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From Systems Biology to Systems Toxicology

Genes/Proteins/Metabolites +  Biological Networks — Organism
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What is Systems Toxicology?

« Systems Toxicology is the integration of the classic

Environmental Green

Protection Chemistry toxicology paradigm with the quantitative analysis of
Safe{rugs \ /* many molecular and functional changes occurring
New Paradigm for Risk Assessment adClross mU|t|p|e |eve|S Of biOIOQical Organization.
 §
Prediction ofa;verse outcome « SysTox Research is aimed at developing a detailed
Detailed mechanistic understanding of toxicity | mechanistic as well as dynamic understanding of

toxicological processes.

c
b o) . .
g 2 « SysTox Assessment leverages this detailed knowledge
0 = . .
3 by In a new paradigm of Product Assessment
2 £
: : « SysTox enables inter-species and system translation at
v . .
g g the mechanistic level.
,,,,ym/ / / l \ \ T Sturla SJ, Boobis AR, FitzGerald RE, Hoeng J, Kavlock RJ, Schirmer K, Whelan M, Wilks MF and Peitsch MC (2014)
Chemistry Systems Toxicology: from basic research to risk assessment. Chem. Res. Toxicol., 27:314-329. (PMID: 24446777).
Computer Engmoenng

Science Biology
Multidisciplinary
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Framework of species and system translation

Translation:

c;@ “ — Are animal models useful Iin

(Rat ) ——( Human ) toxicology?

= \What biology can be applied across
species?

—Which in vitro systems are
necessary to recapitulate a
meaningful part of whole body

cellular biology?
model

Poussin C, Mathis C, Alexopoulos LG, Messinis DE, Dulize RHJ, Belcastro V, Melas IN, Sakellaropoulos T, Rhrissorrakrai K, Bilal E,
Meyer P, Talikka M, Boue S, Norel R, Rice JJ, Stolovitzky G, lvanov NV, Peitsch MC and Hoeng J (2014) The Species Translation
Challenge - A Systems Biology Perspective on Human and Rat Bronchial Epithelial Cells. Scientific Data, 1:140009
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Biological Networks and Systems Toxicology

« Systems Toxicology can be viewed as an extension of Network Medicine and Systems
Pharmacology.

Network Medicine: Systems Pharmacology: Systems Toxicology:

disease = network perturbations.  one drug has one main effect on its biologically active substances have
target node and multiple side effects multiple effects on multiple nodes.

healthy disease on off-target nodes.
\‘ -‘—"'*
Network medicine: a network-based Network analyses in systems pharmacology,
approach to human disease, Barabasi AL, Gulbahce Berger SlI, lyengar R, Bioinformatics 2009.

N, Loscalzo J, Nat Rev Genet. 2011.
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Relevance of Systems Toxicology beside “pure science”: the regulatory context
(Toxicity Testing in the 21st Century initiative and others)

Initiated by the US EPA (environmental protection agency) in 2007 as an alternative to

“standard” animal-based toxicological testing.

1) Identify the toxicity pathways/networks (mode of action) = cellular response pathways/
networks that are significantly perturbed and that can cause adverse health effects in
human population.

2) For each toxicity pathways/networks, quantify its perturbations at different doses (dose-
response assessment) in in vitro cellular systems.

o
TOXICITY TESTING IN THE 215T CENTURY
A VISION AND A STRATEGY S EU R nT_“

SEVENTH FRAMEWORK Towards the Replacement of in vivo Repeated
PROGRAMME Dose Systemic Toxicity Testing

, ’ PMI RESEARCIH & DEVELOPMENT




Biological Network Perturbations are Pivotal to Understand the Causal Link
between Toxicants and Health Effects

Page: 9

Adverse Outcome Pathway
s N
Macro-Molecular Cellular Organ Organism Population
Toxicant Interactions Responses Responses Responses Responses
Receptor/Ligand Gene Altered Lethality
Interaction Activation Physiology ) Structure
Chemical DNA Binding Protein Disrupted Dé\%’fﬂ%ﬁgnt i

Properties o ®  Production ™| Homeostasis I g Recruitment

rotein mpaire PR
Oxidation Altered Altered Tissue Reprgductinn Extinction

Signaling Development
or Function Cancer
Protein
/ T Depletion
. J/
/ Toxic ty Pathway Anchor 2

Anchor 1 (adverse outcome at the

Lo "F or organism- or population-level)
(initiating event)
Interaction Ankley et al., (2010) AOPs: A conceptual Framework to Support
. Biological Ecotoxicological Research and Risk Assessment. Environ. Toxicol.
between toxicant Networks Changes to cells Chem. 29: 730-41.

and biological
molecules

Perturbations

tissue and organs
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Systems Toxicology Requires a Robust Scientific Computing

Environment

Computational approaches in systems biology
require a robust Scientific Computing Environment
(SCE) composed of:

> High performance computing infrastructure designed to
provide multi-TFLOP computing power

> Scalable, high-available and high-performance shared
file system with massive storage capacity

» Fast and reliable data network infrastructure to
enable efficient data transfer and system access
between R&D sites

> Access to cloud computing services to provide on-
demand access to additional resources, enable
efficient sharing of data and analyses, and support
reproducibility

Page: 10 10

R&D High Performance
Computing Farm

- -

i =i

Sdnodas, 512 CPU corey,
S TFLOPS (251 taster than old syatem |

Database App Code
N Server H
I L} I




Background to case studies

* Smoking causes serious diseases such as cardiovascular diseases, lung cancer and chronic
obstructive pulmonary disease.

 Philip Morris International is therefore developing novel products that may have the potential to
reduce smoking-related disease risk compared to conventional combustible cigarettes.

» To determine whether such potentially reduced-risk products (RRP) have the potential to reduce
disease risk, we compare their biological impact with that of a combustible reference cigarette
(3R4F) on a mechanism-by-mechanism basis.

25 ’ PMI RESEARCIH & DEVELOPMENT
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From Exposure to Population Harm: a Causal Chain of Events

Epidemiology

-

Adverse Outcome Pathway of Combustible Cigarettes Smoking

Chronic Disruption of Cell/ : : Disease
Cigarette Molecular oot Tissue Physiological "N (CVD, COPD,

Smoke ) changes
Exposure changes Mechanism Changes ¢ Lung cancer)

Population
Harm

Biological Networks — Systems Biology/Toxicology Medicine Public Health

Aerosol Clini
_ inical
Chemistry ology Assessment A
and Physics Trials

=& ’ PMI RESEARCIH & DEVELOPMENT

Post-Market

Studies
& Survelllance
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A Five Step Approach for Systems Toxicology-based Product Testing
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Five-step Strategy implementing Network-based Systems Toxicology (@PMI)

« Goal: enable product testing following the “Toxicity Testing in the 21st Century” guidelines.

