medical and Pediatric
Oncology: The Official Journal of SIOP—International Society
of Pediatric Oncology (Societé Internationale d'Oncologie
Pédiatrique) 36.1 (2001): 163-168.

Interactions between neuroblastic
and Schwann cells in vitro.

Warren, Daniel R., and Mike Partridge. "The role of necrosis, acute hypoxia
and chronic hypoxia in 18F-FMISO PET image contrast: a computational

tudy." Physics in Medicine & Biology 61.24 (2016): 8596.

Extent of necrosis during hypoxia in vitro.
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Ackermann, Sandra, et al. "A mechanistic classification
of clinical phenotypes in neuroblastoma." Science
362.6419 (2018): 1165-1170.

Clinical outcomes associated
with different mutations.



Calibration

Costly simulations. FLAME GPU

1. Millions of agents.
2. Four months in a patient’s life.
3. Stochastic simulations.

Simulations on GPUs.

1. FLAMEGPU and FLAMEGPU2 were
used to generate optimised CUDA code.

2. 3000 time steps took up to 10 minutes.

3. Calibration took 40 days in total. Hardware: 2 TITAN V
GPUs, 1 TITAN XP GPU,

and 1 TITAN RTX GPU.
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Clonal competition

1. Four clones.
2. Each clone has six subclones.

Clones: MYCN amplification, TERT
rearrangement, ATRX inactivation, and wild type.

Subclones: combinations of p53 inactivation
and ALK activation.

a N

Macroscopic features.
1. Oxygen level.
2. Abundance of Schwann cells.

o /

/Clonal composition. \

/f’( Telomerase or ALT

activation
\@)‘\@ RAS/p53 pathway
alterations
——

= Clinical course
%@% Risk group

@ Genetics

'?f_'?c Phenotype

I Neuroblastoma I

I

YES

YES

[ wo | YES/NO

' \

Tumor progression, Tumor progression,

Tumor differentiation/regression,
poor outcome intermediate outcome

favorable outcome

Very high risk High risk Low risk

MYCN/TERT/ATRX alterations Lack of MYCN/TERT/ATRX alterations
Predominantly:
Numerical chromosomal alterations
Near triploidy
Favorable gene expression

Predominantly:
Segmental chromosomal alterations
Near diploidy/tetraploidy
Unfavorable gene expression

Predominantly:
Age 2 18 months,
stage 4

Predominantly:
Age < 18 months,
stages 1,2, 3,45

Ackermann, Sandra, et al. "A mechanistic classification of clinical phenotypes in neuroblastoma."
Science 362.6419 (2018): 1165-1170.

Created 1200 virtual tumours with

arbitrary clonal compositions and
macroscopic features.



Clonal competition

Outcome 1: regression.
1. Driven by hypoxia.

2. Clonal composition did
not influence the outcome
(data not shown).

Raw values

Raw values
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All 1200 virtual tumours
(control group).

45 regressing cases.



Clonal competition

Outcome 2: progression.
1. Sufficient oxygen.

2. Clonal composition did
not influence the outcome
(data not shown).

Raw values

Raw values
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All 1200 virtual tumours
(control group).

1155 progressing cases.



Clonal competition

Neuroblastoma Neurons

Jin, Zegao, et al. "Development of differentiation
modulators and targeted agents for treating
neuroblastoma." European journal of medicinal chemistry
207 (2020): 112818.

Outcome 3: differentiation.
1. Unobserved.

2. Differentiation is rare in
high-risk cases.

3. Schwann cells do not
matter in this parametric
regime, which describes
high-risk neuroblastoma.
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All 1200 virtual tumours
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1155 progressing cases.

C|Ona| com pet|t|0n Final compositions of progressing virtual tumours
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MYCN-amplified clone died! The other three expanded similarly.

MA versus WT: p-value < 0.1 % ANOVA: p-value > 25 %
1. Student's t-test. 1. F-test.
2. Permutation test. 2. Permutation test.



1155 progressing cases.
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Wild type MYCN amplification
;C-.: 4 ;c: 4
E 3 E 3
S S
5 %] g’ "
% 11 w1 u
c & =
T 0 T . T 0 &
00 02 04 06 08 10 00 02 04 06 08 10 ®
Initial clone size Initial clone size o
o
TERT rearrangement ATRX inactivation
= B = B
v [
E 31 E 3
S S
= 2 = 2
© 7
s 17 H % 1
c (=
= 0 177 T T T [ 0 T T T T y
00 02 04 06 08 10 00 02 04 06 08 10
Initial clone size Initial clone size Clone IDs
MY CN-amplified clone died! The other three expanded similarly.

MA versus WT: p-value < 0.1 % ANOVA: p-value > 25 % The nine growing subclones all
1. Student's t-test. 1. F-test. had their p53 intact!
2. Permutation test. 2. Permutation test.
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MYCN enigma
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Huang, Miller, and William A. Weiss. "Neuroblastoma and MYCN."

