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ABSTRACT 60 

Background: Interleukin 32 (IL-32) is a novel cytokine involved in many 61 

inflammatory diseases. However, the role of IL-32γ, an isotype of IL-32, in atopic 62 

dermatitis has not been reported.  63 

Objective: We investigated the effects of IL-32γ on the atopic dermatitis 64 

development and its action mechanisms.  65 

Methods: We used phthalic anhydride (PA) and MC903-inudced atopic dermatitis 66 

model using wild type and IL-32γ transgenic mice. We conducted the therapy 67 

experiments using recombinant IL-32γ protein in reconstructed human skin model 68 

and PA-induced model. We conducted the receive operating characteristic analysis 69 

of IL-32γ with new atopic dermatitis biomarkers, IL-31 and IL-33, in serum from 70 

atopic dermatitis patients. 71 

Results: Dermatitis severity and epidermal thickness were significantly reduced in 72 

PA and MC903-induced IL-32γ transgenic mice compared to wild type mice. The 73 

concentration of AD-related cytokines was reduced in PA and MC903-induced IL-32γ 74 

transgenic mice compared to wild type mice. Subsequent analysis showed that IL-75 

32γ inhibits miR-205 expression in PA and MC903-induced skin tissues and TNF-76 

α/IFN-γ-treated HaCaT cells. IL-32γ reduced NF-κB activity in skin tissues from PA 77 

and MC903-induced mice and TNF-α/IFN-γ-treated HaCaT cells. NF-κB inhibitor 78 

treatment with IL-32γ expression further suppressed expression of inflammatory 79 

mediators as well as miR-205 in TNF-α/IFN-γ-treated HaCaT cells. Furthermore, 80 

recombinant IL-32γ protein alleviated atopic dermatitis-like inflammation in in vivo 81 

and reconstructed human skin model. Spearman’s correlation analysis showed that 82 

serum levels of IL-32γ and miR-205 were significantly concordant in patients with 83 

atopic dermatitis.  84 

Conclusion: Our results indicate that IL-32γ reduces atopic dermatitis through the 85 

inhibition of miR-205 expression via inactivation of NF-κB. 86 

 87 

 88 



 89 

CAPSULE SUMMARY 90 

Our results demonstrate that IL-32γ can suppress the development of atopic 91 

dermatitis by prevention of pro-inflammatory cytokine release through inhibition of 92 

NF-κB-mediated miR-205 expression. IL-32γ could be useful for treatment of 93 

atopic dermatitis. 94 

 95 

CLINICAL IMPLICATIONS 96 

This study provides the new insight of IL-32γ as a potential therapeutic molecule for 97 

treatment of atopic dermatitis.  98 

 99 
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AD: atopic dermatitis 104 

AUC: area under the curve 105 

CCL: chemokine (C-C motif) ligand 106 
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miRNA: microRNA 113 

NF-κB: nuclear factor-kappa B 114 
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RHS: reconstructed human skin 117 
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Tg: transgenic 119 

TNF: tumor necrosis factor 120 

TSLP: thymic stromal lymphopoietin 121 

WT: wild type 122 
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 141 

INTRODUCTION 142 

Atopic dermatitis (AD) is a chronic inflammatory skin disease, which is 143 

characterized by complex pathophysiology accompanied by an itchy and scaly rash 1. 144 

AD is induced by an impairment of the skin-barrier function, dysfunctional immune 145 

system, genetic, and environmental risk factors 2. AD pathogenesis consists of acute 146 

and chronic phases 3. Acute phase of AD is mediated by T helper type 2 (Th2) cells, 147 

which produce various cytokines such as IL-4, IL-5, and IL-13 in lesioned skin of AD 148 

4. These cytokines play a critical role in the promotion of IgE synthesis to initiate 149 

immunoglobulin E (IgE)-mediated allergic inflammation by activating mast cells and 150 

eosinophils 4, 5. In addition, Th2 cytokines directly impact epidermal keratinocytes, 151 

which produce pro-inflammatory cytokines that induce an inflammatory response 152 

through infiltration of immune cells into the skin lesions. Keratinocytes in the skin are 153 

the crucial providers or initiators of AD 6. Activated keratinocytes express various 154 

pro-inflammatory cytokines and chemokines such as thymic stromal lymphopoietin 155 

(TSLP), tumor necrosis factor (TNF)-α, IL-1, IL-6, IL-25, IL-33, CCL17, and CCL22, 156 

which contribute in infiltration of inflammatory cells and allergic inflammation in AD 157 

pathogenesis3, 7, 8. After acute phase, chronic phase of AD is mediated by Th1 cells. 158 

Infiltrated and accumulated eosinophils and macrophages actively secrete IL-12, 159 

which stimulates the accumulation and development of IFN-γ expressing Th1 cells in 160 

the lesion 4. The increased level of IFN-γ in the lesion exacerbates AD by stimulating 161 

the homing of immune cells and inducing spongiosis of the skin epidermis. 162 

IL-32γ was cloned as a gene induced by IL-18 and was formerly known as natural 163 

killer (NK) cell transcript 4 9. IL-32 has six splice variants, IL-32α, IL-32β, IL-32γ, IL-164 

32δ, IL-32ε and IL-32ζ, but the functional differences between these isoforms remain 165 

unknown 10, 11. IL-32 modulates the generation of TNF-α, IL-1β, IL-6 and IL-10 in 166 

inflammatory diseases 12. It also has been implicated in many inflammatory disorders, 167 

and its expression was correlated with disease severity in patients with Crohn’s 168 

disease, rheumatoid arthritis, colitis, inflammatory bowel disease and chronic 169 

obstructive pulmonary disease 13-15. It is reported that IL-32 contributes to AD 170 

pathogenesis by inducing keratinocyte apoptosis 16. In addition, serum levels of IL-32 171 

were increased in patients with AD compared to controls 16. Our previous study has 172 



shown that IL-32γ inhibits the expression of TNF-α and IL-1β via inactivation of NF-173 

kB signaling in colon cancer 17. In addition, IL-32β reduces expression of TNF-α, IL-174 

1β and IL-6 in tumor and spleen tissues of mouse xenograft model 18. It is also 175 

reported that IL-32γ acts as an anti-inflammatory cytokine that inhibits TPA-induced 176 

skin inflammation 19. However, the direct roles of IL-32γ in AD pathogenesis have not 177 

been studied. 178 

It is known that miRNAs are involved in the pathogenesis of many diseases 179 

including atopic dermatitis 20-22. miR-155 may contribute in development of atopic 180 

dermatitis through upregulation of T cell activation 23. It is also reported that miR-29b 181 

promoted keratinocyte apoptosis via suppression of anti-apoptotic protein BCL2L2 in 182 

AD 24. Recent studies revealed that miR-302e attenuated release of inflammatory 183 

cytokines such as IL-1β, IL-6, TNF-α and TSLP, in HMC-1 human mast cell line 25. 184 

Previous studies demonstrated that NF-κB plays a critical role in development of 185 

atopic dermatitis 26. NF-κB inhibitors adequately inhibit allergic inflammation 186 

including inflammatory cell infiltration and AD-related cytokine release in NC/Nga 187 

mice AD model 27, 28. In addition, miR-146a inhibits NF-κB signaling to prevent 188 

inflammatory responses in keratinocytes and atopic dermatitis 29. Yang et al reported 189 

that miR-124 suppresses chronic skin inflammation in AD via inhibition of NF-κB 190 

signaling in keratinocytes 30. Further, miR-205 is upregulated in serum and urine of 191 

AD patients compared to healthy controls and IL-32α suppresses miR-205 192 

biogenesis to inhibit endothelial cell inflammation 21, 31. miR-205 is increased due to 193 

activation of NF-κB signaling in lung cancer 32, and it is regulated by NF-κB signaling 194 

in breast cancer 33.  195 

In this study, to investigate whether IL-32γ inhibits AD pathogenesis via suppression 196 

of miR-205 through inactivation of NF-κB. We compared AD development in WT and 197 

IL-32 Tg mice by two type of chemicals induced mode, and analysis the relationship 198 

between IL-32γ level and atopic dermatitis patients. Our data provide the significant 199 

suppressive effect of IL-32γ in the development of AD.  200 

 201 

 202 

 203 



 204 

METHODS 205 

Cell culture and transfection 206 

HaCaT cells were grown at 37 Ȕ in DMEM medium supplemented with 10% FBS, 207 

penicillin (100 units/mL) and streptomycin (100 µg/mL) in humidified atmosphere of 5% 208 

