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Introduction: As a worldwide health issue, the treatment and prevention of atherosclerosis
present an important goal. Increased levels of proinflammatory cytokines such as TNF-o-
associated chronic inflammatory response cause endothelial cells to lose their ability to
regulate vascular function. Lipid-laden immune cells are recruited to the endothelium
where they adhere to the endothelial wall and invade the intimal space, thereby leading to
the development of atherosclerotic lesions, fatty plaques, and thickening of the arterial wall.
In the present study, for the first time, we investigated the effects of laquinimod, an
immunomodulatory agent used for the treatment of multiple sclerosis, on human aortic
endothelial in a TNF-o-induced atherosclerotic microenvironment. At present, the mechan-
ism of action of laquinimod is not well defined.

Methods: The effects of laquinimod on the gene expression of IL-6, MCP-1, VCAM-1,
E-selectin, and KLF2 were measured by real-time PCR. ELISA assay was used to determine
protein secretion and expression. Phosphorylation of ERKS and the protein level of KLF2
were measured by Western blot analysis. The attachment of monocytes to endothelial cells
was assayed by calcein-AM staining and fluorescent microscopy.

Results: Our findings demonstrate that laquinimod reduced the expression of key inflam-
matory cytokines and chemokines, including IL-6, MCP-1, and HMGB1. We further demon-
strate that laquinimod significantly reduced the attachment of monocytes to endothelial cells,
which is mediated through reduced expression of the cellular adhesion molecules VCAM-1
and E-selectin. Here, we found that laquinimod could significantly increase the expression of
KLF2 through activation of ERKS signaling. The results of our KLF2 knockdown experi-
ment confirm that the effects of laquinimod observed in vitro are dependent on KLF2
expression.

Conclusion: Together, these findings suggest a potential antiatherosclerotic capacity of
laquinimod. Further research will elucidate the underlying mechanisms.

Keywords: atherosclerosis, laquinimod, endothelial cells, TNF-o, VCAM-1, E-selectin,
KLF2

Introduction

Atherosclerosis is one of the most common cardiovascular diseases in the world, and its
manifestations can be deadly. Characterized by vascular endothelial cell dysfunction
and the formation of fatty plaques on the arterial endothelium, atherosclerosis is
a complex disease involving diverse processes. In the early stages, atherosclerosis is
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nearly undetectable. However, if left untreated, advanced
atherosclerosis can lead to plaque rupture or arterial occlu-
sion, which results in heart attack or stroke.!™ Inflammation
is recognized as a key factor influencing stroke pathogenesis,
and inhibition of the inflammatory response has been sug-
gested as a treatment strategy.* Tumor necrosis factor-a
(TNF-a) is secreted by monocyte-macrophages and plays
a crucial role in both the initiation and pathogenesis of
atherosclerosis by triggering the activation of endothelial
cells and endothelial dysfunction. Activated endothelial
cells release proinflammatory cytokines, chemokines, and
cellular adhesion molecules, which are key factors in
atherogenesis.” Patients with atherosclerosis have been
found to have significantly increased serum levels of TNF-
0.° Inhibition of TNF-a has been suggested as a potential
treatment approach, but recent research shows that inhibition
of TNF-a alone may not be sufficient.”® Thus, other treat-
ment options are actively being sought. The proinflammatory
cytokine interleukin-6 (IL-6) is recognized as a central
inflammatory mediator in atherosclerosis and a risk factor
for cardiovascular events.’ IL-6 signaling initiates the acute
phase inflammatory response, and inhibition of IL-6 has been
shown to reduce the risk of atherothrombotic events.'’
Monocyte chemoattractant protein-1 (MCP-1) is a CC che-
mokine that recruits lipid-laden monocytes and macrophages
to the endothelial wall, where they infiltrate the intimal space
and contribute to the development of atherosclerotic lesions.
Studies involving MCP-1-deficient mice found reduced
accumulation of immune cells in the aortic walls."' High-
mobility group box 1 (HMGB1) protein also plays a vital role
in atherogenesis. Under normal conditions, HMGBI resides
in the nucleus where it regulates DNA transcription and
protein assembly, among other things. However, in athero-
sclerosis, TNF-a causes HMGBI to be actively secreted
from cells, where it induces an inflammatory response and
drives disease progression.'? Suppressing chronic inflamma-
tion is a vital part of treating and preventing atherosclerosis.

