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Abstract  
Although several in vitro assays that predict the sensitizing potential of chemicals have been developed, none can 
distinguish between chemical respiratory and skin sensitizers. Recently, we established a new three-dimensional 
dendritic cell (DC) coculture system consisting of a human airway epithelial cell line, immature DCs derived from 
human peripheral monocytes, and a human lung fibroblast cell line. In this coculture system, compared to typical 
skin sensitizers, typical respiratory sensitizers showed enhanced mRNA expression in DCs of the key costimulatory 
molecule OX40 ligand (OX40L), which is important for T helper 2 (Th2) cell differentiation. Herein, we established 
a new two-step DC/T cell coculture system by adding peripheral allogeneic naive CD4+ T cells to the DCs stimulated 
in the DC coculture system. In this DC/T cell coculture system, typical respiratory sensitizers but not skin sensitizers 
enhanced mRNA expression of the predominant Th2 marker interleukin-4 (IL-4) and its transcription factor GATA-
binding protein 3. To improve the versatility, in place of peripheral monocytes, monocyte-derived proliferating cells 
called CD14-ML were also used in the DC coculture system. Similar to peripheral monocytes, enhanced mRNA 
expression of OX40L was observed by typical respiratory sensitizers compared to skin sensitizers. When these cell 
lines were applied to the DC/T cell coculture system with peripheral allogeneic naive CD4+ T cells, typical respiratory 
sensitizers but not skin sensitizers enhanced the mRNA expression of IL-4. Thus, this DC/T cell coculture system 
might be useful for discriminating between respiratory and skin sensitizers by differential mRNA upregulation of IL-
4 in T cells. 
 
 
 
1 Introduction 
 
There are two main types of allergic responses: skin sensitization, which is an allergic response in the skin following skin 

contact such as allergic contact dermatitis; and respiratory sensitization, which is an allergic response in the airways caused by 

inhalation, mostly asthma. Because there has been a worldwide movement to limit the use of animal models in the safety testing 

of chemicals, several in vitro assays that predict the skin sensitizing potential of chemicals have been developed including the 

direct peptide reactivity assay (Gerberick et al., 2004), KeratinoSens (Natsch and Emter, 2016), interleukin-8 luciferase (IL-8 

Luc) assay (Kimura et al., 2015), and the human cell line activation test (Ashikaga et al., 2006). Respiratory sensitizers often 

have adverse health effects that are quite severe and long-lasting and therefore are considered substances of very high concern 

(Tarlo and Lemiere, 2014). Thus, the risk management systems are quite different between chemical respiratory and skin 

sensitizers; however, none of the aforementioned assays can distinguish between them (Arts, 2020; North et al., 2016).  

 The adverse outcome pathway (AOP) for skin and respiratory sensitization pathways was established to accurately 

develop alternative methods for their evaluation (Kimber et al., 2018; MacKay et al., 2013; Sullivan et al., 2017). The AOP 

contains four key events (KEs): KE1 is covalent binding to skin proteins, KE2 is activation of keratinocytes, KE3 is activation 

of dendritic cells (DCs), and KE4 is activation of T cells. All of the currently developed and validated in vitro assays are based 

on KEs 1ï3; there is no validated in vitro assay based on KE4 to date (van Vliet et al., 2018). Respiratory and skin sensitizers 

induce different immune responses, predominantly T helper 2 (Th2) responses versus Th1-oriented responses mixed with Th2 

and Th17 responses (Adenuga et al., 2012; Arts et al., 2008; De Jong et al., 2009; Dearman et al., 1995; Goutet et al., 2012; 

Roggen, 2014; Vandebriel et al., 2000). Discrimination between respiratory and skin sensitizers is only achieved by the 

assessment of cytokine profiles in the mouse local lymph node assay, which is the gold standard assay for evaluating the 
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sensitization potential of chemicals (Kimber et al., 1994). The respiratory sensitizers induced higher expression of molecules 

critical for the induction of Th2 immune responses, such as IL-4 and IL-4 receptor alpha (IR-4RŬ), compared to the skin 

sensitizers (Adenuga et al., 2012; De Jong et al., 2009; Goutet et al., 2012). IL-4 induces the differentiation of naive CD4+ T 

cells into Th2 cells and is also a critical effector cytokine produced by Th2 cells (Paul, 2015; Zhu, 2015). Therefore, the 

difference in molecular mechanisms between respiratory and skin sensitization is considered to highly depend on whether the 

chemical induces Th2 immune responses, which are most precisely detected by upregulation of IL-4 in T cells as a marker. 

