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Abstract
Human low density lipoprotein (LDL) undergoes oxidation and glycation in vivo. By themselves,
oxidized LDL (oxLDL) and AGE-LDL have proinflammatory properties and are considered
atherogenic. But the atherogenicity of these lipoproteins are significantly increased as a consequence
of the formation of immune complexes (IC) involving autoantibodies spontaneously formed. OxLDL
and AGE antibodies have been shown to be predominantly of the IgG1 and IgG3 isotypes. OxLDL
antibodies are able to activate the complement system by the classical pathway and to induce FcR-
mediated phagocytosis. In vitro and ex vivo studies performed with modified LDL-IC have proven
their pro-inflammatory and atherogenic properties. Clinical studies have demonstrated that the levels
of circulating modified LDL-IC correlate with parameters indicative of cardiovascular and renal
disease in diabetic patients and other patient populations. The possibility that spontaneously formed
or induced modified LDL antibodies (particularly IgM oxLDL antibodies) may have a protective
effect has been suggested, but the data is unclear and needs to be further investigated.
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Introduction
While there is general consensus about the inflammatory nature of atherosclerosis [1;2;3],
understanding the multitude of insults that initiate and perpetuate the inflammatory process is
far from clear and very much in its infancy. This review will focus on the proposed and still
controversial role of modified LDL antibodies (mLDL Abs), which have been characterized
in great detail from both the structural and biological points of view. The involvement of
humoral immune processes in atherosclerosis is not likely to be limited to mLDL Abs. In this
issue of CI others will discuss the role of antiphosphorylcholine antibodies, and special mention
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needs to be made of the literature suggesting that heat shock proteins and their corresponding
antibodies may also play a significant role in cardiovascular disease [4;5;6].

The immunogenicity of modified lipoproteins
In vitro-modified human lipoproteins are immunogenic when injected into rabbits and rodents
[7;8;9;10]. They are also recognized by autoantibodies that seem to exist virtually in every
single human adult [10;11]. It is possible that the antibodies that are detected in normolipemic
and hyperlipemic individuals recognize LDL with different degrees of modification [12] but
the precise nature of the modifications and epitopes recognized by human antibodies is not
totally clear. According to Tertov et al. the LDL isolated from circulating immune complexes
formed by LDL and corresponding antibodies (human LDL-IC) is partially denatured and
desyalated [13]. However, the main LDL modifications used to detect human mLDL Abs and
to immunize rabbits and other laboratory animals are based on oxidative reactions [copper-
oxidized LDL (oxLDL), MDA-modified LDL (MDA-LDL)] or on advanced glycation [AGE-
modified LDL (AGE-LDL)].

As determined by analyzing LDL fractionated from immune complexes precipitated from
human sera using polyethylene glycol (PEG) [14], such LDL was enriched in malondialdehyde
(MDA)-lysine, Ne(carboxyethyl) lysine (CEL) and Ne (carboxymethyl) lysine (CML) [10].
However, inhibition studies performed with IgG purified from precipitated IC showed that the
reactivity with immobilized oxLDL was only partially inhibited with MDA-LDL, meaning
that oxLDL contains additional epitopes besides MDA-lysine. Similarly, the reactivity with
immobilized AGE-modified LDL was not completely inhibited with CML, indicating that
AGE-LDL contains other epitopes in addition to CML. Also of interest was the fact that neither
MDA-modified bovine serum albumin (BSA) nor CML-modified BSA were effective
inhibitors of the reactivity of IgG antibodies to oxLDL or AGE-LDL. Thus, the human immune
system can discriminate MDA-lysine and CML epitopes in different proteins without
detectable cross-reactivity [10].

