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Abstract

Allergic contact dermatitis is a primarily T-cell-mediated inflammatory skin disease induced by
exposure to small molecular-weight haptens, which covalently bind to proteins. The abundance of
cutaneous T cells that recognize CD1a antigen-presenting molecules raises the possibility that
MHC-independent antigen presentation may be relevant in some hapten-driven immune responses.
Here we examine the ability of contact sensitizers to influence CD1-restricted immunity. Exposure
of human antigen-presenting cells such as monocyte-derived dendritic cells and THP-1 cells to the
prototypical contact sensitizer dinitrochlorobenzene potentiated the response of CD1a- and CD1d-
autoreactive T cells, which released a vast array of cytokines in a CD1- and TCR-dependent
manner. The potentiating effects of dinitrochlorobenzene depended upon newly synthesized CD1
molecules and the presence of endogenous stimulatory lipids. Further examination of a broad
panel of contact sensitizers revealed 1,4-benzoquinone, resorcinol, isoeugenol and
cinnamaldehyde to activate the same type of CD1-restricted responses. These findings provide a
basis for the antigen-specific activation of skin-associated CD1-restricted T cells by small
molecules and may have implications for contact sensitizer-induced inflammatory skin diseases.
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Introduction

Small molecular weight haptens are capable of inducing heterogenous T-cell-mediated
responses manifested as cutaneous inflammation known as hapten-induced contact
dermatitis in humans or contact hypersensitivity (CHS) in rodents [1, 2]. Haptens are unable
to induce an immune response in their native state by virtue of their low molecular-weight
and, therefore, must react with other molecules to become immunologically active [3].
Haptens may induce an immune response by several mechanisms, including a direct
induction of innate immunity responses, and interaction with receptors activating adaptive
immune response [4, 5]. Examples of clinically important haptens are electrophilic
compounds that covalently bind to nucleophilic residues generating hapten-carrier
complexes that represent novel T and B cell stimulatory compounds [6]. While the pathways
through which contact sensitizers (CSs) act on MHC-restricted T cells are well described,
very little is known of the potential roles of non MHC-restricted T cells within allergic
contact dermatitis.

CD1 proteins are capable of binding a wide variety of microbial and self-lipid antigens and
present them to T cells [7, 8]. In the context of skin-associated cell types, CD1d molecules
are expressed by keratinocytes, CD1a by Langerhans cells, and all CD1 molecules by
dermal dendritic cells (DCs). A significant proportion of skin-associated T cells are CD1a-
restricted, with much smaller numbers recognizing antigens presented by CD1b, CD1c and
CD1d [9]. The physiological relevance of these cells is largely unknown, while their role is
some pathologies has been investigated in recent studies [10-13]. Translational research into
the function of CD1-restricted T cells is hampered by the lack of expression of CD1a, b and
¢ molecules in mice and rats [8]. Recently, human CD1a transgenic mice were instrumental
in identifying the plant-derived lipid urushiol C15:2 as an antigen for CD1a-restricted T
cells and in paving the way for studying such reactivities in patients with known sensitivity
to this compound [14].

The presence of CD1d-restricted invariant Natural Killer T (iNKT) cells in skin lesions of
patients with allergic contact dermatitis has been reported, together with an increased CD1d
gene expression, at elicitation sites compared to normal skin [15]. Mouse studies also
provided some evidence that iINKT cells may participate in the inflammatory response to
haptens, typically via influencing the response of other immune cell types. iINKT cells may
potentiate the inflammatory response to picryl chloride (2-chloro-1,3,5-trinitrobenzene,
TNCB) [16] and oxazolone [17], may facilitate the activation of B1-cells involved in CHS
initiation [18], and also the maturation of DCs contributing to CHS establishment [19]. A
potential regulatory role of CD1d-restricted T cells in response to 2,4-dinitrochlorobenzene
(DNCB) was also suggested [20], although the nature of involved cells and mechanisms
remain unknown.

