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Abstract

Objective: Atherosclerosis is an inflammatory disease in which T helper 1 (Th1) immunity has been proposed to play an important
¨role. Naıve CD41 T cells differentiate into interferon-g (IFN-g) producing Th1 effector cells when stimulated by interleukin-18 (IL-18)

2 /2and IL-12. We wanted to directly test whether the Th1 pathway is proatherogenic.Methods: We bred IL-18 mice with apolipoprotein
2 /2 2 /2 2 /2E (apoE ) mice and assessed atherosclerosis in the aortic root of the offspring.Results: 24-week-old IL-18 deficient apoE mice

2 1 /1 2 /2exhibited substantially reduced lesion size (93 866611 273 vs. 144 01969667mm in IL-18 3apoE mice,P50.005). Lesion cells
bin compound knockout mice displayed reduced I-A expression, implying reduced local IFN-g stimulation. These mice also had an

increased proportion ofa-SM-actin1 smooth muscle cells, compatible with a more stable lesion phenotype. Immunoglobulin G (IgG)
subclass analysis of antibodies to malondialdehyde-modified low density lipoprotein indicated increased Th2 and reduced Th1 helper to B

2 /2 2 /2cell antibody production. Surprisingly, serum cholesterol and triglyceride levels were significantly higher in IL-183apoE mice in
spite of their reduced atherosclerosis. However, no changes in lipoprotein cholesterol patterns were registered.Conclusion: These data

2 /2show reduced atherosclerosis and Th1 activity in spite of increased serum cholesterol in IL-18 deficient apoE mice. They support a
proatherogenic role for IL-18.
   2003 European Society of Cardiology. Published by Elsevier Science B.V. All rights reserved.
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1 . Introduction heat shock protein 60 (hsp60)[9,10] correlate with disease
development[3].

Inflammation plays an important role in the development Ample evidence points to an important role for both
of atherosclerosis and its complications[1–5]. Inflamma- innate and adaptive immune mechanisms in the disease
tory cells including monocyte/macrophages and T cells process, however, the precise mediators involved in its
infiltrate atherosclerotic lesions and markers of inflamma- pathogenesis are not fully elucidated. The T helper 1 cells
tion are elevated in individuals at risk as well as in patients (Th1) cytokine, interferon-g (IFN-g) and the immune
with atherosclerotic cardiovascular disease[6]. In addition, activating cell surface receptor pair CD40/CD154 (CD40
titers of antibodies to the atherosclerosis-associated an- ligand) are important proatherogenic factors, genetic de-
tigens, oxidized low density lipoprotein (oxLDL)[7,8], and ficiencies of which reduce atherosclerosis. On the other

hand, immunity carried by B cells appears to play an
atheroprotective role since transfer of B cells from atheros-
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clerotic mice to disease-prone ones, protects the latter from 59-GCCGCCCCGACTGCATCT-39 (oIMR182) recom-
developing severe disease. Interestingly, relative protection mended by the Jackson Laboratory, and the following
can also be obtained by immunization with candidate IL-18 gene primers: 59-
antigens such as oxidized low-density lipoprotein and heat TAATGGGTGGTCTTCTCATCTCTGTGT-39 (specific
shock protein 60. for the targeted gene), 59-TTGCTGCACCTAGAGGTAT-

¨Th1 differentiation is induced when naıve CD41 T cells GTACTGAC-39 (specific for the native IL-18 gene up-
recognize antigen under conditions when interleukin-12 stream of the targeting construct) and 59-
(IL-12) and interleukin-18 (IL-18) are present in the ATCGCCTTCTATCGCCTTCTTGACGAG-39 (specific
microenvironment. This initiates a program that involves for theneo resistance gene of the targeting construct) (Fig.

