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Abstract
Chemical allergens are small molecules able to form a sensitizing complex once they bound to proteins. One of the most 
frequent manifestations of chemical allergy is contact hypersensitivity, which can have serious impact on quality of life. 
Allergic contact dermatitis is a predominantly CD8 + T cell-mediated immune disease, resulting in erythema and eczema. 
Chemical allergy is of considerable importance to the toxicologist, who has the responsibility of identifying and character-
izing the allergenic potential of chemicals, and estimating the risk they pose to human health. This review aimed at exploring 
the phenomena of chemical-induced contact allergy starting from a mechanistic understanding, immunoregulatory mecha-
nisms, passing through the potency of contract allergen until the hazard identification, pointing out the in vitro models for 
assessing contact allergen-induced cell activation and the risk prevention.
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Introduction

Allergic contact dermatitis (ACD) is a cell-mediated 
immune response to small molecular weight chemicals that 
contact and penetrate the skin, resulting in erythema and 
eczema (Esser et al. 2012). Typically, the acquisition of 
contact allergy is accomplished in two temporally distinct 
phases: the sensitization or induction phase and the subse-
quent elicitation or challenge phase of the immune system. 
There are varieties of characteristics that determine whether 

a chemical can function as a contact sensitizer: (1) ability 
to penetrate the skin, (2) reactivity with carrier endogenous 
protein to form a complete antigen, (3) epidermal and der-
mal inflammation, (4) dendritic cell activation, migration to 
lymph nodes and recognition as antigenic by T cells.

ACD is a common phenomenon and epidemiological 
studies suggest that it affects up to 20% of the population 
(Koppes et al. 2017). Prior to marketing, manufacturers have 
to test pesticides, cosmetics, household cleaners, and other 
chemicals to identify the compounds that have the poten-
tial to cause allergic contact dermatitis. There are currently 
more than 4000 substances identified as contact allergens, 
and of the chemicals registered at ECHA, approximately 
30% of them were classified as allergens (hazard). Regu-
latory authorities worldwide require testing for ACD and 
appropriate hazard labeling to minimize exposures and 
properly communicate the danger, and toxicologists have 
the responsibility of identifying and characterizing the skin 
sensitization potential of chemicals and estimating the risk 
they pose to human health.

This review aims to provide the state of the art in the 
field of skin sensitization from mechanistic understand-
ing to risk assessment, with emphasis on non-animal test 
methods that can identify skin sensitizers. It is anticipated 
that the collected information will aid in selecting models 

 * Valentina Galbiati 
 valentina.galbiati@unimi.it

1 Laboratory of Toxicology, Department of Environmental 
and Political Sciences, Università degli Studi di Milano, Via 
Balzaretti 9, 20133 Milan, Italy

2 Gazi Üniversitesi, Eczacılık Fakültesi, Toksikoloji, 
Hipodrom, 06330 Ankara, Turkey

3 Immunology Department, “Victor Babes” National 
Institute of Pathology, 99-101 Splaiul Independentei, 
050096 Bucharest, Romania

4 Department of Histology-Embryology, School of Medicine, 
University of Crete, Heraklion, Greece

5 Department of Forensic Sciences and Toxicology, University 
of Crete, Heraklion, Greece

http://crossmark.crossref.org/dialog/?doi=10.1007/s00204-018-2283-z&domain=pdf


3032 Archives of Toxicology (2018) 92:3031–3050

1 3

for general screening and quantitative risk assessment for 
topical applied compounds and products. Understanding the 
mechanistic aspects involved in sensitization by chemicals is 
central to develop relevant preventive strategies.

Understanding contact allergy

ACD is a common skin diseases associated with severe and 
long-lasting health problems (Koppes et al. 2017). ACD 
develops in two phases, the sensitization phase leading to the 
priming of hapten-specific CD8 + T cells and the elicitation 
phase occurring after challenge and leading to the develop-
ment of skin inflammation. In the following paragraph, the 
mechanisms underlying the acquisition of skin sensitization 
are described in detail.

Induction phase of ADC

Generally, humans become allergic after several repeated 
sub-threshold exposures to insulting substance that do not 
initially induce clinical signs, but which subsequently in 
susceptible individuals elicits an inappropriate immune 
response that results in allergic contact dermatitis (Stratum 
corneum et al. 2012). Many factors contribute to whether 
sensitization occurs and the nature and magnitude of the 
immune response, e.g. the time and severity of the clini-
cal manifestation of contact allergy is dependent on the 
genetic background of the host and on the concentration 
of allergen during the induction phase (Friedmann and 
Pickard 2014). The adverse outcome pathway for skin 
sensitization provides a clear explanation of the sequence 
of events and their relationship, from haptenization to 
the clinical manifestation of allergic contact dermatitis 
(OECD 2014). Skin sensitization is a complex process that 
starts with the transdermal absorption of the chemical. The 
majority of allergens able to cross the stratum corneum 
are too small to be recognized by T cells, and this activity 
depends on their potential to establish stable covalent bind-
ing with endogenous proteins to form complete antigens 
(Nosbaum et al. 2009). The complex formation is related 
to the electrophilic reactivity and hydrophobicity of the 
allergen. In addition, many compounds are not allergenic 
themselves but are activated metabolically (pro-haptens) in 
the skin or activated via air oxidation (pre-haptens) before 
skin contact to turn into skin sensitizers (Karlberg et al. 
2008). Pro-haptens are hydrophobic molecules and their 
activation by the host metabolism, provided mainly by the 
keratinocytes, the most abundant cells in the epidermis, 
(Oesch et al. 2018), turn them into reactive electrophile 
intermediary that can conjugate with host proteins to 
form a complete antigen (Aptula et al. 2007). Within the 
skin, cytochrome P450 (CYP)-dependent monooxygenase 

activities are low and other oxidative enzymes, like fla-
vin monooxygenase, COX (cooxidation by prostaglandin 
synthase), are considered more relevant for the oxidative 
xenobiotic metabolism in the skin (Oesch et al. 2018). 
On the other hand, pre-haptens spontaneously oxidize to 
form hydroperoxides that can conjugate with host proteins 
(Lepoittevin 2006).

Once absorbed, simultaneously with the process of hap-
tenization, and with a mechanism also linked to their elec-
trophilicity, haptens trigger innate immune responses via 
pattern recognition receptors and production of endogenous 
danger signals, consequently causing sterile inflammation 
(Martin 2012). Several damage-associated molecular pat-
terns (DAMPs) have been associated with contact dermatitis, 
including degradation of the extracellular matrix products, 
ATP, HGMB1, IL-1α to mention some. Transient receptor 
potential (TRP) ion channels mediate acute inflammation, 
enhance skin sensitization following exogenous stimulation, 
and may contribute to allergic responses. TRP subfamily A, 
member 1 (TRPA1) and substance P play central roles in the 
integration of immune and neuronal mechanisms leading to 
chronic inflammatory responses and pruritus associated with 
ACD (Liu et al. 2013).

Upon hapten exposure, allergen-induced inflammatory 
reaction leads to the migration of allergen-carrying DCs 
from the skin to regional lymph nodes, where they promote 
generation of allergen-specific T cells. These T-cells are 
the ultimate effector cells of the disease. ACD reactions are 
dependent on the priming of T cells during the sensitization 
phase. T-cell activation requires the combination of three 
distinct signals. The first signal involves the interaction of 
T-cell receptor (TCR) and the MHC/haptenated peptide 
complex. The two additional signals require co-stimula-
tory molecules and the secretion of cytokines by DCs. The 
absence of any of those signals may lead to anergy or to the 
death of the T cells (Vocanson et al. 2009). T lymphocytes 
are central elements in cell-mediated hypersensitivity. In this 
respect, T cells recognize haptens as structural entities that 
are covalently bound or anchored as self-peptide complexes 
in the binding grooves of major histocompatibility (MHC) 
antigens at the cell surface (Weltzien et al. 1996). MHC 
class I molecules expressed by dendritic cells are manda-
tory for the priming of hapten-specific CD8 + T cells in the 
lymph nodes during the sensitization phase (Kolesaric et al. 
1997; Krasteva et al. 1998). DCs are professional antigen-
presenting cells. Keratinocyte-derived thymic stromal lym-
phopoietin (TSLP) activates DCs to induce naive T cell dif-
ferentiation (Liu et al. 2007; Soumelis et al. 2002; Ebner 
et al. 2007). In contrast, receptor activator of NF-κB ligand 
(RANKL) overexpression in keratinocytes results in func-
tional alterations of epidermal DCs and increases the num-
ber of peripheral CD4 + CD25 + regulatory T cells (Tregs) 
cells (Loser et al. 2006).
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Neutrophils are also required for contact allergen-induced 
release of further neutrophil-attracting chemokines, migra-
tion of DCs to the draining lymph nodes, and priming of 
allergen-specific T cells. Neutrophils are critically involved 
in both the sensitization and elicitation phase of contact 
hypersensitivity (Weber et al. 2015).

