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The main origin of toxicities

High margin

(ex: paracetamol)

Intermediate case

(e.g.: aspirin)

Low margin

(e.g.: cytotoxic drugs)
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Drug Off-Target Effects & Market Withdrawals
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Safety Remains a Cause of Attrition

Project Termination, AZ 2005-2010 Safety failures
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Computational Toxicology

* Drivers to improve current computational/systems toxicology capabilities
» Low/no physical availability of substances
 Cost of experiments
» Speed / turnaround time
» Reduction of (animal) experiments
» Generating hypothesis for MoT - design of in vitro and in vivo screening strategy

DISCOVERY DEVELOPMENT MARKET
~_ . ~g ~g ~

Target ID Lead ID

Pre- Phase Reg. ““Phase IV
clinical I lla b 1l Review market

. e . Mechanism of Toxicity
Risk Identification Optimization
Risk Mitigation Metabolites

Genotoxic Impurities
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Systems Toxicology is leveraged by a broad range of
computational approaches

Multiparametric simulation QSAR & Read-across

Effects on Major oo .
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Basic Technology: Quantitative Structure-Property Relationship: QSPR

Toxicity = f(chemical structure)

Toxicity = c, - descriptor, + ... + ¢, - descriptor, + c,

Typical descriptors:

- lipophilicity, H-bonding capacity,

- static or dynamic polar surfaces (PSA)
- free energy of solvation

- properties from ab initio calculations

- CoMFA, CoMSIA fields

SANOFI ‘) WIREs Comput Mol Sci 2016, 6:147-172.



Technology: Molecular Descriptors for Chemical Structures

Descriptors are provided by chemometrics software, N O
such as DRAGON, MOE, PipelinePilot, MoKa, .. o

Global descriptors
» Atom & bond counts, indices
* 1D descriptors

- Molecular weight, physico-chemical properties
- Diameter, dipole moment, pka, charge

Diazepam

2D descriptors
* Fragments, pharmacophoric indices, topology

3D descriptors
* volume, partial surface area,
» pharmacophoric features

SANOFI v 9



Example 1. Computational Phototoxicity Evaluation

» Simulation of excitation spectra
* Quantum-mechanical calculation
* High level 6-311++G** basis set
* Vertical excitation, TD-DFT (B3LYP)
* Implicit solvent effects (MeOH)

SO0

.6 8§ 8§ § 5 5 86 §§

Exp. UV
absorption
TD-DFT
6-311++G**
\ PCM=MeOH

* Results have proven to be rather accurate

* Liability assessment, calculation of probability of photosensitation

* Recursive partitioning classifier

PN, P VAR
* Integrated UV absorption — " =
permeability, phototoxic fragments A Y’ c he
 Predicted property is the probability j
of positive in vitro test R o e
» Good statistical model parameters {004[0.4 ; }J °
ROC,. > 0.8

test

safe
99.1 %

Photostability

17 %

KN
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Adverse Polypharmacology:
Toxic effects are often driven by off-target interaction

« The majority of adverse drug reactions are time and dose-dependent**

 Adverse reactions often depend on the pharmacology profile of the candidate
molecule

Distribution

Metabolism

‘ Elimination Adverse EffECt
/%a rget WM\[\JWWMWM

c
I o
N %
cl ..E, Cardiovascular toxicity: Drug inhibits KCNC1/H2
()
Sibutramine % Ph I
O darmacoio
MIC on-target gy
o s e ! \ Anorexiant: Drug inhibits SLC6A2/3/4

»
| o

Time

- *Mestres et al., DDT 14 (9), 479-485.
SANOFI wp **Bowes et al., NRDD 11, 909-922, 2012. 11



Predicting Adverse Polypharmacology

* Experimental information
* Large target activity databases are available with millions of data points

 Screening collections with well annotated biological data are included in
phenotypic screening sets (Deorphaning set)

* CTlink (Chemotargets) Similarit

« Similarity and QSAR-based I
« Multiple descriptors: PHRAG, FPD, SHED. igancs | @)
* Five statistical approaches for activity prediction. I

- Off-target QSAR models (predictProfile)
* Models are generated for off-target panels automatically
* Applicability domain defined by similarity to training set.

prodicted NERG Cubist OPTC3A

* Predictive models for 400 targets SAR sets.

 Reflecting Sanofi off-target profiling

3 H
@xp hERG log(CScore)

D. Vidal, J. Mestres, Mol. Inf. 2010, 29, 543-551.
SANOFI ws http://www.chemotargets.com/ 2




Example 2: Which molecular initiating events are causal for severe
cardiotoxic effects of an antifungal lead compound?

