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We have integrated dermal dendritic cell surrogates originally generated from the cell line THP-1 as central mediators of the immune reaction in a human full-thickness skin model. Accordingly, sensitizer treatment of THP-1-derived CD14-, CD11c+ immature dendritic cells (iDCs) resulted in the phosphorylation of p38 MAPK in the presence of 1-chloro-2,4-dinitrobenzene (DNCB) (2.6-fold) as well as in degradation of the inhibitor protein kappa B alpha (IκBα) upon incubation with NiSO4 (1.6-fold). Furthermore, NiSO4 led to an increase in mRNA levels of IL-6 (2.4-fold), TNF-α (2-fold) and of IL-8 (15-fold). These results were confirmed on the protein level, with even stronger effects on cytokine release in the presence of NiSO4: Cytokine secretion was significantly increased for IL-8 (147-fold), IL-6 (11.8-fold) and IL-1β (28.8-fold). Notably, DNCB treatment revealed an increase for IL-8 (28.6-fold) and IL-1β (5.6-fold). Importantly, NiSO4 treatment of isolated iDCs as well as of iDCs integrated as dermal dendritic cell surrogates into our full-thickness skin model (SM) induced the upregulation of the adhesion molecule clusters of differentiation (CD)54 (iDCs: 1.2-fold; SM: 1.3-fold) and the co-stimulatory molecule and DC maturation marker CD86 (iDCs ~1.4-fold; SM:~1.5-fold) surface marker expression. Noteworthy, the expression of CD54 and CD86 could be suppressed by dexamethasone treatment on isolated iDCs (CD54: 1.3-fold; CD86: 2.1-fold) as well as on the tissue-integrated iDCs (CD54: 1.4-fold; CD86: 1.6-fold). In conclusion, we were able to integrate THP-1-derived iDCs as functional dermal dendritic cell surrogates allowing the qualitative identification of potential sensitizers on the one hand, and drug candidates that potentially suppress sensitization on the other hand in a 3D human skin model corresponding to the 3R principles (“replace”, “reduce” and “refine”).
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Introduction

Immune responses in the skin are mediated by antigen-presenting cells (APCs) such as macrophages, monocytes and most importantly dendritic cells (1). Cutaneous dendritic cells include epidermal Langerhans cells (LCs) and dermal dendritic cells (DDCs), located beneath the epidermal-dermal junction and throughout the dermis (2). While Langerhans cells are characterized by the expression of Langerin (3), to date, no specific marker exclusively expressed on all dermal dendritic subsets has been reported. However, dermal dendritic cells can be identified and distinguished from dermal monocytes and macrophages by a low CD14 expression and a high CD11c expression (4, 5). Yet, the primary and common function of all cutaneous dendritic cell subsets includes endocytosis/phagocytosis, processing and presenting antigens to naïve T cells (6).

The activation of cutaneous dendritic cells can be divided into different central events (Figure 1): Upon exposure to inflammatory stimuli like interleukin (IL)-1β, lipopolysaccharide (LPS) or sensitizing agents such as 1 chloro-2,4-dinitrobenzene (DNCB) or nickel sulfate (NiSO4), keratinocytes start to secrete a variety of cytokines including IL-1, TNF-α or IL-18 (7–9). Consequently, cutaneous dendritic cells such as Langerhans cells and dermal dendritic cells become activated and start to phagocytose the hapten accompanied by cell maturation and the upregulation of adhesion molecules, such as clusters of differentiation (CD)54 and co-stimulatory molecules including CD80 and CD86 (10, 11). Upregulation of the intracellular adhesion molecule (ICAM-1)/CD54 is required to form a stable signaling structure, the so-called immunological synapse (IS) with the leukocyte function-associated antigen 1 (LFA-1) alpha (CD11a) and beta-2 (CD18) in naïve CD4+ T cells (12). High expressions of CD80 (B7-1) and CD86 (B7-2) finally ensure the co-stimulation of naïve CD4+ T cells via their CD28 and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)/(CD152) receptors (13).




Figure 1 | Upon exposure to inflammatory stimuli such as LPS, or sensitizing chemicals such as 1 chloro-2,4-dinitrobenzene (DNCB) or nickel sulfate (NiSO4), keratinocytes start to secrete inflammatory cytokines such as IL-1, TNF-α and IL-18. Subsequently cutaneous dendritic cells such as Langerhans cells and dermal dendritic cells become activated and start to phagocytose haptens or exogenous particles, which is accompanied by cell maturation and the upregulation of CD54 and CD86. Finally, DCs migrate to draining lymph nodes to present the processed antigen in order to activate CD4+ T cells. Created with BioRender.com.



Regarding the underlying intracellular signal transduction, different studies with cord blood derived DCs as well as PBMC derived DCs were able to prove the central role of the mitogen-activated protein kinases (MAPK) pathway and the nuclear factor (NF)-κB pathway in skin sensitization and dendritic cell activation (14–16). Inhibition of the p38 MAPK pathway inhibited the upregulation of the DC maturation markers CD80, CD86 and CD83 in PBMC derived DCs (16). In addition, the up-regulation and secretion of IL-1, IL-8 and tumor necrosis factor (TNF)-α was suppressed (15, 16). Inhibition of the NF-κB pathway resulted in a downregulation of CD86 and CD83 and abolished the secretion of IL-8, IL-6 and IL-12p40 in cord blood derived DCs (14). While IL-8 functions as a chemotactic for neutrophils and T cells (17, 18), IL-6 is considered as a pleiotropic cytokine involved in DC maturation, T cell differentiation and proliferation as well as in B cell activation (19). TNF-α induces the expression of adhesion molecules such as vascular endothelial cell adhesion molecule (VCAM)-1 and ICAM-1 as well as T cell infiltration into the skin (20). IL-1 induces the expression of adhesion molecules on endothelial cells, promotes T cell priming, causes vasodilatation and hypotension (21, 22). Finally, secretion of IL-12 leads to upregulation of the transcription factor T-box expressed in T cells (T-bet) promoting T cell differentiation into interferon-γ producing T helper 1 cells (Th1) (23, 24).

In the past decades, dendritic cell activation, toxicological assessment studies, as well as studies investigating pathophysiological pathways of inflammatory skin diseases have been conducted almost exclusively in animal models, mostly in mice. However, when compared to the situation in humans, species-specific differences in the anatomy, immune cell populations, especially in DC subsets, and pathophysiology are tremendous (25). Furthermore, humans and mice have only ~ 30% of skin-associated genes in common (26), which impairs the translation from mouse models to human skin diseases. Admittedly, human ex vivo skin explants are a valuable tool for research; however, they are limited by ethical approval, logistics and high donor and anatomic site variation (27–29). Hence, there is an urgent need for alternative predictive human in vitro models.

Immune competent skin models reported to date focus mostly on the integration of Langerhans cell surrogates either derived from the human myeloid leukemia-derived cell line Mutz-3 (30–35), originated from cord-blood derived CD34+ hematopoietic progenitor (36, 37) or generated from CD14+ peripheral blood mononuclear cells (32). Notably, only one full-thickness skin equivalent has been described containing LC and DDC surrogates derived from CD14+ monocytes isolated from peripheral blood mononuclear cells aiming at analyzing the impact of ultraviolet (UV) stress on skin immune cells (38). However, no immune competent human full-thickness model with integrated functional dermal dendritic cells for sensitizer or drug analysis has been described so far. This is surprising as several studies have indicated the crucial role of DDC for antigen presentation in the skin. For instance, after sensitizer treatment dermal dendritic cells might migrate and activate T cells faster and outnumber LCs by 10:1 in draining lymph nodes (39, 40). Furthermore, DDCs might be able to induce a stronger T cell proliferation than LCs (39).

Our previously published results showed that the human monocytic cell line THP-1 can be differentiated into immature dendritic cells (iDCs), displaying a sufficient ability and sensitivity to robustly identify classified proficiency chemicals and model sensitizers such as DNCB and NiSO4 in vitro. Furthermore, as expected from antigen presenting cells, THP-1-originated iDCs have proven to phagocytose membrane components derived from pathogens such as zymosan and, finally, iDCs might be able to induce T cell activation via upregulation of IL-12p40 upon sensitizer treatment (41). Since THP-1-derived iDCs fulfill all required in vitro criteria, we aim to demonstrate in this study the functionality of stably integrated iDCs as dermal dendritic cell surrogates within a human full-thickness skin model and their subsequent molecular characterization before and after sensitizer treatment.





Materials and methods




Generation of immature dendritic cells

Immature dendritic cells were generated according to the protocol described by Hölken and Teusch (41). In total, 1 x 106 THP-1 cells were seeded in 5 mL RPMI-1640 (Gibco, #22400089) containing 10% FBS (Gibco, #10270-106), 50 U/mL Pen-Strep (Gibco, #15140122) and 50 µM 2-mercaptoethanol (Gibco, #21985023) into a T25 flask. For the differentiation 1500 IU/mL rhGM-CSF (ImmunoTools, #11343125) and 1500 IU/ml rhIL-4 (ImmunoTools, #11340045) were added with a medium exchange on day 3. The cells were incubated in total for 5 days at 37°C, 5% CO2.





