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REVIEW ARTICLE

Novel cutaneous mediators of chemical allergy

Hillary L. Shanea, Carrie M. Longb and Stacey E. Andersona

aHealth Effects Laboratory Division, National Institute of Occupational Safety and Health, Morgantown, WV, USA; bLaboratory of Bacteriology,
National Institute of Allergy and Infectious Diseases, Hamilton, MT, USA

ABSTRACT
Chemical allergy can manifest into allergic contact dermatitis and asthma and the importance of skin sen-
sitization in both of these diseases is increasingly being recognized. Given the unique characteristics of
chemical allergy, coupled with the distinct immunological microenvironment of the skin research is still
unraveling the mechanisms through which sensitization and elicitation occur. This review first describes
the features of chemical sensitization and the known steps that must occur to develop a chemical allergy.
Next, the unique immunological properties of the skin - which may influence chemical sensitization - are
highlighted. Additionally, mediators involved with the development of allergy are reviewed, starting with
early ones - including the properties of haptens, skin integrity, the microbiome, the inflammasome, and
toll-like receptors (TLR). Novel cellular mediators of chemical sensitization are highlighted, including
innate lymphoid cells, mast cells, T-helper (TH) cell subsets, and skin intrinsic populations including cd
T-cells and resident memory T-cells. Finally, this review discusses two epigenetic mechanisms that can
influence chemical sensitization, microRNAs and DNA methylation. Overall, this review highlights recent
research investigating novel mediators of chemical allergy that are present in the skin. It also emphasizes
the need to further explore these mediators to gain a better understanding of what makes a chemical an
allergen, and how best to prevent the development of chemical-induced allergic diseases.
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Introduction

Chemical allergy

The incidence of allergic disease has increased worldwide over the
past several decades and thus remains a burden on human health
(Pawankar 2014). While proteins are known to be causative anti-
gens for many types of allergy, low molecular weight (LMW)
chemicals also contribute to allergic disease (Sasseville 2008).
Typically, LMW chemical allergens cause dermal or respiratory
allergic manifestations including allergic contact dermatitis (ACD)
and asthma, and it is estimated that the prevalence of allergic dis-
ease to at least one chemical in North America and Western
Europe is �20% (Ainscough et al. 2013). While the most common
cause of occupational allergy is exposure to metal salts, exposure
to various chemicals found in rubber additives, plastics and resins,
biocides, and cosmetics are also responsible. Traditionally, LMW
chemical sensitizers have been classified as either respiratory
or dermal sensitizers, based on their ability to sensitize via
the respiratory tract or skin, and their ability to induce T-helper
(TH)-2 or TH1 cell-dominated immune responses, respectively
(Dearman et al. 1996). Thousands of chemicals have been identi-
fied as causative agents of skin sensitization resulting in ACD,
while substantially fewer chemical allergens (< 100) have been
identified as causative agents of asthma (Jarvis et al. 2005). In gen-
eral, the majority of chemical sensitizers are capable of causing
dermal sensitization but do not cause respiratory sensitization
(Kimber and Dearman 2005); however, several respiratory sensi-
tizers can also cause skin sensitization, leading to both ACD and/

or asthma following sensitization (Padoan et al. 2003; Vanoirbeek
at al. 2006; Bello et al. 2007). However, for many LMW sensi-
tizers, the immunologic mechanisms driving sensitization are not
completely understood (Palm and Medzhitov 2009).

LMW chemical allergens are diverse in structure, reactivity,
and application; however, there are several common attributes
that are associated with immunogenicity, including haptenation
potential (protein reactivity), ability to penetrate the skin, and
irritancy potential (Kimber and Dearman 2005; Palm and
Medzhitov 2009). Induction of a hypersensitivity response
requires three crucial steps: (1) presentation of antigen to an
antigen-specific immune cell, (2) co-stimulation, provided by an
antigen-presenting cell (APC), and (3) inflammatory cytokine
signaling (Curtsinger and Mescher 2010). For the development
of chemical allergy, an additional crucial step must occur. Since
the majority of chemicals are small (<1000 daltons) and cannot
be processed and presented by APC, they must bind with a car-
rier protein to be presented on the major histocompatibility
complex (MHC) molecule (on surface of cell) and subsequently
be recognized by the adaptive immune system (Chipinda et al.
2011). These chemicals are known as haptens.

This haptenization process adds a layer of complexity in
understanding chemical allergy, as a chemical may bind a range
of host proteins. The type of host protein that the hapten binds
to as well as its physical location within the host’s body can
influence the developing immune response, resulting in a range
of outcomes, from tolerance to a spectrum of clinical manifest-
ation falling under the umbrella of “allergy/hypersensitivity”.

CONTACT Hillary L. Shane HShane@cdc.gov National Institute for Occupational Safety and Health (NIOSH), 1095 Willowdale Drive, Morgantown, WV
26505, USA
� 2019 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

JOURNAL OF IMMUNOTOXICOLOGY
2019, VOL. 16, NO. 1, 13–27
https://doi.org/10.1080/1547691X.2018.1515279

http://crossmark.crossref.org/dialog/?doi=10.1080/1547691X.2018.1515279&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://www.tandfonline.com


Classification of chemical allergy

In an early attempt to more clearly define allergic reactions, Gell
and Coombs developed a clinical classification system which
defined four basic types of hypersensitivity reactions (Type I–IV)
based on effector molecules and cells involved in the immune
response (Coombs 1963). Although it was proposed > 50 years
ago and several revision attempts have been made to update the
classification scheme, it is still widely accepted as the most valid
scheme for phenotypically categorizing hypersensitivity reactions.
Type I and Type IV hypersensitivity reactions are the most com-
mon with respect to chemical allergy.

A Type IV [delayed-type] hypersensitivity response is T-cell-
mediated and characterized by excessive inflammation. The most
distinctive feature of a Type IV-mediated hypersensitivity
response is the delay observed between allergen exposure and
clinical manifestation. Following sensitization, subsequent expo-
sures result in elicitation of a non-IgE-mediated response, char-
acterized by the secretion of TH1 and pro-inflammatory
cytokines (GM-CSF, interferon [IFN]-c, interleukin [IL]-3, IL-12,
and tumor necrosis factor [TNF]-a) that activate and recruit
macrophages and CD8þ cytotoxic T-cells. Due to the require-
ment for these cytokines to attract and activate macrophages at
sites of exposure, the effector phase typically occurs 24 hr follow-
ing exposure and it generally peaks 48–72 hr after exposure
(Budinger and Hertl 2000). Typically, dermal or contact sensi-
tizers are considered Type IV inducers. ACD is an example of a
Type IV-mediated hypersensitivity reaction.

Although not as common as Type IV responses, exposure to
LMW chemicals can also result in Type I or IgE-mediated
responses. A Type I, or an IgE-mediated allergic reaction, is
orchestrated by IgE antibody and mast cells and is sometimes
called immediate-type hypersensitivity. Sensitization involves the
initiation of TH2 cytokines, such as IL-4 and IL-13, leading to
isotype switching and IgE production by B-cells. Once IgE is
produced and secreted, it binds to mast cells. Upon subsequent
re-exposure, antigen binds to mast cell-associated IgE, crosslinks
two IgE molecules, and causes cell activation. With mast cells,
activation results in degranulation and release of soluble allergic
mediators such as histamine and leukotrienes which act on
smooth muscles, sensory nerves, mucous glands, epithelial cells,
arteries, and eosinophils, promoting inflammation.

Common clinical outcomes of an IgE-mediated reaction are
increased vascular permeability, smooth muscle cell contraction,
and vasodilation. The elicitation of IgE-mediated reactions occur
within minutes to hours after exposure and can occur in the
skin and lung. Depending on the site(s) and frequency of aller-
gen exposure, these reactions may occur in one or more organs
or tissues resulting in diseases such asthma, allergic rhinitis, urti-
caria, and/or anaphylaxis.

The classification of allergens, particularly LMW allergens, has
often proven to be difficult since studies have identified that
exposure to certain chemicals can result in multiple hypersensitiv-
ity pathways (i.e., both ACD and asthma). For example, toluene
diisocyanate (TDI) and persulfate salts are generally classified as
IgE-mediated sensitizers but may also induce non-IgE-mediated
responses resulting in a variety of disease including: ACD, urti-
caria, rhinitis, and asthma (Kanerva et al. 1999; Matheson et al.
2005; de Vooght et al. 2010; Aalto-Korte et al. 2012; Hougaard
et al. 2012; Nguyen and Lee, 2012). However, the complete
immunological mechanisms of sensitization for these chemicals
and other LMW sensitizers are not fully understood.

