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Abstract: Inflammation associated endothelial dysfunction represents a pivotal contributor to ath-
erosclerosis. Increasingly evidence has demonstrated that interleukin 1 receptor (IL1-R) / toll-like
receptor (TLR) signaling participated in the development of atherosclerosis. Previous studies indi-
cated the therapeutic potential of anti-inflammatory therapy in anti-atherosclerosis. The present
study examined the effect of IL-1R-associated kinase 1 and 4 inhibitors (IRAK1/4i) in regulating
endothelial dysfunction. IRAK1/4i showed little endothelial toxicity at concentrations from 1 to 10
puM. Inhibition of IRAK1/4 alleviated endothelial activation induced by LPS in vitro evidenced by
attenuated monocyte adhesion to the endothelium. Mechanistically, blockade of IRAK1/4 amelio-
rated the transcriptional activity of NF-kB. Taken together, our findings demonstrated that dual
inhibition of IRAK1 and IRAK4 attenuates endothelial dysfunction, suggesting pharmaceutical in-
hibition of IRAK1/4 might be a potential strategy to combat endothelial dysfunction and atheroscle-
rosis.
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1. Introduction

Atherosclerosis is a chronic arterial inflammatory disease driven by endothelial dys-
function and lipid deposition[1]. Hyperlipidemia induced the activation of endothelial
cells and cholesterol crystal accumulation, thereby promoting atherothrombosis[2]. Cur-
rently, several therapeutic agents have been developed to treat cardiovascular disease
(CVD) by targeting lipid metabolism, such as statins. Statins are lipid-lowering medica-
tions that inhibit 3-hydroxy-methylglutaryl coenzyme A (HMG-CoA) reductase in choles-
terol synthesis in the liver. Despite practical anti-atherogenic effects of statins, many pa-
tients were statin-resistant and living with residual inflammatory risk, indicated by high
high-sensitivity C-reactive protein levels[3], which might induce life-threatening athero-
sclerotic events. Therefore, it is essential to develop a novel pharmacologically therapeutic
target for vascular disease, reducing residual inflammatory risk in patients receiving
standard lipid-lowering therapies.

It is generally acknowledged that inflammation plays an essential role in cardio-
vascular disease progression[4]. Emerging clinical evidence has revealed the additional
role of anti-inflammatory therapy in improving cardiovascular outcomes independent of
lipid-lowering. In the CANTOS study|[5], specific targeting of interleukin-1p could mark-
edly reduce the rate of recurrent cardiovascular events. The COLCOT study[6] and the
LoDoCo2 study[7-8] indicated that a low dose of colchicine decreased cardiovascular
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events in patients with myocardial infarction and with chronic coronary disease, respec-
tively.

Interleukin-1 receptor associated kinase (IRAK, including IRAK1, IRAK2, IRAKS,
and IRAK4)[9-10] is a family of serine/threonine kinases involved in toll-like receptor
(TLR) and interleukin-1 receptor (IL-1R) signaling pathways against invading pathogen
in innate immune response[11-13]. When TLR was activated, myeloid differentiation pri-
mary response protein (MyD88) recruited IRAK4 to form myddosome[14], which endog-
enously recruited and phosphorylated IRAK1[15]. The myddosome complex subse-
quently bound to tumor necrosis factor receptor-associated factor 6 (TRAF6) and eventu-
ally activated the nuclear factor-kB (NF-kB) signaling pathway[16-17]. Imbalance in these
pathways is recognized to drive diverse pathophysiologies, and recent researcheshave
demonstrated the role of IRAKs in cardiovascular and inflammatory diseases[18-20].
Functional deficiency of IRAK1 protected ApoE- mice against high-fat diet (HFD)-in-
duced atherosclerosis[21]. Lack of IRAK4 alleviated the development of atherothrombosis
in ApoE+ mice[22-23]. Experimental studies aimed to demonstrate the roles of IRAKs
mostly relied on methods such as genetic ablation[22-23] or endogenous down-regulation
of IRAK expression[24]. Optimized medicinal chemistry for pharmacologic inhibition of
IRAK1 and IRAK4 kinase activity is of great interest in cardiovascular medicine and might
be exploited as a potential therapeutic agent for atherosclerosis. Endothelial injury and
dysfunction triggered the early development of atherosclerosis, and it represents a thera-
peutic target for anti-atherogenic effects. However, there was no evidence regarding
whether dual pharmacological inhibition of IRAK1/4 inhibitors (IRAK1/4i) protects
against endothelial dysfunction in atherosclerosis. Therefore, the present study aimed to
examine the role of IRAK1/4 inhibition in regulating LPS elicited dysfunction of human
endothelial cells.

