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Fig.4. Model for up-regulation of SHP gene expression in the absence of |L-1Ra.
Bile acids activate FXR and induce inflammation. The lack of IL-1Ra could not reduce
inflammation and might induce the production of a large amount of IL-1. Then IL-1
activated the JNK signaling cascade. Activated FXR and c-Jun enhanced SHP tran-
scription by binding to the IR-1 and AP-1 elements in the SHP promoter. Elevated
SHP protein levels in turn repressed CYP7A1 transcription and the down-regulation
of CYP7A1 expression increased amounts of bile acids in hepatocytes. Finally this
loop formed a vicious circle in the metabolism of bile acids. See text for details.

dl, n=5; p < 0.01), higher apoB-containing lipoprotein
levels (699 + 126 mg/dl versus 192 + 36 mg/dl; p < 0.01),
and decreased HDL levels (31 + 10 mg/di versus 54 + 3
mg/dl; p < 0.05)'in IL-1Ra’” mice compared to IL-1Ra*"*
mice after 20 weeks on the atherogenic diet (Fig. 38).
Real-time PCR analysis revealed that the decreasein the
IL-1Ra mRNA level was accompanied by a increase in
the levels of IL-1pB (P < 0.001), TGF-B (P < 0.01) and CD68
mRBNA (P < 0.001) in the IL-1Ra™ fiver compared to the
WT liver. Furthermore, IL-1Ra” mice failed to express
mRNA of cholesterol 7a-hydroxylase (CYP7A1) {p < 0.05),
the rate-limiting enzyme in bile acid synthesis, with
upregulation of small heterodimer partner 1 (SHP) mRNA
expression (p < 0.001) following 4 weeks on the athero-
genic diet (69). Indeed, IL-1Ra’ mice showed markedly
decreased bile acid excretion, which is promoted in WT
mice to maintain cholesterol levels while feeding on an
atherogenic diet. Our results show that both bile acid
and high cytokine levels in IL-1Ra’ mice reduced the
mRNA expression of CYP7A1 with a upregulation of SHP
mRNA expression. We summarize the mechanism of
these changes in Fig. 4. Several previous reports dem-
onstrated that administration of cholic acid in mice in-
duced SHP gene expression (70, 71) and SHP reduces
CYP7A1 expression (72). Increased concentrations of bile
acids in the liver could, in turn, induce inflammation and
the lack of IL-1Ra, an anti-inflammatory cytokine, might

worsen the inflammation in IL-1Ra” liver. Furthermore,
large amounts of cytokines produced in response to se-
vere inflammation in IL-1Ra’- mice could also play an
important role in the up-regulation of SHP expression.
Cytokine-dependent signaling leads to the activation of
c-Jun N-terminal kinase (JNK) and other mitogen-acti-
vated protein kinases (73, 74). Recently, Gupta et al.
showed that c-Jun activated by cytokines induces SHP-
1 promoter activity and mutations in the AP-1 binding
site abolished bile acid responsiveness of the rat SHP
promoter (75). Thus, they suggested that activation of
the JNK/c-jun pathway is needed for the induction of SHP
by bile acids. Furthermore, Miyake et al. demonstrated
that bile acid-induced expression of cytokines (such as
TNF-o and IL-1) by macrophages correlates with repres-
sion of hepatic CYP7A1 (76), further supporting our find-
ings. Thus, atherogenic diet-induced inflammation with
both a high IL-1 fevel and deficiency of IL-1Ra caused
an up-regulation of SHP expression and, in turn, down-
regulation of CYP7A1. The suppression of CYP7A1
causes more cholesterol to accumulate in IL-1Ra” mice.
We conclude that the significant increase in SHP expres-
sion in IL-1Ra” liver is an indirect effect of loss of I~
1Ra, but IL-1Ra plays an important role in maintaining
cholesterol homeostasis under conditions of cholic acid-
induced inflammation.
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Conclusion

