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Experimental and clinical studies have implicated the immune system in atherogenesis
and its complications. Recent studies have identified a complex dual role for the
immune system: some aspects of the system play a proatherogenic role, whereas other
aspects are atheroprotective. Suppression of proatherogenic immune responses and acti-
vation of antiatherogenic immune responses promise to emerge as novel strategies for
the prevention and treatment of atherosclerotic vascular disease.
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a key role for inflammation in the initiation, progression, and destabi-

lization of atherosclerosis.'* Proatherogenic risk factors and atherogenic
lipoproteins that have entered and been retained in the subendothelial space
of the vessel wall induce inflammatory genes that promote adhesion, chemo-
taxis, subendothelial retention, and activation of mononuclear cells.* The
inflammatory cells contribute to the initiation and subsequent progression of
atherosclerosis and its complications, including plaque rupture and thrombosis.'*

Q large body of data accumulated over the past several years has identified
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Immune Mechanisms in
Atherosclerosis

Both innate and adaptive immune
responses (Figure 1) seem to play
a role in atherosclerosis.”® Innate
immunity is the nonspecific first line
of defense against foreign pathogens
and involves a number of receptors,
cytokines, complements, antibodies,
and other proteins encoded by germ-
line genes.” The innate immune
response is based on detection of
pathogen-associated molecular pat-
terns, which are part of proteins,
carbohydrates, lipids, and nucleic
acids, by pattern-recognition recep-
tors on macrophages and dendritic
cells, such as the scavenger receptors
and the Toll-like receptors (TLR).”"
Scavenger receptors mediate removal
of modified lipoproteins, apoptotic
cells, and some microorganisms
through the endocytic pathway,
which not only results in degrada-
tion but might lead to antigen pres-
entation and activation of adaptive
immunity." Activation of TLRs by
endotoxin, heat shock proteins, and
other microbial antigens induces

tems. PAMP, pathogen-associated molecular pattern;

intracellular signaling through the
AP-1 and nuclear factor (NF)-«xB
pathways, ultimately leading to acti-
vation of proinflammatory genes
and an inflammatory response.'"
These receptors are also expressed
by endothelial cells, and their acti-
vation likely represents an impor-
tant initial step in atherogenesis."
Several laboratories, including our
own, have recently shown that TLRs
are expressed in human and murine
atherosclerotic lesions and might

immune system in atherogenesis."
Similarly, a family of scavenger
receptors, including SR-Al, SR-AII,
CD36, MARCO, SR-PSOX/CXCLI16,
and CD68, expressed by macro-
phages, bind oxidized phospholipid
from modified low-density lipopro-
tein (LDL) in an attempt to clear
potentially toxic moieties. However,
these receptors might also play a
role in progression of atherosclero-
sis: mice lacking SR-A and CD36
develop less atherosclerosis."-*
Unlike the innate immune
response, an adaptive immune
response is delayed and directed
against a specific antigen. It involves
a stochastic rearrangement process
in immunoblasts, leading to genera-
tion of a large number of T and B
cell receptors and immunoglobulins,
which can recognize specific foreign
antigens. In atherosclerosis, several
antigens might be responsible for
activation of the adaptive immune
system; these antigens include heat
shock proteins and oxidized LDL that
has been taken up and processed by
macrophages. Both the mycobacter-
ial heat shock protein Hsp65 and the
chlamydial Hsp60 show considerable
mimicry of human Hsp60, which sug-
gests that immune responses against
microbial heat shock proteins could
cross-react with heat shock proteins

Mice lacking the scavenger receptors SR-A and CD36 develop less

atherosclerosis.

be induced by modified lipopro-
teins, thereby providing a potential
link between lipoproteins and
inflammation.'*"” Recently, our lab-
oratory reported marked reduction
in murine atherosclerosis with
genetic ablation of MyD88, a key
adaptor molecule involved in TLR-
mediated NF-«B activation, which
further suggests a role for the innate
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expressed by stressed arterial cells.”
In line with this, immunization of
LDLr-/- mice and hypercholes-
terolemic rabbits with Hsp65 was
found to promote atherosclerosis.?**’
Moreover, Lamb and colleagues®
found an association between the
magnitude of the immune response
to Hsp6S after bacille Calmette-
Guérin immunization and develop-
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ment of atherosclerosis in rabbits.
It has also been reported that anti-
body levels against Hsp6S correlate
with progress of carotid disease in
humans.” It is possible that immune
responses against viral and bacterial
antigens in plaques might aggravate
disease and destabilize plaques, but
this remains to be shown.

Immune response against oxidized
LDL has been demonstrated in exper-

mice transgenic for the Th2-stimula-
tory cytokine IL-10.** Conversely,
disease is exacerbated in IL-10
knockouts and reduced in IL-18-
deficient apolipoprotein (apo)E-
knockout mice.* Thl cells might
also increase the risk for plaque rup-
ture: IFN-y inhibits smooth muscle
differentiation and collagen pro-
duction, and TNF-a stimulates the
release of matrix-degrading metallo-

The notion that Th1 cells are involved in the progression of atherosclerosis
is supported by experiments demonstrating that mice lacking interferon

v develop less atherosclerosis.

imental as well as human athero-
sclerosis, and both proatherogenic
and antiatherogenic effects of this
response have been postulated.
Specific antigenic epitopes derived
from oxidized LDL and other anti-
gens are presented by major histo-
compatibility complex (MHC) class II
proteins for recognition by specific
CD4+ T cells. When T cells encounter
their specific antigens on an MHC
class II molecule, an adaptive immune
response is activated, which includes
clonal proliferation of the T cell and
production of cytokines and immuno-
globulins. There are two major subsets
of CD4+ cells: T-helper (Th); cells,
which secrete interferon (IFN)-y and
tumor necrosis factor (TNF)-a; and
Th2 cells, which produce interleukin
(IL)-4, IL-5, and IL-10.* Analysis of
the cytokine expression in athero-
sclerotic plaques suggests a domi-
nance of Th1 cells.* The notion that
Th1 cells are involved in the pro-
gression of atherosclerosis is also
supported by animal experiments
demonstrating that mice lacking
IFN-y develop less atherosclerosis,
whereas disease is aggravated in
response to the Thl stimulatory
cytokines, IL-12 and IL-18.**** In con-
trast, there is less atherosclerosis in

proteinases from macrophages.**
Together, these Th1 cytokines might
also induce smooth muscle cell
apoptosis* In addition to the classic
Th1l and Th2 cells, additional sub-
sets of T cells might also modulate
atherosclerosis. These subsets include
the regulatory T cells, Th3 cells, and
natural killer (NK) T cells. The regula-
tory T cells suppress antigen-induced
activation of other CD4+ T cells by

recognize lipid antigens presented by
the class I-like molecule CD1, which
is expressed by macrophages of ath-
erosclerotic lesions.” Activation of
NK T cells results in strong Th1 and
Th2 responses.

