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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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Contact sensitizers, including common cosmetic compounds, are able to 

unleash or potentiate the capacity of antigen-presenting cells to induce 

autoreactivity of skin-associated CD1a-restricted and CD1d-restricted T 

cells. The sensitizers activity depends on endogenous lipids presented by 

CD1 molecules and is mediated by specific T-cell receptors. 
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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 c 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]. 
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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 

iNKT cells may participate in the inflammatory response to haptens, typically via influencing the 

response of other immune cell types. iNKT 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. 

 

 

Results 

 

DNCB-pulsed CD1
+
 human APCs activate CD1a- 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 
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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 CD1a-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 6µM showed the highest T-cell stimulatory 

capacity, while exposure to concentrations above 6µM 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 II 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 (≥4µM). 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-γ and TNFα, produced by B13 cells, as well as 

IL-2, IL-4, IL-10, GM-CFS, IFN-γ and TNFα, produced by S33d cells (Fig. 1E and F, absolute values 

Supporting Information Fig. 2 and 3). 
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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 

iNKT cells (Supporting Information Fig. 4B), the α-galactosylceramide-responding VM-D5 iNKT 

cells (Supporting Information Fig. 4C), and the (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate-

responding G2B2 TCR γδ cells (Supporting Information Fig. 4D) were not influenced by DNCB, thus 

excluding a generalized effect on T-cell responses. 

 

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 α, β, γ and δ genes, were transduced using lentiviruses containing the TCR 

α and β 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.  
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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 CD1d 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 
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response to the exogenously added 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. 
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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 I and class II 

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 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 
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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 HeLa 

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. 

 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 
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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 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. 
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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 II 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 CD1a-transgenic mice 

by stimulating CD1a-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.  

variability [9, 30].

 

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. 
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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, α and β 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 (8µg/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 
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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 (W6/32, both eBioscience, San Diego, CA), CD1a (OKT6), 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), (2E)-3-

phenylprop-2-enal (cinnamaldehyde, solvent DMSO), 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 grade over 99.6%, L’Oréal 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, α-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 (50µg/ml, AbCam, Cambridge, UK) and brefeldin A (4µg/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-γ, R&D systems, Minneapolis, MN) and 
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Luminex assay (Merck Millipore, Billerica, MA). Luminex data is presented as heatmap based on the 

z-score, 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/e/f, IL-21, IL-

22, IL-23, IL-27, IL-28, IL-31, IL-33, TNF-β and MIP-1α were not detected (data not shown). For 

B13 clone, DNCB-treatment of THP-1 cells did not change IL-13 production, while IL-15, IL-17a/e/f, 

IL-21, IL-23, IL-27, IL-28, IL-33, TNF-β and MIP-1α 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 (HI149), 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 CCR4 (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). 
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Statistical analysis 

Data are expressed as mean ± SD and analyzed using Student’s t-test with Sidak multiple 

comparisons. P≤0.05 was considered significant. 
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Figure legends 

 

Figure 1. 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 CD1d 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 μM, open circles), or DMSO 

vehicle (VEH, closed circles). Production of (A, B) GM-CSF and (C, D) IFN-γ was measured by 

ELISA and shown as  mean ± SD, n=3 for B13, n=4 for S33d cells. *p≤0.01, t-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 μM) or VEH. Normalized data is expressed as the z-score. 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-β 

and MIP-1α. (F) Heatmap of cytokines produced by S33d cells cultured with THP-1 CD1d cells 

previously pulsed with DNCB (6 μM) or VEH. Normalized data are expressed as the z-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, IL-15, IL-17a/e/f, IL-21, IL-

22, IL-23, IL-27, IL-28, IL-31, IL-33, TNF-β and MIP-1α. (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 (α-CD1a, A) and anti-

CD1d (α-CD1d, B) or isotype-matched control mAbs (IgG1 and IgG2b, respectively) were added to 

(A) THP-1 CD1a cells and (B) THP-1 CD1d cells pulsed with DNCB (6 µM) 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 (t-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 µM) before stimulation of S33d cells. IFN-γ release was measured by 