CO2. HaCaT cells were transfected with pcDNA3.1(+)-6xMyc-IL-32γ vector or control 209 

vector using the Lipofectamine® 3000 transfection reagent in OPTI-MEM, according 210 

to the manufacturer’s specifications (Invitrogen, Waltham, MA, USA). For miR-205 211 

transfection, HaCaT cells were transfected with miR-205 mimic, miR-205 inhibitor or 212 

its controls (Qiagen GmbH, Hilden, Germany) using Lipofectamine® RNAiMAX 213 

reagent in OPTI-MEM, according to the manufacturer’s specifications (Invitrogen, 214 

Waltham, MA, USA). Transfected cells were stimulated with TNF-α/lFN-γ (20 ng/mL; 215 

PeproTech Inc., Rocky Hill, NJ, USA) for indicated time points. 216 

 217 

Animals 218 

The experimental protocols were carried out according to the guidelines for animal 219 

experiments of the Institutional Animal Care and Use Committee (IACUC) of 220 

Laboratory Animal Research Center at Chungbuk National University, Korea (Ethic 221 

approval No. CBNUA-1146-18-01). All efforts were made to minimize animal 222 

suffering, and to reduce the number of animals used. All mice were housed in four 223 

mice cage with automatic temperature control (21-25 °C), relative humidity (45-65%), 224 

and 12 h light-dark cycle. Food and water were provided ad libitum. Wild type (WT, 225 

C57BL/6) mice were purchased from DBL (Eumsung, Korea). Generation of hlL-32γ 226 

transgenic (Tg) mice has been described in the previous study 17. In brief, a 705-227 

base pair fragment of the hIL-32γ gene was sub-cloned into the EcoRI sites of the 228 

pCAGGS expression vector. IL-32γ insertion was confirmed by amplification of 229 

genomic DNA isolated from the tails of transgenic mice using WizPureTM Taq DNA 230 

polymerase kit (Wizbiosolutions, Seongnam, Korea) and the following specific primer 231 

set: sense, 5′-GAAGGTCCTCTCTGATGACA-3′ and antisense, 5′-232 

GAAGAGGGACAGCTATGACTG-3′. Genomic DNA samples were extracted from 233 



tails of transgenic mice and PCR analysis was performed for IL-32γ gene expression. 234 

WT mice do not express IL-32γ. IL-32γ Tg mice have no overt phenotype compared 235 

with WT mice. IL-32γ Tg mice were viable, fertile, and had no tissue or organ 236 

abnormalities. 237 

 238 

PA- or MC903-induced AD model 239 

Age-matched male mice (8-weeks old) were used in all of the experiments. To 240 

induce AD skin, PA or MC903 (Vitamin D3 analog) were used. PA-induced AD model 241 

were developed as previously described 34. A 5% PA solution or AOO (vehicle, 242 

acetone olive=4:1) was applied to the dorsal skin 3 times a week for 4 weeks. 243 

MC903-induced AD model was developed as previously described 35. MC903 244 

solution (45 µM) or ethanol was applied on dorsal skin for 17 days (5 days treatment, 245 

2 days interruption, 5 days treatment, 2 days interruption, 2 days treatment). Clinical 246 

score was evaluated as none (0), mild (1), moderate (2) or severe (3) according to 247 

the AD symptoms. At the end of the study period, blood specimens were collected. 248 

 249 

AD-like reconstructed human skin model 250 

A reconstructed human skin model (RHS model) was purchased from TEGO 251 

Science Inc. (Neoderm®-ED, Seoul, Korea). RHS model contains epidermis and 252 

dermis. The RHS model generated AD-like inflammation using an inflammatory 253 

cocktail as previously described method with some modifications 36-38. In brief, an 254 

inflammatory cocktail (AD cocktail; IL-4: 30 ng/mL; IL-13: 30 ng/mL; TNF-α: 3.5 255 

ng/mL; PeproTech Inc.) was supplemented with or without recombinant human IL-256 

32γ (100 ng/mL; YbdY Biotech, Seoul, Korea) to the culture medium for 6 days. 257 

Culture medium was changed every 48 h. 258 

 259 

Immunohistochemistry (IHC) 260 

Skin tissues and RHS tissues were removed, fixed with 10% formalin, embedded in 261 

paraffin wax, routinely processed, and then sectioned into 5 µm thick slices. 262 



Hematoxylin and eosin (H&E) staining and immunohistochemistry were performed 263 

as described previously 39. The slides were incubated with the following specific 264 

primary antibodies: F4/80 (Santa Cruz Biotechnology, CA, USA); Arginase-1 (Cell 265 

Signaling, Beverly, MA, USA); CD86 (GeneTex, Taiwan, R.O.C); Ly6G (Invitrogen, 266 

Waltham, MA, USA); p-p65 and FOXP3 (Abcam, Cambridge, MA, USA). Toluidine 267 

blue was used for mast cell staining. Detail information was described in Table E1. 268 

 269 

Enzyme-linked immunosorbent assay (ELISA) assay 270 

Cytokines and lgE levels were measured by ELISA kits provided by KOMA Biotech 271 

(Seoul, Korea), R&D systems (Minneapolis, MN, USA) and Abcam (Cambridge, MA, 272 

USA) following the manufacturer’s protocol. Human serum samples were analyzed 273 

using IL-31, IL-32β, IL-32γ and IL-33 ELISA kits purchased from myBioSource (IL-274 

32β and IL-32γ; San Diego, CA, USA) and KOMA Biotech (IL-31 and IL-33; Seoul, 275 

Korea) following the manufacturer’s instructions. Detail information was described in 276 

Table E1. 277 

 278 

Western blot analysis 279 

Western blot analysis was performed as described previously 19. The membranes 280 

were incubated with the following specific primary antibodies: IL-32 (BioLegend, San 281 

Diego, CA, USA); p50, Histone H1 and β-actin (Santa Cruz Biotechnology, CA, USA), 282 

iNOS, COX-2 and p65 (Abcam, Cambridge, MA, USA), p-IκBα and IκBα (Cell 283 

Signaling, Beverly, MA, USA). Detail information was described in Table E1. 284 

 285 

Quantitative real-time PCR (qPCR) 286 

Total RNA from skin tissues, RHS tissues and cells was extracted by RiboEX RNA 287 

Extraction Kit (GeneAll Biotechnology, Seoul, Korea) and cDNA was synthesized 288 

using High-Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA, USA). 289 

Quantitative real-time PCR was performed using specific primers in a 290 

StepOnePlus™ PCR System (Applied Biosystems, Foster City, CA, USA) (see Table 291 



E2). The values obtained for the target gene expression were normalized to 18S and 292 

quantified relative to the expression in control samples. For miRNA experiment, 293 

miRNA of skin tissues and cells was extracted by miRNeasy Mini Kit (Qiagen GmbH, 294 

Hilden, Germany) and miRNA of serum was extracted by miRNeasy Serum/Plasma 295 

Kit (Qiagen GmbH, Hilden, Germany). cDNA was generated with the miScript II RT 296 

Kit (Qiagen GmbH, Hilden, Germany). Pre-mature and mature miR-205 primers were 297 

purchased from Qiagen. Rnu6B was used as an internal control for skin tissues and 298 

cells. miR-39 (C. elegans) was used as an internal control for serum miRNA analysis. 299 

 300 

Luciferase assay 301 

HaCaT cells were transiently co-transfected with IL-32γ plasmid vector and 302 

luciferase-expressing NF-κB plasmid vector (Promega; Madison, WI, USA) for 24 h. 303 

The transfected cells were treated with TNF-α/lFN-γ (20 ng/mL) for indicated time 304 

points. Luciferase activity was measured using a luciferase assay kit (Promega; 305 

Madison, WI, USA) following the manufacturer’s instructions. 306 

 307 

Human samples 308 

Human serum samples from AD patients and normal controls (20 samples, 309 

respectively) were obtained from Chungbuk National University Hospital and Korea 310 