2 /2 2 /2 1 /1 2 /2T-cell activation, cell divisions, and the development of a 1). Ten IL-18 3apoE and 10 IL-18 3apoE
Th1 effector phenotype. The latter may include expression mice were sacrificed with an overdose of Ketalar at 24

of certain cell surface receptors and is manifested as a weeks of age. Sera were harvested, citrated, and frozen,
tendency to secrete interferon-g, tumor necrosis factor-a and the heart and proximal aorta dissected out and snap-
(TNF-a), and certain other cytokines when antigens are frozen in liquid nitrogen. All animal procedures were
again encountered by the Th1 effector cell[11]. approved by the Stockholm North Ethical Committee on

Human atherosclerotic lesions express Th1 cytokines as Animal Experiments.
well as the Th1 permissive cytokines IL-12 and IL-18.
Receptors for the latter cytokine are also abundant in 2 .2. Plasma lipids and lipoproteins
lesion cells and it has been speculated that IL-18 signalling
causes plaque destabilization. Interestingly, administration Total cholesterol and triglycerides were assayed using
of a plasmid encoding a soluble, recombinant IL-18 commercially available kits (Roche Molecular Biochemi-

2 /2binding protein to apolipoprotein E-knockout (apoE ) cals, Indianapolis, IN, USA). Size fractionation of lipopro-
reduced atherosclerosis after a 9-week treatment period teins was carried out by fast protein liquid chromatography
[12]. In another study, treatment of atherosclerotic (FPLC) using a micro-FPLC column (3030.32 cm

2 /2apoE mice with recombinant IL-18 led to an increased Superose6B, Amersham Pharmacia, Uppsala, Sweden)
size of atherosclerotic lesions[13]. These findings suggest coupled to a system for on-line separation and subsequent
that IL-18 aggravates existing atherosclerosis. However, detection of cholesterol[14]; 10 ml of plasma was injected
the effects of IL-18 on early atherosclerosis remained into the FPLC column from every animal, and the choles-
partly unclear since these studies were limited by the time terol content in lipoproteins was determined on-line using
frame during which the plasmid or recombinant protein the commercially available MPR 2 1 442 350 cholesterol
could be administered. assay kit (Roche), which was continuously mixed with the

To test the hypothesis that IL-18 accelerates separated lipoproteins at a flow rate of 40ml /min.
2 /2atherogenesis, we therefore crossed apoE mice with Absorbance was measured at 500 nm, and the data were

2 /2interleukin-18 mice. Our data show that this Th1 collected every 20th second using EZChrom software
inducing cytokine exerts an important, accelerating effect (Scientific Software, SanRamon, CA, USA).
on lesion growth and inflammatory activity.

2 .3. Tissue preparation and lesion analysis

2 . Methods Serial cryostat sections were cut from the proximal 1
mm of the aortic root. Hematoxylin-Oil red O-stained

2 .1. Generation of double-deficient mice

2 /2Male IL-18 mice were obtained from Research
 

Institute for Microbial Diseases, Osaka University, Japan.
2 /2They were bred with female apoE mice that were

originally obtained from The Jackson Laboratory, ME,
USA and which were routinely maintained in the Animal
Department of Center for Molecular Medicine, Karolinska
Institute, Stockholm, Sweden. Both strains were back-
crossed for more than 10 generations to the C57BL/6J
background. F1 heterozygotes were mated to obtain an F2
generation, which was genotyped to select male IL-

2 /2 2 /2 1 /1 2 /218 3apoE and IL-18 3apoE littermates that
were used for experiments. Genetic screening was carried
out by PCR on tail DNA using the apoE gene primers: Fig. 1. Genotyping of mice. Upper band shows PCR products characteris-

2 /259-GCCTAGCCGAGGGAGAGCCG-39 (oIMR180), 59- tic for ApoE (245 bp) and wild-type (155 bp) mice. Lower band
2 /2TGTGACTTGGGAGCTCTGCAGC-39 (oIMR181) and shows PCR products for IL-18 (350 bp) and wild-type (300 bp) mice.
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T able 1sections were used for computer-assisted morphometry as
Serum lipids in interleukin-18 (IL-18) competent and IL-18 deficientdescribed[15]. In brief, 10 sections were collected at every
apolipoprotein E knockout mice

100mm over a 1-mm segment of the aortic root. For each
IL-18 Serum cholesterol Serum triglyceridessection, images were captured in a computer and the

a agenotype (mmol / l ) (mmol / l )surface area of the lesions were measured.
1 /1IL-18 2061.7 1.3960.12
2 /2IL-18 3062.4* 2.860.23**2 .4. Immunohistochemistry

