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Background

Heat shock protein 90 (HSP90) is an important chaperone supporting the function of many proinflammatory client proteins. Recent studies indicate HSP90 inhibition may be a novel mechanism of action for inflammatory skin diseases; however, this has not been explored in atopic dermatitis (AD).





Objectives

Our study aimed to investigate HSP90 as a novel target to treat AD.





Methods

Experimental models of AD were used including primary human keratinocytes stimulated with cytokines (TNF/IFNγ or TNF/IL-4) and a mouse model established by MC903 applications.





Results

In primary human keratinocytes using RT-qPCR, the HSP90 inhibitor RGRN-305 strongly suppressed the gene expression of Th1- (TNF, IL1B, IL6) and Th2-associated (CCL17, CCL22, TSLP) cytokines and chemokines related to AD. We next demonstrated that topical and oral RGRN-305 robustly suppressed MC903-induced AD-like inflammation in mice by reducing clinical signs of dermatitis (oedema and erythema) and immune cell infiltration into the skin (T cells, neutrophils, mast cells). Interestingly, topical RGRN-305 exhibited similar or slightly inferior efficacy but less weight loss compared with topical dexamethasone. Furthermore, RNA sequencing of skin biopsies revealed that RGRN-305 attenuated MC903-induced transcriptome alterations, suppressing genes implicated in inflammation including AD-associated cytokines (Il1b, Il4, Il6, Il13), which was confirmed by RT-qPCR. Lastly, we discovered using Western blot that RGRN-305 disrupted JAK-STAT signaling by suppressing the activity of STAT3 and STAT6 in primary human keratinocytes, which was consistent with enrichment analyses from the mouse model.





Conclusion

HSP90 inhibition by RGRN-305 robustly suppressed inflammation in experimental models mimicking AD, proving that HSP90 inhibition may be a novel mechanism of action in treating AD.
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Introduction

Atopic dermatitis (AD) is a common inflammatory skin disorder characterised by erythematous, scaly and itchy skin that imposes a high disease burden on patients and the healthcare system, affecting up to 20% of children and up to 5% of adults (1–3). AD is associated with atopic comorbidities (e.g., food allergy, allergic rhinitis and asthma), but other comorbidities have been reported including cardiovascular and neuropsychiatric disorders (4, 5). Although the multifactorial pathophysiology remains to be fully explored, the mechanisms underlying AD implicate a complex interaction of components involving skin barrier dysfunction, immune dysregulation, altered skin microbiome and genetic predisposition (6). Recent molecular insights into the disease mechanisms have revealed significant pathways and novel targets, enabling the vast ongoing drug development and the recent approval of therapeutics targeting IL-4, IL-13 and JAK1/2 (7). Nonetheless, some groups of patients do not achieve satisfactory long-term control or tolerate current treatments, highlighting the pressing need for novel treatments.

Heat shock protein 90 (HSP90) is a common chaperone that folds and supports the activity of client proteins including proteins involved in inflammation. Hence, HSP90 inhibition may be a wide-ranging approach targeting different inflammatory pathways, representing a novel mechanism of action for treating inflammatory skin diseases. In accordance, HSP90 inhibition demonstrated significant alleviation of skin inflammation in preclinical studies of psoriasis, irritative contact dermatitis and epidermolysis bullosa acquisita (8–11). The anti-inflammatory effects of HSP90 inhibition have also been demonstrated in several experimental models beyond dermatology including rheumatoid arthritis, systemic sclerosis, systemic lupus erythematous, encephalomyelitis and colitis (12–17). This suggests that HSP90 plays an important role in modulating inflammation. Recently, two recent proof-of-concept studies revealed that orally administered HSP90 inhibitor (RGRN-305) led to marked improvements in psoriasis (open-label study; n=13) and hidradenitis suppurativa (randomised controlled trial; n=15) (18, 19). Another recent study revealed that HSP90 serum levels were 2.79-fold increased (P > 0.001) in AD patients (n = 27) compared with healthy controls (n = 70) and correlated with disease severity (20). Yet, to the best of our knowledge, no studies have explored the effects of HSP90 inhibition in atopic dermatitis. Therefore, our study aimed to investigate HSP90 as a novel target for treating atopic dermatitis using experimental models.





Materials and methods




HSP90 inhibitor

Regranion (Mount Pleasant, SC, USA) kindly provided the HSP90 inhibitor RGRN-305 (MW = 443 g/mol), formerly named Debio 0932/CUDC-305, which inhibits HSP90α/β (IC50 ~ 0.1 μM).





Cell culture and experiments

Primary normal human epidermal keratinocytes (NHEKs) were isolated from nine healthy donors as described previously (21). The keratinocytes were plated in 6-well plates and cultured in keratinocyte SFM (Gibco, ThermoFisher Scientific, Waltham, MA, USA) supplemented with growth factors and 5 µg/ml Gentamicin (Gibco) at 37°C in a humidified incubator containing 5% CO2 until 60-70% confluency. Subsequently, the keratinocytes were starved for 24 hours in keratinocyte SFM medium without growth factors before the initiation of experiments. After 2 hours of preincubation with vehicle (0.2% ethanol diluted in water), RGRN-305 (5 µM) or dexamethasone (0.1 µM; Sigma-Aldrich, Burlington, MA, USA), the keratinocytes were stimulated with TNF (10 ng/mL; PeproTech, London, UK) in combination with IFNγ (10 ng/mL; PeproTech) or IL-4 (50 ng/mL; PeproTech) for up to 24 hours to induce an AD-like phenotype (22–24). The used concentration of RGRN-305 was based on previous concentration studies demonstrating anti-inflammatory properties and low toxicity in stimulated NHEKs (8, 10).





Human samples

Four-millimetres punch biopsies from six AD patients were collected from lesional and non-lesional skin and stored in liquid nitrogen until RNA isolation.





RNA isolation from NHEKs

Keratinocytes were washed with phosphate-buffered saline (PBS; Gibco) followed by RNA extraction using SV 96 Total RNA Isolation System (Promega, Madison, WI, USA) per the manufacturers’ instructions. NanoDrop 2000 Spectrophotometer (ThermoFisher) was used to determine the RNA concentration and purity.





RNA isolation from punch biopsies

Punch biopsies were stored in 750 µL RNAlater-ICE (ThermoFisher) at -80°C for 20 minutes and overnight at -20°C. Then, the biopsies were added to 175 µL SV RNA lysis buffer with β-mercaptoethanol (SV Total RNA Isolation System; Promega) followed by homogenization using TissueLyser (Qiagen, Hilden, Germany). The remaining steps including RNA purification and DNase treatment were conducted following the manufacturer’s instructions.





