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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
TIr3” 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 (1: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 111r" 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.



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



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
mMRNA [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 TIr3" 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



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 111r" 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 TIr2”" mice display a skin barrier repair defect [73], [74]. It



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-p (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 TIr3" mice have a slightly delayed wound healing phenotype [21], while Polyinosinic
acid:Polycytidylic acid (Poly (1: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 Ca®*and 1 x 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 mI™ penicillin, 100 pg mI™ streptomycin, and 250 ng ml™* amphotericin B. Cells at 60-
80% confluence were treated with Bafilomycin Al (5 nM; Sigma), poly(I:C) (1 pgml™;
Invivogen), IL-6 (10 ng ml™; R&D Systems), or tumor necrosis factor-o. (50 ng ml™; 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™ hydrocortisone (Sigma), 10 ug mI™ human recombinant insulin (Sigma), and freshly made
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50 ug ml™ 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
iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA). Pre-developed Tagman® 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 TLRS. 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 44C; 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 blocin 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 Il (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 um®. 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-201™

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 (1: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 10° keratinocytes using
Amaxa nucleofection reagents (VPD-1002) (Lonza AG, Walkersville, MD).

Non-targeting Pool ON-TARGETplus SMART pool

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 um). 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(l: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(l: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
HMGSCL1) 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 1.2¢c, 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 pg/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 1.2¢).
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Lipoteichoic acid blocks Poly (1: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(l:C)-induced skin barrier repair genes, we treated NHEK with the TLR2
ligands Malp2, Pam3CSK4, and LTA prior to treatment with Poly (1:C). We observed that 10
pg/ml pretreatments with LTA blocked Poly(l:C) induced increases in ABCA12, GBA, TNF, and
TLR3 (Figure 1.4). Treatments with Malp2 and Pam3CSK4 had no significant effect on

Poly(l: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 Al (BafAl), a specific inhibitor of the V-type ATPase required for
acidification of endosomes and lysosomes, to inhibit TLR3 signaling. BafAl 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 (1: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 (1:C) treatment under these conditions (Figure 1.9). Lipids were then
guantified 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
1.8¢).

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 dsSRNA 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 (1: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 TGML1 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 Kkeratinocytes 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, SMPDL1, 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(l: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 dsSRNA 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.
(@) 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 ug/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. (¢) NHEK were incubated with 1 pg/ml Poly (1:C), 50
ng/ml TNF, or 10 ng/ml IL-6 for O, 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
pg/ml Pam3CSK, 100 ng/ml Malp-2, 10 pg/ml Poly (1:C), 10 pg/ml Imiguimod, 5 pg/ml CLO75,
or 2 UM 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
pg/ml), or LTA (0.1, 1, or 10 pg/ml) for 30 minutes prior to 0 or 1 pg/ml Poly (1: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. r = P <
0.01 compared to 1 pug/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 pg/ml Poly (1: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 Al for 1 h prior to treatment with 1 pg/ml Poly (1:C) for 24 h. ***P < 0.001.
One-way ANOVA. (c) TLR3 was silenced in NHEK for 48 h before treatment with 1 pg/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 pg/ml Poly (1: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 pg/ml Poly (1: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 pg/ml Poly (I:C), stained with Oil Red O and counterstained with Hematoxylin.
Scale bar = 50 pm. (b) NHEK were treated with 1 pg/ml Poly (1:C) for 1, 2, or 3 days, then
stained with Oil Red O. (c) 3-D tissue constructs were treated with 1 pg/ml Poly (I:C) for 72 h.
Samples were stained with Oil Red O and counterstained with Hematoxylin. Scale bar = 50 um.
(d-g) NHEK were treated with 1 pg/ml Poly (I:C) for 24 h following siRNA knockdown of
TLR3. (d) Sphingomyelin, (e) glucosylceramide (f) ceramides, and (g) cholesterol were
guantified 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 pg/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 pg/ml Poly IC for 72 h.
Arrow = LB. Arrowhead= KHG. Scale bar = 1 um. SC = stratum corneum. SG = stratum
granulosum. (b) Quantification of LB and KHG. *P < 0.05; One-tailed T-test. Control (n = 54),
1 pg/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 pg/ml Poly (I:C) (n = 51), TLR3 siRNA Control (n = 55),
TLR3 siRNA + 1 pg/ml Poly (I:C) (n = 54). Data are mean £ SEM.



Table 1.1:

1.397).

39

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
ug/ml Poly (I:C) for 24 h. Analysis was performed using SAM 4.0 (FDR < 0.01%, n =3, A =

Poly (1:C) upregulated genes (1-332 of 2773)

(Gene Name Fold Change [Gene Name Fold Change [Gene Name Fold Change [Gene Name Fold Change
SEPT4 2267 [ADAMTSS 4.127 ARLSB 2282 1B 4205
A 24 P196010 2.076 JADAMTSE 5.367 JARMCX1 2244 2113
A 24 P247074 2.724 JADAMTS? 3.145 ARNTL2 6.339 28.898
A_24_P255874 2434 IADAP1 2171 JARPM1 2823 3148
A 24 P273245 2.326 [ADAP2 2.048 ARPM1 2.735 2.737
A_24_P340547 8.026 IADAR. 4.308 JARPM1 2.673 2.688
A 24 _P358305 2.001 [ADAT2 3.386 ARPM1 2814 2.876
A 24 P691826 7223 ADC 2039 JARPM1 2.692 2834
A_24_P7750 2.466 ADCY4 9424 ARPM1 2.604 2.648
A 24 P84608 2436 ADCY7 2.647 JARPM1 2.728 2,638
A 32 P101860 8535 ADM2 2318 ARPM1 2701 2642
A_32_P144220 2398 ADORA2A 3.129 JARPM1 2.600 2,648
A 32 P214340 3.250 ADPRH 2.757 ARPM1 2.743 2.677
A_32_P75661 2.685 |ADPRHL2 2479 JARSA 2115 2.603
A_32_P88203 5.508 JAGPAT3 2214 ASAH2 2.065 2027
A 33 P3219454 2811 JAGXT2L2 2.192 JASAP2 2385 2017
A_33_P3221980 2.288 AIDA 2.327 ASPRV1 2.100 2021
A 33 P3227731 2264 JATM2 52.001 JATF3 16.662 2255
A 33 _P3231005 3271 [ AK000649 2201 ATF3 11.906 2.679
A_33_P3233953 2216 AK124325 2479 |ATF3 41.415 2979
A 33 P3235831 2.080 AK316198 6.016 ATF4 2119 2.803
A 33 P3239102 3.002 AKIRIN1 2477 JATFS 2288 2.698
A 33 P3263274 311 AKIRIN1 2.156 ATFS 240 2777
A 33 P3265205 2420 JAKTRIN2 2.001 JATFS 2478 2707
A_33_P3278152 2077 [AKT3 2.138 ATFS 239 2806
A_33_P3278303 3971 ALOX15B 5237 JATFS 2.386 2181
A 33 P3201871 3376 [AMBRAL 2.106 ATFS 2371 2714
A 33 P3205077 2.180 JAMOTL2 2045 JATFS 2371 2832
A_33_P3208980 4.946 JAMPD3 501 ATF5 2315 2.850
A_33_P3303430 2423 [ANGPTLA 3.136 JATFS 2385 2272
A_33_P3306327 2.054 ANKFY1 2.006 ATF5 2.287 2.691
A 33 P3314073 2232 ANKIB1 3.068 JATG3 2038 2676
A_33_P3315074 4361 ANKKL 2469 ATL1 3.369 2393
A 33 P3319502 12.340 JANKLE2 232 JATL3 2.590

A_33_P3319785 2753 [ANKLE2 2.197 ATL3 2.529

A_33_P3327140 2.809 ANKLE2 2.194 JATL3 2564

A 33 P3320740 2.230 ANKLE2 2228 ATL3 2512

A 33 P3340424 2182 ANKLE2 2302 JATL3 2502

A 33 P3341300 2.007 ANKLE2 2253 ATL3 2436

A_33_P3347387 2520 ANKLE2 2231 JATL3 2478

A_33_P3349384 2.507 [ANKLE2 2.383 ATL3 2436

A 33 P3349507 4758 ANKLE2 3.155 JATL3 2576

A 33 P3351900 2.068 JANKLE2 2330 ATL3 2.605

A 33 P3352085 5.492 ANKLE2 2244 JATP2B4 2649

A 33 P3362230 4.067 [ANKMY 1 3.075 ATPOA 2.587

A_33_P3368805 2207 [ANKRD37 2200 JATXN1L 4233

A 33 P3380236 4.000 JANOD 2277 ATXNTL1 2.286

A 33 P3400202 4325 JANPEP 3922 JATXING 3.077

A 33 P3403851 10.355 ANTXR2 3.818 JAX721280 2307

A 33 P3411384 2330 JANTXR2 3374 2204

A_33_P3673310 5.048 [ANTXR2 4177 2,005

A4GALT 2.683 ANXA? 2191 11.355

ABCAL 2.741 AN ASL2 2.799 11.027

ABCAL 2201 |APOBEC3A 24341 10.492

ABCAL2 3.741 APOBEC3B 4815 11.131

[ABCD1 3.636 |APOBEC3F 4.048 10.889

ABHD3 2.048 IAPOBEC3G 18.313 10.454

ABI1 2416 IAPOL1 7.584 11134

ABI3BP 3.005 IAPOL2 6.192 10.446

ABI3BP 2.126 IAPOL3 4.000 10,950

ABL2 2741 |APOL4 8751 11.528

ABL2 2241 IAPOL6 6945 2433

ABL2 2.208 IAPOLE 3.205 5.827 C100rf10

ABLIM3 2.004 |APOLG 2404 6.683 [C100rf118

ABR 2103 | AQPO 2071 2262 C100rf47

ABTB2 2740 | AQPO 2303 2713 C 100178

ACADVL 2136 | AQP2 2117 2475 [C11orf17

ACBDS 2.685 AQPO 2263 2536 [Cllorf52

ACE2 12.825 | AQPY 2.066 2,517 [C120rf35

ACHE 2031 | AQPO 2.190 2527 [C120rf70

ACOT1 2.085 | AQPO 2232 2.547 C 130131

ACOT4 2521 | AQP2 2139 2544 [C140rf73

ACOXL 3.038 [ AQPO 2122 24901 [C150rf30

ACP2 2593 AQP2 2210 2562 [C150rf48 502.136
ACP2 3173 |ARFRP1 2822 2551 C160:f67 2.619
ACSL3 2257 JARFRP1 2454 2643 IC16orf7 2.568
ACVRLL 7917 |ARHGAP17 2283 3.203 C160rf87 2204
ADAMI10 2264 IARHGAP27 5042 7.027 [C170r28 3144
ADAMI19 3.873 |ARHGEF15 2.639 2.909 [C170rf48 2.064
ADAMS 8.012 |ARID3B 2870 2678 IC170rf67 4718
ADAMTS1 2794 [ARIDSA 3514 2.670 [C170rf67 4.659
ADAMTS1 2.800 [ARIDSA 2058 2.664 IC170r06 24069
ADAMTS4 7.336 ARL14 2221 3.550 C100rf10 2.054




Table 1.1; continued

Poly (I:C) upregulated genes (333-664 of 2773)_

[Gene Name Fold Change ]Gene Name Fold Change JGene Name Fold Change JGene Name Fold Change
[C190rf12 2937 CANT1 2614 CD40 8.909 ICLSTN3 2140
C190rf28 3839 [CANT1 2.850 CD40 8.556 ICLTB 3223
C190rf66 2738 CAP1 2,006 CD47 3.380 (CMIP 2409
[C1GALTIC1 2.625 (CAP1 2268 CD38 2921 ICMPK2 140,473
Clorf106 6.496 CAPG 2371 CD38 3.220 [CMTM3 2.026
Clorfl06 6.703 (CAPG 2,500 CD63 2.010 ICNESR1 2404
Clorf106 6.541 CAPN3 2433 CD68 12529 (CNP 3.725
Clorf106 6.603 (CARDI1 3229 ICD70 6.303 ICOG3 2028
Clorf106 6.531 CARDI6 2.877 CD74 2.028 ICOGS 2200
Clorf106 6.329 [CARD17 3336 CDS2 2.509 ICOL17A1 2628
Clorfl06 6.737 (CARDG 4460 CD33 2.965 [COL22A1 2.632
Clorf106 6.427 [CARDG6 4412 ICDCP1 2.194 ICOL5A3 4190
C1orf106 6.449 CARDS 2427 ICDCP1 2220 [COLOAZ 2470
Clorfl06 6.400 (CASP1 2793 CDCP1 2173 ICOQ10B

Clorf38 9.024 CASP10 4.199 CDCP1 2.144 [COQ10B

Clorf54 4389 (CASP2 2367 ICDCP1 2141 ICOQ10B

Clorf5s 2.080 CASP4 2.680 CDCP1 2.071 [COQ10B

Clorfos 3.627 (CASP5 2615 ICDCP1 2242 ICOQ10B

Clorf74 6.461 CASP7 3401 ICDCP1 2.074 [COQ10B

Clorf74 6.632 (CASPS 2102 ICDCP1 2.482 ICOQ10B

Clorf74 6.668 CAST 2974 ICDCP1 2256 [COQ10B

Clorf74 6.690 (CASZ1 2,007 CDCP1 2.055 ICOQ10B

Clorf74 6.661 CBLN3 2945 ICDGAP 2.598 [COQ10B

Clorf74 6.579 (CBR3 4.621 CDH2 2240 ICOQ10B

Clorf74 6.536 CCDC109B 3.086 CDH3 2.501 [COROG6

Clorf74 6.390 (CCDC142 2.066 CDK5R1 4317 ICORO7

Clorf74 6.445 CCDC64B 6420 CDKLS 2348 [COX7A1

Clorf74 6.855 (CCDC71 2.148 CDKN1A 2.408 ICPAMDS

Clorf81 3811 CCDCS0 2230 CDEN2A 2.954 ICPEB2

IC1QTNF1 4191 (CCDCS8C 2077 [CDEN2ZA 3280 ICPEB4

C1IR 23423 CCDC9 3446 [CDEN2D 6.161 ICPTIB

CIR 13309 (CCIN 2.545 ICDSN 11964 ICRB3

[CIRL 3283 CCL2 2488 CDYL2 2.208 [CRCT1 2171
C1S 16.502 [CCL2 2434 ICEACAMI 7912 ICREB3 2332
C15 6.043 CCL2 2431 CEACAMI 22,601 ICRLF3 2.151
(C200rf134 2534 (CCL2 2303 CEACAM3 4172 ICRYAB 8.268
C210rf01 2.056 CCL2 2421 CEACAM3 4.023 ICSAG1 6.618
C3 3273 [CCL2 2203 CFB 53.542 [CSAG2 5.062
C3 4.903 CCL2 2384 CFH 2.759 CSF1 2521
C3orf21 2465 [CCL2 2345 ICFH 2301 ICSF2 9979
C3orf32 3812 CCL2 2412 CFH 3.166 [CSF3 4.995
C3orf38 2.869 [CCL2 2430 ICFHR3 2.666 ICSGALNACT2 2,081
CIorf30 25690 CCL20 10.187 CFHR3 2587 [CSRNP1 7.073
C3orf52 2433 (CCL28 2281 ICFHR3 2.566 ICSRNP1 4583
C3orf57 2714 CCL3 86.620 CFHR3 2.500 [CSRNP2

