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Abstract

Understanding the mechanistic aspects involved in sensitization by chemicals will help to
develop relevant preventive strategies. Many potential sensitizers are not directly
immunogenic but require activation outside or inside the skin by non-enzymatic oxidation
(prehaptens) or metabolic transformation (prohaptens) prior being able to induce an immune
response. This necessary activation step has not yet been actively integrated into a cell line-
based prediction approach. We cocultured HaCaT keratinocytes with THP-1 as dendritic cell-
like cells allowing intercellular interactions. The sensitizing potential was determined by
analyzing differences in the expression of CD86, CD40 and CD54 on cocultured THP-1 cells.
This new assay setup allowed 1) to distinguish irritants from allergens without influencing
cell viability and 2) to discriminate pre/prohaptens from haptens. Under coculture conditions,
the prohaptens eugenol, 2-methoxy-4-methylphenol and benzo[a]pyrene induced a
significantly higher upregulation of CD86 expression on THP-1. In agreement with the
hapten concept, responses to 2,4-dinitrochlorobenzene, Bandrowski's base and the prehapten
isoeugenol were not significantly modified. Inhibition of cytochrome P450 or
NAD(P)H:quinone oxidoreductase (NQO1) activity reduced the prohapten-mediated
upregulation of CD86 on cocultured THP-1 cells. This coculture assay allowing cross talk
between HaCaT and THP-1 cells appears to be suitable for the detection of prohaptens, is
reproducible, easy to perform and avoids donor variations. In addition, this assay is a
promising approach to understand the impact of cross talk on the prediction of sensitization
and once established may be integrated in a future in vitro toolbox to detect potential skin
sensitizers and may thus contribute to reduce animal testing.

Keywords: coculture; cross talk; keratinocytes; antigen-presenting cells; metabolism; skin

sensitization assay

Page 2 of 33

TT0Z ‘LT AInC uo eyues Ip aiouadns oins| e B10°S[euInolpioyxo’19SX0) Woly papeojumoq


http://toxsci.oxfordjournals.org/

Page 3 of 33

©CoO~NOUITA,WNPE

Toxicological Sciences

Introduction

The prevalence of allergic contact dermatitis is steadily increasing. About 20% of the
population in Western Europe are sensitized to one or more compounds from their
environment (Zug et al., 2009). Hence, it is important to identify and evaluate the sensitizing
potential of new compounds to provide an accurate hazard identification and risk assessment
regarding their safe use. It has been proposed that some form of oxidation on the skin surface
or in the viable skin prior to reacting with proteins containing nucleophilic amino acids is a
prerequisite for many known sensitizers (Dupuis and Benezra, 1982). Depending on the mode
of the activation process, these chemicals have been classified as prehaptens when activation
occurs via abiotic/bio-chemical transformation or as prohaptens when enzymatic conversion
is involved (Lepoittevin, 2000).

Resulting reactive products are able to form conjugates with skin proteins. The latter
are processed by skin immune cells such as Langerhans cells or dermal dendritic cells and are
presented to T cells and eventually stimulate an immune response (for a recent review see
(Vocanson et al., 2009)). Keratinocytes are also known to participate in this process (Kim et
al., 2009), i.e. they generate the microenvironment, provide essential danger signals and are
considered to be involved in the protein haptenation process e.g. by supplying enzymes
necessary for the metabolic activation of prohaptens as well as detoxification. Thus, for the in
vitro prediction of the skin sensitization potential of allergens, especially prohaptens,
contribution of keratinocytes may be required to optimally stimulate dendritic cells. Known
prohaptens include chemicals such as geraniol, 2-aminophenol, 1-naphthol, 2-methoxy-4-

methylphenol or eugenol (Gerberick et al., 2009).
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To our knowledge, no widely accepted in vitro test system is available that combines
layered keratinocytes with dendritic cells in order to determine the sensitizing potential of
chemicals. Efforts have already been made to combine primary keratinocytes with monocyte
derived dendritic cells (Schreiner et al., 2007), human reconstructed epidermis with
Langerhans cells (Facy et al., 2004; Facy et al., 2005) or MUTZ-3 derived Langerhans-like
cells with a three-dimensional full thickness skin model (Laubach ef al., 2011), but the
capacity of such systems to detect prohaptens has not been investigated yet and they are
handicapped by donor variability issues.

This paper describes coculture conditions that provide the context for intercellular
interaction between the metabolically competent keratinocyte cell line HaCaT and the
monocyte cell line THP-1 which can be used as model for activation of dendritic cells. We
specifically describe the increase in the predictive capacity of this coculture system for

prohaptens.
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Materials and methods

Chemicals and reagents. Benzo[a]pyrene (B[a]P) was obtained from Dr. Ehrenstorfer GmbH
(Augsburg, Germany). Sodium dodecyl sulfate (SDS) and dimethylsulfoxide (DMSO) were
purchased from Carl Roth (Karlsruhe, Germany). Dulbecco's modified eagle medium
(DMEM), Roswell Park Memorial Institute (RPMI) 1640, fetal bovine serum (FBS), L-
glutamine, antibiotic/antimycotic solution, trypsin-EDTA and phosphate buffered saline
(PBS) were obtained from PAA (Colbe, Germany). Eugenol, isoeugenol, 2.4-
dinitrochlorobenzene (DNCB), resorufin, ethoxyresorufin, dicumarol, lipopolysaccharide
(LPS, escherichia coli serotype 055:B5), B-mercaptoethanol, 4-(2-Hydroxyethyl)piperazine-
I-ethanesulfonic acid (HEPES), propidium iodide, Benzalkonium chloride (BZC,
predominantly C;,H,sN(CH3),C7H;Cl, but also containing C;4 and C;¢ homologs, therefore
molarity is not calculated), 2-methoxy-4-methylphenol (MMP), 1-aminobenzotriazole (ABT)
and fetal bovine serum (FBS) were from Sigma-Aldrich (Taufkirchen, Germany), whereas
Bandrowski’s base (N,N’-bis(4-aminophenyl)-2,5-diamino-1,4-quinone-diimine, BB) was

from ICN Biomedicals (Aurora, Ohio USA).

Culture conditions for HaCaT and THP-1 cells. HaCaT cells were cultured in DMEM plus
10% FCS, 2 mM L-glutamine and 1% antibiotic/antimycotic solution and THP-1 were
cultured in RPMI 1640 containing 4 mM L-glutamine, 25 mM HEPES, 50 uM -
mercaptoethanol, 10% FBS and 1% antibiotic/antimycotic solution (further referred to as

“THP-medium”).

