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Abstract

Staphylococcus aureus causes the majority of human skin and soft tissue infections, and is a major 

infectious cause of mortality. Host defense mechanisms against S. aureus are incompletely 

understood. Interleukin (IL)-19, -20 and -24 signal through type I and type II IL-20 receptors and 

are associated with inflammatory skin diseases such as psoriasis and atopic dermatitis. We show 

here that these cytokines promote cutaneous S. aureus infection in mice by downregulating IL-1β- 

and IL-17A-dependent pathways. Similar effects of these cytokines were seen in human 

keratinocytes after S. aureus exposure, and antibody blockade of IL-20 receptor improved 

outcomes in infected mice. Our findings identify an immunosuppressive role for these cytokines 

during infection that could be therapeutically targeted to alter susceptibility to infection.

Staphylococcus aureus is the most frequent cause of skin and soft tissue infection in the 

United States. It is the leading cause of hospital-acquired infection, and invasive S. aureus 

infections annually account for more American deaths than HIV, viral hepatitis, and 

influenza combined1. In recent years, methicillin-resistant Staphylococcus aureus (MRSA), 

resistant to routine anti-staphylococcal antibiotics, has become a concern beyond the 

hospital setting, with distinct ‘community-associated’ strains such as USA300 causing 

epidemic outbreaks, and reservoirs of these drug-resistant strains tainting meat and poultry 

samples in the U.S. and other countries2,3.
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As a frequent colonizer of human skin and mucosa, S. aureus may be considered a 

commensal symbiont with pathogenic potential, or pathobiont4, that has developed multiple 

mechanisms to evade and manipulate the host response5-8. Immune responses required to 

control this important organism are incompletely understood. Although adaptive immune 

responses develop during S. aureus infections, T and B cells are not required to clear S. 

aureus infections in mice and the adaptive immune response that develops during primary 

infection appears to be largely ineffective at preventing subsequent infection9-13. Recent 

work has revealed the central and protective role of cytokines such as IL-1β and IL-17A in 

triggering a neutrophil-dependent innate immune response14-16. Further insights into the 

immune mechanisms required to control S. aureus may identify vaccination and therapeutic 

strategies to combat the rise of antibiotic-resistant disease.

IL-19, IL-20, IL-22, IL-24 and IL-26 comprise the IL-20 subfamily of cytokines, a subset of 

the IL-10 superfamily, which also includes IL-10, IL-28, and IL-2917-19. IL-19, IL-20, and 

IL-24 all signal through the type I IL-20 receptor (IL-20R), a heterodimeric receptor 

composed of the IL-20R alpha and beta chains (IL20RA and IL20RB). IL-20 and IL-24 can 

additionally signal through the type II IL-20R, an IL20RB and IL22 receptor alpha 1 

(IL22RA1) heterodimer. Recent work has clarified the structural basis for the specific 

binding characteristics of these receptors and cytokines20. Both of these IL20RB-contaning 

receptor complexes are primarily expressed on epithelial cells and activate the transcription 

factor STAT3. This activation drives a program that restores tissue homeostasis by 

enhancing remodeling, wound healing, and antimicrobial peptide secretion in a manner 

similar to the actions of IL-2221. Distinct from IL-22, which is primarily secreted by 

lymphocytes, IL-19, IL-20, and IL-24 are produced primarily by myeloid and epithelial 

cells18.

IL-19, IL-20, and IL-24, which we will refer to as IL-20R cytokines, have been implicated 

in the pathogenesis of psoriasis. High expression of all IL-20R cytokines has been found in 

psoriatic tissue samples22. In mice and tissue culture systems, overexpression of IL-20 or 

IL-24 leads to characteristic keratinocyte proliferation, epidermal thickening, and induction 

of psoriasis-associated chemokines and antimicrobial peptides21,23,24. IL-17A and IL-22, 

driven by IL-23-mediated STAT3 activation, are also implicated in psoriasis pathogenesis 

and have been found to induce IL-20 subfamily members21,25,26.

Although the IL-20R cytokines have been associated with psoriasis and other 

immunopathology, their role in host defense has not been extensively investigated27,28. 

Given their demonstrated skin-protective actions, we hypothesized that these cytokines 

would enhance the anti-staphylococcal host response. However, we found that signaling 

through IL20RB inhibited the cutaneous inflammatory response and reduced production of 

IL-1β and IL-17A, and thereby promoted S. aureus skin infection. These results identify an 

anti-inflammatory role for IL20RB signaling that is consistent with its previously described 

tissue-restorative functions but imparts diminished host defense against infectious agents at 

epithelial surfaces.
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RESULTS

IL-20RB impairs control of cutaneous S. aureus infection

To determine if the IL-20R cytokines influenced the host response to S. aureus skin 

infection, we intradermally infected wild type and Il20rb−/− mice with 107 colony forming 

units (CFU) of a clinical MRSA isolate (USA 300 LAC strain). We then followed the size of 

the resultant skin abscesses over 15 days. Il20rb−/− mice developed smaller lesions (Fig. 1a) 

with decreased bacterial burdens (Fig. 1b). Although IL-22 has documented antimicrobial 

activities against other mucosal pathogens29,30, Il22−/− mice did not have altered 

susceptibility to S. aureus skin infection (Fig. 1c-d). Histology confirmed that IL20rb−/− 

mice had smaller abscesses with preserved skin architecture and a greater influx of 

inflammatory cells (Fig. 1e), consistent with the critical role of neutrophils in control of 

cutaneous S. aureus infection1.

