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Chapter 7

A protective role of IRF3 and IRF7 signaling
downstream TLRs in the development of vein

graft disease via type-I interferons.

K.H. Simons, H.A.B. Peters, J.W. Jukema, M.R. de Vries, P.H.A. Quax.

Journal of internal medicine. 2017;282(6):522-536.
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Abstract

Background

Toll like receptors (TLR) play an important role in vein graft disease (VGD). Interferon
regulatory factors (IRF) 3 and 7 are the transcriptional regulators of type-l interferons
(IFN) and type-I IFN responsive genes and are downstream factors of TLRs. Relatively
little is known with regard to the interplay of IRFs and TLRs in VGD development. The
aim of this study was to investigate the role of IRF3 and IRF7 signaling downstream
TLRs and the effect of IRF3 and IRF7 in VGD.

Methods and Results

In vitro activation of TLR3 induced IRF3 and IRF7 dependent IFNP
expression in bone marrow macrophages and vascular smooth muscle cells.
Activation of TLR4 showed to regulate pro-inflammatory cytokines via IRF3.
Vein graft surgery was performed in Irf37, Irf7”- and control mice. After 14 days /rf37
vein grafts had an increased vessel wall thickness compared to both control (p=0.01)
and Irf77 (p=0.02) vein grafts. After 28 days, vessel wall thickness increased in Irf3”
(p=0.0003) and Irf7” (p=0.04) compared to control vein grafts and also increased in
Irf7”- compared to Irf37- vein grafts (p=0.02). Imnmunohistochemical analysis showed a
significant higher influx of macrophages after 14 days in Irf37 vein grafts and after 28
days in Irf7” vein grafts compared to control vein grafts.

Conclusions

The present study is the first to describe a protective role of both IRF3and IRF7 in VGD.
IRFs regulate VGD downstream TLRs since /rf3”-and Irf7”- vein grafts show increased
vessel wall thickening after respectively 14 and 28 days after surgery.
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Introduction

Arterial occlusive disease is an atherosclerosis driven chronic disease that causes
impaired blood flow. In case of severe arterial occlusive disease, bypass surgery is
performed with the vena saphena magna as the most used conduit. Unfortunately,
long term graft patency rates are low due to vein graft disease (VGD)" 2 Development
of intimal hyperplasia (IH) in vein grafts consist of several phases, the first days an
influx of inflammatory cells such as macrophages occurs, followed by extracellular
matrix breakdown and subsequent remodeling as well as proliferation and migration
of vascular smooth muscle cells (VSMCs).

We and others have shown that Toll-like receptors (TLRs), important members of the
innate immune system, are involved in intimal hyperplasia formation, accelerated
atherosclerosis and vein graft remodeling®* via recognition of pathogen-associated
molecular patterns and damage associated molecular patterns®. Interestingly, a
protective role of TLR3 was found on the onset of atherosclerosis formation’. TLR3
stimulation also impaired endothelial function® and deficiency of TLR3 resulted
in increased atherosclerotic lesion burden®. TLRs, except TLR3, signal via myeloid
differentiation primary response gene 88 (MyD88) pathway, which drives the
induction of the transcription factor nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) resulting in pro-inflammatory cytokines production. TLR3,
and sometimes TLR4, signals via a MyD88-independent pathway which induces
type-l IFN production, and sometimes pro-inflammatory cytokine production, via
TIR-domain-containing adaptor protein inducing IFNB (TRIF) in various cell types.

Interferon regulatory factor (IRF) 3 and 7 are downstream factors of TLRs and play
important roles in innate immunity through the transcriptional regulation of type-I
IFNs such as IFNa and IFNB. IFNa and IFN have shown to play a role in cardiovascular
diseases with analogous pathophysiology as vein graft disease "% IRF3 is a potent
activator of the IFNP gene but not the IFNa genes, except the IFNa4 gene, whereas
IRF7 efficiently activates both IFNa and IFNP genes* '3, IRF3 is primarily responsible
for the induction of type-/ IFN genes in the early induction phase’™. IRF3 resides in the
cytosol in a latent form and after activation by phosphorylation, IRF3 causes IFNf
synthesis and signal transduction through the type-l IFN receptor IFNAR* '5. IRF7
also resides in the cytosol, but is expressed in a low amount. However, IFNAR signal
transduction increases IRF7 protein expression'® and IRF7 then causes a late induction
of both IFNa and IFN, where it induces a positive-feedback loop via repeated IFNAR
binding'”'°. Blocking the IFNAR resulted in the induction of vascular remodeling in a
mouse model for hind limb ischemia'.
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Recent studies have shown that IRFs play critical roles in diseases with (partial)
analogous pathophysiology as vein graft disease such as antiviral defence'’, cardiac
remodeling®, multiple sclerosis? and inflammasome activation?, indicating
that there might also be a role for IRFs in VGD. However, the signaling pathways
downstream TLR3 and TLR4 in VSMCs and bone marrow macrophages (BMM) are not
yet completely clarified and the exact role of IRF3 and IRF7 signaling downstream
TLRs and type-I IFNs in VGD is unclear.