During the last five years, transgenic and gene knock-
out studies in murine models of vascular disease have
established IL-1 and IL-1Ra as pivotal players in the regu-
Jation of vascular cell functions and cholesterol metabo-
lism. Although genetic differences between mouse and
man preclude a direct translation of these findings to hu-
man disease, these studies have identified several path-
ways whose perturbation has the potential to significantly
shift the balance between disease progression and re-
tardation. An important goal of future studies will be more-
detailed investigations of the particular genes and pro-
and anti-inflammatory pathways regulated by different
cytokines in atherogenesis and cholesterol metabolism.
This challenge could lead to promising novel therapeutic
targets for anti-inflammatory therapies, potentially even
harnessing some of the sophisticated regulatory systems
designed to normally limit the inflammatory response.
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Interleukin-1 and Occlusive Arterial Diseases
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Abstract: Interleukin (IL)-1 is a pro-inflammatory cytokine and a central mediator in the cytokine network, and is known
to control important functions both in the immuae system and inflammation. The activity of IL-1 is counter-regulated by
its endogenous inhibitor, IL-1 receptor antagonist (IL-1Ra). IL-1 and IL-1Ra are produced and secreted by a variety of
cells including those responsible for controlling immunity. A recent study indicated that [L.-1 and IL-1Ra transcripts were
expressed in the vessel wall, suggesting that these cytokines contribute to the development and progression of vascular

diseases.

In this review, we will discuss the recent advances in our understanding of the mechanism of action of IL-1 in occlusive
arterial diseases such as neointimal hyperplasia and atherosclerosis, specifically in a mouse model.

Key Words: Cytokine, Interleukin-1, occlusive arterial disease, atherosclerosis, lipid metabolism.

INTRODUCTION

Though hypercholesterolemia is a major risk factor for
atherosclerosis and cardiovascular diseases, it is well known
that serum cholesterol levels are normal in one-third of
patients developing coronary heart disease. In addition,
LDL-cholesterol lowering therapy with statins reduces
cardiovascular events by only about 30%. This suggests that
factors other than hypercholesterolemia also play important
roles in the development of atherosclerotic vascular lesions.

Elevated C-reactive protein (CRP) levels and the WBC
number have been recently recognized as new markers
for atherosclerosis, supporting the hypothesis that athero-
sclerosis is a chronic inflammation of the blood vessel walls
[1]. According to this hypothesis, stimuli such as hyper-
cholesterolemia induce vascular injury and chronic
inflammation, leading to the progression of atherosclerosis.
Inflammatory cells and pro-inflammatory cytokines also play
important roles in sustaining inflammation of the vessel
walls.

Interleukin-1 (IL-1) is a major pro-inflammatory cytokine.
It was originally described as a macrophage-derived,
lymphocyte-activating factor and can be considered to be a
link between innate and adaptive immunity {2]. IL-1 and its
receptor are expressed in nearly every cell type, not only in
immune cells. IL-1 is a key regulator of the host immune
response and it also shows various biological activity with
respect to non-immune cells. Vessel wall cells, endothelial
cells, smooth muscle cells, and fibroblasts express both IL-1
and its receptor. The above strongly suggest that IL-1 is
involved in the development of atherosclerosis and neointi-
mal hyperplasia. Furthermore, recent progress in our
understanding of IL-1 signaling has demonstrated the
importance of the involvement of IL-1 in vascular disease,
suggesting that IL-1 and its signal pathway should be a new
therapeutic target for vascular disease.
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In this review, we will discuss the potential role of IL-1
in occlusive arterial diseases, such as neointimal hyperplasia
and atherosclerosis, while focusing on a mouse model of
occlusive arterial diseases involving the IL-1 family, mainly
IL-10, IL-1B, and IL-1 receptor antagonist (IL-1Ra)

IL-1 FAMILY

Recently, the IL-1 family has been expanded to ten
members [3], though many of them have not yet had their
biological functions fully elucidated. In this section, we
briefly review the originally known IL-1 family: IL-1o, IL-
1B, and IL-1 receptor antagonist.

IL-10, IL-1PB, and IL-1Ra genes are located close to one
another on human chromosome 2. They have different amino
acid sequences but are structurally related on the three-
dimensional level, and act through the same cell-surface
receptors. The homology between human IL-1o and IL-1f is
45% at the nucleotide level and 26% at the amino acid level.
The interspecies homologies (human versus mouse) at the
amino acid level are 61% for IL-1c, 68% for IL-1f3, and
76% for IL-1Ra. These 3 genes all originated from a
common ancestral gene during evolution.

Both IL-1o and [L-1p are produced as 31kDa precursors,
which are then enzymatically cleaved into mature forms of
17kDa protein. Both lack signal peptides and are not secreted
via the classical secretory pathway. Most IL-1a is stored in
the cytosol of cells in its precursor form, where it may
function as an autocrine messenger. Recently, the precursor
form of IL-1o has been reported to be an intracrine activator
of transcription [4]. After activation by LPS, IL-la is
translocated to the nucleus where it activates the transcrip-
tional mechanism. Also, stable transfectants overproducing
precursor IL-lo release IL-8 and IL-6, while exhibiting a
highly sensitive response to TNF-a and IFNY. These
observations suggest that the blocking of the intracellular
functions of IL-1o. might also serve to block IL-1 activity
when conducted in combination with extracellular inhibitors.
There is also evidence that the IL-1a precursor is trans-
located to the cell surface and is thus associated with the cell

© 2006 Bentham Science Publishers Ltd.
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membrane. Bound to the cell membrane, the precursor is
biologically active, and can serve as a paracrine messenger
for adjacent cells [5]. It is cleaved into a mature form of IL-
low of 17kDa by such extracelluar proteases as calpain, and is
then released into the extracellular space.