One of the most significant events in atherogenesis is the
release of cellular adhesion molecules, such as vascular
cellular adhesion molecule-1 (VCAM-1) and endothelial
selectin (E-selectin). These molecules induce monocytes to
roll along the endothelial wall and adhere to endothelial cells,
thereby contributing to plaque development and stiffening of
the arterial wall.'"*'* TNF-a significantly increases the
expression of both VCAM-1 and E-selectin.'” Kruppel-like
factor 2 (KLF2) is a zinc-finger transcriptional factor that
plays a protective role in a variety of cardiovascular diseases,
including atherosclerosis. KLF2 is activated by extracellular

signal-related protein kinase 5 (ERKS). ERKS5/KLF?2 signal-
ing has been shown to slow the development of atherosclero-
sis by negatively regulating the expression of VCAM-I,
intercellular adhesion molecule 1, E-selectin, and MCP-1,'®
making it a valuable treatment target for atherosclerosis and
other vascular diseases.

Laquinimod is a novel oral immunomodulator with high
bioavailability currently being developed as a treatment for
multiple sclerosis, Huntington’s disease, and Crohn’s dis-
ease, among others.'”'® Researchers have also begun to
explore the potential of laquinimod as an anti-inflammatory
agent and to treat glaucoma.>*?' The mechanism of action
of laquinimod remains incompletely understood, and its
effect on the cardiovascular system is unclear. In the present
study, we explored the effect of laquinimod in human aortic
endothelial cells (HAECs) stimulated with TNF-a to simu-
late an atherosclerotic microenvironment. We found that
laquinimod can modulate ERK5/KLF?2 signaling and reduce
the attachment of monocytes to endothelial cells. Therefore,
laquinimod may be a potential therapeutic agent against the

development of atherosclerosis.

Materials and Methods

Cell Treatment and Culture

HAECs were purchased from Lonza, Switzerland and used
in all experiments. The cells were grown in 2% serum
endothelial growth media (EGM2) in low passage numbers
(< 10). Human monocyte cell line U937 cells used in the
cellular adhesion assay were purchased from the American
Type Culture Collection (ATCC) and grown in 10% fetal
bovine serum containing DMEM media. The cell cultures
were maintained in a 5% (v/v) CO,/95% (v/v) nitrogen
incubator at 37 °C prior to experimentation. For KLF2
knockdown, 90% confluent HAECs were transfected with
KLF2 shRNA using Lipofectamine RNAIMAX reagent
(Thermo Fisher Scientific, USA). Laquinimod (TEVA
Pharmaceuticals Industries, Ltd (Israel)) (purity>98%) was
dissolved in purified water. To establish TNF-a insult, the
cells were stimulated with TNF-a (10 ng/mL) for 12, 24,
and 48 hrs. To access the protective effects of laquinimod
against TNF-a in HAECs, cells were stimulated with
TNF-a (10 ng/mL) in the presence or absence of laquini-
mod (2.5, 5 uM) for 24 h. To determine the involvement of
ERKS, cells were treated with TNF-a (10 ng/mL), laquini-
mod (5 pM), and the ERKS5 inhibitor XMD8-92 (10 nM)
for 24 h.
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Real-Time Polymerase Chain Reaction
(PCR)

The total RNA was extracted from HAECs using an RNeasy
Micro Kit from Qiagen (Hilden, Germany) in accordance
with the manufacturer’s instructions. A Nanodrop spectro-
photometer (Cole-Parmer, Chicago, IL) was used to quantify
the RNA concentrations. Briefly, a total of 1 ug RNA was
used cDNA synthesis using iScript™ Reverse Transcription
Supermix for RT-qPCR (Invitrogen, Carlsbad, CA). SYBR-
based real-time PCR experiments were performed to detect
the total mRNA transcripts of IL-6, MCP-1, VCAM-I1,
E-selectin, ERKS5, and KLF2 on an ABI 7500 real-time
PCR platform.

