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Preface 

This is the report of the fifty-first of a series of 
workshops organised by the European Centre for 
the Validation of Alternative Methods (ECVAM). 
The main objective of ECV AM, as defined in 1993 
by its Scientific Advisory Committee, is to promote 
the scientific and regulatory acceptance of alterna­
tive methods which are of importance to the bio­
sciences, and which reduce, refine or replace the use 
of laboratory animals. One of the first priorities set 
by ECV AM was the implementation of procedures 
that would enable it to become well informed about 
the state of the art of non-animal test development 
and validation, and of opportunities for the possible 
incorporation of alternative methods into regula­
tory procedures. It was decided that this would be 
best achieved through a · programme of ECV AM 
workshops, each addressing a specific topic, and at 
which selected groups of independent international 
experts would review the current status of various 
types of in vitro tests and their potential uses, and 
make recommendations about the best ways for­
ward. · 

The workshop on dendritic cells as a tool for the 
predictive identification of skin sensitisation hazard 
was held at ECV AM (Ispra, Italy) on 7-8 April 2004, 
with participants derived from academia, national 
organisations, and industry. The aim of the work­
shop was to review the state of the art of the use of 
cultured dendritic cells for the identification of skin 
sensitisation hazard, and to develop strategies for 
the eventual replacement of in vivo testing. At the 
end of this report are listed the recommendations 
that should be considered for progressing toward 
the prevalidation and validation of relevant and 
reliable procedures, that could in the future replace 
the use of animals in the skin sensitisation testing 
of chemicals and cosmetic products. 

Introduction 

Skin sensitisation resulting in allergic contact der­
matitis is an important health issue. Many hun­
dreds of chemicals are known to have the potential 
to cause skin sensitisation (albeit with widely vary­
ing potencies), and there is a need to understand 
· the likely risks to human health. The first step in a 
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risk assessment process requires the accurate iden­
tification of hazard. 

Currently, the identification of skin sensitising 
chemicals is most commonly achieved by using ani­
mal test methods. Included among these are 
guinea-pig tests, such as the occluded patch test of 
Buehler (1) and the guinea-pig maximisation test 
(GPMT; 2), and the mouse local lymph node assay 
(LLNA; 3). However, there is growing interest in 
exploring whether it might be possible to design 
and develop new approaches that would permit an 
assessment of skin sensitising activity without the 
need for experimental animals. To this end, atten­
tion has focused on a variety of strategies that com­
prise both the investigation of novel in vitro 
experimental systems, and the possible application 
of structure-activity relationships and computer­
based prediction methods (4-7). Among the 
approaches that have attracted most interest are 
those that make use of cultured dendritic cells 
(DCs) and dedicated antigen processing and pre­
senting cells (7). 

The objectives of this workshop were to review 
the current status of, and future opportunities for, 
the use of cultured DCs as a basis for the develop­
ment of alternative approaches to the identification 
of skin sensitisation hazard. In addition, several 
specific issues were addressed by the workshop par­
ticipants, including: the most appropriate DCs for 
use in in vitro skin sensitisation testing; the read­
outs that may be available for evaluating the inter­
action of chemicals with DCs; and how putative in 
vitro test methods based on measurement of DC 
responses might best be integrated into a tiered 
testing strategy. The progress made during the 
workshop is summarised here, and deliberations 
about opportunities for in vitro test methods are 
preceded by a brief consideration of the basic mech­
anisms of skin sensitisation and of the roles played 
by DCs. 

Skin Sensitisation and DCs 

Skin sensitisation is acquired when a (susceptible) 
subject is exposed topically to a skin sensitising 
chemical under conditions that will permit the 
induction of a cutaneous immune response of a 
magnitude sufficient to result in immunological 
priming (sensitisation). A key requirement is that 
the dose of chemical experienced on the skin, and in 
reality the amount of chemical per unit area of skin, 
is sufficient to provoke the degree of priming (quan­
tity of response) and quality of response that is 
required for clinical sensitisation (i.e. a degree of 
sensitisation that will result in a clinically dis­
cernible cutaneous reaction following subsequent 
encounters with the same chemical). 

The sequence of events can be summarised 
briefly as follows. For immunological recognition, 

S. Casati et al. 

and for the stimulation of an immune response, a 
skin sensitising chemical must usually form a stable 
association with protein. It is believed that, in most 
instances, the hapten-protein conjugate is recog­
nised and internalised by Langerhans cells (LCs), 
which are specialised DCs found within the epider­
mis. These cells, under the regulation of cutaneous 
cytokines, are mobilised and induced to migrate 
from the skin via afferent lymphatics to regional 
lymph nodes, where they locate within the paracor­
tex. During migration, LCs are subject to a func­
tional differentiation (also effected by cytokines), 
such that they lose the ability to internalise and 
process antigen, and instead acquire the properties 
of mature immunostimulatory DCs that are able to 
present antigen effectively to responsive T lympho­
cytes. Allergen-specific T lymphocytes are activated 
and stimulated to divide and differentiate. Cell divi­
sion results in the selective clonal expansion of 
allergen-responsive T lymphocytes, and this repre­
sents the cellular basis for immunological memory 
and the acquisition of skin sensitisation. If the now­
sensitised subject subsequently encounters the 
same (or an immunologically cross-reactive) chemi­
cal allergen, at the same or a different skin site, an 
accelerated and more aggressive secondary immune 
response will be elicited. Cells from the expanded 
population of allergen-responsive T lymphocytes 
localise at the site of allergen contact, and stimulate 
the recruitment of other leukocytes that, in concert 
with secreted cytokines and chemokines, initiate 
the local inflammatory reaction that is recognised 
clinically as allergic contact dermatitis. More­
detailed reviews of the cellular and molecular 
immunobiology of skin sensitisation and allergic 
contact dermatitis are available elsewhere (8-12). 