Coculture conditions for measurement of cell surface markers on THP-1. HaCaT cells (0.7

x 10° cells in 2.5 ml culture medium) were cultivated in 6-well plates for 48h yielding
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approx. 2 x 10° cells. Cells were washed twice with THP-medium and THP-1 (1.5 x 10%in a
final volume of 3 ml) were added to HaCaT cells and were incubated in the absence and
presence of compounds for 24h. DMSO (0.2%) served as solvent control. For inhibition of
NAD(P)H:quinone oxidoreductase (NQO1) activity, cells were preincubated with 20 uM
dicumarol for 30 min before the addition of eugenol. THP-1 cells were then collected and
their expression of cell surface markers was analyzed via flow cytometry. Cytotoxicity was
measured by flow cytometry using propidium iodide (PI). In parallel THP-1 cells (1.5 x 10°

in 3 ml) were treated as indicated in the absence of HaCaT cells (“monoculture™).

Flow Cytometry Analysis. THP-1 cells were stained with fluorescein isothiocyanate (FITC)-
or allophycocyanin (APC)-labeled monoclonal antibodies and isotype-matched controls (all
mouse IgGl, purchased from BD Pharmingen, Heidelberg, Germany): anti-CD86 (clone
2331 (FUN-1)), anti-CD40 (clone 5C3) and anti-CD54 (clone HAS58). Anti-CD11a (clone
HI111) was used for discriminating THP-1 from HaCaT cells. Surface marker expression was
measured using a FACSCalibur and analyzed with the Cell Quest Pro™ software (BD
Biosciences, Heidelberg, Germany). PI-positive cells were excluded from analysis. Relative
mean fluorescence intensities (rMFI) were calculated by subtracting the MFI of the

corresponding isotype controls.

Determination of cytochrome P450 1 (CYPI) enzyme activity. In order to estimate the
influence of the tested chemicals on CYPI enzyme activity under the assay conditions
(HaCaT monoculture, HaCaT after coculture with THP-1) ethoxyresorufin O-deethylase
(EROD) activity was analyzed as a marker for CYP1 activity as described (Bonifas et al.,
2010). For inhibition of CYP activity, cells were preincubated with 1-aminobenzotriazole

(ABT) for 1h prior addition of eugenol or benzo(a)pyrene. For confirmation of CYPI1
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metabolism, formation of 3-OH-B[a]P, a major CYP1 dependent metabolite, was quantified
by LC/MS using 500 ul of cell culture supernatant. To determine the conjugation rate of
phase II enzymes, subsamples were incubated with B-glucuronidase/arylsulfatase prior to
analysis. Calibration standards were prepared by spiking cell culture medium with definite
amounts of 3-OH-B[a]P in the range of 1 — 100 pug/l. The limit of detection for 3-OH-BaP

was determined to be 0.5 pg/l.

Statistical analysis. Differences between controls and chemical-treated cells among the same
culture condition were determined by using Student’s t-test. A P-value <0.05 was considered

to be statistically significant.
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Results

Impact of HaCaT cells on basal and lipopolysaccharide-induced cell surface marker
expression on THP-1 cells

Initially we evaluated the impact of cross talk between the two cell lines on the THP-1 cell
surface expression of CD86, CD40 and CD54 after coculture with HaCaT cells for 24h.
Whereas expression of CD86 and CD40 on THP-1 cells was reduced after coculture in
comparison to monoculture, CD54 expression was significantly increased after coculture with
HaCaT, both based on expression per cell (calculated as relative mean fluorescence intensity,
rMFI) and the percentages of CD54 positive cells (see figure 1). In order to clarify whether
cell-cell contacts or mediators present in the culture medium induced the observed changes,
THP-1 cells were cultured in the absence of HaCaT cells in HaCaT-conditioned medium for
24h. Results indicate (see figure 1A-C) that CD86, CD40 and CD54 levels on THP-1 cells
cultivated in conditioned medium were comparable to levels observed under coculture
conditions, indicating that the down- or upregulation were induced by mediators released by
HaCaT cells into the culture medium. THP-1 cells were then incubated with
lipopolysaccharide (LPS) for 24h in the absence and presence of HaCaT cells, the same
amount of LPS (10 pg/ml, i.e. 30 pg in total) being applied to approx. 1.5 million cells under
monoculture (equals 20 ug LPS per 10° cells) and approx. 3.5 million under coculture
condition (equals 8.6 ug LPS per 10° cells). Our results indicate that the cell viability was not
influenced by coculture conditions and that the expression of all three markers was
significantly increased on THP-1 cells after coculture (figure 2). These results confirm basal
and induced cross talk between HaCaT keratinocytes and THP-1 as model for dendritic cells

and an improved dynamic range regarding CD86 and CD40 expression.
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Influence of coculture with HaCaT cells on the expression of CD86, CD40, CD54 and cell
viability after exposure of THP-1 cells to the contact allergens 2,4-dinitrochlorobenzene and
Bandrowski's base

THP-1 cells were stimulated with 2,4-dinitrochlorobenzene (DNCB) for 24h in the absence
or presence of HaCaTs. Cell viability and expression of CD86, CD40 and CD54 were then
determined. When comparing cells exposed to equal molarities of DNCB, a significantly
reduced upregulation of CD86, CD40 and CD54 was observed on cocultured THP-1 cells
(data not shown); when the dose of DNCB is indicated as pug per 10° cells. Similar dose-
responses were observed for cell viability (figure 3A) and CD86 expression (figure 3B).
Comparable results were also obtained for CD40 and CD54 (data not shown).

For the strong hapten Bandrowski's base (BB) we found an upregulation of CD86 (figure 3C)
and CD54 (figure 3D) on THP-1 cells after treatment for 24h in both culture conditions. As
for DNCB, responses were not comparable for equal molarities. Considering that 10 uM and
20 uM in monoculture nearly fit 20 uM and 50 uM in coculture when calculated as ug BB
per 10° cells, again similar dose-responses for cell viability, CD86 and CD54 expression were

obtained.

Expression of CD86, CD40 and CD54 on cocultured THP-1 cells exposed to the irritants
sodium dodecyl sulfate and benzalkonium chloride

The irritant sodium dodecyl sulfate (SDS) is considered as a non-sensitizing irritant but is
known for false positive results in the local lymph node assay (LLNA) (Basketter et al.,
1994), in in vitro sensitization assays using primary dendritic cells, and related cell lines
(summarized in (Dos Santos et al., 2009)). Thus, we investigated SDS in mono- and
coculture and did not detect any increase in the expression of CD86, CD40 or CD54 (figure

4) using 50 — 200 uM SDS.
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For many chemicals, a certain degree of cytotoxicity is required before increases in CD86
and/or CD54 expression are observed and therefore we chose benzalkonium chloride (BZC)
as a highly cytotoxic irritant (Sakaguchi et al., 2009). We evaluated the impact of BZC on
mono- and cocultured THP-1 cells using 0.25 - 2 ug/ml BZC, resulting in a decrease (up to
50%) in cell viability. Expression of CD86 and CD40 was not modulated by BZC, whereas
CD54 was upregulated in mono- and coculture (1.9-fold and 2.7-fold, respectively). The

maximal effect was achieved with concentrations yielding 75 - 80% cell viability.

