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Summary. Background and objectives: Anti-heat shock protein
(HSP)60 autoantibodies are associated with atherosclerosis and
are known to affect endothelial cells in vitro. However, their role
in thrombus formation remains unclear. We hypothesized that
anti-HSP60 autoantibodies could potentiate thrombosis, and
evaluated the effect of anti-murine HSP60 antibodies in a ferric
chloride (FeCl;)-induced murine model of carotid artery injury.
Methods: Anti-HSP60, or control, IgG was administered to
BALB/c mice 48 h prior to inducing carotid artery injury, and
blood flow was monitored using an ultrasound probe. Results:
Thrombus formation was more rapid and stable in anti-HSP60
IGG-treated mice than in controls (blood flow =
1.7% =+ 0.6% vs. 34% =+ 12.6%, P = 0.0157). Occlusion
was complete in all anti-HSP60 IgG-treated mice (13/13), with
no reperfusion being observed. In contrast, 64% (9/14) of
control mice had complete occlusion, with reperfusion
occurring in 6/9 mice. Thrombi were significantly larger in
anti-HSP60 IgG-treated mice (P = 0.0001), and contained
four-fold more inflammatory cells (P = 0.0281) than in
controls. Non-injured contralateral arteries of anti-HSP60
IgG-treated mice were also affected, exhibiting abnormal
endothelial cell morphology and significantly greater von
Willebrand factor (VWF) and P-selectin expression than
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control mice (P = 0.0024 and P = 0.001, respectively).
Conclusions: In summary, the presence of circulating
anti-HSP60 autoantibodies resulted in increased P-selectin
and VWF expression and altered cell morphology in endothelial
cells lining uninjured carotid arteries, and promoted thrombosis
and inflammatory cell recruitment in FeCls-injured carotid
arteries. These findings suggest that anti-HSP60 autoantibodies
may constitute an important prothrombotic risk factor in
cardiovascular disease in human vascular disease.

Keywords: autoimmunity, endothelial cells, heat shock pro-
teins, infection, thrombosis, von Willebrand factor.

Introduction

Immunity to the heat shock protein (HSP)60 family has been
implicated in endothelial cell stress/activation and the devel-
opment of atherosclerosis [1]. This family of proteins shows
considerable sequence homology among species, and immune
reactions to HSP60 have been widely described in infections
due to microorganisms that express HSP65 [2]. Anti-HSP65
antibodies, induced in response to these pathogens, can
crossreact through molecular mimicry [2] with self-HSP60
expressed on endothelial cells [3-6]. Elevated levels of these
anti-HSP60 autoantibodies have been associated with progres-
sion and severity of atherosclerosis [7-14], as well as with
thrombotic events in the context of systemic lupus erythemat-
osus [15]. Furthermore, anti-HSP60 autoantibodies have been
shown to bind to HSP60 expressed on the surface of cultured
endothelial cells, and to induce cytotoxicity [3,16,17] or
apoptosis [15,18] in these cells.

Thrombotic occlusion of the major arteries supplying the
heart and brain typically occurs in the setting of pre-existing
atherosclerosis [19]. The sudden transition from a stable,
often clinically silent, state to overt thrombosis is thought to
follow plaque rupture and denudation of endothelial cells,
which exposes the thrombogenic subendothelial matrix to
circulating blood [20,21]. Few studies have assessed the
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pathogenic effects of anti-HSP60 autoantibodies in vivo, and
fewer still their role in thrombosis. On the basis of the known
effects of anti-HSP60 autoantibodies in vitro [3,15-18] and
their association with atherosclerosis and thrombosis in vivo
[22], we hypothesized that these antibodies can potentiate
thrombus formation. We tested this hypothesis in a murine
model of carotid artery thrombosis, in which BALB/c mice
were treated with either anti-HSP60 autoantibodies, gener-
ated against mycobacterial HSP65, or control IgG. Our
findings demonstrate that systemic exposure to anti-HSP60
autoantibodies promotes an altered endothelial cell pheno-
type and enhances thrombus formation in a murine model of
carotid artery injury, supporting a prothrombotic role for
these autoantibodies.

