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Increased Autoantibody Titers Against Epitopes
of Oxidized LDL in LDL Receptor-Deficient
Mice With Increased Atherosclerosis

Wulf Palinski, Rajendra K. Tangirala, Elizabeth Miller, Stephen G. Young, Joseph L. Witztum

Abstract Increasing evidence indicates that immune pro-
cesses modulate atherogenesis. Oxidized LDL (Ox-LDL) is
immunogenic, and autoantibodies recognizing epitopes of Ox-
LDL have been described in plasma and in atherosclerotic
lesions of several species. To determine whether the titer of
such autoantibodies correlates with the extent of atherosclero-
sis, we followed the development of antibodies against malon-
dialdehyde-lysine, an epitope of Ox-LDL, in two groups of
LDL receptor—deficient mice for 6 months. One group was fed
an atherogenic diet (21% fat and 0.15% cholesterol) that
resulted in marked hypercholesterolemia and extensive aortic
atherosclerosis; the other group was fed regular rodent chow
(4% fat) that did not alter plasma cholesterol levels and
induced minimal atherosclerosis. Autoantibody titers signifi-

cantly increased over time in the group on the atherogenic diet,
whereas they remained constant in the chow-fed group. When
data from both groups were pooled, a significant correlation
was found between the autoantibody titers and the extent of
atherosclerosis (r=.61, P<.01). Autoantibody titers also corre-
lated with plasma cholesterol levels (r=.48, P<.05). These
results suggest that the rise in autoantibody titers to an epitope
of Ox-LDL in this murine model is partially determined by the
extent of atherosclerosis but could also be influenced by the
degree of hypercholesterolemia or other factors that may
influence lipid peroxidation. (Arterioscler Thromb Vasc Biol.
1995;15:1569-1576.)

Key Words e oxidized lipoproteins e autoantibodies e
atherosclerosis @ immune system e mice

xidized lipoproteins are thought to contribute to
atherogenesis by a number of mechanisms (for
review, see References 1 through 3). During
oxidative modification, reactive products resulting from
lipid peroxidation form adducts with free amino groups
of lysines and other amino acid residues of apoB. Even
minor modifications of apoB render it highly immuno-
genic,* and in vitro modified LDL can be utilized to
generate antibodies against various epitopes of oxidized
LDL (Ox-LDL).5#® These antibodies have been used to
demonstrate the occurrence of Ox-LDL in atheroscle-
rotic lesions.5711 Ox-LDL present in vivo also appears to
induce an immune response. Indeed, autoantibodies to
epitopes of Ox-LDL have been demonstrated in the
plasma of several species,”!%1213 and immunoglobulins
extracted from atherosclerotic lesions contain antibodies
recognizing epitopes of Ox-LDL." Some of these anti-
bodies are present in lesions as part of immune com-
plexes with Ox-LDL.'* In addition, T cells isolated from
human atherosclerotic lesions specifically respond to
Ox-LDL.'5
It is increasingly recognized that the immune system
can modulate the atherogenic process and that both
humoral and cell-mediated responses may be involved.
Xu et al'® have shown that an inflammatory type of
lesion can be induced in the aorta of normocholesterol-
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emic rabbits by immunization with heat-shock protein
65. Hyperimmunization of LDL receptor—deficient rab-
bits with malondialdehyde (MDA)-modified homolo-
gous LDL results in very high titers of antibodies with
specificities similar to those of naturally occurring au-
toantibodies, and this intervention significantly reduces
the progression of atherosclerosis.'” This suggests that
under certain conditions the activation of the humoral or
cellular immune system may play a beneficial role in
atherogenesis.