Studies in apoE mice lacking
functional T and B cells have shown
a reduction of atherosclerosis of up
to 70%, which suggests that the net
effect of adaptive immunity is pro-
atherogenic.* Reconstitution of such
mice with functional CD4+ T cells
accelerates disease almost to the
level of the fully immunocompetent
apoE-deficient mouse.

Although most of the evidence
suggests a proatherogenic role for
the immune system, other studies
have indicated that the immune
system might also play a protective
role. Evidence suggesting that this
atheroprotective immunity is carried
by B cells has come from experi-
ments demonstrating that the more
aggressive atherosclerosis encoun-
tered in splenectomized apoE-/- mice
is reversed by injection of spleen B
cells from atherosclerotic animals.*

Although most of the evidence suggests a proatherogenic role for the
immune system, other studies have indicated that the immune system

might also play a protective role.

secreting IL-10.* Bystander activa-
tion of regulatory T cell type 1 was
recently shown to reduce athero-
sclerosis in a mouse model.* The Th3
cell produces transforming growth
factor 3, a potent immunosuppres-
sive/anti-inflammatory cytokine that
inhibits atherosclerosis and whose
absence is associated with enhanced
atherosclerosis and vulnerable plaque
phenotype.** Another subset of T
cells that could be involved in ath-
erosclerosis is the NKI1.1+ CD4+
cells that express the NK1.1 receptor
usually found on NK cells. These cells
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These observations suggest that an
atheroprotective immunity can also
develop during the course of disease.

Immunomodulation for
Atherosclerosis

Understanding the role of the
immune system in atherosclerosis
provides an impetus for development
and testing of strategies that modulate
the immune system to reduce athero-
sclerosis. Several immunomodulating
strategies are being evaluated to influ-
ence atherosclerotic vascular disease
(Table 1).
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Table 1
Immunomodulation Strategies for Atherosclerosis

Immunosuppressive therapy
Corticosteroids
Cyclosporine
Sirolimus

Immunization (vaccination)
Active

1) native LDL, oxidized LDL, apoB-related peptides, phosphorylcholine as antigens

2) influenza and pneumococcal vaccines
3) CETP vaccine to raise HDL levels

Passive

Immunoglobulin (IgG), antibody to oxidized LDL/apoB-related antigens

Tolerization

Mucosal exposure to heat-shock protein

CETP, cholesterol ester transfer protein; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

Immunosuppressive Drugs

Immunosuppressive drugs include
corticosteroids; cytotoxic drugs, such
as azathioprine and cyclophos-
phamide; and inhibitors of T cell
activation, such as cyclosporine A
and rapamycin. Immunosuppressive
drugs are primarily used to prevent
acute rejection after organ transplan-
tation. Although several animal stud-
ies have suggested that cyclosporine
A and rapamycin might inhibit
accelerated atherosclerosis involv-
ing arteries of the transplanted
organ, the cytotoxicity of immuno-
suppressive drugs poses serious chal-
lenges.** Most immunosuppressive
drugs also have adverse affects
on cardiovascular risk factors, such
as dyslipidemia, hypertension, and
diabetes. The immunosuppressive
compounds, cyclosporine A and
rapamycin, not only act on T cells
but can also inhibit smooth muscle
proliferation and the response to
vascular injury.**** Coating of stents
with rapamycin has been shown
to reduce in-stent restenosis.*> Corti-
costeroids have also been shown to

reduce atherosclerosis in experimen-
tal animals.** However, the cytotox-
icity and other adverse effects asso-
ciated with the immunosuppressive
drugs available at present make them
unsuitable for wider use in the pre-
vention and treatment of nontrans-
plant atherosclerosis.

Immunization (Vaccination)
for Atherosclerosis

Vaccines are likely to be the most
important contributions to public
health in the last 100 years. They
have dramatically reduced death
from infectious disease and have
enabled the global eradication of
smallpox. Modern vaccines are cheap,
highly specific, and have generally
few adverse effects. In recent years,
attempts have been made to fight
noninfectious, chronic diseases with
immunization approaches. Different
types of cancer vaccines based on
tumor cells taken from patients and
made immunogenic by addition of
adjuvant or by transfection of genes
encoding costimulatory molecules
are being clinically tested.*” Similarly,

vaccines against Alzheimer’s disease
and diabetes are also under evalua-
tion. In addition to active immu-
nization with an antigen, passive
immunization with antibodies to
predefined antigens has also been
tested for various diseases. The
remarkable clinical benefits of anti-
TNF antibodies in rheumatoid arthri-
tis exemplify how passive immuniza-
tion can be used to treat a chronic
inflammatory disease in humans.