Cdorf33 3.187 (CCL3L3 12.086 CFHR3 2.546 ICTHRC1

Cdorf34 2763 CCL3L3 10.186 CFHR3 2.604 [CTHRC1

Cdorf34 2.692 (CCL4 57111 CFHR3 2.459 ICTHRC1

Cdorf34 2.642 CCL4 62.464 CFHR3 2502 [CTHRC1

Cdorf34 2610 (CCLAL1 7.781 CFHR3 2.569 ICTHRC1

Cdorf34 2.688 CCL5 97.333 CFHR3 2.208 [CTHRC1

Cdorf34 2.652 (CCND3 2413 ICFLAR 11.661 ICTHRC1

Cdorf34 2580 CCNL1 2264 CFLAR 21420 [CTHRC1

Cdorf34 2753 (CCNL1 2,066 ICH25H 3548 ICTHRC1

Cdorf34 2627 CCNYL1 3468 CHGA 3302 [CTHRC1

Cdorf34 2612 (CCRL1 8520 CHIC2 2310 ICTNNA1

Cdorf7 6378 CCRN4L 3416 CHIC2 2.193 ICTSC

CSorfl5 2533 CD164 2559 CHIC2 2.238 ICTSC

C5orfl5 2734 CD164 2.102 CHIC2 2270 ICTSO

CSorf39 2.687 (CD200 16.675 CHIC2 2222 ICTSS

CSorf4l 3386 CD200 16.247 CHIC2 2.281 ICTSZ

CGorf150 3.790 CD200 16.581 ICHIC2 2364 ICX3CL1

Coorf47 2.026 CD200 15.672 CHIC2 2376 ICXCL1

C6orfa7 2133 CD200 16.001 ICHIC2 2206 ICXCL1

Chorf47 2.010 CD200 16.106 CHIC2 2.366 ICXCL10

C6orfa7 2015 CD200 16.061 ICHMP4B 3.400 ICXCL10

Coorf47 2.05¢ CD200 4.796 CHMP4C 2.157 ICXCL11

Coorf47 2.038 (CD200 16.208 CHMPS 2213 ICXCL16

C6orfo2 2.058 CD200 16.400 CHST2 2.706 ICXCL16

C8orf47 7.396 (CD200 15.814 CIB2 2.697 ICXCL2

(C8orf60 2108 CD274 4.905 CILP2 2.073 CXCL2

Coorf21 2428 CD274 8.630 CIR1 2.169 ICXCL3

Coorfol 2023 CD276 2144 ICITED2 3.002 ICXCL6

[CAS 2432 CD38 20915 ICKAP4 2352 ICXCL2

[CAB30 4712 CD40 8.007 CKB 0087 [CXCR3

ICAB39 3461 (CD40 8081 ICLCF1 4.450 [CXorf38

[CALCOCO2 2.089 CD40 9,042 CLDN14 71.772 ICXorf40B

ICALMI1 2381 (CD40 9.032 CLDN23 8.485 (CXorf40B

CALM3 2022 CD40 8.680 CLDN4 11.020 (CXorf49B

ICALR 2.160 (CD40 8.526 ICLDN7 12.166 (CXorf65

[CAMK2D 2515 CD40 8.771 CLICY 3.246 ICYBSR2

[CAMK2D 2938 (CD40 8.902 CLIC4 2428 ICYB5R2

[CAND1 2.160 CD40 9.167 CLIP1 2222 ICYP27B1

40



Table 1.1; continued

Poly (I:C) upregulated genes (665-996 of 2773)_

(Gene Name Fold Change |Gene Name Fold Change JGene Name Fold Change JGene Name Fold Change
CYP2I2 5.688 DUSP1 7.202 ENST00000376536 2.000 [FAMG3B 2075
CYP212 5.646 DUSP1 7209 ENST00000376793 17213 [FAMGSA 2139
CYP2I2 5733 DUSP1 7415 ENST00000377043 2.702 [FAM71F1 4263
CYP212 5.506 DUSP1 7338 ENST00000378947 2.024 [FAMS3E 4227
CYP2I2 5.668 DUSP1 7274 ENST00000379253 2.637 [FAMS4B 2377
CYP2I2 5584 DUSP1 7283 ENST00000381036 2.069 [FAMOSB 2308
CYP2I2 5.603 DUSP1 7.058 ENST00000381081 2272 [FAS 3.088
CYP212 5.660 DUSP1 7156 ENST00000381747 2.888 [FAS 2.882
CYP2I2 5.804 DUSP1 7.060 ENST00000391418 2.422 [FAS 3.025
CYP212 5.602 DUSP1 7187 ENST00000394035 2.015 [FAS 2794
CYR61 2111 DUSP10 5.507 ENST00000394157 2237 [FAS 2847
CYTH1 2834 DUSP11 2286 ENST00000394253 4.065 [FAS 2.870
CYTH1 3019 DUSP11 2.508 ENST00000395861 2.500 [FAS 2897
CYTH4 3310 DUSP8 2072 ENST00000396446 2439 [FAS 337
DAB2IP 3218 DYNLT1 2.908 ENST00000397559 2.066 [FAS 2038
DAB2IP 2474 DYNLT3 2157 ENST00000397571 5.008 [FAS 2.909
DAB2IP 2.555 EBI3 15.700 ENST00000398769 3.336 [FAS 2872
DAB2IP 2.506 EBI3 15.060 ENST00000398782 [FAS 2950
DAB2IP 2.500 [EBI3 16336 ENST00000399288 [FBXO10 2.029
DAB2IP 2457 [EBI3 15553 ENST00000399561 [FBXO11 2.050
DAB2IP 2542 EBI3 15.08¢ ENST00000390573 [FBXO6 10.057
DAB2IP 2380 [EBI3 14528 [ENST00000400702 [FBXO7 2.088
DAB2IP 2.555 EBI3 14.400 ENST00000401931 [FEM1B 2377
DAB2IP 2454 EBI3 15398 [ENST00000402522 [FERMT1 4835
DAB2IP 2482 EBI3 14.731 ENST00000405395 [FERMT1 4.008
DAPP1 3270 [EBI3 15812 [ENST00000409590 [FERMT2 2372
DBNDD2 29018 [ECE1 2.901 ENST00000410015 [FERMT2 2416
DCAF10 2636 [ECE1 2107 ENST00000412305 [FGD2 2059
DCBLD2 2053 EDN1 5.867 ENST00000412305 [FGDG 2128
DCP_22 0 10.654 [EDN1 5830 ENST00000420470 [FGF2 15117
DCP_22 0 10.961 [EDN1 5.934 ENST00000434012 [FGF2 17.765
DCP_22 2 10.245 [EDN1 5721 ENST00000439554 [FGFS 2360
DCP_22 2 10.113 [EDN1 6.126 ENST00000452379 FICD 2.576
DCP_22 4 9.566 [EDN1 6.016 ENTPDG [FKBP1A 2.030
DCP 22 4 9582 [EDN1 6.056 EPB41L4A [FKBP1B 3.781
DCP 22 6 8280 [EDN1 6.100 EPB41L4A [FLCN 2154
DCP_22 6 8346 [EDN1 6.059 EPHA2 [FLT10357 2498
DCP_22 7 5444 [EDN1 6.039 EPSTI1 [FLI11235 2.682
DCP_22 7 5579 [EDN1 5.084 EPSTI1 [FLJ32255 2386
DCP1A 3282 EFNAL 4209 EPSTI1 [FLI32810 2.148
DCP1A 4399 EFNAL 4.165 EPSTII [FLT36031 2119
DCUN1D3 2187 EFNA1 4206 EPSTI1 [FLI45040 3.026
DDAH?2 2,005 EFNAL 4.330 EPSTI1 FLOT1 2277
DDIT3 2145 EFNA1 4152 EPSTI1 [FLT3LG 2370
DDX58 39.005 EFNAL 4275 EPSTI1 [FMNL3 2227
DDX58 18.527 EFNAL 4224 EPSTI1 [FMR1 2307
DDX60 8357 EFNAL 4.035 EPSTI1 [FMR1 2213
DDX60L 13.467 EFNA1 4317 EROIL [FNDC3A 2446
DECE1 2003 EFNAL 4249 [EROIL [FNDC3B 3.018
DEFB1 6.162 [EFTUD1 2.805 EROIL [FOSL1 2240
DEFB103A 2088 [EGFLAM 2269 EROIL [FOXI2 3215
DEFB4 4175 EGOT 6.482 EROIL [FOXIN2 3.735
DENND2C 2571 [EHD1 2.660 EROIL [FOXON2 3.976
DENND3 2614 [EHD4 3446 EROIL [FOXO03 2401
DENND3 4.556 [EHF 2.096 EROIL [FOXO03 2222
DENNDSA 2278 EIF2AK2 4.546 EROIL [FOXO03 2260
DGEG 2081 EIF2AK2 4512 EROIL [FOXP1 2.907
DGEQ 2415 [ELF1 3313 ESM1 [FRE 2383
DHRS1 2041 ELF1 3.616 ETV7 [FTSID2 2382
DHX58 27.916 [ELF3 4190 EXOC3L [FUT2 5.108
DISC1 3059 ELF4 3.078 EXOCE FUT3 2417
DKFZp686L14188 2.103 ELMO2 2539 EXOCS [FUT4 2252
DKFZp68601327 3168 ELOVL7 5.284 FEAL [FUTG 3532
DKFZp761E198 2099 [EMILIN2 4.004 [FSAL [FUTS 2727
DLST 2004 [ENST00000258869 13.076 FEA2 [FXYD5 2133
DMD 3079 [ENST00000204737 2253 [FA2H [FYB 2017
DMD 2043 [ENST00000307896 2184 FABPG FYTTD1 2176
DNAJA1 2340 [ENST00000308076 5345 [FAMI14A1 [FZD4 4358
DNAJA4 3639 [ENST00000315194 2.195 FAMI22C G0S2 10.828
DNAJBG 2262 [ENST00000322839 2.692 [FAM125A (GAB2 4.601
DNAJTBG 2213 [ENST00000326295 2.016 FAMI26B |GABPBI 2201
DNAJBY 2348 [ENST00000331393 2946 [FAM126B (GADD45A 2385
DNAIC1 2676 [ENST00000334003 3.108 FAMI60A1 GAL 2413
DNTTIP1 2382 [ENST00000344275 2752 [FAMI167B (GANC 3.087
DOPEY1 2305 [ENST00000356370 2131 [FAMI174B IGATA3 2190
DPH3B 2,004 [ENST00000359635 10434 [FAMI177A1 IGATAG 2302
DPP4 2.563 [ENST00000368204 2.500 FAMISB2 (GBA 2.027
DRAP1 2.105 [ENST00000369159 8235 [FAM25A IGBAP 2.041
DSC2 5140 [ENST00000372154 2.162 FAM38A (GBP1 23.720
DSCAM 3077 [ENST00000373236 3262 [FAM46A (GBP2 3.025
DINA 2640 [ENST00000373405 2378 FAM46A (GBP3 5.056
DTX3L 6072 [ENST00000373544 2336 [FAM46C (GBP4 45244
DUOXA1 2864 [ENST00000374076 3.020 FAMG3A (GBPS 16.628

41



Table 1.1; continued

PD|\I'(I:(T) upregulated genes (997-1328 of 2773)

(Gene Name Fold Change |Gene Name Fold Change [Gene Name Fold Change JGene Name Fold Change
(GCA 17.965 [FISTIH2AC 3494 HSPAIA 2223 TL.1B 7356
(GCH1 8.266 [HIST1H2AC 2161 HSPAIA 2201 [L1B 7135
(GCH1 7.159 [HIST1H2AD 6.172 HSPAIA 2.180 [L1B 7217
(GDF5 2,005 [HISTIH2AE 2121 HSPALA 2270 L1B 7276
IGFPT1 2319 [HIST1H2BD 2.025 HSPALA 2179 L1B 7.113
IGFRA1 2.166 [HIST2H2AA4 10.726 HSPALA 2.100 L1B 6.915
(GIB4 3756 [HIST2H2AB 3465 HSPAIB 2226 L1B 6.743
(GIB4 2.801 [HIST2H2BE 4.704 HSPC159 2444 1B 7248
(GID3 7416 [HIVEPL 2221 HSPG2 2.762 [L1F5 2178
(GID3 2.002 [HIVEP2 2284 2.018 [L1F9 59.025
(GLIPR2 2.762 [HLA-A 9.442 2541 IL1R2 14.080
IGLIPR2 3952 [HLA-A 10182 2.096 IL1IRN 26.839
(GLRX 2.466 [HLA-A 9.545 2.106 IL1RN 6.465
(GMIP 2855 [HLA-A 10.013 2176 L22RA1 4473
IGMPR. 26.141 [HLA-A 10.020 44717 L.234 3.650
IGNAILS 2.260 [HLA-A 0058 45720 .24 4456
(GNAT2 2069 [HLA-A 9952 44410 .24 3.060
(GNB4 2250 [HLA-A 10325 45561 IL28A 21.648
(GNGS 2194 [HLA-A 9.612 45131 [L.28B 10,170
(GOLT1A 2716 [HLA-A 10,122 42,673 [L28RA 3204
IGPBP1 2423 [HLA-A 9886 41.209 .29 8364
(GPD2 4236 [HLA-B 27204 42422 ML2RG 4937
(GPD2 2.749 [HLA-B 23837 42,585 ML2RG 11.024
(GPRI09A 8.500 [HLA-C 28485 44648 1132 5501
(GPR109B 33.012 [HLA-C 15.110 6.808 1132 4.641
IGPR119 2937 [HLA-DOB 2399 2.989 411 19.005
(GPR143 4.636 [HLA-E 7.655 2.693 27.307
(GPR160 2.504 [HLA-F 16.058 3.359 27871
(GPR180 2.868 [HLA-F 24.805 2.758 26.167
IGPR37L1 3758 [HLA-G 15.096 14.723 24.582
[GPRCSA 3436 [HLA-T 16.742 8.268 25810
|GPRCSB 6.176 [HLA-T 16.930 11.868 27.651
[GRAMDIC 2480 [HLA-T 16305 17.935 27161
(GRAMD3 2.570 [HLA-T 15.669 38362 24420
(GRB10 7811 [HLA-T 15.070 26.789 26.545
(GRB10 7908 [HLA-T 16.579 24.084 26392
(GRB10 7.799 [HLA-T 15.756 30.507 2575
IGRB10 7818 [HLA-T 15118 2526 10,085
(GRB10 7965 [HLA-T 16.044 528.303 39.670
IGRB10 7.807 [HLA-T 16384 105.528 3407
(GRB10 7941 [FIMHAL 2404 67.971 2201
(GRB10 7.580 [EMOX1 3281 4724 23713
(GRB10 7747 [EIMOX1 3.398 23517 11.136
(GRB10 6.020 [EMOX1 3230 11.469 10843
(GRB10 7.969 [EIMOX1 3.205 5.826 11.450
IGRB7 2,562 [EIMOX1 3.198 6.770 10976
[GRHL3 2126 [HMOX 1 3303 7.158 10443
[GRINA 2366 [FMOX1 3308 12.661 10832
(GRN 3136 [EMOX1 3470 2340 10276
(GSDMB 5.675 [FMOX1 3499 2430 10.169
(GSDMD 2163 [FIMO31 3463 3.142 10410
(GTF2B 2134 [FINRNPUL2 3.526 27116 10,639
(GTPBP1 2991 [HPSE 2.949 2.077 2543
IGTPBP2 2379 [HRASLS2 43.805 37377 2.693
(GTPBP2 2430 [HRASLS2 58119 2272 2.023
H1F0 2992 [HRASLS2 53.219 20.734 2273
[HHAPLN3 3.750 [HRASLS2 56.954 2.182 6.406
[HBEGF 6.267 [HRASLS2 54.554 2104 8.634
[HCFC2 2533 [HRASLS2 60.270 10.063 4.558
hCG_1904605 4637 [HRASLS2 56.020 2643 5.605
hCG_1905004 10.597 [HRASLS2 55.054 2715 17.508
[HCG4 3354 [HRASLS2 54.282 2486 3.131
[HCPS 7.784 [HRASLS2 55861 9.233 2.085
[HDGFL1 2209 [HRASLSS 2520 2872 88.028
[HDX 5.264 [HS3ST1 2213 3305 30339
[HET1 2290 [HS3ST1 2200 6.454 33850
[HERCS 10.713 [HS3ST1 2213 5.115 2321
[FIERCS 11.159 [FIS3ST1 2305 2275 3
[HERCS 10.887 [HS3ST1 2.130 2.876 2.013
[HERCS 10.667 [HS3ST1 2110 2319 2.602
[HERCS 10.460 [HS3ST1 2124 2.275 3490
[HERCS 10.359 [HS3ST1 2146 3.925 2.006
[HERCS 10.474 [HS3ST1 2149 4.001 11328
[HERCS 10.605 [HS3ST1 2317 3.786 2187
[[IERCS 10.658 HISCB 2018 3.705 2300
[HERCS 11.074 [HSD11B1 5.962 3.798 5.690
[[IERCE 6.847 [[ISD3B7 5.535 3.763 2583
[HERC6 10.409 [HSH2D 3.551 3841 2395
[HES4 12.070 [HSH2D 21.466 3.802 3231
[HEXDC 2023 [HSPA1A 2274 3.808 2029
HHIP 5371 [HSPA1A 2203 3.728 2240
[HHIPL1 2359 [HSPA1A 2200 7.389 2.380
[HIPIR 2283 [HHSPA1A 2222 7.083 3532
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Table 1.1; continued

Poly (I:C) upregulated genes (1329-1660 of 1772)

(Gene Name Fold Change ]Gene Name Fold Change JGene Name Fold Change JGene Name Fold Change

[KRTSP12 2347 [LOC100134220 2.685 IMAFF 2.658
[KYNU 9320 [LOC100134237 3.780 IMAFF 2642
[LIMBTL4 2322 LOC115110 3.254 IMATL2 3242
[L3MBTL4 2936 LOC151438 11512 IMAP3K10 2.601
ILACTB 4.356 LOC152225 4.344 IMAPIKI3 2.566
[LAMA2 4.330 ILOC153546 2031 [MAP3KTIP3 2312
[LAMASZ 7.808 LOC153684 2321 IMAPIKTIP3 2.620
[LAMB3 5.062 [LOC200830 11.105 IMAP3KS 3227
[LAMC2 10.160 [LOC283352 2.088 VMAPKSIP2 2315
[LAMC2 6477 [LOC284475 3.039 [MAPKSP1 2320
ILAMP3 38.799 LOC284757 2580 IMAPESP1 2277
[LANCL3 3.088 LOC330192 2.788 [MAPKSP1 2310
[LAP3 7.549 LOC339988 6.234 IMAPKESPL 2313
ILARP6 2001 LOC340114 2.006 IMAPKSP1 2353
[LARP6 2.079 [LOC387763 17.937 IMAPESPL 2300
[LARP6 2044 [LOC388588 2093 [MAPKSP1 2323
[LARP6 2073 [LOC388692 2.021 IMAPESPL 2205
[LARP6 2015 [LOC399744 2.085 [MAPKSP1 2296
[LARPS 2117 [LOC400043 3.754 IMAPESPL 2435
[LARP6 2035 LOC402036 2154 [IMAPRE1L 2360
ILAYN 24878 LOCG643008 2.616 MARCKSL1 5501
ILCE3D 3376 LOC644173 2.100 IMAST4 5.037
ILCMT1 2177 LOC644189 2.996 IMATN2 2515
ILCMT1 2233 LOC645431 6.424 IMDK. 4.838
[LCMT1 2008 [LOC645634 4.024 IMDM4 2077
[LCMT1 2102 [LOC645676 2633 [MDM4 2048
[LCMT1 2121 LOCG43676 2.107 IVMDM4 2.088
[LCMT1 2081 [LOC646626 2087 [MDM4 2073
[LCMT1 2120 LOCG46000 13571 IVMDM4 2121
ILCMT1 2102 LOCG648987 2828 [MDM4 2.049
ILCMT1 2248 LOCG654433 2.152 IMDM4 2.021
[LCMT1 2120 [LOCT28769 2239 [IMDM4 2.086
ILCN2 3.850 LOC728875 2.446 IMED18 2.059
ILDLR 2075 [LOC728875 2435 IMEI1 2065
[LEMDI1 6.344 [LOCT29770 2390 IMEIS3P1 2515
[LGALS3 2357 [LOCT730375 2146 IMESDC1 2057
[LGALS3BP 4.666 [LOCT31275 2.102 [METENL 39075

[LGALSO 3.565 LOX 6.073 IMFSDO 2131

[LOC100128562 2009 LYN 4.308 VMP12 6.080
[LOC100128737 2229 LYN 4519 [IMMP13 15588
[LOC100128994 3920 LYN 4478 VMP19 2219

ILOC100129138 2119 LYPD3 2.008 IMMPO 45.112
[LOC100129931 2011 LYPD3 3.032 IVMPO 45548
[LOC100120058 2674 LYPDS 5.885 [IMMPO 45544
[LOC100130331 3405 [LYPD6 3451 IVMPO 46.141
[LOC100130433 2306 [LYPD6 4.603 IMMPO 46.635
[LOC100130035 4.383 LYSMD2 3840 IVMPQ 45083
ILOC100131046 2172 IMAFB 5.932 IMMPO 41.219
[LOC100131733 32750 IMAFB 5.655 IMMPO 45.602
[LOC100131864 2.061 IMAFF 284 IMMPO 46.680
[LOC100132614 3.080 IMAFF 2.699 IMOBELIB 2205
[LOC100132831 2894 IMAFF 2677 IMOBEL2C 3.016
[LOC100133019 4.851 IMAFF 2712 MOBKL3 2078
[LOC100133086 2780 IMAFF 2m [MOV10 3404
[LOC100133153 16.024 IMAFF 2.861 MOV10 2476
[LOC100133161 2378 IMAFF 2838 IMPDU1 2229
[LOC100133331 2.338 IVAFF 2.838 IVMPZL1 2246




Table 1.1; continued

Poly (I:C) upregulated genes (1661-1992 of 2772)

