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Abstract

Endothelial cell (EC) dysfunction has been associated with inflammatory and autoimmune
diseases; however, the factors contributing to this dysfunction have not been fully explored.
Because activation of TLRs has been implicated in autoimmune diseases, the goal of this study
was to determine the effects of TLR ligands on EC function. Human dermal microvascular ECs
(HDMECs) treated with TLR3 (Poly(l:C)), -4 (LPS) and -7 (Imiquimod) agonists showed
decreased proliferation and a reduced total number of branching tubules in 3D human dermal
organoid ex vivo culture. In contrast, the TLR9 ligand class C, ODN2395, increased angiogenesis.
The anti-proliferative effects of TLR3, -4 and -7 ligands correlated with significant
downregulation of a key regulator of vascular homeostasis, Flil, while TLR9 increased Flil levels.
Furthermore, Poly(1:C) and LPS induced endothelial to mesenchymal transition (EndoMT) that
was reversed by the pretreatment with TGFp neutralizing antibody or re-expression of Flil. We
showed, that Flil was required for the HDMEC proliferation by transcriptionally repressing
FOXO3A. In contrast to TLR9, which suppressed activation of the FOXO3A pathway, TLR3, -4,
and -7 ligands activated FOXO3A as indicated by decreased phosphorylation and increased
nuclear accumulation. The inverse correlation between Flil and FOXO3A was also observed in the
vasculature of scleroderma patients. This work revealed opposing effects of TLR9 and TLR3, -4,
and -7 on the key angiogenic pathways, Flil and FOXO3A. Our results provide a novel
mechanistic insight into the regulation of angiogenesis by TLRs and confirm a central role of Flil
in regulating vascular homeostasis.
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Introduction

Endothelial cells (ECs) control important vascular functions, including blood pressure,
permeability, coagulation, and angiogenesis (1). Various pathological conditions including
autoimmune diseases, such as Systemic lupus erythematosus (SLE) and Systemic sclerosis
(SSc) are associated with dysfunctional endothelium (2, 3). In addition to its important role
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in regulating vascular homeostasis, endothelial cells participate in inflammatory response by
increasing production of proinflammatory factors including MCP-1, IL-6, TNFa and
interferons. While inappropriate activation of ECs could contribute to tissue damage and
defective angiogenesis (2), the mechanism underlying the interactions of ECs with the
immune system, especially the role of Toll-like receptors (TLRs) in this process, is still
poorly understood.

Innate immunity constitutes the first line of defense against invading pathogens and
endogenous danger signals. TLRs belong to a family of pattern recognition receptors (PRRS)
that play a critical role in the activation of the innate immune system (4). TLRs can be
recognized by a wide variety of exogenous ligands, including microbial cell wall
components, proteins, and nucleic acids, as well as endogenous ligands released by injured
or stressed cells. TLRs are expressed ubiquitously in immune cells and are less widespread
in non-immune cells such as fibroblasts, epithelial or endothelial cells. The presence of
TLRs on ECs depends on EC origin/location and may reflect specialized functions of
different ECs (5). In response to their ligands, TLRs can activate the NF-xB signaling
pathway and trigger secretion of the pro-inflammatory cytokines, including IL-6, or
production of Type 1 interferons (IFN) (4). Recent studies demonstrated the importance of
TLR signaling in the development of several diseases characterized by endothelial
dysfunction, including atherosclerosis, hypertension and autoimmune diseases. In particular,
endosomal TLR-3, 7, 9, that recognize dsRNA, ssRNA and unmethylated CpG
oligonucleotide sequences, as well as plasma membrane TLR4, essential in recognition of
bacterial pathogens, were suggested to be important in the initiation and progression of
vascular dysfunction (6-8). Importantly, although TLR receptors share similar signaling
pathways, they may have divergent effects on cellular function. For example, TLR7 and
TLR9 displayed opposing effects on the development of systemic lupus erythematous,
through different effects on the autoantibody production (9, 10). Despite significant progress
in delineating the role of selected TLR ligands in EC activation and injury, the signaling
pathways involved in this processes are still poorly understood.

Relevant to these studies, we have recently observed that expression levels of Flil, a key
regulator of vascular homeostasis, were significantly reduced by treatments with IFN-a. in
HDMECs (11). Flil is a member of the Ets family of transcription factors and is
characterized by the presence of the evolutionary conserved DNA-binding (ETS) domain.
Flil has been shown to play a major role in hematopoiesis, embryonic development, and
vasculogenesis. Additionally, in SSc, reduced levels of Flil in endothelial cells and
fibroblasts (12) were correlated with vascular dysfunction, inflammation, and upregulated
matrix production (13-16). Mice with a conditional knockout of Flil in endothelial cells
showed abnormal skin vasculature, with greatly compromised vessel integrity and markedly
increased vessel permeability (17). Notably, vascular changes resulting from Flil deficiency
overlapped to a great extent with the abnormalities observed in the vasculature of SSc
patients, suggesting that persistently reduced levels of Flil in endothelial cells could be
important in disease pathogenesis. While activation of the immune system in SSc is likely to
contribute to vascular pathology, the role of immune mediators in the regulation of Flil
remains largely unexplored. Given the important role of TLRs in the pathogenesis of
autoimmune diseases, including SSc, the goal of this study was to determine the role of
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selected TLR ligands in modulating endothelial cell function focusing on a crosstalk
between the TLR and the Flil signaling pathways.