2. Materials and Methods

2.1. Isolation and Culture of HUVECs

Human umbilical vein endothelial cells (HUVECs) were isolated[25] from fresh um-
bilical cords collected from normal pregnant patients undergoing delivery in the first af-
filiated hospital of the University of Science and Technology of China (USTC) with written
informed consent. The study was approved by institutional review board (IRB) of USTC
[2020-ky013]. The cord was cut on both ends, and the umbilical vein was then flushed
using PBS several times to eliminate the clots with a 0.5G needle and syringe. With one-
end being clamped with a hemostat, the vein was cannulated and filled with Img/ml Col-
lagenase I (#17100-017; Gibco) in McCoy’s 5A medium (#16600-082; Gibco), followed by
the other end being clamped. Then, the entire cord was incubated at 37°C for 45 minutes,
during which gentle massage was performed every 15 minutes. After that, the collagenase
digestion solution was collected and the vein was flushed with medium several times to
collect all the remaining solution. After the centrifugation at 1400 rpm for 8 minutes, the
pellet was resuspended with endothelial cell growth medium (ECM; #1001; ScienCell)
supplemented with 5% FBS, low serum growth supplements and antibiotics (#1001; Sci-
enCell). HUVECs were cultured on dishes pre-coated with 0.1% gelatin (#A609764-0500;
Sangon, Shanghai, China), and maintained in an incubator with 5% CO2 at 37 °C. HU-
VECs with a passage number of less than six-passage were used for the experiments. HU-
VECs were seeded into 12-well plates or 96-well plates after reaching sub-confluence. In
the present study, HUVECs cells were pre-incubated with IRAK1/4i or vehicle overnight,
followed by 6-hour treatment with 1 ug/ml lipopolysaccharide (LPS; #089M4043V;
Sigma). IRAK1/4 inhibitor (#509093-47-4; Topscience, China) was dissolved in DMSO and
diluted with the medium before use.

2.2. RNA Extraction, Reverse Transcription and RT-qPCR
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Total RNA was extracted with RNeasy MiniKit (#74106; Qiagen, Germany) according
to the specification. Reverse transcription was conducted using the PrimeScript RT rea-
gent Kit (#}RR037B; TAKARA, Japan) after RNA isolation and quantitation. Real time-
quantitative polymerase chain reaction (RT-qPCR) experiments were performed using
SYBR Green RT-PCR Kit (#RR420A; TAKARA, Japan) and The LightCycler ®2.0 Instru-
ment (Roche Diagnostics GmbH, Mannheim, Germany) following the manufacturer’s in-
structions. The sequence of primers for RT-qPCR was listed in Appendix Table 1.

2.3. Western Blot

After treatment and incubation, HUVECs were washed twice with PBS and lysed
with 1Xloading buffer. Boiled proteins were loaded in 10% SDS/PAGE gels and then trans-
ferred to the NC membranes. The membranes were blocked using PBS-diluted blocking
buffer (#927-60001; Li-Cor) for one hour, followed by incubation with specific antibodies
(listed in Appendix Table 1) overnight, and then incubated with IRD680 (#C90910-21; Li-
Cor) or IRDS800 (#C91211-03; Li-Cor) secondary antibodies for one hour. After the final
wash with TBST, we visualized the membranes with the Odyssey CLx system (Li-Cor,
USA).

2.4. Cell Viability Assay

HUVECs were seeded into 96-well plates at 1 x 10* cells/cm? in 100 uL medium. The
cell counting kit-8 assay (#BS354A; Biosharp) was used for cell viability assessment at 24
hours after incubation with IRAK1/4i at 0, 1, 2.5, 5, and 10 uM, following the manufac-
turer’s guideline. The plate was measured at an absorbance of 450 nm using a microplate
reader (Molecular Devices, iD3).