The oxidative modification of LDL may lead to the
formation of a variety of immunogenic structures.!s:!
We have termed these “oxidation-specific” epitopes.®’
However, to date only a few model epitopes of Ox-LDL
have been demonstrated in vivo.®-'° Similarly, screening
for autoantibodies has been performed with only a small
number of antigens. The predominant population of
autoantibodies to epitopes of Ox-LDL described to date
is specific for MDA-lysine. As MDA may also be formed
by processes unrelated to lipoprotein modification, eg,
as a by-product of prostaglandin and leukotriene forma-
tion, or other processes in which lipid peroxidation
occurs,!8 a priori it cannot be assumed that Ox-LDL is the
only or even the predominant immunogen inducing the
formation of MDA-lysine-specific autoantibodies in vivo.
The assumption that Ox-LDL is the source of the MDA-
lysine epitope would be strengthened if a correlation
between the extent of atherosclerotic lesions and the
autoantibody titer to MDA-LDL could be established.

Several studies of human subjects describe higher
titers of circulating autoantibodies to MDA-LDL and
other epitopes of Ox-LDL in patients with increased
carotid atherosclerosis, coronary artery disease, diabe-
tes, and peripheral vascular disease.'220-2¢ However, it is
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not clear whether the increased antibody titer reflects
larger amounts of antigen in more extensive atheroscle-
rotic lesions, proinflammatory conditions leading to the
oxidative modification of LDL, or hypercholesterolemia
itself, which may cause enhanced lipid peroxidation.?’
ApoE-deficient mice have autoantibody titers against
MDA-lysine and other epitopes of Ox-LDL that are
severalfold higher than those found in humans, rabbits,
or chow-fed C57BL/6 mice.!° These apoE-deficient mice
have very high plasma cholesterol values and spontane-
ously develop extensive aortic atherosclerosis even on a
low-fat, low-cholesterol diet. In contrast, the degree of
hypercholesterolemia is relatively mild in LDL receptor—
deficient mice fed regular rodent chow, and extensive
atherosclerosis of the aorta is seen only in animals fed a
high-fat, cholesterol-rich diet.282° To test the hypothesis
that increased lesion formation raises the titers of autoan-
tibodies by increasing the exposure to the immunogen
(Ox-LDL), we therefore determined the autoantibody ti-
ters in LDL receptor—deficient mice fed diets designed to
induce either minimal or very extensive atherosclerosis and
correlated the autoantibody titers with the extent of
atherosclerosis.

Methods

Mice

Sixteen 2- to 3-month-old homozygous LDL receptor—defi-
cient mice (hybrids between C57BL/6J and 129Sv strains;
Jackson Laboratory)?® were divided into two groups of 8
animals each and matched for gender, body weight, and total
plasma cholesterol and triglyceride levels. One group was fed
an atherogenic high-fat diet containing 21.2% fat and 0.15%
cholesterol but no cholic acid (TD 88137; Harlan Teklad); the
other group was fed a control diet containing 4% fat (regular
rodent diet W860; Harlan Teklad). Dietary intervention lasted
for 6 months, during which plasma cholesterol and triglyceride
levels and autoantibody titers were monitored at monthly
intervals by testing 100-uL blood samples obtained from the
retro-orbital plexus and collected in heparinized hematocrit
tubes. At the end of the experiment, 1 to 1.5 mL of blood was
obtained by cardiac puncture; 1000 U/mL heparin was added to
each sample. Total plasma cholesterol and triglyceride levels
were determined by using an automated enzymatic technique
(Boehringer Mannheim). Aliquots of plasma for the determi-
nation of autoantibody titers were stored at —70°C.

Determination of Antibody Titers

The titer of autoantibodies in all plasma samples from the
same experimental group was determined in a single assay by
using solid-phase radioimmunoassay techniques.® Human LDL
modified in vitro with MDA or native LDL was used as antigen,
and the amount of autoantibody bound was detected with '*1-
labeled goat anti-mouse IgG, IgM (Sigma), or IgA (Zymed). We
defined a titer as the ratio of antibody binding to MDA-LDL (or
native LDL) divided by the binding to “postcoat.”2° The postcoat,
a 2% bovine serum albumin solution, blocked any adsorptive sites
on the plastic wells after the plating of the antigen.®2° Mouse sera
were used at varying dilutions as indicated in the legends to
figures.

