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The role of the innate immune system in allergic contact
dermatitis (ACD) has traditionally been confined to the
initial antigen sensitization phase. However, more
recent findings have shown the role of innate immunity
in additional aspects of ACD, including the effector
phase of the classic type IV hypersensitivity reaction. As
a result, the precise immunologic mechanisms medi-
ating ACD are more complex than previously believed.
The aim of this review is to provide insight into recent
advances in understanding the role of the innate im-
mune system in the pathogenesis of ACD, including
novel mechanistic roles for macrophages, innate
lymphoid cells, natural killer cells, innate Y3 T cells, and
other signaling molecules. These insights provide new
opportunities for therapeutic intervention in ACD.

Journal of Investigative Dermatology (2019) m, m—m; doi:10.1016/
j.jidl(ﬂ‘).()iﬂf{’;

INTRODUCTION

Allergic contact dermatitis (ACD) is the most common cause of
occupationally related skin disease, affecting as many as 1 in 7
individuals annually (Kostner et al., 2017; Thyssen et al.,
2009). Although the conceptual pathologic process in ACD
is straightforward—an inappropriate or exaggerated immune
response to skin contact with an otherwise innocuous sub-
stance—the precise immunologic mechanisms mediating this
pathologic process are complex and incompletely understood.
As a result, current therapies are limited to allergen avoidance,
generalized suppression of the cutaneous immune response,
and symptomatic relief (Nguyen et al., 2016). Here, we review
recent findings in the realm of innate immunity that add to our
understanding of the immunologic mechanisms of ACD and
may allow for future therapeutic intervention.

DOGMA OF ACD

ACD is a classic cell-mediated hypersensitivity reaction in
the skin, characterized by an initial sensitization phase and
subsequent elicitation phase.
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Phase I: sensitization

The sensitization or afferent phase is mediated by cells of the
innate immune system. Sensitizers can include metal ions,
such as nickel, gold, and cobalt, or low-molecular-weight
chemicals, such as urushiol, found in poison ivy and
mango skin (Davis et al., 2011). Sensitizing low-molecular-
weight chemicals called haptens are nonimmunogenic but
become recognizable by the immune system because of their
ability to bind to proteins, a process called haptenization.
Dendritic cells (DCs) and Langerhans cells (LCs) have the
intrinsic capacity to sense and recognize haptens and sub-
sequently migrate from the skin to skin-draining lymph
nodes. Antigenic encounter in the skin stimulates release of
IL-1B and tumor necrosis factor (TNF)-a. by LCs and kerati-
nocytes. These cytokines activate neutrophils and mast cells,
resulting in the up-regulation of chemotactic factors, matrix
metalloproteinases, and endothelial adhesion molecules,
along with the down-regulation of epidermal adhesion fac-
tors (E-cadherin), leading to the migration of DCs and LCs to
skin-draining lymph nodes (Enk et al., 1993; Enk and Katz,
1992).

Within the lymph node, antigen (Ag)-loaded major histo-
compatibility complexes are presented to naive CD4" and
CD8" T cells, resulting in IFN-y—secreting type 1 CD8™ cells
and T helper (Th) type 1 cells, the classic effector cells of ACD
(Dilulio et al., 1996; Gruschwitz and Hornstein, 1992; Kang
et al., 1996; Lugman et al., 1992). The relative importance of
each human skin-resident DC subset and LCs during the
establishment of hapten-specific adaptive immune responses
remains controversial. However, recent advances from mu-
rine and human ACD studies have shown distinct immune
polarizations to potent Ag sensitizers, suggesting that distinct
Ag-presenting cells may recognize specific Ag sensitizers and
that these specific Ag-presenting cells may result in distinct
immune responses (Dhingra et al., 2014; Igyarto et al., 2009;
Kaplan et al., 2005; Mathers et al., 2009; Nakajima et al.,
2012).

