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The AOP concept : developed in response to uncertainties in the field regarding usage of the
terms mechanism of action and mode of action.



Escher et al., Environment International, 2017

AOP

Exposome
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Exposome is a concept corresponding to the totality of exposures to external and environmental factors that
a human organism undergoes from conception through in utero development to the end of its life,
complementing the effect of the genome.
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Danger and risk

The presence of 
the lion is
a danger.

Human in 
the same area

Exposition but how ? 

DANGER             X        EXPOSITION       =  RISK



Conceptually, an AOP can be viewed as a sequence of events beginning with the initial
interactions of a substance with a biomolecule in a target cell or tissue (i.e., a molecular
initiating event), continuing through a dependent series of intermediate events, and
ending with a negative outcome.

https://aopkb.oecd.org/
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Adverse Outcome Pathways (AOPs)

https://aopkb.oecd.org/


Adverse Outcome Pathways (AOPs)

Conceptual digram of key features of an adverse outcome pathway (AOP)
(Ankley et al., 2010)

objectives 
1. Structure and integrate information on chemicals from the initiating event at the molecular level

to the observed adverse effect

2. To guide the implementation of testing strategies in order to develop, prioritize and justify
targeted tests

3. Establish the causal links with the observed toxic effects

4. To develop an approach by categories of chemical substances
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Adverse Outcome Pathways (AOPs)

Bal-Price A & Meek M.E, Pharmacology & Therapeutics, 2017

objectives 1. Structure and integrate information on chemicals from the initiating event at the molecular level
to the observed adverse effect

2. To guide the implementation of testing strategies in order to develop, prioritize and justify
targeted tests

3. Establish the causal links with the observed toxic effects

4. To develop an approach by categories of chemical substances



Adverse Outcome Pathways (AOPs)

AOP wiki
New tool for developing and documenting adverse event pathways

Facilitates knowledge sharing 

http://www.aopwiki.org/
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wiki : acronyme de « What I Know Is »

http://www.aopwiki.org/
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objectives 1. Structure and integrate information on chemicals from the initiating event at the molecular level
to the observed adverse effect

2. To guide the implementation of testing strategies in order to develop, prioritize and justify
targeted tests

3. Establish the causal links with the observed toxic effects

4. To develop an approach by categories of chemical substances

Adverse Outcome Pathways (AOPs)

Conceptual diagram of key feuatures of an adverse outcome pathway (AOP)
(Ankley et al., 2010)
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Objectives 
• Promote the use of data from alternative methods and reduce the need for animal 

testing

• Use integrated approaches to testing and evaluation (IATA) 
(set of data collection, testing and evaluation methods integrating data from different levels: in vitro, 
in vivo, in chemico, in silico, physicochemical)

Définition
• method integrating hazard assessment information from several sources
• built with the 3Rs principle in mind
• allows the evaluator to determine the need for additional testing

The Integrated Testing Strategy (ITS) 

(IATA  : Integrated Approches on Testing and Assessment)

Example

AOP  : Skin sensitization



Allergic contact dermatitis: a type IV hypersensitivity reaction

d’après Saint-Mezard et al., Eur. J. Dermatol. (2004).

 Sensitization phase:
• 10 to 15 days
• Asymptomatic

dependent on :
• the nature of the hapten
• the dose

 Elicitation phase
• 6 to 72 hours after contact
• Symptoms
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AOP   ????
(OECD)
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AOP of skin sensitization



AOP   ????
(OECD)

Skin penetration

Activation 
DC & KC

Protein binding

Migration 
Of DC

Presentation
of Ag

Proliferation of LT

Dissemination

Symptoms of DAC : Erythema, 
edema and vesicles

Activation of LT

d’après Kimber et al., Tox. Sciences (2011)

Re-
exposition
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AOP of skin sensitization



Chemical 

Structure & 

Properties

Organism 

Response

Organ 

Response

Cellular 

Response

Molecular 

Initiating 

Event

AOP
(OECD)

Skin penetration

Activation 
DC & KC

Protein binding

Migration 
Of DC

Presentation
of Ag

Proliferation of LT

Dissemination

Symptoms of DAC : Erythema, 
edema and vesicles

Activation of LT

d’après Kimber et al., Tox. Sciences (2011)

Re-
exposition
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AOP of skin sensitization



OECD, 2012. The Adverse Outcome Pathway for Skin Sensitisation Initiated by 
Covalent Binding to Proteins. Series on Testing and Assessment No. 168. 

