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1. Abstract

The heat shock proteins (HSPs) are highly conserved families of proteins

expressed by a number of cell types following exposure to stressful environ-

mental conditions. These conditions include several known risk factors for

cardiovascular disease. A number of the HSPs have been shown to be

molecular chaperones that are involved in the refolding of other damaged

protein molecules. Over the past two decades there has been an increasing

interest in the relationship between HSPs and cardiovascular disease, and

particularly whether an autoimmune response may be implicated. The fact

that microorganisms also produce HSPs, and that these are homologous to

human HSPs has given rise to concept of molecular mimicry. While most of

the past studies have focused on HSP 65 and 70, there has been recent interest

and investigations of the possible role of the smaller HSPs, such as HSP27,

in atherogenesis. Furthermore, the possibility that autoimmunity may be

mediating the deleterious eVects of HSPs has led some investigators to

explore tolerization as a potential therapeutic approach.

2. Introduction

2.1. DISCOVERY OF THE HSPS, THEIR CLASSIFICATION AND THEIR FUNCTIONS

Approximately four decades ago, Ritossa and colleagues [1] observed that

exposing larval salivary glands from Drosophila to heat induced specific genes

in the giant chromosomes of the gland cells; it is now known that these genes

encode proteins called HSPs. The HSPs are highly conserved families of

proteins found in the cells of all organisms and several of them are known to

function as molecular chaperones. The HSPs may be divided into seven major

families according to their molecular weights: HSP10, small HSPs (15–30

kDa), HSP40, HSP60, HSP70, HSP90, and HSP100 (Table 1). HSP expression

is increased in response to several environmental stresses in addition to heat

stress; these include: certain forms of nutritional deficiency, oxidative stress,

and ultraviolet radiation. This is mediated by the release of heat shock factor 1

and its binding to heat shock elements in the flanking regions of the HSP genes

[2] (Fig. 1). Moreover, in addition to their role as chaperones, HSP have other

putative roles [3–6]. Table 1 shows a summary of their functions.

2.2. ATHEROSCLEROSIS

Atherosclerosis is a chronic multifactorial disease that underlies the path-

ophysiology of cardiovascular disease (CVD), stroke and peripheral vascular

disease (PVD), and is the major cause of mortality worldwide [7, 8]. It is
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TABLE 1

SUMMARY OF THE NOMENCLATURE, LOCATION, AND FUNCTION OF THE MAJOR HEAT SHOCK PROTEIN FAMILIES

Family Organism HSP‐related proteins Location Functions

Small HSPs E. coli Lbp A and B Cytosol Suppresses aggregation and heat inactivation of proteins

in vitro; confers thermotolerance through stabilization

of microfilaments; antiapoptotic activity

S. cerevisiae HSP27 Cytosol

A and B crystallin Cytosol

HSP27 Cytosol

Hsp40 E. coli DnaJ Cytosol Essential cochaperone activity with Hsp70 proteins to

enhance rate of adenosine triphosphatease activity and

substrate release

S. cerevisiae Ydj 1 Cytosol/nucleus

Mammals Hdj 1 and Hdj 2

Hsp60 E. coli GroEL Cytosol

mitochondria

Refolds and prevents aggregation of denatured proteins

in vitro; may facilitate protein degradation by acting as

a cofactor in proteolytic system; role in the assembly of

bacteriophages and Rubisco (an abundant protein in

the chloroplast)

S. cerevisiae HSP60 Chloroplasts

mitochondria

Plants Cpn60

Mammals HSP60

Hsp70 E. coli DnaK Cytosol Roles in lambda phage replication; autoregulation of the

heat shock response; interaction with nascent chain

polypeptides; functions in interorganellar transport;

roles in signal transduction; refolds and maintains

denatured proteins in vitro; role in cell cycle and

proliferation; antiapoptotic activity; potential antigen‐
presenting molecule in tumor cells

S. cerevisiae Ssa 1–4 Cytosol

Ssb 1,2 Cytosol

Kar2 ER mitochondria

Ssc1

Mammals HSC70 Cytosol/nucleus

Cytosol/nucleus

ER mitochondria

HSP70

BIP

MHSP70

Hsp90 E. coli HtpG Cytosol Role in signal transduction (e.g., interaction with steroid

hormone receptors, tyrosine kinases, serine/threonine

kinases); refolds and maintains proteins in vitro;

autoregulation of the heat shock response; role in cell

cycle and proliferation

S. cerevisiae HSP83 Cytosol

Mammals HSP90 Cytosol

GRP94 ER

Hsp100 E. coli Cytosol Role in stress tolerance; helps the solubilization of heat‐
inactivated proteins from insoluble aggregatesS. cerevisiae Cytosol

HSP, heat shock protein; E. coli, Escherichia coli; S. cerevisiae, Saccharomyces cerevisiae; ER, endoplasmic reticulum.

Modified from Lamb et al. [2]. Publisher and year of copyright: Elsevier, 2002.



characterized by the accumulation of lipids and extracellular matrix in the

intima of large and medium sized arteries. It is associated with mononuclear

cell infiltration, and smooth muscle proliferation [9]. Risk factors for CVD

include: age, male sex, family history of CVD, hypertension, hypercholester-

olemia, smoking, diabetes mellitus, socioeconomic status, and obesity [9].

There are several emerging risk factors for CVD including markers of

oxidative stress, inflammation, and autoimmunity [10].

2.2.1. Atherosclerosis and the Role of Inflammation

The inflammatory nature of atherosclerosis was first described in the 1850s

[11], however, more recent interest has developed because immunocytochem-

ical studies have allowed the cellular composition of atherosclerotic plaques

to be determined and related to the onset of clinical events, such as plaque

rupture [12]. Furthermore, inflammatory processes also appear to be involved

in atherogenesis [13]. The earliest lesions in atherogenesis, are fatty streaks,

and these are commonly found in infants and young children [14]. They are

characterized by a relative paucity of lipid accumulation and comparative

abundance of intimal inflammatory cells that include activated T lymphocytes

(helper, suppressor, and regulator), mast cells, macrophages, dendritic

cells [15], and less commonly granulocytes and NK cells [16–18].

Heat shock

HSF1 monomer

HSF
trimerisation

Nuclear
translocation

Binding of HSF to
heat shock concensus

element (HSE)
TATAA

GAAnnTTCnnGAA

Regulatory protein
complex

FIG. 1. Schematic representation of the regulation of mammalian heat shock protein expres-

sion. HSF, heat shock transcription factors; HSE, heat shock consensus element; TATAA,

DNA sequence containing TATAA repeats. Reference: [2]. Publisher and year of Copyright:

Elsevier, 2002. Permission for reproduction/adaptation was granted by the copyright holder.
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Epidemiological studies have supported the role of inflammation in CVD.

Serum C-reactive protein (CRP) concentrations have been reported to be a

stronger independent predictor of coronary events than low density lipopro-

tein (LDL) cholesterol levels [19–22]. It has also been reported that elevated

levels of soluble intercellular adhesion molecule (ICAM)-I, a marker of

endothelial cell activation, are associated with increased coronary risk [23]

and its expression is increased in human atherosclerotic lesions [24]. Comple-

ment activation [25–27] may play a role in endothelial injury during athero-

genesis and may be a consequence of autoimmune responses to modified

LDL [28] or denatured HSPs [29]. The expression of human lymphocytic

antigen (HLA) class II antigen and secretion of several cytokines, within

atherosclerotic lesions supports the involvement of inflammation in athero-

sclerosis [30]. Advanced atheromatous lesions also contain large numbers

of T lymphocytes [30], most of which are T helper (h) type 1 cells bearing

alpha/beta receptor [17]. Furthermore, activated T cells bearing gamma/delta

receptors are abundant at the earliest stages of atherogenesis [31] and

atherosclerosis can be inhibited by depletion of T lymphocytes [32].

