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Abstract

Immune-driven inflammation plays an important part in
atherogenesis and is therefore believed to be key to the
development of cardiovascular disease (CVD), which
is currently the leading cause of death in the Western
world. By fulfilling some of the Koch postulates, athero-
genesis has even been proposed to be considered as an
autoimmune disease, raising the hope that CVD could
be prevented by immunomodulation. Nevertheless,
the role of the immune system and autoimmune reac-
tions in atherosclerosis appear to be a double edged-
sword, with both pro-atherogenic and anti-atherogenic
attributes. Hence, if immunomodulation is to become
a therapeutic option for atherosclerosis and CVD, it will
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be crucial to correctly identify patients who might ben-
efit from targeted suppression of deleterious autoim-
mune responses. This could be achieved, for example,
by the detection of disease-associated autoantibodies.
In this work, we will review the currently available clini-
cal, /n vitro, and animal studies dedicated to autoan-
tibodies against apolipoprotein A-1 (anti-apoA-1 IgG),
the major proteic fraction of high density lipoprotein.
Current clinical studies indicate that high levels of anti-
apoA-1 IgG are associated with a worse cardiovascular
prognosis. In addition, /7 vitro and animal studies indi-
cate a pro-inflammatory and pro-atherogenic role, sup-
porting the hypothesis that these autoantibodies may
play a direct causal role in CVD, and furthermore that
they could potentially represent a therapeutic target for
CVD in the future.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: This review provides a comprehensive and
critical analysis of the most recent basic research
articles and clinical trials on the role of autoantibod-
ies to apolipoprotein A-1 as biomarkers and potential
mediators of cardiovascular diseases (CVD). Evidence
from both /n vitro and in vivo studies showed that anti-
apolipoprotein A-1 IgG might have critical pro-athero-
sclerotic activities by activating immune cells to release
pro-inflammatory mediators and proteases. In addition,
these autoantibodies might increase heart rate and ar-
rhythmias both in humans and animal models. These
studies suggest a causal role of anti-apolipoprotein
A-1 immunoglobulins of G class in CVD, indicating that
those autoantibodies could potentially represent an
emerging therapeutic target to better fight CVD.

Vuilleumier N, Montecucco F, Hartley O. Autoantibodies to apo-
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INTRODUCTION

Current epidemiology of cardiovascular diseases and
preventive strategies

Despite increasing public awareness and major therapeu-
tic progress, cardiovascular disease (CVD) remains the
leading cause of morbidity and mortality worldwide. In
the United States, CVD prevalence in the general popula-
tion is expected to reach 40%, with direct related costs
set to reach 800 billion dollars per year in the next two
decades'".

In Europe, CVD causes 47% of all deaths (Figure 1),
accounting for 4 million fatalities each year, and costing
196 billion euros a year. Roughly half of these costs (54%)
have been attributed to direct health care costs, and the
other half (46%) to indirect losses (Heart Network: www.
ehnheart.org).

Because the disease progresses asymptomatically, the
first indication that an individual has atherosclerosis is of-
ten a severe cardiovascular event. According to statistics
obtained in the United States during the last two decades,
the first indicator of atherosclerosis for 30%-50% of
patients was an acute, and in many cases fatal, myocat-
dial infarction (MD). Current guidelines address this
problem by identifying high-risk individuals according to
the cumulative presence of different Framingham risk
factors (smoking, obesity, diabetes, dyslipidemia, and
hypertension), with the decision to go forward into pre-
ventive treatment made according to the estimated risk.
Based upon these clinically-based cardiovascular (CV)
risk stratification tools, individuals identified as at-risk for
atherosclerosis and CVD are subjected to treatment that
directly addresses the established risk factors, combining
lifestyle modification (e.g., smoking, exercise, diet) with
anti-platelet therapy (aspirin), and medication to reduce
both blood pressure (anti-hypertensive agents) and levels
of circulating cholesterol (statins).

While this strategy has undoubtedly made some im-
pact, current CV risk stratification tools only have the
power to segregate very high-risk individuals from very
low-risk individuals, and lack sensitivity and specific-
ity in persons deemed to be at intermediate risk”. As a
consequence, up to 60% of CV events occur in primary
prevention (Ze., in patients with asymptomatic CVD),
affecting subjects deemed at low or intermediate risk of
CVD (false negative)™”. At the same time, other patients
are unnecessarily given lifelong prevention medication
(false positives) (reviewed i,

For this reason, strong calls have been made to ex-
ploit existing knowledge and technology to improve the
sensitivity and specificity of risk stratification approaches
used to guide preventive therapym. To be effective as
public health measures, new approaches would have to
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be not only sensitive and specific, but also low-cost, non-
invasive and adaptable to scale-up and commercialization
for widespread use™. While solutions involving imaging
technologies such as ultrasound, chest computed tomog-
raphy (CT) and magnetic resonance imaging have been
proposed”; their implementation at population level in
primary care is currently difficult to envisage mainly for
economic reasons, and also because of health hazards
related to radiation exposure.

As a more viable alternative strategy with respect to
costs and health issues, much attention has been drawn to
CV biomarkers that allow, on the basis of a simple blood
sample measurement, to quantify either the amount of
myocardial necrosis, such as cardiac troponinsm, the de-
gree of myocardial stretch, such as natriuretic peptides[s],
or the amount of systemic inflaimmation, such as high
sensitive C-reactive protein (hs-CRP)”, to only quote
the “usual suspects” in the field. The complete list of
candidate CV biomarkers is much longer, reflecting the
numerous studies published in the field (Figure 2), but
only a few of these candidates, notably those shown to
be causally involved in the disease, are likely to make their
way into clinical practice. For this reason it is hoped that
improved knowledge of the pathogenesis of athero-
sclerosis will lead to the identification and validation of
biomarkers for atherosclerosis and CVD, enabling the
development of new risk stratification approaches[()].