1 /1Values are means6S.E.M. *Significantly different from IL-18 :
1 /1P50.0004; **Significantly different from IL-18 :P50.007.Cryostat sections from the proximal aorta were fixed in

a For cholesterol, 1 mmol / l equals 25.91 g/dl; for trigycerides, 1acetone, air-dried, incubated with normal rat serum, and
mmol / l is 88.0 g/dl.

reacted with monoclonal antibodies. A rat monoclonal was
used to detect CD4, a biotinylated mouse monoclonal for

bI-A (both from PharMingen, San Diego, CA, USA), and
2 /2 2 /2an alkaline phosphatase labeled mouse monoclonal to stain18 3apoE mice in the F2 generation. The latter

anti-a-SM-actin of smooth muscle cells (Sigma, St Louis, were obtained at the expected Mendelian frequency and
MO, USA). Binding of rat monoclonals was revealed using did not display any morphogenetic abnormalities. How-

2 /2 2 /2biotinylated rabbit-anti-rat IgG (Vector Laboratories, Burl- ever, the average body weight in the apoE IL-18
2 /2ingame, CA, USA) and the binding of biotinylated anti- group was significantly higher than that of the apoE

b 1 /1bodies staining CD4 and I-A (both from BD PharMingen, IL-18 group (33.361.42 vs. 28.161.7 g, respectively,
CA, USA) was visualized with an avidin DH-biotinylated P50.035).
peroxidase complex (Vectastain ABC kit,Vector Laborator-
ies). The alkaline phosphatase-labeled monoclonals were3 .2. Lipids and lipoproteins
visualized using the Fast Red-based Alkaline phosphatase

1 /1 2 /2substrate kit I (Vector Laboratories). Immunohistochemical When compared with IL-18 3apoE mice, IL-18
data were obtained by manual counting of total cells in all deficient ones had significantly higher serum cholesterol
lesions of one section per mouse. The analysis wasand triglyceride levels (Table 1). However, fast perform-
validated when another investigator recounted the slides.ance liquid chromatography of sera did not reveal any
Both investigators were blinded with regard to the origin differences in lipoprotein distribution between groups (Fig.
of the slides (group, treatment) and inter-investigator 2). Therefore, the 50% increase in serum cholesterol was
difference was less than 15%. due to increases in all lipoprotein fractions.

2 .5. Anti-LDL antibodies 3 .3. Quantitation of atherosclerotic lesions

LDL (d51.019–1.063 g/ml) was obtained under sterile Atherosclerotic lesions were analyzed in the aortic root
conditions by ultracentrifugation of human plasma col-
lected from 10 donors. MDA modification was carried out
as described[5] and the extent of modification assessed by

 spectrophotometry at 400 and 470 nm. The titers of
specific anti-MDA-LDL and anti-LDL antibodies were
measured by ELISA, using alkaline phosphatase (for
IgG2a) or peroxidase (for IgG1) -labeled anti-mouse-IgG
[16].

2 .6. Statistical analysis

Results are expressed as mean6S.E.M. The data were
analyzed by Student’st-test. P,0.05 was considered as
statistically significant.

3 . Results

Fig. 2. Fast protein liquid chromatography (FPLC) analysis of lipopro-3 .1. Generation and characterization of IL-18 deficient
2 /2 tein–cholesterol profiles of mice sera. The absorbance, reflecting choles-apoE mice

terol concentration is plotted against retention time. From each of the
indicated groups, five individual mice were analyzed. Black lines: mean

2 /2 2 /2
2 /2 2 /2IL-18 mice were crossed with apoE mice and and 1 S.D. of apoE IL-18 mice; grey lines: mean and 1 S.D. of

2 /2 1 /1littermate F1 animals crossed to obtain homozygous IL- apoE IL-18 mice.
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2 /2 2 /2  of 24-week-old male IL-18 3apoE mice and their
1 /1 2 /2IL-18 3apoE littermates. The absence of IL-18 led

2to a reduction in lesion size, from 144 01969667mm to
293 866611 273mm (P50.005). When the fraction area of

lesions was calculated (i.e. lesion area/ total vessel area), a
similar reduction was registered (Fig. 3). Paradoxically,
increased serum cholesterol was therefore associated with

2 /2reduced atherosclerosis in IL-18 deficient apoE mice.