Materials and methods

Mice

Animal experiments were approved by the McGill University
and the Montreal Heart Institute Animal Care Committees.
Specific pathogen-free female BALB/c mice (Harlan Sprague
Dawley, Indianapolis, IN, USA; 10-12 weeks) were used in all
experiments.

Production and detection of anti-murine HSP60
autoantibodies

Mice were injected subcutaneously with either mycobacterial
HSP65 [Stressgen/Assay Designs, Inc., Ann Arbor, MI, USA,;
10 pg in 100 pL of 0.01 mol L™! phosphate-buffered saline
(PBS), pH 7.3] or PBS, emulsified in complete Freund’s
adjuvant (CFA), every 2 weeks for a total of three immuni-
zations, and bled 12-14 days after each immunization. Sera
(diluted 1/100) were tested for the presence of anti-myco-
bacterial HSP65 and anti-murine HSP60 antibodies by
enzyme-linked immunosorbent assay [15], with the following
modifications: (i) the antigens were either mycobacterial HSP65
or recombinant murine HSP60 (Stressgen/Assay Designs, Inc.);
(i1) antibodies were detected using peroxidase-conjugated goat
anti-mouse IgG (Southern Biotechnology Associates, Inc.,
Birmingham, AL, USA); and (iii) plates were developed with
TMB Substrate Reagent (BD Pharmingen, Oakville, ON,
Canada), and the ODyys was read (EL800 reader, Bio-Tek
Instruments, Winooski, VT, USA). IgG was isolated from
pooled sera of either HSP65-immunized mice with reactivity to
murine HSP60 (anti-HSP60 IgG) or PBS-immunized mice
(control IgG) using protein A Sepharose CL-4B (Sigma-
Aldrich), and quantitated by Micro BCA assay (Pierce,
Rockford, IL, USA).

Anti-HSP60 antibody treatment and ferric chloride (FeCls)
carotid injury model

Naive mice were injected intravenously with 100 pl (I mg/ml in
PBS) of anti-HSP60 or control IgG that had been 0.22 um-
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filtered immediately prior to injection, to ensure sterility and
lack of IgG aggregates. Forty-eight hours later, the right
carotid artery of anesthetized mice was injured with FeCls
according to a standardized protocol [23]; the left artery served
as a control. Briefly, a miniature ultrasound flow probe (0.5 VB
552; Transonic Systems, Ithaca, NY, USA), interfaced with a
flow meter (T206; Transonic Systems) and a computer-based
data acquisition program (Iox 2.2.17.19, Emka, Falls Church,
VA, USA), was positioned around the artery. After stabiliza-
tion of the blood flow, a 0.5 x 1.0-mm strip of filter paper
soaked in 6% FeCl; was applied to the surface of the adventitia
for 3 min. After removal of the strip, monitoring of carotid
blood flow was resumed, and was continued for 23 min.

Histology and immunohistochemistry

Carotid arteries were excised and fixed in TissueFix (Biopharm
Inc., Laval, Canada) upon completion of the blood flow
measurements. Carotid artery segments were then embedded
in paraffin, sectioned at 6 um, and stained with either
hematoxylin and eosin [24], Verhoeff, or monoclonal anti-
von Willebrand factor (VWF) or P-selectin antibodies (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA) [25]. Samples
were visualized using an Olympus BX60 microscope (Olympus
Imaging America Inc., Center Valley, PA, USA), and com-
puterized morphometric analyses were performed using a
Retiga 2000R camera (QImaging Corporation, Surrey, BC,
Canada) and IMAGE PRO PLUS 6.2 software (Media Cyber-
netics, Bethesda, MD, USA).

Statistical analysis

For blood flow studies, point-by-point and area under the
curve analyses were compared for each dataset using #-tests
and Wilcoxon tests. For other experiments, statistical
significance was determined by a two-tailed unpaired z-test
with Welch correction, using INSTAT 3.0 (GraphPad Soft-
ware Inc., San Diego, CA, USA).