ELISA and data from single experiments representative of 3 independent experiments, are expressed 

as mean ± SD, n=3. (B) IFN-γ response of S33d cells to THP-1 CD1d cells fixed then pulsed with 

DNCB (6 µM) or pulsed first with DNCB (6 µM) and then fixed. Data are expressed as mean + SD, 

n=3, and are from a single experiment representative of 3 independent experiments. (C) IFN-γ 

response of S33d cells to DNCB (6 µM)- 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 (t-test 

with Sidak multiple comparisons). 
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Figure 4. DNCB potentiates S33d cell activation through endogenous lipids. (A) IFN-γ response of 

S33d T cells to sulfatide presented by C1R CD1d cells pulsed with DNCB (6 µM, 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 (6µM, 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, t-test with Sidak multiple comparisons. Data are from 

single experiments representative of 2-3 independent experiments. 
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Figure 5. A wide range of contact sensitizers induce CD1-mediated T-cell activation. (A-C) The IFN-

γ 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 (α-CD1d) or irrelevant (IgG2a) 

mAbs. Resorcinol was solubilized in medium and used at 2 mM, isoeugenol was solubilized in 

DMSO and used at 250 µM, cinnamaldehyde was solubilized in DMSO and used at 40 µM. (E) 

Response of B13 cells to THP-1 CD1a cells pulsed with 1,4 benzoquinone (10 µM in medium) and in 

the presence of anti-CD1a or irrelevant (IgG1) mAbs (α-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, t-test with Sidak multiple comparisons. 
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The authors present a very interesting manuscript with important implications for understanding contact 

allergy.  However there were a few issues:  

 

1. I am concerned that all of the results could be explained by an increase in co-stimulatory molecules 

induced by the contact sensitisers.  This could be tested by also using peptide-specific T cell clones as 

controls. And in addition some of the effects may be due to increased CD1a.  Fig S6 suggests that CD1a 

expression is increased  on exposure (as opposed to that stated in text, unless I am misinterpreting).   

These issues will be difficult for the authors to definitively test because use of a CD1a plate-bound assay 

will be difficult if the antigens are endogenous. However I do still think a CD1a plate bound assay would 



Peer review correspondence 

be useful anyway in order to absolutely exclude the possibility that the contact sensitisers are permissive 

antigens themselves.  

2. It would be helpful to have definitive evidence that the T cells used were indeed true clones (eg by TCR 

sequence).  These data would be interesting in their own right but would also help rule out the possibility 

of mixed CD1a-reactivity patterns within one “clone”.  

3. The data are slightly at odds with clinical observation and I would be interested in the authors view on 

that.  The results presented might suggest that reactivity would occur on first exposure to the contact 

sensitiser but in practice it requires repeated exposures with the subsequent exposures having greater 

responses (thought to be due to immunological memory). The data don’t really fit that.  The results would 

also suggest that everyone would react to all of the allergens, which is true of DNCB but only some 

individuals react to the other allergens used.  Also you do not typically see clinical cross-reactivity across 

all the sensitisers used, which would have been predicted from the results.  A further experimental 

approach could be comparing T cell responses between non-allergic and allergic donors to see whether 

they show cross-reactivity between the different allergens.  

4. Minor points:  Text suggests IL33 was measured but figures suggest IL31 instead. Donor initials should 

not appear in the paper (I am not sure if this is the case but I wondered about “SKW”). What was timing for 

fig 3B?  

 

This is a very interesting manuscript and the authors are testing a challenging hypothesis.  My major 

concerns are point 1 and 3 above -  I think further experiments are needed to justify the conclusions.    
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Betts et al have made the original hypothesis that chemicals known to have contact sensitizing (CS) 

effects may exert their functions also via stimulating CD1 restricted and self-lipid specific T cells, which are 

abundant in the skin. They elegantly demonstrate that the reactivity of a class of CD1a and CD1d self-

reactive T cell clones is indeed unleashed or potentiated, respectively, by pre-incubating CD1-

expressingAPCs not only with the classic CS compound dinitrochlorobenzene (DNCB), but also with other 