« Result: this strategy has been implemented at PMI R&D over the last five years.

Design Compute Identify Compute Compute
Experiment Systems Perturbed Network Biological
for Data Reponse Biological Perturbation Impact
Production Networks Amplitudes Factors

: A g2
i S S o &
i :Shqrt.’i&é; "H é -
2 ilonz.’ai"“'L a1
i, A S
| g
cessanon‘.’ go_ -
2 o - LA S | short  long cessation
5?,\‘]1,-”! 5 ‘%«‘0 Differential Expression
The exposure experiment The exposure experiment ~ Networks describing relevant  Systems Response Profiles and  The Biological Impact Factor
_is defined within a is performed and data are  biological mechanisms are networks are combined to  quantifies the global effect of
tridimensional framework generated using omics assembled from literature quantify node- and the exposure based on the
Systems/Exposures/ profiling technologies. and verified by crowd sourcing. network-level perturbations. networks perturbations.
Networks.

A network-based approach to quantifying the impact of biologically active substances, Hoeng J et al., Drg scov Today, 2012.
s X
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Step 1: Design Experiments for Data Production
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Experimental Data Production

EXPOSURE

high

-~ medium Bt

low

0

J BIOLOGICAL BIOLOGICAL NETWORK RESPONSE
NETWORKS

Po \\%Z

:‘f“ﬁo,; 1

i

BIOLOGICAL .il
SYSTEMS

@ f/f.

8 hours

4 hours oe\b
2 hours )
1 hour % High
A\
30 min. Low
Sham
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Systematic experiments
conducted in several test systems:

» adequate selection of systems:
— Primary cells whenever possible.

— Animal model of disease.

Dose-responses

Time-resolved

Deep analysis of exposure

Multi-omics to cover
mechanisms of toxicity
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The “Systems” Part

Biobanking and
metadata preparation

X

Randomization

-

Transcriptomics
Workflow

Randomization \x/

RNA extraction

o QC RNA quality
Randomization and quantity
s Microarray
preparation

QC amplification
process

Hybridization

|

* microarray
artifacts

Genomics
Workflow

DNA extraction

mﬁmﬁﬁag me+ntation
v

I Barcoded adapter
ligation

Bisulfite

¢ ‘COHV&FSIOI‘I
c

r Library
1 amplification

PhiX DNA spike-in
to determine the
sequencing error
rate

 Sequencing

!l!lapping to converted

= -y references

Proteomics
Workflow LC-MS (iTRAQ)

i

Lysis and protein
precipitation

Protein concentration
determination and QC

l Normalization

Equal protein amounts
for all samples

reduction  digestion
blocking labelling

l

Peptide pool

Lc «"1"._] Msl |E'
| i

8-plex

Comparison of iTRAQ ratios
(exp vs. sham)
and statistical analysis

Lipidomics
Workflow

Folch Deems
extraction \:!xtractmn
xtractlon

+ splke-m (non-endogeneous synthetic internal standards)

\M

Shotgun Targeted
Lipidomics Lipidomics Q

(direct (LC-MS/MS)
infusion) l
MPIS- NL- LC-MRM
based based /N
methodsmethods
+/-ion +ion -ion +ion -ion - |on
mode mode mode mode mode

CE, PC, LPC, TAG
PS, PE, PG,
Pl, PA, SM, i
DAG
Export raw data (masses and
counts of identified molecules)
¢ Calibration line to

determine dynamic
range

Quantify endogenous lipids
using internal standards

T AR Y | PMI RESEARCH & DE

Titz B, Elamin A, Martin F et al. (2014) Proteomics for systems toxicology. Computational and Structural Biotechnology Journal 11:73-90
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Step 2: Compute Systems Response Profiles
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Differential gene expression (also proteomics, lipidomics, DNA methylation)

Heatmap Analysis

= Doxorubicin_MCF704 % | & Selection from Doxorubicin_MCF7ad x|
(B resze Wrowomes | gy B Feows = M L+ ™ Il e cul

Log_20: .. | Log_20: .. | Log_20: Log_20: L0g_20 .. | Log_20: .. | Log_20: Log_2.0:

-1.0722134642334828

https://netwalkersuite.org/tutorials/doxorubicin/clustering-heatmap-analysis

Volcano plots of microarray data

-Lag1 D p-value

Log2 fold change

http://bioinformatics.knowledgeblog.org/2011/06/21/volcano-plots-of-microarray-data/



http://bioinformatics.knowledgeblog.org/2011/06/21/volcano-plots-of-microarray-data/
https://netwalkersuite.org/tutorials/doxorubicin/clustering-heatmap-analysis

Step 3: Identify Perturbed Biological Networks
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Biological network model-development process

o *Equadions
Engineering ST
Literature Static BN Model h h Computable BN Model - Executable BN Model
.')’ --~ 3 . X :-'t'_ " / e
nature ‘ ._: - -‘:‘» d
= ,_;f:‘:'“\\
= '__J'_’,;_—",\.. -
+ ressio
+Literature-derived facts e e +Kinetic Data
Map and visualize molecular interactions. Quantification of Prediction
High level interpretation of experimental data biological impact of outcome

Sturla SJ, Boobis AR, FitzGerald RE, Hoeng J, Kavlock RJ, Schirmer K, Whelan M, Wilks MF and Peitsch MC (2014)
Systems Toxicology: from basic research to risk assessment. Chem. Res. Toxicol., 27:314-329. (PMID: 24446777).
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Definition of the biological boundaries and context of the Network Models

» Goal: assemble networks describing the Example: network boundaries for the
main biological processes perturbed in lung inflammation networks
exposure experiments. In scope Out of scope

healthy processes * lung diseases: Chronic
Obstructive Pulmonary

° ; ; ; ; . inflammation triggered by Disease (COPD), lung

Guidelines (for expert lung biologists): L cancer. .
— define the boundaries of each network, « evidences can be collected * invitro specific exclusion
from experiments performed criteria: no tumor-derived/
— organize all the networks into a hierarchical Il el e eI immortalized/neuronal/
) .. respiratory/vascular cell
structure: e.g. stress response = xenobiotic e

metabolism resonse - CYP1A1 activity,

— try to be as objective as possible...