Reverse transcription-quantitative PCR

cDNA was generated using total RNA, TaqMan Reverse Transcription Reagents with random hexamers (ThermoFisher) and Peltier Thermal Cycler-200 (MJ Research Inc, Waltham, MA, USA) following the manufacturer’s instructions. Real-time PCR was carried out with 20 ng cDNA per 20 µL reaction in StepOnePlus Real-Time PCR system (ThemoFisher) using TaqMan Universal PCR Master Mix, primers and probes (ThermoFisher) for TNF (Hs00174128_m1), IL1B (Hs01555410_m1), IL6 (Hs00174131_m1), TSLP (Hs00263639_m1), CCL17 (Hs00171074_m1), CCL22 (Hs01574247_m1), HSPA1A (Hs00359163_s1), HSPB1 (Hs00356629_g1), Il1b (Mm00434228_m1), Il4 (Mm00445259_m1), Il6 (Mm00446190_m1), Il13 (Mm00434204_m1), RPLP0 (Hs99999902_m1) and Gapdh (Mm99999915_m1). Three technical replicates for each sample underwent real-time PCR; 2 minutes at 50°C and 10 minutes at 95°C followed by 40 cycles of 15 seconds at 95°C and 1 minute at 60°C. The standard curve method with StepOne Software v2.1 and reference genes (RPLP0 and Gapdh) were used to obtain normalised relative expression levels of target genes (25).





Protein isolation from NHEKs

PBS-washed keratinocytes were added to cell lysis buffer with cOmplete Protease Inhibitor Cocktail and phenylmethylsulphonyl fluoride (Sigma-Aldrich). The lysate was centrifuged at 13,000 g for 3 minutes followed by collection of the supernatant containing the protein extract. The protein concentration was determined by Bradford Protein Assay.





Western blot

A total of 20 µg protein extract for each sample was loaded on 10% mini-PROTEAN TGX PreCast Gel (Bio-Rad, Hercules, CA, USA) and separated by gel electrophoresis using Mini Trans-Blot Cell (Bio-Rad). The subsequent protein blotting onto nitrocellulose membranes was performed with Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were incubated overnight at 4°C with the following primary antibodies from Cell Signaling Technology Danvers, MA, USA (catalog#): P-STAT1 (#9167), P-STAT3 (#9145) P-p65 (#3033), and P-STAT6 (#56554). After washing, the membranes were incubated with HRP-conjugated anti-rabbit IgG antibody (Cell Signaling Technology; catalog#7074) at room temperature for 1 hour. Protein bands were detected with an enhanced chemiluminescence (ECL) reaction using Clarity Western ECL Substrate (Bio-Rad) and digitally imaged with C-DiGit Blot Scanner (LI-COR, Lincoln, NE, USA). To normalize the protein expression to β-actin levels, the membranes were stripped and reprobed with an anti-β-actin antibody (A1978; Sigma-Aldrich), which was detected by HRP-conjugated anti-mouse IgG (p0447; Dako, Glostrup, Denmark). Relative intensities of bands were quantified by densitometric analyses using Image Studio Digits Version 3.1 (LI-COR).





Mice

Female Balb/cAnNRj (8 weeks old) mice were purchased from Janvier Labs (Le Genest-Saint-Isle, France), and housed in animal facilities at 19-25°C with 12-hour light/dark cycles and free access to laboratory rodent diet and water. The mice had at least 1 week acclimation period before the experiments started.





Atopic dermatitis mouse model

Mice were randomly divided to receive: vehicle and drug-vehicle (negative control); MC903 (MedChemExpress, Monmouth Junction, NJ, USA) and drug-vehicle (disease control); MC903 and topical or oral RGRN-305 (RGRN-305 treatment groups); or MC903 and topical dexamethasone (positive control; purchased from Sigma-Aldrich). Four to eight mice were allocated to each group, totalling 76 mice for all experiments.

To induce AD-like skin inflammation, 1 or 2.5 nmol of MC903 in 25 µL absolute ethanol was topically applied once daily to the ventral and dorsal surface of the right ear for six consecutive days. After MC903 challenge, the mice were treated with topical RGRN-305 (1 mg in 25 µL ethanol), oral RGRN-305 (100 mg/kg), topical dexamethasone (20 nmol in 25 µl ethanol), or drug-vehicle (topical ethanol or oral 5% kleptose [HPB, Roquette Pharma, Lestrem, France]). The topical treatments were applied 2 hours post-MC903 challenge, whereas the oral treatments were administered by oral gavage immediately post-MC903 challenge. At the end of the experiment on day 9, clinical photos of the ears were taken and the mice were euthanised by cervical dislocation. Two punch biopsies (4 mm) from the ear were collected for RNA isolation and histological assessment. Ear thickness, the primary clinical endpoint for inflammation, was measured daily with a digital caliper (Mitutoyo Corporation, Kawasaki, Japan), and body weight was measured throughout the study to monitor the welfare of mice. During the experimental procedures, the mice were anesthetized with 2% isoflurane.





Histology

Four-millimetres punch biopsies from the ear were fixed in 4% formaldehyde overnight at 4°C, paraffin-embedded, and serially sliced into 4 µm sections subjected to staining procedures. For haematoxylin & eosin (HE) staining, a standard protocol was followed. To detect mast cells, sections were stained with 0.1% toluidine blue solution (Sigma-Aldrich) at pH 2.3 and room temperature for 3 minutes. For immunohistochemical staining, heat-induced antigen retrieval was performed (25 minutes at 97° C) in Tris-EGTA buffer (pH 9), and stained with anti-CD4 antibody (1:1000; EPR19514, Abcam, Cambridge, UK) or anti-Ly6g antibody (1:2000; EPR22909-135, Abcam) for 1 hour at room temperature. The remaining steps for detection were performed with Ultravision Quanto Detection System (ThermoFisher) following the manufacturer’s instructions. The sections were counterstained with hematoxylin.

All slides were scanned with 20× objective using the whole slide scanner NanoZoomer 2.0-HT (Hamamatsu Photonics K.K, Hamamatsu City, Japan). Quantitative image analysis was performed in QuPath 0.4.2 using the Cell Detection command with default settings followed by a manual review and corrections (26). The number of counted cells was normalised to the length of the section





RNA sequencing

Paired-end RNA sequencing of total RNA was conducted by Eurofins Genomics Europe Sequencing GmbH (Konstanz, Germany) in accordance with their protocols. To prepare the RNA library, NEBNext Ultra II Directional RNA Library Prep Kit for Illumina was used with 100 ng of total RNA. The mRNA quality was assessed by Fragment Analyzer. Illumina NovaSeq 6000 platform in 2x150 Sequence mode was performed to acquire at least 20 million read pairs. Raw sequence data quality was assessed using FastQC (version 0.12.0). Read alignment to the mouse reference genome (GRCm39 primary assembly) and counting of uniquely aligned unambiguous reads were performed with the R package Subread (version 2.10.3) (27). Regularized logarithm transformation (rlog) performed with the R package DESeq2 (1.36.0) was used for library size correction and variance stabilization (28). The rlog normalized counts were used for principal component analysis (PCA) and heat map analysis (pheatmap 1.0.12). DESeq2 with independent filtering and Wald test enabled were used for the differential gene expression analyses (28). To adjust for multiple comparisons, the p-values were adjusted by setting the false discovery rate (FDR) at 0.05 with the Benjamini and Hochberg procedure. Kyoto Encyclopaedia of Genes and Genomes (KEGG) and Gene Ontology (GO) enrichment analyses were generated with DAVID and validated with ShinyGO 0.76 (29, 30).





