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test (hCLAT, Ashikaga et al., 2006). Respiratory sensitizers often 
have adverse health effects that are quite severe and long-last-
ing 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 sensi-
tizers; however, none of the aforementioned assays can distin-
guish between them (Arts, 2020; North et al., 2016). 

The adverse outcome pathway (AOP) for skin and respirato-
ry 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 

1  Introduction

There are two main types of allergic response: 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 inhala-
tion, mostly asthma. Because there is 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 (DPRA, 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 
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Abstract
Although several in vitro assays that predict the sensitizing potential of chemicals have been developed, none can distin-
guish 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 mono-
cytes, and a human lung fibroblast cell line. In this coculture system, compared to skin sensitizers, 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 naïve CD4+ T cells to the DCs stimulated in the DC coculture system. In this DC/T cell coculture system, model 
respiratory sensitizers, but not skin sensitizers, enhanced mRNA expression of the predominant Th2 marker interleukin-4 
(IL-4). To improve the versatility, in place of peripheral monocytes, monocyte-derived proliferating cells called CD14-ML 
were used in the DC coculture system. As in peripheral monocytes, enhanced mRNA expression of OX40L was induced 
in CD14-ML by respiratory sensitizers compared to skin sensitizers. When these cell lines were applied to the DC/T cell 
coculture system with peripheral allogeneic naïve CD4+ T cells, respiratory sensitizers but not skin sensitizers enhanced the 
mRNA expression of IL-4. Thus, this DC/T cell coculture system may be useful for discriminating between respiratory and skin 
sensitizers by differential mRNA upregulation of IL-4 in T cells.
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CD4+ T cells by DCs that are stimulated with chemical sensi-
tizers 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 adding peripheral allogeneic 
naïve CD4+ T cells to the DCs stimulated in the DC coculture 
system. In this DC/T cell coculture system, the upregulation 
of IL-4 mRNA in T cells, representing KE4, was successful-
ly used to discriminate respiratory sensitizers from skin sensi-
tizers. To improve the versatility, it was investigated whether 
peripheral monocyte-derived immature DCs could be replaced 
with immature DCs derived from monocyte-derived proliferat-
ing cells called CD14-ML (Haruta et al., 2013; Imamura et al., 
2016) in DC and DC/T cell coculture systems. 

2  Materials and methods

Reagents
Three chemical skin sensitizers, oxazolone (4-ethoxymethylene-
2-phenyl-2-oxazolin-5-one; OXA, purity ≥ 90%, E0753), formal- 
dehyde (FA, purity 36.5-38%, F8775), and 2,4-dinitrochloro-
benzene (DNCB, purity 97%, 138630); and two respiratory sen-
sitizers, ortho-phthaldialdehyde (OPA, purity ≥ 97%, P1378), 
and trimellitic anhydride (TMA, purity 97%, B4600), were 
purchased from Sigma-Aldrich (Tab. S11). Hexamethylene-1,6- 
diisocyanate (HDI, purity > 98%, H0324), a third respiratory sen-
sitizer, was purchased from Tokyo Chemical Industry Co., Ltd. 
Human recombinant GM-CSF, M-CSF, IL-4, and thymic stromal 
lymphopoietin (TSLP) were purchased from BioLegend. Human 
recombinant IL-2 was obtained from Sionogi & Co., Ltd. (Osa-
ka, Japan). OK-432 (penicillin-killed Gram-positive Streptococ-
cus pyogenes) was provided by Chugai Pharmaceutical Co., Ltd. 
(Osaka, Japan), and lipopolysaccharide (LPS from Escherichia 
coli O55:B5), RPMI 1640, and fetal bovine serum (FBS) were 
purchased from Sigma-Aldrich. αMEM was purchased from 
Gibco, Grand Island, NY, USA. Penicillin and streptomycin were 
purchased from Invitrogen (Carlsbad, CA, USA). 

Human CD14+ monocytes and naïve CD4+ T cells
This study was approved by the institutional review board of To-
kyo Medical University (Nos. SH3323 and T2021-0141; Tokyo, 
Japan). Written informed consent was obtained from all partici-
pants in accordance with the Declaration of Helsinki. Fresh hu-
man peripheral blood, anticoagulated with heparin, was collected 
from seven healthy volunteers (Tab. S21), and mononuclear cells 
were immediately purified 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 magnetic beads conjugated with mono-
clonal antibodies against CD14 (Miltenyi Biotec, Bergisch 
Gladbach, Germany). Their purity was analyzed by flow cytom-
etry with Brilliant Violet 421 anti-CD14 (HCD14, BioLegend, 

cells (DCs), and KE4 is activation of T cells. All of the currently 
developed and validated in vitro assays are based on KEs 1-3; 
there is no validated in vitro assay based on KE4 to date (van 
Vliet et al., 2018), although several types of T cell-based assays 
have been reported including the human T cell priming assay 
(hTCPA, Richter et al., 2013; Vocanson et al., 2014) and a novel 
assay for skin sensitization using the human T lymphocyte cell 
line Jurkat Clone E6-1 (Hou et al., 2020). 