3 .4. Lesion composition

Immunohistochemical analysis of lesions revealed that
bexpression of the interferon-g inducible gene, I-A was

2 /2 2 /2significantly lower in IL-18 3apoE mice (Figs. 4
and 5c,d). The frequency of CD41 cells also tended to be

2 /2 2 /2lower in IL-18 3apoE mice (Fig. 5a,b;1665 vs.
22668 cells per 100mm ), however, this trend did not bFig. 4. Proportion of cells expressing I-A (% of all lesion cells) in

2 /2 1 /1 2 /2 2 /2reach statistical significance. In parallel with the reduction apoE IL-18 , compared to apoE IL-18 mice. Cryostat
b bof I-A expressing cells, there was an increase ina-SM- sections of the aortic root were stained for I-A with avidin–biotin–

2 /2 peroxidase immunostaining, and counterstained with hematoxylin. Anti-actin positive smooth muscle cells in the IL-183
2 /2 body positive cells and the total number of cells were counted at 4003apoE mice (Figs. 5e,f and 6).

magnification. Data show mean6S.E.M. (n510 per group), *P5
0.000265.

3 .5. Anti-LDL antibodies
to a switch from Th1 to Th2 in the immune response to

To estimate the extent to which IL-18 abrogation this autoantigen.
affected T helper cells in the humoral immune response to
oxidized low density lipoproteins (LDL), we analyzed
immunoglobulin G (IgG) isotypes of autoantibodies to 4 . Discussion

2 /2 2 /2modified LDL. As shown inFig. 7, IL-18 3apoE
mice displayed a significant, threefold increase in IgG1 The present data support the notion that Th1 signalling
antibodies to MDA-LDL. IgG2a antibodies showed a non- aggravates atherosclerosis and implicate IL-18 as an
significant 1.4-fold increase in the IL-18 deficient mice. important mediator of this effect. When compared with

2 /2The IgG2a/ IgG1 ratio was therefore reduced by 50%, from IL-18 competent littermates, the compound IL-183
2 /22.6 to 1.3. This implies that the loss of IL-18 signalling led apoE mice exhibited a substantial, 35% reduction in

the size of atherosclerotic lesions. Furthermore, lesions
contained an increased proportion ofa-SM-actin1 smooth 

muscle cells and reduced interferon-g dependent gene
expression, implying increased lesion stability with re-
duced immune activation. This is in line with previous
findings of reduced IFN-g production in IL-18 deficient
mice and serum IFN-g level [17–20]. Remarkably, the
reduction in atherosclerosis occurred in spite of a 50%
increase in serum cholesterol in the IL-18 deficient ani-
mals. These data clearly demonstrate that IL-18 is a
proatherogenic mediator.

Several previous studies have implicated IL-18 in the
pathogenesis of atherosclerosis. Mallat et al. showed that
this cytokine is expressed in human atherosclerotic plaques
and up-regulated in unstable plaques[21]. Functional IL-
18 receptors are expressed by vascular cells and transduce
IL-18 signals, which may also be produced by cells present
in atherosclerotic lesions[22]. Treatment of atherosclerotic2 /2 1 /1 2 /2Fig. 3. Atherosclerotic lesions in apoE IL-18 and apoE IL-

2 /2 mice with recombinant IL-18 aggravates disease[13],18 mice (n510 in each group, mean6S.E.M.). Data show the average
while transfection with an inhibitory IL-18 binding proteinlesion size in cross-sections from the aortic root. The two groups were

2 /2
significantly different, *P50.005. plasmid reduces advanced disease in apoE mice[12].
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2 /2 2 /2 1 /1 2 /2 bFig. 5. Immunohistochemical analysis of lesions in IL-183apoE and IL-18 3apoE mice. Cryostat sections were stained for I-A (a, b) and
CD4 (c, d) using immunoperoxidase (brown staining), and fora-actin in smooth muscle cells (a-SM-actin) by alkaline phosphatase-labelled antibodies (e,

2 /2 2 /2 1 /1 2 /2f; red staining). Sections (a), (c) and (e) are from IL-183apoE mice, while (b), (d) and (f) are from IL-18 3apoE mice. Magnification 4003
(scale: 1 cm5190 mm).