Within the present study we have investigated the effects of CSs on human CD1-restricted T-
cell responses. We hypothesized that local exposure to small molecular-weight haptens may
cause alterations in antigen-presentation to lipid-specific T cells. We focused on CD1d-
restricted responses due to the existing knowledge about CSs and iNKT cells, and on CD1a-
restricted T cells due to their known prevalence within the skin.
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DNCB-pulsed CD1* human APCs activate CD1la- and CD1d-restricted T cells

To study the effects of CSs on CD1-restricted immunity, a panel of human T-cell clones was
screened for reactivity to antigen-presenting cells (APCs) treated with the prototypical CS
DNCB. DNCB treatment of monocyte-derived DCs (moDCs) prior to T-cell addition dose-
dependently potentiated the response of the CD1a-restricted T-cell clone B13 (Fig. 1A). The
B13 T-cell clone, was obtained from circulating T cells expressing CD4 and the CLA
surface marker that identifies skin-homing T cells [21]. As the response of this T-cell clone
was blocked by anti-CD1a mAbs and was observed only in the presence of CDla-expressing
APCs even in the absence of exogenously added lipids (Supporting Information Fig. 1A and
B), the clone was considered bonafide CD1a-autoreactive. The CLA* B13 cells released
IL-22 upon stimulation (Supporting Information Fig. 1C), and expressed high levels of
CCR4 expression (Supporting Information Fig. 1D), two additional hallmarks of skin-
associated T cells. Incubation of APCs with DNCB at 6yM showed the highest T-cell
stimulatory capacity, while exposure to concentrations above 6uM for 24 hours was toxic for
the APCs (data not shown). In a new series of experiments we utilized as APCs CD1a-
transfected THP-1 cells expressing stable levels of CD1a, as CD1 expression of DCs is
variable between donors. Comparable results to those seen using moDC were observed with
this type of APCs (Fig. 1B).

We next screened for the existence of other types of CD1-restricted T cells positively
influenced by APC pre-incubation with DNCB and identified the CD1d-restricted T-cell
clone S33d (Fig. 1C). This clone is a NKT type Il cell as it reacts to sulfatide, is CD1d-
restricted, CD4™, and uses a non-invariant TCR [22].

As the antigen specificity of S33d cells were known, we could investigate the DNCB effect
at different antigen doses. The potentiating effect of DNCB was significant at low and not at
high sulfatide concentrations (=4uM). DNCB seemed to act by increasing the potency and
not the efficacy of sulfatide (Fig. 1D), thus suggesting a role in facilitating the formation of
stimulatory CD1d-sulfatide complexes already at very low antigen doses. DNCB-treatment
of THP-1 cells expressing the relevant CD1 molecules resulted in a broad potentiation of
most cytokines, including IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-22, IL-31, GM-CSF, IFN-y
and TNFa., produced by B13 cells, as well as IL-2, IL-4, IL-10, GM-CFS, IFN-y and
TNFa, produced by S33d cells (Fig. 1E and F, absolute values Supporting Information Fig.
2 and 3).

In control experiments we asked whether DNCB had enhancing effect on other T-cell types.
The CD1a-autoreactive K34B9.1 T cells (Supporting Information Fig. 4A), the CD1d-
autoreactive JS63 iINKT cells (Supporting Information Fig. 4B), the a-galactosylceramide-
responding VM-D5 iNKT cells (Supporting Information Fig. 4C), and the (E)-4-hydroxy-3-
methyl-but-2-enyl pyrophosphate-responding G2B2 TCR -y6 cells (Supporting Information
Fig. 4D) were not influenced by DNCB, thus excluding a generalized effect on T-cell
responses.
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The effect of DNCB on T-cell activation is CD1- and TCR-mediated

To evaluate whether the observed effect was mediated by cytokines released by APCs after
exposure to DNCB, or if T-APC cognate interaction was required, S33d T-cell response was
assessed separating DNCB-pulsed THP-1 CD1d cells in a transwell system (Supporting
Information Fig. 5). The separation of S33d cells from APCs abrogated the activation,
excluding a major role of soluble factors released by APCs and demonstrating the
importance of cell-cell contact. Consistent with these data, the addition of anti-CD1 mAbs to
DNCB-treated APCs prior to T-cell contact abrogated the T-cell response, demonstrating a
CD1-dependent effect of the CS (Fig. 2A and B). To assess whether the observed effect was
TCR-mediated, SKW-3 human T cells, which do not express endogenous TCR a, B, y and 6
genes, were transduced using lentiviruses containing the TCR a and p of the two DNCB-
influenced T-cell clones, B13 (TRAV12-2*03, TRAJ5; TRBV14*01, TRBJ1-1) or S33d
(TRAV14*01-TRAJ22; TRBV6-1*01-TRBJ2-2). The resulting SKW-B13 cells or SKW-
S33d cells tested with DNCB-treated THP-1 CD1a or THP-1 CD1d cells, respectively,
showed a dose-dependenT-cell surface upregulation of the CD69 activation marker,
consistent with the TCR requirement to recognize the stimulatory CD1-antigen complex on
DNCB-treated APCs (Fig. 2C and D). Collectively, these results suggest DNCB effects
requiring specific TCRs and CD1-mediated antigen presentation.