Institute of Radiological & Medical Sciences (KIRAMS) Radiation Biobank. All studies 311 

using human samples were conducted in accordance with the Declaration of Helsinki 312 

and were approved by the Ethics Committee of Chungbuk National University 313 

Medical Center (IRB No. CBNU-201902-BR-786-01). 314 

 315 

Gene-disease/miRNA-gene network analyses 316 

The gene-disease network of IL-32 was analyzed using Disease-Connect 317 

(www.disease-connect.org)40. Web server analyzed gene-disease network based on 318 

various sources, genome-wide association studies (GWAS), online mendelian 319 

inheritance in man (OMIM), GeneRIF and GeneWays. The strength of the 320 



connections between an input gene and diseases is quantified as the p-value of a 321 

hypergeometric enrichment test. The miRNA-gene network of miR-205 and RELA 322 

(p65) were analyzed using ONCO.IO (https://onco.io). ONCO.IO database tool is 323 

based on the manually curated annotation of experimentally verified molecular 324 

interactions described in the literatures. 325 

 326 

Statistical analysis 327 

All experiments were conducted in triplicates, and were repeated at least three times 328 

with similar results. Statistical analysis was performed with GraphPad Prism 4 329 

(GraphPad Software, San Diego, CA, USA). Group differences were analyzed by 330 

one-way ANOVA followed by Tukey’s multiple comparison test. Spearman’s test was 331 

used to analyze the correlation between IL-31, IL-32γ, IL-33 or miR-205 in patient 332 

samples. All values were presented as mean + S.D. Significance was set at p<0.05 333 

for all tests. 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 



 346 

 347 

 348 

RESULTS 349 

 350 

IL-32γ suppresses experimentally induced AD pathogenesis 351 

IL-32 has been known to have a pro-inflammatory or an anti-inflammatory role in 352 

various diseases 13. Using gene-disease relation analysis, we found that IL-32 is 353 

closely associated with many skin diseases including atopic dermatitis (Fig 1, A), To 354 

explore the relationship between IL-32γ and atopic dermatitis, we evaluated the role 355 

of IL-32γ on experimentally induced AD pathogenesis by treatment with PA. PA-356 

treated WT mice showed symptoms indicative of erythema, edema and erosion in 357 

dorsal skin. These changes were impeded in PA-induced IL-32γ Tg mice (Fig 1, B). 358 

To investigate the suppressive effect of IL-32γ on AD, histological analysis of the 359 

dorsal skin was performed (Fig 1, B). Clinical score and epidermal thickness were 360 

also significantly reduced in the PA-induced IL-32γ Tg mice compared to PA-induced 361 

WT mice (Fig 1, C). We determined mRNA expression and protein level of IL-32γ in 362 

PA-induced skin tissues. The results showed that mRNA expression and protein level 363 

of IL-32γ were increased in PA-induced skin tissues from IL-32γ Tg mice (Fig 1, D). 364 

To confirm the role of IL-32γ, we further developed the vitamin D3 analog MC903-365 

induced experimental AD model. AD symptoms were reduced in MC903-induced IL-366 

32γ Tg mice compared to MC903-induced WT mice (see Fig E1, A). Morphological 367 

and histological analyses of AD lesions from skin showed reduction of hyperkeratosis, 368 

parakeratosis, and acanthosis, along with the reduction of the infiltration of dermal 369 

inflammatory cells in MC903-induced IL-32γ Tg mice compared to MC903-induced 370 

WT mice (see Fig E1, A). In addition, clinical score, epidermal thickness and the 371 

number of mast cells (see Fig E1, B) as well as serum IgE level (see Fig E1, D) were 372 

significantly reduced in MC903-induced IL-32γ Tg mice compared to MC903-induced 373 

WT mice. These results thus showed that IL-32γ could suppress experimental AD 374 

pathogenesis. 375 



 376 

IL-32γ reduces inflammatory responses 377 

To determine if IL-32γ could reduce allergic inflammation in PA-induced AD skin 378 

tissues, we primarily evaluated the changes of auricular lymph node weight. Lymph 379 

node weight of PA-induced IL-32γ Tg mice was significantly lower than PA-induced 380 

WT mice (see Fig E2, A). In addition, expression levels of inflammation markers, 381 

COX-2 and iNOS, were significantly reduced in skin tissues of PA-induced IL-32γ Tg 382 

mice compared to PA-induced WT mice (see Fig E2, B). Previous studies indicated 383 

that inflammatory cells mediate atopic dermatitis. We thus investigated the infiltration 384 

of inflammatory cells in AD skin tissues. We found a decreased infiltration of F4/80+ 385 

macrophages and Arginase-1+ macrophages in PA-induced IL-32γ Tg mice 386 

compared with PA-induced WT mice (see Fig E3, A and B). But, CD86+ 387 

macrophages were not changed in both unstimulated and PA-induced skin tissues 388 

(see Fig E3, A and B). Furthermore, Ly6G+ neutrophils and mast cells were also less 389 

infiltration in the skin tissues of PA-induced IL-32γ Tg mice compared to PA-induced 390 

WT mice (see Fig E3, A and B). Previous research indicated that FOXP3+ regulatory 391 

T (Treg) cells control atopic dermatitis by suppression of inflammatory cell 392 

recruitment in OVA-induced atopic dermatitis mouse model 41. We thus analyzed 393 

whether IL-32γ controls skin inflammation by FOXP3+ Treg cells. Increased number 394 

of FOXP3+ cells were accumulated in the skin tissues of PA-induced IL-32γ Tg mice 395 

compared to PA-induced WT mice (see Fig E3, A and B). In addition, we further 396 

analyzed the mRNA levels of eosinophil and type 2 innate lymphoid cell (ILC2) 397 

markers. The results showed that the expression of eosinophil (Siglec-F, Epx and 398 

Prg2) and ILC2 (Sca-1, CD25 and KLRG1) markers were decreased in PA-induced 399 

IL-32γ Tg mice compared with PA-induced WT mice (see Fig E4, A and B). Th2-400 

related cytokines are critical factors for AD pathogenesis 7. We analyzed Th2-related 401 

cytokines in PA-induced skin tissues. ELISA analyses showed that the levels of Th2-402 

related cytokines, including IL-4, IL-5, IL-13, IL-31, IL-33, TSLP, were reduced in skin 403 

tissues from PA-induced IL-32γ Tg mice compared to PA-induced WT mice (Fig 2, A). 404 

qPCR analyses also showed that mRNA levels of Th2-related cytokines were 405 

significantly reduced in skin tissues from PA-induced IL-32γ Tg mice compared to 406 

PA-induced WT mice (see Fig E5, A). The protein levels and mRNA expression of 407 



Th1 and Th17 cytokines (TNF-α, IL-6, IL-1β and IL-17) were also markedly reduced 408 

in skin tissues from PA-induced IL-32γ Tg mice compared to PA-induced WT mice 409 

(Fig 2, B and see Fig E5, B). Furthermore, serum levels of IL-4, IL-13, TNF-α, and 410 

IgE were also reduced in PA-induced IL-32γ Tg mice compared to PA-induced WT 411 

mice (Fig 2, C and D). Like the PA-induced model, the protein levels of TNF-α, IL-4, 412 

IL-13, IL-31, IL-33 and TSLP in skin tissues were also significantly reduced from 413 

MC903-induced IL-32γ Tg mice compared to MC903-induced WT mice (see Fig E1, 414 

C). The mRNA levels of TNF-α, IL-4, IL-13, IL-31, IL-33 and TSLP in skin tissues 415 

were also decreased from MC903-induced IL-32γ Tg mice compared to MC903-416 

induced WT mice (see Fig E5, C). Previous studies indicated that IL-32γ contributed 417 

the IL-10 production 17, 19. Thus, we analyzed the IL-10 levels in PA-induced skin 418 

tissues. The concentration of IL-10 at basal level were higher in skin tissues from IL-419 

32γ Tg mice compared to WT mice. In AD condition, the concentration of IL-10 was 420 

decreased in both WT and IL-32γ Tg mice compared to unstimulated condition (Fig 2, 421 

E). 422 

 423 

IL-32γ inhibits miR-205 expression 424 

Our previous study has revealed that IL-32α suppressed endothelial cell 425 

inflammation by inhibition of miR-205 expression 31. Serum and urine levels of miR-426 

205 are significantly upregulated in children with AD compared with the healthy 427 

controls 42. We therefore analyzed whether IL-32γ could suppress atopic dermatitis 428 

through regulation of miR-205 expression. miR-205 expression was upregulated in 429 

PA and MC903-induced skin tissues from WT mice compared to non-treated WT 430 

mice, and significantly decreased in PA and MC903-induced skin tissues from IL-32γ 431 

Tg mice (Fig 3, A and see Fig E1, E). We further identified that IL-32γ suppressed 432 

