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Toll-Like Receptors and Contact Dermatitis

Emily Lee, BA* Aditi Kale, MD," and Anthony A. Gaspari, MD*

Abstract: Contact dermatitis (CD) is a common cutaneous inflammatory condition that affects millions of people
worldwide. Xenobiotic agents are frequently encountered in substances used in everyday life, making it difficult to
avoid personal and occupational exposure. Toll-like receptors (TLRs) are transmembrane receptors that modulate
the innate immune system in response to tissue injury or infection. TLRs play a key role in the pathophysiology of
contact dermatitis. TLR signaling is involved in three major forms of CD: protein CD, allergic contact dermatitis
(ACD), and irritant CD. Of the 10 TLRs found in humans, three play an important role in ACD. This makes TLRs a use-
ful potential therapeutic target to consider against CD. In this review, we discuss the role of TLRs in CD and summa-

rize current and emerging treatments for CD that target TLRs.

Capsule Summary

e Toll-like receptors (TLRs) are involved in the pathogenesis
of protein contact dermatitis, irritant contact, and allergic
contact dermatitis (ACD). TLR2 and TLR4 are responsible
for eliciting ACD. TLR3 has a critical role in irritant con-
tact dermatitis and the elicitation phase of ACD. Because
of molecular mimicry, HDM-derived Der-p2 triggers TLR4
signaling in dendritic cells (DC), and thus plays a role in
protein contact dermatitis to HDM antigens.

* TLR4 and MD-2 are necessary components in directly
inducing nickel-related ACD in humans.

* Glucocorticoids, a first-line therapy for contact dermatitis
(CD), are known to decrease TLR signaling. There are sev-
eral established therapies that target TLRs. Additionally,
there are several experimental TLR modulating therapies
that are in development and have potential as treatment
for CD.
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INTRODUCTION

T oll-like receptors (TLRs) are transmembrane proteins that
play a key role in innate and adaptive immunity."”> TLRs
are extracellular or intracellular receptors that function as pat-
tern recognition receptors (PRRs) capable of recognizing molec-
ular patterns expressed by bacteria or viruses.>> These receptors
sense tissue injury or infection through molecules generated by
pathogens (pathogen-associated molecular patterns, PAMPs) or
damage-associated molecular patterns (DAMPs) and activate
antigen-presenting cells (APC) through direct TLR signaling,
thus inducing inflammation."”> The concept of TLRs was
introduced in 1989 when it was postulated that PRR activation
affects adaptive immunity through the innate immunity path-
way.* In 1996, the extracellular ligand Toll was shown to be
involved in host defense, which supported the idea that immu-
nity is protein mediated and involves a common pathway.’
Finally, in 1998 the first TLR discovered was TLR4, which
was found to recognize lipopolysaccharide (LPS), the outer
membrane of Gram-negative bacteria,” and induce signal
transduction.®” This landmark study by Beutler et. al fur-
ther suggested that mutations to TLR4 predispose the devel-
opment of sepsis, leading to the critical discovery that TLRs
are in fact modulators of the immune system.® This discov-
ery of TLRs culminated in Bruce Beutler receiving the 2011
Nobel Prize in Physiology or Medicine.® There are 28 TLRs
identified in vertebrates and 222 TLRs in invertebrates.”'®
A total of 13 TLRs have been identified in mammals, with
humans having 10 functional TLRs and mice having 13
TLRs.

The innate immune system can be considered the body’s
“first line of defense.” Innate immune receptors, such as TLRs,
recognize molecules that are evolutionarily conserved, like
lipopolysaccharides or peptidoglycans (See Table 1). TLRs
function as transmembrane protein receptors that detect
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Innate Immunity

Adaptive Immunity

Cellular Components
killer T cells, dendritic cells

Skin, pulmonary, gut epithelial cells

Stratum corneum of the skin

Noncellular Components
Receptors

DAMPs.

Monocytes, macrophages, granulocytes, natural

TLRs, which are found on innate immune cells
and in tissues, activated by PAMPs and

T lymphocytes, B lymphocytes
N/A

Antibodies, which are antigen receptors on B cells
and are found on the cell surface.

T cell receptors, which recognize antigenic
peptides that are proteolytic cleaved and
presented on the cell surface bound to major
histocompatibility (MHC) proteins.

MHGC, major histocompatibility; TLRs, toll-like receptors; DAMPs, damage-associated molecular patterns; PAMPs, pathogen-associated molecular patterns.

PAMPs that are foreign to the host."" These PAMPs lead to the
activation and dimerization of TLR monomers, causing the acti-
vation of transcription factors, NF-xB, AP-1, and IRF3/7."
Activation of these transcription factors increase the expres-
sion of adhesion and costimulatory molecules. In response to
TLR signaling, inflammatory cytokines are released, leading to
increased proliferation of antigen-presenting cells and cyto-
toxic T cells.'? Activation of the innate immune system leads
to downstream activation of the adaptive immune system.

he adaptive immune system develops an antigen-specific
response to PAMPs and DAMPs detected by the innate immune
response. The adaptive arm of the immune system comprises B
lymphocytes and T lymphocytes through their antigen-specific
rearranged receptors. These cell types mediate humoral and cel-
lular immunity, respectively, through antigen-mediated activa-
tion of CD8 cytotoxic T-lymphocytes and CD4" T (Th) helper
cells."”” Th cells continue to release inflammatory cytokines that
increase the expression of costimulatory molecules for clonal
expansion of T cells and APCs. Importantly, TLRs on APCs
respond to these cytokines by increasing activation of T cell
response and cell-mediated immunity, thus playing a critical
role in the regulation of the immune system.'> TLRs are also
highly diverse and adaptable and possess the ability to recognize
PAMPs associated with bacteria, fungi, parasites, and viruses, as
well as self-molecules that are usually sequestered, but released
during cellular damage (DAMPs)™ (Table 2). Adaptive immunity,
in contrast, uses a different mechanism to generate diversity: By
using site-specific DNA recombination, antigen receptors of the
adaptive immune system (B- and T-lymphocytes) can expand their
repertoire of antigen recognition."” Because of the diverse patterns
recognized by TLR, this family of innate receptors is thought to
play a role in a variety of processes fundamental for the survival of
mammalian hosts.