While most of the research concerning oxidized LDL antibodies has been centered on epitopes
derived from aminoacid modification, Frostegård and co-workers have proposed that
antibodies to phosphatidylcholine and phosphorylcholine are also generated by oxidative
processes [15;16]. IgM antibodies to phosphorylcholine have been proposed to protect against
atherosclerosis in patients with hypertension [15]. IgG antibodies to phosphorylcholine have
been isolated from commercially available intravenous immunoglobulin (IVIg) and partially
characterized [17], but their subclass distribution and basic biological properties (opsonizing
capacity, complement activation) have not been described and their potential role in
atherosclerosis not fully elucidated. The same problems exist in relation to IgG antibodies to
oxLDL-beta2GPI that have been proposed to be proatherogenic [18].

Antibodies to AGE-modified LDL have also been isolated and characterized [19]. The main
modification recognized by purified AGE-LDL antibodies is CML, but the presence of CEL
adducts in the LDL isolated from IC suggests that CEL is also involved in the formation of
epitopes recognized by the human immune system.

To what extent in vitro modification of LDL reproduces the epitopes generated during in vivo
modification remains unclear. Ylä-Herttuala and co-workers published the only direct study
of the immunogenicity of LDL isolated from human atherosclerotic lesions and demonstrated
their reactivity with antibodies to MDA-lysine and 4-hydroxynonenal (HNE) lysine adducts,
both present in oxidized LDL [20]. Several groups have focused their attention on the possible
role of myeloperoxidase (MPO)-generated oxidants in vivo [21;22;23;24]. The main arguments
favoring this pathway of lipid oxidation are the presence of phagocytic cells able to generate
MPO-generated oxidative radicals in the atherosclerotic lesions [25], as well as the observed
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co-localization of MPO and oxidized LDL [24;25;26;27] in atheroma lesions. In a study
examining the reactivity of IgG isolated from IC precipitated from the serum of 37 patients
with diabetes (unpublished data), we found that CML-LDL, MPO-LDL, and HEL-LDL were
recognized by this purified IgG (Figure 1), while methylglyoxal-modified LDL (MGO-LDL)
was not. These data support the postulated generation of MPO-LDL in vivo and its recognition
by the immune system. It also confirms the immunogenicity of HEL adducts, while it seems
to disprove the immunogenicity of MGO, an intermediate in the pathway that leads to the
formation of CML [28].

Structural and biological characteristics of modified LDL antibodies
Circulating human oxLDL antibodies were the first to be purified by affinity chromatography
using immobilized oxLDL [29]. By 2002 we had isolated oxLDL antibodies from 46 patients
with type 1 diabetes and found that IgG was the predominant isotype, followed by IgM and
IgA. Within the IgG isotype, ox LDL antibodies were predominantly of subclasses 1 and 3
[19;29;30]. The predominance of IgG over IgM in isolated circulating oxLDL antibodies is
not a characteristic of diabetic patients; it was also observed in antibodies isolated from healthy
volunteers and from non-diabetic patients [29]. In a more recent study we tried to compare the
concentrations of IgM and IgG oxLDL antibodies in IgG isolated from circulating IC and we
confirmed the predominance of IgG antibodies over IgM, by an average 8:1 ratio [31]. A similar
predominance of IgG antibodies of subclasses 1 and 3 has been demonstrated in purified AGE-
LDL antibodies [19]. Our data contradicts the isotypic distribution of oxLDL antibodies
reported by Wu and Lefvert [32], particularly in what concerns the subclass distribution. It
must be noted that these authors did not test purified antibodies, and the mouse monoclonal
anti-IgG2 antiserum they used is known to have significant issues of specificity and accuracy
[33] and to yield higher values for IgG2 than methods using radial immunodiffusion and
polyclonal antibodies [11].

IgG1 and IgG3 antibodies are considered pro-inflammatory, based on their ability to activate
the complement system by the classical pathway and to interact with Fcγ receptors in
phagocytic cells [34]. The involvement of IgG1 and IgG3 antibodies in immune complex
disease is also well recognized [35]. To further determine whether oxLDL antibodies expressed
those same biological properties, as expected from the predominance of IgG1 and IgG3
isotypes, we carried out extensive in vitro studies, initially using rabbit antibodies to human
LDL and later using IC isolated from patient sera and IC prepared with human oxLDL and
purified human antibodies to human oxLDL.

