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Innate immune dysfunction in rosacea promotes
photosensitivity and vascular adhesion molecule expression

Nikhil N. Kulkarnil, Toshiya Takahashil, James A Sanford?l, Yun Tong?l, Adrian F. Gombart?,
Brian Hinds!, Joyce Y. Chengl, Richard L. Gallol"

I-Department of Dermatology, University of California, San Diego, CA

2Linus Pauling Institute, Department of Biochemistry and Biophysics, Oregon State University,
Corvallis, OR

Abstract

Rosacea is a chronic skin disease characterized by photosensitivity, abnormal dermal vascular
behavior, inflammation and enhanced expression of the antimicrobial peptide LL-37. We observed
that dermal endothelial cells in rosacea had increased expression of VCAM1 and hypothesized
that LL-37 could be responsible for this response. Digestion of dsSRNA from keratinocytes
exposed to ultraviolet B radiation (UVB) blocked the capacity of these cells to induce adhesion
molecules on dermal microvascular endothelial cells. However, a synthetic non-coding snoU1RNA
was only capable of increasing adhesion molecules on endothelial cells in the presence of

LL-37, suggesting that the capacity of UVB exposure to promote both dsRNA and LL-37 was
responsible for the endothelial response to keratinocytes. Sequencing of RNA from endothelial
cells uncovered activation of gene ontology pathways relevant to the human disease such as type |
and Il interferon signaling, cell-cell adhesion, leukocyte chemotaxis and angiogenesis. Functional
relevance was demonstrated as dSRNA and LL-37 promoted adhesion and transmigration of
monocytes across endothelial cell monolayers. Gene knock down of TLR3, RIGI or IRF1
decreased monocyte adhesion endothelial cells, confirming the role of dSRNA recognition
pathways. These observations show how expression of LL-37 can lead to enhanced sensitivity

to UVB radiation in rosacea.
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INTRODUCTION

Rosacea is a common centro-facial inflammatory disorder of the skin affecting up to 5

% of the world population (Gether et al. 2018). Persistent facial erythema due to chronic
recurrent inflammation significantly affects the quality of life of rosacea patients (Zeichner
et al. 2018). Rosacea skin is characterized by hyperproliferation of blood vessels known

as telangiectasia, with increased recruitment of pro-inflammatory immunocytes to the sites
of telangiectasia. Exposure to ultraviolet radiation B (UVB) is one of the most frequently
reported triggers of flares in rosacea (Buddenkotte and Steinhoff 2018). The mechanism
responsible for increased sensitivity to ultraviolet radiation in rosacea is unknown.

It is well known that the endothelial cells lining the microvascular system actively
participate in regulating blood flow, protein uptake and local inflammation (Michiels 2003).
LL-37, a cathelicidin antimicrobial peptide, is overexpressed in facial skin of rosacea
patients, and promotes vascular proliferation /7 vivo (Koczulla et al. 2003; Yamasaki

et al. 2007) . LL-37 has been implicated in vascular dysfunction by enhancing the
expression of adhesion molecule Intracellular Adhesion Molecule-1 (ICAM1)and Monocyte
chemoattractant protein —1 on endothelial cells in patients with atherosclerosis and may
contribute to cardiovascular disease progression (Edfeldt et al. 2006). In this study,

we sought to understand the effect of epidermal photodamage on dermal microvascular
endothelial cells and determine if the innate immune dysfunction leading to excess

LL-37 in rosacea skin might contribute to the photosensitivity observed in these patients.
Our observations uncover a direct link between UVR damage to keratinocytes and the
subsequent increase in adhesion molecule expression observed on microvascular endothelial
cells.