Immunization With Intact Oxidized
LDL as Antigen

Oxidized LDL is believed to play
a key role in atherosclerosis by caus-
ing intimal inflammation and foam-
cell formation. Polyunsaturated fatty
acids in phospholipids and choles-
teryl esters are peroxidized, resulting
in formation of reactive breakdown
products, such as malondialdehyde
(MDA) and 4-hydroxynonenal, which
form covalent adducts with amino
acids containing free amino groups
in apoB-100.%% Oxidation of LDL
also leads to degradation of apoB-
100 into numerous peptide frag-
ments. These modifications target
oxidized LDL for recognition by the
immune system.*® Several clinical
studies have revealed that autoanti-
bodies against oxidized LDL are
common both in healthy subjects
and in patients with cardiovascular
disease.”**> Immunoglobulin (Ig)M
titers are usually higher than those
of IgG, which suggests a strong T
cell-independent B-cell response.
Several studies have reported the
presence of increased antibody lev-
els in subjects with cardiovascular
risk factors, clinically manifest car-
diovascular disease, and a more rapid
progression of disease.®"*

To study the functional role of
these immune responses, experimen-
tal models have been used to evalu-
ate the effects of immunization with
oxidized LDL. Unexpectedly, a 40%

VOL. 5 NO. 4 2004 REVIEWS IN CARDIOVASCULAR MEDICINE 197



Atherosclerosis and Immunotherapy continued

to 70% reduction of atherosclerotic
plaque development has been demon-
strated in both rabbits and mice, thus
establishing the existence of athero-
protective immune responses.’”>’* The
levels of autoantibodies against oxi-
dized LDL are low in mice on a chow
diet but increase dramatically in
response to a cholesterol-rich diet.”
As in humans, these antibodies are
primarily of the IgM type, whereas
immunization induces a shift toward
IgG.’¢ After immunization, there is
also an association between the
increase in specific IgG levels and
the extent of inhibition of plaque

group, either present as an isolated
lipid or covalently bound to an
apoB-100 peptide sequence. Although
immunization with both types of
antigens inhibits atherosclerosis, the
immune responses demonstrate clear-
ly separate characteristics.

Immunization with MDA-apoB-100
Peptide Antigens

We have used a library of 302 20-
amino-acid-long polypeptides cover-
ing the complete apoB-100 sequence
to construct a corresponding number
of MDA-apoB-100 peptide antibody
enzyme-linked immunosorbent assays

Immunization with several of these apoB-100 peptides was found to

reduce atherosclerosis up to 70%.

formation.” Taken together, these
observations demonstrate the exis-
tence of oxidized LDL autoimmune
responses in man and suggest that
such responses might have atheropro-
tective effects. They also suggest the
possibility of developing new ther-
apeutic approaches based on selec-
tive activation of immune responses
against oxidized LDL antigens.
Because oxidized LDL is a complex
and poorly characterized particle
containing many different epitopes
that potentially could induce both
atheroprotective and atherogenic
immune responses, it has become
important to obtain a more detailed
molecular characterization of the
antigens present in oxidized LDL.
This information is now starting to
become available, making further
progress toward development of an
immunization-based therapy for
atherosclerosis possible. Two major
subclasses of oxidized LDL antigens
have been identified: specific MDA-
modified peptide sequences in apoB-
100 and oxidized phospholipids
containing a phosphorylcholine head

(ELISAs).”® After screening of these
ELISAs with pooled human plasma,
more than 100 specific antibodies
binding to different MDA-apoB-100
peptide sequences were identified.
Antibodies recognized both hydro-
phobic and hydrophilic sequences
in the apoB-100 molecule, and IgM
was more common than IgG.
Antibody binding to these synthetic
apoB-100 peptides was completed by
oxidized LDL but not by native LDL.
Clinical studies performed on a
number of the most abundant anti-
bodies demonstrated that IgM levels
decreased with age. There was also
an association between high levels
of IgM against these MDA-apoB-100
sequences and a low plasma con-
centration of oxidized LDL, which
suggests that these antibodies might
function by clearing oxidized LDL
from the circulation and that this
capacity decreases with age. More-
over, there was a significant associa-
tion between high IgM levels and
atherosclerosis as assessed by meas-
urement of the carotid artery intima-
media thickness. Finally, prospective
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studies demonstrated higher IgM
levels against certain apoB-100
sequences in subjects who within
S years developed acute myocardial
infarction or sudden cardiac death.
Similar but much weaker associa-
tions were observed for anti-apoB-
100 peptide IgG levels. These studies
identified a number of defined
molecular targets for autoimmune
responses against oxidized LDL in
humans and demonstrated signifi-
cant associations between antibody
levels and disease. However, they
did not clarify whether this associa-
tion was due to an atherogenic effect
of the immune response or reflected
an association between severity of
disease and activation of protective
immune responses.

The functional role of these
immune responses was studied in
our laboratories in apoE-/- mice
immunized with the same apoB-100
peptide sequences that were found
to induce autoimmune responses in
humans. Immunization with several
of these apoB-100 peptides was
found to reduce atherosclerosis up
to 70%, as well as to decrease macro-
phage and increase collagen con-
tents of remaining plaques.””®
Interestingly, immunization with
apoB-100 peptide sequences that were
not homologous between human and
mouse did not inhibit atherosclerosis.
Immunizations resulted in a marked
increase in specific IgG but had only
marginal effects on IgM levels.
Immunoglobulin G expression also
changed from IgG2a to IgG1, which
suggests activation of a Th2
response. However, it was not asso-
ciated with a decreased expression
of Th1 cytokines in atherosclerotic
plaques or in the spleen.

Taken together, these data suggest
an important but complex role for
immune responses against MDA-
modified apoB-100 peptide sequences
in atherosclerosis. The predominat-
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ing immune response to oxidation
of LDL in tissues seems to be pro-
duction of IgM that might help to
remove circulating oxidized LDL.
The level of this innate immune
response correlates with disease
severity’*® but does not seem
to provide sufficient protection
against development of atheroscle-
rosis. Atheroprotective immuniza-
tion with apoB-100 peptides in mice
is associated with expression of IgG,
which suggests that these antibodies
might be more effective in inhibit-
ing atherosclerosis. In humans, IgG
levels against MDA-apoB-100 peptide
sequences show only a weak or no
association with disease, and it
remains to be clarified whether
immunization-induced activation
of anti-apoB-100 IgG can provide
effective atheroprotection in humans.

