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Introduction

The skin is a complex and dynamic organ, functioning 
to provide physical and immunological defences against 
the external macro- and micro-environment. In fulfill-
ing this role, the skin faces a myriad of environmental 
stresses and must therefore constantly adapt to maintain 
tissue homeostasis. The skin may be required to repair 
itself in response to injury, protect against pathogenic 
threats, or tolerate the non-pathogenic milieu (Gao  
et al., 2008). Sometimes, however, the response the skin 
provides is inappropriate and the balance is perturbed. 
One important example of this is contact hypersensitivity 
(CHS).

Contact hypersensitivity is an inflammatory skin 
condition caused by an inappropriate and unnecessary 
immune response to specific chemicals. These chemicals, 
which are collectively termed contact allergens, induce 
allergic sensitization that may result in contact dermatitis 

(ACD). This is a debilitating disease characterized by the 
development of redness, vesicles, papules, and eventu-
ally dry, scaly skin (Saint-Mezard et al., 2004; Thyssen  
et al., 2007). Significantly, a recent epidemiological study 
of the general population of North America and Western 
Europe suggests that the prevalence of contact allergy to 
at least one sensitizing chemical is ~20% (Thyssen et al., 
2007). Thus, contact allergy is widely recognized clini-
cally as a common and important environmental and 
occupational health hazard.

The requirement to test novel topical consumer 
products for their capacity to induce skin sensitization is 
evident. The standard approach to hazard identification 
and characterization is based upon the use of guinea pig 
or mouse assays. However, recent legislation seeks to limit 
the use of in vivo tests. Such legislation, when combined 
with ethical, societal, and scientific imperatives, has 
resulted in a significant investment in the design of 
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alternative test methods that, it is hoped, will obviate 
the need for experimental animals. Clearly, success in 
this area will demand a detailed understanding of the 
biology that shapes cutaneous immune responses, and, 
in particular, the signals that drive the acquisition of skin 
sensitization.

The development of skin sensitization: A role 
for dendritic cells

In order for a chemical to induce skin sensitization, it 
must satisfy certain requirements (Kimber et al., 2002). 
First, the chemical must pass through the stratum cor-
neum and gain access to the viable epidermis. The 
chemical must then bind to skin proteins, forming a hap-
ten-protein conjugate and thus acquiring immunogenic-
ity. The hapten-protein conjugate must be provided with 
the opportunity to stimulate the activation of responsive 
T-lymphocytes. For this to be achieved, the antigen must 
be internalized in the skin and transported to regional 
lymph nodes (LN) by cutaneous dendritic cells (DC).

Arguably, DC represent the most important initia-
tors and regulators of not only skin sensitization but of 
immune responses per se. These cells play crucial roles 
in transferring information about the environment to the 
adaptive immune system. Due to the pivotal role of DC 
in supporting the development of skin sensitization, a 
number of proposed in vitro strategies for the identifica-
tion and characterization of skin sensitizing chemicals 
have been suggested that are based upon exploiting our 
understanding of cultured DC or DC-like cells. Therefore, 
DC are important not only in the context of developing a 
more detailed understanding of the cell and molecular 
mechanisms that initiate and regulate skin sensitiza-
tion, but also from the practical perspective of novel test 
development (Kimber et al., 2011).

Within mouse skin, there are at least three distinct 
subsets of DC; namely Langerin+ve CD103+ve dermal DC  
(dDC), Langerin−ve CD103−ve dDC, and Langerin+ve, 
CD103−ve Langerhans cells (LC) (Kaplan, 2010) (Table 1). 
Langerhans’ cells are the only DC subset to reside in 
the epidermis and, as such, were once considered to 
be wholly responsible for the presentation of chemical 
allergen to hapten-specific T-lymphocytes. However, 

more recent studies have challenged this belief, with 
the suggestion that all three subsets may, under certain 
circumstances, make distinct and opposing antigen-
specific contributions to the induction and regulation of 
sensitization (Igyarto et al., 2011).

As indicated above, the development of skin sensitiza-
tion requires that cutaneous DC are activated and mobi-
lized (Figure 1). To this end, it is necessary for a number 
of changes in DC phenotype to be induced. In general, 
these are changes that aid passage of the cell through the 
dermal layers, drive migration towards the LN, or facili-
tate antigen presentation (Merad et al., 2002). Under-
pinning such cellular changes are induced changes 
in chemokine and cytokine expression. Of particular 
importance are the cytokines tumor necrosis factor 
(TNF)-α and interleukin (IL)-1β. After skin exposure to 
chemical allergens, TNFα and IL-1β are both rapidly up-
regulated, with TNFα produced mainly by keratinocytes 
(KC) and IL-1β produced exclusively by LC (in mice) 
(Enk and Katz, 1992). In addition, recent evidence indi-
cates that IL-18, a cytokine produced by both LC and KC, 
has the capacity to induce TNFα and IL-1β dependent LC 
mobilization (Cumberbatch et al., 2005). Overall, it can 
be concluded that IL-18, TNFα, and IL-1β are all integral 
to the process of LC mobilization, migration, and func-
tional maturation.

Following migration into the LN, DC present allergen 
to allergen-specific T-lymphocytes. This causes a prolif-
eration of Type 1 T-lymphocytes, specifically inducing 
the expansion of allergen-specific cytotoxic T-cell (T

c
) 

1 effectors and T helper (T
H

)-1 regulatory cells (Kehren  
et al., 1999).