Thus, we postulated that the establishment of an in vitro T cell-based assay that recapitulates the physiological spatiotemporal 

flow of chemical sensitization processes in vivo, including the exposure of DCs to chemicals through the upper airway 

epithelium and migration of the antigen-presenting DCs to the draining lymph nodes to stimulate naive CD4+ T cells 

(Banchereau and Steinman, 1998), could discriminate respiratory sensitizers from skin sensitizers by differential upregulation 

of IL-4 in T cells, thereby becoming the ultimate in vitro assay.  

 To mimic the human airway upper epithelium, we recently developed a novel three-dimensional (3D) DC coculture 

system consisting of upper airway epithelial cells, immature DCs, and lung fibroblast cells cultured in individual scaffolds 

(Mizoguchi et al., 2017). This system successfully discriminates typical chemical respiratory sensitizers from typical skin 

sensitizers by measuring the critical molecule for Th2 differentiation in DCs, namely OX40 ligand (OX40L) (Furue and Furue, 

2021; Ito et al., 2005). To further improve the system and more precisely recapitulate the in vivo activation of naive CD4+ T 

cells by DCs that are stimulated with chemical sensitizers in the upper airway epithelium and then migrate into the draining 

lymph nodes, we herein established a new two-step DC/T cell coculture system by further adding peripheral allogeneic naive 

CD4+ T cells to the DCs stimulated in the DC coculture system. In this DC/T cell coculture system, the mRNA upregulation of 

IL-4 in T cells representing KE4 was successfully used to discriminate respiratory sensitizers from skin sensitizers. To improve 

the versatility, peripheral monocyte-derived immature DCs were similarly replaced with immature DCs derived from 

monocyte-derived proliferating cells called CD14-ML (Haruta et al., 2013; Imamura et al., 2016) in DC and DC/T cell coculture 

systems.  

 
 
2 Materials and Methods 
 
2.1 Cell culture 
The human upper airway epithelial cell line BEAS-2B (CRL-9609) (Reddel et al., 1988) and human lung fibroblast cell line 

MRC-5 (CCL-171) (Jacobs et al., 1970) were purchased from the American Type Culture Collection (Manassas, VA, USA). 

Cells were cultured at 37ÁC under 5% CO2/95% air in Eagleôs minimum essential medium (MEM; Gibco, Grand Island, NY, 

USA) containing 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 ɛg/mL streptomycin (Invitrogen, Carlsbad, CA, 

USA). Human peripheral blood monocytes and naive CD4+ T cells were cultured in RPMI 1640 medium (Sigma-Aldrich, St. 

Louis, MO, USA) containing 10% FBS, 100 U/mL penicillin, and 100 ɛg/mL streptomycin. CD14-ML cells were cultured in 

ŬMEM medium (Thermo Fisher Scientific, Waltham, MA, USA) containing 20% FBS, granulocyte macrophage colony-

stimulating factor (GM-CSF, 50 ng/mL), macrophage colony-stimulating factor (M-CSF, 50 ng/mL), 100 U/mL penicillin, and 

100 ɛg/mL streptomycin. BEAS-2B, MRC-5, and CD14-ML cells were passaged twice a week, and BEAS-2B and MRC-5 

cells were detached from plates with trypsin for the passage. We will consider using alternative materials to replace animal-

derived components such as FBS and antibodies that are/may be derived from ascites fluid, whose production is association 

with pain and suffering, in the future once the reproducibility and effectiveness of those alternative materials are fully validated. 

 
2.2 Reagents 
Three chemical skin sensitizers, oxazolone (4-ethoxymethylene-2-phenyl-2-oxazolin-5-one; OXA, purity Ó 90%, E0753), 

formaldehyde (FA, purity 36.5ï38%, F8775), and 2,4-dinitrochlorobenzene (DNCB, purity 97%, 138630); and three respiratory 

sensitizers, ortho-phthaldialdehyde (OPA, purity Ó 97%, P1378), and trimellitic anhydride (TMA, purity 97%, B4600), were 

purchased from Sigma-Aldrich (Tab. S11). Hexamethylene-1,6-diisocyanate (HDI, purity > 98%, H0324) was purchased from 