Xu et al. [33] have suggested that CD4+ cells predominate within the T cell

population in early lesions, while Van Der Wal et al. [18] have reported an

increased CD8/CD4 ratio in both early and late lesions. There is a prepon-

derance of pro-inflammatory Th1 cells expressing IFN-g and IL-2 compared

to Th2 cells producing interleukin (IL)-4, IL-5, and IL-10 [34, 35]. In apoli-

poprotein E deficient mice it has been reported that Th1-inhibition is asso-

ciated with a 60% reduction in atherosclerotic lesion area [36]. Regulatory

T cells (Treg) are a subpopulation of T cells which exert important regulatory

eVects on immune function [37–39], Type 1 Treg cells can inhibit immune

responses by secreting TGF-b and IL-10 [40, 41], while Th2 cells suppress

inflammation and dampen macrophage activity via a broader spectrum of

anti-inflammatory cytokines, and may have protective eVects against athero-
genesis [35, 42–44]. Switching the balance of activity from Th1 to Th2 may

therefore be protective in atherogenesis [45]. Depletion of CD4+ and CD8+

T cells has been reported to reduce the formation of fatty streaks in C57BL/

6J mice [46], which supports the importance of T cells in atherogenesis.

However, there remains controversy about the precise role of cellular

immunity in atherogenesis as some studies have shown that immune-suppres-

sion may result in enhanced atherogenesis in experimental models [47, 48].

2.2.2. Atherosclerosis and the Role of Infection

Several studies have shown a positive association between the degree of

atherosclerosis burden and presence of chronic infectious microorganisms

[19, 49], these include: the Herpes group of viruses, notably Cytomegalovirus

(CMV) and herpes simplex virus type 1 (HSV-1) [50],Helicobacter (H) pylori
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[51], Chlamydia (C) pneumonia [52], Hepatitis A virus (HAV) [53], and

infectious organisms that give rise to gingivitis [54]. These infective processes

may exert a pro-atherogenic eVect in early life. Pesonen and coworkers [55]

have shown that in young children, the presence of antibodies to several

microorganisms was positively associated with carotid intimal thickening,

a marker of atherosclerosis. It has been proposed that infection acquired

during childhood may lead to atherosclerosis in later life [56]; and it has been

reported that there is a positive association between the number of infectious

organisms a person has been exposed to and the extent of CVD [57] (Fig. 2).

Splenectomy is associated with an increased susceptibility to both infection

by organisms such as C. pneumonia and more severe atherosclerosis [58–60].

Individuals with chronic infections have high serum levels of HSP60, which

are also associated with severity of atherosclerosis [61]. The potential

mechanisms by which infections may induce atherosclerosis and their inter-

action with other pro-inflammatory processes is shown in Figs. 3 and 4.
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FIG. 2. Cardiovascular mortality rate according to pathogen burden and extent of atheroscle-

rosis. Reference: [57]. Publisher and year of Copyright: American Heart Association, 2002.

Permission for reproduction/adaptation was granted by the copyright holder.
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FIG. 3. Possible mechanisms of infection-induced atherosclerosis. Reference: [234]. Publisher

and year of copyright: Faculty of Dental Practitioners, 2007. Permission for reproduction/

adaptation was granted by the copyright holder.
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FIG. 4. Chronic inflammatory conditions such as smoking, stress, obesity, and rheumatoid

arthritis may contribute to the total burden of inflammation and hence to atherosclerosis.

Reference: [234]. Publisher and year of copyright: Faculty of Dental Practitioners, 2007.

Permission for reproduction/adaptation was granted by the copyright holder.
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2.2.3. Autoimmunity in Atherogenesis

Antigen presenting cells (APCs) such as macrophages and dendritic cells

have been identified within atherosclerotic lesions, and autoantibodies are

present in the serum of individuals with atherosclerosis, and hence it has been

proposed that an autoimmune reaction may be initiated within atheroscle-

rotic plaques [62]. Wick and colleagues [63] have hypothesized that an

immune response to HSPs, either endogenously derived from cells involved

in atherogenesis, or exogenously, from microorganisms, may lead to com-

plement-mediated endothelial injury and subsequent atherosclerosis. Several

other potential autoantigens have now been identified including modified

LDL (oxidized LDL and malondialdehyde modified LDL) and beta-2-Gly-

coprotein-I [64].

3. HSPs and Atherogenesis

The potential relationship between serum HSPs, HSP antibody concentra-

tions, and CVD was initially explored in the early 1990s [17, 65, 66]. Since

then most interest has focused on HSPs-60 and-70 and there have been a

number of cross-sectional and cohort studies investigating the relationship

between antigen and antibody concentrations in coronary and PVD [67–69].

The expression of HSP-60 and-70 in atherosclerotic lesions was first reported

by Kleindienst et al. [17] and Berberian et al. [65]. HSP60 expression was

found to be highest in the shoulder regions and around the necrotic core of

atherosclerotic plaques [70] (Fig. 5). Pockley and colleagues [66] demon-

strated that HSP60 and HSP 60 antibodies were present in the circulation

of normal individuals and later studies have shown a positive relationship

between serum HSP-60 and atherosclerosis burden [71–73], particularly in

the early stages of disease [74].

Expression of HSP70 was shown to be most concentrated in the center of

thickened atheromatous plaques; the intensity of HSP70 staining was

reported to correlate with the thickness of the atherosclerotic plaque.

HSP70 appears to have an athero-protective role, as indicated by several

cross-sectional studies [75, 76]; this may be mediated by its eVect on the

survival of smooth muscle cells (SMCs). It was subsequently shown that the

localization of HSP70 expression changed during plaque evolution and was

positively associated with severity of atherosclerosis and the altered patterns

of HSP70 staining [77]. In advanced atherosclerotic lesions, HSP70 was

found to be expressed by several cell types including SMCs, dendritic cells,

and monocyte/macrophages, while in early atherosclerotic lesions only den-

dritic cells expressed it [78].
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An increased serum HSP70 concentration is reported to be associated with

a lower risk of CVD [79], which was found to be independent of CVD risk

factors, although it is known that some of these risk factors can induce

HSP70 expression by ECs and SMCs [80]. It has also been reported that

the severity of coronary disease (number of diseased vessels) is inversely

related to serum HSP70 concentrations [79], although elevated levels of

HSP70 have been found in patients with chronic heart failure [81]. Studies

have also reported a cellular and humoral response to HSP65 in humans with

carotid and coronary atherosclerosis [82, 83].

Cellular immunity directed against HSP60 was found to be related to intima:

media thickness in young male individuals but not in the elderly, suggesting a

possible role of specific cellular immunity to HSP60 in the early stages of

atherosclerosis [84]. However, these results are not in accord with the Bruneck

study [85, 86], which showed no relationship between circulating HSP60-

specific T cells and late stages of atherosclerosis. However, Ramage et al. [87]

have reported that the proliferative response of human T lymphocytes to

highly purified hHSP60 is confined to the adult CD45RA� RO+ naı̈ve subset,

whereas both memory and naı̈ve T cell populations proliferated to bacterial

HSP60. Increased T cell responses to microbial HSP65 (mHSP65) as well as

A

B

C

D

Control IgG

Chlamydia HSP 60 + CD68

Human HSP 60 + CD68

CD68

FIG. 5. Co-localization of Chlamydial and human HSP 60 and macrophages in human

atherosclerotic lesions. Reference: [70]. Publisher and year of copyright: American Heart Asso-

ciation, 1998. Permission for reproduction/adaptation was granted by the copyright holder.
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raised levels of circulating anti-mHSP65 and HSP60 antibodies have been

found in patients with diVerent autoimmune conditions, and in patients with

established atherosclerosis [88]. The possible mechanisms by which HSPs may

be involved in atherosclerosis are summarized in Fig. 6.

3.1. HSPS AND ANIMAL MODELS OF ATHEROGENESIS

The eVects of HSPs have predominantly been studied in LDL-receptor-

deficient and apolipoprotein E knockout mice and cholesterol-fed rabbits.

The LDL-receptor deficient (LDL-RD) mouse develops significant athero-

sclerosis when fed a high fat diet [89], while apolipoprotein E knockout mice

spontaneously develop hypercholesterolemia with concomitant atherosclero-

sis [90, 91], although they are also often fed an atherogenic, high fat diet.

Arterial injury models have been used in mouse, rat, and rabbit and are

associated with the rapid development of intimal lesions that are SMC rich.

3.1.1. Mouse and Rat

A potential protective role of HSP70 is indicated by the ability of HP70

administration to limit infarct size following the exposure of the heart to

ischemia–reperfusion injury in the rat [92] and rabbit [93]. In the LDL-R

knockout mouse fed a normal diet, immunization with HSP65 or with heat-

killed Mycobacterium tuberculosis develop atherosclerosis more rapidly than

control animals [94]. Moreover, lesion formation was also enhanced in

wild-type C57BL/6J mice similarly immunized with HSP65 or mycobacterial

HSP65 [95], and in the rat model of arterial injury [96], neointimal thickening

has been reported to be increased following immunization with mHSP65 [97].