In contrast, the IL-1B precursor (31kDa) has no biologic
activity and must be cleaved to become active. It is present
in the cytosol and moves into specialized secretory lysosomes
where it co-localizes with procaspase-1. The next step is the
conversion of the inactive procaspase-1 to activate caspase-1
by a complex of proteins termed the inflammasome [6]. In
resting cells, procaspase-1 is bound to a large inhibitor

molecule. During the initiation of IL-1p synthesis, caspase-1,

is activated and it then processes the IL-1f precursor into its
mature form (17kDa) within the cell, which is released into
the extracellular space and then into the circulation. In
humans, circulating IL-1 consists almost exclusively of IL-

1p.

Four forms of IL-1Ra protein have been reported in both
mice and humans. One of them, sIL-1Ra, is secretory but the
other three lack the signal sequence and are thus retained
within the cytoplasm of intact cells (icIL-1Ra) [7-10]. sIL-
1Ra is synthesized as a 177-amino acid precursor with a 25-
amino acid signal sequence. It is secreted exracellularly
through the classical secretory pathway as protein of about
20kDa (152 amino acids). IL-1Ra resembles IL.-1a. and IL-
1B in the amino acid sequence and three-dimensional folding
pattern. IL-1Ra binds to type I IL-1 receptor (IL-1RI) with a

higher affinity than that of IL-1a and . However, it fails to

recruit IL-1 receptor accessory protein, which is required for
signaling, and therefore cannot activate IL-1R signaling. IL-
1Ra is thus a natural negative regulator of IL-1 [11].

IL-1 RECEPTOR (IL-1R) FAMILY

IL-1c, IL-1PB, and IL-1Ra bind to two receptors classified
as type I (IL-1RI) and II (IL-1RII) [12]. Both type I and Ii
receptors are members of the immunogloblin (Ig) super-
family. The human IL-1RI is an 80kDa transmembrane
protein with 552 amino acids. It has a single 22 amino acid
transmembrane region and a long cytoplasmic tail of 212
amino acids, which participates in signal transduction. Its
extracellular ligand-binding region consists of three Ig-like
domains. IL-1RII is a 60kDa protein and is similar to [L-1RI
in its extracellular and transmembrane regions. However, IL-
IRII has a short cytoplasmic tail of 29 amino acids and it is
incapable of signaling. IL-1RIl actually competitively
inhibits IL-1 activity by acting as a decoy receptor for IL-1.

The IL-1 receptor accessory protein, IL-1RacP, is
essential to IL-1 responsiveness. [L-1RacP is a 60kDa trans-
membrane protein possessing 570 amino acids. Although the
extracellular portion of IL-1RacP also consists of three Ig-
like domains, and IL-1RacP shares homology with IL-1RI, it
does not directly bind to IL-1 or IL1Ra. IL-1a, IL-1B, and
IL-1Ra bind to both types of IL-1R with high affinity,
though affinities for IL-1R differ among them. IL-la
preferentially binds to IL-1RI with high affinity while IL-1B
binds preferentially to IL-1RIL IL-1Ra binds to IL-1RI with
higher affinity than it does to IL-1RII. Both the precursor
and mature forms of IL-1o bind to its receptor with equal
affinity, and their biological activities appear to be similar.
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The IL-1f precursor does not bind to or signal through the
type I receptor, but the mature IL-1P does. Similar to the [L-
1 family, the IL-1 receptor family has also been expanded to
ten members [13,14]. The members of the IL-1R family are
membrane-spanning proteins that possess at least one Ig-like
extra-cellular domain and a Toll/IL-1 receptor (TIR) domain
in the cytoplasm.

