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Abstract: Contact allergens are small reactive chemicals. They

cause allergic contact dermatitis (ACD) by activating the innate

and adaptive immune system. Contact allergens are very peculiar

because of their built-in autoadjuvanticity that allows them to

trigger sterile inflammation following skin penetration. The innate

inflammatory response involves the triggering of pattern

recognition receptors either by direct chemical interaction with

such receptors or by induction of endogenous activators. I discuss

here the recent findings regarding prevalence and predisposition,

the identification of innate immune and stress response

mechanisms relevant for sensitization and the orchestration of the

innate and adaptive immune response to contact allergens.

Despite still significant gaps of knowledge, recent advances in our

understanding of the immunopathogenesis of ACD can now be

used for the development of causative treatment strategies and of

in vitro alternatives to animal testing for the identification of

contact allergens in immunotoxicology.

Abbreviations: ACD, allergic contact dermatitis; AhR, arylhydrocarbon

receptor; BMDC, bone marrow-derived dendritic cell; CHS, contact

hypersensitivity; CYP, cytochrome P450; DAMPs, damage-associated

molecular patterns; DC, dendritic cell; DNCB, 2,4-dinitrochlorobenzene;

ECM, extracellular matrix; HA, hyaluronic acid; LLNA, local lymph node

assay; NLR, NOD-like receptor; PAMPs, pathogen-associated molecular

patterns; PRR, pattern recognition receptor; PTM, post-translational

modification; TCR, T-cell receptor; TLR, Toll-like receptor; TNCB,

2,4,6-trinitrochlorobenzene; Treg, regulatory T cell.
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Contact dermatitis – prevalence and predisposition
Irritant and allergic contact dermatitis (ACD) may pose a serious

problem to human health. These inflammatory eczematous skin

diseases are mostly caused by chemicals that exert toxic effects

without inducing a T-cell response (irritants) or by small reactive

chemicals that modify proteins and induce innate and adaptive

immune responses (contact allergens). ACD is eventually mediated

by contact allergen-specific T cells.

The prevalence of ACD is high: 15–20% of the general popula-

tion suffers from ACD to at least one chemical, most commonly

nickel, fragrances and preservatives (1,2). Of utmost importance is

occupational contact dermatitis. It is the most frequent work-

related skin disease and is associated with significant economic

costs (3,4). Identified risk factors are sex, with higher frequency of

ACD in women, age, with frequent onset at young age, exposure

in the workplace, use of consumer products and genetic predispo-

sition. However, solid evidence for an increased risk associated

with specific MHC haplotypes is missing. This is different from

some drug hypersensitivity reactions (5). Nevertheless, genetic pre-

disposition is evident and involves polymorphisms in genes that

regulate xenobiotic metabolism and biotransformation as well as

cellular stress responses including redox balance (e.g. N-acetyl-

transferase, glutathione-S-transferase), inflammation including

innate and adaptive immunity (e.g. IL-1a, IL-1b, IL-6, IL-10,

TNF-a) and skin barrier function (e.g. filaggrin) (Table 1) (6,7).

Most likely, polymorphisms in innate pattern recognition recep-

tors (PRR) such as Toll-like receptors (TLR) and NOD-like recep-

tors (NLR) or in cytokine receptors such as IL-12R also

contribute to genetic predisposition. In this context, the skin

microbiome may also play an important role (8,9).

The current data on predisposing genetic polymorphisms with

relevance for sensitization identify in part the same pathways as

identified in the mouse contact hypersensitivity (CHS) model

(10), thereby providing evidence for their relevance in the human

disease, and by genomic and proteomic studies on contact aller-

gen-treated human cells (Table 1) (11–17) (Sens-it-iv Newsletter

44, http://www.sens-it-iv.eu ).
Xenobiotic chemicals and xenoinflammation –
learning from pathogens
Xenobiotic chemicals including drugs, respiratory and contact

allergens can cause and contribute to adverse reactions including

autoimmune diseases or allergies (18). Many of these chemicals

are very peculiar as they represent exogenous triggers for sterile

inflammation. As in other cases of sterile inflammation such as

trauma, PRR for anti-microbial defense are activated as shown,

for example, for contact allergens, even in germ-free mice,

suggesting a role of endogenous activators such as damage-asso-

ciated molecular patterns (DAMPs) (19). As chemical-induced

inflammatory responses are initially mechanistically different

from auto-inflammation and from microbe-induced inflamma-

tion, but result in the activation of similar signalling pathways

I have proposed the term xenoinflammation (20). One form

of xenoinflammation is the contact allergen-induced skin inflam-

mation.

We knew for a long time that contact allergens induce skin

inflammation involving the production of proinflammatory cyto-

kines. We also knew that this is coupled to their chemical reactiv-

ity, but it was unclear how this reactivity was translated into the

activation of innate immune and stress responses. Therefore, we

started to analyse the role of well-known innate inflammatory

pathways triggered by pathogens assuming that they may play a

role in ACD. With this strategy, we were able to demonstrate a

physiological role for TLR, P2X7-dependent NLRP3 inflammasome

activation and for reactive oxygen species (ROS) in ACD and in
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the CHS model (21–23) (P. R. Esser, U. Wölfle, C. Dürr, F. D.

von Loewenisch, C. M. Schempp, M. A. Freudenberg, T. Jakob,

S. F. Martin, manuscript submitted for publication.).

Chemicals as modifiers of biomolecules
The sequencing of the human genome has disclosed an evolution-

ary dilemma. The high biological complexity of the species Homo

sapiens is based on roughly only 23 000 protein-coding genes

(24,25) and about 1014 cells, with the number of genes not so

much different from the small nematode worm Caenorhabditis

elegans with about 19 000 genes and 959 cells in the adult her-

maphrodite and 1031 cells in the male worm (26). To achieve this

high-complexity combinatorial diversity is used with proteins

assembled in different combinations to build, for example, differ-

ent signalling pathways. In addition, chemical modification of

proteins [post-translational modification (PTM)] and other bio-

molecules is used to create diversity. Changes in protein localiza-

tion, protein–protein interactions and alteration of protein

functions are achieved by PTM. Other levels of diversity are gener-

ated by epigenetic modifications, including DNA methylation and

post-translational histone modification by methylation and acety-

lation, and by the use of non-coding small interfering (si)RNAs

and micro(mi)RNAs as sequence-specific post-transcriptional reg-

ulators of gene expression (27,28).

Examples for PTM that alter proteins are methylation, acetyla-

tion, ubiquitination, sumoylation, myristoylation, gylcosylation

and phosphorylation. It is conceivable to assume that many drugs

and chemical allergens have their business exactly here by per-

forming the reversible or irreversible modification of proteins and

other biomolecules, thus mimicking or interfering with conven-

tional PTM (Fig. 1). Thus, binding of contact allergens, mostly

electrophilic chemicals or metal ions, to proteins will result in

changes of protein function, localization, protein–protein interac-

tions and most likely also in conformational changes up to the

level of interference with proper protein folding with increasing

extent of chemical modification. This may result in the activation

of the unfolded protein response and endoplasmic reticulum stress

(29,30).