(Gene Name Fold Change |Gene Name Fold Change [Gene Name Fold Change Fold Change
IMPZL2 2312 NFKBIA 8.210 PAFAHIB1 2.135 8.786
MR1 3454 NFKBIA 8085 PAFAHIB1 2.136 8.084
MR1 2962 NFKBIA 8.160 PANX1 2.208 8453
MRGPRG 2388 NFEBIA 7811 PAOX 3318 8362
MRGPRX3 7.795 NFKBIE 2603 PAOX 237 3.006
MRGPRX4 39085 [NFKBIZ 4493 PAOX 4.673 2219
MTHFR 2014 NHLRC4 2.506 PAPD4 3.453 6.244
MTHFR 2044 NINT1 4619 PAPLN 3.048 5872
MTHEFR 2012 NIPAL 2364 PAPPA 2.363 6.151
MTHER 2062 NIPSNAP3A 2215 PARDGB 2722 6.068
MTHFR 2026 (NKAIN4 4139 PARP10 6.373 6.164
MTMR11 3408 NKAIN4 2430 PARP12 5.003 6.252
MTMR7 2,603 NKX3-1 2.885 PARP12 4.851 6.051
MTMROL 8125 NLRC3 9873 PARP12 5.128 6.099
MTMROL 2325 NLRCS 2216 PARP12 5.057 6.244
MTSS1 9654 (NMI 10.648 PARP12 4.638 6.053
MTSS1 3713 NMI 10.660 PARP12 4.936 8254
MUC1 10.767 NMI 10.878 PARP12 5.005 8426
MVP 2051 NMI 10.896 PARP12 4.734 8362
MX1 28.135 (NMI 10332 PARP12 5.016 8328
MDD 86.316 (NMI 10.357 PARP12 4.977 8.267
MXD1 4907 (NMI 10.180 PARP14 11.012 8.140
MXD1 3859 (NMI 10.760 PARP3 2.299 8.016
MYADM 2224 (NMI 11.105 PARPS 5.158 8.027
MYCN 3266 NMI 10.998 PARPS 5.142 7.584
MYDS8 8.176 NOD1 2283 PARPS 5.070 8.700
MYH3 2224 NOD2 0734 PARPS 5.218 5.268
MYL12A 2812 NOS2 2004 PARPS 5.130 25750
MYL12B 2555 NPEPPS 2062 PARPS 5.151 2.050
MYOILE 2255 NPNT 4132 PARPS 5.128 2035
MYO1G 2058 (NPR1 6.981 PARPS 5.096 2.016
MYOS5C 4044 NR4A3 4302 PARPS 5317 2.580
MYO6 2228 NRSA2 2.808 PARPS 5.110 9.906
MYOQO9B 2657 NREP1 2104 PARPO 10.195 11411
N4BP1 33 (NRCAM 4088 PATL1 2311 2370
[N4BP2L2 2154 NRCAM 2009 PATL2 2.059 3.032
INACC2 2648 NRIP1 4300 PBX4 6.253 3.207
INACC2 2752 NRIP1 3610 PCDHI 2248 2451
NACC2 2.800 (NRK 2415 PCGF5 6.567 7.900
[NACC2 2642 [NRSN2 2026 PCGF5 3.755 249
NACC2 2630 INTSC2 2,679 PCSKG 2.402 2400
[NACC2 2641 INTSC2 2,569 PCSK6 2.286 15.007
NACC2 2676 NTSC3 15.982 PCTK3 2.189 3
[NACC2 2621 INTSC3 16.398 PCYTIA 2.456 6.158
INACC2 2.508 NTSE 3.654 PDCDILG2 3.512 6.679
[NACC2 2870 NTSE 3395 PDCDILG2 3.407 25170
NAGK 2690 NTNG2 3278 PDE4DIP 2.180 2022
[NAGS 2168 NTRK2 2242 PDE4DIP 2.228 5.658
NAMPT 2019 NUAK2 2957 [PDGFB 4.469 3456
[NANOS3 3420 NUB1 4465 PDGFRL 14843 2423
NAPA 3015 NUMB 2210 PDLIM4 2358 2.286
[NAT1 2084 NUPR1 4069 PDLIM7 2.648 2775
NATSL 2470 0AS1 17.863 PDLIM7 4.640 5472
[NAV3 2447 (OAS2 10426 PDLIM7 3.084 8816
NAV3 7027 OAS2 12.163 PDP1 4.476 2491
[NCCRP1 7551 (OAS2 2448 PDPN 2.789 2.097
INCF2 2061 0AS3 4053 PDZD2 6.394 3487
INCOA7 5144 (OAS3 8782 PDZK1IP1 6.513 2444
NCRNA00118 2277 OASL 120.656 PELI1 2.001 2.025
[NDFIP1 2309 OCLN 5.769 PEX26 2.400 5.780
INDFIP1 2020 OCLN 3.886 PGAM4 2.022 5.079
[NDUFAQ 2000 (ODF3B 6.678 PGM2L1 2541 5.708
[NECAP1 2.101 OGFR. 3.702 PGM3 2.899 2310
[NECAP2 2345 (OLR1 2723 PHACTR4 2.890 2.865
NEURL3 84744 OPTN 2363 PHF11 4.156 9.740
[NFATS 2059 (ORZA9P 2,008 PHF15 2315 2416
INFE2L3 39001 OR2A0P 2012 PHF13 2.268 2467
[NFEB2 3193 OR7E13P 2002 PHLDA2 4312 2525
INFKB2 3076 ORTE156P 2244 P13 2.552 2538
[NFKB2 3084 (OR7E24 2079 PI4K2B 2.208 2450
INFKB2 3172 OSMR. 4331 PION 5.175 2.600
INFKB2 3.065 OTUD4 2584 PIP4K2C 2.282 2444
NFKB2 3.182 OVOLL 8.017 PTWIL4 2.460 2452
[INFEKB2 3148 OXTR 2575 PKIB 2.961 2441
[NFEB2 3074 PIRX4 3079 [PKP1 5.423 2.465
[INFEKB2 3.089 P4HA2 4739 PKP1 5.087 2396
NFKB2 2927 P4HA2 3903 PLA2GIO0 2.622 2468
[NFEBIA 8038 PAFAHIBI 2190 PLA2GI6 3741 3615
[NFEBIA 8.048 PAFAHIBI 2077 PLA2GI6 8.700 2577
[NFEKBIA 8363 PAFAHIBI 2139 PLA2GI6 8.681 2220
[NFKBIA 8257 PAFAHIBI 2077 PLA2GI6 8.780 2467
[NFEKBIA 7.790 PAFAHIBI 2110 PLA2GI6 8.561 2864
[NFKBIA 8.052 PAFAHIBI 2.103 PLA2GI6 8.804 3.000
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Table 1.1; continued

Poly (I:C) upregulated genes (1993

4 ofl'ﬁ'g)

|Gene Name Fold Change [Gene Name Fold Change [Gene Name Fold Change JGene Name Fold Change
[PSEN1 2.863 RAP2C 2.658 RNF144B 2,562 [SC4MOL 2.023
[PSEN1 2924 [RAP2C 2856 RNF146 2056 SCAMOL 2.040
[PSEN1 2900 [RAPGEF3 2.061 RNF149 3510 SC4MOL 2.000
[PSEN1 2822 RAPGEF5 2122 RNF149 3.348 SC4MOL 2.047
[PSEN1 2927 RAPH1 3.642 RINF149 3.366 [SC4AMOL 2.054
[PSEN1 3.060 RAPHI 2445 RINF140 3450 SC4MOL 2177
[PSEN1 3.003 [RARRES1 4.870 RINF149 3458 [SCAMP1 2.248
[PSEN1 2002 [RARRES3 6.513 RNF149 3318 [SCARB2 4.095
[PSEN2 2.165 RASD1 2432 JENF140 3.403 [SCARNAI17 23872
[PSEN2 2211 RASD1 2.506 RNF149 3523 [SCARNAQ 3.08¢
[PSEN2 2.106 RASDI1 2403 RINF149 3.204 SCARNAOL 2.008
[PSEN2 2083 RASD1 2472 RNF149 3480 SCLT1 2127
[PSEN2 2.008 RASD1 2515 RNF19B 7.780 SCNN1D 2.077
[PSEN2 2112 RASD1 2453 RNF207 2431 SCo2 2.788
[PSEN2 2.062 RASD1 2502 RINF208 2255 SCYL2 2.048
[PSEN2 2072 RASD1 2464 RNF213 4.360 SCYL3 2.116
[PSEN2 2217 RASD1 2612 RNF213 11.042 SDC4 7.155
[PSEN2 2.069 RASD1 2572 RNF217 2216 SDCBP 2016
[PSMA4 2437 [RASGRP3 14311 RNF38 2150 SDCBP2 7970
[PSMAG 2.648 RASGRP3 2122 RNF38 2325 SEC14L1 2.008
[PSMB10 5.190 [RASL10A 3414 RINF43 2140 [SEC24A 2,137
[PSMBS 3.486 [RASSF10 2739 ROBO3 3.270 [SEC24A 2.796
[PSMB2 11394 [RASSF10 2.869 ROBO4 6.269 [SECISBP2L 2.059
[PSME1 2325 RBCK1 2176 JRP2 3.043 JSECTM1 45363
[PSME2 3291 RBCK1 2412 RPS6KA3 3532 [SEMA3SA 5.306
[PSME4 2.650 REM11 3872 RPSGKC1 4337 SEMA3C 3142
[PSME4 3.782 REM20 4279 RPSOKC1 4.250 [SEMATA 6.569
[PTAFR. 4.001 [REM43 3.103 RPSGKC1 4214 SEMATA 6.598
[PTGER2 3.367 RBM47 2.048 RPSOKC1 3.904 [SEMATA 6.540
[PTGIR 2,622 RBMS1 2.106 RPS6KC1 4.043 [SEMATA 6.540
[PTGS2 2677 RBMS1 2013 RPSEKC1 4233 [SEMATA 6.594
[PTGS2 2610 [RBMS2 2299 RPS6KC1 4.065 [SEMATA 6.374
[PTGS2 2542 RCAN3 2251 RPSEKC1 4345 [SEMATA 6.251
[PTGS2 2704 RECS 2473 RPS6KC1 4215 [SEMATA 6.584
[PTGS2 2.629 RELA 2826 RPSOKC1 4.187 SEMATA 6.658
[PTGS2 2776 RELA 2.830 RRAD 10.327 [SEMATA 6.575
[PTGS2 2.644 RELA 2914 RRAGC 2.149 [SERPINAL 2920
[PTGS2 2.781 RELA 2873 RRBP1 2873 [SERPINA3 4.158
[PTGS2 2782 RELA 2843 RSAD2 226.319 [SERPINA3 8.046
[PTGS2 2841 RELA 2912 [RSPH3 2978 [SERPINA3 7347
[PTE2B 29031 RELA 2811 RTCDI1 2482 SERPINE1 34 606
2461 RELA 3.007 RTKN 2.075 SERPINB2 11.256
5.401 RELA 3.001 RTN3 2.080 [SERPINBS 3.199
[PTPN12 2835 RELA 2441 RTP4 30.184 SERPINBY 6.220
[PTPRA 2.063 RELA 3.043 RUNX3 4.133 [SERPING1 5.627
[PTPRB 2.505 RELB 2833 RUNX3 10.071 [SERPING1 4977
[PTPRC 2.026 RET 7.619 RWDD2A 2170 [SERPING1 43842
[PTPRK 4263 RET 11.861 S100A8 2111 [SERPINI1 2480
[PTPRK 3125 RFXS 2319 S100A9 3438 SFN 3035
[PTPRK 4411 RFXS 3.195 S1PR3 2.606 SFT2D2 2975
[PTTGIIP 2125 RGS2 2.804 SAAL 4.002 SGPP2 18.197
[PTTG1IP 2.099 [RHBDF2 2819 SAAD 9.448 [SGPP2 7.858
[PTTGLIP 2118 [RHBEDL2 3.118 SAA2 2226 [SH2B3 2,183
[PTTGIIP 2.062 RHBDL2 27121 SAA4 2.880 [SH2D2A 2386
[PTTGIIP 2032 RHBEDL2 3253 SAA4 2738 [SH3D20 2.820
[PTTGIIP 2015 RHCG 4977 SAA4 2640 SH3IGLB1 2.603
PTTGIIP 2.107 RHEBL1 3.776 SAA4 2304 SHIKBP1 4.750
[PTTG1IP 2382 RHOB 2.825 SAA4 2773 [SH3IKBP1 6.527
[PTTGLIP 2073 [RHOB 3.345 SAA4 2.674 ISHIPXD2A 2.568
[PVRL2 3.118 [RHOC 2310 SAA4 2777 [SHISA2 6.760
[PVRL2 3972 RHPN1 2248 SAA4 2.879 SIDT1 5.581
[PVRL3 2815 [RHPN2 2697 |5AA4 2779 BIGIRR 4.565
[PVRL4 2157 [RICTOR 3291 SAA4 2590 SIGLEC16 3464
(QPCT 2419 RILP 3.685 SALL4 5.161 SIRT7 24908
[QPCT 2368 RIPK.1 2321 SAMD4A 3.102 [SIRT7 2282
[RAB11FIP1 2625 RIPK2 8352 SAMD4A 2.796 SLAMF7 4.898
[RAB24 7733 RIPE3 2787 SAMDS 2472 [SLC114A2 2.194
[RAB25 3355 RIPE3 6.850 SAMDO 18.306 [SLC12A7 2922
[RAB2B 2265 RIPK4 3.056 SAMDOL 57.571 [SLC13A5 2347
[RAB2B 2014 RNASEK 2008 SAMDOL 00832 [SLC15A3 16.923
[RAB31 2015 RND3 2085 SAMHDI1 6.045 SLC15A4 2122
[RAB35 2154 [RND3 2950 SAMHDI1 3.653 SLC16A3 3121
[RAB3IP 2434 RND3 3.056 SAP30BP 2.143 SLC16A4 2.808
[RAB42 4.159 [RIND3 3171 SARIA 3410 [SLC17AS 2247
[RAB43 2245 [RND3 3114 SARIA 2116 ISLC18A3 2.906
[RAB43 3.066 [RND3 3.038 [SAT1 3.274 [SLC224A4 2245
[RABSA 2279 [RND3 2957 SATI 3.404 [SLC24A6 2.162
[RABSB 2278 RND3 3.008 SBF1 2020 [SLC25A28 5.124
[RABACI 2171 RND3 3.188 SBNO2 2140 SLC25A30 2.620
[RABGGTA 2176 RND3 3.014 SBSN 2.008 SLC25A37 3.315
[RADS1L3 4.027 [RNF111 2.065 SC4AMOL 2.030 [SLC25A37 2.091
[RALA 3231 RINF114 3302 SCAMOL 2.001 SLC26A11 2.154
[RALGPS2 2.306 [RNF122 10.840 SC4AMOL 2.067 [SLC28A3 4.738
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Table 1.1; continued

Poly (I:C) upregulated genes (23

(Gene Name Fold Change |Gene Name Fold Change }Gene Name Fold Change JGene Name
SLC2A6 3358 STATL 11376 TLR2 4614 [TNFSF10
SLC2AG 2179 STATL 11342 TLR2 4531 [TNFSF10
SLC30A4 2142 STATL 11.224 TLR2 4.712 [TNFSF10
SLC31A2 2451 STATL 11328 [TLR2 4549 [TNFSF10
SLC35D2 2145 STATL 11.004 TLR2 4.808 [TNFSF10
SLC37A1 3.069 STATL 11853 TLR2 4.601 [TNFSF10
SLC41A2 6.735 STATL 10.840 TLR2 4.679 [TNFSF10
SLC4A4 4.105 STAT2 3738 TLR2 4514 [TNFSF10
SLC4AS 2429 STATSA 6.528 TLR3 14.582 [TNFSF10
SLC7A2 49.164 STAT6 2746 [TM2D3 2.031 [TNFSF13
SLCOAT 2593 STBD1 3112 TM4SF1 2486 [TNFSF13B
SLCOAT 2022 STOML1 3258 [TMBIM6 2418 [TNFSF15
SLCO4A1 7987 STX11 3386 TMC4 2728 TNIP1
SLFN11 2227 STX12 2019 TMC6 3.537 [TNIP2
SLFN12 2877 STX7 2192 [TMCG 3.538 [TNNC2
SLFN12 2734 STYK1 4.805 [TMCG 3.644 [TNRC6C
SLFN12 2723 SULF1 2578 [TMCG 3.457 [TNS1
SLFN12 2.668 SUSD3 31.530 [TMCG 3.539 TOR1AIPL
SLFN12 2.666 SUZ12P 2026 TMCG 3.450 TOR1ATPL
SLFN12 2858 SYNGR2 3300 TMCG 3.401 TOR1B
SLFN12 2.809 SYNGR2 3.030 TMCE 3372 TP53BP2
SLFN12 2.758 SYNPO 2379 [TMCG 3.480 [TP53INP2
SLFN12 2612 SYNPO 2.160 [TMCG 3.520 [TPM4
SLFN12 2781 SYNPO2 2553 [TMCS 3.246 TPPP
SLFN5 2138 SYS1 2220 TMCCS 8.563 TRADD
SMARCAS 2171 SYTL4 2837 TMCO4 2129 TRAF1
SMG7 2039 TACSTD2 2545 TMEDS 2135 TRAF4
SMPD1 2,047 TAGAP 2975 [TMEDS 2226 [TRAFG
SMURF1 2.830 TAGLN 2012 [TMED7-TICAM2 2.082 TRAFD1
SNAPC3 2,024 TAP1 14.802 [TMEFF1 3.225 [TRANK1
SNRK. 2013 TAP2 39012 [TMEM102 2384 TREX1
SNX3 2130 TAPBP 2.607 TMEM106A 4536 TRIB1
SNX6 2406 TAPBP 3571 [TMEM106A 3.756 TRIM 14
SNX6 2372 TAPBP 2411 [TMEM110 3.037 TRIM14
SOAT1 2415 TAPBPL 4406 [TMEM125 2087 TRIM14
SOCS1 7.594 TBCID3G 2185 [TMEM140 5.841 [TRIM14
SOCS2 4.668 TBX19 2354 TMEM167B 2.508 TRIM21
SOCS3 2184 TBX3 4015 [TMEM170A 2239 [TRIM22
SOD2 52.923 TBX3 3018 [TMEM170A 2228 [TRIM23
SOX13 2226 tcag7.1196 2043 TMEM170A 2211 TRIM26
SOX0 2972 tcag7.207 2367 [TMEM170A 2230 TRIM34
SP100 7405 TCF15 2759 [TMEM170A 2317 [TRIM34
SP100 5112 TCIRG1 2900 [TMEM170A 2238 [TRIM35
SP110 11.984 TCN2 3396 [TMEM170A 2281 [TRIM36
SP110 11.582 TCP11L1 2.838 [TMEM170A 2265 TRIM36
SP110 11.523 TCP11L1 2096 [TMEM170A 2364 TRIM36
SP110 12.050 TDRD7 12.625 [TMEM170A 2305 TRIM36
SP110 11.549 TDRD7 12.950 [TMEM171 7363 [TRIM36
SP110 11413 TDRD7 12418 [TMEM173 3.081 TRIM36
SP110 11.563 TDRD7 12.859 [TMEM185A 2171 [TRIM36
SP110 11.890 TDRD7 12,563 [TMEM1388 2.017 [TRIM36
SP110 11.335 TDRD7 12.468 [TMEM1389 2163 TRIM36
SP110 11.693 TDRD7 12371 TMEM2 3.884 TRIM36
SP140 2,785 TDRD7 12275 [TMEM2 4337 [TRIM38
SP140L 2222 TDRD7 12.206 TMEM201 2340 TRIMS
SP6 2.165 TDRD7 12.955 [TMEM217 8.075 [TRIMS6
SP8 33.720 TEP1 4203 [TMEM220B 5417 [TRIMGO
SPAGY 3.006 TFPI2 2645 TMEM27 38188 [TRIOBP
SPAGY 2268 TGFA 3801 TMEM30B 2579 TRIP4
SPATS2L 2920 TGFA 2637 TMEM40 2474 [TRPCG
SPHE1 3.694 TGM1 2307 TMEM40 2.080 [TRPM4
SPINK6 5613 THSD1 3.187 [TMEMG62 8.506 [TRPV2
SPOCD1 2.808 TICAMI1 5.006 [TMEMG3A 2.083 [TSPAN14
SPOCK1 12512 TICAMI1 2789 [TMEMS7A 2309 [TSPAN31
SPPL2A 2632 TIMP2 2963 TMEMETB 2776 TTCOC
SPRY2 3371 TINF2 4998 TMEMSS 2.610 TUBA3D
SPSB1 2447 TLE4 2276 TMEMO2 8.650 TUBB2A
SPSB1 4433 TLE4 4258 TMOD2 2.621 TYMP
SPTAN1 2232 TLK2 3314 TV 1 2514 [UBAT
SPTBN1 2179 TLK2 2958 TNC 2342 JUBC
SPTBNS 4.966 TLK2 2177 [TNF 5.308 [UBC
SQRDL 9477 TLR1 4145 [TNFAIP2 55229 JUBC
SRGAP2 2542 TLRI 4181 TNFAIP3 12.026 [UBD
SSTR2 4314 TLR1 4215 [TNFAIPS 11.906 JUBE2H
ST14 3399 TLR1 4200 [TNFAIPS 5.173 JUBE2L6
ST8SIA4 3.046 TLR1 4478 [TNFAIPS 5.040 [UBFD1
STAP2 2313 TLR1 4360 [TNFRSF10A 2.852 [UBQLN1
STARD3NL 2353 TLR1 4318 [TNFRSF14 2751 JUBQLN2
STARD4 3318 TLRI 4015 TNFRSF25 2100 [UBQLN2
STARDS 4415 TLR1 4203 [TNFRSFS 2011 JUBQLN2
STAT1 11.331 TLR1 3.900 [TNFRSFO 4.000 [UBQLN2
STAT1 11.668 TLR2 4824 [TNFSF10 26.890 JUBQLN2
STAT1 11.341 TLR2 4425 [TNESF10 32.887 [UBQLN2