Although the Gell and Coombs classification is seminal work
that has withstood decades of evolution in immunologic

knowledge, its current validity has been questioned, specifically
in the context of chemical allergy. The landscape of immunology
has been dramatically altered since the 1960s when the classifica-
tion was proposed; one would expect the need for mechanistic
updates to the classification, which have been lacking. The idea
that more than one defined hypersensitivity mechanism may be
involved in a given reaction has been proposed as well. This con-
cept does not invalidate the hypersensitivity mechanisms pre-
sented by Gell and Coombs; rather, it emphasizes the flexibility
of the classification system, which is not generally highlighted.
The broad clinical use of this classification presents several con-
cerns, including the dismissal of underlying immune mechanisms
involved in certain conditions based on their simple classifica-
tion. Our current knowledge of immunology has revealed the
dynamic nature of the immune system potentially influenced by
the cellular microenvironment and interplay of mediators that
could impact the mechanism of sensitization and ultimately
hypersensitivity classification.

Skin as a distinct immunological environment

In addition to providing protection from the outside environ-
ment, as the largest organ in the body, the skin is an extremely
important player in allergic disease. The skin is a highly inte-
grated and immunologically active organ that must maintain a
delicate balance between pro-inflammatory and anti-inflamma-
tory immune responses in order to protect against pathogens
and mitigate tissue damage. In order to achieve this balance, the
skin is endowed with a complex immune cell repertoire that is
unique to this tissue.

While development of allergic immune responses is often
thought to be orchestrated in the lymph nodes, and are thus
largely studied at these sites, researchers are beginning to under-
stand that many of these crucial steps begin at the site of antigen
contact, often a mucosal or barrier site such as the skin. In gen-
eral, when an allergen is present in the skin (chemical or other-
wise) it is picked up by skin-resident dendritic cells (DC),
located either in the epidermis (Langerhans cells) or dermis (der-
mal DC). The antigen is transferred to the draining lymph nodes
by the DC, where it will activate antigen-specific T-cells, initiat-
ing an adaptive immune response. However, it is becoming
increasingly clear that this process can be influenced by the local
microenvironment, which can influence the speed at which the
DC migrate, the co-stimulatory molecules expressed, as well as
the cytokines produced. In addition, the presence of multiple
innate immune factors present in the skin including leukocytes,
complement factors, antimicrobial peptides, and pattern recogni-
tion receptors (Bangert et al. 2011) allow the skin to be a site of
immune surveillance and tolerance, although the role of these
factors in the development of allergic disease has yet to be thor-
oughly investigated. Not only the skin involved in the develop-
ment of dermal sensitization, it has also been implicated in the
development of systemic sensitization leading to elicitation at
various sites in the body, including the respiratory tract (Bello
et al. 2007; Tordesillas et al. 2014). Additionally, factors such as
skin integrity have been shown to influence sensitization and the
development of the allergic response (Kasemsarn et al. 2016).
However, additional research is needed to fully understand the
role of the skin in allergic disease.

The identification of novel mechanisms of allergic disease is
paramount to the objective of answering the questions of what
makes a chemical an allergen and what are the immunologic
events that drive the response. Furthermore, the investigation of
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innate events preceding full sensitization such as danger signals,
cytokine and chemokine signaling, and APC phenotype and
function is also necessary to answer this question. As exemplified
above, the discovery and thorough understanding of mechanisms
of allergic disease, specifically relating to chemical sensitization,
is necessary to further the development of preventative and
therapeutic strategies to combat allergic disease. Having a more
complete view of the immunologic events taking place during
both sensitization and elicitation will be achieved by investigating
novel cellular subsets and players potentially involved in these
events along with emphasizing the need for continued research
on previously identified key players. Many of the potential medi-
ators have been identified in other forms of allergic diseases,
such as atopic dermatitis (AD). While likely operating through
immunologically distinct mechanisms, the study of other skin
inflammatory diseases can provide us with numerous “suspects”
in this regard as mentioned above; however, there is a need to
investigate these potential mediators in chemical allergy. While
this review is not exhaustive, it is intended to describe current
literature on potential novel mediators of allergic disease that are
present in the skin and to identify research needs related to
understanding chemical sensitization.

Early mediators of chemical allergy in the skin
(danger signals)

It has long been recognized that the presence of foreign antigens
alone is insufficient to generate immune responses: activation of
the innate immune system is also required. Research is continu-
ing to bring to light the importance of such “danger signals” in
allergic sensitization. During an infection, one of the first forms
of defense employed by the innate immune response is the rec-
ognition of molecular patterns expressed by invading pathogens
using pattern recognition receptors (PRR). PRR may either be
membrane-associated (cell surface or endosomal), e.g., Toll-like
receptors (TLR) and C-type lectin receptors (CLR), or cytoplas-
mic, e.g., Nod-like receptors (NLR) and RIG-I-like receptors
(RLR). There is an analogy between innate anti-infection
immune responses and the innate immune response to chemical
allergens as several PRR including TLR and NLR have been
implicated in chemical sensitization (Santoni et al. 2015). These
receptors specifically recognize pathogen-associated microbial
patterns (PAMP) - typically expressed by microbial pathogens,
or danger-associated molecular patterns (DAMP) - endogenous
molecules released from necrotic/dying cells potentially induced
by chemical allergens.

Early signaling events in the skin including PRR signaling are
thought to provide a bridge between the innate and adaptive
immune systems and are of pivotal importance for the initiation
of immune responses, including those to chemical allergens
resulting in skin sensitization (Ainscough et al. 2013). In general,
these danger signals are required as a supplementary signal,
together with an antigen, for the initiation of an immune
response. Some chemical allergens have the ability to deliver
both antigenic and danger signals, representing complete aller-
gens capable of triggering the allergic cascade. In such instances,
the danger signals are related to the irritant type properties of
the inducing chemical allergens, resulting in cell and tissue
trauma, which initiates subsequent inflammation. While one rec-
ognizes the importance of danger signals in chemical sensitiza-
tion, there is still much to be learned with respect to how and
why these signals occur in response to chemical exposure.

Haptens

Hapten formation is a critical step in forming an adaptive
immune response to LMW chemicals, and its influence on the
activation of innate immunity is highlighted by the clinical
observation that chemical-induced irritancy correlates with the
induction of ACD. In addition, in order for a LMW chemical to
cause sensitization, skin penetration should occur at a rate that
is quick enough to ensure that an ample amount of chemical
may react with self-proteins to produce sufficiently immunogenic
conjugates following conformational changes of the LMW chem-
ical and the self-protein. Chemical allergens are naturally electro-
philic or can be converted to an electrophilic species in the skin
(pro-hapten) or via auto-oxidation (pre-hapten) so as to bind to
nucleophilic amino acids (Martin et al. 2011). A chemical can
become immunogenic through several complex mechanisms
including: direct binding to the MHC on the APC, modification
of host-proteins, allergen-induced alterations of protein process-
ing, and allergen-mediated binding between the T-cell receptor
and MHC. Uncertainty regarding the exact structure and identity
of chemical hapten complexes that are relevant in vivo have
posed challenges for diagnosis and understanding of the mecha-
nisms driving allergic disease. The well-studied chemical sensi-
tizer, toluene diisocyanate (TDI) provides a good example of
these complexities. The isocyanate groups in TDI can react with
amine groups to form ureas, hydroxyl groups to form urethanes,
and/or thiol groups to from thioureas (Ruwona et al. 2010).
However, the antigenic portion of TDI-hapten complexes are
poorly understood along with the overall process in vivo. This is
a challenging subject as TDI and reactive diisocyanate can self-
polymerize and haptenate proteins at single or multiple locations,
creating a complex chemical environment (Ruwona et al. 2010).
A greater understanding of this process will likely aid in the
understanding of the immunologic basis for sensitization of
LMW chemicals in general.