There has been considerable interest in the roles 
played by LCs during the induction phase of skin 
sensitisation, and in the molecular mechanisms 
through which their phenotypic and functional 
characteristics · are regulated. Comprehensive 
accounts of LC biology in general, and of the impor­
tance of LCs in the acquisition of skin sensitisation 
in particular, are available in the literature (13-19). 
Collectively, the data available reveal that epider­
mal LCs become mobilised in response to skin 
trauma (including encounter with antigen in skin 
tissues, local irritation and inflammation, ultravio­
let [UV] irradiation and, probably, even physical 
trauma), with the key cytokine signals being 
tumour necrosis factor a (TNF-a), and interleukins 
1 (IL-la and/or IL-1~) and 18 (IL-18) . The success­
ful migration and localisation of LCs is also depend­
ent on chemokine receptor-ligand interactions, 
with ligation of CCR7 (a chemokine receptor 
expressed by activated LCs as they p!'ogress to 
draining lymph nodes) being of particular impor­
tance. 

The LCs within the epidermis can be considered to 
be sentinels of the adaptive immune system, with 
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responsibility for sampling skin surfaces for changes 
in the antigenic microenvironment. Although the 
view is that the triggering of LC activation requires 
appropriate danger signals (proinflammatory 
cytokines; 20), in addition to experiencing new anti­
gens per se, a case can nevertheless be made that 
effective skin sensitisation will be associated with, 
and dependent upon, the interaction between chem­
ical allergens and resident Les. Support for this view 
derived initially from studies reported by Enk & 
Katz (21), who found that skin sensitisation in mice 
resulted in the altered expression of the mRNAs for 
a number of cytokines. Of particular interest was the 
observation that skin sensitisation, but not similar 
treatment with a skin irritant, was associated with a 
very rapid (within 15 minutes) increase in the 
expression of the mRNA for IL-1~ (21), a cytokine 
that in murine epidermis is a product exclusively of 
LCs. One interpretation was that chemical allergens 
interact directly and selectively with epidermal LCs 
to provoke the increased expression of IL-1~. The 
implication was that this might form the basis of a 
method for the identification of chemicals with skin 
sensitising potential, and this opportunity was artic­
ulated in a previous report from ECVAM (22). 
Progress that has been made to date with this 
approach, and the tools that are now available to 
facilitate this, are reviewed in the next section. 

The History of Interest in DCs for 
Sensitisation Studies 

In 1992, Enk & Katz (21) showed that mRNA for 
IL-1~ is rapidly expressed by LCs after the topical 
application of contact sensitisers to mouse skin. 
More important was the observation that rapid up­
regulation of IL-1~ mRNA was apparently specific 
for contact sensitisers. These data, together with 
other observations, strongly suggested that IL-1~ 
plays an essential role in the induction of cutaneous 
immune responses, including skin sensitisation 
(23-25). Thus, it was hoped that IL-1~ expression 
could provide an alternative read-out for assess­
ment of the sensitising activity of chemicals. 

Using DCs isolated from human peripheral blood 
mononuclear cells (PBMC) and differentiated with 
cytokines, as surrogates for LCs, Reutter et al. (26) 
investigated the ability of five contact sensitisers and 
one skin irritant, to induce IL-1~ gene expression in 
vitro in PBMC-DCs. The DCs were treated with sub­
toxic concentrations of contact sensitisers (including 
pentadecyl-catechol, nickel sulphate [NiSO.J) and 
with -the irritant, sodium dodecyl sulphate (SDS). 
Total RNA was extracted from the DCs, and IL-lP 
mRNA expression was measured by using the 
reverse transcriptase-polymerase chain reaction 
(RT-PCR). The authors reported that all the contact 
sensitisers increased IL-lP gene expression, whereas 
treatment with SDS was without significant effect. 
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Subsequently, Pichowski et al. (27, 28) con­
firmed that potent contact sensitisers selectively 
up-regulate IL-1~ mRNA expression. However, 
they also observed that, with 2,4-dinitrofluoroben­
zene (DNFB), such increases were found only with 
approximately 50% of donors. The variation in 
DNFB-induced up-regulation of IL-lP expression 
was shown to be donor-dependent and not due to 
interexperimental variation. Importantly, the 
variations among donors with respect to allergen­
induced changes in IL-lP mRNA appeared to 
reflect stable differences, since, on repeat testing, 
individual donors were found to display consistent 
responder or non-responder phenotypes. They also 
confirmed that SDS did not increase IL-lp mRNA 
levels, even in DC populations that proved respon­
sive to DNFB with respect to IL-lP expression. De 
Smedt et al. (29) also reported that it was difficult 
to use IL-lP as a reliable marker, due to substan­
tial interindividual variations. Collectively, these 
data suggest . that some chemical aliergens have 
the potential to cause a modest increase in IL-lp 
expression under conditions where some non-sen­
sitising skin irritants do not. Unfortunately, the 
fact that blood-derived DCs from only a proportion 
of donors have a responder phenotype, suggests 
practical difficulties in ensuring the availability of 
consistently responsive cells. Therefore, using IL­
lP expression does not appear to represent a viable 
stand-alone method for the identification of skin 
sensitising chemicals. Moreover, even with the use 
of an optimal concentration of strong contact aller­
gens in DCs isolated from responders, the 
observed increases in IL-lP mRNA expression are 
modest, suggesting that this gene may display a 
limited dynamic range. 

Although expression analysis of IL-lP alone 
does not look promising at this stage, it is inter­
esting (and of considerable potential importance) 
to note that some contact allergens appear to 
interact, probably directly, with cultured DCs, to 
induce changes in gene expression under condi­
tions where non-sensitising skin irritants appar­
ently do not. Of particular interest would be the 
identification of genes that are regulated selec­
tively by contact allergens and that display a 
greater dynamic range of expression than does IL­
lP, for example. 