Contact allergens are peculiar in their dual function as ‘half-

antigenic’ compounds (haptens) that generate antigenic T-cell

epitopes and as adjuvants for innate immune system activation

with a built-in autoadjuvanticity (Fig. 2) (31). This term is used to

describe, for example, the adjuvant effect of protein allergens such

as Derp2 from house dust mite, that mimics MD-2, a structural

component of the TLR4 receptor complex, and which can thereby

contribute to – and amplify – TLR4 signalling (32). Both the anti-

genicity and the autoadjuvanticity of contact allergens are based

on chemical reactivity, that is, their capacity to modify proteins

and other biomolecules by covalent binding in the case of organic

chemicals or by complex formation in the case of inorganic mole-

cules such as metal ions like nickel and cobalt. Autoadjuvanticity

of contact allergens can result from direct activating effects on

innate immune signalling pathways or from indirect effects that

involve the formation or release of endogenous danger signals

including DAMPs as activators of innate immunity (10). Examples

for direct effects are the interaction of nickel ions with conserved

histidine residues in the human TLR4 and the activation of the

Keap1 ⁄ Nrf2-dependent antioxidant response by interaction of

organic molecules such as TNCB and DNCB with cysteine resi-

dues in Keap1. Indirect activation of TLR2 and TLR4 by TNCB,

oxazolone and most likely also other contact allergens involves the

Positive functional 
modification
-> signaling

Neutral
modification

Negative functional 
modification

-> Prevention of signaling

No
modification

Conventional PTM
-> signaling

Figure 1. Consequences of protein modification by chemicals. The chemical
modification of proteins by contact allergens (red) can remain neutral, can induce
signalling processes or interfere with conventional post-translational modification
(blue), for example, with phosphorylation. This may inhibit signalling. Only
permissive target sites within the protein can be chemically modified. Other
putative target sites remain unmodified because of their steric inaccessibility or
biochemical features.

2,4,6-trinitrochlorobenzene
TNCB

nickel ions
Cl

Adjuvant effect
(autoadjuvanticity)

Antigenic effect
(formation of T cell epitopes)

Activation of theActivation of the
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-> allergic contact dermatitis
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Figure 2. Dual effects of contact allergens. Contact allergens are very peculiar,
because as sterile chemicals, they can simultaneously activate the innate and
adaptive immune system, even in germ-free mice. Both, their ‘built-in’
autoadjuvanticity, which induces sterile inflammation, and the formation of
antigenic T-cell epitopes, which leads to a contact allergen-specific T-cell response,
depend on their chemical reactivity.

Table 1. Signalling pathways and cellular responses relevant to allergic
contact dermatitis (ACD). Listed are signalling pathways and cellular responses
triggered by contact allergens as identified by genomic studies in human
MUTZ-3 progenitor cells (13) and by proteomic studies in human keratinocytes
(Sens-it-iv Newsletter 44, http://www.sens-it-iv.eu) (16,17) and pathways
identified based on human polymorphisms associated with susceptibility to
ACD (6,7)

Genomics
(MUTZ-3)

Proteomics
(keratinocytes)

Human
polymorphisms

Oxidative ⁄ cellular
stress response
(e.g. Keap1 ⁄
Nrf2 pathway)

Oxidative ⁄ cellular
stress response
(e.g. Keap1 ⁄
Nrf2 pathway)

Oxidative ⁄ cellular
stress response

Xenobiotic metabolism Metal toxicity Xenobiotic metabolism
Protein ubiquitination Metabolic response Inflammation (innate ⁄

adaptive immunity)
LPS ⁄ IL-1 mediated
RXR inhibition

Cytoskeletal reorganization Skin barrier function

AhR signaling
Protein kinase A signaling
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degradation of the extracellular matrix (ECM) component

hyaluronic acid (HA) (21) (P. R. Esser, U. Wölfle, C. Dürr, F. D.

von Loewenisch, C. M. Schempp, M. A. Freudenberg, T. Jakob,

S. F. Martin, manuscript submitted for publication.). Fragments

of HA can activate TLR2 and TLR4 (33–35). However, up to now,

direct binding of pure, synthetic HA fragments to these TLR has

not been demonstrated, yet. Similarly, NLRP3 inflammasome acti-

vation by these chemicals involves the activation of the purinergic

receptor P2X7 by the release of the endogenous danger signal ATP

from stressed or damaged skin cells into the extracellular space

(23).

Orchestration of the innate cellular and molecular
immune response to contact allergens
Removing cells from their tissue context may completely alter

their function, as many cellular processes and functions are not

cell autonomous, but strongly depend on – and are regulated by –

the tissue context (36,37). Therefore, we have to go back from the

reductionist approaches to the complexity of the tissue and the

organism as aimed for by systems biology. Contact dermatitis is a

good example to describe the interplay of cells and signalling

pathways in an inflammatory disease of the skin. A highly suitable

term to describe this interplay is orchestration. Notably, in our

experimental approaches, we always identify one cell type or one

molecule or pathway that is crucial for skin sensitization to con-

tact allergens as revealed by successful prevention of sensitization

and, in some cases, also elicitation upon genetic knockout or

pharmacologic inhibition of a single one of the cellular and

molecular players involved. Because similar results, that is, abroga-

tion of CHS, can be observed for different cell types, molecules

and signalling pathways (10), these findings clearly illustrate the

essential functional interaction of non-redundant, complementary

cellular and molecular mechanisms.

We must unravel the qualitative and quantitative contribution

of the different cellular and molecular players and their spatiotem-

poral interplay. There is intensive cross-talk between the different

cellular signalling pathways and cell types, as well as between

organ compartments such as epidermis and dermis or whole

organs like skin and lymph nodes, which altogether makes the

symphony sound perfect. Using this comparison, removing either

the violins or the trombones from the orchestra is equally devas-

tating. Therefore, we have to understand the orchestration of these

immune responses in the respective tissue context.

Orchestration of the innate cellular immune
response in contact dermatitis
The skin consists of resident tissue stromal and hematopoietic cells

and cells that are constantly recirculating for immune surveillance

purposes and of cells that are recruited during an immune

response. During the rapidly triggered innate immune response to

contact allergens, among others, keratinocytes, mast cells and den-

dritic cells (DCs) are activated, and NK cells and neutrophils are

recruited. Mast cells increase vascular permeability, thereby facili-

tating the recruitment of innate inflammatory cells. It has also been

shown that mast cells contribute to the recruitment of leukocytes

via TNFa and support skin DC maturation, migration and polari-

zation of T-cell responses to IL-17 and IFN-c production (38–41).

Constitutive absence or conditional depletion of mast cells in mice

abrogates CHS (41). Likewise, monoclonal antibody-mediated

depletion of Gr-1+ cells prevents elicitation of CHS. A role for Gr-

1+ neutrophils in the recruitment of T cells to the skin was sug-

gested (42), but also a role for Gr-1+CCR6+ monocytes that are

recruited from the blood and are efficient in the cross-priming of

CD8+ T cells (43). These data nicely show that depletion of either

mast cells or Gr1+ cells is sufficient to abrogate the CHS response

and that careful orchestration of the presence of both cell types

during the different stages of inflammation plays an important role

in the innate immune response to contact sensitizers.