Newly synthesized CD1 molecules are required for DNCB-mediated T-cell activation

In all experiments described above APCs were treated 24 hours with DNCB prior to
extensive washing and addition of T cells. In a time-course experiment we determined that
DNCB activity was detectable only after a minimum of 12 hours of incubation with APCs
(Fig. 3A), suggesting a mechanism requiring prolonged APC exposure to DNCB. To
investigate whether DNCB induces the generation of CD1-self antigen complexes, which
accumulate over time, fixed THP-1 CD1d cells were used to stimulate S33d cells. THP-1
CDA1d cells fixed before DNCB-treatment were unable to induce T-cell activation, while
DNCB-treatment prior to fixation allowed increased activation compared to vehicle-treated
controls (Fig. 3B). Thus, DNCB requires live APCs to exert its activation potential.

Taking into account the long time required by DNCB to exert its stimulatory effect, we
treated APCs with cycloheximide and brefeldin A, drugs which block protein synthesis and
egression from trans-Golgi network, respectively, to assess whether de novo synthesized
CD1d complexes were involved. The stimulatory capacity of APCs was significantly
reduced using both drugs, thus suggesting that newly synthesized CD1d-antigen complexes
are the ones affected by DNCB (Fig. 3C).

Endogenous lipids are required for DNCB-mediated activation

To investigate whether the DNCB effect depended on the presence of endogenous lipid
antigens, we used C1R cells expressing CD1d (C1R CD1d), which are able to present
exogenous sulfatide in association with CD1d, but do not stimulate the S33d clone in the
absence of exogenous antigen (Fig. 4A). Differently from what we observed with THP-1
CD1d cells, DNCB treatment of C1R CD1d cells did not result in the activation of S33d
cells. Importantly, DNCB also did not change the response to the exogenously added
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sulfatide (Fig. 4A), suggesting that its effect depended on the endogenous lipids produced by
some types of APCs.

To further investigate this possibility, we performed a displacement experiment and
incubated DNCB-treated THP-1 CD1d cells with synthetic d18:1-C22:1 sulfatide, a CD1d-
binding sulfatide species non antigenic for S33d cells. This sulfatide attenuated, in a dose-
dependent manner, the autoreactive response induced by DNCB with THP-1 CD1d cells,
consistent with displacement of the endogenous stimulatory lipids (Fig. 4B). The observed
attenuation was not due to toxic effects, as in control experiments the same synthetic lipid
stimulated K34B9.1 cells, a second sulfatide-specific clone (Fig. 4C). These data suggested
a key role for endogenous lipids permissive for DNCB-mediated activation of the CD1d-
restricted S33d cells.

Resorcinol, isoeugenol and cinnamaldehyde trigger S33d T cells

To examine if the triggering of the S33d cell response was observed with other CSs, we
screened more CSs, including two additional strong sensitizers, 1,4-benzoquinone and
oxazolone, and four moderate sensitizers, para-phenylenediamine (PPD), cinnamaldehyde,
resorcinol and isoeugenol. Incubation of THP-1 CD1d cells with resorcinol (Fig. 5A),
isoeugenol (Fig. 5B) or cinnamaldehyde (Fig. 5C) resulted in a dose-dependent activation of
S33d cells, and their effect was CD1d-mediated as it was blocked by the addition of anti-
CD1d mAbs (Fig. 5D). The other compounds tested, 1,4-benzoquinone, oxazolone and PPD,
did not exert any significant activity on S33d cell response (data not shown). 1,4-
Benzoquinone, however, promoted activation of the B13 clone when it was used to treat
THP-1 CD1a cells, and its effect was abrogated by the addition of anti-CD1a mAbs (Fig.
5E). These results show that several CSs have the capacity to elicit a response in CD1-
restricted T cells.