Phase II: elicitation

Phase Il—the elicitation, effector, or efferent phase—repre-
sents the clinically relevant phase of ACD. In this phase,
reexposure of sensitized individuals to the same antigen re-
sults in activation of innate cells such as keratinocytes, DCs,
and LCs, including up-regulation of CXCL9, CXCL10, CCL17,
CCL20, and CCL27, leading to the recruitment of previously
formed Ag-specific (effector) memory T cells (Homey et al.,
2000; Martin, 2012; Reiss et al.,, 2001). Although Ag-
specific central memory T cells are recruited and partici-
pate in the delayed response, tissue-resident memory T cells
are known to mediate rapid contact hypersensitivity (CHS)
responses within 24 hours of elicitation (Gaide et al., 2015;
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Figure 1. Integrated roles of innate immunity in the sensitization and elicitation phases of ACD. NK cells modulate sensitization and stimulate the CHS

response with the formation of T-cell clusters. The inflammatory milieu of ACD ultimately results in the activation of both M1 and M2 macrophages, which via
T-cell cluster formation, secretion of NAAA, and release of MMP-12 contribute to the CHS response. Stars denote specific therapeutic targets discussed in
the text. ACD, allergic contact dermatitis; CHS, contact hypersensitivity; iSALT, inducible skin-associated lymphoid tissue; MMP, matrix metalloproteinase;
NAAA, N-acylethanolamine acid amidase; NK, natural killer; PEA, palmitoylethanolamide; TNF, tumor necrosis factor.

Park and Kupper, 2015). T cells produce local IFN-y, IL-17,
IL-22, TNF-a, IL-4, and IL-13, further stimulating cytotoxic
CD8" effector T cells and innate immune cells, resulting in a
type IV hypersensitivity reaction (Enk and Katz, 1992; Heufler
et al.,, 1992; Kaplan et al., 2012; van Beelen et al., 2007).

Although the Ag-specific T cells in ACD are clearly path-
ogenic, it was previously believed that innate immune cells
play a secondary, auxiliary role in mediating tissue damage in
the elicitation phase of ACD. However, recent studies have
shown that innate immune cells are in fact critical modera-
tors of the efferent phase of ACD (Natsuaki et al., 2014;
Suwanpradid et al., 2017b; Tuckermann et al., 2007). These
novel mechanisms are illustrated in Figure 1.

INNATE IMMUNITY IN ACD
Macrophages

Macrophage subsets in ACD.  Various cellular signals can
cause bona fide macrophages and inflammatory
Ly6c"'CCR2™ monocytes to differentiate into classically
activated (M1) or alternatively activated (M2) macrophages
(Egawa et al., 2013; Jetten et al., 2014; Sica and Mantovani,
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2012; Suwanpradid et al., 2017b; Tamoutounour et al.,
2013).

M1 macrophages are stimulated by toll-like receptor li-
gands and IFN-y, causing release of IL-6, IL-12, IL-23, IL-1,
and TNF-a inflammatory cytokines (Colin et al., 2014; Sica
and Mantovani, 2012). M1 macrophages play a proin-
flammatory role in direct damage to the affected epidermis
and in the recruitment of other inflammatory cells and are
found in large numbers in ACD skin lesions (Sica and
Mantovani, 2012).

In contrast, alternatively activated M2 macrophages,
induced via IL-4, IL-10, IL-13, glucocorticoid hormones, or
vitamin D3, are typically involved in tissue remodeling,
immunoregulatory functions, and wound healing through
Th1 suppression (Akinrinmade et al., 2017; Colinetal., 2014;
Jetten et al., 2014; Mantovani et al., 2002). However, under
certain circumstances, proinflammatory cytokines such as
TNF-a, IL-1, and IL-6 can all be produced by M2 macro-
phages, suggesting a potential role in inflammation (Arora
et al.,, 2018; Kumamoto et al., 2016). The simultaneous,
paradoxically pro- and anti-inflammatory, properties of M2
macrophages may be partially explained by the context of
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Table 1. Potential therapeutic targets of innate immunity for the treatment of ACD

