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SUMMARY

Type 1 interferons (IFN) promote inflammation in the skin but the mechanisms responsible for 

inducing these cytokines are not well understood. We found that IFNβ was abundantly produced 

by epidermal keratinocytes (KCs) in psoriasis and during wound repair. KC IFNβ production 

depended on stimulation of mitochondrial antiviral-signaling protein (MAVS) by the antimicrobial 

peptide LL37 and double stranded-RNA released from necrotic cells. MAVS activated downstream 

TBK1 (TANK-Binding Kinase 1)-AKT (AKT serine/threonine kinase 1)-IRF3 (interferon 

regulatory factor 3) signaling cascade leading to IFNβ production, and then promoted maturation 

of dendritic cells. In mice, the production of epidermal IFNβ by LL37 required MAVS, and human 

wounded and/or psoriatic skin showed activation of MAVS-associated IRF3 and induction of 

MAVS and IFNβ gene signatures. These findings show that KCs are an important source of IFNβ 

and MAVS is critical to this function, and demonstrates how the epidermis triggers unwanted skin 

inflammation under disease conditions.

Graphical Abstract
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 INTRODUCTION

Psoriasis is a chronic inflammatory skin disease that affects approximately 3% of the US 

population, 2.5% of the European population and 0.1~0.5% of Asians (Yin et al., 2015). 

Progress in understanding the etiology of this disease has revealed it to be a complicated 

immune system disorder involving the dynamic interplay of innate and adaptive immunity, 

with participation of several cell types including epidermal keratinocytes (KC), T 

lymphocytes, dendritic cells (DCs) and neutrophils (Lowes et al., 2007; Sweeney et al., 

2011). Although successful treatment regimens for psoriasis have been established by 

inhibiting TNFα (tumor necrosis factor alpha) or IL-17 (interleukin 17) cytokine signaling 

processes, the primary pathogenic mechanism responsible for the onset of the disease 

remains poorly understood. Approximately half of patients with psoriasis experience a 

phenomenon known as the Koebner reaction in which a new psoriatic plaque is formed 

where the skin is injured (Weiss et al., 2002). The cell types and mechanisms through which 

injury stimulates psoriasis are unclear but have been hypothesized to involve damage 

associated molecular patterns (DAMPs) such as release of DNA and RNA from necrotic 

cells (Bijlmakers et al., 2011; Ganguly et al., 2009).

Type1 interferons (IFNα and IFNβ) are key cytokines induced during viral infection that 

influence both innate and adaptive antiviral host immune responses (Gonzalez-Navajas et al., 

2012). Associations between chronic viral infections and the development of psoriasis have 

suggested that IFNα or IFNβ may play a role in initiating this disease (Erkek et al., 2000; 

Yamamoto et al., 1995). Furthermore, treatment of patients with type1 IFNs often directly 

induces or exacerbates psoriasis or psoriatic arthritis (Erkek et al., 2000; Funk et al., 1991; 

Toussirot et al., 2014). Further evidence for a role of IFNα or IFNβ in psoriasis has also been 

seen in mice lacking the type1 IFN receptor, or mice treated with IFNα or IFNβ neutralizing 

antibodies, as both systems fail to develop T cell and T helper 17 (Th17)-mediated skin 

inflammation (Gregorio et al., 2010; Nestle et al., 2005). Additionally, mice lacking IRF2 

(interferon regulatory factor 2), a negative regulator of type I IFN signaling, develop 
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spontaneous psoriasis-like inflammatory skin disease (Hida et al., 2000). In line with these 

observations, transcriptome analyses have identified type1 IFN-inducible gene signatures as 

being upregulated in psoriatic skin, outscoring the upregulation of TNFα and TNFα-

inducible gene signatures (Baldwin et al., 2013; Ruano et al., 2016; Schmid et al., 1994; van 

der Fits et al., 2004; Yao et al., 2008).

Classical immunocytes such as DCs and T cells have been shown to play a major role in 

psoriasis. Type I IFNs can be induced in these cell types either through toll-like receptor 

(TLR)-dependent pathways or TLR-independent pathways such as the RIG1 (retinoic acid-

inducible gene 1)-MDA5 (melanoma differentiation-associated protein 5)-MAVS pathway 

(Baccala et al., 2007). However, it is becoming increasingly recognized that the epidermal 

KCs also participate in the initiation of the cutaneous inflammatory response. KCs comprise 

the outermost layer of the skin, and are a well-described source of inflammatory mediators 

(Lowes et al., 2007). During early stages of wound healing, KCs are activated and release 

proinflammatory mediators such as IL-6, IL-8 and TNFα, and antimicrobial peptides 

(AMPs) including cathelicidin and β-defensins (Dorschner et al., 2001; Gallo et al., 1994; 

Heilborn et al., 2003). The mature form of cathelicidin in humans is known as LL37 and is a 

potent immunomodulator (Lai and Gallo, 2009; Zhang and Gallo, 2016) that is highly 

expressed in psoriasis and can facilitate plasmacytoid DC (pDC) recognition of self-DNA 

and production of IFNα in this cell type (Lande et al., 2007). Although the production of 

IL-6, IL-8 and TNFα from KCs has been clearly established, the source of type 1 IFNs in 

the skin has been primarily attributed to DCs.

As KCs are the most abundant cell type in the epidermis, and occupy a position in the skin 

as the outermost barrier exposed to injury, we hypothesized that KCs could also serve as a 

source of type 1 IFN, thus rapidly and enhancing DC functions and later T cell activation 

events. We describe how the MAVS signaling pathway is activated by LL37 and dsRNA in 

KC, and how this leads to IFNβ expression and the subsequent activation and maturation of 

DCs. These observations provide a more comprehensive understanding of how the epidermis 

can respond to skin injury, thus linking innate and adaptive immune responses in skin 

inflammation.