Sensitization assays

1 x 106 THP-1-derived iDCs were seeded into a 24-well plate in 1 mL RPMI-1640 containing 10% FBS, 50 U/ml Pen-Strep, and 50 µM 2-mercaptoethanol. Cells were pre-treated with 1 µM dexamethasone (Peprotech, #5000222) for 1 h. Afterwards cells were treated with 1-chloro-2,4-dinitrobenzene (DNCB) [20 µM] (Sigma-Aldrich, #237329, Darmstadt, Germany), nickel sulfate (NiSO4) [380 µM] (Sigma-Aldrich, #227676) or their respective solvent control dimethyl sulfoxide (DMSO). After 24 h, the cells were harvested for the analysis of surface marker expression via flow cytometry.





Flow cytometry

The cells were harvested after differentiation, treatment or skin model dissociation and washed in Automacs Running Buffer (Miltenyi, #130-091-221). At least 2 x 105 cells for each antibody panel were transferred to 96-well u-bottom plates. For staining the cells were incubated in Automacs Running Buffer with the following antibodies (1:50): REA Control (S)-VioGreen (Miltenyi, #130-113-444), REA Control (S)-PE (Miltenyi, #130-113-438), REA Control (S)-APC (Miltenyi, #130-113-434); REA Control (S)-PE-Vio770, (Miltenyi, #130-113-440); CD54-APC (Miltenyi, #130-121-342); CD86-APC (Miltenyi, #130-116-161), CD14-VioGreen (Miltenyi, #130-110-525), CD11c-APC (Miltenyi, #130-113-584) for 10 minutes in the dark. For single cells from the dissociates skin models the following antibodies were used (1:50): CD45-VioBright R667 (Miltenyi, ##130-110-779), CD54-PE-Vio770 (Miltenyi, #130-127-992), CD86-PE-Vio770 (Miltenyi, #130-116-265). The cells were washed twice with automacs running buffer. To determine the cell viability, cells were stained with DAPI (Sigma, #D9542). Flow cytometry analysis was performed using the CytoFlex (B5-R3-V5) from Beckman Coulter.





Western blot analysis

THP-1-derived iDCs were seeded with 1 x 106 cells into a 24-well plate in 1 mL RPMI-1640 containing 10% FBS, 50 U/mL Pen-Strep, and 50 µM 2-mercaptoethanol. Cells were treated with DNCB [25 µM] (Sigma-Aldrich, #237329) and NiSO4 [500 µM] (Sigma-Aldrich, #227676) for 30 min or 1 h. Cells were harvested, washed once in 1x PBS and lysed with radioimmunoprecipitation assay (RIPA) buffer containing a protease inhibitor (Roche, #11836170001) and a phosphatase inhibitor (Roche, #04906845001). Protein concentration was determined using a BCA protein assay kit (Thermo Scientific, 23227). For western blot analysis, Laemmli buffer (Bio-Rad Laboratories, Inc., #1610747) was added to 20 μg protein lysate. Proteins were denaturated for 10 min at 95°C and separated on 10% SDS-Gels using a Biometra Eco-Mini Buffer Tank system (Analytik Jena, #846-017-103/017-170). Protein transfer to a PVDF membrane (BioRad Laboratories, Inc., ##1620177) was performed with the Biometra Fastblot system (Analytik Jena, #846-015-299). The membrane was blocked in 5% BSA (Roth, #8076.2) and then incubated with the respective primary antibodies, p38 MAPK (Cell Signaling Technology, #8690T), phospho-p38 MAPK (Thr180/Tyr182) (Cell Signaling Technology, #4511T), IκBα (Cell Signaling Technology, #9242S) or vinculin (Cell Signaling Technology, #13901S) over night at 4° C. After washing with 1x TBS-T the membrane was incubated with the respective horseradish peroxidase-coupled secondary antibody (Goat anti-Rabbit (H+L), Thermo Fisher Scientific, #31460) for 1 h at room temperature. Antibody binding was detected with the SuperSignal West Pico Plus substrate kit (Thermo Fisher Scientific, #34577). For imaging we used a ChemStudio Imager (Analytik Jena, #849-97-0928-04).





qRT-PCR

THP-1-derived iDCs were seeded with 1 x 106 cells into a 24-well plate in 1 mL RPMI-1640 containing 10% FBS, 50 U/mL Pen-Strep, and 50 µM 2-mercaptoethanol. Cells were treated with DNCB [20 µM] (Sigma-Aldrich, #237329) and NiSO4 [380 µM] (Sigma-Aldrich, #227676) or their respective solvent control dimethyl sulfoxide (DMSO) for 6 h. RNA-extraction was performed using the RNeasy MiniKit (Qiagen, #74104). Following, the RNA yield and concentration was determined via OD260/280 measurement using the Tecan Spark NanoQuant Plate. For reverse transcription the QuatiTect Reverse Transcription Kit (Qiagen, #205311) was used and a total of 1 µg of RNA was transcribed. Quantitative real-time PCR (qPCR) reactions were performed in triplicates for 50 ng cDNA per sample using Luna Universal qPCR Master Mix (NEB, #M3003L) on a qTower3 G (Analytik Jena, #844-00556-2). The specific primers used were GAPDH (forward, 5′-TGCACCACCAACTGCTTAGC-3′; reverse, 5′-GGCATGGACTGTGGTCATGAG-3′), IL-6 (forward, 5′GGCACTGGCAGAAAACAACC–3′; reverse, 5′-GCAAGTCTCCTCATTGAATCC-3′), IL-8 (forward, 5′-ACTGAGAGTGATTGAGAGTGGAC-3′; reverse, 5′-AACCCTCTGCACCCAGTTTTC-3′), TNF-α (forward, 5′-CCCTGCTGCACTTTGGAGTG-3′; reverse, 5′-TCGGGGTTCGAGAAGATGAT-3′). After amplification, a threshold was set for each gene and Ct values were calculated for all samples.





Cytokine secretion

THP-1-derived iDCs were seeded with 1 x 106 cells into a 24-well plate in 1 mL RPMI-1640 containing 10% FBS, 50 U/mL Pen-Strep, and 50 µM 2-mercaptoethanol. Cells were treated with DNCB [20 µM] (Sigma-Aldrich, #237329) and NiSO4 [380 µM] (Sigma-Aldrich, #227676) or their respective solvent control dimethyl sulfoxide (DMSO). Supernatants were collected after 24 h for cytokine analysis. Secretion of the inflammatory cytokines was detected according to the manufacturer’s instructions of the Cytometric Bead Array Human Inflammatory Cytokines Kit (BD, #551811) and the CytoFlex (B5-R3-V5) from Beckman Coulter. Analysis was performed using the CBA Analysis Software (BD Biosciences).





3D immune competent skin model generation

Feeder cells (Phenion, #hFeeder) were seeded with 5 x 105 cells in 23 mL keratinocyte medium (Phenion, #K CM-250) into a T175 flask. After three days 5 x 105 primary human foreskin keratinocytes from juvenile donors (Phenion, #hK P1) were seeded onto the feeder cells. After 6 days of cultivation, feeder cells were detached by incubation with 0.05% trypsin (Gibco, #25300054) for 2 min at 37° C, 5% CO2 and keratinocytes were harvested using 0.05% trypsin for 6 min, 37° C, 5% CO2. 5 x 105 Keratinocytes in P2 were seeded together with 1 x 106 THP-1-derived iDCs (ratio 1:2) in 1 mL keratinocyte medium (Phenion, #K CM-250) onto dermis models based on a solid and porous collagen matrix (42, 43) and primary human foreskin fibroblasts (kindly provided by Henkel AG & Co. KGaA, Düsseldorf, Germany). After 24 h of incubation at 37° C, 5% CO2 the medium was exchanged. After 24 h submerse phase, the skin models were lifted into the Air-liquid Interface and cultivated with Air-liquid Interface Culture Medium (Phenion, #ALI CM HC-250, w/o hydrocortisone) for 10 to 14 days.