Potential Target

Mechanism

Inducer

Effect

Therapeutic
Approach

Preclinical or
Clinical Data

MMP-12 Extracellular matrix- IL-4 and STAT6
degrading enzyme involved
in tissue remodeling and
wound repair
SOCS3 Suppressor of cytokine IL-6, IL-10, IFN-y
signaling protein
Argl Enzyme that reduces Nos2-  Dexamethasone
associated inflammation,
(Nos2 encodes iNOS)
iSALT Inducible skin-associated TLR2, TLR4
lymphoid tissue that
stimulates chemokine
signaling
YO T cell T-cell subtype that is able to yd TCR
produce cytokines
regulating inflammation
and tissue homeostasis
NAAA Enzyme that catalyzes the Present in
degradation of PEA, an macrophages
important regulator of ~ and T lymphocytes
innate immunity in humans
NLRP3 Inflammasome in innate  NF-kB, pro-IL-1,
immune cells pro-IL-18
NK cell Innate immune Stimulated when
population lymphocytes MHC class | or
CD56"8"CD16~CD62L™ MHC class Ii

molecules are not

recognized

CHS exacerbation
measured in DNFB-induced
murine model

Diminishes
MMP-12, decreasing CHS
exacerbation

Suppresses CHS, measured
through DNFB hapten-
induced mice

Dendritic cells,
keratinocytes, and mast
cells release mediators

(chemokines, IL-1a, IL-1,
IL-18) that stimulate cluster
formation through CXCL2
release of M2 macrophages

Mediates proinflammatory
cytokines IFN-y, TNF-a,
and IL-12

Decreased PEA stimulates
DNFB-induced symptoms
of pruritus, edema, and
erythema

Activates caspase 1 and
produces proinflammatory
cytokines (IL-1B) and IL-18

Increased expression of
chemokines, CCXCR3,
CCR5, CCR6,
IFN-y release, and
keratinocyte apoptosis,
stimulating ACD

Direct MMP-12 Inhibition

SOCS3 induction

Argl induction

CXCL2 inhibition

vd T-cell inhibition

NAAA inhibition
(ARNO77)

ASC, IL-18,
IL-1B inhibition

CD56M8"CD16-CD62L~

NK cell

inhibition via CXCL10

MMP408: Preclinical data
in murine model (Li
et al., 2009)
FP-025: Phase 1 clinical
trial (Foresee
Pharmaceuticals, 2017)

INF-B induction of SOCS3
in multiple sclerosis
patients: Phase | clinical
trial (Ramgolam and
Markovic-Plese, 2011)
Pegylated recombinant
human Arg1 in patients
with hepatocellular
carcinoma: Phase 1 clinical
trial (Yau et al., 2015)

Preclinical murine studies
only (Matsushita et al.,
2014)

Preclinical trial of Y3
inhibitors in mice
(Moore et al., 1996)

ARNO77: Preclinical
development (Sasso et al.,
2018)

Anti-IL-1p antibody
(canakinumab)
Anti-IL-18 antibody
(GSK1070806) in Behcet
disease: Phase 2 clinical
trial (Smith, 2018)
Anti-CXCL10 monoclonal
antibody, MDX-1100 in
patients with rheumatoid
arthritis: Phase 2 clinical
trial (Yellin et al., 2012)

Abbreviations: Arg, arginase; CHS, contact hypersensitivity; iNOS, inducible nitric oxide synthase; iSALT, inducible skin-associated lymphoid tissue; MHC,
major histocompatibility complex; MMP, matrix metalloproteinase; NK, natural killer; PEA, palmitoylethanolamide; TCR, T-cell receptor; TLR, toll-like

receptor.

their microenvironments and by further subdividing M2
macrophages into M2a, M2b, M2c, M2d, intermediate M1/
M2, and tumor-resident macrophages, among others, each
phenotypically different with varying, incompletely defined,
roles in the innate immune response (Knudsen and Lee,
2016; Kumamoto et al., 2013; Nakagomi et al., 2015;
Roszer, 2015; Tamoutounour et al., 2013). A murine model
of DNFB-induced CHS showed the presence of a heteroge-
nous population of macrophages in lesional skin phenotypi-
cally consistent with M2a (arginase [Arg] 17, mannose
receptor [MR]"), M2c (receptor tyrosine kinase Mer"
[MerTK™), tumor-resident macrophages (Argl™, dectin-1%),
and intermediate M1/M2 (CD301b™ and inducible nitric oxide
synthase [INOS*]Arg1™*) macrophages (Kumamoto et al.,
2013; Natsuaki et al., 2014; Suwanpradid et al., 2017b;
Tamoutounour et al., 2013). Furthermore, intradermal