Toll‑like receptors activation

The first system of pattern recognition receptors (PRRs) and 
endogenous danger signals’ recognition involves Toll-like 
receptors (TLRs), a class of membrane receptors that sense 
extracellular xenobiotics. TLRs recognize DAMPs, which 
are self-molecules that can be released during necrotic cell 
death. Cell death provokes inflammatory responses likely 
due to the release or production of endogenous ligands that 
activate resident immune cells (Sloane et al. 2010). TLR2 
promotes interferon-gamma (IFN-γ) response to skin-
introduced antigens (Jin et al. 2009). Major role in signal-
ing in ACD is played by TLR2 and TLR4 and arises from 
their activation by extracellular DAMPs. Ligand activation 
of TLR4/TLR2 results in the expression of interleukins 
(ILs) IL-1β, IL-6, IL-12, IL-18, and IL-23, tumor necro-
sis factor-α (TNF-α) and IFN-α. These cytokines promote 
acquisition of sensitization and facilitate elicitation of con-
tact allergy via multiple mechanisms, including the recruit-
ment of CD4 + Th1 and Th17 cells (McFadden et al. 2013). 
TLR3 enhances antigen-independent skin inflammation in 
the elicitation phase of allergic contact dermatitis (Naka-
mura et al. 2015). TLRs are used by many cells of the innate 
immune system. Upon engagement, TLRs recruit one of the 
adaptor proteins, myeloid differentiation primary response 
gene 88 (MyD88), and via signaling through the protein, 
they initiate an immune response to contact allergen. MyD88 
also involves in the signaling downstream of the IL-1 and 
IL-18 receptors (Klekotka et al. 2010).

A second system of PRRs and endogenous danger sig-
nals’ recognition involves the formation of an intracellular 
complex of proteins termed the inflammasome (Martinon 
et al. 2009). Since one outcome of TLR signaling is the 
increased expression of mRNA for IL-1β, IL-18 the TLR 
and inflammasome systems can work coordinately to induce 
the release of pro-inflammatory cytokines (Stratum corneum 
et al. 2009).

Elicitation phase of ACD

Re-exposure to the causative agent leads to the recruit-
ment of effector T cells which then elicit the typical skin 
inflammatory reaction at the site of contact. Although DCs 
and effector T cells play a major role in the sensitization 
and elicitation phase of ACD, respectively, other cell types 
including keratinocytes, natural killer (NK) cells, mast cells, 

neutrophils, and B cells contribute to the pathogenesis of the 
disease (Freudenberg et al. 2009). Different types of Tregs 
are also crucial in the prevention of contact allergy or in 
the early termination of the reaction (Cavani et al. 2007). 
Indeed, during the sensitization phases, both CD4 + and 
CD8 + T cell precursors are activated in the draining lymph 
nodes by presentation of haptenated peptides by skin DCs 
(Saint-Mezard et al. 2004; Xu et al. 1996).

T cells in treated and distant skin as well as draining 
and distant LN contain common expanded memory T cell 
clones (resident memory T cells; TRM) that are not detect-
able before immunization. Memory T cells enter distant LN 
directly from blood through high endothelial venules rather 
than afferent lymphatics; thus, memory T cell clones in dis-
tant LN are considered as central memory T cells (TCM). 
TRM and TCM derive from common naïve T cell precur-
sors. Presentation of contact allergens to naive T cells by 
activated DCs is a prerequisite for successful sensitization 
(Gaide et al. 2015). When the sensitized T lymphocytes are 
challenged by the same allergen, they infiltrate the skin and 
exert cytotoxic effects, secrete inflammatory mediators that 
trigger an eczematous skin reaction (Martin et al. 2011). 
Stimulated CD8 + T cells are the main mediators of direct 
cytotoxic action against keratinocytes. Further tissue dam-
age is generated by T cell-released cytokines that exacerbate 
the inflammatory response by targeting resident skin cells. 
Thereby, ACD is regulated by specialized subsets of T lym-
phocytes (Girolomoni et al. 2004).

Upon proliferation, T cells migrate out of the lymph 
nodes and enter the blood circulation. They re-circulate 
between the lymphoid organs and the skin for screening for 
probable unknown compound challenges. Thus, through this 
process, re-exposure of sensitized individuals with the same 
hapten provokes the ACD within 24–72 h period. This phase 
is known as the elicitation or efferent phase of ACD. The 
sensitization phase of ACD lasts 10–15 days in man (Akiba 
et al. 2002).

ACD is controlled by the opposite functions of 
CD8 + effector T cells and CD4 + Tregs. In this respect, 
ACD can be considered as a breakdown of cutaneous 
immune tolerance to hapten–protein conjugates (Saint-
Mezard et al. 2004). CD4 + Treg subsets are responsible for 
both the down-regulation of eczema in allergic patients and 
the prevention of priming to haptens in non-allergic indi-
viduals (Vocanson et al. 2009). On the other hand, before 
the onset of clinical and histological signs of skin inflam-
mation, CD8 + T cells rapidly recruit into the skin at the site 
of hapten challenge. This early CD8 + T cell recruitment 
is concomitant with the transient IFN-γ mRNA expression 
suggesting local activation of effector cells and induction 
of keratinocyte apoptosis. Keratinocyte apoptosis gradually 
increases and reaches up to a maximum at the peak of the 
CHS response. Moreover, skin infiltration of CD4 + T cells 
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occurs afterwards and coincides with the maximum peak of 
the CHS reaction. This event immediately triggers the reso-
lution of skin inflammation (Akiba et al. 2002). Tregs and 
the IL-10 secreting type I Tregs are potently important in 
the control (resolution) of allergic contact dermatitis (Gober 
and Gaspari 2008).

In the absence of CD4 + T cells, high numbers of hapten-
specific CD8 + T cells producing IFN-γ are detected in the 
skin-draining lymph nodes on day 5 post-sensitization, and 
these numbers decrease slightly with the increased mag-
nitude and duration of CHS responses. In the presence of 
CD4 + T cells, the number of hapten-specific CD8 + T cells 
producing IFN-γ detected on day 5 post-sensitization is 
lower and quickly fall to background levels by day 7. The 
limited development of effector CD8 + T cells is associ-
ated with decreased numbers of hapten-presenting DCs 
in the lymphoid priming site (Gorbachev and Fairchild 
2004). Hapten presentation by MHC class II molecules 
could prime CD4 + Tregs. These results indicate that DCs 
can present haptenated peptides by both MHC class I and 
class II molecules and activate Ag-specific CD8 + effector 
and CD4 + Treg subsets, concurrently and independently 
(Krasteva et al. 1998). Eventually, the magnitude of the 
inflammatory reaction in allergic individuals is also tightly 
regulated not only by the exhaustion/apoptosis of effector 
T cells at the site of chemical challenge, but also by the 
intervention of Tregs. Contact allergies are the consequences 
of the exaggerated expansion of specific CD8 + effector T 
lymphocytes due to an impaired development of efficient 
Tregs (Cavani 2008).

Despite similar clinical reactions are present in all aller-
gen exposure circumstances, distinct immune polarizations 
are characterized by different allergens. In human, although 
the developed ACD transcriptome due to the exposure to the 
most common allergens shares 149 differentially expressed 
genes across all allergens, a much larger gene set can be 
uniquely altered by individual allergens. Thereby, ACD can-
not be considered as a single entity (Dhingra et al. 2014; 
Zug et al. 2009). The emerging cellular responses in ACD 
are mediated by various innate effector cells. Chemical-
specific T cells such as CD8 + and CD4 + effector cells, 
Tc1/Th1, as well as Tc17/Th17 cells are activated (Mar-
tin 2012). Notably, the expression of CXCR3 ligands, such 
as CXCL9 (MIG) and CXCL10 (IP-10), are upregulated 
in chemical-induced allergic skin responses (Meller et al. 
2007). Chemokines regulate acquired T cell responses by 
promoting their migration into the draining lymph nodes 
and presentation of the contact allergens by the skin-derived 
antigen presenting cells. Furthermore, following this acti-
vation process, these activated CD4 + and CD8 + T cells’ 
recruitment to the skin is controlled by the chemokines 
(Alase and Wittmann 2012).