7421
2018

2770
2508
2575
3.046
2.016
2.037
2.058
3.500
23035
2.068
2618
2464
6.563
6.775
2850
4.022
3460
3.638
3870
4.281
7366
2.185
3.004
2302
2466
2579
2328
2210
2159

2221
2191
2331
2271
2283
2128
2976
3.167
2781
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Table 1.1; continued

Poly (I:C) upregulated genes (2657-2773 of 17"._1)

(Gene Name Fold Change |Gene Name Fold Change ]Gene Name Fold Change JGene Name Fold Change
[UBQLN2 2.556 ZFAND2A 3236
[UBQLN2 2,504 ZFAND3 2265
[UBQLN2 2522 ZFP36 4582
[UBQLN2 2.608 ZFYVE26 3.970
[UBXIN2A 2055 ZG16B 3.129
[UCA1 12239 ZMIZ1 2421
[UHRF1BP1 3304 ZMIZ2 2276
[ULBP2 4.602 ZMYNDI15 5384
[UNC93B1 5794 ZNF101 2.086
[UNCO3B1 5318 ZNF114 2446
[UNCO3B1 4537 ZNF165 2471
[URG4 2221 ZNF224 2030
[USP11 2347 ZNF226 3.003
[USP12 2030 ZNF267 3.387
[USP15 3078 ZNF206 2,502
[USP15 2.107 ZNF350 2143
[USP18 5244 ZNF385C 3.012
[USP25 2537 ZNF44 2303
[USP31 2704 ZNF460 2.657
[USP41 16.214 ZNF469 2158
[USP43 3882 ZNF562 2226
[VAMPS 2692 ZNF600 2002
[VAMPS 2042 ZNFG613 2.081
[VEGFC 5301 ZNF655 2137
[VEZT 2610 ZNF707 2.661
[VEZT 2307 ZNF710 2305
[VLDLR 2209 ZNFX1 8272
[VRE2 2.105 ZNFX1 3.506
[VSIG10L 2758 ZNFX1 2941
[VSIG10L 2.596 ZNRF2 2.005
[VSIG10L 2459 ZP4 16.570
[VSIG10L 2599 ZPLD1 4962
[VSIG10L 2431 ZSCANI2L1 2,103
[VSIG10L 2536 ZSWIM3 2433
[VSIG10L 2572

[VSIG10L 2,680

[VSIG10L 2577

[VSIG10L 2269

[VTT1A 2422

[VTT1A 2329

[VTT1A 2411

[VTT1A 2379

[VTT1A 2281

[VTT1A 2343

[VTT1A 2413

[VTT1A 2378

[VTI1A 2380

[VTT1A 2389

[WARS 14.700

[WDR45 2428

[WDR45 11.876

[WDR47 2136

[WDR55 2046

[WFDC2 22721

[WFDC2 26.473

[WFDC3 3457

[WILAMM 2143

[WNT7A 2370

[WNT7B 2.560

[WNT7B 2478

[WNT7B 2473

[WSB1 2073

[WTAP 2451

[WTAP 3124

[{AF1 11.154

[XAF1 13.150

IAP 2360

[XKRS 2147

[XRN1 4175

[YEATS2 2583

[YPELS 2237

ZBP1 4.648

ZBP1 17.051

[ZBTB32 24,520

[ZBTB42 4611

[ZBTB43 3107

[ZBTB43 3148

[ZC3H12C 4138

ZC3HTB 4180

[ZC3HAV1 12,599

ZC3HAV1 2118

[ZCCHC2 2341

[ZDHHC13 2365
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Table 1.1; continued

Poly (I:C) downregulated genes (1-332 of 2769)

IGene Name Fold Change (Gene Name Fold Change  |Gene Name Fold Change Gene Name Fold Change
MARCH4 0431 ADI1 0473 APLN 0404 B3GNT1 0.459
[SEPT11 0447 ADNP 0.440 APLN 0401 B9D1 0.368
A 24 P135391 0401 ADORAYB 0.037 APLN 0418 B9D1 0.303
|A_24 P135501 0435 AFARP1 0.447 APLN 0392 BID2 0.496
A 24 P153324 0.375 AGAPL 0.361 APLN 0.357 BAIAP2 0.470
A 24 P161914 0.341 [AGAPL 0355 APLN 0.496 BAP1 0.462
|A_24 P194962 0455 AGAP1 0.394 APLN 0385 BAX 0464
A 24 P195724 0.384 AGAPL 0392 APOE 0.493 BAX 0.470
A 24 P204144 0.495 AGAP1 0374 APOO 0315 BAX 0473
|A_24 P221485 0411 AGAPL 0.387 [APPL2 0391 BAX 0.472
A 24 P24142 0.373 AGAPL 0.382 [APPL2 0373 BAX 0.470
|A_24 P272548 0472 AGAP1 0.396 APPL2 0360 BAX 0.496
A 24 _P316074 0.394 AGAPL 0417 [APPL2 0.378 BAX 0.497
|A_24 P349636 0375 AGBL> 0366 APPL2 0374 BAX 0.494
A 24 P383330 0.398 AGPATS 0.163 [APPL2 0.390 BAX 0.491
A 24 P409402 0.395 AGPS 0.380 [APPL2 0.348 BAX 0.489
A 24 P41149 0421 AHCY 0413 APPL2 0339 BCAT1 0.116
A 24 P418536 0447 AHNAK? 0476 [APPL2 0.388 BCAT2 0.470
A 24 P42014 0493 AHNAK? 0.470 [APPL2 0.416 BCCIP 0.488
A 24 P603890 0476 ATF1L 0347 AQR 0414 BCKDHB 0.479
IA_24 P76358 0333 ATG1 0376 AREG 0462 BCKDHB 0414
|A 24 P84808 0.370 AK027667 0407 AREG 0.460 BCL11B 0.288
IA_24 P93452 0374 [AK056005 0458 ARG2 0.451 (BCLZL10D 0.464
A 32 P151782 0404 AK130930 0456 ARHGAP11A 0433 BCL2L12 0.494
A 32 P514599 0440 AK3L1 0426 ARHGAP11A 0.367 BCLTA 0.382
|A_32 P52153 0322 AKAPL 0492 [ARHGAP11B 0432 BDH1 0319
A 32 P57702 0.267 AKRIB10 0.108 ARHGAP22 0.413 BDERB1 0.358
|A_33_P3218559 0394 AKRIB10 0.149 [ARHGAP4 0.407 BDKRB2 0284
A _33_P3230073 0.384 AKR1B15 0.174 ARHGDIB 0.184 BEND3 0.335
|A_33 P3242923 0.204 AKRIC1 0.341 [ARHGEF10 0.429 BENDG 0.444
|A_33_P3263157 0.356 AKRIC1 0.293 [ARHGEF19 0498 BEX1 0.203
JA_ 33 P3270966 0495 AKRIC3 0.285 [ARHGEF4 0.348 BEX2 0.381
A 33 _P3293734 0314 AKR1C4 0435 [ARL3 0.380 BFSP1 0418
JA_33 P3296230 0.382 AKR7A2 0.336 [ARLAD 0.340 BFSP1 0.418
A 33_P3317431 0.354 AKR7A2 0.328 ARMCS 0.431 BFSP1 0.416
JA 33 P3324552 0410 AKR7A2 0.331 ARMCS 0432 BFSP1 0.386
|A_33_P3329991 0438 AKRTA2 0329 [ARRDC4 0411 BFSP1 0.391
|A_33 P3337931 0451 AKR7A2 0.346 ARTN 0.385 BFSP1 0.399
A 33 P3359984 0359 AKRTA2 0322 ASAM 0347 BFSP1 0.398
JA_33 P3381429 0406 AKR7A2 0318 ASB1 0.406 BFSP1 0.404
A 33 _P3390873 0.374 AKRT7A2 0.340 ASB13 0.447 BFSP1 0.430
|A_33_P3391803 0384 AKRTA2 0339 ASF1B 0267 BFSP1 0428
|A_33_P3406702 0.357 AKR7A2 0.336 ASFIB 0.269 BICD2 0.349
|A_33 P3412716 0.498 AKRTA3 0420 ASF1B 0265 BIRCS 0.056
A_33_P3416414 0426 AKR7L 0.463 ASFIB 0.268 BIRCS 0.056
JAADAT 0401 ATDHI18A1 0491 ASFIB 0.242 BIRCS 0.054
JAARSD1 0494 ALDHIL1 0419 ASF1B 0.262 [BIRCS 0.056
JAARSD1 0489 ATDH3A1 0.365 ASFIB 0.266 BIRCS 0.053
JAARSD1 0.495 ALDH3A1 0.284 ASF1B 0.265 BIRCS 0.053
JAARSD1 0.495 ALDH3A2 0230 ASF1B 0.266 BIRCS 0.055
IABCBG6 0212 E H3A2 0.345 ASF1B 0.287 BIRCS 0.058
JABCEL 0406 ATDH4A1 0.287 ASPM 0.276 BIRCS 0.058
IABCE1 0.395 ALDH4A1 0424 [ASPM 0316 BIRCS 0.056
JABHDI14A 0494 ATDH7A1 0.233 [ATAD?2 0.304 BLM 0.123
IABHD2 0472 ALDH7A1 0.185 ATADS 0.441 EBNIP2 0.476
|JABHDG 0388 ALDH7A1 0298 [ATIC 0421 BNIPL 0.364
IABI2 0455 ALGL10B 0.450 ATL2 0.498 BPHL 0.483
JABLIM1 0473 ALG3 0.481 ATP1A1 0.465 BRCA1 0.139
IACAA? 0430 ATKBH2 0.423 ATP5G1 0.373 BRCAI1 0.141
JACACA 0.330 ALS2CR4 0.347 ATPOVICL 0381 BRCAI1 0.144
IACADSB 0335 ALS2CR4 0.156 [ATP6VIE2 0327 BRCA1 0.136
JACAT1 0471 AMPD2 0.480 ATP9B 04387 BRCAIL 0.137
JACAT2 0.495 AMZ2 0373 ATP9B 0.484 BRCA1 0.143
JACBD6 0473 ANKH 0.364 ATP9B 0.480 BRCA1 0.154
IACCN2 0.131 ANKH 0458 ATP9B 0.500 BRCAIL 0.153
JACNS 0312 ANKRDI16 0.402 ATP9B 0492 BRCA1 0.150
IACO1 0.090 ANKRD2 0379 ATP9B 0.492 BRCA1 0.147
JACOX1 0.384 ANKRD32 0421 ATRN 0.415 BTBD11 0.394
IACSF2 0.449 ANKRD32 0434 ATXN10 0.461 BTBD16 0.169
JACSL1 0495 ANKRD35 0399 AURKA 0237 BUB1 0.150
IACSL1 0480 ANKSG 0.161 AURKAPS1 0344 BUB1B 0.086
JACSL1 0.496 ANLN 0235 AURKB 0218 BX095413 0432
IACSL1 0491 ANP32A 0.393 [AUTS2 0.401 BYSL 0.464
JACSL1 0.488 ANP32B 0436 [AUTS2 0.407 BZW2 0.479
JACSL1 0.499 ANTXR1 0.405 AUTS2 0392 BZW2 0407
JACSL1 0490 AOX1 0.230 [AUTS2 0.394 C10orf114 0472
IACTR3B 0350 AOX1 0.346 AUTS2 0.402 C100rf2 0422
JACTR3B 0458 AP3M2 0451 [AUTS2 0.416 Cllorf4l 0.483
IACY1 0.360 APEX1 0.362 AUTS2 0424 C1lorf46 0.460
|ADA 0374 APITD1 0332 AUTS2 0417 Cllorf51 0431
IADARB1 0.250 APLN 0.346 AUTS2 0.419 C1lorf70 0.482
|JADAT2 0358 APLN 0.405 [AUTS2 0.424 C1lorf70 0.496
[ADI1 0.438 APLN 0.428 AZT1 0364 C1lorf82 0.112
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Table 1.1; continued

Poly (I:C) downregulated genes (333 664 of 2769)

(Gene Name Fold Change (Gene Name Fold Change  |Gene Name Fold Change Gene Name Fold Change
C12orf24 0.201 (C90rf116 0.443 CCNA2 0.102 CENPH 0345
C12orf32 0494 C90rf122 0.483 JCCNA2 0.103 CENPT 0.225
C12orf48 0.217 C90rf125 0.462 CCNA2 0.095 CENPK 0.256
C130rf15 0173 (CA10 0.240 [CCNA2 0.099 CENPM 0.236
Cl4orfl26 0476 (CAI2 0.197 CCNA2 0.089 CENPM 0.154
Cl4orfl43 0456 CA2 0.404 [CCNB1 0.107 CENPN 0.235
Cl4orf145 0236 (CABC1 0.403 CCNB1 0112 CENPN 0.360
C14orfl67 0493 (CABLES1 0.300 [CCNB1 0.118 CENPO 0.369
Cl4orf2 0.484 (CALMLS 0.424 CCNB1 0114 CENPO 0.447
Cl4orf33 0427 (CARD18 0.246 [CCNB1 0.114 CENPP 0.182
C140rf80 0402 (CARHSP1 0.479 CCNB1 0.108 CENPP 0.404
C140rf80 0343 (CARS2 0.283 [CCNB1 0.106 CENPQ 0436
C150rf23 0.271 CASCS 0.134 CCNB1 0.110 CENPQ 0.424
C160rf35 0.408 (CASCS 0.147 [CCNB1 0.123 CENPQ 0.409
C16orf45 0426 (CASCS 0.123 CCNB1 0.141 CENPQ 0.430
C1Gorf48 0.365 (CASCS 0.133 [CCNB1 0.108 CENPQ 0.438
C160rfS 0.355 (CASCS 0.135 CCNBI1IP1 0451 CENPQ 0.441
C160rf53 0.366 (CASCS 0.135 |CCNB2 0.099 CENPQ 0.426
C16orf59 0.157 CASCS 0.157 CCND2 0441 CENPQ 0.447
C160rf63 0.340 CASCS 0.129 [CCNE2 0238 CENPQ 0441
C160rf75 0.151 (CASCS 0.123 CD109 0442 CENPQ 0439
C160rf93 0.386 (CASCS 0.143 ICD24 0485 CEP250 0.385
C170rf61 0.459 (CASK 0361 CDC2 0.080 CEP250 0.492
C170rf79 0426 CAT 0.476 ICDC2 0.082 CEP55 0.069
C170rf89 0.306 CAT 0.431 CDC2 0.083 CEP55 0.065
C170rf89 0277 (CAT 0447 |CDC2 0.081 CEP53 0.069
C170r97 0467 (CAT 0.445 CDC2 0.086 CEP55 0.072
C180rfS5 0.145 (CAT 0.446 [CDC2 0.081 CEP55 0.064
C180rf56 0.372 (CAT 0.442 CDC2 0.081 CEP535 0.065
C190rf48 0207 CAT 0.464 ICDC2 0.084 CEP35 0.066
C190rf51 0430 (CAT 0478 CDC2 0.087 CEP53 0.069
Clorfl12 0.269 CAT 0.450 ICDC2 0.087 CEP55 0.143
Clorfl12 0.253 CAT 0427 CDC20 0117 CEP55 0.074
Clorfl12 0.268 CAVL 0.459 JICDC25A 0.396 CEP55 0.072
Clorfll2 0.257 (CAVL 0.458 [CDC25C 0.220 CEP78 0.335
Clorfl12 0275 CAVL 0.475 [CDC45L 0.094 CERK 0315
Clorf112 0.286 (CAV1 0476 CDC6 0393 CHAF1A 0345
Clorfll2 0.262 CAVL 0.471 ICDC7 0211 CHAF1A 0313
Clorfl12 0.255 CAV1 0.490 CDCAZ 0.094 CHAF1B 0418
Clorfl12 0.266 CAVL 0.485 JCDCA3 0203 CHAF1B 0.382
Clorfll2 0.269 CAVL 0.490 CDCAS 0.072 CHAF1B 0.398
Clorf133 0331 (CAV1 0.484 [CDCAS 0.071 CHAF1B 0.402
Clorfl35 0.196 (CBR4 0.412 CDCAS 0.070 CHAF1B 0.384
Clorfl163 0419 CBX2 0253 [CDCAS 0.070 CHAF1B 0382
Clorf21 0.373 (CBX5 0.186 CDCAS 0.068 CHAF1B 0.381
Clorf21 0.396 CC2D2A 0293 JCDCAS 0.069 CHAF1B 0.424
Clorf21 0.363 (CC2D2A 0335 CDCAS 0075 CHAF1B 0.42
Clorf21 0.362 CC2D2A 0.402 JCDCAS 0.071 CHAF1B 0.415
Clorf21 0.396 (CCBL1 0.462 CDCAS 0072 CHCHD10 0.404
Clorf21 0356 (CCDC104 0424 [CDCAS 0073 CHCHDS 0.465
Clorf21 0435 (CCDC104 0.481 CDCA7 0083 CHEA 0.396
Clorf21 0.370 (CCDC106 0.486 [CDCA7 0479 CHML 0.381
Clorf21 0.421 (CCDC111 0.464 CDCATL 0271 CHTF18 0.207
Clorf21 0421 (CCDC138 0.413 [CDCAS 0.065 CIT 0.180
Clorf53 0492 (CCDC147 0.203 CDK4 0.187 CEKAP2 0.378
Clorf96 0308 (CCDC18 0424 ICDKN1C 0430 CKAP2L 0.129
Clorfd6 0481 (CCDC3 0.213 CDEN2C 0371 CKS1B 0.287
C1QBP 0479 (CCDC34 0.091 [CDKN3 0.174 CKS1B 0333
C200rf108 0.291 (CCDC41 0.406 CDKN3 0.112 CLCA2 0.208
C200rf27 0.340 CCDCT72 0.461 ICDT1 0232 CLEC2D 0.448
C200rf27 0417 (CCDCT74B 0.123 CEBPA 0436 CLMN 0391
C200rf72 0453 (CCDCT4B 0412 JCENPA 0.145 CLNS 0.361
C21orf45 0311 (CCDCT5 0.295 CENPE 0462 CLNS1A 0.486
C220rf29 0.388 (CCDCT5 0331 |ICENPE 0459 CLSPN 0.419
C2CD2 0.291 CCDCS 0.470 CENPE 0443 CMTM4 0.421
C2orf7 0452 (CCDCS6 0477 |[CENPE 0458 CMTMT7 0314
C3orf26 0315 (CCDC99 0456 CENPE 0472 CNTN1 0.481
Clorf47 0498 (CCDC99 0.424 |ICENPE 0.449 COL13A1 0.355
Cdorf21 0346 (CCDC99 0.400 CENPE 0.469 COL13A1 0359
C5 0442 CCDC99 0427 |ICENPE 0464 COL13A1 0.367
CSorf26 0.382 (CCDC99 0.434 CENPE 0.465 COL13A1 0.327
C5orf34 0.489 (CCDC99 0.443 |[CENPE 0475 COLI3A1 0395
C6orfl25 0428 (CCDC99 0417 CENPF 0276 COL13A1 0.372
Coorfl54 0.448 (CCDC99 0454 |[CENPF 0.047 COLI13A1 0381
C6orfl67 0.335 (CCDC99 0438 CENPH 0334 COLI13A1 0.400
CGorfl67 0243 (CCDC99 0.421 |CENPH 0332 COL13A1 0.387
C6orfl73 0.182 (CCDC99 0.447 CENPH 0306 COL13A1 0372
C6orf26 0406 CCK 0214 |CENPH 0316 COL1A2 0.391
CTorf44 0466 (CCNA2 0.098 CENPH 0324 COL1A2 0.387
CTorf50 0439 [CCNA2 0.107 |[CENPH 0319 COL1A2 0.388
CTorf68 0.382 (CCNA2 0.106 CENPH 0315 COL1A2 0.457
CBorfSS 0.497 (CCNA2 0.102 |[CENPH 0327 COL1A2 0397
Coorfl16 0.423 (CCNA2 0.099 CENPH 0331 COL1A2 0.397
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Table 1.1; continued