CS molecules such as resorcinol, isoeugenol, cinnamaldehyde for a CD1d self-reactive T cell clone, and 

1,4 benzoquinone for the CD1a self-reactive one. Authors demonstrate that the CS-dependent stimulation 

of T cell clones requires: i binding of CS to selective (yet unknown) self-lipids and CD1 molecules; ii the 

biosynthetic transport of these chemically modified complexes to the APC surface, and iii the stimulation 

of the specific T cells by the cognate complex via TCR engagement. The authors conclude that this may 

be a previously unknown mechanism to induce contact sensitivity and reactive skin pathologies triggered 

by lipid-specific T cell responses.  
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This is a well conducted study reporting original results and suggesting an intriguing new pathogenic 

mechanisms for contact dermatitis entailing the action of the abundant, though elusive, CD1-restricted 

self-reactive T cell repertoire.  

 

Minor points  

1. Fig 1 panel E, F: please clarify whether panels show cytokine production by replicate T cell cultures with 

same stimulation conditions;  

2. It is unclear whether authors suppose that C1R-CD1d cells do not bind lipids on CD1d, or do not bind 

the right lipid species that would be permissive for the “immunogenic” structural modification resulting from 

the CS binding to the complex 
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Reviewer 1 

We thank the reviewer for considering our manuscript to be very interesting, challenging and with 

important implications for understanding contact allergy. 

Major points 

1. I am concerned that all of the results could be explained by an increase in co-stimulatory molecules 
induced by the contact sensitisers. This could be tested by also using peptide-specific T cell clones 
as controls. And in addition some of the effects may be due to increased CD1a. Fig S6 suggests that 
CD1a expression is increased on exposure (as opposed to that stated in text, unless I am 
misinterpreting). These issues will be difficult for the authors to definitively test because use of a 
CD1a plate-bound assay will be difficult if the antigens are endogenous. However I do still think a 
CD1a plate bound assay would be useful anyway in order to absolutely exclude the possibility that 
the contact sensitisers are permissive antigens themselves. 

 

1a. We agree with the reviewer that these are important issues. The upregulation of co-stimulatory 

molecules is indeed a well-documented effect exerted by CSs on several cell types, including DCs 

and THP-1 cells (references for DNCB in particular are the following: Aiba et al. 1997, Eur. J. 

Immunol. 27:3031-3038; Aiba et al. 2003, J. Invest. Dermatol. 120:390-399; Miyazawa et al. 2007, 

Toxicol. in vitro 21:428-437). As suggested by the reviewer, we tested the effect on monocyte-derived 

DCs and THP-1 cells of 24h treatment with DNCB at 1.5, 3 and 6 µM, the concentrations used in our 

study, which are lower than those reported in the literature. We observed no significant upregulation, 

over the vehicle DMSO treatment, of CD80, CD83 and CD40 in THP-1 cells and a slight increase in 

the expression of CD86 only at the highest DNCB dose of 6 µM (Figure for reviewer, panel A). Similar 

results were obtained with monocyte-derived DCs (Figure for reviewer, panel B). 
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Throughout the study however, the effect observed on the response of the two T cell clones 

was already significant at DNCB doses of 1.5 µM for DCs (Fig. 1A) and of 3 µM for THP-1 cells (Fig. 

1B and C), thus rendering it unlikely that the potentiation of the T cell response could be due to 

costimulation. 

Regarding the increased expression of CD1 molecules, we only observed a significant 

upregulation of CD1a and CD1d on the THP-1 CD1-transfected cells with 6 µM DNCB and not at 

lower doses that are also stimulatory for the T cells. 

Importantly, in moDCs we did not observe upregulation of both CD1a and CD1d molecules at 

any of the tested doses, in accordance with published data (Aiba et al. 1997, Eur. J. Immunol. 

27:3031-3038). Nevertheless, these APCs showed increased stimulation capacity after DNCB 

treatment. These results are now included in the manuscript as Supporting Information Fig. 7. 