Ligands that activate TLRs comprise PAMPs or DAMPs’
(Figure 1). TLRs contain extracellular leucine-rich repeats that
are responsible for recognizing pathogens through PAMPs and
consist of a transmembrane and cytoplasmic Toll/interleukin-1
receptor for intracellular signaling,'® which results in the pro-
duction of molecules such as cytokines, type I interferon, and

chemokines. Signaling from TLRs also upregulates costimulatory
molecules on dendritic cells (DCs), leading to the development
of pathogen-specific adaptive immune responses.'®

TLRs participate not only in the immune response by recog-
nizing microbial pathogens or indicators of tissue damage but
also in the development of allergic reactions, such as in the
development of allergic contact dermatitis (ACD) by recogniz-
ing allergens that come into contact with these receptors or self-
molecules released during ACD.

CONTACT DERMATITIS OVERVIEW

Contact dermatitis (CD) is an inflammatory reaction in the
skin in response to exposure to xenobiotic chemicals such as
allergens and irritants. Exposure to these xenobiotics in perso-
nal care products are common causes of CD, with occupa-
tional hazards and increased use of cosmetic products shown
to be demonstrated risk factors in the development of CD.'” A
cross-sectional study of over 12,000 individuals in five differ-
ent European countries demonstrated that over a quarter of
the population experience contact allergy to at least one aller-
gen.'® In a meta-analysis of 28 studies covering 20,107 individ-
uals represented from the general population, the pooled
prevalence of allergic contact dermatitis to nickel, fragrances,
and cobalt was 20%.'*° In the occupational setting, CD can
account for up to 90% of occupational skin disorders, with health
care workers among the most common groups to experience CD
due to frequent glove use and handwashing.*! Long-lasting con-
tact with such xenobiotics can induce chronic CD and lead to
decreased patient quality of life."®

CD can be classified into two major subtypes: allergic contact
dermatitis (ACD) and irritant contact dermatitis (ICD)." Pro-
tein contact dermatitis (PCD) is another form of contact derma-
titis that occurs less frequently than ACD and ICD (Table 3).

The clinical presentation of CD includes erythema, swel-
ling, papules, blisters, and vesicles. The severity depends on
the irritants or allergens exposed and the duration of irrita-
tion. In subacute or chronic stages, lichenification, fissures,
and scaling may be present.'” Athough both ACD and ICD
are caused by exposure to xenobiotics, they do not share the
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VNP Toll-Like Receptors and Their Known Ligands®®

TLR Exogenous Ligands Endogenous Ligands Species
TLR1 Synthetic triacetylated lipopeptide N/A Humans
(Pam3CSK4), triacetylated lipopeptides
coupled to peptidoglycan
TLR2 Pam3CSK4 LAM, LPS, LTA, PGN, and other HSP60,70, biglycan, GP96, HMGBH1, Humans
glycolipids, glycoproteins, and lipoproteins Surfactant protein A/D, HA fragment
Zymosan, protozoa, and some viruses
TLR3 Synthetic Poly I:C and Poly A:U, and Viral RNA released from necrotic cells Humans
dsRNA
TLR4 LPS, fungal mannan and glucuronoxylmannan, HSP60,70, biglycan, GP96, HMGBH1, Humans
protozoa, and some viruses Surfactant protein A/D, HA fragment
oxidized LDL, saturated fatty acids,
serum amyloid A, fibronectin EDA,
SS100A8/A9
TLR5 Flagellin Ligands present in RA synovial fluid Humans
TLR6 Pam3CSK4, diacyl lipopeptides, LTA, Versican, HA fragments, PAUF Humans
protozoa, and Zymosan
TLR7 Viral ssRNA, GU rich oligos, and synthetic RA synovial fluid ssRNA, miR-let7b, Humans
imidazoquinoline derivatives miR-29a
TLR8 Viral ssRNA, and synthetic thiazoloquinolone Not identified but probably RA synovial Humans
derivative (CLO75) fluid ssRNA
TLR9 Nonmethylated CpG bacterial DNA DNA containing CpG ribosomal repeats, Humans
(ODN2006) DNA-immune complexes (IC), IgG-
chromatin complexes
TLR10 Same as TLR2 Not identified Humans
TLR11 Toxoplasma gondii profilin HSP70 and HMGB1 Mice
TLR12 Toxoplasma gondii profilin Unknown Mice
TLR13 Unknown Unknown Mice

LPS, lipopolysaccharide; LTS, lipoteichoic acid; LAM, lipoarabinomannan; TLR, toll-like receptor.

same pathophysiology. Therefore, it is important to recognize
the role of different TLRs involved in these conditions.