TNF-α/IFN-γ-induced miR-205 expression in HaCaT cells (Fig 3, B). miRNA 433 

processing is regulated by Drosha, DGCR8 (Pasha) and Dicer1, which are miRNA 434 

biogenesis enzymes. We confirmed that IL-32γ inhibited miR-205 expression by 435 

suppression of DGCR8 and Dicer1 in in vivo (Fig 3, C). To further investigate the role 436 

of miR-205 in inflammation, we inhibited miR-205 in TNF-α/IFN-γ-stimulated 437 

keratinocytes and analyzed the expression of pro-inflammatory mediators. The 438 

results showed that inhibition of miR-205 significantly reduced the mRNA expression 439 



of TNF-α, IL-1β, IL-6 and TSLP in TNF-α/IFN-γ-induced HaCaT cells (Fig 3, D). 440 

Moreover, miR-205 mimic treatment synergistically induced these pro-inflammatory 441 

cytokines in TNF-α/IFN-γ-induced HaCaT cells (Fig 3, D). However, TNF-α/IFN-γ-442 

induced IL-32γ expression was not altered by miR-205 mimic or inhibitor themselves. 443 

These results suggested that IL-32γ inhibited AD-like skin inflammation via 444 

suppression of miR-205 expression. 445 

IL-32γ suppresses activation of NF-κB in PA-induced skin tissues and 446 

keratinocytes 447 

NF-κB signaling has been known to play a central role in inflammation and 448 

inhibition of NF-κB activity suppresses AD pathogenesis 26-28. Previous studies 449 

indicated that miR-205 was regulated by NF-κB signaling in lung and breast cancers 450 

32, 33. Also, web-based miRNA-gene interaction network analysis showed that miR-451 

205 is a downstream target of RELA (p65) (see Fig E6, A and B). To determine 452 

whether IL-32γ inhibits AD pathogenesis via suppression of NF-κB dependent miR-453 

205 expression, we analyzed the NF-κB signaling by Western blot and IHC analysis 454 

in PA-induced skin tissues. IL-32γ inhibited nuclear translocation of p50 and p65 and 455 

activation of lκBα in PA-induced skin tissues (Fig 4, A and B). MC903-induced NF-κB 456 

activation was also suppressed in IL-32γ Tg mice (see Fig E7). We found that 457 

phosphorylation of lκBα and nuclear translocation of p50 and p65 were inhibited in 458 

TNF-α/IFN-γ-induced IL-32γ overexpressed HaCaT cells compared with TNF-α/IFN-459 

γ-induced HaCaT cells (Fig 4, C). We examined the effect of IL-32γ on TNF-α/IFN-γ-460 

induced NF-κB transcription activity. IL-32γ expression resulted in the inhibition of 461 

NF-κB luciferase activity induced by TNF-α/IFN-γ treatment (Fig 4, D). NF-κB 462 

inhibitor Bay 11-7082 (BAY) treatment alleviated the expression of inflammatory 463 

factors and miR-205 in TNF-α/IFN-γ-induced HaCaT cells (Fig 4, E and F). In 464 

addition, IL-32γ showed a synergistic effect with BAY to inhibit inflammation and 465 

miR-205 expression (Fig 4, E and F). These data indicated that inhibition of NF-κB is 466 

implicated in IL-32γ-mediated inhibition of AD pathogenesis by suppression of miR-467 

205 expression. 468 

 469 

Knockdown of IL-32 increases skin inflammation in keratinocytes 470 



We showed that IL-32γ has anti-inflammatory effect on AD-like skin inflammation in 471 

AD mouse model and keratinocytes. We tested whether knockdown of IL-32 472 

enhances skin inflammation in keratinocytes. The results showed that inhibition of IL-473 

32 by siRNA increased activation of NF-κB in TNF-α/IFN-γ-induced HaCaT cells (see 474 

Fig E8, A). In addition, mRNA expression of inflammatory cytokines, TNF-α, IL-1β, 475 

IL-6 and TSLP, was much higher in TNF-α/IFN-γ-induced IL-32 knockdown HaCaT 476 

cells compared to control cells (see Fig E8, B). Furthermore, miR-205 expression 477 

was significantly increased in TNF-α/IFN-γ-induced IL-32 knockdown HaCaT cells 478 

compared to control cells (see Fig E8, C). Further analysis indicated that miR-205 479 

mimic transfection in TNF-α/IFN-γ-treated IL-32γ overexpressed HaCaT cells 480 

showed decreased miR-205 expression (see Fig E8, D). 481 

 482 

IL-32γ attenuates the inflammation in AD-like reconstructed human skin model 483 

To confirm the anti-inflammatory effect of IL-32γ on AD development, we used AD-484 

like reconstructed human skin model (AD-RHS model). We found that rhIL-32γ 485 

treatment significantly inhibited epidermal thickness in AD-RHS model (Fig 5, A). AD 486 

cocktail-induced NF-κB activation was also reduced in rhIL-32γ-treated RHS tissues 487 

(Fig 5, B). Increased expression of miR-205 and AD-related cytokines, TNF-α, IL-1β, 488 

IL-6, TLSP and IL-32γ, were suppressed by rhIL-32γ treatment (Fig 5, C and D).  489 

 490 

Recombinant IL-32γ protein treatment alleviates AD pathogenesis in PA-491 

induced experimental AD model 492 

We examined the therapeutic effect of IL-32γ in PA-induced experimental AD model. 493 

The administration of recombinant human IL-32γ protein (rhIL-32γ) reduced PA-494 

mediated AD development (Fig 6, A). Histological analysis showed that rhIL-32γ 495 

treatment was reduced dermal infiltration of mast cells and epidermal thickness (Fig 496 

6, A). The protein levels of AD-related cytokines including TNF-α, TLSP, IL-4, IL-13, 497 

IL-31 and IL-33 in skin tissues and serum lgE levels were significantly reduced by 498 

rhIL-32γ treatment (Fig 6, B and C). Moreover, the treatment of rhIL-32γ reduced the 499 

mRNA levels of AD-related cytokines were also decreased from PA-induced AD skin 500 

tissues (see Fig E5, D). We also found that administration of rhIL-32γ inhibited miR-501 



205 expression and NF-κB activity in PA-induced mice (Fig 6, D and E).  502 

 503 

Clinically correlation of IL-32γ and miR-205 in human atopic dermatitis 504 

In this study, the expression of IL-32γ resulted in inhibition of AD pathogenesis by 505 

suppression of miR-205 expression through the regulation of NF-κB signaling. We 506 

analyzed the levels of IL-32γ, miR-205 as well as recent discovered AD biomarkers, 507 

IL-31 and IL-33, in serum of AD patients using ELISA analysis. Serum levels of IL-508 

32γ, IL-33 and miR-205 were significantly increased in AD patients compared to 509 

those in healthy controls (Fig 7, A). However, serum IL-31 level was not different 510 

between AD patients and healthy controls (Fig 7, A). The serum level of IL-32γ was 511 

85.07±21.14 pg/mL in healthy controls and 116.14±32.62 pg/mL in AD patients, 512 

respectively. The serum level of IL-33 was 1056.856±1244.015 pg/mL in healthy 513 

controls and 2080.446±1485.41 pg/mL in AD patients, respectively. The expression 514 

level of miR-205 was 0.00029±0.000133 in healthy controls and 0.000457±0.000265 515 

in AD patients, respectively. We further analyzed receiver operating characteristic 516 

(ROC) analysis for the diagnostic reference. The AD diagnosis cut-off value, 517 

sensitivity, specificity and area under the curve (AUC) of IL-31 were 1761, 60%, 60% 518 

and 0.5975, respectively (Fig 7, A). The AD diagnosis cut-off value, sensitivity, 519 

specificity and AUC of IL-32γ were 88.45, 85%, 85% and 0.8850, respectively (Fig 7, 520 

A). The AD diagnosis cut-off value, sensitivity, specificity and AUC of IL-33 were 521 

1524, 65%, 65% and 0.7275, respectively (Fig 7, A). The AD diagnosis cut-off value, 522 

sensitivity, specificity and AUC of miR-205 were 0.000344, 60%, 60% and 0.72, 523 

respectively (Fig 7, A). Thus, ROC analysis indicated that IL-32γ is most significant 524 

and a good diagnostic reference for AD. The Spearman’s correlation test was used 525 

to evaluate the correlation between and IL-31, IL-32γ and IL-33 for miR-205 in AD 526 

patients. We found that serum miR-205 correlated with serum IL-32γ (r=0.5383; 527 

p=0.0143; Fig 7, B). However, serum IL-31 and IL-33 were not correlated with serum 528 

miR-205 (r=0.1579; p=0.5061 for IL-31-miR-205; r=0.2586; p=0.2709 for IL-33-miR-529 

