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ABSTRACT

Strong clinical and experimental evidence has suggested the involvement of
Chlamydia pneumoniae (C. pneumoniae) in the devel opment of atherosclerosis.
However, the direct role of C. pneumoniae infection in vascular remodelling processesin

the absence of a host immune response remains undetermined.

To study the direct effect of this pathogen within the arterial wall, we developed a
novel ex vivo porcine coronary artery model that supported bacterial growth for up to two
weeks in culture. Employing this approach, we demonstrated that C. pneumoniae
infection could ater vascular functions parameters, including endothelial-dependent
relaxation responses. This impairment was associated with a decrease in eNOS
expression and increased oxidative stress, changes that are also noted in atherosclerotic
plagues. We further demonstrated that C. pneumoniae infection initiates medial
thickening via vascular smooth muscle cell (VSMC) proliferation. This proliferative
response was associated with an increase in expression of endogenous heat shock protein
60 (Hsp60) and aterations in nuclear protein import machinery. Additionally, C.
pneumoniae infection and Hsp60 overexpression in primary VSMCs resulted in ateration
in nuclear protein import parameters leading to the cell proliferation. Using arabbit
atherosclerotic model, we demonstrated that Hsp60 is induced during atherosclerotic
lesion growth and correlated with both the proliferative status and the expression of

protein involved in nuclear protein import within the atherosclerotic vessel.
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In summary, our work has demonstrated the feasibility of studying the molecular
mechanisms of infection-induced atherosclerosis using an ex vivo coronary culture
system. Importantly, our data has provided the first direct evidence that an active C.
pneumoniae infection alone, without contributions from a host immune system, can
mediate endothelia dysfunction and stimulate arterial thickening, two key remodelling
processes present during atherosclerotic progression. Our findings further suggest the
involvement of Hsp60 as a key contributor in growth-based pathologies like C.
pneumoniae-mediated atherosclerosis possibility through modulation of nuclear protein

import.
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CHAPTER I: LITERATURE REVIEW
1. CARDIOVASCULAR DISEASE

Cardiovascular diseases are the leading cause of morbidity and mortality
worldwide (1). Cardiovascular diseases can be defined as all diseases or injury that affect
the cardiovascular system, including the heart and blood vessels which ensure the proper
pumping and transport of the blood around the body. Prominent types of cardiovascular
diseases include ischaemic heart disease, cerebrovascular disease, hypertensive heart

disease, rheumatic heart disease, and cardiomyopathies.

Ischaemic heart disease is a condition that affects the blood vessels supplying
blood to the heart. It has important clinical consequences, accounting for nearly half of
all cardiovascular related deaths globally (1). The condition develops as aresult of a
build up of lipid rich plagues within the vessel wall, termed atherosclerosis. The growing
plaque impedes blood flow leading to ischemic events that impair the function of the
heart. Asthe atherosclerosis progresses, the plagues can become unstable and rupture,
resulting in blood clot formation that will completely block the vessel. This event,
known as amyocardial infarction, causes death to cardiac tissue leading to significant
remodelling of the muscle wall and impairment in heart function. Asthe remodelling
ensues it will eventually lead to congestive heart failure, aclinical syndrome
characterized by the inability of the heart to pump enough blood to meet the demands of

the organ system due to structural and/or functional abnormalities of the heart (2).



The causes responsible for the devel opment of cardiovascular disease are
numerous and can be classified as non-modifiable and modifiable risk factors. Non-
modifiable risk factors such as age, gender and genetic background, all have arole to play
in numerous aspects of cardiovascular disease. However, the development of
cardiovascular disease depends more predominantly on the presence of modifiable risk
factors such as hypertension, smoking, diabetes, physical inactivity, obesity and
hypercholesterolemia (3). Therefore, strategies amed to prevent and manage these risk

factors will have an important impact on the global burden of disease.

2. PATHOGENESISOF ATHEROSCLEROSIS

Atherosclerosis is a chronic inflammatory disease leading to stiffening and
blockage of the arteries. The development of the atherosclerotic plague can be described
as aresponse to injury mechanism (4), which evolvesin many difference stages (Figure
1)(5). Initial injury to the endothelial layer caused by stress stimuli (eg.
hyperchol esterolemia, smoking), leads to increased infiltration of low density lipoprotein
(LDL) moleculesinto the subendothelia space (5,6). The LDL molecules can
subsequently be oxidatively modified and remain trapped with the vessel wall (6). The
activated endothelium also recruits immune cells (eg.monocytes) via an increase in cell
surface adhesion molecules and enhanced chemokine release (7,8). The recruited
monocytes have the ability to participate in efflux of cholesterol out of the vessel,
however, excessive uptake of modified LDL causes a dysfunctional
monocyte/macrophage phenotype termed afoam cell (5,7). These foam cells make up

the lipid core of the plaque and promote a pro-inflammatory environment (8).
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Figure 1. Stagesin the development of ather osclerotic lesions

The normal muscular artery and the cell changes that occur during disease progression to
thrombosis are shown. a, The normal artery contains three layers. The inner layer, the tunica
intima, islined by amonolayer of endothelia cellsthat isin contact with blood overlying a
basement membrane. In contrast to many animal species used for atherosclerosis experiments, the
human intima contains resident smooth muscle cells (SMCs). The middle layer, or tunicamedia,
contains SM Cs embedded in a complex extracellular matrix. Arteries affected by obstructive
atherosclerosis generally have the structure of muscular arteries. The arteries often studied in
experimental atherosclerosis are elastic arteries, which have clearly demarcated laminae in the
tunica media, where layers of elastin lie between strata of SMCs. The adventitia, the outer layer
of arteries, contains mast cells, nerve endings and microvessels. b, Theinitial steps of
atherosclerosi s include adhesion of blood leukocytes to the activated endothelial monolayer,
directed migration of the bound leukocytes into the intima, maturation of monaocytes (the most
numerous of the leukocytes recruited) into macrophages, and their uptake of lipid, yielding foam
cells. ¢, Lesion progression involves the migration of SMCs from the mediato the intima, the
proliferation of resident intimal SMCs and media-derived SMCs, and the heightened synthesi s of
extracellular matrix macromolecules such as collagen, elastin and proteoglycans. Plague
macrophages and SMCs can die in advancing lesions, some by apoptosis. Extracellular lipid
derived from dead and dying cells can accumul ate in the central region of a plague, often denoted
the lipid or necrotic core. Advancing plagues also contain cholesterol crystals and microvessels.
d, Thrombosis, the ultimate complication of atherosclerosis, often complicates a physical
disruption of the atherosclerotic plaque. Shown is a fracture of the plaque’ s fibrous cap, which
has enabled blood coagulation components to come into contact with tissue factors in the plague’s
interior, triggering the thrombus that extends into the vessel lumen, where it can impede blood
flow. Reprinted by permission from Macmillan Publishers Ltd: Nature, P Libby, PM Ridker, and
GK Hansson. Progress and challenges in translating the biology of atherosclerosis (5), © 2011.
http://www.nature.com/doi: 10.1038/nature10146



As the plaque grows, vascular smooth muscle cells (V SMCs) proliferate and migrate to
the lumina side of the plague to form afibrous cap (5,8). This results from newly
secreted extracellular matrix (ECM) proteins (eg. collagen), which will help to stabilize
the plague (5,8). The inflammatory response will ensue with further recruitment of
immune cell and formation of anecrotic core due to defective removal of apoptotic
macrophages/foam cells (9). Both macrophages and the necrotic core can contribute to
the breakdown of the fibrous cap by promoting VSMC apoptosis, release of proteolytic

enzymes, thus leading to plague rupture and thrombosis (7,10).

2.1. Endothelial dysfunction and atherosclerosis

The vascular endothelium represents an active paracrine, endocrine and autocrine
organ responsible for regulating vascular tone and maintaining vascular homeostasis
(11). Endothelial dysfunction is a pathophysiological state characterized by an impaired
endothelial -dependent relaxation resulting primarily from areduction in nitric oxide (NO)
bioavailability (12) . This condition coincides with an activated endothelial state,
described by an increase in cell surface adhesion molecules and secretion of pro-
inflammatory chemokines and cytokines (13). Endothelial dysfunction is associated with
all mgor cardiovascular risk factors including hypertension, hyperlipidemia, diabetes and
smoking (14-16). Futhermore, it can be used as a predictive marker of future

atherosclerotic disease progression (17-19) .



2.1.1. Regulation of NO synthesis and catabolism in the vasculature

NO plays an important homeostatic role within the vasculature, mediating
vascular tone, inhibiting vascular smooth muscle proliferation, decreasing endothelial cell
permeability, preventing immune cell recruitment and adhesion, and inhibiting platel et
aggregation (20-30). NO production within the vessel wall is primarily mediated by
endothlelial nitric oxide synthase (eNOS), a Ca**/calmodulin (CaM)-dependent enzyme
(31). NO production isinfluenced by the level of eNOS expression and more acutely by
regulation of its activity (32-34). Several different mechanisms are involved in eNOS
activity: (1) protein-protein interactions of eNOS with the eNOS-binding proteins such as
Ca®"'CaM, heat-shock protein-90, caveolin-1, platelet endothelial cell adhesion molecule-
1 (PECAM-1), (2) post-trandational regulation by phosphorylation and acylation, (3)
subcellular localization at the plasma membrane with caveolae, Golgi, mitochondria, and

intercellular junctions and (4) availability of cofactors and substrates (33,35-40).

Shear stress and humoral factors such as vascular endothelial growth factor,
bradykinin and estrogen stimulate NO production viaeNOS (41-48). Areas of the
vasculature with disturbed blood flow and lower shear stress near branches and
bifurcations are more susceptible to endothelial dysfunction and subsequent plague
formation (49). Pro-atherogenic stimuli such as oxidized LDL (oxLDL) or tumor necrosis
factor alpha (TNF-a) suppress eNOS expression (50,51). The expression of eNOSis
depressed in advanced human atherosclerotic plaques but not in early atherosclerotic
vessals (52-54). In atherosclerotic animal models, the level of eNOS expression has been

variable despite the presence of endothelia dysfunction (55-57). The use of



pharmacol ogical inhibitors of eNOS or eNOS gene deletion in atherosclerotic animal
models, accel erates atherosclerotic progression (58-61). This would suggest that the
regulation of eNOS activity may be the predominant mechanism of impaired NO

production in early atherosclerosis.

An additional mechanism for endothelial dysfunction is mediated through NO
catabolism. Thisisachieved with NO reacting with superoxide (O, leading to
peroxynitrite (ONOQO) formation. Peroxynitriteis produced in significant amountsin
atherosclerotic lesions (33). Thisislikely a consequence of an increased superoxide
production and due to the NO and superoxide reaction occurring severa orders of
magnitude faster than the removal of superoxide anions by superoxide dismutase. The
main sources of vascular superoxide include NADPH oxidases (VSMC, endothelial cells,
immune cells) and xanthine oxidase (endothelia cells) (62). NADPH activity and
expression of the NADPH components (e.g. p22phox) are increased in human
atherosclerotic plagues (63,64). Furthermore, eNOS itself can produce superoxide
instead of NO, when found in an uncoupled form. The proposed mechanisms for this
uncoupling process include tetrahydrobiopterin (BH4) and L-arginine deficiencies, an
increase in the endogenous asymmetric dimethylarginine (ADMA), and oxidative stress

(65). Assuch, eNOS has the ability to prevent and promote atherosclerotic development.

2.2. Vascular smooth muscle cells and atheroscler osis
V SMCs play an important physiological role as the mechanical component of the

vessel that regulates vascular tone and blood pressure. I1n addition, VSMCs are known to



participate in healing processes within the vessel wall in responseto injury. The
versatility of this cell typeisin part dueto its plasticity and ability to de-differentiate into
asynthetic state. However, dysregulation of this phenotypic conversion can contribute to

anumber of vascular pathologies such as atherosclerosis and restenosis (66,67).

2.2.1VSMC phenotypesin the vasculature

Mature VSMCs are known to adopt two distinct phenotypes, contractile
(differentiated) and synthetic (de-differentiated). Contractile VSMCs express a repertoire
of SMC-specific proteins including contractile proteins (i.e. myosin heavy chain, smooth
muscle actin,), ion channels (i.e. the L-type Ca®* channel) and signaling molecules that
allow these cells to regulate contractile function within the vessel wall (68). VSMC
contraction is a Ca?* -dependent process requiring the phosphorylation of myosin light
chain (MLC) to facilitate the interaction between myosin and actin filaments necessary
for cross-bridge cycling. The integration of vasoconstrictors (i.e. endothelin-1,
angiotensin-11, thromboxane) and vasodilators (i.e. NO, prostaglandins) in the circulation
or released from the neighbouring endothelium determines the level of SMC contraction
by regulating intracellular Ca®* levels, altering the plasma membrane potential, and
directly modulating the level of MLC phosphorylation. Alternatively, under conditions
of vascular injury, VSMCs undergo de-differentiation and adopt a synthetic phenotype.
This state is characterized by a decrease in SMC markers, increased proliferation,
migration, extracellular matrix production and matrix metalloprotease production and
release. These characteristics confer the ability to engineer significant vascular

remodelling.



SMC markers can be utilized to assess the level of differentiation (68). In
addition, the relative expression of these markers correl ates with the ability to proliferate
in response to mitogens (69,70). Within acomplex arterial environment, VSMCs display
a broad phenotypic continuum between contractile and synthetic phenotypes.
Interestingly, heterogeneity is even observed between adjacent VSMCs (71,72). This
highlights the impact of the developmental origin of VSMCs on their responsiveness to
environmental factors. In atherosclerotic plagues, heterogeneous patterns of SMC marker
expression are al'so observed and are altered depending on the stage of atherosclerosis,
the type of lesion and localization within the vessel wall (66). In particular, distinct
differences between intimal and medial VSMCs are noted, with media VSMCs
displaying increased SMC marker expression compared to intimal VSMCs (73-75).
These findings along with the cellular plasticity demonstrated in culture have lead to the
belief that these intimal VSMCs are de-differentiated medial cells that have proliferated
and migrated (66). Alternatively, work from Sata et a. had suggested hematopoietic
progenitor cells contribute to VSMC populations in atherosclerotic lesions (76).
However, multiple lineage tracing experiments in ApoE null mice have demonstrated
very little contribution of hematopoietic cells to this population (77-79). The
characteristics and expression/secretion profiles of synthetic VSMCs suggest that they
may play both detrimental and protective roles during atherosclerotic development.
Initial proliferation and migration of V SMCs contributes to important remodelling
processes in the vessel wall (80). Alternatively, enhanced extracellular matrix production

(eg. collagen) helpsto stabilize advanced lesions and prevent them from rupturing (81).