Both CD4 + and CD8 + T cells mediate development and 
progression of CHS. Hapten-specific CD4 + T cells mainly 
produce IFN-γ and TNF-α, which leads to the activation of 
resident immune cells at the inflamed site. Hapten-induced 
CHS in the skin is a delayed type cellular immune response 
that can be mediated by CD8 + T cells that produce IFN-γ 
or IL-17. Eventually, IFN-γ and IL-17 mediate the elicita-
tion of CHS by different mechanisms and both cytokines 
are required for optimal responses (He et al. 2009). IL-1R 
signaling is essential for multiple steps during the sensitiza-
tion period and challenge to elicit CHS (Kish et al. 2012).

Elevated levels of IFN-γ, IL-17α, and IL-23, as well as 
increased accumulation of antigen-specific IFN-γ-producing 
CD8 + TRM cells occur in chronic contact hypersensitive 
skin. Furthermore, repeated allergen challenge may induce 
exacerbated allergic skin inflammation induced. However, 
mast cells protect the skin from this severe inflammatory 
condition by, at least in part, via effects on CD8 + TRM 
cells (Gimenez-Rivera et al. 2016). The release of histamine 
encourages the infiltration of inflammatory cells, includ-
ing mast cells and eosinophils. Thus, this process results 
in the elevation of Th2 cytokine levels in chronic allergic 
contact dermatitis. As consequence of increased histamine, 
eczematous lesions develop, IgE serum levels increase, and 
scratching behavior in chronic allergic contact dermatitis is 
provoked. The administration of H1 or H4 receptor antago-
nists is effective to ameliorate these symptoms (Ohtsu and 
Seike 2017).

On the other hand, mast cells can be stimulated by cell 
to cell contact with T cells. This event results in protein 
kinase D activation, and simultaneous phosphorylation of 
p38, and further degranulation and release of cytokines 
(Salamon et al. 2016). The released IL-4 alters the phe-
notype of terminally differentiated human cutaneous mast 
cells. Prolonged contact with IL-4 not only increases mast 
cell expansion, but also phenotypically and functionally re-
shapes the cells. Furthermore, IL-4 expression augments 
FcεRI expression on the mast cell surface, FcεRIα-specific 
mRNA, and FcεRI-mediated histamine release. Increase 
in histamine production by IL-4 may contribute to its pro-
allergic effect; thereby, this biogenic amine has a significant 
role for the arising of the allergic symptoms. Collectively, 
IL-4 alters human skin mast cells after long-term exposure. 
This prolonged duration mimics the chronic disorders by the 
increased mast cell mass and intensive processes associated 
with allergic inflammation (Babina et al. 2016). The elicita-
tion of contact sensitivity is initiated by rapidly formed hap-
ten-specific IgM antibodies that activate mast cells. Further, 
complement system also participates in this phase of contact 
hypersensitivity (Tsuji et al. 2002). Following IgE challenge 
by histamine-dependent mechanisms, activated mast cells 
induce DC migration to lymph nodes (Jawdat et al. 2004).
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Another regulatory pathway involves Tregs, producing 
antigen-specific exosome-like nanovesicles that deliver 
inhibitory miRNA. The extracellular vesicles, exosomes, 
are newly recognized intercellular conveyors of functional 
molecular mechanisms. Remarkably, they transfer RNAs 
and proteins between different cells that enables them to 
have inevitable roles in the complex pathogenesis of allergic 
and related hypersensitivity responses, and also, in various 
disease mechanisms (Nazimek et al. 2016). The microR-
NAs (miRNAs) seem to influence regulatory mechanisms 
of inflammation during the regulation of ACD (Mannucci 
et al. 2017). It has been shown that several different cells 
release phospholipid membrane vesicles that play key roles 
in cell–cell communication, as well as antigen presentation. 
Thus, these extracellular vesicles carry in addition to various 
proteins, mRNAs, and miRNAs (Ohno et al. 2016). Besides 
their role in the transmission of genetic regulation, transfer 
of allergens via the exosomes induces allergic inflammation. 
While the regulatory and tolerogenic exosomes potentially 
inhibit allergy and hypersensitivity responses, nonspecifi-
cally, they can also act in an antigen-specific manner due to 
the coating of the exosome surface with antibodies (Nazimek 
et al. 2016). Transferred exosomal mRNA can be translated 
after entering into another cell; thus these newly delivered 
mRNA and miRNAs can be functional in the recipient cell. 
In this case, this RNA is called “exosomal shuttle RNA” 
(Valadi et al. 2007). Significant up-regulation of miRNA-21 
(miR-21), miR-142-3p, miR-142-5p, and miR-223 has been 
involved in the pathogenesis of allergic contact dermatitis 
(Vennegaard et al. 2012).

In summary, similar clinical outcomes are presented dur-
ing the allergic cutaneous contact sensitivity reactions, in 
contrast to the distinct immune polarizations to various aller-
gens. The cellular responses involve innate effector cells that 
are further challenged and regulated by adaptive responses. 
Moreover, T cell-derived immunosuppressive exosome-like 
nanovesicles reveal two important properties. First, these 
nanovesicles can be antigen-specific, which enables them to 
suppress antigen-specific contact sensitivity-effector T cells 
and bind to specific antigens. Second, these nanovesicles 
could easily be transfected with selected miRNA and, there-
fore, deliver a chosen regulatory RNA cargo to genetically 
affect the functions of targeted cells (Bryniarski et al. 2013).

Immune tolerance to allergic contact dermatitis

Classically, during the T-cell mediated suppression, both 
regulatory and effector cells are often specific for the same 
antigen. These Tregs, once activated by an antigen, the effec-
tor phase of suppression is triggered and they secrete anti-
gen non-specific suppressive cytokines. These cytokines act 
to down-regulate immune responses of other specific cell 
populations to their respective antigen. This phenomenon 

is known as ‘bystander suppression’ or determinant spread-
ing (Chen et al. 2014; Hoyne and Lamb 1997). ACD may 
develop upon defective Treg functions. CD8 + positive 
immunosuppressive T cytotoxic 2 (Tc2) cells are suppres-
sor cells in low-dose tolerance to haptens. Low zone toler-
ance (LZT) to contact allergens is induced by epicutaneous 
exposure to haptens in subsensitizing doses resulting in an 
inhibition of contact hypersensitivity (CHS), which, in con-
trast, occurs after sensitization with immunogenic doses of 
allergens (Seidel-Guyenot et al. 2004). Exposure of sub-sen-
sitizing doses of contact sensitizers on normal skin generates 
CD8 + Th2-like cells that give rise to hapten-specific toler-
ance (Steinbrink et al. 1996). In this context, skin physiolog-
ically uptakes very small amounts of allergenic antigens and 
this process results in low zone tolerization. IL-10 down-
regulates the expression of MHC class II and co-stimulatory 
molecules and inhibits the production of proinflammatory 
cytokines, including IL-12 by DCs and other professional 
antigen-presenting cells (Mocellin et al. 2003). The LZT-
promoting CD4 + T cell population is the CD4 + Treg sub-
set that can induce the generation of regulatory CD8 + T 
cells. Regulatory CD8 + effector T cells of LZT produce and 
secrete large amounts of the Tc2 cell cytokines IL-4 and 
IL-10. Skin exposure to low-dose contact allergen results 
in the release of IL-10 by CD4 + T cells in draining lymph 
nodes, which promote the IL-10—dependent development of 
CD8 + pre-effector cells of LZT. Development of low-dose 
tolerance is mediated by IL-4/IL-10-secreting CD8 + Tregs 
that are generated in presence of CD4 + T cells (Maurer et al. 
2003). IL-10 production is critical for the suppressor func-
tion of Treg cells in mice with LZT. For the achievement 
of LZT, the tolerogenic CD8 + CD11c + DCs located in the 
skin-draining lymph nodes are essential. A critical interac-
tion is found between CD4 + CD25 + FOXP3 + Treg cells 
and tolerogenic CD8 + CD11c + DCs during the induction 
of LZT (Luckey et al. 2012). Soluble T suppressor factor 
is considered as regulatory miRNA-150 transported by T 
reg-derived exosomes. These are antigen specific due to a 
surface coating of IgM antibody light chains produced by 
B1a lymphocytes, and these exosomes are able to suppress 
contact sensitization reaction (Ptak et al. 2015). Treg cells 
producing high levels of IL-10 suppress ACD by blocking 
the functions of DCs. Contrarily, CD4 + CD25 + Tregs pre-
vent immunopathological reactions and maintain peripheral 
tolerance to haptens by coordinating a cell-to-cell contact 
mechanism (Girolomoni et  al. 2004). Tolerance can be 
achieved by the exosome-like nanovesicles, which contain 
CD8 + suppressor T cells. However, these are not regula-
tory T cells. T-cell regulation can be carried out through a 
systemic transit of exosome-like nanovesicles. These con-
veyors’ surface can be coated by the antigen-specific anti-
body light chains and can deliver an inhibitory miRNA to 
the target effector T cells. Thus, the suppressive nanovesicles 
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produced during tolerogenesis could be coated with antibody 
light chains (Bryniarski et al. 2013).