Discussion

Modification of the interaction between the TCR and the antigen-presenting molecule by
small compounds can induce strong, self-directed immune responses, manifesting clinically
as inflammation of varying severity. The mechanisms by which a broad array of chemicals,
including reactive haptens, drugs and metals act in the context of sensitization have been
described for MHC class | and class Il and the responding MHC-restricted T cells [2],
whereas the ability of such small molecules to influence non-MHC-restricted T cells has
mostly been uninvestigated. Within the current study we presented data indicating that small,
low-molecular weight compounds are also able to influence CD1-mediated T-cell responses.

Upon incubation with a prototypic hapten and strong CS, DNCB, CD1-expressing APCs
enhanced the response of self-reactive CD1a- and CD1d-restricted T cells. Two T-cell clones
showed an important difference in their response. While the CD1a-restricted clone was
CD1-autoreactive and its response was enhanced by DNCB, the CD1d-restricted clone
showed CD1d-autoreactivity only in the presence of the compound, thus revealing that
DNCB-sensitization may induce the appearance of otherwise silent self-reactivity. The
DNCB effect was not observed with all tested T-cell clones. Indeed other CD1-restricted T
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cells, some of which were specific for endogenous antigens, were not affected by DNCB,
suggesting the involvement of unique characteristics of their TCRs.

Our studies also addressed the mechanisms leading to DNCB-induced autoreactivity. First,
only a prolonged DNCB-treatment of living APCs was effective. Secondly, DNCB effect
required the presence of endogenous lipids that could be displaced by other CD1-binding
lipids. Thirdly, not all CD1-expressing APCs were affected. Our data also excluded that the
increased CD1 expression observed on APCs following treatment with DNCB at the relevant
concentrations (Supporting Information Fig. 6 and 7), promoted autoreactivity. Moreover, a
cytokine-mediated mechanism was excluded by the stimulatory capacity of DNCB-treated
and fixed APCs. We interpret these findings with a direct effect of DNCB on the formation
of CD1-self-antigen complexes, probably after increased synthesis of endogenous lipid-
antigens in some cell types. This latter mechanism might explain why only some APCs
(moDCs and THP-1 cells) were effective, while others (C1R and HelLa cells, not shown)
were not, despite expressing high CD1 surface levels. A direct effect of DNCB on the
formation of CD1-self-antigen complexes was further supported by two additional sets of
data. First, autoreactivity following DNCB was reconstituted in TCR gene transduced cells,
thus making unlikely the requirements of other unique T-cell surface molecules and
confirming the precise antigen-specificity of autoreactivity. Secondly, DNCB effect was lost
in the presence of exogenous lipids displacing the endogenous ones from CD1.

Intriguingly, DNCB effect was observed only after a prolonged exposure (>12 hours). This
time is too long for a chemical modification induced by DNCB on mature and surface
exposed CD1 molecules. In line with this observation, plate-bound assays using soluble
recombinant CD1a and CD1d incubated with DNCB, did not stimulate the relevant T cells
(data not shown). These results might reflect the requirements for continuous accumulation
of newly synthesized CD1 molecules loaded with the stimulatory self-antigen. In agreement
with this possibility, DNCB effects were prevented by drugs blocking protein synthesis and
egression from the trans-Golgi. This mechanism is different from that applying to other
contact sensitizers and MHC molecules, such as the unstable non-covalent interactions
observed between sulfamethoxazole and nickel with MHC molecules [23, 24].