The importance of Caspase-1

In order for IL-1β to induce DC activation, it must first be 
secreted from the cell and into the extracellular milieu. 
Initially, the IL-1β protein is produced as an inactive 
precursor called pro-IL-1β. The activation and release 

Table 1.  The phenotypic markers present on the surface of mouse 
Langerhans’ cells, mouse Langerin-positive (+ve) dermal DC and 
mouse Langerin-negative (−ve) DC.
Mouse 
cutaneous 
DC MHC- II CD11c CD11b EpCAM CD103 F4/80
Langerhans 
cell

+ + + +hi − +

Langerin 
+ve dermal 
DC

+ + +low − + −

Langerin 
−ve dermal 
DC

+ + +hi − − +

Figure 1.  Changes in DC marker expression following activation. 
In the resting state, DC express high levels of CCR1, CCR2, CCR5, 
CCR6, and E-cadherin. Upon activation, these markers are down-
regulated and a number of other markers are up-regulated, 
including CCR7, CD40, ICAM1, MHC-II, and the co-stimulatory 
complex (CD40, CD80, and CD86). In addition, metalloproteinase 
(MMP)-2, MMP-3, MMP-9, and the cytokines IL-1β, IL-6, and IL-18 
are all released. These changes facilitate mobilization, maturation, 
and migration of DC away from the skin and towards the LN.
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of this cytokine and the additional cytokine precursors 
pro-IL-18 and pro-IL-33 depends upon cleavage within 
the cytosol. This cleavage is performed by caspase-1. 
The importance of the caspase-1 enzyme to the devel-
opment of contact sensitization was demonstrated by 
Antonopoulos et al. (2001), who observed that, unlike the 
LC of wild type (WT) mice, the LC of caspase-1 deficient 
mice were unable to migrate in response to administra-
tion of the allergens 2,4-dinitroflurobenzene (DNFB) and 
oxazolone. Similarly, the capase-1 inhibitor Ac-YVAD-
cmk was shown to inhibit LC migration in WT mice. The 
relevance of IL-1β to this process was confirmed, as local 
administration of exogenous IL-1β was able to restore 
LC migration in mice lacking caspase-1. Taken together, 
the evidence indicates that the development of skin sen-
sitization is dependent on the action of the caspase-1 
enzyme (Antonopoulos et al., 2001).

As with IL-1β, caspase-1 takes the form of an inactive 
precursor in the steady state and, thus, it must also be 
activated before it can function. This activation requires 
a pro-inflammatory trigger (Franchi et al., 2009). As cas-
pase-1 activation is necessary for IL-1β secretion and 
IL-1β is required for the development of skin sensitiza-
tion, it is clear that this pro-inflammatory trigger is nec-
essary to support sensitization.

Cumberbatch et al. (1993) first postulated a require-
ment for a pro-inflammatory trigger in the development, 
or optimal development, of skin sensitization. They found 
that the topical administration of 0.1% 2,4-dinitrochloro-
benzene (DNCB), together with the non-sensitizing skin 
irritant sodium lauryl sulfate, enhanced DC migration 
and LNC proliferation when compared with responses 
induced by 0.1% DNCB alone. The interpretation was 
that by using low doses of DNCB that had only modest 
sensitizing potential (but little irritant activity), the vigor 
of cutaneous immune responses could be augmented 
by provision of independent pro-inflammatory signals. 
Grabbe et al. (1996) went on to demonstrate that the 
topical co-administration of a sub-optimal dose of oxa-
zalone with a sub-optimal dose of trinitrochlorobenzene 
(TNCB) induced the acquisition of sensitization. From 
these findings, it was concluded that induction of skin 
sensitization requires both an antigen-specific signal and 
an antigen non-specific pro-inflammatory signal. More 
recently, this antigen non-specific pro-inflammatory sig-
nal has been termed a ‘danger signal’.

The concept of danger signals was first articulated by 
Matzinger (1994). She postulated that, instead of simply 
reacting to foreign antigens, the immune system has 
the potential to detect tissue damage. One benefit of 
this is that it serves to prevent the activation of adaptive 
immune responses to ‘harmless’ antigens, that is chal-
lenges that are not associated with tissue damage or 
trauma. Subsequently, such danger signals have been 
shown to be pivotal in bridging between the innate and 
adaptive immune systems. In this context, danger signals 
provide a mechanism through which DC can sense their 
environment and respond accordingly. In the remainder 

of this article, those danger signals that might be of par-
ticular relevance to skin DC and to the induction and 
orchestration of skin sensitization will be considered.

Danger signals and contact sensitization

Danger signals comprise a diverse group of molecules 
that are associated with the invasion of a foreign antigen. 
Typically, these danger signals are either a product of an 
invading pathogenic micro-organism, or a product of the 
damage that invasion creates. As such, danger signals 
can be divided up into two broad groups; pathogen-asso-
ciated molecular patterns (PAMP) or damage-associated 
molecular patterns (DAMP). The former are, as their 
name suggests, molecules associated with the invading 
pathogen itself, whereas DAMP are endogenous mol-
ecules which are released in response to injury.

The integral inflammasome
One important group of PAMP receptors are the nucle-
otide-binding domain leucine-rich repeat containing 
receptors (NLR). The NLR family of proteins consists of 
23 intracellular PAMP sensors including NLRP3, NLRP12, 
NLRC4, and NLRP1 (Franchi et al., 2009). Biochemical 
analyses have suggested that, upon activation, the NLR 
forms a complex with apoptosis associated speck-like 
protein containing a CARD (ASC). This complex is 
called the inflammasome. The inflammasome induces 
activation of the enzyme caspase-1, an enzyme that, as 
discussed above, is central to the development of skin 
sensitization. Consequently, it can be inferred that both 
the NLR family of pattern recognition receptors (PRR) are 
critical for danger signal dependent–caspase-1 activation 
and, moreover, that the NLR family of PRR may be inte-
gral to the development of skin sensitization.

The importance of the inflammasome to the develop-
ment of skin sensitization can be demonstrated experi-
mentally. For instance, it has been shown that ASC and 
NLRP3 deficient mice display an impaired response to the 
skin sensitizers DNFB and TNCB (Watanabe et al., 2007). 
More recently, it was found that the LC of NLRP12−/− mice 
exhibit defective migration to draining LN (Arthur et al., 
2010). In this latter study, it was found also that NLRP12 
deficiency attenuates the inflammatory response in two 
separate models of skin sensitization. It is relevant, there-
fore, to consider the mechanisms through which inflam-
masomes are activated.