Material and methods

Cells

Human dermal microvascular endothelial cells (HDMECSs) were isolated from human
foreskin as previously described (11, 18). Cells were cultured on bovine collagen-coated 6-
well plates in EBM medium supplemented with 10% FBS, and EC growth supplement mix
at 37°C with 5% COs in air. The culture medium was changed every other day. All the
experiments were performed on cell from early passages.

siRNA Transient Transfections

HDMECs were transfected with siRNA specific to human Flil (ON-TARGETplus SMART
pool; GE Dharmacon, Lafayette, CO) or negative control siRNA at the concentration of 10
nM using Lypofectamine RNAIMAX Transfection Reagent (Thermo Fisher Scientific,
Waltham, MA) according to the manufacturer’s protocol.

Luciferase Activity Assay

HDMECs were transfected with expression vector encoding FlilFLAG and empty vector
(pSG5) or treated with Flil Adenovirus and GO control for 24h (12). Next, cells were co-
transfected with the FOXO3A reporter plasmid FHRE-luc using Fugene6 (Roche Applied
Science), according to the manufacturer’s instructions. FOXO3A-dependent transcriptional
activity was measured by the Thermo Scientific Pierce Firefly Luciferase Glow Assay Kit
(Thermo Fisher). Promoter/reporter plasmids were co-transfected with pPCMV-BGal
(Clontech) to adjust for differences in transfection efficiencies between samples.

Western Blot

For Western blot, whole-cell extracts were prepared from HDMECs using lysis buffer with
the following composition: 1% Triton X-100, 50 mmol/L Tris-HCI (pH 7.4), 150 mmol/L
NaCl, 3 mmol/L MgCl,, 1 mmol/L CaCl,, proteinase inhibitor mixture (Roche), and 1
mmol/L phenylmethyl sulfonyl fluoride. Protein extracts were subjected to SDS-PAGE and
transferred to nitrocellulose membranes. Membranes were incubated overnight with primary
antibodies, washed, and incubated for 1 hour with appropriate horseradish peroxidase-
conjugated secondary antibody. After washing, visualization was performed by enhanced
chemiluminescence (Pierce, Rockford, IL). The following primary antibodies were used:
mouse anti-human FLI1 (BD Biosciences, Billerica, MA), rabbit anti-human FOXO3A
(Abcam, Cambridge, MA), rabbit polyclonal SNAI1 (Santa Cruz, CA), goat anti-Collagen
type | (Southern Biotech, Birmingham, AL) rabbit anti-human FOXO3A (p Ser253) (Novus
Biologicals, Littleton, CO) at a dilution of 1:1,000 dilution, and a control mouse monoclonal
anti p-actin (Sigma, St Louis, MO) at a dilution of 1:5,000. Proteins levels were quantified
using Image J software.

J Immunol. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stawski et al. Page 4

Chromatin Immunoprecipitation Assay

The chromatin immunoprecipitation (ChiP) assay was carried out essentially as described
previously (19). Briefly, cells were treated with 1% formaldehyde for 10 minutes. The cross-
linked chromatin was then prepared and sonicated to an average size of 300-500 bp. The
DNA fragments were immunoprecipitated overnight with or without polyclonal anti-Flil
antibody at 4°C. After reversal of cross-linking, the immunoprecipitated chromatin was
amplified by PCR amplification of specific regions of the FOXO3A genomic locus. The
primers were as follows: FOXO3A/F-605:5"-TAGCGGTTTTGTCGTCATTTAC-3’,
FOXO3A/R-772; 5-CACAGTCGTGTTTCACTTTTCA-3". The amplified DNA products
were resolved by agarose gel electrophoresis.

Quantitative RT-PCR analysis

Total RNA was isolated using TRIzol reagent (MRC, Inc., Cincinnati, OH). Real-time PCR
assays were performed using the StepOnePlus Real-Time PCR system (Applied Biosystems,
Foster City, CA). Briefly, 1 ug of total RNA was reverse transcribed with random hexamers
using the Transcriptor First Strand complementary DNA Synthesis kit (Roche Applied
Science, Indianapolis, IN) according to the manufacturer’s protocol. The amplification
mixture (10 pl) contained 1 pl of complementary DNA, 0.5 uM of each primer, and 5 pl of
SYBR Green PCR Master Mix. The primers are listed in Supplementary Table I. Relative
changes in the levels of genes of interest were determined by the 272ACT method.