Antibodies directed against, and lymphocytes reactive to HSP65 have been

shown to promote fatty-streak formation in LDL-RD mice, providing

further evidence for the pro-atherogenic potential of cellular and humeral

immunity to HSP65 [98]. In a murine model that combines hyperglycemia

with diet-induced hyperlipidemia, the accelerated atherosclerotic process has

been reported to be associated with a significant immune response to HSP65

and elevated levels of anti-HSP65 [99].

Further evidence supporting the role of an autoimmune response to HSP

in atherogenesis comes from experiments in which HSP60 autoreactive

T lymphocytes were transferred to LDL-RDmice and which led to enhanced

atherosclerotic changes [98].

3.1.2. Rabbit

Immunization of normocholesterolemic rabbits with HSP65 promotes

atherosclerotic lesion formation [100], although these lesions regress in the

absence of additional risk factors indicating that the inflammatory response
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FIG. 6. Possible mechanisms of involvement of HSPs in atherosclerosis. Modified from

Reference [133]. Publisher and year of copyright: Elsevier, 2004. Permission for reproduction/

adaptation was granted by the copyright holder.
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on its own is insuYcient to drive atherogenesis over prolonged periods of

time [101]. The initial phase of lesion formation in this latter model lacks

foam cells and appears to be partially reversible, however in the presence of

hypercholesterolemia the lesions develop further [101]. T cells isolated from

these lesions were found to respond specifically to HSP 65 in vitro [32, 102].

Immunization with the Bacillus Calmette Guerin (BCG) vaccine, which

contains large quantities of HSPs, has also been reported to enhance athero-

genesis in the cholesterol-fed rabbit [103] and the mechanisms that may

account for this are shown in Fig. 7.

Plasma levels of anti-HSP70 increased in both BCG-immunized and con-

trol rabbits following the initiation of a high cholesterol-fed diet [104].

We [105] have also demonstrated that a high-cholesterol diet can induce the

expression of anti-HSP60, 65 and 70 in rabbits, and this was associated with

increasing concentrations of von Willbrand factor (vWF), a marker of

endothelial injury (Fig. 8).

It has been reported that depletion of peripheral blood T lymphocytes

results in less atherosclerosis in rabbits immunized with HSP60 [32]. Xu et al.

[102] have found that a population of T lymphocytes isolated from the

atherosclerotic lesions of rabbits responded specifically to HSP65; IL-2

expanded T cell lines derived from atherosclerotic lesions, showed a signifi-

cantly higher HSP-65 reactivity than those from the peripheral blood of the

same animal. This finding supports the proposal that HSPs are an important

autoantigen recognized in atherosclerotic lesions. Furthermore, T cell lines

derived from the lesions of rabbits that were not immunized but only fed

cholesterol rich diet, showed hyper-reactivity to HSP65 as compared to

T cells from the peripheral blood of the same animals [102]. T cells derived

from rabbit atherosclerotic lesions were also found to undergo a strong

proliferative response to HSP65 in vitro [102]. Table 2 summarizes the animal

studies that have investigated the relationship between HSPs and HSP

antibodies and atherosclerosis.

3.2. MODULATION OF HSP EXPRESSION IN CELLS INVOLVED

IN ATHEROGENESIS IN VITRO

Several of the cell types involved in atherosclerosis express HSPs, although

the factors stimulating their expression vary; for example, HSP60 overex-

pression by endothelial cells may be modulated by hemodynamic factors,

whereas the expression by SMCs and mononuclear cells appears to be driven

by the inflammatory process [17]. There is also evidence that HSP60 and

HSP70 are expressed on all major cell types in lesion‐prone sites during

atherogenesis [106].
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3.2.1. Endothelial Cells

Endothelial cells are directly exposed to stressors and cardiovascular risk

factors present in blood that can lead to endothelial injury. While the

subsequent increase in expression of HSPs has potential protective eVects it
may also have adverse eVects. HSPs are expressed on the cell surface [107]

and in the presence of cross-reacting anti-mHSP65/-hHSP60 IgG or IgM

Skin

Lymph node

Coronary
artery
plaque

IFN-g

BCG
Th2 response

Th1 response

HSP-65

Macrophage

Anti-HSP-65 Ab

B-cell

IL-4
IL-5

HSP-60

HSP-60

HSP-60

Activated macriophage

Hypercholesterolaemia MHC-restricted
T cytotoxic cell

Complement

T-cell

FIG. 7. HSP-65 from BCG is taken up by tissue macrophages within the dermis which present

HSP-65 derived peptides with class II MHC molecules to either type 1 (Th1) or type 2 (Th2)

T helper cells or T cytotoxic cells. HSP-65 that drains to the lymph nodes is also endocytosed and

processed by B-cells who express derivatized peptides in association with MHC class II mole-

cules. Sensitized Th2 cells recognize this complex and secrete interleukin-4 (IL-4) and interleu-

kin-5 (IL-5). These cause the B-cell to diVerentiate and express HSP-65 specific immunoglobulin.

These antibodies cross-react with HSP-60 expressed by endothelium as a result of hypercholes-

terolemia or other stresses, allowing complement to bind and mediating the lysis of the cell.

Activated Th1 cells secrete interleukin-2 (IL-2) and interferon-g (IFN-g) which activate macro-

phages and may increase the activation state of macrophages within plaques. Activated

T cytotoxic cells restricted to MHC class I antigen recognition may recognize endothelial

HSP-60 where expressed with MHC class I molecules and mediate cell endothelial cell death.

Reference: [2]. Publisher and year of copyright: Elsevier, 2002. Permission for reproduction/

adaptation was granted by the copyright holder.
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FIG. 8. Time course for changes in plasma anti-Hsp-60,-65, and-70 titers in normal chow and

cholesterol-fed rabbits. (A) Antibody titers to Hsp 60 were significant higher for cholesterol

compared to normal chow-fed animals during the experimental period ( p=0.0013, by ANOVA),

also being significantly higher at weeks 5 ( p<0.05), 7, and 9 ( p < 0.01) compared with baseline.

(B) Antibody titers to Hsp 65 were significant higher for cholesterol compared to normal chowfed

animals during the experimental period ( p=0.001, by ANOVA), also being significantly higher at

weeks 5 ( p<0.05), 7, and 9 ( p< 0.01) compared with baseline. (C) Antibody titers to Hsp 70 were

significantly higher for cholesterol compared with normal chow-fed animals during the experimen-

tal period ( p=0.0016, by ANOVA), also being significantly higher at weeks 5 ( p<0.05), 7, and 9

( p < 0.01) compared with baseline. Reference: [105]. Publisher and year of copyright: Blackwell

Publishing, 2007. Permission for reproduction/adaptation was granted by the copyright holder.
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TABLE 2

ANIMAL STUDIES INVESTIGATING THE RELATIONSHIP BETWEEN HSPS AND HSP ANTIBODIES AND ATHEROSCLEROSIS

Animal model Aim of the study Outcome References

Mouse Investigation about myocardial protection and changes

in gene expression following by whole body heat

stress

Increased myocardial HSP70 expression results in

protection of the heart against ischemic injury

[92]

Investigation whether the expressions of HSP60 and

HSP70 are correlated with the development of

atherosclerotic lesions

HSP60 and HSP70 are temporally expressed on all

major cell types in lesion‐prone sites during
atherogenesis

[106]

To examine the individual contribution of specificHSPs

in primary rat cardiomyocytes to any protection

observed following lethal heat stress or simulated

lethal ischemia

Transfection of the inducible heat stress protein 70 was

found to increase survival following a lethal heat

stress and against lethal ischemia

[114]

Rat To test the hypothesis that the degree of protection from

ischemic injury in heat-shocked rats correlates with

the degree of prior HSP72 induction

The improved salvage after heat-shock pretreatment

may be related to the amount of HSP72 induced

before prolonged ischemia and reperfusion

[118]

To examine whether the overexpression of HSP27 and

alphaB-crystallin in rat cardiomyocytes would

protect against ischemic injury

The increased expression of HSP27 and alphaB-

crystallin protects against ischemic injury in adult

cardiomyocytes

[124]

To test whether phosphorylation of HSP27 is required

for the protective role this protein plays in the cell

Phosphorylation ofHSP27 seems not to play a role in its

ability to protect adult rat cardiomyocytes against

ischemic damage

[125]