NLRP3
The most comprehensively studied NLR is NLRP3. As 
described above, evidence suggests that this inflamma-
some is, in some instances, critical for the development 
of sensitization. The NLRP3 inflammasome is also impli-
cated in a variety of different disease states and, thus, it is 
relevant to consider the role of this inflammasome in the 
context of skin sensitization.

The study of NLRP3 has revealed a multitude of diverse 
stimuli that are capable of inducing inflammasome 
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activation. Included in this list are the crystalline com-
pounds adenosine triphosphate (ATP), silica, asbestos 
and uric acid, the bacterial products listeriolysin O, 
potassium ionophore nigericin, aerolysin, and hemoly-
sins, as well as the marine toxin maitotoxin (Pedra et al., 
2009). Although many different substances have been 
shown to activate NLRP3, a direct ligand for this inflam-
masome has yet to be identified. However, a number of 
NLRP3 stimuli-induced cellular changes that may induce 
NLRP3 activation have been identified.

One theory, based upon evidence that many NLRP3 
stimulants induce pore formation, suggests that pore 
formation itself can cause inflammasome activation. 
Building upon this, two additional theories have emerged. 
One proposes that membrane damage leads to microbes 
entering the cell and activating NLRP3 (Kanneganti et al., 
2007), whereas the other suggests that membrane dam-
age leads to the release of endogenous molecules that 
can then directly activate the NLRP3 (Ogura et al., 2006). 
In support of the latter theory, studies have demonstrated 
that endosomal membrane damage by the crystalline 
molecules alum, silica, and amyloid-β causes the release 
of cathepsin B. As cathepsin B activates the inflamma-
some, crystalline molecules may indeed activate NLRP3 
by inducing endosomal membrane damage (Hornung 
et al., 2008). Nevertheless, other investigations suggest 
that this mechanism of NLRP3 activation is not common 
to all activating molecules. Indicative of this is evidence 
suggesting that ATP, unlike the crystalline compounds, 
induces pore formation by binding to the plasma mem-
brane P2X7 receptor. It may be, therefore, that a single, 
unifying mechanism of NLRP3 inflammasome activation 
does not exist.

Interestingly, one study postulates that potassium 
efflux may be associated with toxin and crystal medi-
ated NLRP3 activation (Petrilli et al., 2007). In that 
investigation, it was shown that inhibition of the efflux 
of potassium effectively inhibited NLRP3 activation. 
Furthermore, in vitro studies have demonstrated that 
inflammasome assembly and recruitment of caspase-1 
occurs spontaneously at low intracellular potassium con-
centrations. Taken together, it was concluded that potas-
sium efflux is a necessary mechanism for the assembly 
of NLRP3 (Petrilli et al., 2007). However, characterization 
of the precise mechanism of potassium efflux-induced 
NLRP3 assembly requires further investigation. Equally 
intriguing is evidence that postulates that stimulation of 
the P2X7 receptors by ATP may lead to the opening of a 
potassium-selective pore. As this will cause potassium 
efflux, ATP may activate the NLRP3 inflammasome via 
this process (Khakh and North, 2006). In support of this 
hypothesis, mice deficient in P2X7 receptor fail to mount 
a skin sensitization response to TNCB. However, the 
skin sensitization was restored when the P2X7 receptor-
deficient mice were injected intra-dermally with IL-1β 
(Weber et al., 2010). Taken together, these data suggest 
that it is likely that P2X7-dependent IL-1β production is 
an important aspect of skin sensitization.

Another process commonly associated with toxin and 
crystal mediated NLRP3 activation is the production 
of reactive oxygen species (ROS) (Dostert et al., 2008). 
Importantly, many in vitro studies have revealed that ROS 
production is induced by contact allergens (Bruchhausen 
et al., 2003; Mehrotra et al., 2005; Martin et al., 2011). In 
human monocytes, the inhibition of ROS production, as 
achieved by administration of the NADPH oxidase inhib-
itor diphenyleneiodonium (DPI), inhibits ATP-mediated 
inflammasome activation (Hewinson et al., 2008). In 
addition, a variety of studies have reported increases in 
cellular ROS production after stimulation with both toxin 
and crystalline NLRP3 activators (Martinon, 2010). As 
mitochondria are believed to be the main source of cellu-
lar ROS, it is proposed that mitochondria may have a role 
to play in NLRP3 activation. Zhou et al. (2011) showed 
in support of this that damaged, ROS-generating mito-
chondria are capable of stimulating activation of NLRP3. 
The same authors also found that depletion of the mito-
chondrial membrane protein voltage-dependent anion 
channel, a protein required for mitochondrial ROS pro-
duction, impaired the activation of the NLRP3 inflamma-
some. Collectively, the available evidence suggests that 
activation of the NLRP3 inflammasome may be depen-
dent upon ROS production, which, may in turn be driven 
by mitochondrial function. However, as with potassium 
efflux induction, the molecular mechanisms that cause 
ROS production are not thoroughly understood.

NLRP12
The NLRP12 inflammasome is less well-characterized. 
As described above, this inflammasome has also been 
shown to be implicated in the development of skin sen-
sitization. However, in contrast to other NLR, NLRP12 
appears to negatively regulate the production of IL-1β 
(Shaw et al., 2010). It has been shown that this inflam-
masome prevents phosphorylation of IL-1 receptor-
associated kinase 1 (IRAK-1) and enhances degradation 
of the transcription factor nuclear factor 𝜅-light-chain-
enhancer of activated B-cell (NF-κB) inducing kinase 
(NIK). As the negative regulation of IL-1β by NLRP12 
would effectively inhibit LC migration and DC accumu-
lation, the presumption is that this mechanism would 
prevent the acquisition of skin sensitization. However, as 
NLRP12 is known to be required for the development of 
skin sensitization to certain allergens, it is postulated that 
there must be some, as yet unknown mechanism for the 
observed dependence upon NLRP12 (Arthur et al., 2010).