Impact of coculture on cytochrome P450 1 activity in HaCaT keratinocytes

Cytochrome P450 1 (CYP1) is known to activate numerous contact allergens including A*-
carene (Duisken et al., 2005), geraniol (Hagvall ef al., 2008), carvoxime (Ott et al., 2009),
eugenol (Basketter et al., 1996; Sieben et al., 2001) and benzo[a]pyrene (B[a]P) (Gehly et al.,
1979). In order to demonstrate the metabolic capacity of HaCaT in our assay we investigated
the impact of the two prohaptens B[a]P and eugenol on CYPI-mediated ethoxyresorufin-O-
deethylase (EROD) activity in HaCaT cells. It must be kept in mind that the same
concentrations of test compounds were applied to different cell numbers in both culture
conditions, yielding a lower dose calculated as pug per 10° cells in coculture compared to
monoculture. Results demonstrate that both B[a]P and eugenol significantly induce EROD
activity in HaCaT cells and the response was even enhanced after coculture with THP-1 cells
(figure 5). To confirm CYP1 metabolism, we analyzed the formation of 3-hydroxylated
B[a]P, a classical CYP1-dependent metabolite of B[a]P, after 24h treatment of HaCaT. A
concentration-dependent accumulation of 3-OH-B[a]P was detected, approx. 52% of 3-OH-
B[a]P (10-30 ng/ml after incubation with 1puM B[a]P) was conjugated with sulfates or

glucuronides, demonstrating the activity of phase Il enzymes in HaCaT cells.
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The coculture system distinguishes between the prehapten isoeugenol and prohaptens

In order to evaluate whether the presence of HaCaT cells improves the THP-1 response to
prohaptens we investigated eugenol, 2-methoxy-4-methylphenol (MMP), and B[a]P. In
addition, we evaluated the capacity of our approach to discriminate between pre- and
prohaptens. CD86 expression was thus analyzed on THP-1 cells after treatment with
isoeugenol, eugenol, MMP and B[a]P in mono- and coculture conditions. Coculture
conditions led to a slightly diminished CD86 expression after exposure to isoeugenol (figure
6A), while inducing a significant increase in CD86 expression after exposure to eugenol (for
900 uM eugenol, upregulation of CD86 compared to DMSO-treated cells increased from 1.4-
fold in monoculture to 1.9-fold in coculture, figure 6B) and an improved dose-response
relationship for MMP (figure 6C). In case of B[a]P upregulation of CD86 was only detected

on cocultured THP-1 cells after incubation for 48h (figure 7A).

Impact of cytochrome P450 1 as well as NAD(P)H:quinone oxidoreductase activity on
upregulation of CD86 on cocultured THP-1 cells

Finally, we investigated whether the increased responsiveness of cocultured THP-1 cells to
eugenol and B[a]P is related to xenobiotic metabolism. In preliminary experiments we found
a dose dependent inhibition of EROD activity by 1-aminobenzotriazole (ABT), yielding a
residual activity of approx. 10 pmol/min/mg protein at 2 mM after treatment of HaCaTs with
1 uM B[a]P. Higher concentrations of ABT could not be applied due to unspecific
cytotoxicity. Interestingly, 2 mM ABT was not able to influence eugenol induced EROD
activity or CD86 upregulation (data not shown). In contrast, ABT inhibited B[a]P-induced
EROD activity in HaCaT cells (by 77.5% and 89.2% for 1 and 5 uM B[a]P, respectively) as

well as upregulation of CD86 on THP-1 cells (figure 7A) after 48h incubation. Control

11
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experiments demonstrated that incubation with ABT did not generally interfere with
upregulation of CD86 (data not shown). Next, we tested dicumarol as an inhibitor of
NAD(P)H:quinone oxidoreductase (NQOI) activity, an enzyme highly expressed in skin
cells. Upregulation of CD86 on cocultured THP-1 cells after treatment with eugenol (24h)
was clearly reduced by dicumarol (i.e. from 33.0 rMFI to 22.8 rMFI for 900 uM eugenol),
whereas the background expression as well as the response to DNCB was not altered (figure

70).

12
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Discussion

Many compounds are not directly immunogenic but are activated on the surface or
inside the skin by non-enzymatic oxidation (prehaptens) or metabolic transformation, e.g.
cytochrome P450 (prohaptens) prior to the induction of an immune response. In addition,
intercellular interactions between the innate and adaptive immune system after encounter
with chemicals are gaining much attention. For instance toll-like receptor (TLR) signaling
has been shown to be involved in the sensitization process to 2,4,6-trinitro-1-chlorobenzene
(Martin et al., 2008) and 2,4-dinitrofluorobenzene (Akiba et al., 2004) in mice.

The suitability of THP-1 as model for dendritic cells for the in vitro prediction of
sensitizers has repeatedly been demonstrated by Sakaguchi and co-workers among others
(Sakaguchi et al., 2010). A recent study showed a reinforced activation of monocyte derived
dendritic cells due to the danger signal adenosine 5'-triphosphate (ATP) secreted by TGF-p1-
treated HaCaT cells (Ohtani et al., 2009), demonstrating the promoting role of a cross talk
with HaCaTs (as a model for epithelial cells). This supports the notion that intercellular
interactions with HaCaT cells may increase the activation of THP-1 cells in response to
sensitizers. However, most dendritic cell-based in vitro test systems comprise only one cell
type and lack cross talk with keratinocytes. Here we propose a coculture system that provides
a direct contact between HaCaT keratinocytes and the monocytic THP-1 cells.

To evaluate if the increased sensitivity obtained with the THP-1 / HaCaT coculture
after exposure to LPS was detrimental to the specificity, we tested sodium dodecyl sulfate
(SDS) since this irritant is known to induce false positive results in several assays including
the local lymph node assay (LLNA) (Basketter et al., 1994). SDS did not significantly
modulate any of the markers chosen for this coculture assay. Similar to others (Sakaguchi et

al., 2010), we found that the irritant benzalkonium chloride (BZC) led to a significant

13

TT0Z ‘LT AInC uo eyues Ip aiouadns oins| e B10°S[euInolpioyxo’19SX0) Woly papeojumoq


http://toxsci.oxfordjournals.org/

©CoO~NOUITA,WNPE

Toxicological Sciences

augmentation of CD54 on THP-1 in monoculture, which was even slightly enhanced in
coculture (1.9-fold and 2.7-fold, respectively). In contrast, expression of the costimulatory
molecules CD86 and CD40 was not modified. This emphasizes the need for careful definition
of thresholds for these cell surface molecules, pointing to a higher threshold for CD54
compared to CD86. This is in line with the findings of Sakaguchi and co-workers for
monocultured THP-1 cells (Sakaguchi et al., 2009). Thus, coculturing THP-1 and HaCaT
cells may generate a microenvironment that fosters THP-1 activation without decreasing the
capacity of the test system to discriminate between sensitizers and irritants. This finding is
supported by several studies demonstrating a differentiated response of HaCaT cells to
sensitizers or irritants/non-sensitizers (Emter et al., 2010; Vandebriel et al., 2010).