Cryosectioning and immunofluorescence staining

Skin models were embedded and frozen in Tissue-Tek (Sakura, #4583), cut into 7 µm slices and transferred to Microscope slides (expredia, #J1800AMNZ). The tissue slides were fixed in ice-cold acetone for 10 minutes and blocked in 10% normal goat serum (Invitrogen, #50062Z), for 1 h at room temperature. Primary antibodies were diluted in DAKO antibody diluent (Dako, #S0809) and Cytokeratin 5 (OriGene, DM361) (1:75) and CD45-VioBright R667 (Miltenyi, #130-110-779) (1:50) were applied for staining at 4° C overnight. Secondary antibody staining with Alexa Flour 488 (Invitrogen, #A11017) (1:200) combined with DAPI staining (10 µg/ml) (Sigma, ##D9542) was performed for 1 h at room temperature (RT). The stained tissue slides were imbedded with Tissue Fluorescence mounting medium (Agilent, S3023) to avoid bleaching and imaged using confocal spinning disc microscopy (CQ1, Yokogawa). For immunofluorescent staining of the isolated iDCs, cells were transferred into a 96 well plate and fixed with 4% paraformaldehyde (PFA) (Roth, #0964.1) for 10 min. The cells were blocked and permeabilized in 0.1% BSA (Roth, #8076.2), 0.01% Tween20 (Sigma, #P7949) and 0.1% Triton X100 (Sigma, #T9284) in 1x PBS for 30 min. The primary antibody CD45-VioBright R667 was diluted 1:50 in DAKO antibody diluent and applied over night at 4°C. DAPI staining (10 µg/ml) was performed the next day for 1 h at RT. Washing steps were performed each 3x with 1 x PBS at 200 xg for 3 min. Immunofluorescent staining of the cells was analyzed using fluorescence microscopy (Keyence, #BZ-X800L/BZ-X810).





Hematoxylin and eosin staining

Skin models were fixed in 4% formaldehyde solution (Roth, #P087.5) for at least 24 h before dehydration was conducted in the automated tissue processor (Sakura Finetek USA, Inc., #Tissue-Tek VIP 5 Jr.). For paraffin embedding, samples were processed on Histo Core Arcadia C/H (Leica) and cut into 5 µm sections with the rotary microtome (Leica, #RM2145). Transferred sections on object slides were dried overnight at 37° C in a heating cabinet (Memmert) followed by automated hematoxylin and eosin staining procedure (Thermo Scientific, #Gemini AS). Images were taken with Olympus microscope (BX51, Camera Olympus DP7).





Skin model dissociation

The immune competent skin models were digested on ALI day 11, 24 h after sensitizer treatment. The tissue was minced via scalpel and tissue scissors and transferred to 1.5 ml tubes. For enzymatic dissociation 1 mL RPMI-1640 containing 10% FBS, 50 U/mL Pen-Strep, 50 µM 2-mercaptoethanol, 100 µg/mL liberase (Roche, #05401119001) and 40 µg/mL DNAse (Roche, #10104159001) was added and the tissue was incubated for 90 min at 37° C, 400 RPM on a thermoshaker (Eppendorf, #PMCT). After 90 minutes, the dissociated cell suspension was filtered through a 70 µm cell strainer (VWR, #732-2758) to obtain single cell suspensions. The cells were washed with PBS and stained for flow cytometry analysis.





Statistical evaluation

Analysis of the data was conducted with GraphPad Prism version 8.4.3 (GraphPad Software, Inc., San Diego, CA, USA). Statistical significance was calculated using an unpaired t-test, one-way ANOVA or two-way ANOVA. Significance was defined and referred to as * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001.






Results

When compared to original THP-1 cells our recent study confirmed the expected pronounced ability of THP-1-derived iDCs to phagocytose pathogen membrane particles such as zymosan. Furthermore, iDCs, but not undifferentiated THP-1 cells, are able to induce T cell activation via upregulation of IL-12p40 upon sensitizer treatment (41). Thus, a logical subsequent step is to prove whether the iDCs might be suitable surrogates for dermal dendritic cells. Firstly, the expression of CD11c, which is known to be highly expressed on dermal dendritic cells, and the absence of CD14, a marker for monocytic cells and often used to distinguish DCs from monocytes and macrophages, was investigated. While undifferentiated THP-1 cells, as well as THP-1-derived iDCs express almost no CD14, both express CD11c. However, the expression of CD11c is significantly higher (~1.3-fold) on THP-1-derived iDCs compared to THP-1 cells (Figures 2A, C). Hence, our iDCs might be suitable CD14-, CD11c+ dermal dendritic cell surrogates for the integration into a full-thickness skin model.




Figure 2 | (A) CD14 and CD11c surface marker expression of the undifferentiated THP-1 cell line and THP-1-derived iDCs. THP-1 cells were differentiated with 1500 U/ml GM-CSF and 1500 U/ml IL-4 for 5 days, with medium exchange on day 3. (B) iDCs were treated with NiSO4 [380 µM] and DNCB [20 µM] for 23 h. (C) Gating strategy. Surface marker expression (depicted as percentage of positive cells) of at least 10,000 viable cells was analyzed via flow cytometry. Error bars indicate the standard errors of the mean (n = 3 independent experiments with *p ≤ 0.05 and ****p ≤ 0.0001).



Dendritic cell activation and maturation is characterized by the upregulation of adhesion molecules like CD54 and co-stimulatory molecules and DC maturation markers such as CD86, which are both required for the stimulation of T cells. As expected, treatment of iDCs with NiSO4 led to a significantly higher expression of CD54 (~97%) and CD86 (~51%) while DNCB also resulted in a significantly upregulation of CD54 (~93%) and an even higher expression of CD86 (~80%) compared to the solvent control (CD54: ~80%, CD86: ~37%) (Figures 2B, C). Furthermore, a few studies demonstrated the activation of the NF-κB pathway in the presence of nickel salts (14, 15). In contrast, for DNCB a phosphorylation of p38 MAPK in DC surrogates was shown (14–16). Moreover, it was proven that both pathways are required for the upregulation of DC activation markers and the subsequent secretion of inflammatory cytokines such as IL-8, IL-6, IL-1 or TNF-α (14–16). We therefore investigated the activation of these pathways as well as the expression of inflammatory cytokines. Treatment of iDCs with 500 µM NiSO4 led to significant reduction (1.6-fold) of the inhibitor protein kappa B alpha (IκBα) expression, but (according to previously reported studies) no significant phosphorylation of p38 MAPK could be detected. Contrary, DNCB [25 µM] treatment led to a significant phosphorylation of p38 MAPK (2.6-fold), but no degradation of IκBα (Figure 3).




Figure 3 | Activation of inflammatory pathways in iDCs after sensitizer treatment. (A, C) Degradation of IκBα after NiSO4 [500 µM] and DNCB [25 µM] treatment for 1 h, respectively. (B, D) Phosphorylation of p38 MAPK after NiSO4 [500 µM] and DNCB [25 µM] treatment for 30 min. (A, B) depict one representative blot of three independent experiments. The housekeeping gene vinculin serves as a loading control. (C, D) Show the quantification of image bands normalized to the solvent control. Error bars indicate the standard errors of the mean (n = 3 independent experiments with *p ≤ 0.05).



In order to prove whether our iDCs are able to up-regulate the expression and to secrete inflammatory cytokines after sensitizer treatment similar to previously reported DC surrogates from various sources, mRNA levels of the inflammatory cytokines IL-8, IL-6 and TNF-α were analyzed. Treatment of iDCs with NiSO4 [380 µM] for 6 h induced significant upregulation of mRNA levels for IL-8 (15-fold), IL-6 (2.4-fold) and TNF-α (2-fold). DNCB [20 µM] treatment led to significantly higher IL-8 mRNA levels (17-fold), but no significant upregulation of IL-6 and contrary to NiSO4 treatment, significant reduction of TNF-α mRNA levels (0.2-fold) (Figure 4). To confirm the mRNA results on the protein level, iDCs were treated for 24 h with 380 µM NiSO4 or 20 µM DNCB and the absolute cytokine concentration was determined via a Multiplexing Cytometric Bead Array Assay. Treatment of iDCs with NiSO4 induced the secretion of ~17,000 pg/ml IL-8, ~20 pg/ml IL-6, ~30 pg/ml IL-1β and ~7 pg/ml TNF-α, respectively, while DNCB treatment induced the secretion of ~3376 pg/ml IL-8 and ~5.8 pg/ml IL-1β. Secretion of IL-6 and TNF-α could not be detected after DNCB treatment (Figure 5). Overall, upon sensitizer treatment THP1-derived iDCs are able to secrete inflammatory cytokines relevant for the activation and recruitment of T cells in the skin, although in different patterns depending on the applied sensitizers.




Figure 4 | mRNA levels of inflammatory cytokine expression by iDCs: (A) IL-8, (B) IL-6, (C) TNF-α, after NiSO4 [380 µM] and DNCB treatment [20 µM] for 6 h. Results are depicted as fold of induction compared to the solvent control [0.2% DMSO] and normalized to the expression of the housekeeping gene [GAPDH]. Error bars indicate the standard errors of the mean (n = 3 independent experiments with *p ≤ 0.05, **p ≤ 0.01).