Investigation about the possible autoantigens involved

in atherosclerosis

Induction of arteriosclerosis in normocholesterolemic

rabbits by immunization with HSP65

[100]

Investigation a possible relationship between HSP60

expression and the antigenic specificities of

infiltrating T cells in the lesion

Increased expression of HSP65 coincides with a

population of infiltrating T lymphocytes in

atherosclerotic lesions of rabbits specifically

responding to HSP 65

[102]

Investigation about the immune mechanisms in

atherosclerosis

Regression of arteriosclerotic lesions induced by

immunization with HSP65 containing material in

normocholesterolemic, but not hypercholesterolemic

rabbits

[101]

(continues)



TABLE 2 (Continued)

Animal model Aim of the study Outcome References

Rabbit Investigation about the immune mechanisms in

atherosclerosis

Inhibition of arteriosclerosis by T cell depletion in

normocholesterolemic rabbits immunized with

HSP65

[32]

Investigation about the immune mechanisms in

atherosclerosis

Immunization with BCG vaccine increases aortic

atherosclerosis in the cholesterol-fed rabbit

[103]

Investigation about the relationship between the

immune responses to HSP and subsequent

atherosclerosis

Immune responses to HSP may be implicated in the

relationship between specific infections and CVD

[104]

Investigation the time course of appearance of Hsp-60,-

65, and-70 antibodies in the cholesterol-fed rabbit

and to relate antibody titers to serum concentrations

of von Willbrand factor

In cholesterol-fed rabbits, antibody titers toHsp-60,-65,

and-70 appear to rise in association with a marker of

endothelial injury, peaking at approximately the

same time after starting a high cholesterol diet

[105]

Induction of stress proteins, such as heat-shock

protein 71 (HSP71), is associated with

cardioprotection in isolated ischemic myocardium

Heat shock-induced cardioprotection is transient and

delays the onset of irreversible myocardial injury

caused by ischemia

[113]

HSP, heat shock protein; CVD, cardiovascular disease.



antibodies may be susceptible to complement-mediated cell lysis [108], or

endothelial cell apoptosis [109].

3.2.2. Smooth Muscle Cells

SMCs are important players in atherogenesis and can be induced to express

HSPs as part of a survival mechanism following exposure to a variety of

stressors; for example, exposure to high blood pressure. Berberian et al. [65]

have reported increased levels of HSP70 expression in human atherosclerotic

lesions and showed a protective role for HSP70 in the survival of SMCs,

which has been confirmed by others [110]. However, the reported expression

of HSPs by SMCs in complex lesions appears to be inconsistent [77]. Further-

more, mechanical stresses evoke rapid activation of HSP70 expression in

SMCs [111] and Kleindienst et al. [17] showed the presence of HSP60 on

SMCs in aortic and carotid specimens.

3.2.3. Cardiac Myocytes

HSPs have an important role in protecting myocardial cells from a number

of environmental stressors. This has been investigated using in vitro and

in vivo approaches in animal models [112, 113]. For example, it has been

shown that overexpression of HSP70 in cultured primary cardiac cells

protect these cells against ischemic or thermal stress, while overexpression

of HSP60 did not have a protective eVect [114–116]. To show the cardio-

protective role of HSP70, transgenic mice overexpressing HSP70 were

generated and these animals were found to be more resistant to ischemic

injury [92, 117]. In rats treated with whole body hyperthermia there was an

induction of HSP72 and a reduction of myocardial infarction (MI) size

following experimental ischemia [118]. Experimental coronary artery occlu-

sion induces myocardial ischemia and elevation of HSP70 in heart tissues

[119], and specifically in myocardial cells [120, 121]. Moreover, in other

studies HSP70 has been shown to increase arterial and myocardial cell

survival [92, 117, 122] and it has been proposed that HSP70 is associated

with protective mechanisms in normal and diseased arteries [123]. Other

HSPs also appear to protect cardiac myocytes from ischemic injury. Martin

et al. [124, 125] reported that both HSP27 and HSP70 were able to protect

cardiac myocytes from the eVect of ischemia and that decreasing the level of

endogenous HSP27 resulted in an enhancement of the damaging eVects of a
subsequent ischemic stimulus. These findings suggest that HSP27 may also

be protective in myocardial cells. The authors propose that plasma HSP27

concentrations could be a potential marker of atherosclerosis, although

further validation in larger patient cohorts is required. It has also been

suggested that increased expression of HSP27, could be important for

cardiac self-protection in cardiac allograft rejection, [126].
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3.2.4. Monocyte/Macrophages

Monocyte/macrophages are APCs which are able to process and present

HSP related peptides to lymphocytes and may be involved in the generation

of an autoimmune response associated with atherosclerosis. Lymphocyte

activation (particularly Th1 cell stimulation) may enhance the inflammatory

process [34, 35]. Immunocytochemical studies of both early and late athero-

sclerotic lesions have revealed a high level of expression of both HSP60 [17]

and HSP70 [65] by macrophages, particularly those adjacent to the necrotic

core of advanced lesions. Furthermore, in vitro studies have shown that

HSPs and anti-HSP antibodies induce the production of pro-inflammatory

cytokines by macrophages that may stimulate adhesion molecule expression

and thereby further enhance the inflammatory process [71, 127].

3.2.5. Lymphocytes

It has been established that atherosclerotic lesions contain large numbers

of T lymphocytes [30], and that several types of T cells are involved in

modulating the inflammatory response that include helper, suppressor, and

regulator cells. It is also hypothesized [102] that HSP65 is an autoantigen

which is recognized by these cells, and T cells, isolated from atheromatous

plaque appear to be stimulated by HSP65 in vitro.

3.2.6. HSPs and Apoptosis

HSP27 has been shown to bind to cytochrome C and prevent its interaction

with Apaf-1 [128, 129] causing an inhibition of cell apoptosis, HSP70 can also

inhibit apoptosis in a caspase independent manner [5] and further that over-

expression of HSPs in cardiac myocytes has been shown to inhibit apoptosis

[130]. HSP27 induces human monocytes to produce large amounts of the

anti-inflammatory cytokines [131] and inhibits toll like receptor-4 (TLR-4)

expression on monocytes and their diVerentiation into dendritic cells [132].

3.3. SOLUBLE OR CIRCULATING HSPS

There are a number of possible sources of soluble HSPs in blood, as

previously discussed [133]: (1) increased synthesis of HSP by host cells as

an immune defense in infectious organisms within the host [134]; (2) release

of intracellular HSPs following cell lysis [135]; (3) increased expression of

soluble HSPs because of general inflammatory processes, for example, dur-

ing atherogenesis; (4) release of soluble HSP from necrotic cells within the

plaque; (5) and finally the release of cell-surface HSPs from apoptotic cells

via the formation of microparticles [136–139]. It is reported that the TLR
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4/CD14 complex is a receptor for soluble HSP [140], and hence cell surface

bound HSP may also originate from exogenous sources.

Some soluble HSPs may have pro-inflammatory eVects; for example,

Chlamydial and human HSP60 can induce the expression of tumor necrosis

factor (TNF)-a and matrix metalloproteinase (MMP)-9 [70], IL-6 [141],

IL-12, IL-15 [127]; and exogenous HSP-70 has been reported to upregulate

IL-1, IL-6, TNF-a expression in human monocytes [142]. Binding of soluble

HSPs to the TLR 4/CD14, stimulates an innate immune response that

includes the production of pro-inflammatory cytokines by macrophages

and adhesion molecules in endothelial cells via NF-�B activation [140].

These data suggest that soluble HSPs may serve as a danger signal for the

innate immune system [143, 144].

4. HSPs and Autoimmunity in Atherogenesis

4.1. GENERAL CONSIDERATION

The presence of professional APCs such as macrophages and dendritic

cells within atherosclerotic plaques provides an opportunity for some plaque-

related antigens to become autoantigens. Wick et al. [145] have proposed that

the accumulation of mononuclear cells within the arterial intima, could be

termed the vascular-associated lymphoid tissue (VALT), and may be viewed

as being analogous to the mucous associated lymphoid tissue (MALT). They

have proposed that the VALT has a similar role as the MALT, which may

include monitoring for potentially harmful autologous and exogenous

antigenic material contained in the blood. In an attempt to identify which

antigens may be implicated in early atherogenesis, Xu et al. [100] immunized

normocholesterolemic rabbits with a variety of mixed antigens in complete

Freund’s adjuvant. Surprisingly, all immunized animals were found to

develop atherosclerotic lesions at the known predilection sites [100]. The

authors proposed that this was due to the mycobacteria-derived HSP it

contained. They subsequently immunized rabbits with recombinant purified

mycobacterial HSP65. Animals initially developed vascular lesions that did

not progress unless they were also fed a cholesterol rich diet [146].