RESULTS:

Adhesion molecule expression is increased in rosacea and can be modeled by UV damage
to keratinocytes

Immunohistochemical analysis of facial skin biopsies from patients with rosacea revealed
that adhesion molecule VCAM1, ICAM1 and E-selectin along with antimicrobial peptide
LL-37 was highly expressed (Figure 1a). Since the inflammation observed in patients

with rosacea is exacerbated by UV exposure (D’Orazio et al. 2013; Murphy 2004), we
hypothesized that UVB exposure of keratinocytes might promote the expression of adhesion
molecules in the adjacent endothelial cells. Normal human keratinocytes (NHEKS) were
exposed to UVB (25 mJ/cm?) and then cell extracts were transferred onto human dermal
microvascular endothelial cells (HDMECS). Extracts of non-irradiated NHEKSs were used
as a control. NHEKSs exposed to UVB showed an increase in necrotic cells, immediately
following exposure (Figure S1 a,b). HDMECs exposed to the irradiated keratinocyte extract
showed increased expression of adhesion molecules VCAMI, ICAM1 and SELE, and TNF,
CCL5, CCL10, CX3CL1and /IFNBI (Figure 1b and Figure Sic).

UVB promotes release of small non-coding dsRNA from keratinocytes (Bernard et al.
2012a). We hypothesized therefore that the release of dsSRNA was necessary for the response
of the HDMECs to UVB NHEK extracts. Digestion of dsSRNA with RNAse 111 inhibited

J Invest Dermatol. Author manuscript; available in PMC 2022 June 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kulkarni et al.

Page 3

expression of adhesion molecules /CAM1, VCAMI1 and SELE and pro-inflammatory
proteins TNVF, CXCL10, CCL5and /FNBI (Figure 1c and Figure S1d, e, f, g).

We hypothesized that LL-37 produced by irradiated NHEK also contributed to the response
of endothelial cells to dSRNA. When added individually, LL-37, or a synthetic snoU1
dsRNA (U1) caused minimal change in adhesion molecule expression on HDMECSs.
However, co-treatment of HDMECs with LL-37 and U1 enhanced expression of VCAM,
ICAML1 and E-Selectin (Figure 1d, e, f). An increase in expression of adhesion molecules
was dependent on time of exposure (Figure S2a, b, ¢), and dose of LL-37 (Figure S2 d).
VCAM1 and ICAM1 protein were also increased as seen by immunoblot from cultured
HDMECs (Figure 1 g). Polyl:C, a viral double-stranded RNA mimetic (Alexopoulou et al.
2001; Matsumoto and Seya 2008; Uematsu and Akira 2007), enhanced VCAM1 and ICAM1
protein expression by itself and was further enhanced by addition of LL-37 (Figure 1g).
Immunohistochemical staining of cultured HDMECs further confirmed enhanced expression
of VCAM1, ICAML1 and E-Selectin by co-treatment with U1 and LL-37 (Figure 1h).

Distinct pathways activated in endothelial cells exposed to LL-37 and U1l

A global transcriptomic profile was obtained by direct RNA sequencing of HDMECs
exposed to vehicle, U1, LL-37 or LL-37+U1. Principal Component Analysis (PCA) plot
showed that the combination of LL-37 and U1 had a uniquely different profile (Figure
2a). Of all genes increased by 1.5-fold or more, 40.6 % genes were uniquely up-regulated
by co-treatment with U1 and LL-37 (Figure 2b). Gene ontology (GO) analysis showed
enrichment of several pathways including: type 1 interferon signaling; cytokine signaling;
antigen processing and presentation via MHC class I; leukocyte chemotaxis; and adhesion
and angiogenesis (Figure 2c). Reconstruction of protein-protein interaction networks from
genes up-regulated upon co-treatment with U1 and LL-37 showed upregulation of type |
interferon signaling pathway regulated genes STA71 and /SG15, MHC Class | regulated
gene PSMB10, and MYD88 (Figure 2d). Furthermore, hierarchical clustering and heat
map visualization showed co-treatment with U1 and LL-37 led to increased expression of:
pattern recognition receptors 7LR3and DDX58 (encoding RIGI); chemokines CX3CL 1,
CXCL11, CXCL10, CXCL15and CCL5; MYDS&8, genes involved in antigen processing
and presentation HLA-Band HLA-C, and type 1 interferon regulated genes STAT1, IRF1,
IRF9, STAT3among others (Figure 2e). A overlap in up-regulated innate immune pathways
was seen when HDMECSs were co-treated with poly 1:C (0.1 pg/ml) and LL-37 (2.5 pM),
compared to cells co-treated with U1 (2 ug/ml) and LL-37 (2.5 pM) (Figure S2f). Overall,
the RNA sequencing data showed LL-37 enabling U1 to activate several unique innate
immunity signaling pathways in HDMECs.