Moreover, liver NKT cells are required especially in the early

phase of the elicitation of CHS. By their production of IL-4, they

activate B1 B cells to produce IgM which plays a role in T-cell

recruitment (44). It was now shown that stimulatory lipids accu-

mulate in the liver following sensitization to trigger CD1d-depen-

dent NKT cell activation (45). Here a participation of B1 B cells

and cd T cells was claimed. IL-33, a member of the IL-1 family

that is produced by stromal cells and mast cells in the skin, may

play a role in the activation of these B1 B cells in CHS (46). It

also activates mast cells and plays a role in neutrophil recruitment

(47), thereby providing a further link between the different

immune players. Interestingly, a proinflammatory role of IL-17-

producing cd T cells in skin inflammation was now shown in

mice and humans (48–50).

A further cell type recently shown to be crucially involved in

CHS is NK cells. Liver NK cells induce a contact allergen-specific

CHS-like response in an artificial T ⁄ B-cell free situation in RAG-

deficient mice or in CD3e-deficient mice (51–53). However, the

inflammatory ear swelling response differs from T-cell-induced

bona fide CHS by the absence of an inflammatory cellular infil-

trate, lack of the upregulation of characteristic markers of inflam-

mation and cytotoxicity in the skin and of a boosting effect upon

repeated contact allergen challenge (53). The antigen specificity of

the NK cell response may be because of haptenation of a ligand

on antigen-presenting cells, which is recognized by a correspond-

ing receptor on the NK cell. One may speculate that direct hapten

modification of self-MHC molecules or their presentation of hap-

ten-modified peptides is perceived by NK cells as ‘missing self’

disabling recognition by inhibitory receptors and enabling recogni-

tion of altered, allo-like self-MHC by activating receptors. The

induction of hapten-specific conformational changes may underlie

these processes. In normal CHS, one also finds NK cells in the

inflamed skin, but their contribution to the disease is so far

unclear (51). NK cells are also detected in human skin in ACD to

nickel. It was shown that they are activated by Th1 and Th17 cells

and amplify the inflammatory response. It remains to be shown

whether an upregulation of activating NK receptor ligands because

of chemical-induced cellular stress is involved in NK cell activa-

tion in ACD. Evidence for antigen specificity of the human NK

cell response is missing up to now (54).

Because of the slower kinetics of the priming and polarization

of naive T cells by DCs emigrated from the skin, the T cells arrive

later than innate immune cells in the skin and complete the

hypersensitivity reaction by triggering the elicitation phase. In

mice, an experimental elicitation by a contact allergen challenge

does not seem to be absolutely required, because a primary CHS

occurs with a single application of strong contact allergens (55–

57). These data indicate that thanks to their autoadjuvanticity,

contact allergens induce an innate inflammatory response that

triggers all components required for the priming, polarization and

Martin
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skin homing of effector T cells, at least in the case of strong

contact allergens.

An interesting concept is now developing that links innate and

adaptive cellular responses in the skin. The initial innate cellular

response results in the early recruitment of contact allergen-spe-

cific T cells, which in mice are CD8+ IFN-c producing, cytotoxic

T cells (Tc1). This may also be the case in human ACD in analogy

to early initiator CD8+ T-cell recruitment in atopic skin disease

(58). This antigen-specific T cell–dependent initiation phase is

then followed by an amplification phase, which is in part contact

allergen non-specific and involves NK cells (54) and maybe also

skin NKT cells, that may recognize self-lipids (59), as well as

inflammatory skin cd T cells (48).

Orchestration of innate molecular immune and
stress responses
The identification of the innate immune and cellular stress

response pathways triggered by contact allergens has seen signifi-

cant progress during the last years. These pathways are of great

interest for therapeutic intervention and for the development of in

vitro alternatives to animal testing for the identification of contact

allergens in immunotoxicology (60,61). Most studies focus on

DCs and keratinocytes. Studies in the mouse CHS model have

revealed that contact allergens activate pathways triggered by

pathogens (21–23,62–65), (P. R. Esser, U. Wölfle, C. Dürr, F. D.

von Loewenisch, C. M. Schempp, M. A. Freudenberg, T. Jakob,

S. F. Martin, manuscript submitted for publication.). While nickel

directly interacts with the human TLR4, organic chemical allergens

such as TNCB and oxazolone promote the degradation of HA to

proinflammatory fragments that can be endogenous activators of

TLR2 and TLR4. These findings also demonstrate that degradation

and release of ECM components including HA and biglycan sig-

nals to the innate immune system and thereby contributes to

inflammation (66). Moreover, contact allergens trigger the release

of ATP from skin cells, an endogenous danger signal that activates

the NLRP3 inflammasome via P2X7 to generate mature IL-1b and

IL-18. Interestingly, we found a central role for the functionality

of TLR2, TLR4, IL-12Rb2, ASC, NLRP3 and P2X7 in DCs. Bone

marrow-derived dendritic cells (BMDCs) deficient in any combi-

nation of two of the three receptors TLR2, TLR4, and IL-12Rb2

or a single one of the others lost their ability to induce sensitiza-

tion when modified with the contact allergen TNBS and injected

intracutaneously into wild-type mice. In addition, in all the corre-

sponding knockout mouse strains, CHS cannot be induced by

direct topical sensitization of the mice. However, wild-type

BMDCs successfully sensitized the corresponding knockout mice

(21,23,62,63). These findings underscore the necessity to induce

TLR and inflammasome triggering in DCs for successful sensitiza-

tion to contact allergens and once again illustrate the complemen-

tary interaction of the different pathways and their cooperation in

the induction of skin inflammation. Such interactions are also

observed in infections (67,68).

In addition to TLR and inflammasome activation, oxidative

stress responses are induced by contact allergens that lead to ROS

production and activation of the antioxidant phase 2 response.

This involves Keap1-mediated Nrf2 activation and upregulation of

antioxidant response genes (69,70).

Recent evidence suggests that there is a role for the arylhydro-

carbon receptor (AhR) in CHS. On the one hand, mice lacking

AhR have decreased CHS responses that may be because of a

defect in the maturation of Langerhans cells (71). On the other

hand, some contact allergens such as the prohaptens eugenol and

isoeugenol seem to activate AhR directly and thereby suppress cell

cycle progression as shown in the keratinocyte cell line HaCaT

(72,73). The AhR signalling pathway was also prominent in con-

tact allergen-stimulated human MUTZ-3 cells in genomic studies

(13). The regulation of cell cycle progression may be one physio-

logical function of AhR. Interestingly, some of the xenobiotic

metabolizing enzymes of the cytochrome P450 (CYP) family and

some ABC transporters including multidrug resistance proteins

are regulated by AhR (74,75). This may be of relevance for the

metabolic conversion of chemically non-reactive prohaptens by

CYPs to haptens in the skin (76–78) and their export from skin

cells via multidrug resistance proteins (79,80). Moreover, AhR

contributes to the development of Th17 cells and has an impor-

tant role in the production of IL-17 and IL-22 (81,82). Th17 cells

are also involved in the pathology of CHS (10). Moreover, AhR

plays a role in cd T cells that are a source for IL-17 (83) and is

important for the homeostasis of skin cd T cells (84) that are

involved in skin inflammation (48). It is tempting to speculate on

a role of contact allergens in the polarization of T-cell responses

via the AhR pathway and in the regulation of their own metaboli-

zation and cellular transport in skin cells.