Figure 5 | Secretion of inflammatory cytokines: IL-8 (A, E), IL-6 (B, F), TNF-α (C, G) IL-1β (D, H) by iDCs after NiSO4 [380 µM] (A-D) and DNCB [20 µM] (E-H) treatment. Supernatants were harvested after 24 h and cytokine concentrations were detected using a Cytometric Bead Array Assay. Error bars indicate the standard errors of the mean (n = 3 independent experiments with *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001).



Next, we aimed to integrate the iDCs into a full-thickness skin model as potential dermal DC surrogates and to prove their functionality in vitro. Therefore, iDCs were integrated into the well-established and commercially available Phenion® Full-Thickness Skin Model (44–46). The Phenion® Full-Thickness Skin Model comprises a fully stratified epidermis including a stratum basale, stratum spinosum, stratum granulosum and stratum corneum as well as a mechanically stable dermis. The rigid porous structure allows the fibroblasts to migrate into the scaffold and to synthesize and secrete extracellular matrix components such as elastin and fibrillin-1, mimicking the elastic network of native human skin (44, 47) and thereby potentially providing the organ-specific environment for DDCs.

To develop an immune competent skin model, iDCs, were seeded together with primary human keratinocytes onto matured dermis equivalents. After 10 days of air-liquid interphase (ALI) cultivation, allowing the complete differentiation of all epidermal layers, the skin models were either cryo-sectioned for histological analysis or treated with a sensitizer (NiSO4 or DNCB) for 24 h and subsequently proceeded towards enzymatic dissociation and DC surface marker analysis (Figure 6A). On ALI day 10, the skin model is fully differentiated displaying all epidermal layers typical for native human skin including a stratum corneum, and a dermal compartment enriched with newly synthesized ECM proteins (Figures 6, 7A, C). Histological analysis of the full-thickness skin models reveals the integration of iDCs in the dermis, mostly located underneath the epidermis, which proves the integration as dermal dendritic cells. Compared to the control model, the overall histology of the epidermis is not impaired by the integration of our iDCs and the epidermis remains fully stratified (Figure 7).




Figure 6 | Engineering of human 3D immune competent full-thickness skin models. (A) Primary human foreskin keratinocytes are seeded onto feeder cells and harvested after six days of cultivation and seeded together with THP-1-derived iDCs (ratio 1:2) onto dermis models based on a solid collagen matrix and primary fibroblasts. After 48 h of cultivation in a submerse phase, the skin models are lifted into an air-liquid interphase. After 10 days, the skin models are cryo-sectioned for histological analysis or treated with sensitizers for 24 h and enzymatically dissociated. Created with BioRender.com. (B) The full-thickness skin model is characterized by a diameter of 1.4 cm and a height of 0.3 cm. The photo was taken on ALI d10 and depicts our immune competent skin model with a fully differentiated epidermis.






Figure 7 | Histological analysis of the full-thickness skin models. (A, C): H&E staining of the regular model without immune cells (A) and the skin model including DDC surrogates (C). Scale bar = 100 µm. (B, D): Immunofluorescent staining of the regular model without immune cells (B) and skin model including DDC surrogates (D). Keratinocytes were stained with cytokeratin 5 (green signal). DDC surrogates were stained with CD45 (red signal). Nuclei were stained with DAPI (blue signal). Scale bar = 20 µm. (E) Immunofluorescent staining of DDC surrogates before integration into the skin models. DDC surrogates were stained with CD45 (red signal). Nuclei were stained with DAPI (blue signal). Scale bar = 20 µm.



To prove whether iDCs are applicable to a qualitative characterization of sensitizers and perspectively of drug candidates, iDCs were pre-treated for 1 h with dexamethasone, an anti-inflammatory, anti-allergic synthetic glucocorticoid (48), before applying NiSO4 [380 µM] for 23 h. Treatment of isolated iDCs with NiSO4 alone induced the upregulation of CD54 (~1.2-fold) and a significant upregulation of CD86 (~1.4-fold). The pre-treatment with dexamethasone led to the reduction of the NiSO4 induced CD54 (~1.3-fold) expression and a significant reduction of the NiSO4 induced CD86 expression (~2.1-fold) (Figure 8A) as well as a significant reduction of the IL-8 (23.5-fold), IL-6 (~20-fold) and IL-1β (~30-fold) secretion (Figure 8C).




Figure 8 | Surface marker expression of CD54 and CD86 (depicted as fold of induction of the percentage of all positive cells) after (A) pre-treatment of THP-1-derived iDCs and (B) topical treatment of the immune competent skin model with dexamethasone for 1 h, followed by NiSO4 treatment for 23 h. Results were depicted as fold of induction compared to the solvent control [0.3% DMSO]. (C–E) Cytokine secretion of iDCs after 1 h dexamethasone pre-treatment, followed by 23 h of NiSO4 exposure. Error bars indicate the standard errors of the mean (n = 3 independent experiments for (A, C) and n=4 independent experiments for (B) with *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001).



To validate the functionality and immune competence of the DDC surrogate skin model, a topical administration of dexamethasone [1 µM] for 1 h was followed by a topical exposure of NiSO4 [380 µM] for 23 h. Afterwards, the skin models were dissociated enzymatically into single cell suspensions and CD45 positive cells were gated for the analysis of the CD54 and CD86 expression on the tissue-integrated iDCs. Topical treatment of the immune competent skin model with NiSO4 alone induced a proven upregulation of CD54 (~1.3-fold) and CD86 (~1.5-fold) on the iDCs dissociated from the dermal layer (Figure 8B), demonstrating the robust functionality of our dermal DC surrogates in vitro. Furthermore, pre-treatment with dexamethasone led to the reduction of the CD54 (~1.4-fold) and a significant reduction of the CD86 (~1.6-fold) expression on iDCs after topical treatment of the immune competent skin model (Figure 8B). In conclusion, we were able to engineer a skin model with fully functional dermal dendritic cell surrogates derived from the monocytic cell line THP-1. Furthermore, our immune competent skin model allows the qualitative identification of potential sensitizers and perspectively the evaluation of novel drug candidates potentially suppressing skin sensitization.





Discussion

The aim of this study was to explore and validate immature dendritic cells (iDCs) derived from the monocytic cell line THP-1 as suitable surrogates for dermal dendritic cells upon integration into a human full-thickness skin model. The ability of THP-1-derived iDCs to identify sensitizers such as NiSO4 and DNCB and to upregulate the DC activation markers CD54 and CD86 has been recently shown (41). Furthermore, the capability to phagocytose pathogen-derived membrane components and to potentially induce T cell activation via upregulation of IL-12p40 upon sensitizer treatment has been proven (41). Subsequently, the next logically step was to prove whether our iDCs might be suitable surrogates for dermal dendritic cells.

Dermal dendritic cells can be identified and distinguished from dermal monocytes and macrophages by a low CD14 expression and a high CD11c expression (4, 5). However, in contrast to Langerhans cells, no exclusive cell-specific marker expressed on all dermal dendritic subsets has been reported so far. A commonly described low CD14 expression and a high CD11c expression could be confirmed on the THP-1-derived iDCs. In addition, the significant up-regulation of the DC activation markers CD54 and CD86 after NiSO4 and DNCB treatment was verified, confirming the expected ability to respond to sensitizers as a required prerequisite for DC activation and subsequent maturation. Since several studies elucidated the necessity of the activation of the NF-κB pathway and the p38 MAPK pathway for the process of DC activation and maturation marker upregulation (14–16), we studied the impact of the two model sensitizers, NiSO4 and DNCB on both pathways in the THP-1-derived iDCs. In line with the published studies, we were able to confirm a significant degradation of IκBα after NiSO4 treatment and an induction of phosphorylation of p38 MAPK after DNCB treatment. Treatment of DCs derived from human cord blood with NiSO4 led to maximal degradation of IκBα after 1 h and recovery after 4 h, while treatment with DNCB could not induce the degradation of IκBα (14). Similarly, NiCl2, but not DNCB treatment of PBMC-derived DCs for 1 h led to the phosphorylation and degradation of IκBα. In addition, the NiCl2-induced activation of NF-κB could be proven via NF-κB p65 transcriptional factor assay kit (15). Conversely, DNCB treatment of human cord blood- derived DCs induced a strong phosphorylation of p38 MAPK after 30 min, while NiSO4 treatment could only induce minor phosphorylation of p38 MAPK after 30 min (14). Furthermore, treatment of PBMC derived DCs with DNCB induced a strong dose-dependent phosphorylation of p38 MAPK (15). However, treatment of a fetal mouse skin-derived skin line with NiSO4 induced only a weak phosphorylation of p38 MAPK after 2 h of treatment and no degradation of IκBα (49). In fact, sensitization to nickel in mice cannot be achieved without an additional adjuvant to induce the expansion of nickel reactive T cells, while in humans nickel functions as its own adjuvant via the Toll like receptor (TLR) 4, which was identified as receptor for Ni2+ in human, but not in mice (50). These results clearly underline the species-specific differences and the necessity to study the skin immunity in human-derived systems. Furthermore, it needs to be mentioned that the TLR4 mediated nickel skin sensitization is most likely guided by dermal dendritic cells, since TLR4 is not expressed on human LCs (51, 52).