Importantly, we found that in addition to DNCB, other CSs induced the activation of the
same T-cell clones, thus indicating that multiple CSs share this capability. The fact that they
stimulate the same TCRs could be the consequence of a common mechanism of action.
While the mechanism involving induced-self-antigens still remains plausible, an alternative
one could be invoked by which the CS stably binds to nascent CD1 molecules and induces
the formation of ternary complexes made by CD1, endogenous lipid-antigens and CS, in
turn responsible for the stimulation of CD1-restricted T cells. This mechanism will thus
resemble that of abacavir, the anti-HIV1 drug, which by binding to the HLA-B*57:01
binding cleft, alters its conformation and changes the self-peptide repertoire [25]. In the case
of CSs, the formation of modified CD1-antigen complexes is probably the consequence of
the high reactivity of the CSs, which were active in our model and are known to form
adducts with cysteine and lysine residues, by reacting with aromatic nucleophilic
substitution and forming covalent binding [26]. Although a direct structural proof of this
ternary complex is missing, DNCB and the other CSs might alter the antigen-binding pocket
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of CD1 molecules, modify the positioning of endogenous antigens and induce a better
response of certain T cells. Dedicated structural studies will be required to investigate the
exact mechanism with each active CS.

The skin is home to approximately twice as many T cells as the blood [21], comprising of
resident and migratory T cells located both within dermis and epidermis [27]. The close
spatial association between T cells in the dermis or epidermis and skin cells expressing CD1
molecules raises the possibility of local interaction between T cells and APCs, and may
account for the reactivity of cutaneous T cells to skin-associated lipids resulting in a basal
level of lipid-mediated inflammation [10]. Considering the low dermal cellularity and the
very high epidermal cellularity, direct interaction with keratinocytes is much more likely
than interaction with fibroblasts. The large number of CD1a-restricted T cells within normal,
non-inflammatory epidermis might promote their direct interaction with CD1a-expressing
Langerhans cells. Thereby, exogenous small molecules, such as haptens, that can readily
pass through the skin, would have ample opportunity to alter this immunological balance,
resulting in potentiated local inflammation. In addition to CD1a-restricted T cells, we found
that also CD1d-restricted T cells can be stimulated by CSs. Invariant NKT cells, while are
largely absent in normal, non-inflammatory skin [28], infiltrate the epidermis during allergic
contact dermatitis [15], and can kill keratinocytes in a CD1d-dependent manner [29]. Skin-
infiltrating NKT cells, may thus become stimulated by APC that undergo prolonged
interaction with CS.

Our demonstration that haptens can potentiate CD1-restricted T-cell activation raises broader
questions concerning small molecules and skin-associated, lipid-specific T cells. To date
most studies concerning type Il drug adverse reactions have focused on MHC-dependent
pathways, and while associations between HLA allotype and the risk of adverse reactions
have been established, many seem allotype-unrelated and appear to be HLA-independent
[4]. A recent publication by Kim and co-workers showed that urushiol binds to CD1a and
induces skin inflammation in CDZ1a-transgenic mice by stimulating CDZ1a-restricted and
urushiol-specific T cells [14]. Our findings differ from the ones above, as we found that
several CSs stimulate T cells that are not CS-specific. Together with the work of Kim et al.
(2016), our studies indicate that the activation of CD1-restricted T cells by a variety of CSs
could be a novel mechanism in allergic contact dermatitis.

Self-reactive T cells restricted to CD1a, CD1c and CD1d molecules, with a polyclonal TCR
repertoire and naive/memory phenotype were detected in newborns and adults, with marked
inter-individual variability [9, 30]. Our findings showed that despite the lack of functional
polymorphism of human CD1 molecules would allow everybody to react to the allergens,
only some T-cell clones were able to respond. In addition, not all CS-exposed CD1
expressing cell types induced such response. It is thus tempting to speculate that only the
interaction of CSs with certain APCs producing unique sets of lipids and the concomitant
activation of T cells with a matching TCR would contribute to the manifestation of contact
dermatitis, in addition or in alternative to the classical CS-reactive MHC-restricted T-cell
response. The requirement for such a combination would represent a natural limit to the
number of individuals who develop lipid-specific T cells unleashed by CS presence.
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The present identification of CD1-mediated activation of T-cell clones to some but not all
CSs reflects the diversity of T-cell responses to these compounds, and underscores the
complexity of immune responses to CSs. The involvement of the non-polymorphic CD1
molecules in the inflammatory response may prompt new therapies targeting CD1-restricted
immune responses and may also allow new animal-free test strategies enabling skin
sensitization safety assessments.