Since IL20RB forms one chain of the receptors that bind IL-19, IL-20, and IL-24, we next 

established the induction of these cytokines during S. aureus skin infection. Compared to 

uninfected skin, IL-19 and IL-24 transcript levels increased in infected skin during the initial 

hours of infection and remained elevated over the course of the infection (Fig. 2a). In 

contrast, IL-20 was not induced during infection (Fig. 2a). IL20RA and IL20RB, which 

combine to form a heterodimeric receptor for IL-19, IL-20, and IL-24, were both induced 

within two hours post-infection with a subsequent return to baseline by day 3 (Fig. 2b). 

IL22RA1, which heterodimerizes with IL20RB to form a receptor for IL-20 and IL-24 but 

not IL-19, showed a similar pattern of induction during infection (Fig. 2b).

To corroborate our knockout mouse data suggesting that IL-20R signaling promoted S. 

aureus skin infection, we injected wild type mice with MRSA resuspended in recombinant 

IL-20R cytokines. Consistent with our findings in Il20rb−/− mice, injection of recombinant 

murine IL-19 led to the development of larger lesions (Fig. 2c) and increased bacterial 

burdens (Fig. 2d). Mice produced IL-24 but not IL-20 in response to S. aureus infection 

(Fig. 2a). However, because these two cytokines induce a similar epithelial gene signature21 

and similarly use both types of IL-20R, we injected mice with recombinant murine IL-20 as 

a surrogate for IL-24, which is not available commercially. Recombinant IL-20 injection had 

similar effects on S. aureus infection as recombinant murine IL-19 (Supplementary Fig. 1), 

consistent with IL-19 and IL-20 both using the type I IL-20 receptor. Although we cannot 

rule out unique effects of IL-24, the results of recombinant IL-20 treatment also suggest that 

type II IL-20R signaling did not alter the observed susceptibility conferred by type I IL-20R 

signaling. Analysis of infected skin revealed an inflammatory infiltrate primarily composed 

of neutrophils (Ly6C+Ly6G+) (Fig. 2e). Recombinant IL-19 did not substantially affect the 

relative composition of cells in infected tissue (Fig. 2e), but strikingly reduced their absolute 

numbers (Fig. 2f). Taken together, these results show that the IL-20R cytokines were 

induced by S. aureus skin infection and impaired the inflammatory response required for 

optimal host defense.
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IL-20R cytokines inhibit IL-17A response to S. aureus

Consistent with prior literature indicating a critical role for γδ T cell-derived IL-17A in 

neutrophil recruitment and protection against cutaneous S. aureus infection14, we found 

transiently increased IL-17A transcript levels in infected skin early after infection (Fig. 3a). 

IL-17A expression then dramatically increased by three days after infection and remained 

elevated through at least day 14 (Fig. 3a). Defensin beta 4 (DEFB4), an anti-staphylococcal 

peptide induced by IL-17A31, followed the observed early and late kinetics of IL-17A 

expression (Fig. 3b). IL-17F and IL-22, cytokines commonly associated with IL-17A 

responses, only appeared later during the course of infection (Fig. 3b).

We hypothesized that alterations in IL-17A production contributed to the increased 

susceptibility to S. aureus conferred by IL-20R signaling. Consistent with this, we found 

that treatment with recombinant IL-19 or IL-20 significantly inhibited IL-17A expression in 

skin two hours after infection and this inhibition persisted at six days (Fig. 3c). Furthermore, 

Il20rb−/− mice showed a trend toward increased IL-17A expression two hours after 

infection that became significant by six days (Fig. 3c). IL-17F, IL-22, and interferon (IFN)-γ 

expression were not altered by IL-20R stimulation or deficiency (Supplementary Fig. 2a). 

Expression of the anti-microbial products DEFB4 and S100a9 was consistent with their 

known induction by IL-17A, but induction of S100a8 by recombinant IL-19 treatment 

suggested alternative regulation of this gene (Supplementary Fig. 2b). Flow cytometry of 

skin cells early and late after infection confirmed induction of IL-17A+ cells (Fig. 3d-g). 

Reduction in the number of IL-17A+ cells in infected tissue after recombinant IL-19 

treatment was apparent four days after infection (Fig. 3f-g). Consistent with prior reports14, 

the IL-17A+ cells induced in infected skin were predominantly γδ T cells (Supplementary 

Fig. 3a-b). These γδ T cells expressed intermediate levels of the γδ TCR (Supplementary 

Fig. 3a-b), in accordance with the reported capacity of dermal (γδ TCRint) rather than 

epidermal (γδ TCRhi) γδ T cells to secrete IL-17A32. To determine if increased IL-17A 

explained the protection conferred by Il20rb-deficiency, we injected neutralizing antibody 

against IL-17A into the inoculum at the time of MRSA infection. This abrogated the 

difference in lesion size (Fig. 3h) and bacterial burden (Fig. 3i) seen in Il20rb−/− mice 

treated with control antibody, confirming IL-17A-dependent protection in the Il20rb−/− 

mice. However, administration of anti-IL-17A led to more severe infection in wild type mice 

than Il20rb−/− mice (Fig. 3h-i), indicating the presence of additional IL-17A-independent 

protective mechanisms in the knockout mice. Taken together, these experiments show that 

suppression of IL-17A by IL-20R cytokines contributes to their negative impact on control 

of S. aureus skin infection.

IL-20R cytokines inhibit transcription of pro-IL-1β

Since type I and type II IL-20R complexes do not appear to be expressed on 

lymphocytes19,33, we hypothesized that the decrease in IL-17A seen after exposure to 

IL-20R cytokines reflected an effect on the IL-17A-inducing cytokines produced by 

IL20RB-expressing keratinocytes and myeloid cells19. Whereas IL-6 is critical for IL-17A 

induction in CD4+ T cells34, IL-1β and IL-23 are major inducers of IL-17A from γδ T 

cells35. IL-1β can further feed back onto keratinocytes to enhance IL-23 expression36. 