205; Fig 7, B). Previous study indicated that IL-32β is predominant isoform under 530 

inflammatory conditions 43. Thus, we further analyzed the IL-32β level in AD patients. 531 

The results showed that serum IL-32β level was not different between AD patients 532 

and healthy controls (521.26±182.75 pg/mL in healthy controls and 446.04±213.94 533 



pg/mL in AD patients; see Fig E9). Moreover, ROC analysis indicated that the AD 534 

diagnosis cut-off value, sensitivity, specificity and AUC of IL-32β were 430, 65%, 65% 535 

and 0.6725, respectively. These values are much less than those of IL-32β (see Fig 536 

E9). 537 

 538 

 539 

DISCUSSION 540 

AD is characterized by inflammation and numerous inflammatory cell infiltration, 541 

mainly comprising of Th2 cells, macrophages, neutrophils, mast cells, and eosinophil 542 

infiltrates in AD skin lesions, and an increase of epidermal and dermal thickness 44. 543 

In the present report, IL-32γ mitigated histological changes, such as severe ear 544 

thickness, epidermal hyperplasia and infiltration of inflammatory cells. 545 

Immunohistochemistry analysis showed accumulation of various inflammatory cells 546 

in PA-induced skin tissues, but IL-32γ overexpression repressed inflammatory cell 547 

infiltration in skin tissues. Antigen specific-IgE contributes to the perpetuation of 548 

allergic inflammation, potentially through the promotion of IL-4, IL-5 and IL-13 549 

secreting activated Th2 cells. IL-32γ overexpression also reduced expression of AD-550 

related cytokines, including IL-4, IL-5, IL-13, IL-25, IL-31, IL-33 and TSLP, and serum 551 

IgE levels in the skin lesions in AD. Thus, IL-32γ has inhibitory effect on the 552 

development of AD by regulation of cytokine release and inflammatory cell infiltration. 553 

IL-32, originally named NK cell transcript 4 (NK4), is a recently evaluated 554 

inflammatory cytokine 45. Its transcriptions are highly expressed in immune tissues 46. 555 

IL-32 was reported to induce diverse pro-inflammatory cytokines such as TNF-α, IL-556 

1α, IL-1β and IL-6 especially in the early phase of the inflammatory process 47. 557 

However, a previous study has demonstrated that IL-32 isoforms have an anti-558 

inflammatory role in various inflammatory diseases 13. Recent studies revealed that 559 

IL-32γ overexpression inhibited the production of inflammatory cytokines in skin 560 

cancer, colon cancer, and liver injury 17, 19, 48. In addition, IL-32γ overexpression 561 

increased IL-10 production in normal or inflammation conditions 14, 19, 49. IL-10 has an 562 

immunosuppressive function to allergic inflammation that regulated Th2-type 563 

cytokine production 50, 51. Thus, IL-32γ could in part suppress AD-like inflammation 564 



through an increase of IL-10 expression. On the other hands, previous studies 565 

revealed that IL-32 contributed to the pathogenesis of AD through an increase in 566 

keratinocyte apoptosis 16. In this study, expression of IL-32γ was increased in TNF-567 

α/lFN-γ-treated HaCaT cells. Serum levels of IL-32γ were also elevated in AD 568 

patients. Thus, IL-32γ appears to be involved in inflammatory responses. However, 569 

the anti-inflammatory role of IL-32γ overexpression was proved through experimental 570 

AD models. PA-induced AD model demonstrated that the increased expression of IL-571 

32γ and administration of rhIL-32γ significantly decreased progression of AD 572 

accompanied by reduction of AD-related cytokines and inflammatory cell recruitment. 573 

In an in vitro study, IL-32γ overexpression reduced the expression of inflammatory 574 

cytokines in response to TNF-α and lFN-γ in HaCaT cells. Therefore, the increase in 575 

IL-32γ is intended to safeguard the inflammatory response rather than to increase it 576 

in the AD skin lesion. 577 

Various cytokines are associated with AD pathogenesis. Many studies indicated 578 

that Th2 and Th2 promoting cytokines mainly contribute in AD pathogenesis. Recent 579 

studies indicated that IL-31 enhances brain-derived natriuretic peptide, and thus 580 

plays a central role for itching, release and synthesis of cytokine and chemokine in 581 

skin cells 52. IL-31 overexpressing Tg mice closely resemble AD skin phenotype 53. 582 

Skin-specific IL-33 expressing Tg mice also closely resemble atopic dermatitis by 583 

increased Th2 cytokines and chemokines and activation of ILC2 cells 54. IL-33 level 584 

was higher in skin tissues from AD patients compared with controls 55. Keratinocytes 585 

expressing IL-33 could activate and recruit type 2 cells, such as skin-resident ILC2 586 

cells, mast cells, eosinophils and Th2 cells, including allergic inflammation 5, 56, 57. 587 

These cells also release IL-31 in skin tissues, and IL-31 enhances inflammatory 588 

cytokine production and mediates pruritis 58. Therefore, newly discovered AD 589 

cytokines, IL-31 and IL-33, are important in AD pathogenesis. However, IL-32γ 590 

adequately blocked IL-31 and IL-33 expression and inflammatory cell infiltration in 591 

PA- and MC903-induced AD tissues. Our results showed that serum levels of IL-32γ 592 

and IL-33 were elevated in AD patients, but serum level of IL-31 was not significantly 593 

changed compared to healthy controls even though previous studies indicated that 594 

IL-31 was increased in tissues and serum of AD patients 52, 59, 60. ROC analysis with 595 

AD patient samples indicated serum IL-32γ was the most significantly distinguished 596 

between AD patients and controls, but serum levels of IL-33 were slightly 597 



distinguished. Additionally, previous study indicated that IL-32β was the predominant 598 

isoform of IL-32 and was dominantly increased by various stimulators 43. The serum 599 

analysis indicated that IL-32β level was 6-fold higher than IL-32γ in healthy control, 600 

but IL-32β level was not much different between healthy controls and AD patients. 601 

Moreover, ROC analysis indicated that the AD diagnosis cut-off value, sensitivity, 602 

specificity and AUC of IL-32β were much less than those of IL-32γ. We also 603 

investigated the effect of rhIL-32α, the effect on the PA-induced AD was found, but 604 

the effect was much less than IL-32γ (data not shown). Thus, unlike to IL-31 and IL-605 

33, IL-32γ as a predominant IL-32 could prevent the development of AD through 606 

reduction of cytokine production and AD-related immune cell infiltration. 607 

MicroRNAs are involved in the regulation of the normal development of the immune 608 

system and in the pathogenesis of chronic inflammatory disorders 61. Recently, 609 

various miRNAs were found to be dysregulated in AD patients, implying their general 610 

role m in skin inflammation 42. It is reported that miR-124 and miR-146a suppress AD 611 

pathogenesis through inhibition of proinflammatory cytokine expression in 612 

keratinocytes 29, 30. Further, miR-302e diminishes allergic inflammation in HMC-1 613 

human mast cells 25. Serum and urine levels of miR-205 are significantly upregulated 614 

in children with AD compared with the healthy control group 42. In the present study, 615 

we found that miR-205 played a critical role in inflammatory responses and AD 616 

pathogenesis. Moreover, previous our study found that IL-32α suppresses 617 

endothelial inflammation via inhibition of miR-205 expression 31. IL-32γ suppressed 618 

the AD-like skin inflammation in PA and MC903-induced mice by inhibition of miR-619 

