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Abstract

Irritant contact dermatitis (ICD) and allergic contact dermatitis (ACD) are common skin disorders that are characterized by
inflammation, oozing, crusting, and pruritus. Atopic dermatitis (AD) is an inflammatory skin disease characterized by immune
and barrier abnormalities and is additionally a risk factor for acquiring ICD and ACD. New work on allergic sensitization to
common allergens (e.g., nickel and fragrance) in human skin has shown that different allergens have distinct molecular finger-
printing. For example, nickel promotes strong Th1/Th17 polarization, whereas fragrance allergy causes Th2/Th22 skewing,
which is similar to the phenotype of AD. While ACD has previously been considered to be constant across all allergens, largely
based on mouse models involving strong sensitizers, these new data suggest that ACD differs mechanistically according to
allergen. Further, ACD in the setting of concurrent AD shows a different and attenuated phenotype as compared to healthy
individuals with ACD, which influences the way AD patients respond to vaccination and other treatment modalities. As in
contact sensitization, skin challenged by food patch testing shows that common food allergens (e.g., peanut and barley) also cause
distinct immune polarizations in the skin. Additionally, house dust mite reactions in human skin have been profiled to show
unique Th2, Th9, and Th17/22 activation as compared to controls, which are similar to the phenotype of psoriasis and contact
responses to nickel. Given this information, ACD patients should be treated based on their unique allergen polarity. Refined
understanding of the molecular behavior of contact dermatitis and related diseases translates to improved methods of inducing
tolerance in sensitized allergic patients, such as with targeted drug therapy and epicutaneous immunotherapy.

Keywords Contact hypersensitivity - Allergic contact dermatitis - Irritant contact dermatitis - Atopic dermatitis - Immune
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Abbreviations LC Langerhans cells

ACD Allergic contact dermatitis LN Lymph node

AD Atopic dermatitis MADAD  Meta-analysis derived atopic dermatitis
CD Contact dermatitis SLS Sodium lauryl sulfate

dDC Dermal dendritic cells TEWL Trans-epidermal water loss
DEG Differentially expressed genes Treg Regulatory T cell

DNCB Dinitrochlorobenzene TSLP Thymic stromal lymphopoietin
EPIT Epicutaneous immunotherapy

FLG Filaggrin

HDM House dust mite

IDEC Inflammatory dendritic epidermal cell Introduction

ICD Irritant contact dermatitis

Contact dermatitis (CD) is an inflammatory skin disease

characterized by erythema, edema, oozing, crusting, vesi-
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considered the most common inflammatory skin disease
[4, 5], have an increased risk of developing CD, both ICD
[6] and ACD [7]. Through recent advances in molecular
profiling, new understanding of differential reactions to a
variety of allergens in both AD and non-AD individuals
has been attained, thus paving the way for innovative
therapeutic methodologies that target unique immunologic
pathways for patients.

Mechanisms Underlying Irritant Contact
Dermatitis and Allergic Contact Dermatitis

ICD develops on skin sites exposed to irritant (either cyto-
toxic or chemical) agents. Direct skin damage by the irri-
tant agent activates the body’s innate immune system,
which rapidly deploys a stream of pro-inflammatory cyto-
kines to mediate the injury [7—11] (Fig. 1). At the molec-
ular level, toxins directly compromise keratinocytes, which
subsequently release the innate immune mediators IL-1«,
IL-13, TNF-&, GM-CSF, and IL-8. These cytokines acti-
vate Langerhans cells (LC), dermal dendritic cells (dDC),
and endothelial cells, and the total effect is recruitment of
neutrophils, lymphocytes, macrophages, and mast cells to
sites of damage [7]. This sequence has been experimentally
modeled using sodium lauryl sulfate (SLS), a toxin that
causes similar damage to the keratinocyte as in ICD [7,
12]. Studies investigating a genetic susceptibility to ICD
have pointed to a potential TNF-a polymorphism, though
the relationship is still unclear [13—16]. Elimination of the
irritant agent is often beneficial, and emollients and topical
and systemic immune modulators (corticosteroids, tacroli-
mus, and pimecrolimus) can attenuate the inflammatory
response [7].