injection of bone marrow-derived macrophages into naive and
CHS mice resulted in increased ear thickness, neutrophils,
eosinophils, CD4™ T cells, and CD8" T cells in lesional skin
(Nakagomi et al., 2015). It remains unclear whether injection
of such macrophages truly mimics a physiological response.
With regard to therapeutic targeting, MR™ (e.g., M2a)
macrophages have been shown to favorably express matrix
metalloproteinase (MMP) 12, resulting in enhanced produc-
tion of CXCL1, CXCL2, and CCL2, often associated with an
inflammatory response (Casella et al., 2016; Cong et al.,
2017; Nakagomi et al., 2015). Indeed, genetic deletion or
selective pharmacological inhibition of MMP-12 was found
to suppress the inflammatory CHS response (Li et al., 2009;
Nakagomi et al., 2015). Another MMP-12 inhibitor, FP-025,
is currently in phase | clinical trials (Table 1) (Foresee
Pharmaceuticals, 2017). Additionally, SOCS3 can be
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induced by IL-6 and IFN-y in MR macrophages and serves
as a strong inhibitor of STAT6-mediated MMP-12 expression
in macrophages and T helper cell differentiation (Christensen
and Haase, 2012; Honda et al., 2013; Meguro et al., 2016;
Nakagomi et al., 2015; Yoshimura et al., 2012). Thus, ther-
apies inducing SOCS3 expression, favorably expressed in
M2a macrophages, may provide benefit for patients with CHS
via diminishing MMP-12 expression, thereby decreasing skin
inflammation (Ekelund et al., 2006). Early data suggest that
targeting SOCS3 has theoretical grounding in improving
immune-driven cutaneous disease. In fact, a phase | clinical
trial in multiple sclerosis has examined how IFN-B induces a
tolerizing effect on DC—T-cell differentiation by inducing
the expression of SOCS3 in DCs (Ramgolam and Markovic-
Plese, 2011). These results could provide insight regarding
the use of IFN-B or other pathway effectors as therapeutic
targets in ACD.

Macrophage enzymes Argl and iNOS. In addition to the
proinflammatory mechanisms involving MMP-12 and SOCS3
discussed, macrophage Argl and iNOS may play a patho-
genic role in ACD, providing further insight into macrophage
signaling and differentiation. Classically, iNOS (encoded by
the Nos2 gene) is known to be expressed in proinflammatory
(e.g., M1) macrophages, whereas Argl is expressed in anti-
inflammatory (e.g., M2a) macrophages, resulting in the pro-
duction of nitric oxide and ornithine, respectively (Bruch-
Gerharz et al.,, 2003). However, many Argl-expressing
macrophages often coexpress iNOS and Argl1. Furthermore,
in addition to a reported reciprocal regulation of Argl and
iNOS, these two effector molecules are also frequently
induced subsequently and reactively to one another, sug-
gesting an unclear hybrid and highly plastic phenotype with
regard to traditional macrophage subclassifications.

Allergens were found to increase Nos2 expression in
macrophages (along with IL-6 and additional proin-
flammatory cytokines) while also increasing Argl (Honda
et al., 2013; Kim et al., 2009; Suwanpradid et al., 2017b;
Tamoutounour et al., 2013). Specific Argl deletion in lyso-
zyme M-expressing cells (including macrophages) aggravated
CHS in an in vivo mouse model by increasing iNOS
expression, a change that could be mitigated by pharmaco-
logically inhibiting NOS. Additionally, Nos2™'~ mice showed
significantly decreased CHS responses (Suwanpradid et al.,
2017b). Together, excessive iNOS activity, derived from
either M1, hybrid M1/M2 macrophages, or additional cells in
CHS, leads to nitric oxide-induced proinflammatory cytokine
production (Suwanpradid et al., 2017b). A phase | clinical
trial of pegylated recombinant human Argl was studied in
patients with advanced hepatocellular carcinoma and found
it to be well tolerated with a favorable toxicity profile (Yau
et al., 2015).