To further exclude unspecific magnification of the antigen-presentation capacity following CS 

treatment, we showed control experiments using the very same APCs also used to stimulate the two 

T cell clones (B13 and S33d). Three other CD1-restricted T cell clones were not influenced by the 

presence of CSs. In particular, the response of two CD1d-restricted clones was not influenced by 
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CSs even at very low antigen doses, which represent ideal conditions to reveal co-stimulation effects 

(Supporting Information Fig. 4).  

 

Taken together, these findings implicate that, at least in the tested conditions, it is possible to 

exclude that CSs increase the response of these CD1-restricted T cells by increased expression of 

CD1 antigen presenting molecules and/or co-stimulatory molecules.  

 

1b. The reviewer would like us to “absolutely exclude the possibility that the contact sensitisers are 

permissive antigens themselves”. The following experimental evidences provided in the manuscript 

formally excluded that CSs could be antigens for the two T cell clones used: i) DNCB requires a 

minimum of 12 hours of incubation with APCs before showing a significant stimulatory activity (Fig. 

3A). This time is too long for generation of a complex made by the presenting molecule and a small 

antigen not requiring extensive processing; ii) fixed THP-1 CD1d cells treated with DNCB do not 

stimulate (Fig. 3B), thus making unlikely direct loading on CD1d, and iii) C1R CD1d cells are not 

stimulatory in the presence of DNCB (Fig. 4A), thus excluding that DNCB is a permissive antigen 

presented by CD1d. 

We also performed plate-bound assays as suggested by the reviewer, using soluble 

recombinant CD1a and CD1d incubated with DNCB or control DMSO vehicle, but never succeeded 

in stimulating B13 or S33d cells, respectively. In addition, despite our numerous attempts using mass 

spectrometry determinations, we could not detect DNCB binding to the purified soluble recombinant 

CD1 molecules (Shareef Mohideen Ismail, unpublished observations). Thus, these negative results 

were not included in the manuscript.  

 

2. It would be helpful to have definitive evidence that the T cells used were indeed true clones (eg by 

TCR sequence). These data would be interesting in their own right but would also help rule out the 

possibility of mixed CD1a-reactivity patterns within one “clone”. 

 

On page 8 we have provided the TCR α and β gene usage resulting from the sequencing of 

the functional full-length transcript of the clones. Additional TCR genes were not found expressed. 

The isolated TCR sequences were used for the TCR gene transfer experiments illustrated in Fig. 2C 

and D. The identification of the TCR Vβ region expressed by the clones has also allowed the use of 

mAbs specific for Vβ16 (for the T cell clone B13) and Vβ13 (for the T clone S33d), to check cell 
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identity and clonality throughout the study. The two antibodies detected one population of positive 

cells in each clone. 

 

3. The data are slightly at odds with clinical observation and I would be interested in the authors view on 
that. The results presented might suggest that reactivity would occur on first exposure to the contact 
sensitiser but in practice it requires repeated exposures with the subsequent exposures having 
greater responses (thought to be due to immunological memory). The data don’t really fit that.  The 
results would also suggest that everyone would  
react to all of the allergens, which is true of DNCB but only some individuals react to the other 
allergens used.  Also you do not typically see clinical cross-reactivity across all the sensitisers used, 
which would have been predicted from the results. A further experimental approach could be 
comparing T cell responses between non-allergic and allergic donors to see whether they show 
cross-reactivity between the different allergens. 

 

We thank the reviewer for requesting our view on the clinical implications of our findings. The 

study describes additional possible mechanisms by which T cells react to CSs, without denying the 

relevance of T cells with other antigen specificities and HLA restriction. The CD1-restricted T cells 

would add on the classical CS-reactive HLA-restricted T cells in the overt manifestation of contact 

dermatitis. 