Finally, matrix metalloproteases (MM Ps), known to be secreted by synthetic VSMCs, can

promote break down of the fibrous cap leading to atherothrombosis (82).

2.2.2. Regulation of VSM C phenotype and proliferation

The expression of SMC markers (eg. SM-a actin, SM-MHC, SM-22a) is
mediated by the transcription factor serum response factor (SRF) in combination with co-
factors myocardin and myocardin-related transcription factors (MRTF-A,MRTF-B)(83).
These factors in complex bind CArG sequences within the promoter sequences of SMC
genesto initiate transcription. A number of transcriptional regulators such as kruppel-
likefactor-4 and -5 (KLF4, KLF5) and ELK-1 are known to repress this process and may
be involved in phenotype modulation during atherosclerosis. In an experimental
atherosclerosis model, transcriptional repression of differentiation marker SM-22a. is
observed in VSMCs of the fibrous cap and intima of the atherosclerotic plague (84).
KLF4 expression isincreased within lesions of ApoE null mice on aWestern diet (85). In
addition, microRNAs play adynamic rolein the regulation of SMC phenoconversion.
mMiRs-143/145 and miR-1 play a central rolein VSMC differentiation (67,86,87). miR-
143/145 expression is down-regulated in the aorta of ApoE null mice (88). Alternatively,
miR-221 has opposing effects, stimulating both de-differentiation and VSMC

proliferation (67,89).

Regulation of the VSMC phenotype and its proliferative state is dependent on a
number of environmental cues/factors such as humoral factors (ie. growth factors,

contractile agonists), extracellular matrix (ECM) interactions, endothelial-SMC



interactions, mechanical force (ie. wall stress, hemodynamics), injury stimuli (ie. lipids,

reactive oxygen species, inflammatory mediators), and cell-cell contact (66).

The best described biochemica pathways known to influence VSM C phenotype
include platelet derived growth factor (PDGF) and transforming growth factor beta (TGF-
B) signaling. PDGF promotes aVSMC synthetic state and stimulates proliferation (90-
93). In ApoE null mice, blockade of the PDGF-f receptor resulted in decreased lesion
formation and VSMC content in the neointima (94). Alternatively, TGF-B and related
bone morphogenetic protein (BMP) promoted VSMC differentiation by stimulating SMC
marker gene transcription (95,96). In ApoE null mice, TGF-B receptor inhibition

accelerated atherosclerotic plague development (97).

A complex ECM, predominantly made of collagen (type | and I11), elastin and
proteoglycans, surrounds the medial VSMCs of the vessel wall (98). The ECM directly
interacts and signals with the VSMCs via specific cell-surface receptors called integrins.
Interactions with these components differentially influence their ability to respond to
growth factors. In cell culture models, fibronectin has been demonstrated to promote a
synthetic VSMC phenotype (99) , whereas laminin favours a contractile phenotype (100).
Different forms and organization of the matrix components can aso influence the
proliferative response. For example, fibrillar and monomeric type | collagen inhibit and
promote VSMC proliferation, respectively (101). Furthermore, SMCs cultured on a 3D
collagen matrix are less proliferative compared to SMCs cultured on a2D collagen

matrix (102). In human atherosclerosis, collagen I, collagen 111 and fibronectin levels are
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elevated in human atherosclerotic plaques (103). Furthermore, inducible fibronectin
knockout in ApoE null mice caused areduction in plague size and fibrous cap formation
(104). The production of ECM is primarily regulated by VSMCs in response to growth
factors and cytokines (105). In addition, synthetic VSMCs are known to produce
elevated levels of matrix metalloproteases (MMPs). MMPs are elevated in human
atherosclerosis (106). MM Ps can mediate remodelling of the ECM environment and can
also liberate humoral factors attached to ECM components, both of which will influence

V SMC phenotype.

The vessel wall is exposed to multiples varieties of physical and chemicals
stresses that mediate VSMC proliferation. Regular shear stress exerted on the wall by the
laminar flow of the blood inhibits VSMC proliferation via the release of endothelial
derived mediators. NO has been postulated to be the key mediator of this response.
However, recent data from Hergenreider and co-workers suggest that miRNAs may also
be involved in a flow-mediated atheroprotective effect (107). Shear stress induced
endothelial miR 143/145 cluster expression and their subsequent rel ease via exosomes to
regulate SM C phenotype (107). Furthermore, direct exposure of VSMCs to shear stress
also inhibited proliferation in vitro (108). Alternatively, low shear stress using an EC-
SMC co-culture system resulted in an increase in VSMC proliferation through endothelial
release of PDGF-BB (109). During hypertension, an atherosclerotic risk factor,
mechanical stretch is exerted on the vessel wall. Anima models of chronic hypertension
demonstrate an increasein VSMC hyperplasia (110,111). Furthermore, mechanical

stretch in vitro can induce VSMC proliferation (112,113). Finally, a number of chemical
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stresses that are relevant to the atherosclerotic milieu, including oxidized LDL, hypoxia,
reactive oxygen species (ROS) and heat shock proteins, all have mitogenic properties
when in contact with VSMCs (114-119).

In summary, phenotypic switching leading to proliferation and migration of
medial VSMCsis postulated as a key mechanism in plague progression and fibrous cap
formation. This process within the vascular wall is complex and will depend upon the

integration of al of these environmental cues.

2.3. Involvement of theimmune system and infection in atherosclerosis*
2.3.1. Innate immunity and atherosclerosis

The innate immune system, comprised of a network of specialized cells, is
responsible for mediating the initial inflammatory actions in response to tissue damage
and foreign particles within the body. Monocyte-derived macrophages were the first
immune cells to be identified within atherosclerotic lesions (120) and represent amajor
component of the innate immune network during atherosclerotic development.
Depletion of monocytes from the circulation using clodronate resulted in reduced plaque
formation in rabbits (121) . Macrophages are involved in disease progression through
their involvement in lipid metabolism and initial immune mediation (122). Pattern-
recognition receptors, which include scavenger receptors (SRs) and toll-like receptors
(TLRs) expressed on the cell surface are important components for both of these
functions. SRs bind and mediate the uptake of modified LDL found within the vessel

wall. During normal lipid loading, macrophages mediate reverse cholesterol transport by

! CMC Bassett et al ,Pathophysiology of Coronary Artery Disease. Functional Foods and
Cardiovascular Disease. 1-29, ©2012, Reprinted,with permission from CRC Press.
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expressing proteins involved in cholesterol efflux (123). However, under conditions of
constant lipid loading this mechanism is overwhelmed and excessive lipid storing leads to
foam cell formation and subsequent production and release of pro-inflammatory
molecules such as cytokines and reactive oxygen species (124). TLRs recognize a broad
range of targets that not only include pathogen-derived antigens such as
lipopolysaccharide (LPS) but also endogenous molecules such as heat shock proteins
(Hsps). Upon binding to TLRs, these molecules will stimulate downstream signaling
cascades leading to activation of transcription factors such as nuclear factor kappa-light-
chain-enhancer of activated B cells (NFkB) that are involved in the production of
inflammatory mediators. TLRS appear to play an important role in atherosclerosis. Their
expression is not limited to macrophages within the vessel wall and multiple members of
its family are upregulated during human atherosclerosis (125). Furthermore, a deficiency
in TLR2 and/or TLR4 signalling reduces atherosclerotic devel opment in atherogenic-

prone mice (126,127).

Other members of the innate immune system have also been localized within
atherosclerotic lesions. Mast cells have been found in the adventitia and shoulder regions
of atherosclerotic plague (128). Once activated, mast cells may contribute to
atherothrombosis through the release of pro-inflammatory cytokines and proteolytic
enzymes. Atherogenic-prone mice deficient in mast cells display decreased
atherosclerosis with areduction in leukocyte population, apoptosis and necrosis within
the plaque (129). In addition, there was an increase in fibrous cap formation and collagen
production (129). These effects were dependent upon interferon (IFN)- y and interleukin

(IL)-6 release. Mast cells are also involved in lipid metabolism (130) and cholesterol
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efflux (131). Dendritic cells, which can belocalized in theintimal region of normal

vessals, increase in number upon lesion progression (132) and their recruitment appears
to be VCAM-1 dependent (133). They have the potential to prime naive T lymphocytes
through antigen presentation and thereby provide alink between the innate and adaptive

immune system (132,134).

2.3.2. Adaptive immunity and atherosclerosis

The adaptive immune system offers the body a more refined network to fight
pathogens and foreign molecules. It differs from the innate immune system becauseit is
initially slower, is dependent on past exposure and provides much more specificity. T
lymphocytes, the key mediators of the adaptive response, are recruited to the lesion
during early and | ate atherosclerotic plague development where they undergo activation
(135). Additionaly, the presence of oxLDL- (136), HSP60- (137) and Chlamydia
pneumoniae (C. pneumoniae)-specific (138) T cells provide evidence of clonal expansion
within the vessel wall. There exist two major subtypes of helper T (Th) cellsinvolved in
plague development, Thl and Th2. Thl cells are the predominant form within the plaque
(139) and promote atherogenesis by secreting pro-inflammatory cytokines, inducing
macrophage activation and driving cell mediated responses (140). Th2 cells appear more
anti-atherogenic by secreting cytokines such as IL-4,-5 and -10 that drive antibody
production, and inhibit Thl responses. Regulatory T (Treg) lymphocytes, mediators of
immune tolerance within the body, play an important role in controlling Th1/Th2
switching (141). Induction of Treg cellsin atherosclerotic-prone mice led to inhibition of

Thl responses and reduced atherosclerotic development. These changes were
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accompanied by decreased IFN- y levels and increased IL-10 levels (142). B cells,
effector cells of the humora immune response, produce antibodies that recognize specific
antigens. Recent findings have suggested that natural antibodies against oxLDL (oxLDL
IgM) may play aprotective role in preventing atherosclerosis (143,144). These natura
antibodies act by binding oxLDL molecules to prevent their uptake by macrophages, and
block the subsequent inflammatory response and potential presentation of self-antigen to

T lymphocytes (145).

2.3.3. Infectious disease and atherosclerosis

The important involvement of a host immune response in the development of
atherosclerosis has prompted interest in infectious agents as potential triggers for the
disease. Initial work in this field was pioneered by Fabricant et a. in the late 1970’ s when
they showed that an avian herpes virus (Marek’s disease virus) is able to promote
atherosclerotic lesions in chickens(146). Since then, numerous investigations have
established an association between coronary artery disease (CAD) and human pathogens
such as C. pneumoniae, Cytomegalovirus (CMV), Herpes ssmplex virus (HSV),
Helicobacter pylori (H. pylori), periodontal pathogens and more recently human

immunodeficiency virus (HIV) (147-154).

V arious mechanisms have been proposed to describe the involvement of these
microorganismsin cardiovascular disease. First, invasion of vascular cells can stimulate
cellular changes that can lead to vascular remodeling. C. pneumoniae and CMV have
been recovered from human atheromas (155-158) and are proposed to be transported to

these areas via monocytes from the lungs and bone marrow, respectively (159). Both can
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residein endothelial cells (ECs) and SMCs of the vessel wall and are able to initiate pro-
atherogenic effects such as adhesion molecul e expression, smooth muscle cell
proliferation, cytokine production and matrix metalloprotease production (160-165).
Pathogens have the ability to initiate inflammatory responses through activation of TLRs
on macrophages, ECs and VSMCs. Their ligands include membrane components of
bacteria and bacterial Hsps. Cellular components (ie. LPS, Hsp) of C. pneumoniae, H.
pylori and P. gingivalis can stimulate atherogenic effects in these cell typesvia TLR
binding (166-169). In addition to their ability to stimulate TLR signaling, Hsps may play
arolein autoimmune responses during atherosclerosis. Hsps are highly conserved
between species and as such, immune responses directed to bacterial Hsps may cross
react with self-Hsp antigens (170). Antibodies against human Hsp60 correlate with the
incidence and severity of atherosclerotic development (171) . Infectious agents may aso
play more of an indirect role by stimulating systemic responses. Periodontal pathogens

have been shown to induce acute phase reactants (172).

There is considerable evidence to support the involvement of infectious disease in
the development of atherosclerosis. However, it remains debatable whether pathogens
are causal agents for the progression of the disease. As such, further research is needed

to better understand the role of both the immune system and these pathogens.
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3. CHLAMYDIA PNEUMONIAE

3.1. Clinical presentation, detection and treatment of Chlamydia pneumoniae
infection

Chlamydia pneumoniae (C. pneumoniae) is a gram negative, obligate intracellular
bacterium. C. pneumoniae is known to cause both upper and lower respiratory tract
infections such as sinusitis, pneumonia and bronchitis (173,174). It is estimated that this
pathogen accounts for roughly 10% of cases of community-acquired pneumonia and 5%
of bronchitis and sinusitis cases (174). Persistent C. pneumoniae infections have al'so
been associated with several chronic diseases such as asthma, chronic pulmonary disease
and coronary heart disease (152,175-177). C. pneumoniae infection is most common in
children aged 5-14 years old (174). Serological evidence of exposureis observed in 50%
of the population by the age of 20 and 70-80% at age 60—70 years (178). Most patients
with C. pneumoniae infection are asymptomatic, and the respiratory illnessistypically
mild (179). Theclinical symptoms of C. pneumoniae infection are nonspecific and do

not differ significantly from those caused by other atypical organisms (180).

A variety of methods including serology, culture and PCR are used to identify C.
pneumoniae infections. Culture is regarded as the reference standard for C. pneumoniae
infection (181). However, due to technical limitations, this method is not the primary
technique for clinical diagnostic purposes (181). Serological testing is most commonly
employed for assessment of C. pneumoniae infection, with microimmunofluorescence
(MIF) being the method of choice (181,182). This approach, however, has a number of
limitations such as paired sera samples requirement, inter-laboratory variability and
variable correlations with other identification methods (182-184). PCR has also been

employed for C. pneumoniae detection, however, no current standardized and validated
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assay is available commercially (182). It isimportant to note, that thereis no currently

validated test for persistent infection (181).