Role of extracellular matrix in ACD

The extracellular matrix (ECM) is a complex network of 
macromolecules that surrounds cells in tissues and simulta-
neously provides cell support, tissue organization, and helps 
regulate essential cellular functions (Neill et al. 2015; Pozzi 
et al. 2017; Nikitovic et al. 2012, 2014).

The two basic structures of the ECM are basement mem-
branes, which are organized as thin layers of highly cross-
linked biomolecules, and the loose array of fibrillar macro-
molecules which create the interstitial matrix. Importantly, 
the basement membranes form supporting platforms for 
“anchored cells”, and in skin define the boundary between 
the epidermal and dermal compartments. Thus, the base-
ment membranes have the role of a stabilizing, but simul-
taneously dynamic interface and a diffusion barrier (Krieg 
and Aumailley 2011; McMillan et al. 2003). The properties 
of dermal ECM, mostly constituted from type I and III col-
lagen fibrils, elastic fibers, hyaluronan and a ground sub-
stance of proteoglycans define dermal tensile strength and 
elasticity (Krieg and Aumailley 2011). However, through 
their supporting function and signaling properties base-
ment membranes have a prominent role in skin homeostasis 
(Yurchenco 2011). Indeed, both the basal membranes and 
interstitial matrix though exquisite in-out and out-in signal-
ing modulates important aspects of cell behavior such as 
adhesion, migration, growth, metabolism, survival or differ-
entiation (Sher et al. 2006; Zoeller et al. 2009) Inflammation 
induced changes in skin basement membrane diminish their 
barrier properties and impinge skin cohesiveness (Shin et al. 
2015). Furthermore, the degradation of ECM in most tissues 
is likely to contribute to both initiation and maintenance 
of inflammation (Nikitovic et al. 2015; Kavasi et al. 2017) 
as well as being a significant component of the activating 
stroma reaction in cancer (Mueller and Fusenig 2004; Niki-
tovic et al. 2013).

HA, a high molecular weight glycosaminoglycan (from 
 105 to  107), produced in the skin mostly by dermal fibro-
blasts, is an important component of skin ECM (Tzellos 
et al. 2011). In fact, almost 50% of the total HA in the body 
is deposited to the skin (Meyer and Stern 1994). Noteworthy, 
epidermal keratinocytes also produce HA, with the spinous 
and the granular layers depositing HA to ECM, whereas at 
the basal layer it is located intracellularly (Stern and Mai-
bach 2008). HA, a glycosaminoglycan, is in mammals, pro-
duced by the three hyaluronan synthases (HAS1, HAS2, and 
HAS3) as high-molecular-weight hyaluronan (HMWHA) 
(Weigel et al. 1997). HMWHA, normally secreted by healthy 
tissue cells, interacts with proteoglycans and other matrix 
macromolecules contributing thus, to the formation of the 

ECM network (Weigel et al. 1997). The properties of HA 
are directly dependent on its molecular weight. Indeed, 
HMWHA deposited during the homeostasis process pro-
motes tissue stability (Noble 2002). Specifically, HMWHA 
polymers suppress angiogenesis, immune response and 
inflammation (Stern et al. 2006; Kim et al. 2008), as well 
as cell differentiation through interactions with HA-specific 
receptors such as CD44 and RHAMM (Stern et al. 2006).

During inflammation or injury, ECM is remodeled and 
active mediators–matrikines released. Such matrikines are 
low molecular weight hyaluronic acid (LMWHA) frag-
ments that act as DAMPs (Stern et al. 2006; Schaefer 2014). 
LMWHA results either enzymatically through the action 
of HA-digesting enzymes, mostly hyaluronidase 1 and 2 
(HYAL1,2), or chemically via the action of reactive oxygen 
species (ROS) (Agren et al. 1997; Monzon et al. 2010).

Under conditions of skin inflammation, secreted inflam-
matory enhancers modify the transcription of HAS and 
HYAL genes resulting in the release of LMWHA as recently 
discussed (Kavasi et al. 2017). The released LMWHA frag-
ments contribute to the mechanisms of “sterile” inflam-
mation including the onset of contact dermatitis. Thus, 
exposing human keratinocytes to contact allergens, para-
phenylenediamine (PPD) and 2,4-dinitrochlorobenzene, 
resulted in decreased HA deposition to ECM and increased 
expression of HYAL1 and HYAL2 (Nikitovic et al. 2015). 
Importantly, this study identified a correlation between HA 
degradation and IL-18 production. Noteworthy, allergen-
dependent production of IL-18 was reduced after incuba-
tion with HYALs, i.e. IL-18 was reduced under conditions 
of complete degradation of HA to tetrasaccharides (Niki-
tovic et al. 2015). Also, in the same study it was shown that 
exposing human keratinocytes to LMWHA is sufficient for 
the induction of sensitization and that direct interaction of 
LMWHA with CD44 receptors is required (Nikitovic et al. 
2015).

Several reports suggest that the CD44-HA binding com-
plex affects signaling pathways associated with inflamma-
tion such as those of the transcriptional nuclear factor kappa 
B (NF-kB) (Campo et al. 2010), protein kinase C (PKC), 
Rho- kinase or protein kinase-Nγ (Bourguignon 2014; Bajo-
rath 2000). Indeed, HA stimulation of CD44 activates PKC, 
which in turn activates NF-kB, responsible for the expres-
sion of inflammatory mediators, such as TNF-α, interleu-
kin-6 (IL-6) or IL-1β (Campo et al. 2010). Furthermore, 
it has been demonstrated that the CD44 receptor, through 
the formation of a complex with the TLR4 receptor (TLR4-
CD44), mediates the release of inflammatory cytokines 
(Taylor et al. 2007).

The involvement of HA in the induction of sterile skin 
inflammation by contact allergens was likewise shown in 
a mouse model. Indeed, when mouse skin was exposed 
to the strong skin sensitizer 2,4,6-trinitrochlorobenzene 
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(TNCB), following pre-treatment with a HA-binding 
peptide Pep1 (Zmolik and Mummert 2005), a decreased 
level of inflammation was achieved (Martin et al. 2008). 
In the same model, Esser et al. (2012) demonstrated that 
the pre-treatment of the skin with antioxidants or aris-
tolochic acid, a hyaluronidase inhibitor, decreased contact 
allergen-induced sterile skin inflammation. These authors, 
therefore, suggest that the LMWHA fragments which are 
generated through chemical or enzymatic HA-cleavage 
can act as DAMPs in the process of keratinocyte activa-
tion (Esser et al. 2012; Nikitovic et al. 2015; Corsini et al. 
2013). In a separate study, long term treatment of epi-
dermal keratinocytes with methyl paraben resulted among 
other in decreased expression of HAS1 and 3 and collagen 
type IV while at the same time it enhanced the expres-
sion of HSP27 and involucrin (Ishiwatari et al. 2007), 
well established to be differentiation markers in normal 
human epithelial keratinocytes (NHEK) (Kindas-Mugge 
and Trautinger 1994; Robinson et al. 1996). On the other 
hand, HMWHA was shown to exert an anti-allergic effect 
through targeting CD44 and inhibiting FcepsilonRI signal-
ing in a mice model of DNFB-induced atopic dermatitis 
(Kim et al. 2008).