Pathogenesis of atherosclerosis and cardiovascular
disease

CVD is causally linked to atherosclerosis, the swelling
of artery walls due to the formation of plaque lesions.
Plaques are made up of leukocytes, smooth muscle cells
and lipid deposits, with the surface of the plaque in con-
tact with the arterial lumen covered with a fibrous con-
nective tissue cap. Although atherosclerosis accumulates
gradually and asymptomatically from childhood, it is ac-
celerated by a number of established risk factors, includ-
ing Framingham risk factors. Atherosclerotic plaques may
remain stable as they grow, gradually reducing arterial
blood flow as the lumen becomes increasingly obstructed,
or may become prone to rupture. When plaque rupture
occurs, the highly thrombogenic interior of the plaque
is revealed, leading to atherothrombosis. The resulting
ischemia is what causes CVD morbidity and mortality.
Depending on the location of the affected artery the out-
come can be myocardial infarction, stroke, or peripheral

artery disease!”.

Atheroslcerosis as an immune-mediated disease

Evidence linking high blood cholesterol to atherosclero-
sis, together with the presence of lipid deposits within
atherosclerotic plaques led to the prevailing view that
atherosclerosis was a lipid-related disease. This view was
held until the 1990%, when a seties of discoveties led to
a paradigm shift in the understanding of atherosclerosis,
shifting emphasis from lipid metabolism and transport
to inflammation"". Inflammatory responses are now
believed to undetlie all of the key steps in atherosclerotic
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Figure 1 Deaths by cause in Europe for the latest available year, and by
gender. Adapted from European Heart Network (www.ehnheart.org). CVD: car-
diovascular disease.

pathogenesis, from the initial modification of healthy
arterial endothelium to thrombus formation at the site of
plaque rupture.

According to this current paradigm (reviewed
in™!""? | atherosclerosis is initiated by inflammatory acti-
vation of arterial wall endothelial cells, allowing adhesion
of circulating leukocytes. Expression of inflammatory
chemokines leads to the migration of these leukocytes,
predominantly circulating monocytes, across the endo-
thelium and into the tunica intima. At this site the mono-
cytes mature, acquiring a macrophage phenotype and the
capacity to ingest native and modified low-density lipo-
protein (LDL) particles that exit the blood and permeate
the activated arterial endothelium. Following extensive
lipid ingestion, these macrophages become “foam cells”,
which are the main constituents of an early atheroscle-
rotic lesion. Foam cells release a broad range of cyto-
kines and serve to amplify the inflammatory response,
as well as inducing the proliferation of resident smooth
muscle cells and promoting local angiogenesis. Chronic
inflammation leads to the formation of an advanced
atherosclerotic plaque, comprising a mass of foam cells
surrounding a “necrotic core” of lipids released by dead
and dying cells, capped by a fibrous layer made up of
smooth muscle cells and extracellular matrix. Inflamma-
tory responses also play a key role in atherothrombosis,
which is recognized to account for up to 80% of acute
CV manifestations'”. Inflammation influences the lo-
cal extracellular matrix composition through a complex
interplay between different matrix-metalloproteinases
(MMPs) determining the propensity of the fibrous cap
to rupturem
environment also promotes thrombus formation wia the
activation of coagulation factors, leading to acute vessel
occlusion!”.

Detailed analysis of the content of atherosclerotic
plaques, together with the advent of a wide range of ge-
netically modified mouse strains, has enabled further elu-
cidation of the inflammatory pathogenesis of atheroscle-
rosis'"”. The identification of autoantibodies as well as
autoreactive T cells in atherosclerotic plaqueslw], and the

17 . .
|, Furthermore, a pro-inflammatory micro-
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Figure 2 Annual evolution of publications on cardiac biomarkers since
2000. This graphic represents the number of publications per year indexed and
retrieved in Pubmed between 2000 and 2012 when the key words “cardiovas-
cular biomarkers” are entered. Entry date: 22" of January 2014.

correlation established in clinical studies between their
detection and disease severity provided a clear indication
that adaptive immunity plays a role in atherosclerosis
(reviewed in®"). This role was underlined in a number
of studies in which ApoE’/’ knockout mice, which are
predisposed to hypercholesterolemia and atherosclero-
sis, were crossed with different mouse strains deficient
in specific arms of the adaptive immune system. These
studies revealed a key pro-atherogenic role for the Thl
subset of CD4 T cells, and an anti-atherogenic role for
the regulatory T cell subset (reviewed in™™), as well as
both pro- and anti-atherogenic roles for different B cell
subsets”"’. In addition, they highlighted the importance
in atherogenesis of signaling through pattern recognition
receptors (PRR) of the innate immune system, such as
Toll-like receptors (TLR) (reviewed in!"*?%,

