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ABSTRACT OF THE DISSERTATION 

 

The pattern recognition receptor toll-like receptor 3 regulates skin barrier homeostasis 

 

by 

 

Andrew W. Borkowski 

 

Doctor of Philosophy in Biomedical Sciences 

 

University of California, San Diego, 2014 

 

Professor Richard Gallo, Chair 

 

Ultraviolet (UV) injury to the skin, and the subsequent release of non-coding double-

stranded RNA (dsRNA) from necrotic keratinocytes, is an endogenous activator of Toll-like 

receptor 3 (TLR3). Because changes in keratinocyte growth and differentiation follow injury, we 

hypothesized that TLR3 might trigger some elements of the barrier repair program in 

keratinocytes and contribute to skin barrier repair. dsRNA was observed to induce TLR3-

dependent increases in human keratinocyte mRNA abundance for ABCA12 (ATP-binding 

cassette, sub-family A, member 12), glucocerebrosidase, acid sphingomyelinase, and 
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transglutaminase 1.  Additionally tight junction gene expression and function is increased in 

keratinocytes treated with dsRNA.  We also observe that treatment with dsRNA resulted in 

increases in sphingomyelin and increased epidermal lipid staining by oil-red O as well as TLR3-

dependent increases in lamellar bodies and keratohyalin granules.  Finally we demonstrate that 

Tlr3-/- mice display a delay in skin barrier repair following UVB damage.  These data suggest that 

TLR3 participates in the program of skin barrier repair. 

 Scavenger receptors can facilitate entry of dsRNA into airway epithelial cells.  For this 

reason we hypothesized that scavenger receptors on keratinocytes could also facilitate entry of 

dsRNA into keratinocytes.  We observe that scavenger receptor ligands block Poly (I:C) induced 

inflammatory responses in keratinocytes but surprisingly, can stimulate increases in ABCA12, 

GBA, and SMPD1 mRNA. Additionally, Msr1-/- mice display a skin barrier repair defect.  These 

findings demonstrate an important role for scavenger receptors in skin barrier repair.   

 UVB damage to the skin can lead to the activation of interleukin-1 receptor (IL-1R) 

which mediates carcinogenesis and can inhibit hair growth.  Herein we show that Il1r-/- mice 

develop dermal hair cysts after chronic UVB exposure and that their skin contains significantly 

fewer macrophages.  We also demonstrate that IL-1R signaling is required for barrier disruption 

after UVB exposure in mice, though does not significantly contribute to the upregulation of Poly 

(I:C)-induced skin barrier repair genes.  These observations show that IL-1R signaling contributes 

to homeostasis in skin following UVB exposure.  Taken together these studies broaden our 

understanding of cellular mechanisms that respond to UVB-damage in the skin.   
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INTRODUCTION 

 

Skin serves as an indispensible protective barrier against the environment.  It functions to 

protect the body from various environmental assaults including pathogenic microbes, ultraviolet 

radiation, and mechanical injury as well as functioning to prevent water loss.  The protective 

properties of the skin reside in the outermost layer of the epidermis known as the stratum 

corneum or cornified envelope [1].  The cornified envelope of the epidermis is made up of 

terminally differentiated, flattened, anucleate corneocytes attached to one another by 

corneodesmosomes and surrounded by a hydrophobic lipid matrix [2], [3].  This specialized lipid 

layer is made up of roughly equimolar ratio of ceramides, cholesterol, and free fatty acid with 

very little phospholipid content [3], [4].  The unique architecture of the stratum corneum allows 

for minimal water loss as the hydrophobic lipid layers prevent the egress of bodily fluids.  The 

lipid bilayer also hinders the ingress of microbes as it contains numerous antimicrobial molecules 

including antimicrobial peptides [5]–[7] and antimicrobial lipids [8], [9].  The antimicrobial and 

permeability barriers of the skin are very closely linked and disruption of the skin barrier 

stimulates components of both barriers [7], [10]–[12].  In addition to producing antimicrobial 

compounds, the skin is home to numerous commensal bacteria [13]–[15], that also produce 

antibiotics that prevent growth of pathogenic organisms [16].  Additionally, secretions from 

sebaceous glands contain antimicrobial fatty acids [17], [18].   

Maintaining proper barrier function in the skin is highly regulated process and dependent 

upon proper differentiation of basal keratinocytes.  The skin is a very dynamic organ with a 

majority of the cells known as keratinocytes constantly differentiating into corneocytes, which 

make up the cornified envelope.  Once basal keratinocytes begin differentiating, they take about 

14 days to become terminally differentiated corneocytes, which then spend another 14 days in the 

stratum corneum before being shed in a process known as desquamation.   
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Injury or infection to the skin often results in skin barrier disruption and this barrier must 

be quickly replenished.  This is accomplished by the rapid trafficking of a specialized organelle 

known as a lamellar body [19], [20], present in the granular layer of the epidermis to the stratum 

corneum, where it deposits the specialized lipids that make up the stratum corneum [21].  

Following this response, upregulation in ceramide [22], [23], cholesterol [24], [25], and free fatty 

acid [26], [27] synthesis takes place in order to generate lamellar membrane lipids which are 

depleted during skin barrier repair.  Deficiencies in components important for lipid trafficking 

and metabolism are seen in a number of dermatological conditions.  Patients with harlequin 

ichthyosis or lamellar ichthyosis type 2, which present with dramatic cutaneous phenotypes, lack 

ATP-binding cassette, sub-family A, member 12 (ABCA12) [28], [29], a lipid transporter that 

loads epidermal lipids into lamellar bodies [30]–[32].  Deficiencies in enzymes that metabolize 

precursors of ceramides also lead to diseases with dermatological symptoms, including Gaucher’s 

disease in patients that lack glucocerebrosidase (GBA) [33] and Niemann-Pick Disease in patients 

that lack acid sphingomyelinase (SMPD1) [34], [35].  As these genes are important for skin 

barrier repair, their activity is increased following skin barrier disruption [36], [37].   

The mechanisms that regulate barrier repair have been shown to be dependent on a 

calcium gradient that exists in the epidermis [38], [39].  The concentration of calcium is low in 

the basal and spinous layers but is very high in the granular layer of the epidermis [40].  When 

skin barrier disruption occurs, water loss through the skin disturbs the calcium concentration 

gradient and stimulates process of barrier repair [38].   

In this thesis we show evidence that toll-like receptor 3 (TLR3) activation, independent 

of calcium dependent mechanisms, can stimulate skin barrier repair [11]. TLR3 is a toll-like 

receptor (TLR) that can recognize dsRNA [41].  TLRs are a class of pattern recognition receptors 

(PRRs) that recognize specific structural components or nucleic acids of microbes known as 

microbe associated molecular patterns [42].  They have also been shown to recognize specific 
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endogenous danger signals that can result from cell death also termed danger associated 

molecular patterns (DAMPs) [43]–[45].  TLR3 has canonically been described as a viral 

recognition receptor [46] and deficiencies in this receptor or different components of its signaling 

pathway often result in viral encephalitis [47]–[49].  In the last decade however, TLR3 has been 

observed to recognize endogenous sources of RNA.  TLR3 has since been shown to recognize 

mRNA [50] as well as the RNA from necrotic cells [50]–[52].   

In recent years members in our lab have shown that inflammation in the skin resulting 

from mechanical or UVB injury is dependent on TLR3 activation by endogenous RNA [52], [53].  

It has also been observed that TLR3 is important for wound healing [54], [55].  Herein, we 

propose that cell damage resulting from ultraviolet B radiation (UVB) exposure causes TLR3 

activation and show that this leads to increases in skin barrier repair gene expression, epidermal 

lipids, epidermal organelles, and promotes a skin barrier repair program.  Previous studies have 

shown that UVB damage to the skin results in skin barrier disruption [56], [57] though we 

propose for the first time that TLR3 contributes to mechanisms of repair independent of or in 

addition to mechanisms based on calcium gradient sensing.  Herein we show that Tlr3-/- mice 

display skin barrier repair defects after UVB exposure compared to WT mice.   

Because extracellular RNA must be first trafficked to the endosome in order to activate 

TLR3 [58], it must first be taken up by an extracellular receptor.  A number of recent studies have 

demonstrated that Poly (I:C), a dsRNA mimetic, can be taken into the cell by scavenger receptors 

[59]–[61].  It has also recently been shown that MARCO, a scavenger receptor present on 

keratinocytes enhances uptake of herpes simplex virus 1 [62].  Herein we show that treatment of 

keratinocytes with various scavenger receptor ligands increases transcripts of skin barrier repair 

genes and additionally, mice deficient in macrophage scavenger receptor 1 (Msr1) display a skin 

barrier repair defect.  Scavenger receptor recognition of extracellular RNA may represent another 
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pathway stimulating skin barrier repair, independent of TLR3 or calcium dependent repair 

pathways.   

As acute inflammation in the skin was shown to be regulated by TLR3, we wanted to 

investigate the TLR3-dependent effects of chronic UVB exposure on the skin.  Chronic UVB 

exposure is associated with skin cancer [63] and cutaneous carcinogenesis is mediated by a 

number of inflammatory factors including interleukin-1 receptor (IL-1R) [64], [65].  IL-1R plays 

important roles in responding to cellular damage and infection in the host [66] and can be 

activated following UVB exposure [67].   Herein we show that our model of UVB-induced 

carcinogenesis failed to produce tumors though did produce dermal hair cysts in Il1r-/- mice.  A 

number of past studies have shown that IL-1R signaling inhibits hair growth [68], [69] and that 

IL-1R signaling may be defective in patients with alopecia areata [70], [71], a disease 

characterized by hair loss on the scalp and other parts of the body [72].  Findings from this study 

reinforce previous data that IL-1R may act as a negative regulator of hair growth and thus could 

be a target of future therapeutics for hair loss.   

In summary the studies of this dissertation were designed to show that pattern recognition 

receptors present in the skin can stimulate pathways that help maintain homeostasis of the barrier.  

Herein we show that TLR3 represents an important receptor in the skin that recognizes cellular 

damage and responds by initiating components of the skin barrier repair.    These changes are 

independent of calcium gradient sensing and represent a novel pathway that stimulates skin 

barrier repair.  While we have shown evidence that scavenger receptors play a role in skin barrier 

repair, more research must be done to confirm this mechanism and the specific pathways that are 

activated following ligand binding.  It is likely that yet undiscovered receptors and pathways play 

a part in skin barrier repair.  Although we did not see changes in skin barrier repair genes with 

TLR2 ligands, it has been demonstrated that  TLR2 activation by bacterial ligands promotes 

aspects of the skin barrier and that Tlr2-/- mice display a skin barrier repair defect [73], [74].  It 
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can be assumed that additional pattern recognition receptors play a role in epidermal homeostasis 

though have yet to be discovered.  Future research will undoubtedly uncover additional sensors of 

epidermal damage that are important for skin barrier repair and shed light on this underexposed 

field of research.    
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CHAPTER 1: 

Activation of TLR3 in keratinocytes increases expression of genes involved in 

formation of the epidermis, lipid accumulation and epidermal organelles 

 

Abstract 

Injury to the skin, and the subsequent release of non-coding double-stranded RNA from 

necrotic keratinocytes, has been identified as an endogenous activator of Toll-like receptor 3 

(TLR3). Since changes in keratinocyte growth and differentiation follow injury, we hypothesized 

that TLR3 might trigger some elements of the barrier repair program in keratinocytes. Double-

stranded RNA was observed to induce TLR3-dependent increases in human keratinocyte mRNA 

abundance for ABCA12 (ATP-binding cassette, sub-family A, member 12), glucocerebrosidase, 

acid sphingomyelinase, and transglutaminase 1.  Additionally, treatment with double-stranded 

RNA resulted in increases in sphingomyelin and morphologic changes including increased 

epidermal lipid staining by oil-red O and TLR3-dependent increases in lamellar bodies and 

keratohyalin granules.  These observations show that double-stranded RNA can stimulate some 

events in keratinocytes that are important for skin barrier repair and maintenance. 
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Introduction 

 Rapid recovery of epidermal barrier function following injury prevents water loss and 

opportunistic infection by infiltrating microbes.   Barrier repair after injury involves trafficking of 

lamellar bodies (LB) to the SC, where they secrete their contents [1], and activation of several 

other  genes, including the ATP-binding cassette sub-family A, member 12 (ABCA12), an 

essential lipid transporter in the epidermis responsible for harlequin ichthyosis [2] and lamellar 

ichthyosis type 2 [3], and lipid metabolism enzymes, glucocerebrosidase (GBA) [4] and acid 

sphingomyelinase (SMPD1) [5]. Cholesterol [6], free fatty acid [7], [8], and ceramide synthesis 

all also increase following skin barrier disruption [9], [10] and are essential for barrier repair.   

The mechanisms that regulate the complex events that comprise barrier repair are incompletely 

defined, though a calcium gradient in the epidermis plays an important role [11], [12].  In the 

present study we sought to test the hypothesis that double-stranded RNA, recently discovered to 

be an endogenous product produced by epidermal injury following trauma or excess UVB 

exposure [13], [14], might serve as a trigger for expression of genes important to the epidermal 

barrier repair process. 

 dsRNA recognition can occur by several mechanisms including binding to Toll-like 

receptor 3 (TLR3). TLR3 signaling has largely been described as a recognition and response 

system to combat viral infections [15], [16]. Patients who have mutations in TLR3[17], UNC-

93B, an ER membrane protein important for its trafficking to the endosome [18], or TIR-domain-

containing adapter-inducing interferon-β (TRIF), a key adaptor signaling molecule for TLR3 

signaling [19], are more susceptible to herpes simplex virus encephalitis.  Thus, the importance of 

TLR3 in sensing viruses is not disputed, though more recently it has been shown to have an 

expanded role in a number of epithelial tissues.  For example, inflammatory cytokines are 

induced by RNA released during necrosis in the gut [20] or damage to the skin [13], [14].   

Additionally, recent publications have also demonstrated that TLR3 is important for wound 
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healing, as Tlr3-/- mice have a slightly delayed wound healing phenotype [21], while Polyinosinic 

acid:Polycytidylic acid (Poly (I:C)), a double-stranded RNA (dsRNA) analog and ligand for 

TLR3, can promote wound healing in mice [22]. 

 These recent findings suggest that TLR3 may have multiple functions in the skin and may 

signal the start of barrier repair processes in addition to its role in viral defense.  We show herein 

that TLR3 activation increased expression of genes critical to barrier formation, increased the 

appearance of epidermal lipids, and increased LB and keratohyalin granules (KHG), important 

elements of the epithelial barrier repair response.  These findings therefore identify TLR3 as a 

potential regulator of epidermal regeneration following injury. 

 

Methods 

 Cell Culture and Stimuli.  NHEK were obtained from Cascade Biologics/Invitrogen. 

(catalog number: C-001-5C, Portland, OR), and grown in serum-free EpiLife cell culture media 

(Cascade Biologics/Invitrogen) containing 0.06 mM Ca2+ and 1 × EpiLife Defined Growth 

Supplement (EDGS, Cascade Biologics/Invitrogen) at 37 °C under standard tissue culture 

conditions. All cultures were maintained for up to eight passages in this media with the addition 

of 100 U ml–1 penicillin, 100 μg ml–1 streptomycin, and 250 ng ml-1 amphotericin B.  Cells at 60-

80% confluence were treated with Bafilomycin A1 (5 nM; Sigma),  poly(I:C) (1 μg ml–1; 

Invivogen), IL-6 (10 ng ml–1; R&D Systems), or tumor necrosis factor-α (50 ng ml–1; Chemicon, 

Temecula, CA) in 12-well flat bottom plates (Corning Incorporated Life Sciences, Lowell, MA) 

for up to 24 hours.   After cell stimulation, RNA was extracted using TRIzol reagent (Invitrogen, 

Carlsbad, CA). RNA was stored at −80°C.   For visualization or analysis of lipids, cells were 

switched to advanced stage differentiation media (DMEM:F-12 (2:1), 10% FBS(Invitrogen),400 

ng ml-1 hydrocortisone (Sigma), 10 ug ml-1 human recombinant insulin (Sigma), and freshly made 
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50 ug ml-1 ascorbic acid (Sigma)) for 24 to 72 hours during stimulation.  Media was changed 

every other day and freshly prepared and filter sterilized Vitamin C was added.   

 

Quantitative real-time PCR.  Total RNA was extracted from cultured keratinocytes 

using TRIzol® Reagent (Invitrogen, Carlsbad, CA) and 1 ug RNA was reverse-transcribed using 

iScriptTM cDNA Synthesis Kit (Bio-Rad, Hercules, CA).  Pre-developed Taqman® Gene 

Expression Assays (Applied Biosystems, Foster City, CA) were used to evaluate mRNA 

transcript levels of ABCA12, GBA, SMPD1, TGM1,TNF, IL-6, KRT1, KRT14, IVL, FLG, LOR, 

and TLR3.  GAPDH mRNA transcript levels were evaluated using a VIC-

CATCCATGACAACTTTGGTA-MGB probe with primers 5’ CTTAGCACCCCTGGCCAAG-

3’ and 5’-TGGTCATGAGTCCTTCCACG-3’.  All analyses were performed in triplicate and 

representative of three to five independent cell stimulation experiments that were analyzed in an 

ABI Prism 7000 Sequence Detection System.  Fold induction relative to GAPDH was calculated 

using the ΔΔCt method.  Results were considered to be significant if P < 0.05.   

 

Gene expression profiling.  Labeling of cDNA and hybridization to Agilent Unrestricted 

AMADID Release GE 4x44K 60mer (G4845A) was performed at UCSD’s Biomedical Genomics 

(BIOGEM) Core.  Gene expression analysis was performed following multiple loess 

normalization of the raw data.  Significantly changes in gene expression were identified using 

Significance of Microarrays (SAM) 4.0 with the following filters:  1. False Discovery Rate of 

0.01% and 2.  Average fold change of ≥ 2. Hierarchical clustering and heat map generation were 

performed using Genespring GX software (Agilent).  Gene ontology and pathway term 

enrichment was performed using DAVID.  P-values represent a modified Fisher’s exact test 

(EASE = 1) n = 3.  [23], [24]. 
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Lipid Analysis.  Cer, GlcCer, SM, and Chol were obtained from Avanti Polar Lipids Inc. 

(Alabaster, AL), Sigma (St. Louis, MO), and Matreya (Pleasant Gap, PA). Total lipids were 

extracted from NHEKs and separated into individual lipid species by high performance thin layer 

chromatography.  Individual lipid content was determined by scanning densitometry [25]. 

 

Ultrastructural Analysis.  3-D skin constructs were immersed in modified Karnovsky’s 

fixative (2.5% glutaraldehyde and 2% paraformaldehyde in 0.15 M sodium cacodylate buffer, pH 

7.4) for at least 4 hours, post fixed in 1% osmium tetroxide in 0.15 M cacodylate buffer for 1 hour 

and stained en bloc in 3% uranyl acetate for 1 hour. Samples were dehydrated in ethanol, 

embedded in Durcupan epoxy resin (Sigma-Aldrich), sectioned at 50 to 60 nm on a Leica UCT 

ultramicrotome, and picked up on Formvar and carbon-coated copper grids. Sections were stained 

with 3% uranyl acetate for 5 minutes and Sato's lead stain for 1 minute. Grids were viewed using 

a JEOL 1200EX II (JEOL, Peabody, MA) transmission electron microscope and photographed 

using a Gatan digital camera (Gatan, Pleasanton, CA), or viewed using a Tecnai G2 Spirit 

BioTWIN transmission electron microscope equipped with an Eagle 4k HS digital camera (FEI, 

Hilsboro, OR). Pictures taken at 2000X represent 73 µm2.  Approximately 50 pictures were taken 

of control and Poly (I:C)-treated samples and LB and KHG were counted.   

 

Three-dimensional skin constructs.  Three-dimensional skin constructs were purchased 

from Mattek Corporation and maintained by differentiating Epiderm-201TM Under-developed 

skin model in EPI-201 differentiation medium (EPI-100-DM) (MatTek Corporation, Ashland, 

MA) for 72 h at an air-liquid interface during Poly (I:C) stimulation. 3-D constructs made from 

NHEK treated with siRNA were grown on a collagen fibroblast matrix as previously published 

[26].  Skin constructs were grown for 6 days after lifting to air/liquid interface, then treated with 1 

ug/ml Poly (I:C) and supplemented with 50 ug/ml Vitamin C for 3 additional days.  
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siRNA constructs.  TLR3 and control siRNA were purchased from Dharmacon 

(Chicago, IL).  One nanomole of each siRNA was electroporated into 3 x 106 keratinocytes using 

Amaxa nucleofection reagents (VPD-1002) (Lonza AG, Walkersville, MD).    

Non-targeting Pool ON-TARGETplus SMARTpool 

1. 5’- UGGUUUACAUGUCGACUAA -3’ 

2. 5’- UGGUUUACAUGUUGUGUGA -3’ 

3. 5’- UGGUUUACAUGUUUUCUGA -3’ 

4. 5 – UGGUUUACAUGUUUUCCUA -3’ 

TLR3 ON-TARGETplus SMARTpool: 

1. 5’- UCACGCAAUUGGAAGAUUA -3’ 

2. 5’- AGACCAAUCUCUCAAAUUU -3’ 

3. 5’- CAGCAUCUGUCUUUAAUAA -3’ 

4. 5’- GAACUAAAGAUCAUCGAUU -3’ 

 

Oil Red O staining.  Following stimulation, cells were washed once with cold PBS and 

fixed in 4% paraformaldehyde (Sigma) in PBS for at least 10 minutes at 4°C.   Tissue samples 

were embedded in OCT and frozen prior to being sectioned (10 µm).  Cells/tissues were then 

rinsed with 60% isopropanol.  Oil Red O working solution was then applied to cells/tissues for 15 

minutes.  Samples were again rinsed with 60% isopropanol and followed by another rinse with 

PBS.  Samples were counterstained with hematoxylin solution (Sigma) and mounted using 

Permount (Fisher).    Images were obtained using an Olympus BX51 microscope equipped with 

Olympus UplanFL objective lenses (40X/0.75). All images were taken at room temperature.  

Images were acquired with an Olympus DP71 camera using DP Controller 3.3.1.292 and DP 

Manager Version 3,3,1,222 software by Olympus Corporation.    
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Lipid Quantification using Oil Red O.  Following stimulation, cells were washed once 

with cold PBS and fixed in 4% paraformaldehyde (Sigma) in PBS for at least 10 minutes at 4°C.  

Cells/tissues were then rinsed first with PBS, then with 60% isopropanol.  Oil Red O working 

solution was then applied to cells for 2h.  Cells were then washed exhaustively with water.  1 ml 

of 100% isopropanol was added for 30s then removed and absorbance @ 510 nm was measured.  

Absorbance values were normalized to total protein and fold change was determined after Poly 

(I:C) treatment.   

 

Results 

Gene expression profiling of lipid metabolism and lipid transporter pathways. To 

identify gene expression pathways in addition to the known inflammatory response associated 

with TLR3 activation of keratinocytes, we examined the transcriptome of NHEK 24 hours after 

exposure to the dsRNA Poly(I:C).  In response to Poly (I:C), a total of 5542 differentially 

regulated genes changed by at least 2-fold (2773 upregulated and 2769 downregulated; SAM: 

triplicate; FDR < 0.01%; delta value = 1.397) (Table 1.1).  These genes were further analyzed 

using the Database for Annotation, Visualization and Integrated Discovery (DAVID) [23], [24].  