Discrimination between respiratory and skin sensitizers is cur-
rently only achieved by the assessment of cytokine profiles in the 
mouse local lymph node assay, which is the gold standard assay 
for evaluating the sensitization potential of chemicals (Kimber et 
al., 1994). Respiratory and skin sensitizers induce different im-
mune responses, predominantly T helper 2 (Th2) responses ver-
sus Th1-oriented responses mixed with Th2 and Th17 responses, 
respectively (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). Specifically, respiratory sensitiz-
ers induce a higher expression of IL-4 and IL-4 receptor alpha 
(IL-4Rα), compared to skin sensitizers (Adenuga et al., 2012; De 
Jong et al., 2009; Goutet et al., 2012). IL-4 induces the differen-
tiation of naïve 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 re-
spiratory and skin sensitization is considered to highly depend on 
whether the chemical induces Th2 immune responses, for which 
IL-4 upregulation in T cells is the key 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 epitheli-
um and migration of the antigen-presenting DCs to the draining 
lymph nodes to stimulate naïve CD4+ T cells (Banchereau and 
Steinman, 1998), could discriminate respiratory sensitizers from 
skin sensitizers by differential upregulation of IL-4 in T cells. Ox-
azolone (4-ethoxymethylene-2-phenyl-2-oxazolin-5-one (OXA), 
formaldehyde (FA), and 2,4-dinitrochlorobenzene (DNCB) were 
chosen as respiratory sensitizers, and ortho-phthaldialdehyde 
(OPA), hexamethylene-1,6-diisocyanate (HDI), and trimellitic 
anhydride (TMA) were chosen as skin sensitizers. These sensi-
tizers are classified moderate to extreme according to the local 
lymph node assay (Chary et al., 2018; Hou et al., 2020; Sadekar 
et al., 2021; Tha et al., 2021). 

To mimic the human airway upper epithelium, we recently 
developed a novel three-dimensional (3D) DC coculture sys-
tem consisting of upper airway epithelial cells, immature DCs, 
and lung fibroblast cells cultured in individual, stacked scaf-
folds (Mizoguchi et al., 2017). This system successfully dis-
criminates model chemical respiratory sensitizers from skin 
sensitizers by measuring the critical molecule for Th2 differ-
entiation 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 naïve 
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100 μg/mL streptomycin and immediately differentiated into im-
mature DCs, see below; fresh naïve CD4+ T cells were seeded on 
the scaffolds as described below.  

Preparation of CD14-ML cell lines
CD14-ML cell lines were established according to Dr. Senju’s 
method (Haruta et al., 2013; Imamura et al., 2016). Briefly, 
CD14+ monocytes from three healthy donors (Tab. S21) were in-
dividually infected with lentivirus expressing c-MYC, BMI1, and 
B-cell lymphoma 2 (BCL-2) and then were cultured in αMEM 
medium containing 20% FBS, GM-CSF (50 ng/mL), M-CSF  
(50 ng/mL), 100 U/mL penicillin, and 100 μg/mL streptomycin. 

San Diego, CA, USA) 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 rou-
tinely more than 99%. 

Naïve CD4+ T cells were purified from peripheral blood mono-
nuclear cells using Human Naïve CD4+ T Cell Isolation Kit II 
(Miltenyi Biotec) and the autoMACS Pro cell separator. The pu-
rity of CD45RA+CD4+ T cells was routinely more than 98% as 
analyzed by flow cytometry with PECy7 anti-CD45RA (HI100, 
BioLegend) and Pacific Blue anti-CD4 (OKT4, BioLegend). 

Human peripheral blood monocytes were cultured in RPMI 
1640 medium containing 10% FBS, 100 U/mL penicillin, and 

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+ monocyte-derived immature 
DCs, and the 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 the 
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, only the DC scaffold was 
placed on the bottom of a new 24-well 
plate. Then allogeneic naïve CD4+  
T cells were added to the DC scaffold 
and further incubated for 2, 5 or 7 days 
followed by real-time RT-PCR analysis.
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Then the medium was gently removed and 5 μL of an aliquot 
of chemical sensitizer, which was initially dissolved in dimethyl 
sulfoxide (DMSO, Sigma-Aldrich) and then diluted with MEM, 
was gently added at six places onto the top scaffold. The chem-
ical sensitizers were used up to the highest possible concentra-
tions based on toxicity and solubility. The concentrations of DM-
SO in the aliquots were 10% (OVA, OPA, FA, and HDI) or 16% 
or 18% (DNCB and TMA, respectively), and the same DMSO 
concentrations were used in the respective controls. 

After 30 min incubation, 2 mL medium was added, either 
an equal mixture of MEM and RPMI 1640 medium (2 mL) 
when peripheral monocyte-derived immature DCs were used 
or αMEM medium alone (2 mL) when CD14-ML-derived im-
mature DCs were used. After stimulation for 9 h, the stacked 
scaffold was disassembled, and RNA was extracted from the 
DC scaffold membrane for real-time RT-PCR analysis. In other 
experiments, the DC scaffold membrane was transferred to the 
DC/T coculture system.