Atherosclerosis as an autoimmune disease?
Grounded on the fact that atherogenesis fulfills several
of “Koch” postulates (Table 1), atherosclerosis has even
been proposed to be of autoimmune etiology™>*”. This
hypothesis is based on the following evidence. Firstly,
atherosclerotic plaques are infiltrated by both T cells and
antibodies specific for various autoantigens™, patients
suffering from autoimmune disease, such as systemic
lupus erythematosus (SLE), anti-phospholipid syndrome
(APS) and rheumatoid arthritis (RA) display an increased
CV risk, independently of traditional CV risk factors™**".
Secondly, as reviewed elsewhere, in patients without
autoimmune diseases, but established CVD, levels of
antibodies directed against various and numerous en-
dogenous epitopes, such as modified LDL, heat-shock
proteins (HSP), and cardiolipin, have been shown to
independently predict CV outcome™. Thirdly, iz vivo and
in vitro evidence demonstrated that some autoantibodies
might directly influence atherogenesis and atherosclerotic
plaque vulnerability, mostly by activating innate immune
receptors, thereby supporting a causal role of humoral
autoimmunity in atherosclerosis™",

Nevertheless, the relationship between autoantibodies
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Table 1 Koch posultates applied to the role of autoimmunity in atherosclerosis

Basic Koch postulates

Koch postulates transposed to the role of autoimmunity in atherosclerosis

Koch postulates

met ?
Pathogens must be detected in the diseased host at Autoantibodies and auto-reactive T cells can be detected in atherosclerotic Yes
every stage of the disease plaques and serum of patients in primary or secondary prevention of CVD
Pathogens must be isolated from the diseased host Autoreactive T-cells can be isolated and cultivated from diseased host Yes
and grown in culture presenting experimental atherosclerosis
When inocculated in healthy animals, the pathogens Passive or active immunization drastically affect the course of atherogenesis in Yes
from pure culture must induce the disease animal models
The pathogen must be re-isolated from the diseased = Protective autoantibodies of expected specificity can be isolated from animals Partly

animal and must correspond to the primary
pathogen in pure culture

exposed to active immunization

To establish a causality link between a mircoorganism and an infection, the four Koch postulates must be fulfilled. When applied to the role of autoimmu-

nity in atherosclerosis, the Koch postulates support a causal role between autoimmunity, atherosclerosis and cardiovascular disease (CVD). Adapted from

references™?,

and CVD is debated, because some of them have been
shown to be anti-atherogenic, while others act as pro-
atherogenic molecules”™. The reason for such duality is
still elusive and will not be further discussed in the pres-
ent work.

Another unresolved question concerns the mecha-
nisms by which tolerance is broken to generate autoim-
munity. Certain lines of evidence point to pathogen
molecular mimicry, ze., cross-reactivity between microbial
antigens and components of host structures, including
modified LDL and HSP"". In addition, modification
of proteins by oxidation can generate new epitopes that
are recognized as non-self by the adaptive immune sys-
tem". However, the presence of a non-self-epitope is
not normally sufficient to drive an autoimmune response,
since in order to effectively prime T cells, antigen pre-
senting cells must concomitantly receive “danger signals”
through their PRR. In the case of pathogen molecular
mimicry, the PRR ligands are provided by the pathogen
in the form of pathogen-associated molecular patterns
(PAMPs). In the absence of a pathogen, “sterile inflam-
mation” can be induced when antigen presenting cells
are stimulated »iz their PRR by an analogous set of
structures called damage-associated molecular patterns
(DAMPs), which are typically released by stressed or ne-
crotic cells™ ™7,

Hence, both pathogen molecular mimicry, as a con-
sequence of infection with, e.g., Chlamydia pneumoniae ox
Helicobacter pylori, or DAMP-mediated sterile inflammation
represent mechanisms by which autoantibodies targeting
antigens implicated in atherosclerosis can emerge (re-
viewed in""*).

Autoantibodies as CV risk stratification tools?
As mentioned previously, there is a clear need for new
biomarkers to improve current CV risk stratification®””,
Driven by the paradigm shift of atherogenesis moving
from a lipid-centered to inflammatory-centered etiology,
the quest for new potential cardiovascular risk markers to
better assess global cardiovascular vulnerability was prin-
cipally oriented on inflammatory biomarkers, including
autoantibodies” ",

Among the advantages identified for some autoanti-
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bodies is that they meet the current benchmark specifica-
tions requested for novel CV biomarkers”™", Firstly, their
association with CV outcomes has not only been shown
to be independent of traditional CV risk factors (reviewed
in*"*, but could also provide incremental predictive
information over current CV risk stratification tools. Sec-
ondly, the stability provided by their long half-life place
them as good candidates for long-term prognosis when
compared to biomarkers with a shorter half-life. Thirdly,
their measurement is typically simple, accurate, robust,
and achievable at moderate costs.

Autoantibodies as potential therapeutic targets?
Providing that some autoantibodies have been shown
to modulate atherogenic processes in antagonistic ways
(reviewed in"*"*"), attempts to induce atheroprotective
immunity through active immunization raised the hope
that vaccination against different specific antigens (wide
variety of modified LDL, HSP, ¢#.) could lead to lifelong
protection against atherosclerosis and CVD. This hypoth-
esis is currently under active investigation in humans™",