This analysis suggested Poly(I:C) affected a number of pathways involved in lipid metabolism 

and transport. Specifically, changes were observed in the expression of genes in 

glycosphingolipid biosynthesis, ABC transporters, sphingolipid metabolism, and other lipid 

biosynthesis/metabolism and inflammatory pathways (Figure 1.1a).   Several specific genes 

identified by this approach are known to play a role in maintaining or forming the skin barrier, 

such as: ABCA12 (3.74-fold), GBA (2.02-fold), SMPD1 (2.04-fold), TGM1 (2.40-fold), as well 

as tumor necrosis factor (TNF)  (5.31-fold), interleukin 6 (IL-6) (27.31- fold), and TLR3 (14.58-

fold).  Involucrin (IVL), loricrin (LOR), keratin 1 (KRT1), keratin 14 (KRT14) and filaggrin 
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(FLG), markers of epidermal differentiation, were not changed significantly (Figure 1.1b).  The 

results of the microarray showed that genes involved in synthesis of ceramides (UGCG, SPTLC1, 

SPTLC2), free fatty acids (ACACA and FASN) and cholesterol (FDFT1, HMCCR, and 

HMGSC1) were not significantly altered other than acetyl CoA carboxylase (ACACA) (0.33-

fold).   

 

Poly (I:C) enhances transcript abundance of genes involved in skin barrier 

formation. To validate the results of the gene expression profile of Poly (I:C)-treated NHEK, we 

measured a number of genes by real time PCR.  mRNA of ABCA12, GBA, SMPD1, and TGM1 

were significantly upregulated following treatment with Poly (I:C)  (Figure 1.2a, Table 1.2).  As 

expected, traditional inflammatory markers TNF, IL-6, and TLR3 were also upregulated (Figure 

1.2b, Table 1.2).  Consistent with microarray data, this treatment did not induce expression of 

involucrin (IVL), keratin 1 (KRT1), loricrin (LOR), filaggrin (FLG), or keratin 14 (KRT14) 

(Figure 1.2c, Table 1.2).  Interestingly, Poly (I:C) treatment significantly induced expression of 

mRNA for ceramide synthesis enzymes, including  serine palmitoyltransferase  (SPTLC1 and 

SPTLC2) and glucosylceramide synthase (UGCG) (Figure 1.1b, Table 1.2). Ligands for TLR2,-7, 

-8, and -9 did not significantly alter expression of these barrier repair genes (Figure 1.3).  A dose-

dependent increase in the mRNA levels of ABCA12, GBA, SMPD1, TNF, and IL-6 was 

observed following treatment with Poly (I:C), with maximal expression seen  after treatment with 

0.5 to 1 µg/ml Poly (I:C) (Figure 1.2d).  Increases in transcript abundance for ABCA12, GBA 

AND SMPD1 were not seen until 24 hours after treatment, while TNF expression increased more 

rapidly and was maximal at 1hr (Figure 1.2e).  However, the latter effect on gene expression was 

not due to induction of these cytokines as treatment of NHEK with TNF or IL-6 had no 

significant effect on the induction of ABCA12, GBA, or SMPD1 mRNA levels (Figure 1.2e). 
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Lipoteichoic acid blocks Poly (I:C) induced increases in gene expression.  Previous 

studies by Lai et al. showed that activation of TLR2 with lipoteichoic acid (LTA), a major 

component of the cell wall of gram-positive bacteria, can block Poly (I:C)-induced increases in 

the inflammatory cytokines TNF and IL-6 [13].  In order to determine whether this same type of 

regulation affects Poly(I:C)-induced skin barrier repair genes, we treated NHEK with the TLR2 

ligands Malp2, Pam3CSK4, and LTA prior to treatment with Poly (I:C).  We observed that 10 

µg/ml pretreatments with LTA blocked Poly(I:C) induced increases in ABCA12, GBA, TNF, and 

TLR3 (Figure 1.4).  Treatments with Malp2 and Pam3CSK4 had no significant effect on 

Poly(I:C)-induced skin barrier repair gene increases.   

 

TLR3 activation is required for dsRNA-induced changes in gene expression.  To 

determine if the increases in ABCA12, GBA, SMPD1, and TGM1 mRNA after Poly (I:C) 

treatment were dependent on TLR3 activation, we used siRNA to knockdown TLR3 in NHEK.  

When TLR3 was significantly decreased in keratinocytes, Poly (I:C) failed to induce a significant 

increase in mRNA for the barrier repair genes ABCA12, GBA, SMPD1, TGM1  and TNF (Figure 

1.5a). Since TLR3 signaling is dependent on proper acidification and maturation of endosomes 

[27], we used Bafilomycin A1 (BafA1), a specific inhibitor of the V-type ATPase required for 

acidification of endosomes and lysosomes, to inhibit TLR3 signaling.  BafA1 blocked Poly (I:C)-

induced increases in ABCA12, GBA, and SMPD1 mRNA as well as increases in mRNA of the 

inflammatory cytokines TNF and IL-6 (Figure  1.5b). Similar effects on gene expression were 

seen when TRIF, a key signaling molecule downstream of TLR3, was knocked down (Figure 

1.6).   Unlike silencing of TLR3 or TRIF, knocking down MAVS, a key signaling molecule for 

RIG-I-like receptors that recognizes cytosolic dsRNA, had no significant effect on Poly (I:C)-

induced expression of ABCA12, GBA, SMPD1, TGM1 (Figure 1.7).  Although TLR3 activation 
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was important for Poly (I:C)-induced increases in UGCG mRNA, alterations in mRNA for 

several lipid synthesis genes  was largely independent of TLR3 (Figure 1.5c).    

 

Activation of TLR3 alters epidermal lipid content.   To determine whether increases 

in ABCA12, GBA, and SMPD1 transcripts were paralleled by changes in epidermal lipid 

composition, we first stained for the presence of lipid in NHEK grown in differentiating 

conditions.  A large increase in oil red O-staining bodies was seen when NHEK were exposed to 

Poly (I:C) for 72 hours (Figure 1.8a).  A significantly higher expression of ABCA12 and GBA 

was also seen upon Poly (I:C) treatment under these conditions (Figure 1.9).  Lipids were then 

quantified by measuring the amount of oil red O dye that was retained after staining and 

normalizing this to total protein.  Poly (I:C) treatment induced significant increases in lipids 

stained by oil red O at days 1, 2 and 3 (Figure 1.8b). Next, 3-dimensional skin constructs were 

exposed to Poly (I:C) to determine the response of stratified and differentiated keratinocytes, that 

model the epidermis but are not influenced by the presence of resident or recruited leukocytes 

that would be present in vivo.  In these 3-D skin constructs, the stratum corneum (SC) of Poly 

(I:C)-treated samples stained more strongly for oil red O compared to control samples (Figure 

1.8c).   

To measure the response of specific lipid components produced by cultured 

keratinocytes, total lipids were isolated from NHEK after Poly (I:C) treatment and resolved using 

high performance thin layer chromatography.  Sphingomyelin was significantly increased 

following Poly (I:C) treatment and this increase was blocked following siRNA silencing of TLR3 

(Figure 1.8d).  Glucosylceramide levels were significantly decreased after Poly (I:C) treatment 

although this change was independent of TLR3 (Figure 1.8e).  Ceramides increased following 

Poly (I:C) treatment, though this increase was not abolished by knock-down of TLR3 (Figure 
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1.8f).  Cholesterol levels were not significantly altered after Poly (I:C) treatment in either control 

or TLR3 knockdown keratinocytes (Figure 1.8g).   

 

TLR3 activation increases the quantity of lamellar bodies and keratohyalin granules 

in the epidermis.  Since we observed increases in the staining of lipids following exposure to 

dsRNA, we next sought to determine if other morphological changes in keratinocytes could be 

observed by electron microscopy.  To assess this, we quantitated the number of lamellar bodies 

(LB) and keratohyalin granules (KHG) in the upper stratum granulosum in 3-D epidermal skin 

constructs. Skin constructs treated with Poly (I:C) had significantly more LB (Figure 1.10a) and 

KHG  (Figure 1.10b).  The observed increases in LB and KHG were dependent on TLR3, as skin 

constructs generated from TLR3-knockdown NHEK failed to exhibit significant increases in LB 

and KHG when exposed to Poly (I:C) (Figure 1.10c). 

 

Discussion 

 TLR activation is classically considered to result in pro-inflammatory responses. In this 

study, we demonstrate that TLR3 activation of keratinocytes also leads to changes in expression 

of some genes in keratinocytes that are associated with epidermal structure.  An increase in 

transcript abundance of ABCA12, GBA, SMPD1, and TGM1 occurred in a TLR3-dependent 

manner. This response was followed by increases in epidermal lipid accumulation as well as 

increases in the abundance of LB and KHG in epidermal equivalents.   These observations are 

consistent with recent observations that dsRNA is released by damaged cells and can serve as a 

damage-associated molecular pattern (DAMP). Thus, we now show that skin epithelial cells 

initiate some of the events associated with barrier repair after recognition of dsRNA.   

 The protective properties of the skin barrier reside in the SC and are heavily dependent 

on the lipid-rich lamellar membranes surrounding differentiated keratinocytes [9], [28], [29].  
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Previous studies have characterized the barrier repair response, delineating the increase in 

epidermal lipid synthesis and metabolism in the skin [6], [9], [30], [31] and secretion of LB 

following barrier disruption [1].  Because our current observations show TLR3 activation is 

accompanied by increases in mRNA encoding genes involved in epidermal formation, 

accumulation of epidermal lipids, and formation of epidermal organelles, we provide evidence 

that TLR3  may be a previously unknown mechanism by which keratinocytes detect epidermal 

injury and initiate some of the steps involved in formation of a functional skin barrier.  However, 

since mice lacking TLR3 appear to develop normally, this recognition system is not critical to 

normal development. Furthermore, although many Poly (I:C) induced changes in lipid 

composition and quantity were observed, not all of these changes were TLR3 dependent.  It is 

important to keep in mind that we did not observe a global upregulation in lipid or differentiation 

markers. In contrast, we observed that dsRNA can induce TLR3-dependent changes only in 

specific elements involved in the process of repair. How these responses combine into the 

complete barrier repair program remain to be determined. 

 A number of receptors are known to recognize and respond to dsRNA [32], making it 

important to determine whether TLR3 activation was required for the gene expression changes 

seen in response to dsRNA.   Using both RNA silencing and pharmacological inhibition, we 

demonstrated that increases in skin barrier genes in response to Poly (I:C) were dependent on 

TLR3.  Since the Poly (I:C)-induced changes in mRNA of these barrier genes were almost 

completely abrogated when TLR3 activation was silenced, our data suggest that TLR3 activation 

is required for the observed changes. These data do not rule out the contribution of cytoplasmic 

sensors of dsRNA that exist in the cell, including RIG-I, MDA5, PKR, and NLRP3, although the 

failure of MAVS knockdown to partially inhibit the Poly (I:C) response argues against a role for 

cytoplasmic RNA recognition. Thus, the relevance of these sensors in keratinocytes is yet to be 

clearly defined.   
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  As changes in gene expression are not seen until 24 hours after Poly (I:C) treatment, it is 

possible that the change in transcription of ABCA12, GBA, SMPD1  and TGM1 is not a direct 

downstream transcriptional event of TLR3 activation, but rather an autocrine or paracrine effect 

dependent on synthesis of intermediate genes.  TNF and IL-6 are produced following TLR3 

activation and have been shown to improve the skin barrier [5], [33]. Therefore, we also 

examined the direct effects of these cytokines on induction of the barrier genes of interest.  Since 

no changes in gene expression of ABCA12, GBA, or SMPD1 were observed with TNF or IL-6 

treatment of keratinocytes under conditions similar to those where Poly (I:C) did induce these 

cytokines, it is unlikely that these cytokines acting alone are responsible for the observed effects. 

Future work will seek to better understand the factors responsible for transcriptional regulation of 

ABCA12, GBA, SMPD1, and TGM1 by TLR3, with specific interest in determining if these 

genes represent an immediate canonical response to TLR3 or are activated in response to 

stimulation of intermediate factors that may function in an autocrine manner.  

 Poly (I:C) recognition by TLR3 in keratinocytes appears to be functionally relevant.  

Sphingolipids, such as ceramides and its precursors sphingomyelin and glucosylceramide, are 

essential for the formation and maintenance of the skin barrier [9], [30].  Poly (I:C)-treated 

keratinocytes displayed a rapid appearance of lipid-containing vesicles and an increase in 

ceramides.  More intense lipid staining in the stratum corneum was also observed in 3-D skin 

constructs treated with Poly (I:C). Additionally, sphingomyelin levels were increased by Poly 

(I:C) treatment in a TLR3-dependent manner. In contrast, levels of glucosylceramides decreased 

following Poly (I:C) treatment, but not in a TLR3-dependent manner. These observations 

confirmed the importance of TLR3 activation in perturbing epidermal lipid levels but suggest 

other pathways influenced by the addition of Poly(I:C) also contribute to the response of some 

lipids.  It remains to be determined whether Poly (I:C) treatment of NHEK can stimulate de novo 

lipid synthesis.  As our mRNA data of a number of lipid metabolism genes show that dsRNA can 
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alter these transcripts, it is possible that the enzyme activity could also be altered, but this remains 

to be explored.  As ORO-positive vesicles most likely contain a mix of nonpolar lipids, we do not 

believe that the TLR3-dependent increases in sphingomyelin are being detected in those 

experiments, rather other lipid species that have yet to be identified.  Future studies will hopefully 

elucidate whether de novo lipid synthesis is occurring and which additional lipid species are 

increased in a TLR3-dependent manner.   

 To further investigate functional changes in keratinocytes following Poly (I:C) treatment, 

we examined ultrastructural changes in keratinocytes within 3-D skin constructs.  Treatment of 

keratinocytes with Poly (I:C) yielded a higher amount of both LB and KHG in the granular layer 

of the epidermis.  Although LB have been found to be depleted in the granular layer following 

barrier disruption due to their rapid trafficking and secretion of barrier components [1], they are 

rapidly regenerated to aid in future barrier repair as well as proper differentiation and barrier 

formation.  We speculate that TLR3 activation by endogenous dsRNA could be an initiation 

event that leads to downstream effects of epidermal lipid production, trafficking, and metabolism.  

Increases in KHG also provide further evidence that Poly (I:C) treatment could promote barrier 

formation or repair as KHG also contain essential barrier components of the stratum corneum 

including profilaggrin and LOR.  Though we do not see increases in transcripts of FLG and LOR 

after Poly (I:C) treatment, the increased presence of KHG provides evidence suggesting that  

dsRNA can influence barrier formation.    

 We believe that this work identifies a key recognition event that could trigger some 

elements of skin barrier formation during the process of repair.  How this recognition event is 

propagated after TLR3 activation remains to be determined.  These results however, could be 

utilized in the treatment of certain dermatological diseases such as atopic dermatitis (AD).   For 

years it has been known that AD patients have significantly decreased ceramide levels in the 

stratum corneum [34], [35].  Although some recent studies have shown AD to be associated with 
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FLG mutations [36], a number of reports cite and characterize cases of AD that are independent 

of FLG mutations [37] and demonstrate that AD patients have abnormal ceramide profiles and 

lamellar lipid organization [38], [39]. From our research, it could be speculated that this 

deficiency of ceramides in the stratum corneum of AD patients could be treated by 

pharmacological activation of pathways downstream of TLR3, thus leading to increases in 

ceramides.  Of course, many unwanted inflammatory side effects may result from TLR3 

activation, so it will be important to determine specifically which pathways downstream of TLR3 

are involved in the increase of epidermal lipids.  By examining these downstream pathways, we 

may also discover more about the regulatory events involved in ceramide biosynthesis and 

metabolism that could be affected in AD patients.  Future studies will involve identifying and 

characterizing these downstream pathways of TLR3 activation relevant to barrier repair.  
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Figure 1.1: Gene expression profiling of NHEK identifies upregulation of genes involved in 
lipid biosynthesis, metabolism, and transporter pathways following treatment with dsRNA.  
(a)  Significantly changed genes analyzed using DAVID to identify significant pathways (EASE 
= 1.0). (b) Genes involved in barrier formation with a significant change as identified by SAM. 
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Figure 1.2:  Poly (I:C) enhances transcript abundance of genes involved in skin barrier 
formation.  Normal human epidermal keratinocytes were cultured in the presence of 1 µg/ml 
Poly (I:C) for 24 h. Real-time PCR was used to quantify mRNA levels and fold change values are 
calculated relative and normalized to GAPDH expression for a number of (a) barrier genes, (b) 
inflammatory cytokines, and (c) keratinocyte differentiation markers. (d) NHEK were cultured 
with various doses of Poly (I:C) for 24 h.  (e) NHEK were incubated with  1 µg/ml Poly (I:C), 50 
ng/ml TNF, or 10 ng/ml IL-6 for 0, 1, 3, 6, or 24 h. Data are mean ± SEM, n = 3, and are 
representative of at least three independent experiments. *P < 0.05. Two tailed T-test. 
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Figure 1.3: TLR3 ligand induces barrier repair genes. (a and b) NHEK were treated with 1 
µg/ml Pam3CSK, 100 ng/ml Malp-2, 10 µg/ml Poly (I:C), 10 µg/ml Imiquimod, 5 µg/ml  CL075, 
or 2 µM ODN M362 for 24 h. Real-time PCR was used to quantify mRNA levels and fold change 
values were calculated relative to and normalized to GAPDH expression. Data are mean ± SEM, 
n=3, and representative of at least three independent experiments. **P < 0.01.  ***P < 0.001 
Two-tailed T-test. 
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Figure 1.4: Lipoteichoic acid blocks Poly (I:C) induced increases in gene expression. NHEK 
were cultured in the presence of either Malp2 (10, 100, or 1000 ng/ml), Pam3CSK4 (0.1, 1, or 10 
µg/ml), or LTA (0.1, 1, or 10 µg/ml) for 30 minutes prior to 0 or 1 µg/ml  Poly (I:C) for 24 hours.  
Highest concentrations of Malp2 and Pam3CSK4 were used in combination with Poly (I:C). 
Real-time PCR was used to quantify mRNA levels and fold change values are calculated relative 
and normalized to GAPDH. ** = P < 0.01; ** * = P < 0.001 compared to water control. τ = P < 
0.01 compared to 1 µg/ml Poly (I:C). One-way ANOVA. Error bars represent SEM. n = 3.  
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Figure 1.5: TLR3 activation is required for dsRNA-induced changes in gene expression.  (a) 
TLR3 was silenced in NHEK for 48 h before treatment with 1 µg/ml Poly (I:C) for 24 h. Real-
time PCR was used to quantify mRNA levels and fold change values are calculated relative and 
normalized to GAPDH expression. *P < 0.05. Two tailed T-test. (b) NHEK were treated with 5 
nM Bafilomycin A1 for 1 h prior to treatment with 1 µg/ml Poly (I:C) for 24 h. ***P < 0.001. 
One-way ANOVA. (c) TLR3 was silenced in NHEK for 48 h before treatment with 1 µg/ml Poly 
(I:C) for 24 h. Real-time PCR was used to quantify mRNA levels and fold change values are 
calculated relative to and normalized to GAPDH expression. *P < 0.05. Two tailed T-test. Data 
are mean ±SEM, n = 3, and are representative of at least three independent experiments.  
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Figure 1.6: TRIF is required for dsRNA-induced changes in skin barrier repair gene 
expression. TRIF was silenced in NHEK for 48 h before treatment with 1 µg/ml Poly (I:C) for 24 
h. Real-time PCR was used to quantify mRNA levels and fold change values are calculated 
relative to and normalized to GAPDH expression.*P < 0.05. Two tailed T-test. Data are mean ± 
SEM, n = 3. 
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Figure 1.7: MAVS is not required for dsRNA-induced changes in skin barrier repair gene 
expression.  MAVS was silenced in NHEK for 48 h before treatment with 1 µg/ml Poly (I:C) for 
24 h. Real-time PCR was used to quantify mRNA levels and fold change values are calculated 
relative to and normalized to GAPDH expression. *P < 0.05. Two tailed T-test. Data are mean ± 
SEM, n = 3. 
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Figure 1.8:  Activation of TLR3 alters epidermal lipid content.  (a)  NHEK were treated for 
72 h with 10 µg/ml Poly (I:C), stained with Oil Red O and counterstained with Hematoxylin. 
Scale bar = 50 µm.  (b) NHEK were treated with 1 µg/ml Poly (I:C) for 1, 2, or 3 days, then 
stained with Oil Red O. (c)  3-D tissue constructs were treated with 1 µg/ml Poly (I:C) for 72 h.  
Samples were stained with Oil Red O and counterstained with Hematoxylin. Scale bar = 50 µm. 
(d-g) NHEK were treated with 1 µg/ml Poly (I:C) for 24 h following siRNA knockdown of 
TLR3.  (d) Sphingomyelin, (e) glucosylceramide (f) ceramides, and (g) cholesterol were 
quantified using HPTLC relative to total protein.  *P < 0.05.  Two-tailed T-test. Data are mean 
±SEM, n =3, and are representative of at least three independent experiments. 
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Figure 1.9: TLR3 ligand induces barrier repair genes independent of differentiation. (a and 
b) NHEK were treated with 1 µg/ml Poly (I:C) in advanced stage differentiation media for 0, 3, 6 
and 9 d.  Real-time PCR was used to quantify mRNA levels and fold change values are calculated 
relative and normalized to GAPDH expression. Data are mean ± SEM, n = 3, and representative 
of at least three independent experiments. *P < 0.001 Two-way ANOVA. 
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Figure 1.10: TLR3 activation increases the quantity of LB and KHG in the epidermis. (a) 
Transmission electron microscopy of 3-D skin construct treated with 1 µg/ml Poly IC for 72 h.  
Arrow = LB.  Arrowhead= KHG.  Scale bar = 1 µm. SC = stratum corneum.  SG = stratum 
granulosum. (b) Quantification of LB and KHG. *P  < 0.05; One-tailed T-test.  Control (n = 54), 
1 µg/ml Poly (I:C) (n = 47). Data are mean ± SEM.  (c) Quantification of LB and KHG in TLR3 
knockdown NHEK.  *P < 0.05, **P < 0.01, ***P < 0.001. One tailed T-Test. Control siRNA 
Control (n=54), Control siRNA + 1 µg/ml Poly (I:C) (n = 51), TLR3 siRNA Control (n = 55), 
TLR3 siRNA  + 1 µg/ml Poly (I:C) (n = 54). Data are mean ± SEM. 
 

 



39 
 

 
 

Table 1.1:  Gene expression profiling identifies over 5000 genes regulated by Poly (I:C) 
treatment at 24 hours. 5542 significantly changed genes (>2-fold) after treatment of NHEK with 1 
µg/ml Poly (I:C) for 24 h.  Analysis was performed using SAM 4.0 (FDR < 0.01%, n =3, Δ = 
1.397). 
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Table 1.1:  continued 
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Table 1.1:  continued 
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Table 1.1:  continued 
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Table 1.1:  continued 
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Table 1.1:  continued 
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Table 1.1:  continued 
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Table 1.1:  continued 
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Table 1.1:  continued 
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Table 1.1:  continued 
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Table 1.1:  continued 
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Table 1.1:  continued 
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Table 1.1:  continued 
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Table 1.1:  continued 
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Table 1.1:  continued 
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Table 1.1:  continued 
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Table 1.1:  continued 
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Table 1.1:  continued 
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Table 1.2:  Poly (I:C)-induced gene expression changes.  Data in table represents real-time PCR 
and microarray fold change data from NHEK treated with 1 μg/ml Poly (I:C) versus control, 
water-treated NHEK. *P < 0.05,**P < 0.01,***P < 0.001. Student’s T-Test. Data are mean of 
triplicate samples and representative of at least three independent experiments for real-time PCR. 
Data are mean of triplicate samples and analyzed for significance with SAM (fold change >2, 
FDR < 0.01%; delta value = 1.397). 
 

  

 



58 
 

 
 

References 

[1] G. K. Menon, K. R. Feingold, and P. M. Elias, “Lamellar body secretory response to 
barrier disruption.,” J. Invest. Dermatol., vol. 98, no. 3, pp. 279–289, 1992. 