Immunofluorescence staining on adherent cell cultures

For immunofluorescence, cultured HDMECs grown on collagen-coated cover slips were
treated with FlilsiRNA for 48h or Poly(l:C), LPS and Imiquimod for 24h. Cells were fixed
with 4% paraformaldehyde for 15 minutes followed by incubation with 0.15 M Glycine for
30 min. Non-specific protein binding was blocked with 3% BSA for 1 h. Next, cells were
incubated at 4°C overnight with primary antibodies: goat anti-mouse VE-cadherin (Santa
Cruz, CA) and rabbit anti-human FOXO3A (Abcam, Cambridge, MA). After washing, cell
cultures were incubated with an Alexa fluor 488 donkey anti-goat (Invitrogen, Grand Island,
NY) and an Alexa fluor 594 donkey anti-rabbit (Invitrogen, Grand Island, NY) for 1.5 h.
Cells were mounted on slides using Vectashield with DAPI (Vector Laboratories,
Burlingame, CA) and examined using a FluoView FV10i confocal microscope system
(Olympus, Center Valley, PA) at 488 nm (green), 594 nm (red) and 405 nm (blue).

Proliferation assay

Proliferative responses were examined using the Essen BioScience IncuCyteTM Live-Cell
Imaging system. Briefly, scrambled or FlilsiRNA treated cells were plated on an ImageLock
96-well plate and grown overnight. 5-10% confluent cells were treated additionally with
1ug/ml of Poly(I:C), LPS, Imiquimod and ODN2395. Images were captured every 3h for a
total of 72h. Area under curves was measured using the GraphPad Prism software.

Immunohistochemistry

Immunohistochemistry was performed on formalin-fixed, paraffin-embedded skin tissue
sections using a Vectastain ABC kit (Vector Laboratories, Burlingame, CA) according to the
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manufacturer’s instructions. Briefly, sections (8-um thick) were mounted on APES
(aminopropyltriethoxy silane solution)-coated slides, deparaffinized with Histo-Clear
(National Diagnostics, Atlanta, GA), and rehydrated through a graded series of ethanol.
Endogenous peroxidase was blocked by incubation in 3% hydrogen peroxide for 30 minutes,
followed by incubation with 0.15 M Glycine for 45 min, and normal blocking serum for 1
hour. The sections were then incubated overnight at 4 °C with antibodies against FOXO3A,
or Flil, diluted 1:100 in blocking buffer, followed by incubation for 30 minutes with a
biotinylated secondary antibody solution. A solution containing avidin:biotin:peroxidase
complexes was applied to the sections subsequently. Immunoreactivity was visualized with
diaminobenzidine (MVector Laboratories, Burlingame, CA), and the sections were
counterstained with hematoxylin. Images were collected using a microscope (BH-2;
Olympus, Center Valley, PA).

3D human dermal organoid culture ex vivo angiogenesis assay

Dermal tissues obtained from foreskins were treated with scrambled or FlilsiRNA for 24h
and then embedded in matrigel in 96 well plates or directly embedded in matrigel and
treated with 1pg/ml of Poly(1:C), LPS, Imiquimod and ODN2395 in EGM-2 medium.
Outgrowth of sprouts was quantified at day 3,4,5 and 6. Data represent an n=8 well each
point with 3 different cell cultures. *p<0.05.

Apoptosis assay

Apoptosis was evaluated using the Essen BioScience IncuCyteTM Live-Cell Imaging
system. Briefly, 70-80% confluent cells on ImageLock 96-well plate were treated with SCR
or FlilsiRNA for 48h or Poly(l:C), LPS, Imiquimod and ODN2395 for 24h. Next, 50ul of
Anexin V reagent (eBioscience, San Diego, CA) was added on each well. Images were
captured every 3h for total of 48h.

Statistical analyses

Results

All data were analyzed by Student’s t-Test. The level for statistical significance was set at
p<0.05.

Distinct effects of selected TLR ligands on Flil protein level in HDMECs

To determine whether TLR ligands can regulate expression of Flil, HDMECs were treated
with 1ug/ml of each: LTA (Lipoteichoic acid) (TLR2), Poly(l:C) (TLR3), LPS (TLR4),
Flagellin (TLRS5), Imiquimod (TLR7), and ODN2395 (TLR9 - class C) for 24 hours. VEGF
(25ng/ml) was used as a positive control. TGFp (1ng/ml) and IFN-a. (100U/ml) were used
as a negative control for Western blot. We did not observe any changes in mRNA levels of
Flil in response to any of the tested TLR ligands (data not shown). Dose and time dependent
responses are shown in the Supplementary Figure 1. Treatment with Poly(l:C), LPS,
Imiquimod, LTA, and Flagellin significantly decreased protein levels of Flil, while TLR9
ligand, ODNZ2395, led to a significant increase of Flil (Figure 1 and Supplementary Fig. 1).
CpG ODNs (small synthetic oligodeoxynucleotides with unmethylated CpG dinucleotides)
are able to mimic the immunostimulatory activity of bacterial DNA and activate TLR9. The
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three different classes of CpG ODNSs, (A, B and C), which differ in their immunostimulatory
activities were recently characterized. To further characterize the effect of specific ODNs on
Flil level, HDMECs were treated with ODN2336 (class A), ODN684 (class B) and
ODN2395 (class C). We confirmed increased protein levels of Flil in response to class C
TLR9 ligand. On the other hand, treatment with TLR9 ligands from class A and class B had
no effect on Flil protein levels (Figure 1B), suggesting distinct regulation of Flil in response
to ODNSs from class C. Overall, these data indicate that Flil protein levels are regulated
differently by specific TLR ligands in HDMVECs. Because of the potential relevance to
scleroderma, we focused on Poly(1:C), LPS, Imiquimod and OD2395 in the subsequent
experiments (20).