Mechanisms that promote adhesion molecule expression by RNA and LL-37

To understand how dsRNA and LL-37 activate HDMECs, we explored known RNA
recognition systems including TLR3 and the cytoplasmic dsRNA helicase RIGI and its
co-receptor MAVS. The type 1 interferon pathway was also of interest since it regulates
VCAML1 expression in human umbilical vein endothelial cells (Ivashkiv and Donlin 2014;
Neish et al. 1995a). Expression of TLR3, RIGI, MAVS and IRF1 was significantly
up-regulated after co-treatment with U1 and LL-37 in HDMECs (Figure 3b). STAT1
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phosphorylation was also increased, indicating activation of type 1 interferon pathway
(Figure 3a). Transient knockdown of TLR3, RIGI, MAVS and IRF1 by small interfering
RNA (siRNA) was performed (Figure 3c) and inhibition of each of these genes significantly
suppressed endothelial expression of VCAM-1 and ICAM-1 after exposure to LL-37 and U1
(Figure 3d, e). Thus, these results indicate that LL-37 mediated sensing of U1 by several
dsRNA sensing mechanisms.

LL-37 and dsRNA promote leukocyte adhesion and transmigration

VCAML1 and ICAML1 participate in adhesion and transmigration of leukocytes across
endothelial cells (Carlos and Harlan 1994). Enhanced adhesion of THP-1 monocytes to
HDMECs was observed in HDMECs exposed to extracts of UVB-damaged keratinocytes
(Figure 4a). RNAse 111 significantly inhibited adherence to HDMECs, thus supporting
the contribution of dsRNA to monocyte adhesion (Figure 4a). Similarly, LL-37 enhanced
adhesion of leukocytes by facilitating recognition of U1 (Figure 4b,c). THP-1 adhesion to
HDMEC also increased in after co-treatment with U1 and LL-37 (Figure 4b,c). HDMECs
co-treated with poly I:C and LL-37 showed similar results (Figure S2g). The capacity

of THP-1 monocytes, PBMCs and CD14" monocytes to adhere to endothelial cells was
dependent on LL-37 concentration (Figure 4d,e,f). Co-treatment with LL-37 and U1 also
enhanced transmigration of leukocytes across the endothelial layer (Figure 4g).

TLR3, RIGI, MAVS and IRF1 knockdown inhibited U1 and LL-37 mediated adhesion of
THP-1 monocytes to endothelial cells (Figure 4h). Inhibition of endosomal acidification
with Bafilomycin Al also suppressed THP-1 adhesion to HDMECs (Figure 4i), a finding
consistent with the role of TLR3 in activation (Singh et al. 2014). Inhibition of NFkB

with chemical inhibitor QNZ, also inhibited adhesion of THP-1 monocytes to HDMECs
co-treated with U1 and LL-37 (Figure 4i). Thus, multiple signaling regulatory mechanisms
consistent with dsRNA recognition were involved in controlling leukocyte adhesion to
dermal endothelial cells.

Scavenger receptors form a tripartite complex with U1 and LL-37 to facilitate internalization
and activation of cells (Takahashi et al. 2018). Consistent with this mechanism, treatment
with fucoidan, a pan-scavenger receptor inhibitor, inhibited adhesion of THP-1 monocytes
to HDMECs (Figure 4i). The scavenger receptor CD36 is abundantly expressed on
endothelial cells and regulates their innate immune responses (Silverstein and Febbraio
2009). Proximity Ligation Assay that detects /n situ protein-protein interactions showed
colocalization of CD36 and U1 when HDMECs were co-treated with U1 and LL-37, thus
confirming CD36 is among the receptors interacting with LL37 and U1 (Figure S3).