Expression of pro-IL-1β, IL-6, and IL-23 was induced within hours of S. aureus skin 
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infection (Fig. 4a). Compared to wild type mice, Il20rb−/− mice displayed increased pro-

IL-1β mRNA expression two hours after infection (Fig. 4b). Treatment of wild type mice 

with recombinant IL-19 or IL-20 suppressed S. aureus-induced pro-IL-1β, IL-6, and IL-23 at 

this time point (Fig. 4b). By the peak of infection on day six, IL-20R signaling continued to 

have similar effects on pro-IL-1β expression, and the effects on IL-23 became more 

pronounced (Fig. 4c). The broader and more pronounced effect on cytokine expression seen 

with recombinant IL-20R cytokine treatment compared to IL20RB-deficiency may reflect 

compensatory mechanisms operating in the knockout mice or a difference between the 

physiologic amount of these cytokines in vivo and our selected treatment dose. Overall, 

suppression of pro-IL-1β expression seemed to be the earliest and most consistent effect of 

IL-20R signaling on these IL-17A-inducing cytokines. Consistent with a reported 

dependence of IL-20R signaling on STAT3, transgenic mice with a mutation in Stat3 

(ΔV463) that models STAT3 dysfunction in human Job’s syndrome failed to respond to 

recombinant murine IL-19 as measured by lesion size, bacterial burden, and IL-1β 

expression after S. aureus infection (Fig. 4d-f).

The ability of IL-1β to positively regulate its own transcription37 suggests the observed early 

changes in pro-IL-1β mRNA may have reflected direct effects of IL-20R cytokines on 

inflammasome-mediated post-translational processing of pro-IL-1β into IL-1β. However, 

exposure to IL-20R cytokines inhibited pro-IL-1β transcript induction in a mouse 

keratinocyte cell line (PAM 2-12) within thirty minutes of S. aureus exposure (Fig. 5a). 

Differences in IL-1β protein concentration could not be detected until three hours and 

became more pronounced by 24 hours (Fig. 5b-d), indicating that IL-20R cytokines directly 

altered pro-IL-1β transcription before any changes in post-translational processing affected 

levels of mature IL-1β protein. To detect mature IL-1β protein, which is indistinguishable 

from pro-IL-1β by available ELISA and flow cytometry antibodies, we used immunoblotting 

and confirmed increased expression of both pro- and cleaved IL-1β in IL20rb−/− compared 

to wild type primary keratinocyte cultures after 24 hours of MRSA exposure (Fig. 5e).

These data indicated that the effect of IL-20R cytokines on pro-IL-1β was too rapid to be 

mediated by transcriptional regulation of molecules that control pro-IL-1β expression. 

Indeed, expression of molecules that regulate pro-IL-1β expression, such as Toll-Like 

Receptor 2 (TLR2), IL-1R antagonist (IL-1Ra), stimulatory IL-1R1, or inhibitory IL-1R2, 

was not modulated during S. aureus infection by loss or gain of IL-20R signaling in a 

manner that fully explained the observed effects on IL-1β expression (Fig. 5f). 

Transcriptional control of pro-IL-1β is also known to involve CCAAT/enhancer-binding 

protein β (C/EBPβ), activity of which can be rapidly regulated by post-translational 

modification and influences transcription of many inflammation-associated cytokines38,39. 

Total amounts of the active isoform of C/EBPβ (Liver Activating Protein, LAP) appeared 

slightly increased in S. aureus-stimulated keratinocytes from Il20rb−/− mice compared to 

wild type mice (densitometry readings over background: 2.09 ± 0.2 versus 0.99 ± 0.3; 

p=0.03. Densitometry readings for actin were not significantly different between groups) 

(Fig. 5g). After immunoprecipitation of proteins containing the inhibitory small-ubiquitin-

related modifier (SUMO), lower amounts of C/EBPβ were detected in Il20rb−/− 

keratinocytes than wild type (densitometry 41.36 ± 0.6 versus 45.47 ± 1; p=0.02) (Fig. 5g), 
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indicating a reduced capacity in the presence of IL-20R signaling for C/EBPβ to induce 

transcription of pro-inflammatory mediators such as IL-1β. Consistent with this, 

immunoprecipitation of C/EBPβ revealed that IL-20R cytokine treatment of keratinocytes 

inhibited S. aureus-induced DNA binding by C/EBPβ at the IL-1β locus (Fig. 5h). In sum, 

these results suggest that IL-20R cytokines inhibit pro-IL-1β transcription by mechanisms 

that involve STAT3 and the post-translational inactivation of C/EBPβ.

IL-1β rescues IL-20R-induced S. aureus susceptibility

The above studies on keratinocyte cell lines and primary keratinocytes were consistent with 

direct action of IL-20R cytokines on keratinocytes. IL-20R cytokine treatment also inhibited 

IL-1β protein induction in vivo in keratinocytes at the S. aureus abscess site on day 3 of 

infection (Fig. 6a). Recombinant murine IL-1β administration at the time of S. aureus 

inoculation overcame the effects of recombinant murine IL-19 on lesion size (Fig. 6b), 

bacterial load (Fig. 6c), and IL-17A mRNA expression (Fig. 6d). Mice deficient in IL-1R1, 

but not IL-17A, did not upregulate IL-19 or IL-24 in response to S. aureus infection (Fig. 