Whereas ICD does not involve antigen-/allergen-specific T
cells, allergic contact dermatitis is a type IV delayed-type
hypersensitivity reaction caused by skin contact with hap-
tens, or non-protein contact allergens [7, 11, 17]. ACD skin
responses are characterized by oozing, bright-red lesions
during the acute phase, and dull-red, scaly, lichenified le-
sions in the chronic phase [7]. The development of ACD is
a two-phase process. In the first phase, or the sensitization
phase (also called the afferent or induction phase), allergen
contact with the skin induces the same innate-immunity
cascade as in ICD, with the release of IL-1«, IL-103,
TNF-o, GM-CSF, and IL-8 and activation of LCs and
dDCs [7, 11, 18]. At this point, however, the hapten is
engulfed by LCs or dDCs, and the hapten-peptide com-
plexes migrate to regional lymph nodes (LNs), where they
prime hapten-specific T cells (Th1l, Th2, Th17, and Treg
cells) that proliferate and circulate in the blood, producing
hapten-specific immunoglobulins [11, 19, 20]. Upon sec-
ond exposure to the hapten, the elicitation phase (also
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called the efferent or challenge phase) occurs. The hapten
diffuses into the skin and is recognized by the now-sensi-
tized, hapten-specific T cells. These T cells trigger an in-
flammatory cascade of cytokines and cellular infiltrates
and further stimulate keratinocytes to produce the clinical
symptoms of ACD. Tables 1 and 2 summarize studies that
have investigated the pathogenesis of ICD and ACD,
respectively.

Allergic Contact Dermatitis Is Not a Single
Process from an Immunological Standpoint;
Instead, It Differs According to Distinctive
Allergens

A bulk of evidence about ACD pathology stems from
mice models. Mice react to strong skin sensitizers (fluo-
rescein isothiocyanate [21], dinitrochlorobenzene [30],
diphenylcyclopropenone, dinitrofluorobenzene, and
trinitrochlorobenzene [17]), but not to weak sensitizers
that are clinically relevant to human ACD, such as nickel
and fragrance [22, 23, 30, 31]. These prior mouse-based
studies assumed that molecularly, ACD is a single immu-
nological process rather than an allergen-specific one and
suggested a largely Th1/Thl7-skewed profile of ACD
[31, 32].