While there is a lot to be learned with respect to hapteniza-
tion, the question of “what makes a hapten immunogenic” is
also a topic of great interest. For the initiation of an immune
response, chemical haptens must deliver two independent signals.
One is an antigenic signal that is based upon the chemical itself
and its ability to induce T-cell activation. The second is the trig-
gering of an innate immune response usually resulting from
traumatic changes to cells and tissues local to the site of applica-
tion. The presence or absence of the danger signal determines
whether a cutaneous immune response and skin sensitization
develops, or whether instead there is a failure to initiate an
immune response (Martin et al. 2011). Historically, research into
the immunology of chemical sensitization has overlooked hap-
ten-mediated activation of the innate immune system to focus
on the roles of cutaneous APC, such as Langerhans cells and
dermal DC, and of conventional CD8þ and CD4þ T-cells.
However, complete haptens can directly damage keratinocytes,
causing them or neighboring keratinocytes to release their cellu-
lar contents generating DAMP including the release of reactive
oxygen species (ROS), DNA, ATP, and/or other extracellular
matrix proteins through mechanisms that are largely unknown
(Martin et al. 2011).

While some haptens are not intrinsically sensitizing, pretreat-
ment with an irritant such as sodium lauryl sulfate (SLS) has
been shown in both mice and humans to enhance the immune
response to the hapten, likely through a combination of
increased allergen penetration and low-grade skin inflammation
(Kligman 1966; Cumberbatch et al. 1993). This presents the
question of how a mixture or co-exposure might influence
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chemical sensitization. Alterations in the chemical properties of
single allergens within the mixture could result in changes in the
inflammatory response, or could ultimately affect T-cell activa-
tion, proliferation, and differentiation. (Bonefeld et al. 2017). In
addition, research also suggests that exposure parameters, such
as dose and frequency, are critical in the sensitization response.

Toll-like receptor signaling

Toll-like receptors (TLR) are a family of receptors (TLR1-
TLR13) expressed on both immune and non-immune cells
(including epithelial cells) that recognize various PAMP and
DAMP molecules. Stimulation of TLR by a corresponding
PAMP or DAMP initiates signaling cascades leading to increases
in gene transcription, and ultimately the production of pro-
inflammatory cytokines such as IL-1b, -6, -12, -18, and -23, as
well as TNFa (McFadden et al. 2013). Activation of certain TLR
can result in the production of high levels of the TH2-skewing
cytokine thymic stromal lymphopoietin (TSLP) that, in turn, can
also promote sensitization (Cianferoni and Spergel 2014). During
the last decade, it has become clear that TLR plays an important
role in the initiation of the inflammatory response to chemical
allergens (Martin et al. 2008; Jin et al. 2009; Schmidt et al. 2010;
Nakamura et al. 2015). The importance of TLR in the develop-
ment of skin sensitization was first highlighted in a study
reported by Schmidt et al. (2010) describing the role of TLR4 in
nickel allergy. While nickel was shown to stimulate TLR4 by dir-
ect binding, chemical haptens can also stimulate TLR indirectly.
For example, the chemical hapten TNCB has been shown to
induce the production of ROS that can generate DAMP such as
degradation products of hyaluronic acid (HA) that can function
as TLR2 and TLR4 ligands (Esser et al. 2012) in a murine model.
In addition, it has been shown that treatment of human kerati-
nocytes with chemical haptens induces the production of high-
mobility group protein B1, which can function as an endogenous
TLR4 ligand (Galbiati et al. 2014). Similarly, it has been sug-
gested that RNA released from apoptotic/necrotic keratinocytes
induced by exposure to the chemical allergen TNCB can serve as
ligands for TLR3 in a murine model (Nakamura et al. 2015).

Given similar roles and signaling pathways induced by TLR
stimulation, redundancy has been demonstrated in multiple
experimental models of chemical allergy. A crucial role for TLR2
and TLR4 was described using an experimental model of chem-
ical-induced ACD (Martin et al. 2008). Although mice deficient
in either TLR2 or TLR4 developed normal contact hypersensitiv-
ity responses, mice lacking both of these TLR were not sensitized
and failed to develop contact hypersensitivity in response to tri-
nitro-chlorobenzene (TNCB), oxazolone, or fluorescein isothio-
cyanate (FITC) haptens. Interestingly, it appears that triggering
of TLR by non-allergens can also modify the allergic responses.
Pre-treatment with the non-sensitizing TLR7 agonist imiquimod-
induced ear-swelling in mice challenged with dinitrofluoroben-
zene (DNFB) or dinitrochlorobenzene (DNCB) as compared
with mice pretreated with vehicle control (Suzuki et al. 2000;
Thatcher et al. 2006).

Additionally, studies have revealed that, although not sensitiz-
ing itself, topical exposure to the antimicrobial chemical triclosan
augmented the allergic response to ovalbumin (OVA) through a
TSLP-mediated pathway in a mouse model of asthma (Anderson
et al. 2013; Marshall et al. 2015). Further investigation demon-
strated that triclosan induced abundant expression of S100A8/A9
in the skin, which acts as an endogenous ligand for TLR4.
Expression of Tlr4 along with Tlr1, Tlr2 and Tlr6 were increased

in skin tissues over time with triclosan exposure and high levels
of TLR4 were expressed on skin-infiltrating leukocytes (Marshall
et al. 2017). These findings suggested that the simultaneous
exposure of non-allergens or irritants, environmentally, occupa-
tionally, or in the use of consumer products, with the potential
to stimulate TLR may increase the risk of users developing an
allergic response to other allergens. The requirement for TLR in
sensitization is a relatively new discovery and there is still much
to learn about this family of receptors and their specific roles in
this chemical sensitization.

Inflammasome signaling

Nucleotide-binding and oligomerization domain (NOD)-like
receptors (NLR) are highly conserved cytosolic PRR that survey
the intracellular environment for danger signal molecules includ-
ing PAMP and DAMP through an incompletely understood
mechanism. The inflammasome complex is a multiprotein oligo-
mer that contains proteins of the NLR family that can activate
an inflammatory cascade upon stimulation. By sensing danger
and consequently activating caspase-1, certain NLR facilitate the
processing of pro-interleukins IL-1b and other pro-inflammatory
cytokines including IL-18, and thus support activation of DC
(Evavold and Kagan 2018).

NLRP3 is the most comprehensively studied NLR and evi-
dence suggests that the inflammation resulting from NLRP3 acti-
vation is critical for the development of sensitization. Although
many different substances have been shown to activate NLRP3
including ATP, silica, asbestos, and uric acid, a direct ligand for
this inflammasome has yet to be identified (Pedra et al. 2009).
Additionally, chemical haptens (TNCB, DNFB and dinitro-1-
chlorobenzene) have been shown to lead to the activation of the
NLRP3 inflammasome in primary human keratinocytes and
murine models (Watanabe et al. 2007) by an indirect pathway
involving ROS and ATP. This indicates that in the context of
chemical allergy, inflammasome activation may occur indirectly,
as a result of cell damage and the release of ATP. The import-
ance of the inflammasome complex during hapten-induced
immune responses is demonstrated by reduced sensitization to
TNCB and DNFB that occurs in Asc�/�, Nlrp3�/� and Casp1�/�

mice (Watanabe et al. 2007). In a murine model of TNCB sensi-
tization, inflammasome activation was shown to depend on the
ATP receptor P2X7 (Weber et al. 2010). The decisive role of the
inflammasome in sensitization was further underlined by use of
the weak sensitizer DNTB. Co-application of IL-1b in addition
to DNTB resulted in a strong sensitization response (Watanabe
et al. 2008).

Although not as well studied as NLRP3, NLRP1, NLRP2, and
NLRP4 are also inflammasome subsets of the NLR family with
suggested roles in the activation of pro-inflammatory cytokines
and the development of skin sensitization (Faustin et al. 2007;
Shaw et al. 2010; Zhao et al. 2011); these subsets have not yet
been investigated in the development of chemical allergy.
However, although a role for NLR is recognized in the process
of skin sensitization, evidence suggests that the stimulation of
the NLR alone is insufficient to induce the activation of DC.
Most likely, other PRR signaling pathways such as TLR pathways
must act in concert with NLR for successful activation of DC
during skin sensitization. As this has been a largely unexplored
area in the realm of LMW chemicals, additional research is
needed to further define the role of NLR in chemical allergy.
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Skin integrity

It is generally recognized that environmental influences such as
solvent and soap exposure, excessive hand washing, existing skin
conditions, humidity, temperature, physical trauma, and glove
use are all factors that can influence skin barrier function and
the development of allergic disease (Redlich 2010). However, the
impact of sensitizing chemicals on skin integrity has not been
thoroughly investigated. While a role for inflammation in skin
sensitization has been demonstrated, in certain circumstances
this may result in a compromised epithelium, increasing the
potential for allergen exposure and subsequent allergic disease.
Additionally, loss of barrier function has been identified as an
important factor in the development of various allergic diseases
including asthma and AD (Redlich 2010). This concept has been
demonstrated with animal and human-based studies involving
filaggrin, a protein involved in the formation of the epidermis
(Palmer et al. 2006, 2007; Oyoshi et al. 2009). It has been sug-
gested that barrier disruption and dysfunction followed by chem-
ical allergen exposure may allow the perturbing agent to activate
the epithelium, leading to the production of allergic cytokines
(Islam and Luster 2012; Marshall et al. 2015).