6e), suggesting that IL-20R cytokines act as an inhibitory feedback mechanism triggered by 

IL-1β Taken together, these results suggest IL-20R signaling increased SUMO-inactivation 

of C/EBPβ, leading to the observed decrease in pro-IL-1β transcription and subsequent 

failure to activate downstream inflammatory events, including IL-17A induction, that have 

been shown to be critical for the neutrophil recruitment needed for control of S. aureus.

IL-20RB blockade holds therapeutic potential for humans

To assess the potential therapeutic effect of blocking IL-20R signaling during S. aureus 

infection, we included an IL-20RB antibody in the S. aureus inoculum at the time of 

infection. This single dose of antibody significantly reduced lesion size and showed a trend 

toward reduced bacterial burden (Fig. 7a-b), corroborating the phenotypes seen in knockout 

and recombinant cytokine-treated mice and highlighting the therapeutic potential of 

optimized targeting of the IL-20R cytokine pathway. Anti-IL-20RB most prominently 

augmented pro-IL-1β induction (Fig. 7c), consistent with the effects of IL-20R cytokines 

presented above. Similar to its effects in vivo, anti-IL-20RB also enhanced IL-1β production 

when applied directly to PAM2-12 mouse keratinocytes (Fig. 7d). To evaluate if the effects 

of IL-20R cytokines may be relevant to humans, we derived primary keratinocyte cultures 

from human foreskin samples. Within one hour of S. aureus exposure, human keratinocytes 

upregulated all of the IL-20R cytokines (Fig. 7e). In contrast to mice, human keratinocytes 

expressed IL-20 at higher levels than IL-19 and IL-24. This species-specific induction 

pattern was reflected in the ability of recombinant human IL-20, but not recombinant human 

IL-19, to mirror its murine effects and inhibit induction of IL-1β mRNA and protein by S. 

aureus in primary human keratinocytes (Fig. 7f-g). These data suggest that IL-20R blockade 

may hold therapeutic potential for patients with recurrent or severe MRSA skin infections.

DISCUSSION

Our data identify the capability of IL-20R cytokines to promote S. aureus skin infection. To 

our knowledge, this is the first description of the role of these cytokines during infection. 

We show that this ability to promote infection is due to suppression of antimicrobial 
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inflammatory pathways, characterizing the anti-inflammatory properties of these cytokines 

during host defense.

Anti-inflammatory properties are consistent with the tissue restorative functions ascribed to 

IL-20R cytokines and befit their relatedness to the prototypical anti-inflammatory cytokine, 

IL-10. However, an immunosuppressive role for these cytokines may seem paradoxical in 

light of the ability of IL-20R cytokine overexpression to drive psoriasis-like disease in 

mice23,24. This paradox is perhaps explained by distinguishing two distinct characteristics of 

psoriasis: epithelial proliferation, consistent with known actions of these cytokines, versus 

inflammation, which may be driven by other pathways. The dependence of IL-20R cytokine 

induction on IL-1R signaling during S. aureus infection in our studies, and previous reports 

documenting induction by inflammatory mediators such as IL-1β and IL-17A40,41, suggests 

their anti-inflammatory activities may serve as a mechanism for feedback inhibition. Indeed, 

previous work has suggested an immunoregulatory role for IL-19 in colitis42,43, and we have 

now uncovered an inhibitory function of these cytokines on IL-1β -driven inflammation 

during infection. It remains unclear if the detection of IL-20R cytokines in autoimmune 

diseases such as rheumatoid arthritis44-46 reflects an etiologic role or an ineffective feedback 

pathway triggered by inflammation. Regardless, our results suggest that these cytokines 

have immunosuppressive properties that may contribute to infection susceptibility in a 

variety of contexts.

Our findings define the sequence of events triggered by IL-20RB signaling that promote S. 

aureus skin infection. IL-1β induction after recognition of S. aureus by TLR2, NOD, and 

other pattern recognition receptors is critical for triggering the inflammatory response, 

including the IL-17A-dependent recruitment of neutrophils required for clearance of 

infection1. We show that IL-20RB signaling acts in a STAT3-dependent manner to interfere 

with this early induction of IL-1β and related inflammatory cytokines, rapidly increasing 

post-translational sumoylation of the transcription factor C/EBPβ that leads to its decreased 

binding at the IL-1β promoter. The central role of C/EBPβ in transcribing a number of 

inflammatory cytokines38,39 suggests that this mechanism is a major contributor to the anti-

inflammatory consequences of IL-20RB signaling.

IL-19 and IL-24, but not IL-20, were induced in mouse skin by S. aureus infection, a similar 

pattern to what has been described for induction by inflammatory cytokines such as IL-2347. 

The differential regulation of these related cytokines remains to be elucidated, but based on 

their known expression pattern, it is likely that during infection they are induced in 

keratinocytes and resident innate immune cells. We show that these cytokines can act on 

keratinocytes, known to express type I and type II IL-20R, to suppress IL-1β expression. 

Similar effects likely occur in other IL-20R-expressing resident cell populations, including 

myeloid cells. Specific effects of IL-24, which signals through both type I and type II 

IL-20R, could not be tested because of commercial unavailability of the recombinant 

cytokine. However, the similar receptor usage of IL-20 and IL-24 allowed us to use 

recombinant murine IL-20 to assess the contribution of type II IL-20R signaling, which is 

not engaged by IL-19. Treatment with either recombinant IL-19 or IL-20 similarly affected 

infected mice and keratinocytes. This suggests the observed effects are predominantly 

mediated by the type I receptor complex, although unique effects of IL-20 compared to 
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IL-19 on expression of TLR2 and IL-1R1 expression suggest that type II IL-20R may 

additionally contribute to the IL-20RB-attributable phenotype observed during S. aureus 

infection. IL-20 was the major IL-20R cytokine induced by S. aureus from human 

keratinocytes, suggesting further species differences in regulation of individual members of 

this family of cytokines.