Preparation of the DC/T cell coculture system
The DC/T cell coculture was prepared by adding peripheral al-
logeneic naïve CD4+ T cells prepared from five healthy donors 
(Tab. S21) to the DCs that had been stimulated in the DC co-
culture system as follows. After 6 to 12 h stimulation with the 
chemical sensitizers, the stacked scaffolds in the DC coculture 
were disassembled, and the DC scaffold was placed on the bot-
tom of a new 24-well plate. Then, 50 μL allogeneic naïve CD4+ 
T cells (1.5 × 106 cells) in RPMI 1640 medium containing IL-2  
(100 U/mL) were added to the DC scaffold and further incubated 
by adding fresh 100 μL RPMI 1640 medium every 2 days for the 
indicated times. Cells were then collected by centrifugation and 
combined within each scaffold, followed by RNA extraction and 
subsequent real-time RT-PCR analysis. 

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). The 
quality of RNA was checked by measuring the ratio of absor-
bance at 260 nm and 280 nm. Real-time PCR was performed us-
ing the SYBR Premix Ex Taq II and Thermal Cycler Dice Real 
Time System according to the manufacturer’s instructions (Taka-
ra, Otsu, Shiga, Japan). Hypoxanthine phosphoribosyltransferase 
(HPRT) was used as the housekeeping gene to normalize mRNA. 
The relative expression of PCR products was determined by us-
ing the ΔΔCt method to compare target gene and HPRT mRNA 
expression. Samples whose (HPRT) mRNA expression level was 
less than one-tenth that of the untreated sample were not used 
(Mizoguchi et al., 2017). The primers used in this study are listed 
in Table S31.

Statistical analyses
Each mRNA expression was normalized to HPRT mRNA ex-
pression, and relative mRNA fold change to control vehicle 
was calculated for each concentration of sensitizer. However, 

The medium was changed twice a week. Outgrowing cells ap-
peared at around 3 weeks and were passaged twice per week us-
ing trypsin. Mycoplasma testing was carried out using e-Myco™ 
VALiD Mycoplasma PCR Detection Kit (iNtRON Biotechnol-
ogy, Inc., Gyeonggi-do, Korea) when the cell lines were estab-
lished. Cells of passages 7 to 15 were used. 

Preparation of immature DCs
To prepare immature DCs, peripheral CD14+ monocytes  
(1 × 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 × 106 cells/mL) were stimulated with GM-CSF (50 ng/mL), 
M-CSF (50 ng/mL), and IL-4 (100 ng/mL) in αMEM medi-
um containing 20% FBS, 100 U/mL penicillin, and 100 μg/mL 
streptomycin for 3 days. The purity of the resultant immature 
DCs was analyzed after staining with APC anti-CD11c (clone 
3.9, eBioscience, La Jolla, CA, USA) and Brilliant Violet 421 
anti-CD14 (HCD14, BioLegend) and was routinely approxi-
mately 90%.

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 37°C under 5% CO2/95% air in Eagle’s 
minimum essential medium  (MEM; Gibco, Grand Island, NY, 
USA) containing 10% FBS, 100 U/mL penicillin, and 100 μg/
mL streptomycin. BEAS-2B and MRC-5 were passaged twice a 
week using trypsin (Invitrogen).

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 manufacturer’s instructions. 

A 75-μL aliquot of suspension of BEAS-2B or MRC-5 cells 
(1.5 × 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 attach-
ment. Then MEM medium was gently added to the scaffold and 
incubated for 3 days. A 50-μL aliquot of suspension of imma-
ture DCs (0.5-1.0 × 106 cells) was gently seeded directly onto the 
center of the scaffold in the 24-well plate and medium containing 
GM-CSF (50 ng/mL) and IL-4 (10 ng/mL) was gently added and 
incubated for 24 h. 

After incubation, the individual scaffolds were gently detached 
from the 12-well insert or 24-well plate and stacked with MRC-
5 cells at the base, immature DCs in the middle, and BEAS-2B 
cells on top. Then they were attached to the bottom of a new ster-
ile 12-well insert (Fig. 1). Subsequently, the 12-well insert was 
placed in a 12-well plate, MEM was gently added, and the sys-
tem was incubated for another 4 h. 
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analyzed by using the unpaired two-tailed Student’s t-test. Data 
are presented as the mean ± standard deviation (SD). 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 es-
tablished 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 

the dose-dependent responses to sensitizers were slightly varied 
among different DC donors or different combinations of donors 
(DC donors and T cell donors) as we could not always obtain 
primary cells from the same donor or the same donor combina-
tion. Therefore, we used the highest relative mRNA fold change 
among the tested concentrations of sensitizers in each experi-
ment, and statistically analyzed the highest relative mRNA fold 
change among three independent experiments. Statistical analy-
ses were performed by the Kruskal-Wallis test with Dunn’s mul-
tiple comparisons using GraphPad Prism v7 (GraphPad Software 
Inc., La Jolla, CA, USA). The difference in the highest relative 
mRNA fold change to control vehicle (DMSO solution) between 
skin and respiratory sensitizers in each pair set was statistically 