Skin microbiome

While the skin utilizes its unique immune environment primarily
for host protection, increasing data supports a very important
role for skin commensal bacteria in human health. The evidence
is accumulating to suggest that indigenous microbial commun-
ities may have a role in modulating immune disorders of the
skin and there are studies that link commensal skin micro-
organisms with modulation of the innate immune system
through cutaneous tolerance and maintenance of the skin barrier.
However, the mechanisms that underlie this protection remain
an active area of investigation. In healthy skin, commensals form
a physical and chemical barrier against pathogenic organisms
without triggering allergic responses (Zeeuwen et al. 2013).
Conversely, in AD skin, commensal bacteria are less diverse and
ineffectively prevent colonization with pathogenic organisms,
most notably Staphylococcus aureus (Wisniewski et al. 2013).
Further support for the importance of commensal bacteria in
skin immunity was demonstrated by Myles et al. (2016). Those
authors found that Gram-negative bacteria taken from the skin
of healthy volunteers, but not from patients with AD, were asso-
ciated with enhanced barrier function, select innate immunity
activation, and control of S. aureus. Treatment with the bacteria
from the healthy controls also improved outcomes in a mouse
model of AD suggesting therapeutic potential.

Recent murine models have also shown that commensal skin
bacteria play an active role in supporting skin barrier homeosta-
sis and defense against microbial penetration. The most common
species associated with protection from the development of AD
are Staphylococcus epidermidis and Staphylococcus cohnni
(Wollina 2017). The association between the lack of colonization
with these species and AD development suggests a potential
functional role for these organisms in regulating the skin barrier
and response to environmental allergens. Enhanced colonization
with S. aureus is observed in filaggrin-deficient and cathelicidin-
deficient mice, mimicking the landscape of AD skin (Nakatsuji
et al. 2016) and entry of S. aureus below the epidermis was also
shown to increase pro-inflammatory cytokines, thus enhancing
the potential for environmental allergen exposure through barrier
disruption.

Despite their role in established AD, how commensal organ-
isms contribute to the development of skin sensitization is not
completely understood. Recently, skin commensals have also been
shown to play an important role in TH1 and TH2 balance along
with the regulation of anti-inflammatory responses to chemical
allergens (Knaysi et al. 2017). Research has also shown that germ-
free mice have elevated levels of TSLP which suggests a role for
the microbiota in ameliorating stress signals released by keratino-
cytes which could potentially influence subsequent immune
responses (Yockey et al. 2013). Additionally, properties of chemical
allergens and commensal bacteria add to the complex landscape of
skin immunity. Many chemical sensitizers are also anti-microbial
agents (Anderson et al. 2010, 2016; Shane et al. 2017). While these
agents may be beneficial in protecting against pathogenic bacteria,
the influence of exposure on resident bacterial populations war-
rants further investigations. A recent study evaluated the influence
of topical antibiotics on skin commensal bacteria. The authors
found that mice treated with topical antibiotics exhibited altered
commensal bacterial populations, with reduction in Staphylococcus
spp. These mice were more susceptible to exogenous association
with S. aureus, and pre-colonization with the same Staphylococcus
residents that were previously disrupted by treatment reduced
pathogenic S. aureus levels by over 100-fold (SanMiguel et al.
2017). The findings suggest that anti-microbial agents can disrupt
skin bacterial residents and that these alterations can have critical
implications for cutaneous immune responses.

Cellular mediators of chemical allergy in the skin

Recently, the emergence of many novel cellular subsets and mol-
ecules involved in immunological responses has occurred, shed-
ding light on unexplored realms of the immune system and their
potential involvement in a variety of disease states, including
allergic disease. While keratinocytes and DC are known to have
very important roles in sensitization (Christensen and Haase
2012), other cellular mediators have recently been identified as
potential mediators. These novel mediators include innate
lymphoid cells (ILC), mast cells, and additional T-cell subsets.

Innate lymphoid cells

ILC are a recently defined family of lymphocytes that lack rear-
ranged antigen-specific receptors; they are activated by innate
signals such as pro-inflammatory cytokines. Much like T-cells,
there are distinct sub-types of ILC that are classified by their
phenotype and effector functions. The current ILC classification
scheme is also reflective of T-cell classification, where there are
cytotoxic ILC (NK cells) and non-cytotoxic helper-like ILC
(ILC1s, ILC2s, ILC3s) (Artis and Spits 2015). ILC2s, like TH2
cells, express the transcription factors GATA-3 and RORa, pro-
duce TH2-associated cytokines IL-4, -5, -9, and -13, and contrib-
ute to anti-helminth immune responses and development of
allergic disease. In addition to producing Type 2 cytokines,
ILC2s can act directly on T-cells to drive TH2 differentiation and
Type 2 cytokine production, due to their expression of MHC-II
and CD80/CD86 co-stimulatory molecules (Mirchandani et al.
2014; Oliphant et al. 2014).

The majority of research regarding the role of ILC2s in the
development of allergic disease has focused on inflammation in
the lung and asthma models, and this data has been thoroughly
reviewed elsewhere (Drake and Kita 2014; Martinez-Gonzalez
et al. 2015). In addition to their role in the lungs, ILC2s may be
particularly important in development of allergy in the skin due
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to their relative abundance in this tissue, even at a resting state
in healthy individuals (Salimi et al. 2013), and their preferential
activation by TSLP (Kim et al. 2013). Although little work has
been done regarding the role of ILC in chemical allergy, other
models of allergic disease have implicated ILC2 involvement. In
human AD patients, ILC2s were enriched in lesional skin (Kim
et al. 2013; Salimi et al. 2013). Salimi et al. (2013) showed that
intra-epidermal delivery of house dust mite allergen induces
infiltration of skin ILC2s into human and mouse skin. Through
the production of IL-13, ILC2s in the skin are important for the
production of CCL17 chemokine by cutaneous DC (Halim et al.
2016). As CCL17 is important for TH2 cell infiltration into the
skin, ILC2 derived IL-13 is likely important for delayed-type
hypersensitivities. A functional role for ILC2s in the promotion
of cutaneous inflammation has been identified using Rag1-/-

mice, which lack a functional adaptive immune system. Despite
lacking TH2 cells, IL-2 treated Rag1-/-mice produced significant
amounts of IL-5 and IL-13, resulting in eosinophil infiltration
(Roediger et al. 2013).

Interestingly, the dermis may be home to a phenotypically
unique population of ILC2s, abundant upon resting conditions,
and that constitutively produce IL-13. However, upon activation
by IL-2, these cells stimulate mast cells via the production of IL-5
(Roediger et al. 2013). Supporting a role for ILC2 in chemical
allergy, it has been previously shown in a mouse model that

dermal exposure to the known chemical sensitizer, TDI, signifi-
cantly increased the activation markers ICOS, KLRG1, and CD25
on ILC2s in the skin (Figure 1). ILC1s and ILC3s may also have
specific roles in allergic disease; however, they have not been
studied extensively in this context. The scarcity of research regard-
ing the role of ILC in chemical-induced allergy is striking and as
more experimental tools are available to facilitate the study of
these cells, these cells should be characterized in relevant models,
as they likely play important roles in these conditions.