Insoluble IC prepared with human LDL and rabbit LDL antibody have been known to promote
the transformation of macrophages into foam cells [36;37;38]. The accumulation of cholesterol
by macrophages incubated with LDL-IC was a consequence of the IC uptake through Fcγ
receptors, primarily the high affinity FcγRI [39] and appears to be a consequence of the delayed
degradation of ingested LDL [40] as well as of LDL-IC induced abnormalities in receptor-
mediated uptake of native and modified lipoproteins and altered reverse cholesterol transport.
LDL-IC-induced foam cells show a paradoxical overexpression of the LDL receptor [38;40],
and, at least in the case of THP-1 cells, increased expression of scavenger receptors for
acetylated LDL [41]. These interesting experiments could have possible translational
limitations since LDL-IC were prepared with rabbit IgG antibodies, which not only are from
a different species, but have a significantly higher affinity than human oxLDL antibodies (Kd
values of 9.3×10−11 vs. 1,02 ± 1,1 × 10−8, respectively) [11]. Arguing against a possible
difference in the biological behavior of IC formed with human antibodies against modified
lipoproteins instead of rabbit antibodies, are studies showing that IC isolated from the serum
of patients with type 1 diabetes and healthy controls had the same atherogenic properties as
LDL-IC prepared with rabbit antibodies [42]. However, the question was addressed directly
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after we scaled up our method for the isolation of human oxLDL antibodies by affinity
chromatography so that we could obtain the necessary quantities of human antibody to prepare
IC containing both human oxLDL and human oxLDL antibodies [43]. Insoluble IC prepared
with oxLDL and purified human oxLDL antibodies were equally able to promote CE
accumulation in macrophages and induce foam cell formation; the degree of CE accumulation
was 10 times higher with human oxLDL-IC than with the same concentration of oxLDL alone
[43]. Interestingly human oxLDL-IC are not only able to induce the transformation of
macrophages into foam cells but also to markedly affect receptors involved in cholesterol
transport and homeostasis. LDL-IC-induced foam cells show a paradoxical over-expression of
the LDL receptor in contrast to what happen with oxLDL-induced foam cells which show LDL-
R down regulation [38;40]. The impact of oxLDL and oxLDL-IC in reverse cholesterol
transport, specifically in the ABCA1 transporter, shows also marked differences. Regardless
of the considerably larger amount of CE deposition induced by oxLDL-IC when compared
with oxLDL, oxLDL leads to higher expression of ABCA1 in human macrophages than
oxLDL-IC (Figure 2, unpublished data).

All these mechanisms can certainly contribute to the markedly higher intracellular
accumulation of cholesteryl esters in presence of oxLDL-IC when compared with oxLDL. The
paradoxical overexpression of LDL receptors after exposure of human macrophages to LDL-
IC is however extremely interesting because it suggests that ingestion of LDL as part of an IC
leads to an unregulated metabolic processing pathway that it is totally independent of the cell
cholesterol content [44]. The stimulation of LDL-R expression is mediated not via SREBP but
via the ERK signaling pathway and AP1 motif-dependent transcriptional activation [45].

The relevance of LDL-IC to the development of atherosclerosis is shown not only by the ability
of the IC to promote the transformation of macrophages into foam cells but for their ability to
trigger inflammation. The uptake of LDL-IC prepared with rabbit antibodies through the
FcγRI [39], specific for IgG1 antibodies, is associated with activation of human monocyte-
derived macrophages and THP-1 cells, inducing the respiratory burst and the release of
proinflammatory cytokines [41;46]. Other groups have reported FcγRIIa-mediated activation
of U937 and THP-1 cells incubated with oxLDL-IC [47;48]. Work by Huang and collaborators
demonstrated that LDL-IC activated the MAPK path-way in THP-1 cells [49] and stimulated
matrix metalloproteinase-1 expression through the same pathway in U937 [47] and human
vascular endothelial cells [50], irrespectively of the type of FcγR engaged.