Fig. 2: Selective mRNA upregulation of IL-4 by three typical respiratory sensitizers in the DC/T coculture system with  
peripheral monocyte-derived immature DCs and allogeneic naïve CD4+ T cells
Three sets of typical skin sensitizers OXA, FA (B), and DNCB (C) and respiratory sensitizers OPA, HDI (B), and TMA (C) were applied  
to the DC/T co-culture system with peripheral monocyte-derived immature DCs and allogeneic naïve CD4+ T cells (A). The concentration  
of DMSO in the aliquot was 10% (OVA, OPA, FA, and HDI) or 16% or 18% (DNCB, and TMA) when sensitizers were added onto the  
top of the scaffold, and the same DMSO concentrations were used in the control. After incubation for 5 days, total RNA was extracted and 
subjected to real-time RT-PCR analysis to examine the expression of CD69, IFN-γ, and IL-4 together with HPRT. mRNA expression  
was normalized to HPRT mRNA expression, and relative mRNA fold change to control vehicle (DMSO solution) was calculated.  
The highest relative mRNA fold change (column filled in blue or red) among the concentrations of chemicals in each experiment was 
statistically analyzed among three independent experiments via the Kruskal-Wallis test with Dunn’s multiple comparisons and is shown  
as the mean ± SD. Each independent experiment is shown in Fig. S21. *P < 0.05; **P < 0.01. NS; not significant.
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IL-4 was analyzed. We selected the highest mRNA expression 
induced by any concentration of a chemical in each experiment 
for further analysis (Fig. S2A-D). When three sets of typical 
skin and respiratory sensitizers were compared all together, no 
significant difference was observed (data not shown). When 
OXA, FA, OPA, and HDI, whose DMSO concentration was 
the same, 10%, were compared, OPA significantly upregulat-
ed IL-4 mRNA expression, and HDI tended towards significant 
upregulation (Fig. 2B). When DNCB and TMA, whose DMSO 
percentage was higher, 16% or 18%, were compared, TMA also 
tended to upregulated IL-4 mRNA expression. In contrast, the 
three skin sensitizers failed to upregulate IL-4 expression (Fig. 
2B,C). Moreover, when skin and respiratory sensitizers were 
compared in each pair set only, all three respiratory sensitizers 
significantly increased IL-4 mRNA expression more than the 
respective skin sensitizers (Fig. S2E-G). Thus, this DC/T cell 
coculture system may be useful to differentiate skin and respira-
tory sensitizers based on IL-4 mRNA upregulation.

To support the kinetics of the upregulation of IL-4 mR-
NA 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 essential for induction 
of their respective target cytokines IL-2, IFN-γ, and IL-4 af-
ter 2 days stimulation. Preliminary data suggest that OPA but 
not OXA upregulated mRNA expression of GATA-3, which is 
in line with the subsequent upregulation of IL-4 (Fig. S3). No  
mRNA upregulation of c-Fos and T-bet was observed at this 
time point. Thus, this DC/T cell coculture system indicates the 
selective mRNA upregulation of GATA-3 by OPA, further sup-
porting the induction of Th2 immune responses in response to 
a respiratory sensitizer. 

3.3  Selective mRNA upregulation of OX40L in response 
to three typical respiratory sensitizers in the DC 
coculture system with CD14-ML-derived immature DCs 
CD14-ML cell lines were established as an alternative to fresh 
peripheral CD14+ monocytes by transducing c-MYC, BIM1, 
and BCL-2, which are related to cell survival and cell cycle, in-
to peripheral CD14+ monocytes from three donors; the resultant 
CD14-ML cells proliferated vigorously as previously reported 
(Haruta et al., 2013; Imamura et al., 2016) (Fig. S4A). Further 
addition of IL-4 caused CD14-ML cells to differentiate into im-
mature DCs. They could then be matured by stimulation with 
bacterial toll-like receptor (TLR) ligands such as 5 µg/mL OK-
432 or 100 ng/mL LPS for 1 day. 

FACS analysis revealed that CD14-ML cells were largely pos-
itive for the DC marker CD11c as well as the monocyte marker 
CD14 (Fig. S4B, top left panel). Upon differentiation into im-
mature DCs with GM-CSF, M-CSF, and IL-4, CD14 expression 
decreased and CD11c expression greatly increased. After stimu-
lation with TLR ligands, the surface expression of costimulato-
ry molecules CD86 and CD80 and to a lesser extent major his-
tocompatibility class (MHC) class II human leukocyte antigen 
(HLA)-DR was upregulated (Fig. S4B, panels to right). 

MRC-5 using Alvetex scaffolds made of porous polystyrene 
(Knight et al., 2011; Mizoguchi et al., 2017) (Fig. 1). Immuno-
histochemical analysis with anti-CD11c revealed that no vigor-
ous migration of DCs into the other scaffolds occurred during the 
initial 24 h after stimulation with chemical sensitizers (Mizogu-
chi et al., 2017). The stacked scaffolds were disassembled after 
stimulation, the DC scaffold was transferred to the bottom of a 
new 24-well plate, and allogeneic naïve CD4+ T cells were add-
ed to the DC scaffold. We believe that this spatiotemporal flow 
recapitulates the in vivo chemical sensitization process; after im-
mature DCs capture antigen and mature, antigen presenting DCs 
migrate to the draining lymph node to stimulate naïve CD4+ T 
cells. This process is essential to initiate the adaptive immune 
response (Banchereau and Steinman, 1998). 

We assumed that allogeneic naïve CD4+ T cells would lead to 
a stronger response than syngeneic naïve CD4+ T cells as it had 
been shown that repetitive stimulation is necessary to stimulate 
syngeneic naïve CD4+ T cells (Richter et al., 2013; van Vliet et 
al., 2018; Vocanson et al., 2014), while allogeneic naïve CD4+ 
T cells respond strongly to the first stimulation (Lakkis and 
Lechler, 2013; Sherman and Chattopadhyay, 1993).