Downregulation of Flil in response to selected TLR ligands is mediated by TGF, ET-1, and
type | interferon

It was previously reported that selected TLR ligands could modulate TGFp and ET-1
signaling (21-23). To test the effect of selected TLR ligands on TGFB and ET-1 mRNA
levels, HDMECs were treated with Poly(I:C), LPS, Imiquimod and ODN2395 for 3 hours.
Real-time PCR analysis showed a statistically significant increase in mRNA levels of
TGFB2 and -3 isoforms in cells treated with Poly(1:C) and LPS (Figure 2A), while treatment
with Imiquimod only moderately increased TGFp3 isoform. Likewise, mRNA levels of ET-1
were significantly upregulated in cells treated with Poly(1:C), LPS and Imiquimod (Figure
2A). In contrast, TLR9 ligand had no effect on TGFp or ET-1 mRNA expression. Both
TGFp and ET-1 have been previously shown to downregulate Flil protein levels (24, 25).
Therefore, we wished to determine if downregulation of Flil protein level in HDMECs is
TGFp or ET-1 dependent. Confluent cells were pretreated with specific inhibitor of TGFBRI
kinase (SB431542) for 1h or Bosentan (BOS- dual endothelin receptor types A and B
antagonist) for 3h and then treated with Poly(1:C), LPS and Imiquimod for another 24h.
SB431542 pretreatment did not affect Flil protein levels, however, Bosentan consistently
increased basal expression of Flil, suggesting that the endogenously produced ET-1
negatively regulates the basal Flil expression levels. The blockade of TGFp signaling
reversed the effects of Poly(l:C), LPS and Imiquimod on Flil protein levels in HDMECs
(Figure 2B). Similar effects were observed in cells pretreated with Bosentan. Consistent with
our previous findings demonstrating downregulation of Flil by IFNa (11), pretreatment
with B18R, a decoy receptor for type | interferon, reversed the effects of Poly(l:C), LPS, and
Imiquimod on Flil protein levels (Supplementary Figure 2). Together, these data suggest
that TLR ligands downregulate Flil protein levels by several interdependent pathways in
endothelial cells (26-28).

Flil is required for HDMEC proliferation

Our previous studies have demonstrated the key role of Flil in regulating vessel
permeability, however other functions of Flil in ECs have not yet been thoroughly
investigated (17). To assess the effects of Flil and/or selected TLR ligands on EC
proliferation, control siRNA (SCR) and FlilsiRNA-treated HDMECs were stimulated with
Poly(1:C) (Lug/ml), LPS (1ug/ml), Imiquimod (Lug/ml) and ODN2395 (1ug/ml) for 72 hours
and examined with the Essen BioScience IncuCyteTM Live-Cell Imaging system. As shown
in Figure 3A, cells stimulated with Poly(l:C), LPS, or Imiquimod showed significantly
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decreased proliferation, while ODN2395 significantly increased cell proliferation. Depletion
of Flil also significantly reduced proliferation. Moreover, we observed further reduction of
proliferation in Flil1 deficient cells treated with Poly(1:C), LPS, Imiquimod. Treatment with
the ODN2395 ligand did not reverse the inhibitory effect of FIi1sSiRNA. Pretreatment with
B18R, reversed the inhibitory effect of Poly(l:C), LPS and Imiquimod, and further enhanced
the pro-proliferative properties of ODN2395, however it had no effect on the basal
proliferation level (Figure 3B). These data demonstrate that Flil deficiency is sufficient to
impair proliferation of HDMECs. Furthermore, anti-proliferative effects of Poly(l:C), LPS,
or Imiquimod in HDMECSs are mediated by the induction of type I IFN.

To further verify the role of Flil deficiency and selected TLR ligands in the process of
angiogenesis, we employed an ex vivo 3D dermal organoid culture system. As shown on
Figure 4A, FlilsiRNA treated tissue explants displayed significantly reduced total number of
branching tubules compared to explants treated with control sSiRNA. Likewise, Poly(l:C),
LPS and Imiquimod blocked outgrowth of sprouts in dermal organoid cultures (Figure 4B).
In contrast, ODN2395 treatment increased number of growing tubules. These results are
consistent with the proliferation assay using a monolayer cell culture and provide additional
confirmation for the important role of Flil and selected TLR ligands in angiogenesis.

Because apoptosis of endothelial cells has been implicated as a prerequisite to the
development of many inflammatory and immune diseases (29), we next sought to determine
whether apoptosis contributed to the anti-proliferative effect of selected TLRs or Flil
deficiency. To detect apoptosis in real time we used IncuCyte system in combination with
Annexin V reagents. Treatment with Poly(I:C) showed modest increase in the number of
apoptotic cells (Supplemental Figure 3), while the number of apoptotic cells in HDMECs
treated with LPS, Imiquimod and ODN2395 was comparable to the control levels. Likewise,
HDMEC:s treated with either control siRNA (SCR) or FlilsiRNA for up to 48h did not show
any significant changes in the number of apoptotic cells (Supplemental Figure 3).