Morphometric Determination of Atherosclerosis

The extent of atherosclerosis was determined in the entire
aorta of the LDL receptor—deficient mice.!*30 Mice were
killed, and the aorta was perfusion-fixed via a cannula inserted
into the left ventricle; unrestricted efflux was allowed from an
incision in the right atrium. Blood was removed by perfusion
with phosphate-buffered saline containing 20 umol/L butylated
hydroxytoluene and 2 mmol/L EDTA, pH 7.4. The perfusion

was continued for 20 minutes with formal-sucrose (4% para-
formaldehyde, 5% sucrose, 20 umol/L butylated hydroxytolu-
ene, and 2 mmol/L EDTA, pH 7.4) to obtain an initial fixation.
The aorta was dissected from the aortic valve to the iliac
bifurcation, opened longitudinally, and pinned flat on a black
wax surface. After overnight fixation with formal-sucrose and a
12-hour rinse in phosphate-buffered saline, the aortas were
stained with Sudan IV.'0 Images of three segments per aorta
were captured with a Sony DXC-960MD three-chip CCD color
video camera. Image analysis was performed on 24-bit color
images by using OPTIMAS 4.0 (Bioscan) image-analysis software,
an Oculus TCX true-color frame grabber with 4 Mb of frame
buffer memory (Coreco), and a separate VGA image moni-
tor.3" A threshold was selected for the three basic colors so that
the shape of the highlighted threshold area on the processed
image corresponded as closely as possible to that of the actual
lesions. The stained arteries, viewed through a stereo micro-
scope, served as a reference during the imaging. The size of the
lesion areas was then determined by the software. The surface
area of the aortic segment itself was determined by using an
auto-tracing feature that follows the contrast between the
vessel and the black background. Results were expressed as
percent of the aorta covered by atherosclerotic lesions.

Immunocytochemistry

Paraffin-embedded sections of the aortic root of LDL recep-
tor—deficient mice were immunostained with the avidin-biotin—
alkaline phosphatase method'? by using two guinea pig antisera
against epitopes generated during the oxidative modification of
LDL, MAL-2 (specific for MDA-lysine) and HNE-7 (specific
for 4-hydroxynonenal-lysine),® as well as a rabbit antiserum to
murine macrophages (AIA31240; Accurate Chemical and Sci-
entific Corp). Primary antibodies bound to the tissue were
detected by using biotinylated anti-guinea pig or anti-rabbit
immunoglobulins (Vector Labs). Endogenous mouse immuno-
globulins present in lesions were detected with biotinylated
antibodies against murine IgG and IgM (Vector Labs). Control
slides were incubated without primary antibody.

Statistical Analysis

Data on total plasma cholesterol levels and extent of athero-
sclerosis were compared by using Student’s unpaired ¢ test.
Correlations between amount of autoantibodies, extent of
lesions, and plasma cholesterol levels were determined by using
linear regression. Multivariate ANOVA for repeated measure-
ments was used to compare parameters in experiments with
multiple groups or time-course experiments.

Results

To determine if autoantibody titers would correlate
with the extent of atherosclerosis, we measured the
autoantibody titers in LDL receptor—deficient mice fed
either a control (4% fat) or a high-fat (21.2% fat and
0.15% cholesterol) diet over a 6-month period. As
expected, consumption of the high-fat diet led to a five-
to sixfold increase in total plasma cholesterol levels that
was achieved within 1 month of initiation of the diet.
The plasma cholesterol levels subsequently remained
steady during the following 5 months of the experiment
(Fig 1). By contrast, plasma cholesterol levels in mice fed
the control diet remained stable throughout the experi-
ment. After 6 months, 6 of the 8 animals fed the control
diet failed to display any lesions in the aorta (Fig 2A); 2
animals had minimal lesions that involved less than 0.5%
of the surface area. In sharp contrast, all animals fed the
high-fat diet showed extensive atherosclerosis through-
out the aorta (18.72.4% of the aortic surface; Fig 2B)
at sites with a typical predilection for lesions (eg, the
arch, the branch sites of the mesenteric and renal
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arteries, and the iliac bifurcation), and both the distri-
bution and extent of the lesions were remarkably con-
stant in all 8 animals of this group (Fig 2C). Examination
of cross-sections of the heart at the level of the aortic
valve revealed atherosclerotic lesions of various stages in
both groups, but lesions were far more extensive in the
high-fat—diet group. As we have recently shown, the
extent of atherosclerosis in the aortic origin correlates
with the extent of lesions formed in the entire aorta in
LDL receptor—deficient mice.?°