Macrophage lipid signaling. ~ Macrophages and other skin
defense cells generate biologically active lipids that modulate
inflammation. Among these biologically active lipids is pal-
mitoylethanolamide, a protective mediator of inflammation.
Cysteine hydrolase N-acylethanolamine acid amidase
(NAAA) catalyzes the degradation of palmitoylethanolamide,
an agonist of peroxisome proliferator-activated receptor-a, an
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important regulator of pain and innate immunity in humans
(Gabrielsson et al., 2016). NAAA is 33%—35% identical to
acid ceramidase, a cysteine amidase that hydrolyzes ceram-
ides into fatty acid and sphingosine. Ceramides are key
players in epidermal barrier function and were found to play
a significant role in ACD (Jungersted and Agner, 2013; Zhu
et al., 2011). The localization of NAAA in macrophages
and T lymphocytes is suggestive of a role in regulating the
immune system. Experimental animal and human models
have proven that chronic inflammatory states (e.g., the
effector phase of ACD) correlate with a decrease in palmi-
toylethanolamide levels because of impaired biosynthesis
and increased NAAA (Ribeiro et al., 2015; Sasso et al., 2015;
Zhu et al., 2011). Administration of the NAAA inhibitor
ARN726 counteracts inflammation elicited by bacterial
lipopolysaccharide, suggesting that the blockage of NAAA
may be a therapeutic option for contact dermatitis (Ribeiro
et al., 2015; Tsuboi et al., 2007). Furthermore, Sasso et al.
(2018) studied the effects of the topical compound
ARNO77, a selective NAAA inhibitor, on DNFB-induced CHS
responses. Results indicated that administration of ARN077
decreased DNFB-induced symptoms such as erythema,
edema, and pruritus (Sasso et al., 2018). Additionally, mice
lacking the NAAA enzyme also had a decreased DNFB
response. With NAAA deletion, palmitoylethanolamide is not
degraded, preventing a DNFB-induced dermatitis response.
ARNO77 was also found to normalize circulating Th2
cytokines, 1L-4, IL-5, and IFN-v levels (Sasso et al., 2018).
These findings suggest that NAAA inhibitors such as ARNO77
may also serve as potential therapeutic targets of innate im-
munity in ACD.

Inflammasome activation in CHS
Activation of the NLRP3 inflammasome in innate immune
cells (e.g., macrophages) is a hallmark of toll-like receptor
induction by many contact allergens such as nickel or mon-
obenzone during the elicitation phase of ACD. The NLRP3
inflammasome consists of a multiprotein intracellular com-
plex containing ASC and pro-caspase 1 that detects both
pathogenic microorganisms and other stressors. NF-kB is the
upstream signaling pathway that promotes the transcription
of NLRP3, as well as pro-IL-1B and pro-IL-18, which are
necessary for the inflammasome-mediated inflammatory
response (Liu et al., 2017; Sutterwala et al., 2006; Watanabe
et al., 2007; Weber et al., 2010). Ultimately, complex for-
mation leads to caspase 1 activation and the processing and
production of proinflammatory cytokines such as IL-1B and
IL-18, resulting in inflammation (Li and Zhong, 2014,
Tschopp and Schroder, 2010; van den Boorn et al., 2016).
Given the involvement of the inflammasome in CHS,
therapies targeting ASC, IL-18, and IL-1B may serve as
important therapeutic targets for severe ACD. Currently, an
anti-IL-1B antibody (canakinumab) is available for the treat-
ment of autoinflammatory syndromes. Additionally, a phase
I clinical trial of an anti-IL-18 antibody (GSK1070806) in
Behnet disease is underway (Smith, 2018). Topical agents
targeting inflammasome activation, such as NF-kB decoys—
found to be efficacious in a mouse model of atopic derma-
titis—may represent an alternative approach with fewer
systemic risks (Dajee et al., 2006).



Macrophages and inducible skin-associated lymphoid tissue
Inducible skin-associated lymphoid tissue consists of an
aggregate of lymphoid cells that may also play a role in the
elicitation phase of CHS (Ono and Kabashima, 2015). After
hapten stimulation, dermal leukocytes form a cluster-like
structure, predominantly around postcapillary venules
(Natsuaki et al.,, 2014). Natsuaki et al. showed that
DC—effector T-cell interactions are required for the induction
of efficient Ag-specific immune responses in the skin (Honda
and Kabashima, 2016; Natsuaki et al., 2014). Macrophages
express IL-1 receptors and produce CXCL2 via IL-1a. stimu-
lation (Natsuaki et al., 2014). Natsuaki et al. showed that the
blockade of IL-1a. or CXCL2 reduces the formation of these
clusters, T-cell activation, and subsequently CHS responses.
These findings indicate that macrophages mediate cluster
formation and that therapeutic targeting of CXCL2 may pro-
vide benefit in ACD, because decreased CXCL2 will decrease
pathogenic DC—T-cell cluster formation (Honda et al., 2013;
Honda and Kabashima, 2016). However, it remains unclear
whether and how macrophages contribute to the long-term
maintenance of such leukocyte clusters and to the propaga-
tion of pathogenic T cells in ACD patient skin. Future studies
will be required to shed light on this important aspect of
ACD.