Statistical analysis

The statistical significance threshold was set at P < 0.05. Differences between treatment groups in clinical endpoints, mRNA (qPCR) and protein levels (Western blot) were analysed by unpaired t-tests for mice and paired t-tests for keratinocytes. If data were not normally distributed, Mann-Whitney and Wilcoxon signed-rank tests were performed. All statistical analyses were generated with GraphPad Prism 9.0 and R 4.2.0 software.





Ethical statement

The experiments with NHEKs were approved by the Central Jutland Regional Committee on Health Research Ethics (M-20110027), and informed consent was obtained from the donors. Permission to obtain punch biopsies from patients with atopic dermatitis was approved by Central Jutland Regional Committee on Health Research Ethics (M-20090102).

The animal experiments were approved by The Danish Animal Experiments Inspectorate (2022-15-0201-01267) and carried out in agreement with the Danish Animal Welfare Act for the Care and Use of Animals for Scientific Purposes. The animal experiments conducted at Comparative Biosciences were approved by their institutional review board. All efforts were made to minimize the distress experienced by the laboratory animals.






Results




RGRN-305 robustly inhibited AD-associated cytokine expression in NHEKs

To explore the anti-inflammatory effects of HSP90 inhibition in atopic dermatitis models in vitro, NHEKs from healthy donors were stimulated with TNF/IFNγ or TNF/IL-4, as experimental models, to mimic an AD-related gene expression. qPCR analysis demonstrated that inflammatory cytokines (TNF, IL1B, IL6) and chemokines (CCL17, CCL22) were statistically significantly upregulated in these models, consistent with an observed increased expression in human AD lesional skin compared with non-lesional skin (Figure 1). Interestingly, RGRN-305 robustly inhibited the expression of these AD-associated cytokines and chemokines compared with stimulated/vehicle- and stimulated/dexamethasone-treated NHEKs. While not significantly upregulated in our models, RGRN-305 also suppressed the expression of TSLP, supporting a convincing anti-inflammatory effect mediated by HSP90 inhibition in keratinocytes. RGRN-305 caused low (2-5%) cytotoxicity in the stimulated primary human keratinocytes (Supplementary Figure S1).




Figure 1 | RT-qPCR analysis of AD-related gene expression in lesional/non-lesional AD skin and cytokine-stimulated primary human keratinocytes. Effects of RGRN-305 (5 µM) or dexamethasone (0.1 µM) on inflammatory gene expression in primary human keratinocytes stimulated with TNF (10 ng/ml) in combination with IFNγ (10 ng/ml) or IL-4 (100 ng/mL) for 24 hours (three independent experiments, n = 6). Data are shown as mean ± SEM. *p < 0.05, **p ≤0.01, ***p ≤0.001, ****p ≤ 0.0001. ns, not significant. AD, atopic dermatitis. Dexa, dexamethasone.







RGRN-305 suppresses the activity of STAT3 and STAT6 signalling pathways in NHEKs

To further elucidate the potential AD-related pathways targeted by HSP90 inhibition in keratinocytes, the phosphorylation status of key signalling proteins, including STAT1, STAT3, STAT6 and p65 (subunit of NF-κB), was determined by Western blot (Figure 2). Importantly, RGRN-305 significantly suppressed the phosphorylation of STAT3 under TNF/IFNγ or TNF/IL-4 stimulation, and to a lesser degree STAT6 (∼20% reduction) under TNF/IL-4 stimulation. However, RGRN-305 had no significant effects on the phosphorylation of STAT1 and p65.




Figure 2 | Effects of RGRN-305 (5 µM) or dexamethasone (0.1 µM) on the phosphorylation status of key signalling proteins determined by Western blot in primary human keratinocytes stimulated with TNF (10 ng/ml) in combination with (A) IFNγ (10 ng/ml) or (B) IL-4 (100 ng/mL) for 1 hour (three independent experiments, n = 6-9). Representative Western blots and densitometric results (mean ± SEM) are shown. *p < 0.05, **p ≤0.01, ***p ≤0.001, ****p ≤ 0.0001. ns, not significant. Dexa, dexamethasone.







Topical RGRN-305 attenuates MC903-induced AD-like inflammation in mice

Next, we investigated the effects of HSP90 inhibition on AD-like skin inflammation in a mouse model for atopic dermatitis. The right ears of BALB/c mice were challenged daily with 1 nmol MC903 or vehicle for 6 days and received topical treatment with drug-vehicle (ethanol), RGRN-305 or dexamethasone throughout the experiment for 9 days. Treatment with RGRN-305 resulted in visibly reduced erythema and a highly significant reduction (55%) in ear thickness (a marker of inflammation) compared with drug-vehicle at the end of the experiment on day 9 (Figure 3A). Dexamethasone treatment was highly potent resulting in ear thickness below baseline levels and was more effective than RGRN-305. However, dexamethasone-treated mice lost significantly more weight than RGRN-305-treated mice, indicating a more favourable safety profile for RGRN-305 (Supplementary Figure S2).




Figure 3 | Ear thickness changes throughout the experiments and photographs on day 9 in MC903-induced atopic dermatitis mouse model. Female Balb/cAnNRj ears were challenged daily with (A) 1 nmol or (B) 2.5 nmol of MC903 for 6 days and treated once daily with topical drug-vehicle, topical dexamethasone (20 nmol) or topical RGRN-305 (1 mg). (C) Mice were challenged daily with 2.5 nmol for 6 days and treated once daily with oral drug-vehicle, topical dexamethasone (20 nmol) or oral RGRN-305 (100 mg/kg). Four to eight mice in each group, in total 76 mice. Two independent experiments were conducted. Data are shown as mean ± SEM. *p < 0.05, **p ≤0.01, ***p ≤0.001, ****p ≤ 0.0001. ns, not significant. Statistical significance denotes pair-wise comparison on day 9; Black, MC903+Drug-vehicle vs. Vehicle; Blue, MC903+RGRN-305 vs. MC903+Drug-vehicle; Teal, MC903+RGRN-305 vs. MC903+Dexa. Dexa, dexamethasone. Top, topical.



Next, we repeated the experiment with 2.5 nmol (increased from 1 nmol) of MC903 challenge to observe whether RGRN-305 could suppress a stronger stimulus of inflammation (Figure 3B). Interestingly, topical RGRN-305 still significantly suppressed the MC903-induced ear thickening by 50% on day 9, which was comparable to dexamethasone treatment (P = 0.13).