NLRC4 and NLRP1
Other NLR implicated in the activation of pro-inflam-
matory cytokines are the NLRC4 and NLRP1 inflamma-
somes. Although these inflammasomes have yet to be 
directly implicated in the development of skin sensitiza-
tion, their mechanisms of action suggest that they may 
also have a role to play. NLRC4 activation is induced 
by flagellin and the inner rod component of Type III 
bacterial secretion systems (Zhao et al., 2011). A recent 
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study demonstrated that the intracellular sensor Naip5 
is required for flagellin-dependent activation of NLRC4, 
whereas the intracellular sensor Naip2 is involved in 
detecting the inner rod component of Type III secretion 
systems (Kofoed and Vance, 2011). In addition to induc-
ing caspase-1-dependent IL-1β production, NLRC4 acti-
vation has also been implicated in the initiation of rapid 
cell death. However, studies using ASC-deficient macro-
phages indicate that the induction of cell death is depen-
dent upon ASC. It is postulated, therefore, that pyroptosis, 
a form of programmed cell death, and caspase-1 activa-
tion are under separate control (Suzuki et al., 2007). Here 
again, additional investigations are required to elucidate 
the relevant molecular mechanisms.

The NLRP1 inflammasome is also considered to be 
involved in caspase-1 activation. By reconstituting the 
inflammasome biochemically, Faustin et al. (2007) 
showed that NLRP1 forms oligomers when exposed to 
the bacterial protein muramyl dipeptide (MDP). It was 
proposed that MDP causes a conformational change 
in NLRP1, allowing it to bind ribonucleoside triphos-
phate, oligermize, and eventually to activate caspase-1. 
Furthermore, a separate study has revealed that the MDP 
binding NOD2 may facilitate these MDP conformational 
changes (Hsu et al., 2008). In that paper, it was shown 
that Bacillus anthracis infection induced IL-1β secretion 
is dependent upon NOD2. Thus, it appears that that the 
MDP-NOD2 complex may facilitate the activation of cas-
pase-1 by the NLRP1 inflammasome.

The evidence available to date indicates that at least 
some NLR are vital to the development of skin sensitiza-
tion. By sensing danger and consequently activating cas-
pase-1, certain NLR facilitate the release of IL-1β and thus 
support the activation of DC. However, although NLR are 
important in this process, it appears that the stimulation 
of the NLR alone is insufficient to induce the activation 
of LC. It is probable that other PRR signaling pathways 
must act in concert with NLR for successful activation of 
LC during skin sensitization (Figure 2).

The additional PRR

In addition to the NLR, a whole variety of other PRR 
exists, including TOLL-like receptors (TLR), C-type lec-
tin receptors (CLR), prostanoid receptors, and the neu-
ropeptide receptors (Trinchieri and Sher, 2007). Many 
of these additional PRR are implicated in a variety of 
different disease processes. Significantly, many PRR have 
also been shown to influence the development of skin 
sensitization.

TOLL like receptors
As mentioned above, a family of receptors known as 
the TLR has been found to be capable of recognizing 
certain PAMP ligands. The first TLR to be identified was 
TLR4 (Medzhitov et al., 1997). In those investigations 
it was demonstrated that TLR4 recognizes an outer-
membrane component of gram-negative bacteria; 

lipopolysaccharide (LPS). Subsequently, the TLR family 
of receptors has grown to 10 and 12 in mice and humans, 
respectively. As with TLR4, other TLR can be activated by a 
number of different PAMP ligands, including the bacterial 
products flagellin (TLR5) (Hayashi et al., 2001) and pep-
tidoglycan (TLR2) (Schwandner et al., 1999). In general, 
the type of ligands that the TLR recognize depends upon 
the location of the TLR. Certain TLR (TLR1, TLR2, TLR4, 
TLR5, TLR6, and TLR11) are expressed on cell surfaces 
and, therefore, typically recognize microbial membrane 
products, whereas others (TLR3, TLR7, TLR8, and TLR9) 
are all expressed on intracellular vesicles and, therefore, 
typically recognize microbial nucleic acids (Kawai and 
Akira, 2010). These TLR undergo ligand induced dimer-
ization, either forming homodimers (TLR9) or heterodi-
mers (TLR1–TLR2, TLR2–TLR6, TLR4–TLR9, TLR3–TLR5, 
and TLR7–TLR9) (Ozinsky et al., 2000).

The importance of TLR in the development of skin 
sensitization was highlighted recently in an elegant study 
reported by Schmidt et al. (2010). Here, the role of TLR4 
in human nickel allergy was characterized (Schmidt  
et al., 2010). It had been appreciated for some time that 
humans, but not mice, were susceptible to skin sensitiza-
tion to nickel without the requirement for an adjuvant. 
This species difference has now been resolved by the 
demonstration that sensitization to nickel in humans is 
dependent upon reaction of nickel with TLR4 (Schmidt 
et al., 2010). Specifically, histidine residues at amino 
acids 456 and 458 that are present in the human but 
not the mouse receptor are required for this interac-
tion. Consistent with the importance of this motif, it was 
reported also that transgenic expression of human TLR4 
in TLR4-deficient mice permitted the development of 
adjuvant-independent sensitization to nickel.

Stimulation of the innate immune system through 
activation of TLR is implicated in a variety of disease 
processes. Thus, an understanding of those mechanisms 
may serve to inform an appreciation of the influence 
of these receptors in skin sensitization. Involvement in 
such disease processes has meant that there has been 
a substantial investment in the characterization of TLR 
pathways.