 

 

Fig. 6. Proportion of smooth muscle cells expressinga-actin (a-SM-
actin) in atherosclerotic lesions. Cryostat sections of the aortic root were
stained fora-SM-actin by alkaline phosphatase-labelled antibodies and Fig. 7. Immunoglobulin G isotypes of antibodies to malondialdehyde-
counterstained with hematoxylin. Antibody-positive cells and the total modified low density lipoproteins (MDA-LDL). ELISA analysis of
number of cells per lesion were counted at 4003 magnification. Data antibody titers (mean6S.E.M.); values represent absorbance to plates
represent antibody-positive cells as percent of all cells (n510 per group, coated with MDA-LDL divided by the absorbance to plates with native
mean6S.E.M.), *P50.0085. LDL, *P50.024.
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Interestingly, no disease aggravating effect of IL-18 could However, it is likely that the lack of IL-18 played a
2 /2be discerned in interferon-g deficient apoE mice, decisive role for the Th1→Th2 switch observed in the

implying that IL-18 enhances atherosclerosis through present study.
release of interferon-g [13]. However, these short-term It is possible that the proatherogenic effect of IL-18 is
treatment studies did not clarify whether IL-18 acts on the exerted in the secondary lymphoid organs, where it
vessel wall or through lipid metabolism when it worsens promotes Th1 differentiation. If correct, this would imply
atherosclerosis. The first generation of a double knockout that the reduced interferon-g signalling in lesions is due to
mouse permitted us to address this question and to a systemic reduction in Th1 cells rather than to a local
determine the long-term effects of IL-18 deficiency on action of IL-18 in the lesions. This hypothesis is in line
atherosclerosis. with the finding of changes in systemic adaptive immunity

Our present data show that IL-18 deficiency reduces in parallel with the effects on the disease process in the
atherosclerosis in spite of increased serum cholesterol. The artery wall.

2 /2 2 /2latter effect was not due to a shift from VLDL/LDL to To summarize, our analysis of IL-183apoE
HDL since all lipoprotein fractions were affected to mice has shown reduced atherosclerosis despite increased
approximately the same extent. These findings suggest that serum cholesterol and provided data suggesting reduced
IL-18 does not act on a single, specific step in lipoprotein local interferon-g signalling and increased plaque stability.
conversion such as a lipase. Instead, it might modulate These findings corroborate the notion that IL-18 is a
cholesterol uptake or synthesis. However, the effect of proatherogenic cytokine which acts by promoting the
IL-18 on cholesterol metabolism requires further study. development of interferon-g secreting Th1 type CD41 T

bIL-18 deficient mice exhibited reduced I-A expression, cells. They suggest that inhibition of the IL-18/Th1/ inter-
implying reduced interferon-g signalling, in their atheros- feron-g pathway could be an attractive approach for
clerotic lesions. This is in line with the recent finding that treatment of atherosclerosis.
the proatherogenic effect of recombinant IL-18 is abro-
gated in interferon-g deficient mice[13] and suggests that
IL-18 aggravates atherosclerosis by inducing interferon-g, A cknowledgements
which acts on lesion cells to accelerate the disease process.
Importantly, interferon-g is a macrophage-activating cyto- We thank Inger Bodin for excellent technical assistance.
kine, upregulates adhesion molecule expression on endo-Our work was supported by the Swedish Research Council
thelial cells, and inhibits smooth muscle proliferation and ¨(projects 6816 and 14053), Torsten and Ragnar Soderberg
a-actin expression[23]. The increased proportion ofa- Foundation, Hedlund Foundation, the Swedish Institute,