Dhingra et al. (2014) advanced the understanding of the
ACD fingerprint in humans by investigating the most com-
mon contact allergens with molecular and cellular analyses in
patch-tested skin from ACD patients [17]. They challenged
human skin with the 15 most common allergens of the
North American Contact Dermatitis Group (nickel sulfate,
balsam of Peru, fragrance mix, quaternium-15, neomycin,
bacitracin, formaldehyde, cobalt chloride, methyldibromo
glutaronitrile/phenoxyethanol, p-phenylenediamine, potassi-
um dichromate, carba mix, thiuram mix, diazolidinylurea,
and 2-bromo-2-nitropane-1,3-diol) [33] and via analysis of
skin biopsies and found that different allergens generated
unique immune polarizations. Nickel induced innate immuni-
ty and Th1/Th17 polarization, while fragrance (and rubber, to
a lesser extent) induced Th2/Th22 polarization with a weaker
Th1/Th17 axis [17]. The fragrance molecular profile is es-
pecially compelling as it has phenotypic similarities to
that of AD, whose hallmark is Th2/Th22 activation with
some Th1/Th17 components in a pro-inflammatory cyto-
kine milieu [5, 34]. Dhingra et al. (2014) thus demonstrat-
ed that from an immunological standpoint, ACD is not a
single process, but rather differs mechanistically accord-
ing to allergen. This concept holds therapeutic relevance
for CD, as consideration of sensitivity to a specific aller-
gen would guide treatment decisions to achieve more ef-
ficient, targeted-therapy for patients, rather than to treat
all ACD patients in a uniform fashion.
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Fig. 1 Immune mechanism in the pathogenesis of ICD, ACD, and AD. a
In patients with ICD, exposure to an irritant exerts toxic effects on
keratinocytes, activating innate immunity with the release of IL-1«, IL-
13, TNF-a, GM-CSF, and IL-8 from epidermal keratinocytes. In turn,
these cytokines activate LCs, dDCs, and endothelial cells, all of which
contribute to cellular recruitment to the site of keratinocyte damage.
Infiltrating cells include neutrophils, lymphocytes, macrophages, and
mast cells, which further promote an inflammatory cascade. b In the
sensitization phase of ACD, similar to ICD, allergens activate innate
immunity through keratinocyte release of IL-1«x, IL-13, TNF-a, GM-
CSF, IL-8, and IL-18, inducing vasodilation, cellular recruitment, and
infiltration. LCs and dDCs encounter the allergen and migrate to the
draining LNs, where they activate hapten-specific T cells, which include
Thl, Th2, Th17, and regulatory T (Treg) cells. These T cells proliferate
and enter the circulation and site of initial exposure, along with mast cells
and eosinophils. On re-encountering the allergen, the elicitation phase
occurs, in which the hapten-specific T cells, along with other inflamma-
tory cells, enter the site of exposure and, through the release of cytokines

Contact Hypersensitivity Reactions

in the Setting of AD: How Having Contact
Allergy in the Setting of AD Impacts
Treatment

AD patients are more susceptible to both ICD and ACD [24,
35]. The mechanisms that predispose AD patients to contact
hypersensitivity include extensive barrier abnormalities and
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and consequent stimulation of keratinocytes, induce an inflammatory
cascade. ¢ In patients with AD, a disturbed epidermal barrier leads to
increased permeation of antigens, which encounter LCs, inflammatory
dendritic epidermal cells (IDECs), and dDCs, activating Th2 T cells to
produce IL-4 and IL-13. DCs then travel to LNs, where they activate
effector T cells and induce IgE class switching. IL-4 and IL-13 stimulate
keratinocytes to produce TSLP. TSLP activates OX40 ligand-expressing
dDCs to induce inflammatory Th2 T cells. Cytokines and chemokines,
such as IL-4, IL-5, IL-13, eotaxins, CCL17, CCL18, and CCL22, pro-
duced by Th2 T cells and DCs stimulate skin infiltration by DCs, mast
cells, and eosinophils. Th2 and Th22 T cells predominate in patients with
AD, but Th1 and Th17 T cells also contribute to its pathogenesis. The Th2
and Th22 cytokines (IL-4/IL-13 and IL-22, respectively) were shown to
inhibit terminal differentiation and contribute to the barrier defect in pa-
tients with AD. Thus, both the barrier defects and immune activation alter
the threshold for ICD, ACD, and self-reactivity in patients with AD. EOS
eosinophil; KCs keratinocytes; MBP major basic protein. Reprinted from
Gittler et al. (2013), with permission from Elsevier

unique immune abnormalities that are already evident in the
uninvolved, or non-lesional, skin of AD patients [34, 36-38].
Together, these two mechanisms establish a lower threshold
for AD patients to acquire ICD or ACD [7].

In healthy skin, there are several layers of epidermis that
serve as a protective barrier to the intracellular space below.
The stratum corneum is the outermost layer and is comprised
of terminally differentiated corneocytes, lamellar lipids, and
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Table 1 Selected studies investigating the pathogenesis of ICD

Title Author Year Model Reference

Atopic dermatitis results in intrinsic barrier and immune abnormalities: Gittler et al. 2013 Human [7]
implications for contact dermatitis

Skin contact irritation conditions the development and severity Bonneville et al. 2007 Mouse [10]
of allergic contact dermatitis