Oral RGRN-305 ameliorates MC903-induced AD-like inflammation in mice

To evaluate the feasibility of orally administered RGRN-305, mice were challenged with 2.5 nmol MC903 for six days and administered 100 mg/kg RGRN-305 by oral gavage once daily throughout the experiment. Oral RGRN-305 treatment led to visibly reduced erythema and significantly reduced ear thickening (28% reduction) compared with drug-vehicle, but RGRN-305 was less effective than dexamethasone (Figure 3C). Furthermore, an independent testing facility (Comparative Biosciences, Sunnyvale, CA, USA) demonstrated a dose-dependent improvement by oral RGRN-305 (20, 50 and 100 mg/kg) in alleviating AD-like inflammation in BALB/c mice using an alternative MC903 regimen, further supporting our findings (Supplementary Figure S3, Supplementary Appendix S1).





Topical RGRN-305 decreases MC903-induced immune cell infiltration in mice

To gain insight into the mechanisms of HSP90 inhibition, punch biopsies derived from the experiment with topical RGRN-305 and 1 nmol MC903 challenge were investigated. Histological analyses confirmed that MC903 increased the epidermal and dermal thickness, which was significantly decreased by RGRN-305 or dexamethasone (Figures 4A, B). Moreover, the total number of cells within histological sections was significantly reduced by RGRN-305 to levels broadly similar with dexamethasone (Figure 4C). In line with this, RGRN-305 significantly suppressed immune cell infiltration into the skin including mast cells, Ly6g+ cells (neutrophils) and CD4+ cells (T-cells; Figures 4D-G).




Figure 4 | Histological analysis of ear biopsies from mice challenged daily with 1 nmol of MC903 and treated with drug-vehicle, topical RGRN-305 or topical dexamethasone. (A) Epidermal thickness, (B) dermal thickness and (C) total number of cells were determined from haematoxylin & eosin (HE) stained sections. (D) Quantification of mast cells in toluidine blue stained sections. (E) Quantification of Lyg6+ cells (neutrophils) and (F) CD4+ cells (T cells) in immunohistochemical stained sections. (G) Representative images of stained sections. Data are shown as mean ± SEM. *p < 0.05, **p ≤0.01, ****p ≤ 0.0001. ns, not significant. Dexa, dexamethasone.







Topical RGRN-305 inhibits MC903-induced transcriptome alterations and AD-associated cytokine expression in mice

To examine alterations in gene expression, RNA sequencing and qPCR analyses of ear tissue were performed and showed that topical RGRN-305-treated mice exhibited significantly reduced AD-related cytokine expression of Il1b, Il4, Il6 and Il13 compared with drug-vehicle-treated mice (Figure 5). Using RNA sequencing data, a principal component analysis (PCA) and a hierarchically clustered heatmap revealed that the mice clustered into their respective treatment groups (Figures 6A, B). The MC903/drug-vehicle-treated mice exhibited a distinctive expression pattern separated from the RGRN-305-treated mice, indicating that RGRN-305 treatment mitigates MC903-induced transcriptome alternations. In addition, volcano plots illustrate that MC903 challenge skewed the trend of differentially expressed genes (DEGs) to the right, indicating upregulation of genes (Figure 6C); whereas, RGRN-305 treatment compared with drug-vehicle, skewed the trend of DEGs to the left, indicating down-regulation of genes induced by MC903 (Figure 6D). To explore the biological functions of the DEGs, enrichment analyses were performed for down-regulated DEGs by RGRN-305 compared with drug-vehicle. The analyses revealed that the top ten significant GO biological process (BP) terms were mostly related to inflammation, revealing that RGRN-305 suppressed genes involved in inflammation (Figure 6E). Furthermore, KEGG pathway enrichment analysis showed that RGRN-305 down-regulated genes implicated in inflammatory pathways including JAK-STAT signalling (Figure 6F). Lists of all genes derived from the differential expression analyses are present in Supplementary Table S1.




Figure 5 | RT-qPCR (upper panels) and RNA sequencing analysis (lower panels) of AD-related cytokine gene expression in ear tissue from mice challenged daily with 1 nmol of MC903 and treated with drug-vehicle, topical RGRN-305 or topical dexamethasone. Data are shown as mean ± SEM. *p < 0.05, **p ≤0.01, ***p ≤0.001, ****p ≤ 0.0001. ns, not significant.






Figure 6 | RNA sequencing analysis of ear tissue from mice challenged daily with 1 nmol of MC903 and treated with drug-vehicle, topical RGRN-305 or topical dexamethasone. (A) Principal component analysis (PCA) of regularized log (rlog) transformed data. (B) Heatmap of differentially expressed genes (DEGs; log2[foldchange] > 1.5 and FDR-adjusted p-value < 0.05) upon MC903-induced inflammation. The genes were filtered to include those with a mean of normalised counts > 25. (C, D) Volcano plots for two different comparisons. The dashed horizontal lines mark an FDR-adjusted p-value of 0.05, whereas the vertical lines mark a log2(fold change) of 1.5. DEGs are marked as red dots. (E, F) Enrichment analyses of down-regulated DEGs by RGRN-305 compared with drug-vehicle. (E) The top ten significant GO biological processes terms and (F) five relevant significantly enriched KEGG pathway terms are presented. Dexa, dexamethasone. PCA, Principal component analysis.







RGRN-305 upregulates the gene expression of HSPA1A/Hspa1a (HSP70)

To investigate a potential compensatory heat shock response secondary to HSP90 inhibition by RGRN-305, the gene expression of HSPA1A (HSP70) and HSPB1 (HSP27) was determined by qPCR and RNA sequencing (Supplementary Figure S4). In primary human keratinocytes, RGRN-305 treatment caused a trend towards upregulation of HSPA1A (P = 0.059), whereas no change was observed for HSPB1. In the MC903-mouse model, RGRN-305 treatment led to a highly significant upregulation of Hspa1a and Hspb1.






Discussion

In this study, we discovered HSP90 inhibition by RGRN-305 robustly suppressed inflammation in experimental models of AD by significantly reducing clinical symptoms of dermatitis (erythema and oedema), immune cell infiltrations, expression of key cytokines (e.g., IL-4 and IL-13) and signalling pathways (STAT3 and STAT6) related to AD. Thus, our encouraging results suggest HSP90 may be considered a novel therapeutic target for AD, providing preclinical validation for further clinical investigations in patients.

While HSP90 inhibitors have been researched for oncological disorders, the therapeutic potential of HSP90 inhibitors in inflammation has been sparsely examined. To the best of our knowledge, two proof-of-concept clinical studies and a small number of preclinical studies have been conducted (18, 19, 31, 32). Our findings are in line with other preclinical studies beyond atopic dermatitis wherein HSP90 inhibition exerted anti-inflammatory effects by targeting several inflammatory cytokines (e.g. TNF, IL-1β, and IL-6) and signalling pathways (e.g. ERK1/2, p38, and JNKs) (8, 12, 14, 33).