Genomic and proteomic profiling studies of keratinocytes and

DCs unravel new pathways and their interactomes as activated by

contact allergens (15–17). Much work lies ahead of us with respect

to the validation of the identified candidates genes, proteins and

pathways with respect to their relevance in the sensitization pro-

cess of ACD.

Gaps of knowledge and their practical
consequences for immunotoxicology
The problems that arise from our still limited knowledge of the

immune pathology of ACD are not only the lack of causative

treatment strategies but also the difficulty to develop reliable

in vitro alternatives to replace the gold standard animal test in

immunoxicology, the local lymph node assay (LLNA) for the

identification and potency assessment of contact allergens (60).

The 7th Amendment to the Cosmetics Directive is in effect since

March 2009 with exceptions until 2013 and prohibits animal test-

ing for the contact sensitizing potential of cosmetic ingredients

(85). In addition, the testing of 40–60 000 already marketed

chemicals in animal-based tests for their sensitizing potential

because of the EU regulation REACh would require enormous

animal numbers. Product and consumer safety necessitates immu-

notoxicological risk assessment, and the challenge is to develop

in vitro assays that cover the most important steps of the sensitiza-

tion process (60,61). At this point, it is highly likely that only a

combination of assays will be able to cover these different steps

and are needed to develop an optimal integrated testing strategy

(86). The current gaps of knowledge and the reductionism of in

vitro assays that eliminates many factors that play a role in in vivo

sensitization pose a significant problem for accurate risk assess-

ment and the actual predictivity of in vitro assays. Eventually, only

in vivo exposure will tell whether a chemical induces sensitization

(87). In the future, we have to translate our knowledge from the

identification of molecular pathways and interactomes into an

understanding of the impact of the complex interactions of cells
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within the tissue context and the interactions of different tissues

via soluble mediators and migratory cells in the whole organism.

Current assays under development or in prevalidation address

different steps of the sensitization process (Table 2) (60,61,88).

Chemical reactivity of haptens and prohaptens is assessed in the

direct peptide reactivity assay (DPRA) (89–91), DC activation in

the MUSST, hCLAT and PBMDC assays (92,93), keratinocyte

IL-18 production and Keap1 ⁄ Nrf2 activation in the NCTC2544

and KeratinoSens assays, respectively (94–97). Genomic profiling

is performed in the VITOSENS (98,99) and the GARD assay

(13,15). DC migration is tested using a chemokine-based assay

and MUTZ-3-derived Langerhans-like cells (MUTZ-LC) (100).

One of the major shortcomings of all current assays is their inabil-

ity to assess allergen potency. This is a distinctive feature of the

LLNA. The DPRA assay and a tiered approach that combines the

NCTC and the epidermal equivalent (EE) potency assay (101) aim

for this goal. It remains to be seen whether these assays are suited

to provide such information. The most specific assays to identify

putative contact allergens are human T-cell priming assays

(hTCPA) (102–104). Here, chemicals are tested for their ability to

prime naive human T cells. The hTCPA is now also tested for its

ability to assess potency. If there is a correlation between allergen

potency and the frequencies of primed contact allergen-specific T

cells and regulatory T cells (Treg) and their T-cell receptor (TCR)

repertoire diversity, this assay may be useful in this respect (105).

It remains to be determined whether allergen potency really corre-

lates with the size of the T-cell pool or whether the extent of

immune regulation of the T-cell pool is more important. In this

respect, it is interesting that CHS responses that are comparable in

magnitude to those induced by strong contact allergens can be

induced in mice upon repeated sensitization to weak contact aller-

gens and to drugs upon depletion of CD4+ cells (106–108) and in

the hTCPA upon depletion of CD25+ and CD56+ immunoregula-

tory T cells (103). This may indicate the existence of comparably

sized T-cell pools and more efficient suppression of these cells by

immunoregulatory CD4+ cells like Treg and NKT cells in the case

of weak contact allergens. This may, in part, be correlated to the

potential of contact allergens of different potencies to induce skin

inflammation that impacts the balance between effector and Treg

cells (109). However, determination of T-cell frequencies and TCR

repertoires has yet to be performed to clarify this issue. Tightly

linked to the balance between effector and Treg cells is the

strength of the innate inflammatory response. It seems obvious

that allergenic potency strongly correlates with the ability to

induce skin inflammation, which is a prerequisite to break homeo-

static tolerance and induce adaptive immunity. Therefore, estab-

lishment of in vitro assays for the qualitative and quantitative

assessment of the innate inflammatory response to chemical aller-

gens should yield potency information.

A problem arises from the fact that immunotoxicological test-

ing is performed with single compounds and not with mixtures

and formulations or the final product that often contains a com-

bination of weak contact allergens that as single compounds repre-

sent a low risk to cause sensitization. Furthermore, irritants can

often be encountered in the final product as well or in the work-

place. They may facilitate sensitization to contact allergens or

amplify ACD. From a mechanistic point of view, one can envisage

additive or synergistic effects of the combination of several weak

contact allergens that cooperatively cause sufficient inflammation

to overcome a critical threshold and hence allow for sensitization

Table 2. In vitro assays for the assessment of the sensitizing potential of chemicals. Listed are current in vitro assays for the identification of contact allergens. None of
these assays is formally validated, yet

Sensitization step In vitro assay Cell type ⁄ Model End point References

Skin protein modification Direct peptide reactivity
assay (DPRA)

– Peptide reactivity 89–91

Keratinocyte activation NCTC2544 assay NCTC2544 IL-18 production 94,95
Keratinocyte antioxidant
response

Keratinosens assay HaCaT Keap-1 ⁄ Nrf2 activation 96,97

DC activation MUSST U937 Induction of CD86, IL-8 92
hCLAT THP-1 Induction of CD54, CD86 92
PBMDC assay CD14+ monocyte derived DC Induction of CD86 93
Vitosens� CD34+ progenitor derived DC Gene signature 98,99
GARD MUTZ-3 progenitor Gene signature 13,15

DC migration DC migration assay MUTZ-LC CCR5 ⁄ CXCR4 dependent migration 100
Chemical skin toxicity,
tissue stress

EE potency Epidermal equivalent Toxicity, induction of IL-1a 101

T cell priming Human T cell priming
assay (hTCPA)

CD14+ monocyte derived DC
+ autolog. naive human T cells

T cell cytokine production ⁄ proliferation 102–104

Threshold for contact sensitization

Strong autoadjuvanticity (strong contact allergen) 

Weak autoadjuvanticity (weak contact allergen) 

Amplified autoadjuvanticity (weak contact allergen + X)