[2] M. Akiyama, Y. Sugiyama-Nakagiri, K. Sakai, J. R. McMillan, M. Goto, K. Arita, Y. 
Tsuji-Abe, N. Tabata, K. Matsuoka, R. Sasaki, D. Sawamura, and H. Shimizu, “Mutations 
in lipid transporter ABCA12 in harlequin ichthyosis and functional recovery by corrective 
gene transfer,” J. Clin. Invest., vol. 115, no. 7, pp. 2–9, 2005. 

[3] C. Lefévre, S. Audebert, F. Jobard, B. Bouadjar, H. Lakhdar, O. Boughdene-Stambouli, C. 
Blanchet-Bardon, R. Heilig, M. Foglio, J. Weissenbach, M. Lathrop, J.-F. Prud’homme, 
and J. Fischer, “Mutations in the transporter ABCA12 are associated with lamellar 
ichthyosis type 2.,” Hum. Mol. Genet., vol. 12, no. 18, pp. 2369–78, Sep. 2003. 

[4] W. M. Holleran, Y. Takagi, G. K. Menon, S. M. Jackson, J. M. Lee, K. R. Feingold, and 
P. M. Elias, “Permeability barrier requirements regulate epidermal beta-
glucocerebrosidase.,” J. Lipid Res., vol. 35, no. 5, pp. 905–12, May 1994. 

[5] J. M. Jensen, S. Schütze, M. Förl, M. Krönke, and E. Proksch, “Roles for tumor necrosis 
factor receptor p55 and sphingomyelinase in repairing the cutaneous permeability 
barrier.,” J. Clin. Invest., vol. 104, no. 12, pp. 1761–70, Dec. 1999. 

[6] G. Menon, K. Feingold, and A. Moser, “De novo sterologenesis in the skin. II. Regulation 
by cutaneous barrier requirements.,” J. Lipid Res., vol. 26, no. 5, pp. 418–427, 1985. 

[7] M. Mao-Qiang, P. M. Elias, and K. R. Feingold, “Fatty acids are required for epidermal 
permeability barrier function.,” J. Clin. Invest., vol. 92, no. 2, pp. 791–8, Aug. 1993. 

[8] K. Ottey and L. Wood, “Cutaneous permeability barrier disruption increases fatty acid 
synthetic enzyme activity in the epidermis of hairless mice.,” J. Invest. Dermatol., vol. 
104, no. 3, pp. 401–404, 1995. 

[9] W. M. Holleran, K. R. Feingold, M. Q. Man, W. N. Gao, J. M. Lee, and P. M. Elias, 
“Regulation of epidermal sphingolipid synthesis by permeability barrier function.,” J. 
Lipid Res., vol. 32, no. 7, pp. 1151–8, Jul. 1991. 

[10] W. M. Holleran, W. N. Gao, K. R. Feingold, and P. M. Elias, “Localization of epidermal 
sphingolipid synthesis and serine palmitoyl transferase activity: alterations imposed by 
permeability barrier requirements.,” Arch. Dermatol. Res., vol. 287, no. 3–4, pp. 254–8, 
Jan. 1995. 

[11] S. H. Lee, P. M. Elias, E. Proksch, G. K. Menon, M. Mao-Quiang, and K. R. Feingold, 
“Calcium and potassium are important regulators of barrier homeostasis in murine 
epidermis.,” J. Clin. Invest., vol. 89, no. 2, pp. 530–8, Feb. 1992. 



59 
 

 
 

[12] G. K. Menon, P. M. Elias, S. H. Lee, and K. R. Feingold, “Localization of calcium in 
murine epidermis following disruption and repair of the permeability barrier,” Cell Tissue 
Res., vol. 270, no. 3, pp. 503–512, Dec. 1992. 

[13] Y. Lai, A. Di Nardo, T. Nakatsuji, A. Leichtle, Y. Yang, A. L. Cogen, Z.-R. Wu, L. V 
Hooper, R. R. Schmidt, S. von Aulock, K. a Radek, C.-M. Huang, A. F. Ryan, and R. L. 
Gallo, “Commensal bacteria regulate Toll-like receptor 3-dependent inflammation after 
skin injury.,” Nat. Med., vol. 15, no. 12, pp. 1377–82, Dec. 2009. 

[14] J. J. Bernard, C. Cowing-Zitron, T. Nakatsuji, B. Muehleisen, J. Muto, A. W. Borkowski, 
L. Martinez, E. L. Greidinger, B. D. Yu, and R. L. Gallo, “Ultraviolet radiation damages 
self noncoding RNA and is detected by TLR3.,” Nat. Med., vol. 18, no. 8, pp. 1286–90, 
Aug. 2012. 

[15] F. Dunlevy, N. McElvaney, and C. Greene, “TLR3 Sensing of Viral Infection,” Open 
Infect. Dis. J., vol. 4, pp. 1–10, 2010. 

[16] T. Kawai and S. Akira, “Toll-like receptor and RIG-I-like receptor signaling.,” Ann. N. Y. 
Acad. Sci., vol. 1143, pp. 1–20, Nov. 2008. 

[17] S.-Y. Zhang, E. Jouanguy, S. Ugolini, A. Smahi, G. Elain, P. Romero, D. Segal, V. 
Sancho-Shimizu, L. Lorenzo, A. Puel, C. Picard, A. Chapgier, S. Plancoulaine, M. Titeux, 
C. Cognet, H. von Bernuth, C.-L. Ku, A. Casrouge, X.-X. Zhang, L. Barreiro, J. Leonard, 
C. Hamilton, P. Lebon, B. Héron, L. Vallée, L. Quintana-Murci, A. Hovnanian, F. 
Rozenberg, E. Vivier, F. Geissmann, M. Tardieu, L. Abel, and J.-L. Casanova, “TLR3 
deficiency in patients with herpes simplex encephalitis.,” Science, vol. 317, no. 5844, pp. 
1522–7, Sep. 2007. 

[18] A. Casrouge, S.-Y. Zhang, C. Eidenschenk, E. Jouanguy, A. Puel, K. Yang, A. Alcais, C. 
Picard, N. Mahfoufi, N. Nicolas, L. Lorenzo, S. Plancoulaine, B. Sénéchal, F. Geissmann, 
K. Tabeta, K. Hoebe, X. Du, R. L. Miller, B. Héron, C. Mignot, T. B. de Villemeur, P. 
Lebon, O. Dulac, F. Rozenberg, B. Beutler, M. Tardieu, L. Abel, and J.-L. Casanova, 
“Herpes simplex virus encephalitis in human UNC-93B deficiency.,” Science, vol. 314, 
no. 5797, pp. 308–12, Oct. 2006. 

[19] V. Sancho-Shimizu, R. Perez de Diego, L. Lorenzo, R. Halwani, A. Alangari, E. 
Israelsson, S. Fabrega, A. Cardon, J. Maluenda, M. Tatematsu, F. Mahvelati, M. Herman, 
M. Ciancanelli, Y. Guo, Z. AlSum, N. Alhamis, A. S. Al-Makadma, A. Ghadiri, S. 
Boucherit, S. Plancoulaine, C. Picard, F. Rozenberg, M. Tardieu, P. Lebon, E. Jouanguy, 
N. Rezaei, T. Seya, M. Matsumoto, D. Chaussabel, A. Puel, S.-Y. Zhang, L. Abel, S. Al-
Muhsen, and J.-L. Casanova, “Herpes simplex encephalitis in children with autosomal 
recessive and dominant TRIF deficiency,” J. Clin. Invest., vol. 121, no. 12, pp. 4890–
4902, 2011. 

[20] K. A. Cavassani, M. Ishii, H. Wen, M. A. Schaller, P. M. Lincoln, N. W. Lukacs, C. M. 
Hogaboam, and S. L. Kunkel, “TLR3 is an endogenous sensor of tissue necrosis during 
acute inflammatory events.,” J. Exp. Med., vol. 205, no. 11, pp. 2609–21, Oct. 2008. 



60 
 

 
 

[21] Q. Lin, D. Fang, J. Fang, X. Ren, X. Yang, F. Wen, and S. B. Su, “Impaired wound 
healing with defective expression of chemokines and recruitment of myeloid cells in 
TLR3-deficient mice.,” J. Immunol., vol. 186, no. 6, pp. 3710–7, Mar. 2011. 

[22] Q. Lin, L. Wang, Y. Lin, X. Liu, X. Ren, S. Wen, X. Du, T. Lu, S. Y. Su, X. Yang, W. 
Huang, S. Zhou, F. Wen, and S. B. Su, “Toll-like receptor 3 ligand 
polyinosinic:polycytidylic acid promotes wound healing in human and murine skin.,” J. 
Invest. Dermatol., vol. 132, no. 8, pp. 2085–92, Aug. 2012. 

[23] D. W. Huang, B. T. Sherman, and R. A. Lempicki, “Systematic and integrative analysis of 
large gene lists using DAVID bioinformatics resources.,” Nat. Protoc., vol. 4, no. 1, pp. 
44–57, Jan. 2009. 

[24] D. W. Huang, B. T. Sherman, and R. A. Lempicki, “Bioinformatics enrichment tools: 
paths toward the comprehensive functional analysis of large gene lists.,” Nucleic Acids 
Res., vol. 37, no. 1, pp. 1–13, Jan. 2009. 

[25] Y. Uchida, A. Di Nardo, V. Collins, P. M. Elias, and W. M. Holleran, “De novo ceramide 
synthesis participates in the ultraviolet B irradiation-induced apoptosis in undifferentiated 
cultured human keratinocytes.,” J. Invest. Dermatol., vol. 120, no. 4, pp. 662–9, Apr. 
2003. 

[26] C. L. Simpson, S. Kojima, and S. Getsios, “RNA interference in keratinocytes and an 
organotypic model of human epidermis.,” Methods Mol. Biol., vol. 585, no. 2, pp. 127–
146, 2010. 

[27] H. Matsushima, N. Yamada, H. Matsue, and S. Shimada, “TLR3-, TLR7-, and TLR9-
Mediated production of proinflammatory cytokines and chemokines from murine 
connective tissue type skin-derived mast cells but not from bone marrow-derived mast,” J. 
Immunol., vol. 173, no. 1, pp. 531–541, 2004. 

[28] K. R. Feingold and M. Denda, “Regulation of permeability barrier homeostasis.,” Clin. 
Dermatol., vol. 30, no. 3, pp. 263–8, 2012. 

[29] K. R. Feingold, “Thematic review series: skin lipids. The role of epidermal lipids in 
cutaneous permeability barrier homeostasis.,” J. Lipid Res., vol. 48, no. 12, pp. 2531–46, 
Dec. 2007. 

[30] W. M. Holleran, M. Q. Man, W. N. Gao, G. K. Menon, P. M. Elias, and K. R. Feingold, 
“Sphingolipids are required for mammalian epidermal barrier function. Inhibition of 
sphingolipid synthesis delays barrier recovery after acute perturbation.,” J. Clin. Invest., 
vol. 88, pp. 1338–1345, 1991. 

[31] K. R. Feingold, “The regulation and role of epidermal lipid synthesis.,” Adv. Lipid Res., 
vol. 24, pp. 57–82, 1991. 



61 
 

 
 

[32] M. Yu and S. J. Levine, “Toll-like receptor, RIG-I-like receptors and the NLRP3 
inflammasome: key modulators of innate immune responses to double-stranded RNA 
viruses.,” Cytokine Growth Factor Rev., vol. 22, no. 2, pp. 63–72, Apr. 2011. 

[33] X.-P. Wang, M. Schunck, K.-J. Kallen, C. Neumann, C. Trautwein, S. Rose-John, and E. 
Proksch, “The interleukin-6 cytokine system regulates epidermal permeability barrier 
homeostasis.,” J. Invest. Dermatol., vol. 123, no. 1, pp. 124–31, Jul. 2004. 

[34] B. Melnik, J. Hollmann, and G. Plewig, “Decreased stratum corneum ceramides in atopic 
individuals--a pathobiochemical factor in xerosis?,” Br. J. Dermatol., vol. 119, no. 4, pp. 
547–549, 1988. 

[35] a Yamamoto, S. Serizawa, M. Ito, and Y. Sato, “Stratum corneum lipid abnormalities in 
atopic dermatitis.,” Arch. Dermatol. Res., vol. 283, no. 4, pp. 219–23, Jan. 1991. 

[36] C. N. a Palmer, A. D. Irvine, A. Terron-Kwiatkowski, Y. Zhao, H. Liao, S. P. Lee, D. R. 
Goudie, A. Sandilands, L. E. Campbell, F. J. D. Smith, G. M. O’Regan, R. M. Watson, J. 
E. Cecil, S. J. Bale, J. G. Compton, J. J. DiGiovanna, P. Fleckman, S. Lewis-Jones, G. 
Arseculeratne, A. Sergeant, C. S. Munro, B. El Houate, K. McElreavey, L. B. Halkjaer, H. 
Bisgaard, S. Mukhopadhyay, and W. H. I. McLean, “Common loss-of-function variants of 
the epidermal barrier protein filaggrin are a major predisposing factor for atopic 
dermatitis.,” Nat. Genet., vol. 38, no. 4, pp. 441–6, Apr. 2006. 

[37] I. Jakasa, E. S. Koster, F. Calkoen, W. H. I. McLean, L. E. Campbell, J. D. Bos, M. M. 
Verberk, and S. Kezic, “Skin barrier function in healthy subjects and patients with atopic 
dermatitis in relation to filaggrin loss-of-function mutations.,” J. Invest. Dermatol., vol. 
131, no. 2, pp. 540–2, Mar. 2011. 

[38] J. Ishikawa, H. Narita, N. Kondo, M. Hotta, Y. Takagi, Y. Masukawa, T. Kitahara, Y. 
Takema, S. Koyano, S. Yamazaki, and A. Hatamochi, “Changes in the ceramide profile of 
atopic dermatitis patients.,” J. Invest. Dermatol., vol. 130, no. 10, pp. 2511–4, Oct. 2010. 

[39] M. Janssens, J. van Smeden, G. S. Gooris, W. Bras, G. Portale, P. J. Caspers, R. J. 
Vreeken, S. Kezic, A. P. M. Lavrijsen, and J. a Bouwstra, “Lamellar lipid organization 
and ceramide composition in the stratum corneum of patients with atopic eczema.,” J. 
Invest. Dermatol., vol. 131, no. 10, pp. 2136–8, Oct. 2011.  

 

 

 

 

 

 



 
 

62 
  

CHAPTER 2: 

Toll-like receptor 3 activation is required for normal skin barrier repair following UV 
damage 

 
 
 
Abstract 

 Ultraviolet (UV) damage to the skin leads to the release of noncoding RNA from necrotic 

keratinocytes that activates toll-like receptor 3.  Since this release of RNA has been shown to 

trigger inflammation in the skin following UV damage and toll-like receptor 3 (TLR3) activation 

can increase expression of genes associated with barrier repair, we hypothesized that the 

activation of TLR3 would promote repair of the skin barrier after UVB damage.  Herein we 

demonstrate that damaged keratinocyte products and noncoding, small nuclear RNAs induce 

barrier repair genes.  We observe that the noncoding RNA, U1 RNA induces expression of skin 

barrier repair genes in a TLR3-dependent manner.  Additionally we show that tight junction gene 

expression and function is also increased in keratinocytes treated with the double-stranded RNA, 

Poly (I:C).  Finally we demonstrate that Tlr3-/- mice display a delay in skin barrier repair 

following UVB damage.  These data suggest that TLR3 participates in the program of skin barrier 

repair. 
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Introduction 

Although ultraviolet (UV) light exposure is important for synthesizing Vitamin D, 

excessive levels cause damage to the skin resulting in painful sunburn and promote skin cancer.  

In the year 2000, excessive ultraviolet (UV) exposure was linked to 60,000 deaths worldwide 

with over 1.5 million disability-adjusted life years [1].  Previous studies have shown that skin 

barrier repair is dependent on changes in the epidermal calcium gradient [2], [3].  Disruption of 

this gradient results in changes in gene expression, epidermal lipid metabolism, and lamellar body 

secretion that help to restore the skin barrier.  It has also been seen that disruptions to the skin 

barrier following UVB exposure result in increases in lipid metabolism and lamellar body 

dynamics [4], [5].  Although UVB exposure has a number of undesirable outcomes,  low doses of 

UVB can also have beneficial effects on the barrier by inducing epidermal lipid synthesis 

enzymes and antimicrobial peptides [6].  Overall however, mechanisms that regulate skin barrier 

repair after UVB exposure have been incompletely described.   

Inflammation following sunburn was recently found to be partially dependent on the 

function of toll-like receptor 3 (TLR3) and detection of endogenous non-coding RNA [7]. These 

observations are consistent with similar findings that TLR3 can sense damage to mammalian cells 

[8]–[10]  and can influence wound repair [11], [12], but are a departure from the classically 

known role of this pattern recognition receptor as being responsible for effective responses to 

viral double stranded RNA (dsRNA) [13], [14].   Furthermore,  activation of TLR3 in cultured 

human keratinocytes induces the expression of genes involved in formation of the skin barrier and 

increases lamellar bodies and keratohyalin granules in cultured human skin equivalents [15].  

Therefore, in this study we hypothesized that the release of endogenous RNA and the subsequent 

activation of TLR3, is necessary to permit normal restoration of skin barrier function after UVB 

injury.  Given the evidence presented here, we propose that activation of TLR3 by UVB injury 
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promotes skin barrier repair in addition to the current model for activation by disruption of the 

epidermal calcium gradient.   

 

Methods 

UVB exposure.  NHEKs were irradiated with UVB at 15 mJ cm−2, using Spectronics 

handheld UVB lamps with two 8W bulbs (312 nm)  as previously described [10]. Dosimetry was 

performed using a digital ultraviolet radiometer by Solartech Inc. UVB-irradiated cells were used 

24 hours  after exposure, and lysates from 600,000 cells were added to 200,000 NHEKs grown to 

80% confluence. Sonicated nonirradiated NHEKs treated identically were used as controls. For 

mouse irradiation, hair was shaved and chemically depilated from the back, and 96 h later, the 

hairless skin was exposed to UVB (5 kJ m−2). 

 

In vitro transcription of snRNA.  snRNA was generated using AmpliscribeTM T7-

FlashTM Transcription Kit from (Epicentre©, an Illumina© company, Madison, WI).  Templates 

used for reactions were gel purified PCR products from the following primer pairs: 

 

Transepidermal Water Loss.  Transepidermal water loss (TEWL) was measured using 

a TEWAMETER TM300 (C & K, Cologne, Germany).  TEWL was measured prior to UVB 

barrier disruption and every 24 hours for 5 days. 

 

Mice.  Sex-matched C57BL/6 wild-type controls, male and female TLR3-deficient mice 

on a C57BL/6 background were housed at the University Research Center at the University of 

California, San Diego (UCSD). All animal experiments were approved by the UCSD Institutional 

Animal Care and Use Committee.  
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Cell culture and stimuli.  NHEKs were obtained from Cascade Biologics/Invitrogen 

(catalog number: C-001-5C; Portland, OR), and grown in serum-free EpiLife cell culture media 

(Cascade Biologics/Invitrogen) containing 0.06 mM Ca2+ and 1 × EpiLife Defined Growth 

Supplement (EDGS, Cascade Biologics/Invitrogen) at 37 °C under standard tissue culture 

conditions. All cultures were maintained for up to eight passages in this medium with the addition 

of 100 U ml−1 penicillin, 100 μg ml–1 streptomycin, and 250 ng ml −1 amphotericin B. Cells at 60–

80% confluence were treated with Poly (I:C) (1 μg ml −1; Invivogen, San Diego, CA) in 12-well 

flat-bottom plates (Corning Incorporated Life Sciences, Lowell, MA) for up to 24 hours. After  

cell stimulation, RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA). RNA was 

stored at −80 °C. 

 

Quantitative real-time PCR.  Total RNA was extracted from cultured keratinocytes 

using TRIzol Reagent (Invitrogen) and 1 μg RNA was reverse -transcribed using iScript cDNA 

Synthesis Kit (Bio-Rad, Hercules, CA). Pre-developed Taqman Gene Expression Assays 

(Applied Biosystems, Foster City, CA) were used to evaluate mRNA transcript levels of 

ABCA12, GBA, SMPD1, TGM1, TNF, IL-6, CDSN, TJP1, OCLN, CLDN1, DSG1, DSG3, 

PKP1, DSP, JUP, DSC1, DSC2, CLDN4, CLDN5, CLDN7, CLDN11, CLDN23, and TLR3. 

Glyceraldehyde-3-phosphate dehydrogenase mRNA transcript levels were evaluated using a VIC-

CATCCATGACAACTTTGGTA-MGB probe with primers 5′-CTTAGCACCCCTGGCCAAG-3′ 

and 5′-TGGTCATGAGTCCTTCCACG-3′. All analyses were performed in triplicate and were 

representative of three to five independent cell stimulation experiments that were analyzed in an 

ABI Prism 7000 Sequence Detection System (Life Technologies, Carlsbad, CA). Fold induction 

relative to glyceraldehyde-3-phosphate dehydrogenase was calculated using the ΔΔCt method. 

Results were considered to be significant if P<0.05.  
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Gene expression profiling.  Labeling of cDNA and hybridization to Agilent Unrestricted 

AMADID Release GE 4x44K 60mer (G4845A) was performed at UCSD’s Biomedical Genomics 

(BIOGEM) Core. Gene expression analysis was performed following multiple loess 

normalization of the raw data. Significant changes in gene expression were identified using 

Significance of Microarrays (SAM) 4.0 with the following filters: 1. False Discovery Rate of 

0.01% and 2. Average fold change of ≥ 2. Gene ontology and pathway term enrichment was 

performed using DAVID. P-values represent a modified Fisher’s exact test (EASE = 1) n = 3. 

[16], [17]. 

 

Transepithelial Electric Resistance (TEER).  Primary human keratinocytes (PHK) 

were isolated from discarded neonatal foreskins.  PHK were plated in K-SFM in 24-well Costar® 

Transwell inserts (polyester membranes, 0.4-μm pore size; Corning Life Sciences, Corning, NY).  

After cells were confluent, media were switched to DMEM media allowing PHK differentiation 

and TJ formation.  At the same time, TLR3 ligand, Poly (I:C(Amersham/GE Healthcare, 

Piscataway, NJ) was placed in upper wells for 8 days.  Culture media was changed every other 

day.  TEER was measured as previously described [18]. The study was approved by the Research 

Subject Review Board at the University of Rochester Medical Center and was conducted 

according to Declaration of Helsinki Principles [19]. 

 

  Paracellular flux assay.  PHK were seeded in Transwell inserts and treated as described 

above.  After 48 h, 0.02% fluorescein sodium (Sigma-Aldrich) in PBS was added to the upper 

well, while PBS alone was added to the lower well.  Samples were collected from the lower well 

after 30 minutes.  The amount of fluorescein sodium that diffused from across the filter was 

measured with the iQ5 Multicolor real-time PCR detection system (Bio-Rad).  Paracellular flux 
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was presented as follows: Paracellular flux (fold of control)= fluorescein intensity of treatment 

groups/ fluorescein intensity of control group [18]. 

 

siRNA constructs.  TLR3 and control siRNA were purchased from Dharmacon 

(Chicago, IL). One nanomole of each siRNA was electroporated into 3 x 106 keratinocytes using 

Amaxa nucleofection reagents as previously described [15] (VPD-1002) (Lonza AG, 

Walkersville, MD).   

 

Sequences of in vitro transcribed RNA.   