Q= ’ PMI RESEARCH & DEVELOPMENT
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Encoding the content of the Biological Network Models in BEL

}‘-.-\

« BEL (=Biological Expression Language) f/f’
represents scientific findings in life sciences in '@M MIEE e

a computable format. 4

p(HGNC:AKT1,pmod(P,S,473))

* We licensed the Selventa Knowledgebase \ I.
*
(over 1.5 million nodes and over 7.5 million . P
edges supported by literature evidences and v 7
encoded in BEL). A subset is freely available _ P(HGNC:AKT1)
4 |
through the openBEL portal. p(HGNC:AKT1,pmod(P,T,308)) &

)
’
I

* Network nodes represent biological molecular /
mechanisms (“kinase activity of AKT1”), while MR R /()
edges encode signed causal relationships
between the nodes (“increase/decrease”).

, ’ PMI RESEARCIH & DEVELOPMENT
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Building the Network Models

Cell proliferation

g\ceﬂ

Autophagy

.3

Senescense

\ ~10 main biological processes

/ Oxidativ

St ess
gﬁ,:) o @ g, ©
DNA damage Cell

Q,g/ Cell stress

P450

death

iy

Tissue repair ang

Inflammation angiogenesis

.
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1. LITERATURE MODEL

catof(MYD88)

BEL
assertion

kaof(IRAK4)

Verification:
= m

Extension:

- =3

1000’s of literature
backed nodes and
edges depicting the
biology of interest




All available at http://causalbionet.com
Network MO dels assemble d SO far Causal biological network database: a comprehensive platform of causal biological network models

focused on the pulmonary and vascular systems, Boué S et al., Database (Oxford) 2015

A Modular Cell-Type Focused Inflammatory Process Network Model for
Non-Diseased Pulmonary Tissue. Bioinformatics and Biology Insights, 7,
167-192. (2013)

Construction of a
Computable Network
Model of Tissue
Repair and
Angiogenesis in the
Lung. Journal of
Clinical Toxicology,
S12, 002. (2013)

A computable cellular stress network model for non-diseased
pulmonary and cardiovascular tissue. BMC Systems Biology, 5,
168. (2011)

Total of
94
Biological
Networks
Construction of a Computable Cell Proliferation Network

Focused on Non-Diseased Lung Cells. BMC Systems Biology,
5, 105. (2011)

Inflammation

Construction of a Computable Network Model for DNA Damage, Autophagy, ’ PMIRESEARGH & DEVELOPMENT

Page: 25 Cell Death, and Senescence. Bioinformatics and Biology Insights, 7, 97-117.
fDON1 D)\




sbvIMPROVER: verification of Systems Biology data using crowd-sourcing

“Classical Peer review” Are the conclusions \
supported by the results
Public data .
as shown in the
Anonymous Amount SO0 0 0O publication? * Reproducibility
' 1101110000001111010101010101010101010T0 T % problems
Of data a010011101010101010.104044 + Critics

N
s \ :
Scnen’flﬂc Data' Data' Conclgsuons Pe_er Bublication “
question generation analysis Claims review : y

2 J

Leverages the collective expertise of the scientific community to provide the best answers
Known

/Sbv IMPROVER Public dafa Are the conclusions . Reproducible\
: conclusions
BPOT010101010101010101010101010101 supportedoby the s Trust
0111101110000001111010101010101010101010§101 data?

S0 1001110101010101010101010100013-1_1_ !

Scientific Data Data made \\, Independent \\Discus T:ZE:Z;/
question generation available data analysis /'sion patim

sbvIMPROVER team. 2011. Verification of systems biology research in the age of collaborative competition.
Nature Biotechnology 29: 811-815.

’ PMI RESEARCH & DEVELOPMENT
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sbvIMPROVER : crowd-verification of Biological Network Models

A [PELERENTE] © 2 badges The Challenge = Networks Activity Ranking Get Started

Download Network Labels Evidence Refresh Show All Details Legend Comments

f _ R Gam. R 1D - L ARCKSYmod(PS. (58]
Kscr\m(p(HGNc:XBPT N j P(HGNCNFKEIA) . ’ ;
h Y s 1 o I B(HGNC:PRKCE)
; : cat(p(HENCIWOREF 1Y) E 3
i & itpiiane: 2 L pfAGNCPRICA pmod (T 638
; ‘ B citiofpencTrar2) / R RERe AR e 163
Re ] tSCIPHR(HGNGEEDORNCPRKCD prod (P 505)) X Nedkgramiy

TMERSF 10D Rl GIIC-PRKD 1 e fB P ENC PR
il Nﬁg‘gﬁﬁﬁg} ° - "_ ..-CPR
PRI o oo PR o EB TN W e RkcE))
R srR) . ; i R (HGNC:
prancierers)

p[HGNC:TpP 'C:
HGNC:ELK1,pmod(P.5,383
o p%HGNE LK1 }”

& K SHpHGTC. THFI A
PIHGNC:IKBRE) ' e

.

bp(GO:"response to unfolded protein™)

in(p(HGNG PDPK1)) .
o 1 * p\PFH:"RPSH] H
p(HGNC:'CRE%}ﬂ%'&T Nr > :
AN 1&}}
Pt o - criptip(HGNC:ELK1})
i ey ki Py KPS o

. N a(SCHEM
Kin(p(HGNC:PRI
ﬂ“ 25 (1))
H w il BRSBIEHNC:PTEN, pmod(F 5,380}
, PUHGH TR IRRDRA TRt s 2sa))

k! 'uGD(EEH:?E‘IKBL'zEm[H:nﬁNQﬂ'pSEIDM 0 PI3Kinase Complex™)

.-/
'ﬁ'/ AT Fame PHGNC:AKT1, pmod(P 5,473))
1 Bore)) P(HGNC:AKT1 pmod(PT,308))

PHBNC Fﬁ{ﬁ}‘-'-’ 4

o - HH
kin(p(HGNC:EIFZAK3)) -PHGH c:MAM piH
P

el N2 T
"?ETFNF:NH} _ o g- T e Y PHONC AKTT))
¢ Lyl S 'dp%mgb[ﬂﬁpmms,sg}} N
- . - iy by amily"}
o Py L P TERQ(HGNC: APAF ), p(HGNC CYCS) ) c:ms%gm‘ﬂ“é% -!‘Ii‘{"‘*ﬁg}F
“ B(HGNC:DFFB) ~BIHGNC:]) o PIHGHCFOXOT pmckii® S 758y
P(HGNCEIF251) / D(t‘G‘NC;U:'J:B | | ":__J‘tscnut[u(PFH:“FUXU Fa‘m\rﬁ*}l *~I p(HGNC:AKTZ)
p(HGNC':S\RT‘l);)d:l‘ A s FooeLo) N\ Miiancraon)
: R F8oript(p(HGNC:FOX03) H PHGNC:AKT1)
piHGNCEABMGNCIACKT) ! | A HING prRIRFELS A ) °”" il ”,. L HeNCAKTS)

< oiHGNCRA2) RFHGNC NA?) \ .
Enhancement of COPD biological networks using a web-based collaboration interface. F1000Research. 2015; 4: 32.
Binder ], et al. Reputation-based collaborative network biology. Pacific Symposium on Biocomputing Pacific Symposium on Biocomputing. 2014, p. 270-81.

