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Purpose of review

Immunological mechanisms in allergic contact

Allergic contact dermatitis is a skin disease resulting from an adverse reaction of the immune system to
low-molecular-weight organic chemicals or metal ions. This review summarizes recent findings that highlight
new details of the complex orchestration of the cellular and molecular immune response to contact

allergens.

Recent findings

Progress has been made in the characterization of the roles of natural killer T (NKT) cells, natural killer
cells, mast cells and neutrophils, as well as in the elucidation of signaling pathways triggered by contact
allergens. Global technologies begin to reveal gene signatures for contact allergen identification and

improved diagnostics.

Summary

Recent progress in contact allergy research has deepened our understanding of the molecular and cellular
pathomechanisms, and opens new avenues towards improved diagnostics and treatments, as well as

prevention and risk assessment strategies.
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Low-molecular-weight organic chemicals and metal
ions cause allergic contact dermatitis (ACD), which
affects 5-10% of the general population and is one
of the most important occupation-related skin dis-
eases. Chemicals that cause ACD must be protein-
reactive. By covalent protein modification in the
case of organic chemicals or by complex formation
with proteins in the case of metal ions, they form
T-cell epitopes. The molecular details of T-cell
recognition have been elucidated for some contact
allergens, and T-cell-based in-vitro assays for the
identification of contact allergens are being devel-
oped [1,2]. Protein reactivity is also required for the
activation of the innate immune response, which is
an essential element of ACD [3,4]. Progress is being
made in the understanding of the role of different
immune cell types and their interplay, as well as in
the identification of signaling pathways and their
mechanisms of activation by contact allergens.
Here, I review a selection of the recent findings that
deepen our understanding of the orchestration of
the cellular and molecular immune response to
contact allergens.
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The most recent example for newly emerging aller-
gens in consumer products is the preservative meth-
ylisothiazolinone (MI) [5,6]. MI is used alone or in
combination with methylchloroisothiazolinone
(MCI) in many products such as cosmetics and
paints. The recent ‘epidemic’ of ACD caused by
MI clearly shows the limitations of the in-vivo
and in-vitro assays for the identification of contact
allergens, of the final product testing, as well as the
importance of considering exposure conditions and
concentrations used in consumer products and in
patch testing. Interesting approaches to reduce
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KEY POINTS

e DETC and NKT cells are important effector/regulatory
cells in allergic contact dermatitis.

e Mast cells and neutrophils are essential for the
sensitization and elicitation phase of allergic contact
dermatitis.

o Contact allergens trigger DAP12/Syk/CARD9
signaling.

e Human Toll-like receptor (TLR)4, Keap1 and TRPA1 are
functional targets of contact allergens.

e Genomic profiling of cell lines and skin uncovers
chemical and disease-specific gene signatures of
contact allergens.

the risk of skin sensitization are the chemical
modification of known contact allergens to generate
less allergenic molecules. In the case of p-phenyl-
enediamine (PPD), which is a contact allergen con-
tained, for example, in hair dyes, addition of a
2-methoxymethyl side chain reduced its sensitizing
potency [7°]. A recent study [8] showed that a sig-
nificantly lower number of PPD-allergic individuals
reacted to methyl-PPD as compared with their
PPD reactivity. A similar approach resulted in the
reduction of the sensitization capacity of epoxy resin
monomers [9%]. These strategies reveal the import-
ance of the mechanistic understanding of the chem-
istry and biological effects of contact allergens which
aids in the development of in-vitro assays for the
identification of contact allergens, novel diagnostic
techniques and therapies for contact dermatitis.