Next to the sensitizer induced upregulation of DC activation and maturation markers such as CD54 and CD86 and the activation of the NF-κB as well as the p38 MAPK pathways, the up-regulation and secretion of inflammatory cytokines such as IL-8, IL-6, IL-1 and TNF-α has been described for various DC surrogates (14–16, 53). Thus, we were intrigued to prove the sensitizer- induced expression and secretion of those interleukins in our iDCs as well. Treatment of iDCs with NiSO4 resulted in a significant upregulation of mRNA levels for IL-8, IL-6 and TNF-α. These results were confirmed on the protein level, by significant higher cytokine secretion for IL-8, IL-6 and additionally IL-1β. The secretion of IL-8 and IL-6 after NiSO4 treatment has been shown for cord blood- derived iDCs as well (14). Furthermore, enhanced mRNA levels as well as cytokine secretion of IL-1β, IL-6, IL-8, TNF-α could be detected after treatment of PBMC derived DCs with NiCl2 (15, 53). Treatment of iDCs with DNCB led to a significant upregulation of mRNA levels for IL-8 and IL-6 and significant cytokine secretion for IL-8 and IL-1β. Treatment of PBMC derived iDCs with DNCB resulted in enhanced mRNA levels for IL-8, IL-1β and TNF-α, but only in a significant increased secretion of IL-8 (15). However, treatment of PBMC derived DCs from a different study could prove in line with our results the DNCB induced secretion of IL-1β and no secretion of IL-6 and TNF-α (53). Taken together, our results mirror the results published for other DC surrogates in regard of the p38 MAPK pathway, the NF-κB pathway and inflammatory cytokine induction, suggesting distinct activation mechanisms, different targets and signaling pathways for DNCB compared to nickel salts. Investigating those differences, Ade et al. were able to show that the inhibition of NF-κB with BAY 11-7085 suppressed the NiSO4 induced increase of CD86 and CD83 and abolished the NiSO4 induced secretion of IL-8, IL-6 and IL12-p40 in cord blood derived DCs (14). However, inhibition of p38 MAPK in PBMC derived DCs with PD98059 suppressed the NiCl2 induced IL-1β, IL-8, and TNF-α secretion (15). Inhibition of p38 MAPK in PBMC derived iDCs with SB203580 led to suppressed DNCB induced augmentation of CD86 as well as a suppressed secretion of IL-8 (15). Furthermore, it was shown that DNCB treatment inhibits TNF-α induced activation of the NF-κB pathway in cord blood derived DCs (14). One hypothesis for the distinct mechanisms of action for NiSO4 and DNCB could underly their lipophilicity. While DNCB as a lipophilic hapten is able to penetrate directly into the DCs, it can be processed endogenously and presented via MHC class I molecules, hydrophilic nickel ions are more likely processed exogenously and presented via the MHC class II molecules (54–56). In order to elucidate the distinct activation of iDCs upon sensitizer treatment, the molecular mechanism of the haptenization, including the (covalent) binding and modification of proteins followed by the individual, sensitizer or hapten specific DC activation, needs to be addressed in future studies. Although the binding capacity of migratory DCs in skin-draining lymph nodes was proven (57), unfortunately, to date, the precise mechanism of the DNCB and NiSO4 DC activation has not been fully established. Furthermore, it has been reported that metal ions such as nickel are bound and presented via different ways to CD4+ T cells. While classic allergens such as DNCB tend to form covalent bonds with MHC-bound proteins, metal ions can interact via several molecular mechanisms with T cells (58).

By proving low CD14 and high CD11c expression, the activation of the p38 MAPK and the NF-κB pathway as well as the secretion of inflammatory cytokines after sensitizer treatment in addition to their capability to phagocytose pathogen-derived membrane particles, our THP-1-derived iDCs could be identified as potential dermal dendritic cell surrogates.

For compound characterization, a robust and relatively easily accessible human tissue platform would be desirable as an alternative to animal experiments or highly variable and time-consuming transplants from human skin. Hence, the overall aim was to integrate the iDCs into a human skin model. For this the Phenion® Full-Thickness Skin Model was chosen due its unique porous matrix, which allows the fibroblasts to adhere to and migrate into the collagen and to secrete extracellular matrix components such as elastin and fibrillin-1 (44, 47), mimicking the elastic network of native human skin and thereby potentially providing the inevitable environment for DDCs. Histological analysis of the skin tissue revealed the integration iDCs in the dermis, predominantly underneath the epidermis. This location is in line with the observation for CD11c positive dendritic cells in normal human skin, which have been found to be located in the superior dermis (59). Contrary, cells expressing monocyte/macrophage markers such as CD14 or CD163 are largely located in the superior papillary and reticular dermis (59). Noteworthy, the integration of the iDCs as DDCs did not impair the stratification of the epidermis.

To prove the immune competence of the newly developed iDC containing full-thickness skin model, the skin models were treated topically with 380 µM NiSO4 and 20 µM DNCB for 23 h and subsequently dissociated enzymatically into single cell suspensions for the analysis of the surface marker expression of CD54 and CD86 on the DDC surrogates (identified via CD45 expression). While treatment of iDCs with NiSO4 only resulted in a 1.2-fold up-regulation of CD54 and a 1.4-fold upregulation of CD86, topical sensitizer administration resulted in a 1.3-fold upregulation of CD54 and a 1.5-fold upregulation of CD86 on tissue-integrated iDCs. Thus, we were able to prove the functionality and thereby the immune competence of our DDC surrogate model 12 days after the integration of iDCs. Noteworthy, despite the vigorous enzymatic dissociation, the expression of both surface markers was still detectable on tissue -integrated iDCs and the upregulation could be detected in a similar manner (fold of induction) compared to the isolated iDCs. In fact, this is not self-evidently, as on one hand the protein expression pattern could change due to the complex three-dimensional co-cultivation with keratinocytes and fibroblasts and on the other hand the enzymatic tissue dissociation has been proven to alter or even diminish the cell surface antigen expression on distinct immune cell populations (60–63).

In order to initially assess the potential of our engineered skin tissue for drug discovery applications, we aimed to prove that our immune competent skin model is amenable for the qualitative characterization of putative anti-inflammatory compounds. Therefore, isolated iDCs as well as the immune competent skin model were treated with dexamethasone, an anti-inflammatory, anti-allergic synthetic glucocorticoid (48), for 1 h followed by 23 h of NiSO4 exposure. Indeed, pre-treatment with dexamethasone significantly reduced the NiSO4 induced secretion of IL-8, IL-6 and IL-1β and could suppress the expression of CD54 and CD86 on isolated as well as on the tissue-integrated iDCs. In line with our results, the expression of CD54 and CD86 on murine bone marrow derived DC surrogates was downregulated by dexamethasone treatment in a dose-dependent manner and the secretion of IL-1β was decreased significantly (64). Furthermore, the presence of dexamethasone during the differentiation of PBMC into DC surrogates decreased the basal expression of CD86 as well as the TNF-α induced upregulation of CD86 and the LPS-induced secretion of TNF-α and IL-1β (65). By suppressing the expression of CD54 and CD86, as well as the secretion of IL-8, IL-6 and IL-1, which are required for the activation, stimulation and recruitment of T cells, dexamethasone might contribute to T cell inhibitory effects and thereby suppressing the immune response.

Altogether, the THP-1 derived iDCs are profoundly characterized by a low CD14 and high CD11c expression, the ability phagocytose membrane components derived from pathogens (41) and to identify sensitizers such as DNCB and NiSO4, which is subsequently followed by the upregulation of adhesion molecules, such as CD54 and co-stimulatory molecules such as CD86 required for the co-stimulation of naïve CD4+ T cells. In addition, T cell activation might be supported via upregulation of IL-12p40 upon sensitizer treatment (41). Our findings may contribute to the understanding of the crucial role of DDC for antigen presentation in the skin and the potential to migrate and activate T cells faster and outnumber LCs by 10:1 in draining lymph nodes (39, 40). Furthermore, the sensitizer induced activation of the NF-κB and the p38 MAPK pathway and the secretion of inflammatory cytokines such as IL-8, IL-6, IL-1β and TNF-α as it was stated for other DC surrogates could be validated. Thus, our THP-1-derived iDCs fulfill all required in vitro criteria for dermal dendric cell surrogates. By integrating those iDCs into a full-thickness skin model, we are the first to engineer a human immune competent full-thickness skin model containing THP-1-derived iDCs as dermal dendritic cell surrogates, which serve as an easily accessible tool to identify sensitizers and to qualitatively analyze putative anti-inflammatory compounds according to the 3R principles. Prospectively, our immune competent DDC model might be suitable for the research and understanding of inflammatory skin conditions such as psoriasis or diabetic skin manifestations often accompanied with recurring fungal or bacterial infections (66, 67).