Ul and LL-37 enhance adhesion molecule expression in mice

To demonstrate a role for LL-37 in Ul-mediated expression of VCAML /n vivo, 8-week-old
BALB/c female mice were injected intradermally with U1 alone, LL-37 alone, or co-injected
with both U1 and LL-37. Enhanced ear thickness, epidermal hyperplasia and immune cell
infiltration into the dermis was seen after co-treatment with U1 and LL-37 (Figure 5a,b

and Figure S4a,b,d). An increase in monocytes/macrophages and neutrophils was observed
in mice co-treated with U1 and LL-37 (Figure S4d). Similarly, the viral dSSRNA mimic
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poly I:C caused inflammation (Figure S5c, d, €). Western blot analysis of tissue extracts,
and immunohistochemistry, showed injection of U1 and LL-37 could increase VCAML1,
ICAM1 and E-Selectin protein expression (Figure 5d). U1 and LL-37 injection co-injection
enhanced VCAML1 and ICAML expression on CD31 positive endothelial cells (Figure 5¢
and Figure S4d). Since, U1 treatment alone did not affect adhesion molecule expression /n
vitro, we hypothesized that mouse cathelicidin related antimicrobial peptide (Cramp) may
aid in recognition of U1. To investigate this, we injected U1 into Camp =/~ mice, but this
did not abrogate the adhesion molecule expression induced by U1 alone (Figure S5 a, b). We
also tested a transgenic mouse carrying the human CAMP gene crossed onto the Camp™'~
mouse background (CAMP**, Camp'-). Minimal additional expression was observed for
VCAM1 and ear inflammation in the CAMP** Camp =/~ mice as compared to the Camp
I~ mice (Figure S5 b). Overall, our Jin vivo results confirmed that the combination of U1
and LL-37 enhanced VCAML expression, but in contrast to results with isolated cells, U1 or
LL-37 alone /n vivo could also induce a response.

DISCUSSION:

Rosacea is a facial skin disorder characterized by endothelial cell proliferation, vascular
dilatation and epidermal hyperplasia (Gallo et al. 2018). It is also associated with significant
co-morbidities like cardiovascular and neurological disease (Haber and EI Gemayel 2018).
An increase in the abundance of LL-37, a cationic antimicrobial peptide, is considered

an important contributor to the pathophysiology of this disease (Yamasaki et al. 2007).

In the current study we sought insight into why exposure to UV radiation promotes

vascular inflammation in rosacea (Murphy 2004). We now report a potential explanation

of this phenomenon. First, subjects with rosacea have increased expression of the adhesion
molecules VCAM1, ICAML1 and E-Selectin. Secondly, we show that the cathelicidin
antimicrobial peptide LL-37 enables this expression in response to dsRNA released after
UV damage of epidermal keratinocytes. Since UV exposure of keratinocytes can also lead to
increased CAMP expression (Kim et al. 2005), and LL-37 alone can promote inflammation,
UV exposure likely has several mechanisms of promoting disease.

UVB light does not penetrate deeply into the dermis (D’Orazio et al. 2013) and therefore
we hypothesized that dermal endothelial cells might indirectly respond to UV damaged
epidermal keratinocytes. Supporting this, we observed that extracts from UV damaged
keratinocytes, promoted activation of dermal endothelial cells. This response was decreased
when dsRNA was digested from keratinocytes after UV exposure. This suggested that
dsRNA from the keratinocyte was responsible for the endothelial cell response. Although
several forms of dsSRNA could promote this response in endothelial cells, the small non-
coding RNA U1 served as a model of endogenous human mRNAs that contain double
stranded hairpin loops (Bernard et al. 2012a). The combination of U1 and LL-37 greatly
enhanced gene and protein expression of multiple adhesion molecules and chemokines on
human cultured endothelial cells and on dermal vessels in mice. Thus, it is reasonable to
hypothesize that patients with rosacea who express high amounts of LL-37 are poised to
respond to photo-damaged keratinocytes.