Using oxLDL IC prepared with human oxLDL and corresponding human antibody, we have
proven two critical points concerning the proinflammatory properties of oxLDL-IC. First, as
expected from the predominance of IgG1 and IgG3 isotypes in oxLDL antibodies, human
oxLDL-IC activate complement through the classical pathway [51]; Also in agreement with
the isotype distribution, human oxLDL-IC were shown to activate MonoMac cells, THP-1
cells, and human monocyte-derived macrophages leading to the release of IL-1β, IL-6, IL-10,
IL-12, and TNF [43;51], and this activation is a consequence of the engagement of the FcγRI
[51]. With regard to macrophage activation, it is important to note that equivalent
concentrations of IC prepared with keyhole lympet hemocyanin (KLH) and human KLH
antibodies are significantly less efficient than oxLDL-IC [51]. More recently, a comparative
study of the effects of oxLDL, oxLDL IC and KLH IC (both types of IC prepared with human
antibodies) on gene expression in U937 cells showed that oxLDL-IC had unique activating
effects (not shared by oxLDL or by KLH-IC) on genes believed to enhance cell survival, inhibit
cell growth, regulate oxireductase activity, and control transport of fatty acids and aminoacids
[52]. The cell survival enhancement effect of oxLDL-IC has been also reported by Okskoji et
al.[53] using human monocytes as targets. This anti-apoptotic effect has significant
implications in the perpetuation of a chronic inflammatory reaction. Furthermore, in common
with KLH-IC, oxLDL-IC enhanced the expression of a number of genes involved in the
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inflammatory response, including the HSP70 6 gene product, a member of the heat shock 70
kD family [52]. The increased expression of HSP70 6 opens implies the activation of an
alternative proinflammatory pathway, given the reported ability of the HSP70 family of gene
products to induce the release of proinflammatory cytokines from naïve macrophages [54]. In
conclusion, the proinflammatory properties of human oxLDL IC have been extensively
documented in vitro and ex vivo experiments.

Pathogenicity of modified LDL antibodies in humans
Initially, the attention of clinical investigators concentrated on finding evidence supporting a
pathogenic role for oxLDL and MDA-LDL antibodies, using them as a surrogate measurement
of LDL with different degrees of modification. The results of these studies were rather
disappointing, because the results were often conflicting and failed to produce a clear cut
indication of the clinical value of modified lipoprotein antibody assays as biomarkers for the
development and/or progression of atherosclerosis. While some groups reported a positive
correlation between the levels of oxLDL antibodies and different endpoints considered as
evidence of atherosclerotic vascular disease, such as progression of carotid atherosclerosis or
risk for the future development of myocardial infarction [55;56;57;58;59;60;61], others failed
to show such correlation or showed an inverse correlation [62;63;64;65;66;67;68;69;70;71;72;
73;74].

The reasons for these discrepancies have been discussed elsewhere [11]. Basically the assays
used by different groups are rather heterogeneous, none of them has risen to the “gold standard”
status, and the interference of circulating modified lipoprotein complexes [42;72] has rarely
been considered in the design of these assays, in spite of the fact that IC formation is the most
logical explanation for the inverse relationship between serum oxLDL and oxLDL antibody
levels that was documented almost a decade ago [75]. The significance of oxLDL-IC as
interfering factors in the assay of ox LDL antibodies is strongly supported by recent
observations in our laboratory that demonstrate that the vast majority of circulating modified
LDL is complexed with the corresponding antibodies (Figure 3, unpublished data). But, in
reality, even assuming that the interference of LDL IC could be eliminated, the measurement
of modified LDL antibodies in circulation may be more informative of the degree of
immunogenicity of modified lipoproteins, which depends probably on the concentration and
degree of modification of LDL and on the immune reactivity of the individual, than of the
pathogenic potential of modified LDL antibodies.