Oxidized Phospholipid Antigens

The presence of oxidized phospho-
lipid antigens in oxidized LDL was
first demonstrated by Palinski and
colleagues,* who established a panel
of B cell hybridomas from naive (non-
immunized) apoE-deficient mice. A
number of clones were selected that
produced antibodies specifically bind-
ing to epitopes in oxidized LDL. All
clones were found to secrete IgM
binding either to MDA-LDL (pre-
sumably aldehyde-modified apoB-
100 peptide sequences) or to copper-
oxidized LDL. Subsequent studies
showed that all antibodies binding
to copper-oxidized LDL recognized
the same oxidized phospholipid anti-
gen, l-palmitoyl-2 (S-oxovaleroyl)-
sn-glycero-3 phosphorylcholine.®***
The antibodies recognized epitopes
both in the lipid moiety of oxidized
LDL and in dilapidated, modified
apoB-100, which suggests that the
antigen can exist as a free lipid as
well as an adduct to apoB-100.
Epitopes recognized by these anti-
phospholipid IgMs were also identi-
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Potential Atheroprotective Mechanism of LDL Immunization
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Figure 2. Potential atheroprotective mechanism of low-density lipoprotein (LDL) immunization.

fied on the surface of apoptotic cells,
and antibody binding was shown to
inhibit scavenger receptor-mediated
uptake of oxidized LDL and apop-
totic cells in macrophages.®* Later
studies revealed that the genes
encoding the antigen-binding site
of these antibodies were identical to
those encoding the T15 antiphos-
phorylcholine antibodies produced
by the B1 subset of B cells.** T15
antibodies also provide protection
against several common infectious
agents, including Streptococcus pneu-
moniae.” Binder and coworkers®
used this information to study the
functional role of antiphospholipid
antibodies in atherosclerosis by
immunizing LDL receptor knockout
mice with S. pneumoniae.® This treat-

ment was found to result in induction
of high levels of oxidized LDL-spe-
cific IgM and a modest reduction of
atherosclerosis. Antibodies in serum
from immunized mice specifically
recognized epitopes in atheroscle-
rotic plaques and blocked uptake of
oxidized LDL in cultured macro-
phages. Interestingly, immunization
did not induce an increase in specif-
ic IgG. Accordingly, the responses to
immunization with MDA-modified
apoB-100 peptide sequences and
oxidized phospholipids differ in the
respect that the former induces an
adaptive, T cell-dependent synthesis
of IgG, whereas the latter induces on
innate, B cell-dependent synthesis of
IgM. Both types of immune respons-
es seem to have atheroprotective
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effects, but it remains to be deter-
mined whether they are additive.

The possible mechanisms of
action for both phospholipid and
Apo-B-100 antigen-triggered athero-
sclerosis reduction are shown in
Figure 2.

Immunization with

Non-LDL-Related Antigens

A few experimental studies have
evaluated the possibility of inhibiting
atherosclerosis by active immuniza-
tion or by directly providing blocking
antibodies against key proteins in the
disease process. Rittershaus and col-
leagues® immunized hypercholes-
terolemic rabbits with a peptide con-
taining a region of the cholesteryl
ester transfer protein (CETP), an
enzyme known to be responsible for
transferring cholesteryl esters from
high-density lipoprotein to very-low-
density lipoprotein and LDL. This
was found to result in an inhibition
of CETP activity, increased high-
density lipoprotein cholesterol, and
a reduced development of athero-
sclerosis. A first clinical trial of a

CETP vaccine is ongoing.” Attempts
to inhibit the effect of TNF-a by
immunization with a recombinant
TNF-a molecule has failed to reduce
atherosclerosis in ApoE-deficient
mice, whereas treatment with anti-
bodies against CD40 ligands has

to induce an arterial inflammatory
response, which could contribute to
plaque destabilization; this might
account for the potential benefits
of influenza vaccination.”® However,
proof of definitive cardioprotective
effects of influenza vaccination

Oxidized low-density lipoprotein is

atherosclerosis.

believed to play a key role in

been shown to inhibit atherosclero-
sis in LDLr- mice.”” However, early
clinical trials of CD40 blockade were
terminated because of unwanted
side effects.

Influenza and

Pneumococcal Vaccination
Observational studies, case—control
studies, and a small pilot randomized
trial have suggested that influenza
vaccination might significantly
reduce acute cardiovascular events
(including coronary events) in
humans.”” In experimental models,
influenza infection has been shown

needs further validation in a large,
prospective, randomized trial.
Similarly, pneumococcal vaccina-
tion was recently shown to reduce
atherosclerosis in a murine model,
presumably because of molecular
mimicry between pneumococcal
antigen and oxidized LDL antigen.*®
Further studies are needed to estab-
lish cardioprotective effects of pneu-
mococcal vaccination in humans.

Tolerization with

Mucosal Antigen Exposure
Many infections are associated with
activation of immune responses

Main Points

e A large body of data accumulated over the past several years has identified a key role for inflammation in the initiation,
progression, and destabilization of atherosclerosis.

e Modulation of immune responses involved in atherosclerosis with vaccines, passive immunization by antibody treat-
ment, and induction of tolerance represents a new paradigm for the prevention and treatment of cardiovascular disease.

e Studies have suggested that cyclosporine A and rapamycin might inhibit accelerated atherosclerosis in arteries of
transplanted organs, but the cytotoxicity and other adverse effects associated with the immunosuppressive drugs
make them unsuitable for wider use in the prevention and treatment of nontransplant atherosclerosis.

e The existence of oxidized low-density lipoprotein (LDL) autoimmune responses in man has been demonstrated, and
these responses might have atheroprotective effects; this suggests the possibility of developing new therapeutic
approaches based on selective activation of immune responses against oxidized LDL antigens.