U1 RNA 
U1 sequence (164 bp): atacttacct ggcaggggag ataccatgat cacgaaggtg gttttcccag ggcgaggctt 
atccattgca ctccggatgt gctgacccct gcgatttccc caaatgtggg aaactcgact gcataatttg tggtagtggg ggactgcgtt 
cgcgctttcc cctg 
U1 Forward Primer (T7):  
TAATACGACTCACTATAGGGATACTTACCTGGCAGGGGAGA 
U1 Reverse Primer:   
CAGGGGAAAGCGCGA 
 
U2 RNA 
U2 Sequence (188 bp): atcgcttctc ggccttttgg ctaagatcaa gtgtagtatc tgttcttatc agtttaatat ctgatacgtc 
ctctatccga ggacaatata ttaaatggat ttttggagca gggagatgga ataggagctt gctccgtcca ctccacgcat 
cgacctggta ttgcagtacc tccaggaacg gtgcaccc 
U2 Forward Primer (T7):  
TAATACGACTCACTATAGGGATCGCTTCTCGGCCTTTT 
U2 Reverse Primer: 
GGGTGCACCGTTCCTG 
 
U4 RNA 
U4 Sequence (144 bp): agctttgcgc agtggcagta tcgtagccaa tgaggtctat ccgaggcgcg attattgcta 
attgaaaact tttcccaata ccccgccgtg acgacttgca atatagtcgg cactggcaat ttttgacagt ctctacggag actg 
U4 Forward Primer (T7):  
TAATACGACTCACTATAGGGAGCTTTGCGCAGTGGC 
U4 Reverse Primer:  
TCTCCGTAGAGACTGTCAAAAATTG 
 
U6 RNA 
U6 Sequence (106 bp): gtgctcgctt cggcagcaca tatactaaaa ttggaacgat acagagaaga ttagcatggc 
ccctgcgcaa ggatgacacg caaattcgtg aagcgttcca tatttt 
U6 Forward Primer (T7):  
TAATACGACTCACTATAGGGGTGCTCGCTTCGGCAG 
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U6 Reverse Primer:  
AAAAATATGGAACGCTTCACG 
 
 
 
 
U12 RNA 
U12 Sequence (149 bp): tgccttaaac ttatgagtaa ggaaaataac gattcggggt gacgcccgaa tcctcactgc 
taatgtgaga cgaatttttg agcgggtaaa ggtcgccctc aaggtgaccc gcctactttg cgggatgcct gggagttgcg 
atctgcccg 
U12 Forward Primer (T7): 
TAATACGACTCACTATAGGGTGCCTTAAACTTATGAGTAAGGAAAAT 
U12 Reverse Primer:  
CGGGCAGATCGCAACT 
 
SCARNA9 
SCARNA9 Sequence (353 bp): ctttctgaga tctgctttta gtgaagtgga tcaatgatga aactagccaa atctgagcat 
cagaagtctt tccagtctac ctgatgcatg atctctacag ttctgagaag caaaactata aaacaatgta aaacaataag ggcatatgtc 
tggtgtgtgt gtgtgtgtgt gtgtgtgtgt gtgtgtgtac gcacatgtgt ttataaagat aacagctgta ggaatgaatg agattgaggg 
tgggggggtg cgtatgtatg tctatgaaag cctaatcatt tctgggcaat gatgaaaagg ttttactact gatctttgta actatgatgg 
tttctacact tgacctgagc tca 
SCARNA9 Forward Primer (T7): 
TAATACGACTCACTATAGGGCTTTCTGAGATCTGCTTTTAGTGAAGT 
SCARNA9 Reverse Primer:  
TGAGCTCAGGTCAAGTGTAGAAAC 
 
SCARNA18 
SCARNA18 Sequence (134 bp): ttgcatgtgg aaatgtctgc ttctcattcc ttgggagcag gaatatgttc ataacatgct 
acattaacaa aggagttctc agggctgcca accttctagt aaaggttgag tggtagtata tttctccaac ataa 
SCARNA18 Forward Primer (T7): 
TAATACGACTCACTATAGGGTTGCATGTGGAAATGTCTGC 
SCARNA18 Reverse Primer:  
TTATGTTGGAGAAATATACTACCACTCAAC 
 

Secondary RNA structure generation.  In order to depict the secondary structure of the 

snRNAs in this manuscript, sequences were taken from Pubmed or UCSC genome browser.  

These sequences were then analyzed for complementary base pairing using RNAfold 

(http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi).  The following filters were selected to obtain the 

secondary structure information:  

(1) minimum free energy (MFE) and partition function 

(2) avoid isolated base pairs 
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The secondary structure and sequence information was then used with the VARNA applet 

(http://varna.lri.fr/) to generate the secondary structure diagrams [20], [21] 

 

Ultrastructural Analysis.  Mouse dorsal skin was excised 24 hours after UVB exposure 

and then immersed in modified Karnovsky’s fixative (2.5% glutaraldehyde and 2% 

paraformaldehyde in 0.15 M sodium cacodylate buffer, pH 7.4) for at least 4 hours, post fixed in 

1% osmium tetroxide in 0.15 M cacodylate buffer for 1 hour and stained en bloc in 3% uranyl 

acetate for 1 hour. Samples were dehydrated in ethanol, embedded in Durcupan epoxy resin 

(Sigma-Aldrich), sectioned at 50 to 60 nm on a Leica UCT ultramicrotome, and picked up on 

Formvar and carbon-coated copper grids. Sections were stained with 3% uranyl acetate for 5 

minutes and Sato's lead stain for 1 minute. Grids were viewed using a JEOL 1200EX II (JEOL, 

Peabody, MA) transmission electron microscope and photographed using a Gatan digital camera 

(Gatan, Pleasanton, CA), or viewed using a Tecnai G2 Spirit BioTWIN transmission electron 

microscope equipped with an Eagle 4k HS digital camera (FEI, Hilsboro, OR). Pictures taken at 

2000X represent 73 µm2.  Samples were also sectioned and stained with Toluidine Blue.   

 

Bone Marrow Reconstitution.  6 week old mice were administered antibiotics (200 mg 

Sulfamethoxazole and 40 mg Trimethoprim) (Hi-Tech Pharmacal, Amityville, NY) in the 

drinking water 1 day prior to lethal irradiation.  Mice were placed in a cesium source irradiator 

(J.L. Shepherd  & Associates, San Fernando, CA),  and exposed to 10 Gy (1000 Rad) of total 

body γ-irradiation. The following day, bone marrow was isolated from the femur and tibia of 10 

week old mice.  6*106 cells were injected suborbitally into lethally irradiated mice.  Mice were 

allowed to recover 6 weeks before experimentation.  Antibiotics were continued for 14 days after 

reconstitution with cages and water changed every other day during this time. 
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Cytokine/Chemokine Analysis.  8 mm biopsy punches were taken from the dorsal skin 

of UVB exposed mice and homogenized in 700 ul RIPA buffer.  BCA Assay was performed to 

normalize protein amounts.  10 ug of total protein was used for analysis using 

MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Panel - Immunology Multiplex 

Assay (MCYTOMAG-70K, Millipore, Billerica, MA).   

 

Results 

UVB damaged keratinocytes stimulate genes important for the skin barrier.  To 

detect whether products of UVB damaged keratinocytes trigger expression of genes involved in 

skin barrier repair we exposed cultured normal human epidermal keratinocytes (NHEK) to UVB 

and then transferred these irradiated cells to nonirradiated NHEK cultures. The exposure of 

NHEK to the products of UVB-damaged keratinocytes caused significant increases in mRNA 

abundance of ATP-binding cassette sub-family A member 12 (ABCA12), glucocerebrosidase 

(GBA), acid sphingomyelinase (SMPD1), and transglutaminase 1 (TGM1) (Figure 2.1a).  These 

increases in mRNA were significantly higher than NHEK cultures that were exposed to sonicated, 

non-irradiated NHEK although significant increases in ABCA12 mRNA were also observed 

following treatment with sonicated NHEK (Figure 2.1a).   

Desmosomes and tight junctions play an important role in barrier function of the skin 

[22], [23].  To determine whether these components of the skin barrier were influenced by 

dsRNA or UVB-damaged NHEK products, we measured the transcript abundance of the genes 

corneodesmosin (CDSN), occludin (OCLN), tight junction protein 1 (TJP1), and claudin 1 

(CLDN1) after similar treatments with Poly (I:C), sonicated NHEK, and UVB-damaged NHEK. 

We observed that Poly (I:C) and UVB-treated NHEK applied to NHEK cultures stimulated 

significant increases in CDSN, OCLN, TJP1, and CLDN1 mRNA (Figure 2.1b).  Sonicated 

NHEK also significantly increased mRNA levels of CDSN, OCLN, and CLDN1 (Figure 2.1b).  
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Only CDSN and TJP1 mRNA were induced significantly more in UVB-treated NHEK treatments 

compared to sonicated NHEK treatments (Figure 2.1b). 

In order to assess the global effects of dsRNA on desmosomes and tight junctions in 

keratinocytes, we analyzed data from a microarray in which NHEK were treated for 24 hours 

with 1 µg/ml Poly (I:C) [15].  Findings of this microarray analysis showed that CDSN, periplakin 

1 (PKP1), desmocolin 2 (DSC2), OCLN, CLDN4, CLDN7, and CLDN23 were all significantly 

increased (Table 2.1).  In order to validate the microarray results, we performed real-time PCR 

for desmosomal and tight junctional genes.  In NHEK treated for 24 hours with 1 µg/ml Poly 

(I:C), we observed significant increases in desmoglein 1 (DSG1), DSG3, CDSN, plakophilin 1 

(PKP1), desmoplakin (DSP), junction plakoglobin (JUP), desmocolin 1 (DSC1), OCLN, TJP1, 

CLDN1, CLDN 4, CLDN 7, CLDN 11, and CLDN 23 (Table 2.1).   

 

Poly (I:C) increases tight junction function in keratinocytes.  As we observed 

increases in mRNA for genes associated with the tight junction following treatment of NHEK 

cultures with both Poly (I:C) and UVB-damaged NHEK products, we next evaluated the function 

of tight junctions in response to dsRNA.    In this set of experiments, NHEK were grown to 

confluence in 24-well inserts and allowed to differentiate as previously described [18], [19].  

Differentiated keratinocyte monolayers were then treated with Poly (I:C) and transepithelial 

electrical resistance (TEER) values were measured using an EVOMX voltohmmeter (World 

Precision Instruments, Sarasota, FL).  We observed that Poly (I:C)-treatment lead to dose-

dependent increases in TJ function as seen by increased TEER readings at 24 and 48 hours after 

treatment (Figure 2.2a and 2.2b).  The initial increase in TEER values stimulated by Poly (I:C) 

diminished over time and was no longer significantly different than control samples by day 4 

(Figure. 2.2c).   
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Another way to assess tight junction function is to measure paracellular flux of 

fluorescein sodium across a confluent monolayer of cells.  In this experiment, keratinocyte 

monolayers were grown as previously described and Poly (I:C) was added and allowed to 

incubate for 48 hours.  Fluorescein sodium was then added to the upper chamber and measured in 

the bottom chamber after 15 minutes.  We observed that doses of 0.1 and 1 µg/ml Poly (I:C) 

significantly decreased the paracellular flux of fluorescein sodium (Figure. 2.2d).   

 

TLR3 activation is required for U1 RNA-induced changes in skin barrier gene 

expression.  U1 spliceosomal RNA (U1 RNA), a noncoding, small nuclear RNA (snRNA), has 

been shown to be altered following exposure of keratinocytes to UVB light.  It was also observed 

that U1 RNA stimulates inflammation in keratinocytes and mouse skin in a TLR3-dependent 

manner [7].  In order to determine the effects of U1 RNA and TLR3 activation on skin barrier 

genes, NHEK  were treated with 1 µg/ml U1 RNA for 24 hours and compared to NHEK in which 

TLR3 had been knocked down using small interfering RNA (siRNA).  U1 RNA caused 

significant increases in transcripts of ABCA12, GBA, SMPD1 and TNF in control-treated 

NHEK, while the induction of these genes was significantly decreased  in NHEK treated with 

TLR3 siRNA (Fig. 2.3). 

 

Additional snRNAs can stimulate skin barrier and inflammatory cytokine gene 

expression.  TLR3 is activated by double stranded RNA, and it was proposed that an increase of 

double stranded stem loops of U1 RNA after UVB exposure explains how this mammalian RNA 

can serve to activate a TLR best known for detection of viral dsRNA [7].  In addition to U1,  

numerous other noncoding snRNAs were also observed to show increases in read frequency after 

UVB [7].  To determine whether some of these noncoding RNAs could act in a similar manner to 

U1, we synthesized the spliceosomal RNAs U2, U4, U6, and minor spliceosomal RNA U12 (U2 
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RNA, U4 RNA, U6 RNA, and U12 RNA), as well as the small Cajol Body-specific RNAs 9 and 

18 (scaRNA9 and scaRNA18). All of these snRNAs are predicted to contain double stranded 

regions using RNAfold software and the VARNA applet (Figure 2.4a) [20], [21] .    Treatment of 

NHEK for 24 hours with these snRNAs resulted in significant increases in mRNA abundance of 

ABCA12, GBA, SMPD1, TGM1, TNF, and IL-6 (Figure 2.4b). 

 

Tlr3-/- mice display a barrier repair defect after UVB-induced barrier disruption.  

The capacity of UVB irradiated NHEK, and dsRNAs, to alter the expression of genes involved in 

barrier repair and increase NHEK tight junction function prompted us to directly test if TLR3 

influenced skin barrier function after UVB injury. Tlr3-/- mice and controls were exposed to a 

single 5 kJ/m2 dose of UVB as previously described [7], and transepidermal water loss (TEWL) 

was examined to evaluate the kinetics of barrier disruption and repair. This high dose of UVB has 

been previously described to cause apoptosis and necrosis in cell culture and cause barrier 

disruption in mice.  [4], [10], [24].  Although TEWL levels of WT and Tlr3-/- mice were similar 

over the first 3 days following UVB light exposure, Tlr3-/- mice displayed elevated and prolonged 

high levels of TEWL with a significantly higher TEWL value at Day 4 (Figure 2.5a).  WT mice 

exhibit a 3.3-fold faster recovery between day 3 and 4 (p = 0.055) than Tlr3-/- mice (Figure 2.5b).  

Conversely, barrier disruption caused by a chemical depilatory reagent or by tape stripping did 

not have a significant effect on barrier disruption or repair in Tlr3-/- or Trif-/- mice, respectively, 

when compared to WT mice (Figure 2.6).  24 hours after UVB exposure, no gross morphological 

differences could be observed between WT and Tlr3-/- mice in semi-thin Toluidine blue stained 

sections (Figure 2.5c).  However, transmission electron microscopy found that Tlr3-/- mice 

displayed more abundant vacuolization of cells subjacent to the first layer of the stratum 

granulosum in comparison to WT mice (Figure 2.5d).  Interestingly, these Tlr3-/- mice failed to 
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repitheilialize and exhibited chronic non-healing wounds at 8 and 16 weeks following a single 

acute 5 kJ/m2 dose of UVB (Figure 2.5e).   

As previous results have been described in vitro in which only keratinocytes were 

present, we wanted to determine which cell types contributed to the barrier repair defect observed 

in Tlr3-/- mice.  In order to assess relative contributions of Tlr3 from different cell types in the 

skin on UVB-induced skin barrier disruption and repair, WT and Tlr3-/- mice were lethally 

irradiated and reconstituted with WT or Tlr3-/- bone marrow.  Control mice (WT  WT and Tlr3-

/-  Tlr3-/-) showed similar differences in skin barrier repair after UVB induced barrier disruption 

as previously shown.  When WT bone marrow was injected into Tlr3-/- mice (WT  Tlr3-/-), the 

barrier defect was not rescued, and TEWL levels were significantly higher at days 3 and 4 (Figure 

2.5f).    Conversely when Tlr3-/- bone marrow was injected into WT mice (Tlr3-/-  WT), TEWL 

levels were also significantly higher than control at day 3 (Figure 2.5g).  In order to explore 

differences in response to UVB radiation we assessed the levels of 25 common cytokines and 

chemokines in the skin 24 hours after UVB treatment. It was observed that significantly lower 

amounts of IL-5, RANTES, IL-15, and GM-CSF were present in Tlr3-/-  WT mice skin when 

compared to control mice.  No other significant differences in cytokine/chemokines levels were 

observed between control (WT  WT) and other groups (Table 2.2). 

 

Discussion 

TLR3 activation has classically been described in the context of innate immunity as a 

mechanism for detecting viruses [13], [14], though recent evidence has revealed its ability to 

sense endogenous injury [7], [9]–[12]. Herein we describe how injury to keratinocytes in the form 

of UVB damage activates TLR3 to promote expression of skin barrier repair genes, and that 

snRNAs or Poly (I:C) can initiate a similar response.  Furthermore, mice lacking TLR3 

demonstrate a decreased capacity to restore normal levels of TEWL after UVB damage. Though 
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triggers of skin barrier repair has previously been thought to involve sensing a disturbed calcium 

gradient in the epidermis [2], [3], the results reported in this study supports the hypothesis that 

TLR3 also serves as a sensor of skin damage by UVB.  Furthermore, as skin barrier disruption is 

usually delayed 48-72 hours following acute UVB exposure [4], [5], TLR3 activation during this 

time may serve as a mechanism for  accelerating skin barrier repair.    

 UVB exposure results in many molecular changes, and this damage to keratinocytes 

causes both apoptotic and necrotic forms of cell death.  It has been shown that non-apoptotic 

forms of cell death trigger greater cytokine release from keratinocytes [10], likely through the 

release of cellular contents that present as damage associated molecular patterns (DAMPs) to 

numerous pattern recognition receptors (PRRs) present in or on neighboring cells [25].  More 

specifically U1 RNA, a single stranded, noncoding RNA is altered and released from necrotic 

cells following UV damage, and TLR3 detects this mammalian RNA [7].  In the present study, 

similar products from UVB-damaged keratinocytes that induce cytokine responses also enhanced 

expression of mRNA for the skin barrier genes ABCA12, GBA, SMPD1, and TGM1, as well as 

the desmosomal gene CDSN, and tight junction genes OCLN, TJP1, and CLDN1. Similar 

responses occurred after exposure to the dsRNA, Poly (I:C), and synthetic U1 RNA. All of these 

stimulated expression of the skin barrier genes ABCA12, GBA, and SMPD1 in a TLR3 

dependent manner.  Thus, although it is not directly shown that a specific non-coding RNA is 

responsible for the induction of barrier repair genes by UVB-necrotic cells, these observations 

support the hypothesis that UV exposure results in mobilization of DAMPs from keratinocytes 

that act through TLR3. 

In order to demonstrate that similar effects on skin barrier genes occur in response to any 

one of a number of endogenous RNA species and are not limited to U1 RNA, we synthesized a 

number of noncoding snRNAs including: U2, U4, U6, U12, scaRNA9, and scaRNA18.  These 

noncoding RNAs were chosen because they are upregulated following treatment of NHEK with 
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UVB after 24 hours  [7].  Secondary structures of these snRNAs are predicted to contain a 

number of double stranded regions, which could potentially activate TLR3.  Double stranded 

RNA at least 21 base pairs in length has been demonstrated to activate TLR3 [26]. The stem-loop 

structures of the snRNAs that we synthesized satisfy this requirement and were able to activate 

TLR3. While this response to these non-coding RNAs has not been previously shown, the 

activation of TLR3 by self RNA has previously been demonstrated.  The first known example of 

TLR3 activation by self RNA occurred when cells were treated with in vitro transcribed mRNA 

[8].  It was also predicted at this time that the considerable secondary structure of mRNA could 

activate TLR3. Thus, our findings are consistent with previous literature in other cell types. Our 

work extends the significance of these observations by suggesting that repair of UV injury could 

be influenced by TLR3. 

 In order to determine whether TLR3 is in fact important for skin barrier repair, Tlr3-/- 

mice were treated with a single high dose of UVB to induce barrier disruption.  The kinetics of 

barrier disruption were similar in WT and Tlr3-/- mice.  However, Tlr3-/- mice display an 

elongated elevation in TEWL values in comparison to WT, suggesting that these mice have a 

defect in barrier repair.  Previous experiments in which barrier disruption in mice was achieved 

by tape stripping or chemical depilation revealed no significant difference in barrier disruption or 

repair between WT and Trif-/- or WT and Tlr3-/- mice respectively.  This is most likely due to the 

fact that barrier disruptions of this type instantly disrupt the calcium gradient in the epidermis 

through removal of outer layers of the cornified envelope without causing much cell death and or 

release of cellular contents as would be expected during necrosis.   

 Because Tlr3 is present on infiltrating immune cells that migrate to the skin following 

UV injury, we wanted to determine whether Tlr3 deficiency in these infiltrating immune cells or 

alternatively whether Tlr3 deficiency in keratinocytes or other radio-resistant resident skin cells 

would more significantly affect skin barrier repair after UVB-damage to the skin.  To determine 
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the effect of Tlr3 present on bone marrow derived immunocytes on skin barrier repair, we 

injected WT bone marrow into Tlr3-/- mice prior to administering UV-induced barrier disruption.  

The skin barrier defect in these Tlr3-/- mice was not rescued, and appears to be exacerbated, as 

significant differences in TEWL values were observed earlier than in traditional Tlr3-/- mice.  

This finding demonstrates that Tlr3 present on keratinocytes or other radio resistant cells is 

important for skin barrier repair.  Conversely, when Tlr3-/- bone marrow is injected into WT mice, 

we also observed a higher TEWL value at day 3.  While this later finding was somewhat 

unexpected, it is not surprising and demonstrates that Tlr3 on bone marrow derived cells is also  

sensing dsRNA in UVB-damaged skin and mediating skin barrier repair in a yet unknown way.  

As these mice show deficiencies in certain cytokines (IL-5, RANTES, IL-15, and GM-CSF), this 

might hold a clue to why these mice show a barrier repair deficit at day 3.  These findings 

demonstrate that Tlr3 present on both keratinocytes, or other resident skin cells, and bone marrow 

derived cells is important for skin barrier repair.  Future studies should focus on the specific 

contributions of each cell type to skin barrier repair.   

We have also found that Tlr3-/- mice exhibit chronic non-healing wounds at 8 and 16 

weeks after an initial acute 5 kJ/m2 dose of UVB (Figure. 2.5e).  This finding is in agreement of 

the findings  of Lin et al [11], [12] who have demonstrated that TLR3 is important for wound 

healing. They find that  Tlr3-/- mice display slower wound closure in a punch biopsy wound 

healing model than WT mice and also that Poly (I:C)-treatment accelerates wound closure [11], 

[12].  While it is known that wound healing is delayed in Tlr3-/- mice, this is the first time that 

skin barrier repair, which is localized to the epidermis, has been shown to be affected by TLR3 

deficiency.  Although the deficiency in skin barrier repair may play a role in the wound healing 

phenotype that was observed, it is not sufficient to explain this phenotype and future studies will 

aim to more completely characterize these findings.   
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 Though we previously described that changes in lipids and epidermal organelles are 

regulated by TLR3 activation, we focused primarily on the lipid component of the skin barrier.  

Tight junctions and desmosomes also play an important role in maintaining the skin barrier [27], 

evidenced by the fact that numerous skin diseases result from mutations in adhesional proteins or 

autoimmunity to components of the desmosome or tight junction [28].  This manuscript reports 

for the first time to our knowledge that Poly (I:C), a ligand of TLR3, increases tight junction gene 

expression and function in human keratinocytes.  Thus, in addition to influences on genes related 

to the barrier formed by the outer lipid barrier of the skin, TLR3 also regulates tight junctions. 

This gives a more complete description of genes that are affected by TLR3 activation following 

UVB damage and suggests multiple mechanisms may be responsible for the observed delayed 

repair in Tlr3-/- mice. 