Protein Contact Dermatitis

PCD is a hypersensitivity reaction caused by proteins of plant or
animal origin. Some studies suggest that PCD is induced by
either a type I hypersensitivity reaction or combination of type 1
and type IV hypersensitivity’> after long-term exposure to the
allergen. PCD frequently presents on the hands, wrists, and fore-
arms with vesicular, urticarial, or edematous papules and plaques
that appear minutes after contact with the causative agent.19 Itis
hypothesized that chronic skin irritation, high concentration of
antigen, and longitudinal exposure may be important factors that
affect epidermal penetration. Plant or animal-derived proteins
are of a greater molecular weight than those involved in “classi-
cal” ACD.*

PCD is characterized by four specific criteria, as defined by
Veien et.al in 1983>:

1. “Chronic dermatitis caused by contact with proteinaceous
material”

2. “An acute urticarial or vesicular eruption occurring minutes
after contact with a causative protein”

3. “Immediate testing results that are usually positive”

4. “Patch-test results that are often negative”

Proteins that induce PCD are divided into four classification
groups:

1. Fruits/vegetables/spices/plants, 2. Animal proteins, 3.
Grains, and 4. Enzymes®

One of the more common proteins that induce PCD are those
associated with the house dust mite.** Dermatophagoides ptero-
nyssinus group-2 (Der-p2), the allergen derived from fecal pellets
of the house dust mite, is known to cause type I allergic reactions
in humans with asthma, atopic dermatitis, and allergic rhinitis.”>
It is an aeroallergen that triggers the immune system postinhala-
tion. There is evidence that Der-p2 induces TLR signaling.*> MD-
2 is a molecule that associates with TLR4 and is required for lipo-
polysaccharide signaling and activation of TLR4.*® MD-2 and
Der-p2 both consist of two antiparallel $3-pleated sheets that are
stabilized by disulfide bonds and enclose a hydrophobic cavity.*’
This similar structural homology is key in inducing an interaction
between Der-p2 and TLR4 known as Der-p2 MD-2 molecular
mimicry.”” Der-p2 mimics MD-2 by binding LPS and TLR4, thus
triggering the innate immune system through TLR4 signaling®
(Figure 2). Interestingly, Der-p2 has been shown to engage
LPS to trigger TLR4 signaling in MD-2-deficient mice as well
as mice with functional MD-2. Thus, Der-p2 is a potent adju-
vant of innate immunity even in the absence of MD-2.27?®
Considering the prevalence of Der-p2 as an aeroallergen and
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Figure 1. How PAMPs and DAMPs activate TLR. (A) PAMPs are exogenous ligands that are derived from microorganisms. They bind
to PRR on cutaneous APCs, which then induce T-lymphocyte activation. (B) DAMPs are endogenous ligands, often intracellular pro-
teins that result from tissue injury or inflammation that activate PRRs using the same mechanism as PAMPs. (Figure created using
BioRender software, Toronto, ON Canada). APC, antigen-presenting cells; DAMPs, damage-associated molecular patterns; PAMPs,

pathogen-associated molecular patterns; PRR, pattern recognition

the high susceptibility of PCD in patients with atopic disease,
understanding this mechanism could be crucial in the devel-
opment of PCD therapies.

Allergic Contact Dermatitis

ACD is a cell-mediated type IV hypersensitivity reaction that
occurs due to chemicals penetrating the skin, interacting
with self-proteins (“altered self molecules”), and causing a

receptors; TLR, toll-like receptor.

hapten-dependent immune response. This creates localized
symptoms such as erythema, edema, pruritus, and warmth.*
Allergens may activate TLRs and cause a downstream response.
The skin’s ability to produce the ACD response is a unique defense
mechanism that may result in a dermatological problem when the
skin immune system reacts to xenobiotics that were initially harm-
less.*® It is a common phenomenon that affects many workers and
consumers worldwide®® with genetic components and environ-
mental exposures contributing to the risk of developing ACD.*
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Contact Dermatitis Classification TLR Member Mechanism of Action

Protein Contact Dermatitis TLR4 TLR4 activation via Der-p2 MD-2 molecular mimicry.

Allergic Contact Dermatitis TLR2 Activation through PAMP and endogenous DAMPs-induced pathway (e.g.,
low-molecular-weight fragments of hyaluronic acid).

TLR3 Activation during the elicitation phase due to exposure to allergens (e.g.,

2,4, 5-trinitro-1-chlorobenzene, croton oil etc)

TLR4 Direct activation through nickel or cobalt induced dimerization of TLR4 histidine-
rich ectodomains. Selective generation of antitumorigenic T-lymphocytes
through Th1 and Th17 proliferation.

Irritant Contact Dermatitis TLR3 Activation through PAMP and DAMP-induced pathway. Activation due to

keratinocyte damage induced by chronic irritant exposure.

DAMPs, damage-associated molecular patterns; PAMPs, pathogen-associated molecular patterns; TLR, toll-like receptor.

ACD occurs through a two-part mechanism consisting of an
afferent (sensitization) phase followed by an efferent (elicitation)
phase. In the first phase, the xenobiotics (predominantly low-
molecular-weight compounds) penetrate into the skin and are
processed primarily by epidermal Langerhans cells (LC) and/or
dermal dendritic cells (DC).?° The xenobiotic chemical reacts
covalently with a “carrier protein” to form a hapten—carrier
complex to act as a skin sensitizer.>> Immature LC mature into
activated APC and can present the antigen to T lymphocytes in
draining lymph nodes. The migration of LC is dependent on
chemokine receptor expression and specific chemokine receptor—
ligand interactions.>* Once the ligand is recognized, T lymphocytes
are activated, undergo clonal expansion,” and differentiate into
effector and memory T cells.”® In the second phase, the chemical
allergen is encountered again, and a greater secondary immune
response is elicited;” T cells are then recruited to the inflamed
skin presenting as a ACD reaction.”

The Role of TLR2 and TLR4 in ACD

Allergens can activate TLRs on skin APC. In particular, TLR2
and TLR4 are responsible for eliciting ACD. The nucleotide oligo-
merization domain (NOD)-like receptor NLRP3 is also thought
to be involved.’® Activation of TLR2 and TLR4 leads to the
expression of interleukins (ILs) IL-1B, IL-6, IL-12, IL-18, and IL-
23, tumor necrosis factor (TNF)-o, and interferon (IFN)-o. These
cytokines induce downstream effects such as the recruitment of
CD4" Thl and Th17 cells. Pathogenic extracellular bacteria can
also stimulate the expression of cytokines, which activate Thl and
Th17 cells through TLR2 and TLR4.”® Activated Th1 also releases
significant quantities of DAMP that further stimulates TLR2 and
TLR4. This is one of the drivers of inflammation in ACD known
as the DAMP/TLR4/Th1-Th17 immune circuit.””