Our T cell clones are representative of the CD1 self-reactive cells found at high-frequency in 

normal donors and earlier reported by de Jong et al. 2010, (reference 9 in the manuscript) and us (de 

Lalla et al. 2011, Eur. J. Immunol. 41:602-610). Self-reactive T cells restricted to CD1a, CD1c and 

CD1d molecules, show a polyclonal TCR repertoire, a marked inter-individual variability, recognize 

different self-lipids and are only stimulated by some APC (our unpublished data). In addition, as we 

report here, CSs did not influence the response of several other tested CD1a- and CD1d-autoreactive 

T cell clones. All these findings support the vast heterogeneity of self lipid-reactive T cells.  

We propose that, despite the lack of functional polymorphism of human CD1 molecules that 

would in theory allow everybody to react to the allergens, only the interaction of certain CSs with 

certain APCs, and the concomitant activation of T cells with a matching TCR, would contribute to the 

manifestation of contact dermatitis. The requirement for such a combination would represent a 

natural limit to the number of individuals who develop lipid-specific T cells unleashed by the CS 

presence. This interpretation would be in line with the observed high variability in the frequency of 

self-lipid reacting T cells and does not imply that every individual reacts to CS-exposed APC. 

Furthermore, in agreement with the clinical observations that clearly indicate requirement of repeated 

exposures, we envisage a need for multiple exposures to CSs in order to increase the number of 

reacting CD1-restricted T cells. We discuss these aspects in the revised version of the manuscript 

(Discussion, pages 14-15). 
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We also found that the clones described here are influenced by different CSs. Our 

interpretation is that common mechanisms are induced by the used compounds. The possible 

mechanisms described in the discussion are: i) CSs stably bind to nascent CD1 molecules and 

induce the formation of ternary complexes made by CD1, permissive endogenous lipid-antigens and 

CS, or ii) CSs induced an increased synthesis of endogenous lipid-antigens, in turn responsible for 

the stimulation of CD1-restricted T cells. In the discussion (pages 11-13), we elaborated on these two 

possibilities also based on current literature. 

The experimental approach proposed by the reviewer to compare the frequencies of T cells 

reactive to each CS in allergic vs. non-allergic donors will be extremely informative to gain insights 

into contact allergy pathogenesis. Due to the time requested for studies involving patient’s material 

and the workload, this type of experiments will be the subject of a dedicated future study. 

Minor points 

4. Minor points: Text suggests IL33 was measured but figures suggest IL31 instead. Donor initials 

should not appear in the paper (I am not sure if this is the case but I wondered about “SKW”). What 

was timing for fig 3B? 

 

4a. We apologize for the typo in the text indicating IL-33 instead of IL-31. The text has been corrected in 

the Results (page 7). 

4b. SKW does not represent donor initials, but the name of the T cell leukemia line obtained from the 

Leibniz-Institut DSMZ cell repository. We used these cells as recipient of the TCRs genes and kept 

SKW-3 in the name of the transduced cells. 

4c. Fig. 3B illustrates the CS effect when APCs were incubated for 24 hours before or after APC fixation. 

The text has been amended (Materials and Methods, page 18). 

 

Reviewer 2 

We thank the reviewer for considering our study well conducted, reporting original results and 

suggesting an intriguing new pathogenic mechanism for contact dermatitis. 

 

Minor points 

1. Fig 1 panel E, F: please clarify whether panels show cytokine production by replicate T cell cultures 

with same stimulation conditions. 
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The cytokine multiplex assays have been done using replicates of culture conditions: triplicates for 

the APC alone or quintuplicates for APCs and T cells. Part of this information was included in the 

legend to Supporting Information Fig. 2 and 3. It has been now added to the legend of Fig. 1 (page 

24).  

 

2. It is unclear whether authors suppose that C1R-CD1d cells do not bind lipids on CD1d, or do not 
bind the right lipid species that would be permissive for the “immunogenic” structural modification 
resulting from the CS binding to the complex. 
 
This point is very important for understanding the mechanism of action of these CS. C1R-CD1d cells 

efficiently bind and present lipid antigens (Fig. 4A), but do not stimulate the tested autoreactive T cell 

clone probably due to the absence of the “immunogenic” lipid species even upon interaction with CS. 

The text has been amended in order to render this part clearer (Results, page 9). 