Sources of DCs 

LCs represent the principal antigen presenting cells 
in the skin. However, obtaining a sufficient number 
of cells to be used routinely in in vitro assays for 
skin sensitisation testing remains extremely diffi­
cult, despite the availability of various isolation 
techniques. For this reason, research has focused 
on other sources of suitable antigen presenting 
cells. 
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CD34+-derived DCs 

The CD34 + cell fraction comprises committed 
haematopoietic precursor cells that are capable of 
differentiating into DCs. Major sources of CD34 + 
precursors are bone-marrow and umbilical cord 
blood, since the percentage of ··CD34 + precursor 
cells in adult peripheral blood is very low, unless 
bone-marrow cells are mobilised into the circulation 
with either growth factors or chemotherapy, or 
both (30). TNF-cx. is a critical growth factor for 
CD34 + progenitors, promoting the in vitro prolifer­
ation of precursor cells through the induction of the 
granulocyte/macrophage colony stimulating factor 
(GM-CSF) receptor (31, 32). In addition, DC yield 
can be improved by adding FLT3-ligand, throm­
bopoietin, and stem cell factor (SCF) to the culture 
medium, which enhances CD34 + cell proliferation 
without affecting their differentiation (33, 34). At 
least two populations can be distinguished among 
CD34+-derived DCs (CD34-DCs), where CLA+ = 
cutaneous lymphocyte antigen: a CLA + /Bir beck 
granule+ LC-like DC population, that express E­
cadherin and langerin, and a CDla+/CLA- popula­
tion that lack Birbeck granules but express 
coagulation factor XIII, thus resembling interstitial 
DCs. Both these subsets express major histocom­
patibility (MHC) class II molecules, together with 
CD40 and CD54, and moderate levels of CD80 and 
CD86, consistent with an immature phenotype. In 
the absence of further activation factors, CD83 can 
be moderately expressed on a minor percentage of 
CD34-DCs, and this is greatly increased upon stim­
ulation. The relative percentages of CD1a+/CLA­
DC and CDla+/CLA+ LC populations are affected 
by the presence in the culture medium of TGF-13, 
which considerably expands the latter population, 
supporting the notion that TGF-f3 is required for 
LC development both in the human and in the 
mouse (35). Functionally, CD34-DCs possess equal 
or higher antigen presenting cell ability than mono­
cyte-derived DCs (Mo-DCs; 36). 

Monocyte-derived DCs 

Homogeneous populations of immature DCs 
(resembling those found in peripheral tissues) can 
be generated by culturing peripheral blood CD14+ 
monocytes in medium supplemented with GM-CSF 
and IL-4 (37). These cells are characterised by high­
level endocytic activity mediated by constitutive 
macropinocytosis and by the mannose receptor (38). 
Mo-DCs express several toll-like receptors (TLR) 
and respond to microbial stimuli and inflammatory 
cytokines by up-regulation of MHC and co-stimula­
tory molecules, down-regulation of endocytic activ­
ity and production of chemokines and cytokines. 
IL-12 production is elicited by some, but not all, 
microbial stimuli and is potently boosted by inter- · 
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feron (IFN)-y and especially by CD40L (39). By 
changing the cytokine cocktail, it is possible to drive 
monocytes to differentiate to DCs that display dif­
ferent functional properties. GM-CSF, together 
with type I IFN, induces monocytes to rapidly dif­
ferentiate toward DCs that are more mature than 
those induced by GM-CSF and IL-4 (40). 
Furthermore, the addition of TGF-f3 to GM-CSF 
and IL-4 promotes differentiation to DCs that share 
some characteristics with LCs (41). 

Experimental Studies with DCs 

LC cultures 

As previously described, the important role of LCs 
in the induction of skin sensitisation justifies the 
exploration of their usefulness as an in vitro model 
system for the assessment of chemical allergens and 
irritants. Hitherto, research has mainly focused on 
induced changes in membrane markers expression 
and cytokine production. 

A dose-dependent decrease of human leukocyte 
antigen-DR (HLA-DR) expression on the surface of 
LCs following treatment with several contact aller­
gens, without affecting the number of positive cells, 
has been reported. In addition, a down-regulation of 
E-cadherin expression, as well as a significant 
decrease in the percentage of E-cadherin positive 
cells, was observed (42). SDS did not significantly 
affect either HLA-DR or E-cadherin expression. 
Distinct differences in patterns of HLA-DR endocy­
tosis induced by contact sensitisers and skin irri­
tants in LCs have also been reported (43). Isolated 
LCs from skin explants showed up-regulation of 
CD86, CD54 and HLA-DR markers after challenge 
with a variety of contact allergens, but not follow­
ing treatment with SDS, and no clear-cut results 
were obtained for intracellular IL-lf3 production 
( 44). The results described here have illustrated the 
feasibility of developing LC-based in vitro assays for 
discriminating between contact sensitisers and skin 
irritants. However, research has been hampered by 
the low LC yields available from skin samples and 
the sometimes spontaneous maturation of LCs dur­
ing the extraction procedures. For this reason, 
freshly isolated LCs have mostly been replaced by 
the use of LC-like DCs (LLDCs) cultured from 
PBMCs (37) or from CD34 + progenitor cells (30) 
derived from cord blood or bone-marrow samples. 

Monocyte-derived DCs 

For chemical sensitisation testing, the in vitro 
model based on Mo-DCs from human peripheral 
blood is the most frequently used approach. The 
reasons for this include the shorter culture-times, 
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the less expensive techniques needed to derive Mo­
DCs, and easier access to peripheral blood than to 
cord blood or bone-marrow samples for the genera­
tion of CD34-DCs. In several studies, the effects of 
sensitisers and irritants on the modulation of sur­
face markers, mRNA expression and cytokine pro­
duction have been investigated. 

Degwert et al. (45) and Becker et al. (46) reported 
an increased receptor-mediated endocytosis of 
HLA-DR in Mo-DCs exposed to several strong con­
tact allergens. Less-active skin sensitisers and skin 
irritants failed to have a significant effect on HLA­
DR internalisation (46). The authors proposed this 
approach as an in vitro test for contact sensitisa­
tion, despite the responder/non-responder donor 
effect they observed. 