Tokyo Chemical Industry Co. Ltd. A magnetic bead conjugated with monoclonal antibody (mAb) against cluster of 

differentiation 14 (CD14) was purchased from Miltenyi Biotec (Bergisch Gladbach, Germany). The mAbs against human CD14 

(HCD14) and CD11c (clone 3.9) were obtained from BioLegend (San Diego, CA, USA), and eBioscience (La Jolla, CA, USA), 

respectively. Human recombinant GM-CSF, M-CSF, IL-4, and thymic stromal lymphopoietin (TSLP) were purchased from 

BioLegend. Human recombinant IL-2 was provided from Sionogi & Co., Ltd. (Osaka, Japan). OK-432 (penicillin-killed 

Streptococcus pyogenes) was provided from Chugai Pharmaceutical Co., Ltd. (Osaka, Japan), and lipopolysaccharide (LPS) 

was purchased form Sigma-Aldrich. 

 
2.3 Human CD14+ monocytes and naive CD4+ T cells 
This study was approved by the institutional review board of Tokyo Medical University (Nos. SH3323 and T2021-0141; Tokyo, 

Japan). Written informed consent was obtained from all participants in accordance with the Declaration of Helsinki. Fresh 

human peripheral blood was collected from healthy volunteers, and mononuclear cells were immediately purified by using 

Lympholyte-H (Cedarlane, Burlington, Canada) density gradient centrifugation. CD14+ monocytes were further purified from 

peripheral blood mononuclear cells by positive selection using the AutoMACS Pro cell separator with a magnetic bead 

conjugated with mAb against CD14 (Miltenyi Biotec). The purity was analyzed by flow cytometry with Brilliant Violet 421 

anti-CD14 using the FACS Canto II System (BD Biosciences, San Jose, CA, USA) followed by analysis with FlowJo Software 

(Tree Star, Ashland, OR, USA), and was routinely more than 99%. Naive CD4+ T cells were purified from peripheral blood 

mononuclear cells using Human Naive CD4+ T Cell Isolation Kit II (Miltenyi Biotec) and the autoMACS Pro cell separator. 

The purity of CD45RA+CD4+ T cells was routinely more than 98%. 
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2.4 Preparation of CD14-ML cell lines 
CD14-ML cell lines were established according to Dr. Senjuôs method (Haruta et al., 2013; Imamura et al., 2016). Briefly, 

CD14+ monocytes were infected with lentivirus expressing c-MYC, BIM1, and B-cell lymphoma 2 (BCL-2) and then were 

cultured in ŬMEM medium containing GM-CSF (50 ng/mL) and M-CSF (50 ng/mL) in 20% FBS according to a published 

method (Haruta et al., 2013; Imamura et al., 2016). Outgrowing cells appeared around 3 weeks and were further expanded to 

prepare frozen stocks or use for experiments. Mycoplasma testing was carried out using e-MycoTM VALiD Mycoplasma PCR 

Detection Kit (iNtRON Biotechnology, Inc., Gyeonggi-do, Korea) when the cell lines were established. Cells of passages 7 to 

15 were routinely used.  

 
2.5 Preparation of immature DCs 
To prepare immature DCs, peripheral CD14+ monocytes (1 Ĭ 106 cells/mL) were stimulated in a 24-well plate with GM-CSF 

(50 ng/mL) and IL-4 (10 ng/mL) in RPMI 1640 medium containing 10% FBS for 6 days. CD14-ML cells (1 Ĭ 106 cells/mL) 

were stimulated with GM-CSF (50 ng/mL), M-CSF (50 ng/mL), and IL-4 (100 ng/mL) in ŬMEM medium containing 20% 

FBS for 3 days. The purity of the resultant immature DCs was analyzed after staining with anti-CD11c and was routinely 

approximately 90%. 

 
2.6 Preparation of the DC coculture system 
The DC coculture was prepared by using Alvetex scaffold 12-well inserts or 24-well plates (Knight et al., 2011), which were 

purchased from ReproCell (Glasgow, UK), as previously described (Mizoguchi et al., 2017). The scaffold membrane was 

initially washed sequentially with ethanol, phosphate-buffered saline, and medium according to the manufacturerôs instructions. 