Co-adjuvanticity (weak contact allergen + X)

Strength of the innate inflammatory response

Substitute adjuvanticity (X)

Figure 3. Hypothetical possibilities for triggering of the innate inflammatory
response in ACD. Strong contact allergens (dark green) exhibit sufficiently strong
autoadjuvanticity to overcome the sensitization threshold, while weak contact
allergens may exhibit insufficient autoadjuvanticity (light green). In the latter case,
amplified autoadjuvanticity may be achieved (dose–response effect), for example,
by irritants such as detergents that may increase skin penetration of the contact
allergen or by other contact allergens, infection or other factors (light green bar).
Alternatively, additive or synergistic effects may overcome the threshold because of
co-adjuvanticity provided by irritants, other contact allergens, microbial pathogen-
associated molecular patterns (PAMPs) because of coincidental infection, by
damage-associated molecular patterns (DAMPs) and other factors that trigger
innate inflammatory signalling (light green ⁄ red bar). In some cases, contact
allergen autoadjuvanticity may be inefficient or missing, for example, because of
genetic polymorphisms that prevent innate signalling or delete interaction sites for
the contact allergen in a critical target protein. In that case, sufficient substitute
adjuvanticity may be provided by other contact allergens, irritants, PAMPs, DAMPs
and other factors (red bar). X = irritants, contact allergens, PAMPs, DAMPs, other
factors (nanoparticles etc.).
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to one or several of the compounds (Fig. 3). Such cooperative

effects have been described in the mouse CHS model (110), and

there is evidence for the clinical relevance of such effects (111–

113). In the case of irritants, one can envisage effects such as the

facilitation of skin penetration, for example, by detergents. This

will increase the local contact allergen concentration and thereby

amplify the insufficient magnitude of the autoadjuvant effect over

the threshold. Irritants may also induce skin inflammation by trig-

gering pathways critical for sensitization and elicitation (Fig. 3).

Some irritants cannot trigger inflammatory responses that may

help to overcome the threshold for sensitization to a weak contact

allergen as shown, for example, for croton oil and suboptimal

doses of TNCB (110), while others are able to do that as shown

for sodium lauryl sulphate and DNTB (64). We must realize that

we lack sufficient knowledge on the action of irritants. Because of

the existence of genomic and proteomic profiling data for contact

allergens and, notably, unpublished data for irritants that are used

as controls in these studies, it is now possible to identify crucial

pathways for skin sensitization to contact allergens, which can also

be triggered by irritants and may, therefore, lead to the amplifica-

tion of ACD. It is to be expected that one will find a certain over-

lap of the genomic and proteomic profiles of some irritants with

contact allergen-specific signatures, but one should also find

pathways that are not triggered by irritants and others that are

exclusively triggered by them.

The important lesson to be learnt from animal testing is that it

has several limitations. Examples are false-positive and false-nega-

tive results for some chemicals in the LLNA or the species-specific

differences for the interaction of nickel with TLR4. Moreover, sys-

tematic testing of the sensitization potential of mixtures and for-

mulations, which may allow additive and synergistic effects of

different compounds, and of the final and marketed product is

lacking. In addition, there are still significant gaps of knowledge

in our understanding of the sensitization process. These evident

problems should therefore warrant better postmarketing and

epidemiologic surveillance.

Genomics and proteomics in basic research and
immunotoxicology
Modern large-scale profiling studies are very powerful in the iden-

tification of contact allergen-specific genomic and proteomic sig-

natures which may help to develop high throughput assays.

However, it may become evident with the increasing number of

substances used in such studies that there is a strong variation in

the profiles with different chemicals that may not allow to identify

a single common contact allergen signature. This may be because

of the wide variety of physicochemical properties of the reactive

compounds that can cause ACD. One way to resolve such issues

may be the grouping of chemicals according to the mechanistic

domains, that is, reaction mechanism for adduct formation with

proteins (114,115). This will be a very interesting approach and

may reveal the existence of class-specific chemical profiles based

on mechanistic domains. In the optimal situation, one would find

common denominators between several or all classes of chemicals

that can be used for the identification of contact allergens. Similar

studies should be carried out with respiratory allergens and drugs

that can cause T cell–mediated hypersensitivities that may have

many commonalities with contact allergens regarding innate

immune and stress responses as well as for irritants.

One of the future tasks of proteomics is the identification of

the hapten proteome, that is, the array of extracellular and cellular

proteins that interact with contact allergens (16). Such studies

have been initiated for the identification of nickel-interacting pro-

teins in human B cells and DNP-modified proteins in human

THP-1 monocytes and RAW264.7 macrophages (116–118). The

aim of these studies must be the identification of the target pro-

teins whose modification by chemical allergens results in the acti-

vation of the pathways that are relevant for sensitization and

elicitation of ACD. Moreover, the identification of the functionally

relevant target sites within these proteins must be identified. These

studies are essential to clarify the molecular basis for the autoadju-

vanticity of chemical allergens.

The ugly, the bad and the good
Besides the ugly adverse effects of contact allergens leading to

chronic eczematous disease or less severe but recurrent ACD, these

chemicals have a good side and can be used for topical immuno-

therapy of skin diseases (119). One example is alopecia areata. In

this skin disease that causes hair loss on the head, contact aller-

gens such as DNCB, diphenylcylopropenone (DPCP) or squaric

acid are used to stimulate hair growth (120). Another example is

the use of contact allergens for chemoimmunotherapy of cutane-

ous melanoma (121,122). In that case, the activation of acute

inflammation by contact allergens may help to break tolerance

mechanisms of the tumor. Moreover, hapten modification of self-

antigens may prime tumor-specific effector T cells that might also

recognize the unmodified self-antigens. This self-reactivity of T

cells may explain the occasional vitiligo-like depigmentations that

are most likely caused by the killing of normal melanocytes pre-

senting such self-antigens on their MHC molecules.

A further interesting, still speculative aspect is the potential use

of contact allergens to better understand and to modulate protein

function. It is likely that some of the PTM introduced by contact

allergens may differ from conventional PTM because of the molec-

ular structure of the chemical and its target sites and specific

amino acids within the protein. We may, therefore, learn that

known protein functions can be further modulated by contact

allergens with regard to the quality and quantity of the resulting

response. A useful comparison may be the variation in disease

phenotypes in the case of mutations of the same protein in differ-

ent protein domains as seen, for example, in IPEX patients with

different mutations in FOXP3 (123–125). Studies in this field of

chemical biology seem interesting and may help to develop drugs

that mimic or prevent contact allergen-dependent modulation of

protein function.