Wick et al. [63] hypothesized that autoimmune responses to HSPs could be

crucial in the initiation of atherosclerosis [95, 100] and this is supported by

human studies [19, 49, 67, 82, 147]. While immune responses have a potentially

important role in atherogenesis, immunosuppressed rabbits [32] or immuno-

logically compromised mice [148–151] do nevertheless develop atherosclero-

sis. It is likely that both humeral and cellular responses to HSP65 are

implicated, with a predominant role of Th1 cells [36, 98, 152], and it is
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hypothesized that T cells are involved in the initiation of disease and the

humoral response plays a facilitating role [153]. It is possible that HSP27

and-90 are putative autoantigens involved during atherogenesis [154, 155].

Furthermore, autoimmunity to HSPs may lead to a systemic inflammatory

response associated with elevated CRPwhich may also promote atherogenesis.

However, autoantibodies to HSPs can be found in normal subjects.

Perschinka et al. [156] found that antibodies to mHSP60/65 recognize epitopes

on human HSP60; these cross-reactive epitopes were shown to serve as auto-

antigenic targets in incipient atherosclerosis and also HSP60 could be targeted

by a proportion of anti-EC antibodies including anti-HSP antibodies. These

are able to trigger apoptosis of ECs [109], which is dependent on HSP60

epitope specificity. It is reported that high antibody titers against mHSP65

are associated with increased cardiovascular morbidity and mortality [67];

there were similar findings for anti-HSP60 [157], -70 [158, 159], and -27 [160]

antibodies. One possible mechanism accounting for this is via the induction of

pro-inflammatory cytokines by macrophages [71, 127, 133], leading to plaque

instability. However, one study has reported no significant relationship

between inflammatory factors and anti-HSPs antibody titers [161]. The anti-

HSP antibodies could also lead to endothelial injury by antibody-dependent,

complement mediated cellular cytotoxicity. We [105] have demonstrated that

there is a relationship between vWF concentrations, a marker of endothelial

injury or dysfunction [69], extent of atherosclerosis and antibody titers to

HSP60, -65, -70 in the cholesterol-fed rabbit.

Titers of these anti-HSP antibodies may be induced and maintained by

several mechanisms [133]; (1) an immune response to HSP60 derived from

microorganisms, but homologous to human HSP65, because of the phenom-

enon of molecular mimicry [162]; (2) HSP may be rendered immunogenic

because of structural alteration or posttranslational modification resulting

from oxidation or metabolic alteration [163]; (3) Other foreign or self-anti-

gens could interact with HSP60 to form immunogenic complexes, and there-

after be recognized as foreign by B or T cells [164]; (4) the recognition of

soluble HSPs [71] by a population of T and B cells as a non-self-antigen; and

(5) genetic susceptibility (supported by the strong association between a

genetic polymorphism within the IL-6 promoter and anti-HSP60 antibody

levels) [165].

Binding of anti-HSP antibodies to epitopes on stressed endothelial cells is

followed by complement activation [147, 166] and endothelial injury. Hence,

endothelial cells that are exposed to high temperature or inflammatory

cytokines (e.g., TNF-a) are particularly susceptible to complement-

dependent lysis by HSP60-specific antibody [167] in the presence of high

concentrations of these antibodies [166]. There are marked diVerences in

the ability to activate complement for diVerent anti-HSP65 and HSP60
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antibodies present in patients with coronary heart disease (CHD), and this

may be an issue of epitope specificity. Only HSP60–antiHSP60 immune

complexes have been shown to be strong activators of complement [166],

and a strong positive correlation has been reported between the degree of

complement activation and the concentrations of anti-HSP60 but not anti-

mHSP65 IgG antibodies [166]. Furthermore, it has been reported that high

levels of complement-activating autoantibodies against HSP60 may be an

independent cardiovascular risk factor of CHD [168].

4.2. MOLECULAR MIMICRY AND RELATION TO INFECTION

While anti-HSP antibodies are probably produced for the primary purpose

of eliminating infectious organisms they may lead to endothelial injury;

Mayr et al. [147] have reported that serum anti-HSP-antibodies to E. coli

and C. pneumonia can mediate endothelial cell lysis of stressed, but not

unstressed endothelial cells [108, 147]. Moreover, serum antibodies to

HSP60/65 from subjects with atherosclerosis, appear to cross-react with

hHSP60, GroEL, and Chlamydial HSP60 [147].

4.3. ANTIBODIES TO HSPS AND INFECTIONS

Mayr et al. [49] have shown that antibody titers to Mycobacterial HSP65

correlated strongly with human IgA to C. pneumonia and with IgG to

H. pylori, suggesting a role for infection in inducing the production of

mHSP65 antibodies. Eradication of H. pylori in patients with confirmed

H. pylori infection led to a significant fall in anti-mHSP65 titers, suggesting

that H. pylori infection may be a determinant of anti-mHSP65 titers [169].

High levels of anti-HSP60 and C. pneumonia antibodies were found to be

independent risk factors for coronary atherosclerosis [170] and their concur-

rent presence substantially increased the risk of CVD [171]. It was also shown

that serum levels of antihuman (h)HSP60 IgG antibody and anti-Chlamydial

IgM, but not IgG or IgA antibody were significantly higher in patients with

acute coronary syndrome than in patients with stable ischemic heart disease

[172]. A persistent elevation in antibodies to both hHSP60 and C. pneumonia

was a better predictor of coronary events than transient or individual eleva-

tions in these antibodies [173]. Mayr et al. [49] also found that IgA antibodies

to C. pneumonia were correlated with the extent of carotid and femoral

atherosclerosis and were associated with antibodies to mHSP65.

However, these findings are not consistent with those of Hoymons et al.

[174] who have reported that the antibody response to human and Chlamydial

HSP60 are not associated with endothelial dysfunction, nor the presence or

severity of CVD, arguing against the proposition that infection contributes to
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disease progression. Furthermore, Jantos et al. [175] were unable to demon-

strate the value of HSP60 antibody titers to C. pneumonia in discriminating

between patients with and without CVD.

Deshpande et al. [176] have reported that a primary periodontopathic

pathogen can invade ECs and there is evidence that antibodies to P. gingivalis

GroEL in sera can cross-react with human HSP60 [177], which indicates that

these antibodies could mediate endothelial cytotoxicity. It has been reported

that in patients with severe periodontitis, elevated IgG antibody titers to both

P. gingivalisHSP60 and humanHSP60 are observed [178]. Increased levels of

salivary anti-HSP65 IgA antibodies have also been reported in patients with

gingivitis [179], although this has not been a consistent finding [158]; further-

more, anti-HSP-60/-65 IgA titers were found to be lower in smokers and this

may be related to an impaired ability to mount a humeral responses to

HSP60/65. Other possible confounding factors include the stage of disease.

4.4. ANTIBODIES TO HSPS AND CARDIOVASCULAR RISK FACTORS

The association of antibodies directed against HSPs has been reviewed

below for animal models and human studies, respectively.

4.4.1. Animal Models

Cardiovascular risk factors may be divided into those that are modifiable

and those that are nonmodifiable. It has been reported that the response to

heat treatment was attenuated with increasing age in an animal study [180].

Although acute changes in blood pressure can lead to an upregulation of

HSP70 in the rat aorta [181], similar changes were not seen in spontaneously

hypertensive rats, even though comparable basal blood pressures were suY-
cient to induce HSPs levels in normotensive Wistar–Kyoto rats [181].

Nonobese diabetic mice have been reported to develop high titers of

anti-HSP60 [182]. Similarly, LDL-RD mice with an induced hyperglycemia,

also developed higher antibody titers to HSP65, and accelerated atheroscle-

rosis [99].

A high cholesterol diet in the rat may lead to a significant attenuation of

the protective eVects of ischemic preconditioning of their heart [183], which

may be explained by the finding that hyperlipidemia can inhibit the heat

shock response [184].