 In recent years, innate immune receptors, such as toll-like receptors have been shown to 

be responsible for more than just pathogen detection and clearance.  Their role in recognizing and 

responding to DAMPs has become increasingly evident with many diseases being identified as 

being exacerbated or caused by PRR activation [29].  Deepening our understanding of the 

pathways downstream of TLRs, may lead to better therapeutics for wound healing or barrier 

repair.  Thus, future work should focus on the downstream signaling pathways of TLR3 that 

activate genes that promote skin barrier homeostasis and repair as well as the relative 

contributions of other cell types in the skin that could potentially influence this essential process.   
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Figure 2.1: UVB-damaged keratinocyte products stimulate genes important for skin 
barrier. Normal human keratinocytes were treated with either 1 µg/ml Poly (I:C), sonicated 
keratinocytes, or UVB-treated keratinocytes for 24 hours.  Real-time PCR was used to quantify 
mRNA levels and fold change values are calculated relative and normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) expression for (a)  lipid transport (ABCA12), lipid 
metabolism (GBA and SMPD1), transglutaminase-1 (TGM1) and (b) desmosome (CDSN) and 
tight junction (OCLN,TJP1, and CLDN1) transcripts. Data are mean +/- SEM, n = 3, and are 
representative of at least three independent experiments.  * = P < 0.05, ** = P < 0.01, *** = P < 
0.001 compared to control. τ = P < 0.05, τ τ = P < 0.01, τ τ τ = P < 0.001 comparing sonicated to 
UVB treated NHEK treatments.   One-way ANOVA with Bonferroni post test. 
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Figure 2.2: Poly (I:C)-treatment increases tight junction function in keratinocyte 
monolayer. Transepithelial electrical resistance (TEER) was measured in confluent primary 
human keratinocyte monolayers grown in transwell inserts that were treated with various 
concentrations of Poly (I:C) for 24 hours (a) and 48 hours (b).  (c) Time course data of TEER 
values.  (d) Paracellular flux was measured 30 minutes after addition of fluorescein sodium to 
NHEK monolayers that were treated with various concentrations of Poly (I:C) for 48 hours.  Data 
are mean +/- SEM, n = 3-8, and are representative of at least three independent experiments.  * = 
P < 0.05, ** = P < 0.01, *** = P < 0.001.  One-tailed t-test. 
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Figure 2.3: U1 RNA stimulates skin barrier genes in a TLR3-dependent manner.  TLR3 was 
silenced in normal human epidermal keratinocytes (NHEKs) for 48 hours before treatment with 
1 μg /ml U1 RNA or 1 μg /ml Poly(I:C) for 24 hours. Real-time PCR was used to quantify (a) 
ABCA12, (b) GBA, (c) SMPD1, and (d) TNF mRNA levels and fold change values are 
calculated relative to and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
expression. Data are mean +/- SEM, n = 3, and are representative of at least three independent 
experiments.  * = P < 0.05, ** = P < 0.01, *** = P < 0.001.  Two-tailed t-test.  
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Figure 2.4: small nuclear RNAs stimulate skin barrier genes. (a) Structures of snRNA species 
generated using RNAfold and VARNA applet. (b) Normal human epidermal keratinocytes were 
treated with 1 µg/ml in vitro transcribed snRNAs for 24 hours in the presence of a transfection 
reagent. Real-time PCR was used to quantify mRNA levels and fold change values are calculated 
relative to and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression 
and then to NHEK that have been treated with a control in vitro transcribed RNA. Data are mean 
+/- SEM, n = 3, and are representative of at least three independent experiments.  * = P < 0.05, ** 
= P < 0.01, *** = P < 0.001.  Two-tailed t-test. 
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Figure 2.5:  Tlr3-/- mice exhibit delayed barrier repair following UV-treatment. (a) TEWL 
values were measured daily for 5 days in WT and Tlr3-/- mice exposed to 5 kJ/m2 UVB. Data are 
mean +/- SEM, n = 3 WT. n = 5 Tlr3-/- , and are representative of at least two independent 
experiments.  * = P < 0.05, Two-way ANOVA. (b) Barrier recovery between day 3 and 4.  One-
tailed t-test.  Skin was harvested from mice 24 hours after treatment with 5 kJ/m2 UVB. (c) 
Toluidine blue stained ultrathin sections. Scale bar = 20 µm (d) Transmission electron 
microscopy images of UVB-treated skin of WT and Tlr3-/- mice.  Scale bar = 1 µm. (e) 
Photographs of mice 8 and 16 weeks after 5 kJ/m2 dose of UVB.  Photographs are from two 
separate experiments.  (f+g) Mice were lethally irradiated and subsequently reconstituted with 
bone marrow 7 weeks prior to UVB irradiation and TEWL measurements.  Data are mean +/- 
SEM, n = 6-8, and are representative of at least two independent experiments.  * = P < 0.05, ** = 
P < 0.01 Two-way ANOVA. 
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Figure 2.6: Tlr3-/- and Trif-/- mice show no barrier defect after chemical depilation or tape 
stripping barrier disruption. TEWL was measured in mice at hourly intervals after barrier 
disruption using a chemical depilatory reagent (a). n = 3. 2-way ANOVA. TEWL was measured 
in mice at hourly intervals after barrier disruption by tape stripping (b).  n = 6. Two-way 
ANOVA. Data are mean +/- SEM and are representative of at least three independent 
experiments. ns = P > 0.05. 
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Table 2.1: Desmosome and tight junction genes affected by Poly (I:C)-treatment.  Data in table 
represent real-time PCR and microarray fold change data from normal human epidermal 
keratinocytes (NHEK) treated with 1 µg/ ml Poly (I:C) versus control , water-treated NHEK.  * = 
P < 0.05, ** = P < 0.01, *** = P < 0.001 compared to control.  Two-tailed t-test.  SAM 
(Significance Analysis of Microarrays) is a statistical technique for finding significant genes in a 
set of microarray experiments.  Significant changes in gene expression were identified using the 
following filters: 1. False Discovery Rate of 0.01% and 2. Average fold change of ≥ 2. 
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Table 2.2:  Cytokine levels in mouse skin 24 hours after UVB exposure.  Data in table represents 
presence cytokines/chemokines present in mouse skin  24 hours after exposure to 5 kJ/m2 UVB. 
Mean values are pg of analyte/mg of mouse skin.  One-Way ANOVA. n = 3-5 mice/group.  P 
values are from One-Way ANOVA in comparison to WT  WT  group.  Abbreviations: SEM, 
standard error of the mean; N/A, not applicable. ND, not detectable. 
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CHAPTER 3: 

Scavenger receptor ligands stimulate expression of skin barrier repair genes 

 

 

Abstract 

 Infection or injury to the epidermis can cause cell lysis or necrosis, both of which release 

either exogenous viral and/or endogenous host RNA.  This RNA serves as a danger signal and is 

taken up by keratinocytes initiating an immune or barrier repair response.  How this RNA is taken 

up from the extracellular environment by keratinocytes is an unknown process.  Recent 

publications have demonstrated that scavenger receptors can facilitate entry of Poly (I:C) into 

airway epithelial cells.  For this reason we hypothesized that scavenger receptors on keratinocytes 

allowed uptake of dsRNA into keratinocytes in order to mount proper immune and barrier repair 

responses.  We observe that scavenger receptor ligands block Poly (I:C) induced inflammatory 

responses in keratinocytes but surprisingly, in addition to Poly (I:C), can stimulate increases in 

ABCA12, GBA, and SMPD1 mRNA.  Additionally knockdown of CD36, MARCO, or OLR1 

had no effect on Poly (I:C)-induced gene expression.  Msr1-/- mice do however display a skin 

barrier repair defect in response to tape-stripping.  These findings demonstrate an important role 

for scavenger receptors in skin barrier repair.   
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Introduction 

 Toll-like receptor 3 (TLR3) activation occurs when double-stranded RNA (dsRNA) binds 

endosomally localized TLR3 leading to activation of IRF3 and NF-κB signaling resulting in Type 

1 interferon and inflammatory cytokine expression [1]–[3].  TLR3 can recognize both exogenous 

viral sources of dsRNA [4] as well as endogenous dsRNA resulting from mechanical or UVB 

damage [5]–[8].  While these processes have been well described in numerous cell types, the 

mechanisms that traffic dsRNA to the endosome, however, have been incompletely defined.  

Additionally, recent studies have shown that TLR3 activation in keratinocytes induce a program 

of skin barrier repair characterized by increases in skin barrier repair genes, lipid accumulation 

and increases in lamellar bodies and organelles [9]. In this study we aimed to characterize the role 

of scavenger receptors in Poly (I:C)-induced gene expression of skin barrier repair genes in 

keratinocytes and how barrier repair is affected by mice lacking macrophage scavenger receptor 1 

(Msr1).   

In recent years, a number of studies have shown that scavenger receptors play a role in 

the uptake of dsRNA from the extracellular environment.  Scavenger receptors are a 

heterogeneous group of cell surface molecules that can bind numerous exogenous and 

endogenous ligands [10].  While these receptors were initially characterized by their ability to 

bind modified low density lipoproteins (LDLs) [11] and were observed to contribute to 

atherosclerosis [12]–[15], they have more recently been shown to have a broad range of functions 

including ability to recognize microbe associated molecular patterns (MAMPs) to help in 

pathogen clearance [16], [17],  recognize danger associated molecular patterns to help clear 

apoptotic cells (DAMPs) [18], [19], function in lipid transport [20], [21], and function as 

chaperones for cellular transport [22].  In keratinocytes, scavenger receptors have only briefly 

been described.  Scavenger receptor class B type I (SR-BI) has been shown to be important for 

cholesterol homeostasis in keratinocytes [23].  As cholesterol in an important component of the 
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skin barrier [24], [25], SR-B1 might also be important for skin barrier homeostasis.  Also more 

recently, it was observed that a scavenger receptor known as macrophage receptor with 

collagenous structure (MARCO) is an important mediator of herpes simplex virus 1 infection of 

keratinocytes [26].   

The epidermis is the site of constant assault from the environment and epidermal 

keratinocytes are in constant danger of infection and injury.  Viral infection can result in cell lysis 

and viral dsRNA can spill into the extracellular milieu [27].  Necrotic cell death following 

infection and injury can also cause extracellular release of host dsRNA [28], [29].  While it has 

been demonstrated that dsRNA is released from necrotic keratinocytes [5], no current research 

describes the uptake of extracellular dsRNA into keratinocytes.  The Macrophage scavenger 

receptor 1 (MSR1) [30], oxidized low-density lipoprotein receptor 1 (OLR1) [31], and SR-B1 

[31] have been observed to bind Poly (I:C), a synthetic dsRNA and facilitate its uptake into 

bronchial epithelial cells [30], [31].  Herein we demonstrated that scavenger receptor ligands 

unexpectedly induce skin barrier repair gene expression while blocking Poly (I:C)-induced 

inflammatory gene expression.  We also observe that knockdown of either CD36, MARCO or 

OLR1 is not sufficient to block Poly (I:C)-induced changes in gene expression.  Finally we show 

that mice deficient in Msr1 have a skin barrier repair defect.  These data demonstrate that 

scavenger receptors likely play an important role in skin barrier repair.   

 

Methods 

 Cell Culture and Stimuli.  NHEK were obtained from Cascade Biologics/Invitrogen. 

(catalog number: C-001-5C, Portland, OR), and grown in serum-free EpiLife cell culture media 

(Cascade Biologics/Invitrogen) containing 0.06 mM Ca2+ and 1 × EpiLife Defined Growth 

Supplement (EDGS, Cascade Biologics/Invitrogen) at 37 °C under standard tissue culture 

conditions. All cultures were maintained for up to eight passages in this media with the addition 
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of 100 U ml–1 penicillin, 100 μg ml–1 streptomycin, and 250 ng ml-1 amphotericin B.  Cells at 60-

80% confluence were treated with Poly (I:C) (Invivogen, San Diego, CA), dextran sulfate 

(Sigma-Aldrich, St. Louis, MO), fucoidan(Sigma-Aldrich, St. Louis, MO), oxidized LDL 

(Biomedical Technologies Inc, Stoughton, MA) and acetylated LDL (Biomedical Technologies 

Inc, Stoughton, MA) in 12-well flat bottom plates (Corning Incorporated Life Sciences, Lowell, 

MA) for up to 24 hours.   After cell stimulation, RNA was extracted using TRIzol reagent 

(Invitrogen, Carlsbad, CA). RNA was stored at −80°C.  

 

Quantitative real-time PCR.  Total RNA was extracted from cultured keratinocytes 

using TRIzol® Reagent (Invitrogen, Carlsbad, CA) and 1 ug RNA was reverse-transcribed using 

iScriptTM cDNA Synthesis Kit (Bio-Rad, Hercules, CA).  Pre-developed Taqman® Gene 

Expression Assays (Applied Biosystems, Foster City, CA) were used to evaluate mRNA 

transcript levels of ABCA12, GBA, SMPD1, TNF, TLR3, CD36, MARCO and OLR1.  GAPDH 

mRNA transcript levels were evaluated using a VIC-CATCCATGACAACTTTGGTA-MGB 

probe with primers 5’ CTTAGCACCCCTGGCCAAG-3’ and 5’-

TGGTCATGAGTCCTTCCACG-3’.  All analyses were performed in triplicate and representative 

of three to five independent cell stimulation experiments that were analyzed in an ABI Prism 

7000 Sequence Detection System.  Fold induction relative to GAPDH was calculated using the 

ΔΔCt method.  Results were considered to be significant if P < 0.05.   

 

siRNA knockdown.  TLR3, CD36, MARCO, OLR1 and control siRNA were purchased 

from Dharmacon (Chicago, IL).  One nanomole of each siRNA was electroporated into 3 x 106 

keratinocytes using Amaxa nucleofection reagents (VPD-1002) (Lonza AG, Walkersville, MD).   

Cells were plated after transfection.  24 hours later cells were split into 24-well plates.  48 hours 
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after transfection, cells were treated with Poly (I:C) for 24 hours longer.  RNA was then isolated 

and mRNA measured as previously mentioned.   

 

Transepidermal Water Loss.  Transepidermal water loss (TEWL) was measured using 

a TEWAMETER TM300 (C & K, Cologne, Germany).  TEWL was measured prior to, 

immediately after and at 1, 2, and 3 hours after tape stripping  barrier disruption.  Tape stripping 

was done 3-5 times per mouse in order to see a disruption yielding a TEWL value between 20-30 

g/hr/m2. 

 

Results 

 Scavenger receptor ligands stimulate skin barrier repair genes, while blocking Poly 

(I:C)-induced inflammatory gene expression.  As Poly (I:C) has been shown to be taken up 

from the extracellular environment of airway epithelial cells by a scavenger receptor dependent 

mechanism [30], [31], we wanted to test whether this process was involved in Poly (I:C)-induced 

skin barrier repair gene expression in keratinocytes.  Dextran sulfate (DS), a sulfated 

polysaccharide which has been shown to be a competitive inhibitor of scavenger receptors 

binding to LDL [32], was added to the media of normal human epidermal keratinocytes (NHEK) 

30 minutes prior to addition of Poly (I:C).  24 hours after addition of Poly (I:C), total RNA was 

harvested and mRNA abundance of ABCA12, GBA, TLR3 and TNF was measured.  Addition of 

DS to NHEK did not block expression of ABCA 12, GBA, or TLR3 (Figure 3.1a).  Addition of 

DS did however inhibit increases in TNF mRNA (Figure 3.1a).  Interestingly, addition of DS 

alone, induced dose dependent increases in ABCA12, GBA, and TLR3 while TNF mRNA levels 

were unaffected (Figure 3.1a).  Fucoidan (Fuc), another sulfated polysaccharide and inhibitor of 

Poly (I:C) induced scavenger receptor dependent uptake also caused increases in ABCA12, GBA 

and TLR3 mRNA while TNF levels were unaffected (Figure 3.1b).  Fuc treatment blocked Poly 
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(I:C) induced increases of TNF and TLR3 mRNA levels in a dose dependent manner though had 

no effect on Poly (I:C) induced increases in ABCA12 or GBA mRNA (Figure 3.1b).   

 Modified forms of low-density lipoprotein (LDL) are endogenous ligands that can be 

recognized and taken up into cells by scavenger receptors [10].  To determine if these modified 

LDLs act similarly to other scavenger receptor ligands, we pretreated NHEK with oxidized LDL 

(OxLDL) or acetylated LDL (AcLDL) for 30 minutes prior to treatment with Poly (I:C).  OxLDL 

and AcLDL induced dose dependent increases in mRNA for ABCA12 and GBA though did not 

have significant effects on mRNA for TNF or TLR3 (Figure 3.1c).  OxLDL and AcLDL blocked 

Poly (I:C)-induced increases in TLR3 and TNF mRNA though did not block Poly (I:C)-induced 

increases in ABCA12 or GBA (Figure 3.1c).   

 

 CD36, MARCO, or OLR1 is not required for dsRNA-induced changes in gene 

expression.  CD36, MARCO, and OLR1 are scavenger receptors known to be involved in 

binding and cellular uptake of modified LDLs [33]–[36] and we hypothesized could be involved 

in Poly (I:C) uptake into keratinocytes.  To determine whether specific scavenger receptors were 

important for Poly (I:C) uptake and subsequent induced gene expression changes, we used siRNA 

to knock down mRNA CD36, MARCO or OLR1 prior to Poly (I:C) treatment.  There was no 

significant effects on Poly (I:C)-induced gene expression of ABCA12, GBA, SMPD1, or TNF 

when either CD36, MARCO, or OLR1 was knocked down (Figure 3.2a).  In this experiment, 

siRNA knockdown of TLR3 (63.8%), CD36 (83.3%), MARCO (64.2%) and OLR1 (82.9%) were 

all significant (Figure 3.2b).  Poly (I:C) caused increases in OLR1 and TLR3 mRNA and 

decreased CD36 mRNA except for when CD36 was silenced (Figure 3.2c).  There was no 

observed effects of Poly (I:C) on MARCO mRNA levels (Figure 3.2c). 
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 Msr1-/- mice display a barrier repair defect after tape stripping.  Because scavenger 

receptor ligands induce expression of skin barrier repair genes, we wanted to determine whether 

mice that are deficient in the scavenger receptor Msr1, exhibited proper skin barrier repair.  WT 

and Msr1-/- were shaven and chemically depilated 96 hours before being tape-stripped to create a 

barrier disruption.  Transepidermal water loss (TEWL) measurements were taken at hourly 

intervals to assess barrier integrity before and after tape-stripping.  Msr1-/- mice displayed 

significantly higher TEWL levels than WT mice at 2 and 3 hours after initial tape-stripping skin 

barrier disruption (Figure 3.3).   

 

Discussion 

 Recent findings that TLR3 activation can stimulate a skin barrier repair program in 

keratinocytes [9] lead to the question of what other cellular mechanisms might play a role in 

recognizing dsRNA in an extracellular environment and how this dsRNA is trafficked to the 

endosome.  Because it was previously shown that multiple scavenger receptor ligands could block 

uptake of Poly (I:C) and the resulting inflammatory response [10], [30], [37] and that antibodies 

specific for MSR1 could also block Poly (I:C)-induced cellular responses [30],  we wanted to 

determine whether scavenger receptor uptake of Poly (I:C) was necessary for Poly (I:C)-induced 

barrier repair processes in keratinocytes.  Herein we show that numerous scavenger receptor 

ligands including DS, Fuc, as well as the modified LDLs, OxLDL and AcLDL, can stimulate 

numerous genes involved in skin barrier repair including ABCA12, GBA, and SMPD1.  Also 

very interestingly, these scavenger receptor ligands can block Poly (I:C)-induced increases in 

TNF and TLR3 mRNA although TLR3 mRNA levels were mildly but significantly increased by 

treatment with DS and Fuc.  This leads us to the belief that some signaling pathways either 

upstream or independent of TLR3 activation will likely lead to increases in skin barrier repair.  It 
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seems that scavenger receptor ligands block inflammatory signaling while stimulating barrier 

repair gene expression. 

Scavenger receptors have been shown to have numerous types of self ligands including 

lipoproteins, native proteins, modified proteins, lipids and dead cells or debris as well as 

microbial ligands such as bacteria, viruses, and fungi [10].   Downstream signaling of scavenger 

receptors has remained enigmatic, as most lack any identifiable signaling domains in their short 

cytoplasmic segments[10], though SRC family kinases have been shown to associate with CD36 

[10].  It is likely that scavenger receptors form complexes with other signaling molecules and 

although remain a necessary component of signaling are not sufficient on their own.  Future 

studies should focus on finding which proteins make up these putative signaling complexes.   

In order to assess the importance of specific scavenger receptors, we tested whether 

knockdown of these receptors with siRNA could block Poly (I:C)-induced increases in barrier 

repair genes.  Silencing  of CD36, MARCO, or OLR1, all which are expressed on human 

keratinocytes [26], [38]–[40], had no significant effect on Poly (I:C)-induced increases in 

ABCA12, GBA, SMPD1, or TNF mRNA.  While we still believe that scavenger receptor binding 

of dsRNA is important for cellular uptake and induction of skin barrier repair genes, it is likely 

that these specific receptors may be functionally redundant and only by knocking down all 

surface expression of scavenger receptors will lead to decreases in Poly (I:C)-induced expression 

of skin barrier repair gene mRNA.   

Finally we wanted to determine whether mice deficient in scavenger receptors had any 

deficit in skin barrier repair.  Herein we demonstrate that Msr1-/- mice have a clear deficiency in 

barrier repair, as they exhibit significantly higher transepidermal water loss than WT mice at 2 

and 3 hours after tape-stripping barrier disruption.  While this result was a bit surprising as 

knockdown of single scavenger receptors in vitro had no effect on Poly (I:C)-induced gene 

expression, it is possible that different scavenger receptors contribute differently to skin barrier 
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repair in different species.  It remains to be determined which scavenger receptors in humans are 

essential for dsRNA uptake and skin barrier repair.   

The field of keratinocyte scavenger receptor function is underexplored and much research 

remains to be performed in order to assess the importance of scavenger receptors in keratinocyte 

homeostasis and skin barrier repair.  A majority of the research on scavenger receptors has been 

done in macrophages and it remains to be seen whether similar signaling pathways are activated 

in keratinocytes following ligand binding.  Some scavenger receptors such as CD36 are only 

expressed on human keratinocytes during in psoriasis or other dysbiotic conditions suggesting a 

role for CD36 in maintaining keratinocyte homeostasis [38], [39].  The opposite result however is 

observed in response to treatment with Poly (I:C), as CD36 levels dropped and no significant 

changes in MARCO mRNA were observed.  OLR1 mRNA was the only scavenger receptor that 

we measured that showed significant increases after Poly (I:C) treatment.  Future studies should 

focus on the role of OLR1 in skin barrier repair its possible role in immunity.     
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Figure 3.1: Scavenger receptor ligands stimulate skin barrier repair genes, while blocking 
Poly (I:C)-induced inflammatory gene expression.  NHEK were cultured in the presence of 
either 0, 0.1, 1, or 10 µg/ml DS for 30 minutes before addition of either 0, 0.1 or 1 µg/ml Poly 
(I:C) for 24 h.  Real-time PCR was used to quantify mRNA levels and fold change values are 
calculated relative and normalized to GAPDH (a). NHEK were cultured in the presence of either 
0, 0.1, 1, or 10 µg/ml Fuc for 30 minutes before addition of either 0 or 1 µg/ml Poly (I:C) for 24 
h.  Real-time PCR was used to quantify mRNA levels and fold change values are calculated 
relative and normalized to GAPDH (b). NHEK were cultured in the presence of either 0, 0.1, 1, or 
10 µg/ml OxLDL or AcLDL for 30 minutes before addition of either 0, 0.1 or 1 µg/ml Poly (I:C) 
for 24 h.  Real-time PCR was used to quantify mRNA levels and fold change values are 
calculated relative and normalized to GAPDH (c). Data are mean ± SEM, n = 3, and are 
representative of at least three independent experiments. * = P < 0.05 compared to water control. 
τ = P < 0.05 compared to 1 µg/ml Poly (I:C). π = P < 0.05 compared to 1 µg/ml Poly (I:C). Two-
tailed student’s T-test. 
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Figure 3.2: CD36, MARCO, or OLR1 is not required for dsRNA-induced changes in gene 
expression.  (a-c) CD36, MARCO, or OLR1 was silenced in NHEK for 48 h before treatment 
with 1 µg/ml Poly (I:C) for 24 h. Real-time PCR was used to quantify mRNA levels and fold 
change values are calculated relative and normalized to GAPDH expression. *P < 0.05. **P < 
0.01. Two tailed T-test. Data are mean ± SEM, n = 3, and are representative of at least three 
independent experiments.  
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Figure 3.3: Msr1-/- mice display a barrier repair defect after tape stripping.  TEWL was 
measured in mice at hourly intervals prior to and after barrier disruption by tape stripping n = 3-4 
mice. Two-way ANOVA. ns = P > 0.05. *P < 0.05. **P < 0.01.  Data are mean +/- SEM and are 
representative of at least two independent experiments.  
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CHAPTER 4: 

Interleukin-1 receptor is important in maintaining skin homeostasis in response to 

ultraviolet B radiation 

 

 

Abstract 

 UVB damage to the skin can lead to the release of interleukin-1 and activation of 

interleukin-1 receptor dependent pathways that stimulate inflammation and leads to infiltration of 

myeloid derived inflammatory cells.  While this inflammatory cascade is necessary for proper 

repair to damaged tissue, improper activation of these pathways can lead to different 

inflammatory diseases or contribute to carcinogenesis.  Herein we show that Il1r-/- mice develop 

dermal hair cysts after chronic UVB exposure and that their skin contains significantly fewer 

macrophages than WT mouse skin.  We also demonstrate that IL-1R signaling is required for 

barrier disruption after UVB exposure in mice, though does not significantly contribute to the 

upregulation of Poly (I:C)-induced skin barrier repair genes, an in vitro model for UVB-induced 

keratinocyte damage.  These observations show that IL-1R signaling maintains homeostasis in 

skin following UVB exposure.   
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Introduction  

 Interleukin-1 receptor (IL-1R) signaling plays in important role in the response to cellular 

damage and infection in the host [1].  Ultraviolet B (UVB) damage to keratinocytes induces the 

release of IL-1α [2], [3]  as well as activation and release of IL-1β, which is processed from its 

pro-form following activation of the inflammasome by UVB-induced cellular damage [4]–[6].  