Materials and methods

Cells

Human monocytic THP-1 and B lymphoblast C1R cells expressing human CD1a, CD1b,
CD1c or CD1d were previously described [31]. S33d, JS63, VM-D5 [22], K34B9.1 [32] and
G2B2 [33] T-cell clones were maintained and re-stimulated in RPMI 1640 (Gibco, Thermo
Fisher Scientific, Waltham, MA) supplemented with 5% AB* human serum (Blood donation
Centre, University Hospital Basel, Switzerland), 50 units/ml IL-2 [32]. To generate SKW-3
cells expressing the TCR from S33d or B13 cells, a and p cDNA were cloned into a vector
with Lentiviral backbone (modified plenti-Blast, Addgene, Cambridge, MA) and transfected
into HEK 293TLX cells using MetafectenePro (Biontex Laboratories, Munich, Germany)
according to standard protocols. SKW-3 cells (Leibniz-Institut DSMZ, Braunschweig,
Germany) were transduced with virus-containing supernatants supplemented with protamine
sulfate (8ug/ml, Sigma-Aldrich, St Louis, MO) by spin-infection at 2000rpm for 45min at
37°C.

Isolation of B13 clone

Blood was obtained from healthy volunteers after informed consent and the study was
approved by the Ethics Committee of the National University of Singapore (NUS-IRB
10-250). Peripheral blood mononuclear cells were separated by ficoll-paque gradient (GE
Healthcare, Little Chalfont, UK) and enriched for those expressing cutaneous lymphocyte-
associated antigen (CLA) using CLA-specific biotin-conjugated mAbs (HECA-542) and
streptavidin-MACS beads (Miltenyi Biotec, Bergisch Gladbach, Germany). CLA-enriched
cells were co-cultured with autologous moDCs in RPMI containing 5% autologous serum
and 5 units/ml IL-2. After 12 days the cells were re-stimulated with autologous moDC in
medium supplemented with 50 units/ml IL-2 and after another 12 days cloned by limiting
dilution. Clones were screened with allogenic moDC in conjunction with mAbs specific for
HLA-DR (L243), HLA-ABC (W&6/32, both eBioscience, San Diego, CA), CD1a (OKT®6),
CD1b (BCD1b3.1), CD1c (F10/21A3.1 all purified in house) and CD1d (51.1, Biolegend,
San Diego, CA).

Cellular assays

APCs were incubated in 10% FCS-supplemented RPMI 1640 with the following CSs: 2, 4-
dinitrochlorobenzene (DNCB, solvent DMSO), cyclohexa-2,5-diene-1,4-dione (1,4-
benzoquinone, solvent RPMI), 4-ethoxymethylene-2-phenyl-2-oxazolin-5-one (oxazolone,
solvent DMSO), (2 E)-3-phenylprop-2-enal (cinnamaldehyde, solvent DMSQO), benzene-1,3-
diol (resorcinol, solvent RPMI), 2-methoxy-4-(prop-1-en-1-yl)phenol (isoeugenol, all Sigma
St Lois, MO, solvent DMSO), or 1,4-diaminobenzene (para-phenylenediamine, PPD, purity
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grade over 99.6%, L’Oreal laboratories, Paris, France, solvent RPMI) in the indicated
solvents for 24h at 37°C, after which the APCs were washed and co-cultured with T cells at
1:2 ratio for 24-36h. For CD1-blocking experiments, APCs were incubated with the relevant
antibodies for 2h prior to addition of T cells. For exogenous antigen presentation assays, a-
galactosylceramide (KRN7000, Funakoshi, Tokyo, Japan) was solubilized in PBS 0.05%
Tween20 and diluted in serum-free medium, sulfatides (3-O-sulfogalactosylceramides
purified from bovine brain, Sigma-Fluka, St Louis, MO) and synthetic d18 C22:1 sulfatide
(synthesized and purified according to standard methods, K.D. and A.R.H., unpublished)
were solubilized in 2% methanol. For CS experiments, APCs were incubated with CS for
24h then washed prior to addition of the lipid. In some experiments, APCs were fixed with
0.05% glutaraldehyde [34] before or after the 24h incubation with CS, washed extensively
and used with T cells at 1:1 ratio. Cycloheximide (50ug/ml, AbCam, Cambridge, UK) and
brefeldin A (4ug/ml, eBioscience) were added to THP-1 cells 1h before DNCB and
incubated for a further 24h, after which viability was confirmed with trypan blue, cells fixed
with glutaraldehyde and used to stimulate T cells. Cytokine production was determined by
ELISA (GM-CSF, IFN-y, R&D systems, Minneapolis, MN) and Luminex assay (Merck
Millipore, Billerica, MA). Luminex data is presented as heatmap based on the zscore,
calculated as the individual cytokine data point value minus the mean value for the cytokine
then divided by the standard deviation. This representation facilitates a comprehensive view
of the significant changes of the T-cell response depending on APC treatment. Absolute
values of cytokine released are illustrated in Supporting Information Fig. 2 and 3. For S33d
clone, DNCB-treatment of THP-1 cells prior to stimulation did not change IL-6 production,
while IL-15, IL-17a/eff, IL-21, IL-22, IL-23, IL-27, IL-28, IL-31, IL-33, TNF-p and
MIP-1a were not detected (data not shown). For B13 clone, DNCB-treatment of THP-1
cells did not change 1L-13 production, while IL-15, IL-17a/e/f, IL-21, 1L-23, IL-27, IL-28,
IL-33, TNF-B and MIP-1a were not detected (data not shown). Activation of SKW-3 TCR
transduced cells, was evaluated by flow cytometry as upregulation of CD69 on cells
expressing CD3.