 RESULTS

 IFNβ1 is produced by the epidermis in response to LL37

To test our hypothesis that KCs serve as a source of type1 IFN, we examined the expression 

of IFNβ in human skin under both normal and inflammatory conditions. Consistent with 

previous reports (Nestle et al., 2005), the expression of IFNα was seen primarily in dermal 

DCs (Figures 1A and S1A). In contrast, IFNβ1 was abundantly expressed in the epidermis, 

and localized in KCs of psoriatic skin and at the edge of wounds (Figures 1A–C and S1A). 

Co-immunostaining revealed that IFNβ was detected only in KCs that also expressed LL37 

(Figures 1B–C). Such co-localization of IFNβ and LL37 was not seen in the dermis where 

immunocytes such as pDCs and T cells were located (Figure 1C). The comparable response 

of IFNβ and LL37 in psoriasis and wounds was also observed for expression of keratin 6 

(KRT6), a marker for wound-activated KCs (Wong and Coulombe, 2003) (Figure S1B). 

These similar cell responses in psoriasis and normal wound repair were consistent with prior 
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observations that psoriasis has immunological similarities with the persistent wounding 

response (Morhenn, 1988; Nickoloff et al., 2006).

We next investigated whether an increase in LL37 and IFNβ also occurred in an ex vivo 

model of human skin wounds. In this model, immune cell infiltration into the skin from the 

periphery (such as neutrophils) is absent (Roupe et al., 2010), thus permitting better 

assessment of the intrinsic innate response of the tissue. In ex vivo human skin wounds, 

KRT6 (Figure S1C) as well as LL37 and IFNβ (Figure S1D) were expressed by KCs at the 

wound edge. These results suggest that induction of LL37 and IFNβ is at least in part an 

intrinsic response to injury by KCs.

Next, to evaluate the dependence of IFNβ production on LL37, we generated three-

dimentional (3D) human skin constructs using normal human epidermal KCs in which the 

gene for LL37 (CAMP) was silenced (Figure 1D and S1E). IFNβ was induced by injury in 

control epidermal constructs but silencing of CAMP suppressed this increase (Figures 1E 

and S1F). These results show that KCs could intrinsically express IFNβ, and that LL37 

facilitated epidermal IFNβ expression in response to injury.

 dsRNA acts with LL37 to enhance IFNβ production by KCs

To define the mechanisms by which LL37 induces IFNβ expression in keratinocytes, we 

evaluated the effect of LL37 on IFNβ1 expression by primary monolayer cultures of normal 

human KCs (hKCs). The double-stranded (ds)RNA polyIC was a potent inducer of IFNB1 
mRNA in hKCs (Figures 2A and S2A–E). LL37 alone did not induce IFNB1 but LL37 

pretreatment strongly increased polyIC-mediated IFNB1 expression (Figure 2A). LL37 also 

enhanced IFNβ1 production in response to a crude extract of damaged KCs, and this 

response was decreased when the damaged KCs extract was first treated with RNAseIII to 

partially remove dsRNA (Figure 2B). Furthermore, noncoding dsRNAs (U1, U2, U4, U6 

and U12) that are released upon KC injury (Bernard et al., 2012; Lai et al., 2009; Borkowski 

et al., 2015) also induced IFNβ (Figures 2C and S2F). The response of human 3D skin 

constructs to these endogenous dsRNAs was dependent on LL37 since shRNA-mediated 

silencing of CAMP expression decreased IFNβ production (Figure 2D) and the induction of 

IFNB1 and IFN-inducible gene ISG15 (interferon-stimulated gene 15) was completely 

inhibited (Figures S2G–H). These results indicated that physiologically relevant dsRNAs 

drove IFNβ production by KCs in the presence of LL37.

Analyses of the expression of various type1 IFNs revealed that IFNB1 is the major type 1 

IFN expressed by KCs exposed to LL37 and dsRNA (Figure 2E). In contrast, human pDCs 

were not responsive to LL37 and polyIC but rather were able to produce several family 

members of IFNα when activated by the DNA CpGA combined with LL37 (Figures 2F and 

S2I). KCs treated with DNA and LL37 did not show a substantial induction of IFNB1 
mRNA (Figure S2A). Of note, activated KC expressed relatively higher levels of IFNB1 
mRNA when treated with LL37 and polyIC than pDCs activated by LL37 and CpGA 

(Figures 2E–F and S2J). These results were consistent with the observation in skin that IFNβ 

was detected abundantly in the epidermis of wounded and psoriatic skin while IFNα was 

primarily detected in dermal pDCs (Figure 1A). Together, we have demonstrated that LL37 

enable KC’s responsiveness to dsRNA to produce type_1 IFNs, mainly IFNβ.
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 dsRNA and LL37 activates the MAVS-RIG1-MDA5 pathway in KCs

To determine the capacity of different cell types to respond to nucleic acids or IFN, we next 

compared human KCs, pDC and monocyte-derived classical DCs (cDC) for the relative 

expression of mRNA for relevant PRRs and the IFNAR1 (IFN-I receptor 1). KCs expressed 

the highest amounts of MAVS mRNA and moderate mRNA of TLR3, while other TLRs 

including TLR4, TLR7, TLR8 and TLR9 were barely detectable (Figure 3A). In contrast, 

pDCs expressed lower mRNA level of MAVS but similar mRNA level of TLR3, and cDC 

expressed higher mRNA levels of TLR4 and TLR8 (Figure 3A). pDC expressed the highest 

mRNA levels of TLR7, TLR9 and IRF7 (Figure 3A and S3A). IFNAR1 was highly 

expressed in all cell types (Figure 3A), suggesting that both DCs and KCs are potential 

targets of IFNβ. In whole skin, MAVS mRNA was found predominantly in the epidermis 

whereas TLR4, 7, 8 and 9 were found only in the dermis where DCs are located (Figures 3B 

and S3B). Analysis of K10 (Keratin 10) and PDGFRA (platelet-derived growth factor 

receptor alpha) confirmed the adequate isolation of the epidermal and dermal layers from the 

normal skin sample (Fig. S3B). Similar results were found in epidermis and dermis 

separated from mouse skin (Figures S3C–D). These results provide a potential explanation 

for the lack of IFNβ response to TLR4, , 7, 8, or 9 ligands in KCs and strong IFNα response 

to TLR9 ligand in pDCs (Figure 2F).