HA involvement in the progression of other inflamma-
tory skin disease has likewise been implicated. Indeed, 
in the case of acute eczema there is an up-regulation of 
HAS3 mRNA expression and increased secretion of HA 
to the ECM, followed by decrease in cadherine expression 
and epidermal keratinocyte cohesiveness leading to water 
inflow (Ohtani et al. 2009). In biopsies from atopic derma-
titis patients HAS3 expression was likewise shown to be 
enhanced, while HAS1 was downregulated (Malaisse et al. 
2014). Furthermore, Malaisse et al. (2014) indicate that 
HAS1 is the main enzyme responsible for HA production 
by normal keratinocytes and suggest that the equilibrium 
in HA levels obtained by respective expressions of separate 
HAS isoforms may be crucial in the progression of different 
keratinocyte pathologies (Malaisse et al. 2016). Other stud-
ies suggest that HAS3 action accounts for HA synthesis in 
keratinocytes, while HAS1 is mainly responsible for fibro-
blast HA synthesis (Sayo et al. 2002; Yamada et al. 2004).

Biological functions of various skin cell types including 
dendritic cells were found to be regulated by changes in HA 
metabolism. Thus, in mice genetically modified to overex-
press HYAL1 which results in increased HA degradation, 
DC cells show increased migration from the skin which is 
suggested to result from enhanced production of LMWHA 
fragments (Muto et al. 2014). In the same model, a notable 
observation is that HA degradation resulted in faster anti-
gen presentation and activation of immune response. Spe-
cifically, HYAL1 overexpression before the application of 
an allergic antigen results in the suppression of immune 
response, while simultaneous HYAL1 overexpression and 

antigen application lead to a faster response (Muto et al. 
2014).

Other ECM components have also been implicated in the 
process of skin hypersensitization. Thus, osteopontin is a 
secreted ECM phosphoprotein where it exhibits dual roles. 
It simultaneously acts as a chemoattractive cytokine and as 
an ECM component involved in the interactions of the cell 
with its environment (O’Regan et al. 1999; Liaw et al. 1995). 
Weiss et al. show that osteopontin initiates the chemotactic 
migration of dendritic cells, inducing their subsequent emi-
gration from the epidermis, and finally attracts the migration 
of these cells to draining lymph nodes through its specific 
interactions with CD44 and alpha integrin expressed on 
these cells surfaces (Weiss et al. 2001). Moreover, dendritic 
cells may utilize osteopontin to convert naive T cells into 
Tregs (Kraus et al. 2018). In addition, patients affected by 
acute disseminated ACD exhibit increased serum concentra-
tion of  osteopontin, directly correlated with ACD severity 
(Reduta et al. 2015).

Proteoglycans have also been implicated in the mecha-
nisms of skin hypersensitivity. Thus, recently it was shown 
that the expression of syndecan-4, a heparan sulfate proteo-
glycan, was upregulated in both serum and skin biopsies 
of AD patients. These authors therefore suggest that syn-
decan-4 may participate in the pathogenesis of AD (Nakao 
et al. 2016). Interestingly, another family member, synde-
can-1, was found to negatively regulate the migration capa-
bility of dendritic cells (Averbeck et al. 2017). The role of 
ECM components is depicted in Fig. 1.

In conclusion, available data suggests, a significant par-
ticipation of the skin ECM in the processes of sterile inflam-
mation and the possibility of utilizing ECM components as 
targets/biomarkers for conditions of skin hypersensitivity.

Insights the potency of contact allergens 
from a regulatory perspective

Toxicological evaluations are carried out through hazard 
identification and subsequently with the assessment of 
whether that hazard is likely to translate into a health risk. 
An accurate evaluation of the relative potency of skin sen-
sitizing chemicals is an important challenge that can lead 
to improvements in hazard classification and can facilitate 
skin sensitization risk assessment (Kimber et al. 2003). Risk 
assessment strategies serve to ensure that human exposure to 
skin sensitizers is managed in accordance with their potency. 
As broad meaning, the word potency is used as a descrip-
tor for strength, power or vigor, this also applies to skin 
sensitization. Potency refers to the intrinsic property of a 
sensitizing chemical and is based in the concentration of 
chemical needed to induce a positive response. Allergens are 
known to vary significantly as much as 10,000-fold in rela-
tive sensitization potency with which they can induce skin 
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sensitization (Basketter and Kimber 2009). In this context, 
it is also important to distinguish potency as it relates to 
the activity of sensitizing chemicals from the relative preva-
lence of allergic contact dermatitis in humans (i.e. nickel), 
as this requires human data, which are not available for new 
chemicals.

Potency is defined as a function of the concentration of 
substance that is required for either induction or elicitation 
of skin sensitization. For the induction phase, potency refers 
to the dose of a chemical needed to cause the acquisition of 
sensitization. The more potent the substance is the smaller 
quantity will be needed for induction. Likewise, for the elici-
tation phase, potency is described in term of the dose of a 
substance needed to elicit a response in a previously sen-
sitized individual. Again, the more potent the substance is 
the less that will be required to elicit a reaction (Friedmann 
et al. 1983).

The identification of the mechanisms influencing the 
vigor of T cell responses that can explain the strength of 
contact hypersensitivity reactions to weak, moderate, strong, 
and extreme sensitizers is a challenge still to be solved. Sev-
eral hypotheses have been made as also discussed in the pre-
vious paragraphs, one possibility is that the extent/degree of 
chemicals allergen-induced KCs-DCs activation/maturation 
and lifespan may drive T cell polarization (e.g. Th1, Th2, 
Treg) and the magnitude of activation, which may then result 
in different in vivo potency.

What drive variation in the human immune response to 
contact allergens of different potency is still little known. 
Nevertheless, relative skin sensitizing potency of con-
tact allergens represents an important component of risk 
assessment. From a toxicological perspective, to achieve 

a complete replacement of animals in skin sensitization 
assessment, dose–response information and evaluation of 
relative skin sensitizing potency to support effective risk 
assessment are necessary.

Contact allergens are haptens, that are too small to trigger 
an immune response themselves. Gerberick et al. proposed 
that the vigor of the immune response elicited by contact 
sensitizers of different potency might correlate with chemi-
cal reactivity with proteins or peptides (Gerberick et al. 
2007). This chemical reactivity determines the number 
of different proteins that become haptenated, that trans-
lated into the number of T cell epitopes (Esser et al. 2014). 
Strong sensitizers are believed to generate a high number 
of cross-reactive T cell epitopes, and as consequence, the 
size and T cell receptor (TCR) repertoire diversity of the 
T cell pool is expected to be higher compared to the pool 
activated by weak contact allergens (Esser et al. 2014). It 
has been reported that more T cell clones respond to a strong 
sensitizer compared to a weak sensitizer but is it not clear 
whether the extent of exposure will also impact on Treg 
responses (Nakao et al. 2016). Studies in mouse models of 
skin sensitization have shown that strong skin sensitizers 
result into a broader range of modified peptides, inducing a 
T cell response with a higher frequency of CD8 effector T 
cells (Taylor et al. 2007). A recent study from Oakes et al. 
reported the possibility of global analysis of the T cell rep-
ertoire, through a robust single-strand DNA ligation proto-
col, which tags each molecule of TCR. They characterized 
the in vitro T cells response from individuals sensitized to 
para-phenylendiamine (PPD), a strong skin sensitizer. PPD-
human serum albumin (PPD-HAS) conjugate showed to 
induce proliferation of a subset of peripheral blood T cells 

Fig. 1  The role of ECM in 
mechanisms of skin sterile 
inflammation. a Contact of 
sensitizers with keratinocytes 
modulates HA production; b 
synthesized high molecular 
weight HA is degraded to 
LMWHA fragments through 
action of hyaluronidases (Hyal) 
or radical oxygen species 
(ROS); c LMWHA binds to the 
CD44 cell membrane recep-
tor; d receptor-ligand binding 
activates downstream intracel-
lular pathways which result in 
transcriptional upregulation 
of inflammation mediators; e 
increased deposition of specific 
ECM components enhances 
dendritic cell chemotactic 
migration and activation or pro-
traction of the immune response
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from sensitized individuals, which manifest as different 
degrees of in vitro expansion (Oakes et al. 2017).

In addition, the magnitude of the skin innate inflamma-
tory response induced by contact sensitizers may translate 
into the efficiency of overcoming constitutive immune regu-
latory mechanisms and into the number of DCs that become 
activated in the skin and then migrate to draining lymph 
nodes with priming of contact sensitizer-specific naive T 
cells (Esser et al. 2014). Allergens of different potency may 
differently activate DCs. Galbiati et al. demonstrate that 
a combination and regulation of HuR and TTP, proteins 
involved in mRNA stabilization, following exposure to con-
tact allergens of different potency (namely DNCB, diethyl-
maleate and isoeugenol) resulted in a different modulation 
of IL-8 mRNA half-life and release, which correlated well 
with potency, with the strong allergen DNCB failing to up-
regulate TTP, while inducing HuR, resulted in longer IL-8 
mRNA half-life and protein release (Galbiati et al. 2012). 
These results also support the idea that chemical allergens 
of different potency may differently activate DC.