Using a mouse model of ACD, the absence of both TLR2 and
TLR4 in gene-targeted mice leads to resistance against allergens,
such as 2, 4, 6-trinitrocholorobenzene (TNCB) and oxazolone,
and inhibited the development of sensitization.*®> However, mice
deficient in either TLR2 or TLR4 alone developed the normal
contact hypersensitivity response to these same allergens. If
these experimental mice were unable to respond to IL-12 (gene-

targeted mice), the absence of either TLR2 or TLR4 alone was
enough to cause loss of contact hypersensitivity. This suggests
the possibility for TLR to activate contact hypersensitivity and
that there may be both an IL-12-dependent mechanism and an
IL-12-independent mechanism.” These data also indicate that
there is a complex network of TLR and cytokine signaling path-
ways that control the development of contact hypersensitivity.

In a study where mice were treated with 7,12-dimethylbenz-
(a)anthracene (DMBA) to induce a contact hypersensitivity
reaction, TLR4 prevented DMBA skin tumorigenesis through
activation of IFN-y-producing T cells.’® In the tumorigenesis
environment, TLR4-deficient mice had higher amounts of IL-17
compared with non-TLR4-deficient mice that had higher levels
of IFN-v.>® The intact TLR4 signaling pathway was shown to
generate effector T cells producing IL-17, which prevents DMBA
skin tumorigenesis.’® Conversely, the defective TLR4 signaling
pathway generated IL-17 producing effector T cells, which did
not have resistance to DMBA tumorigenesis.’® TLR4-deficient
mice are also shown to develop more tumors in comparison to
wild-type mice.’*>” This demonstrates that there is a selective
component in TLR signaling and T cell differentiation.*®*”

TLR2 and TLR4 are not known to directly recognize haptens
and it is possible that changes in the commensal skin flora may
play a role in contact sensitization.”® Experiments in germ-free
mice showed that hypersensitivity to TCNB develops normally in
mice without commensal skin bacteria. This shows that TLR2
and TLR4 may recognize endogenous ligands (DAMPs) in skin.”
Allergens may activate TLRs by forming and releasing endoge-
nous ligands for recognition by PRRs or by directly activating the
receptors or signaling pathways by chemical modification.”

Some endogenous ligands, such as the breakdown products
of hyaluronic acid, which is naturally found in the body, lead to
the activation of some innate immune receptors. This may be
the mechanism of some sterile inflammatory reactions.>® Thus,
degraded hyaluronic acid (HA) may be an endogenous activator
of TLR2- and TLR4-mediated signaling. Low-molecular-weight
HA derivatives are recognized by TLR2 and TLR4 and activate
DCs. Blocking of HA fragments signaling in germ-free mice
reduced sensitization.”> Overall, degraded HA being recognized
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Figure 2. HDM Der-p2 MD-2 molecular mimicry results in TLR activation. MD-2 is an important accessory molecule consisting of two
B-pleated sheets that bind to LPS. LPS binding is a critical precursor step to LPS signaling and TLR4 activation. Without MD-2, TLR4
cannot recognize LPS. Der-p2 is a ligand associated with fecal pellets from the house dust mite. It is a common aeroallergen that struc-
turally resembles MD-2 due to its antiparallel B-pleated structure. Der-p2 directly binds to LPS and triggers TLR4, therefore mimicking
the mechanism of the TLR4/MD-2 complex. This is an example of molecular mimicry, whereby a molecule derived from an ectoparasite
(Der-p2) ‘mimics' the activity of an important accessory molecule for TLR4 (MD-2). (Figure created using BioRender software, Toronto,

ON Canada). LPS, lipopolysaccharide; TLR, toll-like receptor.

as a DAMP gives insight that endogenous formation of DAMPs
can induce ACD*? (Figure 3).

The Role of TLR3 in ACD and ICD

TLR3 has become increasingly recognized as playing a role in
inflammatory skin reactions, particularly in the elicitation
phase of ACD. TLR3 transgenic mice (overexpression) dis-
played greater contact hypersensitivity response and TLR3

knockout mice exhibited diminished contact hypersensitivity
response as compared with wild-type mice upon exposure to
2,4,6-trinitro-1-chlorobenzene.®® A similar response (dimin-
ished irritant contact dermatitis in TLR3 gene-targeted mice
compared with wild-type mice) was discovered for all three
groups upon exposure to croton oil (an irritant) as well.”®
These findings suggest that TLR3 plays a critical role during
the elicitation phase of contact hypersensitivity in an antigen-
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Figure 3. Hyaluronic Acid Fragments Activate TLR in ACD. Contact with haptens during the sensitization phase of ACD elicits production of
ROS that degrade endogenous hyaluronic acid found in the skin into LMWHA derivatives. LMWHA directly activates TLR2 and TLR4 signal-
ing and maturation of cutaneous APCs such as dendritic cells. These cells activate T lymphocytes, which release cytokines that recruit CD4*
memory T lymphocytes. (Figure created using BioRender software, Toronto, ON, Canada). ACD, allergic contact dermatitis; APCs, antigen-
presenting cells, CD, contact dermatitis; LMWHA, low-molecular-weight hyaluronic acid; ROS, reactive oxygen species; TLR, toll-like receptor.

independent manner.”® The ligands (DAMPs) that activate
TLR3 in ACD and ICD have not been identified, but it is likely
to be RNA from damaged cells.