Chemical 

Structure & 

Properties

Organism 

Response

Organ 

Response

Cellular 

Response

Molecular 

Initiating 

Event

Key Event 1
Key Event 2
Key Event 3
Key Event 4

Metabolism 

Penetration

Electrophilic 

substance

Covalent 

interaction 

with cells 

proteins

• Histocompati

bility 

complexes 

presentation 

by DCs

• Activation of 

T cells

• Proliferation 

of activated 

T-cells

Lymph node

Inflammation upon 

challenge with 

allergen

Skin (epidermis)

• Induction of 

inflammatory 

cytokines and 

surface molecules 

• Mobilization of DCs

Dendritic cells (DCs)

• Activation of 

inflammatory 

cytokines 

• Induction cyto-

protective gene 

pathways

Keratinocytes

AOP
(OECD)

Skin 
penetration

Activation of KC

Protein binding

Activation of DC

Proliferation of LT

18

AOP of skin sensitization: alternatives methods



1. Skin 

Penetration

2. Electrophilic 

substance: 

directly or via 

auto-oxidation 

or metabolism

3-4. Haptenation: 

covalent 

modification of 

epidermal proteins

5-6. Activation 

of epidermal 

keratinocytes & 

Dendritic cells

7-8. Presentation of 

haptenated protein by 

Dendritic cell resulting 

in activation & 

proliferation of 

specific T cells

9-11. Allergic Contact 

Dermatitis: Epidermal 

inflammation 

following re-exposure 

to substance due to 

T cell-mediated cell 

death 

In vitro skin 

penetration

In silico

toxicokinetic models

Human T cell 

priming/prolifera

tion assay 

(hTCPA)

KeratinoSens

AREc32         

RhE IL-18

SenCeeTox

LuSens

SENS-IS 

PBMDC

h-CLAT 

GARDIL-8 Luc

U-SENS 

SensiDerm

VITOSENS

DPRA

PPRA

Chemical 

Structure & 

Properties

Organism 

Response

Organ 

Response

Cellular 

Response

Molecular 

Initiating 

Event

AOP
(OECD)

Q (SAR)s

ARDA

EASA

VITRIGEL-SS
D’après Reisinger et al., Toxicology in Vitro (2015)

Guinea Pig 

Maximisation Test

Human repeat insult 

patch test (HRIPT)

LLNA

Human clinical and/or 

accidental exposure 

data

Buehler Test

Human data

Local lymph Node Assay

ADME, Bioavailability, 
Metabolism, QSAR

DPRA, PPRA, 
AREc32

KeratinoSens, h-CLAT, 
U-SENS, GARD, VITOSENS

hTCPA

Integrated Testing Strategy (ITS)
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AOP of   skin sensitization: alternatives methods



« 2 out of
3 »
n°1

« 2 out of
3 »
n°2

« 2 out of
3 »
n°3

2 tests to 
conclude

29/33 25/33 23/33

3 tests to 
conclude

4/33 8/33 10/33

Total of 
tests 

performed
70 74 76

% increase
in tests

+ 4% +8%

Estimated
total costs

180-280 k€ 190-280 k€ 280-380 k€

Selected test sequenceE. Clouet, S. Kerdine-Römer, PJ. Ferret. Toxicology in Vitro, 45 (2017): 374–385

ITS : example of selected strategy
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Questions to be answered

Single strategy? 
Screening of molecules ?

Classification ?

BUT….

…………… what we have proposed



KE1 - Initial events

KE2 - Nrf2 pathway
and gene expression

KE3 - Modulation of 
the phenotype

KE4 - Proliferation of 
LT
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How to integrate all the KEs of the AOP into a single tool? 



KE1 : Initial events
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✓ Production of ROS
✓ Depletion of GSH

Oxydative stress

Nrf2 pathway?

Key Event 1
Key Event 2
Key Event 3
Key Event 4

Metabolism 

Penetration

Electrophilic 

substance

Covalent 

interaction 

with cells 

proteins

Chemical 

Structure & 

Properties

Molecular 

Initiating 

Event

• Activation of 

inflammatory 

cytokines 

• Induction cyto-

protective gene 

pathways

Keratinocytes

d’après Chen et al., Diabetes Metab J. (2014)

KE2 : Nrf2 pathway and gene expression
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KE2 : Nrf2 pathway and gene expression



Metabolism 

Penetration

Electrophilic 

substance

Covalent 

interaction 

with cells 

proteins

• Induction of 

inflammatory 

cytokines and 

surface molecules 

• Mobilization of DCs

Chemical 

Structure & 

Properties

Cellular 

Response

Molecular 

Initiating 

Event

• Activation of 

inflammatory 

cytokines 

• Induction cyto-

protective gene 

pathways

Dendritic cells (DCs)

Keratinocytes
Cell surface markers CD54/CD86 ?