In the current study, we investigate the role of IRF3 and IRF7 signaling downstream
TLRs in vitro by using VSMCs and BMM and the role of IRF3 and IRF7 in vivo in vein
graft disease in a murine vein graft model, using wild type, Irf3-and Irf7” mice.

Material and methods

Mice

This study was performed in compliance with Dutch government guidelines and
the Directive 2010/63/EU of the European Parliament. All animal experiments were
approved by the animal welfare committee of the Leiden University Medical Center.
For the experiments 10 to 18 week old male mice were used. We performed multiple
in vitro and in vivo studies in wild type C57BL/6 mice purchased from Charles River
Laboratories and Irf37 and Irf7” mice that were kindly provided by Dr. Taniguchi
(University of Tokyo, Japan) and bred in our facility. Mice were fed a chow diet ad
libitum.

Vein graft surgery

Vein graft surgery was performed by donor caval vein interpositioning in the carotid
artery of recipient mice?. At day of the surgery caval veins were harvested (t=0). After
7 days (t=7), 14 days (t=14) and 28 days (t=28) mice were sacrificed and vein grafts
were harvested. Both before surgery and sacrifice, mice were anesthetized with a
combination of intraperitoneal injected Midazolam (5 mg/kg, Roche), Medetomidine
(0.5 mg/kg, Orion) and Fentanyl (0.05 mg/kg, Janssen). Buprenorphine (0.1 mg/kg,
MSD Animal Health) was given after surgery to relieve pain in a fixed regime and
when circumstances required this was repeated.

Histological and immunohistochemical assessment of vein grafts

Vein graft samples were embedded in paraffin and sequential cross sections (5 um thick)
were made throughout the embedded vein grafts. To quantify the vein graft thickening
(vessel wall area), HPS staining was performed using Hematoxylin, Phloxin 0.25%, and
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Saffron 0.3%. Total size of the vein graft (total vessel area) and lumen was measured.
Thickening of the vessel wall (vessel wall thickening) was defined as the area between
lumen and adventitia and determined by subtracting the luminal area from the total
vessel area. Antibodies directed at alpha smooth muscle cell actin (aSMActin, Sigma),
IRF3, IRF7 (Abcam) and Mac-3 (BD Pharmingen) were used for immunohistochemical
staining. Sirius red staining (Klinipath 80115) was performed to quantify the amount of
collagen present in the vein grafts. The immuno-positive area measured is expressed
as a percentage of the vessel wall area. Stained slides were photographed using
microscope photography software (Axiovision, Zeiss) and image analysis software was
used to quantify the vein graft intimal hyperplasia and composition (Qwin, Leica).

Proliferation analysis

Immunohistochemical staining was performed for proliferation marker Ki67,
combined with aSMActin, on vein grafts of Irf37, Irf7”- and control mice sacrificed
at 28 days. The number of proliferating cells (Ki67 positive cells) and the number of
proliferating smooth muscle cells (Ki67 and aSMActin positive cells) was quantified by
manual counting of the number of cells per high power magnification and expressed
as percentage of total cells.

Cell culture

BMM were acquired by isolating monocytes from femur and tibia bone marrow of
Irf37, Irf7"- and control mice. 5 x 10° Cells were cultured per well of 6-wells FALCON®
plates, with 3 wells per group (BD Biosciences) with RPMI 1640 medium supplemented
with 25% heat-inactivated FCS (Gibco® by Life Technologies) and 100 U/mL Penicillin/
streptomycin (Gibco® by Life Technologies) in the presence of 0.1mg/ml macrophage
colony-stimulating factor (M-CSF). After seven days, the BMM were seeded and
after 24 hours, when macrophages were fully attached, they were stimulated with
established exogenousligandsforTLR3 and TLR4: 100 pug/ml Polyinosinic-polycytidylic
acid (Polyl:C) purchased from InvivoGen (CA) and 100ng/ml Lipopolysaccharide from
Escherichia coli K-235 (LPS) purchased from Sigma-Aldrich (MO, USA) respectively.
After 1, 3, 7 and 24 hour supernatant was collected for ELISA and RNA was isolated
from stimulated cells using TRIzol® (Ambion® by Life Technologies).

Irf37, Irf7" and control VSMCs were acquired by isolating VSMCs from mice aortas.
Cells were cultured in medium containing DMEM Glutamax with 20% FCS, non-
essential amino acids (MEM 100x, Gibco® by Thermo Fisher) and 100 U/mL Penicillin/
streptomycin. Cells were passaged when a confluence of 90-95% was reached. 10°
VSMCs were plated in a 48 wells plate, and stimulated with culture medium. After 24
hours, cells were stimulated with 100 pg/ml Polyl:C and 100ng/ml LPS respectively.
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After 1, 3, 7 and 24 hour, supernatant was collected for ELISA and RNA was isolated
from stimulated cells using TRIzol®.

Detection of protein levels of IFNS, CCL2 and TNFa.
IFNB production was measured after 1, 3, 7 and 24 hour in supernatant of VSMCs and
BMM using a LEGEND MAX™ mouse IFN{ ELISA kit with pre-coated plates (BioLegend)
according to manufacturer’s protocol. Pro-inflammatory cytokines CCL2 and TNFa
was measured using a BD OptEIA™ mouse ELISA kit (BD Biosciences) in supernatant
of VSMC and BMM, according to manufacturer’s protocol.