 

 

Second Editorial Decision – 23 March 2017  

 

Dear Dr. Mori,  

 

Thank you for submitting your revised manuscript ID eji.201746939.R1 entitled "Contact sensitizers trigger 

human CD1-autoreactive T cell responses" to the European Journal of Immunology. Your manuscript has 

been re-reviewed and the comments of the referees are included at the bottom of this letter.  

 

Although the referee(s) have recommended publication, some revisions to your manuscript have been 

requested. Therefore, I invite you to respond to the comments of the referees and revise your manuscript 

accordingly.  

 

You should also pay close attention to the editorial comments included below.  *In particular, please edit 

your figure legends to follow Journal standards as outlined in the editorial comments.  Failure to do this 

will result in delays in the re-review process.*  

 

If the revision of the paper is expected to take more than three months, please inform the editorial office. 

Revisions taking longer than six months may be assessed by new referees to ensure the relevance and 

timeliness of the data.  

 

Once again, thank you for submitting your manuscript to European Journal of Immunology. We look 

forward to receiving your revision.  
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Yours sincerely,  

Karen Chu  

 

on behalf of Prof. Francesco Annunziato  

 

Dr. Karen Chu  

Editorial Office  

European Journal of Immunology  

e-mail: ejied@wiley.com  

www.eji-journal.eu  

 

*********************  

 

Reviewer: 1  

 

Comments to the Author  

Thank you for the clarifications. I had some minor suggestions in response:  

 

1. on page 11, add "at the relevant concentrations" after "data  also  excluded  that  the  increased  CD1 

expression  observed  on  APCs  following DNCB  treatment".  

 

2. It would be helpful to add a description of the new data detailed in the second paragraph response 1b, 

as I do think this is helpful in terms of considering the mechanisms.  

 

 

Reviewer: 2  

 

Comments to the Author  

The authors have replied to all my queries. The manuscript has been adequately revised. 

 

 

Second revision – authors’ response – 24 March 2017 

 

We have made the requested modifications to the main text and figure legends, which you will see in track 

mode. Following editorial instructions, we have deleted all the comments after having addressed them.  

We have only left a reply to your comment within the title, for answering your specific request.  

 

Regarding the additional minor suggestions proposed by Reviewer 1, we have  
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1) inserted the requested sentence at page 11 and  

2) inserted a sentence at page 12 referring to the description of the additional experiments performed and 

their significance.  

Because these results were negative, we think that it is appropriate to mention them without overloading 

the paper.  

 

Once again we thank the editors and the reviewers for their precious contribution in improving the 

manuscript. 

 

 

Third Editorial Decision – 31 March 2017 

 

Dear Dr. Mori,  

 

It is a pleasure to provisionally accept your manuscript entitled "Contact sensitizers trigger human CD1-

autoreactive T-cell responses" for publication in the European Journal of Immunology. For final 

acceptance, please follow the instructions below and return the requested items as soon as possible as 

we cannot process your manuscript further until all items listed below are dealt with.  

 

Please note that EJI articles are now published online a few days after final acceptance (see Accepted 

Articles: http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1521-4141/accepted). The files used for the 

Accepted Articles are the final files and information supplied by you in Manuscript Central. You should 

therefore check that all the information (including author names) is correct as changes will NOT be 

permitted until the proofs stage.  

 

We look forward to hearing from you and thank you for submitting your manuscript to the European 

Journal of Immunology.  

 

Yours sincerely,  

Karen Chu  

 

on behalf of Prof. Francesco Annunziato  

 

Dr. Karen Chu  

Editorial Office  

European Journal of Immunology  

e-mail: ejied@wiley.com  

www.eji-journal.eu 
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Supporting Information Figure 1. B13 clone is CD1a-restricted and has a skin-

associated phenotype. (A) Response of B13 cells cultured with allogeneic DC 

(moDC) in the absence or presence of mAbs specific for HLA-DR, CD1a, b, c, or d. 

*p≤0.001, t-test with Sidak multiple comparisons. (B) Response of B13 cells 

incubated with THP-1 cells or THP-1 cells overexpressing CD1a, b, c or d. (C) 

Production of IL-22 by B13 cells in response to either moDC or THP-1 CD1a cells. 