The Toll IL-1 receptor (TIR) domain is found on all 
TLR and is integral for downstream signal transduction. 
Importantly, a set of TIR domain containing molecules 
including MyD88, TIRAP, TRAM, and TRIF can also be 
found intracellularly. These molecules associate with 
distinct TLR and subsequently activate distinct signaling 
pathways (Yamamoto et al., 2004). The TIR domain-con-
taining adaptor MyD88 was the first member of the family 
to be identified. This adaptor is utilized by all TLR except 
TLR3 and is, thus, considered to be of pivotal importance 
for PAMP-dependent activation of the immune system 
(Medzhitov et al., 1998). The MyD88 dependent signal-
ing pathway activates both NF-κB and the mitogen-acti-
vated protein kinases (MAPK). Ultimately, activation of 
these molecules leads to an increase in the transcription 
of the pro-inflammatory cytokines TNFα and pro-IL-1β 
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amongst others (Devaraj et al., 2008). As discussed previ-
ously, these pro-inflammatory cytokines are important 
components in contact allergen-dependent activation 
of DC and, thus, activation of NF-κB and MAPK might 
therefore be important in contact allergen-dependent 
activation of DC. The importance of NF-κB to skin sensi-
tization has recently been shown, again in nickel allergy. 
Ade et al. (2007) showed that changes in the expres-
sion of activation-associated phenotypic markers were 
dependent upon NF-κB activation in DC exposed to 
NiSO

4
, but not in DC exposed to DNCB. This study not 

only provides evidence that NF-κB is important for the 
acquisition of sensitization to at least some contact aller-
gens, but also supports evidence described above that 
indicates that nickel activates DC via interaction with the 
TLR4 pathway.

The pathways involved in MyD88-dependent pro-
inflammatory cytokine transcription are dynamic and 
intricate. Upon activation of a TLR, MyD88 is recruited 
to the intracellular TIR domain of that TLR. MyD88 facili-
tates the recruitment of the IRAK1, IRAK2, IRAK4, and 
IRAK-M. IRAK4 is thought to be the first to be activated. 
The evidence available suggests that, upon activation, 
this kinase acts to recruit IRAK1 and IRAK2. A recent 
study has indicated that, because the kinase activity of 
IRAK1 precedes that of IRAK2 post-TLR stimulation, it 
is likely that IRAK1 and IRAK2 are activated sequentially 

(Kawagoe et al., 2008). Additionally, it was shown that 
an absence of either IRAK1 or IRAK2 has the effect of 
abrogating TLR-dependent cytokine production. Thus, 
it can be concluded that both kinases are important in 
the initial response to TLR activation. The IRAK-M kinase 
has also been investigated, with the important observa-
tion being that IRAK-M−/− mice displayed a heightened 
inflammatory response. This suggests that IRAK-M has 
an inhibitory role, possibly preventing the dissociation of 
IRAK1 and IRAK4 from MyD88 (Kobayashi et al., 2002).

Activation of the IRAK kinases ultimately results in 
these proteins interacting with TNF receptor associated 
factor (TRAF)-6 and TRAF3 (Hacker et al., 2006). This 
interaction causes TRAF6 to conjugate with the dimeric 
E2 ubiquitin-conjugating enzymes Uev1A and Ubc13 
(Yamamoto et al., 2006). TRAF6 is an E3 ligase that, when 
conjugated to Uev1A and Ubc13, catalyses lys63 linked 
poly-ubiquitination (Kawai and Akira, 2009). By binding 
to the TAB1 and TAB2 components, these lys63-linked 
polyubiquitin chains activate the TAK1 kinase complex 
(Sato et al., 2005). Additionally, the lys63-linked polyubiq-
uitin chains also bind to a component of the IκB kinase 
(IKK) complex called NEMO. On this basis it is proposed 
that poly-ubiquitination acts to bring the IKK and TAK1 
kinase complexes together (Kawai and Akira, 2010). It 
is further proposed that the recruitment of TAK1 to IKK 
causes the phosphorylation and subsequent degradation 

Figure 2.  The interaction between the TLR and NLR signaling pathways. Upon stimulation by a variety of danger signals, different TLR 
activate various signaling pathways. Ligands for TLR1, -2, -5, -6, -7, -8, -9, and -10 all activate MyD88-dependent pathways, whereas ligands 
for TLR3 and 4 activate both MyD88 and TRIF-dependent pathways. Ultimately, activation of both the MyD88 and TRIF-dependent pathways 
causes the induction of NF-κB translocation. This translocation facilitates transcription of numerous pro-inflammatory proteins including 
pro- IL-1β, pro-IL-18, and pro-IL-33. In order for these proteins to be secreted and, thus, in order for the proteins to have physiological effect, 
they must be activated. This activation is achieved through cleavage by caspase-1. Caspase-1 itself must be activated, and this requires the 
formation of the inflammasome. The formation of the inflammasome is also induced by a number of different danger signals. Thus, it is held 
that activation of DC via the TLR signaling pathway requires activation of the inflammasome as well.
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of IKK. As IKK acts to inhibit the translocation of the 
transcription factor NF-κB in the steady state, IKK degra-
dation will facilitate the nuclear translocation of NF-κB. 
After translocation into the nucleus, NF-κB promotes the 
transcription of a variety of genes associated with inflam-
mation and importantly the pro-inflammatory cytokines 
TNFα, pro-IL-1β, IL-6, and IL-12 p40.

In addition to NF-κB, there exist a number of other 
transcription factors that are known to be under the 
control of the MyD88 pathway. One such is the activator 
protein 1 (AP-1) transcription factor. The AP-1 transcrip-
tion factor is formed from jun-jun, jun-fos, or jun-atf 
dimers, and is known to control a number of cellular 
processes such as survival, differentiation, growth, apop-
tosis, cell migration, and transformation (Vesely et al., 
2009). Although the mechanisms of AP-1 activation are 
not as well characterized as those of NF-κB activation, it 
is postulated that TAK1 is also implicated in the activa-
tion of this transcription factor. It is believed that TAK1 
activates, through phosphorylation, the MAPKs that then 
activate AP-1 (Johnson and Lapadat, 2002). The evidence 
suggests, therefore, that the MyD88 pathway is directly 
responsible for the TLR dependent activation of a num-
ber of important transcription factors. In a recent study 
by Klekotka et al. (2010), the relevance of MyD88 for skin 
sensitization was exemplified; that study found that mice 
lacking MyD88 failed to develop sensitization to DNFB. 
Clearly, therefore, the MyD88 pathway is required for the 
acquisition of skin sensitization, or at least for sensitiza-
tion to DNFB.