SBV Improver Project Team. On Crowd-verification of Biological Networks. Bioinformatics and biology insights. 2013; 7: 307. _
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Second sbvIMPROVER Jamboree on crowd-verification of Network Models

SbV Network

IMPROVER Verification

SYSTEMS BIOLOGY VERIFICATION

s

OpenBEL - A platform for Adverse outcome Systems Biology Meets
capture, share, and use of pathways as tools to Clinical Medicine: Bridging

Online crowd-verification of biological network models biological knowledge asses drug-induced the Gap

The biological Network Verification Challenge (NVC) is designed to verify previously built Dr. Natalie Catlett Dr. Mathieu Vinken Dr. Michael Liebman

: : 22 : i . Senior Computational Scientist Managing Director and
| | 3 | t I I | 3 PD
biological network models and ensure their relevance to lung biology and CO at Selventa (USA) Co-Founder at IPQ Analytics,
LLC (USA)

The NVC is expected to increase the networks' value and promote their use in research
applications such as drug discovery, personalized medicine and toxicological risk
assessment.

Garuda platform and Information extraction and | JRCU LT ELELTEEE DT
scientific challenges text mining in the context opportunities for the text
f systems biology project mining of interactions

Dr. Samik Ghosh Dr. Alfonso Valencia | [ A ETTIR T (T [1]-F2

Director of the Spanish

National Bioinformatics
Institute (Spain)

JAMBOREE 2015

Worldwide scientific experts and best challenge
contributors will meet to discuss, conclude and
verify the actions on the networks

JOIN US in BARCELONA

June 15"-18", 2015 The Text Analytics Challenge Y[ Adverse Outcome Pathways; A
Rey Juan Carlos | Hotel BioCreative V - Extraction of causal Framework for Organizing
network information in Biological Mechanistic Information to
Expression Language (BEL) Improve Chemical Assessment
Dr. Fabio Rinaldi Dr. Kristie Sullivan
Lecturer and Senior Researcher at the Director of Regulatory Testing
Institute of Computational Linguistics in Issues at Physicians Committee
the University of Zurich (Switzerland) for Responsible Medicine (USA)
> &

’ PMI RESEARCIH & DEVELOPMENT
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sbv IMPROVER Challenges The Systems Toxicology Computational Challenge in a Nutshell

2012 Diagnostic Signature Challenge

Designed to determine whether computational
approaches and transcriptomics data could be used
far phenotype prediction.

C

Molecular markers for
exposure response

Classification approaches

Exposed group £

simprover.com Markers of Exposure Response Identification

: a. Blood samples are collected from human and mouse subjects belonging to exposed or non-exposed groups.

b. Gene expression profiles (GEX) are measured using microarray-based technology.

c. Participants are provided with GEX and asked to develop a classification approach that identifies a gene signature capable
of associating subjects to the correct exposure group.

The Two Sub-Challenges

Sub-challenge1: Human blood signature as exposure response marker
Humans are constantly exposed to individual or mixtures of chemicals (e.g. cigarefte smoke, polluants, pesticides, drugs) that
may trigger molecular changes in their organism. The identification of specific response markers is important to assess the
exposure status of an individual. The blood is an easily accessible matrix, however remains a complex biofluid to analyze.
Scientific Question
Are gene expression changes in blood sufficiently informative to extract a predictive gene signature for smoking exposure
(Smoker vs Non-current smoker) or cessation (Former smoker vs Never smoker) in human?

Who can be part of the Challenge?
Everyone — Knowledge in computational
science is an asset

When? Sub-challenge2: Species translatable blood signature as exposure response marker
Fall 2015 - Spring 2016 Most of pre-clinical in vivo studies are conducted in rodents which raises the question of translatability and applicability of results
C to human.
el _ Sclentific Question
wwr.u.sbv|mprover.CQWd|scover Are gene expression changes in blood of humans and rodents sufficiently informative to define a unique rule or classifier (OPMENT
sbvimprover.rd@pmi.com to extract a specific gene signature predictive of smoking exposure (Smoker vs Noen-current smoker) or cessation (Former

smoker vs Never smoker) in both species?
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Step 4. Compute Network Perturbation Amplitude

, ’ PMI RESEARCIH & DEVELOPMENT
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Quantifying Network Perturbations

Network

e

: Normalization Weiahtin Apoptosis
% Knock Out t /" Cell ghting o

_Proliferation )

= MAXP1SCORE —» %05

‘3’ C d : a Prolif Cell Cellular
ompoun [ + MAX P2 SCORE— % 0.5 —» roliferation Stress
é/ Diet H celtarstess ] ':_MAXP?’SCORE =gt /v == Perturbation 1
: \ H == Perturbation 2
. H == Perturbation 3
% Environmental m _"_‘l_/
- Q Inflammation ~ DNA Repair
Q Q
Q ;_/
S
Exposure Systems Network Perturbation Biological Impact
Biology Amplitude Scores Factor
Data (BIF)
Biological Score Aggregation
Network e
Model ’ PMI RESEARCH & DEVELOPMENT

3 publications available upon request
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Backward Reasoning connects Systems Response Profiles and Network Models

Backward Reasoning views the measured Systems Response Profiles (=mRNA differential
expressions) as the consequences of the perturbations of their upstream regulating mechanisms
(=nodes of the biological network models)

Backward Reasoning uses the concept of “transcriptional footprints” to causally relate one
mechanism node and its downstream regulated mRNAs.

.l\\ﬂ"/p\v -
» o
ST s
extract the assign the dv t =
“transcriptional footprints” corresponding gene t[ea K ° ci[a cbu ? € |
from the Selventa Knowledgebase differential expression NELWOrk perturbations:
values

Reverse causal reasoning: applying qualitative causal knowledge to the
interpretation of high-throughput data, Catlett NL et al., BMC Bioinformatics 2014

25 ’ PMI RESEARCIH & DEVELOPMENT




Aggregation Algorithm to calculate Node-level Perturbations

* Nodes-level perturbations are obtained
by summing the values of the footprints 100 nodes
differential expressions modulated by the | (per network)
sighe{-1,+1} of the connecting edges. I

~1000s genes
(per network)

« Associated statistics need to be
_ - to ~1000 genes
determined to assess the significance of per node
the obtained node-level perturbation.

