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Purpose of review

To summarize recent findings that highlight the importance of the innate inflammatory
immune responses in contact dermatitis and their role for the adaptive T-cell response
to contact allergens. Implications for anti-inflammatory therapy based on recent
reports are discussed.

Recent findings

Allergic contact dermatitis is studied widely in the mouse model. Recent work has
identified an important role of innate pattern recognition receptors and innate immune
cells in contact hypersensitivity. The role of skin dendritic cells has been studied with
novel approaches for in-vivo depletion. New findings were made in the field of anti-
inflammatory therapy either by uncovering new aspects of pathomechanisms or by the
use of drugs that target different elements of the inflammatory cascade.

Summary

Inflammation is a pivotal element of allergic contact dermatitis. Studies in the mouse
contact hypersensitivity model are beginning to shed light on the still largely unknown
molecular mechanisms that enable contact allergens such as chemicals, metal ions and
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plant compounds to initiate the inflammatory innate immune response. This is a
prerequisite for the adaptive immune response to occur. The recent progress in
research points out the great potential of anti-inflammatory therapy covering a wide
range of molecular targets.
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co-application of an irrelevant contact allergen, that is
oxazolone, together with a suboptimal dose of the specific
hapten 2,4,6-trinitrochlorobenzene (TNCB), was suffi-
cient to trigger elicitation in TINCB-sensitized mice and
vice versa. A recent study confirmed the importance of the
strength of the irritant effect for the development and
severity of CHS [5°]. Thus, a single low dose of 2,4-di-
nitrofluorobenzene (DNFB) resulted in irritant contact
dermatitis (ICD) in C57BL/6 (B6) but not in Balb/c mice.
"This correlated with higher levels of the proinflammatory
cytokines IL.-1B and IL-6 and lower levels of the immu-
nosuppressive cytokine 11.-10 in B6 mice compared with
that in Balb/c mice. The primary CHS response that
developed during the following days after a single hapten
application and peaked on day 6—8 was stronger when
higher doses of DNFB had been applied initially resulting

Introduction

Allergic contact dermatitis (ACD) is well studied in the
mouse contact hypersensitivity (CHS) model [1°]. In this
disease, the activation of the innate immune system is
triggered by contact allergens and generates an early
inflammatory response in the skin [2°]. This is required
to set off the adaptive immune response. T cells, pre-
dominantly of the T'c1, Th1 or Th17 subtype [2°,3°], then
mediate the adaptive inflammatory response in the skin
resulting in the characteristic clinical symptoms and
signs. A great challenge in current research is to identify
the mechanisms underlying the efficient triggering of the
innate immune response by contact allergens.

Inflammation and irritant effect of contact
allergens

T'he so-called irritant effect of contact allergens is the basis
for the induction of an essential inflammatory response.
Classical work by Grabbe ez a/. [4] demonstrated that
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in higher ICD. Using suboptimal concentrations of con-
tact allergens dilutes their irritant effect below a critical
threshold and eventually impacts on the T-cell response
by inducing low zone tolerance (ILZT). This tolerance
is hapten specific and requires [L.-10 producing regulatory
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T cells for induction of immunosuppressive CD8+ T'c2
cells as effectors of LZT [6].

Pattern recognition receptors in innate
immunity to contact allergens

The innate immune system uses different families of
pattern recognition receptors (PRRs) to detect not only
microbial but also endogenous danger signals [7]. The
evidence that such receptors play a role in CHS is still
scarce, but recent findings have demonstrated a role for
members of the Toll-like receptor (TLR) and the Nod-
like receptor (NLR) families of PRRs.

IL-1B and IL.-18 are two important proinflammatory cyto-
kines in CHS. IL.-18 acts upstream of IL.-13 and TNF-a in
the induction of Langerhans cell migration [8°]. It has now
been shown that the processing of the inactive pro-form of
IL-1B and IL-18 is mediated by the inflammasome, a
cytosolic protein complex containing the NACHT, LRR
and pyrin-family member (NALP)3, the adaptor protein
apoptosis-associated speck-like protein (ASC) and pro-
caspase-1[9°]. The inflammasome was detected in human
keratinocytes and dendritic cells [10°*]. The active cyto-
kines are generated via ASC-dependent caspase-1 acti-
vation in response to contact allergens such as TNCB.
Thereafter, the cytokines are released by, for example,
keratinocytes or dendritic cells in the skin. Whether con-
tact allergens can directly activate NLRs like uric acid
crystals [11], ATP or toxins [12], or whether they induce
endogenous NLR ligands is unclear. Although one report
demonstrated a significant decrease in the elicitation of
TNCB-induced CHS in mice lacking ASC or NALP3 [13],
another study found a reduction only in the early effector
but not in the late effector phase following the challenge
[10°°]. Differences in the experimental protocols may
account for the different findings.