Immunocytochemistry revealed that immunoglobulins
of the IgM and IgG class were quite prevalent in these
lesions (Fig 2D and 2E, respectively). Immunostaining

Fic 1. Top, Total plasma cholesterol levels in LDL receptor—
deficient mice fed the low-fat control or high-fat diet containing
0.15% cholesterol during the 6-month study (mean=SEM, n=8
in each group). Bottom, Binding of autoantibodies in a 1:256
dilution of mouse plasma to human malondialdehyde (MDA)-LDL
(circles, left scale) or to native (unmodified) human LDL (squares,
right scale) over the 6-month dietary intervention. Antigen was
plated at 5 ug/mL in this solid-phase radioimmunoassay, and
bound antibodies were detected with '?°|-labeled goat anti-
mouse IgG as described in “Methods.” Results are reported as
the ratio of antibody binding to MDA-LDL (or native LDL) divided
by binding to postcoat (mean=SEM, n=8, where the data for
each animal represented the mean of duplicate determinations).
Antibody binding to MDA-LDL was significantly higher in the
high-fat-diet group than in the control-diet group (multiway
ANOVA for repeated measurements, P<.0005). The low, con-
stant binding to native LDL in animals fed both diets indicates
the lack of autoantibodies specific for native LDL. Error bars
smaller than the symbol size are not shown in the figure.

with guinea pig antisera against two model epitopes of
Ox-LDL, 4-HNE-lysine and MDA-lysine, demon-
strated the occurrence of these oxidation-specific epi-
topes in atherosclerotic lesions of LDL receptor—defi-
cient mice (Fig 2G and 2H, respectively), often in the
same distribution as that of macrophage/foam cells (Fig
2F). The distribution of these epitopes within lesions
resembled that observed in apoE-deficient mice and
other animal models of atherosclerosis.

At the beginning of the experiment animals of both
dietary groups had similar titers of IgG autoantibodies
binding to MDA-LDL (Fig 1). Autoantibody titers,
expressed as the ratio of antibody binding to MDA-LDL
divided by that to postcoat (2% bovine serum albumin),
remained constant throughout the 6 months of observa-
tion in the group fed the control diet. In contrast,
antibody concentrations rose continuously in the mice
on the high-fat diet (P<.0005 between the two groups).
The ratio of the binding of IgG to LDL/binding to
postcoat remained at a low and constant level in both
groups, indicating the lack of high-affinity autoantibod-
ies to native, unmodified LDL (Fig 1).

When data from all LDL receptor—deficient mice
were analyzed together, the extent of aortic lesions
correlated both with total plasma cholesterol levels
(r=.93, P<.0001) and the titer of IgG autoantibodies
(r=.61, P<.01) (Fig 3). There was a weaker but still
significant correlation between the autoantibody titer
and the total plasma cholesterol level (r=.48, P<.05)
(Fig 3). However, it should be noted that whereas the
plasma cholesterol levels rose promptly after initiation
of the high-fat diet (Fig 1), the rise in the antibody titer
to MDA-LDL occurred much more slowly and peaked
only toward the end of the intervention period (Fig 1).

Autoantibodies of the IgM class followed the same
pattern as the IgG antibodies, ie, they increased over
time in the group on the high-fat diet, whereas they
remained fairly constant in the group on the control diet.
By contrast, no significant differences between experi-
mental groups were detected in IgA autoantibodies. Fig
4 shows the individual binding ratios for IgG, IgM, and
IgA autoantibodies in the plasma samples obtained after
167 days.