The results presented thus far suggested that MAVS and TLR3 were ideally positioned in 

KCs to detect dsRNA within the epidermis. To test if TLR3 or MAVS could stimulate IFNβ 

production in response to LL37 and dsRNA, TLR3 or MAVS was silenced in KCs (Figure 

S3E). Without the addition of LL37, IFNβ production in response to dsRNA was dependent 

on TLR3 but not MAVS (Figure 3C). In contrast, when LL37 was present, IFNβ expression 

was strongly inhibited in both cells in which MAVS or TLR3 expression was reduced using 

short interfering RNAs (siRNAs) (Figure 3C), suggesting LL37 enabled dsRNA recognition 

through the MAVS pathway. In primary mouse KCs, LL37 strongly boosted dsRNA-

mediated induction of Ifnb1 in KCs derived from wild-type mice while KCs from Mavs−/− 

mice had minimal Ifnb1 gene expression (Figure 3D). In contrast, CRAMP, the mouse 

homolog of LL37, failed to enhance polyIC-mediated Ifnb1 response (Figure S3F), 

suggesting that this effect was specific for the human cathelicidin peptide LL37. MAVS was 

also required for LL37 and U1-RNA mediated induction of IFNB1 (Figure 3E).

MAVS has been shown to cluster to the perinuclear region upon activation (Chen et al., 

2007). After exposure to LL37 and polyIC, MAVS localized to this perinuclear region 

(Figure 3F). A similar perinuclear clustering of RIG1 was also observed in LL37 and polyIC 

treated cells (Figure S3G). MAVS also migrated slower on SDS-PAGE gels when cells were 

activated by LL37 and polyIC (Figure S3H), an observation consistent with prior 

observations that post-translational modifications are associated with activation of MAVS 

(Wen et al., 2012). Supporting this, co-immunostaining of MAVS with an antibody specific 

for phospho-tyrosine (pTyr) showed that MAVS colocalized with pTyr (Figure 3F). These 

results demonstrated that MAVS was abundantly expressed in epidermal KCs and depended 

on LL37 to be activated by dsRNA.
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 Multiple cytokines and IFN-inducible genes are activated by LL37 and dsRNA

mRNA expression of several other inflammatory cytokines and type 1 IFN-inducible genes 

were also induced in KCs exposed to LL37 and dsRNA. Time course studies revealed two 

distinct induction patterns for these genes. Similar to IFNB1, inflammatory cytokines 

including IL6, IL8 (CXCL8) and TNFα were induced early and transiently, peaking at 4 hrs 

after treatment (Figures S4A–C) whereas the expression of CCL5, RIG1 (DDX58), MDA5 
(IFIH1) and IFN-inducible genes including ISG15, IRF7 (interferon regulatory factor 7) and 

STAT1 (signal transducer and activator of transcription 1) were induced later but 

continuously within the 20 hr time course (Figures 3G and S4D–H). siRNA-mediated 

silencing of either TLR3 or MAVS demonstrated that LL37 and dsRNA-mediated induction 

of IL-6 was dependent on TLR3 but not MAVS (Figure S4I), whereas the induction of other 

genes induced by LL37 and dsRNA was partially dependent on both TLR3 and MAVS 

(Figures 3H and S4J–O).

We next investigated whether late response genes were secondarily induced by the activation 

of the IFNβ-IFNAR pathway. siRNA-mediated silencing of either IFNB1 or IFNAR1 
(Figure S4P–Q) led to reduction of ISG15, IRF7, STAT1 and RIG1 expression in LL37 and 

dsRNA treated cells (Figures 3I and S4R–T). However, LL37 and dsRNA-mediated 

induction of CCL5 (chemokine (C-C motif) ligand 5), IL6, TNF and IL8 was not altered 

when IFNB1 or IFNAR was silenced by siRNA(Figures S4U–X). Together, these findings 

establish a selective role for MAVS and IFNβ in regulating the expression of IFN-inducible 

genes in response to LL37 and dsRNA in KCs (proposed model in Fig. 3J).

 TBK1-AKT-IRF3 pathways are activated by LL37 and dsRNA

To investigate the pathways involved in IFNβ production by LL37 and dsRNA, we next 

assessed key signaling molecules upstream of IFNβ transcriptional events. Activation of 

TBK1, the kinase downstream of both TLR3 and MAVS, is critically involved in the 

subsequent phosphorylation and nuclear translocation of transcription factor IRF3, which in 

turn binds to IFNB1 gene enhancer resulting in IFNB1 mRNA production (Goutagny et al., 

2006). Kinase AKT also plays an important role in the activation of IRF3 by interacting with 

TBK1 (Joung et al., 2011; Sarkar et al., 2004). In hKCs, dsRNA-mediated TBK1 

phosphorylation was enhanced by LL37 (Figure 4A). Interestingly, while LL37 itself had no 

effect on phosphorylation of full length TBK1, it robustly dephosphorylated a smaller 

spliced variant of TBK1 that is heavily phosphorylated in KCs (Figure 4A). It has been 

reported that this alternative spliced isoform of TBK1 (IKKe), termed TBK1s, negatively 

regulates IRF3 phosphorylation by inhibiting RIG1 and MAVS function (Deng et al., 2008; 

Koop et al., 2011). Thus, LL37 may enable RIG1/MAVS function by deactivating their 

negative regulator TBK1s. Furthermore, LL37 alone activated AKT (Figure 4A) while 

polyIC did not significantly change AKT phosphorylation. Time course studies of LL37 

revealed that phosphorylation of AKT and dephosphorylation of TBK1 by LL37 peaked at 1 

hr (Figure 4B). Phosphorylation of ERK1 and 2 (extracellular signal-regulated kinase 1 and 

2) was not affected by LL37 or polyIC (Figures 4A–B), thus ERK1 and 2 was used as a 

negative control in our studies. IRF3 was phosphorylated by LL37 and polyIC (Figure 4A) 

and translocated to the nucleus (Figure 4C). Co-immunostaining of TBK1 with the 

mitochondrial marker Aconitase showed that TBK1 was recruited to mitochondria only in 
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cells treated with LL37 and polyIC (Figure 4D), supporting the involvement of mitochondria 

in the dsRNA response in the presence of LL37.