Mouse epidermis harbors a vd T cell receptor
(TCR)-expressing T-cell population called dendritic
epidermal T cells (DETCs) [10]. Recently, they were
identified as producers of interleukin (IL)-17, a pro-
inflammatory cytokine that is involved in attracting
neutrophils [117]. The activation of DETCs by con-
tact allergens seems to involve IL-1B produced by
keratinocytes and up-regulation of an as yet unde-
fined ligand for the yd& TCR [12]. As shown pre-
viously [13], this study also confirmed that
blocking IL-1B by the IL-1 receptor antagonist
Anakinra inhibited contact hypersensitivity (CHS)
underlining the central role of this cytokine. Thus,
both dermal v T cells [14] and epidermal DETCs are
a source of IL-17 in skin inflammation. In humans,
dermal v3 T cells with pro-inflammatory activities in
psoriasis have been identified [15].
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Natural killer (NK) cells are found in murine and
human ACD skin. They are pro-inflammatory cells
in human ACD due to their rapid interferon (IFN)-y
production, which amplifies the T-cell response
[16]. A subset of liver-derived CD49a+DX5— NK
cells was now shown to mediate CHS to oxazolone
in mice [17"]. Transfer of this subset isolated from
the liver of oxazolone-sensitized T/B-cell-deficient
recombination activation gene (RAG) knockout
mice allowed induction of CHS in recipient mice
following oxazolone application to the ear skin.
Another study demonstrated a role for DX5+ liver
NK cells in mediating antigen-specific CHS in severe
combined immunodeficiency mice and in RAG
knockout mice. This response was dependent on
[L-12, IFN-y and IL-la receptor expressed by the
transferred CHS-inducing cells [18]. These studies
[19,20] underline the memory-like properties of NK
cells and demonstrate that they can induce an anti-
gen-specific CHS-like skin disease as previously
shown. The origin of the NK cells contributing to
T-cell-mediated CHS is not clear, but it is likely that
liver-derived NK cells also play a role here. However,
in human ACD, no antigen-specificity of the NK
cells was detected [16].

NKT cells recognize lipid antigens on major
histocompatibility complex I-like CD1d molecules.
They can be effector cells as well as immunoregula-
tory cells [21,22]. In mice, CD1d-restricted invariant
NKT (iNKT) cells expressing an invariant aff TCR
play a role in CHS [23]. They were recruited to the
skin in 2,4-dinitrofluorobenzene (DNFB)-induced
CHS in CS57BL/6 mice, required activation by
CD11c+CD1d+ dendritic cells and CD8+ T-cell-
derived IFN-vy, and suppressed CHS by their expres-
sion of IL-4 and IL-13. Mice lacking iNKT cells had
exacerbated CHS responses. This study identified
iNKT cells as important regulatory cells which, inde-
pendently of Foxp3+ regulatory T cells, but in con-
cert with them, limit CHS. In another study [247], it
was shown that NKT cells can also be effector cells in
the CHS response to DNFB in Balb/c mice. Mice
lacking NKT cells had significantly reduced CHS
responses due to impaired dendritic cell maturation,
lymph node migration and decreased T-cell prolifer-
ation and cytokine production. In conclusion, these
data demonstrate strain-dependent roles of NKT
cells and highlight the important communication
between the liver and the skin in CHS. Part of this
communication may be the rapid accumulation of
stimulatory lipids in the liver that rapidly and effi-
ciently activate CD1d-restricted NKT cells. It was
speculated that these lipids may be derived from
the skin in CHS [25].
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Mast cells are found in large numbers in the dermis
[26,27]. They are important for the recruitment of
neutrophils in the elicitation phase of CHS [28]. In
mast cell-deficient mice and mice with inducible
mast cell ablation, the early ear swelling response,
which occurs a few hours after ear challenge of
DNEFB-sensitized mice, was completely absent and
CHS was significantly reduced. This response was
dependent on mast cell-derived histamine [29]. We
have now shown that neutrophils are already
required in the sensitization phase of CHS [30]. In
their absence, due to genetic deficiency or antibody
depletion, dendritic cell migration to and T-cell
priming in the skin draining lymph nodes were
significantly impaired. Also, here the recruitment
of neutrophils to the skin was mast cell-dependent.
In the elicitation phase, neutrophil deficiency abro-
gated the recruitment of adoptively transferred
effector T cells. These studies indicate rapid mast
cell activation in the skin by contact allergens and a
subsequent mast cell-dependent neutrophil recruit-
ment that is required for the lymph node migration
of skin dendritic cells in the sensitization phase as
well as for the recruitment of effector T cells in the
elicitation phase.