The case of nanoparticles and hypersensitivity 
reactions

Nanoparticles (NPs) are primarily defined by their sub-
micron size, which exhibit a multitude of discrete char-
acteristics as regarding their shape, surface structure and 
functionality, material and encapsulation efficiency (Gold-
berg et al. 2007; Neagu et al. 2017; Piperigkou et al. 2016). 
Numerous NP types have already been generated, includ-
ing ceramic-, metal-, and carbon-based NPs; polymeric 
NPs; exosomes; liposomes; and scaffolds (Bhatia 2016). In 
order to increase their specificity, nanomaterials are usually 
associated with various coatings or ligands, or with active 
compounds such as drugs or tracers that can be adsorbed or 
incorporated (Coricovac et al. 2017; Kuskov et al. 2017). 
Importantly, generated nano-systems are often “multitask-
ing” and may support in parallel both diagnostic and treat-
ment purposes (Chen et al. 2014). In spite of their huge 
application potential NPs may also exert deleterious side 
effects, including toxicity (Bhatia 2016; Galbiati et al. 2018; 
Pinzaru et al. 2018; Kuskov et al. 2016).

The question of NP interaction with the skin barrier 
is important as regarding both its clinical and potentially 
hazardous environmental effects. Thus, the ability of NPs 
to penetrate the healthy skin barrier has been debated. 
Generally, three routes of transdermal drug penetration 
have been described the paracellular, transcellular and fol-
licular (appendages) pathways (Bhoyar et al. 2012). As 
regarding NPs transport, recently, it was shown that fluo-
rescently tagged 20 and 200 nm polystyrene NPs largely 
gathered in the stratum corneum and in the upper part of 
vellus hair follicles; whereas deeper penetration into the 

stratum corneum and localization to infundibulum of vel-
lus hair follicles were found to be infrequent events (Döge 
et al. 2018).

On the other hand, NPs were shown in murine and pig 
atopic dermatitis models to penetrate into the skin barrier 
exclusively in the region of inflamed skin. Importantly the 
penetration of these poly(l-lactide-co-glycolide) NPs was 
size and species dependent (Try et al. 2016). Uptake of NP 
by human epidermal cells in vitro was affected by their sur-
face functionalization and size as well as by their ability 
to form aggregates. The same authors in partially breached 
human skin explant model demonstrate that small sized NPs, 
independently of functionalization associate with epidermal 
cells and especially dendritic cells (Rancan et al. 2012). In 
an in vitro skin model nickel NPs were found to penetrate 
the epidermis and enter the dermis. This penetration how-
ever was found to be several-fold higher in abraded skin 
(Crosera et al. 2016). Collectively, these data indicate that 
an evaluation of NP-skin cells interactions under conditions 
where a breaching of skin barrier is evident e.g. atopic der-
matitis and chronic eczema is obligatory in order to assess 
possible risks of intended and unintended particle exposure. 
Thus, zinc oxide (ZnO) NPs, used as a component of sun 
screens, were shown to penetrate both injured and allergy 
injured mouse skin. Interestingly, in this study ZnO-NPs 
were shown to attenuate the local skin inflammation induced 
in the mouse model of AD; but they were able to activate 
systemic production of IgE antibodies. Therefore, it is sug-
gested that ZnO-NPS exhibit adjuvant properties in allergy 
promotion (Ilves et al. 2014). Likewise,  TiO2-NPs were 
shown to upregulate the ability of dinitrochlorobenzene to 
induce dermal sensitization after topical exposure (Smulders 
et al. 2015). Moreover, when silica NPs and mite allergen 
combination was topically applied in a mice model, a low 
IgG/IgE ratio was determined. This result is important, as 
low IgG/IgE ratio is considered to be a major risk factor of 
human atopic allergies (Hirai et al. 2015). Another, impor-
tant issue to consider is the ability of NPs to induce ACD. 
Thus, Potter et al., complying with the directive for reducing 
the use of research animals have adapted the human cell line 
activation test (hCLAT) and myeloid U937 skin sensitiza-
tion test (MUSST or U-SENS), for assessing nanomaterials 
(Potter et al. 2018).

Importantly, NPs have also been evaluated as drug carri-
ers for atopic disease and evidence of their efficient perfor-
mance due “to their pharmaceutical versatility, longer reten-
tion time at the target site, avoiding off-target effects and 
preventing premature degradation of the incorporated drugs” 
is discussed by Shao et al. (2016). Therefore, focused appli-
cation of tested NPs may significantly contribute to therapy 
for atopic skin disease.

In summary, the potential side effects of nanomateri-
als need to be taken into account seriously in their role as 
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initiators of ACD as especially for their suggested adjuvant 
effects.

In vitro models for assessing contact 
allergen‑induced cell activation

International network to standardize in vitro tests

Regulatory authorities worldwide require testing for skin 
sensitization and appropriate hazard labeling to minimize 
exposures. Well established animal methods for contact and 
respiratory hypersensitivity exist. Animal models, includ-
ing the murine LLNA, are strictly regulated by recent leg-
islations, thus new reliable in vitro alternatives are needed 
to replace animal assays to fulfill regulatory constraints. 
The European 7th Amendment to the Cosmetics Directive 
marked the common international view that animal tests 
should be replaced with alternative test, but also rise the 
concern that the complexity of a pathological reaction could 
only be matched by multiple in vitro assays (Coricovac et al. 
2017).

The publication of the AOP for skin sensitization 
prompted the development of a variety of non-animal tests 
and paved the way for integrated approaches to testing and 
assessment (IATA) in regulatory decision-making within 
OECD Member Countries in the area of skin sensitization. 
In Fig. 2, the AOP is schematically reported together with 
the state of the art of in vitro alternatives both validated and 
not validated covering the different key events. Recently, the 
OECD released new test guidelines for skin sensitization, 
including the direct peptide reactivity assay (DPRA, OECD 
TG 442C), the Keratinosens™ and  LuSensM assays (OECD 
TG442D), the human Cell Line Activation Test (h-CLAT), 
the U937 cell line activation test (U-SENS™), and the Inter-
leukin-8 Reporter Gene assay (IL-8 Luc assay) (OECD TG 
442E), which cover the first three key events described in 
the AOP.

Several international agencies, including the American 
Interagency Coordinating Committee for the Validation of 
Alternative Methods (ICCVAM), EURL-ECVAM (Euro-
pean Union Reference Laboratory for alternatives to animal 
testing) and JaCVAM (Japanese Center for the Validation 
of Alternative Method) are extremely active in validating 
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non-animal alternatives to test chemicals for skin sensiti-
zation potential (Strickland et al. 2016, 2018). In addition, 
an important role of these agencies is also to support the 
regulatory acceptance and facilitate the use of non-animal 
approaches. An important initiative worth mentioning is 
the NTP (National Toxicology Program) currently testing 
of approximately 200 chemicals in three in chemico/in vitro 
assays: the direct peptide reactivity assay, the LuSens assay, 
and the hCLAT. All testing is expected to be completed in 
early 2019.

Some of these in vitro methods are described below in 
details.

In vitro models

The adoption of the 7th Amendment to the Cosmetics Direc-
tive, reducing animal testing and enlarging the in vitro mod-
els for predicting the sensitizing capacity of compounds has 
boosted the research in this domain. Human cell explant, 
human cell lines from a single cell type to organotypic multi-
cellular reconstructed 3D skin models have been tested for 
their predictivity (Aeby et al. 2007; Jäckh et al. 2012). Most 
of the tests measure specific surface markers, cytokine pro-
duction, as well as genomic biomarkers. In silico models are 
also explored to predict the biological behavior of a com-
pound and aid the in vitro experimental models (Boverhof 
et al. 2008).

The evaluation of the skin sensitization potential of chem-
icals is an important safety issue and a concern of regula-
tory bodies, as mentioned above. All new ingredients to be 
incorporated into a product can have the potential to be skin 
allergens.