IL-20R cytokines are closely related to IL-22, and prior studies in reconstituted human 

epidermis revealed similar induction of antimicrobial peptides and other factors21. However, 

Il20rb−/− mice did not have altered susceptibility to Citrobacter rodentium colitis, in which 

IL-22 plays a protective role29. In our studies, IL-22, unlike IL-20R cytokines, was not 

induced until relatively late in the course of S. aureus infection, a possible contributing 

factor to its lack of influence on the overall control of infection in this model. Compared to 

IL-22, IL-20R cytokines generally had modest to negative effects on neutrophil 

chemoattractant induction in reconstituted human epidermis21, suggesting the suppressive 

effects on IL-1β and IL-17A predominated the inhibitory effect of IL-20RB signaling on 

neutrophil recruitment. Such gene expression differences in response to IL-22 and the 

individual IL-20R cytokines21 suggest unique aspects of signaling by each of these 

cytokines despite their common activation of STAT3, a finding consistent with the inability 

of IL-6, which also signals through STAT3, to suppress S. aureus-induced IL-1β production 

in mouse keratinocytes (data not shown). Thus, although IL-22 and IL-20R cytokines may 

share some properties related to STAT3 activation, epithelial proliferation, and wound 

healing, they appear to have distinct immunologic functions. IL-22 enhances direct anti-

microbial activity during certain mucosal infections, whereas IL-20R cytokines suppress 

host defense mechanisms by invoking anti-inflammatory pathways.

Our identification of the immunosuppressive effects of IL-20R cytokines in the context of S. 

aureus skin infection uncovers their potential to act as anti-inflammatory mediators. This 

activity may contribute to their effects on epithelial proliferation and wound healing. 

However, it also identifies them as potentially important inhibitors of inflammatory 

pathways involving IL-1β, IL-23, and IL-17A, suggesting augmentation of IL-20R signaling 

as a potential therapy for inflammatory and autoimmune diseases. Such augmentation, 

however, may predispose to infection susceptibility. This raises the possibility that intrinsic 

susceptibility to S. aureus infection, such as in atopic dermatitis and select 

immunedeficiencies, may reflect overly exuberant IL-20R signaling that could be modulated 

for therapeutic benefit.

ONLINE METHODS

Materials

Chemical reagents were purchased from Sigma Chemical Company, St. Louis, MO. Blood 

agar plates were from Thermo Scientific, Dubuque, IA. Tryptic Soy Broth was from General 

Laboratory Products, Yorkville, IL. Fetal Bovine Serum was from Thermo Scientific, 

Dubuque, IA.
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Mice

Wild type C57BL/6 and Il1r1−/− mice were purchased from The Jackson Laboratory, Bar 

Harbor, ME. Il20rb−/− and Il22−/− mice (C57BL/6 background) were generated as 

previously described29. Il17a−/− mice were a gift from Y. Iwakura (University of Tokyo, 

Tokyo, Japan). Stat3WT/V463 transgenic mice expressing two copies of a mutated Stat3 

(V463 deletion commonly found in dysfunctional STAT3 in human Job’s syndrome) were a 

gift from J. O’Shea (NIAMS, NIH, Bethesda, MD; manuscript in preparation). Mice were 

7-12 weeks old during the course of the experiments and were age- and gender-matched 

within each experiment. Sample size was chosen based on prior experience with 

experimental variability. There was no additional randomization or blinding of evaluations. 

All experiments were done in compliance with the guidelines of the NIAID Institutional 

Animal Care and Use Committee.

Infections

The clinical isolate of MRSA USA300 (LAC strain) was a gift from F. DeLeo (Rocky 

Mountain Labs, NIAID). MRSA was diluted to 109 CFU/ml in PBS. 100 μl was then added 

to 520 μl of PBS and 380 μl of Cytodex beads (Sigma-Aldrich, St. Louis, MO), diluted per 

manufacturer instructions. Unless otherwise indicated, 100 μl (107 CFU) of the MRSA 

suspended in PBS and Cytodex beads (Sigma-Aldrich, St. Louis, MO) (or PBS and beads 

alone) was injected intradermally into the shaved back of each mouse. Each day the resultant 

lesions were measured at the mid-point intersection for length and width using electronic 

calipers (Mitutoyo America Corporation, Aurora, IL). The area was determined by 

multiplying length and width and tracked over six to fifteen days. To allow optimal recovery 

of tissue two hours after inoculation, intradermal injections into the ear were used for these 

short-term experiments by suspending MRSA at 109 CFU/ml in PBS and injecting 10 μl into 

each ear; uninfected mice were bilaterally injected with PBS alone. For neutralizing 

antibodies, 100 μg anti-IL-17A (clone 17FE, BioXcell, West Lebanon, NH), anti-IL-20RB 

(clone 20RNTC, eBiosciences), or IgG1 isotype antibodies (MOPC-21, BioXcell) were 

injected with MRSA in 100 μl total volume per mouse. For recombinant cytokines, the 

MRSA inoculum was combined with recombinant murine IL-1β IL-19, or IL-20 (R&D 

Systems, Minneapolis, MN) at a final concentration of 1 μg/100 μl injection for the flank, or 

100 ng/10 μl injection for the ear.