Results

Immunization with mycobacterial HSP65 induces a break in
tolerance to self-HSP60

It has been proposed that infection with microbes expressing
HSP65 can trigger an anti-self-HSP60 response through
molecular mimicry [2]. To test this hypothesis directly, we
immunized healthy, non-autoimmune BALB/c mice repeatedly
with mycobacterial HSP65 and, following each immunization,
tested their sera for the presence of anti-HSP65 (Fig. 1A) and
murine anti-self-HSP60 (Fig. 1B) antibodies. As expected,
HSP65 immunization induced a strong anti-HSP65 antibody
response following the first immunization (Fig. 1A). In
contrast, anti-HSP60 autoantibodies took longer to develop,
and were detected in one animal as early as following the
second immunization and in all mice following the third
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Fig. 1. Repeated immunization with mycobacterial heat shock protein
(HSP)65 induces a break in tolerance to murine self-HSP60 in BALB/c
mice. BALB/c mice were immunized with mycobacterial HSP65 in the
presence of complete Freund’s adjuvant (CFA). Sera from immunized
mice were evaluated for IgG antibody to (A) mycobacterial HSP65 or (B)
murine HSP60. Each point represents the mean of duplicate samples from
an individual mouse, and the bar represents the mean binding (ODys) for
the entire group of mice (n = 10). These data are representative of five
independent experiments.

immunization (Fig. 1B). During the approximately 2-month
period during which these mice were immunized and bled for
antibody analysis, we did not observe any overt morbidity or
mortality, although histology was not performed on tis-
sues from these mice. Neither anti-HSP65 nor anti-HSP60
antibodies were detected in control mice immunized with PBS
and CFA only (data not shown). These data clearly demon-
strate that repeated exposure of non-autoimmune mice to
mycobacterial HSP65 can induce a break in immune tolerance
to self-HSP60, and that exposure to mycobacteria may induce
anti-HSP60 autoantibodies.

Anti-HSP60 antibodies promote and stabilize thrombus
formation

We selected the FeCls-induced model of carotid artery injury,
because it entails a localized and relatively non-invasive
induction of thrombosis, and permits highly quantifiable
monitoring of thrombus formation. To ensure that the model

would be sensitive enough to detect subtle prothrombotic
changes, we evaluated several concentrations of FeCly (5%,
6%, and 7.5%) to determine the optimal concentration for
inducing a partial and unstable occlusion (Fig. S1). We chose
6% FeCl; for our remaining experiments, as this concentration
led to greater stability and reproducibility than 5% FeCl;, but
seemed to be more sensitive to modulation of thrombogenesis
than 7.5% FeCls.

To examine the effect of anti-HSP60 autoantibodies on
thrombus formation, purified IgG antibodies from anti-HSP60
autoantibody-producing or control mice were injected into
naive BALB/c mice 48 h prior to FeCls-induced carotid artery
injury. Passive transfer of anti-HSP60 antibodies avoids
confounding factors that could result from immunization with
HSP65 itself. Mice treated with control IgG had blood flow
values similar to those of vehicle-treated mice, both before and
after FeCls-induced injury (Fig. S1), and occluded similarly
[64% (9/14) vs. 67% (4/6); data not shown]. We conclude that
control IgG had no detectable effect on blood flow or
thrombus formation.

In marked contrast, passive transfer of anti-HSP60 IgG had
a major effect on blood flow and thrombus formation.
Whereas the control IgG-treated and anti-HSP60 IgG-treated
groups did not differ for the first 5 min following FeCls injury
(Fig. 2A), significant differences in blood flow were detected
from 7 min onward. Anti-HSP60 IgG-treated mice achieved
50% and 80% occlusion significantly faster than did control
IgG-treated mice (P = 0.040 and P = 0.012, respectively)
(Fig. 2B). Moreover, although blood flow reduction was
observed in all mice, complete occlusion of the carotid artery
was present in 64% (9/14) of control mice, as compared to
100% of anti-HSP60 IgG-treated mice. Thus, passive transfer
of anti-HSP60, but not control, IgG increases both the rapidity
and extent of occlusion following FeClz-induced injury of the
carotid artery.