Atopic dermatitis is routinely treated with emollients in combination with topical anti-inflammatory treatments such as corticosteroids or calcineurin inhibitors as first-line therapies, whereas systemic treatments are reserved for more severe or recalcitrant cases (34). We demonstrated that both topical and oral RGRN-305 significantly reduced AD-like skin inflammation in mice. While both routes of administration may be feasible in treating AD, topically delivered RGRN-305 may be the better option as the reduction of ear thickness was 50-54% compared with 28% for oral RGRN-305. Moreover, topical RGRN-305 demonstrated similar or slightly inferior efficacy compared with topical dexamethasone, a very potent corticosteroid (35). Yet, RGRN-305 treatment resulted in significantly less weight loss compared with dexamethasone, indicating a more favourable safety profile. In agreement, oral treatment with RGRN-305 has been well-tolerated in proof-of-concept studies with psoriasis and hidradenitis suppurative patients (18, 19). It is worth nothing that RGRN-305 has been shown to accumulate in the skin (9), thus additional time than this duration study investigated (nine days) may allow orally delivered RGRN-305 to build sufficient levels in the skin and thereby increase the efficacy. Considering that atopic dermatitis is treated frequently with topical corticosteroids, it may be relevant to consider whether treatment with RGRN-305 in combination with dexamethasone may enhance the immunosuppressive and clinical effects in AD, warranting further investigation.

In the acute phase of AD, a Th2 response is initiated and shifts towards a dominancy of Th1 response as the disease progresses into its chronic stage (36, 37). Activated keratinocytes, as key effector cells, play a crucial role in promoting immune dysregulation by secreting a variety of cytokines and chemokines (e.g. IL-1β, IL-6, CCL17, TSLP), contributing to the pathogenesis in AD (38). In primary human keratinocytes and mice, RGRN-305 treatment strongly suppressed Th1- and Th2-associated cytokines and chemokines implicated in AD (Figures 1, 5). In human keratinocytes, RGRN-305 inhibited the phosphorylation (i.e., activation) of STAT3 and, to a lesser extent, STAT6 (Figure 2); two key signalling proteins downstream of the IL-4 receptor (39). In accordance, enrichment analysis from the mouse model showed JAK-STAT signalling was highly downregulated by RGRN-305. Interestingly, another recent study (n = 7) discovered that HSP90 inhibition disrupted JAK-STAT signalling by potently decreasing JAK2 expression and the phosphorylation of STAT3 and STAT5 in patients with myeloproliferative neoplasms (40). In addition, the relation between HSP90 and activation of STAT3, STAT5 and STAT6 have been reported in preclinical cancer studies, further supporting our findings (41–43). The recent success of therapeutics targeting JAK-STAT pathways highlights the importance of these pathways in AD, and it may be one of the mechanisms by which HSP90 inhibition ameliorates AD (44). However, considering the wide range of client proteins targeted by HSP90 inhibition, the anti-inflammatory effects are most likely attributable to other mechanisms as well.

While the pathophysiological mechanisms underlying AD are complex, it is noteworthy that inhibition of cell-surface HSP90 has been demonstrated to reduce Toll-like receptor (TLR) signalling in response to pathogen-associated molecular patterns (PAMPs) in human monocytes, suggesting that HSP90 promotes TLR signalling (45). This relationship may have implications for AD, as TLR signalling can influence various cell types with wide-ranging effects, potentially affecting vitamin D metabolism (46). Further research is warranted to investigate the significance of this potential mechanism in atopic dermatitis.

HSP90 inhibitors may trigger a heat shock response by dissociating heat shock factor 1 (HSF1) from HSP90, which may induce the expression of HSP70 and HSP27 (47, 48). RGRN-305 treatment was associated with an increased expression of HSPA1A (HSP70), indicating a heat shock response. However, the clinical significance of a heat shock response in inflammatory skin diseases is still not fully understood (31). HSP70 has been reported to elicit immunosuppressive effects in an animal model of atopic dermatitis, whereas HSP70 has displayed both anti- and pro-inflammatory effects in other models of inflammatory skin diseases (49–52). Further research is needed to determine the role of a heat shock response in atopic dermatitis.

Limitations of the study include the inherent nature of basic research and experimental models that may encounter challenges when translating the findings into clinical practice. Nonetheless, the accumulating evidence of HSP90 inhibition exerting broad anti-inflammatory effects together with the findings from this study increases the likelihood of clinical success in treating AD. Another limitation is that the effects of RGRN-305 in specific cell types beyond keratinocytes have not been evaluated. However, the mouse experiments capture the complex interplay and contribution of various cell types in the skin. Lastly, the permeability of mice skin varies to human skin, and therefore further studies should evaluate optimal drug formulations enhancing the permeation and efficacy of topical RGRN-305.

In conclusion, HSP90 inhibition by RGRN-305 potently suppressed inflammation using in vitro and in vivo experimental models mimicking AD, providing evidence that HSP90 inhibition may be a novel mechanism of action in treating AD.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?&acc=GSE246569.





Ethics statement

The studies involving humans were approved by Central Jutland Regional Committee on Health Research Ethics (M-20110027). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. The animal study was approved by The Danish Animal Experiments Inspectorate (2022-15-0201-01267). The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

HB: Conceptualization, Formal analysis, Funding acquisition, Investigation, Methodology, Visualization, Writing – original draft, Writing – review & editing. AB: Methodology, Supervision, Writing – review & editing. GG: Conceptualization, Funding acquisition, Writing – review & editing. LI: Conceptualization, Funding acquisition, Methodology, Supervision, Writing – review & editing. CJ: Conceptualization, Formal analysis, Funding acquisition, Investigation, Methodology, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article.




Acknowledgments

We thank Kristine Møller and Annette Blak Rasmussen for their technical assistance.





Conflict of interest

Author LI has served as a consultant and/or paid speaker for and/or participated in clinical trials sponsored by: AbbVie, Almirall, Amgen, AstraZeneca, BMS, Boehringer Ingelheim, Celgene, Centocor, Eli Lilly, Janssen Cilag, Kyowa, Leo Pharma, MSD, Novartis, Pfizer, Regranion, Samsung, Union Therapeutics and UCB. Author LI was also employed by the company MC2 Therapeutics A/S. Author GG is the CEO of Regranion, which owns the rights to RGRN-305. Author CJ has served as a consultant and/or paid speaker for Eli Lilly, Abbvie, Leo Pharma and L’Oréal.

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.

The author(s) declare the research was financially supported by an unrestricted grant from Regranion, LLC. The funder had the following involvement in the study: interpretation of data, review of the manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1289788/full#supplementary-material

Supplementary Appendix S1 | Study report from Comparative Biosciences, Inc.

Supplementary Figure 1 | Cytotoxicity of RGRN-305 in stimulated primary human keratinocytes.

Supplementary Figure 2 | Relative body weights throughout the experiments.

Supplementary Figure 3 | Ear thickness measures from experiments conducted at Comparative Biosciences, Inc.

Supplementary Figure 4 | Gene expression of HSPA1A/Hspa1a and HSPB1/Hspb1.

Supplementary Table 1 | Lists of all genes derived from the differential expression analyses.