205. We also observed that rhIL-32γ administration alleviated PA-induced AD 620 

pathogenesis by inhibition of miR-205 expression as well as allergic inflammatory 621 

responses. We further found that IL-32γ downregulated miR-205 expression by 622 

regulating the Dgcr8/Dicer1 axis-dependent miRNA biogenesis pathway. Our results 623 

revealed that miR-205 inhibitor suppressed the expression of pro-inflammatory 624 

cytokines, but miR-205 mimic increased the expression of pro-inflammatory 625 

cytokines in TNF-α/lFN-γ-treated HaCaT cells. Serum analysis also indicated that 626 

miR-205 was significantly increased in AD patients. Spearman’s correlation analysis 627 

showed that serum levels of IL-32γ and miR-205 were significantly correlated in AD 628 

patients. These results indicated that IL-32γ reduced AD pathogenesis by inhibition 629 

of miR-205-mediated inflammatory responses. 630 



NF-κB is an important factor in regulation of pro-inflammatory cytokines and 631 

chemokines in AD 28. Reduced NF-κB activation in CD4 T cells decreases AD-like 632 

skin inflammation in NC/Nga mice AD model 62. Topical application of NF-κB inhibitor 633 

effectively suppresses allergic inflammation such as inflammatory cytokine 634 

production and infiltration of inflammatory cells in NC/Nga mice AD model 28. We 635 

found that IL-32γ overexpression decreased NF-κB activity in PA- and MC903-636 

induced skin tissues and TNF-α/IFN-γ-induced HaCaT cells. IL-32γ overexpression 637 

could block the translocation of NF-κB transcription factor through suppression of 638 

IκBα phosphorylation. NF-κB signaling is associated with various miRNAs 63. miR-639 

146a suppressed chronic skin inflammation by inhibition of NF-κB signaling through 640 

downregulation of caspase recruitment domain-containing protein 10, NF-κB 641 

upstream factor. miR-124 inhibited p65 expression by direct binding to reduce 642 

inflammatory responses in human primary keratinocytes 30. Previous studies have 643 

shown that NF-κB signaling regulates miR-205 expression that contain NF-κB 644 

binding site 32. Web-based miRNA-gene network analysis showed that RELA (p65) 645 

regulates miR-205. In in vivo and in vitro studies revealed IL-32γ suppressed NF-κB 646 

signaling in PA-induced skin tissues and TNF-α/IFN-γ-induced HaCaT cells. 647 

Combination of IL-32γ and NF-κB inhibitor, BAY, also synergistically reduced TNF-648 

α/IFN-γ-induced inflammatory cytokine expression by further inhibition of miR-205 649 

expression. These findings suggest that IL-32γ-mediated NF-κB inactivation 650 

contributed to prevent AD pathogenesis through suppression of miR-205 expression. 651 

Taken together, we demonstrated that unlike IL-31 and IL-33, IL-32γ suppressed 652 

atopic dermatitis via inhibition of miR-205 expression through inactivation of NF-κB 653 

pathway. 654 

 655 

 656 

 657 

 658 

 659 

 660 



 661 

 662 

 663 

 664 

 665 

 666 

ACKNOWLEDGMENTS 667 

Not applicable 668 

 669 

AUTHOR CONTRIBUTIONS 670 

Y.S.L. and S.B.H. conducted most of the experiments, performed data analysis, 671 

generated most of the experimental mice and were the primary writer of the 672 

manuscript. H.J.H. assisted in vivo and in vitro experiments. J.H.P assisted all animal 673 

experiments. J.S.L. assisted data analysis. D.Y.H. and Y.S.J. provided advice 674 

throughout the project. D.Y.Y. and J.T.H. supervised the entire project and had a 675 

major role in experimental design, data interpretation, and writing the manuscript. 676 

 677 

 678 

 679 

 680 

 681 

 682 

 683 

 684 

 685 



 686 

 687 

 688 

 689 

 690 

 691 

REFERENCES 692 

1. Leung DYM, Bieber T. Atopic dermatitis. Lancet 2003; 361:151-60. 693 
2. Thomsen SF. Atopic dermatitis: natural history, diagnosis, and treatment. ISRN allergy 2014; 694 

2014:354250-. 695 
3. Gittler JK, Shemer A, Suárez-Fariñas M, Fuentes-Duculan J, Gulewicz KJ, Wang CQF, et al. 696 

Progressive activation of Th2/Th22 cytokines and selective epidermal proteins characterizes 697 
acute and chronic atopic dermatitis. J Allergy Clin Immunol 2012; 130:1344-54. 698 

4. Leung DYM, Boguniewicz M, Howell MD, Nomura I, Hamid QA. New insights into atopic 699 
dermatitis. J Clin Invest 2004; 113:651-7. 700 

5. Weidinger S, Beck LA, Bieber T, Kabashima K, Irvine AD. Atopic dermatitis. Nat Rev Dis 701 
Primers 2018; 4:1. 702 

6. Homey B, Steinhoff M, Ruzicka T, Leung DYM. Cytokines and chemokines orchestrate atopic 703 
skin inflammation. J Allergy Clin Immunol 2006; 118:178-89. 704 

7. Brandt EB, Sivaprasad U. Th2 Cytokines and Atopic Dermatitis. J Clin Cell Immunol 2011; 705 
2:110. 706 

8. Bernard F-X, Morel F, Camus M, Pedretti N, Barrault C, Garnier J, et al. Keratinocytes under 707 
Fire of Proinflammatory Cytokines: Bona Fide Innate Immune Cells Involved in the 708 
Physiopathology of Chronic Atopic Dermatitis and Psoriasis. J Allergy (Cairo) 2012; 709 
2012:718725-. 710 

9. Dahl CA, Schall RP, He HL, Cairns JS. Identification of a novel gene expressed in activated 711 
natural killer cells and T cells. J Immunol 1992; 148:597-603. 712 

10. Nold-Petry CA, Nold MF, Zepp JA, Kim S-H, Voelkel NF, Dinarello CA. IL-32-dependent 713 
effects of IL-1beta on endothelial cell functions. Proc Natl Acad Sci U S A 2009; 106:3883-8. 714 

11. Kang J-W, Park YS, Lee DH, Kim MS, Bak Y, Ham SY, et al. Interaction network mapping 715 
among IL-32 isoforms. Biochimie 2014; 101:248-51. 716 

12. Dinarello CA, Kim SH. IL-32, a novel cytokine with a possible role in disease. Ann Rheum Dis 717 
2006; 65 Suppl 3:iii61-iii4. 718 

13. Hong JT, Son DJ, Lee CK, Yoon D-Y, Lee DH, Park MH. Interleukin 32, inflammation and 719 
cancer. Pharmacol Ther 2017; 174:127-37. 720 

14. Choi J, Bae S, Hong J, Ryoo S, Jhun H, Hong K, et al. Paradoxical effects of constitutive 721 
human IL-32γ in transgenic mice during experimental colitis. Proc Natl Acad Sci U S A 2010; 722 
107:21082-6. 723 

15. Park MH, Yoon D-Y, Ban JO, Kim DH, Lee DH, Song S, et al. Decreased severity of collagen 724 
antibody and lipopolysaccharide-induced arthritis in human IL-32β overexpressed transgenic 725 
mice. Oncotarget 2015; 6:38566-77. 726 

16. Meyer N, Zimmermann M, Bürgler S, Bassin C, Woehrl S, Moritz K, et al. IL-32 is expressed 727 
by human primary keratinocytes and modulates keratinocyte apoptosis in atopic dermatitis. J 728 
Allergy Clin Immunol 2010; 125:858-65.e10. 729 

17. Oh JH, Cho MC, Kim JH, Lee SY, Kim HJ, Park ES, et al. IL-32γ inhibits cancer cell growth 730 
through inactivation of NF-κB and STAT3 signals. Oncogene 2011; 30:3345. 731 

18. Yun HM, Oh JH, Shim JH, Ban JO, Park KR, Kim JH, et al. Antitumor activity of IL-32β 732 
through the activation of lymphocytes, and the inactivation of NF-κB and STAT3 signals. Cell 733 



Death Dis 2013; 4:e640. 734 
19. Lee YS, Lee CH, Bae JT, Nam KT, Moon DB, Hwang OK, et al. Inhibition of skin 735 

carcinogenesis by suppression of NF-κB dependent ITGAV and TIMP-1 expression in IL-32γ 736 
overexpressed condition. J Exp Clin Cancer Res 2018; 37:293. 737 

20. Ardekani AM, Naeini MM. The Role of MicroRNAs in Human Diseases. Avicenna J Med 738 
Biotechnol 2010; 2:161-79. 739 

21. Lv Y, Qi R, Xu J, Di Z, Zheng H, Huo W, et al. Profiling of Serum and Urinary MicroRNAs in 740 
Children with Atopic Dermatitis. PLoS ONE 2014; 9:e115448. 741 

22. Vennegaard MT, Bonefeld CM, Hagedorn PH, Bangsgaard N, Løvendorf MB, Ødum N, et al. 742 
Allergic contact dermatitis induces upregulation of identical microRNAs in humans and mice. 743 
Contact Dermatitis 2012; 67:298-305. 744 