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

Ethical approval was not required for the studies on humans in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used.





Author contributions

NT: Conceptualization, Funding acquisition, Project administration, Resources, Supervision, Writing – review & editing. JH: Data curation, Investigation, Methodology, Visualization, Writing – original draft. KF: Data curation, Investigation, Validation, Visualization, Writing – review & editing. MM: Validation, Data curation, Investigation, Visualization, Writing – review & editing. NB: Investigation, Data curation, Methodology, Validation, Visualization, Writing – review & editing. UE: Methodology, Validation, Investigation, Visualization, Writing – review & editing. TB: Conceptualization, Funding acquisition, Supervision, Project administration, Resources, Writing – review & editing. KM: Funding acquisition, Methodology, Project administration, Supervision, Resources, Investigation, Writing – review & editing. LV: Data curation, Methodology, Resources, Supervision, Validation, Investigation, Visualization, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by a grant to NT, TB and KM by the Bundesministerium für Ernährung und Landwirtschaft (BMEL), funding number: 281A308C18.




Acknowledgments

We would like to thank Prof. Dr. Eckhard Lammert for his profound support throughout this work.





Conflict of interest

Authors MM, NB, UE, KM, LV are employed by the company Henkel AG & Co. KGaA.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Kabashima, K, Honda, T, Ginhoux, F, and Egawa, G. The immunological anatomy of the skin. Nat Rev Immunol (2019) 19(1):19–30. doi: 10.1038/s41577-018-0084-5

2. Matejuk, A. Skin immunity. Archivum Immunol Therapiae Experimentalis. (2018) 66(1):45–54. doi: 10.1007/s00005-017-0477-3

3. Valladeau, J, Ravel, O, Dezutter-Dambuyant, C, Moore, K, Kleijmeer, M, Liu, Y, et al. Langerin, a novel C-type lectin specific to Langerhans cells, is an endocytic receptor that induces the formation of Birbeck granules. Immunity (2000) 12(1):71–81. doi: 10.1016/S1074-7613(00)80160-0

4. Zaba, LC, Fuentes-Duculan, J, Steinman, RM, Krueger, JG, and Lowes, MA. Normal human dermis contains distinct populations of CD11c+BDCA-1+ dendritic cells and CD163+FXIIIA+ macrophages. J Clin Invest. (2007) 117(9):2517–25. doi: 10.1172/JCI32282

5. Zaba, LC, Krueger, JG, and Lowes, MA. Resident and “Inflammatory” Dendritic cells in human skin. J Invest Dermatol (2009) 129(2):302–8. doi: 10.1038/jid.2008.225

6. Sumpter, TL, Balmert, SC, and Kaplan, DH. Cutaneous immune responses mediated by dendritic cells and mast cells. JCI Insight (2019) 4(1).

7. Naik, SM, Cannon, G, Burbach, GJ, Singh, SR, Swerlick, RA, Wilcox, JN, et al. Human keratinocytes constitutively express interleukin-18 and secrete biologically active interleukin-18 after treatment with pro-inflammatory mediators and dinitrochlorobenzene. J Invest Dermatol (1999) 113(5):766–72. doi: 10.1046/j.1523-1747.1999.00750.x

8. Lisby, S, Müller, KM, Jongeneel, CV, Saurat, J-H, and Hauser, C. Nickel and skin irritants up-regulate tumor necrosis factor-α mRNA in keratinocytes by different but potentially synergistic mechanisms. International immunology (1995) 7(3):343–52.

9. Gueniche, A, Viac, J, Lizard, G, Charveron, M, and Schmitt, D. Effect of nickel on the activation state of normal human keratinocytes through interleukin 1 and intercellular adhesion molecule 1 expression. Br J Dermatol (1994) 131(2):250–6. doi: 10.1111/j.1365-2133.1994.tb08500.x

10. Tuschl, H, and Kovac, R. Langerhans cells and immature dendritic cells as model systems for screening of skin sensitizers. Toxicol Vitro. (2001) 15(4):327–31. doi: 10.1016/S0887-2333(01)00030-3

11. Xu, H, Guan, H, Zu, G, Bullard, D, Hanson, J, Slater, M, et al. The role of ICAM-1 molecule in the migration of Langerhans cells in the skin and regional lymph node. Eur J Immunol (2001) 31(10):3085–93. doi: 10.1002/1521-4141(2001010)31:10<3085::AID-IMMU3085>3.0.CO;2-B

12. Dustin, ML, Tseng, S-Y, Varma, R, and Campi, G. T cell–dendritic cell immunological synapses. Curr Opin Immunol (2006) 18(4):512–6. doi: 10.1016/j.coi.2006.05.017

13. Sharpe, AH, and Freeman, GJ. The B7–CD28 superfamily. Nat Rev Immunol (2002) 2(2):116–26. doi: 10.1038/nri727

14. Ade, N, Antonios, D, Kerdine-Romer, S, Boisleve, F, Rousset, F, and Pallardy, M. NF-kappaB plays a major role in the maturation of human dendritic cells induced by NiSO(4) but not by DNCB. Toxicol Sci (2007) 99(2):488–501. doi: 10.1093/toxsci/kfm178

15. Aiba, S, Manome, H, Nakagawa, S, Mollah, ZUA, Mizuashi, M, Ohtani, T, et al. p38 mitogen-activated protein kinase and extracellular signal-regulated kinases play distinct roles in the activation of dendritic cells by two representative haptens, niCl2 and 2,4-dinitrochlorobenzene. J Invest Dermatol (2003) 120(3):390–9. doi: 10.1046/j.1523-1747.2003.12065.x

16. Arrighi, J-F, Rebsamen, M, Rousset, F, Kindler, V, and Hauser, C. A critical role for p38 mitogen-activated protein kinase in the maturation of human blood-derived dendritic cells induced by lipopolysaccharide, TNF-α, and contact sensitizers. J Immunol (2001) 166(6):3837–45. doi: 10.4049/jimmunol.166.6.3837

17. Casilli, F, Bianchini, A, Gloaguen, I, Biordi, L, Alesse, E, Festuccia, C, et al. Inhibition of interleukin-8 (CXCL8/IL-8) responses by repertaxin, a new inhibitor of the chemokine receptors CXCR1 and CXCR2. Biochem Pharmacol (2005) 69(3):385–94. doi: 10.1016/j.bcp.2004.10.007

18. Harada, A, Sekido, N, Akahoshi, T, Wada, T, Mukaida, N, and Matsushima, K. Essential involvement of interleukin-8 (IL-8) in acute inflammation. J leukocyte Biol (1994) 56(5):559–64. doi: 10.1002/jlb.56.5.559

19. Xu, Y-D, Cheng, M, Shang, P-P, and Yang, Y-Q. Role of IL-6 in dendritic cell functions. J Leukocyte Biol (2022) 111(3):695–709. doi: 10.1002/JLB.3MR0621-616RR

20. Briscoe, D, Cotran, R, and Pober, J. Effects of tumor necrosis factor, lipopolysaccharide, and IL-4 on the expression of vascular cell adhesion molecule-1 in vivo. Correlation with CD3+ T cell infiltration. J Immunol (Baltimore Md: 1950) (1992) 149(9):2954–60.

21. Feldmeyer, L, Werner, S, French, LE, and Beer, H-D. Interleukin-1, inflammasomes and the skin. Eur J Cell Biol (2010) 89(9):638–44. doi: 10.1016/j.ejcb.2010.04.008

22. Nakae, S, Asano, M, Horai, R, Sakaguchi, N, and Iwakura, Y. IL-1 enhances T cell-dependent antibody production through induction of CD40 ligand and OX40 on T cells. J Immunol (2001) 167(1):90–7. doi: 10.4049/jimmunol.167.1.90

23. Riemann, H, Schwarz, A, Grabbe, S, Aragane, Y, Luger, TA, Wysocka, M, et al. Neutralization of IL-12 in vivo prevents induction of contact hypersensitivity and induces hapten-specific tolerance. J Immunol (1996) 156(5):1799–803. doi: 10.4049/jimmunol.156.5.1799

24. Tait Wojno, ED, Hunter, CA, and Stumhofer, JS. The immunobiology of the interleukin-12 family: room for discovery. Immunity (2019) 50(4):851–70. doi: 10.1016/j.immuni.2019.03.011

25. Pasparakis, M, Haase, I, and Nestle, FO. Mechanisms regulating skin immunity and inflammation. Nat Rev Immunol (2014) 14(5):289–301. doi: 10.1038/nri3646