4.4.2. Human Studies

No significant relationship has been found between gender, positive family

history of CVD and age and concentrations of soluble HSPs or anti-HSP-

antibody titers [67, 71, 83, 160, 185]; and in a prospective study Xu et al. [83]

were unable to find an association between any traditional risk factors and
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HSP65 antibody titers. Furthermore, Frostegård et al. [186] found no signifi-

cant correlation between serum anti-HSP 65 concentrations and several

metabolic and anthropometric variables (i.e., lipoproteins, insulin, body

mass index, and waist–hip ratio) and blood pressure. However, reports

have been inconsistent; for example, Rea et al. [187] found that in healthy

individuals aged from 20 to 96 years, there was a progressive decline in serum

HSP60 and HSP70 antigen levels and a trend for an increase in serum HSP70

antibody levels with age. Similar results were found for IgG anti-HSP-27

concentrations which were strongly associated with age, gender, hyperten-

sion, and weakly with diabetes in patients with acute coronary syndrome

[188]; however, other cardiovascular risk factors were not associated with

anti-Hsp-27 IgG antibody concentrations. Furthermore, it was reported that

anti-HSP27 antibody titers are inversely related to age but unrelated to

several other established cardiovascular risk factors [189]. We were unable

to demonstrate an association between anti-HSP27 antibody levels and

several coronary risk factors in an Iranian cohort [160].

Blood vessels subjected to increased mechanical and shear stress express

HSPs and are also more prone to the development of atherosclerosis

[17, 108]. Frostegård et al. [186] have demonstrated that serum anti-HSP

antibodies correlate positively with hypertension, supporting the eVects of

altered hemodynamic stress on HSP. Elevated levels of plasma HSP60 have

also been reported in patients with borderline hypertension and were asso-

ciated with increased intima-media thickness [74]. While other studies have

reported that anti-hHSP60 titers were significantly lower in individuals with

borderline hypertension [190], and that although anti-HSP65 titers were

associated with diastolic blood pressure, they were not related to systolic

blood pressure. Other investigators have reported a trend for circulating

HSP60 antigen and anti-HSP65 levels to be higher and anti-HSP60 levels

to be lower in patients with borderline hypertension [74]. Pockley et al. [75]

found that in patients with established hypertension whose intima-media

thickness was measured over a 4‐year period the smallest changes were

found in subjects with high HSP70 levels, and anti-HSP70 and anti-

mHsp65 antibodies were significantly and independently elevated in patients

with established hypertension compared to normotensive controls [190, 191].

The latter result is in contrast to the findings in patients with borderline

hypertension, in whom anti-HSP70 concentrations were not elevated relative

to controls, and elevation in anti-mHSP65 levels was consistent between

patients with borderline and established hypertension [74, 186] so the

reported relationship between HSP antigen and antibody levels and blood

pressure has been inconsistent in clinical studies.

HSP70 antibodies appear to have a protective eVect in hypertensive subjects

by modifying the progression of atherosclerosis [75], and increased levels of
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circulating HSP70 have been related to a lower risk of CVD and decreased

intima-media thickness in hypertensive patients [75, 79]. Moreover, it has

been found that peripheral blood lymphocytes from hypertensive subjects

contain more HSP70 mRNA compared with normotensive individuals [192],

and another study has reported that anti-HSP65 and 70 antibody levels were

both associated with hypertension, independent of age, smoking habit, and

blood lipids [190]. With respect to HSP27, Shams et al. [188] found an inverse

relationship between hypertension and Hsp-27 IgG antibody concentrations in

patients with chest pain. We have previously reported similar results for

HSP-65 antibodies [193]. The combination of hypertension and presence of

high anti-HSP60 titers was associated with a >4-fold higher risk of CVD

compared to normotensive subjects with low concentrations anti-HSP60

[194]. A similar additive eVect on CVD risk was observed with the combination

of diabetes and high concentrations of anti-HSP60 [194].

Smoking induces a necrotic and, hence, pro-inflammatory type of cell

death in endothelial cells, that may lead to the release HSP60 [195–197].

Individuals who had never smoked or who were not current smokers were

found to have higher serum HSP60 concentrations than individuals who

were smokers [185]. Frostegård et al. [186] found that smokers with athero-

sclerotic lesions and borderline hypertension had significantly decreased

antibody titers to HSP65 compared with age-matched normotensive smo-

kers, but not nonsmokers. Although smoking may be expected to cause an

induction of HSP expression, it may also lead to increased cell necrosis with

the clearance of HSP65 via the formation of immune complexes with HSP65

antibodies which would lead to a subsequent decrease of antibody titers

[186]. It has also been proposed that high concentrations of plasma HSP60

may lead to a suppression of the anti-HSP65 immune response [198]. Anoth-

er possible reason for low HSP60 titers is that smoking stimulates HSP60

clearance from the plasma by increased catabolism or cellular uptake [185].

Kervinen et al. [199] have shown that while a high anti-HSP60-antibody level

in hypertensive patients increased coronary risk by approximately 50%,

smoking more than doubled the risk, indicating the important role of smok-

ing in the promotion of atherosclerosis.

In diabetic patients anti-HSP60 plasma concentrations were reported to be

higher than for nondiabetics [194]. IgA anti-HSP70 antibody concentrations

were also shown to be significantly higher in type I and II diabetics than in

nondiabetics [200]. Similarly, anti-HSP70 and 90 have also been reported to

be higher in diabetic patients [201], and a significantly higher proportion of

diabetic patients with CVD had measurable levels of plasma HSP60 com-

pared with those with no evidence of CVD [185]. Anti-HSP60 antibody
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concentrations were found to be independently associated with CVD risk,

and the combination of diabetes and high concentrations of anti-HSP60 was

associated with a substantially increased CVD risk [194].

A positive association between soluble HSP60 and total serum cholesterol

[202] and LDL cholesterol [71] has been reported. Plasma HSP27 concentra-

tions have also been reported to be correlated with total serum cholesterol

concentrations in patients with acute coronary syndrome [203]. In contrast, a

negative association was reported between anti-HSP60 antibody titers and

serum HDL cholesterol [199]. Among dyslipidemic patients, serum high

sensitivity (hs-) CRP concentrations and anti-HSP60, 65, 70 titers were

significantly higher than for controls, but there was no significant association

between HSP antibody titers and serum hs-CRP concentrations [204].

Huittinen et al. [205] were unable to find a significant relationship between

plasma HSP60 antibody titers and coronary risk amongst dyslipidemic

middle-aged males. Moreover, patients with hyperlipidemia and hyperten-

sion had lower levels of anti-HSP27 antibody than those with neither [188].

The presence of both dyslipidemia and high anti-HSP60 antibody titers was

associated with a high risk of coronary atherothrombotic events [199].

We have recently reported a significant relationship between HSP-60, -65

and -70 antibody titers with specific dietary constituent [105, 204]; in subjects

with dyslipidemia, plasma antibody titers to HSP60, -65, -70 were associated

with dietary antioxidant vitamins and saturated fat [204]. We and others have

also found a significant relationship between antibody titers to HSP60 versus

HSP65, HSP60 versus HSP70, and HSP65 versus HSP70 [206, 207], although

these findings do not accord with those of Kocsis et al. [208].

Statins are used to lower LDL cholesterol concentrations and have been

shown to reduce the risk of CVD. They also appear to be associated with a

reduction in anti-HSP-antibody titers [206, 207]. In addition, cardiac rehabil-

itation therapy was also found to be associated with a significant reduction in

the antibody titers to HSP60 and 70 [207]. Statins are also inhibitors of MHC

class II mediated T cell activation [209], and it is therefore possible that some

beneficial eVects of compounds such as these may be due to their immune-

modulatory eVects rather than their action on cholesterol metabolism.

Psychological factors, such as stress are known to contribute to CVD risk

[210]. Lewthwaite et al. [211] have reported an inverse association between

serumHSP60 concentrations, social isolation, low socioeconomic status, and

psychological distress, a finding that was confirmed in a larger cohort [202].