23. Sonkoly E, Janson P, Majuri M-L, Savinko T, Fyhrquist N, Eidsmo L, et al. MiR-155 is 745 
overexpressed in patients with atopic dermatitis and modulates T-cell proliferative responses 746 
by targeting cytotoxic T lymphocyte-associated antigen 4. J Allergy Clin Immunol 2010; 747 
126:581-9.e20. 748 

24. Gu C, Li Y, Wu J, Xu J. IFN-γ-induced microRNA-29b up-regulation contributes tokeratinocyte 749 
apoptosis in atopic dermatitis through inhibiting Bcl2L2. Int J Clin Exp Pathol 2017; 10:10117-750 
26. 751 

25. Xiao L, Jiang L, Hu Q, Li Y. MiR-302e attenuates allergic inflammation in vitro model by 752 
targeting RelA. Biosci Rep 2018;38(3):pii:BSR20180025. 753 

26. Liu T, Zhang L, Joo D, Sun S-C. NF-κB signaling in inflammation. Signal Transduc Target Ther 754 
2017; 2:17023. 755 

27. Dajee M, Muchamuel T, Schryver B, Oo A, Alleman-Sposeto J, De Vry CG, et al. Blockade of 756 
Experimental Atopic Dermatitis via Topical NF-κB Decoy Oligonucleotide. J Invest Dermatol 757 
2006; 126:1792-803. 758 

28. Tanaka A, Muto S, Jung K, Itai A, Matsuda H. Topical Application with a New NF-κB Inhibitor 759 
Improves Atopic Dermatitis in NC/NgaTnd Mice. J Invest Dermatol 2007; 127:855-63. 760 

29. Rebane A, Runnel T, Aab A, Maslovskaja J, Rückert B, Zimmermann M, et al. MicroRNA-146a 761 
alleviates chronic skin inflammation in atopic dermatitis through suppression of innate 762 
immune responses in keratinocytes. J Allergy Clin Immunol 2014; 134:836-47.e11. 763 

30. Yang Z, Zeng B, Wang C, Wang H, Huang P, Pan Y. MicroRNA-124 alleviates chronic skin 764 
inflammation in atopic eczema via suppressing innate immune responses in keratinocytes. 765 
Cell Immunol 2017; 319:53-60. 766 

31. Son DJ, Jung YY, Seo YS, Park H, Lee DH, Kim S, et al. Interleukin-32alpha Inhibits 767 
Endothelial Inflammation, Vascular Smooth Muscle Cell Activation, and Atherosclerosis by 768 
Upregulating Timp3 and Reck through suppressing microRNA-205 Biogenesis. Theranostics 769 
2017; 7:2186-203. 770 

32. Cai J, Fang L, Huang Y, Li R, Yuan J, Yang Y, et al. miR-205 Targets PTEN and PHLPP2 to 771 
Augment AKT Signaling and Drive Malignant Phenotypes in Non–Small Cell Lung Cancer. 772 
Cancer Res 2013; 73:5402-15. 773 

33. Yeh DW, Chen YS, Lai CY, Liu YL, Lu CH, Lo JF, et al. Downregulation of COMMD1 by miR-774 
205 promotes a positive feedback loop for amplifying inflammatory- and stemness-associated 775 
properties of cancer cells. Cell Death Differ 2015; 23:841. 776 

34. Park JH, Choi JY, Son DJ, Park EK, Song MJ, Hellström M, et al. Anti-Inflammatory Effect of 777 
Titrated Extract of Centella asiatica in Phthalic Anhydride-Induced Allergic Dermatitis Animal 778 
Model. Int J Mol Sci 2017; 18:738. 779 

35. Moosbrugger-Martinz V, Schmuth M, Dubrac S. A Mouse Model for Atopic Dermatitis Using 780 
Topical Application of Vitamin D3 or of Its Analog MC903. Methods Mol Biol 2017;1559:91-781 
106. 782 

36. Seo H-S, Seong KH, Kim C-D, Seo SJ, Park BC, Kim MH, et al. Adiponectin Attenuates the 783 
Inflammation in Atopic Dermatitis-Like Reconstructed Human Epidermis. Ann Dermatol 2019; 784 
31:186-95. 785 

37. Danso MO, van Drongelen V, Mulder A, van Esch J, Scott H, van Smeden J, et al. TNF-α and 786 
Th2 Cytokines Induce Atopic Dermatitis–Like Features on Epidermal Differentiation Proteins 787 
and Stratum Corneum Lipids in Human Skin Equivalents. J Invest Dermatol 2014; 134:1941-788 
50. 789 

38. Sriram G, Bigliardi PL, Bigliardi-Qi M. Full-Thickness Human Skin Equivalent Models of Atopic 790 
Dermatitis. Methods Mol Biol 2019;1879:367-383. 791 

39. Lee YS, Jung YY, Park MH, Yeo IJ, Im HS, Nam KT, et al. Deficiency of parkin suppresses 792 



melanoma tumor development and metastasis through inhibition of MFN2 ubiquitination. 793 
Cancer Lett 2018; 433:156-64. 794 

40. Liu C-C, Tseng Y-T, Li W, Wu C-Y, Mayzus I, Rzhetsky A, et al. DiseaseConnect: a 795 
comprehensive web server for mechanism-based disease-disease connections. Nucleic Acids 796 
Res 2014;42:W137-W46. 797 

41. Fyhrquist N, Lehtimäki S, Lahl K, Savinko T, Lappeteläinen A-M, Sparwasser T, et al. Foxp3+ 798 
Cells Control Th2 Responses in a Murine Model of Atopic Dermatitis. J Invest Dermatol 2012; 799 
132:1672-80. 800 

42. Rożalski M, Rudnicka L, Samochocki Z. MiRNA in atopic dermatitis. Postȩpy Dermatol Alergol 801 
2016; 33:157-162. 802 

43. Huang F, Wachi S, Liu H, Jung SS, August A. IL-32B is the predominant isoform expressed 803 
under inflammatory conditions in vitro and in COPD. COPD Res Prac 2015;1:2. 804 

44. Hammad H, Lambrecht Bart N. Barrier Epithelial Cells and the Control of Type 2 Immunity. 805 
Immunity 2015; 43:29-40. 806 

45. Conti P, Youinou P, Theoharides TC. Modulation of autoimmunity by the latest interleukins 807 
(with special emphasis on IL-32). Autoimmun Rev 2007; 6:131-7. 808 

46. Joosten LAB, Heinhuis B, Netea MG, Dinarello CA. Novel insights into the biology of 809 
interleukin-32. Cell Mol Life Sci 2013; 70:3883-92. 810 

47. Netea MG, Azam T, Ferwerda G, Girardin SE, Walsh M, Park J-S, et al. IL-32 synergizes with 811 
nucleotide oligomerization domain (NOD) 1 and NOD2 ligands for IL-1β and IL-6 production 812 
through a caspase 1-dependent mechanism. Proc Natl Acad Sci U S A 2005; 102:16309-14. 813 

48. Lee DH, Kim DH, Hwang CJ, Song S, Han SB, Kim Y, et al. Interleukin-32γ attenuates 814 
ethanol-induced liver injury by the inhibition of cytochrome P450 2E1 expression and 815 
inflammatory responses. Clin Sci (London) 2015; 128:695-706. 816 

49. Bang B-R, Kwon H-S, Kim S-H, Yoon S-Y, Choi J-D, Hong GH, et al. Interleukin-32γ 817 
Suppresses Allergic Airway Inflammation in Mouse Models of Asthma. Am J Respir Cell Mol 818 
Biol 2014; 50:1021-30. 819 

50. Kosaka S, Tamauchi H, Terashima M, Maruyama H, Habu S, Kitasato H. IL-10 controls Th2-820 
type cytokine production and eosinophil infiltration in a mouse model of allergic airway 821 
inflammation. Immunobiology 2011; 216:811-20. 822 

51. Laouini D, Alenius H, Bryce P, Oettgen H, Tsitsikov E, Geha RS. IL-10 is critical for Th2 823 
responses in a murine model of allergic dermatitis. J Clin Invest 2003; 112:1058-66. 824 

52. Meng J, Moriyama M, Feld M, Buddenkotte J, Buhl T, Szöllösi A, et al. New mechanism 825 
underlying IL-31-induced atopic dermatitis. J Allergy Clin Immunol 2018; 141:1677-89.e8. 826 