Western Blot Analysis

After the indicated treatment, HAECs were lysed using
RIPA buffer supplemented with protease inhibitor cocktail.
Then, 20 pg cell lysates were loaded onto 4-20% precasted
PAGE gels to separate the proteins by size. The separated
protein mixture was then transferred onto PVDF mem-
branes and the corresponding protein levels were detected
using their specific antibodies. Blots were quantified by
densitometry analysis of three exposures using TotalLab
TL100 image analysis software. The following antibodies
were used in this study: p-ERKS5 (1:500, #3371, Cell signal-
ing technology, USA); ERKS5 (1:2000, #ab196609, Abcam,
USA); KLF2 (1:1000, #ab194486, Abcam, USA); tubulin
(1:10,000, #ab210797, Abcam, USA); anti-rabbit IgG,
HRP-linked Antibody (1:2000, #7074, Cell Signaling
Technology, USA); anti-mouse 1gG, HRP-linked Antibody
(1:2000, #7076, Cell Signaling Technology, USA).

Enzyme-Linked Immunosorbent Assay
(ELISA)

After the indicated treatment, HAECs culture media was
collected for analyses using ELISA kits (R&D Systems) in
accordance with the manufacturer’s instructions. Briefly,
96-well plate reader spectrometry was used to collect the
data. Absolute values were obtained using a standardized
4-PL curve.

shRNA Transfection

For KLF2 knockdown, a human KLF2 gene-specific silen-
cing and control lentivirus vector short hairpin RNA
(shRNA) was developed, and the corresponding lentivirus
particles were produced. Then, the KLF2 and control knock-
down lentiviruses were concentrated using a density gradient

centrifuge and titrated to determine virus efficiency. The
lentivirus was then transfected into 50% confluent HAECs
for 48-72 h at 10 MOI. Knockdown efficiency was con-
firmed by immunoblotting with KLF2 antibody.

Monocyte—Endothelial Cell Adhesion

Experiment

U937 monocytes were stained with 1 uM calcein-AM for
30 mins in the dark at 37 °C. After necessary treatment, 5 X
10° U937 monocytes were added to 1 x 10° confluent HAEC
cells for 2 h. The unbounded cells were washed away. And the
attached cells were visualized using a fluorescent microscope.

Statistical Analysis

All experiments were performed in triplicate. Experimental
data are expressed as means =+ standard error of measurement
(SEM). Statistical analysis was performed using the SPSS
statistical analysis software package. To determine statistical
significance among different groups, one-way or two-way
ANOVA was used, followed by Bonferroni’s test. A P-value
of < 0.05 was considered statistically significant.

Results
Laquinimod Reduces TNF-a-Induced

Inflammatory Response

First, we assessed the effect of laquinimod on TNF-o-
induced increased expression of IL-6 and MCP-1, two
key effectors of the inflammatory response in atherosclero-
sis. As shown in Figure 1A, TNF-a significantly increased
the mRNA expression of IL-6 and MCP-1 6.7- and
4.3-fold, respectively. However, 2.5 and 5 uM laquinimod
reduced these levels to only 2.7- and 1.7-fold. As shown in
Figure 1B, the secretion of IL-6 and MCP-1 was increased
more than 10-fold by TNF-o, while laquinimod mitigated
this increase in a dose-dependent manner. Next, we mea-
sured the effects of laquinimod on the inflammatory med-
iator HMGBI1. As shown in Figure 2, HMGBI1 secretion
was increased nearly 7-fold, while the two doses of laqui-
nimod reduced this value in a dose-dependent manner.