¢ Two major subclasses of oxidized LDL antigens have been identified: specific malondialdehyde-modified peptide sequences
in apolipoprotein B-100 and oxidized phospholipids containing a phosphorylcholine head group; immunization with
both types of antigens inhibits atherosclerosis in mice.

e Studies have suggested that influenza and pneumococcal vaccination might have cardioprotective effects; however,
validation of this in larger studies is needed.

e In the case of heat shock protein (Hsp), the goal of immunomodulation has been to induce tolerance to the antigen.
Mouse studies using oral and nasal administration of Hsp6S5 reported a significant decrease in atherosclerosis.
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against heat shock protein of the
invading microorganisms. In con-
trast to the findings with oxidized
LDL-associated antigens, parenteral
immunization with mycobacterial
Hsp65 is strongly atherogenic.?*?
This is believed to be owing to
induction of autoimmunity against
native Hsp60 in stressed vascular
cells. There is also clinical evidence
for an association between antibodies
against Hsp65/60 and the severity
and progression of carotid athero-
sclerosis.”” Accordingly, in the case
of heat shock protein, the goal of
immunomodulation has been to
induce tolerance to the antigen. The
immune response to an antigen
might vary significantly, depending
on the route of administration.
Mucosal administration of the anti-
gen frequently generates tolerance,
suppresses proinflammatory Thl
cells, and decreases organ-specific
inflammation in several animal
models of autoimmune disease.””’
This possibility has recently been
studied by Harats and coworkers,”
who exposed LDLr-/- mice to Hsp65
through oral administration, and
Maron and colleagues,” who used
both oral and nasal administration
of Hsp6S5 in the same strain of mice.
Both studies reported a significant
decrease in atherosclerosis associated
with decreased levels of heat shock
protein antibodies and suppressed
T-cell reactivity against heat shock
protein. There was also a suppres-
sion of plaque inflammation and an
inhibition of the expression of Th1l
cytokines. The possibility of inhibit-
ing atherosclerosis by suppressing
autoimmune responses against heat
shock protein is of considerable inter-
est and needs further evaluation.

Summary

Modulation of immune responses
involved in atherosclerosis with vac-
cines, passive immunization by

antibody treatment, and induction
of tolerance represent a new para-
digm for the prevention and treat-
ment of cardiovascular disease. It is
hoped that over the foreseeable
future one or more of these novel
approaches will be tested in
humans, because the implications
for global cardiovascular disease pre-
vention could be substantial. [ ]

References

1.  Ross R. Atherosclerosis—an inflammatory dis-
ease. N Engl ] Med. 1999;340:115-126.

2. Libby P. Inflammation in atherosclerosis.
Nature. 2002;420:868-874.

3. Shah PK. Pathophysiology of coronary throm-
bosis: role of plaque rupture and plaque ero-
sion. Prog Cardiovasc Dis. 2002;44:357-368.

4. Glass CK, Witztum JL. Atherosclerosis: the
road ahead. Cell. 2001;104:503-516.

5. Palinski W, Witztum JL. Immune responses to
oxidative neoepitopes on LDL and phospho-
lipids modulate the development of athero-
sclerosis. J Intern Med. 2000;247:371-380.

6. Horkko S, Binder CJ, Shaw PX, et al.
Immunological responses to oxidized LDL.
Free Radic Biol Med. 2000;28:1771-1779.

7. Hansson GK, Libby P, Schonbeck U, Yan ZQ.
Innate and adaptive immunity in the patho-
genesis of atherosclerosis. Circ Res. 2002;
91:281-291.

8. Binder CJ, Chang MK, Shaw PX, et al. Innate
and acquired immunity in atherogenesis. Nat
Med. 2002;8:1218-1226.

9.  Gordon §. Pattern recognition receptors: dou-
bling up for the innate immune response. Cell.
2002;111:927-930.

10. Krieger M, Stern DM. Series introduction: mul-
tiligand receptors and human disease. J Clin
Invest. 2001;108:645-647.

11. Takeuchi O, Akira S. Genetic approaches to
the study of Toll-like receptor function.
Microbes Infect. 2002;4:887-895.

12. Takeuchi O, Sato S, Horiuchi T, et al. Cutting
edge: role of Toll-like receptor 1 in mediating
immune response to microbial lipoproteins.
] Immunol. 2002;169:10-14.

13. Muzio M, Natoli G, Saccani S, et al. The
human toll signaling pathway: divergence of
nuclear factor kappaB and JNK/SAPK activation
upstream of tumor necrosis factor receptor-asso-
ciated factor 6 (TRAF6). | Exp Med. 1998;
187:2097-2101.

14. Walton KA, Cole AL, Yeh M, et al. Specific
phospholipid oxidation products inhibit lig-
and activation of toll-like receptors 4 and 2.
Arterioscler Thromb Vasc Biol. 2003;23:1197-
1203.

15. Xu XH, Shah PK, Faure E, et al. Toll-like recep-
tor-4 is expressed by macrophages in murine
and human lipid-rich atherosclerotic plaques
and upregulated by oxidized LDL. Circulation.
2001;104:3103-3108.

16. Edfeldt K, Swedenborg J, Hansson GK, Yan ZQ.
Expression of toll-like receptors in human ather-

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

31.

32.

osclerotic lesions: a possible pathway for plaque
activation. Circulation. 2002;105:1158-1161.
Miller YI, Viriyakosol S, Binder CJ, et al.
Minimally modified LDL binds to CD14,
induces macrophage spreading via TLR4/MD-
2, and inhibits phagocytosis of apoptotic cells.
J Biol Chem. 2003;278:1561-1568.

Michelsen KS, Wong MH, Zhang W, et al.
Genetic ablation of MyD88, an adaptor mole-
cule involved in TLR-signaling and innate
immunity, reduces atherosclerosis and alters
plaque phenotype in Apo E null mice without
changing circulating cholesterol levels.
Circulation. 2003;108(17 suppl IV).

Brown MS, Goldstein JL. Atherosclerosis.
Scavenging for receptors. Nature. 1990;343:508-
509.

Febbraio M, Hajjar DP, Silverstein RL. CD36: a
class B scavenger receptor involved in angio-
genesis, atherosclerosis, inflammation, and
lipid metabolism. J Clin Invest. 2001;108:785-
791.

Kume N, Kita T. Roles of lectin-like oxidized
LDL receptor-1 and its soluble forms in athero-
genesis. Curr Opin Lipidol. 2001;12:419-423.
Minami M, Kume N, Shimaoka T, et al.
Expression of SR-PSOX, a novel cell-surface
scavenger receptor for phosphatidylserine and
oxidized LDL in human atherosclerotic
lesions. Arterioscler Thromb Vasc Biol. 2001;
21:1796-1800.

Suzuki H, Kurihara Y, Takeya M, et al. A role
for macrophage scavenger receptors in athero-
sclerosis and susceptibility to infection.
Nature. 1997;386:292-296.