Paly (I:C) downregulated genes (665-996 of 2769)

(Gene Name Fold Change (Gene Name Fold Change  |Gene Name Fold Change Gene Name Fold Change
(COL1A2 0463 DLGAP3 0.092 [EEF1G 0425 EXO1 0.165
COL1A2 0.469 DLK2 0.165 [EEF2K 0226 EXO1 0.161
COL1A2 0470 DLX1 0444 [EFCAB1 0.305 EXO1 0.150
(COL1A2 0473 DNAHI10 0422 [EFEMP1 0338 EXO1 0.142
COLSAL 0.360 DNAHY 0497 EFS 0.343 EXO1 0.155
[COMMDS 0.454 [DNAJC21 0437 [EGLN3 0.447 EXO1 0.141
COQ2 0498 DNAJCS 0.500 [EHD3 0458 EXO1 0.158
COQ3 0461 DNAJCS 0471 [EIF3E 0425 EXO01 0.173
COQ3 0487 DNAJCS 0.466 [EIF3F 0.373 EXO1 0.188
COQ3 0497 [DNAJC9 0481 [EIF3L 0354 EXOSC2 0.309
COQ3 0457 [DNAJCYS 0492 [EIF4B 0371 EXOSC2 0367
COQ3 0456 DNAJCS 0488 EIF4B 0280 EXOSCs 0431
COQ3 0.452 DNAJCY 0.484 [EIF4EBP1 0.495 EXOSC7 0428
COQ3 0471 DNAJCS 0491 [EIF4EBP2 0371 EXOSC8 0.460
COQ3 0498 DNAJCY 0474 ELL2 0313 EXPHS 0.180
COX11 0.387 DNAJCS 0495 [ELMOD2 0255 EZH2 0352
CP110 0425 DOCKS 0429 ELOVLG 0231 F12 0.395
(CPA4 0.152 DOCKS 0474 [EML1 0.480 [F2R. 0.145
CPD 0.366 [DONSON 0.441 [EMP2 0422 FADS1 0485
CPOX 0437 DPHS 0.399 [EMP2 0408 [FAH 0.396
CPS1 0.443 DPYSL4 0372 [ENP2 0.405 FAMI101B 0.084
(CR596214 0.288 DSCC1 0.194 [EMP2 0412 [FAM102A 0499
CR615245 0.379 DSCC1 0.182 [EMP2 0400 [FANMI0SC1 0415
(CR617556 0392 DSCC1 0.167 [EMP2 0276 [FAM111B 0.203
CRABP2 0435 DSCC1 0.183 EMP2 0440 FAMI117B 0.381
[CRIP2 0459 DSCC1 0.185 [EMP2 0417 [FAM122B 0414
(CRNDE 0.329 DSCC1 0.199 EMP2 0408 FAMI127C 0456
CSEIL 0354 DSCC1 0.182 [EMP2 0433 [FAMI161A 0.449
CSEIL 0.304 DSCC1 0.180 EMP2 0437 FAMIGIA 0.393
CSRP2 0473 DSCC1 0.202 [EMX20S 0304 [FAM162A 0457
(CTDSPL 0.384 DSCC1 0.202 [ENDOG 0496 FAMIG67TA 0.280
CTH 0.365 DSN1 0418 [ENOSF1 0238 [FAMI168B 0429
(CTNNAL1 0.142 DST 0.285 [ENST00000253461 0477 FAMI171A1 0.395
(CTNNAL1 0.128 DST 0.303 [ENST00000293743 0.157 [FAM172A 0271
(CTNNBIP1 0.343 DTL 0.095 [ENSTO0000328897 0450 FAMI173B 0.164
CTPS 0477 DTL 0.110 [ENST00000358739 0436 [FAMI183A 0.499
CTSB 0.387 DTL 0.103 [ENST00000360201 0.346 FAMI98B 0.128
CTSF 0.468 DTL 0.100 [ENST00000369242 0.466 [FAM20B 0.449
CTSL2 0.296 DTL 0.095 [ENSTO00000370958 0354 FAM27A 0.362
CXCL14 0.016 DTL 0.099 [ENST00000372591 0475 [FAM27A 0497
CXCRT 0358 DTL 0.096 [ENST00000375052 0421 FAN49A 0435
CXorf57 0.344 DTL 0.103 [ENSTO00000375280 0369 [FAMS50B 0431
CYBSB 0414 DTL 0.120 [ENST00000377803 0.204 FAMS54A 0.197
CYB5D1 0402 DTL 0.109 [ENST00000379640 0305 [FAMG4A 0237
CYCS 0279 DTWD1 0454 [ENST00000382966 0353 FAMGIA 0.480
CYHR1 0418 DTWD1 0479 [ENSTO00000389758 0343 [FAM72D 0458
CYP1AL 0.364 DTYMEK 0.232 [ENST00000398981 0347 [FAMB2A1 0447
CYP1B1 0.144 DUSP6 0226 [ENST00000409468 0.368 [FAMS3D 0.061
CYP1B1 0.279 DUT 0.275 [ENSTO00000409736 0436 FAMSEGA 0446
CYP2U1 0.481 DUT 0.296 [ENST00000416025 0272 [FAMBG6A 0398
CYYR1 0.448 DVL2 0.498 [ENST00000431042 0.424 FAMB6A 0475
D2HGDH 0.343 DYNC2H1 0.341 [ENSTO00000438607 0414 [FAMBGB2 0416
D4S234E 0309 [DYNLRB2 0491 [ENSTO00000447029 0331 FANME6B2 0.402
DAAMI1 0445 DZIP1 0.443 [ENSTO00000447432 0.486 [FAMBGB2 0406
DAPL1 0.280 E2F1 0.250 [ENST00000457435 0.383 FAM92A1 0.355
DBF4 0.356 E2F1 0262 [ENST00000458238 0154 [FAM92A3 0.486
DBT 0425 E2F1 0.265 [ENSTO00000458619 0477 FANCA 0.258
DCAF13 0434 [E2F1 0314 [ENTPD3 0.164 [FANCA 0236
DCAF16 0456 E2F1 0.244 [EPAS] 0.260 FANCA 0.264
DCAKD 0.494 E2F1 0248 [EPB41L1 0357 [FANCA 0230
DCLREIB 0411 E2F1 0.254 [EPB41L4B 0.406 FANCA 0.253
DDB2 0.365 E2F1 0259 [EPHX2 0265 [FANCA 0468
DDB2 0318 E2F1 0.250 [EPN3 0.100 FANCA 0247
DDX10 0.460 E2F1 0.276 [EPO 0394 [FANCA 0236
DDX11 0482 [E2F2 0252 [ERCC6L 0.150 FANCA 0247
DEK 0412 E2F7 0.267 [ERF 0482 [FANCA 0275
DENND2A 0.252 E2F8 0.399 [ERI3 0.459 FANCA 0.380
[DENNDSB 0.458 [EARS2 0371 [ESCO2 0215 [FANCA 0234
DEPDC1 0.066 EBNA1BP2 0.354 [ESCO2 0.152 FANCC 0474
DEPDCIB 0.160 EBNA1BP2 0.353 [ESPL1 0373 [FANCD2 0317
DHFR. 0.141 EBNA1BP2 0.355 ESYT2 0408 FANCD2 0.296
DHFRL1 0438 [EBNA1BP2 0359 ETF1 0498 [FANCE 0.365
DHODH 0.390 EBNAIBP2 0369 [ETFB 0.482 FANCG 0.249
DHRS13 0463 EBNA1BP2 0374 ETFB 0485 [FANCI 0.238
DIAPH3 0.198 [EBNAIBP2 0357 [ETFB 0.480 FANCM 0320
DIAPH3 0.239 EBNA1BP2 0.364 [ETFB 0497 [FANK1 0.328
DICER1 0.469 EBNA1BP2 0.374 ETFB 0.486 FANK1 0335
DIS3L 0.399 [EBNA1BP2 0363 [ETFB 0489 [FANK1 0372
DIXDC1 0483 [ECE2 0.352 ETFB 0496 FANK1 0.335
DEC1 0305 [ECH1 0.481 [ETV1 0411 [FANK1 0331
DKFZP564C152 0.350 EEF1Al 0470 ETV4 0424 FANK1 0.382
DLEU1 0302 [EEF1B2 0368 [EVL 0.448 [FANK1 0374
[DLEU2L 0.487 [EEF1E1 0431 [EXO1 0.158 FANK1 0.344




Table 1.1; continued

Polv (I:C) downregulated genes (997-1328 of 2769)

[Gene Name Fold Change [Gene Name Fold Change  |Gene Name Fold Change (Gene Name Fold Change
[FANKI1 0.332 [GINS4 0.135 (HACL1 0.470 HMBS 0.334
[FANK1 0437 |GIB2 0.267 [HACL1 0471 HMBS 0335
[FANK1 0.350 (GIB2 0.263 [HACL1 0455 HMGBIL1 0287
[FAR1 0.496 [GIB2 0.263 (HACL1 0.460 HMGB2 0.090
[FARSB 0395 (GIB2 0.264 [HACL1 0.461 HMGB3 0384
[FBL 0.404 [GIB2 0.261 (HACL1 0.462 HMGB3 0413
[FBLN1 0374 (GIB2 0.256 [HACL1 0474 HMGB3L1 0423
[FBN2 0.391 [GIB2 0.255 HADH 0.201 HMGN2 0.234
[FBXL18 0.481 (GIB2 0.259 HAT1 0.338 HMGN2 0.264
[FBXOS5 0.266 |GIB2 0.258 [HAUSS 0287 HMGN2 0248
[FEN1 0.222 (GIB2 0.272 (HAUSG 0321 HMMR 0.071
[FGD3 0395 [GLRXS 0.464 (HAUS7 0490 HNENPAO 0321
[FGFBP1 0.308 [GLT3D2 0.488 (HAUSS 0.403 HNRNPAL 0.331
[FGFR1 0477 (GLT8D4 0472 (HAUSS 0459 HNRNPA1 0483
[FGFR2 0.166 IGM2A 0.450 [HEATR1 0.422 HNRNPAIL2 0.360
[FGFR2 0.339 IGVINN 0.250 (HEATR1 0.386 HNRNPAIL2 0.379
[FGFR3 0.168 [GMPR2 0448 [HEATR1 0400 HNRNPAIL2 0370
[FH 0.394 IGNGI11 0441 [HEATR1 0.403 HNRNPAIL2 0.371
[FHOD3 0.083 IGNG11 0.440 [HEATRI1 0.385 HNRNPAIL2 0498
[FIGN 0499 IGNG11 0433 [HEATR1 0388 HNRNPAB 0450
[FIGNL1 0.370 IGNGL1 0451 [HEATR1 0.397 HNRNPD 0426
[FIX1 0361 IGNG11 0.440 [HEATR1 0407 HNRPDL 0278
[FLT13744 0.342 IGNG11 0.435 [HEATR1 0416 [HOMER2 0447
[FLI32065 0.376 IGNGI11 0.427 (HEATR1 0.403 HOPX 0436
[FLI44342 0.446 IGNG11 0458 [HEATR7B1 0380 HOXA3 0471
[FLI46906 0417 IGNGI11 0453 [HEBP1 0397 HOXA7 0.361
[FLI90757 0454 (GNG11 0439 HEBP1 0417 HOXA9 0.468
[FOXA2 0.294 IGNG12 0.460 [HEBP1 0437 HOXCI13 0.362
[FOXK1 0.499 [GINL1 0292 HEBP1 0411 HP1BP3 0.454
[FOXIM1 0.161 IGNL3L 0.469 [HEBP1 0412 HPDL 0.395
[FOXQ1 0.396 [GNPDA1 0.450 [HEEP1 0.447 HPRT1 0492
[FOXRED2 0375 [GPAM 0.258 HEBP1 0451 HPRT1 0.495
[FREQ 0.499 IGPC1 0.243 [HEBP1 0423 HR 0.329
[FST 0.118 (GPCH 0.300 HEBP1 426 HRASLS 0436
[FST 0121 [GPIN3 0436 HEBP1 0420 HS3ST2 0277
[FST 0.124 IGPNMB 0.409 [HELLS 0.366 HS3ST2 0.260
[EST 0.119 [GPR110 0.241 (HELLS 0386 HS3ST2 0.263
[FST 0.123 IGPR115 0.499 HELZ 0.485 HS3ST2 0256
[EST 0.124 [GPR125 0.301 [HES2 0423 HS3ST2 0.258
[FST 0.124 [GPR155 0375 [HIBADH 0458 HS3ST2 0.261
[FST 0.118 [GPR155 0471 HIRIP3 0.493 HS3ST2 0.261
[FST 0122 [GPR56 0421 [HIRIP3 0400 HS3ST2 0.260
[FST 0.125 IGPSM2 0.253 HISTIHIA 0.058 HS3ST2 0.262
[FTL 0282 IGPT2 0.449 [HIST1H1B 0.047 HS3ST2 0277
[FTL 0.269 IGPX2 0.240 HIST1HIC 0.468 HS3ST3B1 0.277
[EXN 0471 IGPX3 0.467 HIST1H1D 0.143 HSG6ST1 0.498
[FZD1 0.214 IGRB14 0.352 HIST1HIE 0.203 (HSGST2 0.489
[FZD10 0.375 IGSG2 0.393 [HIST1H2AT 0.173 HSD17B1 0482
[FZD2 0.204 [GSR. 0.388 [HIST1H2AT 0473 HSD17B2 0323
[FZD3 0.489 IGSR. 0.486 [HIST1H2AT 0270 HSD17B2 0312
[FZD7 0.333 IGSTA4 0.248 (HIST1H2AM 0279 HSD17B2 0.298
IGALNT11 0.426 (GSTA4 0.260 [HIST1H2BE 0.401 HSD17B2 0299
IGALNT2 0.301 IGSTA4 0.235 [HIST1H2BF 0.349 HSD17B2 0.315
[GALNTL4 0417 [GSTA4 0.249 [HIST1H3A 0345 HSD17B2 0.285
IGAMT 0.306 IGSTA4 0.221 HIST1H3B 0.111 HSD17B2 0.307
IGAS] 0.386 [GSTA4 0.251 HIST1H3D 0.339 HSD17B2 0.303
IGBE1 0.488 [GSTA4 0.231 [HIST1H3E 0285 HSD17B2 0324
IGBE1 0.474 IGSTA4 0.228 (HIST1H3F 0211 HSD17B2 0292
IGBE1 0474 [GSTA4 0238 [HIST1H3H 0211 HSDL2 0.497
IGBE1 0.492 IGSTA4 0.228 [HIST1H3T 0.309 HSF2 0486
IGBE1 0.496 [GSTA4 0326 [HIST1H4A 0.200 HSPA12A 0214
IGCAT 0.324 IGSTM3 0.489 HIST1H4B 0.099 HSPA14 0401
IGCLC 0.321 IGSTM3 0472 HIST1H4C 0.116 HSPB3 0.321
IGCSH 0.240 [GSTM3 0489 [HIST1H4D 0.141 HSPD1 0421
IGDF11 0.475 IGSTM3 0.487 HIST1H4E 0.130 HSPE1 0.361
IGDF15 0.153 [GSTM3 0.480 [HIST1H4) 0300 HIR7 0.481
|GEMING 0.394 [GSTM3 0.466 [HIST1H4K 0353 HIRA1L 0.191
IGEMINS 0.442 IGSTM3 0.497 HISTIH4K 0.441 IARS 0411
|IGEMING 0475 [GSTM3 0.490 [HIST1H4L 0448 LARS 0420
IGGA2 0.396 IGSTO2 0.413 (HIST1H4L 0.111 ICAMS 0475
IGGCT 0.430 IGTF2I 0491 HIST2ZH3A 0.076 ICAMS 0494
IGHR. 0.304 |GTSEL 0.172 [HIURP 0.047 ICAMS 0477
IGINS1 0.341 IGYG2 0475 HKDC1 0257 ICAMS 0498
[GINS2 0.135 [H19 0301 HLCS 0409 ICMT 0447
IGINS2 0.135 [H2AFV 0.362 HLTF 0.380 IERSL 0418
[GINS2 0.136 [H2AFX 0.303 [HMBS 0332 IFFO2 0419
IGINS2 0.133 [H2AFZ 0.214 HMBS 0.332 IFRD2 0.331
IGINS2 0.144 [H3F3A 0.450 [HMBS 0315 IFT80 0488
[GINS2 0.145 [H3F3A 0.387 [HMBS 0318 IFT81 0.436
IGINS2 0.136 [H3F3A 0.361 [HMBS 0323 IFT88 0432
[GINS2 0.138 [HACL1 0474 [HMBS 0319 IGFIR 0.398
IGINS2 0.142 [HACL1 0.459 [HMBS 0324 IGFBPS 0455
IGINS2 0.142 [HACL1 0.452 [HMBS 0.327 IGFL3 0.297
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Table 1.1; continued

Poly (I:C) downregulated genes (1329-1660 of 2769)