Aiba et al. (4 7), reported significant up-regulation 
of CD86, CD54 and HLA-DR antigen and an 
increase in the IL-lP protein production/secretion 
in response to the sensitiser, dinitrochlorobenzene 
(DNCB), and nickel chloride (NiC12) in a Mo-DC 
model derived in the presence of GM-CSF and IL-4. 
In addition, NiC12 exposure also increased IL-6 and 
TNF-a production. A significant up-regulation of 
HLA-DR and CD86 was also observed following 
exposure to DNCB. Aiba et al. (48) evaluated the 
response of TGF-Pl-treated MoDCs to NiC12 and 
DNCB. Several markers related to maturation and 
migration processes of LCs were found to be modu­
lated by NiC12 exposure. The effects of DNCB were 
less pronounced, but nevertheless, CD86 membrane 
marker and CCR7 mRNA were up-regulated, and 
E-cadherin and CLA were down-regulated. The 
response ofMo-DCs exposed to several organic con­
tact sensitisers or to metals has also been studied 
(44-51). As previously observed, DC cultures mostly 
responded to challenge by the regulated expression 
of membrane determinants, such as CD86 or HLA­
DR, or the production ofTNF-a. Most importantly, 
skin irritants and DNCB did not have any effect on 
surface marker expression in any these studies. 

Recently, results obtained on the typical pheno­
typic changes of DC-maturation (altered expression 
of HLA-DR, CDla, CD40, CD54, CD83, CD86, 
CCR7 and E-cadherin) have suggested that a 4-day 
treatment of Mo-DCs with chemical allergens 
resulted in the most robust phenotypic changes 
(52). A high variability in the response of DCs 
according to their donors was also observed. 

Aeby et al. (53) evaluated CD86 surface marker 
expression and IL-1~ and aquaporin 3 mRNA 
expression in Mo-DCs, pooled from four different 
donors and challenged with 2,4,6-trinitrobenzene­
sulphonic acid (TNBS), two related aromatic 
amines, p-toluylenediamine (PTD) and hydroxy­
ethyl-p-phenylenediamine (HE-PPD), and SDS for 
up to 30 hours. TNBS was shown to induce a dose­
dependent response for all the parameters tested, 
whereas SDS did not. Also, both PTD and HE-PPD 
induced DC-activation. However, HE-PPD is not 
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classified as a sensitiser by the in vivo LLNA assay. 
Skin penetration studies indicated that the differ­
ences among in vitro and in vivo studies were due to 
bioavailability differences. The authors suggest 
that, in order to establish a robus't prediction 
model, additional correction factors for bioavailabil­
ity, in vitro metabolism and in vitro protein binding 
have to be addressed. 

Modest increases in IL-lP mRNA expression in 
the response of Mo-DCs to several contact aller­
gens, but not to irritants, were described by Reutter 
et al. (26) and Pichowski et al. (27, 28) when using 
short exposure periods. These results suggest that 
this marker is probably of limited predictive value 
under such conditions. It is possible, however, that 
IL-lp may prove to be of greater value in longer­
exposure protocols. 

CD34-DCs 

An advantage of using CD34-DCs is that substan­
tially higher yields of cells are obtained than with 
Mo-DC cultures, thereby allowing more chemicals 
to be tested with cells from one donor (29). 

Rougier et al. (54, 55) exposed CD34-DCs to 
strong haptens, weak sensitisers and one irritant. 
The main endpoint investigated was T-cell activa­
tion; however, CD86, CD83, CDla, E-cadherin and 
HLA-DR expression were also measured for the 
weak sensitisers. Based on the two studies, it can be 
concluded that a 48-hour contact of immature (8-
day cultured) CD34-DCs with strong haptens trig­
gers phenotypic (high CD86, CD83 and HLA-DR) 
and functional (T-cell activation) maturation. 

De Smedt et al. (56, 57) have shown that the 
CD34-DC system has the capacity to distinguish 
between sensitisers and irritants, but also that the 
analysis of several surface markers was necessary. 
The phenotypic response was more sensitive and 
specific in comparison with cytokine production. 
However, not all the test chemicals were able to 
provoke a response with respect to all the surface 
markers analysed. Exposure concentration was also 
an important factor. There was no correlation 
between relative potency of the sensitiser and any 
of the endpoints analysed (57). 

De Smedt et al. (29) compared the performance of 
CD34-DCs and Mo-DCs in in vitro models for 
detecting contact allergens. Mo-DCs and CD34-DCs 
were exposed to several contact allergens and one 
skin irritant. The endpoints analysed were the 
membrane expression ofCD86, CD83 and HLA-DR, 
and IL-1~ production. Both test systems were able 
to respond to allergens, but CD34-DCs had to be 
exposed to higher concentrations to demonstrate 
significant phenotypic changes. With Mo-DCs, only 
a fraction of donors yielded cells that were respon­
sive to allergens, which is in contrast to the experi­
ence with CD34-DCs, where all the donors 
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responded in a similar fashion. CD86 was the most 
reliable marker for the precise separation of sensi­
tisers and non-sensitisers in both culture systems. 
Finally, CCR7 up-regulation on CD34-DCs has been 
described, following exposure to nickel and DNCB 
(58). 

Microarray analysis 

From the review presented above, it is clear that 
the endpoints that are analysed are mainly known 
membrane markers, such as CD86 and HLA-DR, 
and cytokine expression and/or production. More­
recent studies have included additional markers, 
such as CCR7 and aquaporin 3 (53, 58, 59). 
However, several studies indicate that the response 
patterns of the markers currently used may be 
chemical-dependent, do not allow the identification 
of all sensitisers, and may have a limited dynamic 
range. In addition, the use of Mo-DCs involves the 
problem of the responder/non-responder donor phe­
notype. Therefore, multiple endpoint measure­
ments may be necessary to identify chemical 
allergens, but, even under these circumstances, no 
validated methods are currently available. 

One important initiative has been to explore 
more holistically, changes in gene expression that 
may be associated in a selective fashion with expo­
sure of cultured DCs to contact allergens. For this 
purpose, there has been considerable interest in the 
use of microarray platforms for multiple transcript 
profiling. 

Several microarray studies have been published, 
in which Mo-DCs have been exposed to known mat­
uration stimuli, such as bacterial lipopolysaccharide 
(LPS) or CD40 ligand (60-66). These studies have 
begun to provide information about the changes in 
gene expression which occur during induced DC 
maturation processes, and have highlighted some 
differences between stimuli. These studies may 
result in the identification of markers appropriate 
for measuring allergen-induced changes in DC mat­
uration. 