One of the most recent T-cell subsets identified in
ACD is the T helper (Th)9 cell. These T cells are skin-
homing or skin-resident cells and produce mostly
IL-9 [31]. Th9 cells were found in lesional skin in
psoriasis. In that study [32], they had pro-inflam-
matory activity since blockade of IL-9 reduced IFN-v,
IL-13 and IL-17 production by cutaneous lympho-
cyte antigen+ Th cells in vitro. Another study [33"]
identified IL-9 and PU.1+CD4+ T cells, consistent
with Th9 cells, in patch test biopsies from patients
with ACD to different allergens. Peripheral blood T
cells from patients produced IL-9 in response to
nickel. Blocking IL-9 reduced IL-4 and increased
IFN-y levels in vitro. 1L-9-deficient mice showed
increased CHS to DNFB and elevated levels of
IFN-v in ear skin. Interestingly, IL-9-deficient mice
had reduced irritant contact dermatitis (ICD) in
response to croton oil [33*]. This study identified
Th9 cells as new players in ACD and demonstrated a
regulatory role due to the action of IL-9 on the Th1/
Th2 cytokine expression with a direct regulation of
IFN-y expression. Thus, IL-9 can have pro-inflamma-
tory or regulatory activities. This may depend on the
context in which this cytokine is produced. Future
work will have to solve the current controversies.
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The elicitation of CHS depends on the activation of
contact allergen-specific effector/memory T cells in
the skin. In CHS to DNFB inducible clusters of
dermal dendritic cells are formed in the perivascular
regions of the skin. These clusters support antigen-
specific proliferation and IFN-y production of
CD8+ T cells in an leukocyte function associated
molecule-1/intercellular adhesion molecule-1-
dependent manner [34™]. In that study, CD4+ T
cells showed only a low proliferation and Langer-
hans cells were dispensable for CD8+ T-cell acti-
vation. The formation of dendritic cell clusters was
dependent on mast cells and on IL-1a which may
derive from keratinocytes. IL-1a-induced CXCL2 in
IL-1R-expressing M2 macrophages was required for
dendritic cell cluster formation. The clusters were
maintained by antigen-specific T cells which accu-
mulated to proliferate and produce [FN-vy in situ.

Chronic ACD is suspected to promote skin can-
cer development as reported for an invasive squa-
mous cell carcinoma associated with chronic ACD
to an orthopedic implant [35"]. In a mouse model of
chronic ACD and application of a tumor promoter it
was shown that epidermal hyperplasia and inflam-
mation, as well as the development of tumors, were
dependent on GATA3+ Th2 type T cells. The levels
of IL-4 and IL-6, and the number of M2 macro-
phages, mast cells and blood vessels were markedly
increased. These observations clearly show that
chronic ACD creates an inflammatory milieu that
can promote tumorigenesis.

Since ACD is mediated by T cells, immunotherapy
approaches that induce T-cell tolerance are studied.
A recent study has shown that tolerization of mice
by injection of isogenic erythrocytes modified with
the contact allergens 2,4,6,-trinitrochlorobenzene
(TNCB) or oxazolone-induced CD8+ suppressor T
cells which release exosome-like nanovesicles. These
may act on the T cells or the antigen-presenting cells
[36™]. The nanovesicles contained microRNA-150
(miR-150), and they were coated by contact aller-
gen-specific antibodies or light chains which may
derive from B-1 B cells. Systemic application of
nanovesicles suppressed CHS even when injected
in the elicitation phase. Nanovesicles from immu-
noglobulin-deficient joining heavy or microRNA
(miR)-150-deficient mice treated with contact
allergen-modified erythrocytes were not suppres-
sive. However, their activity was restored by adding
back contact allergen-specific antibodies or miR150,
respectively. A role for Foxp3+ regulatory T cells
(Treg) was ruled out by showing functional
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tolerance induction in depletion of regulatory T
cells mice which lack Treg by depletion with
diphtheria toxin.

Contact allergens such as TNCB fail to fully activate
dendritic cells in vitro due to a lack of tissue-derived
signals such as TLR2/4-activating fragments of hya-
luronic acid [3,37]. The important role of hyaluronic
acid fragments as contact allergen-induced damage
associated molecular patterns (DAMPs) in CHS was
now underlined by a study [38%] in mice overex-
pressing human hyaluronidase 1 in keratinocytes.
Constitutive overexpression resulted in inhibition
of CHS due to the depletion of epidermal and
dermal dendritic cells, most likely a consequence
of ongoing inflammation due to overproduction of
hyaluronic acid fragments. Inducible overexpres-
sion at the time of sensitization of mice with the
contact allergen DNFB resulted in exacerbated CHS
due to increased production of pro-inflammatory
hyaluronic acid fragments. All effects were abro-
gated in mice lacking TLR4. These results are in line
with our previous studies in which we observed
enhanced CHS after injection of low doses and
abrogation of CHS after injection of high doses of
active hyaluronidase into the skin of C57BL/6 mice
[37]. The activation of IL-18 production in the
human keratinocyte cell line NCTC2544 by contact
allergens in vitro was recently shown to depend on
hyaluronic acid breakdown [39]. Contact allergens
up-regulated hyaluronidases and metabolism of
hyaluronic acid. Blocking this breakdown prevented
IL-18 production as did antioxidants. These data
illustrate the contact allergen-dependent reactive
oxygen species (ROS) and hyaluronidase-mediated
hyaluronic acid breakdown, and the immune stimu-
latory role of the hyaluronic acid fragments in skin
cells and CHS [37,38"].