3.2  Selective mRNA upregulation of IL-4 by three 
 typical respiratory sensitizers in the DC/T coculture 
system with peripheral monocyte-derived 
immature DCs and allogeneic naïve CD4+ T cells 
Because the blood volume obtained from one volunteer and 
the resultant number of monocytes and naïve CD4+ T cells are 
limited, we measured only one set of skin and respiratory sen-
sitizers at 2 to 3 different concentrations at a time. First, one set 
of typical skin and respiratory chemical sensitizers, OXA and 
OPA, was applied to the DC/T cell coculture system (Fig. S1A). 
The expression of the T-cell activation marker CD69, Th1 dif-
ferentiation marker IFN-γ, and Th2 differentiation marker  
IL-4 was performed after 2, 5, and 7 days. Preliminary data sug-
gested that after stimulation of allogeneic naïve CD4+ T cells 
with untreated DCs for 2 days, the mRNA expression of CD69 
and IFN-γ but not IL-4 was increased due to the allogeneic re-
sponse (Fig. S1B). The skin sensitizer OXA but not respiratory 
sensitizer OPA further upregulated IFN-γ mRNA expression, 
while OPA but not OXA upregulated IL-4 mRNA expression 
slightly. Both sensitizers did not upregulate CD69 mRNA ex-
pression further. On day 5, OPA but not OXA upregulated IL-4 
mRNA expression (Fig. S1C). On day 7, no difference in the 
upregulation of IFN-γ and IL-4 mRNA was observed (data 
not shown). These results indicated that the DC/T cell cocul-
ture system with peripheral monocyte-derived immature DCs 
and allogeneic naïve CD4+ T cells can differentially detect the 
early mRNA upregulation of IFN-γ by OXA and later mRNA 
upregulation of IL-4 by OPA.    

Two further sets of typical skin and respiratory sensitizers, FA 
and HDI, and DNCB and TMA, as well as OXA and OPA, were 
applied to the DC/T cell coculture system (Fig. 2A). After stim-
ulation of allogeneic naïve CD4+ T cells with sensitizer-treat-
ed DCs for 5 days, the mRNA expression of CD69, IFN-γ, and 
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able source of DCs, because they proliferate vigorously and 
show similar phenotypes to peripheral monocytes (Haruta et 
al., 2013; Imamura et al., 2016). 

To determine whether peripheral monocyte-derived DCs can 
be replaced with CD14-derived immature DCs in the coculture 
system, the three skin and three respiratory chemical sensitiz-
ers were applied to the DC coculture system with CD14-ML-
derived immature DCs (Fig. 3A). Here, to further increase the 
versatility, the DC coculture comprised only the epithelial cell 
line BEAS-2B and CD14-derived immature DCs; the lung fi-
broblast cell line MRC-5 was omitted. We selected the highest 
mRNA expression induced by any concentration of a chemical 
in each experiment for further analysis (Fig. S5A-D). When the 

To demonstrate functionality of CD14-ML cells, we stimu-
lated them and CD14-ML-derived immature DCs with TSLP, 
a critical upstream cytokine inducing type 2 inflammation 
in various diseases including asthma and atopic dermatitis 
(Ziegler et al., 2013). TSLP directly stimulates DCs and en-
hances the expression of OX40L, which is in turn important 
for the induction of Th2 cells (Ito et al., 2005). TSLP increased 
the mRNA expression of OX40L in CD14-ML-derived im-
mature DCs but not CD14-ML cells, and the differentiation 
of CD14-ML cells into immature DCs at 20% FBS resulted 
in higher OX40L levels than differentiation at 10% FBS (Fig. 
S4C). OX40L expression was further enhanced by the addition 
of LPS (Fig. S4D). Thus, CD14-ML cells seem to be a suit-

Fig. 3: Selective mRNA upregulation of OX40L by three typical respiratory sensitizers in the DC coculture system with  
CD14-ML-derived immature DCs
Three sets of typical skin sensitizers OXA, FA (B), and DNCB (C) and respiratory sensitizers OPA, HDI (B), and TMA (C) were applied to 
the DC coculture system with CD14-ML-derived immature DCs (A). The concentration of DMSO in the aliquot was 10% (OVA, OPA, FA, and 
HDI) or 16% (DNCB, and TMA) when sensitizers were added onto the top of the scaffold, and the same DMSO concentrations were used 
in the control. After incubation for 9 h, total RNA was extracted from the DC scaffold stimulated with chemical sensitizers and subjected to 
real-time RT-PCR analysis to examine the expression of CD86, CD80, and OX40L together with HPRT. mRNA expression was normalized 
to HPRT mRNA expression and relative mRNA fold change to control vehicle (DMSO solution) was calculated. The highest relative mRNA 
fold change (column filled in blue or red) among the concentrations of chemicals in each experiment was statistically analyzed among three 
independent experiments via the Kruskal-Wallis test with Dunn’s multiple comparisons and is shown as the mean ± SD. Each independent 
experiment is shown in Fig. S51. *P < 0.05; **P < 0.01. 
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results suggest that differential OX40L mRNA upregulation by 
respiratory versus skin sensitizers was achieved in the DC co-
culture system with CD14-ML-derived immature DCs, also in 
the absence of fibroblasts. Therefore, the DC coculture system 
consisting of BEAS-2B cells and CD14-ML-derived immature 
DCs was used in subsequent studies. 