26. Gerber, PA, Buhren, BA, Schrumpf, H, Homey, B, Zlotnik, A, and Hevezi, P. The top skin-associated genes: a comparative analysis of human and mouse skin transcriptomes. Biol Chem (2014) 395(6):577–91. doi: 10.1515/hsz-2013-0279

27. Rougier, A, Lotte, C, and Maibach, HI. In vivo percutaneous penetration of some organic compounds related to anatomic site in humans: predictive assessment by the stripping method. J Pharm Sci (1987) 76(6):451–4. doi: 10.1002/jps.2600760608

28. Abd, E, Yousef, SA, Pastore, MN, Telaprolu, K, Mohammed, YH, Namjoshi, S, et al. Skin models for the testing of transdermal drugs. Clin Pharmacol (2016) 8:163–76. doi: 10.2147/CPAA.S64788

29. Van Gele, M, Geusens, B, Brochez, L, Speeckaert, R, and Lambert, J. Three-dimensional skin models as tools for transdermal drug delivery: challenges and limitations. Expert Opin Drug Delivery (2011) 8(6):705–20. doi: 10.1517/17425247.2011.568937

30. Laubach, V, Zöller, N, Rossberg, M, Görg, K, Kippenberger, S, Bereiter-Hahn, J, et al. Integration of Langerhans-like cells into a human skin equivalent. Arch Dermatol Res (2011) 303(2):135–9. doi: 10.1007/s00403-010-1092-x

31. Ouwehand, K, Spiekstra, SW, Waaijman, T, Scheper, RJ, de Gruijl, TD, and Gibbs, S. Technical advance: Langerhans cells derived from a human cell line in a full-thickness skin equivalent undergo allergen-induced maturation and migration. J Leukoc Biol (2011) 90(5):1027–33. doi: 10.1189/jlb.0610374

32. Bock, S, Said, A, Müller, G, Schäfer-Korting, M, Zoschke, C, and Weindl, G. Characterization of reconstructed human skin containing Langerhans cells to monitor molecular events in skin sensitization. Toxicol In Vitro. (2018) 46:77–85. doi: 10.1016/j.tiv.2017.09.019

33. Kosten, IJ, Spiekstra, SW, de Gruijl, TD, and Gibbs, S. MUTZ-3 derived Langerhans cells in human skin equivalents show differential migration and phenotypic plasticity after allergen or irritant exposure. Toxicol Appl Pharmacol (2015) 287(1):35–42. doi: 10.1016/j.taap.2015.05.017

34. Rodrigues Neves, CT, Spiekstra, SW, de Graaf, NP, Rustemeyer, T, Feilzer, AJ, Kleverlaan, CJ, et al. Titanium salts tested in reconstructed human skin with integrated MUTZ-3-derived Langerhans cells show an irritant rather than a sensitizing potential. Contact Derma (2020) 83(5):337–46. doi: 10.1111/cod.13666

35. Koning, JJ, Rodrigues Neves, CT, Schimek, K, Thon, M, Spiekstra, SW, Waaijman, T, et al. A multi-organ-on-chip approach to investigate how oral exposure to metals can cause systemic toxicity leading to Langerhans cell activation in skin. Front toxicol (2022) 3:824825. doi: 10.3389/ftox.2021.824825

36. Régnier, M, Staquet, MJ, Schmitt, D, and Schmidt, R. Integration of Langerhans cells into a pigmented reconstructed human epidermis. J Invest Dermatol (1997) 109(4):510–2. doi: 10.1111/1523-1747.ep12336627

37. Régnier, M, Patwardhan, A, Scheynius, A, and Schmidt, R. Reconstructed human epidermis composed of keratinocytes, melanocytes and Langerhans cells. Med Biol Eng Comput (1998) 36(6):821–4. doi: 10.1007/BF02518889

38. Bechetoille, N, Dezutter-Dambuyant, C, Damour, O, André, V, Orly, I, and Perrier, E. Effects of solar ultraviolet radiation on engineered human skin equivalent containing both Langerhans cells and dermal dendritic cells. Tissue Eng. (2007) 13(11):2667–79. doi: 10.1089/ten.2006.0405

39. Fukunaga, A, Khaskhely, NM, Sreevidya, CS, Byrne, SN, and Ullrich, SE. Dermal dendritic cells, and not Langerhans cells, play an essential role in inducing an immune response. J Immunol (2008) 180(5):3057–64. doi: 10.4049/jimmunol.180.5.3057

40. Kissenpfennig, A, Henri, S, Dubois, B, Laplace-Builhé, C, Perrin, P, Romani, N, et al. Dynamics and function of Langerhans cells in vivo: dermal dendritic cells colonize lymph node areas distinct from slower migrating Langerhans cells. Immunity (2005) 22(5):643–54. doi: 10.1016/j.immuni.2005.04.004

41. Hölken, JM, and Teusch, N. The monocytic cell line THP-1 as a validated and robust surrogate model for human dendritic cells. Int J Mol Sci (2023) 24(2). doi: 10.3390/ijms24021452

42. Bernd, A, Friess, W, Mewes, KR, Raus, M, Bendz, H, and Kippenberger, S. 2006/018147 A3. 23.02.2006:1452. Germany patent WO.

43. Escherich, D, Graf, R, Mewes, RM, and Raus, M. . 10 2006 006 461. 23.08.2007. Germany patent DE.

44. Mewes, KR, Raus, M, Bernd, A, Zöller, NN, Sättler, A, and Graf, R. Elastin expression in a newly developed full-thickness skin equivalent. Skin Pharmacol Physiol (2006) 20(2):85–95. doi: 10.1159/000097655

45. Vierkotten, L, Petersohn, D, Förster, T, and Mewes, KR. The importance of being three-dimensional in biology.

46. Reisinger, K, and Pfuhler, S. 3D skin comet assay. Alternatives Dermal Toxic Test (2017), 527–39. doi: 10.1007/978-3-319-50353-0_38

47. Mewes, KR, Zöller, NN, Bernd, A, Prießner, A, DeWever, B, Graf, R, et al. Expression of Dermal Extracellular Matrix Proteins in a Newly Developed Full-Thickness Skin Model. Cells and Culture. Dordrecht: Springer Netherlands (2010).

48. Cohen, DE, and Heidary, N. Treatment of irritant and allergic contact dermatitis. Dermatol Ther (2004) 17(4):334–40. doi: 10.1111/j.1396-0296.2004.04031.x

49. Neves, BM, Rosa, SC, Martins, JD, Silva, A, Gonçalo, M, Lopes, MC, et al. Development of an in vitro dendritic cell-based test for skin sensitizer identification. Chem Res Toxicol (2013) 26(3):368–78. doi: 10.1021/tx300472d

50. Schmidt, M, Raghavan, B, Müller, V, Vogl, T, Fejer, G, Tchaptchet, S, et al. Crucial role for human Toll-like receptor 4 in the development of contact allergy to nickel. Nat Immunol (2010) 11(9):814–9. doi: 10.1038/ni.1919

51. van der Aar, AMG, Sylva-Steenland, RMR, Bos, JD, Kapsenberg, ML, de Jong, EC, and Teunissen, MBM. Cutting edge: loss of TLR2, TLR4, and TLR5 on langerhans cells abolishes bacterial recognition1. J Immunol (2007) 178(4):1986–90. doi: 10.4049/jimmunol.178.4.1986

52. Takeuchi, J, Watari, E, Shinya, E, Norose, Y, Matsumoto, M, Seya, T, et al. Down-regulation of Toll-like receptor expression in monocyte-derived Langerhans cell-like cells: implications of low-responsiveness to bacterial components in the epidermal Langerhans cells. Biochem Biophys Res Commun (2003) 306(3):674–9. doi: 10.1016/S0006-291X(03)01022-2

53. Aiba, S, Terunuma, A, Manome, H, and Tagami, H. Dendritic cells differently respond to haptens and irritants by their production of cytokines and expression of co-stimulatory molecules. Eur J Immunol (1997) 27(11):3031–8. doi: 10.1002/eji.1830271141

54. Czarnobilska, E, Obtułowicz, K, Wsołek, K, Pietowska, J, and Spiewak, R. Mechanisms of nickel allergy. Przeglad Lekarski (2007) 64(7-8):502–5.