A role for the lipopolysaccharide (LPS) receptor TLLR4 in
CHS has been suggested in a study using mice deficient in
the mouse antimicrobial peptide cathelicidin Cnlp [14°°].
These mice mounted an increased CHS response. More-
over, local administration of cathelicidin to the skin before
contact allergen sensitization of wild-type mice prevented
CHS suggesting an anti-inflammatory role of Cnlp. This
inhibition was not observed in TLR4-deficient mice
suggesting that Cnlp acts via TLR4.

Our recent work has identified a role for TLLR2 and TLLR4
in the induction phase of CHS (S.F. Martin ¢7 a/., unpub-
lished observation). Mice with defects in IL-12RB2 are
resistant to CHS in response to TNCB, fluoresceinisothio-
cyanate (FI'TC) and oxazolone upon concomitant deletion
of TLLR4. Similar results are obtained in mice lacking both
TLR2and TLR4. The defective CHS response was due to
a failure of dendritic cells to sensitize for CHS.

It remains to be clarified how contact allergens are sensed
by TLRs and NLRs. Our preliminary data show normal
CHS in germ-free wild-type and IL-12RB2-deficient
mice. This indicates that contact allergens may induce
the generation of endogenous ligands for TLRs in the
tissue microenvironment of the skin.

Innate immune cells as effectors and
regulators of contact hypersensitivity

A surprising result was reported when CHS was induced
in T-cell-deficient and B-cell-deficient RAG2—/— mice.
In this study, hapten-specific CHS to DNFB, oxazolone
and TNCB was readily induced and the strength of the
response was comparable to wild-type mice. The effector
cells were identified as Thyl+ natural killer (NK) cells
expressing Ly49C or Ly491 which are mostly found in the
liver [15]. A role for the activating NK receptor NKG2D
in CHS was demonstrated using anti-NKG2D antibodies
before the challenge of sensitized mice. Whether the
hapten specificity is due to conformational changes
induced by hapten binding to major histocompatibility
complex (MHCQC) class I molecules or bound peptides or
by differential induction of stress-related NK receptor
ligands following tissue damage by contact allergens
recognized by activating or inhibitory NK receptors
remains to be clarified.

Other innate immune cells also contribute to CHS. Thus,
a recent study showed that mast cells are important
suppressors of pathology associated with CHS to DNFB
or urushiol from poison ivy by producing the immuno-
suppressive cytokine IL-10 [16°°]. Mast cell deficient
mice developed more intense and prolonged CHS
responses. Engraftment of these mice with bone marrow
derived wild-type but not IL.-10 deficient mast cells
resulted in normal CHS responses.

Dendritic cells are crucial in contact
hypersensitivity: but which dendritic cell
subset?

The first line of dendritic cells that interact with contact
allergens in the skin are the Langerhans cells in the
epidermis. They have been implicated together with
the dermal dendritic cells to be the important carriers of
allergen and topographical information as they migrate to
the skin-draining lymph nodes. There, they activate naive
allergen-specific T cells and imprint skin-specific homing
receptors that enable the effector and memory T cells to
find their way into the inflamed skin upon allergen chal-
lenge [1°,3°]. Recent studies using genetically engineered
mice that allow depletion of Langerhans cells 7z vivo have
questioned their importance for CHS. Depending on the
depletion system, the haptens and the mouse strains that
have been used Langerhans cells were found as being
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required, dispensable or even immunoregulatory. The
ongoing debate about their importance has recently been
summarized [17°]. Using mice deficient in platelet-
activating factor (PAF) receptor, a new study again claimed
a minor role for Langerhans cells in CHS to DNFB [18°].
PAF is involved in the recruitment of leukocytes during
inflammation. The authors found that in the PAF receptor
deficient mice, CHS to DNFB was normal. Although
migration of Langerhans cells to the skin-draining lymph
nodes was compromised, dermal dendritic cell migration
was unaffected. One of the drawbacks of some these
studies may be the use of high concentrations of contact
allergens which are far from being physiological. T'wo
elegantstudies may help to resolve the controversies raised
here. Bennett ez a/. [19°] addressed the issue of contact
allergen concentration and hapten dependence. They
confirmed their previous studies showing a requirement
for Langerhans cells to generate an optimal CHS response
to TNCB [20] by using oxazolone as a second hapten. It
was shown that in the absence of Langerhans cells, haptens
are inefficiently transported to the skin-draining lymph
nodes. This resulted in inefficient priming of CHS effector
T cells. Another study demonstrated the existence of
Langerin+CD103+CD11b" dendritic cells, a new den-
dritic cell population in the dermis of mice, by comparing
the two models used for in-vivo depletion of Langerhans
cells [21*°]. Transgenic mice expressing the diphteria
toxin A subunit in Langerhans cells (HLang-D'TA mice)
lack epidermal Langerhans cells but still have dermal
Langerin+ dendritic cells. In contrast, mice expressing
the human diphteria toxin receptor in Langerhans cells
(Lang-DTREGFP knock-in mice) loose epidermal and
dermal Langerin+ dendritic cells upon treatment with
diphteria toxin. The CHS response to DNFB was abro-
gated in mice lacking both Langerhans cells populations
but was unaffected in mice lacking only epidermal Lan-
gerhans cells. In summary, epidermal Langerhans cells
may be important for CHS responses when physiological
allergen concentrations contact the skin. They may act in
concert with the newly discovered dermal Langerhans
cells, the origin of which remains to be elucidated. In
the future, systems will likely be developed to deplete
dermal dendritic cells once specific markers for this subset
are identified.