[Gene Name Fold Change IGene Name Fold Change  |Gene Name Fold Change Gene Name Fold Change
[KBIP 0353 [KIAA0101 0.103 LDOC1 0481 LOXL2 0434
TKBIP 0.379 (KIAA0101 0.109 LDOCIL 0473 LOXL2 0.461
18 0.287 (KIAA0101 0.106 LETM2 0.354 LPHN3 0.467
1.18 0.295 [KIAA0101 0.101 LFNG 0.164 LPHN3 0.479
.18 0.282 KIAA0101 0.104 LGALST 0.299 LPXN 0.415
.18 0.294 (KIAA0101 0.107 LGR4 0.326 LRDD 0.480
1.18 0.286 [KIAA0101 0.101 LGTN 0.467 LRIG1 0317
18 0292 (KIAA0101 0.101 LGTN 0.494 LRIG1 0312
1.18 0310 [KIAA0101 0.109 LGTN 0.496 LRIG1 0323
.18 0.300 (KIAA0114 0.112 LGTN 0.478 LRIG1 0.308
.18 0.291 (KIAA0586 0485 LGTN 0.481 LRIG1 0.331
1.18 0304 [KIAA0586 0.500 LGTN 0497 LRIG1 0323
[LIRAP 0402 [KIAA0586 0.483 LGIN 0.478 LRIG1 0.343
TLF3 0328 [KIAAQ586 0.490 LGTN 0.492 LRIG1 0319
ILF3 0497 KIAA0586 0.496 LHPP 0.487 LRIG1 0.336
[IMPA2 0.376 (KIAA1324 0474 LIG1 0221 LRIG1 0.362
[MPAZ 0.302 [KIAA1430 0.441 [LIMCH1 0417 LRP4 0.175
[MVIPDHI 0463 (KIAA1549 0223 LIN54 0.466 LRPPRC 0.332
[MVIPDH2 0.270 KIAAI712 0.481 LING 0.415 LRRC20 0.298
[INCENP 0322 [KIAA1797 0.399 LMCD1 0.198 LSM3 0472
INCENP 0.363 KIF11 0.144 LMNB1 0.133 LSM4 0499
[INCENP 0.340 KIF14 0.077 LMNB2 0324 LSM5> 0.349
[INCENP 0.365 KIF15 0.183 [LOC100128184 0377 LY6D 0.467
[INCENP 0.326 KIF18A 0.197 LOC100128372 0335 LYAR 0.478
[INCENP 0.327 KIF20A 0.133 LOC100128881 0.367 LZTFL1 0.379
INCENP 0.340 [KIF20A 0.142 [LOC100129550 0.109 (MAD2L1 0.089
[INCENP 0.328 KIF20A 0.135 LOC100130506 0314 MAF 0.487
INCENP 0326 [KIF20A 0.136 [LOC100130899 0.410 (MAFA 0.452
[INCENP 0452 KIF20A 0.131 LOC100130938 0.424 MAP3K12 0.475
NG5S 0.398 [KIF20A 0.146 LOC100132240 0341 (MAPG 0.469
INSR 0474 [KIF20A 0.150 [LOC100132984 0.500 MAPG 0.299
INTS10 0426 [KIF20A 0.133 LOC100133263 0.451 (MAPGD1 0.374
TPO4 0.438 KIF20A 0.127 [LOC100134253 0.472 MAP7D3 0.443
TPOS5 0463 [KIF20A 0.124 LOC100287241 0427 (MAP7D3 0.410
TPOS 0.254 KIF20B 0.239 LOC100288418 0.395 MAP7D3 0.443
PO9 0.376 [KIF20B 0374 LOC100288418 0487 (MAP7D3 0.448
IQGAP3 0326 KIF22 0229 [LOC100293193 0361 MAP7D3 0429
TQSEC1 0452 KIF22 0.231 LOC120364 0.469 (MAP7D3 0.458
TRS1 0325 KIF23 0.084 LOC151146 0.432 MAP7D3 0476
TRS1 0.216 KIF23 0.136 LOC151162 0.430 (MAP7D3 0.477
TRS2 0.276 KIF24 0478 LOC153577 0.350 MAP7D3 0.499
IRX2 0.500 [KIF2C 0.082 [LOC25845 0.440 (MAP7D3 0427
ISL1 0471 KIF4A 0.158 LOC283378 0.275 MAP7D3 0.464
[ISM1 0247 [KIF4A 0424 [LOC285178 0.176 (MAPY 0341
ISYNA1 0.380 KIFC1 0.237 LOC338620 0.499 MAPKAP1 0.467
[SYNA1 0.377 KITLG 0.267 LOC338756 0.367 MAPKAPK3 0.483
[TGAG 0.32 [KLHL13 0331 LOC340335 0.406 MCCC1 0.499
[TGAG 0.315 [KLHI 24 0.406 LOC389831 0.486 MCEE 0.411
ITGB3BP 0.205 KLKS 0.262 LOC389842 0.485 MCM10 0.345
ITGB3BP 0.208 KLKS 0390 [LOC390282 0403 MCM2 0.167
ITGB3BP 0214 [KINTC1 0332 [LOC390424 0345 MCM3 0.198
[TGB3BP 0223 [KNTCL 0325 LOC390940 0373 MCM4 0.184
ITGB3BP 0.199 [KNTC1 0331 [LOC391359 0.499 MCMS 0.256
[TGB3BP 0.194 [KNTCL 0337 LOC399804 0421 MCMS 0.258
ITGB3BP 0.209 [KNTC1 0.339 LOC400743 0.393 MCMG 0.173
ITGB3BP 0219 [KINTC1 0330 [LOC402360 0461 MCM7 0.303
ITGB3BP 0221 [KNTCL 0.333 LOC440957 0.455 MCM7 0.150
ITGB3BP 0219 [KNTC1 0326 [LOC441795 0.416 MCM8 0.404
TTM2A 0420 [KNTC1 0.324 LOC541471 0.432 MDC1 0.479
TVNS1ABP 0435 [KNTC1 0.346 LOCG642366 0.426 MEGF9 0.443
JAG2 0.284 [KPNAZ 0.298 [LOCG642587 0305 MEST 0.102
JAG2 0279 [KRT13 0402 LOCG43873 0382 METRN 0.451
JAG2 0324 KRT15 0332 [LOC646049 0358 METT10D 0486
JAG2 0.297 [KRT16 0435 LOC646791 0491 METTL7A 0.095
JAG2 0.287 KRT31 0.341 LOCG46808 0372 MEX3A 0.442
JAG2 0278 [KRTS 0.401 [LOC647086 0343 (MGATSB 0.386
JAG2 0.291 KRTS80 0428 [LOC647302 0411 MGC16121 0.096
JAG2 0.300 [KRTAP19-5 0.481 LOC653113 0.339 (MGC27345 0.478
JAG2 0302 L1TD1 0.408 [LOCT29595 0.486 MIB1 0.379
JAG2 0318 LAGE3 0373 [LOC729687 0325 MINA 0.447
IMID7 0.334 LAMP2 0418 LOCT729860 0233 MIPEP 0.393
|MID7-PLA2GAB 0456 LAPTM4B 0301 [LOCT29983 0.406 MIPEP 0435
TPH1 0.317 LAPTM4B 0.440 LOC730107 0.361 MIPEP 0.415
[KALL 0.489 LARS 0468 [LOC93622 0.430 MIPEP 0.426
[KANK2 0.380 LASIL 0424 LONP1 0479 MIPEP 0.468
[KANK4 0480 LASSG 0324 LOXL2 0459 MIPEP 0.459
[KANK4 0.455 LCEIB 0.492 [LOXT2 0473 MIPEP 0432
[KAT2A 0223 LCEIC 0.258 LOXL2 0.450 MIPEP 0.458
[KCNMAL1 0400 LCEIE 0405 LOXL2 0.455 MIPEP 0.428
[KCNMA1 0.225 [LCLAT1 0422 [LOXTL2 0462 MIPEP 0.454
[KCTDI2 0498 LCTL 0.350 LOXL2 0.446 MIPEP 0.440
[KDSR 0313 LDHB 0320 [LOXL2 0.462 (MITF 0427
[KIAA0101 109 LDHB 0.325 LOXL2 0.453 MITF 0.486




Table 1.1; continued

Poly (I:C) downregulated genes (1661-1992 of 2769)

(Gene Name Fold Change (Gene Name Fold Change  |Gene Name Fold Change Gene Name Fold Change
IMKI67 0.202 IMYH10 0.408 INUF2 0.130 PDGFA 0.266
IMKIG7 0.222 IMYLIP 0428 [NUP107 0392 PDGFA 0.258
IMEI67 0.309 IMYLK 0.202 [NUP133 0435 PDGFA 0.273
IMLEC 0.395 IMYLK 0.206 [NUP35 0.489 PDGFA 0.234
MLF1 0419 [INAATADI2 0.243 [INUP33 0458 PDGFA 0.245
IMLF1 0.283 [NANOS1 0232 [NUP35 0477 PDGFA 0.248
MLF1IP 0.157 [NAPIL1 0.201 [INUP335 0.482 PDGFA 0.240
IMLH1 0.477 [NARS2 0.402 [NUP335 0491 PDGFA 0.237
MMP3 0.276 [NASP 0471 [NUP35 0.488 PDGFA 0.239
[MND1 0.128 [INAV2 0410 INUP37 0371 PDGFA 0.262
MNS1 0.439 [NCAPD2 0.179 [NUSAP1 0.150 PDGFA 0.256
IMOBKL2B 0.298 INCAPD2 0.141 [INXPH4 0.432 PDPR 0.498
MOCS2 0.467 [NCAPD3 0.386 INXT1 0.486 PDSS1 0.473
IMORC4 0.403 [NCAPG 0.163 JOBSL1 0227 PDXK 0.284
MORN2 0.370 INCAPG2 0.202 ODC1 0.261 PDXP 0.481
IMOSC1 0.375 [NCAPH2 0474 |ODF2 0.403 PDZD8 0.452
MPP1 0.408 [INCRNA00094 0444 ODZ2 0.128 PEGI0 0.161
IMRAP2 0.396 [INCRNAO0173 0342 [ODZ2 0.056 PFAS 0.453
MRC2 0.440 [NCRNAOO185 0.460 OIP5 0.080 PFEM 0318
[MRE11A 0.486 [NCRNAO00188 0.369 JOLFML2A 0.059 PFN2 0.458
IMEM1 0.491 [NDC80 0.069 ORAI2 0381 PGF 0.384
IMRPL12 0.446 INDUFA4L2 0469 JORCIL 0325 PGPEP1 0.487
[MRPLIZ 0.491 [NEDD4L 0.363 ORC5L 0475 PHB2 0.499
[MRPL19 0.481 INEDD4L 0372 JORC6L 0291 PHF19 0319
MRPL24 0.479 INEFH 0.476 ORCG6L 0.286 PHF19 0.326
IMRPL3 0.392 [NEFL 0.166 JORCG6L 0284 PHGDH 0.248
MRPL30 0.461 [INEFM 0.157 ORC6L 0305 PHEAZ 0.456
IMRPS27 0.391 [NEIL3 0.402 JORC6L 0321 PHLDBI1 0.430
MRTO4 0.470 [NEK2 0.409 ORCGL 0.284 PHTF2 0.343
IMSH2 0332 INEK2 0.159 JORCOL 0317 PHYH 0.467
MSH2 0.346 [NEKG 0.343 ORCGL 0317 PHYH 0.452
[MSH2 0338 [NETO2 0298 JORC6L 0329 PHYH 0.454
MSH2 0.349 INEURL1B 0.462 ORCG6L 0321 PHYH 0.440
IMSH2 0.350 [NEXN 0.144 JOSBPL1A 0426 PHYH 0.453
MSH2 0.342 [NEXN 0.201 [OSCP1 0423 PHYH 0.480
[MSH2 0354 [NFIA 0331 [OSCP1 0427 PHYH 0.481
MSH2 0.340 [NFIB 0.393 OSCP1 0427 PHYH 0.488
IMSH2 0.357 [NFIB 0.174 JOSCP1 0437 PHYH 0.479
MVSH2 0.340 [NFKBIL2 0.384 OSCP1 0.463 PID1 0.240
IMSH2 0.339 [NFYA 0325 JOSCP1 0.449 PIF1 0.243
MSHS 0.496 [NFYB 0.461 OSCP1 0.436 PIGK 0.306
IMSHS 0.250 [NGFRAP1 0.295 JOSCP1 0.443 PIK3C2B 0.206
MSHG 0.235 [NHP2 0491 OSCP1 0.461 PIR 0.381
[MSHG 0.234 [NHP2L1 0427 [OSCP1 0.456 PITPNM3 0.187
MSHG 0.250 [NIF3L1 0.390 OSCP1 0475 PKD2 0.416
IMSHG 0.233 [INKRF 0.500 [OSGEP 0493 PKMYT1 0.150
IMSHGE 0237 [NKRF 0495 OSGEPL1 0278 PENOX1 0.399
IMSHG 0.242 [INKRF 0489 [PA2G4 0445 PKP4 0.491
MSHG 0.243 [NKRF 0.491 PA2G4 0.439 PKP4 0.415
IMSHS 0.239 [NKRF 0.494 [PAAF1 0411 PKP4 0.450
MSHG 0.249 [NLE1 0.449 PAAF1 0434 PLA2G12A 0.249
IMT1M 0.331 [NLE1 0.353 [PABPC1 0445 PLAZG4A 0417
MT1X 0.480 [INME7 0.468 PABPC3 0.441 PLA2G4A 0427
IMTAL 0.447 [NMT2 0.409 [PABPC4 0259 PLA2G4A 0.409
MTAP 0.487 [NMT2 0.396 PAFAHIBI 0.419 PLA2G4A 0.397
IMTBP 0.464 [INMU 0.448 [PAICS 0243 PLA2G4A 0429
MTERFD3 0.434 [NOG 0.179 PALLD 0.369 PLA2G4A 0.466
IMTHFD1 0381 [NOLS 0497 [PALLD 0345 PLA2G4A 0410
MTHFD1 0.373 [NOLC1 0301 PAMR1 0.208 PLA2G4A 0.432
[MTHFDI1 0.384 [NOP16 0403 [PANK1 0341 PLA?G4A 0.443
MTHFD1 0.383 [NOP56 0425 PARDGG 0.451 PLAC1 0.391
[MTHEDI1 0.371 [NOPs6 0.489 [PARP2 0.468 PLCB2 0.443
MTHFD1 0.381 [NPHP4 0491 PASK 0.465 PLCD4 0.404
IMTHFD1 0377 [INPM1 0.467 IPBK 0,071 PLEKHAG6 0353
MTHFD1 0.377 [NPM1 0431 PBX1 0.249 PLIN2 0.374
IMTHFD1 0384 [NPM1 0376 [PCCA 0.462 PLIN4 0.477
MTHFD1 0.391 INPM3 0.240 PCMI1 0372 PLK1 0.318
IMYBBP1A 0397 INQO1 0364 [PCNA 0.187 PLK1 0413
MYBL1 0.219 [NR2C2AP 0473 PCNA 0177 PLKIS1 0.346
IMYBL2 0334 [NR2F2 0348 [PCNA 0.196 PLK4 0.409
MYBPHL 0.383 [NRGN 0.355 PCNA 0.187 PMEPA1 0.444
IMYC 0.344 [NSMCE1 0453 [PCNA 0.184 PMP22 0.344
MY C 0359 INSMCE1 0.383 PCNA 0.190 PMP22 0.337
MY C 0.355 [NTSDC2 0275 [PCNA 0.194 PMP22 0.346
MY C 0359 [NT5SDC3 0479 PCNA 0.194 PMP22 0339
IMYC 0373 [INTHL1 0438 [PCNA 01920 PMP22 0.350
MY C 0.353 [NTN4 0.237 PCNA 0.195 PMP22 0.343
IMYC 0367 [NUBPL 0.293 [PCNA 0192 PMP22 0373
MYC 0.361 [NUCKS1 0457 PCOLCE2 0.333 PMP22 0.372
IMYC 0.377 [NUDCD2 0436 [PCYOX1 0.361 PMP22 0.370
MY C 0.372 [NUDT1 0.449 PCYOX1 0398 PMP22 0.365
IMYCBPAP 0.395 [NUDT21 0.366 [PDCD4 0325 PMS1 0.366
MYCL1 0.420 [INUDT6 0.412 PDEIC 0.473 PNKD 0.311
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Table 1.1; continued

Poly (I:C) downregulated genes (19932324 of 2769)

(Gene Name Fold Change (Gene Name Fold Change  |Gene Name Fold Change Gene Name Fold Change
PNMAL1 0.340 [PXMP2 0457 [RHOD 0253 RPS6 0424
PNPLA3 0422 [PXMP4 0.393 RIN1 0.204 RPS6 0.405
PNPO 0430 [PYCR1 0374 RNASEH2A 0.376 RPSG 0417
POLA1 0.305 [PYCR2 0413 [RNASEH2C 0.459 RPS6 0.420
[POLD1 0.377 [PYGL 0451 RNF141 0.247 RPS6& 0.407
POLD2 0313 [PYGO1 0.447 ROMI1 0.426 RPS6 0427
POLD3 0.436 [QSER1 0396 [ROM1 0421 RPS6 0436
[POLE2 0217 [R3HDM1 0.364 [ROMI1 0.405 RRMI1 0.149
[POLE3 0346 [RAB11FIP4 0297 [ROM1 0435 RRM2 0.115
POLH 0481 [RAB22A 0.245 [ROM1 0.386 RRPI5 0.293
POLQ 0.263 [RAB36 0330 ROMI1 0.444 RRPIB 0.364
POLR1C 0.345 [RAB40B 0222 [ROM1 0.442 RRS1 0.246
POLRIC 0492 [RAB4A 0.408 ROMI1 0.387 RSADI1 0.452
POLRIE 0342 [RABTB 0.066 [ROM1 0393 RUVBL1 0427
POLR3H 0467 [RABEPK 0373 ROM1 0.477 RUVBL2 0.460
POLR3K 0491 [RACGAP1 0.253 ROR1 0.326 RXRA 0.493
[POMT2 0.396 [RAD18 0408 ROR1 0.268 S1PRS 0.391
[POPS 0377 [RADI18 0425 ROR1 0310 SIPRS 0.409
[PORCN 0.304 [RADI18 0.396 ROR1 0.306 SI1PRS5 0.425
[PPA2 0421 [RAD18 0413 ROR1 0315 SIPRS 0.448
[PPAP2B 0.353 [RAD18 0407 ROR1 0.282 S1PRS 0.382
[PPAPDCIA 0316 [RAD18 0.399 ROR1 0.260 SIPRS 0.401
PPARGCIB 0.284 [RAD18 0415 ROR1 0313 S1PRS 0416
[PPARGCIB 0449 [RADI18 0.420 ROR1 0.262 SIPRS 0.433
PPAT 0490 [RADI18 0416 RORI1 0.316 SIPRS 0.419
PPAT 0417 [RAD18 0429 ROR1 0314 S1PRS 0472
PPIA 0428 [RADS1 0.244 RP11-529110.4 0.261 SAAT1 0.416
[PPTH 0.468 [RADS1AP1 0255 [RP11-529110.4 0211 SAC3D1 0372
PPPIR14C 0.376 [RADSIC 0.230 RPA1 0.326 SACS 0.348
[PPPIR3C 0.333 [RADS4B 0.368 RPA1 0.431 SALL2 0.296
PPP2R3B 0428 [RADS4B 0353 [RPA3 0.349 SAMDS 0426
PPT1 0458 [RADS4B 0.345 RPF2 0421 SAP30 0.408
[PRAGMIN 0.096 [RADS4B 0384 RPL15 0.465 SAP30 0.443
PRC1 0.206 [RADS4B 0.345 RPL22 0.282 SAP30 0.419
[PREPL 0.234 [RADS4B 0354 RPL23 0.477 SAP30 0.436
[PREPL 0.383 [RADS4B 0.389 RPL27A 0.126 SAP30 0412
[PRICKLEI 0418 [RADS4B 0349 [RPL3 0.376 SAP30 0421
[PRIM1 0231 [RADS4B 0.343 RPL3 0.435 SAP30 0.453
[PRIM1 0223 [RADS4B 0372 [RPL39L 0.290 SAP30 0429
[PRIM1 0.230 [RADS4L 0.196 RPL4 0.420 SAP30 0.447
PRIM1 0219 [RAMP1 0.278 RPLS 0.386 SAP30 0.451
[PRIM1 0224 [RAMP1 0.200 [RPLS 0410 SCAI 0457
[PRIM1 0.217 [RANBP1 0.400 RPLS 0.409 SCARBI1 0.364
[PRIM1 0222 [RARA 0473 [RPL6 0.468 SCARNA13 0416
[PRIM1 0226 [RASA3 0394 RPL7 0377 SCD 0.409
[PRIM1 0235 [RASA4 0.489 RPL7 0.361 SCEL 0.440
[PRIM1 0228 [RASL11B 0381 RPL7 0476 SCLY 0.340
[PRKCA 0.363 [REBP4 0.273 RPLPO 0.388 SCN2B 0.256
PREDC 0331 [RBL1 0437 RPLPO 0.406 SCN4B 0.220
PREKRA 0478 [RBM12 0491 RPLPO 0.389 SDK2 0425
PREKX 0376 [RBM12 0357 RPLPO 0.382 SEHIL 0479
PRKXP1 0411 [RCC1 0488 RPLPO 0372 SEMASA 0.358
[PRMT3 0.429 [RCCD1 0382 RPLPO 0.380 SEPP1 0.430
[PRODH 0408 [RCCD1 0.358 RPLPO 0393 SEPP1 0.440
[PROM2 0.383 [RCCD1 0.363 RPLPO 0.393 SEPP1 0.487
[PROM2 0336 [RCCD1 0354 RPLPO 0.397 SEPP1 0490
PRPF19 0434 [RCCD1 0.359 RPLPO 0.396 SEPP1 0.436
PRPS1 0332 [RCCD1 0387 RPLPO 0384 SEPP1 0438
PRPS1 0.406 [RCCD1 0.369 [RPLPOP3 0.342 SEPP1 0.466
PRPSIL1 0447 [RCCD1 0.363 [RPLPOP> 0.351 SEPP1 0.449
PRR11 0.289 [RCCD1 0368 [RPP40 0.464 SEPP1 0425
PRR7 0238 [RCCD1 0.348 RPP40 0.465 SEPP1 0.439
PRTFDC1 0416 [RCL1 0313 [RPP40 0.452 SEPP1 0.445
[PSAPL1 0416 [RCL1 0.454 RPP40 0.489 SERBP1 0.358
PSATI 0.368 [RCN2 0212 RPP40 0.473 SERPINBI13 0.283
PSD3 0257 [RDH10 0415 [RPP40 0455 SERTAD4 0.186
PSIP1 0372 [RECQL4 0.191 [RPP40 0493 SETD6 0.466
PSIP1 0276 [REEP2 0.174 RPP40 0471 SFRS2B 0.360
[PSMC3IP 0.358 [REEP4 0478 RPS2 0383 SFRS3 0473
[PSMG1 0462 [REEP5 0437 RPS2 0.453 SFRS6 0310
PSRC1 0.171 [REEPG 0474 RPS23 0.280 SFXN2 0.407
[PTGS1 0.189 [REPS2 0.291 [RPS2P32 0.359 SFXN4 0.463
PTGS1 0.231 [REV3L 0451 RPS2P32 0.429 SGEF 0.468
[PTHLH 0206 [RFC2 0375 RPS3A 0340 SGOL1 0.365
PTPLADI1 0423 [RFC3 0311 RPS3A 0.340 SGOL1 0418
PTPLADIL 0460 [RFC3 0.208 RPS3A 0.386 SGOL2 0.281
PTPLB 0.467 [RFC4 0.153 RPS3A 0343 SHCBP1 0.111
[PTPN3 0476 [REC5 0.161 RPS3A 0325 SHMT1 0.400
PTPRS 0.305 [REX2 0411 RPS4Y1 0.496 SHMT1 0.455
PTTG1 0.195 [RGS16 0.460 [RPS4Y2 0473 SHROOM3 0.330
PTTG2 0.142 [RHOBTB1 0.467 RPS6 0.432 SIGMARI 0.422
[PTTG3P 0246 [RHOBTB2 0285 [RPS6 0.410 SIPAIL2 0426
PUS7 0.457 [RHOBTB3 0333 [RPS6 0.415 SIVA1 0.421
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Table 1.1; continued