TOLL/IL-1 RECEPTOR (TIR) FAMILY

The cytoplasmic domain of IL-1R is essential for signal
transduction. IL-1R and Toll-like receptor (TLR) family
members share a conserved stretch of 200 amino acids in
their cytoplasmic region known as the Toll/IL-1 receptor
(TIR) domain. The TIR domain does not have a catalytic
function and works by protein-protein interaction [15]. The
TIR domain is present in a large number of proteins, and it
acts as a switch in the process of cell activation during innate
immunity and inflammation. The animal TIR family can be
classified into three subgroups "Fig. (1)". TIR-I is similar to
IL-1RI, having one or more extracellular Ig regions, a single
trans-membrane region and a cytoplasmic TIR domain. TIR-
II is similar to TLR2 and 4, possessing an extracellular
region composed of leucine-rich repeats, a single trans-
membrane region and a cytoplasmic TIR domain. TIR-III
consists of an intracellular protein such as myeloid
differentiation protein-88 (MyD88), and has a TIR domain
and one or more additional domains. TIR-III acts as an
adaptor molecule for signaling in the cytosol.

1]

TR TIRH TIRIN
{IL-1R family) {TLR family) (adaptor protein
MyD88)
B TIR domain Q Leucine rich domain

Q Igdomain

Fig. (1).
IL-1-INDUCIBLE SIGNALING PATHWAY

After binding with IL-1a or B, IL-1 RI and IL-1RacP
form a signal-transducing complex, which then recruits Tollip,
MyD88, and IRAK (IL-1-receptor-associated kinase)" Fig.
(2)". IRAK is a serine/threonine kinase which possesses a
death domain (DD) [16]. The DD of IRAK-1 interacts with
the DD of MyD88. IRAK-4 is then recruited through DD
interaction with MyD88 DD and phosphorylates IRAK-1.
This phosphorylation weakens the IRAK-1-MyD88 DD
interaction and releases the IRAK-1-TRAF-6 (TNF-receptor-
associated factor) complex. The IRAK-1-TRAF-6 complex
then binds to TAK-1 (TGFf-activated kinase). TAK-1
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phosphorylates and activates IKK (inhibitory kB kinase)
complexes and MKK leading to the activation of both the
NF-xB and MAPK pathways. MKK3 activates AP-1 via the
JNK/p38 cascade and IKK activates NF-xB. These two
transcription factors, AP-1 and NF-xB, translocate to the
nucleus and then activate many of the cytokine-inducible
genes.

MULTIPLE BIOLOGICAL EFFECTS OF IL-1 ON
VESSEL WALL CELLS

Endothelial cell (EC) function changes are known to be
the initial step of the pathogenesis of atherosclerosis. ECs
seem to be the major target cells of IL-1 in the vessel [17].
IL-1 stimulates the production of cytokines, chemokines,
growth factors, and vasoactive mediators in ECs and induces
the expression of adhesion molecules on ECs. Furthermore,
it increases the expression of clotting factors and inhibitors
of fibrinogenesis, resulting in a procoagulant state of the
ECs. IL-1 also influences a variety of functions in smooth
muscle cells (SMCs). In addition, it stimulates their proli-
feration [18]. IL-1 increases the production of growth factors
in SMCs and induces the expression of adhesion molecules
and integrin on them.

IL-1 expression is also regulated by various stimuli other
than immune signals. In this regard, macrophages from
LDL-R-/- mice produced an excess of IL-1c and § that was
twice as great as that from the macrophages of wild type
mice after LPS stimulation [19]. Also, the uptake of oxidized
low-density lipoproteins by peripheral-blood monocytes
resulted in an increase in IL-1 production by these cells.
These findings indicate that hypercholesterolemia increases
IL-1 production by macrophages.

Shear stress has been seen to regulate IL-1 expression in
vessels. Jiang et al. demonstrated that IL-1f expression was
markedly up-regulated in vein grafts in a rabbit jugular vein
carotid interposition graft model, which resulted in
neointimal hyperplasia {20]. They also found that IL-1
production was more marked under low shear stress and that
the production of IL-10, an anti-inflammatory cytokine,
increased under high shear stress, an interesting observation,
These results suggest that shear stress modulated the pro-
and anti-inflammatory cytokine balance.
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PLASMA LEVELS AND TISSUE EXPRESSION OF IL-
1IN CARDIOVASCULAR DISEASE

In humans, most of the IL-1 activity detected in the
circulation tends to involve IL-1[, whereas that associated
with the cell membrane more often involves IL-1o.. In
normal human subjects, the plasma concentration of IL-1f is
usually less than 40 pg/ml and circulating levels of IL-1Ra
tend to range from 200 to 300 pg/ml. Elevated plasma IL-1
levels have been reported in various cardiovascular diseases
related to atherosclerosis, such as angina [21], abdominal
aortic aneurysm [22], hypertension [23], and hypercholes-
terolemia [24]. The reason for such elevated plasma IL-1
levels has not yet been elucidated. Recently, activated
platelets have been reported to produce IL-1B [25,26],
suggesting that activated platelets might be a reason for
elevated plasma IL-1pP levels in hypercholesterolemia [24].
Further, IL-1P production in platelets has been seen to
decrease after treatment with either statin or low dose
aspirin. These observations indicate a link between inflam-
mation and the prothrombotic state observed in hyper-
cholesterolemia.