 IFNβ production in response to dsRNA and LL37 is dependent on TBK1-AKT and MAVS

Having shown that TBK1 and AKT were activated by LL37 and polyIC, we next sought to 

determine the role of TBK1 and AKT in IRF3 phosphorylation and IFNβ gene induction. 

The TBK1 inhibitor Cay10567 had no effect on AKT or ERK phosphorylation, but it 

blocked IRF3 phosphorylation in response to LL37 and polyIC (Figure 5A). Consistent with 

a previous report (Reilly et al., 2013), inhibition of TBK1 activity by Cay10567 increased 

TBK1 phosphorylation (Figure 5A), presumably due to blockage of feedback inhibition. 

Inhibition of AKT phosphorylation by Wortmannin did not alter TBK1 phosphorylation but 

it blocked IRF3 phosphorylation in response to LL37 and polyIC (Figure 5A). In addition, 

blockage of endosomal acidification using bafilomycin-A1 (BafA1) led to decreased 

phosphorylation of both TBK1 and AKT, resulting in loss of the subsequent IRF3 

phosphorylation (Figure 5A). Consistent with the decrease in TBK1-AKT-IRF3 

phosphorylation, IFNB1 mRNA induction in response to LL37 and polyIC was blocked 

when TBK1, AKT, or endosomal acidification was inhibited (Figure 5B and S5A). Together 

these results show that both TBK1 and AKT are required for IRF3 activation and the 

subsequent induction of IFNβ in response to LL37 and dsRNA (see proposed model in 

Figure S5B).

We also observed that siRNA-mediated silencing of either TLR3 or MAVS led to ~50% 

reduction of TBK1 phosphorylation (Figure 5C–D), suggesting that both TLR3 and MAVS 

are involved in TBK1 activation in response to LL37 and polyIC. In contrast, AKT 

phosphorylation was largely dependent on MAVS, but not TLR3 (Figure 5C and 5E). 

Together, these results show that LL37 and dsRNA activate TBK1, AKT and IRF3 through a 

MAVS dependent pathway (see proposed model in Figure S5C).

 MAVS-mediated secretion of IFNβ from LP-activated keratinocytes promotes activation 
and maturation of dendritic cells

To evaluate the physiological consequences of IFNβ expression by KCs, we determined if 

KCs could promote DC activation by stimulating KCs with LL37 and polyIC and then 

adding this conditioned culture media (CM) to DCs (Figure S6A). KCs derived from 

Mavs−/− mice were not able to produce IFNβ protein following stimulation with LL37 and 

polyIC (Figure 6A). CM from WT or Mavs−/+ (HET) mouse KCs (mKCs) potently 

promoted activation and maturation of mouse bone marrow derived cDC as defined by an 

increase in the surface expression of CD80 (cluster of differentiation 80) and CD86 (Figures 

S6B–G and 6B) as well as expression of Mx1, Irf7 and Cd83 (Figure 6C). In contrast, CM 

from Mavs−/− (KO) mKCs failed to stimulate DC activation and maturation (Figures 6A–C 

and S6B–G). CM from human KCs treated with LL37 and polyIC also promoted activation 

and maturation of human monocyte derived cDCs (Figures 6D–E). IFNβ was the major 

cytokine from the KC-CM that was driving this effect because IFNβ neutralizing antibody, 

but not control IgG or IFNα neutralizing antibodies inhibited the capacity of KC-CM to 

promote DC maturation (Figures 6D–E). In addition, DCs that were matured with the CM of 

KC activated with LL37 and polyIC was able to stimulate T cell proliferation whereas 
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treatment of this conditioned medium with IFNβ neutralizing Ab could not stimulate T cells 

(Figure 6F). Together, these results demonstrate that IFNβ from KCs promotes functional 

activation and maturation of DCs.

 MAVS-IRF3-IFNβ signaling cascade is activated in the epidermis of wounds and psoriatic 
skin

Similar to the IFNβ expression pattern seen in Figure 1, MAVS was expressed 

predominantly in basal KCs and greatly increased at the wound edge or in psoriatic 

epidermis (Figures 7A and S7A–D). MAVS mRNA was also elevated in psoriasis lesional 

skin compared to non-lesional skin (Figure 7B). Furthermore, Mavs expression was elevated 

in the epidermis of a K5-IL-17C mice, in which IL17C is overexpressed in KCs and a mouse 

model of psoriasis (Figure 7C), (Johnston et al., 2013).

Co-staining of skin with an RNA selective dye and DAPI (4′,6-diamidino-2-phenylindole) 

demonstrated that in normal control or in non-lesional skin the RNA signal predominantly 

co-localized in the nucleus with DAPI (Figures 7D–E). In contrast, in the suprabasal layers 

of psoriatic or wounded epidermis, a RNA signal was detected in the cytosol (Figures 7D–E) 

and colocalized in a perinuclear pattern with MAVS (Figure 3F) Perinuclear clustering of 

MAVS was also associated with strong phosphorylated IRF3 signal in the suprabasal layers 

of psoriatic lesional skin and in the wounded edge of normal skin (Figures 7G and S7E,F). A 

similar increase of phosphorylated IRF3 (pIRF3) and MAVS was also observed in the 

epithelium of ex vivo skin wounds (Figure S7G). These observations were consistent with 

data previously shown for cultured KCs in Figures 4–5 that demonstrated clustering of 

MAVS resulted in IRF3 phosphorylation and induction of IFNβ. Furthermore, the expression 

of ISG15, IRF7 and RIG1 were elevated in the epidermis of wounded and psoriatic skin 

(Figures 7H and S7H, I). All IFNβ-positive or LL37-positive cells also co-expressed MAVS 

(Figures S7J,K).