Flil deficiency or stimulation with selected TLR ligands regulate Endothelial to
Mesenchymal Transition (EndoMT)

Recent studies have established the importance of EndoMT during development and in
various pathological processes (30). To determine the effect of selected TLR ligands on
EndoMT, we performed double-fluorescence staining for VE-cadherin and phalloidin on
HDMEC:s treated with Poly(l:C), LPS, Imiquimod and ODN2395 for 24 hours (Figure 5A).
In contrast to untreated cells that showed prominent VE-cadherin staining and exhibited a
cortical actin staining below the cell membranes, Poly(l:C) and LPS treated cells showed
markedly decreased expression of VE-cadherin, as well as elongated F-actin stress fibers. In
contrast, Imiquimod and ODN2395 treated cells did not show any alterations in VE-cadherin
cellular localization or expression, and exhibited a cortical actin staining below the cell
membranes similar to observed in untreated cells. Consistent with the previously published
study (22), Flil depletion reduced VE-cadherin expression and induced morphological
rearrangements of the actin filaments (Figure 5A). Additionally, mRNA levels of EndoMT
regulatory transcription factor, SNAIL1, was moderately, but significantly increased in
HDMEC:s treated with Poly(I:C), but was markedly increased in HDMECs treated with LPS
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(Figure 5B). LPS also increased SNAILL protein levels at the 24 hour timepoint, while only
a small increase of SNAIL1 protein levels was observed in some, but not all, cell lines
treated with Poly(1:C) (Fig. 5C). Imiquinod did not affect SNAIL1 mRNA or protein levels,
while OD2395 decreased SNAIL1 protein, only. We did not observe any changes in mRNA
levels of other EndoMT genes including: SNAIL2, SNAIL3, ZEB1 and TWIST in response
to all tested TLR ligands (data not shown). Furthermore, we observed increased collagen
type | secretion in the medium from cells treated with Poly(l:C), LPS and Imiquimod in a
time dependent manner (Figure 5D). No change in collagen secretion was observed in
ODNZ2395 treated cells (Figure 5D). In a rescue experiment, EndoMT-related changes
induced by Poly(l:C) and LPS were largely reversed by treating cells with the TGFp
neutralizing antibody and partially reversed by re-expression of Flil via Andenovirus
(Figure 6). Together, these data suggest that Poly(1:C) and LPS, as well as deficiency of Flil
could contribute to the process of EndoMT. Furthermore, these effects were dependent on
the autocrine TGF.

Selected TLR ligands and/or absence of Flil activate FOXO3A in HDMECs

Data presented in the previous sections implicated downregulation of Flil in the anti-
proliferative effects of selected TLR ligands, suggesting that Flil regulates expression of
genes that are critically involved in proliferative responses. One such gene is FOXO3A, a
member of FOXO family of transcription factors, that was shown to be involved in
regulation of metabolism, autophagy, cell cycle arrest and apoptosis (31). Phosphorylation of
FOXO3A, in the presence of survival factors, results in nuclear exclusion, retention and
degradation of FOXO3A in the cytoplasm. Conversely, the presence of anti-proliferative and
proapoptotic factors leads to FOXO3A dephosphorylation, nuclear translocation, and
activation of FOXO target genes. To test the hypothesis that deficiency of Flil regulates
expression of FOXO3A, HDMECs were treated with SCR and Fli1siRNA for 48h. We
observed upregulation of FOXO3A in HDMECs treated with FlilsiRNA at the mRNA and
protein level, however Flil deficiency did not affect phosphorylation levels of FOXO3A
(Figure 7A, B). Furthermore, we demonstrated that Flil transcriptionally regulated the
FOXO3A gene. CHIP assay showed Flil binding to the FOXO3A promoter (Figure 7C).
Moreover, we confirmed increased FOXO3A transcription activity in cells treated with
FlilsiRNA and decreased FOXO3A activity in cells transfected with FIilFLAG plasmid
using luciferase assay (Figure 7D). On the other hand, at the 24h time point, treatment with
Poly(l:C), LPS and Imiquimod did not affect total protein levels of FOXO3A (Figure 7F).
This may be due to the effect of TLR ligands on the protein stability of Flil, however further
studies are needed to explain this finding. Instead, Poly(l:C), LPS and Imiquimod decreased
phosphorylation of FOXO3A (S253) (Figure 7F). In contrast, treatment with ODN2395
resulted in increased phosphorylation of FOXO3A (S253) (Figure 7F). Double
immunofluorescence staining of FOXO3A/VE-cadherin confirmed nuclear accumulation of
FOXO3A in cells treated with FlilsiRNA, as well as Poly(l:C), LPS and Imiquimod (Figure
7E, G). Cells stimulated with ODN2395 showed diminished nuclear FOXO3A staining
(Figure 7F). These data suggest that Flil deficiency as well as treatment with Poly(l:C), LPS
and Imiquimod, impairs proliferation of HDMECs by activating the FOXO3A pathway,
while ODN2395 elicits a protective effect by having an opposite effect on the activity of
FOXO3A.
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Endothelial FOXO3A is elevated in the inflammatory regions of SSc skin