On the other hand, neutralizing the deleterious effects
of pro-atherogenic autoantibodies represents another
interesting therapeutic modality which could currently be
achieved through passive immunization with intravenous
immunoglobulins IVIG). In this respect, data concern-
ing IVIG administration in humans after MI yield rather
contradictory results™”, and although data restricted to
animal models do support an anti-atherogenic role of
IVIG™™ the costs related to IVIG therapy may well
prohibit widespread administration of IVIG to all MI or
CVD patients in the long-term, even if it proves to be ef-
fective. One solution might be to identify specific autoan-
tibodies that could then be selectively neutralized by anti-
idiotypic molecules rather than IVIG. Accordingly, an
approach based on the detection of specific autoantibod-
ies would enable the identification of a subset of CVD
patients that could benefit either from immunomodula-
tion (passive or active immunization) or from a specific
mimetic peptide-based therapy. Such a strategy could
represent an affordable step forward toward personalized
medicine in the field of CVD, allowing a more targeted
therapeutic intervention.
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HIGH-DENSITY LIPOPROTEIN,
APOLIPOPROTEIN A-1, AND ITS

RELATED AUTOANTIBODIES

Human apolipoprotein A-1 (apoA-1) is a 28-kD protein
with 243 amino acid residues encoded by the apolipo-
protein multigene superfamily located on chromosome
11q23™. The protein is synthesized as a 24 amino-acid-
longer prepro sequence of apoA-1, primatily by hepato-
cytes in the liver and also by enterocytes. Mature apoA-1
constitutes the principal protein fraction of high density
lipoprotein (HDL) whose protective role in the CV
system derives, to a great extent, from the inverse asso-
ciation of HDL-cholesterol and apoA-1 plasma concen-
trations with the risk of myocardial infarction. The ath-
eroprotective role of HDL in the cardiovascular system
has been attributed to the pleiotropic effects of HDL,
including reverse cholesterol transport from resident
arterial wall macrophages to the biliary tract for elimina-
tion, vasodilatation, anti-thrombotic, anti-coagulant and
anti-inflammatory effects'™*’. Mirroring those versatile
properties, mass spectrometry analyses revealed that

HDL encompasses very heterogeneous macromolecular
complexes of lipids and proteins. Only one third of the
up to 80 different proteins identified in HDL is dedi-
cated to lipid transport. The remaining proteins being
either acute-phase proteins, proteases, anti-oxidant, anti-
thrombotic enzymes or proteins involved in complement
regulation!™*".,

In addition to being the principal protein fraction of
HDL and a limiting factor for HDL formation, apoA-1
per se has many of the HDL-related atheroprotective
properties, such as inhibition of immune cell trans-endo-
thelial migration, inhibition of monocyte activation, inhi-
bition of cytokine production induced by T-cell contact,
inhibition of lipid peroxidation, and interference with
innate immune receptors pro-inflammatory signaling[45].
There is also a growing body of evidence indicating that
both acute and chronic inflammatory conditions induce
post-translational modifications of apoA-1 transforming
HDL and apoA-1 into pro-inflammatory molecules*”.
Furthermore, as reviewed in the next paragraphs, recent
data suggest that that humoral autoimmunity to apoA-1
and HDL could be new possible biomarkers for CVD,
and possibly a mediator of inflammation, atherosclerosis,

and CVD.

ANTI-APOA-1 IGG IN AUTOIMMUNE
DISEASES

Anti-apoA-1IgG in SLE and APS patients

In 1995, using early phage display technology, Mer-
till e al*" reported that sera derived from SLE patients
were immunoreactive against a protein displaying 82%
DNA sequence homology with human apoA-1, fol-
lowed by the confirmation that those sera were indeed

reactive to human apoA-1 when coated on gamma-
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irradiated enzyme-linked immunosorbent assay plates.
Further understanding of anti-apoA-1 autoantibody
architecture was provided by the same group in 1998
who reported that high levels of anti-apoA-1 IgG were
retrieved in a significant subset of SLE (32.5%) and
primary APS patients (22.9%)[35]. Those autoantibodies
were found to be associated with the presence of anti-
beta2glycoprotoein I (B2GPI) antibodies, and to display
an optimal affinity for mature HDLs". In 2001, Abe and
colleagues characterized six different monoclonal anti-
apoA-1 antibodies (derived from two SLE patients) dis-
playing a low specificity, as reflected by their broad cross-
reactivity to single strand DNA, thrombin, cardiolipin
(CL), and to HDL"™"), Because of the latter observation,
anti-apoA-1 IgG were considered a possible subgroup
of anti-HDL antibodies™. The first insight regarding the
potential pathogenicity of this class of autoantibodies
in atherogenesis was demonstrated in 2003 by Delgado
Alves and colleagues, who showed an inverse correlation
between anti-HDL IgG and paraoxonase-1 (PON-1) ac-
tivity, and with the total antioxidant capacity of the cor-
responding sera™. More specifically, those initial results
suggested that anti-HDL, and later anti-apoA-1 IgGlSlJ,
could be related to atherogenesis, through HDL dysfunc-
tion™! whose pathophysiological role in atherogenesis
was starting to be recognizedlw.

Anti-apoA-1 IgG in rheumatoid arthritis patients

In 2010, we demonstrated in a case-control study that
anti-apoA-1 IgG levels were higher in patients suffering
from rtheumatoid arthritis (RA) than in matched-controls
(7% 5 2%, P = 0.01). In this study, those autoanti-
bodies were associated with higher oxidized LDL levels
and were significantly associated with anamnestic CVD.
Nevertheless, no association was found with the RA
disease activity scorel”™. Concomitantly, in a longitudinal
prospective study which will be described in detail in the
following paragraph entitled “anti-apoA-1 IgG as inde-
pendent predictors of CV risk®, we confirmed that those
autoantibodies were predictive of CVD in RA patients,
and were associated with a pro-inflammatory cytokine
profile®*",

ANTI-APOA-1 IGG IN OTHER

NON-AUTOIMMUNE POPULATIONS

If high levels of anti-apoA-1 IgG are initially described
as raised in patients with autoimmune diseases associated
with an increased risk of CVD, high levels of those au-
toantibodies can also be detected in patients without au-

toimmune disease, but with CVD, such as acute coronary
(586 [63.64]

syndrome™®, and severe carotid stenosis

In addition, the existence of elevated levels of anti-
apoA-1 IgG was demonstrated in patients with periodon-
titis®, and patients under hemodialysis[(’(’], two clinical
conditions known to be associated with increased CVD
risk””*. Finally, the existence of high levels of anti-

apoA-1 IgG was recently reported in obese, but other-
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wise healthy subjectsm].