Table 3 provides a summary of the studies that have investigated the

relationship between HSPs and anti-HSP antibodies with known coronary

risk factors.
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TABLE 3

STUDIES INVESTIGATING THE CORRELATION BETWEEN HSPS AND ANTI-HSP ANTIBODIES WITH CORONARY RISK FACTORS

Risk factor Subjects Outcome References

Nonmodifiable and modifiable

risk factors

750 subjects from general population Negative association with anti-HSP65 antibody titers

between these risk factors in these subjects

( p>0.05)

[67]

Nonmodifiable and modifiable

risk factors

826 subjects from general population Negative association with soluble HSP60 between

these risk factors in these subjects ( p>0.05)

[71]

Nonmodifiable and modifiable

risk factors

94 patients with CVD Negative association with anti-HSP27 antibody titers

between these risk factors in these subjects

( p>0.05)

[160]

Age and Hypertension 60 patients with acute cardiac events Positive association between anti-HSP27 antibody

titers and age and hypertension( p<0.001)

[188]

Age 255 initially healthy participants from a

cohort study

Inverse association between anti-HSP27 antibody

titers and age ( p<0.001)

[189]

Hypertension 72 men with borderline hypertension Positive association between circulating HSP60

( p=0.001) and anti-HSP65 antibody levels

( p<0.001), Negative association with HSP70 and

anti-HSP70 antibody levels ( p>0.05)

[74]



Hypertension 66 men with borderline hypertension Positive association between anti-HSP65 antibody

titers and hypertension ( p<0.05)

[186]

Hypertension 111 men with established hypertension Positive association between anti-HSP65 and 70

antibody titers and hypertension ( p<0.001)

[190]

Smoking 855 patients (17.2% type I and 82.8% type

II)

Positive association betweenHSP60 concentrations in

nonsmoker group ( p=0.01)

[185]

Diabetes mellitus 67 patients (27 type I and 40 type II) Positive association between IgA antibody to HSP70

and diabetes mellitus type II ( p<0.05)

[200]

Total cholesterol 27 patients with acute coronary syndrome Positive association between HSP27 titers and total

cholesterol ( p<0.05)

[203]

HDL-cholesterol 233 middle-aged men from a cohort study Negative association between anti-HSP60 and HDL

( p>0.05)

[199]

High levels of hs-CRP 238 dyslipidemic patient Negative association between anti-HSP60, 65, 70, and

hs-CRP ( p>0.05)

[204]

Psychological factors 126 men and 103 women Inverse association between soluble HSP60 levels and

Psychological factors in women ( p<0.05)

[211]

Psychological factors 541 men and 319 women Positive association between solubleHSP60 levels and

Psychological factors in women and men ( p<0.05)

[202]

HSP, heat shock protein; CVD, cardiovascular disease; Ig, Immunoglobulin; hs-CRP, high-sensitive C-reactive protein.



4.5. ANTIBODY TITERS TO HSPS AND THEIR RELATIONSHIP TO CVD BURDEN

There have been a number of observational and prospective studies that

have shown associations between antibody titers to several HSPs and

atherosclerosis.

4.5.1. Observational Studies

Anti-HSP60 antibodies were found to be present at particularly high levels

in subjects with unstable angina or following myocardial infarction (MI)

[161]. Elevated levels of serum anti-HSP60 titers have also been reported in

patients with ECG abnormalities, including sinus arrhythmia, chronic myo-

cardial ischemia, and ectopic rhythm [212]. Moreover, high antibody titers to

mHSP65 but not hHSP60 were found to be associated with coronary calcifi-

cation [213]. There are reports that some HSP antibody titers fall after MI or

angioplasty [82, 213, 214], and this may be explained by the formation of

immune complexes between the circulating antibodies with HSPs released as

a consequence of tissue necrosis; these being rapidly cleared by the liver [198].

Acute cardiovascular events may therefore be associated with acute changes

in anti-HSP60 antibody titers, as has been reported [82].

Serum mHSP65 antibodies have been shown to cross-react with recombi-

nant human HSP60, homogenates from atherosclerotic plaque and HSP60

present in the endothelial cells within atheromatous lesions [215]. Several

studies have also reported that anti-HSP60/65 is cross-reactive [88, 182], and

this has been confirmed by Zhu [157] and Xu [67] in subjects with carotid

atherosclerosis. However, it has been suggested that anti-HSP60 and anti-

HSP65 antibodies from CHD patients are only partially cross-reactive

[166, 190], and it appears that the recognition and production of antibodies

to diVerent HSP60 epitopes expressed on ECs can result in diverse conse-

quences. For instance, the anti-hHSP60 monoclonal antibody II-13 was

cytotoxic for stressed ECs, while another monoclonal antibody, ML-30,

which recognizes a diVerent epitope, was not [167]. So it appears that distinct

epitopes are accessible to diVerent antibodies, indicating that surface orien-

tation of HSP60 is important, or that discrete domains of hHSP60 are

present on the outer surface of the cells.

There have been inconsistent reports of the importance of HSP70 antibody

titers in CVD [159, 208]. Zhu et al. [79] found no association between anti-

HSP70 IgG sero-positivity and the prevalence or severity of CVD whereas

there have been reports in which patients with coronary atherosclerosis or

stable/unstable angina were found to have lower levels of anti-HSP70 anti-

body [216]. Herz et al. [216] found higher titers of anti-HSP70 in patients with

unstable angina compared to those with stable chronic angina, and Vogt

[217] reported that higher titers of anti-HSP70 were associated with cardiac
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output and pulmonary capillary wedge pressure in those patients who were

positive for the anti-HSP70 antibody undergoing heart surgery. It was pro-

posed that patients whose preoperative stress levels, reached the threshold

for anti-HSP70 antibody production, were protected from the subsequent

CABG procedure.

Kramer et al. [218] found that there was no diVerence in serum titers of

either anti-HSP60 or anti-HSP65 antibodies between patients with cerebro-

vascular disease and age-matched healthy subjects. The authors proposed

that stimuli that enhance HSP expression in coronary arteries may not have a

similar eVect in carotid arteries, which may be more resistant to pro-athero-

genic factors.

A significant correlation between anti-HSP70 antibody levels and vascular

disease severity has been reported in patients with lower limb claudication, or

lower limb critical ischemia [159]. In another study, although levels of serum

HSP70 were significantly elevated in 20 patients with PVD, as were serum

anti-HSP60 and anti-HSP70 titers, HSP60 were not significantly related to

the extent of disease [68].

4.5.2. Prospective Studies

Several studies have shown that human anti-HSP60 antibodies are posi-

tively associated with the development of atherosclerosis [83, 157, 205] and

higher titers of anti-HSP antibodies were strongly associated with CVD

[82, 169], particularly anti-HSP60 titers [157]. In one of the first prospective

cohort studies of HSP antibody titers and vascular disease, Xu et al. [83]

found that elevated levels of anti-mHSP65 antibodies were an independent

prognostic marker of the incidence, severity, progression, and mortality

associated with carotid atherosclerosis in a population that was initially

clinically healthy [67, 83, 169, 186]. Serum soluble HSP60 concentrations

and antibody titers to HSP65 were also found to predict carotid disease [19]

and mortality [67], respectively.

Antibody titers to HSP60 have been reported to be associated with both

the presence and severity of clinically significant CVD, independent of tradi-

tional coronary risk factors [157, 171], indicating that a high anti-hHSP60

titers may be an important risk factor for coronary atherosclerosis [208, 219].

However, it appears that subtype specificity may be important; for exam-

ple, it has been reported that anti-HSP60 IgA titers, but not IgG or C.

pneumonia HSP60 antibodies were a significant risk factor for coronary

events. An association between the hHSP60 IgA antibody titers and serum

CRP concentration has also been reported [199, 205]. However, elevated

concentrations of anti-HSP60 IgA antibody were not found to be a risk

factor for CVD unless CRP levels were also elevated, when the presence of

an elevated IgA antibodies against hHSP60 was predictive of coronary death
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and MI. However, antibodies titers against human and Chlamydial HSP60

do not appear to be consistent markers for coronary atherosclerosis or

arterial dysfunction [174].

Some studies have shown that anti-mHSP65 antibody levels are predictive

of cardiovascular events [67, 220], however, these findings are in contrast to

the report of Pockley et al. [75] who found no relationship to intima-media

thickness, and no association between HSPs or anti-HSP antibodies and

intima-media thickness in subjects with established hypertension [190].

The explanation for these discordant findings may be patients selection, or

that high HSP antibody titers are a marker of plaque instability and the risk

of an acute event, rather than stable plaque formation.