J Invest Dermatol. Author manuscript; available in PMC 2022 June 12.
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Recent work has demonstrated an important role for LL-37 as a molecule that promotes
recognition of self-nucleic acids released upon infection and autoinflammatory responses.
This phenomenon was first observed with recognition of extracellular self-DNA and self-
RNA as recognized by plasmacytoid dendritic cells via the toll like receptors (TLR9

and TLR7/8, respectively), triggering a pro-inflammatory response and type 1 interferon
production in psoriasis patients (Chamilos et al. 2012; Ganguly et al. 2009). Type 1
interferon signalling was also activated in endothelial cells co-treated with U1 and LL-37
(Figure 2 and Supplemental Figure S3). It will be of interest to determine if the local effects
of LL-37 on vascular function may be relevant to the systemic co-morbidities associated
with rosacea (Haber and EI Gemayel 2018).

LL-37 aids in recognition of U1 via multiple scavenger receptors that mediate endocytic
uptake and downstream activation of endosomal pattern recognition receptor TLR3 and
cytoplasmic RNA helicase RIGI in human keratinocytes (Takahashi et al. 2018; Zhang

et al. 2016). IRF1 and nuclear transcription factor NF-kB co-operatively regulate the
expression of adhesion molecule VCAML and an IRF1 binding site has been mapped on
the VCAML1 promoter (Lechleitner et al. 1998; Neish et al. 1995b). Co-treatment of dermal
endothelial cells with U1 and LL-37 increased protein expression of TLR3, RIGI, MAVS
and downstream transcription factor IRF1. siRNA mediated knockdown of these pattern
recognition receptors inhibited adhesion molecule expression and leukocyte adhesion to
endothelial cells /in vitro. Also, inhibition of scavenger receptors and NF-kB with chemical
inhibitors also interfered with THP-1 monocyte adhesion to endothelial cells co-treated with
U1 and LL-37. This finding suggests that a similar mechanism exists in endothelial cells
as in keratinocytes, and that LL-37 facilitates association with scavenger receptors on the
endothelial cell surface. This “innate immune vetting” phenomenon for LL-37 may be a
critical regulator of the capacity of endothelial cells to respond to tissue damage.

Endothelial cell activation leads to leukocyte adhesion and transmigration, a critical step in
the inflammatory response (Pober and Sessa 2007). Adhesion molecule expression has been
shown to be regulated by pro-inflammatory chemokines and growth factors including IL-1,
TNFa, VEGFA, CX3CL1 (Chen et al. 2001; Kim et al. 2001; Yang et al. 2007). Since co-
treatment of human dermal endothelial cells with U1 and LL-37 enhanced gene expression
of cytokines, chemokines and growth factors including 7AVF, CX3CL1and VEGFA, all of
which may contribute to regulation of adhesion molecule expression via distinct activation
of downstream pathways, it is possible that autocrine chemokine response contributes to
the increase in adhesion molecule expression. Furthermore, we show that expression of
VCAM1, ICAML1 and E-Selectin in mice was enhanced by direct administration of either
U1 or LL-37. Interestingly, there was activity by U1 alone even in the Camp™~ mice.

This finding suggests other molecules may also be acting /7 vivoin a manner similar

to cathelicidin and compensate for its loss. Observations that IL26, beta-defensins and
lysozyme can promote DNA recognition support this conclusion (Lande et al. 2011; Meller
et al. 2015; Poli et al. 2017). Thus, although the mechanisms responsible for the regulation
of inflammation in rosacea are not completely elucidated, these observations of adhesion
molecule expression in rosacea represent an important new step in understanding the
pathogenesis of this disease. Clinical relevance may be seen when considering that topical
application of Brimonidine, an a2-adrenergic receptor agonist, has also been shown to

J Invest Dermatol. Author manuscript; available in PMC 2022 June 12.
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alleviate vascular inflammation by inhibiting leukocyte adhesion to the endothelial vessels in
a /in vivo mouse model (Bertino et al. 2018). Clinical significance may be demonstrated in
the future by blocking endothelial adhesion molecule interactions with their cognate ligands
on leukocytes as a strategy to improve the pro-inflammatory microenvironment in patients
with multiple photosensitive disorders.