Among the various effects of anti-HSP60 IgG in our model,
its most striking was on thrombus stabilization. Anti-HSP60
IgG-treated mice showed complete and stable occlusion (blood
flow = 1.7% =+ 0.6%) in all animals by 12 min, whereas the
minimum blood flow achieved in control IgG-treated mice was
34.0% =+ 12.6% (P = 0.0157) (Fig. 2A, inset). Moreover, no
reperfusion was observed in the anti-HSP60 IgG-treated mice
up to the end of monitoring (23 min), indicating extreme
stability of the thrombus. In contrast, reperfusion was observed
in 67% of control IgG-treated mice (Fig. 2A). Taken together,
these results indicate that anti-HSP60 IgG autoantibodies
enhance thrombus formation, leading to the more rapid
generation of a thrombus that is both more occlusive and
more stable.

Anti-HSP60 antibodies promote the generation of larger
thrombi

To analyze further the characteristics of the thrombi and
underlying artery, FeCls-injured carotid arteries from four anti-
HSP60 IgG-treated and four control IgG-treated mice were
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Fig. 2. Anti-heat shock protein (HSP)60 antibodies promote thrombus stabilization in a murine model of carotid injury. (A) Blood flow was monitored
(23 min) following application of 6% FeCl; to the carotid arteries of mice injected with anti-HSP60 IgG or control IgG. Initial blood flow through the
carotid artery was considered to be maximal (100%). Points represent the mean value for each group of mice, and bars represent standard error of
the mean (SEM). The graph inset represents blood flow (mean and SEM) during the thrombus stabilization phase for mice treated with phosphate-buffered
saline, control IgG, or anti-HSP60 IgG. (B) The time required to achieve 20%, 50% or 80% occlusion was determined from the curves in (A), and
the mean time and SEM for each group are indicated (50% and 80% occlusion occurred significantly faster in anti-HSP60 IgG-treated mice than in control

IgG-treated mice).

subjected to histologic and immunohistochemical analysis, and
computer-assisted planimetry. The mean cross-sectional area
of thrombi observed in the carotid arteries of anti-HSP60
IgG-treated mice was significantly larger than that of thrombi
in control IgG-treated mice (0.33 + 0.011 mm?® vs. 0.05 +
0.014 mm> P = 0.0001) (Fig. 3A—E). To evaluate the effect of
thrombus formation on the walls of affected carotid arteries,
Verhoeff staining for elastic fibers was performed. The elastic
laminae of the carotid arteries treated with control IgG
appeared normal, as indicated by the wavy structure of the
lamina (Fig. 3C). In contrast, carotid arteries from anti-HSP60
IgG-treated mice appeared distended, and the majority of the

© 2009 International Society on Thrombosis and Haemostasis

clastic fibers were stretched, unfolded, and almost linear
(Fig. 3D). Taken together, these results indicate that treatment
with anti-HSP60 IgG favors the formation of a larger
thrombus, which expands the walls of the carotid artery and
results in highly stretched elastic laminae.

Anti-HSP60 antibodies favor inflammatory cell recruitment to
the site of the thrombus