Problem: Cardiotoxicity observed in exploratory
rodent study at mid and high dose HN:CNQnHO

@10 mg/kg severe dyspnea, tachycardia and

trembling, mortality at high dose Antifungal Lead
CTlink prediction Antitarget Panel prediction i
ABL1 Hu ] Cav3.1_Hu
85HT1A (h)  (ODADRB1 (h) @ CHRM1 (h) -Am}u | ERG_Hu
5HT2A (h)  (DADRB2 (h) @ CHRM2 (h) | ALK Hu KCN2_Mu
MPKa2 1.6
@acheE(h)  OAKT1(h) @ CHRMS3 (h) Zlﬁ.mlf:ﬂl‘"" AT
8ADORA1 (h) 8BTK (h) 8 Cl-Chan (h) | BTK Hu | Kva.3_Hu
ADORA2A (h) ) CAMK2D (h) ) cRAF (h)  poig ol o
OADRAIA (h) OCB1(h) O D1 (h) — CAMD Hy - Pyt
ADRA2A (h  (OCB2 (h) ) bp2s (h) | CDK1_cyclinB1_Hu SCNSA_Hu
10 M | 0.1 uM
35 other targets H H

-
SANOFI vs Proceedings of the 54! SOT, (2015), #1306. 3



Example 2: Two distinct interactions putatively responsible

IPA® (Ingenuity), MetaCore®, WikiPathways, Predicted target inhibition
Reactome are systematically exploited for off-
target engagement in adverse drug reactions D weak strong I
. Typical off-target activity threshold <10 uM
to focus on effective interactions _ _
B 2 Network relationships
,,f;;‘-’" S~o = cnhances an effect
sirwz ud.og__ e Gr ot ronchi Sao — inhibits an effect
P w ventricuhycardia Inconsistent
_____ --..oc—nstnct bronchia - . .y
t.ﬁ’ A -~ literature findings
"‘t._\. -~

—~ ~—~ f’,
‘“‘h* —Any effect

* AchE: Airway obstruction, behavioural effects

- CHRM1: ventricular tachycardia, constriction of bronchia

-
SANOFI vs Proceedings of the 54! SOT, (2015), #1306.



Network enhancements using biomedical knowledge to model
developmental toxicity

+ Target: HTR1A; Biomarkers: skeletal

— Yellow: target; Node color: biomarker change (up(red)/down(blue)

— Node border color: correct prediction (green) or incorrect (orange)
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Example 3: Off-target assessment for cardiosafety

Problem: A small molecule pre-candidate
compound with MoA related to nuclear receptors,
has several critical off-target interactions to
cardiac ion channels. Is this a no-go?

IC50MERG ~ 2 M,

IC5(QCav12 ~3 UM

IC50Nav15 >30 pM

The standard model implies the
engagement of key ion-channels,
which are highly expressed in
cardiomyocytes

SANOFI v g

Tension

Cardiomyocyte Action Potential

Phase 0 — Depolarization
Phase 1 — Initial stage of repolarization
Phase 2 — Plateau phase

Phase 3 — Late stage
of repolarization

Phase 4 — Resting

>
>

100 200 300 Time (ms)
Channel lon Phase
NaVv1.5 Na+ 0
CaVvl.2 Ca2+ 0;1;2
KV4.2/4.3 K+ 1
KV7.1 K+ 2;3
KV11.1 (hERG) K+ 3
Kir2.1/2.2/2.3 K+ 3;4

Cardiac Muscle Contraction

100 200 300 Time (ms)
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Multiscale Modelling suggests non-prohibitive APD shortening.

Simulation . L
Rabbit purkinje fiber

Effective change of action potential

; duration by compound concentration .
Model Variables usﬁr’]g e + Concentration-dependent

Shortening! decrease in action potential
duration from 3 pmol/L
« Putatively consistent with an