A 75-ɛl aliquot of suspension of BEAS-2B or MRC-5 cells (1.5 Ĭ 106 cells) was gently seeded directly onto the center of the 

scaffold in the 12-well insert and left for 4 h to allow cell attachment. Then medium was gently added to the scaffold and 

incubated for 3 days. A 50-ɛl aliquot of suspension of immature DCs (0.5ï1.0 Ĭ 106 cells) was gently seeded directly onto the 

center of the scaffold in the 24-well plate containing GM-CSF (50 ng/mL), and IL-4 (10 ng/mL) was gently added to the 

scaffold and incubated for 24 h. After incubation, the individual scaffolds were gently detached from the 12-well insert or 24-

well plate and stacked in the order of MRC-5 cells (bottom), immature DCs (middle), and BEAS-2B cells (top). Then they 

were attached to the bottom of a new sterile 12-well insert (Fig. 1). Subsequently, the 12-well insert was placed in a 12-well 

plate, and MEM was gently added and incubated for another 4 h. Then the medium was gently removed and a 5-ɛl aliquot of 

a chemical sensitizer, which was initially dissolved in dimethyl sulfoxide (DMSO) and then diluted with MEM, was gently 

added at six places on the top scaffold and left for 30 min followed by the addition of an equal mixture of MEM and RPMI 

1640 medium (2 mL) when peripheral monocyte-derived immature DCs were used or ŬMEM medium alone (2 mL) when 

CD14-ML-derived immature DCs were used. After stimulation for 9 h, the stacked scaffold was disassembled, the DC scaffold 

membrane was equally cut into 3 or 4 pieces, and RNA was extracted from each of them for real-time RT-PCR analysis. The 

concentrations of chemical sensitizers were titrated in advance and used as high as possible. Samples were not used whose 

hypoxanthine phosphoribosyltransferase (HPRT) mRNA expression level was less than one-tenth that of the untreated sample 

(Mizoguchi et al., 2017). 

 
2.7 Preparation of the DC/T cell coculture system 
The DC/T cell coculture was prepared by further adding peripheral allogeneic naive CD4+ T cells to the DCs stimulated in the 

DC coculture system. After 6 to 12 h, the stacked scaffolds stimulated with a chemical sensitizer in the DC coculture were 

disassembled, and the DC scaffold was taken out and placed on the bottom of a new 24-well plate. Then, 50 ɛl allogeneic naive 

CD4+ T cells (1.5 Ĭ 106 cells) in RPMI 1640 medium containing IL-2 (100 U/mL) were added to the DC scaffold and further 

incubated by adding 100 ɛL RPMI 1640 medium every 2 days for the indicated times followed by real-time RT-PCR analysis. 

 
2.8 Real-time RT-PCR 
Total RNA was prepared using an RNeasy Mini Kit (Qiagen, Hilden, Germany), and cDNA was prepared using oligo(dT) 

primer and SuperScript VI RT (Thermo Fisher Scientific). Real-time PCR was performed using the SYBR Premix Ex Taq II 

and Thermal Cycler Dice Real Time System according to the manufacturerôs instructions (Takara, Otsu, Shiga, Japan). HPRT 

was used as the housekeeping gene to normalize mRNA. The relative expression of PCR products was determined by using 

the ȹȹCt method to compare target gene and HPRT mRNA expression. The primers used in this study are listed in Table S21. 

 
2.9 Statistical analyses 
Data are presented as the mean Ñ standard deviation (SD). Only one representative data of multiple independent experiments 

is shown due to space constraints. Statistical analyses were performed by using one-way analysis of variance (ANOVA) and 

the Dunnettôs or TukeyïKramer multiple comparison test for comparing more than three groups using GraphPad Prism v7 

(GraphPad Software Inc., La Jolla, CA, USA). P < 0.05 was considered statistically significant. 

 
 
3 Results 
 
3.1 Establishment of a novel two-step DC/T cell coculture system 
To mimic the human upper airway epithelium, we recently established a 3D DC coculture system consisting of the airway 

epithelial cell line BEAS-2B, peripheral blood mononuclear cell-derived immature DCs, and the lung fibroblast cell line MRC-

5, using the Alvetex scaffold made of porous polystyrene (Knight et al., 2011) (Mizoguchi et al., 2017) (Fig. 1). 