Another important pathway induced by TLR activation 
is the TRIF-dependent pathway. Unlike the MyD88 path-
way, this is activated only by TLR3 and TLR4 (Yamamoto 
et al., 2003). Experiments utilizing receptor-interacting 
protein kinase (RIP) KO mice have suggested that the 
adaptor molecule RIP-1 is necessary for TRIF induced 
NF-κB activation (Meylan et al., 2004). Consequently, 
it was hypothesized that the TRIF molecule may be 
recruited to the intracellular domains of TLR3 upon acti-
vation. RIP-1 may then bind to TRIF via distinct domains 
and thereby undergo lys63 linked poly-ubiquitination. As 
proposed in a recent paper, RIP-1 may bind to, and thus 
may be ubiquitinated by, the adaptor molecule TRADD 
(Pobezinskaya et al., 2008). This assertion is based upon 
the fact that, in response to TLR3 ligands, the embryonic 
fibroblast cells of TRADD deleted mice show reduced 
NF-κB activity and thus reduced TLR-dependent gene 
regulation.

Together with RIP-1 and TRADD, it has also been 
suggested that pellino-1 may have a role to play in TRIF-
dependent TLR activation. Pellino-1 is a member of the 
Pellino family; a family of three closely-related RING-like 
domain-containing E3 ubiquitin ligases. In a recent study 
by Chang et al. (2009), it was demonstrated that mice 
with a genetic deficiency in pellino-1 showed attenu-
ated pro-inflammatory responses when stimulated with 
either TLR3 or TLR4 ligand. Interestingly, it was found 
that pellino-1 binds and ubiquitinates RIP-1. Thus, the 

proposal is that pellino-1 is an important component 
in the multi-protein signaling complex that binds to 
TRIF-1 post-TLR activation. Activation of this complex is 
believed to result in the activation of TAK1. As discussed 
above, TAK1 activation facilitates the activation of both 
NF-κB and MAPK signaling pathways. Taken together, it 
is believed that pellino-1, RIP-1, and TRADD are all inte-
gral to TRIF-dependent TLR activation.

Finally, some studies have suggested a role for TRAF6 
in TRIF-dependent TLR activation. In one such study the 
disruption of TRAF6-binding motifs and thus the inhibi-
tion of TRAF6-TRIF binding resulted in a reduction in 
TRIF-induced stimulation of NF-κB (Sato et al., 2003). 
That study supports the suggestion that TRIF may bind 
and activate TRAF6 and, moreover, that TRIF-dependent 
TRAF6 activation leads to the activation of NF-κB. Using 
the principle of Occam’s razor, that is the explanation that 
makes the fewest assumptions, it is postulated that the 
activation of NF-κB by TRIF-dependent TRAF6 stimula-
tion is similar to the mechanism of TRAF6 induced NF-κB 
activation observed in the MyD88 dependent pathway.

As well as activating NF-κB, the activation of the TRIF 
dependent pathway also leads to the stimulation of the 
regulatory factor IRF3. Although less is known about 
this pathway, it is thought that IRF3 activation may be 
induced by the IKKs TBK and IKKi (Fitzgerald et al., 
2003). These IKKs phosphorylate IRF3 and, thus, cause 
the protein to translocate into the nucleus. When inside 
the nucleus, IRF3 binds to and activates promoters via 
their IRF3 binding sites. Stimulation of such promoters 
leads to the transcription of the cytokines RANTES and 
interferon (IFN)-β (Hiscott et al., 1999). Both of these 
cytokines play an important role in the immune response 
against viral infection. As this pathway is part of the TLR 
pathway and, as the TLR pathway has been implicated 
in certain forms of skin sensitization, one can speculate 
that the TRIF pathway may be important for the acquisi-
tion of sensitization. Interestingly, a recent study dem-
onstrated that cells lacking TRAF3 fail to produce Type 1 
IFN in response to TLR stimuli (Oganesyan et al., 2006). 
Moreover, this study showed that TRAF3-deficient fibro-
blasts were also unable to induce a Type 1 IFN response 
when infected directly with the vesicular stomatitis virus. 
Finally, the Oganesyan et al. (2006) study showed that 
TRAF3 associates with the adaptor molecules TRIF and 
IRAK1 as well as with the IRF3 kinases TBK and IKKi. 
Taken together, these results indicate that TRAF3 has a 
key role to play in IRF3 activation.

It was discussed previously that induction of ROS facil-
itated the activation of the NLRP3 inflammasome and 
consequently the release of IL-1β. Intriguingly, evidence 
suggests that ROS may also play a role in inducing TLR-
dependent pro-inflammatory gene transcription. Such 
studies indicate that ROS are capable of inducing the 
oxidative breakdown of the extracellular matrix (ECM) 
and, furthermore, that such breakdown of ECM releases 
TLR ligands (Martin et al., 2011). Specifically, interaction 
of low molecular weight hyaluronic acid (HA), a product 
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of ECM breakdown, with TLR2 and TLR4, has recently 
been described. Notably, inhibition of HA using an HA 
inhibitor significantly abrogated the development of skin 
sensitization to TNCB (Martin et al., 2008). Additionally, 
there is evidence that suggests biglycan, another ECM 
breakdown product, is also capable of interacting with 
the TLR2 and TLR4 receptors (Schaefer et al., 2005). 
These findings indicate that, like HA, biglycan may have 
a role to play in danger signaling associated with skin 
sensitization. Providing further support for a role for oxi-
dative stress in contact allergy, a recent study indicates 
that contact allergen-associated induction of oxidative 
stress, as measured by the oxidized/reduced glutathione 
ratio, caused the activation of certain danger signaling 
pathways (Mizuashi et al., 2005). Both DNCB and nickel 
induced a depletion in reduced glutathione and, further-
more, this depletion was associated with phosphoryla-
tion of MAPKs. Taken together, evidence suggests that 
the generation of oxidative stress plays an important role 
in skin sensitization.