An Important Role of TLR4 in Metal Allergy

Metal salts are one of the most prevalent allergens, with nickel
being the most common inducer of ACD worldwide.” Due to
its ubiquity in daily life, exposure to nickel has been demonstrated
to be an occupational and consumer hazard for several decades. An

Copyright © 2024 American Contact Dermatitis Society.

estimated 5-10% of the population in industrialized countries are
affected by epicutaneous contact with nickel** and at least 1.1 mil-
lion children in the United States have sensitization to nickel.”
Allergic contact dermatitis to nickel (Ni-ACD) is caused by the
same sensitization and elicitation phases induced during type IV
hypersensitivity reactions. TLR4 is the most critical component to
this pathophysiology.

One study compared three types of mice for their ability to sen-
sitize to nickel: Wild-type mice (with normal, endogenous TLR4)
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or TLR4-deficient (knockout) mice or mice expressing transgenic
human TLR4. These studies demonstrated that nickel hypersensi-
tivity only developed in the transgenic mice that expressed human
TLR4.*' Furthermore, depletion of human TLR4 and human
MD2 in human primary cultured endothelial cells was shown to
inhibit nickel-induced cytokine release.*' These results demon-
strate that TLR4 and MD2 are necessary components that induce
Ni-ACD specifically in humans. It also explains why experimental
mice are not a good model for Ni-ACD in humans. The biochem-
istry of TLR4 in mice differs from human TLR4 and lacks the
structural components (i.e., nonconserved histidines in human
TLR4) required for activation by nickel ions.*'

The molecular pathway of the Ni activation of TLR4 is
thought to be as follows: Nickel ions bind directly to TLR4*?
on dendritic cells (DCs), macrophages, and endothelial cells.®?
Once activated by nickel, TLR4 activates nuclear factor (NF)-kB,
p38, and interferon regulatory factor 3, which cause an inflamma-
tory response through proinflammatory cytokine release.*> Unlike
other contact allergens, nickel directly triggers activation of
(NF)- kB in human DCs** due to its unique coordination with
histidine residues on the extracellular domain of human TLR4.
The dimerization of TLR4 triggers cytokine secretion and DC
maturation, a critical early step in contact sensitization.**

The combination of interactions between TLR4/MD-2 and
metal-coordinated histidine motifs in the TLR4 ectodomains
leads to activation of TLR4.** The hydrophobic interactions
between MD-2 and TLR4 and the metal-coordinated TLR4 ecto-
domains are necessary for proper stabilization of TLR4. This sta-
bilization allows for conformational change of the protein that
leads to domain dimerization and activation of the TLR4 signal-
ing pathway** (Figure 4). Nickel has been demonstrated to be a
strong activator, compared with other transition metals like cop-
per and cadmium, in triggering this TLR4 signaling pathway
and inducing (NF)-kB-dependent cell activation.**

After nickel, cobalt and chromates have the highest sensitiza-
tion rates, affecting 5% and 3% of the population, respectively.*’
Like nickel, cobalt can directly trigger TLR4 activation through
TLR4/MD-2 stimulation.*> on DCs, causing increased expression
of proinflammatory cytokines responsible for ACD.*® Cobalt is
nearly equal to nickel in its strength to directly trigger TLR4
signaling.*® Like nickel, cobalt has two valence electrons,
which makes it structurally similar enough to bind to TLR4 histi-
dine motifs, induce dimerization, and activate TLR4 signaling.*®
Chromates are less environmentally ubiquitous in comparison to
nickel and cobalt. However, they pose common occupational risks,
especially among construction workers. Potassium dichromate is a
common chromate agent found in cement and known to induce
ACD in construction workers.*” It is unknown if TLR signaling is
involved in potassium dichromate-induced ACD as no studies
have identified this mechanism so far. However, other studies have
suggested that in potassium dichromate-induced kidney injury,
TLR4 has a major role in controlling inflammatory response. In

the pathogenesis of kidney injury, TLR4 activates the innate
immunity system, which triggers the release of TNF-o,, an impor-
tant cytokine in mediating inflammatory, oxidative stress, and apo-
ptotic pathways.*®* Therefore, although little is known about
chromate-induced TLR signaling in cutaneous conditions, there is
some evidence that it is active in other inflammatory diseases
through TLR4 activation. Palladium, copper, and zinc are other
common metal salts that have been investigated in understanding
their role in TLR4-mediated ACD. Although all three showed
some DC-activating potential through TLR4/MD-2 stimulation,
reactivity was overall weak.* Unlike palladium in which exposure
is rarer, copper and zinc are elements found in everyday life yet
are not common allergens. Therefore, it is useful to understand
that this is explained by lack of TLR4 activation.

TLRs play an important role in the both the sensitization and
elicitation phases of contact hypersensitivity by recognizing
DAMPs that are normally sequestered from these receptors.
Metal ions also directly activate TLR4. Thus, blocking TLR sig-
naling in response to DAMP or direct engagement by metal
ions such as nickel is a potential target for treatment of ACD.

Role of TLR3 in Irritant Contact Dermatitis

ICD, unlike ACD, which is caused by a type IV hypersensitivity
reaction, is thought to be a direct or indirect toxic effect of xenobi-
otic chemicals on the epidermis and/or dermis. Although ICD is
thought to occur by a nonimmunological pathophysiology, the his-
tology of the late phases ICD and ACD are indistinguishable.*’

There are several mechanisms to which ICD may occur. It is
broadly understood that damage to the epithelial barrier, direct
toxicity to keratinocytes, and release of proinflammatory media-
tors lead to an ICD eruption.”®*" Contact with irritants, such ace-
tone or alcohols, can lead to loss of lipids in the epithelial barrier.
This weakens the structural components of the epithelial barrier
and can cause increased permeability and higher exposure to more
irritants.”>" Irritants may also have a direct toxic effect on epider-
mal keratinocytes leading to skin barrier disruption. A critical
component of ICD is that it is caused by chronic epithelial
injury, usually due to repetitive, often longer-term exposures
to the irritant. Over time, damage to the skin barrier through
epidermal keratinocyte destruction triggers the innate immune
response. Keratinocytes have a major role in upregulating major his-
tocompatibility complex (MHC) class II antigens and expressing cell
adhesion molecules.”® They induce an inflammatory response
through the release of proinflammatory cytokines IL-1o, IL-1P,
TNF-o,, GM-CSF, IL-6, and IL-8 that lead to the activation of Lang-
erhans cells, dermal dendritic cells, and endothelial cells.”® Trritants
can also be recognized as pathogens by TLRs and NOD-like recep-
tors, which leads to the activation of inflaimmasome and NF-«xB
pathways.*® Irritants play a role as PAMPs by inducing ligands that
are recognized by TLRs and produce reactive oxygen species.”"