Recently, Ryan et al. (67) described the transcrip-
. tional profile of Mo-DCs exposed to the chemical 
allergen, dinitrobenzenesulphonic acid (DNBS). 
Several genes were identified that should be inves­
tigated further for their capacity to discriminate 
between contact sensitisers and non-allergens. 

Signal transduction in DCs 

As already mentioned above, contact sensitisers are 
able to induce DC maturation in vitro. Other mark­
ers of DC function have been shown to be up-regu­
lated by haptens in a manner similar to that 
observed with LPS, pro-inflammatory cytokines or 
CD40 ligand. The question remains as to whether · 
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haptens use signal tranduction pathways in com­
mon with other types of danger signals to activate 
DCs, or whether they use other pathways. An asso­
ciated question is whether haptens can be classified 
on the basis of their signal transduction profiles. 

Tyrosine phosphorylation has been observed as a 
common cellular response to contact allergens in a 
variety ofMHC class II-positive cells, including LCs 
and Mo-DCs (68). The induction of p-tyr by strong 
haptens was noted in all cases, indicating the 
importance of signal-transduction mechanisms in 
the response to contact allergens. 

Several transduction pathways have been 
described to play a role in DC maturation and sur­
vival, of which the mitogen-activated protein 
kinases (MAPKs), NF!CB and cAMP pathways are 
the most fully-characterised. 

MAPKs are composed of three families, namely, 
extracellular regulated kinases (ERKs), jun kinases 
(JNKs) and p38 MAPK. The JNK and p38 MAPK 
cascades are referred as stress-activated MAPK 
pathways, because they are strongly activated by 
stress-inducing agonists such as LPS, inflammatory 
cytokines or xenobiotics. MAPKs play a major role 
in DC maturation induced by LPS through Toll-like 
receptors (69, 70), or by inflammatory cytokines 
through binding to specific receptors (71). Haptens. 
such as nickel, DNCB and DNFB, induce a rapid 
phosphorylation of p38 MAPK and JNKs in both 
Mo-DCs differentiated in the presence of TGF-13, 
and in CD34-DCs (72, 58, 59). Recently, ERKs have 
also been shown to be phosphorylated in response 
to NiS04 or DNCB in CD34-DCs and by NiC12 in 
Mo-DCs (58, 59, 72). It is important to appreciate 
that responses may differ according to the DC 
model used. Indeed, with Mo-DCs differentiated in 
the absence of TGF-13 JNKs were not activated by 
NiS04, and only a slight increase in ERK phospho­
rylation was observed, suggesting that nickel may 
mobilise MAPKs differently, depending on the ori­
gin of the human DCs (73). 

The availability of reagents such as amino­
methoxyflavone (PD98059), pyridinyl imidazole 
(SB203580) and anthrapyrazolone (SP600125), 
which inhibit ERKs, p38 MAPK, and JNKs respec­
tively, has allowed great progress to be made in this 
field, although they are not totally specific for the 
targets for which they were designed (74). The inhi­
bition of p38 MAPK correlates with alteration in 
phenotypic markers of maturation, such as CD86, 
HLA-DR or CD83 in Mo-DCs differentiated in the 
presence of TGF-13 and stimulated with nickel or 
DNCB (72). However, the inhibition of p38 MAPK 
before the addition of nickel to Mo-DCs differenti­
ated in the absence ofTGF-13 affected both HLA-DR 
and CD83 expression, but did not significantly mod­
ulate CD86 expression (73). With CD34-DCs, inhi­
bition of p38 MAPK was also correlated with 
alterations in CD86, CD83 and CCR7 expression 
upon the addition of NiS04 or DNCB (59). 
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The role of JNKs has only been addressed in 
CD34-DCs, where the results indicated that inhibi­
tion of JNKs by SP600125 down-regulated CD86, 
CCR7 and CD83 in response to nickel (59). Similar 
results have been reported by the same group for 
ERKs in the same model when using NiS04 stimu­
lation, in contrast to what has been described after 
the addition of LPS (69, 73). 

Interestingly, the inhibition of the MAPKs by 
pharmacological inhibitors did not affect the down­
regulation of langerin and E-cadherin by NiS04, 

suggesting that these pathways are not involved 
(59) . . 

Inhibitors of the NFJCB pathway are also avail­
able. However, they show some cytotoxicity in DC 
models, and there are no reports of the effect of 
NFJCB inhibition following hapten addition. A 
recent report, in which small interfering RNA 
(siRNA) for p50NFJCB was used, has shown that 
this pathway plays a major role in IL-12p40 gene 
expression (75). Nevertheless, it has been shown 
that NiC12 treatment can lead to the activation of 
NFJCB, suggesting that this pathway is probably 
involved in DC activation by some haptens (72). 

Several groups have recently shown, by using 
Mo-DCs cultured in the presence or absence of 
serum, that signals provided by prostaglandin E2 
(PGE2) were required for the migration of mature 
DCs in response to CCL19 and CCL21 (76, 77). 
However, the efficient migration of CD34-DCs was 
stimulated by haptens without the addition of lipid 
mediators, suggesting that AMPc production is not 
a prerequisite for DC migration in this model (58). 
These results again emphasise differences between 
the Mo-DC and CD34-DC models. 

Models assessing DC-T lymphocyte 
interactions 

LCs present haptens to T lymphocytes in the para­
cortical regions of lymph nodes. Hapten-specific T 
CD4+ and CD8+ lymphocytes are then activated, 
resulting in an expansion of hapten-specific T lym­
phocytes. For many years, the contact hypersensi­
tivity reaction was considered to be a cutaneous 
inflammatory reaction mediated by T CD4+ lym­
phocytes. More recently, evidence has emerged for 
the important participation of T CDS+ lympho­
cytes in contact hypersensitivity (78-80), in both 
mice and humans (10, 81). Hauser & Katz (82) 
reported the capacity of cultured LCs to induce the 
priming of hapten-specific naive T lymphocytes. 
These results have been confirmed by others (83, 
84), by using LCs isolated from the epidermis or 
from blood lymphocytes. Indeed, by culturing T 
lymphocytes and LCs for 2 days with trinitro­
phenyl (TNP), lymphocyte proliferation could be 
measured. Epidermal LCs, cultured for 48 hours, 
mature spontaneously and may thus represent LCs 

53 

that have migrated to regional lymph nodes (83, 
85, 86). 