The IL-1 family is also expressed in both the normal and
atherosclerotic artery. The main components of atheroscletic
plaque are ECs, SMCs, and macrophages. All these cells
were observed to express IL-1 but each with a different
pattern. The predominant cells expressing IL-la and B
mRNA were foam cells in the intima. ECs expressed mRNA
for IL-1a, IL-1B, and IL-1Ra and SMCs expressed IL-la
mRNA [27-29]. However, intimal SMCs expressed both IL-
1B, and IL-1Ra in different time courses, but not [L-1c.
These findings suggest that both IL-1o and IL-1§ participate
in the development of atherosclerosis. However, the roles of
IL-1o and IL-1B may be different when atherosclerosis is
progressing.

EFFECTS OF IL-1 SYSTEMS ON NEOINTIMAL
HYPERPLASIA IN ANIMAL MODELS

Neointimal hyperplasia may be an early stage of
atherosclerosis, and it is also related to restenosis after
percutanoeus coronary intervention. Several studies have
reported a relationship between the IL-1 systern and
neointimal hyperplasia, which was observed using different
methods (Table 1).

(1) IL-1p

Shimokawa et al. showed that adventitial treatment with
IL-1B induced an increase in neointimal hyperplasia of about
10-fold and a vasospastic response in the porcine coronary
artery [30]. Histological analysis revealed an increase in
SMCs in the intima and an accumulation of inflammatory
mononuclear cells at the adventitial surface. The neointimal
hyperplasia due to IL-1$ was blocked by a neutralizing
antibody to PDGF, suggesting that IL-1-induced neointimal
hyperplasia was substantially mediated by PDGF. These
results are consistent with the findings of a previous i»n vitro
study, which noted that the proliferative effect of IL-1 § with
respect to SMCs was mediated by other growth factors,
mainly PDGF {31].
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Table 1.  Effects of IL-1 Systems on Neointimal Hyperplasia in Animal Models
Animal model Age Methods Effects Changes Possible mechanisms Ref.
porcine local treatment neointima 7 +1000% :glGCF TT 30
gg;gz 6-;; 8w cuff neointima | +250% advegtli/tiiél F ell 1 32
Hé;fg;‘ 8w CCA ligation neointir.na$ -90% 33

CCA ligation; unilateral common carotid artery ligation.
(2) IL-1Ra

" We previously reported on neointimal formation in a
model of femoral artery injury due to an external vascular
.cuff in IL-1Ra -/- mice [32]. The increase in intimal
thickness in the Il-1Ra-/- mice was 2.5-fold that in IL-
1Ra+/+ mice and large accumulations of inflammatory
mononuclear cells were found in the adventitia of the IL-
1Ra-/- mice. These results indicate that IL-1Ra inhibited
neointimal hyperplasia.

(3) IL-1RI

Another model that we will consider is the unilateral
common carotid artery ligation model. A ligated common
carotid artery has a low shear stress, which results in
remodeling and neointimal hyperplasia [33]. In this model,
TNFo and IL-1o. mRNA were upregulated in the common
carotid artery ligated on one side and the IL-1RI-/- mice
showed a greater decrease in neointimal area than the WT
control. These results indicate that the IL-1 system plays an
important role in neointimal formation.

EFFECTS OF IL-1 SYSTEMS ON ATHERO-
SCLEROSIS IN ANIMAL MODELS

We studied the effect of IL-1 on the formation of more
advanced atherosclerotic lesions in addition to neointimal
hyperplasia in various mouse models (Table 2).

(1) IL-1p

A deficiency of IL-1B reduced foam cell lesions in
ApoE-/- mice by approximately 30% over the number
counted in control mice [34]. Further, the mRNA levels of
VCAM-1 and MCP-1 in the aorta of IL-1P-/-ApoE-/- mice
decreased by more than those in IL-1B+/+ApoE-/- mice.
These results indicate that IL-1B has an atherogenic action
by which the expression of VCAM-1 and MCP-1 in the aorta
is enhanced, leading to an increase in the recruitment of
monocytes and macrophages into the intima.