It remains to be seen whether the different dendritic cell
subsets in the skin have highly specialized tasks, which is
not unlikely, and whether they can also fulfil similar
functions in different tissue microenvironments such as
the epidermis and the dermis.

Regulation of skin inflammation by the
endocannabinoid system

T'wo recent reports have elucidated a role for the endo-
cannabinoid system in inflammatory responses in CHS.
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Cannabinoids act via the G protein-coupled cannabinoid
receptors CB1 and CB2. These receptors are expressed
on Langerhans cells and keratinocytes in the epidermis
[22,23°°] and keratinocytes can produce and degrade
endocannabinoids [23°°]. Endocannabinoids are elev-
ated in skin following contact allergen treatment. Appli-
cation of a CB2 receptor antagonist immediately after
sensitization or upon challenge resulted in the marked
suppression of oxazolone-mediated CHS and a reduced
skin infiltration of eosinophils in chronic CHS [22].
In contrast, studies in mice deficient in both CB1 and
CB2 revealed an increased CHS response following a
single or repeated challenges with DNFB. Both recep-
tors were involved as demonstrated by an increased
ear swelling using CB1 or CB2Z selective receptor
antagonists [23°°]. Microarray-based profiling studies
identified large numbers of chemokines and their recep-
tors as being regulated differentially in wild-type or
endocannabinoid receptor knockout mice treated
with DNFB. Thus, the endocannabinoid system may
contain skin inflammation by acting on the recruit-
ment of inflammatory effector cells via the chemokine
system. A highly interesting finding was the reduction
of CHS upon topical application of the cannabinoid
A’-tetrahydrocannabinol. These results encourage the
use of cannabinoid receptor antagonists or inhibitors of
endocannabinoid synthesis as new drugs for the treat-
ment of contact dermatitis and possibly other cutancous
inflammatory diseases.

Anti-inflammatory therapy

Given the pivotal role of inflammation in CHS, strategies
for anti-inflammatory therapy are being developed. Sev-
eral drugs show impressive effects and target different
elements of the innate and adaptive inflammatory cascade.

Recent studies have confirmed the therapeutic potential
of immunosuppressive drugs like glucocorticoids or drugs
that interfere directly or indirectly with the recruitment
of effector cells by targeting the chemokine system or the
adhesion molecules required for homing to the skin. In an
elegant study, Cre/loxP-mediated selective ablation of
the expression of glucocorticoid receptor in macrophages
and neutrophils but not in T cells or keratinocytes
prevented the downregulation of DNFB-induced CHS
by the corticosteroid dexamethasone [24°°]. The effects
were only detectable in the challenge but not in the
sensitization phase. The dexamethasone-mediated re-
duction of the infiltration of oxazolone-treated skin by
neutrophils and granulocytes was significantly impaired in
mice expressing a DNA-binding mutant glucocorticoid
receptor. This was most likely due to the lack of repression
of inflammatory cytokine and chemokine expression upon
glucocorticoid treatment. Other drugs that inhibit these
pathways include nonsteroidal anti-inflammatory drugs
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(NSAIDs) that target, for example, the NF-kB pathway
or COX-1 and COX-2. Furthermore, a-melanocyte-sti-
mulating hormone (a-MSH) related peptides thatact via
G protein-coupled melanocortin receptors have been
shown to target several inflammatory pathways [25°].
N-Acetyl-farnesyl-L-cysteine (AFC) inhibits G protein
and G protein-coupled receptor signalling, thereby inter-
fering with chemotaxis of neutrophils and other cells
involved in inflammation. Topical application of AFC
immediately after ear challenge inhibited DNFB-
induced CHS, and the effect was restricted to the appli-
cation site [26°].