Anti-HSP65 titers have also been reported to be a predictive marker of

outcome following coronary angioplasty; patients in whom a fall in antibody

levels immediately after PTCA was observed, did not develop restenosis,

while in patients who developed subsequent restenosis this decrease was

not observed [213, 214]. Anti-HSP65 and anti-HSP70 titers were found to

be elevated 48 h after an ischemic stroke, and elevated levels of these anti-

bodies were found to be independent risk factors for stroke [221]. HSP70

antigen is likely to be neuro-protective during the early phases of ischemic

stroke; lymphocyte-associated HSP70 is elevated in patients with cerebral

infarction, and its level decreased during the period of recovery [222]. It has

also been reported that detectable IgG titers against HSP60/65 is associated

with an increased risk of stroke [223], although anti-mHSP65 titers appear to

have a poor predictive value for atherosclerosis [169, 224].

Hence, antibody titers to HSP60, ‐65, and ‐70 have been reported to be

associated with increased risk of CVD [141], the severity of cardiovascular

[164], and vascular endpoints in patients with established disease [167, 225]

while there are relatively few consistent data for other HSPs, including small

HSPs [193].

Table 4 summarizes the clinical studies investigating the relationship

between HSPs and HSP antibodies and atherosclerosis.

4.6. CHANGES IN TITERS OF HSP ANTIBODIES DURING ACUTE

CORONARY SYNDROMES

There have been a few studies that report changes in antibody titers to

HSPs in patients with acute coronary syndrome [67, 169, 226]. There have

been several reports of reductions in antibody titers after MI or angioplasty

[82, 214]; the latter may be due to the formation of immune complexes with

HSPs released as a consequence of tissue necrosis [198]. Furthermore, it has

been reported that there is a significant increase in serum HSP27 antigen

levels in patients with acute coronary syndrome [203]. Shams et al. [188]
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TABLE 4

CLINICAL STUDIES INVESTIGATING THE RELATIONSHIP BETWEEN HSPS AND HSP ANTIBODY TITERS AND ATHEROSCLEROSIS

Design Subjects Outcome References

N ¼ 219 CVD patients Positive relationship with anti‐HSP60 antibody titers ( p < 0.05) [161]

N ¼ 396 autoworkers

exposed to noise

Positive relationship with anti‐HSP 60 ( p < 0.01) and ‐70 ( p < 0.05) antibody

titers

[212]

N ¼ 391 CVD patients Positive relationship with anti‐HSP60 antibody titers ( p < 0.01) [157]

Observational,

Cross‐sectional
N ¼ 99 CVD patients Negative relationship with anti‐HSP 70 antibody titers ( p > 0.05) [208]

Positive relationship with anti‐HSP60 and ‐65 antibody titers ( p < 0.001)

N ¼ 61 vascular patients Positive relationship with anti‐HSP70 antibody titers ( p < 0.05) [159]

N ¼ 421 CVD patients Positive relationship between low risk of CVD and HSP70 titers ( p < 0.001) [79]

N ¼ 131 CVD patients Positive relationship between lower levels of anti‐HSp70 antibody titers and

CVD ( p < 0.001)

[216]

N ¼ 292 cerebrovascular

patients

Negative relationship with anti‐HSP60 and ‐65 antibody titers ( p > 0.05) [218]

Prospective cohort,

coronary disease

N ¼ 203 MI and CVD

patients

Positive relationship with anti‐HSP‐65 antibody titers ( p < 0.05) [82]

N ¼ 357 CVD patients Positive relationship with anti‐HSP60 antibody titers ( p < 0.001) [219]

N ¼ 136 CVD patients Positive relationship with anti‐HSP65 antibody titers ( p < 0.05) [169]

Carotid

atherosclerosis

N ¼ 867 normal subjects Positive relationship with anti‐HSP65 antibody titers ( p < 0.05) [83]

N ¼ 750 subjects Positive relationship with HSP65 antibody titers ( p < 0.05) [67]

N ¼ 66 patients with

borderline hypertension

Positive relationship with anti‐HSP65 antibody titers ( p < 0.05) [186]

N ¼ 239 CVD patients Positive relationship with human IgA antibodies to HSP60 ( p < 0.05) [205]

Stroke N ¼ 180 stroke patients Positive relationship with HSP65 and 70 antibody titers ( p < 0.0001) [221]

N ¼ 65 stroke patients Positive relationship with HSP70 ( p < 0.05) [222]

N ¼ 93 stroke patients Positive relationship with anti‐HSP60 and ‐65 antibody titers ( p < 0.01) [223]

Peripheral vascular

disease

N ¼ 20 PVD patients Positive relationship with HSP70 ( p < 0.01) and negative relationship with

HSP60 ( p > 0.05)

[68]

HSP, heat shock protein; CVD, cardiovascular disease; PVD, peripheral vascular disease; Ig, Immunoglobulin; MI, myocardial infarction.



found higher antibody concentrations to HSP27 in patients with chest pain

compared to healthy controls. We [160] have also reported that in patients

with acute coronary syndrome HSP27 antibody titers are high during the first

12 h following the event, then fall to near normal levels after about 12 h.

5. Therapeutic Implications

It appears that autoimmune responses may be generated against antigens

present within the atherosclerotic plaque, and this leads to a cycle of ongoing

vascular injury. It has been proposed that inducing a state of tolerance to these

atherosclerosis associated antigens may inhibit atherogenesis and hence it

may be a feasible therapeutic approach. It has been shown that immune

tolerance can be induced by mucosal administration of these antigens. The

eYciency of oral tolerization is dependent on the dose of antigen adminis-

tered; at high doses mucosal administration leads to clonal deletion/anergy;

whereas low doses induce T regulatory cells, capable of altering cytokine

production [155]. Harats and colleagues have shown that tolerization to

HSP65 led to a reduction of plaque formation in a murine model of athero-

sclerosis [227]. Tolerization was also associated with reducedmacrophage and

T cell infiltration and increased expression of the anti-inflammatory cytokine,

IL-10 expression [227, 228]. However, it should be noted that the eVects of
immunization may vary with the epitope of HSP65 used for immunization;

some appear to enhance while others inhibit atherosclerosis [229]. It is also

interesting that some HSPs may be used as eVective carriers for delivering

B cell epitopes to the immune system in the absence of adjuvant [230, 231].

‘Whole pathogen’ vaccines such as the BCG contain potentially immuno-

genic HSP, and while these vaccines reduce morbidity and mortality

associated with infection, they may simultaneously stimulate proatherogenic

mechanisms [2]. BCG is a live, whole organism vaccine attenuated from the

bovine tubercle bacillus. It elicits a strong cell mediated immune response to

several Mycobacterial antigens [232], principally a secreted form of HSP-65

[233]. Immunization with BCG vaccine, which contains HSPs, increases the

extent of atherosclerosis in the cholesterol-fed rabbit, and the anti-HSP60

titers in BCG immunized rabbits were found to be correlated with the athero-

sclerotic plaque formation suggesting that the specific immune response to

BCG-associated HSP might be proatherogenic [103, 104]. However, athero-

sclerotic lesions induced by BCG immunization alone in the absence of

traditional risk factors such as hypercholesterolemia were found to regress

with time suggesting that in the absence of other CVD risk factors, the

inflammatory response to HSP60 is not enough to drive atherogenesis over

prolonged period of time [101].
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6. Conclusions

Hence, cells involved in atherogenesis express large quantities of HSPs in

response to exposure to several stressors that may also promote atheroscle-

rosis. Measures of HSP expression, including serum antigen, or antibody

concentrations may be useful as markers of disease susceptibility, although

the reported data are inconsistent. This may be due to complex interactions

between HSP production, release, clearance, and autoimmune responses.

Studies using experimental animal models indicate that the role of HSPs in

atherogenesis may not be straightforward with diVerent HSPs potentially

having pro- or antiatherogenic roles. In addition to a potential role

in the initiation of atherosclerosis, they may also be involved in the later

stages of disease by inducing a pro-inflammatory autoimmune response

[82, 83], and the recruitment of a HSP-specific inflammatory lymphocyte

population [17].

The immune response to Ox-LDL appears to be antiatherogenic while that

directed against HSP65 or b2-GPI is possibly proatherogenic. The relation-

ship between other HSP antibodies (e.g., HSP70) is less clear and studies

have reported either protective or deleterious eVects [159, 208]. Despite these

previous data it is unclear whether the HSPs have a direct role in atherogen-

esis. Longer term prospective studies in diVerent populations with a more

careful assessment of the time course of appearance of the HSPs and anti-

bodies relative to the development of clinical events will be required. Further

work on the eVects of tolerization may also be useful to elucidate the

importance of the HSP immune response in atherogenesis.
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