and Parameters

Cel Model Zoa]
10 : : : effect on Na+ and/or
Model TenTusscher et al. (2006} human mPFe f f T - A 1
wentricular cell model (epicardial) 120 +— T = & T T Ca++Channe|S
- - = ¥ o - "
Pacing Details. 100 | #TenTusscher o + == T T .
e N o o | el P | e * Not suggestive of a pro-
requency 3  —— T St S ) S e e A B Simulation @ 1Hz H H
Maximum (minutes) g g T i I T T arrhythmIC pl’OfIle
pacing time 2 2 60 e et e e e i o T Reset Graph
fon Channel Current Inhibitory i T 8 a0 e = EEa Conc.  29.810 pM
Note 1 : Ne value for Inhibitery Concentration implies "no effact” < |4 i e et T T : 3 e Change -27.390 %
Note 2 @ Unless otherwise assigned Hill Coefficients default to 1, and _ 20 * P 'Y Y ®
Saturation Levels default to 0. o L & = i | = Export as .xls (Excel)
Ion Channel Gene - LiE [ * ¥» § y 35
current protein 20 . s 'i*"; —— 1 Hz-Control
T | T
E ] ] ot e EE==! 80
IKr K,11.1 RERG or KCNH2 40 eoecerTatior (o 1 my 1Hz 1 Hz 0.3 pmeliL
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ir ] ouM 1 Hz-washout
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— ¥ [ Simulation @ 1Hz @
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= | simulation @ 1Hz ®
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Max. - (M) § ¥ | simulation @ 1Hz @
15uM
[+ o
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Intermediate point log scale - k=1 20uM
£ 4
5] ll Simulation @ 1tHz @
= 25uM
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30uM
i -100
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over time

SANOFI vz 17



General Workflow
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hERG log(IC50) exp

QSAR in silico prediction
hERG, metabolic stability,
permeability

Multiparametric selection

hERG IC50 = 3.0 uM (man)
Nav1.51C50 = N/A
Cav1.2 IC50 = 1.7 (man)
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rMembrane Voltage (mv)
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for cardiac action potential APD90
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Example 4: Comparative Genotoxicity assessment for Kinase
Inhibitors

Focal-adhesion Kinase FAK, Tie2 receptor tyrosine kinase and Kinase insert
domain Receptor KDR are tyrosine kinases with implication in cellular
proliferation and a decisive role in angiogenesis

Protein kinases often share a significant similarity of the binding pocket, thus
Polypharmacology is often observed, and selectivity is difficult to achieve

IC50 =0.35 uM
Passive Permeability = low
logD=1.6

Problem: Unselective on various protein kinases

Risk for genetic toxicity (aneugenicity) implicated by
cooperative inhibition of Aurora and CDK kinases
Hits include: AMPK, Aurora1/2, CDK1/5, RSKZ2,
SGK1, p70S6K

SANOFI 7 19



Example 4. Comparative Genotoxicity assessment for Kinase
Inhibitors

« Assumption: Side effects are driven by specific compound features

* Model-assisted assessment of Kinase selectivity:

i :
T :
I o.pfcy 22233 3547 2 2 g 3.7
3237208702994 09908883930 022032,,0733123222213722702259223;
R T LA R T T T bR L
1
L H o o 'ﬂ R I i
3 |
4
5
30uM  ICS0/ECSOIKIMNO. 1 pM

SANOFI v *ACS Med Chem Lett. 2015;6(1):73-8

Variation of basic
amine

Truncation of
basic amine

NH

\
N
H

Cl O o

\\/
Lipophilic substltutlon \©/

of amide substituent

@*

Rescaffoldlng

Y
Z~N
H




Example 5: AE prediction of a FAAH Inhibitor

Fatty-acid-amide-hydrolase (FAAH serine hydrolase) inhibitor
* FAAH is mediator in the endocannabinoid system

/

* Potentially (partially?) irreversible mode of action HOO’N%NRN
* Low potency in rodents: (IC5,@=1.1 uM) g B
- Significant metabolism ) M1 N
- Unknown level of metabolite NG /=N ©

Q %N = X O—N/ /=N

. ° D N
* No apparent reactivity N S | A
BIA-102474 (l)_ N/

» Compound specificity "

» Selectivity of compound and metabolites

- Serine hydrolases: monoacylglycerol lipase (MAGL), a carboxyl esterase and
acetylcholinesterase (10 fold selectivity for FAAH rat, 50 fold for FAAH human).

+ 100 fold against dopamine-beta-hydroxylase, glutamic acid decarboxylase, the
monoamine oxidases A and B and choline acetyl transferase.

* Other inhibitors have higher selectivity margins (e.g. PF 04457845 Pfizer )
* Disproportionate PK may lead to tissue exposure exceeding the margin

SANOFI 7 21



Supporting Risk Assessment by Off-target Prediction

» CTlink off-target assessment may be used to suggest potentially unexplored

interactions of the substance and/or metabolites with endocannabinoid system

+ Refine in vitro safety screening strategy to include predicted targets (starting with predictions having a high

confidence factor)

Identifier

p.. i¥

Con...

2w

Target name

UniProt

* M1

M1
M2
BlA10-2474. ..

M1

* ¥ % ¥ ¥

BlA10-2474...