The functional potency of CD34-DCs was evalu­
ated by the mixed lymphocyte reaction (MLR; 87, 
88) or antigenic presentation to antigen-specific T­
cell clones (37, 88) or hapten presentation to naive 
T-cells (54, 55, 89-91). 

Mature DCs that have been cultured for 10-14 
days and that activate T lymphocytes, correspond to 
a spontaneous maturation of DCs, as suggested by 
the emergence of markers of co-stimulation, such as 
CD86, CD80, CD54 and CD58, and the marker of 
maturation, CD83 (54). With these spontaneously 
matured DCs, only strong haptens can activate 
leukocytes. Indeed, a positive proliferative response 
was obtained with TNBS, fluorescein isothio­
cyanate (FITC) and Bandrowski's base (BB) in all 
the experiments, whereas negative results were 
obtained with coumarin and citronellal, in agree­
ment with previous results reported by Krasteva et 
al. (84) and those found in human predictive skin 
testing (92). On the other hand, the use of imma­
ture DCs and 48 hours of culture prior to contact 
with lymphocytes, allows the activation of lympho­
cytes by strong haptens and by weak sensitisers in 
some cultures. A frequency of positive responses 
with paraphenylenediamine (PPD), citronellal and 
coumarin has been reported by Krasteva et al. (84), 
and may be related to the low frequency of positive 
reactions with fragrance material and weak sensi­
tisers in vivo (93-96). PPD is a strong sensitiser in 
all animal and human in vivo predictive tests 
(97-100). The molecule is not itself active, but is 
considered to be a prohapten that is converted 
metabolically to an active sensitiser. To date, no in 
vitro tests have succeeded in detecting a direct 
effect of this sensitiser, whereas BB, one of its oxi­
dation products, regularly induces a primary sensi­
tisation (54, 84). Consequently, the absence of 
T-cell proliferation with PPD in most -of the experi­
ments may be due to the low metabolic competence 
ofDCs. 

Integration of DCs into organotypic models 

While cultured DCs or cell lines are promising tools 
for identifying skin sensitisation hazards, risk 
assessment requires information on potency and 
therefore more-sophisticated tools, if the aim is a 
complete elimination of the need for experimental 
animals. 

Mimicking the target organ, the viable epidermis 
in this case, with organotypic models that would 
include functional DCs, appears to be a logical and 
attractive strategy for addressing this problem. 
Organotypic models can display a barrier function 
and metabolic properties that, in theory, would per­
mit consideration of the roles of these factors in the 
acquisition of sensitisation. Reconstructed skin 
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would also enable the development of an experi­
mental system that would facilitate a more-relevant 
exposure regimen. 

The first successful integration of human epider­
mal LC-like cells derived from CD34+ haematopoi­
etic progenitor cells into a reconstructed human 
epidermis, was reported on de-epidermised epider­
mis in 1997 (101). Eventually, LC-like cells derived 
from CD34 + cells were also successfully introduced 
into other epithelial models, such as the oral 
mucosa (102) or the vaginal mucosa (103) . 
However, there are as yet no data available on the 
use of such models for examining the changes 
induced by chemical sensitisers. 

A second-generation human epidermis model 
containing functional LC-like cells was recently 
described (104). This model was engineered on a 
collagen dermal equivalent made of cross-linked 
collagen I surfaced with collagen~IV, and can be pro­
duced at an industrial level. Within this epidermis, 
CD34+-derived LC-like cells are located in the 
suprabasal cell layers at a density comparable to 
that of normal human skin (105). Importantly, 
whereas LCs normally emigrate spontaneously 
from the epidermis (106), these cells were found to 
remain resident within the period of culture. This 
human reconstructed epidermis exhibits a well­
stratified epidermis with LC-like cells located in its 
suprabasal layers. Immunostaining of the LC in the 
respective epidermal sheet revealed a dense net­
work of equally distributed cells. As in the initial 
model, the integrated LCs exhibited all the charac­
teristic features of epidermal LC, such as Birbeck 
granules and CDla surface antigens (101). 

Exposure of the reconstructed skin to known sen­
sitisers (DNFB, NiS04, benzocrune, oxazolone, 
eugenol), or to SDS, affected the integrated LC-like 
cells in ways similar to those described for their in 
vivo counterparts. Topically applied sensitisers 
induced a reduction in the number of cells and 
affected their characteristic dendritic morphology 
(fewer and shorter dendrites), whereas the irritant 
(SDS) induced no changes, confirming the early 
observation made by Aiba et al. (47), that DCs 
respond differently to haptens and irritants. The 
same holds true for the up-regulation of the surface 
antigen CD86 observed in the reconstructed epider­
mis after exposure to haptens (48). It was shown 
that the up-regulation of CD86 was specific for the 
integrated LCs, since keratinocytes did not express 
CD86 under these experimental conditions. 

Human myeloid cell lines 

Due to the inherent variability among human 
donors and the difficulty in standardising the pro­
tocol for generating DC-like cells, the need for a 
more homogeneous and reproducible material was 
rapidly identified, with special attention to the need 
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for cell lines. The first results were obtained with 
the murine XS52 DC cell line (107), demonstrating 
that cell lines can be used to discriminate between 
contact sensitisers and non-sensitisers. Due to 
unavailability of human DC lines, various groups 
have postulated that myeloid human cell lines, 
which belong to the same broad haematopoietic lin­
eage as DC, and which are known to differentiate in 
response to various stimuli, may have the capacity 
to respond to chemical allergens. The abilities of a 
variety of human myeloid cell lines, from the very 
immature KG-1, to the pro-monocytic U937 and 
THP-1 cell lines, to differentiate toward a DC phe­
notype and to respond to contact sensitisers, have 
been investigated. 