Other drugs target the migration of dendritic cells from
the skin or the homing of the CHS effector cells to the
skin. As an example, the anti-inflammatory drug quina-
crine was shown to inhibit the NF-kB pathway and
prevent the migration of epidermal dendritic cells
[27°]. This correlated with the decrease in the NF-kB-
regulated cytokines TNF-a and IL-1B and the chemo-
kine CCL21 in skin and resulted in a marked reduction of
CHS to DNFB.

In an interesting study, the fluorosugar 4-fluorinated
N-acetylglucosamine (4-F-GlcNAc), a metabolic inhibi-
tor of selectin ligand biosynthesis, was used to down-
regulate expression of the skin-homing receptors
E-selectin and P-selectin ligand on T cells and NK cells.
The latter have been shown to participate in hapten-
specific CHS responses [15]. Oral or intraperitoneal
administration of 4-F-GlcNAc suppressed E-selectin
ligand expression on T cells but not on NK cells
[28°°]. The CHS response to DNFB was significantly
reduced in wild-type but not in Ragl—/— mice. These
data show a dominantrole of skin-homing 'T" cells in CHS
in normal mice, whereas skin-homing NK cells mediate
CHS in Ragl—/— mice that are unable to mount hapten-
specific T-cell responses. Other approaches to interfere
with effector cell homing include the use of monoclonal
antibodies or small molecule inhibitors for adhesion
molecules required for skin homing. The efficacy of
these agents was demonstrated in DNFB-mediated
CHS with antibodies blocking L-selectin or with efomy-
cine M, a known inhibitor of E-selectin-mediated and
P-selectin-mediated leukocyte rolling in blood vessels of
inflamed tissues [29°]. L-Selectin mediates leukocyte
homing to lymph nodes. In this study, it was demon-
strated that efomycine M also interferes with L-selectin-
mediated cell adhesion. Mice injected intravenously
with the blocking antibody or efomycine M were sensi-
tized with DNFB 1 h later and skin-draining lymph node
cells of the sensitized mice were adoptively transferred
to naive recipients on day 5 after sensitization. Ear
challenge of the recipients showed a significant
reduction when the lymph node cells were from pre-
treated donors.

Pathogenic correlations with cutaneous drug
hypersensitivity

Due to the similarities between cutaneous hypersensi-
tivities to contact sensitizers and T-cell-mediated
adverse drug reactions, similar mechanisms of innate
immune activation may also underlie cutaneous drug
hypersensitivity. Formal proof is still scarce, but an
interesting pathway that may be employed by both
types of agents is the phase II response, a cellular
detoxification pathway in response to oxidative stress
and electrophiles [30,31]. This pathway can be triggered
by covalent binding of electrophiles such as contact
sensitizers or drugs or their reactive metabolites to
cysteine residues in the cytosolic protein Kelch-like
Escherichia coli hemolysin (ECH) associated protein 1
(Keap-1). This protein binds to the transcription factor
nuclear factor erythroid 2-related factor 2 (Nrf2). Upon
modification of Keap-1, Nrf2 is released, translocates to
the cytoplasm and activates genes containing antioxi-
dant responsive elements (AREs). Interestingly, this
pathway influences inflammation, the function of den-
dritic cells, production of IL-8 and expression of the
chemokine receptor CCR7 as well as contact hypersen-
sitivity and may also be important in the regulation of
cutaneous drug reactions [32°°,33°°].

Conclusion

Recent work mostly done in the mouse CHS model has
revealed novel aspects of innate and adaptive immune
responses. The exciting finding that PRRs are involved in
contact dermatitis awaits the identification of ligands for
these receptors. Contact allergens may be PRR ligands or
may induce the production of such ligands in the skin
microenvironment. Interestingly, mutations in innate
immune receptors interfere with CHS. This suggests
that genetic polymorphisms of these receptors may deter-
mine the susceptibility to ACD.

The increasing knowledge of the innate and adaptive
pathomechanisms of CHS allows the identification of
new targets for anti-inflammatory therapy.
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