Skin Bacteria Burden

A 3 mm punch biopsy of the center of the infected area was taken and the skin was 

homogenized with a Tissue Lyser II (Qiagen, Valencia, CA) for 7 min at full speed. Serial 

dilutions were made in PBS and plated on blood agar to determine the number of CFU per 

biopsy, and the CFU per lesion was calculated by multiplying the CFU per unit area by the 

corresponding lesion area.

Histology

Skin samples were surgically removed, placed in Histocette containers (Thermo Scientific), 

and then placed in 10% formalin (Thermo Scientific) for 36 hours. The samples were then 

moved to a 70% EtOH solution. Histoserv, Inc (Germantown, MD) performed the tissue 
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processing. Images were taken at 100x magnification with a BX61 microscope (Olympus, 

Center Valley, PA).

Flow Cytometry

Ears were surgically removed two hours after injection with MRSA or PBS. Alternatively, 

flank abscess tissue was taken at various points during infection. Whether from ear or flank, 

skin processing and staining was performed as previously described48. Total cellular 

recovery was assessed using microscopy and trypan blue (Invitrogen). Cellular markers of 

interest were analyzed after gating on live (LIVE/DEAD®, Invitrogen) cells with exclusion 

of debris and doublets. All antibodies were purchased from eBioscience (San Diego, CA) 

and used per manufacturer instructions. Signal acquisition was performed on an 

LSRFortessa (BD Biosciences), and data analyzed with FlowJo 9.5.2 (Treestar, Ashland, 

OR).

RNA Isolation

Skin samples were surgically removed, placed in RNA later (Ambion, Foster City, CA) and 

stored at -80°C. The samples were placed in 2 ml Safe-Lock tubes (Eppendorf, Hauppauge, 

NY) along with one stainless steel ball bearing (Qiagen) and run through the TissueLyser II 

(Qiagen) for 6 min at full speed in 300 μl of RLT Buffer (Qiagen). Then, RNA was 

extracted using the Fibrous Tissue RNAeasy Kit (Qiagen) per manufacturer instructions. 

RNA yield was measured on a NanoDrop ND-1000. RNA was stored at -80°C until 

analyzed by PCR as previously described9.

Real Time Quantitative Polymerase Chain Reaction

RNA was prepared using Taqman One-Step RT-PCR Master Mix instructions (Life 

Technologies). All samples were analyzed on a 7500-fast Real-Time PCR System (Life 

Technologies) as previously described9. Mouse primers were all purchased from Applied 

Biosystems, Life Technologies: IL-17A (Mm00439619_m1*), IL-17F 

(Mm00521423_m1*), IL-22 (Mm00444241_m1), DefB4 (Mm00731768_m1*), IL-19 

(Mm01288324_m1*), IL-20 (Mm00445341_m1*), IL-24 (Mm00474102_m1*), IL-20RA 

(Mm00555504_m1*), IL-20RB (Mm01232398_m1*), IL-22Ra1 (Mm01192943_m1*), 

IL-12(p40) (Mm99999067_m1), interferon gamma (Mm01168134_m1*), IL-1β 

(Mm01336189_m1*), IL-6 (Mm00446190_m1*), IL-23(p19) (Mm00518984_m1*), TLR2 

(Mm00445212_m1*), IL-1Ra (Mm00446186_m1*), IL-1R1(Mm00434237_m1*), IL-1R2 

(Mm00439629_m1*), Beta-defens in 4 (Mm01184338_m1*), S100a8 (Mm00496696_g1*), 

and S100a9 (Mm00656925_m1*). Human probes were also purchased from Life 

Technologies for IL-19 (Hs00604657_m1*), IL-20 (Hs00218888_m1*), IL-24 

(Hs01114274_m1*), and IL-1β (Hs01555410_m1*). mRNA expression from infected skin 

was compared to uninfected skin from naïve mice, or an infected wild type control as 

indicated, using the ΔΔCT method.

In vitro Keratinocyte Cultures

The PAM 2-12 mouse keratinocyte cell line was a gift from A. Costanzo and J. Jameson 

(Scripps Research Institute, San Diego, CA). Cells were grow in 75 ml flasks (BD Falcon, 
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Bedford, MA) in PAM media consisting of DMEM (Gibco Invitrogen, Carlsbad, CA), 10% 

FBS, Hepes buffer (Thermo Scientific), non-essential amino acids (Gibco), penicillin/

streptomycin (Gibco), sodium pyruvate (Gibco), 2-mercapto-ethanol (Gibco), and 50 μg/ml 

gentamycin (Gibco). Primary keratinocyte cultures were obtained using shaved skin samples 

floated in dispase (Invitrogen) overnight at 4°C. Cells were scraped into KGM media 

(Lonza, Walkersville, MD) in BIOCOAT tissue culture plates (Becton Dickerson, Bedford, 

MA). Human keratinocyte cultures were derived from single cell suspensions of the 

epidermis from foreskin samples (gift from A. Coxon, NCI, NIH). Skin samples were 

washed and placed in dispase (Invitrogen) overnight at 4°C. The following day the dermal 

layer was removed and discarded. The epidermis was placed in 0.25% trypsin/EDTA 

(Gibco) at 37 degrees for 15 minutes. Cells were then added to a 10% FBS solution to stop 

the trypsin reaction, pelleted, re-suspended in KCSFM (Invitrogen), and grown in T75 flasks 

(BD Bioscience) until 70% confluent before preparation for challenge. When confluent for 

PAM cells, or near confluent for primary cells, the cells were liberated from culture by 

incubating 8 minutes at 37°C in the presence of 1-2 ml trypsin (Life Technologies) per well 

or flask. 40 ml of media containing 10% FBS was added to stop the trypsin reaction. The 

cells were centrifuged at 400g for 8 minutes and then resuspended in 50 ml PBS. Cells were 

counted (Countess, Life Technologies), centrifuged at 400g for 8 minutes, and then the 

pellet resuspended to 106/ml media. 2×106 cells were added to each well of a 12 well plate 

(Corning Incorporated, Corning, NY) and incubated at 37°C for 4 hours until adherent.