Discussion

Ox-LDL is highly immunogenic,* and autoantibodies
against various epitopes of Ox-LDL are found in the
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plasma and within atherosclerotic lesions.7-10.14 We
therefore hypothesized that oxidized lipoproteins consti-
tute a major source of the immunogen inducing the
formation of these autoantibodies. Because oxidation-
specific epitopes are found primarily in atherosclerotic
tissues in animal models of atherosclerosis,” we assume
that a large proportion of the oxidized lipoproteins
occurs in the vascular wall. If this is the case, the amount

Vol 15, No 10 October 1995

of Ox-LDL antigen present would be a function of the
extent of atherosclerosis. In this study we determined
the autoantibody titers against MDA-lysine, an epitope
formed during the oxidative modification of lipopro-
teins, in LDL receptor—deficient mice fed two diets that
induced vastly different degrees of hypercholesterolemia
and atherosclerosis. In the animals fed the atherogenic
diet but not in controls there was a prompt increase in
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Fic 2 (facing page). Photomicrographs showing atherosclerotic
lesions of LDL receptor-deficient mice. A, Aorta of a mouse fed
control chow. To obtain a flat preparation for imaging, the aorta
was opened longitudinally, the arch was dissected along the
major curvature, and half the arch was folded to the left. No
lesions were detectable in this aorta, and only 2 of 8 animals
showed any atherosclerosis in the entire aorta (less than 0.5% of
the surface area). B, Aorta of an animal fed the high-fat diet.
Lesions were found primarily in the arch and in the vicinity of the
orifices of branching arteries. C, Sudan |V-stained aortas from 3
LDL receptor—deficient mice fed the high-fat diet. Lesion distri-
bution was remarkably consistent in these mice and 18.7+2.4%
of the aortic surface area was covered by lesions. Atheroscle-
rotic lesions were found in cross-sections of the aortic origin of
animals fed the high-fat diet (shown here) and in animals fed the
control diet, although lesions were far less extensive in the latter
group. D through H, Immunocytochemical staining of an ad-
vanced lesion in the aortic origin of an LDL receptor—deficient
mouse. Sections of the proximal aorta were cut perpendicular to
the aortic root and stained with the avidin-biotin-alkaline phos-
phatase method. Specific epitopes recognized by the primary
antibody are indicated by red; nuclei were counterstained with
methyl green. The lesion shown in these serial but nonconsec-
utive sections initially covered the entire aortic wall between the
origins of the aortic valve leaflet (L) and progressively occluded
most of the lumen. In addition to the central lumen, a small area
adjacent to the leaflet containing red blood cells (arrow) is visible
in some sections. Lesions contained IgM (D) and IgG (E) (both
stained with 1:200 dilutions of biotinylated antisera against the
respective murine immunoglobulin) and macrophages (F;
stained with a 1:350 dilution of a rabbit antiserum against mouse
macrophages). Immunostaining with HNE-7, a guinea-pig anti-
serum against 4-HNE-lysine (G; 1:400 dilution), and MAL-2, an
antiserum against malondialdehyde-lysine (H; 1:250 dilution) dem-
onstrates the presence of epitopes formed during the oxidative
modification of LDL in these lesions. Staining with HNE-7 and
MAL-2 was predominantly found in macrophage-rich areas (D
through H, x85; bar=100 pm).

plasma cholesterol levels that was sustained for the
6-month intervention. In these mice, the autoantibody
titers gradually increased over time, and at the end of
the intervention period achieved levels three- to fourfold
above starting titers. A significant correlation was found
between the autoantibody titers at the end of the study
and the extent of atherosclerosis.

The titer of autoantibodies may be influenced not only
by the amount of antigen, its immunogenic properties,
and the tissue sites where it occurs, but also by complex
regulatory mechanisms of the cellular and humoral
immune system. Therefore, one could not assume, a
priori, that there would be a direct correlation between
the titer and the amount of antigen (indicated by the
extent of lesion). Nevertheless, the results of our study in
LDL receptor—deficient mice suggest that such a corre-
lation exists in this model and that the autoantibody
titers reflect the generation of oxidized lipoproteins that
accumulate in atherosclerotic lesions.