The pathogenic potential of any type of antibodies depends on their isotype, and, with the
exception of anti-receptor antibodies, is fully expressed only after formation of antigen-
antibody complexes [34]. As mentioned earlier, oxLDL and AGE-LDL antibodies are
predominantly IgG1 and IgG3, considered pro-inflammatory [34]. The involvement of LDL-
IC in the pathogenesis of atherosclerosis was suggested over a decade ago by the elegant studies
of Yla-Herttuala and co-workers [20;76]. These authors purified oxLDL and the corresponding
IgG antibodies from atheromatous lesions of humans and Watanabe hyperlipidemic rabbits,
thus demonstrating that the ingredients necessary for the formation of LDL-IC are present in
the damaged arterial wall. Several groups, including ours, have reported a significant
correlation between soluble LDL-IC and the presence of clinical and/or laboratorial evidence
of cardiovascular disease [71;72;77;78;79;80]. Lefvert et al. have reported association between
circulating IC measured by non-specific assays and myocardial infarction in individuals with
less that 45 yrs of age [81] and found, in a prospective study, that such IC were “a strong and
independent risk factor for myocardial infarction” in 50-yr-old men [61].

In a recently reported study, we screened 1050 diabetic patients from the DCCT/EDIC cohort
for mLDL-IC and evaluated the impact of these IC in progression of carotid intima-media
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thickness [IMT]. After adjustment for a variety of factors, including age, gender, IMT at year
1, ultrasonography equipment used to measure IMT, DCCT randomization group, smoking,
hypertension, HbA1c, logarithm of the albumin excretion rate [AER] and C-Reactive Protein
[CRP] levels, mLDL-IC levels were good predictors of progression of internal carotid IMT
[82]. We also found significant correlations between the levels of LDL-IC and those of soluble
ICAM-1, CRP, and fibrinogen [82]. Furthermore, in another study of the same patient cohorts,
we found that the levels of modified LDL-IC were higher in patients with abnormal albumin
excretion rate [AER] [83]. In a smaller series of cases of the same cohorts we also demonstrated
that patients with AER ≥40mg/24 h have higher concentrations of oxLDL in their isolated
circulating IC than those with AER <40 mg/24 h (unpublished data, Figure 4). In a different
patient cohort studied in collaboration with Orchard and others, we obtained data confirming
that mLDL-IC is a risk factor for incident atherosclerosis and nephropathy [84;85]. hese clinical
and epidemiological studies strongly support the atherogenic potential of oxLDL-IC defined
by in vitro and ex vivo studies.

The major factor determining the formation of LDL appears to be the availability of modified
LDL, which seems to be directly related to the levels of LDL. Evidence supporting this
postulate was obtained in a study performed by our group in which we measured the levels of
LDL-IC longitudinally in 26 patients with type 2 diabetes, enrolled before receiving lipid-
lowering medications or CYP 344 inhibitors. The patients were first instructed to follow a
lipid-lowering diet and exercise, and two weeks later started statin therapy (Simvastatin, 20
mg/day). Simvastatin dosage was adjusted as needed to attain a level of LDL-cholesterol of
≤100 mg/dl. Blood samples were collected at baseline, 3 and 6 months after reaching the target
level for cholesterol, and 3 months after stopping Simvastatin. The patients showed a
significant reduction in their levels of circulating LDL-IC during therapy, which returned to
near baseline levels after discontinuation of therapy [86]. Tsimikas et al. similarly reported that
16 weeks of therapy with Atorvastatin reduced the levels of circulating apoB-containing IC by
29.5% although those changes, in their experience, did not correlate with changes in
quantitative coronary arteriography after 18 months of therapy [87].

The flip side: is the humoral immune response to modified lipoproteins
protective against the development of atherosclerosis?