Page: 33



Aggregation Algorithms to calculate Network-level Perturbations

* Most challenging step... (requires graph-
theoretical concepts and properties)

NPAG.F) 1 value

« SST (sampling spanning trees) algorithm: sums  x-= Y s.w©-x =5 (per network)
the node-level perturbations modulated by s,,w(a)"jN; D s
suitable weightse[-1,+1] (or e{+1,-1} in case of t
balanced/causally consistent/non-frustrated ~100 nodes

N7 (per network)
networks). ﬁ‘“‘v’s"‘"’?“ -
piciazl

* topoNPA algorithm: the network-level | 3; SETies
perturbations are defined as a bilinear form on the — == z;g?g:tgvif;ﬁ)s
node-level perturbations using the sign-inverted
Laplacian matrix. Associated significance TopoNPA(Y,B) =+ Z ( f(z) + sign(z — v) f(¥))* w(z,y)
statistics are calculated by permuting the edges. o

An algorithm for score aggregation over causal biological networks based on random walk sampling, Vasilyev DM et al., BMC
Res Notes 2014

Quantification of biological network perturbations for mechanistic insight and diagnostics using two-layer causal models, Martin
F et al., BMC Bioinformatics 2014
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Step 5: Compute Biological Impact Factor

, ’ PMI RESEARCIH & DEVELOPMENT
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Aggregation Algorithm to calculate Biological Impact over sets of Networks

° i BIF

The goal |§ to compute a - L e W NPA (D)
systems-wide pan-mechanistic et WhEE NP Ayet (REF)
measure of the biological 1value
: (o1ess (for the full collection
Impact of the exposure to an og; \ of ~50 networks)
active substance (named :
BIF=Biological Impact Factor). .,

St e .

S WAy ~10 values

(for each group of ~5 networks)
« Network-level perturbation

amplitudes are summed (and 5 ‘ ¥
normalized) and displayed in co os%

_ E ~50 values
“snowflake” plots reflecting the %, - (per network)
hierarchical structure of the g

network models.
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CASE STUDIES
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Case study 1: in vitro

o |

C Rat ) ——C Human)

Apply Systems Toxicology in vitro to compare the
biological impacts of a reference combustible
cigarette (3R4F) and a prototypic RRP on primary
human and rat lung epithelial cells.

’ PMI RESEARCIH & DEVELOPMENT
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Case study 1: Study Design

EXPOSURE . : .
The cubic experimental design space

recapitulates:

=pr§BSfr0m * the two biological systems (Normal
,'5'BF’§BSfr0m 3R4F Human Bronchial Epithelial cells
&V from pRRP (NHBE) and Normal Rat Bronchial
Epithelial (NRBE) cells),
J VP from 3R4F « the exposure regimen (GVP, TPM and
t-:l'.ﬁf\iﬁv‘lfrom PRRP sbPBS derived from 3R4F and pRRP
TPM from 3R4F SmOk.e) .
BIOLOGICAL | 4  the biological networks used to
SYSTEMS g Doy assess the biological impact of the
A g, O exposure presented within this study.

D= ’ PMI RESEARCH & DEVELOPMENT
pRRP is prototypic RRP, TPM is total particulate matter, GVP is gas vapor phase, shPBS is smoke-bubbled PBS — "
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Case study 1: Results of High Content Screening with sbPBS

Apoptosis Cell count, Proliferation and Cell Death

300 MITOCHONDRIAL MEWERANE .4 MITOCHONDRIAL MASS 120 CELL COUNT 5.00 PHOSPHO Hs _._ 3R4F (4 h)

2,50 120 1.00 eey "1.“&* :Zgg |

S os Sac AR P+ —&— 3R4F (24h)

£50 - 2 o 60 W\ 3 0,60 250

1.00 oy 0.40 A 0.40 1.50 T + ( )

0.50 e 0.20 0.20 ;'gg "*__.H%:ﬁ pRRP 4h
0.00 .

0.00 puffil 0.00 0.00 h
5 50 500 Puff 5 50 500 5 50 500 puff/ 5 50 500 PUffi + P RRP (24 )

250 CASPASE 3/7 ACTIVITY

300 CYTOCHROME C RELEASE ' CELL MEMBRANE P y-H2AX
: ) 200 6.00 PERMEABILITY

2.50 T 10.00

200 | 180 ) 8.00
3 150 i %00 £ SR~ N2 / 3 6.00

1.00 T --0--0 0.50 / 100

0.50 -

0.00 0.00 200 =21

s 50 500 Puffil 5 50 500 pufil 0.00 *

5 50 500 P!
Stress Response
400 PHOSPHO c-JUN - ROS 140 GSH CONTENT
3.50 1.20
3.00 z00 1.00 Note: These data alone do not represent a claim of reduced
. ::2 150 | 080 exposure or reduced risk. Combustible Cigarettes is a 3R4F
: 150 €. 00  0.60 reference cigarette.
1.00 0.40 PRRP is prototypic RRP, sbPBS is smoke-bubbled PBS
0.50 0.50 0.20
0.00 0.00 0.00
5 50 500 pufll 5 50 500 PUffll 5 50 500 Puffll
PMI RESEARCH & DEVELOPMENT
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Case study 1: Results of Network Perturbation Amplitudes and Biological
Impact Factor calculations

Network Perturbation Amplitudes Relative Biological Impact Factor
HUMAN RAT ~ HUMAN _ x RAT
: ; ; ; i 3

%

0 20 40 60 80
|

TPM TPM

%
0 20 40 60 80
| [ [ [ [

pPRRP

3R4F |

3R4F PRRP

24 puffs/L 24 puffs/L 100 puffs/L 6 puffs/L 24 puffs/L 6 puffs/L 24 puffs/L

- l Cel l l _
inflammation Proliferation Cell Stress Apoptosis l
DNA l _ l l |

25 ’ PMI RESEARCIH & DEVELOPMENT

Common dose: 24 puffs/L TPM

Note: These data alone do not represent a claim of reduced exposure or reduced risk. Combustible Cigarettes is a 3R4F reference cigarette
pRRP is prototypic RRP, TPM is total particulate matter.
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Case study 1: Results of Comparing Human and Rat Biological Network
Perturbations

Cell Cell
Proliferation | Proliferation | Cell Stress | Cell Stress |

A: Cell Proliferation / B: Cell Proliferation / C: Cell Stress / D: Cell Stress /
Cell Cycle Growth Factor Xenobiotic Metabolism Response NFE2L2 signaling