Mice have a cathelicidin gene (Camp) that is similar to the human CAMP gene encoding 

LL37, but the mature peptide encoded by exon 4 of the Camp gene is less than 50% identical 

to human LL37 and lacks the capacity to facilitate dsRNA recognition (Figure S3F). 

Therefore, further examine the role of MAVS in an animal model, we applied LL37 peptide 

to wild-type mice or Mavs−/+ mice. Administration of LL37 induced IFNβ expression in 

control Mavs−/+ mouse epidermis, but this was not seen in Mavs−/− skin (Figures 7I and 

S7L), suggesting that LL37 triggers MAVS activation by endogenous dsRNA and thus 

further demonstrating that IFNβ production by the epidermis is dependent on MAVS. Taken 

together, these results support the conclusion that LL37 enables IFNβ production through a 

MAVS-dsRNA pathway and that this response is likely to be biologically relevant.

 DISCUSSION

In this report, we showed that IFNβ was produced by KCs that were stimulated by molecules 

present in damaged skin. This observation contrasts with the widely held assumption that 

type 1 IFNs are primarily produced by DCs. We further demonstrated that this response of 

KCs acts through the MAVS signaling pathway, a dsRNA recognition system not previously 

known to be relevant in psoriasis or wound repair. Based on these results and prior reports of 
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activation of skin inflammation by dsRNA (Lai and Gallo, 2009), we propose the following 

model for IFNβ production in the skin following normal injury: (1) Upon acute injury 

dsRNA and other DAMPs are released from damaged tissue, (2) LL37 enables dsRNA 

recognition by MAVS, and this triggers downstream activation of TBK1 and AKT resulting 

in IRF3 activation and the subsequent production of IFNβ. (3). IFNβ secreted by activated 

KCs then further promotes activation and maturation of DCs and T cell stimulation. We 

therefore propose keratinocyte MAVS is a critical pathway for recognition of skin injury and 

the resulting production of IFNβ may represent a critical link between skin injury and the 

immune cascade that leads to inflammatory disorders such as psoriasis.

Psoriasis is a T-cell mediated inflammatory disease. However, recent studies using 

keratinocyte-specific transgenic mouse models have demonstrated that the inflammatory 

phenotype of psoriasis can be initiated by abnormal cytokine production by KCs in response 

to external stimuli. Examples of this include epidermal specific deletion of c-JUN (jun 

proto-oncogene) (Zenz et al., 2005) or IKK2 (inhibitor of nuclear factor kappa-B) 

(Pasparakis et al., 2002), and epidermal specific overexpression of Tie2 (endothelial-specific 

receptor tyrosine kinase) (Wolfram et al., 2009), IL17C (Johnston et al., 2013) or the active 

form of Stat3 (Ivashkiv and Donlin, 2014) leads to keratinocyte activation followed by 

induction of inflammatory cytokines and the subsequent development of psoriasis-like skin 

inflammation. These studies demonstrate that KCs can be a potent trigger to initiate the 

autoimmune cascade and drive psoriasis pathogenesis. However, direct evidence showing 

that KCs can activate immunocytes has been lacking. Using an in vitro approach, we 

demonstrated that IFNβ secreted from LL37 and dsRNA activated KCs directly promoted 

activation and maturation of cDCs, which in turn stimulated the proliferation of autologous 

naïve CD3 T cells (Figure 6). This directly demonstrates that IFNβ from activated KCs was 

sufficient to drive the DC-T cell response. In addition to cDCs, pDCs also expressed high 

level of IFNAR1 and can be activated by activated KCs (Figure 3A and S6G), suggesting 

that KC may also contribute to pDC activation in skin wounds or psoriasis. These 

observations support the conclusion that keratinocytes in the epidermis are an active source 

of IFNβ and can participate with DCs in shaping the immunological environment of the skin.

The endogenous ligands that trigger KC activation during psoriasis pathogenesis are not 

known. Our study shows that endogenous dsRNAs, such as U1 RNA, were potent activators 

of INFβ and may be one of the endogenous ligands that trigger this inflammatory response. 

An important role for dsRNA in influencing both psoriasis and wound repair is also 

supported by several other lines of evidence. Psoriasis is often triggered following viral 

infection and skin trauma, both sources of dsRNA release. Extracellular RNA complexes 

have been previously shown in psoriatic skin (Ganguly et al., 2009) and functional analysis 

of a psoriasis susceptibility genes have implicated innate immune responses to dsRNA as a 

pathogenic pathway of psoriasis (Bijlmakers et al., 2011). We have previously reported that 

dsRNA-mediated activation of TLR3 is required for normal inflammation after wounding 

(Lai et al., 2009), and in a setting of ultraviolet radiation injury (Bernard et al., 2012). 

Furthermore, a recent study found that dsRNA released by tissue damage drives skin 

regeneration (Nelson et al., 2015). In our experiment shown in Figure 2B, RNaseIII did not 

completely remove the IFN response to the extracts. This suggests that dsRNA in the extract 

was only partially digested by RNaseIII. Alternatively, the partial inhibition of activity could 
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also be due to self-dsRNA present in the cytoplasm of healthy cells where it was protected 

from the extracellular RNaseIII but activated by LL37. Together, our study and these 

previous reports support the conclusion that endogenous dsRNA is an important 

physiological trigger of inflammation in both psoriasis and in normal wound repair.