2.5. THP1 Culture and Monocyte Adhesion Assay

THP1 monocytes (human monocytic leukemia cell line) (#TIB-202; ATCC) were cul-
tured in RPMI 1640 medium (#61870036; Gibco) supplemented with 10% fetal bovine se-
rum (#10100; Gibco) and 1% penicillin-streptomycin (#15140-122; Gibco). THP1 cells were
grown at 100% humidity, 5% CO2, and 37 °C. HUVECs were seeded on 12-well plates (1
x 104 cells/cm?) and were treated with IRAK1/4i or vehicle overnight. LPS (1 ug/ml) or LPS
(1 pg/ml) plus IL-1p (10 ng/ml)(#;) treatment was performed for 6 hours to activate HU-
VECs. Thereafter, THP1 cells were seeded onto the monolayer HUVECs at 1 x 10°
cells/well and incubated at 37°C for 30 minutes. Non-adherent monocytes were removed
by gentle washing with ECM medium thrice. Adherent monocytes were visualized using
a microscope (#), and three photos were taken from each well. The number of adherent
monocytes was calculated by counting, and the average value was calculated and pre-
sented.

2.6. Luciferase Reporter Assay

HUVECs were plated into 12-well plates at 1 x 10* cells/cm? before transfection.
The NF-«kB-luciferase activity was determined. In brief, HUVECs were transfected with
Ad-NF-«B-luc (Vector Biolab Inc., M.O.1.=1) for 48 hours. HUVECs were then treated with
IRAK1/4i or vehicle overnight, followed by incubation of LPS (1 ug/ml) for 3 hours. The
cells were harvested with lysis buffer, and dual luciferase activity was measured using a
microplate reader (Molecular Devices, iD3).

2.7. Statistical Analyses

Data were expressed as mean + standard deviation. Unpaired t-test was per-
formed for comparison between two groups. We conducted one-way Analysis of Variance
(ANOVA) for comparison among multigroup and the Bonferroni correction for multiple
comparisons. Data analysis was conducted with GraphPad Prism 8.0. P-values less than
0.05 were considered to be statistically significant.
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3. Results

3.1. Effect of IRAK1/4i on Endothelial Cell Viability.

IRAK family includes a centric kinase domain and a highly conserved death domain.
Though IRAK1 and IRAK4 share only 31% sequence in similarity, they shared many com-
parabilities in their inhibitory binding pockets, a typical ATP binding site[26]. IRAK1/4i
is a dual inhibitor of IRAK1 and IRAK4. The structure of the IRAK1/4i was displayed as
in Figure 1A. We first examined the effect of IRAK1/4i on endothelial cell viability. CCK-
8 assay was conducted to evaluate cellular growth and viability. IRAK1/4i showed no
signs of cytotoxicity in HUVECs after incubation for 24 hours from the concentration from
0 uM to 10 pM (Figure 1B). Taken together, IRAK1/4i was not cytotoxic in HUVECs with
concentrations tested and provided a possibility for further therapeutic inhibition.

ns

-
o

0\3
<‘r\ E 100
90

80

70

i T
z
A,
CCK-8
Absorption intensity ratio (%)

1] 1 25 5 10
IRAKA/4i (uM)

Figure 1. Effect of IRAK1/4 inhibitor on endothelial cell viability.

A, The chemical structure of IRAK1/4 inhibitor. B, The cell viability of HUVECs treated with 0, 1,
2.5 5, and 10 pM IRAK1/4i for 24 hours (n=3 biological replicates). Data were represented as the
mean + SEM. Statistical significance was analyzed using one-way ANOVA. IRAK1/4, Interleukin 1
receptor-associated kinase-1/4; HUVECs, human umbilical vein endothelial cells.

3.2. Inhibition of IRAK1/4 Alleviated Endothelial Activation Induced by LPS in vitro.

The endothelium is of great importance in regulating vascular inflammation. The ac-
tivation of endothelial cells upon inflammatory stimulation will up-regulate two essential
adhesion molecules, intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhe-
sion molecule-1 (VCAM-1). Next, we evaluated the effect of IRAK1/4i in the activation of
HUVECs induced by LPS. Treatment of LPS in HUVECsincreased the mRNA abundance
of VCAM-1 and ICAM-1, but IRAK1/4i reduced this response in a dose-independent man-
ner (Figure 2A-B). Selectin E (SELE) is also a critical adhesion molecule in activated endo-
thelium by promoting leukocyte recruitment[27]. Challenge of HUVECs with LPS up-reg-
ulated the mRNA level of SELE, and this induction was decreased by IRAK1/4i treatment
(Figure 2C). Accordingly, LPS induced the protein abundance of ICAM-1 and VCAM-1 in
HUVECs, which was markedly reduced by IRAK1/4i (Figure 2D). Taken together, inhibi-
tion of IRAK1/4 alleviated the activation in HUVECs induced by LPS in a dose-independ-
ent manner.
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Figure 2. IRAK1/4 inhibitor decreased the expression of adhesion molecules in cultured HUVECs.