Laquinimod Prevents the Attachment of
Monocytes to Endothelial Cells

Next, we investigated the effects of laquinimod on the attach-
ment of monocytes to endothelial cells. We first measured the
expression of cellular adhesion molecules. As shown in
Figure 3A and B, TNF-a significantly increased the expres-
sion of VCAM-1 and E-Selectin at both the mRNA and
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Figure | Laquinimod inhibited TNF-a-induced expression and secretion of pro-inflammatory cytokines in human aortic endothelial cells (HAECs). Cells were stimulated
with TNF-o (10 ng/mL) in the presence or absence of laquinimod (2.5, 5 uM) for 24 h. (A). mRNA of IL-6 and MCP-| were measured by real-time PCR; (B). Secretion of IL-
6 and MCP-1 was measured by ELISA (***P<0.0001 vs vehicle group; %P<0.01 vs TNF-o. group; **P<0.001 vs TNF-o group).
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Figure 2 Laquinimod prevented TNF-a-induced secretion of HMGBI. Cells were
stimulated with TNF-o (10 ng/mL) in the presence or absence of laquinimod (2.5, 5 pM)
for 24 h. Secretions of HMGBI were measured by ELISA analysis (***P<0.0001 vs
vehicle group; %P<0.01 vs TNF-a group; **P<0.001 vs TNF-a group).

protein levels. However, treatment with laquinimod reduced
them in a dose-dependent manner, suggesting an ability of
laquinimod to prevent the attachment of immune cells to the
arterial wall. To confirm this, we performed a cellular adhe-
sion experiment using HAECs and U937 monocyte cell line.
As shown in Figure 4, TNF-a induced a 3.6-fold increase in
the number of attached monocytes, which was dose-
dependently reduced to only 1.7-fold by laquinimod. Thus,
laquinimod may significantly hinder the attachment of mono-
cytes to endothelial cells.

Laquinimod Rescues KLF2 Expression
Through ERK5

To determine the effects of laquinimod on the expression of
the protective transcription factor KLF2, we first confirmed

that TNF-o time-dependently reduces the expression of
KLF2 in HAECs at both the mRNA and protein levels
(Figure 5A and B). Next, as shown in Figure 6A and B,
TNF-a reduced the expression of KLF2 by roughly half at
both the mRNA and protein levels, while laquinimod
remarkably rescued KLF2 expression to near baseline at
the mRNA level and above baseline at the protein level.
Thus, laquinimod has a potent capacity to rescue and
increase KLF2 expression. Next, we investigated whether
the ERKS signaling pathway is involved in mediating the
rescue of KLF2 by laquinimod. As shown in Figure 7A,
TNF-a reduced the level of phosphorylated ERKS by nearly
70%, which was rescued to only 11% below baseline in
a dose-dependent manner. Additionally, we found that
blockage of ERKS with the specific ERKS inhibitor
XMD9-92 completely abolished the effects of laquinimod
on KLF2 expression as we showed in Figure 7B and C.

The Effects of Laquinimod are Mediated
Through KLF2

Finally, we investigated whether the effects of laquinimod
on cellular adhesion are mediated through KLF2. The
KLF2 in HAECs was knockout by using lentiviral KLF2
shRNA as we showed in Figure 8A. As we demonstrated
in Figure 8B, knockdown of KLF2 abolished the ability of
laquinimod to reduce TNF-a-induced increased expression
of VCAM-1 and E-selectin. Additionally, KLF2 knock-
down abolished the ability of laquinimod to reduce the
attachment of monocytes to endothelial cells, and in fact,
further increased the number of attached U937 monocytes
as we showed in Figure 8C. Therefore, laquinimod reduces
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Figure 3 Laquinimod reduced TNF-a-induced expression of VCAM-| and E-selectin. Cells were stimulated with TNF-o (10 ng/mL) in the presence or absence of
laquinimod (2.5, 5 puM) for 24 h. (A). mRNA of VCAM-I and E-selectin as measured by real-time PCR; (B). Protein of VCAM-I and E-selectin as measured by ELISA
(¥*P<0.0001 vs vehicle group; *P<0.01 vs TNF-a group; *P<0.001 vs TNF-a group).
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Figure 4 Laquinimod prevented TNF-o-induced attachment of U937 monocytes to human aortic endothelial cells (HAECs). Cells were stimulated with TNF-a. (10 ng/mL) in
the presence or absence of laquinimod (2.5, 5 uM) for 24 h. Attached U937 monocytes were quantified (¥*%P<0.0001 vs vehicle group; ¥P<0.01 vs TNF-o. group; **P<0.001
vs TNF-a group).