Mast cells

Mast cells are important immune cells for both host defense,
through activation of innate immunity (via TLR or complement
receptors), and for IgE-mediated allergic inflammatory reactions.
Mast cells reside long-term in barrier sites such as the gut and
the skin and produce effector molecules including histamine,
various cytokines, and lipid mediators. While having a well-rec-
ognized role in IgE-mediated allergy, recent research has shown
that mast cells also play roles in inflammation and the develop-
ment of immune responses in the skin. While limited, research
has shown that mast cells can directly influence the development
of adaptive immune responses and act as effectors cells that
exacerbate the development of allergic or autoimmune disorders
(Gilfillan and Beaven 2011). Additionally, it has long been

Figure 1. Ear ILC2 Phenotyping following TDI sensitization in mice. Flow cytometric analysis of ILC2 isolated from the ear at 2 days post dermal treatment (25ml/ear)
of female Balb/c mice with acetone, 0.5% TDI, or 4% TDI (as indicated on the X-axis). These concentrations were previously determined to be sensitizing following a
single dermal application. While exposure at 4% induced irritation, 0.5% induced sensitization in the absence of irritation. Cells were isolated from the ear via enzym-
atic digestion (Liberase-TL) and then passed through cell strainer to obtain single cell suspensions. Cells were counted, stained, fixed, and data acquired on an LSRII
flow cytometer (BD Biosciences). Following doublet-exclusion gating, ILC2s were identified as Lineage-CD45þCD90þCD25þCD127þ cells. The lineage gate was com-
posed of antibodies detecting the following antigens: Ter119, CD19, CD3e, CD11b, Ly-6G, CD2, and CD11c. ILC2s were then further characterized by analyzing median
fluorescent intensities (MFI) for activation markers (A) ICOS, (B) KLRG1, and (C) CD25. Bars represent mean MFI ± SEM. n¼ 5 mice/treatment group. p Values are repre-
sented by asterisks (p< .01).
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hypothesized that mast cells can act as APCs due to their
induced expression of MHC-II (Banovac et al. 1989). Using
intravital two-photon microscopy, Dudeck et al. (2017) showed
that mast cells activated by the chemical sensitizer DNFB, were
“interrogated” by dermal DC. Through this interaction, DC
transferred functional MHC-II complexes to mast cells, provid-
ing a mechanism through which mast cells in the skin acquired
APC functions and were capable of driving T-cell-induced skin
inflammation to DNFB.

While these studies suggested a role for mast cells in gener-
ation of an adaptive immune response, their potential role in con-
tact hypersensitivity (CHS) is controversial. Several groups have
investigated this relationship using mast cell-deficient mice, with
seemingly contradictory results. Mast cell-deficient mice were
identified to exhibit reduced inflammation in TNCB-induced CHS
in several studies (Askenase et al. 1983; Biedermann et al. 2000),
while other studies showed undiminished CHS induced with
TNCB or 2,4-dinitrobenzene sulfonic acid sodium salt (DNFS)
(Galli and Hammel 1984, Mekori and Galli 1985 ).More recently,
it was demonstrated that mast cells might play a regulatory role in
hypersensitivity responses in the skin through the production of
IL-10 and subsequent suppression of chronic CHS (Grimbaldeston
et al. 2007). Reasons for these discrepancies are unknown, but it
may be reflective of the model of mast cell deficiency used. Earlier
studies investigating mast cells in CHS used a mouse model with
a mutation in the stem cell factor or its receptor c-Kit. Although
these mice lack mast cells, they also have other immunological
alterations due to additional hematopoietic abnormalities making
data interpretation difficult. More recent work has utilized mast
cell ablation, which conditionally depletes mast cells through the
administration of diphtheria toxic (DT) and does not impact other
cell types. Studies conducted using the DT-depleted mast cell
model suggest the importance of mast cells for both the sensitiza-
tion and elicitation phases of contact hypersensitivity to FITC and
oxazolone through the promotion of early immune responses and
enhancement of DC migration to draining lymph nodes (Dudeck
et al. 2011). Other studies have provided evidence mast cells initi-
ate CHS via activation of DC (Otsuka et al. 2016).

Mast cells have also been shown to enhance the innate
immune response through the recruitment of neutrophils during
the sensitization phase of a CHS response to TNCB (Weber
et al. 2015); this occurs via secretion of the chemokines CXCL1/
CXCL2 (de Filippo et al. 2013). In addition to driving hypersen-
sitivity responses, mast cells have been identified to play a regu-
latory role in hypersensitivity responses in the skin by enhancing
skin barrier function (Sehra et al. 2016). However, these suppres-
sive responses are somewhat controversial, and seem to be
dependent on the severity of the inflammatory response, with a
more severe hypersensitivity response (Reber et al. 2017) and
chronic models of hypersensitivity (Gimenez-Rivera et al. 2016),
resulting in mast-cell induced suppression of inflammation.

Another emerging role for mast cells in development of aller-
gic skin diseases is involvement in the orchestration of ILC
responses. Mast cells and ILC2s, both constitutively found in
skin, have been shown to have a high level of interaction. Using
in vivo multiphoton microscopy, Roediger et al. (2013) deter-
mined that dermal ILC2s form stable interactions with skin-resi-
dent mast cells (lasting 20–30min), however the full significance
of this interaction is not yet known. In AD, following IgE cross-
linking, mast cells release the lipid mediator prostaglandin D2

(PGD2) in addition to histamine. The receptor for PGD2, i.e.,
CRTH2, is expressed on ILC2s and this interaction induces the
migration of ILC2s into the skin along with subsequent TH2

cytokine production (Xue et al. 2014). Recent studies also suggest
that the skin microbiome may influence mast cells in the dermis
and that a normal microbiome is necessary for correct function
and maturation of mast cells (Wang et al. 2017) further indicat-
ing the importance of this cell population in the skin. While the
studies described above support a role for mast cells in immune
responses in the skin, additional research is required to further
define the role of this cell type in chemical-induced allergy in
the skin.

Diverse T-helper (TH) cell subsets

T-Cells have long been recognized as important mediators of
chemical sensitization and allergic responses. Many factors can
influence the phenotype and function of a T-cell, including the
immune microenvironment, the level and duration of TCR sig-
naling, and the presence of signaling molecules such as cyto-
kines. The cellular phenotype and effector functions of a T-cell
help determine its unique subset. Our knowledge of T-cells has
increased exponentially in the past 30 years since Mosmann and
Coffman proposed the seminal T-cell classification scheme,
including TH1 and TH2 cells (Eyerich and Eyerich 2015).
Currently, there are many recognized T-cell subsets, including
the CD4þ TH1, TH2, TH9, TH17, TH22, T follicular helper (TFH),
and regulatory T-cells (Treg), natural killer T-cells (NKT), cd
T-cells, and cytotoxic CD8þ cells. While TH1, TH2, and cytotoxic
CD8þ T-cells have a relatively well-defined role in allergic dis-
ease and chemical sensitization, the potential roles of the remain-
ing T-cell subsets are largely unexplored, particularly in the skin.

TH17 cells

TH17 cells have been implicated in the pathogenesis of auto-
immune diseases and the clearance of extracellular pathogens
due to their ability to recruit and activate neutrophils and mac-
rophages, and cause acute and chronic inflammation (Cosmi
et al. 2011). Recently, these cells have also been associated with
allergic disease. TH17 cells are named after their signature cyto-
kine, IL-17, and are regulated by their master transcription factor
RORcs (Manel et al. 2008). While TH17 cells are shown to
selectively produce IL-17A (IL-17), they have also been recog-
nized as producing IL-22, IL-17F, IL-21, GM-CSF, and poten-
tially TNFa, IL-6, and IL-8 (Qu et al. 2013). Apart from the
established role of IL-17-producing cells in psoriasis, there are
indications these cells also contribute to the pathogenesis of AD
(Dhingra and Guttman-Yassky 2014). Additionally, filaggrin-defi-
cient mice display elevated levels of IL-17 and TH17 dominated
skin inflammation suggesting a role for this subset in barrier
function (Oyoshi et al. 2009).