To illustrate the distribution of FOXO3A and Flil expression in pathological conditions we
performed IHC staining on SSc skin biopsies. We have previously reported that Flil protein
is expressed at reduced levels in SSc skin vasculature (12). As shown in Figure 8A, we
observed elevated endothelial FOXO3A levels in the skin of SSc patients. Moreover the
number of FOXO3A positive vessels was especially increased in SSc biopsies characterized
by immune cell infiltrates (Figure 8C). Furthermore, IHC staining in the corresponding skin
regions showed decreased Flil levels. In the healthy skin biopsies, we observed the opposite
result with increased Flil and decreased FOXO3A levels in endothelial cells (Figure 8B).
SSc patient data are included in Table I.

Discussion

Endothelial cells play a crucial role in inflammatory processes by maintaining the vessel
integrity and immune cell trafficking. Excessive endothelial cell activation in chronic
inflammatory settings can lead to EC dysfunctions and development of a broad spectrum of
human diseases (2, 3). This study focused on delineating the TLR-mediated molecular
mechanisms involved in regulating EC function. We showed that activation of TLR3, -4, and
-7 elicited potent anti-angiogenic effects, while TLR9 promoted angiogenesis in HDMECs.
We further demonstrated that activation of the TGFp, ET-1, and type | IFN signaling
pathways and subsequent downregulation of Flil protein levels played a key role in the anti-
angiogenic effects of selected TLR ligands. Flil transcriptionally repressed FOXO3A, a
well-known inhibitor of cell proliferation. In addition, TLR3, -4, and -7 agonists rapidly
decreased phosphorylation and increased nuclear accumulation of FOXO3A, while TLR9
enhanced Flil protein levels and induced FOXO3A phosphorylation, thus preventing its
nuclear accumulation. These results implicate Flil and FOXO3A in regulation of
angiogenesis by the TLRs through the rapid modulation of the FOXO3A activity status, and
through the Flil-mediated increased FOXO3A expression levels (Figure 9).

In addition to a widely investigated role of TLRs in inducing inflammatory responses, TLR-
mediated signaling pathways, including NFxp, MAPK and PI3K, have also been studied in
the context of cell proliferation (32). However these extended functions of the TLR family
are not well understood and may depend on a specific cell type and physiological context.
Hence, previous studies describing the effects of selected TLRs in angiogenesis produced
conflicting results with limited mechanistic insights. On one hand, it has been demonstrated
that the TLR regulated inflammation is often associated with increased angiogenesis. For
example LPS was shown to promote angiogenesis in the inflammatory setting (33). On the
other hand, selected TLR ligands including Poly(l:C), LPS and Imiquimod as well as ODNs
were also shown to have a negative effect on endothelial cell proliferation (34-38). Here we
show that depletion of Flil or stimulation with Poly(l:C), LPS and Imiquimod greatly
reduced the basal level of proliferation of HDMECs. Additionally, co-stimulation with
FlilsiRNA and these TLR ligands completely blocked the ability of cells to proliferate.
These anti-proliferative effects can be explained, at least in part, by activation of the TGFB
and IFNa signaling pathways that have previously been shown to inhibit proliferation of
ECs (26, 39). On the other hand, ET-1 has been shown to stimulate EC proliferation,
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therefore it is unlikely to mediate the anti-proliferative effects of these TLR ligands (40). In
contrast, TLR9 ligand, ODN2395, increased basal proliferation levels of HDMECs. Our
observation differs from a recently published study describing anti-angiogenic effects of
TLR9 agonist from class B, ODN1826, in corneal neovascularization (41). However, in a
different study, TLR9 expression in mononuclear cells infiltrating lung cancer was
associated with increased angiogenesis and progression of tumor growth (42). These
conflicting observations have recently been clarified by Wu et al (38). The authors showed
that the angiogenic effects of CpG motifs were dependent on the backbone structure (38).
The ODN2395 with a phosphodiester (PD) backbone exhibited proangiogenic effects, while
ODNZ2395 with a phosphorothioate (PS) backbone were antiangiogenic (38). Our study,
which used ODN2395 with a PD backbone is consistent with these observations.
Interestingly, Wu et al have also suggested that the effects of synthetic ODNs in endothelial
cells did not require TLR9, but the binding site for CpG-ODN in endothelial cells remains
unclear.