Cold Spring Harbor perspectives in medicine 3.10 (2013): a014415.

MYCN amplification is associated with p53
inactivation. This is in the model.

Gamble, Laura D., et al. "MYCN sensitizes neuroblastoma to the MDM2-p53
antagonists Nutlin-3 and MI-63." Oncogene 31.6 (2012): 752-763.

It is true that p53 triggers apoptosis, but it also repairs
damaged DNA, among other things.

MYCN and p53 have a non-linear relationship with
each other, and with the disease outcome.

Performed a sensitivity analysis on the gene
expression levels of one virtual tumour.

MYCN, MAPK/RAS, p53, p73, and HIF.



Activity levels of intracellular species

MYCN enigma

10

0.8
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Parameters favouring MYCN-amplified cells
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MAPK_RAS fnll MAPK RAS fn01 ps3_fn p73_fn

HIF_fn

1000 combinations of gene expression levels.

283 cases where the MYCN-amplified clone
expanded drastically.



Activity levels of intracellular species

MYCN enigma
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HIF_fn

1000 combinations of gene expression levels.

283 cases where the MYCN-amplified clone
expanded drastically.

1. p73, which belongs to the same family, must
be active enough to compensate for the
inactivated p53.



Activity levels of intracellular species

MYCN enigma

6 Parameters favouring MYCN-amplified cells

% 1000 combinations of gene expression levels.

283 cases where the MYCN-amplified clone
expanded drastically.

0.8

1. p73, which belongs to the same family, must
be active enough to compensate for the
inactivated p53.

0.6

041 2. MYCN amplification must boost
MAPK/RAS signalling (cell cycling) more than
ALK activation.

0.2+ —t—

o}
8

0.0 == . ;
MYCN fnll  MAPK RAS fnll MAPK_RAS fn01 ps3_fn p73_fn HIF_fn



MYCN enigma

Final MYCN-amplified clone sizes given different initial sizes

Low 02 High 02

0 0 0

0.25 0.2521 0.252

0.5 0.5028 0.5026

0.75 0.7521 0.7519

Picked a set of parameters favouring the
MY CN-amplified clone and tested
different sizes.

Numerical advantage did not translate
to a reproductive advantage.

The genetic tumor background is an important determinant
for heterogeneous MYCN-amplified neuroblastoma

Dominik Bogen®, Clemens Brunner', Diana Walder', Andrea Ziegler', Reza Abbasi’, Ruth L. Ladenstein®-?,
Rosa Noguera“, Tommy Martinsson®, Gabriele Amann®, Freimut H. Schilling’, Marek Ussowicz®,
Martin Benesch’, Peter F. Ambros’ and Inge M. Ambros®

demy, University of Gothenburg, Gothenburg, Sweder
of Clinic Vienna, Austria
Pediatric Oncology, ¢
Department of Pediatric Oncolog
Division of Pediatric Hematolo

Amplification of MYCN is the signature genetic aberration of 20~25% of neuroblastoma and a stratifying marker associated
with aggressive tumor behavior. The detection of heterogeneous MYCN amplification (hetMNA) poses a diagnostic dilemma
due to the uncertainty of its relevance to tumor behavior. Here, we aimed to shed light on the genomic background which per-
mits hetMNA in neuroblastoma and tied the occurrence to other stratifying markers and disease outcome. We performed SNP
analysis using Affymetrix Cytoscan HD arrays on 63 samples including constitutional DNA, tumor, bone marrow and relapse
samples of 26 patients with confirmed hetMNA by MYCN-FISH. Tumors of patients <18m were mostly aneuploid with numeric
chromosomal aberrations (NCAs), presented a prominent MNA subclone and carried none or a few segmental chromosomal
aberrations (SCAS). In older patients, tumors were mostly di- or tetraploid, contained a lower number of MNA cells and dis-
played a multitude of SCAs including concomitant 11q deletions. These patients often suffered disease progression, tumor
dissemination and relapse. Restricted to aneuploid tumors, we detected chromosomes with uniparental di- or trisomy (UPD/
UPT) in almost every sample. UPD11 was exclusive to tumors of younger patients whereas older patients featured UPD14. In
this study, the MNA subclone appears to be constraint by the tumor environment and thus less relevant for tumor behavior in
aggressive tumors with a high genomic instability and many segmental aberrations. A more benign tumor background and
lower tumor stage may favor an outgrowth of the MNA clone but tumors generally responded better to treatment.