In 1995 Palinski et al reported that the immunization of LDL-receptor-deficient [LDLr−/−]
rabbits with homologous MDA-LDL reduced atherogenesis [88]. This report triggered multiple
animal studies in rabbits and mice, well summarized by Binder et al. [89]. Apo-E deficient
mice immunized with homologous MDA-LDL also showed a reduction in the development of
atheromatous lesions[88;90]. Similar observations were reported in hypercholesterolemic
rabbits immunized with autologous oxLDL [91]. However, there are significant issues
concerning the extrapolation of the data obtained in these animals to our understanding of the
role of the humoral immune response in human atherosclerosis. First, antibodies resulting from
deliberate immunization have very different characteristics from those emerging
spontaneously [10]. Second, there are significant species-related differences in lipoprotein
metabolism and adaptive immune responses to modified lipoproteins, and the extrapolation of
data obtained on these animal models may be quite irrelevant for the understanding of human
atherosclerosis [92]. Third, the reported data from animal experiments is not as clearly
supportive of a protective role of oxLDL antibodies as some claim. For example, the studies
carried out immunizing LDLr−/− mice with MDA-LDL showed the same “protective” effect
after immunization with unmodified LDL, and the reduction in atherosclerosis development
was seen in the absence of antibodies to modified LDL [93]. In hypercholesterolemic rabbits
immunized with autologous oxLDLantibodies to oxLDL developed spontaneously in non-
immunized hypercholesterolemic control rabbits, as well as in rabbits immunized with native
LDL [which actually showed the greatest “protective” effect of immunization] [91]. Also in
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contradiction with the proposed protective role of oxLDL and MDA-LDL antibodies was the
observation of Palinski et al. who reported increased oxLDL autoantibody titers in LDLr −/−

mice that were significantly correlated with the extent of atherosclerosis [94].

Other groups have reported data supporting the protective role of modified LDL antibodies,
using a variety of different experimental strategies. Shaw et al. reported that a human-derived
IgG oxLDL monoclonal antibody inhibited the uptake of oxLDL by macrophages [95]. A
significant flaw in this study was the fact that the recombinant mono-clonal antibody was
synthesized as Fab fragments [95] which cannot activate complement or interact with Fcγ
receptors [FcγR] [34;96], therefore unable to induce an inflammatory reaction, but perfectly
able to block the formation of opsonizing IC with complete IgG antibody molecules. More
recently, the emphasis has shifted to the possible protective role of IgM antibodies. That IgM
antibodies may be protective is logical, given their low affinity, predominant intravascular
distribution, and lack of interaction with Fc receptors of phagocytic cells [34;97;98]. In some
mouse models oxLDL antibodies are predominantly of the IgM isotype, and this led to several
postulates, such as that that protective IgM antibodies to modified LDL may exist as “natural”
antibodies, a protective form of innate immunity [99]. In humans, as pointed earlier, the
predominant isotype of both oxLDL and AGE-LDL antibodies is IgG, and the parallelism with
mouse models does not exist. Another line of research supporting a protective role of IgM
antibodies is based on the existence and/or induction of polyreactive antibodies [100;101] that
can be induced, for example, by immunization of hypercholesterolemic mice with
Streptococcus pneumoniae. This results in the synthesis of protective IgM antibodies directed
against phosphorylcholine epitopes shared with oxLDL [102]. A recent report by Yamashita
et al. showed that the immunization of hypercholesterolemic pregnant NZW rabbits and LDL
receptor-deficient mice with oxLDL resulted in cross-immunization of the progeny, which
responded with the synthesis of IgM antibodies and formation of IgM-LDL immune
complexes, which in turn appeared to have a protective effect against the development of
atherosclerosis [103]. Interestingly, in rabbits, the increased synthesis of IgM antibodies could
also be induced with adjuvant alone, and the resulting IgM antibodies reacted not only with
oxLDL but also with native LDL. The cross reactivity of rabbit anti-human oxLDL with human
native LDL has also been observed by us, and does not appear just a consequence of
spontaneous oxidative processes affecting native LDL because human oxLDL antibodies show
very limited cross-reactivity with native LDL [10].