In those different settings the prevalence of a high
titer of anti-apoA-1 IgG varies between 10% and 20%,
against 0% to 6.5% in healthy blood donors or con-
trols?”*!. The clinical relevance of such findings will be
discussed later.

ANTI-APOA-1 IGG AS A MARKER
AND POSSIBLE MEDIATOR OF
INFLAMMATION AND ATHEROGENESIS

Anti-apoA-1 IgG are associated with a pro-inflammatory
and pro-atherogenic cytokine profile in humans

Most studies published to date have reported significant
associations between high levels of anti-apoA-1 IgG
levels and markers of oxidative stress, inflammation and
endothelial dysfunction related to atherogenesis and ath-
erosclerotic plaque rupture.

In SLE patients, anti-apoA-1 IgG levels were found
to be positively correlated with nitric oxide (= 0.37, P =
0.007), inversely related to PON-1 activity (= -0.31, P =
0.0006), and the total anti-oxidant capacity of the sera (r =
-0.47, P < 0.0001) suggesting that those autoantibodies
could interfere with the anti-oxidant properties of HDL,
giving rise to a pro-oxidative micro-environment facilitat-
ing atherogenesism. Similarly, RA patients tested positive
for those autoantibodies were shown in two different
studies to have higher plasma levels of ox.LDL levels™
considered a major player in all stages of atherogen-
esis™"!. Furthermore, RA patients tested positive for
anti-apoA-1 antibodies were found to have higher levels
of interleukin-8 (IL-8) and MMP-9™, two inflammatory
mediators known to be associated with atherogenesis,
and atherosclerotic plaque vulnerability in humans*"",

In a retrospective study involving MI patients, we
reported a positive association between anti-apoA-1 IgG
and serum amyloid A (SAA) protein levels (» = 0.76, P =
0.0006), a multifunctional protein located at the crossroad
of inflammation and cholesterol homeostasis™.
Subsequently, in a prospective cohort study involving
MI patients (7 = 127), we noted the same relationship
between anti-apoA-1 IgG and oxLLDL levels as had been
documented in RA patients[”]. MI patients considered as
positive for anti-apoA-1 IgG had significantly higher me-
dian levels of oxLLDL when compared to patients tested
negative for those autoantibodies (226.5 U/L »s 47.7 U/L,
P < 0.0001), and a positive correlation between oxLDL
and anti-apoA-1 IgG was observed (Spearman r = 0.28,
P < 0.05)"". On the other hand, no association with
PON-1 activity was observed in this study.

In a prospective study enrolling 221 MI patients,
we demonstrated that patients tested positive for anti-
apoA-1 antibodies had higher circulating levels of IL-6,
TNF-a, and MMP-9, and lower MMP-3 levels™”, a cyto-
kine constellation known to be associated with increased
atherosclerotic plaque vulnerability, and worse CV prog-
nosis”". This increase in MMP-9 levels retrieved in
anti-apoA-1 IgG positive patients was associated with an
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increase in MMP-9 activity'*”.,

Furthermore, in our periodontitis study, we observed
a positive correlation between anti-apoA-1 IgG and
ADMA levels (Spearman; = 0.20, P = 0.02)”, a marker
of endothelial-dependent dysfunction with strong CV
prognostic value!™"

Among other associations observed between anti-
apoA-1 IgG CV relevant prognostic features was an
association with basal heart rate. In one of our prospec-
tive MI cohort studies”, we demonstrated that when
compared to those tested negative for anti-apoA-1 IgG,
patients tested positive for those antibodies had a higher
basal heart rate upon discharge, a well-established CV
prognostic feature after M1 The possible impact of
those autoantibodies on nervous autonomic dysfunction
will be presented in the paragraph entitled “Anti-apoA-1
IgG elicits a positive chronotropic effect on cardiomyo-
cytes”.

In conclusion, the most consistent associations ob-
served so far between anti-apoA-1 IgG and CV-relevant
markers of inflaimmation concern mostly oxLLDLs and
MMP-9. Although no causal link can be inferred based
on such statistical associations, they were nevertheless in-
strumental in orienting the subsequent 7 vitro and animal
studies described in the next paragraph.

Anti-apoA-1 IgG as active mediators of atherosclerosis
and atherosclerotic plaque vulnerability in vitro and in
vivo

Experiments carried out in cellular and animal models in-
dicated that certain autoantibodies contribute directly to
the induction of atherogenesis and atherosclerotic plaque
vulnerability through their capacity to signal through in-
nate immune receptors, notably TLR-2 (#71, reviewed
in”h. By analogy, we investigated whether anti-apoA-1
autoantibodies could act through innate immune recep-
tors signaling to elicit a pro-inflammatory response.