In response to cytokine cocktails, the CD34 + 
myelomonocytic cell line, KG-1, can be induced to 
differentiate into DC-like cells, as demonstrated by 
phenotypic, morphological and functional changes 
(51, 108). However, differentiated KG-1 cells did 
not provide a sensitive in vitro method for assessing 
the sensitisation potential of chemicals. 

Parallel investigations were conducted with two 
pro-monocytic cell lines, U937 and the slightly more 
mature THP-1. Both cell lines differentiated in 
response to stimuli such as cytokines (GM-CSF, IL-
4, TNF-a) or phorbolmyristate acetate (PMA), and 
acquired some DC characteristics. The appearance 
of typical DC surface markers, such as CD la, CD83 
and high CD86 expression, was observed (109-112). 

As indicated by the up-regulation of the co-stim­
ulatory surface molecule, CD86, and the adhesion 
molecule, CD54, as well as the increased internali­
sation of MHC-class II molecules (109, 110), both 
these cell lines appear to respond selectively to con­
tact sensitisers. For the THP-1 cell line, these 
effects were observed after 24-hour incubation, but 
only with undifferentiated cells (109, 110). 

These results suggest that, under adequate cul­
ture and exposure conditions, the undifferentiated 
U-937 or THP-1 cell lines may provide useful tools 
for examining the interactions of chemicals with 
DC-like cells. The in vitro identification of contact 
allergens through the modulation of human 
myeloid cell lines warrants further investigation. 

General Considerations 

As with any other toxicological assay, consideration 
must be given to the compatibility of the test agent 
with the in vitro test system. For example, with the 
LLNA, the open topical application of materials to 
the ears means that entirely aqueous vP.hicle sys­
tems are likely to generate sub-optimal results and 
so should be avoided (113, 114). In cont:r.-ast, with 
cell culture systems, particularly those based on 
suspension culture, as is the case with DC cultures, 
there may be practical challenges associated with 
the assessment of very hydrophobic substances; 
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such materials are associated with skin sensitisa­
tion. 

Also of importance is that in vitro methods for 
skin sensitisation are, in practice, most likely to 
form part of an integrated, tiered safety assessment 
strategy. For example, a positive result from a DC­
based assay may need to be considered in the con­
text of pharmacokinetic data, in order for a safety 
assessment to be undertaken, as well as in associa­
tion with structural data. Where there are multiple 
data, an additional challenge will be how to weight 
the varying sources of evidence in situations where 
elements of that evidence are contradictory. 

Interspecies differences 

Evidence from in vivo tests indicates that inter­
species differences (guinea-pig versus mouse ver­
sus human) are relatively limited (115), as indeed 
are differences in potency (116, 117). Differences 
do occur, however. It is reasonable to assume that 
species-specific differences in skin metabolism 
may have an impact on the predictive identifica­
tion of sensitisation hazards. However, care 
should be taken not to assume that current 
knowledge can be applied directly to the cellular 
level of exposure associated with in vitro test mod­
els. A particular point of difference may well arise 
at the level of metabolism, which is an area where 
knowledge is limited (118, 119). It is probable that 
single cell test systems will, at best, imperfectly 
represent the full range of metabolic opportuni­
ties available in vivo. 

Comparison with in vivo data 

Great care must be taken in the selection of data 
against which to assess an in vitro method, and 
also in choosing the criteria for distinguishing 
between sensitisers and non-sensitisers. The 
approaches adopted in the validation of the LLNA 
and the evaluation of the data produced are rec­
ommended (116). The further publication of 
LLNA data and comparison with human data 
should be encouraged, to expand the number of 
chemicals and the chemical range of the dataset, 
in such a way that it is available prior to any 
potential formal validation activity. Human data 
on the presence of skin sensitisation hazard 
should normally represent the gold standard, with 
the intent of the validation being that an in vitro 
test or testing strategy should predict the human 
perspective as accurately as does the LLNA; this, 
of course, applies to the potential potency of an 
identified sensitiser, not to the risk, which will 
also depend on exposure variables. Where a dis­
crepancy exists, priority should be given to human 
data (120, 121). 
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The availability of models 

Any model being entered into (pre)validation must 
be freely available, whether or not it is protected 
(for example, by a patent); this includes the free 
availability of a highly detailed protocol, such that 
any suitably qualified laboratory has an opportu­
nity to accurately reproduce the model in its 
entirety. Data generated in validation-related stud­
ies should not form part of further patenting. 

Nickel and other metals 

It is recognised that the sensitising potential of 
metals is already well characterised (122), so they 
should not form a significant part of any reference 
chemical dataset to be used in the development or 
validation of in vitro alternatives for predicting skin 
sensitisation. Furthermore, nickel is commonly 
used as a model skin sensitiser in investigative 
mechanistic studies. Information derived from such 
work should be interpreted with a degree of caution 
in terms of the development of in vitro assays, since 
nickel represents an unusual class of sensitiser and 
is unrepresentative of the large majority of organic 
sensitisers. Organic chemical sensitisers form hap­
ten-protein complexes by covalent bond formation; 
in contrast, nickel binds via the formation of coor­
dination complexes (118, 123, 124). 

Bioactives 

The evaluation of bioactives may be problematical 
with in vivo models; for example, they may inter­
fere with the normal immunobiological processes 
involved in the induction of skin sensitisation. 
Steroids represent a good example of this phenome­
non; hydrocortisone and tixocortol pivalate are neg­
ative in predictive in vivo testing (David Basketter, 
personal communication), no doubt because they 
tend to inhibit key pathways associated with the 
induction of sensitisation. Similar issues should be 
anticipated for in vitro models. 

Quantitative risk assessment 

Existing in vivo tests for skin sensitisation provide 
not only hazard identification, but also the infor­
mation on allergen potency which is required for 
risk assessment (125, 126). It is important that in 
vitro methods are ultimately able to provide a simi­
lar quality of information, so that the accuracy of 
human safety evaluations is not compromised. To 
achieve this goal, it may ultimately prove necessary 
to derive a sophisticated view on the integration of 
related elements that combine to determine the 
intrinsic potency of a chemical allergen. Currently, 
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the immunological events associated with potency 
are poorly understood. 