We also examined the effects of skin and respiratory sensitiz-
ers on the mRNA expression of cytokine receptors for epithe-
lial cell-derived cytokines, i.e. receptors for TSLP, IL-25, and 
IL-33, which are also critically important for the induction of 
Th2 immune responses (Roan et al., 2019) (Fig. S6A). The re-
ceptor complexes for TSLP, IL-25, and IL-33 are composed of 

three sets of typical skin and respiratory sensitizers were com-
pared all together, no significant difference was observed (da-
ta not shown). When OXA, FA, OPA, and HDI, whose DMSO 
concentration was the same, 10%, were compared, OPA and 
HDI significantly upregulated OX40L mRNA expression (Fig. 
3B). When DNCB and TMA, whose DMSO concentration was 
the same, 16%, were compared, TMA significantly upregulated 
OX40L mRNA expression. In contrast, the three skin sensitizers 
failed to upregulate OX40L (Fig. 3B,C). Moreover, when skin 
and respiratory sensitizers were compared in each pair set only, 
all three respiratory sensitizers increased OX40L mRNA expres-
sion, although not significantly in all cases (Fig. S5E-G). These 

Fig. 4: Selective mRNA upregulation of IL-4 by three typical respiratory sensitizers in the DC/T coculture system with  
CD14-ML-derived immature DCs and allogeneic naïve CD4+ T cells
Three sets of typical skin sensitizers OXA, FA (B), and DNCB (C) and respiratory sensitizers OPA, HDI (B), and TMA (C) were applied to 
the DC/T cell coculture system with CD14-ML-derived immature DCs and allogeneic naïve CD4+ T cells (A). The concentration of DMSO 
in the aliquot was 10% (OVA, OPA, FA, and HDI) or 16% (DNCB, and TMA) when sensitizers were added onto the top of the scaffold, 
and the same DMSO concentrations were used in the control. 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-γ, 
and IL-4 together with HPRT. mRNA expression was normalized to HPRT mRNA expression and relative mRNA fold change to control 
vehicle (DMSO solution) was calculated. The highest relative mRNA fold change (column filled in blue or red) among varied concentrations 
of chemicals in each experiment was statistically analyzed among three independent experiments via the Kruskal-Wallis test with Dunn’s 
multiple comparisons and is shown as the mean ± SD. Each independent experiment is shown in Fig. S71. *P < 0.05; **P < 0.01.  
NS; not significant.
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surement of IL-4, which is a potent effector cytokine that induces 
Th2 differentiation (Paul, 2015; Zhu, 2015), as an endpoint to 
discriminate between respiratory and skin sensitizers as exem-
plified using three respiratory and three skin sensitizers. To fur-
ther improve the versatility of the system, we generated 3 mono-
cyte-derived proliferating cell CD14-ML cell lines from different 
donors by introducing the cell survival and cell cycle-related 
genes, c-MYC, BMI1, and BCL-2, into peripheral CD14+ mono-
cytes (Haruta et al., 2013; Imamura et al., 2016). CD14-ML cells 
proliferate well and display DC maturation, antigen-present-
ing activity, and potent antitumor activity similar to peripheral 
monocytes (Haruta et al., 2013; Imamura et al., 2016). Differen-
tial upregulation of both OX40L and IL-4 by respiratory sensitiz-
ers was observed when CD14-ML-derived immature DCs were 
used in place of peripheral monocyte-derived immature DCs in 
the DC and DC/T coculture systems.

In the present study, primary blood cells from donor volun-
teers were used, which have several restrictions related to ethical 
issues. The volume of blood provided from one donor and the 
frequency with which blood can be obtained from the same do-
nor are limited. The cell number obtained from one preparation 
was usually only sufficient for an experiment using only one pair 
of sensitizers in three different concentrations, e.g., DNCB and 
TMA is a typical and frequently used pair of skin and respiratory 
sensitizers (Dearman et al., 2008; Vandebriel et al., 2007; Va-
noirbeek et al., 2006). When the data from the three sets of typ-
ical skin and respiratory sensitizers were compared all together 
using the raw data or data relative to control vehicle, no signifi-
cant difference was observed (data not shown). This is because 
the absolute values of the data obtained using primary cells from 
different donors and different combinations of donors greatly 
varied in individual experiments. In addition, the concentrations 
of DMSO used were different depending on the sensitizers, 10% 
and 16% or 18%; the solubility of TMA in DMSO was relative-
ly low, and the percentage of the DMSO solution needed to be 
relatively high (16% or 18%). Therefore, we separated the sen-
sitizers into two groups depending on the DMSO concentration, 
10% (OXA, FA, OPA, and HDI), and 16% or 18% (DNCB and 
TMA), and performed a statistical analysis in each group (Fig. 
2-4). When skin and respiratory sensitizers were compared in 
each pair set only, the three respiratory sensitizers increased 
mRNA expression of OX40L and IL-4 in DCs and CD4+ T cells, 
respectively, compared to skin sensitizers (Fig. S2E-G, S5E-G, 
S7E-G). Instead of measuring IL-4 mRNA, the detection of IL-4 
in the culture supernatant at the protein level by ELISA could 
be a good alternative. However, our preliminary experiments 
revealed that the levels of IL-4 produced by the primary CD4+  
T cells stimulated by respiratory sensitizers were below the de-
tection limit. We are currently trying to establish an allogenic 
Th2 cell line or clone cells after repetitive stimulation by allo-
genic DCs to use as candidate cells that produce large amounts 
of IL-4 in response to respiratory sensitizers.