Febbraio M, Podrez EA, Smith JD, et al.
Targeted disruption of the class B scavenger
receptor CD36 protects against atherosclerotic
lesion development in mice. J Clin Invest.
2000;105:1049-1056.

Perschinka H, Mayr M, Millonig G, et al.
Cross-reactive B-cell epitopes of microbial and
human heat shock protein 60/65 in athero-
sclerosis.  Arterioscler Thromb Vasc Biol.
2003;23:1060-1065.

Afek A, George J, Gilburd B, et al
Immunization of low-density lipoprotein
receptor deficient (LDL-RD) mice with heat
shock protein 65 (HSP-65) promotes early ath-
erosclerosis. | Autoimmun. 2000;14:115-121.
Xu Q, Dietrich H, Steiner H]J, et al. Induction
of arteriosclerosis in normocholesterolemic
rabbits by immunization with heat shock pro-
tein 65. Arterioscler Thromb. 1992;12:789-799.
Lamb DJ, Ferns GA. The magnitude of the
immune response to heat shock protein-65
following BCG immunization is associated
with the extent of experimental atherosclero-
sis. Atherosclerosis. 2002;165:231-240.

Xu Q, Willeit J, Marosi M, et al. Association of
serum antibodies to heat-shock protein 65
with carotid atherosclerosis. Lancet. 1993;
341:255-259.

Constant SL, Bottomly K. Induction of Thl
and Th2 CD4+ T cell responses: the alternative
approaches. Annu Rev Immunol. 1997;15:297-
322.

Frostegard J, Ulfgren AK, Nyberg P, et al.
Cytokine expression in advanced human ath-
erosclerotic plaques: dominance of pro-inflam-
matory (Thl) and macrophage-stimulating
cytokines. Atherosclerosis. 1999;145:33-43.
Gupta S, Pablo AM, Jiang X, et al. [IFN-gamma

VOL. 5 NO. 4 2004 REVIEWS IN CARDIOVASCULAR MEDICINE 201



Atherosclerosis and Immunotherapy continued

33.

34.

3S.

36.

37.

38.

39.

40.

41.

42.

43.

44.

4S.

46.

47.

48.

potentiates atherosclerosis in ApoE knock-out
mice. J Clin Invest. 1997;99:2752-2761.

Lee TS, Yen HC, Pan CC, Chau LY. The role of
interleukin 12 in the development of athero-
sclerosis in ApoE-deficient mice. Arterioscler
Thromb Vasc Biol. 1999;19:734-742.

Whitman SC, Ravisankar P, Daugherty A.
Interleukin-18 enhances atherosclerosis in
apolipoprotein E(-/-) mice through release of
interferon-gamma. Circ Res. 2002;90:E34-E38.
Pinderski LJ, Fischbein MP, Subbanagounder
G, et al. Overexpression of interleukin-10 by
activated T lymphocytes inhibits atherosclero-
sis in LDL receptor-deficient mice by altering
lymphocyte and macrophage phenotypes. Circ
Res. 2002;90:1064-1071.

Mallat Z, Besnard S, Duriez M, et al. Protective
role of interleukin-10 in atherosclerosis. Circ
Res. 1999;85:e17-e24.

Pinderski Oslund LJ, Hedrick CC, Olvera T, et
al. Interleukin-10 blocks atherosclerotic events
in vitro and in vivo. Arterioscler Thromb Vasc
Biol. 1999;19:2847-2853.

Elhage R, Jawien J, Rudling M, et al. Reduced
atherosclerosis in interleukin-18 deficient
apolipoprotein E-knockout mice. Cardiovasc
Res. 2003;59:234-240.

Hansson GK, Hellstrand M, Rymo L, et al.
Interferon gamma inhibits both proliferation
and expression of alpha smooth muscle actin
in arterial smooth muscle cells. /] Exp Med.
1989;170:1595-1608.

Amento EP, Ehsani N, Palmer H, Libby P.
Cytokines and growth factors positively and
negatively regulate interstitial collagen gene
expression in human vascular smooth muscle
cells. Arterioscler Thromb. 1991;11:1223-1230.
Rajavashisth TB, Liao JK, Galis ZS, et al.
Inflammatory cytokines and oxidized low
density lipoproteins increase endothelial cell
expression of membrane type 1-matrix metal-
loproteinase. ] Biol Chem. 1999;274:11924-
11929.

Uzui H, Harpf A, Liu M, et al. Increased expres-
sion of membrane type 3-matrix metallopro-
teinase in human atherosclerotic plaque: role
of activated macrophages and inflammatory
cytokines. Circulation. 2002;106:3024-3030.
Geng YJ, Wu Q, Muszynski M, et al. Apoptosis of
vascular smooth muscle cells induced by in vitro
stimulation with interferon-gamma, tumor
necrosis factor-alpha, and interleukin-1 beta.
Arterioscler Thromb Vasc Biol. 1996;16:19-27.
Groux H, O’Garra A, Bigler M, et al. A CD4+ T-
cell subset inhibits antigen-specific T-cell
responses and prevents colitis. Nature.
1997;389:737-742.

Mallat Z, Gojova A, Brun V, et al. Induction of
a regulatory T cell type 1 response reduces the
development of atherosclerosis in apolipopro-
tein E-knockout mice. Circulation. 2003;
108:1232-1237.

Robertson AK, Rudling M, Zhou X, et al.
Disruption of TGF-beta signaling in T cells
accelerates atherosclerosis. J Clin Invest. 2003;
112:1342-1350.

Gojova A, Brun V, Esposito B, et al. Specific
abrogation of transforming growth factor-beta
signaling in T cells alters atherosclerotic lesion
size and composition in mice. Blood. 2003;
102:4052-4058.

Kronenberg M, Brossay L, Kurepa Z, Forman J.

49.

50.

S1.

52.

53.

54.

S§6S.

56.

57.

58.

59.

60.

61.

62.

63.

64.

635.

Conserved lipid and peptide presentation
functions of nonclassical class I molecules.
Immunol Today. 1999;20:515-521.

Zhou X, Nicoletti A, Elhage R, Hansson GK.
Transfer of CD4(+) T cells aggravates athero-
sclerosis in immunodeficient apolipoprotein E
knockout mice. Circulation. 2000;102:2919-
2922.