MAVS mediates the activation of IRF3 and the induction of type1 IFNs in response to 

cytosolic dsRNA (Ivashkiv et al., 2014). However, a contribution of MAVS in skin immunity 

was largely unknown. We found that LL37 shifted dsRNA recognition from a solely TLR3-

dependent mechanism to a pathway that was largely MAVS-dependent, allowing abundant 

expression of IFNβ by KCs. In pDCs, LL37 complexes with self-DNA to induce IFNα 

through TLR9 (Lande et al., 2007) and LL37 also interacts with extracellular self-RNA to 

activate pDC to produce IFNα through TLR7 and TLR8 (Ganguly et al., 2009). In contrast 

to IFNα, which is predominantly produced by dermal pDCs, we show here that IFNβ 

expression was highly abundant in KCs, a cell type that greatly outnumbers DCs in the skin 

and are poised directly at the interface with the external environment. KCs are likely to add 

to the total expression of type-1 interferons by expressing IFNβ through an alternative 

pathway. Increased expression and perinuclear clustering of MAVS in the suprabasal layers 

of wounded and psoriatic epidermis allows direct contact with dsRNA released from 

damaged cells and can promote inflammatory response necessary for an appropriate 

response to wounding.

In general, type1 IFNs are transiently expressed and are therefore difficult to detect by 

methods such as transcriptome analysis, whereas the expression of type1 IFN-inducible 

genes are relative stable. In line with this, we found that KCs exposed to LL37 and dsRNA 

had the capacity to transiently produce high levels of IFNβ followed by stable induction of 

type1 IFN-inducible genes including ISG15 and IRF7. This finding is consistent with 

previous protein and transcriptome analyses of human psoriasis samples (Schmid et al., 

1994; van der Fits et al., 2004; Yao et al., 2008).

We have demonstrated that LL37 enabled activation of TBK1-AKT-IRF3 signal events 

downstream of MAVS in response to dsRNA in keratinocytes, and that LL37 modulated 

MAVS signaling through multiple mechanisms. First, LL37 triggered AKT phosphorylation 

through a MAVS-dependent pathway. Second, LL37 and dsRNA induced robust 

phosphorylation of TBK1, which was partially dependent on both TLR3 and MAVS, 

suggesting that there is a cross-talk between TLR3 and MAVS. Third, LL37 

dephosphorylated the small spliced variant of TBK1 (TBK1s), which was heavily 

phosphorylated in basal KCs and a known negative regulator of RIG1 and MAVS function 

(Deng et al., 2008; Koop et al., 2011). This suggests that LL37 promotes the MAVS 

signaling pathway by removing TBK1s as a negative regulator of this pathway. Further 

studies will be required to identify the phosphatase(s) activated by LL37 leading to 

dephosphorylated TBKs.

In summary, our findings provide new insight into how skin injury activates the type1 IFN 

pathway and illustrates how epidermal keratinocytes participate in this process. We have 

shown that the production of IFNβ in the skin involves LL37-mediated activation of MAVS 

by dsRNA. These results demonstrate how injury can trigger innate and adaptive immune 
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responses and how the epidermis may contribute to unwanted inflammation under disease 

conditions.

 EXPERIMENTAL PROCEDURES

 Human skin sample collection

All sample acquisition, including skin biopsies of wounded skin, was approved and 

regulated by the University of California San Diego Institutional Review Board (reference 

number 140205). The informed consent was obtained from all subjects prior to skin 

wounding and biopsies. Non-wounded human skin was obtained by taking 3mm punch 

biopsies from healthy donors (NC) or the lesional skin (PSO) and the control non-lesional 

(PNL) skin from psoriasis patients. At day1 or day3 after wounding, skin wound samples 

were retrieved by making new punch biopsies from the edges of the initial biopsies. These 

samples were freshly embedded in OCT for immunohistochemistry.

 shRNA-mediated silencing of CAMP expressionin 3D skin constructs

CAMP expression was reduced using the GIPZ lentiviral system. CAMP shRNAs (GIPZ) 

were purchased from GE Dharmacon (RHS4531-EG820). Control and CAMP GIPZ 

lentiviral vectors along with viral packaging vectors were transfected into 293T cells. Viral 

supernatants were collected 48 hours after transfection and used to infect primary human 

keratinocytes as previously described (Mistry et al., 2012). Cells were incubated in the viral 

supernatants, polybrene added (5ug/ml), and centrifuged for 1 hour at 1000rpm. Cells were 

selected using puromycin (1ug/ml) 24 hours post-transduction for cells stably expressing the 

lentiviral construct. 3D skin constructs were generated by placing 1 million control or 

CAMP silenced cells on devitalized human dermis as previously described (Mistry et al., 

2014). 3D skin epidermis was wounded by 3mm punch biopsy and skin was collected at 

day3 for analysis.

 Primary human and mouse keratinocytes culture

Primary neonatal human epidermal keratinocytes (NHEKs) was purchased from Invitrogen. 

NHEKs were grown in serum free EpiLife medium supplemented with 0.06mM CaCl2, 

EpiLife Defined growth supplements (EDGS) (Invitrogen) and antibiotics, and passage 4~7 

cells were used for experiment. Cells at 60~80% confluence were starved overnight without 

EDGS prior to treatment. Primary neonatal mouse epidermal keratinocytes (mKCs) were 

isolated from newborn Mavs+/+, Mavs−/+ or Mavs−/− littermate pups as described previously 

(Zhang et al., 2012) and mKCs were cultured in EpiLife supplemented with 0.04mM CaCl2 

and EDGS until cells reached 80% confluency before starvation overnight followed by 

indicated treatments. Control siRNA, TLR3 siRNA and MAVS siRNA were purchased from 

Dharmacon (Chicago, IL). 5 nM of each siRNA was electroporated into NHEKs as 

described previously (Borkowski et al., 2013). To prepare cell extract from damaged cells, 

post-confluent NHEKs were harvested and briefly sonicated in PBS to release cellular 

content. The resulting cell extract (40 μg total protein) was treated with or without RNaseIII 

(10 Unit/ml) according to manufacturer’s manual before adding to 2 × 105 subconfluent 

NHEKs in culture dishes. To generate KC-CM, NHEKs were treated with LL37 then pIC for 

2 hrs then cells were switched to culture medium without LL37 then pIC for additional 18 
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hrs. Cleared culture supernatant was then collected and supplemented with 10% FBS and 

0.42 μM CaCl2 before adding it to DC culture.