(2) IL-1Ra

The systemic treatment of ApoE-/- mice with IL-1Ra was
seen to decrease the size of foam cell lesions [35]. Such
treatment resulted in an IL-1Ra plasma level of 1-2 pg/mL
and did not interfere with lipid metabolism. Furthermore,
despite differences in the size of the lesions and lesion

cellular composition , macrophages and SMCs appeared to
be similar to those of the control mice.

Devlin et al. examined the role of IL-1Ra in
atherosclerosis using IL-1Ra knockout and transgenic (Tg)
mice [36]. An IL-1Ra deficiency tended to induce an
increase in the size of foam cell lesions while IL-1Ra over-
expression decreased lesion size. Interestingly, IL-1Ra only
modified the atherosclerotic lesions when the mice were fed
a cholate-containing diet. Since the presence of cholate in the
diet increases inflammation and fibrosis {37], IL-1Ra might
play an important role in modifying the state of chronic
inflammation in the vessel walls.

We studied the effects of IL-1Ra on atherogenesis in
ApoE-/- through the use of IL-1Ra-+ mice [38]. In our study,
the body weight of IL-1Ra-/-ApoE-/- mice was significantly
less than that of either IL-1Ra+/+ApoE-/- or IL-1Ra+/-
ApoE-/- mice. Furthermore, though total cholesterol levels
were elevated, HDL-cholesterol levels were lower in the IL-
1Ra-/-ApoE-/- mice than in either the IL-1Ra+/+ApoE-/- or
IL-1Ra+/-ApoE-/- mice. We therefore compared the athero-
sclerotic lesions between IL-1Ra+/+ApoE-/- and IL-1Ra+/-
ApoE-/- mice finding that the IL-1Ra serum levels in the IL-
1Ra+/-ApoE-/- mice (about 166pg/mL) were approximately
half of those in the IL-1Ra+/+ApoE-/- mice (about 320pg/
mL). At 16 weeks of age, the atherosclerotic lesions had
increased more in the IL-1Ra+/~ApoE-/- mice than in the IL-
1Ra+/+ApoE-/- mice. However, at 32 weeks, the size of the
lesions in the IL-1Ra+/-ApoE-/- mice was similar to that in
the IL-1Ra+/+ApoE-/- mice, though the cellular compo-
sitions of the plaque were completely different. The lesions
in the IL-1Ra+/-ApoE-/- mice contained a larger number of
macro-phages but less SMCs than those in the IL-
IRa+/+ApoE-/- mice. These results suggest that IL-1Ra has
little effect on the suppression of atherosclerotic plaque size
but it does modulate plaque composition during the
progression of atherosclerosis. Macrophage richness is a
characteristic feature of unstable plaque and this suggests
that IL-1Ra plays an important role in plaque stability. It also
suggests that IL.-1Ra could be a useful drug for the treatment
of unstable angina.

(3) IL-1RI

The above observations suggest that the IL-1 system
works as a modifier of inflammation induced by hyper-
cholesterolemia or a high fat/cholesterol/cholate diet. Current
epidemiological data suggest that dental infections (perio-
dontitis) trigger or potentiate atherosclerosis. This may be
due to the systemic consequences of infection or the effect of
direct vascular invasion by microorganisms. It was recently
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Table 2. Effect of IL-1'System on Atherosclerosis in Animal Models
Pl Possi
Animal model Diet Age Methods Lesion area Changes aque OSS‘tfle Ref.
composition mechanisms
1L-1B-/- MCP-14
I 4W-24W -30%
ApOE-/- norma o VCAM-14 34
16%fat
ApoE-/- 1.16%chol 8W-12W IL-1Ra systemic -60% 35
0.5%cholate
IL-1Ra-/. 15%fat
CS-’/BII/} 1.25%chol 4W-16W +300% 36
0.5%cholate
2 )
asahal | IOV - 5
N o
IL-1RaTg
LDLR-/- 15%fat
1.25%chol 4W-16W -40% 36
0.5%cholate
- 0,
L Ras 4W-16W +180% MCP-17 IL-IBT 38
A- B/ normal sMcd icAMT
poL-~/- 4W-32W unstable plaqueT vcam? 38
MoT
15%fat 4w-34W -80% 40
1.25%chol :
[L-1RI-/- :
0.5%cholate 4w-34W 10w -93% 40
ApoE+/- bacterial
normal 4w-34W exposure -80% 40
collagen
21%fat s il MCP-1{
(I;’g/‘g&/u 0.15%chol SW-16W 1;,4 fg;‘ (- Gro-1{ MIP- 41
no cholate ST SMC — 18,20
Mol