Caligiuri G, Nicoletti A, Poirier B, Hansson
GK. Protective immunity against atherosclero-
sis carried by B cells of hypercholesterolemic
mice. J Clin Invest. 2002;109:745-753.
Andersen HO, Holm P, Stender S, et al. Dose-
dependent suppression of transplant arte-
riosclerosis in aorta-allografted, cholesterol-
clamped rabbits. Suppression not eliminated
by the cholesterol-raising effect of
cyclosporine. Arterioscler Thromb Vasc Biol.
1997;17:2515-2523.

Ruygrok PN, Muller DW, Serruys PW.
Rapamycin in cardiovascular medicine. Intern
Med J. 2003;33:103-109.

Miller LW. Cardiovascular toxicities of
immunosuppressive agents. Am ] Transplant.
2002;2:807-818.

Jonasson L, Holm J, Hansson GK. Cyclosporin
A inhibits smooth muscle proliferation in the
vascular response to injury. Proc Natl Acad Sci
U S A. 1988;85:2303-2306.

Gregory CR, Huang X, Pratt RE, et al. Treatment
with rapamycin and mycophenolic acid
reduces arterial intimal thickening produced by
mechanical injury and allows endothelial
replacement. Transplantation. 1995;59:655-661.
Makheja AN, Bloom S, Muesing R, et al. Anti-
inflammatory drugs in experimental athero-
sclerosis. 7. Spontaneous atherosclerosis in
WHHL rabbits and inhibition by cortisone
acetate. Atherosclerosis. 1989;76:155-161.
Pardoll DM. Cancer vaccines. Nat Med.
1998;4:525-531.

Steinbrecher U. Oxidation of human low den-
sity lipoprotein results in derivatization of the
lysine residues of lipoprotein B by lipid perox-
ide decomposition products. ] Biol Chem.
1987;262:3603-3608.

Steinberg D, Lewis A. Oxidative modification
of LDL and atherogenesis. Circulation. 1997;
95:1062-1071.

Gaut JP, Heinecke JW. Mechanisms for oxidiz-
ing low-density lipoprotein. Insights from pat-
terns of oxidation products in the artery wall
and from mouse models of atherosclerosis.
Trends Cardiovasc Med. 2001;11:103-112.
Palinsky W, Rosenfeld ME, Yla-Herttuala, et al.
Low density lipoprotein undergoes modifica-
tion in vivo. Proc Natl Acad Med U S A.
1989;86:1372-1376.

Frostegard J. Autoimmunity, oxidized LDL and
cardiovascular disease. Autoimmun Rev. 2002;
1:233-237.

Maggi E, Marchesi E, Ravetta V, et al. Low-den-
sity lipoprotein oxidation in essential hyper-
tension. | Hypertens. 1993;11:1103-1111.
Maggi E, Bellazzi R, Gazo A, et al
Autoantibodies against oxidatively-modified
LDL in uremic patients undergoing dialysis.
Kidney Int. 1994;46:869-876.

Wu R, de Faire U, Lemne C, et al.
Autoantibodies to OXLDL are decreased in
individuals with borderline hypertension.
Hypertension. 1999;33:53-59.

202 VOL 5NO.4 2004 REVIEWS IN CARDIOVASCULAR MEDICINE

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Lehtimaki T, Lehtinen S, Solakivi T, et al.
Autoantibodies against oxidized low density
lipoprotein in patients with angiographically
verified coronary artery disease. Arterioscler
Thromb Vasc Biol. 1999;19:23-27.

Hulthe J, Wiklund O, Hurt-Camejo E,
Bondjers G. Antibodies to oxidized LDL in
relation to carotid atherosclerosis, cell adhe-
sion molecules, and phospholipase A(2).
Arterioscler Thromb Vasc Biol. 2001;21:269-274.
Hulthe J, Bokemark L, Fagerberg B. Antibodies
to oxidized LDL in relation to intima-media
thickness in carotid and femoral arteries in 58-
year-old subjectively clinically healthy men.
Arterioscler Thromb Vasc Biol. 2001;21:101-107.
Tanaga K, Bujo H, Inoue M, et al. Increased cir-
culating malondialdehyde-modified LDL lev-
els in patients with coronary artery diseases
and their association with peak sizes of LDL
particles.  Arterioscler Thromb Vasc Biol.
2002;22:662-666.

Tornvall P, Waeg G, Nilsson ], et al.
Autoantibodies against modified low-density
lipoproteins in coronary artery disease.
Atherosclerosis. 2003;167:347-353.

Salonen JT, Yla-Herttuala S, Yamamoto R, et al.
Autoantibody against oxidised LDL and pro-
gression of carotid atherosclerosis. Lancet.
1992;339:883-887.

Palinski W, Miller E, Witztum ]JL.
Immunization of low density lipoprotein
(LDL) receptor-deficient rabbits with homolo-
gous malondialdehyde-modified LDL reduces
atherogenesis. Proc Natl Acad Sci U S A.
1995;92:821-825.

Ameli S, Hultgérdh-Nilsson A, Regnstrom J, et
al. Effect of immunization with homologous
LDL on early atherosclerosis in hypercholes-
terolemic rabbits. Arterioscler Thromb Vasc Biol.
1996;16:1074-1079.

Freigang S, Horkko S, Miller E, et al.
Immunization of LDL receptor-deficient mice
with homologous malondialdehyde-modified
and native LDL reduces progression of athero-
sclerosis by mechanisms other than induction
of high titers of antibodies to oxidative
neoepitopes. Arterioscler Thromb Vasc Biol.
1998;18:1972-1982.

Nilsson ], Calara F, Regnstrom J, et al.
Immunization with homologous oxidized low
density lipoprotein reduces neointimal forma-
tion after balloon in hypercholesterolemic
rabbits. ] Am Coll Cardiol. 1997;30:1886-1891.
Zhou X, Caligiuri G, Hamsten A, et al. LDL
immunization induces T-cell-dependent anti-
body formation and protection against ather-
osclerosis. Arterioscler Thromb Vasc Biol. 2001;
21:108-114.