Collectively, the evidence available currently suggests 
that the TLR family of PRR are capable of efficiently trans-
lating danger signals into DC activation via the induc-
tion of a range of signaling pathways. In support of this 
suggestion, a variety of studies have implicated TLR as 
a crucial PRR type in disease-associated DC activation. 
Pertinently, it has been shown that TLR are required for 
the acquisition of skin sensitization to at least some con-
tact allergens. Specifically, it has been shown that nickel, 
TNCB, and DNFB all require TLR signaling pathways to 
induce sensitization. Moreover, this evidence indicates 
that TLR may also play a role in contact sensitization to 
other classes of contact allergen.

C-type lectin receptors
Certain C-type lectin receptors (CLR) may also be capa-
ble of modulating immune responses. Initially, these CLR 
were thought to bind carbohydrates in a calcium depen-
dent manner. However, more recently, CLR that can 
bind carbohydrates independently of calcium have been 
identified. One such CLR is the PAMP receptor dectin-1; 
a receptor that recognizes foreign (fungal) β-1,3-glucans 
(Palma et al., 2006). Upon ligand binding, the intracellu-
lar domain of dectin-1 is phosphorylated by a src family 
kinase and subsequently Syk is recruited (Diebold, 2009). 
Syk acts via the signaling molecule CARD9 to activate 
NF-κB. In addition, Syk acts to induce the production 
of cytokines IL-10, IL-2, and IL-23. However, the impor-
tance of dectin-1 is still subject to debate. The results of 
some investigations suggest that the CLR plays a pivotal 
role in anti-fungal defence, whereas other papers suggest 
that the effect of dectin-1 is minimal (Saijo et al., 2007; 
Taylor et al., 2007).

In addition to dectin-1, a number of other CLR, 
including collectins, selectins, and the natural killer 
(NK) cell receptors, are implicated in the detection 
of danger signals. Collectins are a family of calcium-
dependent, soluble CLR that have the capacity to detect 

pathogen-associated carbohydrates. Upon activation, 
these collectins initiate a variety of immune processes 
including agglutination, opsonization, neutraliza-
tion, complement activation, and phagocytosis (Gupta 
and Surolia, 2007). Selectins also represent a group of 
calcium-dependent CLR involved in the detection of 
pathogen-associated carbohydrates. These trans-mem-
brane molecules are believed to be intimately involved 
in the process of lymphocyte homing (Ley, 2003). Finally, 
the NK cell receptors have been shown to be capable of 
modulating the innate immune response after stimula-
tion with the endogenous ligands MICB and MICA. As 
MICB and MICA are up-regulated in response to stress, 
it is considered that the NK cell receptors represent an 
important facet of the innate immune response to dan-
ger. Taken together, it appears that CLR have an impor-
tant impact on danger signaling.

Although little work has been conducted to determine 
the role of CLR in skin sensitization, the immunological 
significance of these receptors is sufficient to suggest that 
such a role may exist. Currently, the only study that has 
investigated the potential role of CLR in contact allergy 
was by Ring et al. (2009) that focussed on the roles of 
E- selectin and P-selectin. It was shown that administra-
tion of adenosine and regulatory T (T

reg
)-cells abrogated 

the challenge induced elicitation response to TNCB. 
As adenosine is known to down-regulate both E- and 
P-selectins, the implication is that these molecules have a 
role to play in the elicitation of contact allergy. However, 
their role in the acquisition of skin sensitization has not 
yet been addressed.

Prostanoids
The prostanoid receptors represent another group of PRR 
associated with the development of skin sensitization. The 
prostanoids are a group of DAMPs that include the pros-
taglandins (PG) D

2
, PGE

2
, PGF

2α, PGI
2
, and thromboxane 

(TX) A
2
 (Kabashima and Miyachi, 2004). Production of 

prostanoids is complex and requires the cyclooxygenase 
(COX) pathway. When tissues are exposed to pathophys-
iological stimuli, arachidonic acid is released from the 
phospholipid membranes and is converted rapidly into 
prostanoids by the COX pathway. Once formed, these 
prostanoids are immediately secreted from the cell and 
into the extracellular milieu.

The role of PGE
2
 in the development of skin sensitiza-

tion has been investigated recently in a study in which 
the PGE

2
 receptor EP4 was blocked using an EP4 antago-

nist (Yao et al., 2009). EP4 antagonism was shown to 
suppress sensitization to DNFB. Concomitantly, there 
was a decrease in IFNγ and IL-17 production by LN cells. 
The conclusion drawn was that PGE

2
 signaling at the EP4 

receptor is important for sensitization, possibly second-
ary to support for the expansion of antigen-specific T

H
1 

and T
H

17 cells. In support of this, the study suggested that 
PGE

2
 signaling induced production of IL-23 by DC; IL-23 

is a cytokine known to be required for the expansion of 
T

H
17 cells (Yao et al., 2009). Given both the apparent 
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importance of PGE
2
 signaling and the effect that PGE

2
 

signaling has, it may, therefore, be worth considering the 
role of T

H
17 cells as well as T

H
1 cells in the development 

of sensitization.
Another PGE

2
 receptor involved in the development of 

skin sensitization is the EP1 receptor. Sakata et al. (2008) 
investigated the role of this receptor by utilizing both EP1-
deficient mice and an EP1 antagonist. It was found that 
EP1-deficient mice display a reduced T

H
1 cell response 

to DNCB. In further support of this, it was concluded 
that administration of an EP1 antagonist also reduced 
the T

H
1 cell activation to DNCB. In addition, DC con-

taining inducible PGE synthase were found to increase 
in number in the LN. Because T

H
1 cell differentiation is 

induced in vitro by EP1 agonists, it was concluded that 
PGE

2
 secreted by DC in the LN acts to induce T

H
1 cell 

differentiation via the EP1 receptor. Another prostanoid 
implicated in the development of skin sensitization is 
PGI

2
. Nakajima et al. (2010) examined mice lacking the 

PGI
2
 receptor (PGI

2
 IP) and found that DNFB failed to 

induce sensitization; the implication being that PGI
2
 

IP signaling plays an important role. The same authors 
also demonstrated that Agonism of PGI

2
 IP drives the 

differentiation of T
H

1 cells. It is proposed, therefore, that 
PGI

2
 is produced by DC in the LN and serves to support 

the development of selective T
H

1 cell responses, thereby 
facilitating the acquisition of skin sensitization.