IL-17 was first associated with skin allergy in a study using
nickel-specific T-cells isolated from ACD patients (Albanesi et al.
1999). Both human-derived nickel-specific T-cells and keratino-
cytes expressed IL-17 and il17r, respectively. That suggested IL-
17 was involved in T-cell-mediated allergic responses in the skin.
Several years later, IL-17-deficient mice were utilized in several
allergic disease models in an effort to define the role of TH17
cells in these conditions (Nakae et al. 2002). Evidence of a func-
tion for TH17 cells in CHS was provided by studies with IL-17
deficient mice that demonstrated strongly reduced ear swelling
response to skin sensitizers. The role of IL-17 in human ACD
was also suggested by a study showing that approximately half of
nickel-specific CD4þ T-cell clones isolated from nickel-allergic
patients produce IL-17 (Wong et al. 2009). Additionally, direct
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evidence for the role of IL-17 in the murine acute CHS response
was shown by using IL-17-/- mice wherein a markedly suppressed
ear swelling response was observed (Tsushima et al. 2003). CD4þ

TH17 cells have been regarded as one main source of IL-1 in
CHS, although some subpopulations of CD8þ T-cells have been
implicated as well (Kim et al. 2006). The discovery of TH17 cells
challenged the TH1/TH2 dualism and initiated the quest for other
TH cell subsets.

TH9 cells

TH9 cells are a more recent addition to the growing family of TH

cells. Data have suggested TH9 cells are a discrete skin-tropic or
skin-resident memory T-cell subset that produces IL-9 (Ma et al.
2014). IL-9 itself acts mainly as a T-cell growth factor whose
function is to drive T-cell survival, proliferation, and secretion of
inflammatory mediators and has been shown to enhance the
production of IFNc, IL-9, IL-13, and IL-17 from skin-tropic T-
cells, indicating an ability to amplify related immune responses
(Schlapbach et al. 2014). IL-9 also promotes tissue accumulation,
survival and activation of mast cells, eosinophils, and ILC, all
key cellular contributors to allergic disorders in the skin. In par-
ticular, IL-9 seems to play an important role in early activation
of ILC, in which it enhances the secretion of IL-5 and IL-13,
which are intimately linked to AD pathogenesis. While there is
still much to be learned about Th9 cells and allergic disease,
atopic human patients were found to exhibit increased TH9 cell
numbers compared to non-atopic patients, and these levels cor-
related with increased serum IgE levels (Jones et al. 2012).
Additionally, the number of TH9 cells was increased in skin
lesions of AD and psoriasis patients, with IL-9 levels significantly
correlating with clinical severity of AD (Ciprandi et al. 2013). In
ACD, IL-9 expression in both the skin and peripheral blood
mononuclear cells seem to correlate with the strength of the
allergen (Liu et al. 2014). While the majority of published
reports/studies on the role of TH9 cells in skin disorders are
related to TH2-mediated responses and allergic inflammation,
there are reports suggesting a role for TH9 cells in other inflam-
matory and neoplastic disorders of the skin, such as psoriasis
and cutaneous T-cell lymphoma, respectively.

There remain several unanswered questions regarding TH9 cells
in skin disorders. Specifically, a transcription factor that serves as
a master regulator of TH9 cells has not been identified which
makes it challenging to unambiguously identify this subset from
other TH cell subsets with the ability to secrete IL-9. The mecha-
nisms by which IL-9 contributes to allergic disease as well as the
cellular sources of IL-9 are incompletely understood. However,
given the association with Th9 cells, IL-9 and skin disease, and
the skin homing and skin-resident properties of these cells, further
characterization of this subset and increased knowledge of its role
in chemical sensitization may be crucial to our understanding of
the mechanisms involved in allergic disease in the skin.

TH22 cells

Another newly-characterized T-cell subset thought to play a role
in allergic disease is TH22 cells. These cells are characterized by
production of IL-22 in the absence of IFNc, IL-4, and IL-17, and
are thought to contribute to host defense against microbial
pathogens and promote tissue repair or remodeling (Fujita
2013). TH22 cells produce IL-22 in response to TNFa and IL-6
in the skin and express the skin homing chemokine receptors
CCR4 and CCR10 (Wang and Xu 2015). In the skin, IL-22 plays

a major role in homeostasis and pathogenesis of skin diseases by
inducing keratinocyte proliferation and epidermal hyperplasia,
inhibiting keratinocyte terminal differentiation, and promoting
the production of anti-microbial proteins. The intracellular
molecular mechanism involved in TH22 cell differentiation is not
fully-characterized; however, it has been demonstrated that TH22
cells are dependent on the aryl hydrocarbon receptor (AHR) as
the main transcription factor (Jia and Wu 2014). While informa-
tion about the role of TH22 cells in chemical allergy in the skin
is lacking, this subset has been implicated in the pathogenesis of
inflammatory skin disorders such as psoriasis and AD
(Mirshafiey et al. 2015). In addition, IL-22 levels were found to
be increased in the skin of AD, ACD, and allergic asthma
patients (Jia and Wu 2014) and have been suggested as a poten-
tial biomarker for allergic disease (Zissler et al. 2016). Much
remains to be investigated regarding the role of TH22 cells in
allergic disease, particularly those caused by chemical allergens,
including the overall role of this cell type, the specific effector
mechanisms involved in modulating the allergic response, and
the potential interaction with additional cell types with recog-
nized involvement in allergic disease. Considering the strong
association between activation of the TH22 pathway and skin dis-
eases, this additional research is warranted.

Gamma Delta (cd) T-cells

CD4þ and CD8þ T-cells express a T-cell receptor composed of
an a and b subunit and are thus known as ab T-cells. These
cells are responsible for the majority of general functions that
one attributes to T-cells. Another population of T-cells (cd
T-cells) expresses a T-cell receptor comprised of c and d subu-
nits. These cells have different requirements for activation than
ab T-cells and are enriched in peripheral sites such as the gut
mucosa and skin. In the skin, cd T-cells exist in both the epithe-
lium and in the dermis, and the location of these cells seems to
confer specific roles, an area of research which is under active
investigation (O’Brien and Born 2015; Nielsen et al. 2017). There
is abundant evidence that cd T-cells participate in the develop-
ment of allergic responses, through both antigen recognition and
the production of allergic cytokines (Zheng and Yang 2014).
Dermal application of the TLR7 and TLR9 agonist, imiquimod,
induces cd T-cell accumulation in the skin, and these cells are
capable of rapidly promoting inflammation upon secondary chal-
lenge, via production of IL-17 (Ramirez-Valle et al. 2015).
Additionally, cd T-cells have been shown to be producers of IL-4
in a corticosteroid-induced ACD model (Baeck et al. 2013).

In hypersensitivity models, chemical sensitizers increase the
total number of cd T-cells in the lymph nodes and at the site of
antigen challenge. Additionally, data suggests they assist the clas-
sical T-cell mediated response, as depletion of cd T-cells abro-
gated CHS, yet both cd T-cells and ab T-cells must be
adoptively transferred to induce CHS (Dieli et al. 1998).
Importantly, in the context of chemical allergy, cd T-cells are
able to recognize haptens. While their location in the epidermis
brings them into contact with haptens during the sensitization
stage of CHS, it is unknown whether the recognition is direct or
indirect. Zeng et al. (2014) showed that cd T-cells can directly
recognize the synthetic fluorescent molecule cyanine 3 and 4-
hydroxy-3-nitrophenyl-acetate, and are able to mount a hapten-
specific response by up-regulating the activation marker CD44
and producing IL-17. Additionally, mice lacking the TCR d gene
(d-/-) have significantly reduced levels of ear swelling in response
to DNFB in a CHS model, compared to mice sufficient in
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dermal cd T-cells, specifically due to the loss of IL-17-induced
neutrophil infiltration (Jiang et al. 2017). While there is a scar-
city of research on this subject currently, given the propensity of
cd T-cells in the skin, it is quite likely they influence the devel-
opment of allergic disease. Determining the role they play in
chemical sensitization will be important to the overall under-
standing of the process.

Regulatory T (Treg)-cells

True to their name, Treg cells are a subset of CD4þ T-cells that
are involved in the maintenance of immune tolerance and
homeostasis by acting as effectors to prevent overzealous adap-
tive responses to foreign antigens and allergens (Sojka et al.
2008; Yadav et al. 2012). Classical Treg cells (CD4þCD25þ) were
initially identified based on their suppressive capabilities in mice
(Sakaguchi et al. 1995). Following this discovery, a transcription
factor known as forkhead box P3 (FoxP3) was identified as the
master transcription factor of Treg cells, allowing for their identi-
fication and functional manipulation (Hori et al. 2003), permit-
ting a more comprehensive analysis of their phenotype and
functional diversity. Recently published studies indicate that the
supervisory functions of these cells are compromised in the
pathogenesis of autoimmune and neoplastic diseases of the skin.
This decrease in function is most likely a result of domination
from other immune cells in the skin. The suppressive function of
Treg cells is mediated by a variety of mechanisms including, but
not limited to: the control of conventional T-cell proliferation
through the inhibition of co-stimulation via cytotoxic T-lympho-
cyte associated protein 4 (CTLA4), expression and/or IL-2 con-
sumption, immunosuppressive cytokine secretion (IL-10 and
TGFb), metabolic interference, and disruption of DC function
(Sojka et al. 2008; Corthay 2009; Kimber et al. 2012).