METHODS AND MATERIALS:

Cell culture and chemicals

Human skin

HDMECs (Promocell, USA), NHEKSs (Life Technologies, USA), fresh peripheral blood
mononuclear cells (PBMCs) and frozen CD14 + monocytes (iXcell Biotechnologies, USA)
were grown according to manufacturer’s instructions. Poly I:C (Invivogen, San Diego, CA),
LL-37 (Genemed, USA), RNAse 111 (Life Technologies, USA), fucoidan (Sigma Aldrich,
USA), Bafilomycin A (Sigma Aldrich, USA) and QNZ (Santa cruz Biotechnologies, USA)
were reconstituted according to manufactures instructions. U1 dsRNA and its biotinylated
form was synthesized as described previously (Takahashi et al. 2018).

and mice

Informed consent was obtained from five healthy subjects and rosacea patients with approval
(UCSD Human Research Institutional Review Board Approval Number:140144). After local
anesthesia, skin biopsies were fixed in 4 %. Paraformaldehyde. All mouse procedures were
approved by the UCSD Institutional Animal Care and Use Program (Protocol Number:
S09074). Eight-week old female BALB/c wild type mice, C57BL/6 mouse cathelicidin
knockout (Camp ~~) (Nizet et al. 2001) and human cathelicidin transgenic C57BL/6 mice
(CAMP**) bred against C57BL/6 Camp '~ background (CAMP** Camp™'~) were

used for the animal studies. (Jiang et al. 2018). BALB/c and C57BL/6 mice ears were
injected intradermally with U1, poly I:C and/or LL-37. The injections were performed once
every alternate day for a total three times. Twenty-four hours after the last injection, mice
were euthanized with CO, asphyxiation and ears excised for whole tissue immunablot,
immunofluorescence staining and immunohistochemistry.

UVB irradiation of NHEKs and RNAse lll treatment

NHEKs were exposed to 25 mJ/cm? narrowband Ultraviolet B (UVB) irradiation
(Spectronics handheld UVB lamp UVB irradiated or non -irradiated NHEKS were
immediately scrapped, briefly sonicated and extracts were added on to HDMEC cells. For
dsRNA digestion, UVB irradiated NHEKS were treated with RNAse 111 cells as previously
described (Zhang et al. 2016).

Enzyme-linked immunosorbent assay (ELISA)

Cell culture supernatant was frozen at —80°C until use for analysis. Multiplex ELISA was
performed with human premixed multi-analyte kit (RandD Systems, USA) on a MAGPIX
instrument (Luminex, USA). Data was analyzed with the XPONENT 4.2 software (Luminex,
USA).

J Invest Dermatol. Author manuscript; available in PMC 2022 June 12.
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RNA-sequencing

RNA was extracted using a Purelink RNA mini kit (Life technolgies, USA). Isolated RNA
was submitted to the UCSD IGM Genomics Center for RNA-sequencing performed on

a high-output run V4 platform (Illumina, USA) with a single read 100 cycle runs. Data
alignment was done on Partek flow software (Partek, USA) with Tophat2 (version 2.0.8)
Gene ontology (GO) enrichment analysis was performed on differentially regulated genes
(=1.5-fold) using DAVID 6.8 (Huang et al. 2007). The protein-protein interaction network
was generated in the InnateDB database (Breuer et al. 2013).

Quantitative real-time PCR

Immunoblot

RNA extracted from cells (Pure Link RNA isolation kit, Life Technologies, USA) was
quantified on the nanodrop 2000/200c spectrophotometer (ThermoFischer, USA). 500 ng
of purified RNA was used to synthesize cDNA with iScript cDNA Synthesis Kit (Bio-
Rad, USA). Primes used are listed in supplementary excel file 1. Pre-developed Tagman
(Thermofisher, USA) and SYBR (Integrated DNA technologies, USA) gene expression
Assays were used to evaluate mRNA transcript levels. STAT1 primers were used as
described previously (Zhang et al. 2016).Tagman and SYBR cycling conditions were used
as previously described (Kulkarni et al. 2017; Zhang et al. 2016). All experiments were
performed on a CFX96 system (Biorad, USA). Fold change relative to GAPDH was
calculated using the Livak AAC; method (Livak and Schmittgen 2001).