Macrolides, tetracyclines, quinolones, and rifamycin all display antibiotic activity
against C. pneumoniae infection in vitro (185). The microbial efficiency of these
antibiotics in patients with respiratory infections varies from 70-86% (186-190).
Treatment regimens for acute respiratory infections vary from 5 days to 3 weeks
depending on the dosage and antibiotic given (191). In some cases, a second course of

antibiotic treatment may be required (191).

3.2. C. pneumoniaeinfection
3.2.1. Chlamydial life cycle

Chlamydia species are characterized by a biphasic life cycle which lasts between
48-72 hours (192) and involves two morphologicaly distinct forms of the bacteria, the
elementary body (EB) and the reticulate body (RB) (193) (Figure 2). EBs, the
metabolically inactive and infective forms, will specifically bind cell surface receptors
and mediate their uptake by rearrangement of the actin cytoskeleton (194). Upon
endocytosis, EBs will differentiate into metabolically active RBs (by 2 hours) within the
newly formed chamydial inclusion. RBs replicate asynchronously via binary fission (12-
24 hours) before re-differentiation back into EBs (24-48 hours). EBs exit the cell through
cytolysis or extrusion (48-78 hours) (193). Under certain environmental conditions
(nutrient deprivation, inflammation, antibiotic treatment), C. pneumoniae can adopt a

persistent form of infection (195,196). This aberrant but viable form of RBs will have
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reduced metabolic activity, alterations in gene expression and is often refractory to

antibiotic treatment (193,197,198).
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Figure 2. Life cycle of chlamydiae

EB= Elementary bodies, RB= Reticulate bodies, AB= Aberrant bodies

Reprinted from Seminarsin Pediatric Infectious Diseases.13(4), MR Hammerschlag, The
intracellular life of chlamydiae., 239-248, © 2002, with permission from Elsevier. (193)
http://www.sciencedirect.com/science/journal/doi:10.1053/spid.2002.127201

3.2.2. C. pneumoniae and host cell interactions

Chlamydial gene expression istemporally regulated throughout its life cycle and
RNA transcripts are organized as early, mid- and late-cycle (199). These transcripts
encode proteins that are directly involved in chlamydial replication processes, which
include RNA, DNA and protein synthesis, nutrient translocation, metabolism and
cytokinesis. In addition, C. pneumoniae infection is known to modul ate host cell
pathways and responses in order to facilitate replication. This ability isthought to be in

large part regulated by chlamydial effector proteins that directly interact with host cell
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machinery (200).

Effector proteins are produced by chlamydial RBs and they interact with host
machinery involved in invasion, vesicle trafficking, immune/inflammatory response and
cell survival pathways. The inability to perform genetic manipulation in Chlamydiae has
presented problems in the identification and characterization of these proteins. However,
the combinatory use of comparative genomics, DNA arrays and genome scale expression
has allowed for the identification, localization and function of multiple chlamydial
effector proteins. Secretion of these factors is thought to be mediated primarily through
the use of atype Il secretion (T3S) apparatus (201) , although type Il secretion (T2S) has
also been employed (202). Different chlamydial speciesincluding C. pneumoniae carry
acomplete set of genes for the T3S complex and genes encoding T3S system components
have been shown to be actively expressed during replication and even persistent infection

(203).

A number of secreted effector proteins, termed Inc proteins, have been
demonstrated or are predicted to integrate into the inclusion membrane (204-206). This
localization at the interface between the host cell and inclusion membrane suggests an
important role in host-cell interactions. One member of the Inc family, Cpn 0585, has
been shown to selectively recruit and interact with multiple host Rab GTPases (207). Rab
GTPases are members of the Ras-like small GTPase family, which isinvolved in the
generation, transport, docking and fusion of vesicles. This Inc protein was shown to be

up-regulated during persistent infection (192). Interestingly, ectopic expression of Cpn
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0585 in C. pneumoniae-infected cells has been shown recently to disrupt chlamydial

replication (207).

While some effector molecules are destined for the inclusion membranes, others,
which include translocated actin recruiting phosphoprotein (Tarp) and chlamydial
protease-like activity factor (CPAF), are released into the host cytoplasm (206). Upon
attachment of C. pneumoniae to the host cell membrane, Tarp is translocated into the
cytoplasm to mediate nucleation of actin filaments which enables chlamydial invasion
(208). The Chlamydial protease-like activity factor (CPAF) produced and secreted in the
host cytoplasm during C. pneumoniae infection cleaves the eukaryotic transcription factor
RFX5 responsible for expression of the major histocompatibility complex (MHC) (202).
Inhibition of this action would improve host adaptive immunity towards C. pneumoniae.
Other CPAF cleavage targets identified to date in C. pneumoniae infected hosts include
various cytoskeleton proteins (209) and hypoxia inducible transcription factor (HIF-1)
(210). Additionally, CPAF expressed during Chlamydia trachomatis infection was
shown to cleave pro-apoptotic BH3-only proteins (211). C. pneumoniae infection has
also been shown to inhibit apoptosis during both acute and persistent infection (212-214),

however, aternative effector proteins may be involved.

Furthermore, secreted C.pneumoniae effector proteins may also regulate host cell
signaling pathways. This could occur through direct phosphorylation/dephosphorylation
of enzymesinvolved in a particular pathway, as Ser/Thr protein kinases and phosphatases

are expressed during the C. pneumoniae replication cycle (192). C. pneumoniae infection
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has been noted to rapidly induce phosphoinositide 3-kinase (Pl 3-kinase) and mitogen-
activated protein kinase (MAPK) signaling during invasion (194). Chlamydial effector
proteins may also activate these pathways via binding of extracellular and intracellular
pattern recognition receptors (PRRs) which recognize pathogen-associated molecular
patterns (PAMPs). Toll-like receptors (TLRs), cell surface PRRS, have been shown to
play an important role in the development of atherosclerosis. Chlamydial Hsp60
(cHsp60), a stress protein produced and released during both acute and chronic infection,
has been shown to stimulate cell proliferation and inflammatory responses through TLR
activation (168,215,216). Chlamydia virulence factors have also being regarded as
potential stimulators of nucleotide-binding oligomerization domain (NOD) proteins,

intracellular PRRs that lead to a stimulation of inflammatory responses (217).

3.3. C. pneumoniae and ather oscler osis 2
3.3.1. Clinical evidence

Saikku et a. first established the link between C. pneumoniae infection and
cardiovascular disease by demonstrating that high antibody titers against C. pneumoniae
were associated with the incidence of chronic stable coronary artery disease or acute
myocardial infarction (152). Since then, numerous cross-sectional and prospective sero-
epidemiologic studies have provided varied findings (218). Despite these resullts,
pathological evidence has been strongly supportive of arole for C. pneumoniae in heart

disease. C. pneumoniae has been detected in atherosclerotic carotid and coronary arteries

2 Reprinted from Fundamental & Clinical Pharmacology, 24(5), JF Deniset and GN Pierce,
Possihilities for therapeutic interventionsin disrupting Chlamydophila pneumoniae invol vement
in atherosclerosis, 607-617, © 2010, with permission from John Wiley and Sons.
www.onlinelibrary.wiley.com/doi/10.1111/].1472-8206.2010.00863.x
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but not in healthy tissues by electron microscopy, immunofluorescence and polymerase
chain reaction (PCR) methods (219-221). C. pneumoniae strains retrieved from these
plagues are still viable by evidence of their ability to be cultured (158,222). Furthermore,
C. pneumoniae-specific T cells have aso been detected in these atherosclerotic plagues
demonstrating activation of the host immune response to C. pneumoniae replication

(138).

3.3.2. Experimental studies

The mechanism whereby C. pneumoniae infection leads to atherosclerotic
development has received considerable research attention. Multiple |aboratories have
established that C.pneumoniae has the ability to infect and actively replicate in cells
relevant to atherosclerotic injury (monocyte/macrophages, endothelial cells and vascular
smooth muscle cells (223-225) . Infection of these cell types stimulates cellular responses
that support the involvement of C. pneumoniaein all stages of atherogenesis (Figure 3).
The migration of C. pneumoniae from the lungs to the vessel wall is proposed to be
through the infection of alveolar-derived monocytes which play arole as a vector for the
bacteria (226) . Once at the vessel wall, C. pneumoniae can be released from the
monocytes and subsequently re-infect the cellsin the vicinity. The transfer process
between peripheral mononuclear cells and endothelial cellsis disturbed by shear stress
and thus favors atherogenic prone areas (227) . This may explain why C. pneumoniaeis
not found in healthy tissues and provides potentia evidence for the involvement of C.
pneumoniae in theinitiation of atherogenesis. To further support this hypothesis, C.

pneumoni ae-infected endothelial cells display an upregulation of adhesion moleculeslike
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vascular cell adhesion molecule (VCAM)-1, intracellular cell adhesion molecule
(ICAM)-1 and monocyte chemotactic protein (MCP) -1 (162,228-231). These changes
resulted in increases in monocyte adhesion and transendothelial migration (229,230).
cHsp60, which is secreted during C. pneumoniae infection, can additionally decrease
endothelia nitric oxide synthase expression and activity (232). Foam cell formation is
also induced by infection of macrophages (233-235). C. pneumoniae continues to
promote the inflammatory environment by stimulating the production of pro-atherogenic
cytokines and reactive oxygen species in macrophages, endothelial cells, and vascular
smooth muscle cells (232,235-241). C. pneumoniae and C. pneumoniae- derived
components can directly and indirectly stimulate smooth muscle cell proliferation
through endothelial cell infection, akey step in plaque formation (161,168,242,243). C.
pneumoniae may also be involved in atherothrombosis. C. pneumoniae can induce the
production of degradative enzymes such as matrix metalloproteases (MM Ps) and pro-
coagulant factors such as tissue factor (TF) and plasminogen-activating inhibitor (PAI-1)

in vascular cells (160,163,239,244).

Numerous animal studies have also produced supportive data for a cause-and-effect
role of C. pneumoniae in atherosclerosis (Table 1). Rabbits fed with anormal diet or an
atherogenic diet and then infected with C. pneumoniae display accelerated lesion
development (245-247). Studies in mice also demonstrate the ability of C. pneumoniae
infection to accelerate the process, however, thisis dependent upon the initiation of the

lesion through a cholesterol-enriched diet prior to infection (248-251).
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Figure 3. Pathophysiologic mechanisms of C. pneumoniae infection in ather osclerosis

C.pneumoniae (Cpn) and its components contribute to key steps of atherosclerotic

development by €liciting specific cellular responses in endothelia cells (ECs), vascular smooth
muscle cells (VSMCs) and Macrophages(M@). ACAT-1, acyl-coenzyme A: cholesterol
acyltransferase 1; EGR-1, early growth response gene 1; eNOS, endothelia nitric oxide
synthase; GM-CSF, granul ocyte—-macrophage colony-stimulating factor; HSP60, heat shock
protein 60; ICAM-1, intracellular cell adhesion molecule 1; IFN-c, interferon gamma; 11-(6,8 and
18), interleukin (6,8 and 18); MCP-1, monocyte chemotactic protein 1; MMP- (1,3 and 9),
matrix metalloprotease (1,3 and 9); PAI-1, plasminogen-activating inhibitor 1; PDGF-B, platelet-
derived growth factor subunit B;PPAR-(a and —y), peroxisome proliferator-activated receptor
(alpha and gamma); ROS, reactive oxygen species; TF, tissue factor; TNF-a, tumor necrosis
factor alpha; VCAM-1, vascular cell adhesion molecule 1. Reprinted from Fundamental &
Clinical Pharmacology, 24(5), JF Deniset and GN Pierce, Possibilities for therapeutic
interventionsin disrupting Chlamydophila pneumoniae involvement in atherosclerosis, 607-617,
© 2010, with permission from John Wiley and Sons. (252)

www.onlinelibrary.wiley.com/doi/10.1111/j.1472-8206.2010.00863.x
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Regular mice fed with an atherogenic diet following infection did not exhibit any changes
(253). Furthermore, these changes in both animal models appear to be specific to C.
pneumoniae, as Chlamydia trachomatis and Mycoplasma pneumoniae infection in mice
and rabbits, respectively, were not able to induce these changes (246,250,254). Further
studies have also shown that C. pneumoniae infection leads to endothelial dysfunction

and neointima formation (255-257).