Overall, Treg cells represent a heterogeneous population, with
multiple subsets defined by their ontogeny, function and tissue
residence (Zhang et al. 2014). Independent of their role in
immune suppression, Tregs are endowed with tissue-specific func-
tionality. In the skin of adult mice, 20–60% of CD4þ T-cells are
Treg cells; in normal human adult skin, �20% of tissue-resident
CD4þ T-cells are Treg cells. Treg cells in both murine and human

skin appear to occupy a specialized anatomic niche and in non-
inflamed healthy human skin, CD4þ Foxp3þ Treg cells preferen-
tially reside in close association with hair follicles (Chow et al.
2013; Sanchez Rodriguez et al. 2014).

Noteworthy roles for Treg cells in allergic disease are begin-
ning to be recognized (Zhang et al. 2014). A depletion of Treg

cells was found to lead to significantly exacerbated skin inflam-
mation, including increased recruitment of inflammatory cells,
expression of TH2 cytokines, and serum IgE levels in a murine
model of AD (Fyhrquist et al. 2012). A functional role for Treg

cells has also been suggested in models of chemical-induced CHS
(Christensen et al. 2015). Results from these studies suggest that
circulating Treg cells infiltrate the periphery, traffic to draining
lymph nodes, then recirculate back to the skin, contributing to
the down-regulation of cutaneous immune responses following
antigen exposure (Tomura et al. 2010). These migratory Treg cells
were identified to have strong immunosuppressive effects and
expressed high levels of mRNA for inhibitory mediators com-
pared to lymph node-resident Treg cells, supporting an important
role for these cells in the skin.

Recently, our laboratory demonstrated that epicutaneous expos-
ure to the occupational allergen TDI resulted in expansion of Treg

cells in the skin-draining lymph nodes, and that these cells were
functionally more suppressive than those isolated from non-TDI
exposed mice (Long et al. 2016). Depletion of Treg cells prior to
TDI exposure led to an increased sensitization response.
Subsequent studies have shown that activated Treg cells also accu-
mulate in the skin following epidermal TDI exposure. These Treg

cells expanded in number and frequency between 1 and 9days fol-
lowing a single dermal application, with an identified peak around
4days post exposure (Figure 2). The collection of data regarding
Treg cells and chemical allergy is growing, but remains limited.
Given their critical role in suppressing inflammation, defining the
cellular and molecular pathways involved in activating and main-
taining Treg cells in chemical allergy is of fundamental importance.

Resident memory T-cells

Memory T-cells, those which have been previously activated and
are “primed” to promote a secondary response, have been

Figure 2. Treg Phenotyping in mouse skin following TDI sensitization. Flow cytometric analysis of dermal Treg cells following treatment (25ml/ear) of female Balb/c
mice with acetone, 0.5% TDI, or 4% TDI (as indicated on X-axis). These concentrations were previously determined to be sensitizing following a single dermal applica-
tion. While exposure at 4% induced irritation, 0.5% induced sensitization in the absence of irritation. Cells were isolated from the ear via enzymatic digestion
(Liberase-TL) and then passed through a cell strainer to obtain single cell suspensions. Cells were counted, stained, fixed, and data was acquired on an LSRII flow
cytometer (BD Biosciences). Following doublet exclusion gating, Treg cells were first gated on their expression of CD45, CD3, and CD4 then were further identified by
CD25 and Foxp3 expression (defined as Treg cells) at indicated timepoints. Treg cell frequency and number were determined based on flow cytometry analysis and
extrapolation of this data with total ear cellularity. Graph symbols represent mean (±SE) of 5 mice/group. p Values are presented as ^0.5% TDI and �4% TDI (p< .05).
Dermal treatment groups are indicated by the following symbols: circle¼ acetone, square¼ 0.5% TDI, and triangle ¼4% TDI.
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traditionally categorized into two subsets based on their tissue
preference and homing capabilities, CD62Llow effector memory
cells (TEM) and CD62Lhi central memory cells (TCM). Due to inter-
actions of CD62L with ligands expressed on lymph node high
endothelial venules (HEV), cells with low CD62L expression (TEM)
are more prone to circulate throughout the body and peripheral
tissues than those with high expression (TCM). More recently, a
specialized memory T-cell has been identified that responded to
antigen upon initial encounter - without T-cell recruitment from
the blood - and was maintained in tissues after antigen clearance,
poised to respond with accelerated kinetics upon subsequent anti-
gen exposure. These cells were defined as resident memory T-cells
(TRM) and are retained long-term within barrier tissues that inter-
face between the host and the environment, such as the skin and
respiratory tract (Klonowski et al. 2004; Park and Kupper 2015).
TRM cells in a barrier tissue are often specific for pathogens and
other antigens that have been encountered previously through that
barrier epithelium. TRM CD4þ and CD8þ T-cells have been
defined within the skin following multiple types of immunogenic
challenges (Jiang et al. 2012).

The role of skin specific TRM cells in immune and inflamma-
tory diseases is just beginning to be appreciated. A recent study in
mice and humans found that ACD was mediated by TRM cells that
had been generated in response to topically applied allergens
(Gaide et al. 2015). The expansion of both CD4þ and CD8þ TRM

cells was observed in the skin of mice following multiple topical
applications of the hapten DNFB and in a human model of contact
dermatitis using the chemical allergen diphenylcyclopropenone
(DPCP). Importantly, the function was attributed to TRM cells in
the elicitation of cell-mediated responses observed 24 hr after chal-
lenge, as blocking lymphocyte migration and parabiosis studies nei-
ther abrogated nor augmented the hypersensitivity response.
However, this study did not take into account the role of other
skin-resident cellular populations such as cd T-cells or ILC.

Interestingly, TRM cells generated as a result of localized vac-
cinia virus skin infection reside not only in the site of infection,
but also populate the entire skin surface and remain present for
many months (Jiang et al. 2012), demonstrating the potential for
a discrete dermal sensitization event to change the overall
immunological landscape of the skin. Interestingly, CD8þ TRM at
mucosal sites have been shown to function as activators of innate
cells through rapid production of cytokines resulting in DC mat-
uration and natural killer cell activation, through a non-antigen
specific method (Schenkel et al. 2014). This innate-like function
of TRM results in the potential for TRM established through pre-
vious pathogen encounters to contribute to allergic sensitization.
While little is known about the role of TRM in the development
of dermal allergy it is likely they play a role, especially in an
atopic individual where multiple, repetitive, immune responses
may lead to an accumulation of these otherwise rare cell popula-
tions. Based on their potential immunomodulatory roles in the
skin, additional research in chemical allergy is warranted.

Epigenetic mediators of chemical allergy in the skin

Epigenetics is currently defined as the study of heritable changes
in gene expression or cellular phenotype caused by mechanisms
that do not alter the nucleotide sequence. These alterations are
the result of changes in DNA binding elements, which can be
influenced by environmental factors, as opposed to alterations in
the basic DNA sequence (Yang and Schwartz 2012). Epigenetic
mechanisms include DNA methylation, histone modification,
and non-coding RNA regulation. Both genetics and the

environment are thought to influence epigenetic mechanisms that,
in turn, can contribute to the development of allergic disease.
While there is a clear role for genetics in the development of
atopic allergic diseases, with one of the most common predictors
for AD being a genetic defect in the production of filaggrin, the
role of epigenetics in the development of chemical allergy in the
skin has not been as well described. The general epidemiological
evidence suggests that singular genetic influences do not strongly
influence ACD susceptibility, but there is a tendency for general
susceptibility to run in families. This implies that it is unlikely
that a single gene will be the control point, and it is more likely
that a combination of effector molecules will make a cooperative
contribution. Several known atopy and asthma genes have been
found to be susceptible to epigenetic regulation, including genes
important to T-effector pathways, T-regulatory pathways, and air-
way inflammation (Lovinsky-Desir and Miller 2012). As epigenetic
mechanisms are inducible and reversible, investigations into epi-
genetic regulation and allergic disease are critical.

microRNAs

Non-coding RNA elements such as microRNA (miRNA), transfer
RNA, small interfering RNA, ribosomal RNA, and long non-cod-
ing RNA, are molecules that have exhibited great regulatory poten-
tial in a variety of disease conditions and models. Non-coding
RNA exert functional effects by regulation of gene expression dur-
ing chromatin remodeling, transcription, RNA splicing, editing,
translation, and turn-over (Mattick and Makunin 2006).
Specifically, regulatory noncoding RNA molecules function by base
pairing with complementary sequences on other RNA or DNA to
form complexes that are recognized by RNA-induced silencing
complexes (RISC) or RNA-editing enzymes. There is increasing
evidence for the importance of miRNA in normal immune cell
functions and numerous studies suggest that abnormal miRNA
expression identified in many inflammatory skin diseases is a result
of infiltration of immune cells and disruption of normal immune
cell development, homeostasis and function. Additionally, there is
emerging evidence of a clinical potential for miRNA as both bio-
markers and possible therapeutic targets in skin diseases.