Endothelial cells

Beyond cellular trafficking and provision of a clustering site
for the formation of inducible skin-associated lymphoid tis-
sue, endothelial cells likely play a contributing, if not key,
role in the pathogenesis of ACD. With regard to the sensiti-
zation phase of ACD, endothelial cells have been shown to
express toll-like receptors and major histocompatibility
complexes | and I, suggesting a role as conditional antigen-
presenting cells (Leeuwenberg et al., 1988; Opitz et al.,
2009). Additionally, endothelial cells are known to produce
proinflammatory molecules including IL-1a, IL-6, and nitric
oxide, among others. Corticosteroids are known to induce
vasoconstriction and changes in endothelial protein expres-
sion, which may not only explain their efficacy but also
highlight potential mechanisms of corticosteroid resistance in
patients with ACD (Matsuda et al., 2008).

Innate lymphoid cells

Innate lymphoid cells (ILCs) show lymphoid morphology but
lack Ag receptors and instead respond to various signals, such
as cytokines, pathogen- or damage-associated molecular
patterns, and other inflammatory signaling mediators. On the
basis of cytokine production and transcription factor regula-
tion, ILCs can be categorized into ILC1, ILC2, and ILC3
groupings, which parallel Th-cell subsets, with ILC2 the most
prevalent in healthy skin (Spits et al., 2013). A recent study by
Rafei-Shamsabadi et al. (2018) suggests a key role of ILCs in
the elicitation phase of ACD. After allergen challenge in the
murine CHS model, elevated numbers of ILC1T were detected
in the skin, accompanied by increases in NK cells, IFN-v, and
TNF-a. Furthermore, depletion of ILC2 resulted in substan-
tially increased ear-swelling responses (Rafei-Shamsabadi
et al., 2018). ILC2 cells express high levels of Argl and in-
crease after resolution of CHS (Bi et al., 2017; Monticelli
et al., 2016; Rafei-Shamsabadi et al., 2018). We hope that
future studies will shed light on the contribution of the ILC

AK Brys et al.
The Role of Innate Immunity in Allergic Contact Dermatitis

Arg1/iNOS pathway to CHS responses. Taken together, these
findings suggest that an imbalance favoring ILC1 subsets may
partly explain the predisposition for ACD in select patients.
Therapeutically, restoring the balance of ILCs may alleviate
ACD. In a murine model, donor ILC2 infusions reduced the
severity of acute graft versus host disease, also a Th1-driven
disease (Bruce et al., 2017).

Natural killer cells

The inflammatory infiltrate in ACD, in addition to T lym-
phocytes, includes natural killer (NK) cells and NK-T lym-
phocytes. O’Leary et al. (2006) studied the direct role of NK
cells in murine CHS by using Rag ™~ mice, which lack T cells
but not NK cells. They identified an NK cell subpopulation,
CD56"8"CD16-CD62L~ that is specifically recruited in
inflamed skin through a CXCL10-dependent mechanism.
Carbone et al. (2010) also identified this NK-cell subpopu-
lation and found its involvement in ACD skin through the
expression of CXCR3, CCR5, and CCR6 chemokine re-
ceptors. CD56"8"CD16™ cells exacerbate ACD reactions
through the release of IFN-y, TNF-a, and induction of kera-
tinocyte apoptosis (Carbone et al., 2010). CD56"8"CD16~
NK cells also express secondary lymphoid organ receptors
CCR7 and CD62L and are enriched in lymph nodes, where
they modulate DC function and T-cell priming release
(Campbell et al., 2001; Frey et al., 1998). These authors also
showed that CHS to DNFB can be transferred via NK cells
from DNFB-sensitized mice (O’Leary et al., 2006). DNFB
elicited a strong CHS response in sensitized NK cells,
whereas recipients of naive NK cells showed no CHS
response. Thus, it was concluded that NK cells are necessary
and sufficient for the transfer of hapten-specific memory from
sensitized Rag2 ™"~ mice to naive recipients. The mechanism
of hapten recognition by the NK cell subset, however, re-
mains unclear. Although NK cells are a minority of the
infiltrating lymphocytes (less than 10%), their contribution to
the Th1-dominated microenvironment could be relevant,
because NK cells release IFN-y when exposed to T cell-
derived cytokines (Carbone et al., 2010). Additionally, IL-
15—deficient mice lacking NK cells show increased levels of
ILC2 and ILC3 populations (Bi et al., 2017). Many of the
cytokines mediating NK-cell activation may serve as future
therapeutic targets in ACD.