>

B

1.5 1.5,
© . 3
<zt§ TNF-a O 12 24 48 h % %
xS 1.0 KLF2 95107 "
£ g ¥ o g *k
= *%k N o
L+ *kk W+ Fkk
I Thea I |}
4 74
0 . . . 0 - . . .
TNF-a 0 12 24 48 h TNF-a 0 12 24 48 h

Figure 5 TNF-a reduced the expression of KLF2 in human aortic endothelial cells (HAECs). Cells were stimulated with TNF-a (10 ng/mL) for 12, 24, and 48 hrs. (A).
mRNA of KLF2 was measured; (B). Protein expression of KLF2 was measured by Western blot analysis (*, **, ***P<0.05, 0.01, 0.005 vs vehicle group).
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group; ##P<0.001 vs TNF-a group).

the attachment of monocytes to endothelial through rescue
of the ERK5/KLF2 signaling pathway.

Discussion

Inhibiting the attachment of monocytes to endothelial cells
presents a potential treatment strategy against athero-
sclerosis. In the present study, we employed HAECs and
U937 monocyte cell line to investigate the effects of
laquinimod, an immunomodulatory drug for the treatment
of multiple sclerosis, in a TNF-o-induced atherosclerotic
microenvironment. TNF-a insult is known to promote
atherogenesis by upregulating the expression of adhesion
molecules, such as VCAM-1, E-selectin, and inflammatory
cytokines, including IL-6, MCP-1, and HMGB1.2>%
TNF-a and IL-6 are considered to be the main inflamma-
tory cytokines involved in atherosclerosis. In pathological
conditions, TNF-a and IL-6 are released from free choles-
terol-laden macrophages, thereby promoting the develop-
ment of vulnerable plaques and potentially life-threatening
cardiovascular events.””> Previous in vivo research found
that treatment with laquinimod downregulated the expres-
sion of TNF-a and IL-6 in splenocytes extracted from
a chronic experimental autoimmune encephalomyelitis
mouse model of MS.?® Here, we found that laquinimod
could downregulate the expression of IL-6 induced by
TNF-a in HAECs. MCP-1 contributes to inflammation
and thrombosis by recruiting immune cells to sites of
atherosclerotic lesions. A recent study found that MCP-1
levels could serve as an early biomarker for
atherosclerosis.?’ In a double-blind clinical trial, mono-
cytes extracted from patients treated with laquinimod
of MCP-1.**

Additionally, research suggests that laquinimod might

were found to excrete lower levels

reduce the expression of MCP-1 in the spinal cord.?’ Our

findings show that treatment with laquinimod dose-
dependently reduced the expression of MCP-1 in HAECs
stimulated with TNF-a. HMGBI is another major proin-
flammatory cytokine that acts as a proinflammatory danger
signal. Under normal circumstances, thrombomodulin
blocks the expression of HMGBI1, but in atherosclerosis,
thrombomodulin is downregulated, thereby allowing
unmitigated expression of HMGB1.?” Previous research
has shown that TNF-a-mediated inflammatory response
in HAECs involves HMGB1-mediated activation of Toll-
like receptor 4.>* Additionally, HMGBI triggers further
upregulation of TNF-a, thereby initiating a sort of positive
feedback loop.*® Thus, laquinimod may exert anti-
inflammatory effects. We found that laquinimod could
significantly reduce the expression of HMGBI1. Together,
our findings indicate that laquinimod may possess potent
anti-inflammatory properties in HAECs.