Recent studies have shown that TLR3 activation by UVB damage also modulates inflammation in 

the skin [7], [8] and that barrier repair processes are also stimulated by TLR3 activation [9].  In 

contrast to these beneficial processes, a number of inflammatory pathways in the skin have been 

linked to a role in skin carcinogenesis.  It has been shown that IL-1R and myeloid differentiation 

primary response gene 88 (MYD88), a downstream signaling molecule of IL-1R, are required for 

the appearance of tumors in a DMBA/TPA carcinogenesis model [10].  It has also been shown 

that IL-10, which is an important factor linked to immunosuppression leading to skin 

carcinogenesis, is essential for the formation of UVB-induced tumors in a UVB-skin cancer 

model [11].  In this study we aimed to determine the roles of both TLR3 and IL-1R in UVB-

induced skin cancer.    

 Although our experiments yielded no tumor growth or insight into whether IL-1R or 

TLR3 are important in UVB-induced carcinogenesis, we found that Il1r-/- mice developed dermal 

hair cysts following 4-6 months of chronic UVB exposure while WT mouse skin was free of 

these cysts.  The role of IL-1R in hair growth remains to be elucidated, though many past studies 

have shown that IL-1R activation may influence hair growth.  It has been shown that both IL-1α 

[12] and IL-1β [13] can inhibit hair growth in vitro.  It has also been observed that patients with 

alopecia areata, a disease characterized by round patches of hair loss on the scalp or other parts of 

the body [14], have higher levels of IL-1β mRNA [15] and may have mutations in IL-1R 

antagonist (IL-1RA), a negative regulator of IL-1R signaling [16].    
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 Acute effects of UVB exposure include sunburn which has recently been shown to be 

mediated by TLR3 signaling [8].  As IL-1R also is stimulated by UVB exposure [6], we 

investigated the acute effects of UVB on skin homeostasis.  Herein we find that UVB-induced 

skin barrier disruption is delayed and dampened in Il1r-/- mice although the transcripts for the 

inflammatory cytokines Tnf and Il6 were increased.  In vitro studies showed no significant 

changes in the skin barrier repair genes transglutaminase 1 or acid sphingomyelinase when 

keratinocytes were treated with IL-1R ligands.  These findings demonstrate that IL-1R signaling 

plays a key role in maintaining homeostasis in the skin following UVB exposure though may not 

directly stimulate skin barrier repair.   

 

Methods 

 Mice.  Sex-matched C57BL/6 wild-type controls, male and female TLR3-deficient mice 

on a C57BL/6 background, and IL-1R-deficient mice on a C57BL/6 background were housed at 

the University Research Center at the University of California, San Diego (UCSD). All animal 

experiments were approved by the UCSD Institutional Animal Care and Use Committee.  

 

UVB induced carcinogenesis/cyst formation.  12 week old WT, Tlr3-/-, and Il1r-/- mice 

were dorsal hair was shaven and further removed using a chemical depilatory reagent.  96 hours 

later mice were exposed to 2 kJ/m2 narrowband UVB (312 nm).   This exposure was continued 3 

times per week for four weeks.  After 4 weeks the dose was increased to 5 kJ/m2 for the 

remaining 5-6 months of the experiment.  Mice were checked 3 times a week for growths.  At 

conclusion of experiment, mice were sacrificed and skin samples were fixed in 4% 

paraformaldehyde prior to histological analysis.   

 

 Immunohistochemistry and Histology.  Skin samples were paraffinized and cut in 5 µm 
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sections.  Hematoxylin and eosin staining was performed following deparaffinization using 

xylenes and graded ethanol washes.  Immunostaining was performed using antibodies 

recognizing keratin-10 (Thermo Scientific; MS-611-P0; 1:50 dil, mouse), trichohyalin (Santa 

Cruz; sc80607; 1:50 dil, mouse), pan-cytokeratin (Santa Cruz; sc57012; 1:100 dil, mouse), p63 

(Thermo Scientific; MS-1084-P0; 1:100; mouse), keratin 14 (Thermo Scientific; PA1-

38001;1:100, rabbit), and Sox-9 (Millipore; AB5335; 1:100; rabbit) were performed following 

deparaffinization, antigen retrieval and blocking.  Antigen retrieval was performed in 1 mm 

EDTA (pH 8.0) for 20 minutes at 95°C in a water bath.  M.O.M. Immunodetection kit (Vector) 

was used according to manufacturer’s protocol to block detection of endogenous mouse IgG.  

Endogenous Biotin blocking kit (Life Technologies) was also used per manufacturer’s 

instructions.   Sections were then incubated for 30 minutes in primary antibodies.  After washing 

biotinylated anti-mouse IgG (or anti-rabbit IgG) were added per manufacturer’s instructions 

(Vector).  Avidin-Alexa Fluor® 488 conjugate (Life Technologies; A-21370; 1:1000) was used to 

detect primary/secondary antibody complex.   

 Fontana-Masson staining was performed according to manufacturer’s instructions 

(American MasterTech).  Slides were cleared in xylene and mounted in DPX mounting medium.  

For immunohistochemistry (IHC), sections were deparaffinized using xylene and rehydrated 

using graded alcohols.  Antigen retrieval was performed in a 95°C-100°C bath for 20 minutes 

with pH 6.0 citrate buffer.  All sections were then washed three times with 0.05% PBS-Tween 

(PBST), and blocked with 10% normal goat serum in PBST for 30 minutes to block nonspecific 

antibody binding.  Sections were then incubated overnight with primary antibody at 4°C (αRXRα, 

Santa Cruz, 1:50 dil., rabbit;  αMAC1; or αTYRP1, NIH (kindly provided by V. Hearing), 1:1000 

dil., rabbit).  Primary antibody incubation was followed by three washes with PBS-Tween before 

addition of either biotin or fluorophore-conjugated secondary antibodies, which were incubated 

on the sections for 2 hours at room temperature.  For fluorescent IHC, nuclei were counterstained 
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with DAPI (200 ng/mL) for 10 minutes at room temperature.  For chromogenic IHC, sections 

were incubated with streptavidin-horseradish peroxidase (Vector Laboratories) for 30 minutes at 

room temperature, signal developed with DAB peroxidase substrate kit (Vector Laboratories), 

and counterstained with hematoxylin (1:1 in H20) for 15 minutes at room temperature.  Finally, 

sections were rinsed with PBST (fluorescent IHC) or running tap water (chromogenic IHC), 

dehydrated through sequential alcohol washes and then cleared in xylene.  Slides were mounted 

with DPX mounting medium.  Sections stained without primary antibody was used as negative 

controls, and all experiments were performed in triplicates.   

 

 Imaging and Quantitation of Histological and IHC Experiments.  Bright field images 

were captured with a Leica DME light microscope using the Leica Application Suite software, 

version 3.3.1.  Fluorescent images were captured using a Zeiss AXIO Imager.Z1 with a digital 

AxioCam HRm and processed using AxioVision 4.8 and Adobe Photoshop.  Quantifications of 

cell labeling were performed by randomly choosing multiple fields imaged from several replicate 

animals in each group and counting cells using ImageJ software (NIH).  All slides were analyzed 

independently in a double-blinded manner by two investigators and significance was determined 

using a Student’s two-tailed t-test as calculated by GraphPad Prism software. 

 

 UVB induced barrier disruption.  12 week old WT and Il1r-/- mice were shaven and 

dorsal hair was chemically depilated.  96 hours later, mice were exposed to 0.5 kJ/m2 narrowband 

UVB (312 nm).  Transepidermal water loss (TEWL) was measured using a TEWAMETER 

TM300 (C & K, Cologne, Germany) to assess skin barrier disruption.  TEWL was measured prior 

to UVB barrier disruption and every 24 hours for 7 days.  For mice treated with 
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cyclophosphamide, animals were given 300mg/kg of cyclophosphamide 48 hours prior to UVB 

exposure.  Cyclophosphamide was injected into the peritoneum.   

 

Cell culture and stimuli.  NHEKs were obtained from Cascade Biologics/Invitrogen 

(catalog number: C-001-5C; Portland, OR), and grown in serum-free EpiLife cell culture media 

(Cascade Biologics/Invitrogen) containing 0.06 mM Ca 2+ and 1 × EpiLife Defined Growth 

Supplement (EDGS, Cascade Biologics/Invitrogen) at 37 °C under standard tissue culture 

conditions. All cultures were maintained for up to eight passages in this medium with the addition 

of 100 U ml−1 penicillin, 100 μg ml–1 streptomycin, and 250 ng ml −1 amphotericin B. Cells at 60–

80% confluence were treated with either Poly (I:C) (1 μg ml −1; Invivogen, San Diego, CA),  

recombinant human IL-1α (2.5 ng/ml or 25 ng/ml; R&D, Minneapolis), or IL-1β (2.5 ng/ml or 25 

ng/ml; R&D, Minneapolis) in 12-well flat-bottom plates (Corning Incorporated Life Sciences, 

Lowell, MA) for up to 24 hours. After cell stimulation, RNA was extr acted using TRIzol reagent 

(Invitrogen, Carlsbad, CA). RNA was stored at −80 °C. 

 

Quantitative real-time PCR.  Total RNA was extracted from cultured keratinocytes 

using TRIzol Reagent (Invitrogen) and 1 μg RNA was reverse -transcribed using iScript cDNA 

Synthesis Kit (Bio-Rad, Hercules, CA). Pre-developed Taqman Gene Expression Assays 

(Applied Biosystems, Foster City, CA) were used to evaluate mRNA transcript levels of human 

SMPD1, TGM1, TNF, IL-6, IL-1R, TLR3 and mouse Abca12, Tgm1, Gba, Tnf, Il6, Edn1, Hgf, 

Mc5r, Egf, Egfr, Kit, Kitl and Gapdh. Glyceraldehyde-3-phosphate dehydrogenase mRNA 

transcript levels were evaluated using a VIC-CATCCATGACAACTTTGGTA-MGB probe with 

primers 5′ -CTTAGCACCCCTGGCCAAG-3′ and 5′-TGGTCATGAGTCCTTCCACG-3′. All 

analyses were performed in triplicate and were representative of two to three independent cell 
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stimulation experiments that were analyzed in an ABI Prism 7000 Sequence Detection System 

(Life Technologies, Carlsbad, CA). Fold induction relative to glyceraldehyde-3-phosphate 

dehydrogenase was calculated using the ΔΔCt method. Results were considered to be significant 

if P<0.05.  

 

siRNA knockdown.  TLR3, IL-1R, and control siRNA were purchased from Dharmacon 

(Chicago, IL). One nanomole of each siRNA was electroporated into 3 x 106 keratinocytes using 

Amaxa nucleofection reagents as previously described [9] (VPD-1002) (Lonza AG, Walkersville, 

MD).   

 

Results 

 Chronic UVB exposure induces dermal cysts in Il1r-/- mice.  It has been observed that 

inflammation involved with Myd88-dependent signaling pathways are important for cutaneous 

carcinogenesis [10].  It has also been observed that IL-10, an important mediator of UV-induced 

immunosupression,  is required in the skin for UVB-induced carcinogenesis [11].  As TLR3 

activation has been shown to be an important source of inflammation in the skin following UVB 

exposure [7], [8], we hypothesized that TLR3 activation was important to UVB-induced 

carcinogenesis in the skin.  As IL-1α is also released in the skin following UVB exposure [17], 

[18], we wanted to confirm the results of previous cutaneous carcinogenesis studies to determine 

if IL-1R is important to UVB-induced carcinogenesis as previous studies demonstrated its 

necessity a 2-stage chemical carcinogenesis model.  As TLR3 and IL-1R signaling are both 

proinflammatory pathways and it has been shown that a proinflammatory stimulus is needed for 

cutaneous carcinogenesis [10], we hypothesized that both Tlr3-/- and Il1r-/- mice would develop 

fewer tumors than WT mice.  In order to test our hypothesis, we exposed back skin of WT, Tlr3-/- 

and Il1r-/- mice to 2 kJ/m2 narrowband UVB (312 nm), 3 times a week for 4 weeks, followed by 5 
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kJ/m2 for another 5-6 months.  After 184 days, 77% (10 out of 13) of Il1r-/- mice had palpable 

skin growths while only 6% of WT mice had palpable skin growths (Figure 4.1a).  Beginning at 

126 days after UVB exposure, Il1r-/- mice had significantly more palpable growths per mouse 

than WT mice (Figure 4.1b) and this amount increased until termination of the study.  Tlr3-/- mice 

however, did not show any difference in appearance of palpable growths (10%; 1 out of 10)  than 

WT mice (12.5%; 2 out of 16) (Figure 4.1c) and did not have a significant difference in number 

of palpable growths per mouse than WT mice (Figure 4.1d).   

 Histological examination by a dermatopathologist of the growths of these mice showed 

that none of the growths were in fact cancerous tumors.  Some hyperplasia of the epidermis was 

revealed though the majority of the growths were characterized as dermal cysts (Figure 4.2a) in 

the Il1r-/- mice.  As these cysts appeared to possibly be of hair follicle in origin, we stained for the 

hair markers, trichohyalin and pan-cytokeratin.  These cysts stained positive for both trichohyalin 

(Figure 4.2c) and pan-cytokeratin (Figure 4.d).  In WT mice hair follicles can be seen to stain 

positive for both trichohyalin (Figure 4.2c) and pan-cytokeratin (Figure 4.d).  The epithelial cells 

surrounding the cysts also stained positive for the keratinocyte differentiation marker keratin-10 

(Figure 4.2b).  To test the hypothesis that outer root sheath progenitor cells may be failing to die 

after UVB damage, we stained for marker of the outer root sheath in these dermal cysts.  Cysts 

from Il1r-/- mice stain positive for p63 (Figure 4.3b), keratin-14 (Figure 4.3c), and Sox-9 (Figure 

4.3d).   

 

Il1r-/- mice have fewer cutaneous macrophages following chronic UVB exposure.  

The Indra Lab has previously shown a similar phenotype in RXRα-deficient mice following 

chronic UVB treatments (unpublished data not shown).  They report the appearance of dark 

colored epidermal cysts in RXRα-deficient mice following chronic UVB.  To test whether these 

pathways might be connected, we stained for levels of RXRα in WT and Il1r-/- mice.  Similar 
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staining was observed in dorsal skin of WT and Il1r-/- mice that were chronically exposed to UVB 

(Figure 4.4).  Because a majority of these cysts were darkly pigmented, we wanted to determine 

whether there were differences in melanocytes in the skin of these mice.  Staining for tyrosinase-

related protein 1 (TYRP1), a marker for melanocytes, revealed no significant differences of either 

epidermal, dermal, or total melanocytes (Figure 4.5a and 4.5b).  Staining for melanin, a marker of 

differentiated melanocytes also revealed no significant differences between WT and Il1r-/- mice 

(Figure 4.5c and 4.5d).  Staining for macrophage-1 antigen (MAC1), revealed that Il1r-/- mice had 

significantly fewer macrophages present in the skin after chronic UVB exposure (Figure 4.6).   

 

Il1r-/- mice have fewer cutaneous macrophages following chronic UVB exposure 

than WT mice.  Because chronic doses of UVB had a significant effect on Il1r-/- mice, we 

wanted to determine if acute effects of UVB exposure could also be measured in these mice.  We 

exposed WT and Il1r-/- mice to an acute low dose of UVB (0.5 kJ/m2) and measured 

transepidermal water loss over 7 days to assess barrier disruption and repair processes.  We 

observed that barrier disruption in Il1r-/- mice was significantly lower than WT mice at 2 and 3 

days after initial exposure (Figure 4.7a).    A similar result is observed when WT mice are first 

injected with 300mg/kg cyclophosphamide, a chemotherapy reagent that kills myeloid derived 

inflammatory cells, 48 hours before exposure to UVB (Figure 4.7b).  We next looked at gene 

expression of a number of skin barrier, inflammatory, and growth factor genes to determine 

whether transcriptional differences are present after acute UVB exposure.  No significant changes 

were seen in Abca12 or Tgm1 transcript levels between up to three days after UVB exposure 

(Figure 4.8a+b), although Gba levels were elevated at day 3 in Il1r-/- mice (Figure 4.8c).  Both 

Tnf and Il6 transcript levels were significantly higher in Il1r-/- mice at day 3 after UVB exposure 

(Figure 4.8d+e).  Endothelin 1(Edn1), hepatocyte growth factor (Hgf), melanocortin 5 receptor 

(Mc5r), epidermal growth factor (Egf), and epidermal growth factor receptor (Efgr) transcript 
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levels were not significantly different between WT and Il1r-/- mice (figure 4.8g-j).  Transcript 

levels of both stem cell growth factor receptor (Kit) or stem cell factor (Kitl) were both 

significantly higher in Il1r-/- mice at day 3 (Figure 4.8k+l).   

 

IL-1R is not required for induction of Poly (I:C)-induced skin barrier gene 

expression.  As IL-1R activation looks to be in important factor in UVB-induced skin barrier 

disruption and is also activated following UV exposure to keratinocytes [1], [6], we wanted to 

investigate whether it played a role in skin barrier repair.  We first tested whether ligands for IL-

1R signaling could induce expression of skin barrier repair genes.  NHEK were treated for 24 

hours with either IL-1α or IL-1β and expression of inflammatory and skin barrier repair genes 

was examined by real time PCR.  IL-1α had no significant effect on SMPD1, TGM1, TLR3, 

TNF, IL-6 or IL-1R transcript levels (Figure 4.9a-f).  IL-1β caused significant increases in TGM1 

at the 25 ng/ml dose and caused small but insignificant increases in SMPD1, TNF, IL-6, and IL-

1R (Figure 4.9a-f).  We then wanted to determine whether knockdown of IL-1R had any effect on 

Poly (I:C)-induced skin barrier gene expression.  While TLR3 knockdown caused significant 

decreases in SMPD1, TGM1, TLR3, TNF, IL-6 and IL-1R transcripts after Poly (I:C) treatment 

(Figure 4.10a-f), IL-1R knockdown had no effect on Poly (I:C)-induced changes in SMPD1, 

TGM1, TLR3, TNF, and IL-6(Figure 4.10a-e).  Poly (I:C)-induced increases in IL-1R were 

significantly lower when IL-1R was knocked down (Figure 4.10f).   

 

Discussion  

IL-1R plays a critical role in inflammation in the skin following damage or UVB 

exposure [19]–[21].  In this study we demonstrate that IL-1R signaling may play an important 

role in regulating hair growth following chronic UVB exposure, as dermal cysts that stain 

positive for hair follicle markers appear in chronic UVB treated skin of Il1r-/- mice.  While IL-1R 
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signaling may not contribute to skin barrier repair, it appears that it plays an important role in skin 

barrier disruption following UVB exposure.  IL-1α fails to increase skin barrier repair genes, 

while IL-1β may have an effect on skin barrier repair genes.  Poly (I:C)- or UVB-induced 

increases in skin barrier repair genes are not dependent on IL-1R activation by evidence of 

siRNA knockdown and genetic deletion of IL-1R, respectively.  The observed lack of 

macrophage infiltration into the UVB-treated skin of Il1r-/- mice may serve as a clue as to why 

hair cysts develop in Il1r-/- mice or why barrier disruption fails to occur to the level we observe in 

WT mice.   

A number of studies in the early 1990s showed that  IL-1R signaling had inhibitory 

effects on hair growth [12], [13], [22], [23].  It was observed that both IL-1α [12] and IL-1β [13] 

had inhibitory effects on in vitro hair follicle growth.  It has also been observed that elevated IL-

1β mRNA levels are present in patients with alopecia areata [15], [23], a disease associated with 

hair loss to the scalp and body with an unknown etiology though an autoimmune mechanism 

related to improper activation of T lymphocytes has been proposed [14].  Interestingly, it has also 

been shown that a polymorphism in interleukin-1 receptor antagonist (IL-1RA), a negative 

regulator of IL-1R signaling, is associated with disease severity in patients with alopecia areata 

[16].  Additionally, although UV treatments are common for a number of dermatological 

conditions, both UVA- [24] and UVB-treatments [25] fail to stimulate hair growth in patients 

with alopecia areata.  IL-1R is also present in distinct compartments of hair follicles during 

different stages of hair growth and is used to distinguish these different stages [26].  Based on this 

evidence and what we have observed in these studies, IL-1R likely plays an important role in hair 

growth following UVB damage.  If excessive IL-1R signaling may be causing loss of hair in 

patients with alopecia areata by some type of negative regulatory mechanism on hair follicle 

growth, it is possible that a lack of IL-1R may cause improperly regulated signals that lead to the 

appearance of the dermal hair cysts that we observe in chronic UVB-treated Il1r-/- mice.  Future 
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research should focus on the specific parts of the hair growth cycles that are regulated by IL-1R 

signaling and how this is affected by UVB exposure.   

IL-1R signaling provides an important stimulus to recruit neutrophils and macrophages to 

the site of injury [5], [27].  As we observe a lack of macrophages in chronic UVB-treated skin of 

Il1r-/- mice, it is possible that macrophages play a role in controlling hair growth.  Future studies 

should examine whether other inflammatory cells types such as neutrophils or T cells are present 

in UVB-treated skin of Il1r-/- mice.  Bone marrow reconstitution studies with WT and Il1r-/- mice 

would better elucidate the mechanism behind the appearance of these dermal hair cysts.  

Examination of the skin of Il1r-/- mice that had been treated with an acute low dose of UVB 

(0.5kJ/m2) showed elevated levels of the inflammatory cytokines Il6 and Tnf, as well as increases 

in Kit and Kitl.  It remains to be tested whether these increases in these mRNA transcripts have 

an effect on the growth of dermal hair cysts.    