We further studied the morphology of thrombi from control
and anti-HSP60 IgG-treated mice by hematoxylin and eosin
staining. Thrombi from control IgG-treated mice were bland
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Fig. 3. Anti-heat shock protein (HSP)60 antibodies promote the generation of larger thrombi. Representative histologic transverse sections of carotid
arteries injured with 6% FeCls, stained with Verhoeff, illustrate the size of the thrombus and the structure of the elastic laminae of the vessels. The size of the
thrombi in the carotid arteries of anti-HSP60 IgG-treated mice (B, D) was visually greater than that of those in control IgG-treated mice (A, C). In
addition, the elastic fibers were stretched and unfolded in the anti-HSP60 IgG-treated mice (B, D), whereas those isolated from the control IgG-treated
group (A, C) appeared normal, as indicated by the wavy folded structure of the elastic laminae. (E) The cross-sectional area of the thrombus was measured
by computer-assisted planimetry, and the thrombus area for each carotid artery was calculated in mm? by standard formulae. The mean thrombus size and
standard error of the mean for each group are indicated. All data are representative of four mice from each group. (C) and (D) show the segment of the
artery [indicated by the square in (A) and (B), respectively] at higher magnification [(A, B) original magnification, x20; (C, D) original magnification, x100].

Scale bars: 0.05 mm.

and contained predominantly fibrin and platelets (Fig. 4A),
with only scattered, rare inflammatory cells (Fig. 4A,C). In
striking contrast, thrombi occluding the injured carotid arteries
of anti-HSP60 IgG-treated mice contained focal accumulations
of inflammatory cells, especially neutrophils, located in close
apposition to the vessel wall (Fig. 4B,D.E). Indeed, four-fold
more inflammatory cells were observed in thrombi from anti-
HSP60 IgG-treated mice than in thrombi from control mice, as
assessed by the mean number of nuclei per thrombus (88 £+ 17
vs. 17 £ 4, P = 0.0281) (Fig. 4F). These data suggest that

anti-HSP60 antibodies favor the recruitment of inflammatory
cells, in particular neutrophils, to the site of thrombus
formation.

Anti-HSP60 antibodies induce expression of VWF and P-
selectin by endothelial cells

To examine the potential effect of anti-HSP60 IgG on
uninjured arteries, the contralateral carotid arteries (n = 4
for each experimental group), which had not been exposed to

© 2009 International Society on Thrombosis and Haemostasis
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Fig. 4. Anti-heat shock protein (HSP)60 antibodies favor inflammatory cell recruitment to the site of the thrombus. Representative histologic transverse
sections of carotid arteries injured with 6% FeCls, stained with hematoxylin and eosin, illustrate the structure of the thrombus and the presence of

inflammatory cells. Few inflammatory cells were detected in the thrombi from control IgG-treated mice (A, C), as compared to a larger number of clustered
cells in the thrombi of anti-HSP60 IgG-treated mice (B, D, E). (F) The number of inflammatory cells recruited into the thrombi was evaluated by counting
the number of nuclei in a transverse section of the thrombus, using a computer-assisted enumeration method. The mean value and standard error of the
mean for each group are indicated. All data are representative of four mice from each group. (D) and (E) show the segments of the artery [indicated by the
squares on the right and left, respectively, in (B)] at higher magnification [(A, B) original magnification, x20; (C, D, E) original magnification, x40]. Scale

bars: 0.05 mm.