RNA isolation, cDNA synthesis and RT-qPCR from cell cultures

RNA was isolated from BMM and VSMCs after 1, 3, 7 and 24 hour of Polyl:C or LPS
stimulation and was quantified using a NanoDrop 1000 Spectrophotometer (Thermo
Scientific). cDNA was synthesized using a High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). To measure the expression of the type-I IFN inducible genes,
Ifit (Assay ID, Mm00515153_m1, Thermo Fisher) and Mx1 ((Assay ID, Mm00487796_m1,
Thermo Fisher), RT-qPCR was performed using TagMan (Thermo Fisher). To measure
the expression of type-l IFN, IFNB (forward GGAGATGACGGAGAAGATGC, reverse
CCCAGTGCTGGAGAAATTGT), RT-qPCR was performed using QuantiTect SYBR Green
PCR Kit (Qiagen). GAPDH (Applied Biosystems) was used as a housekeeping gene.
All RT-qPCRs were performed on a 7500/7500 Fast Real-Time PCR System (Applied
Biosystems) and the 2-AACt method was used to analyse the relative changes in gene
expression.

RNA isolation, cDNA synthesis and RT-PCR from vein graft tissue

Total RNA was isolated from 10 (20um thick) paraffin sections of vein grafts 28d after
surgery (n=6/strain). RNA was isolated according manufacturers protocol (FFPE RNA
isolation kit, Qiagen). FFPE RNA was reverse transcribed using the RT? First Strand Kit
(SA Biosciences). RNA for single Q-PCR was reverse transcribed using a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems) according to the manufacturer’s
protocol. Commercially available TagMan gene expression assays for hypoxanthine
phosphoribosyltransferase (HPRT1), and selected genes of interest were used (Applied
Biosystems). qPCR analysis of 84 type-I IFN responsive genes was performed using a
RT? Profiler PCR Array (SA Biosciences) according to the manufacturer’s protocol. The
complete list of the genes analysed is available at http://www.sabiosciences.com/
rt_pcr_product/HTML/PAMM-016Z.html. Prior to RT? profiler array, all qPCRs were
performed on a 7500/7500 Fast Real-Time PCR System and the 2-AACt method was
used to analyse the relative changes in gene expression.
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Statistical analysis

All data are presented as mean + SEM. In statistics software GraphPad Prism 7.0,
statistical analyses on parametric data were performed by using a 2-tailed Student’s
t-test to compare individual groups, Mann-Whitney test was used for nonparametric
data. A 1-way ANOVA was performed on parametric data comparing more than 2
groups and a Kruskal-Wallis test was performed on nonparametric data. P value of
<0.05 was considered significant.

Results

Type-I IFN production in VSMCs is exclusively regulated downstream TLR3
and pro-inflammatory cytokine production downstream TLR3 and TLR4.

To investigate whether the production of the type-I IFN IFN{ and pro-inflammatory
cytokine production of CCL2 is regulated downstream TLR3 or TLR4 pathways in
VSMCs, we stimulated VSMCwith TLR3 ligand Polyl:C, TLR4 ligand LPS or PBS as control.
After 6 hours and 8 hours IFNB production of VSMCs stimulated with Polyl:C showed
a respectively 3.2 fold increase (p=0.04) and 3.7 fold increase (p=0.02) compared to
control (figure 1a). LPS and control showed no increase in IFN3 production over time,
indicating that IFNB production is specific downstream TLR3 in VSMCs.

CCL2 production of LPS stimulated VSMC showed a significant 10.2 fold increase
(p=0.003) after 6 hours and also after 8 hours with an 18.4 fold increase (p<0.0001)
compared to control (figure 1b). In Polyl:C stimulated VSMCs an 8.7 fold increase
after 6 hours was observed (p=0.001) and a 9.6 fold increase after 8 hours (p=0.003)
compared to control, indicating a regulation of pro-inflammatory cytokine production
downstream TLR3 and TLR4 in VSMCs.

IRF3 and IRF7 signal downstream TLR3 and IRF3 downstream TLR4

in BMM.

To determine the role of IRF3 and IRF7 in the downstream signaling pathways of TLR3
and TLR4, type-l IFN inducible genes, Ifit and Mx1, were measured in Irf37, Irf7” and
control BMM. In Irf37- BMMs stimulated with Polyl:C the mRNA expression of /fit was
significantly reduced by 75% compared to the control group whereas the mRNA
expression of Mx1 was significantly reduced by 80%. Also in Irf7”- BMMs stimulated with
Polyl:C the mRNA expression of /fit was significantly reduced by 79% and the mRNA
expression of Mx1 was significantly reduced by 96% compared to the control group
(figure 2a), indicating a strong signaling pathway of IRF3 and IRF7 downstream TLR3
in BMM. Interestingly, MxT mRNA expression showed a 81% reduction in Irf7- BMM
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compared to Irf3”"BMM (p=0.0005), suggesting a stronger effect of IRF7 on type-I IFN
transcription then IRF3 downstream TLR3 in BMM.
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Figure 1. Stimulation of control VSMCs with either Polyl:C, LPS or control medium. After 1, 3, 6
and 8 hour supernatant was collected and cytokine production was measured with ELISA. a. IFNf3
concentration (pg/ml) is shown b. CCL2 concentration (ng/ml) is shown. Results are depicted as mean
+ SEM *p<0.05, **p<0.01, *** p<0.001. **** p<0.0001. n=3