Phase I enzymes, in particular cytochrome P450 1 (CYPI), are known to activate
several compounds such as geraniol (Hagvall, et al., 2008), carvoxime (Ott, et al., 2009),
eugenol (Basketter et al., 1996; Sieben et al., 2001), and B[a]P (Gehly et al., 1979). In this
study we found that the proposed coculture system increased CYP1 activity in HaCaT cells
after treatment with the prohaptens benzo[a]pyrene and eugenol. On the other side, phase II
enzyme activities may deactivate compounds. Thus, we included the hapten 2,4-
dinitrochlorobenzene (DNCB) as an example that is known to be conjugated with glutathione
via glutathione-S-transferases (GST) (Pickard et al., 2009). Our results indicate that GST
capacities of HaCaT (Zhang et al., 2002) and THP-1 cells (Darley-Usmar et al., 1991) do not
interfere with the detection of the THP-1 response under coculture conditions nor did
coculture result in decreased sensitivity in case of DNCB.

In order to evaluate the capacity of the coculture system to distinguish between pre-
and prohapten, we applied the prehapten isoeugenol to our test system and detected a slightly
reduced upregulation of CD86 on THP-1 cells in the presence of HaCaT. This finding is in

agreement with the accepted notion that due to its prehapten nature isoeugenol does not need

14
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metabolic activation for its conversion into a protein-reactive compound (Bertrand et al.,
1997; Gerberick, et al., 2009). Furthermore, the slightly reduced response in coculture may
be explained by the presence of additional phase II enzymes provided by HaCaT, this latter
hypothesis is supported by results indicating that isoeugenol is rapidly conjugated by phase 11
enzymes (Badger et al., 2002). Moreover, we found that the addition of the classical phase I
and II inducer and substrate benzo[a]pyrene (B[a]P) to HaCaT cells resulted in the formation
of 3-hydroxylated B[a]P (approx. 48% as unconjugated form), indicating both phase I and
phase II metabolic activities in HaCaT cells. Hence a decreased response in the presence of
prehaptens in our assay may occur and point - at least partly - to detoxification capacities of
the coculture system.

In contrast to prehaptens, prohaptens need enzymatic conversion (e.g. by cytochrome
P450 enzymes or peroxidases) for acquiring protein binding capacity. Exposure to the
prohapten 2-methoxy-4-methylphenol (MMP) led to an increased, dose-related upregulation
of CD86 on cocultured THP-1 compared to monoculture. MMP has been reported to yield
low quantities of reactive quinone methide (much higher amounts were detected after
exposure to eugenol) after incubation with microsomes (Bolton et al., 1995), whereas a major
impact of peroxidases on peptide reactivity has been demonstrated (Gerberick, et al., 2009).
This supports our hypothesis that enhanced responsiveness to MMP could rather be due to
peroxidase than CYP1 metabolism. For eugenol, another prohapten, we measured a
significant increase of CYP1 activity in HaCaT cells as well as a significantly enhanced
CD86 response on the THP-1 cells under coculture conditions. Varying results have been
published regarding eugenol and CYP1. We and others found a significant increase of CYP1
induction (Al Masaoudi et al., 2001; McKim et al., 2010) and enzyme activity (Rompelberg
et al., 1993), whereas Han et al. detected a significant inhibition of CYPI1 induction when

MCEF-7 cells were co-treated with eugenol and the polycyclic aromatic hydrocarbon (PAH)
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7,12-dimethylbenz[a]anthracene (Han et al., 2007), which might be due to different cell types
or the simultaneous treatment with the PAH.

Inhibition experiments using the CYP inhibitor 1-aminobenzotriazole (ABT) showed
that ABT inhibits B[a]P-induced CYP1 activities followed by a clear reduction of CD86
upregulation on cocultured THP-1 cells. It is known that enzymatic conversion of eugenol
leads to quinones (Bertrand er al., 1997) which can then serve as a substrate for
NAD(P)H:quinone oxidoreductase (NQO1) (Stiborova et al., 2003; Stiborova et al., 2002).
For many skin sensitizers (Ade et al., 2009; Python et al., 2009), like eugenol (Han, et al.,
2007), the capability of inducing NQO1 has been demonstrated. We therefore tested the
impact of the NQOI1 inhibitor dicumarol (Lubet et al., 1985) on eugenol-induced CD86
upregulation and detected a significantly reduced expression of CD86 on THP-1 cells. These
results support our hypothesis that coupling competent keratinocytes with THP-1 cells allows
or improves the detection of prohaptens. The main advantages of coculturing are improved
metabolism activities and the provision of danger signaling resulting in a broader dynamic
range of detection and clearer dose-response curves (see figure 6).

It is commonly accepted that no single assay will be able to replace animal tests for the
determination of skin sensitization potential of chemicals (See for example (Aeby et al.,
2010)). Instead, an integrated testing strategy or a toolbox consisting of a combination of
several in vitro assays each reproducing one of the many biological steps necessary for skin
sensitization has been proposed (Basketter and Kimber, 2009; Divkovic et al., 2005; Jowsey
et al., 2006). Recently, the first in chemico predictive assay that integrates enzymatic
activation with subsequent peptide binding was proposed (Gerberick, et al., 2009). This
combination allowed to distinguish prohaptens from irritants and prehaptens, but with a
variable impact on the peptide depletion rate. For two of the seven analyzed prohaptens, the

oxidation step increased their peptide reactivity by less than 10%. Other approaches are using
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recombinant P450 enzymes in order to generate immunogenic metabolites (Bergstrom et al.,
2007). More recently, Chipinda et al. published a test system using THP-1 cells coincubated
with hepatic microsomes for the identification of prohaptens (Chipinda et al., 2011).
Although promising, these approaches do not provide a balance between activation and
detoxification activities or intercellular communication. First experiments with a limited
number of chemicals indicate that the proposed combination of HaCaT and THP-1 cells in a
coculture might be an optimization of the test system by including activation as well as
detoxification events that are relevant for human skin.

In summary, the THP-1 / HaCaT coculture protocol described here represents a
promising model for 1) understanding the impact of cross talk on THP-1 activation and 2) the
development of a competent in vitro sensitization assay that may be included in a toolbox for

reducing animal tests.

17

TT0Z ‘LT AInC uo eyues Ip aiouadns oins| e B10°S[euInolpioyxo’19SX0) Woly papeojumoq


http://toxsci.oxfordjournals.org/

©CoO~NOUITA,WNPE

Toxicological Sciences

Funding

This work was partly supported by the Federal Office of Public Health, Switzerland

[07.005718].