While IL-1R may play in important role in recruitment of myeloid derived inflammatory 

cells to the skin after UVB exposure, this appears to have a detrimental effect on barrier 

disruption.  As we observe little increase in TEWL levels in Il1r-/- mice after acute UVB 

exposure, it appears that IL-1R activation provides an important signal that causes skin barrier 

disruption.  A similar phenotype is seen in mice that have been treated with cyclophosphamide, a 

chemotherapy drug that has also been used heavily as an immunosuppressive agent as it is able to 

kill rapidly dividing cells such as bone marrow derived immunocytes [28].  Previous studies of 

UVB-induced barrier disruption demonstrated that T cells were essential for UVB-induced barrier 

disruption, as athymic mice did not show increases in TEWL after UVB-exposure [29]. They also 

observed that by treating mice with cyclosporine A, an anti-inflammatory reagent that blocks T 

cell and keratinocyte derived cytokine production [30], [31] including IL-1α, one could block 

UVB-induced increases in TEWL [29].  It appears as though IL-1R signaling is important for 

UVB-induced barrier disruption, though may not have a significant effect on barrier repair, as IL-
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1R ligands do not significantly increase skin barrier repair gene expression at levels found in the 

body.  We also demonstrate that Poly (I:C)-induced skin barrier repair gene expression increases, 

which models keratinocytes responses following release of endogenous RNA following cellular 

damage, are not dependent on IL-1R signaling.   

Inflammatory signaling is an essential to proper resolution of infection and injury.  

Although excessive inflammation can exacerbate a number of dermatological conditions as well 

as promote carcinogenesis, it is required to properly heal.  Future studies must focus on specific 

inflammatory responses to different stimuli as well as which cell type in the skin, whether it be 

keratinocytes, or any of the other minority cell types that reside in or are recruited to the skin 

following specific inflammatory signals.  A deeper understanding of these processes will likely 

lead to better treatments for dermatological conditions and decrease the morbidity and mortalities 

associated with excessive UV exposure and inflammation in the skin.    
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Figure 4.1: Chronic UVB induces cutaneous growths in Il1r-/- mice.   (a-d) WT, Il1r-/- and 
Tlr3-/- mice were exposed to 2 kJ/m2 UVB 3X/week for 4 weeks and then 5 kJ/m2 UVB 3X/week 
for the remainder of the experiment.  Mice were checked for palpable skin growths twice a week.   
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Figure 4.2: Cutaneous growths in chronic UVB-treated in Il1r-/- mice are dermal cysts that 
stain positive for epidermal and hair markers.  Growths or dorsal back skin was taken from 
WT and Il1r-/- mice at conclusion of experiment and stained with  (a) hematoxylin and eosin or 
immunostained for either  (b) keratin 10, (c) trichohyalin, or (d) pan-cytokeratin.  Bright staining 
represents antibody of interest.  Samples were counterstained with DAPI.   
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Figure 4.3: Cutaneous growths in chronic UVB-treated in Il1r-/- mice are dermal cysts that 
stain positive for outer root sheath markers.  Growths or dorsal back skin was taken from WT 
and Il1r-/- mice at conclusion of experiment and stained with  (a) hematoxylin and eosin or 
immunostained for either  (b) p63 10, (c) keratin 14, or (d) sox-9.  Bright staining represents 
antibody of interest.  Samples were counterstained with DAPI.   
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Figure 4.4:  No differences in RXRα staining in chronic UVB treated WT and Il1r-/- mice.  
Dorsal skin of WT and Il1r-/- mice was stained for RXRα.  Samples were counterstained with 
hematoxylin.  Scale bar = 100 µm.  E, epidermis; D, dermis. Dotted line represents 
dermal/epidermal border.   
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Figure 4.5:  No differences in melanocytes in chronic UVB treated WT and Il1r-/- mice.  
Dorsal skin of WT and Il1r-/- mice was stained for (a) TYRP1 or (c) melanin.  Melanocytes were 
quantitated using imageJ software (b,d).  Samples were counterstained with hematoxylin.  Scale 
bar = 50 µm.  E, epidermis; D, dermis. Dotted line represents dermal/epidermal border.  Student’s 
t-test. 
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Figure 4.6: Il1r-/- mice have fewer cutaneous macrophages following chronic UVB exposure.  
Dorsal skin of WT and Il1r-/- mice was stained for (a) MAC1 and TYRP1 and then (b) quantitated 
using imageJ software.  Samples were counterstained with DAPI. Student’s t-test.  
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Figure 4.7: Il1r-/- mice show display less barrier disruption after acute UVB exposure than 
WT mice. (a) Mice were exposed to single dose of 0.5 kJ/m2 UVB and TEWL was measured 
every 24 hours for 7 days.  n = 5-6. (b) Mice were injected with cyclophosphamide prior to being 
exposed to a 0.5 kJ/m2 dose of UVB and TEWL was measured every day for 9 days.  n= 10. *** 
= P < 0.001. 2-way ANOVA.   
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Figure 4.8: Differences in gene expression in acute UVB-treated WT and Il1r-/- mice.  Dorsal 
skin of WT and Il1r-/- mice was exposed to 0.5 kJ/m2 narrowband UVB (312 nm).  Full thickness 
biopsies were taken at 0,1,2, and 3 days after UVB exposure and real time PCR was used to 
quantify mRNA levels and fold change values are calculated relative and normalized to Gapdh.   
* = P < 0.05. ** = P < 0.01. *** = P < 0.001. 2-way ANOVA.  n = 3. 
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Figure 4.9: IL1R ligands have little to no significant effect on skin barrier genes.  NHEK 
were cultured for 24 hour in the presence of either Poly (I:C),  IL-1α, or IL-1β for 24 hours.  
Real-time PCR was used to quantify mRNA levels and fold change values are calculated relative 
and normalized to GAPDH.   *P < 0.01. **P < 0.01. ***P < 0.001.  One-way ANOVA. Data are 
mean ± SEM, n = 3, and are representative of at least three independent experiments. 
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Figure 4.10: IL1R knockdown has no effect on skin barrier repair gene expression.  IL1R or 
TLR3 was silenced in NHEK for 48 h before treatment with 1 µg/ml Poly (I:C) for 24 h. Real-
time PCR was used to quantify mRNA levels and fold change values are calculated relative and 
normalized to GAPDH expression. *P < 0.05.  One-tailed T-test. Data are mean ± SEM, n = 3, 
and are representative of at least three independent experiments.  
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CONCLUSION 

 The skin serves as the body’s first line of defense against the environment.  It withstands 

a constant assault by pathogenic microbes, ultraviolet radiation, desiccating atmospheric 

conditions, and physical damage to prevent bodily harm.  In addition to serving as a protective 

barrier, it also serves as an environment for commensal bacteria that in turn contribute to the 

protective capacity of the skin, both producing antimicrobial molecules and occupying niches that 

prevent colonization by pathogenic bacteria.   Damage to the skin, originating from infection or 

injury, stimulates common pathways that lead to both an immune response as well as a skin 

barrier repair response.  Though past manuscripts have described the dual immunological and 

permeability barriers of the skin as originating from distinct pathways, more recent research has 

shown that these pathways are linked and that common stimuli promote both an immunological 

as well as a permeability barrier repair response.    

The aim of the research conducted and presented in this thesis was to determine whether 

pattern recognition receptors contributed to skin permeability barrier homeostasis.  The canonical 

function of pattern recognition receptors had previously been described a means of recognizing 

infectious microbes and mounting an immune response.  We had initially hypothesized that due 

to the skin’s proximity to numerous commensal and possibly pathogenic microbes, that 

recognition of these microbes by pattern recognition receptors in the epidermis could stimulate 

keratinocyte differentiation.  Though we determined that TLR stimulation didn’t affect epidermal 

differentiation, we discovered that TLR3 activation in keratinocytes promotes skin barrier repair.  

We observe that numerous genes essential for skin barrier repair are upregulated in keratinocytes 

following treatment with dsRNA.  We also observe increases in epidermal lipids, lamellar bodies, 

and keratohyalin granules following treatment with dsRNA.  We also determined that 

endogenous sources of dsRNA can activate TLR3-dependent skin barrier repair pathways in the 

epidermis.  This can occur when UVB-damage to keratinocytes causes necrosis, which results in 
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release of endogenous RNA, and can serve as an activator of TLR3.  These noncoding, 

endogenous ssRNAs form double-stranded regions which are then able to activate TLR3.   Most 

importantly, we demonstrate that skin barrier repair following UVB exposure in Tlr3-/- mice is 

delayed and that TLR3 on both epithelial and myeloid derived cells are essential for proper skin 

barrier repair.  The work contained in this thesis describes how TLR3, long described as a pattern 

recognition receptor recognizing viral dsRNA, can recognize RNA from damaged cells and 

promote skin barrier repair.   

In Chapter 1, we describe how activation of TLR3 in keratinocytes can promote a 

program of skin barrier repair.  We had initially tested numerous TLR ligands to assess their 

ability to activate differentiation markers, though showed that only Poly (I:C), a ligand of TLR3, 

could stimulate ABCA12, a lipid transporter important for proper skin barrier formation and 

permeability barrier repair.  We initially also measured transcripts of structural components of the 

epidermis including keratin 10, involucrin and filaggrin, though saw that these genes which are 

markers of epidermal differentiation did not change following treatment with Poly (I:C).  As 

ABCA12 had been shown to be important for trafficking epidermal lipids during keratinocyte 

differentiation and skin barrier repair, we hypothesized that Poly (I:C) might affect lipid 

metabolism in keratinocytes.  To determine whether other genes in lipid metabolism pathways 

were affected in keratinocytes after exposure to dsRNA, we performed a microarray analysis, 

exploring global changes in gene expression.  As we had hypothesized, the microarray analysis 

identified pathways in epidermal lipid metabolism including glycosphingolipid biosynthesis, 

sphingolipid metabolism, glycerophospholipid metabolism, ABC transporters, biosynthesis of 

unsaturated fatty acids, fatty acid metabolism, glycerolipid metabolism, and lineoleic acid 

metabolism as being important after dsRNA treatment of keratinocytes.    

While a number of these lipid metabolism pathways are important during keratinocyte 

differentiation, they are highly upregulated following skin barrier disruption.  Skin barrier 



136 
 

 
  

disruption research was a very active field of study during the 1990s though the mechanisms that 

regulated skin barrier repair had been identified as being dependent on calcium gradients that 

exist within the epidermis.  Disruption of this gradient stimulated skin barrier repair, which is 

characterized by rapid trafficking of lamellar bodies to the stratum corneum where specialized 

epidermal lipids and other components important for skin barrier repair were released in order to 

restore permeability barrier function.  These rapid changes were accompanies by increased lipid 

synthesis during the following days in order to replenish the contents of lamellar bodies.  

Disruption of the calcium gradient by means that did not disrupt the permeability barrier 

mimicked the results of barrier disruption.  Additionally, barrier disruption followed by 

application of an occluding membrane to the skin, as to prevent water loss and thus maintain the 

calcium gradient, blocked the traditionally observed barrier repair response.   

For this reason, we proposed that TLR3 activation may present an alternative mechanism 

to stimulate skin barrier repair in the absence of or in addition to calcium gradient disruption.  We 

went on to demonstrate that treatment of keratinocytes or skin equivalents with dsRNA caused 

increased staining of lipids and that analysis of specific lipids by high performance thin layer 

chromatography showed that specific lipid content was altered by dsRNA treatment.  We then 

demonstrated that skin barrier repair gene expression changes were dependent on TLR3 

activation.  We also showed that changes in sphingomyelin were dependent on TLR3 activation 

though other measured lipids did not show dependence on TLR3 activation.  Future studies of 

lipid dynamics should explore the time dependent changes in the populations of different lipids in 

keratinocytes and skin after TLR3 activation as previous studies have shown delays of up to 48 

hours in ceramide synthesis after barrier disruption.  Looking at time dependent effects of dsRNA 

on lipid content may reveal other significant changes in specific epidermal lipids.  Finally we 

were able to demonstrate TLR3-dependent changes in both lamellar bodies and keratohyalin 

granules in skin equivalents that had been exposed to dsRNA.  In summary we show that dsRNA 
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treatment of keratinocytes mimics the response of keratinocytes to barrier disruption in that gene 

expression, lipid content, and epidermal organelles are affected during both processes.   

In Chapter 2, we describe a physiological relevance of TLR3 activation on skin barrier 

repair processes in keratinocytes and identify addtional genes affected by TLR3 activation.  

While viral infection has historically been believed to the the source of ligands for TLR3 

activation, a number of studies in the past decade have demonstrated that TLR3 can be activated 

by endogenous sources of RNA.  As host sources of RNA exist as either coding or noncoding 

RNA, they all have the ability to complimentary base pair to itself forming double stranded stem 

loop regions.  These double stranded stem loops can activate TLR3.  In normal circumstances, 

RNA is compartmentalized away from TLR3 which signals from the endosome, and this 

interaction should not take place in homeostatic conditions.  However in times of cell death, 

especially necrotic cell death, cells lose their membrane integrity and cellular contents are spilled 

into extracellular spaces.  In this way, host RNA can be taken up by neighboring cells, trafficked 

to the endosome where it will encounter TLR3 and stimulate its activation.   

In this skin, UVB radiation can cause damage to keratinocytes.  Only the necrotic fraction 

of UV-damaged keratinocytes has been shown to stimulate TLR3 dependent inflammation.  For 

this reason we decided to measure the effects of UVB-damaged keratinocytes on skin barrier 

repair gene expression.  Like Poly (I:C), UVB-damaged keratinocyte products caused increased 

in skin barrier repair genes.  Additionally, we observed that both Poly (I:C) and UVB-damaged 

keratinocytes stimulated tight junction and desmosome gene expression and that Poly(I:C) 

increased tight junction function in keratinocytes, which is another important component of the 

skin barrier.  Recent studies had also shown that bacterial products can stimulate tight junction 

function through TLR2 signaling in keratinocytes but this was the first time that a TLR3 ligand 

was shown to stimulate keratinocyte tight junction function.   



138 
 

 
  

Recent studies in our lab have shown that U1 RNA, a single-stranded, noncoding RNA, 

increases in keratinocytes following UVB exposure and can stimulate TLR3-dependent 

inflammation in the skin due to the double stranded stem loop regions in its RNA structure.  For 

this reason we wanted to determine whether U1 RNA, an endogenous RNA, could cause similar 

changes in skin barrier repair gene expression.  As we had expected, U1 RNA caused TLR3-

dependent changes in skin barrier repair gene expression almost identically to those caused by 

Poly (I:C).  We were also able to demonstrate that other noncoding RNAs (U2, U4, U6, U12, 

scaRNA9, scaRNA18) showed similar changes in skin barrier repair and inflammatory gene 

expression. Similarly to U1 RNA, these noncoding RNAs can form double stranded stem loops.    

We next hypothesized that because TLR3 activation was important for skin barrier repair 

processes in keratinocytes, Tlr3-/- mice would have a defect in skin barrier repair.  Initial 

experiments however showed no difference in skin barrier repair phenotypes between wild type 

and Tlr3-/- mice by observing transepidermal water loss.  In these experiments, we used tape-

stripping or application of a keratolytic depilatory reagent to induce skin barrier disruption.  As 

no differences were seen between wild type and mutant mice following these experiments, we 

then hypothesized that these models of barrier disruption might be too superficial of gentle to 

cause cell death that would release RNA that could activate TLR3.  It was also probable that even 

in Tlr3-/- mice, changes in calcium gradient caused by these forms of barrier disruption would 

stimulate barrier repair and that any changes dependent on TLR3 activation would be masked by 

calcium gradient-dependent skin barrier repair.  We then decided to use UVB exposure as a 

means of skin barrier disruption.  It had been published that UVB exposure caused dose 

dependent increases in skin barrier disruption, and recent studies from our lab showed that UVB 

had significant effects on TLR3-dependent inflammation.  UVB-barrier disruption proved to be 

an ideal model, as Tlr3-/- mice showed a barrier repair defect following this form of barrier 

disruption.  We were also able to demonstrate that TLR3 present on both resident epithelial cells 
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and myeloid cells contribute to proper skin barrier repair.  Future research in this area will 

explore cell type specific contributions to skin barrier repair following UVB damage to the skin.   

In Chapter 3, we describe how scavenger receptors on keratinocytes likely play an 

important role in recognizing damaged cellular products such as RNA and also stimulate skin 

barrier repair independent of TLR3 activation.   This finding was quite interesting as we 

attempted to block uptake of dsRNA into keratinocytes by pretreatment with scavenger receptor 

ligands only to discover that scavenger receptors were able to stimulate skin barrier repair genes 

without Poly (I:C) present.  We next attempted to determine whether specific scavenger receptors 

were necessary for Poly (I:C)-induced skin barrier repair gene expression by knockdown of 

CD36, MARCO, or OLR1.  Single knockdown of these receptors had no effect on Poly (I:C)-

induced skin barrier repair gene expression.  It is likely though that specific scavenger receptors 

in keratinocytes serve a redundant role and that knockdown of a single receptor may not prevent 

uptake of Poly (I:C) or scavenger receptor dependent changes in skin barrier repair genes.  

Interestingly, mice deficient in Msr1 show a skin barrier repair defect following tape-stripping 

skin barrier disruption.  Though an interesting finding, more studies need to be done as to why 

this receptor is important to skin barrier repair in mice.  It is likely that this process does not 

depend on TLR3 and is probably recognizing a yet unknown ligand that could activate skin 

barrier repair processes.  As tape-stripping disturbs the epidermal calcium gradient, it would be 

interesting to determine whether Msr1 somehow recognizes ligands associated with this change in 

the epidermis following barrier disruption.   

In Chapter 4, we present data that shows the importance of IL-1R in chronically UVB 

exposed skin.  In these studies we had initially wanted to test whether TLR3 or IL-1R contributed 

to UVB-induced carcinogenesis as it had been previously shown that other inflammatory 

pathways contribute to cutaneous carcinogenesis, including IL-1R.  Interestingly we observed the 

appearance of dermal hair cysts in Il1r-/- mice that had been chronically treated with UVB 
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radiation.  Though the effects of UVB on hair growth are relatively unknown, a few studies have 

shown that IL-1R signaling may prevent hair growth and be involved in patient with alopecia 

areata.  Future studies should determine how UVB exposure may influence hair growth and how 

IL-1R signaling is involved in hair growth.  Additionally in this chapter we provide evidence that 

IL-1R signaling does not stimulate Poly (I:C)-induced skin barrier repair, though is important for 

UVB-induced skin barrier disruption.   

In summary, TLR3 activation in the skin is an important process that is essential for 

proper skin barrier repair in response to UVB damage and may also be important during other 

types of damage to the skin.  As TLR3 activation alters lipid composition and trafficking in the 

skin, this pathway should be explored in the context of atopic dermatitis.   A number of recent 

studies have shown correlation between lipid chain length and severity of atopic dermatitis 

phenotypes.  It has yet to be investigated whether TLR3 activation in atopic dermatitis patients is 

altered.  While changes in gene expression, lipids, and epidermal organelles have only been 

explored at 24 to 72 hours after TLR3 activation, future studies should aim to define the time 

dependent changes in lipid content in the skin and how organelle trafficking changes during the 

skin barrier repair process.  Future studies should also aim to identify cellular mediators that are 

downstream of TLR3 signaling that have direct effects on skin barrier repair.  We have shown in 

preliminary studies that cultured supernatants of keratinocytes treated with Poly (I:C) have more 

robust effects on skin barrier repair gene expression so it is likely that there are soluble factors 

released by keratinocytes that promote skin barrier repair.  While excessive TLR3 signaling can 

be detrimental, it is clear that certain components of downstream signaling are beneficial to tissue 

repair.  A better understanding of these processes will help future researchers and physicians to 

design better therapeutics for excessive inflammatory diseases that might involve excessive TLR3 

signaling.   As TLR3 continues to be implicated in non infectious processes in various cell types, 

research on this important receptor should remain a focal point for years to come. 
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APPENDIX A: 

The coordinated response of the physical and antimicrobial peptide barriers of the skin 

 

Abstract 

 Antimicrobial peptides (AMPs) are an essential and multifunctional element for immune 

defense of the skin during infection and injury. In this issue, Ahrens et al. characterize the 

response of β-defensins, a class of AMPs, following acute and chronic challenges to the 

permeability barrier of the skin. Their findings suggest that the antimicrobial and permeability 

barriers of the skin are closely linked. 
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Introduction 

The multiple defensive functions of the skin depend on its ability to detect danger from a 

broad range of physical, chemical and microbiological challenges and are interconnected in a way 

to minimize damage.  These defensive functions are often thought of as acting through two 

simultaneously acting barriers, the immune antimicrobial barrier and the physical permeability 

barrier.  Following physical injury to the skin a cascade of events occurs to restore the breached 

skin barrier and reestablish homeostasis.  In contrast, during infection, microbes encounter both 

the complex lipid and protein structures of the stratum corneum and an array of antimicrobial 

molecules that are present or may be triggered by a set of pattern recognition receptors.  In 

combination, these barriers typically act to facilitate the elimination of the pathogen.  In recent 

years, it has been shown that the pathways that generate and regulate the antimicrobial barrier of 

the skin are closely tied to pathways that modulate permeability barrier function [1]–[4].  In this 

issue, Ahrens et al. report that both acute and chronic skin barrier disruption lead to increased 

expression of murine β-defensins (mBDs)-1, -3, and -14 and that this increase in expression is 

diminished when the barrier is artificially restored [5].  Their data contribute to the concept that 

the antimicrobial and permeability barriers of the skin are closely linked.   

 

Antimicrobial nature of the skin 

The integrity of the skin barrier is essential for it to properly serve its purpose as a shield 

from the environment.  Keratinocytes are at the forefront of this defense as they are the cell type 

that makes up a majority of the epidermis and are in constant contact with the outside world.  

Keratinocytes are responsible for producing the stratum corneum, the terminally differentiated 

outer layer of the epidermis comprised of rigid anucleate corneocytes cemented by hydrophobic 

lipid-rich lamellar bilayers that functions to impede water loss and protect from pathogenic 

organisms [6].  While keratinocytes serve as a physical barrier, they also express a vast array of 
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molecules that contribute to the antimicrobial properties of the skin [7].  The skin possesses a 

wide arsenal of weapons to combat possible invaders. Constant desquamation of the skin makes it 

difficult for organisms to establish a permanent residence.  The surface of the skin is an acidic 

environment (pH ~5.5) that makes it uninhabitable to many microorganisms.  Additionally, it has 

been suggested that the microflora that normally inhabit our skin can contribute to barrier 

defenses by competing for nutrients and niches that more pathogenic organisms desire, by 

expressing antimicrobial molecules that kill or inhibit the growth of pathogenic microbes [8], [9], 

and by modulating the inflammatory response [10]. 

Over the past decade it has become increasingly apparent that keratinocytes and other 

cells resident to the skin produce a number of antimicrobial molecules that are important to 

maintaining immunological homeostasis [11].  A large number of studies of antimicrobial 

peptides (AMPs) in many organ systems have shown them to possess a wide range of activities 

including direct microbial killing, chemotaxis, modification of inflammatory responses, as well as 

angiogenesis and wound healing [10]. Over 1200 AMPs have thus far been identified or 

predicted.  They are generally small in size (12-50aa), positively charged and have an 

amphipathic structure. They contain common secondary structures that vary from alpha helical to 

beta-sheets, and their unifying characteristic is the ability to kill microbes or inhibit them from 

growing.  Cathelicidins and defensins are two classes of AMPs that have been well characterized 

and studied in the skin. The cathelicidin protein hCAP18 as well as the human β-defensins 

(hBD)-1, -2, and -3 are directly produced in keratinocytes and packaged in lamellar bodies prior 

to extrusion to the stratum corneum [12].  hBD2 and hBD3 are induced following activation with 

bacteria or cytokines [13], [14].  hCAP18 can be induced by vitamin D, and is proteolytically 

activated to several peptide forms, the most commonly studied being LL-37, a form that is 

predominantly produced by neutrophils. Though these two groups of AMPs dominate the AMP 

literature, over 20 other AMPs have been identified in the skin.  In addition to their antimicrobial 
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activity, some AMPs possess protease/enzyme activity, chemotactic activity and neuropeptide 

activity [15].  Other skin resident cells such as sebocytes, eccrine glands and mast cells also 

produce AMPs while neutrophils and natural killer cells can be recruited to the skin and deposit 

additional AMPs following wounding or infection [1].  The elucidation of the multifunctional 

roles of AMPs in the skin has made the regulation of their expression a focus of research in recent 

years.  