All roads lead to Rome – implications of innate
immune and stress responses to contact allergens
The realization that contact allergens and infectious agents can trig-

ger the same innate immune and stress pathways has important

implications. Infections may be trigger factors for contact sensitiza-

tion and elicitation by either substituting for ineffective or missing

autoadjuvanticity or amplifying weak autoadjuvanticity of contact

allergens helping to surpass a critical threshold for the activation of

the innate immune system (Fig. 3). Evidence for these hypotheses

comes from our experiments rendering BMDCs, which because of

their double deficiency for IL-12Rb2 and TLR4 are incapable of

sensitizing mice for TNCB-induced CHS, competent for sensitiza-

tion by in vitro pretreatment with CpG oligonucleotides, ligands for
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TLR9 (21). This also shows that not necessarily the same PRR

responsible for contact allergen-mediated signalling must be trig-

gered to substitute for ineffective autoadjuvanticity. Other studies

made use of the resistance of mice to nickel-induced CHS because

of the lack of nickel-binding sites in mouse TLR4. The ineffective

autoadjuvanticity was substituted by co-injection of nickel with

LPS (126) or microbial compounds (127,128). In this context, it is

interesting to consider microbial adjuvants that can induce immune

deviation and immunoregulation or tolerance and, therefore, may

help in the design of treatment strategies as suggested by a recent

study (129).

The fact that infections induce TLR signalling and can also lead

to inflammasome activation and ROS production makes the

co-adjuvant ⁄ substitute adjuvant concept of microbial trigger factors

for ACD very attractive. Thus, coincidental infections can provide

exogenous adjuvants (PAMPs) or trigger the production and ⁄ or

release of endogenous danger signals such as DAMPs and may,

thus, substitute for ineffective or missing autoadjuvanticity and

amplify insufficient autoadjuvanticity of contact allergens. Such

effects may not be restricted to bacterial or viral pathogen-associ-

ated molecular patterns (PAMPs) and other proinflammatory

microbe-induced factors but may also include other non-microbial

agents like silica or asbestos crystals as inflammasome activators

(130), nanoparticles (131,132) and many other compounds that can

trigger the relevant innate inflammatory pathways directly or via

the induction of endogenous activators such as DAMPs (Fig. 3). It

is possible that our increased exposure to such exogenous co-adju-

vants in our environment and in consumer products explains in

part the increase in the prevalence of ACD over the last decades.

Conclusion
The emerging theme from basic research in chemical allergy is the

triggering of innate immune and stress responses by contact aller-

gens that are used for antimicrobial ⁄ antiviral defense (10,133).

This does not only apply to chemical allergens but is also observed

for some protein allergens (31,134) and relies on intrinsic autoad-

juvanticity of the allergens. In addition, biogenic cofactors from

the allergen carriers, for example, pollen-associated NADPH oxid-

ases or lipid mediators (135) play a role. These exciting news

teach us new lessons on what makes an allergen an allergen.

Similar mechanisms may be operated by chemical respiratory

allergens and drugs such as b-lactam antibiotics that cause T cell–

mediated adverse reactions (5,108,136). The specific effects of

these chemicals with respect to the type of immune responses may

be because of their intrinsic properties but most likely also due to

the respective tissue microenvironment. The different sets of tissue

stromal cells in the skin, the lung, the gut, the liver and other

organs and the respective immune cells will certainly impact the

outcome of chemical exposure (36,37). This may explain in part

why topically applied chemical respiratory allergens are positive in

the LLNA, but fail to induce ACD. Another, chemical intrinsic

factor is the induction of different cytokine profiles by contact

and respiratory allergens (60,137–141). Interestingly, sensitization

for respiratory hypersensitivity may occur via the skin.

The identification of the defining molecular features of specific

tissue microenvironments, especially on epithelial cells which also

imprint tissue-specific features of immune cells, the so-called

epimmunome, is a major challenge and a very exciting task for

future research (142).

With respect to the treatment of ACD, the revelation of the

complementary action of innate immune and stress pathways

resulting in cooperative induction of skin inflammation opens

new avenues to causative anti-inflammatory treatment strategies.

As shown in the CHS model, blocking a single one of the path-

ways is sufficient to prevent sensitization and in some cases also

elicitation. Future work has to asses the relevance of these path-

ways in the elicitation phase and in chronic ACD. Anti-inflamma-

tory strategies that block more than a single pathway combined

with strategies that get rid of contact allergen-specific effector and

memory T-cell responses, for example, by specific immunotherapy

to re-establish tolerance can be envisaged for the future.

Acknowledgements
I am very grateful to Dr Philipp R. Esser for fruitful discussions and careful

and critical reading of the manuscript. The work reviewed here was

supported in part by a grant of the European Commission as part of the

project ‘Novel Testing Strategies for In Vitro Assessment of Allergens

(Sens-it-iv)’, LSHB-CT-2005-018681.

Conflict of interests
The author declares no conflict of interest.

References
1 Thyssen J P, Linneberg A, Menne T et al. Contact

Dermatitis 2007: 57: 287–299.
2 Peiser M, Tralau T, Heidler J et al. Cell Mol Life

Sci 2012: 69: 763–781.
3 Diepgen T L, Coenraads P J. Int Arch Occup Envi-

ron Health 1999: 72: 496–506.
4 Diepgen T L. Int Arch Occup Environ Health

2003: 76: 331–338.
5 Pichler W J, Naisbitt D J, Park B K. J Allergy Clin

Immunol 2011: 127: S74–S81.
6 Schnuch A, Westphal G, Mossner R et al. Con-

tact Dermatitis 2011: 64: 2–23.
7 Kezic S. Int J Immunopathol Pharmacol 2011:

24: 73S–78S.
8 Grice E A, Segre J A. Nat Rev Microbiol 2011: 9:

244–253.
9 Kong H H, Segre J A. J Invest Dermatol 2012:

132: 933–939.
10 Martin S F, Esser P R, Weber F C et al. Allergy

2011: 66: 1152–1163.
11 Schoeters E, Verheyen G R, Nelissen I et al. Mol

Immunol 2007: 44: 3222–3233.

12 Vandebriel R J, Pennings J L, Baken K A et al.
Toxicol Sci 2010: 117: 81–89.

13 Johansson H, Lindstedt M, Albrekt A S et al.
BMC Genomics 2011: 12: 399.

14 Lindstedt M, Borrebaeck C. Biomark Med 2011:
5: 809–811.

15 Lindstedt M, Nelissen I, Gibbs S et al. Mimicking
the immunoregulatory properties of primary den-
dritic cells in vitro – a rational approach to
design a test system. In: Roggen E L, Weltzien H
U, Hermans H, ed. Progress towards novel test-
ing strategies for in vitro assessment of allergens.
Kerala: Transworld Research Network, 2012: 67–
84.

16 Thierse H J, Budde P, Dietz L et al. Proteomic
Identification of allergen-regulated proteins and
allergen-protein interaction networks in assisting
biomarker and assay development. In: Roggen E
L, Weltzien H U, Hermans H, ed. Progress
Towards Novel Testing Strategies for in vitro
Assessment of Allergens. Kerala: Transworld
Research Network, 2012: 145–166.

17 Gibbs S, Thierse H J, Corsini E. Multifunctional
role of keratinocytes in sensitization. In: Roggen

E L, Weltzien H U, Hermans H, ed. Progress
towards novel testing strategies for in vitro
assessment of allergens. Kerala: Transworld
Research Network, 2012: 35–53.