Control CD4+ T cells in the DC/T coculture system tended 
to express higher levels of CD69, IFN-γ, and IL-4 than CD4+ 
T cells and DCs (Fig. 2, 4, S2, S7). This is presumably because 

TSLPR and IL-7Rα (Pandey et al., 2000) and IL-17RB (Rickel 
et al., 2008), and ST2 and IL-1R accessory protein IL-1RAcP  
(Chackerian et al., 2007), respectively. Preliminary data suggest 
that OPA induced differential mRNA upregulation of ST2 (Fig. 
S6B), and TSLPR and IL-7Rα upregulation was observed in re-
sponse to HDI and TMA (Fig. S6C,D). These results did not offer 
an additional endpoint for the discrimination between respiratory 
and skin sensitizers.

3.4  Selective mRNA upregulation of IL-4 by  
three typical respiratory sensitizers in the DC/T cell  
coculture system with CD14-ML-derived  
immature DCs and allogeneic naïve CD4+ T cells
Finally, we used CD14-ML-derived immature DCs in place of 
monocyte-derived immature DCs in the DC/T cell coculture sys-
tem without the lung fibroblast cell line MRC-5 (Fig. 4A). We 
selected the highest mRNA expression induced by any concen-
tration of a chemical in each experiment for further analysis (Fig. 
S7A-D). When three sets of typical skin and respiratory sensitiz-
ers were compared all together, no significant difference was ob-
served among them (data not shown). When OXA, FA, OPA, and 
HDI, whose DMSO concentration was the same, 10%, were com-
pared, OPA significantly upregulated IL-4 mRNA expression, 
and HDI tended towards upregulation (Fig. 4B). When DNCB 
and TMA, whose DMSO concentration was the same, 16%, 
were compared, TMA significantly upregulated IL-4 mRNA  
expression. In contrast, the three skin sensitizers failed to up-
regulate IL-4 expression (Fig. 4B,C). When skin and respiratory 
sensitizers were compared in each pair set, all three respiratory 
sensitizers significantly increased IL-4 mRNA expression more 
than the skin sensitizers (Fig. S7E-G). 

These results suggest that the differential mRNA upregulation 
of IL-4 by respiratory and skin sensitizers can also be observed in 
the DC/T cell coculture system using CD14-ML-derived imma-
ture DCs, but without the lung fibroblast cell line MRC-5.

4  Discussion

To mimic the upper airway epithelium, we recently established 
a 3D DC coculture system consisting of the human airway epi-
thelial cell line BEAS-2B, immature DCs derived from human 
peripheral monocytes, and the lung fibroblast cell line MCR-5 
using scaffolds made of porous polystyrene, and added sensitiz-
ers to the top of the epithelial scaffold (Mizoguchi et al., 2017). 
In this coculture system, compared to skin sensitizers, respira-
tory sensitizers induced increased mRNA expression of the key 
costimulatory molecule OX40L, which is important for Th2 dif-
ferentiation, in DCs (Furue and Furue, 2021; Ito et al., 2005). To 
further apply this system to targeting KE4 in the AOP of sensiti-
zation, the DC scaffold was removed and placed in a new plate 
together with allogeneic naïve CD4+ T cells after the stimulation 
with sensitizers, mimicking the migration of antigen-presenting 
DCs to the draining lymph nodes (Banchereau and Steinman, 
1998). This DC/T cell coculture system allows the sensitive mea-
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et al., 2014). Then DCs are cocultured with syngeneic naïve T 
cells. After priming, the T cells are re-stimulated with mature 
DCs treated with the same substance, and the induction of test 
substance-specific T-cell responses is assessed by detection of 
T-cell proliferation, cytokine production, or cell surface marker 
expression. The Cosmetics Europe Skin Tolerance Task Force or-
ganized a workshop to discuss how the information provided by 
T-cell assays could be used for the safety assessment of cosmetic 
ingredients. The participants agreed on the importance of devel-
oping and applying T cell-based assays, because the induction of 
a T-cell response is one of the requirements for skin sensitization 
and the only downstream test method able to detect immunogen-
ic potential resulting from all possible mechanisms of skin sensi-
tization, including those not yet covered by the current AOP (van 
Vliet et al., 2018). However, the workshop pointed out that the 
current T cell-based assays are laborious and time-consuming, 
and also have donor-to-donor variability, leading to difficulties 
in transferability for future ring studies to evaluate accuracy and 
reproducibility (van Vliet et al., 2018). Therefore, the workshop 
concluded that the current hTCPA needs further refinement and 
simplification.