Impact of tumour necrosis factor-alpha polymorphisms on irritant Landeck et al. 2012 Human [14]
contact dermatitis

Association of TNFA gene polymorphism at position -308 with Allen et al. 2000 Human [15]
susceptibility to irritant contact dermatitis

Cytokine gene polymorphisms and susceptibility to chronic irritant de Jongh et al. 2008 Human [16]

contact dermatitis

the cornified envelope, which is responsible for terminal dif-
ferentiation of keratinocytes [39]. Genetically, the epidermal
differentiation complex, located on chromosome 1q21, is re-
sponsible for generating this functional skin barrier [40, 41]. It
has been shown that non-lesional AD skin is not only distinct
from normal skin but is also characterized by abnormal epi-
dermal differentiation, which results in inherent, vast barrier
disruption even prior to the formation of visible lesions [34].
Additionally, Th2 and Th22 cytokines (IL-4, IL-13, IL-22,
and IL-31), all of which are overexpressed in AD, inhibit
terminal differentiation proteins (such as filaggrin, loricrin,
and involucrin) essential to the skin barrier [42].

The meta-analysis derived atopic dermatitis (MADAD)
transcriptome, as defined by differentially expressed genes
(DEGs), established a comprehensive genomic disease phe-
notype for AD. It showed that the most dysregulated genes in
AD are inflammatory markers (MMP12), T-helper activation

markers, and epidermal proliferation markers [43]. Recently,
Danso et al. (2017) demonstrated that the altered cytokine
milieu in AD skin indeed affects the production of crucial
ceramides and free fatty acids to result in increased trans-
epidermal water loss (TEWL), which is a measure for skin
barrier function [44]. The impaired barrier, characterized by
TEWL, allows increased irritant and allergen penetration
across the epidermis and creates an epidermal environment
that is primed for immune reactivity [7, 45].

ACD in the setting of AD has been shown to involve dis-
tinct immunological mechanisms compared to patients with
ACD alone. Newell et al. (2013) attempted to model the
unique immune phenotype of AD patients using contact sen-
sitization with 2,4-dinitrochlorobenzene (DNCB), an
epicutaneous allergen that sensitizes most humans. They
showed that the non-lesional skin of AD patients, even those
without FLG mutations, reacted with Th2 skewing and

Table 2 Selected studies investigating the pathogenesis of ACD

Title Author Year Model Reference

Increased skin barrier disruption by sodium lauryl sulfate in mice expressing DaSilva et al. 2012 Mouse [12]
a constitutively active STAT6 in T cells

Molecular profiling of contact dermatitis skin identifies allergen-dependent Dhingra et al. 2014 Human [17]
differences in immune response

Dibutyl phthalate (DBP) induced thymic stromal lymphopoietin (TSLP) Larson et al. 2010 Mouse [21]
is required for Th2 contact hypersensitivity responses

CD8+ T cells are effector cells of contact dermatitis to common skin Vocanson et al. 2006 Mouse [22]
allergens in mice

Afferent and efferent phases of allergic contact dermatitis (ACD) can be Saint-Mezard et al. 2003 Mouse [23]
induced after a singleskin contact with haptens: evidence using a mouse
model of primary ACD

Cutaneous delayed-type hypersensitivity in patients with atopic dermatitis Malajian et al. 2013 Human [24]

Sensitization via healthy skin programs Th2 responses in individuals Newell et al. 2013 Mouse [25]
with atopic dermatitis

Patients with atopic dermatitis have attenuated and distinct contact Correa da Rosa et al. 2015 Human [26]
hypersensitivity responses to common allergens in skin

Patch testing of food allergens promotes Th17 and Th2 responses Ungar et al. 2016 Human [27]
with increased IL-33: a pilot study

Skin exposure promotes a Th2-dependent sensitization to peanut allergens Tordesillas et al. 2014 Mice [28]