2656 of 2769)

Paly (I:C) downregulated genes (2325-
IGene Name Fold Change (Gene Name Fold Change  |Gene Name Fold Change Gene Name Fold Change
SKA1 0.205 SNRPF 0438 TCTN1 0392 TPS3AIP1 0.283
SKA3 0.150 SNX29 0.340 [ITCTN3 0.460 TP53TG1 0.403
SKIV2L2 0467 SNX30 0.276 TDP1 0373 TP53TG1 0.496
[SKIV2L2 0.464 [SNXS 0327 [TELO2 0346 TPCN1 0320
SKIV2L2 0467 SORL1 0.177 TEX2 0.496 TPCN1 0.193
SKIV2L2 0467 SOST 0.262 [TFAM 0.346 TPD52L1 0.425
SKIV2ZL2 0473 SOST 0.241 TFB2M 0470 TPM1 0487
SKIV2L2 0457 SOST 0.259 [TFRC 0272 TPM2 0.350
[SKIWVIL2 0.492 SOST 0.275 TFRC 0287 TPM2 0372
SKIV2L2 0.500 SOST 0.258 [TFRC 0278 TPX2 0.227
SKP2 0.302 SOST 0.223 TFRC 0.290 TRAIP 0.160
SLC16A5 0.383 SOST 0251 ITFRC 0280 TRAM2 0.257
SLC16A9 0403 SOST 0.219 TFRC 0278 TREM2 0.157
SLC16A9 0.407 [SOST 0239 ITFRC 0284 TRERF1 0.430
SLC16A9 0.377 SOST 0.252 TFRC 0.293 TRERF1 0.454
SLC16A9 0425 SOX6 0357 [TFRC 0.296 TRIAP1 0.387
SLC16A9 0.435 SOX7T 0.441 TFRC 0284 TRIMZ2 0.260
|SLC16A9 0410 SP100 0.283 [ITGFB2 0362 TRIM45 0.403
SLC16A9 0.377 SPA17 0.383 TGFBI 0.302 TRIMSS 0.465
SLC16A9 0412 [SPA17 0373 [TGFBR1 0417 TRIM6 0.465
SLC16A9 0415 SPA17 0382 THAP10 0472 TRIMGS 0414
SLC16A9 0435 SPA17 0374 [THAP10 0463 TRIP13 0.088
SLC19A1 0380 SPA17 0367 [THAP10 0445 TRIP13 0417
|SLC1A3 0458 SPA17 0365 [THAP10 0495 TRIT1 0.496
SLC20A1 0.344 SPA17 0.382 THAP10 0.462 TRIT1 0.499
SLC22A23 0478 [SPA17 0363 [THAP10 0499 TRMTS 0335
SLC23A2 0.377 SPA17 0.387 THAP10 0.480 TROAP 0.162
[SLC25A10 0260 SPA1T 0381 [THAP10 0480 TSC22D1 0277
SLC25A15 0451 SPAGIL6 0.476 THBS2 0.069 TSC22D3 0.455
[SLC25A29 0278 SPAGS 0.104 [THEM4 0379 TSEN2 0.238
[SLC25A32 0448 SPATA7 0.391 THEM4 0451 TSEN34 0.458
SLC25A5 0.367 SPC25 0.077 [THNSL1 0.498 TSGAIl4 0.458
|5LC;‘5A2 0271 SPHAR 0358 THOP1 0489 TSHZ1 0.456
SLC27A1 0.333 SPNS2 0392 [THY1 0270 TSN 0.441
SLC27AS5 0.310 SPON2 0.494 THYN1 0.451 TSPANS 0.433
[SLC29A1 0.397 SPON2 0.492 ITIGD2 0289 TSPANG 0.419
SLC2A1 0271 SPON2 0.492 TIMELESS 0202 TSPANS 0479
SLC2A4RG 0259 SPON2 0.493 [TIVIMEA 0413 TTC12 0.347
|SLC;‘A9 0.440 SPON2 0.494 TIMMI 0.409 TTC12 0.280
SLC35B4 0.286 SPON2 0.489 [TK1 0.208 TTC19 0.486
SLC35F3 0.307 SPRRIB 0318 TKT 0.464 TTC39C 0.469
SLC38A1 0.396 [SPTLC3 0247 [TLE2 0436 TTC8 0.281
SLC43A1 0434 SRXIN1 0.395 TMT7SF3 0443 TTK 0.126
SLC47A2 0.203 [SSBP4 0399 [TM7SF3 0295 TTL 0.447
SLC48A1 0466 SSR1 0233 TMEM106C 0397 TTLL12 0.364
SLCGALOP 0402 SSRP1 0.373 [ TMEM107 0272 TUBA4A 0.492
SLCEAG 0432 SSX2IP 0458 TMEMI117 420 TUBB 0.482
|SLC6AS8 0434 ST3GALS 0.303 [TMEMI120B 0419 TXNDC17 0.498
SLCOAS 0.403 STAC 0359 TMEM121 0.400 TYMS 123
SLC7A11 0228 STAR 0270 [TMEMI161A 0410 TYRO3 0.420
SLCTAS 0474 STEAP3 0355 TMEM164 0447 UBASH3B 0.496
SLCTAS 0.385 STK17B 0.440 [TMEML177 0359 [UBE2C 0.083
SLCO2A1 0394 STK32B 0414 TMEM201 0455 UBE2S 0436
SLITRKG 0.111 STMN1 0212 [TMEM30A 0497 UBE2T 0212
SMARCD3 0.273 STON1 0.422 TMEM45A 0375 UBE2T 0.216
SMCLA 0.335 [STXBP4 0.483 [TMEM48 0359 [UBE2T 0.207
SMC2 0433 SUBL 0.430 TMEMS2 0344 UBE2T 0.199
SMC4 0172 SULF2 0.171 [ TMEMSB 0495 [UBE2T 0211
SMC4 0.147 SULTIE1 0.474 TMEMS 0.497 UBE2T 0.207
SMO 0.177 [SUMF1 0.438 [TMEMO97 0.366 UBE2T 0.208
SMOC1 0.303 SUV39H1 0.343 TMSB15B 0387 UBE2T 0.200
SMYD3 0463 SUV39H2 0.243 [TNFRSF10D 0.269 [UBE2T 0.207
SNHG1 0350 SYNGR1 0370 TNFRSF21 0374 UBE2T 0.205
SNHG10 0.385 SYTS8 0.288 [TNFSF4 0385 UBE4B 0.465
SNHG3 0498 SYTL1 0.410 TNNI2 0233 UBR7 0.363
SNHGT 0.366 SYTL1 0.485 [TNS4 0414 [UBTF 0425
SNHGS 0.369 TACC2 0379 TOMM20 0489 UBXNS 0434
|SNHGY 0216 TACC3 0.181 [ TOMM40 0.489 (UGT1A6 0.163
SNORAILO 0.348 TAF15 0.389 TOMM40 0455 UGT1A6 0.111
SNORD123 0444 TAF9B 0.469 [TOPIMT 0428 [UGT1A8 0.126
SNRNP25 0.347 TANC2 0.481 TOP2A 0.071 UHRF1 0.131
[SNRINP40 0497 TBC1D14 0.409 [TOP2A 0073 [UHRF1 0303
SNEPE 0421 TBCD 0.434 TOP2A 0.078 ULBP1 0.366
SNRPE 0.485 TBL1X 0.489 [ TOP2A 0.067 [UNC119B 0272
SNRPF 0.446 TBL1X 0427 TOP2A 0073 UNCSB 0228
SNRPF 0456 TCEB2 0.446 [TOP2A 0.070 UNG 0.246
SNRPF 0.460 TCF19 0.448 TOP2A 0.082 URB2 0.401
|SNRPF 0446 TCF3 0.287 [TOP2A 0.071 [USP1L 0.445
SNRPF 0455 TCFLS 0.443 TOP2A 0.069 USP1 0.463
SNRPF 0453 TCOF1 0298 [TOP2A 0.076 [USP1 0453
SNRPF 0457 TCOF1 0.481 TOP2B 0.498 USP1 0.454
[SNRPF 0.449 TCOF1 0.493 [TOPBP1 0419 [USP1 0.450
SNRPF 0.448 TCTEX1D2 0.261 TOX2 0.445 USP1 0.438
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Table 1.1; continued

Paly (I:C) downregulated genes (26572769 of 2769)

(Gene Name Fold Change [Gene Name Fold Change Gene Name Fold Change Gene Name Fold Change
USP1 0.481 |ZDHHCSP 0492
[USP1 0.464 IZHX3 0354
USP1 0.449 IZMAT3 0473
[USP1 0471 [ZMAT3 0.465
USP13 0.416 IZMAT3 0482
[USP7 0.464 [ZMAT3 0475
UTP15 0.450 IZMAT3 0451
[UTP20 0.436 IZMAT3 0454
[VAPB 0325 [ZMAT3 0.449
[VASN 0.197 [ZMAT3 0483
[VAV3 0.208 [ZMAT3 0475
[VDR. 0323 IZMAT3 0.452
[VDR 0.325 [ZNF 148 0420
[VDR. 0335 |ZNF286B 0447
[VDR. 0333 [ZNF323 0457
[VDR. 0333 [ZNF331 0.406
[VDR. 0.345 |ZNF362 0.500
[VDR. 0332 [ZNF385D 0479
[VDR 0.336 |ZNF385D 0498
[VDR. 0329 [ZNF395 0284
VDR 0.344 |ZNF573 0.398
[VGLL1 0303 [ZNF3584 0485
[VIPR1 0.450 [ZNF 658 0431
[VMA21 0365 [ZNFG658 0445
[VPS37D 0.340 |ZNRF1 0377
[VRK1 0.361 |ZNRF3 0323
[VSNL1 0.189 ZP3 0459
[WASF3 0.440 IZWILCH 0.289
WDHD1 0.155 [ZWINT 0.135
[WDHD1 0.155 [ZWINT 0.183
WDHD1 0.167

[WDHD1 0.162

WDHD1 0.172

[WDHD1 0.166

[WDHD1 0.173

[WDHD1 0.168

WDHD1 0.181

[WDHD1 0.174

WDR12 0.396

[WDR3 0317

WDR34 0.223

[WDR35 0.220

WDR43 0.383

[WDRS 0.435

WDRS1A 0.156

[WDRS54 0354

WDRG2 0272

[WDR63 0.288

WDRG6 0.264

[WDR66 0334

[WDR77 0493

[WDR77 0.490

WDR77 0.466

[WDR77 0.464

WDR77 0.463

[WDR77 0470

WDR77 0.484

[WDR77 0483

WDR77 0.470

[WDR77 0487

WDRS0 0.290

[WEE1 0.410

WFDCS 0471

[WHSC1 0355

[WHSC1 0387

[WNT10A 0311

WNT10A 0.286

[WNT10A 0.296

[WNT10A 0.306

[WNT10A 0.276

[WNT10A 0.260

[WNT10A 0.268

[WNT10A 0.280

[WNT10A 0327

[WNT10A 0314

[WNT6 0430

XG 0332

[XRCC2 0462

XRCC3 0.299

[XRCC6BPL 0362

ZAK 0.286

ZBED3 0317

ZC3H14 0.422
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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 pg/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).

Table 1. Poly(l:O-induced gene expression changes

Gene Fold change Fold change
name {real-time PCR) +SD  tTest (microarray) SAM
ABCAT2 22,68 5.551 = 374 +
GBA 10.84 1.243 e 2.03 +
SMPDT 9.48 1.143 o 205 +
TCM1T 30.65 4231 e 2.40 +
TINF 23.07 0.564 o 53 +
-6 41.99 2.480 s i ] | +
TLR3 (9. B 9100 e 14.58 +
MAVS 1.40 0.309 M5 1.70

KRT1 1.33 1.727F M5 0.52 -
KRT14 0.74 .02 o 1.02 -
i 0.79 0.064 M5 0.60 -
LOR 1.43 1.116 M5 1.53 -
FLG 0.83 1.224 M5 0.84 -
SPTLCT 1.36 0.071 - 1.19 -
SPTLC? 372 0.834 = 0.81 -
UGOG 2.61 0.174 e 0.67 -
ACACA 0.37 0.079 s Q.33 +
FASN 0.48 0.113 = 0.67 -
HMGCR 1.24 0.057 ~ 1.04 -
HMGCST 1.07 0.143 M5 1.60 -
FOFT1 0.71 0.096 ~ 0.85 -

Abbreviations: NS, nonsignificant; Poly(l:C), polyinosinic acid:polycytidylic
acid; SAM, Significance Analysis of Microamays.

*P< 0.05,"P=<0.01, and **"P<0.001. Student’s Hest.

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, false
discovery rate (FDR) <0.01%; delta value= 1.397).

Data in table represent realdime PCR and microaray fold change data
from  normal  heman epidernal  keratinocyte  (NHEKs) treated  with
1pgml~" Paly(l:C) wersus control, water-treated NHEKS.
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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 honcoding 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 TIr3™ 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



64

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 NHEKSs 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™).

In vitro transcription of sSnRNA. snRNA was generated using Ampliscribe™ T7-

hTM

Flash™™ Transcription Kit from (Epicentre©, an lllumina© 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. NHEKSs 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* and 1 x EpiLife Defined Growth
Supplement (EDGS, Cascade Biologics/Invitrogen) at°@G7under standard tissue culture
conditions. All cultures were maintained for up to eight passages in this medium with the addition
of 100U ml™" penicillin, 100 ug mI™* streptomycin, and 250ng ml~' amphotericin B. Cells at 60—
80% confluence were treated with Poly (I:C) (igml ~'; Invivogen, San Diego, CA) in 12-well
flat-bottom plates (Corning Incorporated Life Sciences, Lowell, MA) for up to Rdurs. 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 fig RNA was reverse -transcribed using iScript cDNA
Synthesis Kit (Bio-Rad, Hercules, CA). Pre-developed Tagman 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 44C, 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-um 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 10° keratinocytes using
Amaxa nucleofection reagents as previously described [15] (VPD-1002) (Lonza AG,

Walkersville, MD).

Sequences of in vitro transcribed RNA.

Ul RNA

Ul sequence (164 bp): atacttacct ggcaggggag ataccatgat cacgaaggtg gttttcccag ggcgaggctt
atccattgca ctccggatgt gctgacccct gegatttcce caaatgtggg aaactcgact geataatttg tggtagtggg ggactgegtt
cgcgctttce cctg

Ul Forward Primer (T7):

TAATACGACTCACTATAGGGATACTTACCTGGCAGGGGAGA

U1 Reverse Primer:

CAGGGGAAAGCGCGA

U2 RNA

U2 Sequence (188 bp): atcgcttctc ggecttttgg 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 ccgaggegeg attattgceta
attgaaaact tttcccaata ccccgecgtg acgacttgcea atatagtcgg cactggcaat ttttgacagt ctctacggag actg

U4 Forward Primer (T7):

TAATACGACTCACTATAGGGAGCTTTGCGCAGTGGC

U4 Reverse Primer:

TCTCCGTAGAGACTGTCAAAAATTG

U6 RNA

U6 Sequence (106 bp): gtgctcgett cggcagcaca tatactaaaa ttggaacgat acagagaaga ttagcatggc
ccctgegeaa ggatgacacg caaattcgtg aagcgttcca tatttt

U6 Forward Primer (T7):

TAATACGACTCACTATAGGGGTGCTCGCTTCGGCAG
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U6 Reverse Primer:
AAAAATATGGAACGCTTCACG

Ul2 RNA

U12 Sequence (149 bp): tgccttaaac ttatgagtaa ggaaaataac gattcggggt gacgcccgaa tcctcactge
taatgtgaga cgaatttttg agcgggtaaa ggtcgecctc aaggtgaccc gcectactttg cgggatgect  gggagttgeg
atctgcccg

U12 Forward Primer (T7):
TAATACGACTCACTATAGGGTGCCTTAAACTTATGAGTAAGGAAAAT

U12 Reverse Primer:

CGGGCAGATCGCAACT

SCARNA9

SCARNAY9 Sequence (353 bp): ctttctgaga tctgctttta gtgaagtgga tcaatgatga aactagccaa atctgagcat
cagaagtctt tccagtctac ctgatgcatg atctctacag ttctgagaag caaaactata aaacaatgta aaacaataag ggcatatgtc
tgototgtgt gtgtgtgtgt gtgtgtgtgt gtgtgtgtac geacatgtgt ttataaagat aacagctgta ggaatgaatg agattgaggg
tgggggggtg cgtatgtatg tctatgaaag cctaatcatt tctgggcaat gatgaaaagg ttttactact gatctttgta actatgatgg
tttctacact tgacctgagc tca

SCARNAS9 Forward Primer (T7):
TAATACGACTCACTATAGGGCTTTCTGAGATCTGCTTTTAGTGAAGT

SCARNAQ9 Reverse Primer:

TGAGCTCAGGTCAAGTGTAGAAAC

SCARNA18
SCARNAL18 Sequence (134 bp): ttgcatgtgg aaatgtctgce ttctcattce ttgggagceag gaatatgttc ataacatgcet
acattaacaa aggagttctc agggctgceca accttctagt aaaggttgag tggtagtata tttctccaac ataa
SCARNAL18 Forward Primer (T7):
TAATACGACTCACTATAGGGTTGCATGTGGAAATGTCTGC
SCARNAL18 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 Il (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 um®. 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 y-irradiation. The following day, bone marrow was isolated from the femur and tibia of 10
week old mice. 6*10° 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
(CLDNZ1) 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 mMRNA levels of CDSN, OCLN, and CLDN1 (Figure 2.1b).