18

Page 18 of 33

TT0Z ‘LT AInC uo eyues Ip aiouadns oins| e B10°S[euInolpioyxo’19SX0) Woly papeojumoq


http://toxsci.oxfordjournals.org/

Page 19 of 33

©CoO~NOUITA,WNPE

Toxicological Sciences

References

Ade, N., Leon, F., Pallardy, M., Peiffer, J. L., Kerdine-Romer, S., Tissier, M. H., Bonnet, P.
A., Fabre, L. and Ourlin, J. C. (2009). HMOX1 and NQOI1 genes are upregulated in response
to contact sensitizers in dendritic cells and THP-1 cell line: role of the Keap1/Nrf2 pathway.
Toxicol Sci 107, 451-60.

Aeby, P., Ashikaga, T., Bessou-Touya, S., Schepky, A., Gerberick, F., Kern, P., Marrec-
Fairley, M., Maxwell, G., Ovigne, J. M., Sakaguchi, H., Reisinger, K., Tailhardat, M.,
Martinozzi-Teissier, S. and Winkler, P. (2010). Identifying and characterizing chemical skin

sensitizers without animal testing: Colipa's research and method development program.
Toxicol In Vitro 24, 1465-73.

Akiba, H., Satoh, M., Iwatsuki, K., Kaiserlian, D., Nicolas, J. F. and Kaneko, F. (2004). CpG
immunostimulatory sequences enhance contact hypersensitivity responses in mice. J Invest
Dermatol 123, 488-93.

Al Masaoudi, T., Sieben, S., Callahan, C. P., Merk, H. F. and Blomeke, B. (2001). Eugenol
but Not Isoeugenol Induces CYPIA1 mRNA in Human Keratinocytes. Int Arch Allergy
Immunol 124, 309-311.

Badger, D. A., Smith, R. L., Bao, J., Kuester, R. K. and Sipes, I. G. (2002). Disposition and
metabolism of isoeugenol in the male Fischer 344 rat. Food and Chemical Toxicology 40,
1757-1765.

Basketter, D. A. and Kimber, I. (2009). Updating the skin sensitization in vitro data
assessment paradigm in 2009. J Appl Toxicol 29, 545-50.

Basketter, D. A., Pendlington, R. U., Sarll, A. and Scholes, E. (1996). The role of P450 1A in
the activation of prophaptens in skin sensitization. J Invest Dermatol 106, 935.

Basketter, D. A., Scholes, E. W. and Kimber, 1. (1994). The performance of the local lymph
node assay with chemicals identified as contact allergens in the human maximization test.
Food Chem Toxicol 32, 543-7.

Bergstrom, M. A., Ott, H., Carlsson, A., Neis, M., Zwadlo-Klarwasser, G., Jonsson, C. A.,
Merk, H. F., Karlberg, A. T. and Baron, J. M. (2007). A skin-like cytochrome P450 cocktail
activates prohaptens to contact allergenic metabolites. J Invest Dermatol 127, 1145-1153.

19

TT0Z ‘LT AInC uo eyues Ip aiouadns oins| e B10°S[euInolpioyxo’19SX0) Woly papeojumoq


http://toxsci.oxfordjournals.org/

©CoO~NOUITA,WNPE

Toxicological Sciences Page 20 of 33

Bertrand, F., Basketter, D. A., Roberts, D. W. and Lepoittevin, J. P. (1997). Skin sensitization
to eugenol and isoeugenol in mice: possible metabolic pathways involving ortho-quinone and
quinone methide intermediates. Chem Res Toxicol 10, 335-43.

Bolton, J. L., Comeau, E. and Vukomanovic, V. (1995). The influence of 4-alkyl substituents
on the formation and reactivity of 2-methoxy-quinone methides: evidence that extended [pi]-
conjugation dramatically stabilizes the quinone methide formed from eugenol. Chemico-
Biological Interactions 95, 279-290.

Bonifas, J., Hennen, J., Dierolf, D., Kalmes, M. and Blomeke, B. (2010). Evaluation of
cytochrome p450 1 (CYPI) and N-acetyltransferase 1 (NAT1) activities in HaCaT cells:
implications for the development of in vitro techniques for predictive testing of contact
sensitizers. Toxicol In Vitro 24, 973-980.

Chipinda, 1., Ruwona, T. B., Templeton, S. P. and Siegel, P. D. (2011). Use of the Human
Monocytic Leukemia THP-1 Cell Line and Co-incubation with Microsomes to Identify and
Differentiate Hapten and Prohapten Sensitizers. Toxicology 280, 135-43.

Darley-Usmar, V. M., Severn, A., O'Leary, V. J. and Rogers, M. (1991). Treatment of
macrophages with oxidized low-density lipoprotein increases their intracellular glutathione
content. Biochem. J. 278, 429-434.

Divkovic, M., Pease, C. K., Gerberick, G. F. and Basketter, D. A. (2005). Hapten-protein
binding: from theory to practical application in the in vitro prediction of skin sensitization.
Contact Dermatitis 53, 189-200.

Dos Santos, G. G., Reinders, J., Ouwehand, K., Rustemeyer, T., Scheper, R. J. and Gibbs, S.
(2009). Progress on the development of human in vitro dendritic cell based assays for

assessment of the sensitizing potential of a compound. Toxicol Appl Pharmacol 236, 372-
382.

Duisken, M., Benz, D., Peiffer, T. H., Blomeke, B. and Hollender, J. (2005). Metabolism of
Delta(3)-carene by human cytochrome p450 enzymes: identification and characterization of
two new metabolites. Curr Drug Metab 6, 593-601.

Dupuis, G. and Benezra, C. (1982). Chemically reactive functions in haptens and in proteins
(G. Dupuis and C. Benezra, Eds.), pp. 47-85. Dekker, New York.

Emter, R., Ellis, G. and Natsch, A. (2010). Performance of a novel keratinocyte-based
reporter cell line to screen skin sensitizers in vitro. Toxicol Appl Pharmacol 245, 281-290.

20

TT0Z ‘LT AInC uo eyues Ip aiouadns oins| e B10°S[euInolpioyxo’19SX0) Woly papeojumoq


http://toxsci.oxfordjournals.org/

Page 21 of 33 Toxicological Sciences

©CoO~NOUITA,WNPE

Facy, V., Flouret, V., Regnier, M. and Schmidt, R. (2004). Langerhans cells integrated into
human reconstructed epidermis respond to known sensitizers and ultraviolet exposure. J
Invest Dermatol 122, 552-3.

Facy, V., Flouret, V., Regnier, M. and Schmidt, R. (2005). Reactivity of Langerhans cells in

human reconstructed epidermis to known allergens and UV radiation. Toxicol In Vitro 19,
787-95.