Dust mite induces multiple polar T cell axes in human skin Malik et al. 2017 Human [29]
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generally impaired reactivity compared to the skin of healthy
controls. This revealed that AD skin has a specific propensity
to Th2 polarity, perhaps due to unique, altered skin immune
signaling seen in this disease [25, 46]. Correa da Rosa et al.
(2014) further investigated the baseline immune abnormalities
in ACD in the context of AD, testing more clinically relevant
contact sensitizers than DNCB (which is a chemical sensitizer
not found in the human environment) [25, 26]. They showed
that ACD responses are attenuated and differentially polarized
in the skin of AD patients as compared to non-AD individuals
[26]. Overall, there were decreases in Th1 products and some
increases in Th2 and Th17 products in AD as compared to
non-AD patients with ACD, and across all of the allergens,
AD skin was hyporesponsive compared to controls.

This diminished immune response to contact allergens in
uninvolved skin of AD patients could be caused by altered
antigen presentation (caused by decreased LC and dDC func-
tion) and increased antigen permeability [46], leading to im-
paired T cell priming [26]. This phenomenon has several clin-
ical implications: AD patients may have decreased response to
vaccinations and may mount weaker defenses against infec-
tious pathogens. It is suggested that treatment approaches
should address strengthening the Thl tone in AD individuals
to make up for the lacking immune polarity [26].

Pathophysiology of Patch Testing with Food
Allergens and Differences Between Individual
Food Allergens

Just as ACD molecular profiles vary per allergen, so too do
atopy food patch tests induce unique polarizations per food
allergen on skin. Food allergy prevalence is rising, nearing
10% in industrialized nations [47]. Food allergy often causes
immediate, [gE-mediated reaction, but can also involve a de-
layed T cell-mediated reaction. Ungar et al. (2017) investigat-
ed the immune mechanisms present in the delayed-type hy-
persensitivity food reaction via evaluation of skin biopsy, as
elicited by positive atopy food patch tests in adult skin. They
found that individual foods were characterized by different
immune polarizations in skin. For example, beef/codfish
caused Th17 and Th17/Th22 skewing, peanut showed Th17
increase and unique increases in IL-33, and barley/celery
caused Th2 skewing [27]. Food patch test reactions, and es-
pecially peanut, induced high-level expression of IL-33 in the
skin of food-allergic individuals compared to control skin, as
well as compared to skin patch-tested with common contact
allergens [27].

Knowing the unique cytokine profile of a given food aller-
gen is important for creating food-specific targeted therapies,
such as IL-33 antagonism. IL-33 has been implicated in the
induction of sensitization to a variety of allergens, and
Tordesillas et al. (2014) showed that IL-33 mediates an innate

immune response to peanut extract application on healthy,
intact skin [28]. IL-33 has also been reported to downregulate
FLG expression and suppresses the epidermal barrier in nor-
mal skin and in AD [48]. A small phase I clinical trial on 12
AD patients with an anti-IL-33 antibody (ANB020) has been
completed with encouraging results (ClinicalTrials.gov
number, NCT02920021). This antibody could have
applications in other atopic disorders such as peanut allergy
and asthma [49].

Epicutaneous immunotherapy (EPIT) is another novel
treatment approach that takes advantage of the cutaneous hy-
persensitivity responses of different foods. It is a needle-free,
transdermal method of desensitizing patients that avoids the
adverse effects prevalent in systemic treatments [27, 50, 51].
The biotechnology company DBV recently designed a propri-
etary epicutaneous delivery system for food allergy desensiti-
zation called Viaskin [52, 53], and it was tested on 74 partic-
ipants with peanut allergy in a phase I multicenter, double-
blind, randomized, placebo-controlled clinical trial. The study
found that by week 52, treatment response was modest in
approximately half of the treated patients, with the highest
responses among children aged 4-11 years [54]. At present,
management of severe allergy is limited to an avoidance diet
and self-injectable epinephrine. EPIT shows promise as a nov-
el immunomodulatory method to treat food allergy and related
atopic conditions.