References

1. Langan, SM, Irvine, AD, and Weidinger, S. Atopic dermatitis. Lancet (London England) (2020) 396(10247):345–60. doi: 10.1016/S0140-6736(20)31286-1

2. Barbarot, S, Auziere, S, Gadkari, A, Girolomoni, G, Puig, L, Simpson, EL, et al. Epidemiology of atopic dermatitis in adults: Results from an international survey. Allergy (2018) 73(6):1284–93. doi: 10.1111/all.13401

3. Silverberg, JI, Barbarot, S, Gadkari, A, Simpson, EL, Weidinger, S, Mina-Osorio, P, et al. Atopic dermatitis in the pediatric population: A cross-sectional, international epidemiologic study. Ann allergy Asthma Immunol (2021) 126(4):417–28.e2. doi: 10.1016/j.anai.2020.12.020

4. Silverberg, JI. Comorbidities and the impact of atopic dermatitis. Ann allergy Asthma Immunol (2019) 123(2):144–51. doi: 10.1016/j.anai.2019.04.020

5. Ben Abdallah, H, and Vestergaard, C. Atopic dermatitis, hypertension and cardiovascular disease. Br J Dermatol (2022) 186(2):203–4. doi: 10.1111/bjd.20802

6. Kim, J, Kim, BE, and Leung, DYM. Pathophysiology of atopic dermatitis: Clinical implications. Allergy Asthma Proc (2019) 40(2):84–92. doi: 10.2500/aap.2019.40.4202

7. Bieber, T. Atopic dermatitis: an expanding therapeutic pipeline for a complex disease. Nat Rev Drug Discov (2022) 21(1):21–40. doi: 10.1038/s41573-021-00266-6

8. Ben Abdallah, H, Seeler, S, Bregnhøj, A, Ghatnekar, G, Kristensen, LS, Iversen, L, et al. Heat shock protein 90 inhibitor RGRN-305 potently attenuates skin inflammation. Front Immunol (2023) 14:1128897. doi: 10.3389/fimmu.2023.1128897

9. Stenderup, K, Rosada, C, Gavillet, B, Vuagniaux, G, and Dam, TN. Debio 0932, a new oral Hsp90 inhibitor, alleviates psoriasis in a xenograft transplantation model. Acta Derm Venereol (2014) 94(6):672–6. doi: 10.2340/00015555-1838

10. Hansen, RS, Thuesen, KKH, Bregnhøj, A, Moldovan, LI, Kristensen, LS, Grek, CL, et al. The HSP90 inhibitor RGRN-305 exhibits strong immunomodulatory effects in human keratinocytes. Exp Dermatol (2021) 30(6):773-81. doi: 10.1111/exd.14302

11. Tukaj, S, Bieber, K, Kleszczyński, K, Witte, M, Cames, R, Kalies, K, et al. Topically applied Hsp90 blocker 17AAG inhibits autoantibody-mediated blister-inducing cutaneous inflammation. J Invest Dermatol (2017) 137(2):341–9. doi: 10.1016/j.jid.2016.08.032

12. Rice, JW, Veal, JM, Fadden, RP, Barabasz, AF, Partridge, JM, Barta, TE, et al. Small molecule inhibitors of Hsp90 potently affect inflammatory disease pathways and exhibit activity in models of rheumatoid arthritis. Arthritis Rheumatism (2008) 58(12):3765–75. doi: 10.1002/art.24047

13. Shimp, SK 3rd, Chafin, CB, Regna, NL, Hammond, SE, Read, MA, Caudell, DL, et al. Heat shock protein 90 inhibition by 17-DMAG lessens disease in the MRL/lpr mouse model of systemic lupus erythematosus. Cell Mol Immunol (2012) 9(3):255–66. doi: 10.1038/cmi.2012.5

14. Yun, TJ, Harning, EK, Giza, K, Rabah, D, Li, P, Arndt, JW, et al. EC144, a synthetic inhibitor of heat shock protein 90, blocks innate and adaptive immune responses in models of inflammation and autoimmunity. J Immunol (2011) 186(1):563–75. doi: 10.4049/jimmunol.1000222

15. Štorkánová, H, Štorkánová, L, Navrátilová, A, Bečvář, V, Hulejová, H, Oreská, S, et al. Inhibition of Hsp90 counteracts the established experimental dermal fibrosis induced by bleomycin. Biomedicines (2021) 9(6). doi: 10.3390/biomedicines9060650

16. Dello Russo, C, Polak, PE, Mercado, PR, Spagnolo, A, Sharp, A, Murphy, P, et al. The heat-shock protein 90 inhibitor 17-allylamino-17-demethoxygeldanamycin suppresses glial inflammatory responses and ameliorates experimental autoimmune encephalomyelitis. J Neurochem (2006) 99(5):1351–62. doi: 10.1111/j.1471-4159.2006.04221.x

17. Collins, CB, Aherne, CM, Yeckes, A, Pound, K, Eltzschig, HK, Jedlicka, P, et al. Inhibition of N-terminal ATPase on HSP90 attenuates colitis through enhanced Treg function. Mucosal Immunol (2013) 6(5):960–71. doi: 10.1038/mi.2012.134

18. Ben Abdallah, H, Bregnhøj, A, Emmanuel, T, Ghatnekar, G, Johansen, C, and Iversen, L. Efficacy and Safety of the Heat Shock Protein 90 Inhibitor RGRN-305 in Hidradenitis Suppurativa: A Parallel-Design Double-Blind Trial. JAMA Dermatol (2023). doi: 10.1001/jamadermatol.2023.4800

19. Bregnhøj, A, Thuesen, KKH, Emmanuel, T, Litman, T, Grek, Grek, Ghatnekar, GS, et al. HSP90 inhibitor RGRN-305 for oral treatment of plaque-type psoriasis: efficacy, safety and biomarker results in an open-label proof-of-concept study. Br J Dermatol (2022) 186(5):861–74. doi: 10.1111/bjd.20880

20. Sitko, K, Bednarek, M, Mantej, J, Trzeciak, M, and Tukaj, S. Circulating heat shock protein 90 (Hsp90) and autoantibodies to Hsp90 are increased in patients with atopic dermatitis. Cell Stress Chaperones (2021) 26(6):1001–7. doi: 10.1007/s12192-021-01238-w

21. Johansen, C. Generation and culturing of primary human keratinocytes from adult skin. J Vis Exp (2017) 130. doi: 10.3791/56863

22. Kim, HJ, Baek, J, Lee, JR, Roh, JY, and Jung, Y. Optimization of cytokine milieu to reproduce atopic dermatitis-related gene expression in HaCaT keratinocyte cell line. Immune Netw (2018) 18(2):e9. doi: 10.4110/in.2018.18.e9

23. Han, J, Cai, X, Qin, S, Zhang, Z, Wu, Y, Shi, Y, et al. TMEM232 promotes the inflammatory response in atopic dermatitis via NF-κB and STAT3 signaling pathways. Br J Dermatol (2023) 189(2):195-209. doi: 10.1093/bjd/ljad078

24. Piazza, S, Martinelli, G, Magnavacca, A, Fumagalli, M, Pozzoli, C, Terno, M, et al. Unveiling the ability of witch hazel (Hamamelis virginiana L.) bark extract to impair keratinocyte inflammatory cascade typical of atopic eczema. Int J Mol Sci (2022) 23(16). doi: 10.3390/ijms23169279

25. Biosystems, A. Applied Biosystems StepOne™ and StepOnePlus™ Real-Time PCR Systems: Applied Biosystems (2010). Available at: https://tools.thermofisher.com/content/sfs/manuals/cms_046739.pdf.