Gehly, E. B., Fahl, W. E., Jefcoate, C. R. and Heidelberger, C. (1979). The metabolism of
benzo(alpha)pyrene by cytochrome P-450 in transformable and nontransformable C3H
mouse fibroblasts. J Biol Chem 254, 5041-5048.

Gerberick, G. F., Troutman, J. A., Foertsch, L. M., Vassallo, J. D., Quijano, M., Dobson, R.
L., Goebel, C. and Lepoittevin, J. P. (2009). Investigation of peptide reactivity of pro-hapten
skin sensitizers using a peroxidase-peroxide oxidation system. Toxicol Sci 112, 164-74.

Hagvall, L., Baron, J. M., Borje, A., Weidolf, L., Merk, H. and Karlberg, A. T. (2008).
Cytochrome P450-mediated activation of the fragrance compound geraniol forms potent
contact allergens. Toxicol Appl Pharmacol 233, 308-13.

Han, E. H., Hwang, Y. P., Jeong, T. C., Lee, S. S., Shin, J. G. and Jeong, H. G. (2007).
Eugenol inhibit 7,12-dimethylbenz[a]anthracene-induced genotoxicity in MCF-7 cells:
Bifunctional effects on CYP1 and NAD(P)H:quinone oxidoreductase. FEBS Lett 581, 749-
56.

Jowsey, 1. R., Basketter, D. A., Westmoreland, C. and Kimber, 1. (2006). A future approach
to measuring relative skin sensitising potency: a proposal. J Appl Toxicol 26, 341-50.

Kim, B. S., Miyagawa, F., Cho, Y.-H., Bennett, C. L., Clausen, B. E. and Katz, S. I. (2009).
Keratinocytes Function as Accessory Cells for Presentation of Endogenous Antigen
Expressed in the Epidermis. J Invest Dermatol 129, 2805-2817.

Laubach, V., Zoller, N., Rossberg, M., Gorg, K., Kippenberger, S., Bereiter-Hahn, J.,
Kaufmann, R. and Bernd, A. (2011). Integration of Langerhans-like cells into a human skin
equivalent. Arch Dermatol Res 303, 135-9.

Lepoittevin, J. P. (2006). Metabolism versus chemical transformation or pro- versus
prehaptens? Contact Dermatitis 54, 73-4.

Lubet, R. A., Nims, R. W., Mayer, R. T., Cameron, J. W. and Schechtman, L. M. (1985).
Measurement of cytochrome P-450 dependent dealkylation of alkoxyphenoxazones in hepatic
S9s and hepatocyte homogenates: effects of dicumarol. Mutat Res 142, 127-31.

21

TT0Z ‘LT AInC uo eyues Ip aiouadns oins| e B10°S[euInolpioyxo’19SX0) Woly papeojumoq


http://toxsci.oxfordjournals.org/

©CoO~NOUITA,WNPE

Toxicological Sciences

Martin, S. F., Dudda, J. C., Bachtanian, E., Lembo, A., Liller, S., Durr, C., Heimesaat, M. M.,
Bereswill, S., Fejer, G., Vassileva, R., Jakob, T., Freudenberg, N., Termeer, C. C., Johner, C.,
Galanos, C. and Freudenberg, M. A. (2008). Toll-like receptor and IL-12 signaling control
susceptibility to contact hypersensitivity. J Exp Med 205, 2151-62.

McKim, J. M., Keller, D. J. and Gorski, J. R. (2010). A new in vitro method for identifying
chemical sensitizers combining peptide binding with ARE/EpRE-mediated gene expression
in human skin cells. Cutan Ocul Toxicol 29, 171-92.

Ohtani, T., Mizuashi, M., Nakagawa, S., Sasaki, Y., Fujimura, T., Okuyama, R. and Aiba, S.
(2009). TGF-betal dampens the susceptibility of dendritic cells to environmental stimulation,
leading to the requirement for danger signals for activation. Immunology 126, 485-99.

Ott, H., Bergstrom, M. A., Heise, R., Skazik, C., Zwadlo-Klarwasser, G., Merk, H. F., Baron,
J. M. and Karlberg, A. T. (2009). Cutaneous Metabolic Activation of Carvoxime, a Self-
Activating, Skin-Sensitizing Prohapten. Chem Res Toxicol 22, 399-405.

Pickard, C., Louafi, F., McGuire, C., Lowings, K., Kumar, P., Cooper, H., Dearman, R. J.,
Cumberbatch, M., Kimber, 1., Healy, E. and Friedmann, P. S. (2009). The Cutaneous
Biochemical Redox Barrier: A Component of the Innate Immune Defenses against
Sensitization by Highly Reactive Environmental Xenobiotics. J Immunol 183, 7576-7584.

Python, F., Goebel, C. and Aeby, P. (2009). Comparative DNA microarray analysis of human
monocyte derived dendritic cells and MUTZ-3 cells exposed to the moderate skin sensitizer
cinnamaldehyde. Toxicol Appl Pharmacol 239, 273-83.

Rompelberg, C. J., Verhagen, H. and van Bladeren, P. J. (1993). Effects of the naturally
occurring alkenylbenzenes eugenol and trans-anethole on drug-metabolizing enzymes in the
rat liver. Food Chem Toxicol 31, 637-45.

Sakaguchi, H., Ashikaga, T., Miyazawa, M., Kosaka, N., Ito, Y., Yoneyama, K., Sono, S.,
Itagaki, H., Toyoda, H. and Suzuki, H. (2009). The relationship between CD86/CD54
expression and THP-1 cell viability in an in vitro skin sensitization test--human cell line
activation test (h-CLAT). Cell Biol Toxicol 25, 109-126.

Sakaguchi, H., Ryan, C., Ovigne, J. M., Schroeder, K. R. and Ashikaga, T. (2010). Predicting
Skin Sensitization Potential and Inter-laboratory Reproducibility of a human Cell Line
Activation Test (h-CLAT) in the European Cosmetics Association (COLIPA) Ring Trials.
Toxicol In Vitro 24, 1810-20.

Schreiner, M., Peiser, M., Briechle, D., Stahlmann, R., Zuberbier, T. and Wanner, R. (2007).
A loose-fit coculture of activated keratinocytes and dendritic cell-related cells for prediction
of sensitizing potential. Allergy 62, 1419-28.

22

Page 22 of 33

TT0Z ‘LT AInC uo eyues Ip aiouadns oins| e B10°S[euInolpioyxo’19SX0) Woly papeojumoq


http://toxsci.oxfordjournals.org/

Page 23 of 33

©CoO~NOUITA,WNPE

Toxicological Sciences

Sieben, S., Hertl, M., Al Masaoudi, T., Merk, H. F. and Blomeke, B. (2001). Characterization
of T cell responses to fragrances. Toxicol Appl Pharmacol 172, 172-8.