18 Kadow S, Jux B, Chmill S et al. Future Med
Chem 2009: 1: 1583–1591.

19 Chen G Y, Nunez G. Nat Rev Immunol 2010:
10: 826–837.

20 Martin S F. Allergo J 2011: 20: 81–86.
21 Martin S F, Dudda J C, Bachtanian E et al. J Exp

Med 2008: 205: 2151–2162.
22 Schmidt M, Raghavan B, Muller V et al. Nat

Immunol 2010: 11: 814–819.
23 Weber F C, Esser P R, Muller T et al. J Exp Med

2010: 207: 2609–2619.
24 Lander E S, Linton L M, Birren B et al. Nature

2001: 409: 860–921.
25 Lander E S. Nature 2011: 470: 187–197.
26 consortium T C e s. Science 1998: 282: 2012–

2018.
27 Lodish H F, Zhou B, Liu G et al. Nat Rev Immunol

2008: 8: 120–130.
28 Czech B, Hannon G J. Nat Rev Genet 2011: 12:

19–31.

Martin

ª 2012 John Wiley & Sons A/S

388 Experimental Dermatology, 2012, 21, 382–389



29 Walter P, Ron D. Science 2011: 334: 1081–
1086.

30 Todd D J, Lee A H, Glimcher L H. Nat Rev Immu-
nol 2008: 8: 663–674.

31 Wills-Karp M, Nathan A, Page K et al. Mucosal
Immunol 2010: 3: 104–110.

32 Trompette A, Divanovic S, Visintin A et al. Nat-
ure 2009: 457: 585–588.

33 Termeer C, Benedix F, Sleeman J et al. J Exp
Med 2002: 195: 99–111.

34 Jiang D, Liang J, Fan J et al. Nat Med 2005: 11:
1173–1179.

35 Scheibner K A, Lutz M A, Boodoo S et al. J
Immunol 2006: 177: 1272–1281.

36 Matzinger P. Nat Immunol 2007: 8: 11–13.
37 Matzinger P, Kamala T. Nat Rev Immunol 2011:

11: 221–230.
38 Biedermann T, Kneilling M, Mailhammer R et al.

J Exp Med 2000: 192: 1441–1452.
39 Kneilling M, Mailhammer R, Hultner L et al.

Blood 2009: 114: 1696–1706.
40 Cumberbatch M, Dearman R J, Antonopoulos C

et al. Immunology 2001: 102: 323–330.
41 Dudeck A, Suender C A, Kostka S L et al. Eur J

Immunol 2011: 41: 1883–1893.
42 Engeman T, Gorbachev A V, Kish D D et al. J

Leukoc Biol 2004: 76: 941–949.
43 Le Borgne M, Etchart N, Goubier A et al. Immu-

nity 2006: 24: 191–201.
44 Askenase P W, Szczepanik M, Itakura A et al.

Trends Immunol 2004: 25: 441–449.
45 Askenase P W, Majewska-Szczepanik M, Kerfoot

S et al. Scand J Immunol 2011: 73: 465–477.
46 Komai-Koma M, Gilchrist D S, McKenzie A N

et al. J Immunol 2011: 186: 2584–2591.
47 Hueber A J, Alves-Filho J C, Asquith D L et al.

Eur J Immunol 2011: 41: 2229–2237.
48 Cai Y, Shen X, Ding C et al. Immunity 2011: 35:

596–610.
49 Laggner U, Di Meglio P, Perera G K et al. J

Immunol 2011: 187: 2783–2793.
50 Gray E E, Suzuki K, Cyster J G. J Immunol 2011:

186: 6091–6095.
51 O’Leary J G, Goodarzi M, Drayton D L et al. Nat

Immunol 2006: 7: 507–516.
52 Paust S, Gill H S, Wang B Z et al. Nat Immunol

2010: 11: 1127–1135.
53 Rouzaire P, Luci C, Blasco E et al. Eur J Immunol

2012: 42: 80–88.
54 Carbone T, Nasorri F, Pennino D et al. Eur J Der-

matol 2010: 20: 724–730.
55 Saint-Mezard P, Krasteva M, Chavagnac C et al.

J Invest Dermatol 2003: 120: 641–647.
56 Bonneville M, Chavagnac C, Vocanson M et al. J

Invest Dermatol 2007: 127: 1430–1435.
57 Dudeck A, Dudeck J, Scholten J et al. Immunity

2011: 34: 973–984.
58 Hennino A, Jean-Decoster C, Giordano-Labadie F

et al. J Allergy Clin Immunol 2011: 127: 1064–
1067.

59 Gober M D, Fishelevich R, Zhao Y et al. J Invest
Dermatol 2008: 128: 1460–1469.

60 Kimber I, Basketter D A, Gerberick G F et al.
Toxicol Sci 2011: 120 (Suppl 1): S238–S268.

61 Martin S F, Esser P R. Allergologie 2011: 34:
529–537.

62 Sutterwala F S, Ogura Y, Szczepanik M et al.
Immunity 2006: 24: 317–327.

63 Watanabe H, Gaide O, Petrilli V et al. J Invest
Dermatol 2007: 127: 1956–1963.

64 Watanabe H, Gehrke S, Contassot E et al. J
Immunol 2008: 180: 5826–5832.

65 Klekotka P A, Yang L, Yokoyama W M. J Invest
Dermatol 2010: 130: 184–191.

66 Sorokin L. Nat Rev Immunol 2010: 10: 712–723.

67 Kawai T, Akira S. Immunity 2011: 34: 637–650.
68 Nish S, Medzhitov R. Immunity 2011: 34: 629–

636.
69 Ade N, Leon F, Pallardy M et al. Toxicol Sci

2009: 107: 451–460.
70 Natsch A. Toxicol Sci 2010: 113: 284–292.
71 Jux B, Kadow S, Esser C. J Immunol 2009: 182:

6709–6717.
72 Kalmes M, Neumeyer A, Rio P et al. Biol Chem

2006: 387: 1201–1207.
73 Kalmes M, Hennen J, Clemens J et al. Biol Chem

2011: 392: 643–651.
74 Swanson H I. Chem Biol Interact 2004: 149: 69–

79.
75 Zordoky B N, El-Kadi A O. Curr Drug Metab

2009: 10: 164–178.
76 Bergstrom M A, Ott H, Carlsson A et al. J Invest

Dermatol 2007: 127: 1145–1153.
77 Merk H F, Baron J M, Neis M M et al. Toxicol

Appl Pharmacol 2007: 224: 313–317.
78 Baron J M, Wiederholt T, Heise R et al. Curr

Med Chem 2008: 15: 2258–2264.
79 Heise R, Skazik C, Rodriguez F et al. J Invest Der-

matol 2010: 130: 305–308.
80 Skazik C, Heise R, Ott H et al. Arch Biochem Bio-

phys 2011: 508: 212–216.
81 Veldhoen M, Hirota K, Westendorf A M et al.

Nature 2008: 453: 106–109.
82 Stockinger B, Hirota K, Duarte J et al. Semin

Immunol 2011: 23: 99–105.
83 Martin B, Hirota K, Cua D J et al. Immunity

2009: 31: 321–330.
84 Kadow S, Jux B, Zahner S P et al. J Immunol

2011: 187: 3104–3110.
85 Adler S, Basketter D, Creton S et al. Arch Toxicol

2011: 85: 367–485.
86 Jowsey I R, Basketter D A, Westmoreland C et al.