3.3.3. Clinical antibiotictrials

Establishing a causative role for C. pneumoniae in atherogenesis opens a window of
opportunity for the use of antibiotics as atreatment modality for cardiovascular disease.
Both respiratory and vascular C.pneumoniae strains have displayed in vitro susceptibility
to antibiotics like tetracycline, fluoroquinolones and macrolides (258,259). The newer
generation macrolides, azithromycin, clarithromycin and roxithromycin have been the
drugs of preference for use in cardiovascular interventions (218). Azithromycin can be
effectively taken up by atherosclerotic plagues (260) and significantly inhibited
C.pneumoniae-induced atherosclerotic development in rabbits (247,261). Retrospective
studies in humans examining the incidence of acute myocardial infarction in patients who
have been treated with antibiotics in the preceding 3-5 years have delivered conflicting

conclusions (262,263).
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Table 1. Animals studies with C.pneumoniae infection

References Animal Model Diet Cpn strain Inoculation(s) Effect
(255) Apo E -/- Mouse Regular I0L-207 3 Endothelial dysfunction
(264) Apo E -/- Mouse Regular I0L-207 3 Endothelial dysfunction
(265) Apo E -/- Mouse Regular AR-39 3 Accelerates atherosclerosis
(266) Apo E -/- Mouse Regular ? 2 Accelerates atherosclerosis
(267) Apo E -/- Mouse Regular K6 2 No effect
(268) Apo E-/- Mouse Atherogenic K7 3/4 No effect
(269) Apo E /LDLr-/- Mouse  Regular TWAR 2043 6 J Fibrous cap area
(251) LDLr-/- Mouse Atherogenic AR-39 12 Accelerates atherosclerosis
(250) LDLr-/- Mouse Atherogenic AR-39 9 Accelerates atherosclerosis
(250) LDLr-/- Mouse Regular AR-39 9 No effect
(270) BALB/C Mouse Regular TWAR 3 Inflammatory changes
(249) C57BL/6] Mouse Regular AR-39 3 Inflammatory changes
(248) C57BL/6] Mouse Atherogenic AR-39 3 Accelerates atherosclerosis
(253) C57BL/6] Mouse Atherogenic AR-39 3 No effect
(245) NZW Rabbit Normal VR1310 1 Lesion development
(246) NZW Rabbit Normal VR1310/AR-39 1/3 Lesion development
(247) NZW Rabbit Atherogenic VR1310 3 T Intimal Thickening
(271) Swine Atherogenic AR-39 1 Endothelial dysfunction
(256) Swine Atherogenic I0L-207 1 Endothelial dysfunction
(257) Swine ? AR-39 3 Neointima formation

Reprinted from Fundamental & Clinical Pharmacology, 24(5), JF Deniset and GN Pierce, Possibilities for therapeutic interventions in disrupting
Chlamydophila pneumoniae involvement in atherosclerosis, 607-617, © 2010, with permission from John Wiley and Sons. (252)
www.onlinelibrary.wiley.com/doi/10.1111/j.1472-8206.2010.00863.x
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Severa randomized antibiotic trials have been completed (Table 2). Guptaet a. (272)
performed the first small-scale antibiotic trial on patients with cardiovascular disease.
They administered either azithromycin or a placebo to patients after they had suffered a
myocardial infarction. The placebo group demonstrated a 4-fold increasein
cardiovascular events compared to the azithromycin group and this effect correlated
positively with C.pneumoniae 1gG titers (272). This positive result justified pursuing
additional trials. The Azithromycin in Coronary Artery Disease: Elimination of
Myocardial Infection with Chlamydia (ACADEMIC) study examined the effects of
antibiotic treatment in patients with stable coronary artery disease (273). Despite
extending the duration of the treatment from 3 or 6 days up to 3 months (compared with
the previous study), no changes in cardiovascular events were observed (273). Three
subsequent high-powered large-scale trials followed including the Weekly Intervention
With Zithromax Against Atherosclerotic-Related Disorders (WIZARD), clarithromycin
for patients with stable coronary heart disease (CLARICOR) and Azithromycin and
Coronary Events Study (ACES). The WIZARD study demonstrated a 30% reduction in
the incidence of death and myocardia infarction at 6 weeks but these effects could not be
sustained throughout the follow-up period, perhaps because of an insufficiently long-
treatment period (274). This question was answered by the ACES study in which a year
long treatment period did not result in any reduction in cardiovascular events (275). The

CLARICOR study confirmed these negative results (276).
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Table 2. Antibiotic treatment trials with C.pneumoniae infection

Patient Follow-up
References Year Trial population(n) Antibiotic(s) Treatment protocol (months) Benefit
. . 500mg/day (3 days) or
(272) 1997 Stable CAD (60) Azithromycin 500mg/day (2x3 days, 3 mths apart) 18 Yes
(277) 1999 ROXIS ACS (202) Roxithromycin 300mg/d (30 days) 1&6 Yes
. . 500mg/d (3 days) +
(273) 2000 ACADEMIC Stable CAD (302)  Azithromycin 500mg,/wk (3 months) 24 No
(278) 2002 CLARIFY ACS (148) Clarithromycin 500mg/d (85 days) 36 Yes
Azithromycin or Azi: 500 mg/d,
(279) 2002 STAMINA  ACS (325) amoxicillin Amo: 2000mg/d (1 week) 12 Yes
(280) 2003 ANTI-BIO  ACS (872) Roxithromycin 300mg/d (6 weeks) 12 No
(281) 2003 AZACS ACS (1439) Azythromycin 500mg (day 1) + 250mg (days 2-5) 6 No
. . 600mg/d (3 days, week 1) +
(274) 2003 WIZARD Stable CAD (7747) Azithromycin 600mg /wk (11 weeks) 30 No
) . . 400mg/d (2 weeks) +
(282) 2005 PROVE-IT ACS (4162) Gatifloxacin 400mg/d (10 days /mth) 24 No
(275) 2005 ACES Stable CAD (4012) Azithromycin 600mg/wk (1 year) 46.8 No
(276) 2006 CLARICOR Stable CAD (4373) Clarithromycin 500mg/d (2 weeks) 36 No

ACS, Acute coronary syndrome; CAD, Coronary artery disease Reprinted from Fundamental & Clinical Pharmacology, 24(5), JF Deniset and

GN Pierce, Possibilities for therapeutic interventions in disrupting Chlamydophila pneumoniae invol vement in atherosclerosis, 607-617, © 2010,

with permission from John Wiley and Sons. (252) www.onlinelibrary.wiley.com/doi/10.1111/].1472-8206.2010.00863.x
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A second series of clinical trials performed during this same period investigated the effect
of antibiotics on patients with acute coronary syndromes. Initial pilot studieslike the
Roxithromycin in Non-Q Wave Coronary Syndromes (ROXIS), Clarithromycin in Acute
Coronary Syndrome Patientsin Finland (CLARIFY') and South Thames Tria Of
Antibioticsin Myocardial Infarction And Unstable Angina Pectoris (STAMINA) all
noted significant reductions in cardiovascular events with macrolide treatment (277-279).
However, just asin the case with patients with stable coronary artery disease, larger scale
trials like the Antibiotic Therapy in Acute Myocardia Infarction (ANTIBIO),
Azythromycin in Acute Coronary Syndrome (AZACS), Pravastatin Or Atorvastatin
Evaluation and Infection Therapy (PROVE-IT) all concluded that antibiotic treatments

were not effective in preventing acute cardiovascular events (280-282).

Taken asawholeg, it is possible to conclude from all of these studies that antibiotic
treatment has no beneficial effect on cardiovascular outcomes in these disease
populations. However, these antibiotics trials do not provide definitive information
regarding the role of C. pneumoniae in the development of atherosclerosis. It isstill not
clear whether macrolides, the primary antibiotic used in the trials, are effectivein fully
eradicating C. pneumoniae infection within avascular environment. Under unfavorable
conditions such as nutrient deprivation, heat shock, inflammatory responses, or antibiotic
treatment, Chlamydia species have the ability to transfer to a non-replicating,
metabolically active form known as persistent bodies (283). This persistent form of
infection is refractive to azithromycin treatment (284). Prolonged treatment with

azithromycin, clarithromycin and levofloxacin in a continuous infection model could
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reduce but not eliminate C. pneumoniae (285). Furthermore, the high percentage of C.
pneumoniae detection within the atherosclerotic plague paired with the difficulty of
isolating viable C. pneumoniae provides potential evidence for Chlamydia persistence
within the diseased vessel wall (218). Despite the capacity for macrolides to accumulate
to effective, relevant concentrations within atherosclerotic plagues, it remains ineffective
against the persistent form of C. pneumoniae infection. To date, thereisno reliable
serologic marker for persistent C. pneumoniae infection(181). Assuch, itisimpossible
to determine whether these patients suffered from persistent infection and were, therefore,
resistant to the anti-atherogenic effects expected of the drugs. If they did, this could
explain the lack of positiveresults. It isalso important to note that none of these trials
actually addressed the potential causative nature of C. pneumoniae infection in
atherosclerosis. Patients enrolled in the trials all displayed severe atherosclerotic plaque
development and had already suffered an initial major cardiovascular event. This
particular target group does not provide any insight into the ability of C. pneumoniae to
initiate atherogenesis. Even if total eradication of C. pneumoniae could be achieved, the
damage aready inflicted may be too severe from which to recover. In the rabbit models
where azithromycin treatment was able to inhibit C. pneumoniae-induced atherosclerosis,
the antibiotic treatment was given shortly after C. pneumoniae inoculation (247,261) .
However, this protective role waslost if the treatment regimen was given 6 weeks past
inoculation (261). This suggests that there may be a critical window of time for the
initiation of Chlamydial specific antibiotics. However, this becomes very difficult to
examinein humans. Initial C. pneumoniae infections of the respiratory tract are often

asymptomatic and thus are rarely treated unless severe. In addition, continuous long-term
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antibiotic treatment may induce toxicity and antibiotic resistance. Finally, murine models
of atherosclerosis have identified a high cholesterol environment as being critical to the
atherogenic effects of C. pneumoniae infection®. It is possible therefore, that antibiotic
treatment may be best utilized in aclinical population with high circulating cholesterol
levels prior to the appearance of clinically-significant cardiovascular disease. Some
clinical studies would lend support to this hypothesis (286) but further work is required to

substantiate this conclusively.

4. CELLULAR STRESS RESPONSES

Over the course of evolution, organisms have developed a number of survival
mechanisms such as the heat shock response, unfolded protein response, DNA damage
response and the oxidative stress response to manage responses to the surrounding
environment and maintain homeostasis (287) . Numerous key protein mediators in these
stress pathways are conserved throughout human, yeast, eubacterial and archaeal
proteomes, which highlights the importance of these survival pathways (288). The ability
of acell to withstand environmental stresses will depend on the integration of multiple
cellular stress strategies. Dysfunction in any of these pathways may lead to pathological

states.

4.1. Heat shock response
The heat shock response is characterized classically as a biochemical response to
mildly elevated temperatures. Ritossafirst described this phenomenon in 1969, noting a

rapid new puffing (indicative of gene activation) pattern in salivary glands of Drosophila
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in response to elevations in temperature (289). Follow-up work by Tissiéres et al.
demonstrated a decade | ater that puffsin response to thermal stimuli correlated with the
expression of anew set of proteins, now termed heat shock proteins (Hsps) (290).
Numerous stress stimuli in addition to hyperthermia such as oxidative stress, heavy
metals, bacterial and viral infections are now known to activate the heat shock response

and expression of Hsps (291,292).

4.1.1. Heat shock proteins

Hsps are afamily of evolutionary conserved proteins that traditionally function as
molecular chaperones to ensure proper folding or refolding of proteinsin order to avoid
protein aggregation. In addition to their involvement during stress, Hsps can play
important housekeeping rolesin the cell such as regulation of protein degradation
(293,294), cdlular signaling (295,296), the transl ocation of protein into subcellular
compartments (297,298), and regulation of cell death pathways (291,299-301). Hspscan
be organized into the following subgroups based on their molecul ar weights, amino acid
sequence and function: Hsp110, Hsp90, Hsp70, Hsp40, small Hsps and human

chaperonins (Hsp60/Hsp10, TriC) (302).

The Hsp70 and Hsp90 families play prominent rolesin cellular functions and
share anumber of similarities. Human genomes express both constitutive (Hsc70,
Hsp90a) and inducible (for example Hsp72, Hsp90p) forms of Hsp70 and Hsp90 that are

localized in the cytosol and nucleus (302-304). In addition, both families contain
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mitochondrial (for example Hsp70-mtHSP75, Hsp90- tumor necrosis factor receptor
associated protein 1 (Trapl)), and endoplasmic reticulum (for example Hsp70-Bib,
Hsp90- glucose regulated protein 94 (Grp94)) specific isoforms (304-306). Cytosolic
Hsp70 isoforms are involved in numerous cellular processes such as co-transl ational
protein folding of nascent proteins, refolding of misfolded proteins, transl ocation of
proteins across intracellular membranes, control of regulatory proteins, chaperone-
mediated autophagy, and disassembly of clathrin-coated vesicles (297-299,304,307-311).
Cytosolic Hsp90, estimated to account for 1-2% of all protein under basal conditions
(312), isinvolved in cell cycle control, cellular signaling and apoptosis (295,296,313-
315). The chaperone activity of Hsp70 and Hsp90 is ATP-dependent, which induces
conformational changesin their protein structure. As such, these chaperones undergo
constant cycling between ATP- and ADP- bound forms that confer different substrate
binding capacities (316,317). The ATPase activity of both proteinsis key for their
functions and can be modul ated by co-chaperones (like Hsp70-Hsp40, Hsp90- ATPase
homolog 1 (Ahal), Hsp70-Hsp90 organizing protein (Hop), p23) and post-tranglation
modifications (318,319). In addition, Hsp110 functions as the nucleotide exchange factor
for Hsp70 thus re-establishing the low-affinity ATP-bound Hsp70 (320,321). In basal
conditions, Hsp70 isinvolved in protein folding of nascent proteins whereas Hsp90
binds protein in anearly native conformation (304,322,323). As such, Hsp70 and Hsp90
work in concert for the sequential folding of a number of proteins such as steroid

hormone receptors (310).
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Small Hsps (sHsps) represent a set of proteins ranging in molecular weight from
12 to 42kDathat contain arelatively conserved a-crystallin domain (324). A number of
the sHsp family members are ubiquitously produced in most tissues, particularly in
muscle tissues (325,326). Hsp27 is recognized as the primary inducible form (326).
They are known to confer protection to proteinsinvolved in signal transduction,
metabolism, trandation and transcription, and cytoskel eton organization (327-331).
sHsps bind to partially unfolded proteinsin an ATP-independent manner through the
formation of dynamic oligomeric structures(332). The dimer subunits of sHsps can
rapidly transfer from one oligomeric structure to another made of similar or different
sHsps. Oligomerization correlates with chaperone function and is sensitive to
phosphorylation status, temperature, pH and protein concentration (333-338). The
chaperone function of sHspsis primarily to maintain a partially unfolded state of the
client protein prior to transferring them to ATP dependent chaperone complexes such as
Hsp70/40 to refold the protein (339,340) or alternatively, to sHsp for proteosomal

degradation in protein catabolism (293,294).

The chaperonin family includes Hsp60/10 as well as the cytosolic-specific TriC
protein family. Hsp60, the eukaryote homolog of GroEL, is ubiquitously expressed and is
stress-inducible (161,341-343). Intracellular Hsp60 is primarily localized in both the
mitochondria and cytosol(344). Hsp60 is an integral chaperone and aids in the folding
and maintenance of approximately 15-30% of al celular proteins(345). Hsp60
monomers form two stacked heptameric rings with a central channel containing

hydrophobic residues to which unfolded proteins bind(346-348). The function of Hsp60
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is ATP dependent and requires the interaction of heptameric HsplO (co-chaperone)
structures forming a cap on the Hsp60 barrel-like structure(347,349,350). Alternatively,
cytosolic Hsp60 appears to have both anti-apoptotic and pro-apoptotic functions
depending on the cell type(351,352). During stress, Hsp60 can be secreted via

exocytosis(353,354) and then activates cells viatoll-like receptor signaling (355,356).