Type 1 IFN-inducible gene expression Type 1 IFN-inducible gene expression
Polyl:C stimulation LPS stimulation
25 " ———— I Control 0-251 Il Control
*

S 2] = B3 3" 8 0.204 B /rf3”
% = i @
5 151 5 0.154
3 3
.g 104 .g 0.104
k] &
& 54 & 0.054

04 0.004

Ifit1 Mx1 Ifit1 Mx1
a b

Figure 2 BMM of Irf37, Irf7/-and control mice were stimulated for 24h after which RNA was harvested
for RT-qPCR analysis a. stimulation with 30 pug/ml Polyl:C b. stimulation with 100 ng/ml LPS. Results
are depicted as mean + SD versus control. *p<0.05, **p<0.01, *** p<0.001. n=3

We evaluated whether IRF3 and IRF7 were also involved in downstream TLR4
signaling pathway, by stimulation of BMM with LPS. Irf3"BMM showed a significant
down regulation of 77% of Ifit1 and 88% of MxT mRNA expression compared to the
controls (Figure 2b). Moreover, the type-I IFN inducible gene mRNA expression levels
were not affected in BMM of Irf77 mice, indicating that IRF7 signaling is not regulated
downstream TLR4, whereas IRF3 signaling is more specifically requlated downstream
TLR4 in BMM.
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Figure 3. Irf37, Irf7- and control BMM were stimulated with 100 pg/ml Polyl:C for 1, 3, 7 and 24 hour
after which RNA was harvested for RT-gPCR analysis. Relative IFNB mRNA expression to GAPHD is
shown. *p<0.05, **p<0.01, Irf37 n=3, Irf7/"n=9, control n=12

Type-I IFN transcription downstream TLR3 is IRF3 and IRF7 dependent in
BMM.

To determine whether IRF3 and IRF7 are involved in the transcription of the type-I
IFN IFNB downstream TLR3, we stimulated BMM of Irf37, Irf7”-and control mice with
Polyl:C and measured IFN mRNA expression. In Irf3 BMM IFN mRNA expression
was decreased after 1 hour (p=0.02) compared to control (figure 3). Both Irf3”
(p=0.001) and Irf77 (p=0.009) BMM expressed significantly lower IFNB mRNA levels
compared to control after 7 hours of stimulation. Moreover, IFN mRNA levels after 1
hour and 7 hours showed a trend towards a decrease in Irf37 compared to Irf7 BMM.
In conclusion, IRF3 and IRF7 were shown to be responsible for IFNP transcription
in BMM, were IRF3 showed to regulate early IFNf mRNA expression levels and IRF7
showed to be a late regulator.

IRF3 but not IRF7 is involved in pro-inflammatory cytokine production in
BMM.

We have shown that pro-inflammatory cytokine production can be induced via
TLR3 and TLR4 signaling (figure 1) and that type-I IFNs can be regulated via IRF3 and
IRF7downstream TLR3 and downstream TLR4 via IRF3 (figure 2). To determine the role
of IRF3 and IRF7 in pro-inflammatory cytokine production, we measured CCL2 and
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TNFa production of Polyl:C stimulated BMM of Irf37, Irf7”-and control mice. Irf37"BMM
showed a significant reduction in CCL2 production after 7 hours compared to both
control (p=0.02) and Irf7"BMM (p=0.007) (figure 4a). Moreover, TNFa production of
Irf37-BMM was significantly decreased compared to control after 3 hours (p=0.004)
and 7 hours compared to both control (p<0.0001) and Irf7” BMM (p=0.003) (figure
4b). Irf7- BMM showed no differences in both CCL2 and TNFa production compared
to control. In conclusion, we here show an IRF3 dependent, and not IRF7 dependent,

regulation of in vitro pro-inflammatory cytokine production in BMM.
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Figure 4 Irf37, Irf7” and control BMM were stimulated with 100pg/ml Polyl:C . a. After 1, 3 and 7
hour supernatant was collected and cytokine production of CCL2 (pg/ml) and b. TNFa (ng/ml) was
measured with ELISA. t=Th and t=7h; n=8, t=3h; n=4. c. IFNf production (pg/ml) was measured after
7 and 24 hours. n=4 Results are depicted as mean + SEM. *p<0.05, **p<0.01, **** p<0.0001.

Type-1 IFN production downstream TLR3 is IRF3 and IRF7 dependent.