In vitro Keratinocyte Infection

108 CFU of USA300 MRSA were added to each well and placed at 37°C for up to 24 hours. 

For ELISA experiments, S. aureus Wood46 strain bioparticles (Life Technologies) were 

used to avoid non-specific antibody binding by USA300 protein A expression. USA300 was 

used for all other experiments. After supernatant collection, 600 μl of RLT buffer (Qiagen) 

was added to the culture wells and mRNA was extracted from the cellular lysate using the 

RNeasy kit (Qiagen). For cultures involving recombinant cytokines, recombinant IL-19 or 

IL-20 (R&D Systems, Minneapolis, MN) was added directly to the media 15 minutes prior 

to MRSA exposure. Primary cells were infected in a similar manner with the exception that 

KGM media (Lonza) was replaced with KBM media (Lonza) 6 hours before MRSA 

exposure. Cells were liberated in an identical manner as described for PAM cells, and 

pelleted before exposure to RIPA buffer (Cell Signaling, Danvers, MA) with protease 

inhibitor cocktail (SIGMA, St Louis, MO) and phenylmethanesulfanyl fluoride (Fluka St 

Louis, MO) per manufacturer instructions.

Chromatin immunoprecipitation

PAM 2-12 cells were incubated for 30 minutes with MRSA preceded by 15 minutes pre-

incubation with or without recombinant cytokines. Precipitation of cell lysates with anti-C/

EBPβ (clone E299, AbCam, Cambridge, MA) was performed as previously described49. The 

IL-1β locus at the C/EBPβ binding site was amplified by qPCR using previously described 

primers50 (5’-TCAGGAACAGTTGCCATAGC-3’; 3’-

AGACCTATACAACGGCTCCT-5’; Applied Biosystems). qPCR was performed using 

SYBR green (Life Technologies) per manufacturer instructions and compared to input 

DNA.
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Immunoblot

Cell lysates were run on NuPAGE 10% Bis-Tris gels (Invitrogen, Carlsbad, CA) in MOPS 

Buffer (Invitrogen) on a VWR Accupower (VWR, Randor, PA) at 110 volts. Transfer from 

gel to blot membrane was performed using the iBlot gel transfer stack nitrocellulose system 

(Invitrogen) per manufacturer instructions. Antibodies to actin (clone 13E5, Cell Signaling, 

Danvers, MA) or IL-1β (catalog number AF-401-NA, R&D, Minneapolis, MN) were added, 

followed by fluorescent secondary antibodies (LiCor, Lincoln, NE). Immunoprecipitation of 

primary cell lysates was performed with EZ-MAGNA chip kit (Millipore, Billerica, MA) 

and anti-SUMO2/3 (catalog number AP1224a, Abgent, San Diego, CA) per manufacturer 

instructions. Anti-C/EBPβ was purchased from AbCam (clone E299). Band visualization 

was performed using the Odyssey system (LiCor).

Statistics

Means were compared using two-tailed unpaired t test, or ANOVA for comparison of 

multiple samples, with Prism software (GraphPad, San Diego, CA). NS = not significant, * 

= p <0.05, ** = p<0.01, *** = p<0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IL-20RB-deficiency decreases cutaneous S. aureus infection
Wild type (WT) and Il20rb−/− mice were infected intradermally with MRSA (USA300). (a) 

Lesion area over the course of infection. (b) Bacterial colony forming units (CFU) from 

lesions six days after infection. (c-d) Lesion area and day six bacterial CFU after infection 

of WT and Il22−/− mice. (e) H&E stain of infected tissue from representative mice six days 

after infection. Arrows indicate Cytodex beads that were injected with MRSA inoculation 

and line abscess cavity. Data shown are representative of 3-5 independent experiments, each 

using at least 5 mice per group, and displayed as mean + s.e.m.
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Figure 2. Recombinant IL-20R cytokines increase cutaneous S. aureus infection
(a-b) mRNA expression in infected tissue compared at indicated time points after MRSA 

infection of wild type mice. (c-d) Lesion area and bacterial CFU after infection of wild type 

mice with MRSA suspended in either PBS or recombinant murine IL-19 (rmIL-19, 1 μg per 

injection). (e) Ly-6G and Ly-6C staining of live CD45+MHCII+ cells in skin from 

uninfected mice (UI) or mice four days after injection with MRSA, or MRSA + rmIL-19. 

Neutrophil (Ly6C+Ly6G+) and monocyte (Ly6C+Ly6G-) gate frequencies are shown. (f) 
Number of Ly6C+Ly6G+ neutrophils in skin from mice analyzed as described in (e). Data 

shown are representative of 2-4 independent experiments, each using 3-5 mice per group, 

and displayed as mean + s.e.m. or representative flow cytometry plots.
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Figure 3. IL-20R signaling suppresses IL-17A response to S. aureus infection
(a-b) mRNA expression in infected skin compared to uninfected control at indicated time 

points after MRSA infection. (c) IL-17A mRNA expression compared to uninfected control 

two hours and six days after infection in wild type (WT), Il20rb−/−, or recombinant 

cytokine-treated wild type mice. (d-g) IL-17A and CD45 staining of live cells from ear skin 

of wild type mice two hours after injection (d-e) or flank skin of wild type mice four days 

after injection (f-g) with PBS (uninfected, UI), MRSA, or MRSA + rmIL-19. Representative 

plots (d, f) and absolute cell numbers from replicate mice (e, g) are shown. (h-i) Lesion size 

and bacterial CFU (six days after infection) in wild type (WT) or Il20rb−/− mice injected 

with control or IL-17A-neutralizing antibody (α-IL-17A) at the time of MRSA inoculation. 