2 /2 2 /2SM-actin1 smooth muscle cells in IL-18 3apoE the Swedish Heart-Lung Foundation, the Swedish Founda-
mice may therefore reflect reduced interferon-g signalling. ¨tion for Strategic Research, Gronberg, Ruth and Richard
Since differentiated smooth muscle cells contribute tensile Julin Foundation and the Karolinska Institute Foundation.
strength to arterial tissue, the increased proportion of such

2 /2 2 /2cells in the IL-18 3apoE mice suggests that their
lesions were more stable than those in IL-18 competent

R eferences2 /2apoE mice. This, in turn, may imply that IL-18
secretion contributes to lesion destabilization, plaque rup-

[1] R oss R. Atherosclerosis—an inflammatory disease. N Engl J Med
ture, and arterial thrombosis. Again, further studies will be 1999;340:115–125.
required to clarify whether this is the case. [2] v an der Wal AC, Becker AE, van der Loos CM, Das PK. Site of

The primary target for IL-18 is likely to be the CD41 T intimal rupture or erosion of thrombosed coronary atherosclerotic
plaques is characterized by an inflammatory process irrespective ofcell. Under the influence of IL-18 and IL-12, antigen-
the dominant plaque morphology. Circulation 1994;89:36–44.¨exposed naıve CD41 T cells differentiate into Th1 effec-

[3] H ansson GK. Immune mechanisms in atherosclerosis. Arterioscler
tor cells, which secrete interferon-g. Since atherosclerotic Thromb Vasc Biol 2001;21:1876–1890.
lesions contain abundant CD41 T cells as well as [4] L ee RT, Libby P. The unstable atheroma. Arterioscler Thromb Vasc
interferon-g [24], both CD41 T cells and interferon-g Biol 1997;17:1859–1867.

[5] R idker PM, Cushman M, Stampfer MJ, Tracy RP, Hennekens CH.have been shown to aggravate disease[25,26], and the
Inflammation, aspirin, and the risk of cardiovascular disease inproatherogenic effect of recombinant IL-18 is mediated
apparently healthy man. N Engl J Med 1997;336:973–979.

through interferon-g [13], it is likely that an absence or ˚[6] F rostegard J, Ulfgren AK, Nyberg P et al. Cytokine expression in
paucity of Th1 effector cells in lesions accounts for the advanced human atherosclerotic plaques: dominance of pro-inflam-

2 /2 2 /2reduced atherosclerosis in IL-18 3apoE mice. The matory (Th1) and macrophage-stimulating cytokines. Atherosclero-
sis 1999;145:33–43.isotype switch observed for T-cell dependent antibodies to

[7] P alinski W, Tangirala RK, Miller E, Young SG, Witzum JL.MDA-LDL indicates that these mice have a profound,
Increased autoantibody titers against epitopes of oxidized LDL in

systemic Th1→Th2 switch. In addition to lack of IL-18, LDL receptor-deficient mice with increased atherosclerosis. Ar-
this switch may be prompted by severe hypercholes- terioscler Thromb Vasc Biol 1995;15:1569–1576.
terolemia, which occurred in IL-18 deficient mice[16]. [8] V aarala O. Autoantibodies to modified LDLs and other phos-

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/59/1/234/282969 by guest on 16 August 2022



R. Elhage et al. / Cardiovascular Research 59 (2003) 234–240240

pholipid-protein complexes as markers of cardiovascular diseases. J [17] T akeda K, Tsutsui H, Yoshimoto T et al. Defective NK cell activity
Intern Med 2000;247:381–384. and Th1 response in IL-18 deficient mice. Immunity 1998;8:383–

[9] Z hu J, Quyyumi AA, Rott D et al. Antibodies to human heat-shock 390.
protein 60 are associated with the presence and severity of coronary [18] S ugawara I, Yamada H, Kaneko H et al. Role of interleukin-18
artery disease. Evidence for an autoimmune component of (IL-18) in Mycobacterial infection in IL-18-gene-disrupted mice.
atherogenesis. Circulation 2001;103:1071–1075. Infect Immun 1999;67:2585–2589.