Stiborova, M., Frei, E., Sopko, B., Sopkova, K., Markova, V., Lankova, M., Kumstyrova, T.,
Wiessler, M. and Schmeiser, H. H. (2003). Human cytosolic enzymes involved in the
metabolic activation of carcinogenic aristolochic acid: evidence for reductive activation by
human NAD(P)H:quinone oxidoreductase. Carcinogenesis 24, 1695-703.

Stiborova, M., Frei, E., Sopko, B., Wiessler, M. and Schmeiser, H. H. (2002). Carcinogenic
aristolochic acids upon activation by DT-diaphorase form adducts found in DNA of patients
with Chinese herbs nephropathy. Carcinogenesis 23, 617-25.

Vandebriel, R. J., Pennings, J. L., Baken, K. A., Pronk, T. E., Boorsma, A., Gottschalk, R.
and Van Loveren, H. (2010). Keratinocyte gene expression profiles discriminate sensitizing
and irritating compounds. Toxicol Sci 117, 81-9.

Vocanson, M., Hennino, A., Rozieres, A., Poyet, G. and Nicolas, J.-F. (2009). Effector and
regulatory mechanisms in allergic contact dermatitis. Allergy 64, 1699-1714.

Zhang, Y., Gonzalez, V. and Xu, M. J. (2002). Expression and regulation of glutathione S-
transferase P1-1 in cultured human epidermal cells. J Dermatol Sci 30, 205-14.

Zug, K. A., Warshaw, E. M., Fowler, J. F., Jr., Maibach, H. 1., Belsito, D. L., Pratt, M. D.,
Sasseville, D., Storrs, F. J., Taylor, J. S., Mathias, C. G., Deleo, V. A. and Rietschel, R. L.
(2009). Patch-test results of the North American Contact Dermatitis Group 2005-2006.
Dermatitis 20, 149-60.

23

TT0Z ‘LT AInC uo eyues Ip aiouadns oins| e B10°S[euInolpioyxo’19SX0) Woly papeojumoq


http://toxsci.oxfordjournals.org/

©CoO~NOUITA,WNPE

Toxicological Sciences

Figure legends:

FIG. 1. Impact of HaCaT cells on the expression of CD86, CD40 and CD54 on the cell
surface of THP-1 cells. THP-1 cells were cultured for 24h alone or in the presence of HaCaT
cells or in culture medium of untreated HaCaT cells ("conditioned THP-medium").
Expression of the cell surface markers CD86 (A), CD40 (B) and CD54 (C) on viable cells
was measured via flow cytometry. Bars represent relative mean fluorescence intensities
(rMFI) + standard error of the mean (S.E.M.), squares display mean values percentages of
CD86, CD40 or CD54 positive cells £ S.E.M. of at least 4 independent experiments, asterisks

indicate significant differences (*p<0.05, **p<0.01, ***p<0.001); n.s. not significant.

FIG. 2. Surface expression of CD86, CD40 and CD54 on THP-1 cells after treatment with
LPS for 24h in the absence and presence of HaCaT cells. THP-1 cells were exposed to LPS
or medium alone in the absence or presence of HaCaT cells for 24h. Expression of CD86 (A),
CD40 (B) or CD54 (C) on viable cells was determined via flow cytometry. Bars show the
mean value of the rMFI + S.E.M. of three independent experiments, scatters indicate the

mean of viable cells in % + S.E.M., and asterisks indicate significant differences from

untreated control cells (*p<0.05, **p<0.01, ***p<0.001).

FIG. 3. Impact of the haptens DNCB and BB on cell viability and expression of CD86 and
CD54 on mono- and cocultured THP-1 cells. THP-1 cells were exposed to DNCB (A, B) or
BB (C, D) in the absence or presence of HaCaT cells for 24h. (A) Cell viability (percentage
of Pl-negative cells) and (B) expression of CD86 on viable cells after incubation with DNCB
and expression of CD86 (C) and CD54 (D) after treatment with BB were determined via flow

cytometry. White dots and bars indicate the values obtained with monocultured THP-1 cells,
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black dots and gray bars the values obtained with cocultured THP-1, asterisks indicate
significant differences from DMSO-treated control cells (*p<0.05, **p<0.01). Results from 1
- 9 independent experiments are presented; when multiple values were determined, mean +

S.E.M. are indicated.

FIG. 4. CD86, CD40 and CD54 analysis (rMFI) on THP-1 cells after exposure to sodium
dodecyl sulfate (SDS) and benzalkonium chloride (BZC) for 24h in the absence or presence
of HaCaT cells. THP-1 cells were exposed to SDS (A, B) or BZC (C, D) in the absence (A,
C) or presence (B, D) of HaCaT cells for 24h. Expression of CD86, CD40 and CD54 on
viable cells was determined via flow cytometry. Bars show the mean values of the relative
mean fluorescence intensity (rMFI) + S.E.M. of 2-4 independent experiments. Black scatters
display the mean of viable cells (percentage of PI-negative cells) in % + S.E.M., and asterisks

indicate significant differences from untreated control cells (***p<0.001).

FIG. 5. Impact of THP-1 coculture on basal and induced EROD activity. Confluent HaCaT
cells were incubated with (A) benzo(a)pyrene (B[a]P) or (B) eugenol (Eu) in the absence
(white bars) or presence (gray bars) of THP-1 cells. After 24h THP-1 cells were removed and
the EROD activity was measured in the remaining intact HaCaT cells. The mean + S.E.M.
from 3-13 independent experiments are indicated, asterisks indicate significant differences

from DMSO-treated control cells (***p<0.001).

FIG. 6. Impact of HaCaT cells on CD86 expression and viability of THP-1 cells after
treatment with isoeugenol, eugenol and 2-methoxy-4-methylphenol (MMP). THP-1 cells
were exposed to isoeugenol (A), eugenol (B) and MMP (C) in the absence (white bars and

scatters) or presence (gray bars and black scatters) of HaCaT cells for 24h. Expression of
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CD86 and cell viability was determined via flow cytometry. Bars show the mean values of
the tMFI + S.E.M., scatters display the mean of viable cells in % * S.E.M. of 2-3
(isoeugenol), 4-11 (eugenol) and 3-5 (MMP) independent experiments, asterisks indicate

significant differences from DMSO-treated control cells (*p<0.05, **p<0.01, ***p<0.001).