Contact versus respiratory sensitisers 

The current in vivo assays detect both classes of sen­
sitiser, largely because chemical respiratory sensitis­
ers are normally also capable of causing contact 
sensitisation (127). So far, however, this has not 
caused any difficulties of interpretation, probably as 
a consequence of the overwhelming preponderance 
of contact sensitisers. However, consideration should 
be given as to whether, and in what manner, this 
may be true of mechanistically based in vitro assays. 

General Observations and 
Recommendations 

1. It is now possible to maintain human DCs of 
various phenotypes in short-term culture. Such 
cells provide a suitable approach for the devel­
opment of in vitro methods appropriate for the 
characterisation of human sensitisation haz­
ard. 

2. It is important to recognise that methods based 
on DCs alone may not provide a complete 
answer; it may be necessary to develop inte­
grated approaches that incorporate more than 
one (i.e. complementary) method. 

3. In vitro methods suitable for routine use for 
skin sensitisation testing should be relevant for 
a wide range of chemical classes. 

4. In common with other in vitro approaches, it is 
important to consider the requirement for 
metabolic competence. It is estimated that a 
significant number of contact allergens are pro­
haptens and require metabolic activation for 
the induction of sensitisation. 

5. It is necessary to develop appropriate evalua­
tion and validation strategies. An approach 
similar to that used for the LLNA is recom­
mended. 

6. To facilitate evaluation and validation, it is nec­
essary to have available chemicals that are of 
known sensitising potential (and of different 
potencies), and materials that are known not to 
induce skin sensitisation. The European Centre 
for the Ecotoxicology and Toxicology of 
Chemicals (ECETOC) database is appropriate 
for this purpose. 

7. It is also necessary to investigate carefully the 
ability of prospective test methods to distin~ 
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guish between contact allergens and skin irri­
tants. 

8. An ideal method for skin sensitisation testing 
should not only identify hazard, but should also 
provide information on likely sensitisation 
potency (hazard characterisation). In this con­
text, it is recommended that any proposed 
methods should be investigated for their ability 
to distinguish between chemical allergens of 
varying sensitising potencies. 

9. The LLNA is able to identify chemical allergens 
that are, in humans, associated primarily with 
sensitisation in the respiratory tract. It is rec­
ommended that new test methods are investi­
gated for their ability to identify chemical 
allergens of different classes. 

10. Ideally, novel test methods should be mecha­
nistically based on an understanding of the rel­
evant biological events that are associated 
with, and/or required for, the acquisition of 
skin sensitisation. 

11. If novel tests are based on the use of primary 
cell cultures, consideration needs to be given to 
the possibility of cryopreservation. This, in 
turn, will require an understanding of the 
extent to which freezing cells under various 
conditions affects their biological properties. 

12. In vitro tests rely on assessment of changes 
induced by exposure to test chemicals. It is nec­
essary to develop a strategy with regard to the 
relevance of cell injury or cellular cytotoxicity. 
Associated with this is a requirement to deter­
mine the best and most appropriate methods 
for measuring cell viability, before, during 
and/or after exposure to test materials. 

13. Particularly in the context of DC-based meth­
ods, there is a need to establish definitively 
what level of cellular differentiation is required 
for optimal test performance, and how best to 
ensure that this is achieved within acceptable 
tolerance limits. 

14. With respect to assays based on the use of con­
tinuous cell lines, there is a need to ensure uni­
formity between laboratories in terms of 
culture conditions and acceptable phenotypic 
characteristics. 

15. Ideally, the continuous cell lines used in skin 
sensitisation testing should be readily available 
from commercial sources, and should be robust 
and easy to culture. 

16. For all methods, prior to formal validation, 
details should be available of which parameters 
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of test performance are acceptable, either for 
use in a stand-alone method for hazard identi­
fication, or for use in a screening test. 

Future Research 

17. There is a need to understand the ways in 
which chemicals interact with cells in culture 
to provoke changes in phenotype and/or func­
tion which are reflective of skin sensitising 
activity. 

18. There is a need for more-standardised and 
more-refined methods for the isolation and 
characterisation of DCs derived from precur­
sors in human peripheral blood. 

19. There is available evidence for functional het­
erogeneity between DCs derived from different 
donors. There is a need to understand the 
mechanistic bases of such variations. 

20. There is a need to consider, within the context 
of each cellular read-out system, the most 
important and most relevant phenotypic and 
functional changes that will serve as endpoints 
for skin sensitisation potential. 

21. It is known that factors other than chemical 
allergens (such as proteins and lipopolysac­
charides) are able to impact on the phenotype 
and function of cultured DCs and continuous 
cell lines. There is a need to understand, in 
greater detail, whether and to what extent 
such factors may impact on the integrity of 
cellular methods for skin sensitisation haz­
ard. 

22. A more-detailed appreciation is required of the 
influence of cellular viability on the perform­
ance of cell-based assays for skin sensitisation. 
For instance, it is not yet clear, in each of the 
proposed systems, whether any loss of cellular 
viability should be avoided, or whether a cer­
tain level of cellular trauma is required for full 
responses to contact allergens (i.e. the need for 
danger signals). 

23. There is a need for more-detailed understand­
ing of the extent to which cultured DCs and 
continuous cell lines possess metabolic activity, 
and whether this is sufficient for the routine 
identification of pro-haptens. 

24. If endogenous metabolic activity is absent or 
insufficient for the transformation of pro-hap­
tens, consideration must be given to the most 
appropriate sources of exogenous metabolic 
function 
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Conclusions 

Exciting opportunities are now available for explor­
ing the potential of cultured DCs, or of continuous 
cell lines of haematopoeitic origin, to provide the 
basis for in vitro for skin sensitisation testing. 
Highlighted here are recommendations for the fur­
ther development, and subsequent evaluation and 
validation, of such methods, and requirements for 
further research. 
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