To determine the role of IRF3 and IRF7 in the production of the type-I IFN IFNB
downstream TLR3, we stimulated BMM of Irf37, Irf7”"and control mice with Polyl:C and
measured IFN production. In Irf3*BMM a decreased IFN production was measured
after 7 hours in compared to both control (p=0.004) and Irf7” BMM (p=0.002) (figure
4¢). Interestingly, after 24 hours of Polyl:C stimulation Irf3” and Irf7”- BMM showed
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opposite results with lower IFN3 production of Irf7”- BMM compared to Irf3”"BMM
(p=0.05). After 24 hours, both Irf7” BMM (p=0.009) and Irf37BMM (p=0.007) showed
a decreased IFN production compared to control. In conclusion, we here show an
important role of IRF3 in early type-I IFN production and a role of IRF7 in late type-I
IFN production.

IRF3 and IRF7 deficiency causes increased vein graft remodeling in time.
Both IRF3 and IRF7 are expressed in vein grafts of control mice after 28 days. Both
cytoplasmic as well as nuclear staining was seen indicating that latent and active forms of
IRF3 (figure 5a) and IRF7 (figure 5b) are present. Vein graft showed a more intense nuclear
staining of IRF3 and showed both nuclear and cytoplasmic staining of IRF7, indicating
not only a constitutive expression of IRF7, but also an induced IRF7 expression in mature
vein grafts.

To determine the effect of IRF3 and IRF7 on the total size of the vein graft (total vessel
area), thickening of the vessel wall (vessel wall thickening) and lumen area of Irf3”
and Irf7” vein grafts were compared with control vein grafts. Vessel wall thickening in
control, Irf3” as well as Irf7”"mice increased over time after surgery (figure 5c). At day of
the surgery caval veins of Irf3” mice were significantly 2.1 fold smaller in size (p=0.03)
(supplemental figure 1a,c,e,g) and had a significantly 2.6 fold thinner vessel wall (p=0.007)
(figure 5d) compared to control caval veins, whereas no differences were observed in
lumen size (supplemental figure 1b,d,fh). No differences were observed between Irf7”
caval veins compared to controls and /rf3” caval veins (figure 5d and supplemental figure
1). After 7 days, no differences in total vessel area, lumen area (supplemental figure 1)
and vessel wall thickening (figure 5d) were observed between Irf3”, Irf77- and control
vein grafts. After 14 days Irf3” vein grafts had a significantly 1.8 fold increased vessel
wall thickening compared to control (p=0.0099) and 1.5 fold increase compared to Irf7”
(p=0.02) vein grafts (figure 5d), but no differences were observed in total vessel area and
lumen area (supplemental figure 1b,d,f,h). However, after 28 days vessel wall thickening
was significantly 1.7 fold increased in Irf77 (p=0.0003) and 1.4 fold increased in Irf3”
(p=0.04) vein grafts compared to control vein grafts (figure 5d) and Irf77 also showed an
significantly 1.2 fold increase in vessel wall thickening compared to Irf3” vein grafts after
28 days (p=0.02). Total vessel wall area was significantly 1.4 fold increased in Irf7” vein
grafts (p=0.04) and lumen area showed no differences (supplemental figure 1).

Here we show an increased vessel wall thickening in vein grafts of Irf37 and Irf7”
mice, indicating a protective effect of both IRF3 and IRF7 with a stronger protective
effect of IRF3 in vein graft disease compared to IRF7 after 14 days, and a stronger
protective effect of IRF7 after 28 days.
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Control

Figure 5. a. Representative picture of a vein graft of control mice stained with IRF3 and b. IRF7. 20x
magnification. c¢. and d. Vessel wall area (mm?) in caval veins at day of the surgery (t=0) and vein
grafts 7, 14 and 28 days after sacrifice (t=7, t=14 and t=28 respectively) of Irf3”, Irf7” and control
mice. *p<0.05, **p<0.01, ***p<0.001. n=3-9 e. Representative picture of a control vein graft after 28
days, stained with Hematoxylin, Phloxine and Saffron f. vein graft of Irf3” mice g. and a vein graft of
Irf7 mice. 5x magnification.

Intimal hyperplasia formation in IRF3 and IRF7 deficient mice is caused by
macrophage accumulation.

To determine the percentage of inflammatory cells in the vein graft lesion, percentage
of macrophages was determined. No differences were observed for the percentage
macrophages in the vein grafts of Irf3” and Irf7”- mice compared to control (table 1)
sacrificed after 7 days. In vein grafts sacrificed after 14 days, Irf3” vein grafts showed
a 89% increase of macrophages compared to control vein grafts (p=0.008) and no
differences compared to Irf77 vein grafts (table 1). However, analysis of the vein grafts
of mice sacrificed after 28 days, showed that the macrophage score was increased by
23% in Irf7- (p=0.04) vein grafts compared to control vein grafts and showed a trend
towards an increase in Irf37 (p= 0.06) vein grafts compared to the control vein grafts
(figure 6a). No differences between Irf77- and Irf37 vein grafts were observed after 28
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Figure 6 (Immuno)histological analysis of vein grafts of Irf3”, Irf7”- and control mice sacrificed after
28 days. a. Macrophage score b. Percentage of the collagen content and c. absolute numbers of the
collagen content (mm?). d. Percentage of the SMC actin content and e. absolute numbers of the

smooth muscle cell content (mm?). *p<0.05. n=8/group.
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days. In conclusion, we here show an increased macrophage accumulation in the vein
grafts of Irf37 mice after 14 days and vein grafts of Irf77 mice compared to control
vein grafts 28 days after surgery.