==
— R2=039 . Hs 89.8 % o R2=026 . Hs789% R2=049 Hs 100 % °© R2=049 Hs 79.6 %
P-value= 168 e-13 Rn934 % S P-value= 311 e-11 L Rn83.3 % P-value= 971 e-07 vinggqﬂo P-value= 1.60 e-07 Rn 86 %
m Pearson Cor.= 0.62 * Pearson Cor.= 0.51 e Pearson Cor=0.7 Pearson Cor=07 o
;— Spearman Cor.= 0.78 g Spearman Cor.= 0.53 —— e Spearman Cor.= 0.66 : Spearman Cor.= 0.83
1) A .
= © -«
> - - s [ .
— T
Lo =
(C s - ° 1
> " I ) T P
0.7, . T ; 1 . T o . s
q) - St - . “ = L
R - L - I
: o 4 ,‘\F& & 1 F A
aa ;"&_,4__’ . I ™ .
=7 E 4 . o . Il
O g T %g T —;‘_0 P o !
o
O $ el S ° I
= o E| - — L
S . 581
4 < = * )%y g 5
-—= ° = ?
(& Gene Fold-changes o =g am Gene Fold-changes
© 3 ' h e 3- '
—Q ¥ o o ¥ - - g
- s jal
b | Y T ++
) - S <.y e
© o, - A
C 7 - : 3 T
o 3 Cor=0.15 o ==
o i % Torsp=0.18
i 5 ) .
g =
7 : 1
OK-pvalues: 00 | i j ' | i i Of-ovalues 002007 | OK-pvalues: 0/0.04
1 1 ! 1 ! 1 1 1
1 1 1 1 1 | |
-06 -04 -02 00 02 04 06
00 05 10 -02 00 02 04 06 08 10 08 04 02 00 02 04 06

Human backbone values

Page: 42




Case study 2: in vivo

Apply Systems Toxicology in vivo to compare
the biological impacts of a reference
combustible cigarette (3R4F) and a prototypic
RRP on the development of emphysema in

e o o o o e = .

C57BI/6 mice.
Rat Human Phillips B, et al. (2015) A 7-month cigarette smoke inhalation study in
cellular cellular C57BL/6 mice demonstrates reduced lung inflammation and
model model emphysema following smoking cessation or aerosol exposure from a

prototypic modified risk tobacco product. Food and Chemical
Toxicology, 80:328-345. (PMID: 25843363).

25 ’ PMI RESEARCIH & DEVELOPMENT
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http://www.ncbi.nlm.nih.gov/pubmed/25843363

Case study 2: Cessation = the “Gold Standard”

« We apply the US Institute of Medicine’s "gold standard " for assessing risk reduction:
comparability to cessation

From o“:‘“g

. . Point of
Epidemiology Intervention 5‘“

Disease Risk

Time

Note: Reduced-Risk Products ("RRPs") is the term we use to refer to products that have the potential to reduce individual risk and
population harm. The descriptions in the chart are for illustrative purposes only

Source: IOM (Institute of Medicine), 2012, Scientific Standards for Studies on Modified Risk Tobacco Products. Washington, DC: The
National Academies Press

Page: 44
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Case study 2: Design

Group Exposure
Combustible Cigarette CC

Cessation CC Alr

Switching CC

RRP Prototype

Reference: Air Air

Start Month 2 Month 7

=& ’ PMI RESEARCIH & DEVELOPMENT

Note: CC is a 3R4F reference combustible cigarette
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Case study 2: Multi-Parameter Assessment of Emphysema Progression
(Endpoint analysis)

1.2 _ Inflammatory cells
Lung function and cytokines

1.0
0.8
&
0.4 - ’ o
0.2 - | G-
0.0 P 10 20 30 -
Molecular Biology Histopathology and \ o
Immunohlstochem/stnu ‘,“,‘
RTA DNA Proteln Llplds e \
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Case study 2: Results of cellular, histological and physiological endpoints

Cell Changes: Tissue Changes: Physiological Changes/Disease:
Inflammation Lung Emphysema Lung Function
Total Cells Emphysema Relative Loss of
(x10%) Index Lung Function
30 A “A A
After 7 months After 7 months After 7 months
3 -
20 1
2 ]
10 -
1 ]
e - . I H Y
CC Cess. Switch. Air CC Cess. Switch. Air P2 CC Cess. Switch. Air

Note: These data alone do not represent a claim of reduced exposure or reduced risk. CC is a 3R4F reference cigarette,
Cess. is Cessation, Switch. is Switching and P2 is RRP prototype
Page: 47
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Case study 2: Emphysema Development Results

Lung histopathology at 7 Months Severity of pulmonary emphysema
at 7 months

5-
-8~ Sham =¥ Cessation == Switch
== 3RA4F == pMRTP .
© = 44
£ L
o
0 2
>
< Z ]
o E3
£
o
° o
> 0
s >
e =27
1S
° o
g >
= o
5 0
o 14
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Case study 2: Results of Pulmonary Inflammation Mediators
in Bronchoalveolar lavage fluid (BALF)

e

MIP_1_beta

. MMF_3

0
'

Color Rey

switch_3m

sham_2m
sham_3m
sham_4m
sham_5&m
sham_7m
CS 1m
C5_2m
CS_am
CS 4m
C5_5m
CS_7m
TP 1m
TP_2m
TP _3m
TP 4m
TF_&m
TF_7m
switch_7m

sham 1m
cm:mn
cess om
cess Tm
switch_5m

pMR
PR
pMR
pMR
PR
pMR

-4 0 4

Air cC P2 Cess Row Z-Score

Note: These data alone do not represent a claim of reduced exposure or reduced risk. CC is a 3R4F reference cigarette,
Cess. is Cessation, Switch. is Switching and P2 is RRP prototype
Page: 49
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o
g

6000+

2000+

MMP activity (uUiml) (+/- SE)
S
S

MMP-9 activity

- SHAM = Cessation
= 3R4F
-+ pMRTP =+ Switch-to-pMRTP

Month

Gelatinolytic activity of proteinase
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Case study 2: Results of Network Perturbation Amplitudes and Biological Impact
Factors derived from Transcriptomics Data Analysis of Lung Tissue

1 month 2 months 3 months 4 months 5 months 7 months

0.2
&= -0.01

© ~ - re) — =

~ © ~ © ™ @

=} o =} IS w =}
T

0 b o) P L)

100
']

0.5
=082
8= 052
=053
8= 0.47
8=0.32
8= 0.04
&0
8=0.19

0

Proliferation

Apoptosis

Autophagy

%
80
i

60
'l

DNA Damage

o
<

: ,- . 21
Inflammatory Process e R AN _ I

Time (Months

= Inflammation

Switch pMRTP

Network model-based
computational analysis of the
biological impact factor (BIF)