We showed that anti-angiogenic effects of selected TLR ligands correlated with
downregulation of Flil protein levels. Flil is highly expressed in ECs and plays an important
role in controlling vascular homeostasis, however its regulation is incompletely understood.
Previous studies on fibroblasts revealed that Flil levels are regulated via multiple
mechanisms including, transcriptional regulation, post-translational modifications, as well as
epigenetic mechanisms (24, 43-45). Furthermore, IFN-a and -y were shown to reduce Flil
mMRNA and protein levels in HDMECs (11). A similar observation was reported in
macrophages, where the mRNA level of Fli1 was significantly downregulated in response to
IFN-a and other inflammatory mediators such as LPS, and the differentiation-inducing
agents (46-48). The findings of this study indicate that selected TLR ligands, including
Poly(1:C), LPS and Imiquimod, significantly reduced Flil protein levels by activating the
ET-1 and TGF, as well as interferon signaling pathways. TGFp and ET-1 were previously
shown to promote Flil protein degradation by inducing posttranslational modifications in the
Flil protein (24, 25). In this study, we show that dual ET-1 receptor inhibitor, bosentan, as
well as specific inhibitor of TGFBRI kinase (SB431542) prevented downregulation of Flil in
response to Poly(l:C), LPS and Imiquimod. Importantly, only bosentan consistently
upregulated Flil at the basal level, suggesting that endogenously produced ET-1 could
contribute to the regulation of Flil levels in ECs. Consistent with its proangiogenic effect,
TLR9 ligand from class C, ODN2395, increased Flil protein level, whereas agonists from
class A and B had no effect. The mechanism involved in the upregulation of Flil protein
levels by ODN2395 is presently unclear. In contrast to other TLR ligands examined in this
study, ODN2395 did not stimulate expression levels of TGF or ET-1. One possibility is that
ODNZ2395, through an unknown mechanism, counteracts the inhibitory effects of the
endogenous ET-1. Alternatively, ODN2395 may upregulate Flil protein levels either directly
or through another mediator. For example, it was previously reported that stimulation with
TLR9 agonist from class B resulted in increased release of VEGF in a mouse model of lung
carcinoma (49). Flil was among the ETS transcription factor family members that were
increased in response to VEGF (50), suggesting that VEGF may be responsible for the
upregulation of Flil in response to ODN2395.
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Furthermore we showed that some TLR ligands could modulate EC plasticity and trigger the
differentiation to mesenchymal phenotype. This process is called endothelial to
mesenchymal transition (EndoMT) and has been implicated in many pathological processes,
including cancer, PAH, artherosclerosis and fibrosis (30, 51). Interestingly, cells that
undergo EndoMT support increased transendothelial migration of the immune cells by
regulating adhesion and permeability (52). Moreover, transformed ECs may participate in
fibrotic responses and therefore contribute to the defective angiogenic process (53, 54).
TGFp is one of the most widely studied inducers of EndoMT (55), however other factors,
especially ET-1 (56), and several inflammatory mediators, including LPS, have also been
shown to induce EndoMT /n vitro and in animal models (57). We have previously reported
that several EndoMT-related genes, including VE-cad, SNAIL1, and FSP1 were
transcriptionally regulated by Flil (58, 59). This study has confirmed the critical role of Flil
in the process of EndoMT. Additionally, we showed that LPS and Poly(l:C) also induced
EndoMT in HDMECs. Even though the TLR7 ligand, Imiquimod, downregulated Flil
protein levels and upregulated ET-1, it did not induce the morphological changes in
HDMECs. Unlike Poly(l:C) or LPS Imiquimod only weakly induced TGFp2 and -3,
suggesting that the balance between the TGFB and interferon signaling pathways determines
the EndMT outcome. On the other hand, only LPS, but not Poly(l:C), consistently
upregulated SNAIL1 at the mRNA and protein levels. This suggests that Poly(l:C) can
induce EndoMT through a yet unknown mechanism. Likewise, it was recently demonstrated
that nuclear/cytosolic protein ratios of SNAIL1 were unchanged in Poly(l:C) induced EMT
in keratinocytes (60). However, Poly(l:C) upregulated SNAIL1 at the mRNA and protein
levels in human small-airway epithelial cells, indicating cell type specific responses (61).
Together, these data suggest that deficiency of Flil, as well as exposure to LPS or Poly(1:C)
can induce morphological changes in ECs and may be important in initiating pro-fibrogenic
changes in the vascular compartment.

To confirm the inverse correlation between Flil and FOXO3A expression in the disease
setting, we analyzed skin biopsies obtained from patients with SSc. Consistent with our /n
vitro findings, FOXO3A was highly expressed in ECs, primarily in the regions characterized
by immune cell infiltrates, and its expression correlated with decreased endothelial
expression of Flil. Interestingly, it was previously reported that scleroderma sera induces
apoptosis of endothelial progenitor cells (EPCs) via FOXO3A/Bim pathway (62). These data
suggest that the activated FIil/FOXO3A pathway is present in SSc ECs and may be
important in the disease pathogenesis.