HUVECs were pre-incubated with vehicle (DMSO) or IRAK1/4i (1 uM and 5 uM) overnight and
incubated with LPS (1 ug/ml) for 6 hours. qRT-PCR was then used to measure the mRNA level of
VCAML1 (A), ICAM1 (B) and SELE (C) in HUVECs induced by LPS (n=6 biological replicates). For
A-C, GAPDH was used as the internal reference. Western blots were then conducted to measure the
expression level of VCAMI and ICAMI1 (D) (n=3 biological replicates). In total, six separate experi-
ments were performed, and panel D showed three of them. Statistical significance was analyzed
using one-way ANOVA and the Bonferroni correction. Data were represented as the mean + SEM.
*P < 0.05, **P < 0.01, *** P < 0.001, *** P < 0.0001 vs. LPS group. IRAK1/4, Interleukin 1 receptor-
associated kinase-1/4; HUVECs, human umbilical vein endothelial cells; LPS, lipopolysaccharide.

3.3. IRAK1/4 Inhibition Attenuated Monocyte Adhesion to the Endothelium.

The recruitment and adhesion of monocytes to the endothelial cells occur in the early
stage of vascular inflammation. Next, we asked whether IRAK1/4i would ameliorate mon-
ocyte adhesion to activated endothelial cells. As shown in Figure 3A-B, LPS stimulated
monocyte adhesion to endothelial cells. However, IRAK1/4i treatment leads to decreased
adhesion of monocytes to HUVECs. IRAK1 and IRAK4 act as essential regulators in TLR
and IL-13 pathway, thus we conducted an additional stimulation of LPS plus IL-13. Chal-
lenge of LPS plus IL-1p in HUVECs induced more obvious monocyte adhesion, and inhi-
bition of IRAK1/4 alleviated the adhesion dose-independently. Thus, pharmacological
blockade of IRAK1/4 reduced monocyte adhesion to activated endothelium.
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Figure 3. IRAK1/4 inhibitor attenuated monocyte adhesion to endothelial cells.
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HUVE cells were pre-incubated with vehicle (DMSO) or IRAK1/4i (1 uM and 5 uM) overnight,
and treated with LPS (1 pug/ml) (A) or LPS (1 pug/ml) plus IL-1p (10 ng/ml) (B) for 6 hours, followed
by THP1 cell adhesion assay, n=3 biological replicates. Statistical significance was analyzed using
one-way ANOVA and the Bonferroni correction. Data were represented as the mean + SEM. *** P
<0.001, **** P <0.0001 vs. LPS group. IRAK1/4, Interleukin 1 receptor-associated kinase-1/4; HU-
VECs, Human umbilical vein endothelial cells; LPS, lipopolysaccharide.

3.4. Blockade of IRAK1/4 Ameliorated the Transcriptional Activity of NF-xB.

We finally explored the mechanism of IRAK1/4 inhibition on the endothelial inflam-
matory response. NF-kB activation in endothelial cells is fundamental to inflammation
initiation and adhesion molecule induction. Thus, we investigated the role of the NF-kB.
As displayed in Figure 4, LPS obviously upregulated the transcriptional activity of NF-
kB, but this induction was reduced by IRAK1/4 suppression in a dose-independent man-
ner. Thus, blockade of IRAK1/4 ameliorated the transcriptional activity of NF-xB by LPS
stimulation.
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Figure 4. IRAK1/4 inhibitor reduced the transcriptional activity of NF-kB.

HUVECs were pre-incubated with vehicle (DMSO) or IRAK1/4i (1 pM and 5 uM) overnight, and
treated with LPS (1 ug/ml) for 3 hours. Luciferase reporter assay was then preformed to measure
the transcriptional activity of NF-kB, n=5 biological replicates. Statistical significance was analyzed
using one-way ANOVA and the Bonferroni correction. Data were represented as the mean + SEM.
*P<0.05 * P<0.01, ** P <0.001, **** P <0.0001 vs. LPS group. IRAK1/4, Interleukin 1 receptor-
associated kinase; HUVECs, human umbilical vein endothelial cells; LPS, lipopolysaccharide.

4. Discussion

TLR/IL-1R signaling and NF-«B activation participate in the early stage of atheroscle-
rosis[28-29]. In the current study, we examinedthe role of IRAK1/4 in endothelial function
by using a dual inhibitor of IRAK1 and IRAK4. We demonstrated that suppression of
IRAK1 and IRAK4 alleviated endothelial activation, attenuated monocyte adhesion, and
ameliorated the transcriptional activity of NF-kB in HUVECs. The results indicated the
critical role of IRAK1/4 in endothelial dysfunction and inflammation.