Palinski W, Ord VA, Plump AS, et al. ApoE-
deficient mice are a model of lipoprotein oxi-
dation in atherogenesis. Demonstration of
oxidation-specific epitopes in lesions and high
titers of autoantibodies to malondialdehyde-
lysine in serum. Arterioscler Thromb. 1994;
14:605-616.

Fredrikson GN, Hedblad B, Berglund G, et al.
Identification of immune responses against
aldehyde-modified peptide sequences in ApoB
associated with cardiovascular disease.
Arterioscler Thromb Vasc Biol. 2003;23:872-878.
Reyes OS, Chyu KY, Yano J, et al
Immunization with a novel apoB100-related



Atherosclerosis and Immunotherapy

80.

81.

82.

83.

84.

85.

peptide reduces atherosclerosis and inflamma-
tion in ApoE null mice. ] Am Coll Cardiol.
2002;(39)suppl A.

Fredrikson GN, Soderberg I, Lindholm M, et
al. Inhibition of atherosclerosis in ApoE-null
mice by immunization with ApoB-100 peptide
sequences. Arterioscler Thromb Vasc Biol.
2003;23:879-884.

Tsimikas S, Palinski W, Witztum JL.
Circulating autoantibodies to oxidized LDL
correlate with arterial accumulation and
depletion of oxidized LDL in LDL receptor-
deficient mice. Arterioscler Thromb Vasc Biol.
2001;21:95-100.

Palinski W, Horkko S, Miller E, et al. Cloning
of monoclonal autoantibodies to epitopes of
oxidized lipoproteins from apolipoprotein E-
deficient mice. Demonstration of epitopes of
oxidized low density lipoprotein in human
plasma. J Clin Invest. 1996;98:800-814.
Horkko S, Bird DA, Miller E, et al. Monoclonal
autoantibodies specific for oxidized phos-
pholipids or oxidized phospholipid-protein
adducts inhibit macrophage uptake of oxi-
dized low-density lipoproteins. J Clin Invest.
1999;103:117-128.

Friedman P, Horkko S, Steinberg D, et al.
Correlation of antiphospholipid antibody
recognition with the structure of synthetic
oxidized phospholipids. Importance of Schiff
base formation and aldol concentration. J Biol
Chem. 2002;277:7010-7020.

Chang MK, Bergmark C, Laurila A, et al
Monoclonal antibodies against oxidized low-
density lipoprotein bind to apoptotic cells and

86.

87.

88.

89.

90.

91.

92.

inhibit their phagocytosis by elicited
macrophages: evidence that oxidation-specific
epitopes mediate macrophage recognition.
Proc Natl Acad Sci U S A. 1999;96:6353-6358.
Shaw PX, Horkko S, Chang MK, et al. Natural
antibodies with the T15 idiotype may act in
atherosclerosis, apoptotic clearance, and pro-
tective immunity. J Clin Invest. 2000;105:1731-
1740.

Briles DE, Forman C, Hudak S, Claflin JL.
Anti-phosphorylcholine antibodies of the T15
idiotype are optimally protective against
Streptococcus pneumoniae. | Exp Med. 1982;
156:1177-1185.

Binder CJ, Horkko S, Dewan A, et al.
Pneumococcal vaccination decreases athero-
sclerotic lesion formation: molecular mimicry
between Streptococcus pneumoniae and oxidized
LDL. Nat Med. 2003;9:736-743.

Rittershaus CW, Miller DP, Thomas LJ, et al.
Vaccine-induced antibodies inhibit CETP
activity in vivo and reduce aortic lesions in a
rabbit model of atherosclerosis. Arterioscler
Thromb Vasc Biol. 2000;20:2106-2112.
Davidson MH, Maki K, Umporowicz D, et al.
The safety and immunogenicity of a CETP
vaccine in healthy adults. Atherosclerosis.
2003;169:113-120.

Hansen PR, Chew M, Zhou ], et al. Freunds
adjuvant alone is antiatherogenic in apoE-
deficient mice and specific immunization
against TNFalpha confers no additional bene-
fit. Atherosclerosis. 2001;158:87-94.

Naghavi M, Barlas Z, Siadaty S, et al
Association of influenza vaccination and

93.

94.

93.

96.

97.

98.

99.

reduced risk of recurrent myocardial infarc-
tion. Circulation. 2000;102:3039-3045.

Nichol KL, Nordin J, Mullooly J, et al.
Influenza vaccination and reduction in hospi-
talization for cardiac disease and stroke among
the elderly. N Engl ] Med. 2003;348:1322-1332.
Gurfinkel EP, de la Fuente L, Mendiz O,
Mautner B. Influenza vaccine pilot study in
acute coronary syndromes and planned percu-
taneous coronary interventios: the Flu
Vaccination Acute Coronary Syndromes (FLU-
VAC) study. Circulation. 2002;105:2143-2147.
Madjid M, Naghavi M, Litovsky S, Casscells SW.
Influenza and cardiovascular disease. A new
opportunity for prevention and need for fur-
ther studies. Circulation. 2003;108:2730-2736.
Faria AM, Weiner HL. Oral tolerance: mecha-
nisms and therapeutic applications. Adv
Immunol. 1999;73:153-264.

Faria AM, Maron R, Ficker SM, et al. Oral toler-
ance induced by continuous feeding: enhanced
up-regulation of transforming growth factor-
beta/interleukin-10 and suppression of experi-
mental autoimmune encephalomyelitis. ]
Autoimmun. 2003;20:135-145.

Harats D, Yacov N, Gilburd B, et al. Oral toler-
ance with heat shock protein 65 attenuates
Mpycobacterium tuberculosis-induced and high-
fat-diet-driven atherosclerotic lesions. | Am Coll
Cardiol. 2002;40:1333-1338.

Maron R, Sukhova G, Faria AM, et al. Mucosal
administration of heat shock protein-65 decreas-
es atherosclerosis and inflammation in aortic
arch of low-density lipoprotein receptor-defi-
cient mice. Circulation. 2002;106:1708-1715.

VOL. 5 NO. 4 2004 REVIEWS IN CARDIOVASCULAR MEDICINE 203