The nuclear high mobility group protein Bl
(HMGB1) is another DAMP that can act via TLR4.
Galbiati et al. [40] have now shown that HMGBI1 is
released from NCTC2544 keratinocytes upon stimu-
lation with different contact sensitizers and partici-
pates in the triggering of IL-18 production. These
findings underline the important role of endogen-
ous danger signals and DAMPs for activation of
innate immune responses by contact allergens.

ROS regulate many aspects of the immune
response to contact allergens. A recent study [417]
demonstrated a role for ROS in the opening of
pannexin 1 hemichannels involved in the release
of ATP from HaCaT keratinocytes. Extracellular ATP
contributes to the activation of the NOD-like
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receptor protein 3 (NLRP3) inflammasome via the
purinergic receptor P2X7R in CHS [13]. Interest-
ingly, ROS production, ATP release and cell death
as measured by lactate dehydrogenase release and
propidium iodide positive cells triggered by the
organic contact allergens DNCB, diphenylcylopro-
penone (DPCP) and 4-nitrobenzylbromide (4-NBB)
were sensitive to N-acetylcysteine (NAC) anti-
oxidant treatment. NiCl, and the irritants sodium
dodecylsulfate (SDS) and lactic acid induced cell
death which was not prevented by NAC. These
results indicate that thiol reactivity of nonmetal
contact allergens is crucial for the ROS-mediated
ATP release involving the opening of pannexin 1
hemichannels. Treatment of mice with a pannexinl
inhibitor before sensitization reduced the CHS
response to DNCB.

Nickel and cobalt ions can directly trigger TLR4
dimerization and nuclear factor kappa B (NF-«kB)
activation in ACD [42]. Now it has been shown that
nickel can also activate the NLRP3 inflammasome
resulting in the production of mature IL-1B [43"].
Also, in this study [44], an important role for ROS
was demonstrated. The TLR4 of mice lacks the
metal-binding sites. Therefore, induction of CHS
to nickel in mice requires the injection of nickel
and an adjuvant such as lipopolysaccharide (LPS). A
TLR4-independent, but MyD88 and IL-1B-depend-
ent, CHS model for nickel was recently reported
[45"]. Here, nickel in petrolatum was repeatedly
applied epicutaneously to the skin of mice. This
resulted in CHS which was absent in MyD88-
deficient mice or mice treated with the IL-1 receptor
antagonist Anakinra. Mice lacking TLR4 still
mounted CHS with this protocol. Nickel stayed in
the epidermis for more than 20h in contrast to a
more rapid clearance and distribution in epidermis
and dermis upon skin injection. This study implies
that prolonged exposure to nickel overcomes the
need for TLR4 stimulation. Alternative inflamma-
tory stimuli may be given as a consequence of
nickel-induced tissue damage and stress via DAMPs
and other TLRs triggering MyD88-dependent signal-
ing and inflammasome activation [46].

A direct in-vitro activation of dendritic cells by
2,4,6-trinitrobenzene sulfonic acid (TNBS) has now
been shown by Yasukawa et al. [47""]. They ident-
ified a DAP12/Syk/Card9-dependent signaling
cascade that was triggered by contact allergens
and resulted in NF-«B activation. Furthermore, acti-
vation of the NLRP3 inflammasome and production
of the essential IL-13 were dependent on Syk-
mediated, but CARD9-independent, control of
ROS production. CARD9-deficient mice and mice
with a dendritic cell-specific deficiency of DAP12,
Syk or CARDY9 were resistant to CHS induced by
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TNCB. Moreover, dendritic cells lacking CARD9
failed to sensitize wild-type mice for CHS. It will
be of interest to identify whether an upstream recep-
tor is directly activated by TNBS modification to
transmit a signal via the DAP12 adaptor protein.
Mizukami et al. [48] demonstrated a role for the
mitogen activated protein (MAP) kinase Apoptosis
signal-regulating kinase 1 (ASK1) in CHS. ASK1
mediates the activation of p38 MAP kinase. Mice
lacking ASK1 had strongly impaired CHS responses
to DNEFB or fluorescein isothiocyanate, and lymph
node cells from sensitized ASK1-deficient mice
failed to transfer CHS to recipient wild-type mice,
whereas sensitized wild-type cells induced CHS in
the ASK1-deficient recipient. T-cell proliferation
in vitro was normal as was IFN-y production. How-
ever, IL-17 production was absent in CD4+ T cells
after sensitization. Pharmacological ASK1 inhi-
bition prior to elicitation of CHS strongly attenuated
the response. It remains to be shown which T-cell
subset is functionally impaired in CHS and whether
the reduction of IL-17 is responsible for the pheno-
type. The results of ASK1 inhibition are in line with
studies in the CHS model, demonstrating prevention
of sensitization to TNCB by blocking p38MAPK [37].
This pathway is involved in the up-regulation of
hyaluronidase activity which is an important
element of the innate inflammatory response in CHS.