53. Dillon SR, Sprecher C, Hammond A, Bilsborough J, Rosenfeld-Franklin M, Presnell SR, et al. 827 
Interleukin 31, a cytokine produced by activated T cells, induces dermatitis in mice. Nat 828 
Immunol 2004; 5:752. 829 

54. Imai Y, Yasuda K, Sakaguchi Y, Haneda T, Mizutani H, Yoshimoto T, et al. Skin-specific 830 
expression of IL-33 activates group 2 innate lymphoid cells and elicits atopic dermatitis-like 831 
inflammation in mice. Proc Natl Acad Sci U S A 2013; 110:13921-6. 832 

55. Tamagawa-Mineoka R, Okuzawa Y, Masuda K, Katoh N. Increased serum levels of interleukin 833 
33 in patients with atopic dermatitis. J Am Acad Dermatol 2014; 70:882-8. 834 

56. Chan BCL, Lam CWK, Tam L-S, Wong CK. IL33: Roles in Allergic Inflammation and 835 
Therapeutic Perspectives. Front Immunol 2019; 10. 836 

57. Di Salvo E, Ventura-Spagnolo E, Casciaro M, Navarra M, Gangemi S. IL-33/IL-31 Axis: A 837 
Potential Inflammatory Pathway. Mediators Inflamm 2018; 2018:8. 838 

58. Nakashima C, Otsuka A, Kabashima K. Interleukin-31 and interleukin-31 receptor: New 839 
therapeutic targets for atopic dermatitis. Exp Dermatol 2018; 27:327-31. 840 

59. Kim S, Kim H-J, Yang HS, Kim E, Huh I-S, Yang J-M. IL-31 Serum Protein and Tissue mRNA 841 
Levels in Patients with Atopic Dermatitis. Ann Dermatol 2011; 23:468-73. 842 

60. Ohmatsu H, Sugaya M, Suga H, Morimura S, Miyagaki T, Kai H, et al. Serum IL-31 levels are 843 
increased in patients with cutaneous T-cell lymphoma. Acta Derm Venereol 2012; 92:282-3. 844 

61. Mócsai A. Diverse novel functions of neutrophils in immunity, inflammation, and beyond. J 845 
Exp Med 2013; 210:1283-99. 846 

62. Tenda Y, Yamashita M, Kimura MY, Hasegawa A, Shimizu C, Kitajima M, et al. 847 
Hyperresponsive TH2 cells with enhanced nuclear factor-κB activation induce atopic 848 
dermatitis–like skin lesions in Nishiki-nezumi Cinnamon/Nagoya mice. J Allergy Clin Immunol 849 
2006; 118:725-33. 850 

63. Ma X, Becker Buscaglia LE, Barker JR, Li Y. MicroRNAs in NF-kappaB signaling. J Mol Cell 851 



Biol 2011; 3:159-66. 852 

 853 

 854 

 855 

 856 

 857 

 858 

 859 

FIGURE LEGENDS 860 

FIG 1. IL-32γ inhibits PA-induced atopic dermatitis. (A) Gene (IL-32)-disease 861 

network was analyzed based on the GWAS/OMIM/DEG records (p<10-6). (B) The 862 

morphological and histological changes in mice after 4-week treatment as described 863 

in the Materials and Methods. The photographs are representative of each group of 864 

mice. Scale bar, 50 µm. (C) Bar graphs indicate clinical score and epidermal 865 

thickness. n=7. (D) mRNA expression and protein level of IL-32γ in skin tissues. n=5. 866 

**p<0.01 and ***p<0.001.  867 

 868 

FIG 2. IL-32γ suppresses PA-induced skin inflammation. WT and IL-32γ Tg mice 869 

were treated with 5% PA for 4 weeks. (A) The concentration of Th2-related cytokines, 870 

IL-4, IL-5, IL-13, IL-31, IL-33 and TSLP, in skin tissues. n=6. (B) The concentration of 871 

Th1 and Th17-related cytokines, TNF-α, IL-1β, IL-6 and IL-17, in skin tissues. n=6. 872 

(C and D) The serum concentration of IL-4, IL-13 and TNF-α and IgE. n=6. (E) The 873 

concentration of IL-10 in skin tissues. n=6. *p<0.05, **p<0.01 and ***p<0.001. 874 

 875 

FIG 3. IL-32γ inhibits miR-205 expression. (A) Expression of premature and 876 

mature-miR-205 in PA-induced skin tissues was determined by qPCR. n=6. (B) 877 

Expression of mature-miR-205 in TNF-α/IFN-γ-treated HaCaT cells was determined 878 

by qPCR. n=4. (C) mRNA expression of Drosha, Dgcr8 and Dicer1 in PA-induced 879 

skin tissues was determined by qPCR. n=3. (D) HaCaT cells were transfected with 880 



miR-205 inhibitor or mimic (40 µM). After 24 h, cells were treated with TNF-α and 881 

IFN-γ (20 ng/mL) for 24 h. The mRNA expression of TNF-α, IL-1β, IL-6, TSLP and 882 

IL-32γ was determined by qPCR. n=3. *p<0.05, **p<0.01 and ***p<0.001. 883 

 884 

FIG 4. IL-32γ suppresses NF-κB activation. (A) Expression of phosphorylated IκBα 885 

in cytosolic fractions and nuclear translocation of p50 and p65 in nuclear fractions in 886 

PA-induced skin tissues by Western blot analysis. (B) Expression of phosphorylated 887 

p65 (p-p65) in PA-induced skin tissues by IHC analysis. Scale bar, 50 µm. (C and D) 888 

HaCaT cells were transfected with IL-32γ plasmid vector. After 24 h, cells were 889 

treated with TNF-α/IFN-γ for 24 h. Expression of phosphorylated IκBα in cytosolic 890 

fractions and nuclear translocation of p50 and p65 in nuclear fractions by Western 891 

blot analysis (C). NF-κB transcriptional activity was measured by luciferase assay 892 

using transfection of luciferase-expressing NF-κB plasmid vector (D). n=4. (E and F) 893 

HaCaT cells were transfected with IL-32γ plasmid vector. After 24 h, cells were 894 

treated with TNF-α/IFN-γ for 24 h. The expressions of miR-205 (E) and pro-895 

inflammatory cytokines, TNF-α, IL-1β, IL-6 and TSLP (F), were analyzed by qPCR. 896 

n=3. *p<0.05, **p<0.01 and ***p<0.001. 897 

 898 

FIG 5. IL-32γ reduces the inflammation in AD-like RHS model. RHS model were 899 

cultured for AD cocktail with/without rhIL-32γ for 6 days. (A) Histological changes in 900 

AD-RHS model. A bar graph presents epidermal thickness. n=6. Scale bar, 50 µm. 901 

(B) Phosphorylation of IκBα in AD-RHS model. (C) Expression of mature-miR-205 in 902 

AD-RHS model. n=4. (D) mRNA expression of IL-32γ, TNF-α, IL-1β, IL-6 and TSLP 903 

in AD-RHS model. n=4. *p<0.05, **p<0.01 and ***p<0.001. 904 

 905 

FIG 6. rhIL-32γ therapy alleviates experimental AD development. WT mice were 906 

treated with 5% PA for 4 weeks. From 3rd week, rhIL-32γ (1 µg/mouse) was 907 

subcutaneously injected to dorsal skin 3 h after PA treatment. (A) Morphological and 908 

histological changes in mice after rhIL-32γ therapy. Bar graphs indicate clinical score, 909 

epidermal thickness and mast cell number. n=6. Scale bar, 50 µm. (B) The protein 910 

level of TNF-α, IL-4, IL-13, IL-31, IL-33 and TSLP, in skin tissues. n=5. (C) Serum 911 



concentration of IgE. n=6. (D) Expression of premature and mature-miR-205 in skin 912 

tissues. n=4. *p<0.05, **p<0.01 and ***p<0.001. (E) Expression of phosphorylated 913 

IκBα in cytosolic fractions and nuclear translocation of p50 and p65 in nuclear 914 

fractions by Western blot analysis in PA-induced WT mice with/without rhIL-32γ 915 

therapy. 916 

 917 

FIG 7. Serum analysis of IL-31, IL-32γ, IL-33 and miR-205 in AD patients. (A) 918 

The serum level and ROC curve of IL-31, IL-32γ, IL-33 and miR-205 in AD patients 919 

and healthy controls. n=20. (B) Spearman’s correlation test between IL-31, IL-32γ 920 

and IL-33 for miR-205. *p<0.05 and ***p<0.001. 921 
