J Appl Toxicol 2006: 26: 341–350.
87 Friedmann P S, Pickard C. Contact Dermatitis

2010: 63: 237–247.
88 Aeby P, Ashikaga T, Bessou-Touya S et al. Toxi-

col In Vitro 2010: 24: 1465–1473.
89 Gerberick G F, Vassallo J D, Bailey R E et al. Toxi-

col Sci 2004: 81: 332–343.
90 Gerberick G F, Vassallo J D, Foertsch L M et al.

Toxicol Sci 2007: 97: 417–427.
91 Gerberick G F, Troutman J A, Foertsch L M et al.

Toxicol Sci 2009: 112: 164–174.
92 Maxwell G, Aeby P, Ashikaga T et al. ALTEX

2011: 28: 50–55.
93 Reuter H, Spieker J, Gerlach S et al. Toxicol In

Vitro 2011: 25: 315–323.
94 Corsini E, Mitjans M, Galbiati V et al. Toxicol In

Vitro 2009: 23: 789–796.
95 Galbiati V, Mitjans M, Lucchi L et al. Toxicol In

Vitro 2010: 25: 724–732.
96 Emter R, Ellis G, Natsch A. Toxicol Appl Pharma-

col 2010: 245: 281–290.
97 Natsch A, Caroline B, Leslie F et al. Toxicol In

Vitro 2011: 25: 733–744.
98 Lambrechts N, Nelissen I, Van Tendeloo V et al.

Toxicol Lett 2011: 203: 106–110.
99 Hooyberghs J, Schoeters E, Lambrechts N et al.

Toxicol Appl Pharmacol 2008: 231: 103–111.
100 Ouwehand K, Spiekstra S W, Reinders J et al.

Toxicol In Vitro 2010: 24: 578–585.
101 dos Santos G G, Spiekstra S W, Sampat-Sardjoe-

persad S C et al. Toxicol In Vitro 2011: 25: 347–
357.

102 Dietz L, Esser P R, Schmucker S S et al. Toxicol
Sci 2010: 117: 336–347.

103 Vocanson M, Cluzel-Tailhardat M, Poyet G et al.
J Invest Dermatol 2008: 128: 2119–2122.

104 Martin S F, Esser P R, Schmucker S et al. Cell
Mol Life Sci 2010: 67: 4171–4184.

105 Kimber I, Maxwell G, Gilmour N et al. Toxicology
2012: 291: 18–24.

106 Lass C, Vocanson M, Wagner S et al. Exp Der-
matol 2008: 17: 849–857.

107 Vocanson M, Hennino A, Rozieres A et al. J
Invest Dermatol 2009: 129: 1185–1191.

108 Rozieres A, Vocanson M, Rodet K et al. Allergy
2010: 65: 996–1003.

109 Lass C, Merfort I, Martin S F. Exp Dermatol
2010: 19: 1007–1013.

110 Grabbe S, Steinert M, Mahnke K et al. J Clin
Invest 1996: 98: 1158–1164.

111 Bruynzeel D P, von Blomberg-van der Flier M,
van Ketel W G et al. Int Arch Allergy Appl Immu-
nol 1983: 72: 67–70.

112 Pedersen L K, Johansen J D, Held E et al. Con-
tact Dermatitis 2004: 50: 265–273.

113 Bonefeld C M, Nielsen M M, Rubin I M et al.
Contact Dermatitis 2011: 65: 336–342.

114 Roberts D W, Aptula A O. J Appl Toxicol 2008:
28: 377–387.

115 Lalko J F, Kimber I, Dearman R J et al. Toxicol In
Vitro 2011: 25: 433–445.

116 Heiss K, Junkes C, Guerreiro N et al. Proteomics
2005: 5: 3614–3622.

117 Megherbi R, Kiorpelidou E, Foster B et al. Toxicol
Appl Pharmacol 2009: 238: 120–132.

118 Kim D, Kim Y J, Seo J N et al. Immunol Invest
2009: 38: 132–152.

119 Holzer A M, Kaplan L L, Levis W R. J Drugs Der-
matol 2006: 5: 410–416.

120 Singh G, Lavanya M. Int J Trichology 2010: 2:
36–39.

121 Terheyden P, Kortum A K, Schulze H J et al. J
Cancer Res Clin Oncol 2007: 133: 437–444.

122 Berd D. Expert Rev Vaccines 2004: 3: 521–527.
123 Wildin R S, Smyk-Pearson S, Filipovich A H. J

Med Genet 2002: 39: 537–545.
124 Gambineri E, Torgerson T R, Ochs H D. Curr

Opin Rheumatol 2003: 15: 430–435.
125 Gambineri E, Perroni L, Passerini L et al. J Allergy

Clin Immunol 2008: 122: 1105–1112 e1101.
126 Sato N, Kinbara M, Kuroishi T et al. Clin Exp

Allergy 2007: 37: 743–751.
127 Takahashi H, Kinbara M, Sato N et al. Int Immu-

nopharmacol 2011: 11: 1534–1540.
128 Huang L, Kinbara M, Funayama H et al. Int Im-

munopharmacol 2011: 11: 1916–1924.
129 Weise C, Zhu Y, Ernst D et al. Exp Dermatol

2011: 20: 805–809.
130 Martinon F, Mayor A, Tschopp J. Annu Rev

Immunol 2009: 27: 229–265.
131 Chang C. J Autoimmun 2010: 34: J234–J246.
132 Hubbs A F, Mercer R R, Benkovic S A et al. Toxi-

col Pathol 2011: 39: 301–324.
133 Freudenberg M A, Esser P R, Jakob T et al. G Ital

Dermatol Venereol 2009: 144: 173–185.
134 Karp C L. J Allergy Clin Immunol 2010: 125:

955–960.
135 Traidl-Hoffmann C, Jakob T, Behrendt H. J

Allergy Clin Immunol 2009: 123: 558–566.
136 Rozieres A, Vocanson M, Said B B et al. Curr

Opin Allergy Clin Immunol 2009: 9: 305–310.
137 Kimber I, Basketter D A, Dearman R J. Toxicology

2010: 268: 139–142.
138 Dearman R J, Basketter D A, Kimber I. Toxicol

Appl Pharmacol 1996: 138: 308–316.
139 Plitnick L M, Loveless S E, Ladics G S et al. Toxi-

cology 2003: 193: 191–201.
140 Holden N J, Bedford P A, McCarthy N E et al.

Clin Exp Allergy 2008: 38: 1148–1159.
141 De Jong W H, Arts J H, De Klerk A et al. Toxicol-

ogy 2009: 261: 103–111.
142 Swamy M, Jamora C, Havran W et al. Nat Immu-

nol 2010: 11: 656–665.

Contact dermatitis – an update

ª 2012 John Wiley & Sons A/S

Experimental Dermatology, 2012, 21, 382–389 389