It has been suggested that TLR3 is involved in the pathogenesis
of ICD. A mouse model of TLR3 expression in mice findings
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Figure 4. Activation of TLR in Ni-ACD. Nickel-induced allergic contact dermatitis utilizes a two-part mechanism. During the sensitiza-
tion phase (panel 1), nickel ions penetrate the epidermal layer where keratinocytes and Langerhans cells are activated in response to
barrier damage. DC found in the dermis become activated by TLR4 crosslinking by Ni. This triggers the maturation of DCs, which
migrate to draining lymph nodes for antigen presentation to T-lymphocytes. During the elicitation phase (panel 2), repeated exposure to
nickel causes ions to bind to TLR4 and induces TLR4 dimerization and signaling. TLR4 activates interferon regulatory factor 3 (IRF-3)
and NF-Kb, which produce proinflammatory cytokines IL-B, IL-18, IFNa, and IFNB. Cytokine release induces classical contact hypersen-
sitivity symptoms, such as pruritus and erythema. (Figure created using BioRender software, Toronto, ON, Canada). DC, dendritic cells,

Ni-ACD, allergic contact dermatitis to nickel; TLR, toll-like receptor.

suggest that ICD response is suppressed in TLR3 KO mice.”® Fur-
ther examination of keratinocyte response to cytokines and inflam-
matory mediators was conducted in WT mice compared with the
TLR3 KO mice. Production of inflammatory mediators, IP-10 and
RANTES, was found to be significantly higher in the WT mice
compared with the TLR3 KO mice, suggesting that TLR3 is a con-
tributor to ICD. One of the most interesting findings from the
study was that TLR3 induced skin inflammation in the absence of
an exogenous viral pathogen.”® While TLRs are most associated
with responding to PAMPs, it is suggested that tissue damage can
also act as endogenous danger signals (DAMPs) and initiate TLR
signaling.>> Components released from damaged keratinocytes can
induce TLR3 activation. RNA released from damaged cells
(DAMP) acts as ligands in which TLR3 responds with the release
of inflammatory cytokines.”>>* Therefore, ICD is induced in a
TLR3-dependent manner after keratinocyte damage occurs from

chronic irritant exposure. Presently, few studies have investigated
the role of TLRs in specifically ICD despite ICD accounting for
80% of CD.” It is also not known whether TLR3 signaling is
important in human ICD, as existing data are derived from the
above-described mouse model system. It would be useful to under-
stand the specific TLRs that are activated in ACD versus ICD. This
would allow for the development of future therapies that target
specific TLRs and can be useful for subgroups of patients who are
more susceptible to ICD.

PHARMACOLOGICAL TREATMENT OF
CONTACT DERMATITIS

Agents already in use to treat CD can affect TLR signaling path-
ways; this modulation may contribute to the mechanism in
which these agents are able to reduce the inflammatory response
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to allergens. TLRs are known to be upregulated in ACD and
many other dermatologic conditions such as psoriasis, leprosy,
acne, and candidiasis.”* TLR antagonism is a useful method to
treat or prevent TLR-mediated inflammation (Table 4)5°

Commonly Used ACD Treatments

There are currently several established agents used to treat ACD
that interact with TLR signaling. These therapies have been widely
used to treat a diverse range of inflammatory cutaneous diseases.

Glucocorticoids

Glucocorticoids are considered a first-line therapy in treating
ACD. Topical glucocorticoids induce anti-inflammatory effects
through vasoconstriction, release of phospholipase A2, and
directly inhibiting inflammatory transcription factors.’® The
mechanism of action of glucocorticoids is diverse and serves
several immunological functions. Glucocorticosteroids interact
with TLRs by inhibiting the action of B and T cells in which
TLRs are a part.”’ Glucocorticoids can impact TLR7 signaling;
this TLR is important in recognizing pathogen-associated nucleic
acids and in the stimulation of B cells.

Glucocorticoids cause a decrease in TLR expression and an
increase in the transcription of genes that increase the levels of
negative downstream regulators of TLRs, such as DUSPI, IRAK3,
and ILIRLI. TLR7 expression in vivo was also seen to be reduced
after methylprednisolone administration.”® TLR downregulation

V-] 1.8 Therapeutics with Potential to Treat Contact Hypersensitivityse_

by glucocorticoids has been shown to increase production of anti-
inflammatory cytokines and suppress the production of proin-
flammatory cytokines.” The anti-inflammatory properties of both
topical and systemic glucocorticoids make it a widely used therapy
for ACD.