To overcome these problems and, more precisely, recapitu-
late the physiological spatiotemporal flow of the sensitization 
process, we have come up with the following improvements 
and assumptions to enable the discrimination between respi-
ratory and skin sensitizers. First, to mimic the in vivo situation 
of the upper airway epithelium being sensitized with chemi-
cal sensitizers, relatively high concentrations of the sensitizer 
solution were added onto the 3D coculture system consisting 
of the epithelial cell line BEAS-2B on top, peripheral mono-
cyte-derived immature DCs in the middle, and the lung fibro-
blast cell line MRC-5 at the base, incubated for a short period 
of time, 30 min, and subsequently diluted with medium. As 
controls, the same high concentrations of DMSO (10 or 16%) 
alone in the aliquot were added, because they might affect the 
viability of cells. In later experiments, the MRC-5 cells were 
omitted from the DC and DC/T cell coculture systems with-
out any apparent effect. We believe that this directional pen-
etration of sensitizers from epithelial cells to immature DCs 
is important for the activation of innate immune responses re-
leasing damage-associated molecular patterns (DAMPs) and 
inflammatory cytokines from epithelial cells, which affect the 
subsequent induction of DC maturation and are necessary to 
determine which type of adaptive immune response will be ac-
tivated by the sensitizer (Sullivan et al., 2017). Within 12 h 
after stimulation, the DC scaffold was removed and placed in 
a new plate together with allogeneic naïve CD4+ T cells. This 
process recapitulates the migration of antigen-captured and an-
tigen-presenting DCs to the draining lymph node to stimulate 
naïve CD4+ T cells in vivo. The allogeneic response is strong 
enough because it is generally a polyclonal response and allo-
antigen-specific T cells constitute ~10% of the total various 
antigen-specific T-cell population (Lakkis and Lechler, 2013; 
Sherman and Chattopadhyay, 1993). Therefore, a strong stim-
ulatory signal can be induced by allogeneic CD4+ T cells even 

the cell numbers and contents between CD4+ T cells alone and 
the mixture of CD4+ T cells and DCs were different and these 
molecules are markers of T cells that are preferentially expressed 
in CD4+ T cells compared to DCs. The mRNA expression of 
CD69 and IFN-γ was not consistently induced by the six sensi-
tizers (Fig. 2, 4, S2, S7). This is probably due to different kinetics 
for the induction of CD69 and IFN-γ mRNA versus IL-4 mRNA 
and also their different responsiveness to allogenic reaction. As 
shown in Fig. S1, upregulation of IFN-γ mRNA was observed 
as early as on day 2, while upregulation of IL-4 mRNA was  
observed on day 5. In addition, induction of CD69 and IFN-γ 
mRNA might be more dependent on the donor combination be-
tween DCs and CD4+ T cells than that of IL-4 mRNA. This is 
because CD69 is a marker of activated T cells and IFN-γ is the 
cytokine produced by Th1 cells, which are preferentially acti-
vated by an allogenic reaction, while IL-4 is produced by Th2 
cells. The reason why mRNA expression of CD80 and CD86 was 
not consistently induced by the six sensitizers (Fig. 3, S5) could 
be that the mRNA expression of CD80 and CD86 may be more 
dependent on DC donors compared to that of OX40L. Almost 
all the relative induction of CD80 and CD86 by OXA and OPA 
in DCs derived from CD14-ML of donor A and B was over 1.5 
(Fig. 3B, S5B, and Table S2), while that by FA, HDI, DNCB, and 
TMA in DCs derived from CD14-ML of donor C was below 1.5 
(Fig. S5C, D and Table S2).

Under physiological conditions, the sensitization process 
proceeds as follows (Kimber et al., 2018; MacKay et al., 2013; 
Sullivan et al., 2017): Chemical sensitizers first attach to the 
surface of the epithelium and penetrate it. During this process, 
chemical sensitizers covalently bind to serum or cellular pro-
teins, making them immunogenic, which is called hapteniza-
tion (Chipinda et al., 2011). Generally, the proteins that bind 
chemical sensitizers are present abundantly in the serum and 
cells, such as albumin, actin, myosin, and heat shock proteins 
(Chipinda et al., 2011; Parkinson et al., 2018), and protein 
specificity has little to do with which type of immune response 
is subsequently activated by the sensitizer. Immature DCs cap-
ture the haptenized proteins, process them, and present their 
peptides on MHC class II with concomitant upregulation of co-
stimulatory molecules such as CD86 and CD80 and chemokine 
receptor CCR7. Subsequently, the DCs enter the high endothe-
lial venules and migrate to the draining lymph node via attrac-
tion to CCL19/21 (Weninger and von Andrian, 2003). There, 
the antigen-presenting DCs stimulate naïve CD4+ T cells  
to differentiate into effectors including Th1, Th2, and Th17 
cells in order to initiate adaptive immunity. 

Several types of T cell-based assays have been reported in-
cluding a novel assay for skin sensitization using the human T 
lymphocyte cell line Jurkat Clone E6-1 (Hou et al., 2020) and 
the hTCPA (Richter et al., 2013; Vocanson et al., 2014). The 
hTCPA utilizes peripheral monocyte-derived immature DCs and 
syngeneic naïve T cells from healthy blood donors. To facili-
tate the maturation of DCs, immature DCs are first stimulated 
with a non-cytotoxic concentration of the test substance together 
with LPS (Richter et al., 2013; van Vliet et al., 2018; Vocanson 
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inate between skin and respiratory sensitizers. Although further 
verification of the present assay system with a greater number 
of potential chemical sensitizers as well as improvements in the 
versatility as mentioned above are warranted, this two-step DC/T 
coculture system could be a useful tool for differentiating be-
tween respiratory and skin sensitizers in vitro.
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