FeCls, were examined for cell morphology as well as VWF and
P-selectin surface expression. Normal flat endothelial cell
morphology was observed in the carotid arteries from control
IgG-treated mice (Fig. 5A), whereas endothelial cells from
carotid arteries of anti-HSP60 IgG-treated mice exhibited mild
karyomegaly (enlarged nuclei), as shown by rounding of the
cells and thinning of their cytoplasm (Fig. 5B). Possible early
endothelial cell detachment from the basement membrane was
also observed in one specimen (Fig. 5C). Importantly, VWF
was detected on a significantly greater area of the endothelial
surface in the intact contralateral carotid arteries from the anti-
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HSP60 IgG-treated group than in those from the control IgG-
treated group (67% =+ 8% vs. 8% =+ 3%, P = 0.0024)
(Fig. 5C,D,E). Moreover, the intensity of the staining by
VWEF-positive endothelial cells was greater in carotid arteries
from anti-HSP60 IgG-treated mice, indicating that more VWF
was expressed per cell. P-selectin, an adhesion molecule and a
marker of endothelial activation, was also detected on a
significantly greater area of the endothelial surface in intact
contralateral carotid arteries from anti-HSP60 IgG-treated
mice than in those from control IgG-treated mice
(78% + 14% vs. 7% = 8%, P = 0.001) (Fig. 6C,D,E).
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Fig. 5. Anti-heat shock protein (HSP)60 antibodies induce endothelial von Willebrand factor (VWF) overexpression. Representative histologic transverse
sections of intact carotid arteries, contralateral to the arteries injured with 6% FeCls, were stained for VWF. VWF detection is represented by dark brown
staining on the surface of endothelial cells [examples of positive cells are indicated by arrows in (C) and (D)]. Note that VWF staining is more widespread
and intense in intact carotid arteries from anti-HSP60 IgG-treated mice (B, D) than in intact carotid arteries from control IgG-treated mice (A, C). (E) The
percentage of positive staining for VWF was evaluated by determining the ratio of the endothelial surface stained with anti-VWF (mm?) to the total
endothelial surface (mm?), using computer-assisted technology. The mean value and standard error of the mean for each group are indicated. All data are
representative of four mice from each group. (C) and (D) show the segments of the artery [indicated by the squares in (A) and (B), respectively] at higher
magnification [(A, B) original magnification, x20; (C, D) original magnification, x40]. Scale bars: 0.05 mm.

Altered endothelial cell morphology and increased VWF and
P-selectin expression may reflect a broader effect of anti-HSP60
autoantibodies on endothelial cell function.

Discussion

Conventional cardiovascular risk factors only partially
predict the occurrence of atherosclerosis and thrombosis.

Chronic infection and autoimmune reactions, especially to
HSPs, may constitute another important variable in the
pathogenesis of these diseases [26]. We demonstrate here
that anti-HSP60 autoantibodies can arise in response to
mycobacterial HSP65, and that these autoantibodies can
potentiate thrombus formation. Furthermore, our findings
show that anti-HSP60 autoantibodies affect both the
uninjured endothelium and the developing thrombus,

© 2009 International Society on Thrombosis and Haemostasis
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Fig. 6. Anti-heat shock protein (HSP)60 antibodies induce endothelial P-selectin overexpression. Representative histologic transverse sections of intact
carotid arteries, contralateral to the arteries injured with 6% FeCls, were stained for P-selectin. P-selectin detection is represented by dark brown staining on
the surface of endothelial cells [examples of positive cells are indicated by arrows in (C) and (D)]. Note that P-selectin staining is more widespread and
intense in intact carotid arteries from anti-HSP60 IgG-treated mice (B, D) than in intact carotid arteries from control IgG-treated mice (A, C). (E) The
percentage of positive staining for P-selectin was evaluated by determining the ratio of the endothelial surface stained with anti-P-selectin (mm?) to the total
endothelial surface (mm?), using computer-assisted technology. The mean value and standard error of the mean for each group are indicated. All data are
representative of four mice from each group. (C) and (D) show the segments of the artery [indicated by the squares in (A) and (B), respectively] at higher
magnification [(A, B) original magnification, x20; (C, D) original magnification, x40]. Scale bars: 0.05 mm.

resulting in more rapid, extensive and stable thrombus
formation. Although it is not known how anti-HSP60
autoantibodies promote thrombosis, our data suggest two
potential mechanisms: (i) induction of a procoagulant
endothelial cell phenotype, in which VWF and P-selectin
expression may play a prominent role; and (ii) initiation of
inflammation, with recruitment of inflammatory cells and
release of inflammatory mediators.

We provide clear evidence that endothelial cells exposed to
circulating anti-HSP60 autoantibodies overexpress VWF, a
marker of endothelial cell dysfunction and of procoagulant

© 2009 International Society on Thrombosis and Haemostasis

activity [27]. VWF mediates platelet adhesion and platelet
aggregation, and serves as a plasma carrier for factor VIII. In
addition to its known role in aggregation of activated platelets,
VWF may also be involved in activation-independent aggre-
gation of platelets, a novel mechanism that has been demon-
strated to initiate thrombus formation under high
hemodynamic forces, such as may occur when the vascular
lumen is restricted by a growing thrombus [28]. Finally, VWF
has been described at the edges of forming thrombi, and may
help to recruit platelets [29]. These VWF-dependent mecha-
nisms may at least partially explain the striking differences in
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thrombus formation observed between anti-HSP60 IgG-
treated and control IgG-treated mice.