In this respect, we recently showed that lipopolysac-
charide-free anti-apoA-1 IgG dose-dependently induced
the production of a range pro-inflammatory cytokines,
such as I1.-8, MMP-9, 11.-6, TNF-q, and MCP-1 in hu-
man monocyte-derived macrophagesm’“’m, and that this
process was mediated by the TLR2/CD14 complex™. In
addition, our iz silico modeling studies revealed evidence
of structural homology between apoA-1 and part of the
extracellular domain of TLR2, suggesting a molecular
mechanism for this cross-reactivity' ”. Our current un-
derstanding on how anti-apoA-1 IgG promotes sterile
inflammation through the activation of TLR2/CD14
complex is summatized in Figure 3.

Anti-apoA-1 IgG elicits a positive chronotropic effect on
cardiomyocytes

We have recently demonstrated that there is a positive
association between levels of anti-apoA-1 IgG and rest-
ing heart rate following myocardial infarction, a well-
established parameter for CVD prognosis in secondary
prevention[m'm. In the same study, we showed that in
the presence of aldosterone, anti-apoA-1 IgG elicits a
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dose-dependent increase in the spontaneous contrac-
tion rate of neonatal rat ventricular cardiomyocytes'™”
Using patch-clamp electrophysiology combined with
a pharmacological approach, we subsequently showed
that this positive chronotropic effect was mediated by
L-type calcium channel activation, itself induced by the
concomitant activation of both the mineralocorticoid re-
ceptor-dependent phosphatidyl 3-kinase pathway and the
protein kinase A pathway™. In support of an activation
mechanism involving aldosterone and antibody, we dem-
onstrated that the chronotropic effect can be abrogated
by addition of eplerenone, an aldosterone antagonist,
and by intravenous immunoglobulins[w’soj. Hence, thete is
compelling evidence in support of a role for anti-apoA-1
IgG in the induction of a positive chronotropic effect
in cardiomyocytes, but further work will be required to
define (1) whether this is a direct or indirect effect; and
(2) if anti-apoA-1 IgG acts directly on cardiomyocytes,
which receptor does it engage to activate the protein
kinase A pathway (Figure 4)? At the present time, there
is no indication suggesting that this chronotropic effect
could be mediated by interference with the activity of
the autonomous nervous system; further work will be re-
quired to address this question.

Anti-apoA-1 IgG induces atherosclerosis and death in
apoE” mice

Animal studies that we have performed provided direct
evidence that anti-apoA-1 IgG was sufficient to induce
atherosclerosis. Passive immunization of atherosclerosis-
prone apoE”” mice with anti-apoA-1 IgG increased both
atherosclerotic lesion size and histological features of
atherosclerotic plaque vulnerability™. In a lupus-prone
mouse model, Srivastava and colleagues demonstrated
that the presence of anti-apoA-1 antibodies was associat-
ed with a decrease in the anti-oxidant properties of HDL
which inferred a decrease in PON-1 activity, leading to an
increase in pro-inflammatory reactive oxygen specieslsu.
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Figure 3 Autoantibodies against apolipoprotein
A-1 1gG elicit a pro-inflammatory response through
Toll-like receptor 2/CD14 complex on human mac-
rophages. Autoantibodies against apolipoprotein A-1
(anti-apoA-1) 1gG specifically bind to Toll-like receptor
(TLR)2 due to conformational homology between apoA-1
and TLR2. In the presence of CD14, the binding of anti-
apoA-119G to TLR2 induces a nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB)-dependent
production of pro-inflammatory cytokines. MMP-9: Matrix-
metalloproteinases; IL-8: Interleukin-8.

(i
()

These results support the hypothesis that anti-apoA-1
IgG and HDL dysfunction are two related phenomena.
Although a causal link between anti-apoA-1 IgG and
HDL dysfunction remains elusive, these results are con-
sistent with clinical observations reported previously™ 2,

ANTI-APOA-1 IGG AS INDEPENDENT

PREDICTORS OF CV RISK

In 2010, we demonstrated that anti-apoA-1 IgG positivity
assessed in samples taken within the first 24 h of patient
admission for MI was a significant and independent pre-
dictor of MACE during 1 year follow-up™. The presence
of high anti-apoA-1 IgG levels on admission increased
the subsequent risk of MACE by 4-fold, independently
of Framingham risk factors [adjusted OR = 4.3, 95%CI:
1.46-12.6, P = 0.007]". Cox regression analysis demon-
strated that for each arbitrary unit increase in anti-apoA-1
IgG, there was a concomitant 3% increase in MACE risk
(P = 0.0003). All 221 patients tested negative for anti-
nuclear antibodies and no association with any other
autoantibodies (rtheumatoid factor, anti-B2GPI and anti-
cardiolipin antibodies) was observed”.

These findings were extended in an ancillary study de-
rived from the same cohort of patients aimed at compat-
ing, in a “head to head” fashion, the prognostic accuracies
of other autoantibodies described as potentially relevant
for CV event prediction. Among those, we measured
antibodies to B2GPI domain I and 1V, cardiolipin, heat-
shock protein 60 (anti-HSP-60), and phosphorylcholine
(anti-PC IgM)lG”. In this study, autoantibodies to apoA-1
were found to be the only autoantibodies to significantly
predict subsequent MACE occurrence, although a non-
significant trend was observed for anti-cardiolipin (P =
0.05), and anti-HSP60 antibodies P = 0.07). In this study,
the prognostic accuracy measured by the area under the
curve (AUC) was rather modest (AUC: 0.65, P = 0.007)""!,
and of the same order of magnitude as the 10-year global
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Framingham risk score. Risk analyses demonstrated that
anti-apoA-1 IgG positivity increased the risk of MACE
by 4-fold, independently of the 10-year global Framing-
ham risk score (adjusted hazard ratio = 3.8, P = 0.002)"".
Those preliminary results pointed to anti-apoA-1 IgG as
a promising humoral autoimmune candidate for MACE
prediction in secondary prevention settings.