Flow cytometry

Human CD1 molecules were detected with mAbs specific for CD1a (H1149), CD1b (SN13),
CD1c (L161) and CD1d (51.1, all eBioscience), following pre-incubation with Fc-block (BD
Pharmingen). T-cell surface marker expression was evaluated using mAbs specific for CD3
(OKT3 or UCHT1), CD4 (OKT4), CD8 (SK1), CD69 (FN50), CLA (HECA-452) and
CCRA4 (TG6, all from Biolegend). THP-1 cell co-stimulatory molecules were examined with
mAbs specific for CD80 (2D10), CD83 (HB15e), CD86 (IT2.2) and CD40 (5C3, all
Biolegend). Samples were acquired on LSRII flow cytometer (Beckon-Dickinson, Franklin
Lakes, NJ). Non-viable cells were excluded by FS/SS profile and DAPI (Life Technologies,
Carlsbad, CA) or Pacific Orange (Biolegend) incorporation. Doublets were excluded by
pulse-width parameter. Live cells were analyzed with FlowJo software (FlowJo LLC,
Ashland, OR).

Statistical analysis

Data are expressed as mean + SD and analyzed using Student’s #test with Sidak multiple
comparisons. P<0.05 was considered significant.
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Figurel.
DNCB-pulsed CD1*APCs trigger the activation of CD1a- and CD1d-restricted clones. (A-

D) B13 cells (A, B) and S33d cells (C, D) were stimulated with (A) DCs, (B) THP-1 CD1a,
and (C) THP-1 CDA1d cells by pulsing for 24 h with DNCB. (D) S33d cells were stimulated
with sulfatide presented by THP-1 CD1d cells previously pulsed with DNCB (6 uM, open
circles), or DMSO vehicle (VEH, closed circles). Production of (A, B) GM-CSF and (C, D)
IFN-y was measured by ELISA and shown as mean + SD, n=3 for B13, n=4 for S33d cells.
*p 0.01, £test with Sidak multiple comparisons. Data shown are from single experiments
representative of 3 independent experiments. (E) Heatmap of cytokines produced by B13
cells cultured with THP-1 CD1a cells previously pulsed with DNCB (6 uM) or VEH.
Normalized data is expressed as the zscore. Absolute cytokine values are illustrated in
Supporting Information Fig. 2. The following cytokines were tested, but were not released
by the T-cell clone: IL-15, IL-17a/e/f, IL-21, IL-23, IL-27, IL-28, IL-33, TNF-p and
MIP-1a. (F) Heatmap of cytokines produced by S33d cells cultured with THP-1 CD1d cells
previously pulsed with DNCB (6 uM) or VEH. Normalized data are expressed as the 2
score. Absolute cytokine values are illustrated in Supporting Information Fig. 3. The
following cytokines were tested, but were not released by the T-cell clone: IL-5, IL-6, IL-9,
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IL-15, IL-17a/e/f, IL-21, IL-22, IL-23, IL-27, IL-28, IL-31, IL-33, TNF-B and MIP-1a. (E,
F) Data in each column represent an individual replica of the indicated experimental
condition.
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Figure 2.