IRAK1 and IRAK4, two key kinases in TLR-MyD88 pathway, play essential roles in
the progression of atherosclerosis[30]. In the early stage of arteriosclerosis, endothelial
damage, increased endothelial permeability, upregulation of adherent molecules, mono-
cyte adhesion, and transmigration represent important hallmarks of endothelial dysfunc-
tion[31]. Abnormal activation in the endothelium played an essential role in atheroscle-
rotic pathogenesis. It is well recognized that enhanced oxidative stress, induced by exog-
enous and endogenous LPS, was a critical trigger in endothelial dysfunction[32]. IRAK1/4
inhibition, which was demonstrated to suppress LPS-induced endothelial dysfunction in
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the present results, provided the rationale and potential for future clinical trials to prevent
the pathological development in CVD patients with residual inflammatory risks.

Previous studies of IRAK1/4 inhibition were mainly derived from genetic knockout
or knockdown systems rather than small-molecule inhibitors. Existing researches have
reported the method of IRAK knockout mice[33-34], IRAK kinase mutation knock-in
mice[23,35], knockdown microRNA[36-37], small interfering RNA[38-39], and short hair-
pin RNA[40] to abolish the function of IRAK1 and IRAK4. Available chemical inhibitors
were increasingly demanding and held great therapeutic potential.

Although IRAK1 and IRAK4 inhibition have not been evaluated in clinical settings,
the positive results in the recent CANTOS study regarding to IL-1{3 suppression in ather-
osclerosis provide the impetus to test this concept whether IRAK1/4 pharmaceutical inhi-
bition is therapeutically beneficial. In the CANTOS trial[5], canakinumab, the anti-IL-1f3
antibody, reduced the rate of recurring cardiovascular death in patients with myocardial
infarction (MI) and high-sensitivity CRP levels. Besides, treatment of low-dose colchicine
in the COLCOT trial[6] and the LODOCQO?2 trial[8] also showed a significant reduction in
cardiovascular events in colchicine-treated patients with previous MI or chronic coronary
disease. The successful outcomes of these trials reinforced the concept that targeting
IRAK1/4 may lower residual inflammatory risk in patients resistant to statin therapy.
However, a higher incidence of sepsis and fatal infection was reported in the IL-1f3 block-
ade group[5], which might indicate the essence and demand of a safer pharmacological
target against inflammation in atherothrombosis. Inhibition of IRAK1/4 partially dimin-
ished the TLR/IL-1R signaling and NF-«B activation. An incomplete blockade of the innate
immune response induced by an alternative pathway might help foster protective de-
fense. Additional surveys are required to elucidate the potential effect of IRAK1/4 sup-
pressionon vascular inflammation and atherosclerosis in vivo. Taken together, our study
offers direct evidence that pharmacological inhibition of IRAK1/4 will be a promising
therapy for treating atherosclerosis.

5. Conclusions

Suppression of IRAK1 and IRAK4 alleviated endothelial activation induced by LPS
in vitro by attenuated monocyte adhesion to the endothelium. Inhibition of IRAK1/4 ame-
liorated the transcriptional activity of NF-«xB. Taken together, dual inhibition of IRAK1
and IRAK4 attenuates endothelial dysfunction, suggesting pharmaceutical inhibition of
IRAK1/4 might be a potential strategy to combat endothelial dysfunction and atheroscle-
rosis.
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Appendix Table 1 Primers and antibodies

Primers Sequence
Human-GAPDH-F CAAGAGCACAAGAGGAAGAGAG
Human-GAPDH-R CTACATGGCAACTGTGAGGAG
Human-VCAMI-F GGAGCTCTACTCATTCCCTAGA
Human-VCAMI1-R CTAGGAACCTTGCAGCTTACA
Human-ICAMI1-F CCTCAGCACGTACCTCTATAAC
Human-ICAM1-R GGCTTGTGTGTTCGGTTTC
Human-SELE-F GTGTATGTCCTCTGGAGAATGG
Human-SELE-R GAACCCATTGGCTGGATTTG

Antibody Company
Human-VCAMI1 # 383323, Zenbio, China
Human-ICAM1 # 380990, Zenbio, China
Human-GAPDH # ab8245, Abcam
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