Cells were lysed in in complete RIPA buffer with added 1X protease and phosphatase
inhibitor cocktail (Life Technologies, USA). The lysate was centrifuged at 4°C, 13000 rpm
for 20 min and total cytoplasmic supernatant fraction was stored at =80 °C until future

use. For mouse ear whole tissue immunoblot tissue was homogenized in 1X complete
RIPA buffer. Total protein was quantified for each treatment with biorad protein assay
(Biorad, USA). Ten ug of total protein was loaded onto a 4-20% Mini-PROTEAN TGX gel
(Bio-Rad), transferred to a polyvinylidene difluoride membrane, and probed with primary
antibodies. All primary antibodies are listed in supplementary excel file 1. p-actin was
used as loading control. IRDye conjugated anti-rabbit and anti-mouse secondary antibodies
(IRDye800CW; Licor,USA) were used. The images were acquired on an Odyssey CLx
Imaging System (Licor, USA).

Immunohistochemistry

Immunohistochemistry was performed as previously described (Kulkarni et al. 2017;
Takahashi et al. 2018). Refer to supplementary material for detailed method.

Leukocyte adhesion and transmigration assay

THP-1 monocytes, PBMCs and CD14+ monocytes (150,000 cells/ml) were fluorescently
labeled with 5 uM Calcein AM dye according to manufacturer’s instructions (Life
technologies, USA) HDMECs were cultured in 48 well culture plates (50,000 cells/well)
to 80% confluence. Labeled leukocytes allowed to adhere onto the HDMECSs for 60 min
at 37 °C after treatment. Following incubation, cells were gently washed with 1X PBS

J Invest Dermatol. Author manuscript; available in PMC 2022 June 12.
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and permeabilized with 1% SDS. Fluorescence was quantified on Spectramax fluorimeter
(Molecular Devices, USA) and is represented as Relative Fluorescence Units (RFU). For
the transmigration assay, HDMECs were cultured on 3.0 uM trans-well permeable support
(Fluoroblock, Corning, USA). Calcein AM labeled CD14 + monocytes were allowed to
migrate from the upper chamber of the trans-well to the lower chamber across the HDMEC
cell layer for 8 h. The monocytes that had migrated to the lower chamber were read on a
Spectramax fluorimeter (Molecular Devices, USA) as RFU.

Proximity ligation assay (PLA)

PLA was performed as described previously (Takahashi et al. 2018). Refer to supplementary
material for detailed method.

siRNA transfection

siRNAs against TLR3 and MAVS were purchased from Thermofisher (Smartpool OnTarget
Plus). RIGI and IRF1 siRNAs were purchased from Ambion (Silencer Select). Scrambled
siRNA control (sc siRNA) was purchased from Life Technologies (On Targetplus). sSiRNA
transfection was performed on HDMEC:s as previously described for NHEKSs (Takahashi et
al. 2018).

Statistical analysis

Normally distributed results are represented as means and standard deviation of the means.
For comparison of multiple groups either one-way ANOVA (Tukey post hoc) or two-way
ANOVA (Bonferroni post hoc) was used, as indicated in figure legends. All the statistical
analyses were performed on Prism 8 (Graph Pad, San Diego, USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: LL-37 enables UVB and dsRNA to increase adhesion molecule expression on HDMECs
(a) Facial skin from healthy and rosacea subjects were stained VCAM1, ICAM1, E-Selectin

and LL-37 antibody (green) and nuclear stain DAPI (blue). E=Epidermis and D=Dermis,
Scale= 20 uM (b) UVB exposed and non-irradiated NHEKS extract were added onto
HDMECs (12 h). Gene expression of adhesion molecules VCAML1, ICAM1 and SELE