IgM antibodies to oxLDL are detectable in humans, as previously stated. Su et al. reported that
high levels of IgM ox LDL antibodies, as well as IgM phosphorylcholine antibodies, are related
with a slower progression of atherosclerosis in patients with hypertension [15]. Karvonen et
al. reported that the titers of IgM oxLDL antibodies are inversely correlated to intima-media
thickness [104]. Tsimikas et al. reported that IgM oxLDL antibodies and LDL-IC containing
IgM were inversely related with CAD (as detected by angiography), while IgG oxLDL
antibodies and LDL-IC containing IgG were directly related to CAD [6;105]. However, the
associations with lower or higher risk of CAD did not hold in multivariate analysis, therefore
the immunoglobulin isotype of LDL antibodies did not appear to be an independent predictor
of CAD. It also needs to be pointed out that Fredrikson et al published conflicting results,
reporting that IgM antibodies to oxLDL correlate with a more rapid progression of carotid
disease, as judged by IMT measurements [106].

Having reported that oxLDL-IC were associated with evidence of nephropathy in diabetic
patients [83] we have recently carried out a study in which we measured IgM and IgG oxLDL
antibodies isolated for PEG-precipitated immune complexes and found that while IgG antibody
concentrations were positively correlated with serum creatinine levels and urinary albumin
excretion rate, and negatively correlated with estimated glomerular filtration rate. In contrast,
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no correlation was observed between those parameters and IgM antibody concentrations
[107].

In spite of all this conflicting data, several authors considered the evidence supporting a
protective role of oxLDL IgM antibodies sufficient to justify the possibility of inducing
protection against atherosclerosis by deliberate immunization protocols [108]. However,
further illustrating the difficulty in translating animal data to human interventions, a recent
report on the effects of pneumococcal vaccination in humans failed to demonstrate the
induction of circulating IgM antibodies to oxLDL [109].

Conclusions
The immunogenicity of autologous modified LDL in humans has been established by numerous
studies summarized in this review. There is also considerable and conclusive evidence
suggesting that the humoral immune response to modified LDL is pathogenic in humans. The
predominant isotypes of modified LDL antibodies are IgG, of subclasses 1 and 3, classically
considered as proinflammatory [34;35]. More important is the fact that in vitro and ex vivo data
have proven that IC containing oxidized LDL have both atherogenic and proinflammatory
properties [38;41;42;43;45;47;49;52;110;111;112;113]. It has also been demonstrated that the
proinflammatory and proatherogenic properties of oxLDL-IC are significantly more powerful
than those of oxLDL [43;51].

Clinical studies are considerably more difficult to perform, particularly if the objective is to
study a cohort sufficiently large as to reach conclusive results. It may be argued that totally
conclusive data has not yet been published, but it should be recognized that several groups
have reported data that support the association of LDL-IC with manifestations of
atherosclerosis, such as coronary artery disease [72;79;80;114], myocardial infarction [81],
intima-media thickening [82], and diabetic nephropathy [83;85]. There is a need for reliable
and simple assays so that the predictive value of oxLDL can be adequately assessed.