Tacrolimus

Tacrolimus is an immunosuppressant and a calcineurin inhibi-
tor. This agent is an FDA-approved topical therapy for Atopic
Dermatitis.®* It inhibits T cell proliferation by binding to
FK506-binding protein (FKBP) and can inhibit the transcription
of genes encoding IL-2.°"%% Short-term treatment with tacroli-
mus has been seen to reduce expression of TLR1 and not alter
the expression TLR4 and TLR9. This downregulation of TLRI,
which also inhibits the antimicrobial potential of TLR2, is a
potential mechanism by which tacrolimus may treat dermatitis.*>
Topical tacrolimus reduces both TLR2 and TLR4 expression.®>

Antihistamines

Antihistamines are agents that are widely used for symptomatic
relief from urticaria and pruritus in patients with contact dermati-
tis.** Histamines cause increased TLR expression by stimulating
mediators such as IFN-y and receptor-interacting protein, caus-
ing the production of inflammatory mediators. Antihistamines
can be used to suppress the expression of TLRs; particularly, H1-

antihistamines have been shown to inhibit the TLR and

82

Drug Drug Category

Target TLR

Established/

Experimental Mechanism of Action

Glucocorticoids Corticosteroid

Tacrolimus Calcineurin Inhibitor TLR1, TLR2,
Levocetrizine H1-Antihistamine TLR3
Ultraviolet B (UVB) Radiation Phototherapy TLR4
TAK-242 TLR4 antagonists/ TLR4

Small molecule

inhibitor (SMI)
Edecesertib IRAK-4 Inhibitor N/A
BAY1834845
1A6 Monoclonal TLR4
NI-0101 Antibodies

TLR?7, other TLRs

Established Selectively downregulates TLR7
signaling through decreased
expression of TLR7 receptor genes

Inhibits T cell proliferation through
FKBP-binding. Inhibits transcription
of genes encoding IL-2

Inhibits expression of IFN-f, receptor-
interacting protein, and (NF)-xB
after stimulation of TLR3

Targeted TLR4-induced
immunosuppression that increases
secretion of suppressive mediators
IL-10 and TGF-f

Prevents TLR4 activation through
disruption of interaction between
TLR4 and activating cofactors

Inhibits interleukin-1 receptor
associated kinase 4 (IRAK-4)
preventing MyD88-dependent
signaling and downstream
TLR/IL-1R activation

Inhibits TLR4 signaling by blocking
ligand-dependent TLR4
dimerization

TLR4 Established
Established

Established

Experimental

Experimental

Experimental

TLR, toll-like receptor.
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interleukin (IL) systems indirectly.” Levocetrizine inhibits the
downstream inflammatory effects of TLRs, especially TLR3. Post-
TLR3 stimulation, levocetrizine inhibits the expression of IFN-f3,
receptor-interacting protein, and (NF)-kB release.”® This mecha-
nism reduces the release of inflammatory cytokines and may be
useful in reducing the itch associated with contact hypersensitivity
(CHS).*

Phototherapy

Ultraviolet (UV) B radiation can be useful as a third-line therapy
in the treatment of dermatitis.*” UVB depletes Langerhans cells
from the epidermis, impairs contact hypersensitivity, and leads
to hapten-specific tolerance.® TLR4 plays a role in this immu-
nosuppression caused by UVB radiation treatment by increasing
the secretion of suppressive mediators, such as IL-10 and trans-
forming growth factor (TGF)-P. Impaired TLR4 signaling ren-
ders experimental mice resistant to this type of UVB-induced
immune suppression, demonstrating that TLR4 is necessary for
UVB-induced loss of CHS and immune tolerance.® UV light
triggers TLR4 to act as a death receptor in antigen-presenting
cells, causing their apoptosis (programmed cell death) and con-
tributes to Langerhans cell depletion and cutaneous immune
suppression.69

It may be possible to target TLR4 and achieve the same results
as therapy with UVB radiation for patients with dermatitis.”*”"
Interestingly, the use of imiquimod, a TLR7 agonist, has been
shown to protect experimental mice against loss of CHS. However,
the addition of UV exposure after TLR7 activation overcomes this
mechanism and actually leads to the loss of CHS.”* It is believed
that TLR7 and UV irradiation stimulates the secretion of IL-12.”>
IL-12 causes resistance to UV immunosuppression by triggering
DNA repair of UV-induced cyclobutene pyrimidine dimers, which
are usually damaged post-UV exposure.”

Targeting TLR: Potential Treatments for Contact
Dermatitis?

Although the several commonly used treatments that interact
with TLRs are effective in treating ACD, there are currently no
existing therapeutics that block the TLR signaling mechanism in
ACD specifically. However, there are several existing therapies
that affect TLR signaling and are useful in the treatment of other
cutaneous and noncutaneous diseases.”*

The precise targeting of these potential therapies may be use-
ful in the managing CD that does not respond to conventional
treatments and may have important future implications in the
treatment of CD.

Small molecule Inhibitors (SMIs)

Small molecule inhibitors (SMIs) are chemical agents that are
synthetically or naturally derived. Due to their small size, they
can cross cell membranes and interact with specific intracellular
adapter proteins within the cell. This makes SMIs a viable

option for blocking TLR signal transduction and reducing cyto-
kine production.”* Although the ease of manufacturing and
good bioavailability makes SMIs popular drug candidates, they
are known to have poor specificity and targeting capability.”*
The most recent TLR inhibitors are examined in this review.

TLR4 antagonists. TLR4 involvement has been linked to
several inflammatory diseases, including inflammatory bowel
disease, rheumatoid arthritis, gastric cancer, and sepsis.”” Its
link to inflammatory airway diseases is a critical factor in con-
sidering its potential as a contact dermatitis therapeutic agent.”®

TLR4 antagonists have been explored in the treatment of sep-
sis and prevention of nonmelanoma skin cancer.”>”® For exam-
ple, curcumin, auronofin, cinnamaldehyde, and acrolein are
TLR4 antagonists that prevent homodimerization of TLR4.”®
More clinical trials need to be done to better understand the
clinical efficacy of TLR4 antagonists in the treatment of sepsis.
However, since treatment of sepsis patients with other anti-
inflammatory therapies has not been clinically useful, it will be
interesting to observe the future of TLR4 antagonists in the
treatment of sepsis and perhaps contact dermatitis.”” This may
be particularly useful if these agents can be formulated for topi-
cal delivery on the skin.