The migration of immune cells to the endothelium and
subsequent adhesion of monocytes to endothelial cells is
a major driving force in atherogenesis. Presently, there is
little research on the effects of laquinimod on cellular
adhesion and the expression of related signaling mole-
cules. An early study on laquinimod found that it could
disrupt the ability of very late antigen-4 to bind with
VCAM-1, thereby potentially mitigating the migratory
capacity of T cells.>’ A more recent study found that
laquinimod could reduce the adhesiveness of the central
nervous system endothelium through reduced expression
of cellular adhesion molecules.’?> Here, we found that
laquinimod could indeed reduce the expression of
VCAM-1 and E-selectin induced by TNF-a. We verified
the functional outcome of reduced expression of these
molecules by performing a cellular adhesion assay using
U937 monocytes. Our findings indicate that laquinimod
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Figure 7 The effects of laquinimod in promoting the expression of KLF2 are depen-
dent on ERKS. (A). Laquinimod restored TNF-a-induced dephosphorylation of ERKS.
Cells were stimulated with TNF-o (10 ng/mL) in the presence or absence of laquinimod
(2.5, 5 uM) for 24 h. Phosphorylation of ERKS5 was measured Western blot analysis. (B,
C). Blockage of ERKS5 abolished the effects of laquinimod on KLF2 expression. Cells
were treated with TNF-o (10 ng/mL) in the presence or absence of laquinimod (5 pM)
or the ERKS5 inhibitor XMD8-92 (10 nM) for 24 h. mRNA and protein levels of KLF2
were measured (¥, * ¥ P<0.01 vs previous column group).

did indeed reduce the number of attached monocytes.
Thus, laquinimod exhibits an anti-cellular adhesion capa-
city, which may of wvalue in the treatment of
atherosclerosis.

KLF2 is widely recognized as a key mechanosensitive
atheroprotective factor. Reduced expression of KLF2 is
associated with endothelial dysfunction and altered expres-
sion of genes that regulate vascular tone.** Statins are
a widely used class of vasoprotective agents that act, in
part, through the ERKS5 pathway to lower cholesterol, med-
iate angiogenesis, stabilize plaques, and suppress the
immune response.’® Recent research has shown that rescue
of KLF2 expression through ERKS5 can prevent the attach-
ment of monocytes to endothelial cells.>> While the role of
KLF?2 has been elucidated in numerous cell types, including
myeloid cells, it is best recognized for its activity in
endothelial cells.*® Presently, the effect of laquinimod on
the ERKS5/KLF2 pathway has not been elucidated. Here, we
found that laquinimod could potently rescue TNF-o-
induced reduced KLF2 expression through ERKS5 signaling.
Additionally, the results of our KLF2 shRNA transfection
experiment demonstrate that the ability of laquinimod to
prevent monocyte attachment in vitro is dependent on
KLF2 signaling. Thus, laquinimod may exert atheroprotec-
tive effects by modulating the expression of the ERKS/
KLF2 pathway, thereby suppressing inflammation and redu-
cing the attachment of monocytes to endothelial cells. There
are several limitations to our study. Firstly, our experiments
lack a drug that can treat or actively improve atherosclerosis
as a positive control. For example, statins, a family of
3-hydroxy-methylglutaryl coenzyme A (HMG-CoA) reduc-
tase inhibitors used for both primary and secondary preven-
tion of coronary heart disease (CHD), have displayed their
pharmacological functions in maintaining endothelial func-
tion by inhibiting the inflammatory response, preventing
endothelial-leukocyte interactions, and increasing the
expression of KLF2 [38, 39]. Therefore, statins could be
used as a positive control in this study. Secondly, this
preliminary research was only performed in vitro in an
atherosclerotic microenvironment. It should be noticed that
a diverse range of cell types, including endothelial cells,
smooth muscle cells, fibroblasts, and monocytes, are
involved in the pathogenesis of cardiovascular diseases.
The effects of laquinimod on other organs and tissues
have not been thoroughly studied. Therefore, subsequent
in vivo experimentation is required to determine the safety
and efficacy of laquinimod in the context of atherosclerosis.
These findings help to shed light on the mechanism of
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monocytes to HAECs. Cells were transduced with lentiviral KLF2 shRNA or null control, followed by stimulation with TNF-a (10 ng/mL) in the presence or absence of
laquinimod (5 uM) for 24 h. (A). Western blot results revealed the successful knockdown of KLF2; (B). Protein of VCAM-| and E-selectin as measured by ELISA; (C).
Attachment of U937 monocytes to human aortic endothelial cells (HAECs) (¥, * *P<0.01 vs previous column group).

action of laquinimod and set the foundation for further

research.
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