Dust Mite Hypersensitivity Reactions: Are
Atopic Patch Tests Using Dust Mite a Good
Model to Simulate Human AD?

Several groups have attempted to create a model for AD in
humans. While several mouse models have been proposed for
AD (NC/Nga, flaky tail, Flg-mutated, ovalbumin-challenged,
oxazolone-challenged, and IL-23-injected mice) [55] and
some models simulate certain AD characteristics, there is no
single model that sufficiently reflects both the immune and
barrier components of the human AD transcriptomic finger-
print [55-57].

The dust mite atopy patch test employs D. pteronyssius/
farinae antigens to elicit a type IV delayed-type hypersensi-
tivity reaction after application to human skin. This test sensi-
tizes up to 40% of humans and up to 70% of patients with AD.
In skin and blood studies, IL-4 and IFN-y become elevated
[58] and eosinophils, mast cells, and LCs infiltrate. Barrier
disruption occurs, resulting in increased TEWL [59, 60].

Malik et al. (2017) conducted the first global skin profiling
of house dust mite (HDM) reactions in humans with and with-
out AD and addressed if the HDM reaction simulates AD or if
it better simulates AD when performed in a setting of AD
background skin [29]. Overall HDM responses showed Th2,
Th9, and Th17/Th22 activation as compared to controls, with
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similar responses seen in the setting of concurrent AD. While
the HDM profile showed some similarities to AD lesions, it
had greater resemblance to psoriasis and contact responses to
nickel. This model may prove to be useful for AD as while AD
classically shows Th2/Th22 skewing, it also has components
of Thl and Th17 inductions. Furthermore, AD is a heteroge-
neous disease and several AD subtypes, such as Asian, intrin-
sic, and early pediatric AD [61-63], show higher Th17 polar-
ization alongside the Th2/Th22 skewing. Since the HDM mo-
lecular profile is able to induce various polar T-helper re-
sponses, this model provides potential experimental utility to
simulate selected aspects of multiple inflammatory skin dis-
eases, including ACD, AD, and psoriasis, that can be a valu-
able tool for early clinical trials [37].

Langerhans Cells Have Different Functions
in Health Versus in Disease

Langerhans cells (LCs) are a subtype of the dendritic cell
found in the epidermis [30]. LCs contribute to the induction
of ACD, and AD LCs express FceRI and the receptor for
thymic stromal lymphopoietin (TSLP), an itch-inducing cyto-
kine [64, 65]. LCs play distinct roles in healthy versus in
diseased skin. In healthy skin, immature, resting epidermal
LCs maintain a state of tolerance by expressing surface mol-
ecules that inhibit T cell activation and by releasing anti-
inflammatory cytokines [66, 67]. Alternately, in a disease
state, such as in active AD, LCs show increased FceRI expres-
sion, release chemotactic factors, and prime naive T cells to
amplify the allergic-inflammatory immune cascade [67].

EPIT, the transdermal desensitization method mentioned
earlier, seeks to harness the unique physiology of LCs to in-
duce tolerance in sensitized allergic patients. Upon
epicutaneous application of the Viaskin patch, the allergen
located in the patch is exposed to the patient’s skin and is
captured by LCs. The LCs present the allergen-protein com-
plex to the draining LNs to activate regulatory T cells, which
then downregulate Th2- and IgE-mediated allergic responses
[68]. Thus, this innovative therapy takes advantage of the
unique role played by LCs to mitigate the severe reactions
seen in patients with contact and food allergy.

Conclusion

Since ACD shows different cytokine polarity based on the
contact allergen inducing it, different therapeutic approaches
may be needed. These will involve either specific cytokine
blockade with anti-Th2 or Th17/IL-23 strategies or broader
antagonists that will target more than one cytokine axis, such
as JAK inhibitors, which seem to show promise in AD [69].
Novel mechanistic understanding in food allergy is also
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translating to the development of new treatments with anti-
IL-33 antibodies and epicutaneous immunotherapy.
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