Data shown are representative of 2-4 independent experiments, each using 3-5 mice per 

group, and displayed as mean + s.e.m. or representative flow cytometry plots.
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Figure 4. IL-20R cytokines suppress pro-IL-1β transcription
(a) mRNA expression in infected tissue compared to uninfected control at indicated time 

points after MRSA infection of wild type mice. (b) mRNA expression in infected tissue two 

hours after infection of wild type (WT), Il20rb−/−, or recombinant cytokine-treated wild 

type mice normalized to WT response. (c) mRNA expression in infected tissue from WT, 

Il20rb−/−, or cytokine-treated mice six days after infection normalized to WT response. (d-f) 
Lesion size (d), day six bacterial burden (e), and pro-IL-1β transcript levels (f) in 

Stat3WT/ΔV463 mice with and without rmIL-19. Data shown are representative of 2-5 

independent experiments, each using at least 5 mice per group, and displayed as mean + 

s.e.m.
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Figure 5. IL-20R signaling sumoylates C/EBPβ, a transcriptional regulator of IL-1β

(a) Pro-IL-1β mRNA expression in PAM 2-12 mouse keratinocytes cultured for 30 minutes 

with 50:1 ratio of S. aureus (Wood46 strain bioparticles) with or without 15 minute pre-

exposure to indicated cytokines. (b-d) IL-1β detected by ELISA in supernatants of PAM 

2-12 keratinocytes after 1 hour (b), 3 hours (c), or 24 hours (d) of S. aureus exposure 

(Wood46 strain bioparticles). (e) Pro-IL-1β (31 kDa) and IL-1β (17 kDa) detected by 

immunoblot of wild type and Il-20rb−/− primary keratinocyte lysates after 24 hours of live 

MRSA USA300 exposure. Each lane shows lysates derived from an individual mouse. To 

optimally visualize actin (42 kDa), samples were run on a separate gel loaded with less 

protein. (f) Wild type (WT), Il20rb−/−, or recombinant cytokine-treated (rmIL-19 or 

rmIL-20) wild type mice were infected with MRSA. Tissue was harvested, and transcript 

levels were compared to wild type mice two hours after infection. (g) Immunoblot of actin 

(42 kDa) and C/EBPβ (LAP) (35-39 kDa) in primary keratinocyte lysates after 30 minutes of 
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exposure to live MRSA. Anti-SUMO2/3 immunoprecipitates from the same cell lysates 

were run on a separate gel loaded with higher protein concentrations to detect SUMO 

associated LAP (SUMO-LAP). Each lane represents an individual mouse. (h) Relative 

chromatin binding of CEBP/β at IL-1β promoter in PAM 2-12 keratinocytes after incubation 

with or without MRSA and recombinant cytokines. Binding is displayed as percent of input 

DNA after immunoprecipitation with CEBP/β or isotype control antibody. Data shown are 

representative of 2-5 independent experiments, each using at least 3 mice per group (e-g) or 

replicate cell cultures (a-d, h), and displayed as mean + s.e.m. ND, not detected. NS, not 

significant.
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Figure 6. Recombinant IL-1β rescues IL-20R cytokine-induced susceptibility to S. aureus
(a) IL-1β expression in live CD104+ keratinocytes detected by flow cytometry of single cell 

suspensions from infected skin tissue three days after MRSA infection with or without 

(PBS) recombinant murine cytokine (rmIL-19, rmIL-20) treatment. Staining of uninfected 

skin (UI) and staining with isotype control antibody also shown. (b-d) Wild type mice were 

inoculated with MRSA in PBS, rmIL-19, or rmIL-19 + rmIL-1β and assessed for lesion size 

(b), bacterial burden (c), and IL-17A mRNA (d). (e) IL-19 and IL-24 mRNA expression in 

Il17a−/−and Il1r1−/− mice, normalized to wild type (WT) mice, six days after infection with 

MRSA. Data shown are representative of 2-3 independent experiments, using at least 3-5 

mice per group each time, and displayed as mean + s.e.m.
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Figure 7. IL20R cytokines are induced by S. aureus in human keratinocytes and can be 
therapeutically blocked in the murine skin infection model
(a-c) Wild type mice infected with MRSA in the presence of anti-IL-20RB or isotype 

control antibody. Lesion size (a), day six bacterial burden (b), and mRNA expression in 

infected tissue six days after infection (c). (d) IL-1β in PAM 2-12 keratinocyte supernatants 

24 hours after incubation with S. aureus and anti-IL20RB or control antibody. (e-g) Primary 

human keratinocytes were derived from foreskin. IL-20R cytokine mRNA expression in 

cells one hour after culture with MRSA compared to uninfected controls (e). Pro-IL-1β 

mRNA expression one hour after incubation with MRSA and recombinant human (rh) IL-19 

or rhIL-20 compared to uninfected controls (f). Supernatant IL-1β 3 hours after incubation 

with MRSA and recombinant cytokines (g). Data shown are representative of 2-3 

independent experiments, each using 3-5 mice per group, or at least 3 individual foreskin 

samples, and displayed as mean + s.e.m.
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