4.1.2. Regulation of heat shock protein expression

The expression of heat shock proteinsis regulated by transcription factors termed
heat shock factors (Hsf) that bind heat shock elements found within the promoter region
of Hsp genes. To date, four Hsf members (Hsf1-4) have been cloned in vertebrates, al
with different features and functions. In mice, Hsf1 and Hsf2 are constitutively expressed
in al tissues, whereas Hsf4 is limited to lung and brain tissue (357). Hsf3 has been
primarily characterized in avian species, although its expression has been recently noted
in mouse cells (358). Under basal conditions, Hsf1 is monomeric, Hsf2 and Hsf3 are
dimeric and Hsf4 is found in a DNA-binding competent trimeric form (357,359).
Functionally, Hsf1 is regarded as the primary regulator of the heat shock response. An
Hsf1 gene deletion in mice resultsin an inability to express Hsps in response to thermal
injury (360). In addition to mediating the heat shock response, Hsf1 is thought to have
other gene targets under non-stress conditions (361,362). Although the function of Hsf2
has traditionally been restricted to non-stress conditions (363), it appearsto help
modul ate the expression of Hsps through interactions with Hsf1. Hsf2 binds the
promoter region of multiple Hsps and modulates Hsp expression in response to heat

stress and heme treatment (364-367). This function is dependent on active DNA-binding
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of Hsf1 within the promoter (367). Furthermore, Hsf2 can bind the promoter region of
inducible Hsp70 under basal conditions, preventing compaction of the DNA in this area

leading to afaster stress response (366).

The activation of Hsf1 is atwo-step process involving the transition from
monomer to trimeric form in order to migrate to the nucleus to bind DNA, and
subsequent post-translational modifications for trans-activation function (368). A
number of mechanisms have been proposed for regulating Hsf1 activation. A well-
described example is repression of Hsf1 activity through Hsf-Hsp interactions, with
Hsp90 and Hsp70 being the primary regulators. Hsp90 interacts with Hsf1 under basal
conditions, however, it dissociates in response to proteotoxic stress (369-371). Inhibition
of Hsp90 via pharmacological inhibitors or antibodies, activates the DNA-binding ability
of Hsf1 (369,372,373). Hsf1 also interacts with Hsp70 during a basal state and with
trimeric Hsf1 under heat shock conditions (374-376). Hsp70 inhibits the trans-activating
capacity of DNA-bound Hsf1 (377,378). Post-tranglation modifications such as
phosphorylation, sumoylation and acetylation also play important rolesin regulating Hsf1
activity. Although numerous modification sites have been identified within Hsf1, few
have been functionally characterized. Phosphorylation at S216, S230, S326 or $S419
stimulates activity(379-382). Alternatively, phosphorylation at T142, S303, S307, S363,
or acetylation at K80 and sumoylation at K298 all have inhibitory effects on Hsf1
activity(383-393). Multiple signaling pathways have been involved in mediating this
phosphorylation such as mitogen-activated protein kinases (MAPKS), glycogen synthase

kinase 3 (GSK3pB), CaM kinase Il (CaMKII) and casein kinase Il (CK2) (393-396).
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Phosphorylation at S303/307 represents a constitutive repression mechanism that can be
reversed during heat shock stress(383,393). Furthermore, phosphorylation at S303 is
required for sumoylation-mediated repression(385,386). Acetylation at K80 decreases
Hsf1 DNA-binding activity(387). The acetylation profileis dependent on sirtuin 1
(SIRT1) deacetylase activity. Modification of SIRT1 activity can influence the DNA -

binding state of Hsf1 (387).

In addition to environmental stressors, cytokines are al'so known to induce Hsp
expression independently of Hsf1 activation. IFN-y stimulates Hsp70 and Hsp90 levels
and can work synergistically with Hsf1 via stimulation of the signal transducer and
activator sites of transcription (STAT) protein 1 (397) . 11-6 increases Hsp90 expression
viaanuclear factor IL-6 (NF-IL6) and STAT3 mechanism (398,399). Tumor necrosis
factor alpha (TNF-a) can induce Hsp60 expression viaa nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-kxB) mediated mechanism (400).

4.2. Heat shock proteinsand atherosclerosis

Due to the importance of the heat shock protein network in maintaining cell
survival under both basal and stress conditions, Hsps have been associated with a number
of clinical conditions such as autoimmune diseases, neurodegenerative disorders, cancer
and cardiovascular disease. The involvement of Hsps in atherosclerosis is thought to be
through a number of mechanisms and key Hsps appear to differentially influences

atherosclerotic progression.
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4.2.1. Intracellular mechanisms

The atherosclerotic plaque environment is a reservoir of stress factors that have
the capacity to stimulate Hsp expression within vascular cells and immune cells.
Numerous studies have noted various expression patterns of key chaperones such as
Hsp27, Hsp60, Hsp70 and Hsp90 within human atherosclerotic plaques and with animal
models of atherosclerosis (401-408). Current evidence indicates that these molecular

chaperones may play different roles during the progression of atherosclerosis.

Hsp27 expression has been localized to the neointimal regions of both early
lesions and fibrous plagues, and within VSMC-rich areas (409). It isthought to play anti-
apoptotic and pro-survival roles during atherosclerosis. Overexpression of Hsp27 can
attenuate atherosclerotic development by decreasing lesion size, arterial wall cholesterol
content, apoptosis and macrophage recruitment (410-412). SMCs overexpressing Hsp27
areresistant to cell proliferation and cell death (413). Consistent with this action, the
expression of Hsp27 in the atherosclerotic core is decreased compared to the border area
adjacent to the plaque within the same patient (406). The expression of Hsp27 decreases

as the disease progresses (407).

The phosphorylation status of Hsp27 can influence the cellular function and
localization of this chaperone. Phosphorylation of Hsp27 isinvolved in actin re-
arrangement and migration of VSMCsin response to angiotensin |1 and platelet derived
growth factor-BB (PDGF-BB) (414). LDL, amajor component of the atherosclerotic

plaque, is able to block VSMC migration via stimulation of Hsp27 dephosphorylation
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(409). Infact, staining of phosphorylated Hsp27 in atherosclerotic plaquesisreduced in
areas of the neointimathat are positive for ApoB staining (409). Overall, these findings
suggest an anti-atherogenic action for Hsp27, however, phosphorylation of Hsp27 (which

opposes oligomerization and chaperone activity) may contribute to the pathogenesis.

Hsp70 expression in human atherosclerotic plagues is concentrated around
necrotic and lipid accumulation areas, and is co-localized with macrophages but not
VSMCs (402). Hsp70 staining is increased in necrotic plaques compared to fibrotic
tissues (404) . Furthermore, VSMCs and endothelial cells located in and adjacent to the
fibrous cap area lack Hsp70 expression (415). Hsp70 expression is also more prevalent
in plagues with thicker fibrous caps (403). Hsp70 may represent a marker for the
dysfunctional monocytes/macrophages/foam cells, which are known to secrete proteol ytic
enzymes that are associated with unstable plaques. A persistent state of dysfunction can
eventually lead to cell necrosis, leading to the release of cytoplasmic Hsp70.
Alternatively, this chaperone could play a role in mediating the proliferative response
within the vessel wall. Therma induction leading to Hsp72 expression can attenuate
neointima formation and oxidative stress (416). Nitric oxide, a potent modulator of
VSMC proliferation, can induce Hsp70 expression in VSMCs (417). It is possible that

inducible Hsp70 isinvolved in eNOS mediated inhibition of VSMC proliferation.

Experimental and clinical findings suggest a pro-inflammatory role for Hsp90 in

atherosclerotic pathogenesis. Hsp90 is a potent inducer of TNF-a and Il-1B and can

activate monocytes/macrophages (418-420). The expression of Hsp90 within human
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atherosclerotic plagues is increased within inflammatory regions (403). Furthermore,
HSP90 inhibitor trestment decreases inflammation and oxidative stress within the
atherosclerotic plagues of apoE” mice (403). There is evidence that Hsp90 plays an
antagonist role to Hsp70 within atherosclerotic plaques. Treatment of human VSMCs and
macrophages with Hsp90 inhibitor increases Hsp70 expression and decreases MCP-1 and
11-6 expression (403). In addition, Hsp90 expression is more prevalent in atherosclerotic

plagues with athin cap, whereas the opposite is true for Hsp70 expression (403).

Human atherosclerotic plagques display Hsp60 staining in endothelial cells,
V SMCs and macrophages (421). Lesion-prone sites display strong endothelial Hsp60
expression in young apoE™” mice (408). Fluid shear stress induces Hsp60 expression in
endothelial cellsin vitro and in vivo (422). SMC-rich areas underlying the necrotic core
and fibrous cap regions exhibited increased expression of Hsp60 in apoE-/- mice (408).
HSP60 may aso be involved in VSMC proliferation. C.pneumoniae infection and
mechanical stretch induce Hsp60 expression in VSMCs (161,343). This expression
coincides with increased cell proliferation (161,343). The addition of oxLDL, an
atherosclerotic risk factor, synergistically enhances the proliferative response in these
cellswhile further increasing Hsp60 expression (343,423). Furthermore, Hsp60

overexpression aone stimulates VSMC proliferation (161).
4.2.2. Extracellular mechanisms

Under conditions of stress, Hsps can be released via exosomal pathways and are

capableto signal via PRRs such as toll-like receptors and NOD receptors. Associations
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of circulating HSP levels with CV again reveal both pro-atherogenic and anti-atherogenic

effects of different Hsps.

Hsp27 secretion is decreased in complex atherosclerotic plagues and circulating
levels are decreased in patients with atherosclerotic plagues (424). In addition,
circulating Hsp70 levels are inversely correlated with atherosclerosis and CAD risk (425-
427). The decrease in extracellular Hsp27 and Hsp70 levels may be in part due to
proteolytic degradation. Plasmin, released from unstable plagues, efficiently degrades
Hsp27 (428). Hsp70 can be degraded by elastase, which is released by an atherosclerotic
plague ex vivo (427). Furthermore, circulating elastase level s demonstrate an opposite
trend to circulating Hsp70 levels (427). In contrast, numerous investigations have
established positive associ ations between Hsp60 and atherosclerosis (429-431). Soluble
Hsp90 levels are elevated in patients with atherosclerosis compared to healthy controls

(405).

Hsp27 has been suggested to be a competitive inhibitor of acetylated LDL
(acLDL) for the scavenger receptor, thus potentially reducing foam cell formation (410).
Extracellular Hsp70 can contribute to plaque stabilization. Exogenous HSP70 can inhibit
VSMC proliferation induced by cigarette extracts or H,O, administration via a decrease
in ERK phosphorylation(432). In vitro, Hsp70 increases ECM production by VSMCs by
increasing TGF-§ expression via TLR-4 signaling (433). Extracellular Hsp70 can also
enhance BMP-4 signaling leading to endothelia proliferation and VSMC calcification by

interacting with the matrix Gla protein, an inhibitor of BMP-4 (434). Soluble Hsp70is
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correlated with vascular calcification (435). As previously noted, Hsp70 staining is more
prevalent in plaques with thicker caps. Hsp70 released from the necrotic core may be
acting locally asasurvival signal. Extracellular sources of both chlamydial and human
Hsp60 can directly activate endothelial cells, VSM Cs and macrophages (436). Treatment
with chlamydial Hsp60 induced TLR-4 dependent decreases in both eNOS expression
and NO mediated endothelial dependent relaxation in porcine coronary arteries(232). In
addition, both chlamydial and endogenous Hsp60 stimulate VSMC proliferation viaTLR

2 and 4 signaling (119,168).

4.2.3 Autoimmune mechanism

The potentia involvement of infectious agents in the pathogenesis of
atherosclerosis has been associated with the possibility of initiating an autoimmune
response. Hsp60 represents an attractive immunogen for this type of response due to the
conserved sequence homology and signaling profile shared between bacterial and human

homol ogues.

Both human and chlamydial Hsp60 have been identified in atherosclerotic
plaques, with greater expression in unstable plagues compared to stable plagues (437).
The presence of these homologues correlates with antibody levels to Hsp65 (437). Levels
of antibodies against Hsp60 and Hsp65 have been correlated with the risk and severity of
atherosclerosis (431,438,439). Furthermore, serum antibodies against mycobacteria
Hsp65 also react to endogenously produced human Hsp60 within atherosclerotic lesions,

particularly within endothelial cells and macrophages (401). Hsp60 is aso expressed on
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the surface of endothelial cells under stressful conditions (440,441). Hsp65/60 specific
antibodies can induce lysis of the cellsin the presence of complement (440,442).

Immuni zation with recombinant mycobacterial Hsp65 stimulates Hsp65 expression in the
lesions, Hsp65 T-cell populations in the plaque and atherosclerosis in hyperlipidemic
rabbits (443). In humans, Hsp60 reactive effector T-cells have been identified within
early and late stage human atherosclerotic plagues (438). This study further
demonstrated that anti-Hsp60 antibodies were observed in the circulation of patients with
late stage plagues but not early stage plaques™. Cytotoxic Hsp60 specific T-cells
populations are aso increased in late lesions (438). These findings suggest that Hsp60
immunity may be initiated at the level of the plaque. The ability to modulate this
response may represent an attractive treatment strategy for atherosclerosis. Immunization
with Hsp60 or Hsp60 peptides but not Hsp70 peptides in atherogenic mouse models have
resulted in a significant reduction in atherosclerotic plague development via an increase

in theregulatory T cell population (444,445).