I

BIA.10-2474....
7M1
%% BIA.10-2474....
T M1

7| M1

SANOFI vz
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68

BG4

mG2

m el

61

mA

mA

mA

BA

mA

B 52

m 047

@ 0.68

0.28

0.23

0.23

0.23

0.24

015

015

015

015

014

Fatty-acid amide hydrolase 1

Metabotropic glutamate receptor 1

Cannabinoid receptor 2

Translocator protein

Translocator protein

Translocator protein

Metabotropic glutamate receptor 1

HCV RMA-directed RMA polymerase

Frotein DBF4 homolog A

FPhotosystem Il protein D1

HIV-1 Reverse transcriptase/ribonuclease H

Mitochondrial import inner membrane transloc...

@ 000519 [

m Q13255 [4
® P34972 (4
B P30536 [
B P30536 [
@ P30536 [
@ Q13255 4
B P26663.11 [
@ QouBU7 [
» P83755 [
@ P03367.8 [4

® P32897 [
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Supporting Risk Assessment

by Off-target Prediction

SUMMARY

S-links 69

CNS predicted as potential target organ

Support for hypothesis generation, e.g. interactions

with the endocannabinoid system could contribute to

adverse effects at high tissue exposure.

=t ok

OO
vl

Brain injuries

BIA.10-2474.new....
& Neighbours sharing hazards

& Distinctive hazards

® Tergets —
MNumber of targets Contribution Maximum EF Average EF

1 63.48% 1.95 1.95
B Translocator protein P30536 [4
@ Pathways —
€0 Fragments

Known 0
Predicted &9
Max affinity
Min affinity
Max confidence

Min confidence

By safety category

7.0
6.0
0.55
0.30

EEEE

SANOFI vz

EndocrinoTox
EyeTox
NeuroTox
Identifier Main term Category 1afl ‘M ‘Confidenr.'e... 2y phAct
M2 Cns disorder NeuroTox P | 0.55 m 6.0
o BIATD-2474. Headache NeuroTox P @ 053 m 6.0
;| BIA10-2474... Nervous system disorder NeuroTox [ B 0.53 w60
o M2 Nervous system disorder NeuroTox P m 0.52 m 6.0
¢ M2 Headache NeuroTox P B 0.57 ® 6.0
© | BIAT0-2474... Spinal diseases NeuroTox P W 0.48 m 6.0
BIA10-2474....  Brain injuries NeuroTox B 0.34 | &0
o M2 Meuropathy NeuroTox P 0.33 m 6.0
7 BIAT0-2474... Encephalopathies NeuroTox P 0.32 ® 6.0
M1 Cns disorder NeuroTox P 0.30 |y
7 | BIA10-2474.... Cns disorder NeuroTox P 0.30 |70
23



Example 6: FFAR1 Agonist Fasiglifam

- Potent orally available, selective partial agonist of human FFAR1
» Advanced for type 2 diabetes before stopped in Phase Il clinical development

* Once daily oral administration to type 2 diabetic patients for 24 weeks was well
tolerated and led to reduced HbA1c levels and reduction of fasting plasma
glucose.

+ Aslightly higher incidence of 3-fold elevated alanine transaminase (ALT) in the
fasiglifam compared to placebo groups was observed. Although a majority of
patients with elevation of aminotransferases had confounding factors, in some
cases, drug-induced liver injury couldn’t be excluded completely leading to a
termination.

SANOFI vz
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Slink Systems Toxicology Analysis

Identifier Main term | Alert type Co...
<7 00000001 Mitatoxicity B Preclinical | 062
pACT(P) Effect Methods Confidence score 1 v Target name
|74 AGO[K] | 0.85 Free fatty acid receptor 1
[ X - | 077 Peroxiseme proliferator-activated receptor alpha
W 59 - m 0.77 Peroxiseme proliferator-activated receptor delta
mA — 038 Bile acid receptor
mA = W 0.37 Prostacyclin receptor
mA — o 0sE7 Lysophosphatidic acid receptor 3
mA - m 0.37 Cysteinyl leukotriene receptor 1
m A - a7 Leukaotriens B4 receptor 2
|A - 0.34 Glycogen [starch] synthase, muscle

+ Oxidative decarboxylation

* Glucuronidation

* Hydroxylation, Dehydrogenation
* Sulfatation

» Putative interactions

* Liver predicted as target organ

* Metabolic pathways predicted:

+ FFAR1, PPARa/d,, bile acid receptor, BSEP

X

&

AR g —

= Preclinical hepat...
00000001

& Drug neighbours

=

Mumber of neighbours Contribution
9 76T
Drug name Meighbouring criteria
chlorpromazine r_ll Similar hazards (3)
fencfibrate LIJ' Similar hazards (3)
Levothyroxine LIJ' Similar hazards (3)
HT0943 - Similar hazards (3)
HTO273 B‘ Similar hazards (3)
montelukast LIJ Similar hazards (3)
telmisartan LIJ' Similar hazards (3)
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Metabolic Pathways