Irf3" Irf7"
t=7 t=14 t=28 t=7 t=14 t=28
MAC-3 -8,13 89,68** 19,63 0,85 40,55 23,73%
aSMActin -0,25 17,17 40,75 -9,51 39,75 22,38
Collagen 21,82 -74,38* -15,47 1,11 -29,70 -19,33*

Table 1. In vein grafts of Irf3”, Irf7” and control mice (immuno)histochemical stainings of,
macrophages (MAC-3), smooth muscle cells (aSMActin) and collagen were performed to determine
plaque composition. Stainings were performed on vein grafts harvested 7 days after surgery (t=7), 14
days (t=14) or 28 days after surgery (t=28). Percentages of changes compared to control vein grafts
are shown. *p<0.05, **p<0.01

IRF7 deficiency induces smooth muscle cell proliferation.

To determine lesion stability, collagen content was determined. To determine the
percentage of VSMCs and the percentage of proliferating VSMCs in Irf7”- compared
to Irf3” vein grafts, we performed a double immunohistochemical staining for
proliferation marker Ki67 with vascular smooth muscle cell marker aSMActin.

No differences were observed in the percentage collagen in the vein grafts of Irf3-
~and Irf7” mice compared to control vein graft sacrificed after 7 days (table 1). The
percentage of collagen in the vessel wall was significantly decreased in vein grafts
of Irf3"mice compared to control vein grafts (p=0.001) and compared to Irf77 vein
grafts (p=0.008) after 14 days and decreased in vein grafts of Irf7/ mice (p=0.03)
compared to control vein grafts after 28 days (figure 6b), indicating unstable lesions
in Irf37 vein grafts after 14 days and in Irf7” vein grafts after 28 days. However, no
differences were observed in the collagen area (mm?) after 28 days (figure 6c).

The percentage of VSMCs (figure 6d) and the SMC area (mm?) (figure 6e) was similar
in both Irf37-and Irf7”- mice compared to the control group after 28 days. In time, the
percentage of SMCs increased in Irf3”vein grafts compared to control vein grafts.

We detected a higher percentage of proliferating VSMCs in Irf7” vein grafts compared

to control vein grafts (figure 7a), with a trend toward an increase in Irf37 vein grafts
compared to control vein grafts.
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IRF3 and IRF7 differentially regulate type-I interferon (inducible) genes in
vein grafts.

We previously showed a regulation of type-l IFN mRNA expression (figure 2) and
IFNB mRNA expression (figure 3) via IRF3 and IRF7 in vitro in VSMCs and BMM. To
show that type-I IFN (inducible) genes are regulated by IRF3 and IRF7 in vivo in vein
grafts, we performed a specific RT? profiler array with 84 type-I IFN response genes
on pools of Irf37, Irf7-and control vein grafts (n=6 mice/group) sacrificed after 28
days. Up regulation of expression in the Irf37-and Irf7”-mice was only found for a few
genes (table 2a). Deficiency of IRF3 and IRF7 resulted in a decrease in specific type-|
IFN inducible genes such as Ifit1, Ifit3 and Isg15. Irf37 vein grafts showed a down
regulation of more than 2 fold in 16 specific type-I IFN inducible, were Irf77 vein graft
showed a down regulation in 27 specific type-I IFN inducible genes (table 2b), which
is 1.7 fold more compared to IRF3 vein grafts. In conclusion, we here show an IRF3 and
IRF7 dependent regulation of type-I IFN (inducible) genes, with a more prominent
role of IRF7 in the regulation of type-I IFN (inducible) genes.

Discussion

The present study is the first to describe a role for both IRF3 and IRF7 in vein graft
disease and we here show that IRF3 and IRF7 regulate type-I IFNs via TLRs. IRF3 and IRF7
are highly expressed in vein grafts and IRF3 and IRF7 deficient mice show an increase in
vein graft vessel wall thickening in comparison to control mice, indicating a protective
role of both IRF3 and IRF7 in vein graft disease. Interestingly, deficiency of either IRF3
or IRF7 had a different effect on the vessel wall thickening in time. We here show an
increased vessel wall thickening in vein grafts of Irf3” mice after 14 days, whereas vein
grafts of Irf77- mice showed increased vessel wall thickening after 28 days. We also show
a regulation of type-I IFNs via both IRF3 and IRF7 downstream of TLR3 activation and
of pro-inflammatory cytokines only via IRF3 downstream TLR4 activation in vitro, in
VSMCs and macrophages, prominent cell types in vein graft disease.