Furthermore, in a single center prospective study in-
volving 138 patients presenting to the emergency room
with acute chest pain, we demonstrated that anti-apoA-1
IgG values assessed on the first sample available had a
relatively good diagnostic accuracy for non-ST elevation
myocardial infarction (NSTEMI) with an AUC of 0.75 (P
< 0.0001) that could be increased up to 0.88 when com-
bined with anti-PC IgM and the NSTEMI-TIMI score to
generate a clinical antibody ratio (CABR) score™. Also,
anti-apoA-1 IgG was found to be a good predictor (AUC
= 0.80, P < 0.0001) of subsequent troponin I elevation
when the first sample tested negative, which was the
secondary endpoint of this study. Risk analyses indicated
that in the presence of high anti-apoA-1 IgG levels, the
risk of subsequent NSTEMI diagnosis was increased
by 6-fold after the adjustment for NSTEMI-TIMI score
(OR: 6.4, 95%CI: 1.72-24.2). At the pre-specified cut-off,
this test displayed an interesting negative predictive value
of 88% and 95% for the primary and secondary study
endpoints, respectively. To summarize, in ACS patients,
the predictive accuracy according to ROC curve analysis
revealed AUC values ranging between 0.65 and 0.75°%%,
If these AUC values are relatively modest (they should
ideally be above 0.80""), they are still in the same range
as those reported for the Framingham risk score, which
currently determines patient managementm.

Furthermore, we demonstrated that anti-apoA-1 IgG
were also predictors of MACE at one-year after elective
surgery for severe carotid stenosis with an AUC of 0.74
(95%CI: 0.59-0.90, P = 0.01)"", and that its combined
used with myeloperoxidase could improve the predictive
accuracy of the model™. In this study, high levels of
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Figure 4 Current understanding of the mechanism by
which autoantibodies against apolipoprotein A-1 1gG
elicit chronotropic responses in nenonatal rat cardiomy-
ocytes. Stimulation of the mineralocorticoid receptor (MR),
either by aldosterone or oxidized glucocorticoids, induces
l the downstream activation of PI3K, which in turn activates

L-type calcium channels. Anti-apoA-1 IgG has been shown
to sensitize the L-type calcium channel in a protein kinase
A (PKA)-dependent manner. The PI3K and PKA activated
pathways alone are not sufficient to induce an increase in
basal contraction rate, when simultaneously activated L-type
calcium channels are activated, leading to an increase in
intracellular Ca*. This signal is amplified by the Na*/Ca**
exchanger, leading to an increase of the prepotential slope
of the cells, which ultimately translates into an increased
contraction rate.

MR

Wortmanin

anti-apoA-1 IgG were associated with a 5-fold increase
in MACE during follow-up (exact OR = 5.29, 95%CI:
1.08-34.02, P = 0.04), which remained significant after
adjustment for the 10-year Framingham risk score ac-
cording to conventional logistic regression, but not when
the exact logistic regression model was appliedm.

In a longitudinal prospective study involving 133 RA
patients followed-up for a median duration of 9 years™,
we demonstrated that high levels of anti-apoA-1 IgG was
assoclated with a 4-fold increase in MACE during follow-
up, independently of Framingham risk factors and RA
disease duration (HR = 4.2, 95%CI: 1.5-12.1). In this
study, ROC curve analyses indicated that those autoanti-
bodies were the strongest predictors of MACE with an
AUC of 0.73 (P = 0.0008), a specificity of 50%, and a
sensitivity of 90% at the predefined cut-off*”, Tn addi-
tion to their independency of traditional CV risk factors
to predict poor CV outcome, we also demonstrated that
anti-apoA-1 IgG provides incremental prognostic infor-
mation over traditional cardiovascular risk factors in ACS,
in severe carotid stenosis, and in RA patients. When com-
pared to current risk stratification tools (NSTEMI-TIMI
score in acute chest pain patients, or the 10-year global
Framingham risk score in ACS, RA, or severe carotid ste-
nosis patients), it significantly improved the patient risk
reclassification with significant integrated discrimination

index values ranging between 1.8% and 175976204

Anti-apoA-1 IgG as a biomarker predictive of

atherosclerosis and atherosclerotic plaque vulnerability
Of clinical relevance, we have also demonstrated that
anti-apoA-1 IgG is also detectable in a proportion of
healthy subjects without autoimmune disease and CVD
(0%-6.5%), albeit at lower levels than seen in patient
cohorts™*%. Significantly, in a small case-control study
on healthy subjectsm, we demonstrated that anti-apoA-1
IgG levels in the obese subgroup were raised to levels
previously described in CVD patients, with high levels of
anti-apoA-1 IgG being a significant predictor of coro-
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nary artery calcifications visualized by chest computed
tomography. Because coronary artery calcifications are a
major predictor of subsequent cardiovascular events in
asymptomatic subjects[gz], the results of this preliminary
study suggest that anti-apoA-1 IgG may be a valuable
biomarker for use in primary prevention to screen for
the presence of coronary artery lesions. Indeed in this
setting, anti-apoA-1 IgG testing had a negative predictive
value of 94% to detect the presence of coronary artery
calcification, with an AUC of 0.831. Similarly, we dem-
onstrated in patients with periodontitis younger than 50
years old that anti-apoA-1 IgG was the only predictor of
a pathological ankle brachial index™. 2 measure used to
detect peripheral artery disease and known to reflect the
global atherosclerosis burden™*,