In conclusion, our work demonstrates that selected TLR ligands can regulate protein levels
of Flil in HDMECs. Furthermore, this study shows that particular TLR ligands can have
either detrimental or protective effects on HDMECs function. Poly(l:C), LPS and
Imiquimod impaired proliferation through downregulation of Flil1 and activation of the
FOXO3A pathway, while TLR9 ligand, ODN2395, elicited a protective effect by having an
opposite effect on those pathways. In addition, our data suggest that different effects of
specific TLR ligands were associated with TGFf expression levels. Together these findings
confirm a central role of TLRs in endothelial dysfunction and suggest that selected TLR
ligands may contribute to endothelial cell injury in autoimmune diseases such as Systemic
Sclerosis.
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Figure 1. The effect of TGFP and selected TLR ligands on the Flil protein level in HDMECs
A. Confluent HDMECs were treated with VEGF, TGF, IFNa, Poly(I:C), LPS, Imiquimod

and ODN2395 (A) or with ODN2336, ODN684 and ODN2395 (B) for 24h and collected for
analysis by western blot. Densitometry of the western blot was analyzed with the Image J
software (NIH). Results are shown as mean + SD, n=3. Significant difference was accepted
at *p<0.05 against the control group and calculated according to the Student #test.
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Figure2. TGFp and ET-1 mediates Flil downregulation in HDMECs
A. HDMVECs were treated for 3 h with Poly(l:C), LPS, Imiquimod and ODN2395 and

analyzed by real-time gPCR for TGFB1, TGFB2, TGFR3 and ET-1 gene expression. B.
HDMECs were pretreated with TGFBRI kinase inhibitor (SB431542) for 1h or Bosentan
(BOS- dual endothelin receptor types A and B antagonist) for 3h and then treated with
Poly(I:C), LPS and Imiquimod for another 24h. Fli1, protein level was analyzed by western
blot. Densitometry of the western blot was analyzed with the Image J software (NIH).
Results are shown as mean + SD, n=3. Significant difference was accepted at *p<0.05
against the control group and calculated according to the Student #test.
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Figure 3. The effect of Flil downregulation and/or selected TLR ligands on the proliferation of
HDMECs

Proliferation was examined with the Essen BioScience IncuCyteTM Live-Cell Imaging
system. 5-10% confluent cells on ImageLock 96-well plate were treated with Poly(l:C),
LPS, Imiquimod and ODN2395 together with SCR or FlilsiRNA (A) or B18R (B). Images
with an estimated confluence were captured every 3h for total of 72h. Area under curves was
measured in the GraphPad Prism software. Data represent an n=3 well each point with 3
different cells culture. Student #test *p<0.05
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Figure 4. Human dermal ex vivo angiogenesis assay
A. Dermal tissues obtained from foreskins were treated with SCR or FlilsiRNA for 24h,

embedded in matrigel and cultured in EGM-2 medium. B. Dermal tissues were directly
embedded in matrigel and cultured with EGM-2 medium. Sprout outgrowth was quantified
at day 3,4,5 and 6. Data represent an n=8 well each point with 3 different cultures. Student #
test, *p<0.05
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Figure5. Effect of Flil downregulation and selected TLR ligandson EndoM T
A. Immunofluorescence staining of VE-cadherin (green) and Phalloidin (red) in HDMECs

treated with SCR, FlilsiRNA, Poly(l:C), LPS, Imiquimod and ODN2395. Representative
images are shown from three different experiments. B. mRNA levels of SNAIL1 at 3h, 6h,
and 24h were analyzed by gPCR, n=3. C. SNAIL protein levels were analyzed at 24h
timepoint by Western Blot, n=2. D. Collagen Type I protein levels from medium was
analyzed by Western Blot, n=2.
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Figure 6. Effect of TGFpP neutralizing antibody and Fli1 adenoviruson Poly(l:C) and LPS
induced EndoM T

HDMECs were pretreated with TGFP neutralizing antibody for 1h (A) or FliAd for 24h (B)
and then treated with Poly(l:C) and LPS. Expression levels of VVE-cadherin (green) and
Phalloidin (red) were analyzed by immunofluorescent staining. Representative images are
shown from three different experiments.
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Figure 7. The effect of Flil downregulation and selected TLR ligands on the FOXO3A levelsin
HDMECs

Confluent HDMECs were treated with SCR or FlilsiRNA for 48h (upper panel) or with
Poly(l:C), LPS, Imiquimod and ODN2395 for 24h (lower panel). Samples were collected for
analysis by qPCR (A), Western blot (B, F), CHIiP assay (C) and Luciferase Assay (D).
Double IF staining of FOXO3A/VeCadherin was performed on paraformaldehyde fixed
HDMECs (E, G). Representative images are shown from three different experiments.
Densitometry of the western blot was analyzed with the Image J software (NIH). Results are
shown as mean + SD, n=3. Student £test, *p<0.05
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Figure 8. Distribution of FOXO3A and Flilin the SSc skin
(A, B) IHC staining of FOXO3A and FLI1 was performed on paraffin sections from the skin

of healthy controls and SSc patients. Red arrows indicate positive FOXO3A staining in
endothelial cells. C. The bar graph represents percentage of FOXO3A positive vessels per
section. Results are shown as mean + SD (Student #test*p<0.05). HC group, n=3. SSc with
no infiltrates group, n=5. SSc with infiltrates group, n=3. Scale bar: 200um for 4x and 25um
for 20x images.
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Figure9. TLRsregulate EC functions by FL11/FOXO3A pathway
TLRs regulate EC functions through the rapid modulation of FOXO3A activity status, and

through the FLI1-mediated increase of FOXO3A expression levels.
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