YO T cells

vd T cells have innate-like features and are able to produce
cytokines that regulate inflammation in response to tissue
stress, including in murine models of ACD (Bonneville et al.,
2010; Szczepanik et al., 1996). yd T-cell receptor—expressing
cells have been shown to be involved in promoting CHS in
mice, likely through the production of proinflammatory
IFN-v, IL-17A, TNF-a, and 1L-12 and the auxiliary role of yd
T cells in augmenting af T-cell immunity (Nielsen et al.,
2014; Ptak and Askenase, 1992; Shiohara et al., 1990;
Strzepa et al., 2013; Welsh and Kripke, 1990). Drugs tar-
geting vd T cells have been under investigation in sepsis
immunosuppression, but none have been targeted for ACD
(Yan, 2015). Skin-specific yd T cells constitute a far lower
portion of the lymphocytes in human than in murine skin, yet
whether the inflammatory infiltrate in human ACD
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constitutes YO T cells as well remains unknown (Holderness
et al., 2013; Suwanpradid et al., 2017a).

Mast cells, neutrophils, basophils, and eosinophils

Like other innate immune cells, mast cells are critical to the
sensitization phase of ACD. Mast cells are observed in
increased numbers in areas of chronic contact dermatitis, and
recent evidence suggests that they may also be necessary
during the elicitation phase (Dudeck et al., 2011; Honda
et al., 2013). Specifically, mast cells may modulate chronic
ACD via regulatory effects on CD8" T-resident memory cells
resulting from their ability to decrease IL-15 (Gimenez-Rivera
et al., 2016).

Neutrophils, traditionally regarded as simple effector cells,
are similarly emerging as players in both the sensitization and
elicitation phases of ACD (Weber et al., 2015). Although
depletion of neutrophils in mice results in decreased ear
thickness in a model of ACD, the precise interactions
occurring as a part of this regulation demand further study.
Notably, neutrophils are thought to engage in cross-talk be-
tween both innate and adaptive immune cells, including
macrophages, lymphocytes, and NK cells (Mantovani et al.,
2011). It has been speculated that anti-CD90.2—mediated
ILC depletion could be facilitated by the presence of neu-
trophils in the skin, reinforcing the complex role of both ILCs
and neutrophils in ACD (Rafei-Shamsabadi et al., 2018).

Finally, basophils and eosinophils are known to play roles
in nonclassical, Th2-mediated ACD (Lee et al., 2015; Mukai
et al., 2009). Downstream results of eosinophil activation in
this context have been linked with the neurosensory re-
sponses (e.g., pruritus) (Lee et al., 2015). Whether the roles of
basophils and eosinophils extend to the elicitation phase of
Th1 remains undetermined.

CONCLUSION

Traditionally, the role of innate immunity in ACD has been
confined to the initial Ag-sensitization phase. However, more
recent experimentation has clearly shown the integral role of
innate immunity in numerous aspects of ACD, including the
effector phase. Novel insights into the role and interactions
among macrophages, T cells, NK cells, and other signaling
molecules have not only clarified the mechanisms of patho-
genesis (Figure 1) but have also outlined opportunities for
future therapeutic approaches (Table 1). Ultimately, further
work is needed to assess the feasibility of such therapies and
determine the precise interplay among the various elements
of both innate and adaptive immunity in ACD.
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