Perturbation Amplitudes for the main Biological Networks
affected by Cigarette Smoke

25 ’ PMI RESEARCIH & DEVELOPMENT
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Case study 2: Results of Differential Proteomics of the Lung Tissue

Quantitative iTRAQ-based analysis  Unsupervised clustering of lung proteome
treatment vs. sham exposed alterations separates the types of exposure

Monthi1 35711 357357357 T T U T R T Y TR ]
— _— ANRCHNRNNNANNANNNNANNNARSY 0 NNNNUNNNUNNNNNNNNENENER BN ORPRR RRERE N EmARR

— = Time
a [J1mo
AR R e el 3mo
1 INEEE IIH . 5mo
2 B 7mo
o
— sampleType
M 3R4F

&

|HW T

(

/]

W CESS
- HpMRTP
7 SWITCH

H|

NI

-
oW
[

VINCIT 1T
» ‘I|’|
LT
|
signed log10 adj. p-value
_.‘.
W P
o w w O
notmﬁchant
o
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Case study 2: Results of Protein Interaction Networks
in Mouse Lung tissue

A Bemis B Vel /llk/Cdhl
sSmMDS -
proteasome

cell adhesion

translation
secretion

Idh2/Sucla2/Acatl
metabolism

Wl
B b
Aan

g ’0,:*-.

24

macrophage

neutrophil
Apegl/Lyz2/ltgh2

LW
i311/Lgals3/Lcn2 Rpste—adgns T3
hi3l1/Lg 3

Ahnax
Faly S190a+5—wiilhs
%uus

Ager/S100a10/5100a13

renin-angiotensin

Cathepsins  surfactants Ace/Enpep

xenobiotic/

lysosome Sftpal/Sftpc/Sftpd
Xenobiotic/ ATP Y f., Prififza - T lipid trafficking
pentose-p pathway ases signed log10 adj. p-value oyaka L Kndibs T7y;u P
G6pdx/H6pd/Pgd/Fasn Nqol?Tcznsl /Aldh3al _-5'2 25- r".\0 ../ ol ras Fmo/Cyp2f2/Cd36
up-regulated proteins down-regulated proteins

» the xenobiotic and macrophage/neutrophil clusters correspond to the observed network
perturbations identified using transcriptomics data

» other functional clusters include surfactants and cellular energy metabolism therefore
complementing our systems biology approach.

’ PMI RESEARCIH & DEVELOPMENT
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Case study 2: Results of Differential Lipidomics of the Lung Tissue

JORdF 1 BART T cEss swiTeH CS exposure impacts the levels of distinct long
== " © 000000000 and very long chain ceramides, surfactant-
: I X X leReRelt Nell RelPEnrums - -

z % % 8 8 8 8 8 8 8 8 Climflammation - characteristic lipids and inflammation-related
SUM(EICO) H 1 1
5584 Ormiuheece oh s % % % 8 8 8 8 8 8 8 eicosanoids in COPD mouse model
@ 3§ 2 Glycerophosphoglycerols SUM(PG)
4 Glycerophosphocholines PC PC 16:016:0 @ @ @ O O O @ O @ O <— Surfactant
2 SUMPC) OO0 O00 00000 0
5 PCP  SUM{PCP) O @ O O @ O O O @ O
_g_ Glycerophosphoethanolamines PE SUM(PE) O O @ O O Q O O O @
: PEP  SUMPEP) GO O00 000 00 O
& Glycerophosphoinositols PI SUM(PI) O @ @ O O O O O @ O
Glycerophosphoserines PS SUM(PS) @ O @ O @ Q O O O O
Acidic glycesphingolipids GD1  suM@ED1) O OO0 O O0OlO Ol O
GM1  sum@Em1) O &GO O Ol¢ O (O le Neuroprotection
GM3  suuEws) Q O Ol O QIO OI0 O
GQl  sumean OO0 00000 00 O
GT2  suwe) OHONOClIIONONOIIONCIION?)
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Case study 2 results: CpG Methylation in Lung Tissue

3R4F vs SHAM 7 month PRRP vs SHAM 7 month

R A R T i | e
(Cam e e ] e | | e
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I h AT T | |
- L e, ety e | | ohes
Q I' [B iijﬂ e X [FTY lllr'llill ch6 | | chi
(U 1 1 1 § T .l I}
z L P S W on | | o
500 | : [Ch ] m | | om
5 (o ) = | . | o
:|>:H chri0 | l chrl0
® [ A O IM chrtt | 1 I )
c
8 I.:lllil.\i \'I I\Illllnlq Ill*l:lll chri2 | I chri2
5 [, ) o | | o
5 C ey o, o | | o
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- [ =t g ) o . | o
£ M iiW;'hnl', hrig hrl8
500 8_ | L1 | | < | 1 I N
= [F=m e 1 G
3R4F pRRP CESS SW'TCH I I‘IJI“ ll T |ll ||(' T 'l\II\I m l’l] T | . , chix
7 month oMb 50 Mb 100 Mb 150 Wb 200 Mb oMb 50 Wb 100 Wb 150 Mb 200 b
Genomic coordinates Ge=nomic coordinates

Hypermethylated CoG ~ Upregulated gene
Hypomethylated CpG

Overall DNA methylation Correlation of DNA methylation an
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Case study 3: Exposure of Organotypic Nasal Tissue Cultures to Cigarette Smoke (8% CS)

Design Compute
Experiment Systems
for Data Reponse

Production Profiles

U Fresh air
8% CS

iy Postexposure
Tissue delivery Pre-exposure (3 days)

Cytotoxicity @ % @

Barrier dysfunction v
CYP1A1/1B1 activity V4 v
Histology/IHC v
v
v
v

Inflammatory mediators
Transcriptomics v
GSH/GSH-adducts v

S AL E

Impact Assessment of Repeated Exposure of Organotypic 3D Bronchial and
Nasal Tissue Culture Models to Whole Cigarette Smoke

http://www.jove.com/video/52325/impact-assessment-repeated-exposure-organotypic-3d-bronchial-nasal

A% ’ PMI RESEARCH & DEVELOPMENT
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Case study 3: Biological Impact of 8% CS Exposure on Nasal Organotypic Tissue

Cultures
Identify Compute Compute
Perturbed Network Biological
Biological Perturbation Impact
Networks Amplitudes Factors
Overall biological impact Perturbations of biological networks - ol Profioration
u Cell Stress
= DACS/Apoptosis
L [Q 4h 72h = DACS/Autophagy
= S S = DACS/DNA Damage
a2 [ [ = DACS/Necroptosis
wQ ©Q = DACS/Senescence
= PN

100
80 -
60
40

20

48h 72h

» The largest biological impact of whole CS exposure on nasal organotypic tissue cultures can be observed 4 hours after the exposure
» The most impacted biological processes are related to cell fate and stress
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Case study 3: Comparison of Smokers’ clinical Samples to CS-exposed nasal
organotypic Cultures

Nasal epithelium

Healthy Non- Healthy Smoker

smoker (n=14) Smoker (n=13)
Age Age

Pack-years

31.6+£10.8 354% 99 10.77£9.3

Human Organotypic (Zhang X. et al., Physiol. Genomics 2010)

in vitro models

Clinical samples

xenobiotic metabolism network model

Correlation of differential network backbone values (in vivo)
0L T

Palue - Lefe— 10 -

0.15 { Pearsoncor. {083 . . ,_E

Spearman cof|

0.10.._.:.__.__.._:.