26. Bankhead, P, Loughrey, MB, Fernández, JA, Dombrowski, Y, McArt, DG, Dunne, PD, et al. QuPath: Open source software for digital pathology image analysis. Sci Rep (2017) 7(1):16878. doi: 10.1038/s41598-017-17204-5

27. Liao, Y, Smyth, GK, and Shi, W. The R package Rsubread is easier, faster, cheaper and better for alignment and quantification of RNA sequencing reads. Nucleic Acids Res (2019) 47(8):e47. doi: 10.1093/nar/gkz114

28. Love, MI, Huber, W, and Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol (2014) 15(12):550. doi: 10.1186/s13059-014-0550-8

29. Ge, SX, Jung, D, and Yao, R. ShinyGO: a graphical gene-set enrichment tool for animals and plants. Bioinformatics (2020) 36(8):2628–9. doi: 10.1093/bioinformatics/btz931

30. Sherman, BT, Hao, M, Qiu, J, Jiao, X, Baseler, MW, Lane, HC, et al. DAVID: a web server for functional enrichment analysis and functional annotation of gene lists (2021 update). Nucleic Acids Res (2022) 50(W1):W216–w21. doi: 10.1093/nar/gkac194

31. Tukaj, S, and Sitko, K. Heat shock protein 90 (Hsp90) and Hsp70 as potential therapeutic targets in autoimmune skin diseases. Biomolecules (2022) 12(8). doi: 10.3390/biom12081153

32. Tukaj, S, and Węgrzyn, G. Anti-Hsp90 therapy in autoimmune and inflammatory diseases: a review of preclinical studies. Cell Stress Chaperones (2016) 21(2):213–8. doi: 10.1007/s12192-016-0670-z

33. Nizami, S, Arunasalam, K, Green, J, Cook, J, Lawrence, CB, Zarganes-Tzitzikas, T, et al. Inhibition of the NLRP3 inflammasome by HSP90 inhibitors. Immunology (2021) 162(1):84–91. doi: 10.1111/imm.13267

34. Flohr, C. How we treat atopic dermatitis now and how that will change over the next 5 years. Br J Dermatol (2022) 188(6):718-25. doi: 10.1093/bjd/ljac116

35. Johnson, DB, Lopez, MJ, and Kelley, B. Dexamethasone. StatPearls. Treasure Island (FL: StatPearls Publishing Copyright © 2023, StatPearls Publishing LLC (2023).

36. Bieber, T. Atopic dermatitis. N Engl J Med (2008) 358(14):1483–94. doi: 10.1056/NEJMra074081

37. Guttman-Yassky, E, Krueger, JG, and Lebwohl, MG. Systemic immune mechanisms in atopic dermatitis and psoriasis with implications for treatment. Exp Dermatol (2018) 27(4):409–17. doi: 10.1111/exd.13336

38. Das, P, Mounika, P, Yellurkar, ML, Prasanna, VS, Sarkar, S, Velayutham, R, et al. Keratinocytes: an enigmatic factor in atopic dermatitis. Cells (2022) 11(10). doi: 10.3390/cells11101683

39. Dubin, C, Del Duca, E, and Guttman-Yassky, E. The IL-4, IL-13 and IL-31 pathways in atopic dermatitis. Expert Rev Clin Immunol (2021) 17(8):835–52. doi: 10.1080/1744666X.2021.1940962

40. Hobbs, GS, Hanasoge Somasundara, AV, Kleppe, M, Litvin, R, Arcila, M, Ahn, J, et al. Hsp90 inhibition disrupts JAK-STAT signaling and leads to reductions in splenomegaly in patients with myeloproliferative neoplasms. Haematologica (2018) 103(1):e5–9. doi: 10.3324/haematol.2017.177600

41. Schoof, N, von Bonin, F, Trümper, L, and Kube, D. HSP90 is essential for Jak-STAT signaling in classical Hodgkin lymphoma cells. Cell Commun Signal (2009) 7:17. doi: 10.1186/1478-811X-7-17

42. Prinsloo, E, Kramer, AH, Edkins, AL, and Blatch, GL. STAT3 interacts directly with Hsp90. IUBMB Life (2012) 64(3):266–73. doi: 10.1002/iub.607

43. Kolosenko, I, Grander, D, and Tamm, KP. IL-6 activated JAK/STAT3 pathway and sensitivity to Hsp90 inhibitors in multiple myeloma. Curr Med Chem (2014) 21(26):3042–7. doi: 10.2174/0929867321666140414100831

44. Huang, IH, Chung, WH, Wu, PC, and Chen, CB. JAK-STAT signaling pathway in the pathogenesis of atopic dermatitis: An updated review. Front Immunol (2022) 13:1068260. doi: 10.3389/fimmu.2022.1068260

45. Bzowska, M, Nogieć, A, Bania, K, Zygmunt, M, Zarębski, M, Dobrucki, J, et al. Involvement of cell surface 90 kDa heat shock protein (HSP90) in pattern recognition by human monocyte-derived macrophages. J Leukoc Biol (2017) 102(3):763–74. doi: 10.1189/jlb.2MA0117-019R

46. Tamagawa-Mineoka, R. Toll-like receptors: their roles in pathomechanisms of atopic dermatitis. Front Immunol (2023) 14:1239244. doi: 10.3389/fimmu.2023.1239244

47. Park, HK, Yoon, NG, Lee, JE, Hu, S, Yoon, S, Kim, SY, et al. Unleashing the full potential of Hsp90 inhibitors as cancer therapeutics through simultaneous inactivation of Hsp90, Grp94, and TRAP1. Exp Mol Med (2020) 52(1):79–91. doi: 10.1038/s12276-019-0360-x

48. Yao, JQ, Liu, QH, Chen, X, Yang, Q, Xu, ZY, Hu, F, et al. Hsp90 inhibitor 17-allylamino-17-demethoxygeldanamycin inhibits the proliferation of ARPE-19 cells. J BioMed Sci (2010) 17(1):30. doi: 10.1186/1423-0127-17-30

49. Kao, JK, Hsu, TF, Lee, MS, Su, TC, Lee, CH, Hsu, CS, et al. Subcutaneous injection of recombinant heat shock protein 70 ameliorates atopic dermatitis skin lesions in a mouse model. Kaohsiung J Med Sci (2020) 36(3):186–95. doi: 10.1002/kjm2.12163

50. Seifarth, FG, Lax, JE, Harvey, J, DiCorleto, PE, Husni, ME, Chandrasekharan, UM, et al. Topical heat shock protein 70 prevents imiquimod-induced psoriasis-like inflammation in mice. Cell Stress Chaperones (2018) 23(5):1129–35. doi: 10.1007/s12192-018-0895-0