Data shown in A-C represent cytokine release measured by ELISA (mean + SD, n=3-

4) and are from single experiments representative of 2-3 independent experiments. 

(D) High levels of surface expression of CCR4 by B13 cells (red histogram). Purple 

histogram represents staining with isotype-matched mAbs. (E) Strategy for sequential 

gating of living T-cells based on FSC and SSC parameters and exclusion of dead 

cells.  
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Supporting Information Figure 2. Absolute cytokine levels released by B13 cells in 

the presence THP-1 CD1a cells pulsed with DNCB or DMSO vehicle. These 

concentrations, expressed in ng/ml (mean + SD), were used in the heatmap of Fig. 1E. 

*p≤0.01, **p≤0.001, 1-way ANOVA with Sidak’s multiple comparisons, n=5. 
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Supporting Information Figure 3. Absolute cytokine levels released by S33d cells 

in the presence of THP-1 CD1d cells pulsed with DNCB or DMSO vehicle. These 

concentrations expressed in ng/ml (mean + SD), were used in the heatmap of Fig. 1F. 

*p≤0.01, **p≤0.001, 1-way ANOVA with Sidak’s multiple comparisons, n=5. 
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Supporting Information Figure 4. DNCB-pulsing of CD1+ APCs does not alter the 

response of other T-cell clones. (A) Response of the K34B9.1 cells (self-sulfatide 

specific and CD1a-restricted T-cell clone) to THP-1 CD1a pulsed with DNCB (6 µM) 

or DMSO vehicle (VEH). Response to α-galactosylceramide (αGalCer) of (B) JS63 

cells (CD1d self-reactive iNKT cell clone) and (C) VM-D5 cells (iNKT-cell clone 

with no self-reactivity). (D) Response of the TCR γδ clone G2B2 to THP-1 CD1d 

cells pulsed with DNCB (6 µM) or DMSO vehicle, in the presence or absence of (E)-

4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP, 0.1 µM). Data are expressed 

as GM-SF or IFN-γ release measured by ELISA (mean ± SD, n=3-4) and are from 

single experiments representative of 2-3 independent experiments. 
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Supporting Information Figure 5. DNCB effect is not mediated by soluble factors 

released by APCs. Response of S33d cells to THP-1 CD1d cells pulsed with DNCB 

(6 µM) or vehicle only, either co-cultured in the same wells or separated by a 

transwell system. Data indicate IFN-γ release measured by ELISA (mean + SD, n=3-

4). *denotes p≤0.01, t-test with Sidak multiple comparisons. Data are from a single 

experiment representative of 2 independent experiments. 
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Supporting Information Figure 6. Surface expression of CD1 molecules on THP-1 

cells after treatment with DNCB. Expression of (A) CD1a and (B) CD1d on THP-1 

cells transfected with CD1a or CD1d, respectively, after 24 h incubation with DNCB 

6 µM (blue), 3 µM (green), 1.5 µM (yellow) or vehicle control (red). The control 

stainings with irrelevant mAbs were equivalent for all conditions and one 

representative histogram (DNCB 6 µM) is shown in purple. Plots are from a single 

experiment representative of 2-3 independent experiments. (C) Strategy for sequential 

gating of living THP-1 cells based on FSC and SSC parameters and exclusion of dead 

cells. 
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Supporting Information Figure 7. Surface expression of costimulatory and CD1 

molecules on moDCs after treatment with DNCB. Expression of (A) CD86, CD83, 

CD 80 and CD40 molecules, and (B) CD1a, b, c and d molecules after incubation 

with DNCB 6 µM (blue), 3 µM (green), 1.5 µM (yellow) or vehicle control (red) for 

24 h. The control stainings with irrelevant mAbs were equivalent for all conditions 

and representative histograms (DNCB 6 µM) are shown in pink. Plots are from single 

experiments representative of 2-3 independent experiments. (C) Strategy for 

sequential gating of living moDCs based on FSC and SSC parameters and exclusion 

of dead cells. 
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