Taking into account the array of cells, mediators and 
complex inter and intracellular events developed by this 
pathology triggered by allergens (Toebak et al. 2009; Galli 
and Tsai 2012; Ehling et al. 2016), the history of developing 
in vitro assays that can evaluate it had a myriad of branches 
and developments.

One of the first published papers regarding in vitro tests 
for contact sensitizers’ identifications stated that the main 
hurdle is to mimic the appropriate application of allergens 
in in vitro approaches. The difficulties were pointed out, as 
most of the allergens need antigen presenting route and this 
process is sustained by the complex skin tissue. Moreover, 
allergens can have poor solubility in culture media. Thus, 
in the 1990, in vitro lymphocyte activation was the most 
promising testing method. Lymphocyte transformation 
and macrophage migration inhibition were developed (von 
Blomberg-van der Flier and Scheper 1990). Then, several 
experimental avenues were opened. Short-term human 
skin cultures after in vivo contact with the allergens were 
tested, cultures in which Langerhans cells (LC) preserved 
their characteristics (Rambukkana et al. 1996). These results 

suggested that cultivation of ex vivo human skin explants 
provided the first clue that in vitro allergenicity of com-
pounds can replace in vivo animal models (Pistoor et al. 
2016) and that skin equivalent can be used for in vitro test-
ing of allergens (Gerberick and Sikorski 1998).

At the end of the 1990s a boost of alternative in vitro 
models appeared. In parallel with the experimental tests, 
in silico models were initiated, models that were studying 
the relation between structure and biological action (SARs). 
Molecular and/or physicochemical properties can predict 
and quantify the allergenic potential of a molecule before 
any biological test. Thus, the allergy databases was initiated, 
the design of computerized systems and the development 
of quantitative SARs (QSARSs) (Lepoittevin 1999) were 
started at the end of the 90 decade.

Not surprisingly, the first cell that got the attention for 
in vitro models was LC, as the main antigen-presenting cell 
in the skin. Cultivation of immature DCs from peripheral 
mononuclear blood cells was used in order to overcome 
some technical draw-backs that rose from directly isolat-
ing skin’s LCs. Several sensitizers were tested  (NiSO4, 
dinitrochlorobenzene, 2,4,6-trinitrobenzene sulfonic acid, 
alpha-hexylcinnamaldehyde, and eugenol) and all tested 
skin sensitizers induced the up-regulation of several mole-
cules, co-stimulatory molecule CD86, intercellular adhesion 
molecule CD54 and HLA-DR antigen (Tuschl and Kovac 
2001). These early reports have emphasized that suitable 
approaches can be developed using DC culture systems 
(Nakao et al. 2017). Developing the DC in vitro models, 
migration and maturation of cells were studied in order to 
evaluate skin sensitizing potential. A set of methacrylate 
congeners were tested in in  vitro models, using blood 
monocyte-derived DC. Out of the entire studied panel of 
activation markers, CD86 and CXCR4 were the most sensi-
tive in discriminating between the contact sensitizers and 
irritants. Ex vivo skin explant cultures confirmed that LC 
were induced to migrate upon allergens’ action from epider-
mal to basal membrane and that the migration extent cor-
related with the sensitizing action of the compounds. Thus, 
the increased expression of the chemokine receptors in the 
blood monocyte-derived DC were confirmed by the ex vivo 
model (Rustemeyer et al. 2003). More recently, photoaller-
genic capacity of compounds was tested using DCs derived 
from human peripheral blood monocyte and all photosen-
sitizers induced an increase of CD86 expression (Karschuk 
et al. 2010).

Migration capacity of LC induced by allergens was also 
the subjected of an inter-laboratory validation approach 
using human organotypic skin explant culture (HOSEC) 
model. Screening 23 low molecular weight allergenic com-
pounds with HOSEC, the test could discriminate between 
a sensitizer and a non-sensitizer as compared to standard 
animal models (Lehé et al. 2003). Continuing their studies 
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on HOSEC model, the same group blindly tested seven 
chemicals, using HOSEC model and added the information 
that combination of increased epidermal LC migration, 
LC maturation and increased expression of LC activation 
markers should be taken into account in this model (Lehe 
et al. 2006).

Other cells that got the attention of in vitro models 
developers were KC and the combination of KC’s pro-
inflammatory cytokines secretion and DC complex pro-
cesses were reported. The cytokine release done by KC 
and the DC’s marker expression presented above can add 
important information to new in vitro models. In a murine 
cell KC line, the evaluation of intracellular IL-1 alpha 
and IL-18 can bring new information on the sensitizing 
potential of a compound. The report concludes that the 
combinations of DCs markers and KC pro-inflammatory 
secretion can lead to a more reliable in vitro model (Van-
debriel et al. 2005).

Using cell lines was the further step for developing 
in vitro models. Hence, an inter-laboratory validation has 
used THP-1 cells (human monocytic leukemia cell line) 
and U-937 (human histiocytic lymphoma cell line) (Saka-
guchi et al. 2006). This report represented the beginning 
of h-CLAT protocol that later entered ECVAM recommen-
dations. Validation was performed on 9 chemicals and the 
expression of CD86 and CD54 on THP-1 and U-937 cell 
lines was assessed. The report shows that discrimination 
between allergens and non-allergens was done better by 
THP-1 and that h-CLAT test can be an in vitro skin sensiti-
zation model of prediction (Sakaguchi et al. 2006; Nukada 
et al. 2013).

In a human keratinocyte cell line NCTC2455, intracel-
lular IL-18 production was assessed in presence of low 
molecular weight skin allergens respiratory allergens and 
irritants All tested contact sensitizers induced after 24 h of 
exposure a dose-related increase in IL-18, while irritants 
and respiratory compounds did not (Corsini et al. 2009). 
The same group has taken forward their research and has 
shown that comparable results can be obtained using pri-
mary human keratinocytes or other human keratinocyte 
cell lines (e.g. HaCaT, HPKII) (Galbiati and Corsini 2012). 
Combining the epidermal equivalent (EE) potency assay 
with IL-18 was reported to provide a single test for skin 
sensitizing compounds. 3D different models were assessed 
(in house VUMC model,  epiCS®, MatTek EpiDerm™ and 
SkinEthic™ RHE.17 contact allergens and 13 non-sensi-
tizers were tested and a clear increase in IL-18 release was 
registered after 24 h of exposure to contact allergens Gibbs 
et al. 2013; McKim et al. 2012). Another report tested 400 
compounds from the cosmetic industry in order to distin-
guish between sensitization and irritations. Sensitization 
process was assessed also by measuring IL-18 production 
by KC (Guyard-Nicodème et al. 2015).

Besides IL-18 production, another pathway that is 
induced by sensitizers is the Keap1-Nrf2-ARE pathway. 
Using four KC in  vitro models (primary human KCs, 
human immortalized N/TERT monolayer cultures, Leiden 
Epidermal models—LEMs and N/TERT epidermal model—
NEMs) the Nrf2 protein level and the transcriptional tar-
gets of Nrf2 were measured upon exposure to DNCB and 
irritant SDS at nontoxic concentrations. The Keap1-Nrf2-
ARE pathway is activated by the sensitizer DNCB in LEMs, 
NEMs, and monolayer keratinocytes but is not activated by 
the irritant SDS. These data show that the N/TERT models 
can be an alternative model for skin sensitizer identification 
(Alloul-Ramdhani et al. 2014).

Gathering information spanning the first decade of the 
years 2000, reviewed by dos Santos in 2009, cell-based 
assays focusing on DCs CD34 +, monocyte derived DCs 
and appropriate cell lines (THP-1, U-937, MUTZ-3, KG-1, 
HL-60, and K562) were used to develop new in  vitro 
tests. All these tests highlighted the importance of activa-
tion/maturation markers and the release of cytokines and 
chemokines. The authors highlight that the solution should a 
multiple cell assay investigating multiple markers rather than 
a single cell-single market approach (dos Santos et al. 2009).

Another approach to assess chemical allergens is the 
non-cellular approach based on the fact that electrophilic 
allergens interact with nucleophilic amino acids within the 
proteins. Compounds with known allergenic potential and 
non-allergenic were tested for their reactivity to react with 
reduced glutathione (GSH) or with single cysteine or lysine 
synthetic peptides. The reaction could be compared with 
standard animal model testing (e.g. local lymph node assay). 
It was shown that non-allergens and weak allergens had very 
low peptide reactivity, while potent allergens exhibited high 
peptide reactivity. This a-cellular model could give a predic-
tion accuracy of 89% (Friedmann et al. 1983) and a validated 
peptide reactivity concept (Mutschler et al. 2009).