 Dendritic cell culture

Human pDCs were purified from fresh PBMCs (purchased from ixcells Biotechnology, San 

Diego, CA) using pDC MACS isolation kit from Miltenyl Biotec (San Diego, CA). Human 

cDCs were differentiated from PBMC by human GM-CSF and IL4, and mouse cDCs were 

differentiated from mouse BM cells using mouse GM-CSF. Purity of each cell type is greater 

than 80% as confirmed by FACS analyses. To stimulate DCs, LPS (0.5 μg/ml) or CpGA (1 

μM), or LL37 (2μM), poly IC (0.4 μg/ml), or 1:1 v/v of KC-CM (supplemented with 10% 

FBS and 0.42 μM CaCl2) was added to DCs. Control IgG or IFNα or IFNβ neutralizing 

antibodies were added to KC-CM at 10 μg/ml to neutralize IFNα or. RNA was collected at 6 

hrs after stimulation and FACS analyses for surface expression of CD11c, CD80, CD86 and 

CD83 were performed by flow cytometry 24~48 hrs after stimulation and analyzed by 

FlowJo V10 software.

 Statistics

Experiments were repeated at least 3 times with similar results. Statistical significance was 

determined using Student’s unpaired two-tailed t-test, or one way ANOVA multiple 

comparison test as indicated in the legend (*P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001).
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Keratinocytes co-express IFNβ, LL37 and MAVS in skin wounds and 

in psoriasis

2. LL37 enables keratinocytes to produce IFNβ in response to dsRNA 

from dying cells

3. LL37 acts through MAVS-dependent activation of TBK1-AKT-IRF3 

signaling pathway

4. IFNβ secreted by activated keratinocytes promotes maturation of 

dendritic cells
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Fig. 1. Epidermal IFNβ1 expression in wounded and psoriatic skin is associated with LL37
(A). Skin sections of wounded (day3) or psoriatic skin were immunostained with IFNβ or 

IFNα antibodies as indicated. White dashed line indicates the epidermal and dermal 

junction. (B–C) Co-immunostaining analyses of normal human unwounded (ctrl) and 

wounded skin sections (B) or psoriasis non-lesional (PNL) and psoriasis lesional (PSO) (C) 

skin sections with IFNβ (red) and LL37 (green) antibodies as indicated. Zoom-in 

polyICtures highlighted in red box are shown on the right panel. (D–E) 3D human skin 

constructs made with NHEKs (neonatal human epidermal KCs) transfected with shCtrl or 

shCAMP. (D) CAMP expression in the skin constructs (n=3) was confirmed by RTqPCR 

analysis (normalized to GAPDH). (E), Skin sections of wounded skin constructs made with 

NHEKs transfected with shCtrl or shCAMP were immunostained with IFNβ antibody. All 

images are representative of 3~5 independent experiments. All scale bars = 100 μm. Error 

bars indicate mean ± s.e.m. *** P<0.001 (one way Anova).
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Fig. 2. LL37 enhances IFNβ production by dsRNA in keratinocytes
(A) NHEKs pretreated with LL37 or vehicle control were exposed to various PRR ligands as 

indicated for 4 hrs (The corresponding TLR# is indicated between parentheses; M=MAVS). 

IFNB1 mRNA fold induction was analyzed by RTqPCR analyses (n=3). (B) RTqPCR 

analyses of IFNB1 mRNA induction in NHEKs after stimulation with cell extracts from 

damaged NHEK (dNHEK) with or without LL37 pretreatment. In some experiments, RNA 

was depleted in the dNHEK by pretreatment with RnaseIII (a RNase specific for dsRNA) as 

indicated (n=3). (C). IFNβ protein secretion from NHEKs stimulated with various self-

noncoding RNAs or pIC (polyIC) with or without LL37 pretreatment as indicated. (n=3). 

(D). Control or CAMP silenced 3D skin constructs were treated with vehicle control or pIC 

(polyIC) for 6 hrs prior to being subjected to immunostaining with IFNβ antibodies (E). 

RTqPCR analyses of various type1 IFN mRNA levels in NHEKs treated with different 

combination of polyIC and LL37 as indicated (n=3). (F). Rador plot comparing the 

expression of type1 IFNs in LL37 and polyIC activated NHEKs and LL37 and CpGA 

activated pDCs (average of 3 donors). All error bars indicate mean ± s.e.m. * P<0.05, ** 

P<0.01, *** P<0.001 (one way Anova).
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Fig. 3. IFNβ production from epidermal keratinocyte in response to LL37 and dsRNA is 
mediated by MAVS
(A–B). RTqPCR of mRNA expression of MAVS, various TLRs and IFNAR1 in KC 

(NHEK), pDC analyses or cDC (A) (n=3; ratio to GAPDH mRNA is shown), or separated 

epidermis and dermis from normal human skin (B) (fold changes are shown relative to 

TLR3) (n=3). (C). RTqPCR analysis of IFNB1 mRNA expression in NHEKs transfected 

with control siRNA, TLR3 siRNA or MAVS siRNA then stimulated with polyIC with or 

without LL37 pretreatment. (n=3). (D). RTqPCR analysis of Ifnb1 mRNA expression in 