Alternatively, the increase in antibody titer response
could reflect the generation of antigen by hypercholes-
terolemia itself. Hypercholesterolemia may lead to en-
hanced generation of reactive oxygen species by endo-
thelial cells,?” which in turn could drive lipid
peroxidation and formation of MDA-lysine adducts in
lesions. Hypercholesterolemia could also lead to en-
hanced lipid peroxidation in nonarterial tissues. For
example, Liao et al*' have demonstrated that increased
conjugated dienes occur in the liver of cholesterol-fed
mice. Indeed, in our study the antibody titers at the end
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Fic 3. Correlation between average total plasma cholesterol
during the 6 months of observation and the extent of atheroscle-
rosis in the entire aorta (r=.93, P<.0001) (top). Correlation
between the extent of atherosclerosis in the aorta and the titer of
IgG autoantibodies to malondialdehyde (MDA)=LDL in the
plasma samples obtained after 167 days (expressed as the
MDA-LDL/postcoat binding ratio of antibodies in a 1:1024 dilu-
tion of murine plasma) (r=.61, P<.01) (middle). Correlation
between average total plasma cholesterol and the autoantibody
titer to MDA-LDL in the plasma sample obtained after 167 days
(r=.48, P<.05) (bottom). The regression line and 95% confi-
dence intervals were calculated from the pooled data from
animals fed the high-fat and control diets.

of the experiment also correlated with the plasma cho-
lesterol levels, albeit to a lesser degree than with the
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Fic 4. Autoantibodies of the IgG, IgA, and IgM type in the
plasma of LDL receptor—deficient mice fed the high-fat (n=8) or
low-fact control (n=8) diet for 167 days. Data are presented as
the ratio of the antibody binding to MDA-LDL divided by the
binding to postcoat (BSA). Serum dilution was 1:1024 for IgG
and 1:258 for IgM and IgA type antibodies. Differences between
animals on the high-fat diet and control diets were significant for
IgG and IgM (P<.0005) but not significant for IgA.

extent of atherosclerosis (r=.48, P<.05). However, the
fact that plasma cholesterol levels of 1000 mg/dL were
achieved within a month in mice on the atherogenic diet
(Fig 1), whereas the autoantibody titer levels rose grad-
ually during the intervention period, supports the hy-
pothesis that antigens accumulating in atherosclerotic
lesions were the primary immunogens responsible for
the increase in autoantibody titers, although similar
antigens could also be generated and accumulated else-
where, eg, in the liver.

LDL receptor—deficient mice provide an excellent
model with which to study the correlation between the
humoral immune response and the extent of atheroscle-
rosis because great differences in the extent of athero-
genesis can be induced by dietary intervention in other-
wise perfectly matched groups of genetically uniform
animals. However, for the same reasons, the degree of
correlation found in this study may not represent that
found in other animal models of atherosclerosis and
humans.

To illustrate this point, we also measured autoanti-
body titers in mice that overexpressed human apoB
(both transgenic mice and their nontransgenic litter-
mates, 87.5% CS57BL/6 and 12.5% SJL, respectively).
These mice had been fed either a high-fat diet contain-
ing 1.25% cholesterol and cholate or a control diet
(breeder chow containing 9% fat and no cholesterol) for
18 weeks in Dr Young’s laboratory.32 In both transgenic
and nontransgenic animals the degree of hypercholes-
terolemia and the extent of atherosclerosis in the aortic
root were significantly greater in animals fed the high-fat
diet. When we determined the titers of autoantibodies in
serum samples from a subset of these animals, we found
that the increase in antibody titers over the 18 weeks of
intervention was significantly greater in animals on the
atherogenic diet than in the respective animals on the
control diet (W.P., EM., S.Y., J.W., unpublished data,
1995). Thus, in both the transgenic and nontransgenic
mice the rise in autoantibody titers was significantly
greater in the mice that developed the highest choles-
terol levels and most atherosclerosis, as was observed in