5. NUCLEOCYTOPLASMIC TRAFFICKING

In eukaryotic cells, the genetic material is compartmentalized within the nucleus
viathe nuclear envelope, a double membrane that is continuous with the endoplasmic
reticulum (446). Asaresult, the passage of proteins and RNAs in and out the nucleus
requires transport across nuclear pore complexes (NPCs), multimeric protein structures
that form channels in the nuclear envelope (447-449). Nuclear transport isahighly
regulated process that isinvolved in cell differentiation, gene regulation and cell cycle

control.
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5.1 Structure of the nuclear pore complex

The nuclear pore complex (NPC) is acomplex protein structure estimated to
contain roughly 30 distinct proteins, called nucleoporins (Nups). The NPC has major
spokes within it that are found in multiples of eight that form specific sub-structures
within the complex (448-450) (Figure 4). It is characterized by a core structure imbedded
in the nuclear envelope with extending structures on both the cytoplasmic (cytoplasmic
filaments) and nucleoplasmic (nuclear basket) sides. Three major groups of Nups exist
within the NPC which include pore membrane proteins (Poms), structural Nups and
phenylal anine-glycine containing Nups (FG-Nups) (448,449,451). These three classes
have distinct functions with Poms used to anchor the NPC to the nuclear membrane,
structural Nups used to support the overall architecture and FG-Nups which mediate
transport across the channel. FG-Nups are found on the periphery and innermost layer of
the NPC channel with their FG rich repeats extending out to form a permeability barrier
and to interact with nuclear transport receptors (448,450,451). |In addition, FG-Nups
(e.g. Nup358 (RanBP2)) also form the cytoplasmic filaments that extend out from the
NPC core (448,452), which are required for efficient nuclear transport (453-456). The
nuclear basket is made predominantly of the non-FG nucleoporin Tpr requiring FG-Nups
(e.g. Nup153) for assembly (457,458) . Tpr has aso been involved in export of MRNA

out of the nucleus (459,460).

5.2. Receptor-mediated nuclear transport

The transport of ions, metabolites and small molecules usually occurs by passive

diffusion. However, the transport of molecules larger than 40kDa usually
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Figure 4. Nuclear pore complex structure

Each nuclear pore complex (NPC) isa cylindrical structure comprised of eight spokes
surrounding a central tube that connects the nucleoplasm and cytoplasm. The outer and inner
nuclear membranes (ONM and INM, respectively) of the nuclear envelope join to form grommets
in which the NPC sits. The NPC is anchored to the nuclear envel ope by a transmembrane ring
structure that connects to the core scaffold and comprises inner ring and outer ring elements.
Linker nucleoporins (Nups) help anchor the Phe-Gly (FG) Nups such that they line and fill the
central tube. NPC-associated peripheral structures consist of cytoplasmic filaments, the basket
and adigtal ring. The Nups that are known to constitute each NPC substructure are listed, with
yeast and vertebrate homologues indicated. Both inner and outer ring Nups are known to form
biochemically stable NPC subcomplexes, which are thought to have arolein NPC biogenesis and
nuclear envelope assembly. GP210, glycoprotein 210; MIp, myosin-like protein; Ndcl, nuclear
division cycle protein 1; Nic96, Nup-interacting component of 96 kDa; NLP1, Nup-like protein 1;
Pom, pore membrane protein; Sehl, SEC13 homologue 1; TPR, translocated promoter region.
Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Molecular Cell
Biology, C Strambio-De-Castillia, M Niepel and MP Rout The nuclear pore complex: bridging
nuclear transport and gene regulation, © 2010. (461)
http://www.nature.com/doi:10.1038/nrm2928
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requires nuclear transport receptors to efficiently mediate this dynamic process (462,463).
The bidirectional transport of macromolecules across the NPC is facilitated by nuclear
transport receptors that will bind cargo molecules via either a nuclear localization signal
(NLS) or anuclear export signal (NES) and mediate translocation of the cargoes across
the NPC. The B-karyopherin protein family, which include importins and exportins,
represent awell characterized subset of 20 (in humans) nuclear transport receptors (464).
Importin-p isoforms will bind the cargo protein directly or via adapter proteins. Importin
B1 (Impp), along with the adapter protein importin o (Impa), mediate the classical
nuclear import pathway. Impa binds classical NLSs (cNLSs) characterized by one
(monopartite) or two (bipartite) clusters of basic residues (465-467). Prototypical
examplesinclude the SV40 large T antigen NLS (PKKKRKYV) and the nucleoplasmin
NLS (KRPAATKKAGQAKKKK) for monopartite and bipartite NLSs, respectively
(466,468,469). Importin B2 (transportin) mediates the import of mRNA processing
proteins viadirect binding of PY-NLSs (470). Export of many proteins, pre-microRNA
and tRNA are also mediated via the importin-f homologues Crm1, exportin-5 and
exportin-t, respectively (471). However, additional karyopherin-independent pathways
have been identified including the transport of mRNA which is mediated viathe
NXF1:NXT1 heterodimer receptor (472) . B-catenin, a Wnt family signaling molecule,

translocates across the NPC by directly interacting with the FG-Nups (473,474).

Karyopherin-mediated cargo transport is an energy-dependent process. However,

the energy required is not for the translocation but rather the dissociation of the transport

complex. The Ras-related GTPase , Ran, which cycles between both GDP- and GTP-
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bound states governs this process by directly interacting with karyopherin receptors
(446). In a GTP-bound form (RanGTP), Ran will strongly associate with karyopherins
causing dissociation of the cargo:importin complex and the formation of new
cargo:exportin complexes (446,471,475). Alternatively, Ran in the GDP bound form
(RanGDP) will weakly associate with karyopherins. Proteins found on opposite sides of
the nuclear membrane regulate the RanGDP/RanGTP levels. Ran guanine nucleotide
exchange factor (RanGEF) is found within the nucleus and ensures the conversion back
into aGTP bound Ran (476). Alternatively, Ran GTPase activating protein (RanGAP)
and Ran-binding protein 1 (RanBP1) found on the cytoplasmic side facilitate the
hydrolysis of RanGTP into RanGDP (477,478). RanGDP is subsequently shuttled back
into the nucleus using the alternative transport receptor nuclear transport factor-2 (NTF2)
and re-converted into RanGTP via RanGEF (479). The compartmentalization of these
accessory proteins along with an elevated cellular GTP/GDP ratio ensures the
establishment of a concentration gradient of RanGTP, with elevated levelsin the nucleus

(480). As such, RanGTP levels dictate the directionality of the transport system (480).

5.2.1. Classical nuclear protein import pathway

The cycle of classical NPI includes four steps: 1) Transport complex formation, 2)
Translocation through the NPC , 3) Impo/Impf dissociation, and 4) Recycling of
importins (Figure 5) (471) . The process begins with formation of the cargo:Impa:Impf
complex. Impa mediates the recognition of the cNLS in the cytoplasm (481) and
interacts with Impp via an importin-f binding (IBB) domain (482). The IBB domain also

functions as an autoinhibitory domain for the NLS docking sites when unbound to Impf3
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(483). Consequently, the binding affinity of Impa for cNLS is much greater when bound
to Impp (484). As such, the sequence of assembly may subsequently favor initial
Impao:Impp prior to cNLS interaction. Following binding to cargo protein viacNLS,
ImpP mediates docking and transport of the complex across the NPC via sequential
interactions with FG-Nups. Once on the nuclear side, RanGTP will bind Impp to initiate
dissociation from the complex (485). Nup50 will bind the cargo bound Impa and along
with the autoinhibitory domain will facilitate the release of the cargo protein (483,486).
For the fina step, the receptors are then recycled back to the cytoplasm. Impp is able to
move back across in complex with RanGTP, whereas Impa requires an export receptor,
CAS, which isthought to initiate dissociation from Nup50 and then mediates the
translocation of a Impa:CAS:RanGTP complex (486-488). Once on the cytoplasmic
side, the interaction with RanGAP initiates the GTPase activity of Ran, thus leading to

subsequent release of Impa and Impf3, which are ready to participate in another cycle.

5.2.2 Regulation of nuclear protein import

Nuclear protein import can be regulated at the level of the NPCs, the transport
receptors and the cargo proteins themselves. An NLSisrequired for karyopherin
mediated binding and transport. Masking the NLS via protein:protein interaction
represents an effective strategy to prevent recognition by the import receptors. For
example, NFkB is bound to 1B under basal conditions, thus masking the NLS (489).
Upon activation, IkB is phosphorylated and degraded, leaving the NL S exposed on p65
for the import receptor to bind and translocate into the nucleus (490). Post-transl ational

modifications, such as
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Figure5. Nuclear protein import

Animport complex is formed in the cytoplasm between cargoes bearing nuclear localization
signals (NLSs), importin-o and importin-f3. After passing through the nuclear pore complex
(NPCs), the binding of RanGTP to importin-f dissociates importin-p from importin-o.. The NLS-
containing cargo is then displaced from importin-o and the importin-a is recycled to the
cytoplasm by its nuclear export factor, CAS, complexed with RanGTP. In the cytoplasm,
RanGAP stimulates GTP hydrolysis, releasing the importins for another import cycle.
Nucleoporins such as NUPS50 catalyse cargo dissociation and function as molecular ratchets to
prevent futile cycles Adapted with permission from Macmillan Publishers Ltd: Nature Reviews
Molecular Cell Biology, M Stewart, Molecular mechanism of the nuclear protein import cycle, ©
2007. (471) http://www.nature.com/doi:10.1038/nrm2114
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phosphorylation, within or near the NL S can enhance receptor binding and affinity.
Phosphorylation upstream of the SV40 large T antigen NL S by protein kinase CK2
enhances import 50-fold, possibly by increasing access for importin o1 receptor
(491,492). In addition, phosphorylation of a serine residue in the Epstein-Barr nuclear
antigen 1 NLS increases the binding affinity for Impa5, which in turn enhances nuclear

import (493).

The availability of transport receptors (e.g. Impo/Impp ) as well as accessory
proteins involved in NPI can influence transport parameters. Increasing levels of Impf3
and other karyopherins enhances transport efficiency and rate of NPl (494,495). In
addition, Impa, Ran and NTF2 all have the ability to play rate-limiting rolesin NPI
experimentally (496,497). Inhibition of NTF2 function with the use of NTF2 antibodies
inhibited NPI (498). Alternatively, sequestration of Impa in the nucleus during stress

conditions prevents recycling back to the cytoplasm and inhibits NPI(499-501).

NPCs are dynamic in nature as their density and size can be altered during
metabolic, ionic and proliferative changes in the cell (113,502-506). They are also
modulated throughout the cell cycle, with de novo formation during interphase and
reversible disassembly during mitosis (507-509). During proliferation, the expression of
integral FG-Nups, such as Nup62 and Nup153, is up-regulated indicating an increasein
NPC number (113,115,343). The expression of these nucleoporins positively correlated
with the rate of NPI (113,115,343). Assuch, anincrease in NPCs directly impacts NP

potentially by increasing docking sites for transport receptors. Post-translational
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modifications of the NPC are known to modulate pore function. Phosphorylation and
glycosylation of multiple nucleoporins, including Nup50, Nup62, Nup88, Nup98,
Nupl153, and Nup214 have been noted under avariety of cellular conditions (510-512).
These modifications ater the binding affinity of these nucleoporins for karyopherin 3
receptors and can regul ate both nuclear import and export (510,512). Mitogen-activated
protein kinases are suggested to play key rolesin this process. MAPK activation has been
involved in both enhancing and inhibiting NPI (113,115,513,514). Furthermore, MAPK
family members associate with the NPC and directly mediate phosphorylation of Nup30,
Nup 50, Nup153 and Nup214 (512,515). The NPC can also adopt different
conformations in response to metabolic conditions that dictate pore permeability. Ca®*
depletion resultsin NPC closure and inhibition of import via passive diffusion and a
receptor-mediated mechanism (504,506). In addition, ATP/GTP depletion also leadsto

NPC closure but selectively only inhibits receptor-mediated nuclear import (506).

5.3. Nuclear protein import in cardiovascular pathologies

Nuclear protein transport represents an integral regulator of cellular responses.
Alterations of nuclear protein transport can result in pathological consequences. These
mechanisms are well defined for viral infection and cancer, however, their impact on

cardiovascular disease development is not as fully understood.

Experimentally, NPI can be altered in both VSMCs and cardiomyocytes

contributing to pathological responses. Treatment of VSMCswith oxLDL, amajor

cardiovascular risk factor, resultsin a biphasic response in the rate of NPl with an
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increase during short exposure and a decreased rate with prolonged exposure (115). The
biphasic states coincide with cell proliferation (short exposure) and cell apoptosis (long
exposure) (115). Mechanicaly stretching VSMCs, mimicking hypertension, can also
induce an increase in rate of NPl and proliferation (113). Thisresponseis further
enhanced with the addition of low dose oxLDL (343). Theincreasesin the rate of NPI in
these studies correlated with an up-regulation in Nup62 expression (113,115,343).
Alternatively, factors relevant to atherosclerosis like ceramide and H,O; inhibit NPI
partly via arelocalization of the nuclear transport accessory proteins in the cytoplasm (eg.
Impa, CAS, Ran) (514,516). Both VSMC proliferation and apoptosis are involved in the
pathogenesis of atherosclerosis. We can postulate that NPI regulates cell fate decisions of
V SMCs during atherosclerotic development. However, to date, no information is

available for NPI status within atherosclerotic plagques.

Alterationsin proteins associated with nuclear transport have also been reported
for the heart. A mutation in the gene encoding Nup155 leads to atria fibrillation and
sudden death (517). This mutation or reduction in Nup155 resulted in impaired Hsp70
import and Hsp70 mRNA export (517). Experimental hypertrophy in isolated
cardiomyocytes induced areversible inhibition of nuclear import of histone H1 proteins
by relocalizing Ran and closing the cytoplasmic side of the NPC, thus favouring nuclear
export (518). Furthermore, inhibition of export resulted in restored import (518). Direct
aterationsin the expression and localization of nuclear transport components have been
reported for human heart failure (519-521). The expression of transport receptors,

Impp3, Impa2, Crm1, and exportin-4 are elevated in heart samples from patients
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suffering from ischaemic cardiomyopathy (ICM) and diabetic cardiomyopathy (DCM)
(519). RanGAP expression is also elevated in failing hearts (519). Interestingly, in
failing hearts Impa?2 localizes in the nucleus, which could indicate increased import but
may also revea impaired recycling via nuclear sequestration (519). Furthermore, heart
failure (ICM or DCM) also induced differential induction of structural and functional
nucleoporin expression, with up-regulation in Nup62, Nup160, Nup153, Nup93 (DCM
only), and NDC1 but without an effect on Nup155 or TPR expression (519-521). Despite
increases in nucleoporins, heart failure does not increase NPC density (519) most likely
due to aconcurrent increase in nuclear size (521). The collective results from this human
pathological datawould indicate that the pore and nuclear transport is capable of adaptive
changes during disease conditions and that there is an increased capacity for nuclear
protein transport during heart failure. However, the direct effects on the import/export of

proteins remains unclear and warrant further investigation.
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CHAPTERII : RATIONALE AND HYPOTHESES

1. C. pneumoniae infection can stimulate VSMC proliferation in vitro and accelerate
atherosclerorosis in vivo, thus we hypothesize that C. pneunomiae infection will
directly induce structural remodelling via stimulation of VSMC proliferation in

porcine coronary arteries.