Iskandar AR, Martin F, Talikka M et al. ez
(2013) Systems approaches evaluating

the perturbation of xenobiotic

Invivo

Nasal epithelium
(GSE16008 dataset—smokers versus nonsmokers)

oos -

S . 0.00
metabolism in response to cigarette
smoke exposure in nasal and bronchial s T N o -
tissues. BioMed research international ' : . . : :
2013
—0.05 0.00 005 0.10 015 020
Invivo
Bronchial epithelium
(GSE16008 dataset—smokers versus nonsmokers) VI RESEARCH & DEVELOPMENT
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Case study 4: Impact assessment of cigarette smoke exposure on organotypic
bronchial tissue culture

Experimental Design

Experimental Design
Tissues exposed to
-8% CSor
-15% CS, or
- Air
for 28 mins in the Smoking Chamber
Tissue Arrival
Y
In incubator In incubator |
Endpoints 4h 48 h Post-Exposure Time
AK-based Cytotoxicity J J
Activity of CYP J
Inflammatory Factors J
Gene Expression J J

Iskandar AR, Xiang Y, Frentzel S, Talikka M, Leroy P, Kuehn D, Guedj E, Martin F, Mathis C, Ivanov NV, Peitsch MC, Hoeng J. Impact

assessment of cigarette smoke exposure on organotypic bronchial epithelial tissue cultures: a comparison of mono-culture and co-culture model
containing fibroblasts. Toxicol Sciences 2015 Jun 16. pii: kfv122. [Epub ahead of print] PubMed PMID: 26085348.

=& ’ PMI RESEARCIH & DEVELOPMENT
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Impact of CS exposure on cytotoxicity, CYP1A1/1B1 activity, and bronchial
tissue morphology.

A AK-based Cytotoxicity Assay B Activity of CYP1A1/CYP1B1
4 h PE 48 h PE 48 h PE
BR BRF BR BRF BR BRF
oox| I A 20 — =0 * - g;scs
8%CS i W 15%CS
B 15%CS 2000
2 = 1 i
w (7] w
+ + + 1500
= ] o ) 2
z 10K z 1K z
c =4 g 1000
8 8 @
= = =
5K 5 500
Y |
S\~ LM L 0
BR
Mono-culture |
48 h PE
BRF
Co-culture
48 h PE
& ’ PMI RESEARCH & DEVELOPMENT
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8% CS 15% CS

4h 48 h 4n 48 h
Network BR BRF sBR BR BRF sBR BR BRF sBR BR BRF sBR Subnetwork
& * * L & * Transecriptional regulation of the SASP
* * * * * * Stress induced premature noe
Senescence - Replicative senescence

Regulation by tumor suppressors
Oncogene induced senescence

o saran Impact of CS (NPA) on various

ATG mnduction of autophagy

Fo e biological processes analyzed using

TP53 TS

e | @ Network-based systems biology

DMA damage to G175 checkpoint

ey | approach analyzed at 4 and 48 h post-
Components affecting TPE3 activity
e exposure.
WFEE signaling

MAPK signaling

ER stress—induced apoptosis
Tissue damage

Epithelial proinflammatory signaling
Epithelial cell barrier defense
Mucus hypersecrefion

NFEZ2LZ Signaling

Hypoxic Stress

Endoplasmic Reticulum Stress

=®
- _ :
Autophagy . - I |
Necroptosis = | x| x [ x| = | «

DNA Damage -

Apoptosis o=

Inflammatory I il L
Process

Cell Stress

SP

Cell Proliferation -
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Correlations between the network backbone values of the nodes in the
xenobiotic metabolism response network.

In vitro organotypic tissue models The correlation plots showed
2 BR [BRF  |sBR [BR [BRF  |sBR BR BRF [sBR BR BRF [sBR : ) .
R 9 S that the in vitro xenobiotic
In viv o brushing dataset 4 h post-exposure 48 h post-exposure 4 h post-exposure 48 h post-exposure responses fO”OWl ng exposu re
Schembri, et al.|[GSE14633 0.49 0.53 0.39 0.43 0.65 0.63 0.42 0.38 0.27 0.31 0.18 0.36
Zhang, etal. |GSE16008 037 045 03| o045 o067 065 03| o029 o015 034 025 045 of 8 CS (at 48 h post-
Beane ,etal. [GSE7895 0.42 0.39 0.37 0.42 0.65 0.59 0.38 0.24 0.31 0.2 0.11 0.26 exposu re) to the BRF co-

culture and sBR cells were
comparable with the in vivo
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Species and system translation

Translation:

c;@ “ — Are animal models useful Iin

(Rat ) —( Fuman ) toxicology?

= \What biology can be applied across
species?

—Which in vitro systems are
necessary to recapitulate a
meaningful part of whole body

cellular biology?
model

Poussin C, Mathis C, Alexopoulos LG, Messinis DE, Dulize RHJ, Belcastro V, Melas IN, Sakellaropoulos T, Rhrissorrakrai K, Bilal E,
Meyer P, Talikka M, Boue S, Norel R, Rice JJ, Stolovitzky G, lvanov NV, Peitsch MC and Hoeng J (2014) The Species Translation
Challenge - A Systems Biology Perspective on Human and Rat Bronchial Epithelial Cells. Scientific Data, 1:140009
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Conclusions

» PMI R&D established a state-of-the-art approach for Systems Toxicology-based product testing
» computational NPA/BIF methodology based on OMICS data
» an in vivo model of cigarette smoke-induced diseases (e.g. COPD)
» an in vitro model of cigarette smoke exposure (including organotypic cultures)
» species and systems translation

» The systems toxicology approach adds a strongly supportive mechanistic layer to traditional
toxicology end points

» The perturbations of major biological networks were markedly reduced following switching to
potential RRP, very similar to cessation.
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