reported that infection by P. gingivalis, a putative perio-
dontal pathogen, accelerates atherosclerosis in heterozygous
ApoE-deficient mice [39]. Further, the complete absence of
IL-1RI was observed to markedly reduce the progression of
atherosclerosis in ApoE-/-mice subjected to a high fat/
cholate diet and P gingivalis injections {40]. The severity of
atherosclerosis was less in IL-1RI-/-ApoE+/- mice than it
was in IL-1RI+/-ApoE+/- mice, regardless of whether mice
were fed normal chow or a high fat/cholate diet, and
irrespective of whether they were inoculated with P
gingivalis or not. It is notable that the observed rates of
reduction of atherosclerosis differed between IL-1B-/- mice
and IL-1RI-/- mice, suggesting that IL-la also plays an
important role in the development of atherosclerosis.

The above results confirmed the crucial role of IL-1 in
the inflammatory cascade involved in the progression of
atherosclerosis and suggest that both bacteria and diet
mediate the response through an IL-1 signaling pathway.

(4) MyD88
After IL-1 binds to IL-1R, IL-1R and IL-iRacP form a

signaling complex that recruits MyD88. MyD88 transduces
the cell signaling events downstream of IL-1R as well as

TLRs. MyD88 is essential for the signaling and biological
activity of IL-1 and it may also be involved in atherogenesis.

MyD88-/-ApoE-/- mice had 40-65% less atherosclerosis
than their ApoE-/- counterparts [41]. The diminished
atherosclerosis in the Myd88-/- mice was associated with a
smaller number of macrophages in the arterial wall than in
the control mice. This effect can be attributed to a decline in
the expression of such arterial chemokines as MCP-1 and
decreased macrophage recruitment for the arterial intia. It
is notable that IL-1B, but not IL-18, induced MyD88-
dependent MCP-1 protein secretion by bone marrow-derived
macrophages, while TNF-o induced similar levels of MICP-1
in the wild —type and MyD88-/- cells. These findings suggest
that the IL-1-IL-1R- MyD88§ signal pathway may play an
important role in the progression of atherosclerosis.

TARGETING IL-1 IN VASCULAR DISEASE

Modulation of cytokine activity is a new therapeutic
strategy for various chronic inflammatory diseases. In this
regard, blocking of TNFa activity is widely used in the
treatment of rheumatoid arthritis (RA) and has been very
effective. Recently, IL-1 receptor antagonist (anakinra) has
been approved for the treatment of patients with RA, though
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treatment with this agent has been not as effective as
blocking TNFo.. However, the safety of an IL-1 blockade by
anakinra is well established and opportunistic infections are
much less of a problem than in the case of TNFa blockade.
In fact, there have been no reports of opportunistic infections
in long-term anakinra use in RA patients. This attests to the
safety of the long-term blocking of IL-1 activity [42].

Severa! different strategies are available for reducing IL~
1 activity: (1) production and secretion, (2) circulating IL-1,
(3) receptor binding, and (4) intracellular signaling.

(1) Blocking IL-1 Procession and Secretion

IL-1 is highly inflammatory cytokine and its production
is tightly regulated. For instance, monocytes do not release
IL-1f without stimulation. Though monocytes start to
synthesize the IL-1B precursor upon stimulation, less than
50% of the total IL-1B precursor amount is cleaved into
mature IL-1P by capase-1 and released into the extracellular
space. The processing and secretion of the IL-1B precursor
are coupled together (IL-1fB inflammasome) and the
regulation of caspase-1 activity is important for IL-1p
secretion from cells {43]. Thus, inhibitors of caspase-1 will
prevent the processing of the IL-1p precursor into the active
cytokine and thereby reduce its secretion. Recently, an
orally-active caspase-1 inhibitor has been developed [44] and
shown to be effective in protecting against cartilage
destruction in an animal model [45] as well as in blocking a
hypersensitive response in monocytes from familial cold
autoinflammatory syndrome patients [46]. Further, human
vascular smooth muscle cells have been observed to express
an endogenous caspase-1 inhibitor and a serine proteinase
inhibitor (serpin) PI-9 [47]. In this study, PI-9 expression
was abundant in the unaffected artery but was reduced in
atherosclerotic lesions which showed an increase in IL-1B
expression. These observations suggest that a caspase-1
inhibitor would be a very attractive strategy for preventing
inflammation in the vessel wall and atherosclerosis. How-
ever, the actual effect of a caspase-1 inhibitor on occlusive
arterial diseases has not been reported on yet.