[10] M ayr M, Metzler B, Kiechl S et al. Endothelial cytotoxicity [19] W ei X, Leung BP, Niedbala W et al. Altered immune responses and
mediated by serum antibodies to heat shock proteins ofEscherichia susceptibility to Leishmania major and Staphylococcus aureus
coli and Chlamydia pneumoniae. Immune reactions to heat shock infection in IL-18-deficient mice. J Immunol 1999;163:2821–2828.
proteins as a possible link between infections and atherosclerosis. [20] H ochholzer P, Lipford GB, Wagner H, Pfeffer K, Heeg K. Role of
Circulation 1999;99:1560–1566. interleukin-18 (IL-18) during lethal shock: decreased lipopolysac-

[11] M anetti R, Gerosa F, Giudizi MG et al. Interleukin-12 induces stable charide sensitivity but normal superantigen reaction in IL-18-de-
priming for interferon gamma (IFN-g) production during differentia- ficient mice. Infect Immun 2000;68:3502–3508.
tion of human T helper (Th) cells and transient IFN-g production in [21] M allat Z, Corbaz A, Scoazec A et al. Expression of interleukin-18 in
established Th2 cell clones. J Exp Med 1994;179:1273–1283. human atherosclerotic plaques and relation to plaque instability.

[12] M allat Z, Corbaz A, Scoazec A et al. Interleukin-18/ interleukin-18 Circulation 2001;104:1598–1603.
binding protein signaling modulates atherosclerotic lesion develop- [22] G erdes N, Sukhova GK, Libby P et al. Expression of interleukin
ment and stability. Circ Res 2001;89:e41–e45. (IL)-18 and functional IL-18 receptor on human vascular endothelial

[13] W hitman SC, Ravisankar P, Daugherty A. Interleukin-18 enhances cells, smooth muscle cells, and macrophages: implications for
2 /2atherosclerosis in apolipoprotein E mice through release of atherogenesis. J Exp Med 2002;195:245–257.

interferon-g. Circ Res 2002;90:e34–e38. [23] H ansson GK, Hellstrand M, Rymo L, Rubbia L, Gabbiani G.
¨[14] G ullberg H, Rudling M, Forrest D, Angelin B, Vennstrom B. Interferon gamma inhibits both proliferation and expression of

Thyroid hormone receptor beta-deficient mice show complete loss of differentiation-specifica-smooth muscle actin in arterial smooth
normal cholesterol 7a-hydroxylase (CYP7A) response to thyroid muscle cells. J Exp Med 1989;170:1595–1608.
hormone but display enhanced resistance to dietary cholesterol. Mol [24] H ansson GK, Holm J, Jonasson L. Detection of activated T
Endocrinol 2000;14:1739–1749. lymphocytes in the human atherosclerotic plaque. Am J Pathol

[15] N icoletti A, Kaveri S, Caligiuri G, Bariety J, Hansson GK. 1989;135:169–175.
Immunoglobulin treatment reduces atherosclerosis in apoE knockout [25] G upta S, Pablo AM, Jiang X et al. IFN-g potentiates atherosclerosis
mice. J Clin Invest 1998;102:910–918. in apoE knockout mice. J Clin Invest 1997;99:2752–2761.

[16] Z hou X, Paulsson G, Stemme S, Hansson GK. Hypercholes- [26] Z hou X, Nicoletti A, Elhage R, Hansson GK. Transfer of CD4(1) T
terolemia is associated with a T helper (Th)1/Th2 switch of the cells aggravates atherosclerosis in immunodeficient apolipoprotein E
autoimmune response in atherosclerotic apoE-knockout mice. J Clin knockout mice. Circulation 2000;102:2919–2922.
Invest 1998;101:1717–1725.

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/59/1/234/282969 by guest on 16 August 2022


	Reduced  atherosclerosis in interleukin-18 deficient apolipoprotein  E-knockout mice
	Introduction
	Methods
	Generation of double-deficient mice
	Plasma lipids and lipoproteins
	Tissue preparation  and lesion analysis
	Immunohistochemistry
	Anti-LDL antibodies
	Statistical analysis

	Results
	Generation  and characterization of IL-18 deficient apoE-/- mice
	Lipids and lipoproteins
	Quantitation of atherosclerotic lesions
	Lesion composition
	Anti-LDL antibodies

	Discussion
	Acknowledgements
	References