Co-culture-based methods were the following step taken 
forward in the in vitro tests. Loose-fit coculture-based sensiti-
zation assay (LCSA) was developed using human monocytes 
differentiated to DCs and allogenic KC. The expression of 
CD86 as sensitizing-related a marker and the uptake of the 
viability stain 7-AAD as a marker of irritation were quantified 
within the test. These data were compared to the validated 
animal-based sensitization test (LLNA, OECD TG 429). This 
comparison showed that sensitizers were better discriminated 
from non-sensitizers and irritants. Thus these tests matches 
EU’s program for the safety of chemicals “Registration, 
Evaluation, Authorization and Restriction of chemical sub-
stances” (REACH 2006) to replace animal models (Wanner 
et al. 2010). In 2017, LCSA assay was improved by replac-
ing KCs with HaCaT cell line and co-cultivating them with 
peripheral blood mononuclear cells in conditions that gener-
ate CD1a +/CD1c + DCs, a cellular population with a marked 
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up-regulation of CD86 upon contact allergens. The recently 
improved test identified all sensitizers including weak contact 
allergens (propylparaben) and resorcinol (that is not detected 
by the “classic” LCSA). Three out of four non-sensitizers were 
correctly identified; thus the improved LCSA has an increased 
sensitivity and discriminatory power (Frombach et al. 2017).

Another recently described in vitro model is the 3D co-cul-
ture of HaCaT, mimicking the epidermis barrier, and human 
leukemic monocyte lymphoma cell line (U937) as DCs. This 
3D microenvironment higher values of TEER compared to 
static culture were obtained, higher cell viability and a physi-
ological milieu of air–liquid interface mimicking the skin 
(Ramadan and Ting 2016). Another recently published 3D 
model—SENS-IS—is based on a reconstructed human skin 
model (Episkin). An inter-validation study in three laboratories 
tested 19 blind coded chemicals using SENS-IS and the study 
showed that besides being a robust test it has high predictivity 
and very good reproducibility. The same data were obtained 
also in other reports on 150 tested chemicals, SENS-IS pre-
dicting hazard and potency characteristics (Cottrez et al. 2016; 
Teunis et al. 2013).

Data integration

Considering the complexity of the induction of skin sensi-
tization and the important health consequences, it was clear 
from the beginning that one single test would not be suffi-
cient to identify the allergenic potential or not of a chemical 
(hazard identification), to fulfill regulatory requirements on 
the skin sensitization potential (classification and labeling) 
and potency of chemicals (quantitative risk assessment). 
Despite its complexity, the key biological events of the pro-
cess have been well characterized in the AOP, and several 
integrated approaches to testing and assessment (IATA) and 
defined approaches have been proposed to enable predic-
tion of skin sensitization hazard through high throughput 
screening assays and in silico models. Recently published 
reviews and OECD test guideline provide the state-of-the-art 
of data integration and best practices for implementation of 
defined approaches to skin sensitization testing and assess-
ment, and this aspect would not be covered in this review. 
Computational approaches represent indeed promising tools 
to effectively integrate data sources to identify potential skin 
sensitizers without animal testing (Strickland et al. 2016, 
2018; OECD 2014; Casati et al. 2018).

Risk prevention: what can be done to make 
contact allergy history?

The fact that a chemical is a contact allergen does not mean 
that it cannot be formulated into a consumer product at lev-
els well tolerated by most individuals (Robinson et al. 2000). 

Many common cosmetic ingredients, such as fragrances 
and preservatives, are known contact allergens. Skin sen-
sitization risk assessment of new ingredients or products 
is, therefore, critical before their introduction into the mar-
ketplace also including aggregating dermal exposure (Ger-
berick and Robinson 2000; Ezendam et al. 2018). Due to a 
dose–response relationship for both induction and elicitation 
phases of contact hypersensitivity, it is possible to determine 
the thresholds for the level of chemicals exposure below 
which sensitization will fail to be induced in a naïve subject, 
or below which a reaction will fail to be elicited in a previ-
ously sensitized subject (Kimber et al. 1999, 2003). Even 
if threshold can be established, it is important to take into 
consideration that thresholds: (1) can be influenced by the 
vehicle or formulation in which the chemical is dissolved, 
and subsequently exposed to skin surface; (2) for the induc-
tion of sensitization to a particular chemical will be different 
(higher) from the amount required to elicit a reaction in a 
previously sensitized subject; (3) vary between individu-
als, in particular for the elicitation phase of allergic contact 
reactions (Kimber et al. 1999). This implies that opportune 
safety factors must be introduced when performing quanti-
tative risk assessment. Based on these considerations, one 
should be able to use contact allergens into products at levels 
that produce acceptably low incidences of skin sensitization 
under foreseeable conditions of exposure (Robinson et al. 
2000).

While exposure for other endpoints is usually expressed 
in units of mg/kg body weight, the relevant dose metric for 
skin sensitization potential is the amount of chemicals aller-
gen per unit area on the skin (Robinson et al. 2000). Human 
skin sensitization studies have indeed demonstrated that 
the key factor in the induction of skin sensitization is the 
dose of the substance per unit area of skin (Basketter and 
Kimber 2009; Rees et al. 1990; White et al. 1986). Thus, it 
is recommended that sensitization threshold obtained from 
animal and human data be expressed as the dose per unit 
area of skin (Boukhman and Maibach 2001). Typically, risk 
assessment for skin sensitization include structure activity 
relationship analysis, exposure assessment, preclinical test-
ing (e.g., local lymph node assay and clinical testing, e.g., 
human repeat insult patch testing if available) (Gerberick 
and Robinson 2000).

Coming to alternative to animal testing, despite the 
importance of potency estimation in the development of 
accurate risk assessment, there has been relatively modest 
progress in the definition of appropriate experimental in vivo 
and consequently in vitro models (Basketter et al. 2000). 
The availability of a robust and reliable method for assess-
ment of relative skin sensitizing potency is of considerable 
importance for the classification of contact allergens and 
for the development of accurate assessment of risk (Nakao 
et al. 2016; Rees et al. 1990; Loveless et al. 2010). Currently 
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the LLNA is the preferred method for the identification of 
contact allergens since it provides an accurate and reliable 
identification of skin sensitization hazards and has proven to 
be useful also for the relative potency information (Kimber 
and Pallardy 2014). Understanding the biological mecha-
nisms underlying the potency of an allergen and the possi-
bility of defining it using in vitro methods represent a field 
of intense research.

In addition to quantitative risk assessment, potency infor-
mation is also necessary as regulatory agencies require that 
sensitizers be classified into potency categories. The 2011 
Globally Harmonized System of Classification and Label-
ling of Chemicals (GHS) edition introduced two subcatego-
ries for skin sensitizers (simply schematized in Fig. 3):

• Subcategory 1A—strong skin sensitizers, for substances 
that occur frequently in humans and/or have high potency 
in animals;

• Subcategory 1B—“other” skin sensitizers, for substances 
that show low frequency of occurrence in humans and/or 
a low moderate potency in animals.

Skin sensitizers are classified as Category 1 when the 
relevant regulatory authority does not require subcategori-
zation or when data are insufficient for subcategorization. 
Non-sensitizers are not classified (ICCVAM LLNA Potency 
Evaluation Report of 2011).

To provide such information, statistical models to pre-
dict skin sensitization potency for murine LLNA and human 
outcomes have also been proposed (Zang et al. 2017). As 
reported by Zang, based on in silico and in vitro methods, 
the best one-tiered model predicted LLNA outcomes with 
78% accuracy, and human outcomes with 75% accuracy 
(LLNA predicts human potency categories with 69% accu-
racy). These methods may provide valuable information for 
assessing skin sensitization class of potency (e.g. strong and 
weak), but for quantitative risk assessment of skin sensiti-
zation a dose is required. Therefore, additional efforts are 
clearly needed both from a biological and regulatory point 

of view. International harmonization and standardization are 
needed to facilitate the translation of defined approaches into 
an international performance-based Test Guideline (Zang 
et al. 2017).

To conclude, a reduction of ACD can be achieved by 
a correct detection of skin sensitizers, characterization of 
potency, understanding of human skin exposure, and appli-
cation of adequate risk assessment and management strate-
gies. Only improved risk assessment, better education of risk 
assessors, better education of consumers on the proper use of 
products, and better marketing surveillance by authorities to 
control proper product safety evaluation could help to ‘make 
contact allergy history’.
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