2. C. pneumoniae infection can stimulate endothelial activation in vitro and
stimulate endothelial dysfunction in vivo, thus we hypothesize that C. pneumoniae
infection will directly impair vascular contractile function parametersin porcine

coronary arteries.

3. Stress mediated VSMCs proliferation coincides with the induction of endogenous
Hsp60 and alterationsin NPI, thus we hypothesize that C. pneumoniae infection
and atherosclerotic development will alter NPI parameters via an Hsp60 mediated

mechanism
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CHAPTER I11: OBJECTIVES
The following objectives aim to address al three hypotheses:
1. Todevelop an ex vivo model for C. pneumoniae infection of the arterial wall
2. To evauate the migration and growth of C. pneumoniae within the arterial wall of
porcine coronary arteries
The following objectives aim to address the first hypothesis:
3. To determine the effect C. pneumoniae infection on the structural morphology of
porcine coronary arteries
4. To evauate the mechanisms responsible for structural alterations induced by C.
pneumoniae infection in porcine coronary arteries
The following objectives aim to address the second hypothesis:
5. To determine the effect of C. pneumoniae infection on the vascular contractile
function in porcine coronary arteries
6. To identify the underlying mechanismsfor C. pneumoniae mediated alterationsin
vascular contractile performance
The following objectives aim to address the third hypothesis:
7. To determine the effect of Hsp60 overexpression on nuclear protein import in
VSMCs
8. To identify mechanisms for Hsp60 mediated alterations in nuclear protein import
9. To determine the expression of NPI related components in response to C.
pneumoniae infection
10. To determine the expression of NPI related components and heat shock proteins

during atherosclerotic devel opment
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CHAPTERIV: MATERIALSAND METHODS

Reagents

Product

Sour ce

9,11-Dideoxy-11a, 9a-epoxy-
methanoprostaglandin F,, (u46619)

Sigma-Aldrich Canada Co.(Oakville, ON)

Acetic acid

Fisher Scientific (Nepean, ON)

Acetone

Sigma-Aldrich Canada Co.(Oakville, ON)

Amido black staining solution

Sigma-Aldrich Canada Co.(Oakville, ON)

Ammonium persulfate

Sigma-Aldrich Canada Co.(Oakville, ON)

Amphotericin B

Life Technologies (Canada) Corp.
(Burlington, ON)

Antigen unmasking solution

Vector Laboratories (Canada) Inc.
(Burlington, ON)

Ascorbate Mallinckrodt Inc. (St. Louis, MO)

ATP Sigma-Aldrich Canada Co.(Oakville, ON)
BCA protein assay kit Pierce (Rockford,Il)

Benzamidine Sigma-Aldrich Canada Co.(Oakville, ON)

Bis-acrylamide

BioRad Laboratories (Canada) Ltd.
(Mississauga, ON)

BODIFY FL-conjugated BSA

Life Technologies (Canada) Corp.
(Burlington, ON)

Bovine Serum Albumin

Sigma-Aldrich (St-Louis, MO)

Bradykinin acetate

Sigma-Aldrich Canada Co.(Oakville, ON)

Cacium chloride

Sigma-Aldrich Canada Co.(Oakville, ON)

CdITiter 96® AQueous Non-Radioactive
Cell Proliferation Assay

Promega (Madison, WI)

CdITiter-Glo Luminescent Cell Viability
Assay

Promega, Madison, Wi

Cycloheximide Sigma-Aldrich Canada Co.(Oakville, ON)
DAPI Sigma-Aldrich Canada Co.(Oakville, ON)
Dextrose Mallinckrodt Inc. (St. Louis, MO)

Dihydroethidium

Life Technologies (Canada) Corp.
(Burlington, ON)

DMEM Life Technologies (Canada) Corp.
(Burlington, ON)

DNasel Worthington Biochemicals, (Freehold, NJ)

Dithiothreitol (DTT) Sigma-Aldrich Canada Co.(Oakville, ON)

EDTA Sigma-Aldrich Canada Co.(Oakville, ON)

EGM-2 Lonza, Wakersville, MD
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Product

Sour ce

EGTA Sigma-Aldrich Canada Co.(Oakville, ON)

Elastic Staining Kit Sigma-Aldrich St-Louis, MO

Eosin Ricca Chemical Company (Arlington, TX)

Ethanol Fisher Scientific (Nepean, ON)

FBS Life Technologies (Canada) Corp.
(Burlington, ON)

FluorSave reagent EMD Millipore (Billerica, MA)

Formalin Sigma-Aldrich Canada Co.(Oakville, ON)

FrageEL ™ DNA fragmentation detection
kit

EMD Millipore, Billerica, MA

Fungizone Life Technologies (Canada) Corp.
(Burlington, ON)

Glycine Fisher Scientific (Nepean, ON)

Glutamic acid Sigma-Aldrich Canada Co.(Oakville, ON)

Glycerol Fisher Scientific (Nepean, ON)

Hematoxylin Sigma-Aldrich Canada Co.(Oakville, ON)

HEPES Life Technologies (Canada) Corp.
(Burlington, ON)

Hoescht 33342 Sigma-Aldrich Canada Co.(Oakville, ON)

Hydrochloric acid Fisher Scientific (Nepean, ON)

Insulin Sigma-Aldrich Canada Co.(Oakville, ON)

KCl Sigma-Aldrich Canada Co.(Oakville, ON)

Leupeptin Sigma-Aldrich Canada Co.(Oakville, ON)

Luminata Forte Western HRP Substrate

Millipore (Billerica, MA)

Magnesium chloride

Fisher Scientific (Nepean, ON)

Magnesium sulfate

Sigma-Aldrich Canada Co.(Oakville, ON)

B-Mercaptoethanol

Sigma-Aldrich Canada Co.(Oakville, ON)

M ethanol

EMD Millipore (Billerica, MA)

Mitochondrial isolation kit

Pierce (Rockford,Il)

MitoTracker Red CM XRos

Life Technologies (Canada) Corp.
(Burlington, ON)

Nitrocellulose membranes

Pall (Canada) Ltd. (Mississauga, ON)

Optimal cutting temperature (OCT)
compound

Sakura Finetek (The Netherlands)

Paraformaldehyde

AlfaAesar (Ward Hill, MA)

Penicillin

Life Technologies (Canada) Corp.
(Burlington, ON)

Phosphate saline buffer

Life Technologies (Canada) Corp.
(Burlington, ON)

PMSF

Sigma-Aldrich Canada Co.(Oakville, ON)

Poncean S solution

Sigma-Aldrich Canada Co.(Oakville, ON)
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Product

Sour ce

Potassium chloride

Fisher Scientific (Nepean, ON)

Potassium phospate monobasic

Sigma-Aldrich Canada Co.(Oakville, ON)

Prolong Gold antifade reagent Life Technologies (Canada) Corp.
(Burlington, ON)
Selenium Sigma-Aldrich Canada Co.(Oakville, ON)

Serum cholesterol kit

Genzyme Canada (Mississauga, ON)

SimplyBlue™ SafeStain

Life Technologies (Canada) Corp.
(Burlington, ON)

Sodium bicarbonate

Fisher Scientific (Nepean, ON)

Sodium chloride

AlfaAesar (Ward Hill, MA)

Sodium dodecy! sulfate (SDS)

Fisher Scientific (Nepean, ON)

Sodium deoxycholate

Sigma-Aldrich Canada Co.(Oakville, ON)

Sodium hydroxide

Sigma-Aldrich Canada Co.(Oakville, ON)

Sodium nitroprusside

Sigma-Aldrich Canada Co.(Oakville, ON)

Sodium phosphate dibasic

Sigma-Aldrich Canada Co.(Oakville, ON)

Sodium phosphate monobasic

Fisher Scientific (Nepean, ON)

Streptomycin Life Technologies (Canada) Corp.
(Burlington, ON)
Sucrose Fisher Scientific (Nepean, ON)

Supersignal West Femto
Chemiluminescent Substrate

Pierce (Rockford,Il)

Supersignal West Pico Chemiluminescent
Substrate

Pierce (Rockford,Il)

TEMED

Sigma-Aldrich Canada Co.(Oakville, ON)

Transferrin

Life Technologies (Canada) Corp.
(Burlington, ON)

Trichloroacetic acid

Sigma-Aldrich Canada Co.(Oakville, ON)

TrisHCL Sigma-Aldrich Canada Co.(Oakville, ON)
Tris-OH Sigma-Aldrich Canada Co.(Oakville, ON)
Triton X-100 Fisher Scientific (Nepean, ON)

TrypLE™ EXxpress

Life Technologies (Canada) Corp.
(Burlington, ON)

Trypsin/EDTA Life Technologies (Canada) Corp.
(Burlington, ON)
Tween-20 Fisher Scientific (Nepean, ON)
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Antibodies

Primary Antibody Type Host Sour ce
a-Actin (smooth Monoclonal Mouse Sigma-Aldrich Canada
muscle) Co.(Oakville, ON)
Actin (total) Polyclonal Rabbit Sigma-Aldrich Canada
Co.(Oakville, ON)
Chlamydia genus Monoclonal Mouse Argene (France).
COX IV Monoclonal Mouse Santa Cruz Biotechnology
(Dallas, TX)
eNOS Monoclonal Mouse BD Biosciences
(Mississauga, ON)
GAPDH Monoclonal Mouse Abcam (Cambridge, MA)
Hspl10 Monoclonal Mouse Enzo (Farmingdale, NY)
Hsp27 Monoclonal Mouse Enzo (Farmingdale, NY)
Hsp60 (chlamydial) Monoclonal Mouse Affinity BioReagents
(Golden, CO).
Hsp60 (mammalian) Monoclonal Mouse Stressgen (Ann Arbor, M1).
Hsp70 Stressgen (Ann Arbor, M1).
Hsp90 Monoclonal Mouse Enzo (Farmingdale, NY)
Hemagglutinin (HA) Monoclonal Mouse Abcam (Cambridge, MA)
IxB-a Polyclonal Rabbit Cdl Signaling (Danvers,
MA)
Importin-a. Monoclonal Mouse BD Biosciences
(Mississauga, ON)
Importin-f Monoclonal Mouse Abcam (Cambridge, MA)
INOS Polyclonal Rabbit Abcam (Cambridge, MA)
IP3-1 receptor Polyclonal Rabbit Alomone Labs (Isragl)
L-type voltage-gated Polyclonal Rabbit Alomone Labs (Isradl)
Ca* channel
Myosin heavy chain Monoclonal Mouse Sigma-Aldrich Canada
(smooth muscle) Co.(Oakville, ON)
MADb414 (Nup62) Monoclonal Mouse Covance, Princeton, NJ
NF«B Monoclonal Mouse EMD Millipore (Billerica,
MA)
Nupl53 Monoclonal Mouse Covance (Princeton, NJ)
NTF2 M onoclonal Mouse BD Biosciences
(Mississauga, ON)
p22-phox Polyclonal Rabbit Santa Cruz Biotechnology
(Dallas, TX)
p38 MAPK Polyclonal Rabbit Cdll Signaling (Danvers,
MA)
p44/42 MAPK Polyclonal Rabbit Cell Signaing (Danvers,
MA)
PCNA M onoclonal Mouse Zymed (Carlsbad, Ca)
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Primary Antibody Type Host Sour ce
Phospho-p38 MAPK Monoclonal Mouse Cdll Signaling (Danvers,
MA)
Phospho-p44/42 Monoclonal Mouse Cdll Signaling (Danvers,
MAPK MA)
Ran Monoclonal Mouse BD Biosciences
(Mississauga, ON)
a-Tubulin M onoclonal Mouse Abcam (Cambridge, MA)
ieﬁz%%?jry Type Host Conjugate Source
Anti-mouse 1gG Monoclonal Goat HRP EMD Millipore
(Billerica, MA)
Anti-mouse 1gG Monoclonal Goat Alexad88 Life Technologies
(Canada) Corp.
(Burlington, ON)
Anti-mouse 1gG Monoclonal Donkey Texas Red Jackson
Laboratory (Bar
Harbor, ME)
Anti-rabbit 1gG Monoclonal Goat HRP Life Technologies
(Canada) Corp.
(Burlington, ON)
Anti-rabbit 1gG Monoclonal Goat Alexad88 EMD Millipore
(Billerica, MA)

M ethods common to all studies

Propagation of C.pneumoniae

C. pneumoniae AR39 strain was obtained from the University of Washington,

Seattle, Wash. The organism was propagated in HL cells as described previously (522).

The purified organism was resuspended in chlamydia sucrose-phosphate-glutamate

medium (SPG) and stored at -80°C until use. The titer of C. pneumoniae was determined

in cycloheximide-treated HL cells, and concentrations used were expressed as inclusion-

forming units (IFU) per ml (523).
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Porcine coronary explant and organ culture

The coronary artery explant and organ culture method has been adapted from
Saward et.a (524). Whole hearts from 10-month old neutered male swine were obtained
from alocal abattoir. The left anterior descending coronary artery was flushed with
standard phosphate-buffered saline (PBS) supplemented with an antibiotic mixture
(penicillin G, ,1500 units/ml; streptomycin sulfate, 1500 pg/ml; amphotericin B, 2.5
pg/ml) and subsequently dissected out of the heart and cleaned of adhering fat and
connectivetissue. The explanted artery was cut into segments of Smm in length and
incubated at 37°C and 5% CO, in organ culture medium (DMEM supplemented with
20% FBS) supplemented with antibiotics (penicillin G ,1500 units/ml; streptomycin
sulfate, 1500 pg/ml; amphotericin B, 2.5 pg/ml). Every 24 hours, explants were placed in
fresh organ culture medium with gradually decreasing amount of antibiotics. At 72 hrs,
the coronary segments were washed with PBS and incubated in the organ culture medium
for 3 hours. The segments were then infected with C. pneumoniae. No antibiotics were

used for the duration of the experiment.