The role of miRNA in allergic disease has been demonstrated
in numerous studies. For example, inactive lesions from patients
with AD, miR-155 was found to be up-regulated and expressed
mainly in infiltrating immune cells, including CD4þ T-cells and
DC (Sonkoly et al. 2010). Studies also identified up-regulation of
miR-146a in keratinocytes of patients with AD and during AD
skin inflammation (Rebane et al. 2014). It was suggested miR-
146a improved chronic skin inflammation in AD through sup-
pression of innate immune responses in keratinocytes. Similarly,
studies have also shown that miR-124 may play a protective role
in AD (Yang et al. 2017). While numerous studies have investi-
gated miRNAs in AD, limited research has investigated miRNA
specifically in chemical allergy. Human skin samples were identi-
fied to have augmented levels of select miRNA, including miR-
21, miR-142-3p, miR-142-5p, and miR-223 following DPCP chal-
lenge. These miRNAs were also elevated in the skin following
DNFB challenge in a mouse model of ACD (Vennegaard et al.
2012). Gulati et al. (2015) utilized next-generation sequencing to
evaluate global miRNA expression in DPCP-induced DTH
responses. Their data suggested miRNA may be uniquely
expressed at different time points during the immune response
and that up-regulation of select miRNA was found to persist at
time points up to 120 days post challenge. While those studies
evaluated the elicitation phase of the allergic response, even fewer
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studies have described roles for miRNA in the sensitization phase
of an allergic response. Anderson et al. (2014) investigated global
lymph node miRNA expression profiles in a murine model of der-
mal TDI sensitization. Increases were observed in miR-21, miR-
22, miR-155, miR-126, miR-27b, miR-210, miR-31, and miR-301a
expression after a single dermal sensitizing application of TDI.
Peak increases were observed between 4–7 days post-exposure for
the majority of miRNA examined. Additionally, increased expres-
sion of select miRNA, including miR-210, miR-22, and miR-31,
were also identified in the skin following TDI exposure (Figure 3).
Additional work suggested that miR-210 may be impacting the
allergic response through direct/indirect interactions with Treg cells
(Long et al. 2016). While mounting evidence supports a role for
miRNA in skin-related allergic disease, large research gaps still
exist, including defining functional roles and identification of bio-
markers. Addressing these areas of research will contribute to the
understanding of the immunologic mechanisms of chemical-
induced allergic diseases and may aid in the development of pre-
ventative strategies.

DNA methylation

DNA methylation refers to the covalent addition of a methyl
group at a cytosine nucleotide of the CpG dinucleotide (i.e.,

CpG site). Methylation occurs after replication and almost exclu-
sively affects position five of the pyrimidine ring of cytosines in
the context of the dinucleotide sequence CpG. Approximately
75% of mammalian CpG dinucleotides are methylated. In con-
trast to heavily methylated, single CpG throughout the genome,
CpG islands are generally much less methylated, potentially
allowing transcription (Kabesch 2014). CpG islands are often
located in gene regulatory elements such as promoters and
enhancers. In general, active demethylation of a promoter region
is necessary to allow gene transcription. Low levels of DNA
methylation at these sites is typically associated with high tran-
scriptional activity, and conversely, high DNA methylation is
associated with low gene expression or gene silencing. Numerous
studies have demonstrated the link between histone modification
and DNA methylation and allergic asthma in animal models and
in human studies (Yang and Schwartz 2012). Methylation of the
intergenic region between IL4 and IL13 was seen to suppress the
expression of TH2 signature cytokines in TH1 cells (Lee et al.
2002), while in TH2 cells, methylation of IFNc was shown to be
increased (Jones and Chen 2006).

Of greater potential relevance to chemical allergy are the
observations that in a mouse model of asthma, and in subjects
with occupational asthma to diisocyanates, there is down-regula-
tion of IFNc expression secondary to methylation of the ifng
locus. Reduced expression of this cytokine favored the

Figure 3. MiRNA expression in mouse skin following TDI sensitization. RT-PCR analysis of miRNA expression in the ears following a single dermal application (25ml/
ear) to female Balb/c mice of 4% TDI or acetone vehicle. This concentration was previously determined to be sensitizing following a single dermal application.
Expression of (A) miR-210, (B) miR-22, and (C) miR-31 determined 7 days post-TDI exposure. Bars represent mean relative fold-change (±SE) of 4–5 mice/group. p
Values are represented by asterisks (p< .05).
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development of TH2 selective immune responses (Brand et al.
2012; Ouyang et al. 2013). Additionally, genome-wide DNA
methylation changes associated with the initiation of selective
immune responses in mouse whole lymph node populations fol-
lowing skin exposure to the reference contact allergen DNCB
and reference respiratory allergen trimellitic anhydride (TMA),
revealed unique patterns of DNA methylation associated with
divergent T-cell polarization in vivo. Treatment with DNCB
altered methylation of the prototypical TH1 genes, ifng and
tbx21, with methylation occurring downstream and demethyla-
tion upstream of their transcription start site, respectively.
Additionally, the key TH2 gene il13 was associated with deme-
thylation of a region downstream of its transcription start site
following treatment with TMA (Chapman et al. 2014). Further
studies by these investigators found potential divergent methyla-
tion patterns between DNCB and TMA suggesting the potential
utility as biomarkers (Chapman et al. 2016). These changes were
identified to be tissue-specific as alterations were observed in the
lymph node but not spleen indicating that tissue specificity is an
important consideration when investigating changes in DNA
methylation patterns. Research investigating the impact of DNA
methylation in the skin is even more limited. However, differen-
ces in DNA methylation and tslp mRNA or TSLP protein levels
were observed between inflamed skin lesion samples obtained
from children with AD and normal skin tissue sections (Luo
et al. 2014).

The study of epigenetics itself is complicated by many subject
confounders such as diet, environmental influences, in utero
exposures, aging, and co-morbidities. Questions remain regard-
ing the time course of these epigenetic mechanisms in vivo as
well as the sustainability of their effects and there remains much
ground to be covered in the investigation of these components
of allergic disease. However, recent advances in epigenomic
profiling technologies provide new opportunities to gain mech-
anistic insights into the molecular basis of long-lasting cellular
perturbations within functional immune cell populations that
underlie altered immune responses following chemical exposures.

Conclusion

The identification of novel mediators of allergic disease is para-
mount to the objective of defining what makes a chemical an
allergen. Furthermore, the investigation of innate events preced-
ing full sensitization such as danger signals, cytokine and chemo-
kine signaling, and APC phenotype and function is also
necessary to answer these questions. Having a more complete
view of the immunologic events taking place during both sensi-
tization and elicitation will be achieved by investigating novel
cellular subsets and molecular mediators potentially involved in
these events. There are numerous “suspects” in this regard as
mentioned above; however, many of these have not been thor-
oughly investigated in the skin. As exemplified above, the discov-
ery of novel mechanisms of allergic disease, specifically relating
to chemical sensitization, is necessary to further the development
of preventative and therapeutic strategies to combat allergic dis-
ease. Optimistically, the discovery of novel mediators of dermal
chemical allergy will broaden the general classification schemes
and views of chemical allergy as a whole. This could represent a
paradigm shift that may greatly improve allergy research and
mechanistic understanding as a whole.
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