A study examining the effects of TAK-242 (TLR4 signaling
inhibitor) on modulating contact hypersensitivity demonstrated
that it is possible to block TLR4 signals using TAK-242.”® Mice
with the loss-of-function IL36RN mutation (“knockout” mice)
were found to have psoriasis-related pustular eruptions that
were infiltrated with neutrophils, an important cytokine in mouse
CHS.”® A CHS response was therefore induced in II36rn—/— and
wild-type mice using 1-fluoro-2,4-dinitorobenzene (DNFB). CHS
response was evaluated based on the mRNA levels of contact
dermatitis-related cytokines measured using RT-PCR. Results
demonstrate that CHS response was enhanced in II36rn—/— mice
and that when treated with TAK-242, there was an overall
decrease in CHS response before administration of DNFB and
regardless of IL-36Ra deficiency. This suggests that TAK-242 is
useful in inhibiting inflammatory responses during CHS. In the
context of TLRs, TAK-242 was found to decrease CHS by inhibi-
ting TLR4 expression and blocking release of TNF-o.”® By inhibi-
ting the sensitization phase and activation of the innate immune
system, gene expression of cytokines IL-6, IFN-y, IL-4, IL-17, and
IL-10 were reduced overall in the CHS regions in both groups of
mice. TAK-242 is safe for human use and should be considered a
potential therapy for the treatment of contact dermatitis and as a
selective inhibitor of TLR4.”® However, this is still a relatively new
body of research that would require further investigation.

IRAK-4 inhibitor.
4 (IRAK-4) is a protein kinase that mediates signal transduction
and regulation of IL-1 receptor (IL-1R) and TLRs.”” TLRs and
IL-1R have similar signaling pathways that activate inflamma-

Interleukin-1 receptor-associated kinase

tory pathways and recruit adaptor protein MyD88. IRAK-4 is a
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vital signal transduction node needed for MyD88-dependent
signaling. Therefore, inhibiting IRAK-4 may be useful in pre-
venting downstream TLR/IL-1R signaling and the release of
proinflammatory cytokines.”

There are several IRAK-4 inhibitors currently undergoing
clinical trials. These inhibitors are developed from bioactive
molecules and indicated for mostly malignant diseases. The
compounds that are being considered for cutaneous application
are edecesertib for cutaneous lupus erythematosus and KT-474
developed by Kymera Therapeutics for hidradenitis suppura-
tiva.”” BAY1834845 developed by Bayer, KT-474 by Kymera
Therapeutics, and EVO101 by Evommune are being studied for
clinical treatment of atopic dermatitis.”” Given their fast and up-
and-coming development, IRAK-4 inhibitors may be an inter-
esting therapeutic agent to consider for allergens known to
induce the MyD88-dependent pathway in contact dermatitis.

Monoclonal Antibodies

Monoclonal antibodies have been shown to be an effective ther-
apeutic due to their ability to target specific molecules with a
high affinity and few adverse events. Furthermore, their ability
to design monoclonal antibodies that target critical signaling
molecules make them a good therapeutic candidate for a wide
range of diseases.®® Antibodies can act as TLR antagonists by
blocking ligands from binding to a specific TLR.”* So far, no
TLR antibodies have been indicated for treatment of contact
dermatitis. The antibodies that target TLR that have been devel-
oped thus far have been shown to be useful in preventing dis-
eases associated with inflammation. The 1A6, monoclonal
antibody that blocks TLR4 signaling, shows promising results of a
protective effect against microbial-induced septic shock® and,
more recently, inflammatory bowel disease.”* Another TLR4
monoclonal antibody called NI-0101 has been shown to block the
production of proinflammatory cytokines in rheumatoid arthri-
tis.* NI-0101 inhibits TLR4 signaling by blocking the ligand-
dependent TLR4 dimerization process. Although this antibody is
still in clinical development, it would be interesting to see its
future implications in inflammatory cutaneous diseases.”

The TLR signaling network is important in the development
of many human diseases. Numerous preclinical and clinical
studies have shown the value of novel therapies targeting the
TLR pathway as an adjunct to conventional treatment or as
stand-alone treatment.®> Impacting the immune response by
using agents that modulate TLRs, whether by directly agonizing
or antagonizing the receptors or by affecting downstream medi-
ators, serves as a powerful tool in the treatment of inflammatory
diseases. It is vital to understand the nature in which TLR-
specific therapies are evolving. Consideration must be made for
patients who are unable to use steroid-based or immunosup-
pressing agents in the treatment of ACD. Many of the treat-
ments being developed to target TLR signaling are not yet
available as a topical vehicle. However, with the recent

development of novel topical agents to treat other inflammatory
skin diseases, such as a topical clascoterone for acne,** more
studies should be done to evaluate if a topical anti-TLR therapy
is a possibility in the future.

CONCLUSIONS

TLRs have a key role in the development of CD. TLRs are an
important component of the innate immune system due to their
highly selective ability to recognize both exogenous and endoge-
nous ligands (“Danger Signals”), and thus play an important
role in the early molecular events of CD. The induction of the
TLR-signaling pathway and specific proinflammatory cytokines
that are released as a result has been well studied. However, of
the 10 existing human TLRs, only TLR2, TLR3, and TLR4 are
involved in the pathogenesis of ACD and ICD. While glucocorti-
coids (which modulate TLR function) remain the first-line treat-
ment for contact dermatitis, the development of TLR-specific
therapies has progressed in recent years. Ongoing research and
clinical trials may demonstrate promising findings for novel
treatments of contact dermatitis in the future. Since the discovery
of the role of TLR4 in human ACD to Ni in 2010,*" there has
been a dearth of advancements in the field of the role of TLR and
CD and clearly more research is needed.
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