was assessed with g-RT PCR. (n=3) (c) UVB NHEKSs were treated with RNAse I11, then
extracts co-cultured with HDMECs and mRNA expression of VCAM1, ICAM1 and SELE
was assessed. (n=3) (d, e, f) Secreted adhesion molecules was analyzed by ELISA. (n=3).
(g, h) Immunoblot (g) and immunofluorescence (h) analysis for adhesion molecules. Scale =
20 uM. (*, p< 0.05; **, p<0.01; ***, p<0.001; **** p<0.0001)
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Figure 2: Transcriptional profiling shows LL-37 enables U1 to trigger activation of distinct

innate immune pathways

(a) A principal component analysis (PCA) plot for total transcriptional profile (b) Venn
Diagram for up-regulated gene set from HDMECSs treated with U1 and/or LL-37 (c) Gene

ontology (GO) pathway analysis of genes up-regulated in cells co-treated with U1 and

LL-37 (d) Protein-protein interaction (PPI) networks derived from network analysis for
genes up-regulated in U1 andLL-37 co-treated gene set as compared to LL-37 treatment
are shown. The red and blue color nodes represent their betweenness centrality values, red
being the highest and blue lowest. (€) Hierarchical clustering and Heatmap visualization of

selected genes from GO enriched pathways (1.5-fold change)
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Figure3: TLR3, RIGI and IRF1 regulate Ul and L L-37 induced adhesion molecule expression
(a, b) HDMECs were treated with U1 (2 pg/ml) and/or LL-37 (4 uM) Protein expression of

p-STAT1, STATL, p-p65, p65 (a) and TLR3, RIGI, MAVS and IRF1 (b) and was assessed
with immunoblot. B-actin was used as a loading control. (c) Gene knockdown of TLR3,
RIGI, RIGI co-receptor MAVS and IRF1 was confirmed with immunoblot. Scrambled
SiRNA (sc si) was used as a negative siRNA control. B-actin used as a loading control. (d, €)
HDMECs with gene knockdown for TLR3, RIGI, MAVS and IRF2 were co-treated with U1
(2 pg/ml) and LL-37 (4 uM) for 24 h. Gene expression of adhesion molecules ICAM1 and
VCAML1 was assessed (n=3) (*, p< 0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001)
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Figure 4: LL-37 and dsRNA enhance adhesion and migration of leukocytes acrossHDMECs
(a) Non-treated and RNAse 111 treated UVB NHEK extracts added onto HDMECs for

12 hours and adhesion assay was performed with Calcein labeled THP-1 cells. (n=3).

(b) Adhesion assay with THP-1 cells (green) was performed for HDMECs treated with

U1 and/or LL-37 for 24 h. TNFa is positive control. DAPI (blue). Scale=50 uM. (c)
Quantification of (b). (d, e, f) HDMECs treated with U1 (2 pg/ml) and/or LL-37 (0.2 uM-4
uM) for 24 h. Adhesion of labeled THP-1 monocytes (d), PBMCs (€) and CD14* primary
monocytes (f) to HDMECSs was assessed. (n=3) (g) Trans-endothelial migration of Calcein
labeled CD14* primary monocytes (n=3) (h) siRNAs against TLR3, RIGI, MAVS and
IRF1 in HDMEC:s, followed by treatment with U1 and LL-37. Adhesion assay with labeled
THP-1 monocytes (n=3). (i) THP1 adhesion assay for HDMECs pre-treated with fucoidan
(50 pg/ml), Bafilomycin A1 (100 nM) and QNZ (100 nM) for 60 min, followed by U1 and
LL-37 treatment for 24 h. (*, p< 0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001)
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Figure5: Ul and L L-37 treatment enhances adhesion molecule VCAM 1 expression in vivo.
(a, b, ¢) BALB/c (n=5) were injected intradermally into ears with U1 (25 ug) and/or LL-37

(32 uM). (a) Representative mouse images injected with U1 and LL-37 showing erythema
on the ear. (b) Temporal changes in mouse ear thickness (Day 0-5). (c) Western blot of
tissue extracts stained for VCAM1, ICAML1, E-selectin, TLR3, RIGI and IFNB1. p-actin
used as a loading control. (d) Tissue sections stained with antibodies against VCAM1
(green) and CD31 (Red). DAPI (blue) is nuclear stain. Scale= 20 uM.
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