We clearly demonstrate that endothelium exposed to circu-
lating anti-HSP60 autoantibodies overexpresses the adhesion
molecule P-selectin, a marker of endothelial cell activation [30].
The primary ligand for P-selectin is P-selectin glycoprotein
ligand-1 (PSGL-1), which is constitutively found on all leuko-
cytes and platelets. P-selectin is largely responsible for the rolling
phase of the leukocyte adhesion cascade, through the transient
interactions between P-selectin and PSGL-1. Moreover,
P-selectin is also able to mediate the heterotypic aggregation
of platelets on stimulated endothelium [30]. These P-selectin-
related processes may also partly explain the inflammatory cell
recruitment observed in the thrombus of anti-HSP60
IgG-treated mice, as well as the large size of these thrombi.

Inflammation may be another mechanism by which anti-
HSP60 antibodies promote thrombosis. Endothelial cell-bound
anti-HSP60 antibodies can recruit inflammatory cells, such as
neutrophils and macrophages, whose secreted products can
further activate platelets and the coagulation cascade. Acti-
vated platelets themselves may also contribute to recruitment
of inflammatory cells. Finally, it is possible that anti-HSP60
autoantibodies affect endothelial cell function through mech-
anisms that are independent of VWF and inflammatory
mediators, such as increased sensitivity to FeCls treatment. It
seems likely that anti-HSP60 autoantibodies mediate their
effects in our model through more than one mechanism.

The cellular antigen targeted by anti-HSP60 autoantibodies
remains unknown, but is presumably located on the endothe-
lium. Although mammalian HSP60 is generally considered to
be an intracellular protein expressed only on the surface of cells
that have been activated or stressed [31], endothelial cells in
culture that are otherwise intact are known to express surface
HSP60 [6] and to be recognized by anti-HSP60 autoantibodies
[15], perhaps from a basal level of stress caused by in vitro
culturing conditions. Thus, it is possible that surface expression
of HSP60 may occur during normal endothelial cell turnover
on morphologically intact cells, explaining the effect of anti-
HSP60 treatment on uninjured contralalateral carotid arteries
in our mice. Alternatively, it has been shown that a subset of
anti-HSP60 antibodies can interact with several cell proteins
(e.g. CD49f, CDS51, CD61, and CDI151) expressed on the
surface of non-stressed endothelial cells [18]. In either case, anti-
HSP60 antibodies might initiate an amplification loop, in
which binding to endothelial cells could favor HSP60 expres-
sion on neighboring endothelial cells and the spread of anti-
HSP60-induced endothelial dysfunction.

In summary, our findings demonstrate unequivocally the
pathogenic potential of anti-HSP60 autoantibodies to acceler-
ate thrombosis in healthy, non-autoimmune mice. Although
other studies have examined the effect of anti-HSP60 autoan-
tibodies on atherosclerosis [22], we believe ours to be the first to
evaluate the effect of anti-HSP60 antibodies on thrombogen-
esis. Previous studies have suggested a link between anti-HSP60
autoantibodies and thrombosis in patients with systemic lupus
erythematosus, although the numbers of patients were small

[15]. Here, we present direct evidence that circulating anti-
HSP60 autoantibodies result in altered endothelial cell mor-
phology and promote expression of VWF and P-selectin in the
absence of exogenous injury to the arterial wall. Furthermore,
these antibodies promote thrombosis and inflammatory cell
recruitment in FeCls-injured arteries. Further studies are
needed to clarify the role of anti-HSP60 autoantibodies as a
clinical predictor of thrombotic events, as well as the mecha-
nisms by which anti-HSP60 antibodies mediate their pro-
thrombotic effects.
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