Immunohistochemical analysis with anti-CD11c revealed that no vigorous migration of DCs into other scaffolds was observed 

during the initial 24 h after stimulation with chemical sensitizers (Mizoguchi et al., 2017). Therefore, after 6 to 12 h, the stacked  
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Fig. 1: Establishment of a novel 
DC/T cell coculture system 
The DC coculture system was first 
established by using the airway 
epithelial cell line BEAS-2B, 
peripheral blood mononuclear cell 
CD14+ monocyteïderived immature 
DCs, and lung fibroblast cell line 
MRC-5, which were initially cultured 
in individual scaffolds and then 
assembled on the bottom of an insert 
well by stacking the scaffolds. Then 
an aliquot of a chemical sensitizer 
was gently added to the top scaffold 
and left for 30 min followed by the 
addition of medium. After 9 h, the 
stacked scaffolds were 
disassembled, and total RNA was 
extracted from the DC scaffold for 
real-time RT-PCR analysis. For the 
DC/T cell coculture system, after 6 to 
12 h, the only DC scaffold was 
placed on the bottom of a new 24-
well plate. Then allogeneic naive 
CD4+ T cells were added to the DC 
scaffold and further incubated for the 
indicated times followed by real-time 
RT-PCR analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

scaffolds were disassembled. The DC scaffold was removed and placed on the bottom of a new 24-well plate, and allogeneic 

naive CD4+ T cells were added to the DC scaffold. We believe that this spatiotemporal flow well recapitulates the in vivo 

chemical sensitization process; after immature DCs capture antigen and become mature, the antigen-presenting DCs migrate 

to the draining lymph node to stimulate naive CD4+ T cells. This process is essential to initiate the adaptive immune response 

(Banchereau and Steinman, 1998). In addition, we made another assumption that in place of syngeneic naive CD4+ T cells, 

allogeneic naive CD4+ T cells would be well applicable. In the case of syngeneic naive CD4+ T cells, the response is too weak 

and therefore repetitive stimulation is necessary to detect the response (Richter et al., 2013; van Vliet et al., 2018; Vocanson et 

al., 2014). However, the response of allogeneic naive CD4+ T cells is strong and even after the first stimulation the response 

can be easily detected (Lakkis and Lechler, 2013; Sherman and Chattopadhyay, 1993). 

 

3.2 Early mRNA upregulation of IFN-ɔ by OXA and late mRNA upregulation of IL-4 by OPA in the DC/T 
coculture system with peripheral monocyte-derived immature DCs and allogeneic naive CD4+ T cells 
First, one set of typical skin and respiratory chemical sensitizers, OXA and OPA, was applied to the DC/T cell coculture system 

(Fig. 2A). Time-kinetic analysis of the mRNA expression of the T-cell activation marker CD69, Th1 differentiation marker 

IFN-ɔ, and Th2 differentiation marker IL-4 was performed. After stimulation of allogeneic naive CD4+ T cells with untreated 

DCs for 2 days, the mRNA expression of CD69 and IFN-ɔ but not IL-4 was increased due to the allogeneic response (Fig. 2B). 

However, the skin sensitizer OXA but not respiratory sensitizer OPA further upregulated IFN-ɔ mRNA expression, while OPA 

but not OXA tended to up-regulate IL-4 mRNA expression. Both sensitizers did not further upregulate CD69 mRNA expression. 

On day 5, OPA but not OXA significantly upregulated IL-4 mRNA expression (Fig. 2C). On day 7, no difference in the 

upregulation of IFN-ɔ and IL-4 mRNA was observed (Fig. 2D). These results suggest that the DC/T cell coculture system with 

peripheral monocyte-derived immature DCs and allogeneic naive CD4+ T cells can differentially detect the early mRNA 

upregulation of IFN-ɔ by OXA and late mRNA upregulation of IL-4 by OPA. 
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Fig. 2: Early mRNA upregulation of IFN-ɔ by OXA and late mRNA upregulation of IL-4 by OPA in the DC/T cell coculture 
system with peripheral monocyte-derived immature DCs and allogeneic naive CD4+ T cells 
Typical skin and respiratory chemical sensitizers, OXA and OPA, were applied to the DC/T cell coculture system with peripheral 
monocyte-derived immature DCs and allogeneic naive CD4+ T cells (A). After incubation for 2 (B), 5 (C), and 7 (D) days, total RNA 
was prepared from CD4+ T cells stimulated with chemical sensitizer-treated DCs and subjected to real-time RT-PCR analysis to 
examine the expression of CD69, IFN-ɔ, and IL-4 together with HPRT. Data were analyzed via ANOVA with Dunnettôs test to 
compare differences relative to a culture without chemical sensitizer (ī) (B) or CD4+ T cell (C, D) and with the Tukey-Kramer test 
to compare differences between skin and respiratory sensitizers. Data are shown as the mean Ñ SD (n = 3) and are representative 
of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant. Replicate experiments #1 and #2 (B-
D) were shown in the Fig. S1 and S21, respectively. 
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3.3 Selective mRNA upregulation of GATA-binding protein 3 by OPA in the DC/T cell coculture system with 
peripheral monocyte-derived immature DCs and allogeneic naive CD4+ T cells 
To confirm the late upregulation of IL-4 mRNA by OPA, we further analyzed the mRNA expression of the transcription factors 