AMPs have a wide range of functions, some still yet to be understood.  First and foremost 

AMPs exert direct antimicrobial activity.  This effect is achieved by binding of the cationically 

charged AMP to negatively charged phospholipid head groups present in many bacteria in the 

form of lipopolysaccharide, teichoic acids, lipoteichoic acids and lysylphosphatidylglycerol [10].  

This binding results in membrane destabilization and produces a physical disruption of the 

membrane or cell wall of the microbe leading to decreased growth or death.  AMPs also play an 

important role in modulating the host immune response following infection or injury.   They can 

recruit leukocytes directly or stimulate cells to release IL-8, MCP-1, and IFN-α, thereby 

indirectly recruiting other effector cells including: neutrophils, macrophages, monocytes, 

immature dendritic cells and T cells to the site of injury/infection.  These functions can also 

influence wound healing where some AMPs have been shown to stimulate migration, 

proliferation, and tube formation of endothelial cells, cell proliferation, and have been implicated 

in reepithelialization of the skin [16]. 

 

Interdependence of the antimicrobial and permeability barriers 

Because AMPs play such a wide range of roles in the skin, it is not hard to imagine that 

they would also impact the permeability barrier of the skin. Several papers that have studied the 

expression of the endogenous AMPs in keratinocytes have suggested that their expression 

coincides with a number of epidermal structural components (involucrin, loricrin, keratin-1, -10, 
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transglutaminase-1, -3, specialized lipids, and other processing enzymes) and may become part of 

the permeability barrier. Importantly, prior studies by Aberg et al., 2007 and Aberg et al., 2008 

have shown that the murine cathelin-related antimicrobial peptide CRAMP (the murine ortholog 

of LL37), and mBD-3 (the murine ortholog of hBD-2), are essential for permeability barrier 

homeostasis. This work also demonstrated that acute and chronic disruption of the physical 

barrier leads to induction of CRAMP and mBD-3. 

In this issue, Ahrens et al. further characterize the response of AMP expression to barrier 

disruption.  They show that mBD-1, -3, and -14 (orthologs of hBD-1, -2, -3) are all upregulated 

following barrier disruption.  In their experiments they use acute barrier disruption methods 

including tape stripping and acetone treatment as well as a metabolically induced chronic barrier 

disruption achieved by maintaining mice on an essential fatty acid deficient (EFAD) diet.  These 

methods of barrier disruption all lead to increased levels of mBD mRNA and protein.  Artificial 

restoration of the barrier by occlusion moderately inhibited the increases in mBD expression 

following acute barrier disruption or drastically inhibited it following chronic barrier disruption.  

They also showed that the growth factor TGF-α modulates the mBD-14 response and that TNF-α 

modulates the mBD-3 response.  These studies highlight the importance of AMPs to the 

permeability barrier of the skin, and provide further evidence of a dynamic interplay between the 

physical barrier and the chemical shield provided by AMPs against infection (Figure A.1). 

 This field remains wide-open to discovery and promises to continue to advance our 

understanding of many aspects of skin biology. AMP dysfunction has been implicated in a 

number of skin diseases including psoriasis, rosacea and atopic dermatitis (AD).  In psoriasis, 

AMPs including LL37, hBD-2 and hBD-3 are all upregulated and are believed to contribute to 

inflammation and the etiology of the disease [17], [18].  In rosacea, LL37 is also highly 

upregulated and contributes to the progression of the disease [19]. On the other hand, in AD, 

LL37, hBD-2 and hBD-3 are all downregulated and this dearth of AMPs in AD patients leaves 
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them more susceptible to infection [20]. Based on the current studies it is intriguing to speculate 

that the decrease in AMPs after injury could also be a reason that they show increased levels of 

transepidermal water loss in both lesional and nonlesional skin [21]. By gaining a better 

understanding of the processes that regulate AMP expression, and their interactions with the 

barrier properties of the epidermis, it may be possible to develop novel and more effective 

therapeutics for diseases associated with disruption of the physical and immunological 

homeostatic mechanisms of the skin. 

 

Clinical Implications: 

• Antimicrobial peptides play a multifunctional role in the body; protecting from infection, 

modulating immune responses, and contributing to wound repair. 

• Control of the antimicrobial and permeability barriers of the skin occurs simultaneously 

following disruption of the skin barrier, strengthening the concept that they are closely 

linked. 

• Antimicrobial peptide expression is dysregulated in a number of inflammatory skin 

diseases including psoriasis, rosacea and atopic dermatitis. 
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Figure A.1: Homeostasis of the physical and antimicrobial barrier of the skin. 
Counterclockwise upper left: Under resting conditions the multiple elements of the physical 
permeability barrier and the antimicrobial defense shield combine for resistance to microbial 
invasion in the absence of inflammation. Following injury, a defect in barrier function triggers a 
response that includes induction of antimicrobial peptide production. The increase in 
antimicrobials is deficient in patients with atopic dermatitis. Under normal conditions the repair 
process results in increased antimicrobial expression in a setting of a decreased barrier, thus 
restoring resistance to microbial invasion. Patients with rosacea and psoriasis have persistent 
elevated expression of antimicrobials that perpetuates inflammation. Upon resolution of the repair 
process the physical and antimicrobial barriers regain a state of homeostasis. AMP, antimicrobial 
peptide.   
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APPENDIX B: 

Ultraviolet B radiation illuminates the role of TLR3 in the epidermis 

 

Abstract: 

UV radiation poses a significant risk to human health.  The mechanisms that help repair 

UV-damaged cells have recently been more clearly defined with the observation that Toll-like 

receptor 3 can sense self RNA released from necrotic keratinocytes following UV damage.  TLR3 

activation in the skin induces inflammation and increases expression of genes involved in skin 

barrier repair.  Activation of TLR2 in the skin by commensal microbial products prevents 

excessive inflammation by blocking downstream TLR3 signaling.  This review highlights how 

UV damage induced inflammation in the skin is propagated by host products and regulated by 

host inhabitants.   
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Introduction 

Excessive exposure to ultraviolet (UV) radiation is dangerous and has significant 

negative effects on human health.  In the year 2000, excessive exposure to UV light led to 60,000 

deaths worldwide with 1.5 million disability-adjusted life years (DALYs) also lost [1].  A 

majority of the reported morbidity and mortalities were linked to skin cancer; including 

melanoma, basal cell carcinoma, and squamous cell carcinoma, though sunburn also had a 

significant contribution to the 1.5 million DALYs lost.  Furthermore, the economic and 

psychological impact of solar aging remains unquantified.  

Despite the great impact on human health, relatively little research has been dedicated 

towards understanding the biological events associated with this common process. Much more 

work has been applied to understanding the benefits of solar exposure. UV light is needed to 

synthesize Vitamin D, which is necessary for human health [2], [3]. Complete sun avoidance 

would result in diseases related to Vitamin D deficiency and it is predicted that these diseases 

would lead to 3,304 million DALYs to be lost [1].  In addition to generation of Vitamin D, low 

levels of UV radiation also enhance permeability barrier function of the skin.  Skin exposed to 

either UVA or UVB radiation prior to chemical irritant application is more resistant to damage as 

measured by transepidermal water loss (alkali resistance test, dimethylsulfoxide test and sodium 

lauryl sulfate test) [4].  Barrier repair is also accelerated in skin that has been previously exposed 

to sub-erythemal broadband UVB radiation prior to tape-stripping barrier disruption.  In these 

studies, it was also observed that antimicrobial peptide production is increased following low 

level broadband UVB exposure [5].  Furthermore, UVB radiation can provide therapeutic benefit 

to patients with certain dermatological conditions.  Patients with Psoriasis are commonly treated 

with narrow band UVB [6] and atopic dermatitis patients with either narrow, broad, or 

combination UVA/UVB [7], [8] exposure as the beneficial effects typically outweigh the 

apparent long term negative effects.   UVB damage to the skin results in inflammation 
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characterized by increased NF-κB activation, increased inflammatory cytokines including TNF 

and IL-6, increases in cis-urocanic acid, prostaglandins, reactive oxygen species, and DNA 

damage [9], [10].  As is the case for the negative effects of UV on the skin, the mechanisms 

behind the beneficial effects of UVB are still unclear.  However, new insights into the functions 

of the innate immune system have opened a window of opportunity to better understand these 

important interactions. 

 

Innate immune receptors recognize products of cell death 

It has been historically described that the primary function of the innate immune system 

is to detect pathogens and to rid them from the body.  These microbes have unique physical 

characteristics termed microbe associated molecular patterns (MAMPs) that allow them to be 

recognized as foreign by the host’s array of pattern recognition receptors (PRRs) that are present 

on various immune cells as well as epithelial cells including keratinocytes [11].  At the most 

fundamental level, it is appropriate to recognize that activation of these PRRs causes an immune 

response that induces inflammation and eliminates the microbe from the host.    However, these 

same innate immune receptors have the capability to recognize many different chemical 

structures in addition to those found on microbes.  An important class of such non-microbial 

compounds is made up of certain endogenous molecules made by the host but normally separated 

from PRR by nature of their compartmentalization.  During times of cell death, when 

compartmentalization of intracellular environments is disturbed, many of these host components 

are released into an extracellular environment, and this can illicit an immune response.  These 

endogenous molecules that can activate an immune response in a sterile environment, absent of 

infection, are termed damage associated molecular patterns (DAMPs) and similarly to MAMPs, 

they activate PRRs resulting in inflammation and recruitment of leukocytes [12].   
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 Regulated cell death in the skin is an ongoing process as keratinocytes terminally 

differentiate and undergo the process of cornification in order to produce the stratum corneum 

[13]. UV damage however, can cause unintended damage to keratinocytes and subsequent cell 

death in the skin, often observable in histological sections as “sunburn cells”, which are accepted 

to be keratinocytes undergoing apoptosis [14].  High doses of UV radiation cause formation of 

cyclobutane pyrimidine dimers and (6-4) photoproducts in DNA which leads to mutations that 

can eventually result in skin cancer [9] when nucleotide excision repair fails [15].  For this 

reason, it is essential for the health of an individual to dispose of these mutated cells by way of 

apoptosis.  It has been shown that mice lacking p53, an important factor for apoptotic signaling, 

accumulate significantly more skin tumors than wild-type mice after chronic exposure to 

broadband UVB [16].  Apoptosis serves an essential role in response to sunburn, though is 

generally shown to be an anti-inflammatory or immunosuppressive event [17], [18].   

While UVB-induced apoptosis has been extensively described as occurring in the skin 

after UVB damage, much less is known about the extent of necrosis that occurs following UVB 

damage to keratinocytes in vivo.  In vitro studies have shown that exposing keratinocytes to 

narrowband UVB radiation produces fractions of immunostimulatory, necrotic cells (Annexin V 

–, PI+) in addition to non-immunostimulatory apoptotic cells  (Annexin V+, PI-)[19].  While in 

vivo studies have not explicitly shown necrosis occurring in the epidermis, it has also been 

described that apoptotic cells can progress to secondary necrosis if they are not properly cleared 

by phagocytic cells [12], [20], [21].  Many mediators of both apoptosis and necrosis, including 

TNF, are known to be stimulated following UVB exposure [19], [22], [23]. In this context, it 

could be speculated that sunburn leads to necrosis in the skin.  Interestingly it has recently been 

shown that HMGB1, a danger signal released from necrotic cells [24], is released from both 

cultured keratinocytes as well as keratinocytes present in murine skin following UVB exposure 

[25].  While this DAMP has also been shown to be actively secreted from monocytes and 
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macrophages, [26], [27], its immunostimulatory potential has been well described following 

necrosis [12], [24], [28].  HMGB1 has also been shown to be released during pyroptosis, a 

specialized form of proinflammatory cell death [29].  Whether HMGB1 release from 

keratinocytes exposed to UVB is an active or passive process remains to be determined.   

As necrosis has classically been described as an unregulated form of cell death in which 

membrane integrity is lost, it has only been observed in vitro in keratinocytes in which membrane 

permeability can be measured or where morphology of a rupturing cell membrane could be 

observed. This has made observing necrosis in vivo difficult.    In more recent years however, 

necrotic cell death has been shown to be dependent on the activation of RIPK1 and/or RIPK3 and 

has earned the name necroptosis when dependence on these kinases is demonstrated [30], [31].  

Additionally, another specialized type of proinflammatory cell death known as pyroptosis, which 

is dependent on caspase-1 activation, may also be occurring after UVB damage to keratinocytes.  

It has been demonstrated that UVB radiation can stimulate inflammasome dependent IL-1β 

activation and secretion in keratinocytes [32].  This process is dependent on caspase-1 and can be 

induced by either inflammasome or pyroptosome formation [33], which can lead to pyroptosis 

[22], [34].  To what extent levels of apoptosis and necrosis or other forms of cell death are 

mediated after UVB exposure or whether one pathway is more prevalent at different UV doses is 

yet to be determined. It has been demonstrated however, that increasing UVC and broadband 

UVB exposure causes dose-dependent increases in apoptosis [35], [36].  It has also been shown 

that higher doses of broadband UVB can induce necrosis in keratinocytes [36], [37].  As not all 

cells in the epidermis visably undergo apoptosis, though theoretically receive the same amount of 

energy from UV radiation, it is possible that nonapoptotic forms of cell death are occurring in the 

epidermis after UV damage.   

Once membrane integrity is lost during necrosis, cellular components from these 

damaged cells spill into extracellular spaces [21].  These intracellular components are ‘foreign’ to 
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an extracellular environment, and thus are treated so by the immune system.  A number of 

cellular products have been observed to stimulate PRRs, especially during necrosis, including 

HMGB1 [24], S100 proteins [38], heat shock proteins [39], ATP [40], uric acid [41], hyaluronan 

[42], [43], chromatin [44]  and RNA [19], [23], [45], [46].  These molecules, some of which are 

normally confined to the interior of a cell, gain the ability to activate certain PRRs including Toll-

like receptors (TLRs).  It has been demonstrated that the PRRs TLR2, TLR3, TLR4, and TLR9 

can recognize certain DAMPs and induce an immune response.  

 

TLR3 senses cellular damage following sunburn 

TLR3 is a PRR that binds double-stranded RNA (dsRNA) [47]. Though it has 

traditionally been accepted that dsRNA is a marker of viral infection or replication [48], more 

recent evidence demonstrates that endogenous sources of RNA can also activate TLR3.  In 2004 

Kariko et al.,  showed that TLR3 on dendritic cells could be activated by RNA associated with 

necrotic cells and also by  in vitro transcribed mRNA [45].  In this study, when necrotic cells or 

mRNA was treated with benzonase, a nuclease that degrades all DNA and RNA, the necrotic 

cells no longer showed the ability to activate inflammatory pathways.  In 2008, Cavassani et al., 

confirmed these findings in vivo demonstrating that less inflammation was present in sterile gut 

injury models in Tlr3-/- mice.  They also showed that macrophages treated with necrotic cells 

needed functional Tlr3 to produce chemokines.  Additionally, they demonstrated that 

macrophages treated with apoptotic cells produced significantly less cytokines than when treated 

with necrotic cells [46].  This study demonstrates that if RNA is confined to intracellular 

compartments, as in apoptotic cells, it is unable to activate Tlr3.  Only when RNA leaves the 

confines of the cell membrane, does it become immunostimulatory.   

In 2009, Lai et al. demonstrated that in a sterile wound model in the skin, TNF and IL-6 

production was diminished in Tlr3-/- mice [19].  This publication also demonstrated that 
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narrowband UVB-damaged keratinocytes, when added to keratinocyte cultures, could stimulate 

the inflammatory cytokines TNF and IL-6, through activation of TLR3.   When the UVB-

damaged normal human epidermal keratinocytes were treated with RNase, they no longer 

induced inflammatory cytokines [19].  In 2011, Lin et al. demonstrated that Tlr3 activation was 

also important for wound healing in the skin.  They showed that Tlr3-/-  mice displayed a delay in 

wound healing, showing deficiencies of infiltrating neutrophils and macrophages [49].  They also 

were able to demonstrate that by applying the TLR3 ligand Poly (I:C), a dsRNA mimetic,  to the 

wounds of mice as well as humans, wound healing was accelerated [50].  These studies suggest 

that RNA released from damaged keratinocytes induces TLR3-dependent inflammation that 

promotes tissue repair.  It has also been observed that activation of TLR3 in keratinocytes leads to 

increases in epidermal lipid transport and lipid metabolism gene expression, lipid accumulation 

and increased lamellar bodies [51].  Because epidermal lipids are essential for proper barrier 

function and must be regenerated following injury to the epidermis, it can be speculated that 

activation of TLR3 in the skin helps to restore proper barrier function following UV injury.   

Although the phenomenon that necrotic cells could stimulate TLR3 had been published 

multiple times in multiple cell types, it wasn’t until 2012, that an endogenous ligand for TLR3 

was discovered.  Bernard et al. demonstrated that narrowband UVB damage to keratinocytes 

released U1 RNA, a noncoding small nuclear RNA (snRNA), and component of the spliceosome, 

that could act as a DAMP and activate TLR3 to induce the inflammatory cytokines TNF and IL-

6.  Bernard and colleagues used RNA sequencing to determine that U1 RNA was significantly 

increased in keratinocytes 24 hours after narrowband UVB exposure.  It was also discovered that 

in addition to U1 RNA, numerous additional noncoding RNAs were increased in keratinocytes 

after narrowband UVB exposure [23].  Although these studies focused on the effects of U1 RNA, 

it is possible that any of these noncoding RNAs could act as DAMPs.   



157 
 

 

dsRNA is the required ligand for TLR3 activation [47]. Therefore, for an endogenous 

single-stranded RNA to be recognized by TLR3, it must form double-stranded regions.  U1 RNA 

has a secondary structure comprised of four double-stranded stem-loop regions. These double-

stranded regions serve to activate TLR3.  The addition of U1 RNA or only a single stem-loop 

region of U1 RNA to keratinocytes was sufficient to induce TNF.  Also, U1 RNA injected into 

ears of mice only induced inflammation when functional Tlr3 was present [23].  It is believed that 

UVB damage to keratinocytes causes necrosis and that RNA released from necrotic keratinocytes 

can signal in a paracrine manner to induce inflammation in the skin through TLR3 on 

neighboring cells (Figure B.1).  

TLR3 is not the only TLR that has been implicated in the host response to UVB damage. 

While it is believed that dsRNA released from necrotic keratinocytes plays a role in this response, 

it is possible that other cells types in the skin can also undergo necrosis and contribute to this 

phenotype.  It has been demonstrated that TLR3 and TLR4 activation can cause necrosis in 

macrophages that are treated with pan-caspase inhibitors [52] TLR4 which can be activated by 

numerous DAMPs including hyaluronan [42], [43], [53],  HMGB1, uric acid, heat shock proteins, 

defensins as well as the bacterial ligand LPS [12], has also been shown to play a role in UVB 

induced immune suppression, as Tlr4-/- mice fail to exhibit UVB-induced immunosuppression in 

a contact hypersensitivity model [54].  The same phenotype is seen in Tlr3-/- mice, which also fail 

to show immunosuppression to DNFB contact hypersensitivity when first exposed to narrowband 

UVB radiation [23].  There is also evidence that TLR4 may play a detrimental role in the 

response to UVB as Tlr4-/- mice show increased nucleotide excision repair in skin [55] after UVB 

exposure and higher rates of survival in Tlr4-/- macrophages exposed to UVB [56].  The role of 

TLR4 in UVB-induced cutaneous carcinogenesis remains to be tested and it would be interesting 

to see whether   Tlr4-/- mice had a different incidence of tumor formation.  It has been shown 

however, that chemically induced cutaneous carcinogenesis is in part dependent on Tlr4- [57] and 
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downstream MyD88-signaling [58].  No studies to date have investigated the role of TLR3 on 

UVB-induced skin cancer.   

 

Regulation of inflammation in the skin after UVB injury 

If damage to the epidermis is constantly occurring either by UVB-exposure or 

mechanical injury, one might pose the question as to why the epidermis is not in a constant 

inflammatory state.  It has been shown that TLR2 activation by commensal microbial ligands can 

dampen TLR3-induced inflammation [19].    In these studies, Lai et al. demonstrated that 

lipoteichoic acid (LTA) from Staphylococcus epidermidis, a major component of the human skin 

microbiome, can dampen TLR3 signaling in keratinocytes and mouse skin.  In these studies, 

TLR2 activation with LTA increased levels of the signaling molecule TRAF1, which is 

proteolytically processed by caspase-8 to its active form (N-TRAF1).  N-TRAF1 can then bind 

TRIF to negatively regulate TLR3-TRIF- signaling pathways.  The suppressive effects of LTA on 

TLR3-dependent inflammation were not seen in Tlr2-/- and Traf1-/- mice, showing that TLR2 is 

essential for mediating TLR3-induced inflammation in the skin.  Interestingly, Traf1 levels in 

skin were significantly lower in germ-free mice than conventionally raised mice  [19].  In this 

regard, commensal microbes such as S. epidermidis have the potential to suppress excessive 

inflammation in the skin following UVB damage or mechanical injury and the presence of 

specific microbes may keep excessive inflammation in check.   

 Inflammation in the skin serves an important purpose.  Inflammation following infection 

or injury helps to sterilize the wound and promotes wound healing by attracting leukocytes that 

attack microbes or clear apoptotic and necrotic debris [59].  On the other hand it has been 

demonstrated that certain innate immune pathways, those dependent on MyD88 signaling can 

promote chemically induced skin carcinogenesis [58].  It has also been demonstrated that Il-10-/- 

mice are resistant to broadband UVB-induced tumorigenesis [60].   IL-10, which has been shown 
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to be an important immune suppressor, induced following UVB irradiation, has been shown to 

contribute to UVB-induced skin cancer.  While inflammation may help clear infections and 

resolve wounds in the short term, its role in skin carcinogenesis must be further elucidated as 

mice deficient in both pro- and anti-inflammatory machinery develop fewer tumors in different 

models of carcinogenesis.  Study of inflammatory pathways should continue to be an important 

field of research as a balance of short term and long term health effects of UVB are further 

elucidated.     

 

Conclusions: 

Because skin serves as the interface of our bodies to the outside world, it constantly 

comes in contact with microbes and is at highest risk for injury.  It is not unfathomable that 

common receptors exist to deal with distinctly different threats to our well being.  As TLR3 has 

been demonstrated to be important for inflammation in the skin following injury, the downstream 

pathways of TLR3 signaling must be further elucidated in order to develop therapeutics that take 

advantage of the beneficial effects without the adverse effects of excessive inflammation.  As 

TLRs continue to be investigated, they are found to be implicated in a growing number of cellular 

processes.  Recently, TLR3 has been linked to itch [61] as well as cardiac dysfunction following 

polymicrobial sepsis [62] and will likely continue to be implicated in more disorders in the future.  

Identifying additional mechanisms of TLR3 activation and further elucidating downstream 

signaling will give us a better understanding of this pathway and lead to better therapeutics.  

TLRs and elucidating their expanding roles in various tissues should remain a focal point of 

future research.   
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Figure B.1:  dsRNA from UV-damaged keratinocytes activates TLR3.  Excessive UV 
exposure causes necrosis in a population of keratinocytes in the epidermis.  Loss of membrane 
integrity in these necrotic keratinocytes causes cellular contents to be spilled into extracellular 
space.  DAMPs released by necrotic keratinocytes are then taken up by neighboring, healthy 
keratinocytes.  dsRNA from necrotic keratinocytes is trafficked to the endosome where it 
activates TLR3.  Downstream signaling leads to inflammation and increases in lipid biosynthesis, 
metabolism, and transport.   
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