Extending those results, we also reported that the
presence of anti-apoA-1 antibodies in patients with se-
vere carotid stenosis was associated with histological fea-
tures of atherosclerotic plaque vulnerability determined
on surgical biopsy specimens®”. Indeed, in this study, we
demonstrated that circulating levels of anti-apoA-1 IgG
were positively correlated with intraplaque macrophages
(r=0.33, P = 0.002), MMP-9 expression (r = 0.43, P =
0.0001) and neutrophils (» = 0.42, P = 0.0001), and in-
versely correlated with total collagen content (r = -0.29,
P = 0.008). Furthermore, patients deemed as positive
for anti-apoA-1 IgG had significantly higher levels of
macrophages, MMP-9 expression and neutrophils within
their atherosclerotic lesions, and lower levels of total
collagen when compared to patients tested negative for
those autoantibodies®”. Interestingly, those findings were
mimicked in apoE’/ " mice exposed to passive immuniza-
tion with anti-apoA-1 IgG when compared to the CTL
groupm. Taken together those results indicate that assess-
ing anti-apoA-1 IgG levels could not only be a possible
biomarker of atherosclerosis, but could also be used to
detect the presence of atherosclerotic plaque vulnerabil-
ity. Because assessing atherosclerotic plaque vulnerability
is currently an unmet clinical need, the possibility of us-
ing anti-apoA-1 IgG detection as a simple and affordable
surrogate biomarker of atherosclerotic plaque fragility is
of patent clinical interest.

FUTURE PERSPECTIVES

Because current iz vitro and in vivo results indicate that an-
ti-apoA-1 IgG could well be active mediators of athero-
genesis, those autoantibodies may represent an emergent

therapeutic target. In other words, we speculate that mea-
suring circulating levels of anti-apoA-1 IgG would enable
the identification of a subset of patients who would ben-
efit from specific therapy aimed at reversing the deleteri-
ous effect of those autoantibodies. In this respect, we
have demonstrated that the chronotropic effect of those
autoantibodies could be reversed by existing therapeutic
compounds such as IVIG and eplerenone, a selective MR
antagonist[sol.

In parallel, we will pursue our work aimed at defining
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the exact CV-relevant epitope(s) targeted by those auto-
antibodies. Once determined, those epitopes could be
useful both for the detection of anti-apoA-1 IgG by oc-
cupying binding sites, and for neutralizing the pathogenic
effects of the antibodies (pro-arrythmogenic and pro-
inflammatory effects), which hopefully would translate
in a reduction of atherogenesis-related complications in
humans.

CONCLUSION

To summarize, recent studies demonstrate that IgG au-
toantibodies against apoA-1 are raised in many diseases
associated with a high cardiovascular risk, such as SLE,
ACS, RA, severe carotid stenosis, and end-stage renal dis-
case. To date, high levels of anti-apoA-1 IgG have been
shown to be an independent prognostic marker of poor
CV outcome in MI, RA and carotid stenosis patients, to
display clinically relevant properties for NSTEMI diag-
nosis in acute chest pain patients, to be associated with
atherosclerotic plaque vulnerability in patients with severe
carotid stenosis, and to predict coronary artery lesions
in obese, but otherwise healthy subjects. In most studies
reported so far, high levels of anti-apoA-1 IgG are as-
sociated with a pro-inflammatory cytokine profile, and in
SLE/APS, those autoantibodies have been shown to be
associated with the presence of dysfunctional HDLs.
Concomitantly, iz vitro data tend to indicate that anti-
apoA-1 IgG are active modulators of atherogenesis by
(1) promoting a stetile inflammation through the TLR2/
CD14 complex; and (2) eliciting specific neutrophil che-
motaxis. Furthermore, 7# vitro experiments suggest that
those autoantibodies could act as pro-arrhythmogenic
molecules through an aldosterone-dependent L-type cal-
cium channel activation that can be reversed using exist-

ing therapeutic compounds. In parallel, work in mouse
models demonstrated that passive immunization with
anti-apoA-1 IgG increases atherogenesis, atherosclerotic
plaque vulnerability, death rate, and decreases the anti-
oxidant properties of HDL by inhibiting PON-1 activ-
ity. The preliminary clinical results need to be replicated
in larger multicenter cohorts and further basic science
studies will be required to gain a better understanding
of the pathophysiological involvement of anti-apoA-1
IgG in atherogenesis. Nevertheless, the current converg-
ing in vitro and animal observations lend weight to the
hypothesis that anti-apoA-1 IgG are active mediators of
atherogenesis rather than innocent bystanders. Hence,
these autoantibodies, could in the future, represent a new
possible therapeutic target, whose deleterious effect could
be abrogated by therapeutic synthetic apoA-1 mimetic
peptides. In this context, anti-apoA-1 IgG appears to be
a promising biomarker of pathological cardiovascular
autoimmunity, allowing the identification of a subset of
CVD patients who could benefit from specific immu-
nomodulation in the future, substantially contributing to
the development of personalized medicine in the field of

CVD.
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