c-Fos (Bendfeldt et al., 2012), T-bet (Szabo et al., 2000), and GATA-binding protein 3 (GATA-3) (Zhou and Ouyang, 2003), 

which are critically important for induction of their respective target cytokines IL-2, IFN-ɔ, and IL-4, respectively (Fig. 3A). 

OPA but not OXA significantly upregulated the mRNA expression of GATA-3, which is critically important for IL-4 induction 

(Fig. 3B). No significant mRNA upregulation of c-Fos and T-bet was observed at this time point, although it might have been 

too late to detect their upregulation on day 2. Thus, this DC/T cell coculture system can detect the selective mRNA upregulation 

of GATA-3 by OPA, further supporting the induction of Th2 immune responses.  

 

3.4 Selective mRNA upregulation of IL-4 by 3 typical respiratory sensitizers in the DC/T cell coculture 
system with peripheral monocyte-derived immature DCs and allogeneic naive CD4+ T cells 
To further examine the accuracy, in addition to the set of typical sensitizers OXA and OPA, two more sets of typical sensitizers 

DNCB and TMA, and FA and HDI were applied to the DC/T cell coculture system (Fig. 4A). After stimulation of allogeneic 

naive CD4+ T cells with sensitizer-treated DCs for 5 days, the mRNA expression of CD69, IFN-ɔ, and IL-4 was analyzed. 

Among three sets of typical sensitizers, respiratory sensitizers significantly upregulated IL-4 mRNA expression compared to 

skin sensitizers (Fig. 4B, C, D). Thus, this DC/T cell coculture system is useful to evaluate skin and respiratory sensitizers by 

the differential mRNA upregulation of IL-4. 

 

 
Fig. 3: Selective mRNA upregulation of GATA-3 by OPA in the DC/T cell coculture system with CD14-ML-derived immature 
DCs and allogeneic naive CD4+ T cells 
Typical skin and respiratory chemical sensitizers, OXA and OPA, were applied to the DC/T cell coculture system with CD14-ML-
derived immature DCs and allogeneic naive CD4+ T cells (A). After incubation for 2 days, total RNA was extracted from CD4+ T 
cells stimulated with chemical sensitizer-treated DCs and subjected to real-time RT-PCR analysis to examine expression of the 
transcription factors c-Fos, T-bet, and GATA-3 together with their respective target cytokines IL-2, IFN-ɔ, and IL-4, respectively, 
and HPRT (B). Data were analyzed via ANOVA with Dunnettôs test to compare differences relative to a culture without chemical 
sensitizer (ī) and with Tukey-Kramer test to compare differences between skin sensitizer and respiratory sensitizer. Data are 
shown as mean Ñ SD (n = 3) and are representative of two independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not 
significant. Replicate experiments #1 (B) were shown in the Fig. S31. 
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Fig. 4: Selective mRNA up-regulation of IL-4 by three typical respiratory sensitizers in the DC/T coculture system with 
CD14-ML-derived immature DCs and allogeneic naive CD4+ T cells 
Three sets of typical skin and respiratory chemical sensitizers, OXA and OPA (B), DNCB and TMA (C), and FA and HDI (D) were 
applied to the DC/T co-culture system with CD14-ML-derived immature DCs and allogeneic naive CD4+ T cells (A). After incubation 
for 5 days, total RNA was extracted from CD4+ T cells stimulated with chemical sensitizer-treated DCs and subjected to real-time 
RT-PCR analysis to examine the expression of CD69, IFN-ɔ, and IL-4 together with HPRT. Data were analyzed via ANOVA with 
Dunnettôs test to compare differences relative to CD4+ T cell (B) or a culture without chemical sensitizer (ī) (C, D) and with the 
Tukey-Kramer test to compare differences between skin and respiratory sensitizers. Data are shown as the mean Ñ SD (B, C, n 
= 3; D, n = 4) and are representative of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant. 
Replicate experiments #1 and #2 (B-D) were shown in the Fig. S4 and S51, respectively. 
