(2) Neutralization of Circulating I1-1

Since body fluid cytokine levels are relatively low in
most autoimmune diseases, cytokine neutralization is easily
and rapidly accomplished. There are several methods for
neutralizing circulating cytokines, one of them the use of
anti-cytokine monoclonal antibodies. Soluble cytokine
receptors are another means of blocking circulating cyto-
kines but the effectiveness of this approach for IL-1 is
limited, because of the two components of the IL-1 receptor
system. Recently, an innovatory method of binding cytokines
with high affinity has been developed, using what are known
as cytokine traps [48].

The cytokine trap consist of the Fc portion of human
IgG! and the extracellular domains of two distinct receptor
components fused together. In complex multi-component
receptor systems such as [L-1, the cytokine binds with low
affinity to the first receptor component and then recruits a
second receptor component. The component formed from
these two receptors binds the cytokine with higher affinity
than does either of the isolated receptor components
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individually. The IL-1 trap consists of the extracellular
domain of IL-1 AcP and IL-1RI arranged in line and then
fused to the Fc portion of human IgGl. The IL-1 trap binds
IL-1P more tightly than IL-1Ra and IL-1RI and is about 30
times more potent in blocking IL-1p than IL-1Ra and 250-
500 times more potent than soluble IL-1RI in this respect.
The administration of an IL-1 trap to RA patients was well
tolerated and pharmacokinetic analysis indicated a plasma
half-life of 7.5 days. This suggests that a once per week
dosing interval is appropriate for an IL-1 trap and that it is
acceptable for clinical use. However, there have been no
reports of an IL-1 trap preventing the progression of
neointimal hyperplasia and atherosclerosis in animal models.

(3) Blocking of Receptor Binding

IL.-1Ra is a natural IL-1 inhibitor. It binds to the IL-1
receptor with high affinity and competitively blocks the
binding of IL-1 to its receptor. It is reasonable to use IL-1Ra
for antj-IL-1 therapy and in fact, the recombinant IL-1Ra
preparation, anakinra, has reduced the severity of RA in
patients. However, IL-1Ra has several weak points. First, to
achieve 50% inhibition of IL-1, the amount of IL-1Ra
required is about 100 times that of IL-1 {49]. Second, IL-1Ra
is rapidly excreted by the kidneys and the plasma half-life is
relatively short (4-6 hr). Third, IL-1 receptors are expressed
on all cells except red blood cells and generated every day,
necessitating the administratioh of targe daily amounts of IL-
1Ra. For instance, a plasma level of IL-1Ra of more than 5
pg/mL over 24 hr was required to relieve arthritis symptoms
in a collagen-induced arthritis model [50]. On the other
hand, a plasma level of 2 ug/mL decreased atherosclerosis in
ApoE-/- mice when the IL-1Ra was systemically adminis-
tered. These results indicate that atherosclerosis is more
susceptible to the effect of IL-1Ra than RA.

We previously reported that IL-1Ra might modulate
plaque stability in IL-1Ra+/-ApoE-/- mice. Further, wide-
spread coronary inflammation and multiple atherosclerotic
plaque rupture were recently detected in acute coronary
syndrome [51,52]. These findings indicate that the coronary
artery overall (and also other systemic vessels) needs to be
treated and stabilized. In view of this, the administration of
IL-1Ra could be an effective treatment for acute coronary
syndrome.

(4) Blocking of Intracellular Signaling

[L-1 signaling is also tightly regulated. IL-1-stimulated
cells express several molecules which negatively regulate IL-
Isignaling such as ST2, MYD88s, and IRAK-M. ST2 is a
member of the TIR family and possesses extracellular
immunoglobulin domains (TIR I). In this regard, normal
peritoneal macrophages from mice expressed little detectable
surface ST2, though ST2 was clearly detected at 4 hr after
LPS stimulation and was sustained for at least 48 hr
following the stimulation. Macrophages from ST2-deficient
mice were seen to produce large amounts of IL-6 and TNF-
alpha in response to IL-1, suggesting that ST2 is a negative
regulator of IL-1R signaling. The inhibitory effect of ST2 on
IL-1R signaling is due to sequestration of the adaptor
MyD88. MyD88s (splice variant of MyD88) and IRAK-M is
induced after treatment of monocytes with LPS [16,53,54].
Myd88s and IRAK-M work as natural inhibitors of MyD88
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and IRAK and shut down the signaling of IL-1R. These
molecules may therefore be potential therapeutic targets for

reducing IL-1 activity.
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