71

Only CDSN and TJP1 mRNA were induced significantly more in UVB-treated NHEK treatments
compared to sonicated NHEK treatments (Figure 2.1Db).

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 pg/ml Poly (1: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 pg/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 (1: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 (1: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 pg/ml Poly (I:C)

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

TLR3 activation is required for UL 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 UL 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 pug/ml U1 RNA for 24 hours and compared to NHEK in which
TLR3 had been knocked down using small interfering RNA (siRNA). Ul 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).

TIr3" 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. TIr3” mice and controls were exposed to a
single 5 kJ/m? 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 TIr3" mice were similar
over the first 3 days following UVB light exposure, TIr3” 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 TIr3" 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 TIr3" 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 TIr3” mice in semi-thin Toluidine blue stained
sections (Figure 2.5c). However, transmission electron microscopy found that TIr3” 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 TIr3” 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/m? dose of UVB (Figure 2.5e).

As previous results have been described in vitro in which only Kkeratinocytes were
present, we wanted to determine which cell types contributed to the barrier repair defect observed
in TIr3" mice. In order to assess relative contributions of TIr3 from different cell types in the
skin on UVB-induced skin barrier disruption and repair, WT and TIr3-/- mice were lethally
irradiated and reconstituted with WT or TIr3" bone marrow. Control mice (WT > WT and TIr3
"> TIr3") showed similar differences in skin barrier repair after UVB induced barrier disruption
as previously shown. When WT bone marrow was injected into TIr3" mice (WT - TIr3-"), the
barrier defect was not rescued, and TEWL levels were significantly higher at days 3 and 4 (Figure
2.5f).  Conversely when TIr3” bone marrow was injected into WT mice (TIr3" = 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 TIr3” = 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 (DAMPSs) to
numerous pattern recognition receptors (PRRs) present in or on neighboring cells [25]. More
specifically UL 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 TGML1, 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 mMRNA 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, TIr3"
mice were treated with a single high dose of UVB to induce barrier disruption. The kinetics of
barrier disruption were similar in WT and TIr3" mice. However, TIr3" 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 TIr3" 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 TIr3 is present on infiltrating immune cells that migrate to the skin following
UV injury, we wanted to determine whether TIr3 deficiency in these infiltrating immune cells or
alternatively whether TIr3 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 TIr3 present on bone marrow derived immunocytes on skin barrier repair, we
injected WT bone marrow into TIr3” mice prior to administering UV-induced barrier disruption.
The skin barrier defect in these TIr3” mice was not rescued, and appears to be exacerbated, as
significant differences in TEWL values were observed earlier than in traditional TIr3" mice.
This finding demonstrates that TIr3 present on keratinocytes or other radio resistant cells is
important for skin barrier repair. Conversely, when TIr3” 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 TIr3” mice exhibit chronic non-healing wounds at 8 and 16
weeks after an initial acute 5 kJ/m? dose of UVB (Figure. 2.5¢). 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 TIr3” 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 TIr3" 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 TLRS3, 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 TIr3" 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 pg/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. T =P < 0.05, 1 t=P <0.01, Tt 1=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 (l: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 (1: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: UL RNA stimulates skin barrier genes in a TLR3-dependent manner. TLR3 was
silenced in normal human epidermal keratinocytes (NHEKS) for 48ours before treatment with
1pg/ml Ul RNA or 1 ug/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 pug/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: TIr3" mice exhibit delayed barrier repair following UV-treatment. (a) TEWL
values were measured daily for 5 days in WT and TIr3” mice exposed to 5 ki/m* UVB. Data are
mean +/- SEM, n = 3 WT. n = 5 TIr3", 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/m? UVB. (c)
Toluidine blue stained ultrathin sections. Scale bar = 20 um (d) Transmission electron
microscopy images of UVB-treated skin of WT and TIr3” mice. Scale bar = 1 pm. (e)
Photographs of mice 8 and 16 weeks after 5 kd/m? 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: TIr3" 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 pg/ 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.

Genename | Fold change (real-time PCR) | +/-SD | t-test | Fold change (microarray) SAM
DSG1 4.612094 1.547762 | * 0.9260365 -
DSG3 4777717 0.534666 | *** 1.0089869
CDSN 126.246 10.74039 | *** 11.963589
PKP1 9.261414 0.038554 | *** 5.4230203

DSP 3.214903 0.12011 | *** 1.4213832
JUP 6.283739 0.99608 | *** 1.9009632
DsC1 4.046007 0.414921 | ** 0.6470588
DsC2 2.049086 0.185581 | ns 5.139698 +
OCLN 5675572 0339136 | *** 5.7689206 +
TIP1 3.185831 0.237387 | *** 1.7437945
CLDN1 6.255171 1.483514 | ** 1.5293075
CLDN4 9.753152 0.667299 | *** 11.020382 +
CLDNS5 1.125494 0680026 | ns 1.1162791
CLDN7 8.111757 1.608655 | ** 12.165712 +
CLDN11 0.194614 0.027026 | ** 0.6492942
CLDN14 undetectable 71.771586 +
CLDN23 9.001574 2.290738 | ** 8.4851813
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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/m* 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.

WT->WT WT ->Tir3/ Tir3/ -> WT Tir3/ > TIr3/
ICytokine Mean SEM P-value Mean SEM P-value Mean SEM P-value Mean SEM P-yalue
IL-5 7208 |8.408707 |  N/A 40.82 934030781 | >0.05 2550 |5.757232408|  0.006 62.35 1106 | >0.05
RANTES (e 1.””!14_ N,-'n . di 1.6627434 =iL0% My | - 0.014 i.54 0.5 = 0.0%
IL-15 27850 |83.72844|  N/A 12048 [30.3674194| >0.05 63.25  |10.93201748| 0.036 130.23 39.14 = 0.05
GM-CSF 21.30 [ 3.415604 |  N/a 16,74 |1.828/5641| ~0.05 1125 1117579695 0.039 20.09 3.05 = 0.05
G-CSF 13515 | 6855 | N/A 4660 16.09 ~0.05 12047 | 5693 ~0.05 2216 775 = 0.05
IFN-gamma 2.04  [1.283029 NfA 371 0.9680328 | ~0.05 2.04 1.283028643|  =0.05 6.18 0.77 =10.05
IL-1a 61510 2091771  N/A 459.99 (355081933 | =~0.05 400.23  |99.95082342| > 0.05 519.37 2916 | »0.05
IL-1b 153.55 5082371 N/a 247.61 425125848 | = 0.05 22295 9560430606 > 0.05 439.99 1689 | =0.0%
IL-2 D R 1) nD - ~0.05 nn | - ~0.05 nn - = 0.05
-4 ND /A HD = 0.05 ND =10.05 ND =10.05
IL-6 149.85 [37.15638| N/A 7878 [18.3660223| >0.05 67.17  |15.81535863|  >0.05 68.28 8.68 =0.05
-7 N - | ma N - = 0.05 116 | 1188 = 0.05 2.34 2.34 =0.05
-9 45323 [11.01505|  N/A 47046  [23.5753%37| =~0.05 A48.80 | 21.0788M7 | >0.05 442 86 2247 | =005
IL-10 14.59 [3.956146 | N/A 1249 [6.31328163| >0.05 8.55 5.064819839|  >0.05 1171 111 =0.05
IL-12{p40} 19.07  [4.014722 | N/a 2142 [5.54364698 | >0.05 14.84  |6.191444955| = 0.05 30.18 7.63 >0.05
IL-12{p70) (LY (LY N,-'n MY - = iL0% MY - = 0.0% MY - = 0.0%
IL-13 N - /A nD - ~0.05 nn - > 0.05 D - = 0.05
IL-17 N | N ND = 0.05 ND | =0.05 ND =0.05
IP-10 317.53 |65.20764 |  NfA 354.87 | 73.5810227 | =0.05 19112 |7B.09087969| > 0.05 463.12 110.37 | =0.0%
KC 41754 | 6% 20764 N,lr.f\ L4087 FANE1022 7 = i{.0% 191.12 FH.OB0E D =% A63.12 11037 =%
MCP-1 254.87 |16.79207 | NfA 202.96 | 45181638 |  >0.05 12094 |41.32464428 | >0.05 208.80 2398 | ~0.05
MIP-1a 9291 |45.62654| N/A 59.36  [15.5208306| >0.05 44.27  |14.92826158|  >0.05 87.52 2394 | »0.05
MIP-1b B1.69 [33.94318] N/A 4646 160218833 | > 0.05 2665  |11.07750282| = 0.0% 69.35 36.84 | >0.0%
MIP-2 B5%0.93 | F2H.O0508 N,I'.I\ 1/1.57 FA TGS = 0.0% Ihi11 16861 53988 = (.04 1/2.70 SRS = (0%
THFa 4.56  [1.971684| MN/A 117 1.165 = 0.05 117 1.165 =0.05 5.83 =0.05
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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. Msrl” 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-«xB 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 | (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 dsSRNA 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 Msrl 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 Ca* and 1 x 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 mI™ penicillin, 100 pg mI™ streptomycin, and 250 ng ml™ 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, MOQ), 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
iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA). Pre-developed Tagman® 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

A4Cy 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 10°
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



95

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/m?,

Results

Scavenger receptor ligands stimulate skin barrier repair genes, while blocking Poly
(I1: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 Kkeratinocytes. 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 mMRNA 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 (1:C) on MARCO mRNA levels (Figure 3.2c).



97

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 Msrl, 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. Msrl” 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 (I1: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 (l: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 mMRNA.

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 pg/ml DS for 30 minutes before addition of either 0, 0.1 or 1 pg/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 pg/ml Fuc for 30 minutes before addition of either 0 or 1 pg/ml Poly (1: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 pg/ml OxLDL or AcLDL for 30 minutes before addition of either 0, 0.1 or 1 pg/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.
7 =P < 0.05 compared to 1 pg/ml Poly (I:C). = = P < 0.05 compared to 1 pg/ml Poly (I:C). Two-
tailed student’s T-test.
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Figure 3.2: CD36, MARCO, or OLRL1 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 pg/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 111r"" 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-1a [2], [3] as well as activation and release of IL-1B, 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 111r" 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-1a
[12] and IL-1pB [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-1p 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 I11r" mice although the transcripts for the
inflammatory cytokines Tnf and 116 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, TIr3”, and 112r" mice
were dorsal hair was shaven and further removed using a chemical depilatory reagent. 96 hours
later mice were exposed to 2 kJ/m? 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/m* 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 pm
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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 (aRXRa,
Santa Cruz, 1:50 dil., rabbit; aMACT1; or «TYRP1, 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 111r" mice were shaven and
dorsal hair was chemically depilated. 96 hours later, mice were exposed to 0.5 k/m® 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. NHEKSs 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.G6M Ca *"and 1 x EpiLife Defined Growth
Supplement (EDGS, Cascade Biologics/Invitrogen) at°@7under standard tissue culture
conditions. All cultures were maintained for up to eight passages in this medium with the addition
of 100U ml™" penicillin, 100 ug ml™ streptomycin, and 250ng ml~' amphotericin B. Cells at 60—
80% confluence were treated with either Poly (I:Cugiml  '; Invivogen, San Diego, CA),
recombinant human IL-1a (2.5 ng/ml or 25 ng/ml; R&D, Minneapolis), or IL-1p (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 24hours. 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 ig RNA was reverse -transcribed using iScript cDNA
Synthesis Kit (Bio-Rad, Hercules, CA). Pre-developed Tagman 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 Abcal2, Tgm1l, Gba, Tnf, 116, Ednl, 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 44C, 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 10° keratinocytes using
Amaxa nucleofection reagents as previously described [9] (VPD-1002) (Lonza AG, Walkersville,

MD).

Results

Chronic UVB exposure induces dermal cysts in 111r" 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-1a 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 TIr3” and 111r" mice would develop
fewer tumors than WT mice. In order to test our hypothesis, we exposed back skin of WT, TIr3"

and 111r" mice to 2 kJ/m? narrowband UVB (312 nm), 3 times a week for 4 weeks, followed by 5
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kJ/m? for another 5-6 months. After 184 days, 77% (10 out of 13) of 111r" 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, 111r"" mice had significantly more palpable growths per mouse
than WT mice (Figure 4.1b) and this amount increased until termination of the study. TIr3" 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 111r" 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 I111r" mice stain positive for p63 (Figure 4.3b), keratin-14 (Figure 4.3c), and Sox-9 (Figure

4.3d).

I11r" mice have fewer cutaneous macrophages following chronic UVB exposure.
The Indra Lab has previously shown a similar phenotype in RXRa-deficient mice following
chronic UVB treatments (unpublished data not shown). They report the appearance of dark
colored epidermal cysts in RXRa-deficient mice following chronic UVB. To test whether these

pathways might be connected, we stained for levels of RXRa in WT and 111r" mice. Similar
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staining was observed in dorsal skin of WT and I11r" 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 111r" mice
(Figure 4.5¢c and 4.5d). Staining for macrophage-1 antigen (MAC1), revealed that 111r" mice had

significantly fewer macrophages present in the skin after chronic UVB exposure (Figure 4.6).

111r" mice have fewer cutaneous macrophages following chronic UVB exposure
than WT mice. Because chronic doses of UVB had a significant effect on 111r" 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/m?) and measured
transepidermal water loss over 7 days to assess barrier disruption and repair processes. We
observed that barrier disruption in 111r" 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 Abcal2 or Tgml transcript levels between up to three days after UVB exposure
(Figure 4.8a+b), although Gba levels were elevated at day 3 in 1l1r" mice (Figure 4.8c). Both
Tnf and 116 transcript levels were significantly higher in 111r" mice at day 3 after UVB exposure
(Figure 4.8d+e). Endothelin 1(Ednl), 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 111r" 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 111r" mice at day 3 (Figure 4.8k+I).

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-1a or IL-1p and expression of inflammatory and skin barrier repair genes
was examined by real time PCR. IL-1a had no significant effect on SMPD1, TGMI1, TLR3,
TNF, IL-6 or IL-1R transcript levels (Figure 4.9a-f). IL-1P 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 111r" 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-la fails to increase skin barrier repair genes,
while IL-1B 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 111r" mice may serve as a clue as to why
hair cysts develop in 111r" 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-1a [12] and IL-1p [13]
had inhibitory effects on in vitro hair follicle growth. It has also been observed that elevated IL-
1B 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 I11r" 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
[11r" 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 111r" mice. Bone marrow reconstitution studies with WT and 111r" mice
would better elucidate the mechanism behind the appearance of these dermal hair cysts.
Examination of the skin of 111r" mice that had been treated with an acute low dose of UVB
(0.5kJ/m?) showed elevated levels of the inflammatory cytokines 116 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 I11r" 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-1a, 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 111r" mice. (a-d) WT, ll1r" and
TIr3” mice were exposed to 2 ki/m? UVB 3X/week for 4 weeks and then 5 kJ/m? 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 111r" mice are dermal cysts that
stain positive for epidermal and hair markers. Growths or dorsal back skin was taken from
WT and 111r" 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 I11r" mice are dermal cysts that
stain positive for outer root sheath markers. Growths or dorsal back skin was taken from WT
and 111r" 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 RXRa staining in chronic UVB treated WT and 11r" mice.
Dorsal skin of WT and 111r" mice was stained for RXRa. Samples were counterstained with
hematoxylin.  Scale bar = 100 um. 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 I11r" mice.
Dorsal skin of WT and 111r" 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 um. E, epidermis; D, dermis. Dotted line represents dermal/epidermal border. Student’s
t-test.
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Figure 4.6: 111r" mice have fewer cutaneous macrophages following chronic UVB exposure.
Dorsal skin of WT and 111r" 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: 111r" mice show display less barrier disruption after acute UVB exposure than
WT mice. (a) Mice were exposed to single dose of 0.5 kJ/m? 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/m? 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 111r" mice. Dorsal
skin of WT and 111r" mice was exposed to 0.5 kJ/m? 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
guantify 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-1a, or IL-1p 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 pg/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 dsSRNA 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 TIr3" 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
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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 dsSRNA
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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(l: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.
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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, TIr3” mice would have a defect in skin barrier repair. Initial
experiments however showed no difference in skin barrier repair phenotypes between wild type
and TIr3" 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 TIr3” 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 TIr3” 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 Msrl 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 111r" 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.



APPENDIX A:

The coordinated response of the physical and antimicrobial peptide barriers of the skin

Abstract

Antimicrobial peptides (AMPSs) 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 B-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 B-defensins (mMBDs)-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 (AMPSs) 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 B-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 1L-8, MCP-1, and IFN-a, 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-a modulates the mBD-14 response and that TNF-a
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:

e Antimicrobial peptides play a multifunctional role in the body; protecting from infection,
modulating immune responses, and contributing to wound repair.

e 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.

e 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



152

characterized by increased NF-kB 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]. HMGBL has also been shown to be released during pyroptosis, a
specialized form of proinflammatory cell death [29]. Whether HMGBL1 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-1p
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
HMGBL [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 dsSRNA 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 TIr3" mice. They also showed that macrophages treated with necrotic cells
needed functional TIr3 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 TIr3. 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 TIr3” 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 TIr3 activation was
also important for wound healing in the skin. They showed that TIr3” 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 UL RNA,

it is possible that any of these noncoding RNAs could act as DAMPs.
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dsRNA is the required ligand for TLR3 activation [47]. Therefore, for an endogenous
single-stranded RNA to be recognized by TLRS3, 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 TIr3 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 dsSRNA 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], HMGBLJ, 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 TIr4” mice fail to exhibit UVB-induced immunosuppression in
a contact hypersensitivity model [54]. The same phenotype is seen in TIr3” 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 TIr4™ mice show increased nucleotide excision repair in skin [55] after UVB
exposure and higher rates of survival in TIr4” 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 TIr4” 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 TIr2” and Trafl” mice, showing that TLR2 is
essential for mediating TLR3-induced inflammation in the skin. Interestingly, Trafl 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 11-10™

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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