In any case, there is sufficient evidence supporting the pathogenic potential of autoantibodies
to oxLDL and other LDL modifications in humans. The goals of either reducing the immune
response to modified LDL or modulating the immune response to favor IgM antibody synthesis
are certainly worth attention. Of the two, modulation of the immune response appears as most
difficult. Blocking CD40-CD40 ligand interactions could have such an effect [115], but at the
potential high cost of interfering with secondary immune responses and development of
memory against common pathogens. Alternative interventions could involve the upregulation
of T regulatory cells [116;117]. This intervention appears to be effective in the therapeutic
manipulation of transplant rejection responses [118], but at this time can only be considered
as a distant and uncertain target. Currently, the only practical approach is to reduce the antigenic
load, either by dietary modification, or by pharmacological means. Statins have been shown
to reduce the levels of circulating modified LDL-IC [86;87], and have also anti-inflammatory
and anti-oxidant effects [119;120;121]. Their effects on modified LDL-IC levels should be
investigated in a well designed trial with sufficient numbers of patients and methodological
rigor, designed to determine how much of the benefits attributed to statins can be correlated
with the reduction of the major pro-inflammatory insult that mLDL-IC appear to represent.
Also of note is preliminary data suggesting that dietary modification may reduce the levels of
oxLDL and increase the levels of IgM phosphorylcholine antibodies [122]. While the
significance of phosphorylcholine antibodies seems clearer in patients with autoimmune
disorders, this report certainly opens the door to studies designed to determine whether the
same or similar dietary interventions could result in upregulation of the levels of IgM antibodies
to modified LDL.
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Finally, given that atherosclerosis is a chronic inflammatory disease, one needs to consider
whether the use of anti-inflammatory agents, beyond the currently available statins and aspirin,
could be clinically useful. The development of statins with enhanced anti-inflammatory
properties is certainly an interesting possibility that should be explored. The use of more potent
and proven anti-inflammatory agents, such as TNF blockers and phospholipase 2 inhibitors
(ref), needs to be carefully considered. Concern about possible adverse effects caused by these
blockers used over long periods of time needs to be carefully balanced with the possible benefit
of their anti-inflammatory effects.
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Figure 1.
Reactivity of human IgG isolated from PEG-precipitated IC obtained from 27 patients with
diabetes (14 with type 1 and 13 with type 2 diabetes) with different LDL modifications: copper-
oxidized LDL (oxLDL), (carboxymethyl) lysine-modified LDL (CML), myeloperoxidase-
modified LDL (MPO-LDL), methylglyoxal-modified LDL (MGO-LDL), and (hexanoyl)
lysine-LDL (HEL-LDL). The different forms of modified LDL were coated in
enzymoimunoassay plates at identical dilutions, and identical dilutions of sera from the 27
patients were added to the coated plates. The bound antibody was revealed using rabbit anti-
human oxLDL antibody[66]. The data is presented as the mean + s.e.m.
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Figure 2.
Regulation of ABCA1 gene expression by oxLDL-IC. Human THP-1 monocytes were treated
with 160 nM of PMA for 2 days for macrophage transformation and then exposed to 100 μg/
ml of oxLDL, 150 μg/ml of oxLDL-IC, and 150 μg/ml of agg-oxLDL for 24 h. After the
treatment, RNA was isolated and converted to cDNA. Quantitative real-time PCR was
conducted with the cDNA to quantify ABCA1 and GAPDH cDNA. The quantity of ABCA1
cDNA was normalized to GAPDH cDNA. The data is presented as the mean + s.e.m.
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Figure 3.
Results of capture assays for oxLDL and AGE-LDL on Apo B-rich lipoproteins purified from
precipitated mLDL-IC (precipitate) and from supernatant obtained after precipitation of IC
(Supernatant). IC were run on a Protein G column to separate IgG from the antigen moiety.
The washout containing the antigen moiety as well as the serum obtained after precipitation
of IC were run on a heparin-agarose column to isolate Apo B-containing lipoproteins. Capture
assays were performed in these fractions (LDL in IC and free LDL). Goat anti-human
ApoB:HRP diluted 1:1000 was used to detect captured LDL [123]. The data is presented as
the mean + s.e.m.
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Figure 4.
Comparison of oxLDL levels in ApoB/E-rich lipoproteins purified from PEG-precipitated IC
from patients with AER<40 mg/24h and AER ≥40 mg/24 h. Details concerning the isolation
of lipoproteins from precipitated IC and the capture of oxLDL in the IC fractions have been
published elsewhere [123]. The data is presented as the mean ± s.e.m.
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