Neuropeptides
A number of investigations suggest that neuroimmune 
interactions may play important roles in the develop-
ment of skin sensitization. The evidence implies that 
nerve fibers containing the neuropeptide calcitonin 
gene-related-peptide (CGRP) may act to regulate sensiti-
zation. Injection of mice with the neuropeptide depleting 
agent capsaicin was found to inhibit sensitization to both 
oxazalone and DNCB (Girolomoni and Tigelaar, 1990). 
It was subsequently demonstrated that destruction of 
nerve fibers prevented sensitization to DNCB (Beresford 
et al., 2004). Additionally, the administration of CGRP 
antagonists to mice suppressed sensitization to the 
experimental allergen fluorescein isothiocyanate (FITC). 
This suppression was associated with reduced DC migra-
tion and maturation (Maruyama et al., 2007).

Thus, on the basis of the evidence summarized above, 
neuropeptides, and in particular CGRP, are important in 
the development of sensitization. However, contradic-
tory studies exist, including those in which treatment 
with CGRP was found to inhibit sensitization to TNCB 
and DNFB in mice (Asahina et al., 1995). In an attempt 
to clarify the role of CGRP in skin sensitization, Mikami 
et al. (2011) depleted the CGRP receptor RAMP-1 in mice 
and examined development of sensitization to FITC and 
DNCB. RAMP-1 deficient mice were found to have devel-
oped stronger sensitization to FITC, but a weaker response 
to TNCB. In this context, it is relevant that sensitization to 
FITC is associated with selective T

H
2-type responses. One 

interpretation is, therefore, that CGRP serves to promote 

T
H

2 responses while inhibiting the development of T
H

1 
responses. Consistent with this is the fact that CGRP pro-
motes the production of IL-4 (Mikami et al., 2011).

It appears, therefore, that CGRP modulates cutaneous 
immune responses due to its influence on DC and T-cell 
function. Although initial experiments were reported to 
show that depletion of neuropeptides including CGRP 
attenuated sensitization to DNCB, it may be that this 
is not entirely attributable to CGRP. The suggestion is 
that depletion in the levels of other neuropeptides such 
as substance P may be responsible for the inhibition of 
skin sensitization. Consistent with this, it has been found 
that mice lacking neutral endopeptidase (NEP) display 
a stronger response to DNCB (Scholzen et al., 2001). As 
NEP degrades substance P, it is considered that the latter 
may be an important promoter of skin sensitization.

Nrf2-Keap1-ARE toxicity pathway

In addition to the PRR pathways, it is believed that there 
may be other pathways with important roles to play in 
the modulation of the immune response to skin sensi-
tizers. One such pathway is the Nrf2-Keap1-ARE toxic-
ity pathway. This pathway is responsible for detecting 
electrophilic stress and driving an appropriate response. 
In this role, stress induced by electrophilic chemicals 
causes the dissociation of Keap1 from Nrf2. Sequentially, 
Keap1 then accumulates in the nucleus and induces the 
transcription of ARE-dependent genes. These genes code 
for a variety of proteins including phase II detoxifying 
enzymes and the pro-inflammatory chemokine IL-8. 
Importantly, it has been shown that many contact aller-
gens interact with the Nrf2-Keap1-ARE toxicity pathway 
(Natsch et al., 2008; Ade et al., 2007). The view is, there-
fore, that interaction of contact allergens with the Nrf2-
Keap1-ARE pathway may be an important component of 
signaling and inflammation in skin sensitization.

Linking danger signals and contact allergy

Given the apparent importance of danger signal-induced 
DC activation in the generation of skin sensitization, 
very little emphasis has been placed on elucidating how 
contact allergens induce danger in the skin. This review 
postulates that different chemical allergens induce dan-
ger-like responses in DC via one or more of several differ-
ent mechanisms. However, the routes by which contact 
allergens may elicit ‘danger’ and induce caspase-1 acti-
vation can be divided into two distinct groups (Figure 3).

First, it is proposed that some contact allergens may 
evoke ‘danger’ by directly stimulating PRR. An example 
discussed previously is provided by nickel, as this inter-
acts directly with TLR4 for the successful initiation of 
skin sensitization (Schmidt et al., 2010). Second, it is pro-
posed that certain contact allergens may act indirectly; 
inducing cellular changes that consequently cause the 
elicitation of ‘danger’. An example here is the generation 
of ROS by TNCB and subsequent degradation of the ECM 
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to provide relevant signals. Providing such links between 
the elicitation of danger signals and the acquisition of 
sensitization provide new insights into the factors that 
confer allergenic potential on certain chemicals and of 
the variables that influence skin sensitizing potency.

Concluding remarks

The question of what makes a chemical an allergen is 
a fascinating one. The importance of this conundrum 
is currently assuming greater importance due to the 
aspiration of finding suitable in vitro assays to identify 
and characterize skin-sensitizing chemicals. This is a 
daunting objective, since, although hazard identifica-
tion using non-animal methods appears to be relatively 
tractable, assessment of skin sensitizing potency for the 
purposes of risk assessment remains a very substantial 
challenge. To meet this challenge it will be necessary to 
exploit a rapidly increasing understanding of the factors 
that influence the acquisition of skin sensitization. In this 
context an awareness of the various danger signals that 
facilitate the initiation of cutaneous immune responses 
to chemical allergens is of considerable importance, as 
is an appreciation of the ways in which the innate and 
adaptive immune systems communicate and interact in 
orchestrating the function of DC. At a pragmatic level, 
and with respect to the further development and refine-
ment of methods for hazard identification and char-
acterization, it will be appropriate to consider not only 
exposure to allergens, but also the role that innate signals 
will play in the responsiveness of DC.
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