LL37/polyIC stimulated mouse KCs isolated from Mavs−/+ HET or Mavs−/− KO littermate 

mice (n=3). (E). RTqPCR analysis of IFNB1 mRNA expression in NHEKs transfected with 

control siRNA, TLR3 siRNA or MAVS siRNA then stimulated with LL37 and U1-RNA as 

indicated (n=3). (F). NHEKs treated with various combination of polyIC and LL37 were co-

immunostained with anti-MAVS antibody and mitochondrial tracker (MitoV) or phosphor-

tyrosine (pTyr) as indicated. (G). Time course analyses of ISG15 mRNA expression in 

NHEKs treated with LL37 and polyIC as indicated (n=3). (H–I). ISG15 expression in 

siRNA mediated silencing of TLR3 or MAVS (H) or IFNB1 or IFNAR1. (I) NHEKs treated 

with LL37 and polyIC (n=3). (J) Proposed scheme for induction of proinflammatory 

cytokines and type-1 IFN responsive genes mediated by LL37 and dsRNA mediated through 

MAVS or TLR3. All error bars indicate mean ± s.e.m. * P<0.05, ** P<0.01, *** P<0.001 

(one way Anova). L/P, LL37 and polyIC.
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Fig. 4. AKT-TBK1-IRF3 pathways are activated by LL37 and dsRNA
(A). NHEKs were pretreated with 2 μM LL37 then stimulated with 0.4 μg/ml polyIC for 2 

hrs. Cell extracts were subjected to immunoblotting analyses using indicated antibodies. 

Abbreviations: SV: spliced variant; FL: full length; arrow indicates specific band and 

asterisk indicates non-specific band. In IRF3 blot, form I is non-phosphorylated IRF3 and 

the form II is phosphorylated IRF3. (B). NHEKs were stimulated with LL37 for indicated 

time and cell extracts were subjected to immunoblotting analyses using indicated antibodies. 

(C). IRF3 immunostaining in NHEKs stimulated with indicated treatment for 2 hrs. Nuclei 

were counterstained with DAPI. (D). Stimulated NHEKs were stained with pTBK1 (red) and 

mitochondrial marker Aconitase (blue) as indicated.
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Fig. 5. IFNβ production in response to dsRNA and LL37 is dependent on TBK1-AKT and MAVS
(A). NHEKs were pretreated with BafilomycinA (to block endosomal acidification) or 

inhibitors specific for TBK1 (1μM Cay10567), AKT (100 nM Wortmannin) or ERK (1μM 

U0126) for 30 mins before treating with LL37 then polyIC for 2 hrs as indicated. Cell 

extracts were subjected to immunoblotting analyses using indicated antibodies. (B). NHEKs 

were pretreated with indicated inhibitors prior to LL37 and polyIC treatment for 4 hrs. Cells 

were subjected to RTqPCR analyses for relative mRNA expression of IFNβ (n=3). −/+ 

indicates presence or absence of LL37 and pIC or pIC alone. (C). NHEKs were transfected 

with control siRNA, TLR3 siRNA or MAVS siRNA for 48 hrs before treating with vehicle 

control, polyIC or LL37 then polyIC for 2 hrs. Cell extracts were subjected to 

immunoblotting analyses using indicated antibodies. (D–E). Quantification of the ratio of 

pTBK1 to tTBK1 (D) and the ratio of pAKT to tAKT (E) from immunoblots (n=3). All error 

bars indicate mean ± s.e.m. * P<0.05, ** P<0.01, *** P<0.001 (one way Anova).
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Fig. 6. MAVS-mediated secretion of IFNβ from keratinocytes promotes activation and 
maturation of dendritic cells
(A). IFNβ concentration in CM from control or LL37 and polyIC activated mouse KCs 

isolated from WT (Mavs+/+), HET (Mavs−/+) or KO (Mavs−/−) mouse skin (n=3). (B). FACS 

analyses of the geometric MFI of CD80 surface expression in mouse BMDC stimulated KC-

CM (n=3). (C) RTqPCR analyses of Mx1 (myxovirus resistance 1), Irf7 and Cd83 mRNA 

expression in mouse BMDC treated with KC-CM as indicated (n=3). (D–E). RTqPCR 

analyses of MX1, IRF7 and CD83 mRNA expression (D) or FACS analyses of the geometric 

MFI of CD86 surface expression (E) in human monocyte-derived DCs stimulated with CM 

from hKC stimulated with LL37 and polyIC together with control IgG or neutralizing 

antibodies against for IFNα or IFNβ as indicated (n=3). (F) CFSE (carboxyfluorescein 

succinimidyl ester)-labeled CD3+ T cells were cultured alone or with control DCs or DCs 

treated with KCLP-CM with control IgG or IFNβ neutralizing antibody. Proliferation of T 

cells was analyzed 5 days later by FACS. Representative data from 3 independent 

experiments are shown. All error bars indicate mean ± s.e.m. * P<0.05, ** P<0.01, *** 

P<0.001 (one way Anova).
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Fig. 7. Activation of MAVS-IRF3-IFNβ signaling in psoriatic and wounded skin epidermis
(A) MAVS immunostaining of skin sections from normal control skin (NC), wounded (W), 

psoriasis non-lesional (PNL) or psoriasis lesional (PSO) skin as indicated. (B–C) 

Measurement of relative MAVS mRNA levels in (B) non-lesional (NL) and psoriasis 

lesional (PSO) skin (n=7~8/group), or (C) in non-lesional (NL) and lesional (L) of K5-

IL-17C mouse skin compared with littermate control skin (n=4~5/group). (D–F) Human 

psoriatic or wounded skin sections were stained with RNA dye (green) and DAPI (D), or 

RNA, MAVS antibody and DAPI (E), or anti-MAVS and anti-pIRF3 antibodies (F), or 

ISG15 (G) as indicated. Zoom-in polyICtures highlighted in red box are shown on the right 

panel. White dashed line indicates the junction of the epidermis and dermis. (H) 

Representative image of IFNβ immunostaining in Mavs−/+ or Mavs−/− mouse skin injected 

intradermally with LL37. All scale bars = 100 μm.
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