Modulation of the response by 
inflammatory cytokines?

Key Event 1
Key Event 2
Key Event 3
Key Event 4

KE3 : Modulation of THP-1 phenotype
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KE3 : Modulation of THP-1 phenotype



Metabolism 

Penetration

Electrophilic 

substance

Covalent 

interaction 

with cells 

proteins

• Induction of 

inflammatory 

cytokines and 

surface molecules 

• Mobilization of DCs

• Histocompati

bility 

complexes 

presentation 

by DCs

• Activation of 

T cells

• Proliferation 

of activated 

T-cells

Inflammation upon 

challenge with 

allergen

Chemical 

Structure & 

Properties

Organism 

Response

Organ 

Response

Cellular 

Response

Molecular 

Initiating 

Event

• Activation of 

inflammatory 

cytokines 

• Induction cyto-

protective gene 

pathways

Key Event 1
Key Event 2
Key Event 3
Key Event 4

Dendritic cells (DCs)

Keratinocytes

Lymph node Skin (epidermis)

AOP
(OECD)

KE4 : Proliferation of LT
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CD4+ T-cells

PBMC

Chimiques

24h

Co-culture (1:10) with CFSE

+

5 j

Measurement of lymphocyte proliferation
by flow cytometry

KE4 : Proliferation of LT
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FAR GER CinA
X 1.4X 1.5 X 1.2

ContrôleNickelLT

SDS

LPS

MITRESO
X 2.4 X 1.9

DMSO t-BHQ

. 

vs contrôle vs DMSO

X 2.6 X 3.6
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KE4 : Proliferation of LT



 Key 1 Key 2 Key 3 Key 4 

 

Chemical 
reactivity 

Proteins 
activity 

DNA-binding 
ELISA 

Genes expression 
on THP-1  
(SENS-IS) 

Surface 
markers 

Modulation by 
inflammatory 

cytokines 
Cytokines quantification 

CD4+  
T cell 

proliferation 

ROS 
GSH 

depletion 
Western 

blot 
Nrf2 TransAM  

IRR SENS-IS ARE 
CD54 CD86 

Cytokine  
array 

CCL4 IL-8 IL-16 IL-18 

 

N
O

N
 S

E
N

S
IT

IZ
E

R
S

 
PBS     7 1 2   IL1-ra 

MIF 
    

 

DMSO     6 2 2   

IL1-ra 

MIF 
IL-16-/+ 

CCL5/RANTES 

    

 

BZK     14 4 7   IL-16++ 
CCL5/RANTES 

    
 

t-BHQ     11 1 11   IL-16++ 
CCL5/RANTES+ 

    

 

IR
R

 

SDS     13 7 5   IL-16++ 
CCL5/RANTES 

    

 

W
E

A
K

 

RESO     16 4 12   
IL-8+ 

IL-16+ 
CCL5/RANTES+ 

    

 

EUG     12 2 10   
IL-8 

IL-16-/+ 

CCL5/RANTES 

    

 

M
O

D
E

R
A

T
E

 

FAR     9 8 7   

IL-8+ 
IL-16++ 

IL-18 
CCL5/RANTES+ 

    

 

GER     7 4 4   
IL-8++ 

IL-16++ 

CCL5/RANTES+ 

    

 

CinA     18 6 13   
IL-16 

IL-8+ 
IL-18+ 

    

 

S
T

R
O

N
G

 

MIT     17 7 11   
IL-16+ 

IL-8 +++ 
IL-18++ 

    

 

 

 

Integrated KEs
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CONCLUSION

32

KE1 - Initial events

KE2 - Nrf2 pathway
and gene expression

KE3 - Modulation of 
the phenotype

KE4 - Proliferation of 
LT



KE1- Evénéments
initiaux

KE2- Voie Nrf2 et 
expression génique

KE3- Modulation du 
phénotype

KE4- Prolifération 
des LT

CONCLUSION
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