Previous studies showed a protective effect of IRF7 against VSMC proliferation and
neointima formation in a mouse carotid artery wire injury model and carotid artery
balloon injury model?*. A protective effect of IRF3 on neointima formation was observed
through inhibition of VSMC proliferation via PPARy activation in a mouse carotid artery
wire injury model®. All these findings are in line with our study, since we also showed a
protective effect of both IRF3 and IRF7 in a vein graft model (figure 5c) and a decrease
in VMSC proliferation in Irf37- mice compared to Irf7”- mice (figure 7).
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Gene Symbol Irf3”  Irf7" Gene Symbol  Irf3" Irf77 Gene Symbol Irf3”  Irf7”

Crp 2,52 6,17 Cd2 <-2 <-2 Ifitm2 2,01 <-2
H2-BI 3,6 3,79 (xd10 <-2 -9,07 Mx1 -2,28 -20,99
H2-M10.1 3,39 2,62 Ifit1 -3,86 -9,97 Mx2 -2,87 -5,48
Met 2,13 41 Ifit2 3,73 -8,12 Nos2 2,12 <-2
MGDC <2 2,02 Ifit3 5,31 -10,27 0Oas2 -6,06 -11,47
Ifne <2 5,36 ll6 -6,34 <-2 Stat1 <-2 -2,59
Ifna2 <2 2,23 Isg15 -4,01 -8,08 Stat2 -2,1 -28
Ifna4 2,18 <2 OasTa <-2 -6,86 Timp1 -3,31 <-2
Myd88 <2 <2 Oas1h <-2 -4,08 Cd5 <-2 -2,62
Ghp1 <2 <2 Tir7 <-2 <-2 (d69 <-2 -7,36
1[0} <2 <2 Mal <-2 2,04 d70 <-2 -4,44
Irf1 <2 <2 Bst2 <-2 2,04 Eif2ak2 <-2 2,07
Irf2 <2 <2 Ifnz <-2 <-2 Ghp1 <-2 -2,29
Casp1 <2 <2 Irf7 -5,37 -159,22  H2K1 <-2 -2,67
Nos2 <2 <2 Sh2d1a <-2 -4,63 H2-T10 <-2 -2,96
Psme2 <2 <2 T3 <-2 <-2 Ifih1 <-2 -3,95
Stat1 <2 <2 TIr7 <-2 <-2 Socs1 <-2 -2,35
Vegfa <2 <2 TIr9 <-2 3,15 Tap1 <-2 -2,74
Sh2d1a 2,57 <2 Ddx58 -2,01 -2,88
(5 3,89 <2 1fi204 -2,04 <-2
Cavl <2 2,04 Ifih1 3,15 <-2

a. b.

Table 2. RT? profiler array of type-l IFNs on pools of vein grafts of Irf3” and Irf7”- mice are shown
compared to control vein grafts. Data are expressed as fold induction. a. Genes that are up regulated
more than 2-fold in one of the strains are shown in bold. b. Genes that are down regulated more than
2-fold are shown in bold.

IRF3 and IRF7 signaling pathways are extensively investigated in various processes
and cell types. However signaling downstream TLRs is complex and can be different
per cell type?. We here investigated VSMCs and macrophages. Based on our in vitro
and in vivo experiments, we suggest the current model (figure 8) as downstream TLR3
and TLR4 signaling pathways, playing a role in vein graft disease. TLR3 signaling is
known to be TRIF mediated, leading to type-I IFN activation?, whereas TLR4 signaling
is TRIF and Myd88 dependent, leading to pro-inflammatory cytokine activation and
type-l IFN activation* '°, However, we showed that TLR3 activation can also lead to
pro-inflammatory cytokine production (figure 1). Previously it was shown that IRF3 is
a downstream transcription factor that regulates the expression of IFN induced by
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TRIF-dependent TLRs?* 2°, However, NF-kB can also induce IFN gene expression in
presence of IRF3 and it was shown that IRF3 can also be regulated downstream TLR4?”
3032 which is in line with our results (figure 1 and 2), since we also show an increased
IFN gene expression regulated via IRF3 after TLR4 stimulation in BMM compared
to unstimulated BMM . NF-kB was shown to induce interferon-stimulated genes
independently of type-I IFN in vivo*®. Besides, in response to LPS, it had been shown
that IRF3 can be activated in a MyD88-independent manner®* 3. [FNf3 gene induction
in response to TLR4 ligation can be mediated by IRF3 in peritoneal macrophages
and fibroblasts?®, but under certain conditions, IRF7 might also participate in TLR4
signaling, which was shown in dendritic cells®, presumably also being activated by
TBK1, an essential components of the IRF3 signaling pathway?'. However, we showed
that IRF7 is only involved in type-I IFN production and IRF3 in both type-I IFN and
pro-inflammatory cytokine production in BMMs (figure 4).