Abundant pathways in hepatocytes of
human, dog and rat
O-Acyl-glucuronidation

O 5 followed by acyl migration

Subordinate metabolic pathways in all
species
Hydroxylation,

Hydroxylation and Glucuronidation
Taurine conjugation

O
O \(R/\/\
OH g / ° 0O
Formation of TAK875-GIcA: Human HEP: 13% OH
Dog HEP: 2-4% O-Dealkylation Cleavage by O-Dealkylation,
Rat HEP: <LOD

Oxidation to carboxylic acid
and O-Acyl-glucuronidation

* In vitro metabolism of human dog and rat

* low (< 20%) in hepatocytes of all species,
* |low (< 20%) in liver microsomes with NADPH in all species,

* moderate (38-62%) in human and dog liver microsomes with UDPGA

* O-Acyl-glucuronide in hepatocytes is disproportionate in human

* Therate of disappearance (t,,) of the 1-O-acyl-glucuronide of was 2.6 h, clearly below the
reference compound furosemide-O-acyl-glucuronide with 3.8 h, indicating a potential
risk of reactivity.

SANOFI 7 2



In vitro Assessment

- Cytotoxicity in primary human
hepatocytes /GSH depleted hepatocytes
* No biologically significant difference in the cytotoxicity

* No alteration of the total GSH decrease in total GSH
content at non-toxic concentration

* Mitochondrial Toxicity

« Effects on human mitochondria and cellular
metabolism do not appear to be the primary
mechanism of cytotoxicity following 4hr exposure of
human hepatocytes.

* Transporter engagement

_ Fasiglifam Fasiglifam-Glca

Passive permeability high
Uptake Passive
OATP1B1 inhibitor
OATP1B3 inhibitor
MRP2 -

BSEP inhibitor

SANOFI «p

TC 50
e -BS0 218uM
A +BSO 2654uM

- =
-] [=] %]
o o o
L L i

Y
=1
L L

% Control (Normalized)
8 3

i -] 32 128 512
concentration{uM)

(=]

pmol 02/min

TAK 875 (uM)

Very low

active
Inhibitor/substrate
inhibitor
Inhibitor/substrate
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Reactive Metabolites

addition of UDPGA in 6h

No significant covalent binding in liver microsomes of all species.
In human hepatocytes a slight increase of covalent binding compared to the animal species.
The slight potential of covalent binding confirmed in liver microsomes of human and dog after

O-acyl-glucuronide metabolites solely suspected for covalent binding potential, as their

abundancies were far below 5% in animal hepatocytes and the other human metabolites were

observed at least in one in-vitro animal species with similar or higher abundances, as seen in
human hepatocytes

Mean drug related material recovered in pellet!, given in [pmol eq./mg protein]

Cofactors/ +NADPH | -NADPH | +NADPH -NADPH | +NADPH
-NADPH | +NADPH -NADPH | +NADPH HEP HEP HEP

Species +GSH |+UDPGA| +UDPGA +UDPGA | +UDPGA ° ° °
Incubation 1h 1h 1h 2h 2h 6h 6h 6h 6h 2h 4h 6h
Number of 1 1 1 7 7 3 3 7 7 3 3 5
replicates

Rat M 0 0 0 nd? nd nd nd nd nd nd 2 nd
Dog M 12 13 14 12 8 9 23 21 5 8 10
Human M/F 5 1 12 15 11 15 27 26 46 99 84

1: after repeated wash steps with methanol/sulphuric acid solution and solubilizing with Solvable™, corrected with Oh results
2: nd: not determined

HEPs: hepatocytes; M: Male; F: Female; M/F: Pool of male and female subject

SANOFI «p
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Summary

» Computational systems toxicology
- Tailored databases, prescriptive and predictive methods to improve compound safety

« Computational profiling complements and supports in vitro/in vivo screening

strategy

+ QSPR/QSAR is an extensible technology for various predictive models

» Cost-effective tools to select compounds and plan experiments early

* Better planning and more focused design of mechanistic studies (in vitro/in vivo) to
explore MoT

* Risk mitigation

- Regulatory acceptance is increasing
* e.g. ICH M7: no further investigations if in silico models + expert knowledge conclude
negative result

—~>Toxicological in-silico analyses aim for a significant reduction in potential

risks resulting from unforeseen drug adverse events in all phases of drug
discovery and development

SANOFI 7 2
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