FIG. 7: Impact of the enzyme inhibitors ABT and dicumarol on expression of CD86 on THP-
1 cells after incubation with benzo[a]pyrene (B[a]P) and eugenol, respectively. THP-1 cells
were incubated with B[a]P in the absence (white bars) or presence (gray bars) of HaCaT cells
for 48h; 1-aminobenzotriazole (ABT, patterned bars) was added 1h prior to B[a]P (A).
Cocultured cells were preincubated with dicumarol (patterned bars) for 30 min before the
addition of eugenol (B). After incubation for 24h, expression of CD86 on viable THP-1 cells
was determined via flow cytometry. Bars show the mean values of the relative mean
fluorescence intensity (rMFI) £ S.E.M. of 2-13 independent experiments, scatters display the

mean of viable cells (percentage of PI-negative cells) in % + S.E.M..
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FIG. 1. Impact of HaCaT cells on the expression of CD86, CD40 and CD54 on the cell surface of
THP-1 cells. THP-1 cells were cultured for 24h alone or in the presence of HaCaT cells or in culture
medium of untreated HaCaT cells ("conditioned THP-medium"). Expression of the cell surface
markers CD86 (A), CD40 (B) and CD54 (C) on viable cells was measured via flow cytometry. Bars
represent relative mean fluorescence intensities (rMFI) + standard error of the mean (S.E.M.),
squares display mean values percentages of CD86, CD40 or CD54 positive cells £ S.E.M. of at least
4 independent experiments, asterisks indicate significant differences (¥*p<0.05, **p<0.01,
***p<0.001); n.s. not significant.
209%x297mm (300 x 300 DPI)

TTOZ ‘LT AInC uo eyues Ip asouadns olnns| Je 610°S[euInolployxo19SX0) Woly papeojumoq


http://toxsci.oxfordjournals.org/

©CoO~NOUTA,WNPE

e
[Ny

U BDMDMBEMDIAMDIMBAEDIEMDIMNDIMWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOUPRRWNRPOOO~NOUOPRARWNPRPOOONOUUOPRARWNRPOOONOODURAWNRPOOO~NOOOMWN

Toxicological Sciences

1 CD86 (monoculture) [ CD86 (coculture) 71 D40 (monoculture) [ D40 (cooulture)
©  viability (monoculture) ®  viability (coculture) ©  viabilty (monocuiture) ®  viabilty (coculture)

A 50 - 100 B 45 100
) 3 L 3 ¢ g L
3 40 .80 5 40+ a0
o a
- 35 -
£ 30 -e0 £ E I fe0 X
' > = >
5 2 S Vi £
8 T 3 e 1 = 3
8 20 : X 40 2 3 f40 g
K k-
T 10 20 T r20
E B
0 0 0 0
P P ° P
& ¢ & &
« s\\\? o «\\? & «\8 « «\\Y
& o B o FORS
= CDS4 (monooulure) 1 GDS4 (cosulture)
ultur ®  viability (coculture)
C 4000 100
o 5 . 3
o
3 3000 - 80
D.' —_
£ 2000 - 60 =
§ ‘ T ‘ z
3 1000 i
a 40
S 100 $
S
= 20
£ w0
0 0
0 & FESIN o
& &
W ' O \}Q

FIG. 2. Surface expression of CD86, CD40 and CD54 on THP-1 cells after treatment with LPS for
24h in the absence and presence of HaCaT cells. THP-1 cells were exposed to LPS or medium alone
in the absence or presence of HaCaT cells for 24h. Expression of CD86 (A), CD40 (B) or CD54 (C)
on viable cells was determined via flow cytometry. Bars show the mean value of the rMFI + S.E.M.
of three independent experiments, scatters indicate the mean of viable cells in % + S.E.M., and
asterisks indicate significant differences from untreated control cells (*p<0.05, **p<0.01,
***p<0.001).
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FIG. 3. Impact of the haptens DNCB and BB on cell viability and expression of CD86 and CD54 on
mono- and cocultured THP-1 cells. THP-1 cells were exposed to DNCB (A, B) or BB (C, D) in the
absence or presence of HaCaT cells for 24h. (A) Cell viability (percentage of PI-negative cells) and
(B) expression of CD86 on viable cells after incubation with DNCB and expression of CD86 (C) and
CD54 (D) after treatment with BB were determined via flow cytometry. White dots and bars indicate
the values obtained with monocultured THP-1 cells, black dots and gray bars the values obtained
with cocultured THP-1, asterisks indicate significant differences from DMSO-treated control cells
(*p<0.05, **p<0.01). Results from 1 - 9 independent experiments are presented; when multiple
values were determined, mean + S.E.M. are indicated.
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FIG. 4. CD86, CD40 and CD54 analysis (rMFI) on THP-1 cells after exposure to sodium dodecyl
sulfate (SDS) and benzalkonium chloride (BZC) for 24h in the absence or presence of HaCaT cells.
THP-1 cells were exposed to SDS (A, B) or BZC (C, D) in the absence (A, C) or presence (B, D) of
HaCaT cells for 24h. Expression of CD86, CD40 and CD54 on viable cells was determined via flow
cytometry. Bars show the mean values of the relative mean fluorescence intensity (rMFI) + S.E.M.
of 2-4 independent experiments. Black scatters display the mean of viable cells (percentage of PI-
negative cells) in % %+ S.E.M., and asterisks indicate significant differences from untreated control

cells (***p<0.001).
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47 FIG. 5. Impact of THP-1 coculture on basal and induced EROD activity. Confluent HaCaT cells were
incubated with (A) benzo(a)pyrene (B[a]P) or (B) eugenol (Eu) in the absence (white bars) or
presence (gray bars) of THP-1 cells. After 24h THP-1 cells were removed and the EROD activity was
measured in the remaining intact HaCaT cells. The mean * S.E.M. from 3-13 independent
50 experiments are indicated, asterisks indicate significant differences from DMSO-treated control cells

51 (***p<0.001).
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FIG. 6. Impact of HaCaT cells on CD86 expression and viability of THP-1 cells after treatment with
isoeugenol, eugenol and 2-methoxy-4-methylphenol (MMP). THP-1 cells were exposed to isoeugenol
(A), eugenol (B) and MMP (C) in the absence (white bars and scatters) or presence (gray bars and
black scatters) of HaCaT cells for 24h. Expression of CD86 and cell viability was determined via flow
cytometry. Bars show the mean values of the rMFI + S.E.M., scatters display the mean of viable
cells in % £ S.E.M. of 2-3 (isoeugenol), 4-11 (eugenol) and 3-5 (MMP) independent experiments,
asterisks indicate significant differences from DMSO-treated control cells (¥*p<0.05, **p<0.01,
***p<0.001).
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FIG. 7: Impact of the enzyme inhibitors ABT and dicumarol on expression of CD86 on THP-1 cells
after incubation with benzo[a]pyrene (B[a]P) and eugenol, respectively. THP-1 cells were incubated
with B[a]P in the absence (white bars) or presence (gray bars) of HaCaT cells for 48h; 1-
aminobenzotriazole (ABT, patterned bars) was added 1h prior to B[a]P (A). Cocultured cells were
preincubated with dicumarol (patterned bars) for 30 min before the addition of eugenol (B). After
incubation for 24h, expression of CD86 on viable THP-1 cells was determined via flow cytometry.
Bars show the mean values of the relative mean fluorescence intensity (rMFI) £ S.E.M. of 2-13
independent experiments, scatters display the mean of viable cells (percentage of PI-negative cells)
in % £ S.E.M..
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