51. Raghuwanshi, N, Yadav, TC, Srivastava, AK, Raj, U, Varadwaj, P, and Pruthi, V. Structure-based drug designing and identification of Woodfordia fruticosa inhibitors targeted against heat shock protein (HSP70-1) as suppressor for Imiquimod-induced psoriasis like skin inflammation in mice model. Mater Sci Eng C Mater Biol Appl (2019) 95:57–71. doi: 10.1016/j.msec.2018.10.061

52. Denman, CJ, McCracken, J, Hariharan, V, Klarquist, J, Oyarbide-Valencia, K, Guevara-Patiño, JA, et al. HSP70i accelerates depigmentation in a mouse model of autoimmune vitiligo. J Invest Dermatol (2008) 128(8):2041–8. doi: 10.1038/jid.2008.45




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 © 2024 Ben Abdallah, Bregnhøj, Ghatnekar, Iversen and Johansen. 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-14-1289788-g004.jpg
Epidermal thickness B Dermal thickness = Total cell count

2
g

kR dekokk
i

€ /i T (|

240 3100 £

8 ] =

£ 20 3 s 8

= £

D Mast cells E Neutrophils F CD4* T cells

ok foind dekdk  dokdk 80 dedkdck dedckk
L I | 100 Lo B | 1

£ £ 13
£ E s E
P 2 2
85 ne g% 2
7} o
g S o 3
0 0
¥ & ‘e" 2
~\°"& « 0@ o° 3
& &
&
&
G
Vehicle MC903 MC903 + MC903 +

RGRN-305 Dexamethasone






OEBPS/Images/fimmu.2023.1289788_cover.jpg
’ frontiers | Frontiers in Immunology

Heat shock protein 90 inhibition attenuates
inflammation in models of atopic dermatitis:
a novel mechanism of action





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Heat shock protein 90 inhibition attenuates inflammation in models of atopic dermatitis: a novel mechanism of action

      

        		

          Background

        



        		

          Objectives

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            HSP90 inhibitor

          



          		

            Cell culture and experiments

          



          		

            Human samples

          



          		

            RNA isolation from NHEKs

          



          		

            RNA isolation from punch biopsies

          



          		

            Reverse transcription-quantitative PCR

          



          		

            Protein isolation from NHEKs

          



          		

            Western blot

          



          		

            Mice

          



          		

            Atopic dermatitis mouse model

          



          		

            Histology

          



          		

            RNA sequencing

          



          		

            Statistical analysis

          



          		

            Ethical statement

          



        



        



        		

          Results

        

          		

            RGRN-305 robustly inhibited AD-associated cytokine expression in NHEKs

          



          		

            RGRN-305 suppresses the activity of STAT3 and STAT6 signalling pathways in NHEKs

          



          		

            Topical RGRN-305 attenuates MC903-induced AD-like inflammation in mice

          



          		

            Oral RGRN-305 ameliorates MC903-induced AD-like inflammation in mice

          



          		

            Topical RGRN-305 decreases MC903-induced immune cell infiltration in mice

          



          		

            Topical RGRN-305 inhibits MC903-induced transcriptome alterations and AD-associated cytokine expression in mice

          



          		

            RGRN-305 upregulates the gene expression of HSPA1A/Hspa1a (HSP70)

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1289788-g006.jpg
A B
304 .. @ Vehicle
20~ |
S 10 © MC903 e [T [T T T
g @ MC903+RGRN-305 - — -
01 . MC903+DEXA —— B = =
- @ ’OQ e | —— e =
-40 -20 0 40 = ——— ; =
PC1 = = = — 4
= == =
C E;——'* - == = = 3
MC903/drug-vehicle vs. Vehicle  p— :: = =
-—— ; ==_—=N 2
=] = = == ™
S = —— = = 13
E—— = 19
S
= == (0]
8 e - = 0
T = ] — —— —
o o = = —
> 2 e — 2
S} E = _—
- = ===
o S e
[re] ——— = —= ——
= E—— — =
= =a. ———— — =
o —
-10 0 10 [Jmcoos [} MC903+RGRN-305
Log, (fold change)
[l venice [ ] MC903+ Dexa
D
MC903/RGRN-305 vs. MC903/drug-vehicle E GO:BP
Immune response ()
Defense response [ - log1o(FDR)
80
Immune system process{ @ o
n-g Response to biotic stimulus [ ] -
= Response to external biotic stimulus @ o
g’ Response to other organism (] Gene count
~ Innate immune response L ] @ o
Defense response to other organism o :zjz
Response to external stimulus {§ @ =
Immune effector process ®

Log, (fold change)

] 5 6
Fold Enrichment

KEGG Pathways _,; ror

Cytokine-cytokine receptor interaction
Th1 and Th2 cell differentiation

T cell receptor signalling pathway
JAK-STAT signalilng pathway
Chemokine signalilng pathway

25

30 35

4.0

Fold Enrichment

10

8
6
4
2

Gene count
® 10
@
[ X





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1289788-g002.jpg
A

TNF+FNy -+ +  +
RGRN-305 - -+ -
Dexa - - . +

Fold change

400

Fold change
N w
(=3 =3
o o

-
=
1=

p-p65

ns ns

ok
i

Fold change

TNF+L4 -+  + +
RGRN-305 - - + -
Dexa - - - +

p-STAT3 p-STAT6
dededede * ns
" % % 30 i
15 I . :

Fold change
Fold change






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





OEBPS/Images/fimmu-14-1289788-g001.jpg





OEBPS/Images/fimmu-14-1289788-g005.jpg
qPCR

3

116

114

b

(=3
(=3
(3

abueyo pjo4

(= (=]
0 5
1

abueyo pjo4





OEBPS/Images/fimmu-14-1289788-g003.jpg
A B
Topical RGRN-305

Topical RGRN-305
0.3 -e— \Vehicle
-#- MC903 + Top. drug-vehicle
—+ MC903 + Top. RGRN-305
-

MC903 + Dexa

Change in ear thickness (mm)
Change in ear thickness (mm)

NvY DS " 9 6 A O
06\ 0"'* 06\ 00‘\ 00* 0"?\ 0‘5‘ O'S\ O‘F\

N S D 6 A O
0’5\ O'b* Oé 06\ 00* 0’5‘ 0'5\ 00* 06\

"~ MC903 (1 nmol) MC903 (2.5 nmol)
RGRN-305, vehicle or dexa RGRN-305, vehicle or dexa
MC903+Top.  MC903+ MC903+Top.  MCQ03+

Vehicle MC903 RGRN-305 Dexa Vehicle MC903 RGRN-305 Dexa

A

o

Oral RGRN-305
0.4

ek

Vehicle

MC903 + Oral Vehicle
MC903 + Oral RGRN-305
MC903 + Dexa

Pt

Change in ear thickness (mm)

NS D 6 A O
0’5\ 0’5\ 0’5\ 0’3\ 06\ 00* 0'§ 0'5\ 06\

MC903 (2.5 nmol)
RGRN-305, vehicle or dexa

MC903+Oral MC903+
RGRN-305 Dexa

Vehicle MC903