DNCB activity is mediated by CD1 and TCR. (A, B) Anti-CD1a (a-CD1a, A) and anti-
CD1d (a-CD1d, B) or isotype-matched control mAbs (IgG1 and 1gG2b, respectively) were
added to (A) THP-1 CD1a cells and (B) THP-1 CD1d cells pulsed with DNCB (6 UM) or
DMSO vehicle, before the incubation with (A) B13 and (B) S33d cells. Cytokines released
by the T cells are expressed in ng/ml (mean + SD, n= 3-4) and results are from single
experiments representative of 3 independent experiments. *p <0.001 (#test with Sidak
multiple comparisons). (C, D) Flow cytometry analysis of CD69 surface expression by (C)
SKW-B13 and (D) SKW-S33d cells following incubation with (C) THP-1 CD1a and (D)
THP-1 CD1d cells pretreated with DNCB. Control CD3"SKW-3 cells are also shown.
Median fluorescence intensity (MFI) of CD3* and of CD3" cells is plotted. Each plot
represents data from a single experiment and is representative of 2 independent experiments.
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Figure 3.
DNCB activity requires newly synthesized CD1 molecules. (A) Kinetic of THP-1 CD1d cell

pulsing with DNCB (6 uM) before stimulation of S33d cells. IFN-y release was measured
by ELISA and data from single experiments representative of 3 independent experiments,
are expressed as mean + SD, n=3. (B) IFN-y response of S33d cells to THP-1 CD1d cells
fixed then pulsed with DNCB (6 uM) or pulsed first with DNCB (6 uM) and then fixed. Data
are expressed as mean + SD, n=3, and are from a single experiment representative of 3
independent experiments. (C) IFN-vy response of S33d cells to DNCB (6 pM)- or DMSO
vehicle (VEH)-pulsed THP-1 CD1d cells pre-treated with brefeldin A or cycloheximide
(Cyclohex). Data are expressed as mean + SD, n=4, and are from a single experiment
representative of 2-3 independent experiments. *p 0.05, **p 0.01 (#test with Sidak multiple
comparisons).
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Figure 4.
DNCB potentiates S33d cell activation through endogenous lipids. (A) IFN-y response of

S33d T cells to sulfatide presented by C1R CD1d cells pulsed with DNCB (6 uM, open
circles) or DMSO vehicle (VEH, closed circles). (B) Non-stimulatory d18:1 C22:1 sulfatide
was added to displace endogenous lipids from THP-1 CD1d cells previously pulsed with
DNCB (6pM, open circles) or VEH (closed circles), before assessing S33d T-cell response.
(C) Control response of the CD1a-restricted T-cell clone K34B9.1 to d18:1 C22:1 sulfatide
presented by THP-1 CD1a cells. Data are expressed as mean + SD, n=4,. *p<0.05, #test
with Sidak multiple comparisons. Data are from single experiments representative of 2-3
independent experiments.
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S33d

A wide range of contact sensitizers induce CD1-mediated T-cell activation. (A-C) The IFN-
v response of S33d cells to THP-1 CD1d cells pulsed with (A) resorcinol, (B) isoeugenol
and (C) cinnamaldehyde. (D) S33d cell response in the presence of anti-CD1d (a-CD1d) or
irrelevant (IgG2a) mAbs. Resorcinol was solubilized in medium and used at 2 mM,
isoeugenol was solubilized in DMSO and used at 250 uM, cinnamaldehyde was solubilized
in DMSO and used at 40 uM. (E) Response of B13 cells to THP-1 CD1a cells pulsed with
1,4 benzoquinone (10 uM in medium) and in the presence of anti-CD1a or irrelevant (IgG1)
mADbs (a-CD1a). Data are expressed as mean + SD, n=2-3, and are from single experiments
representative of 2-3 independent experiments. *p 0.01 vs. the relevant vehicle controls, #

test with Sidak multiple comparisons.
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