the LDL receptor—deficient mice. However, it is impor-
tant to point out that the rise in autoantibody titer was
nearly as great as that observed in LDL receptor—
deficient mice on an atherogenic diet, despite the fact
that the absolute extent of their lesions was much less
than that in LDL receptor—deficient animals. This dem-
onstrates that there is not a simple one-to-one relation
between antigen burden and antibody response. Fur-
thermore, there was also a rise in titers (albeit signifi-
cantly smaller) in the control mice, which received a 9%
fat diet, even though these mice did not develop in-
creased cholesterol levels nor significant atherosclerosis.
Obviously, the humoral immune response (as measured
by the titer of plasma autoantibodies) may be different
for a given stimulus and does not reflect only antigen
burden. In addition to different genetic background,
which could independently influence immune responses,
other factors may be involved, such as the rate of
antibody production, catabolism, or complexing with
antigens in atherosclerotic lesions. Finally, differences in
genetic background may directly influence the amount
of antigen formed. For example, different strains of mice
develop different degrees of lipid peroxidation in the
liver in response to the same dietary fat challenge.3!-3

Atherosclerotic lesions contain large numbers of an-
tigen-presenting cells, mainly macrophages, and immu-
nocytochemical evidence suggests that oxidation-specific
epitopes are taken up by macrophages.”%!® Uptake of
oxidized lipoproteins via scavenger receptors has been
extensively documented, and uptake of immune com-
plexes between Ox-LDL and specific autoantibodies via
Fc. receptors is also likely to occur.?* Atherosclerotic
lesions also contain several subsets of T lymphocytes,35-37
and numerous observations indicate that the immune-
competent cells in the intima are activated-° (for
review, see reference 41). For example, a significant
percentage of intimal cells in atherosclerotic lesions
express interleukin-2 receptors,!”#2 and major histocom-
patibility class II molecules are expressed on vascular
smooth muscle cells in the vicinity of T lymphocytes.*!
Finally, the presence of terminal C5b-9 complement
complexes and the expression of complement receptors
by vascular cells indicate activation of the humoral
immune systems.*3-4¢

Evidence for the involvement of oxidized lipoproteins
in the activation of the immune system is provided by
Stemme et al,'’> who report that a surprisingly large
percentage of CD4" cells cloned from human athero-
sclerotic plaques proliferate in response to Ox-LDL in
an HLA-specific manner. Furthermore, hyperimmuniza-
tion of LDL receptor—deficient rabbits with homologous
MDA-LDL significantly reduces the extent of athero-
sclerosis in the entire aorta.'” Several other studies
showing increased atherogenesis in immune-impaired
animals also support the idea that the immune system
may play a protective role in atherogenesis under some
circumstances. Hansson and colleagues*” have demon-
strated that the elimination of T lymphocytes with
monoclonal antibodies results in larger proliferative
lesions in balloon-catheterized rat aortas, possibly be-
cause of loss of interferon gamma, which inhibits smooth
muscle proliferation. Fyfe et al*® have shown that class I
major histocompatibility—deficient C57BL/6 mice, which
lack cytolytic T cells and have impaired natural killer cell
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activity, develop a threefold increase in lesions in the
aortic-valve region when fed a high-fat diet.

The present studies show that, in general, increased
autoantibody titers occur in parallel with increased
atherosclerosis but that the response may also be influ-
enced by other factors as well as by the genetic back-
ground. The role played by the humoral response in the
pathogenesis of atherosclerosis in LDL receptor—defi-
cient mice is unknown. If the immune response is
beneficial, one may ask why the mice that developed
increasing antibody titers developed extensive athero-
sclerosis. It is most likely that under the experimental
conditions used, the rise in titers simply reflects a
response to the generation of Ox-LDL and that this
response is insufficient to significantly affect lesion for-
mation. In the LDL receptor—deficient rabbit experi-
ment!” the autoantibody titers achieved by exogenous
immunization were in excess of 100 000. In contrast, the
titers in the mice described here were much lower,
developed very slowly, and may have been insufficient to
influence the disease process. However, it is quite pos-
sible that atherogenesis would have been worse without
this response. Of course, it is also possible that the
antibody response was proatherogenic in this murine
model. Experiments in which LDL receptor—deficient
mice are similarly hyperimmunized as the LDL recep-
tor—deficient rabbits will be needed to determine if the
immune system in general and the autoantibodies in
particular are beneficial in this murine model.
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