Besides different signaling pathways downstream TLRs, IRF3 and IRF7 also showed to
have different functions in time. Vessel wall thickening was increased in vein grafts of
Irf37 mice after 14 days compared to vein grafts of Irf77 and control mice, whereas
vein grafts of Irf7” mice showed a remarkable vessel wall thickening compared to vein
grafts of Irf3” and control mice after 28 days. In line with this, in vein grafts of Irf3”
mice, macrophage accumulation was seen after 14 days with a lower percentage of
collagen in the vessel wall, whereas more macrophages and less collagen were seen
in vein grafts of Irf77- mice after 28 days, indicating that a thickening of the vein graft
vessel wall is unstable. Besides, after 28 days, the expression of type-I IFN was up
regulated in Irf7” vein grafts compared to Irf37 vein grafts (table 2) and Irf7” vein grafts
showed more proliferating VSMCs compared to Irf37 vein grafts. This different function
of IRF3 and IRF7 in time can be explained by the fact that IRF3 is primarily responsible
for the early induction phase of type-I IFNs and IRF7 is involved in the late induction
phase of type-l IFNs as reported previously in responses to viral infections' . IRF3
is constitutively expressed and resides in the cytosol in a latent form and undergoes
nuclear translocation following a stimulus such as a viral infection. IRF7 also resides in
the cytosol and can be translocated to the nucleus following infection stimulus, but
unlike IRF3, IRF7 is expressed in low amounts and is strongly induced by type-I IFNs via
binding the type-| IFN receptor *'>. IRF7 is in this way an inducer of a positive feedback
loop of enhanced activation of type-I IFN ' which can result in stronger induction of
type-l IFN (inducible) genes in the late phase, compared to IRF3 who act in the early
phase with type-I IFN production®. In line with this, here we showed a more prominent
role of IRF3 early in time and a late role for IRF7 in vitro (figure 4c) and in vivo (figure
5¢). We here show a protective effect of IRF7 and IRF3 since vein grafts of Irf37 and Irf7-
” mice showed a reduction in vessel wall thickening compared to control vein grafts.
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Control |

Ki67+ aSMActin+ cells (%)

Control 13"

Figure 7. Vein grafts sacrificed after 28 days of Irf3”, Irf7”- and control mice were stained with
proliferation marker Ki67 and with vascular smooth muscle cell marker aSMActin. a. percentage of
dividing VSMCs (Ki67+ and aSMActin+) of total cells in shown. n=4, *p<0.05 b. Representative image
of aSMActin (green) and Ki67 (magenta) immunofluorescence double staining in vein grafts are
shown with DAPI (blue) of a control mice ¢ Irf37- and d. Irf77 mice.

217



Furthermore, it has been shown that the contribution of IRF3 is minor in the absence
of IRF7, probably due to the lack of IRF3 and IRF7 interaction®. So, to benefit from the
protective effects of IRF3 and IRF7 in VGD, type-l IFN production must be increased
in the early phase to induce IRF7 gene expression in the early phase, so IRF7 can
contribute to the type-I IFN production along IRF3. However, in future experiments it
must be taken in consideration that IRF3 and IRF7 can be present in an active or resting
form, and their function can be cell specific. To investigate cell specific functions of
IRF3 and IRF7, inducible knockouts can be used in the future, which will also exclude
the genetically induced morphological differences in grafts used in our knockout mice.

We show an anti-inflammatory effect of type-I IFNs on vein graft vessel wall thickening,
however, the mechanism behind this anti-inflammatory effect of type-l IFNs is
complex. At first, the IFN system was shown to be part of the host innate immunity,
through its antiviral functions, although activation of type-I IFN mediates a variety of
immunoregulatory effect, suggesting an important link between innate and adaptive
immunity®2. Previous studies showed that in vitro, IFN inhibited human VSMC growth
and VSMCs expressed the IFNB gene and could thereby inhibit neointima formation®.
In vivo, it was shown that an adenoviral vector encoding IFNB reduced VSMC
proliferation and intima hyperplasia in a porcine balloon injury model®. In line with
these studies we showed an increased VSMC proliferation in Irf77 vein grafts compared
to Irf3” vein grafts. Besides, it is shown that IFNB has some anti-inflammatory roles in
certain diseases*', such as familiar Mediterranean fever “?, Behcet’s syndrome* and
relapsing-remitting MS*. A recent study described two potential anti-inflammatory
mechanisms of type-l IFNs?, via the inhibition of NLRP1 and NLRP3 inflammasome,
or via induction of IL-10 who then through activation of STAT3 transcription factor
reduced the abundance of pro-IL-1a and pro-IL-1B. Indicating that IFN{ can induce IL-
10 and inhibit the inflammasome and thereby regulate vein graft disease, which is in
line with previous studies who described an important role of the inflammasome in
the pathophysiology of vein graft remodeling*. However, the exact mechanism of the
protective effect of type-I IFNs in vein graft disease is still unknown and needs to be
further investigated for optimal therapeutic application.

In conclusion, our study revealed a role for IRF3 and IRF7 in the regulation of vein graft
vessel wall thickening via type-I IFNs. So far a protective role for IRF3 and IRF7 on vein
graft vessel wall thickening is observed, giving rise to potential new strategies to use
IRF3, IRF7 or type-1 FNs in a therapeutic approach.
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Figure 8. Model of signaling pathways through TLR3 and TLR4. Summary of in vitro and in vivo results.
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Figure S1. Total vessel wall area (a,c,e,g) and lumen area (b,d,f,h) of Irf3”, Irf7”- and control mice,
sacrificed after 0, 7, 14 and 28 days. *p<0.05, n=6-9.
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