Up to now, only three target proteins for functional
contact allergen modification have been identified.
Human TLR4, the receptor for LPS from the cell walls
of gram-negative bacteria, directly binds nickel and
cobalt ions. The complex formation of these metal
ions with histidine residues induces TLR4 dimeriza-
tion and activation of the signaling cascade, leading
to the activation of NF-«kB [42]. Palladium was now
shown to also act via TLR4 [49].

The cytosolic sensor for oxidative and electro-
philic stress, Keap1, is modified by organic chemical
allergens that bind covalently to cysteine residues.
That triggers the antioxidant phase 2 response via
activation of the transcription factor Nrf2. Failure of
the Keapl/Nrf2 pathway in Nrf2-deficient mice
results in facilitated sensitization and increased
CHS to lower doses of contact allergens and in
induction of CHS to weak allergens that normally
fail to induce CHS [50]. These data clearly underline
the importance of oxidative and electrophilic
stress in determining thresholds for inflammatory
responses.

The transient receptor potential ankyrin
(TRPA1) channel, a cation channel of the plasma
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membrane of sensory neurons, and also of kerati-
nocytes and fibroblasts, plays a role in itching and
pain. TRPA1 triggering also has pro-inflammatory
effects. DNFB and cinnamal can activate TRPA1
[51,52%]. Mice lacking TRPA1 or treated with
pharmacological TRPA1 inhibitors had reduced
CHS responses to oxazolone [53]. Several pro-
inflammatory cytokines, peptide mediators and
pruritogens were reduced in the skin of these mice.
Levels of endogenous TRPA1 antagonists such as
4-hydroxy-2-nonenal (HNE) were elevated. HNE is
a product of membrane lipid oxidation by ROS,
which are important mediators in CHS.

Global gene expression analysis using array techno-
logy is a promising strategy for the identification of
gene signatures that characterize contact allergens
and irritants, as well as subtypes of eczema such as
ACD or atopic eczema. Stimulation of human
MUTZ-3 dendritic cell progenitor cells with different
contact allergens identified a predictive gene signa-
ture for the identification of contact allergens
[54,55]. Grouping of contact allergens according
to their reaction mechanisms identified 33 signaling
pathways involved in sensitization. A correlation
between sensitizing potential and reactivity groups
and the number of signaling pathways engaged was
revealed that may allow potency assessment [56"].

Gene expression analysis of human skin per-
formed with biopsies from patch tests of patients
with ACD to nickel, fragrance or rubber revealed an
allergen-specific regulation of gene expression with
an overlap of 149 genes common to all three aller-
gen groups [57*%]. Whereas nickel induced a Th1-
dominated gene profile, fragrance and rubber
induced a Th2-dominated polarization. Th9-related
genes were similarly regulated by all three allergen
groups. In another study [58™], in patients with
both psoriasis and nonatopic or atopic eczema,
eczema subtypes and psoriasis could be differenti-
ated by a two-gene classifier using C-C motif
ligand 27 and nitric oxide species. Expression profil-
ing of positive nickel patch test biopsies from a
subgroup of these patients with nickel sensitization
revealed characteristic changes in the expression of
genes related to skin barrier (down-regulation of late
differentiation markers of the late cornified enve-
lope (LCE)2 and LCE3 families, up-regulation of
extracellular matrix proteins hyaluronic acid syn-
thetase 3 and epithelial stromal interaction 1) and
acute inflammation (up-regulation of IL-1B, AIM2
inflammasome, the Thl-associated chemokines
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CXCLS, 9, 10, 11) in comparison to noninvolved
skin.

The recent progress in our understanding of the
pathogenesis of contact dermatitis has provided
important new insights into the orchestration of
the cellular and molecular immune response to
chemical allergens. Along with genomic and prote-
omic profiling studies, important pathogenesis
pathways will become amenable for therapeutic
targeting and for use in in-vitro assay development
for contact allergen identification. Disease and con-
tact allergen/irritant specific gene signatures will
provide invaluable information for the develop-
ment of modern diagnostics and of targeted, mech-
anism-based therapies.
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