ARTICLE

Genetics and Genomics

Heterogeneous M YCN amplification in neuroblastoma: a
SIOP Europe Neuroblastoma Study

Ana P. Berbegall "%, Dominik Bogen?, Ulrike Pétschger®, Klaus Beiske®, Nick Bown®, Valérie Combaret’, Raffaella Defferrari®,

Marta Jeison®, Katia Mazzocco®, Luigi Varesio'®, Ales Vicha'', Shifra Ash'?, Victoria Castel'?, Carole Coze'*, Ruth Ladenstein®'%,
Cormac Owens'®, Vassilios Papadakis'’, Ellen Ruud'®, Gabriele Amann'?, Angela R. Sementa®, Samuel Navarro'?, Peter F. Ambros®%°,
Rosa Noguera'? and Inge M. Ambros®

BACKGROUND: In neuroblastoma (NB), the most powerful prognostic marker, the MYCN amplification (MNA), occasionally shows
i ity (ITH), ie. i of MYCN-amplified and non-MYCN-amplified tumour cell clones, called
heterogeneous MNA (hetMNA). Prognostication and therapy allocation are still unsolved issues.

METHODS: The SIOPEN Biology group analysed 99 hetMNA NBs focussing on the prognostic significance of MYCN ITH.
RESULTS: Patients <18 months (18 m) showed a better outcome in all stages as compared to older patients (5-year OS in localised
stages: <18 m: 0.95 + 0.04, >18 m: 0.67 £ 0.14, p = 0.011; metastatic: <18 m: 0.76 £0.15, >18 m: 0.28 + 0.09, p = 0.084). The genomic
‘background’, but not MNA clone sizes, correlated significantly with relapse frequency and 0S. No relapses occurred in cases of only
numerical chromosomal aberrations. Infiltrated bone marrows and relapse tumour cells mostly displayed no MNA. However, one
stage 4s tumour with « i showed a MNA in the relapse.

CONCLUSIONS: This study provides a rationale for the necessary distinction between heterogeneous and homogeneous MNA.
HetMNA tumours have to be evaluated individually, taking age, stage and, most importantly, genomic background into account to

avoid unnecessary upgrading of risk/overtreatment, especially in infants, as well as in order to identify tumours prone to developing
homogeneous MNA.

British Journal of Cancer (2018) 118:1502-1512; https//doi.org/10.1038/541416-018-0098-6

Outgrowth of the

MY CN-amplified clone
in a heterogeneous
tumour depends on its
genetic background.

MY CN-amplified clone
does not always enjoy
a selective advantage.

Size of MYCN-amplified
clone does not affect
disease outcome.
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Targeted therapies

Step 1. Created a virtual tumour with one
large MY CN-amplified clone only.

Step 2. Chose gene expression levels
favouring the MYCN-amplified clone.

Step 3. Tested 1000 combinations of drugs
targeting the 20 gene products.

20 gene products.Telomerase, ALT, MYCN,
MAPK/RAS pathway, JAB1, CHK1, CDS1,
CDC25C, ID2, IAP2, HIF, BNIP3, VEGF, p53, p73,
p21, p27, Bcl-2/Bcl-xL, BAK/BAX, and CAS.

Fraction of variance explained

Latent features defining effective drug combinations

0.200

0.175 -

0.150 A

0.125 1

0.100 A

0.075 A

0.050 A1

0.025 A

Potential mechanism.

0.000 -

345 678 9101112131415161718 19 20
Principal components

Kept the 305 best and 310 worst drug
combinations in terms of shrinking the tumour.

Principal component analysis.



Targeted therapies

looPrincipal components defining effective drug combinations

0.75 1

0.50 1

025 | MAPK/RAS.

p53.
0.00 -I- [ LN s Lol --I ’--.--__

Weights
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-0.75 1 CHK1.
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Predictor variables

Weights of the first principal component.

Effective drug combinations targeted CHK1,
p53, and p73 in the in silico trials.

Consistent with earlier sensitivity analysis of
MYCN enigma, as CHK1 switches on p73.
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Targeted therapies

Firlsototwo principal components defining effective drug combinations
® o
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0.25 1

0.00

-0.25

-0.50

-0.75

-1.00

-1.00 -0.75 -050 -025 000 025 050 0.75 100

PC1

Projected the data onto the first principal
component (PC1) and clustered the data
points along this axis.

Ability of the first principal component to
1e6 identify effective drug combinations

. o

Ineffective drug
combinations.

=
N

=
o

o
@

o
-

Effective drug
combinations.

o
N

Final number of living neuroblasts
[=]
[=2]

0.0 +—ee——— . : .
-1.00 -075 -050 -025 000 025 050 075 100
PC1

The two predicted clusters separate the effective
and ineffective drug combinations perfectly.

The first principal component is a valid
mechanism.

Inhibiting CHK1, p53, and p73 shrinks the
MYCN-amplified clone.



Conclusions

Built, calibrated, and validated the first multicellular model of
neuroblastoma.

MY CN-Amplified clone requires p73 and enhanced cell cycling
(MAPK/RAS signalling) to thrive.

Drugs targeting CHK1, p53, and p73 are effective against
MY CN-amplified clone.