55. Chipinda, I, Hettick, JM, and Siegel, PD. Haptenation: chemical reactivity and protein binding. J Allergy (2011) 2011. doi: 10.1155/2011/839682

56. Rustemeyer, T, Van Hoogstraten, IM, Von Blomberg, BME, and Scheper, RJ. Mechanisms of allergic contact dermatitis. Kanerva’s Occup Dermatol (2020), 151–90. doi: 10.1007/978-3-319-68617-2_14

57. Kuroishi, T, Bando, K, Bakti, RK, Ouchi, G, Tanaka, Y, and Sugawara, S. Migratory dendritic cells in skin-draining lymph nodes have nickel-binding capabilities. Sci Rep (2020) 10(1):5050. doi: 10.1038/s41598-020-61875-6

58. Thierse, H-J, Gamerdinger, K, Junkes, C, Guerreiro, N, and Weltzien, HU. T cell receptor (TCR) interaction with haptens: metal ions as non-classical haptens. Toxicology (2005) 209(2):101–7. doi: 10.1016/j.tox.2004.12.015

59. Ochoa, MT, Loncaric, A, Krutzik, SR, Becker, TC, and Modlin, RL. “Dermal dendritic cells” Comprise two distinct populations: CD1+ Dendritic cells and CD209+ Macrophages. J Invest Dermatol (2008) 128(9):2225–31. doi: 10.1038/jid.2008.56

60. Hagman, DK, Kuzma, JN, Larson, I, Foster-Schubert, KE, Kuan, LY, Cignarella, A, et al. Characterizing and quantifying leukocyte populations in human adipose tissue: impact of enzymatic tissue processing. J Immunol Methods (2012) 386(1-2):50–9. doi: 10.1016/j.jim.2012.08.018

61. Ford, AL, Foulcher, E, Goodsall, AL, and Sedgwick, JD. Tissue digestion with dispase substantially reduces lymphocyte and macrophage cell-surface antigen expression. J Immunol Methods (1996) 194(1):71–5. doi: 10.1016/0022-1759(96)00067-1

62. Autengruber, A, Gereke, M, Hansen, G, Hennig, C, and Bruder, D. Impact of enzymatic tissue disintegration on the level of surface molecule expression and immune cell function. Eur J Microbiol Immunol (2012) 2(2):112–20. doi: 10.1556/EuJMI.2.2012.2.3

63. Abuzakouk, M, Feighery, C, and O'Farrelly, C. Collagenase and Dispase enzymes disrupt lymphocyte surface molecules. J Immunol Methods (1996) 194(2):211–6. doi: 10.1016/0022-1759(96)00038-5

64. Pan, J, Ju, D, Wang, Q, Zhang, M, Xia, D, Zhang, L, et al. Dexamethasone inhibits the antigen presentation of dendritic cells in MHC class II pathway. Immunol Letters (2001) 76(3):153–61. doi: 10.1016/S0165-2478(01)00183-3

65. Piemonti, L, Monti, P, Allavena, P, Sironi, M, Soldini, L, Leone, BE, et al. Glucocorticoids affect human dendritic cell differentiation and maturation1. J Immunol (1999) 162(11):6473–81. doi: 10.4049/jimmunol.162.11.6473

66. Popoviciu, MS, Kaka, N, Sethi, Y, Patel, N, Chopra, H, and Cavalu, S. Type 1 diabetes mellitus and autoimmune diseases: A critical review of the association and the application of personalized medicine. J Personal Med (2023) 13(3):422. doi: 10.3390/jpm13030422

67. Kamata, M, and Tada, Y. Dendritic cells and macrophages in the pathogenesis of psoriasis. Front Immunol (2022) 13. doi: 10.3389/fimmu.2022.941071




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Hölken, Friedrich, Merkel, Blasius, Engels, Buhl, Mewes, Vierkotten and Teusch. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1276151-g007.jpg





OEBPS/Images/fimmu-14-1276151-g005.jpg
IL-8 secretion

A 25000+

20000+

15000

pg/mi

10000

5000

0-

Hm Ctrl [0.3% DMSO]
mm NiSO4 [380 pM]

4000

Hkkk

3000

2000

pg/mi

1000

0

mm Ctrl [0.3% DMSQ]
B DNCB [20 uM]

IL-6 secretion

B o5, _=

No secretion
detected

Cc

pg/mi

TNF-a secretion

15+

10+

No secretion
detected

IL-1B secretion






OEBPS/Images/fimmu-14-1276151-g002.jpg
—_— 100 *kKkk - 120_ *
= X
e =i
= c
° 80 2
‘B (7]
7] 7]
: g
S
$ 60 <
(3] [0)
o} 15}
(7]
< 40 =<
© @
1S 1S
g 2 :
= ‘€
3 >
@ 0 e 2
CD14 CD11c CD54 CD86
. . mm  Ctrl [0.3% DMSO
mm undifferentiated N'SC[)4 380 uM ]
: = I
mm jmmature DCs [ HM]
— DNCB [20 uM]
Multi-sample : live ] x] - Multi-sample : live (] x]
1 5
=1 M THP-1 1961 [ iDCs 1961
=R B THP-1 CD14 W iocs cirl
] Hiocs 1061 iDCs NiSO4
| M ipcs co14 M ipcs DNCB
7 =
5 Sg
2 A 28
O o s
2
5
S 4 — T o ¥
10? 10° 104 10° 108 102 10° 104 10° 108
CD14 KO525-A CD54 APC-A
Multi-sample : live [x] Multi-sample : live []x]
1 3
1 M THP-1 1951 - HipCs 961
M THP-1 CD11¢ M incs Ctrl
E iDCs 1961 M iDCs NiSO4
M iDcs CD11e o M iDCs DNCB
38
=
5
2
o
3
R e rnerend
10? 10° 10% 10° 10° 102 10° 10% 10° 108
CD11¢c APC-A CD8B APC-A






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        A human 3D immune competent full-thickness skin model mimicking dermal dendritic cell activation

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Generation of immature dendritic cells

          



          		

            Sensitization assays

          



          		

            Flow cytometry

          



          		

            Western blot analysis

          



          		

            qRT-PCR

          



          		

            Cytokine secretion

          



          		

            3D immune competent skin model generation

          



          		

            Cryosectioning and immunofluorescence staining

          



          		

            Hematoxylin and eosin staining

          



          		

            Skin model dissociation

          



          		

            Statistical evaluation

          



        



        



        		

          Results

        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1276151-g004.jpg
i IL-8 expression 8 IL-6 expression & TNF-a expression

N
o
|

*
w
I
w

|

Hox

* mm  Ctrl [0.2% DMSO]
* mm  NiSO4 [380 uM]
== DNCB [20 uM]

-
(4]
|

N
|
N
|

-
|
i
|

[4)]
|

mRNA levels (fold of induction)
3

mRNA levels (fold of induction)
mRNA levels (fold of induction)

o

m

0

o





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1276151-g008.jpg
>

surface marker expression

pg/mi

[fold of induction]
o = = N
P S

o
o

[

Hkkk

25000

20000

15000

10000

5000

el

IL-8 secretion

CD54 CD86

Ctrl [0.3% DMSO]

Dex [1 uM]

NiSO4 [380 pM]

Dex [1 pM] + NiSO4 [380 uM]

sk

204

pa/ml

IL-6 secretion

surface marker expression

[fold of induction]
o - - N
? 5 & 7

2
=}

penl

CD54 CD86

Ctrl [0.3% DMSO]

Dex [1 uM]

NiSO4 [380 pM]

Dex [1 pM] + NiSO4 [380 uM]

IL-1B secretion

ke

mm Ctrl [0.3% DMSO]

B NiSO4 [380 puM]

= Dex [1 pM]

Dex [1 pM] + NiSO4 [380 uM]






OEBPS/Images/fimmu-14-1276151-g001.jpg
sensitizing
agent

|
I

l
l

v?'
|

|

Z%’
K
3)
§

AT
0y
4‘ N »Agl . .

1

|
;
1
1

E

AN

aln
o SR
a0





OEBPS/Images/fimmu-14-1276151-g006.jpg
iDCs [217

GM-CSF
IL-4

(day 5) ME: d3 (day10)

Feeder cells keratinocytes

B seeding of iDCs
L & keratinocytes
a — a (2:1) onto dermis,
Medium exchange (ME) on d5 & d8 (day 10)
(day1) (day 4)
submerse
Cryosectioning }31].183 ;e)

\ 10 days ‘
‘ — 1
ME: d16,d18,  \_ /
d20, d23 _
Air-ligiud interphase
P Treatment (day 12)
- (24h)
Enzymatic
dissociation





OEBPS/Images/fimmu.2023.1276151_cover.jpg
& frontiers | Frontiers in Immunology

A human 3D immune competent
full-thickness skin model mimicking
dermal dendritic cell activation





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1276151-g003.jpg
i Ctrl NiSO,  DNCB < °

[0.25% DMSO] [500 [25 pM] 120+ 4-
LAl * —
5
VINCUIIN| " e s— < 100+ B *
. o5, S 34
5 80 2
IKBO | o . —— @ 5
2 604 T 24
=] L
B 'Y 404 8
m SEE
VINCUIIN [i— — — = 20 8
&
038 0 0
— — —
MAPK = Ctrl [0.25% DMSQ] mm Ctrl [0.25% DMSO]
; == NiSO4 [500 uM] i
- . = NiSO4 [500 uM]
MAPK —— — — == DNCB [25 uM] == DNCB [25 uM]