Infection of coronary segments with C. pneumoniae

To perform the infection, each coronary segment was placed into an isolated well
of a96-well culture plate. The segments were oriented upright within the well so that C.
pneumoniae (5x 10° IFU in 100ml) could be applied directly into the lumen of each
coronary vessel. After three hours of incubation at 37°C and 5% CO, , each coronary

segment was transferred to an isolated well of a 24-well plate containing 1.5ml of organ
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culture medium. The vessels were incubated for amaximum of 10 days. The incubation
medium was changed every 48 hrs. Coronary segments were collected for analysis
immediately after infection and from day 2 to day 10 post-infection (pi.). Heat inactivated

C. pneumoniae (mock-infection) was used for controlsin each experiment.

Satistical analysis

Data are presented as mean = SEM unless otherwise stated. Differences between
treatment groups were assessed by one-way ANOV A using the Student-Newman-Keuls
post-hoc test. A probability of p< 0.05 was considered statistically significant. In addition
for Project 3, Pearson correlation and linear regression were used to assess the

relationship between HSP60 expression levels and PCNA, Nup62, and serum cholesterol.

1. Effects of C.pneumoniae infection on structural remodelling in porcine coronary
arteries®
Histological staining

To determine the extent of media thickening, coronary segments were collected at
four time points pi: day-4, day-6, day-8 and day-10. The extent of mediathickeningin C.
pneumoniae infected segments was compared with corresponding mock-infected control
segments. The segments were fixed in 10% formalin and mounted in Tissue-tek O.C.T
compound prior to being cut into 6 um cross-sections. Hematoxylin and eosin (H/E)

staining as well as elastic staining were applied to these cross-sections. Images of the

3 Reprinted from Am J Path 176(2), JF Deniset et a., Chlamydophila pneumoniae infection leads
to smooth muscle cell proliferation and thickening in the coronary artery without contributions
from a host immune response. 1028-1037, © 2010, with permission from Elsevier.
http://www.sciencedirect.com/science/journal/
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cross-sections were obtained at 4x magnification (Nikon TE-2000s). Imaging software
(Adobe photoshop CS3 extended) was used to quantify the pixel area of the lumen, media

and total vessel for each coronary cross-section.

Western blot analysis

Coronary segments were collected at four time points: day-0 (prior to infection),
days 2-4, days 5-6, and days 8-10 pi. These collection intervals were chosen to coincide
with the C. pneumoniae replication cycle. Three independent experiments were
performed. In each experiment, two coronary segments per time point per treatment
were collected, rinsed with PBS, flash-frozen in liquid nitrogen and subsequently stored
at -80°C. Paired coronary segments were ground and resuspended in RIPA buffer
(50mM TrisHCI pH 7.5, 150mM NaCl, 1ImM EDTA, 1mM EGTA, 1% Triton X-100,
0.1% SDS, 0.5% Na Deoxycholate, 1ug/ml Leupeptin, ImM PMSF, 1mM protease
inhibitor cocktail, ImM DTT and 1mM Benzamidine). Proteins were separated using a
10% denaturing polyacrylamide gel and transferred el ectrophoretically onto a
nitrocellulose membrane. Membranes were incubated with anti-chlamydia Hsp60, anti-
mammalian Hsp60 or anti -PCNA primary antibodies. HRP-conjugated anti-mouse 1gG
was used as a secondary antibody. GAPDH was used as aloading control. Bands were
visualized with the Supersignal West Pico Chemiluminescent Substrate (Pierce) and
subsequently quantified by densitometry (Software: Quantity One, Bio-Rad).
Densitometry values for targeted proteins were normalized by GAPDH band values

within the same lane.
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| mmunofl uor escent microscopy

Infected and mock-infected coronary segments were collected at various time
points pi: day-2, day-4, day-6, day-8 and day-10. The segments were fixed in ethanol,
rehydrated and subsequently equilibrated in 30% sucrose solution prior to mounting in
Tissue-tek OCT compound. These OCT mounted segments were slowly frozen to -80°C,
cut (HM 500 OM Cryostat, Microm) into 8-pum sections and placed on positively coated
glass dlides (Fisher). OCT was washed off the glass slides with PBS and antigen retrieval
was performed with the Unmasking solution (Vector Laboratories) at 65°C for 25
minutes. To detect C. pneumoniae in the specimen, anti—Chlamydia genus antibody
(1:100) was applied according to manufacturer’ s protocol. Alexa-488-conjugated anti-
mouse 1gG (1:800) was used as a secondary antibody. To localize PCNA expression
within the vessel, anti-smooth muscle actin (1:500) and anti-PCNA (1:100) were used.
Texas Red-conjugated anti-mouse 1gG (1:1000) and Alexa-488-conjugated anti-rabbit
1gG (1:1000) were used as secondary antibodies for the respective primary antibodies.
Hoescht staining solution (5ng/ml) was added to the slides to identify nuclei. Slides were
then fixed with FluorSave™ reagent to preserve fluorescence. The location and number
of C. pneumoniae inclusion bodies (IB) in the coronary cross-sections were visualized as
green fluorescent signals at 40x magnification on an inverted microscope (Nikon, TE-
2000s). Ineach field of view, the number of fluorescent inclusion bodies (I1B) was
calculated using imaging software (Adobe photoshop CS3 extended). To identify

apoptotic cells within the vessal, terminal dUTP nick-end labeling (TUNEL) assays using
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the FragEL DNA fragmentation detection kit were performed on coronary cross-

sections.  Cross-sections pre-treated with DNase | were used as positive controls.

Vascular function assessment

To determine tissue viability over the duration of the experiment, untreated
coronary segments were collected at days 0, 5 and 10 pi to coincide with the start, mid-
point and end of the infection timeline. These tissues were used for vascular function
experiments. The 5mm coronary rings were fastened in an organ bath with surgical wire,
perfused with Krebs-Henseleit solution, aerated with 95% O, and 5% CO,, and
equilibrated at 37°C and pH 7.4. Vascular function was measured with a force transducer
(FSG-01/20, Experimentia Ltd, Budapest, Hungary) as mechanograms of tension. The
coronary segments were brought to a basal tension of 5g and then contracted three times
with 47mM KCl, with washout periods using Krebs solution between each contraction.
To assess relaxation responses, rings were pre-contracted with 30nM u46619 and allowed
to reach a steady state of contraction. Bradykinin was then administered without washout
at concentrations of 10™° to 10° M to develop an endothelial dependent response curve.
After washout and a second pre-contraction with 30nM u46619, sodium nitroprusside
(SNP) was administered at concentrations of 10 to 10 to develop an endothelial
independent response curve. Following awashout, a dose-response curve to u46619 was

constructed with concentrations of 0.3-300 nM.

66



2. Effects of C. pneumoniae infection on vascular contractile function in porcine
coronary arteries”
Vascular function assessment

Coronary segments were collected at days 4-5 and 9-10 post-infection to assess
vascular contractile function prior to and following C. pneumoniae mediated vascular
hypertrophic responses. Both vascular contractile and relaxation responses were
evaluated using the experimental protocol as previously described (525). All functional
experiments were completed within alaminar flow biosafety cabinet to prevent spread of

infection.

Treatment of HUVECs with conditioned medium

HUVECs were obtained from Lonza (Walkersville, MD) and maintained in
culture conditions with EGM-2. Cells from P3-P6 were used for experiments. HUVECs
were plated at 2x10° cells per well in a 6-well plate.  Organ culture medium was
collected every 48 hours during media changes. Media from similar treatments were
combined in pairs, a portion (2 ml) of the medium was placed directly over HUVECs
plated in 6 well plates. HUVECs were collected at 24 hours following incubation with
conditioned medium. The additional medium (1ml) was collected and spun at 1105 rpm

for 5 min. The supernatant was collected and stored at -80C for protein analysis.

4 Reprinted from Am J Path 180(3), JF Deniset et a., Chlamydophila pneumoniae infection
induces aterations in vascular contractile responses, 1264-72, © 2012, with permission from
Elsevier. http://www.sciencedirect.com/science/journal/
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Western Blot Analysis

To assess protein expression levels within treated vessels, coronary segments
were collected at days 4-5 and 9-10 post infection and prepared as described above.
HUV ECs collected following conditioned medium treatment were re-suspended in RIPA
buffer, sonicated, centrifuged at 14000 rpm for 10 minutes at 4 °C and the supernatant
was collected for western blotting.  Protein assays were performed to determine
concentration within tissue and HUVEC lysates. Laneswere loaded with 5 pg tissue
lysate for detection of smooth muscle actin and myosin and 30 pg protein for the other
targeted proteins. Tissue samples were run in duplicate, with half of the blot used to
probe with antibodies and the other was stained with amido black for loading control
purposes. For HUVEC lysates, lanes were loaded with 30 pg protein. Proteins were
separated using a4-12% gradient denaturing polyacrylamide gel and transferred
electrophoretically onto a nitrocellulose membrane. Membranes were incubated with
anti-smooth muscle actin (1:20000), anti- myosin heavy chain (MHC-smooth muscle)
(1:1000), anti-1P3 receptor-1(1:500), anti-L-type voltage-gated Ca?* channel (1:500),
anti-eNOS (1:200), anti-iNOS (1:500), anti-p22phox (1:500), anti-NFxB (1:1000), anti-
IxB (1:1000), or anti-GAPDH (1:5000) antibodies. HRP conjugated anti-mouse IgG and
anti—rabbit 1gG were used as secondary antibodies. Bands were visualized with the
Supersignal West Pico or Femto Chemiluminescent Substrates (Pierce). Bands and
Amido Black staining were quantified by densitometry (Software: Quantity One, Bio-
Rad). Protein expression for tissue and HUVEC lysates were normalized by amido black

staining and GAPDH, respectively.
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Protein concentrations of cHSP60 and hHSPG0 within the conditioned medium
were also assessed using western blot methodology. A trichloroacetic acid (TCA)
precipitation protocol was performed to concentrate protein in conditioned medium. In
short, 250 pul conditioned medium was combined with ¥2 volume of 50% TCA, precipitate
was spun down, washed with acetone, spun and pellet was reconstituted in 40 ul 0.5M
NaOH and 40 pl 2x SDS-PAGE loading buffer. 40 pl concentrated protein lysate from
each treatment at days 4, 6, 8 and 10 pi were loaded alongside varying amounts of
recombinant cHsp60 or hHsp60 (1- 0.01 ug protein) employed to construct a standard
curve. Proteins were separated using a 9% denaturing polyacrylamide gel and transferred
electrophoretically onto a nitrocellulose membrane. Membranes were incubated with
either anti-cHSP60 (1:1000) or anti-hHSP60 (1:1000) antibodies and HRP-conjugated
anti-mouse 1gG was used as secondary antibody. Bands were visualized with the
Supersignal West Pico or Femto Chemiluminescent Substrates (Pierce). Bands and
Amido Black staining were quantified by densitometry (Software: Quantity One, Bio-

Rad).

In situ Superoxide Detection and Immunofluorescence Staining

Coronary segments were collected at days 9-10 post-infection, fixed in ethanol,
rehydrated and subsequently equilibrated in 30% sucrose solution prior to mounting in
Tissue-tek OCT compound . These OCT mounted segments were slowly frozen to -
80°C, cut (HM 500 OM Cryostat, Microm) into 8 um sections and placed on positively
coated glass slides. To evaluate protein expression within coronary sections, antigen

retrieval was first performed as described above. Subsequently, sections were incubated
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with anti-eNOS(1:25), anti-p22phox (1:50), anti-TLR4 (1:10), anti-cHsp60 (1:50) and
anti-hHsp60 antibodies. Texas Red-conjugated anti-mouse 1gG (1:750), Alexa-488-
conjugated anti-mouse 1gG (1:1000) and Alexa-488-conjugated anti-rabbit 1gG (1:1000)
were used as secondary antibodies for the respective primary antibodies. Hoescht
staining solution (5ng/ml) was added to the slides to identify nuclei. To determine the
levels of superoxide anions within the vessels, sections were incubated with
dihydroethidium as previously described (526). Slides were fixed with FluorSave™
reagent to preserve fluorescence. Staining was visualized using a fluorescent inverted
microscope (Nikon, TE-2000s) and mean intensity was quantified using imaging software

(Nikon, NIS Elements).

3. Role of Hsp60 in modulating nuclear protein import during VSMC proliferation
Vascular smooth muscle cell isolation and culture

Primary VSMCS were isolated from the aorta of New Zealand White rabbits
using an explant technique as previously described (113). The animal use was according
to the Guide for the Care and Use of Laboratory Animals published by the US National
Institute of Health (NIH Publication No. 85-23, revised 1996). Approval was obtained
for the conduct of this study from the Animal Care Protocol and Review Committee of
the University of Manitoba. To induce synchronization, VSMCs were placed in serum-
free DMEM supplemented with transferrin (S5ug/ml), selenium (1nmol/L), ascorbate

(200umol/L), and insulin (10nmol/L) for 72 hours prior to the start of experiments.
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Adenoviral vectors
Recombinant adenovirus-encoding human Hsp60 (AdHsp60) or human Hsp60

lacking the mitochondria-targeting sequence (Astp60m“°‘

) were constructed using the
AdEasy Vector System (Qbiogen) as previously described (161). A hemaglutinin (HA)
tag was fused in frame to the Hsp60 sequence. The recombinant adenoviral constructs
were then transfected into QBI-293A cells to produce vira particles. Titer of the viral
stock was determined using the tissue culture infectious dose 50 (TCIDsp) method. A
successful transfer of a reporter gene into 100% of VSMCs was achieved with a MOI
(multiplicity of infection) of 100 to 200 viral particles/cell after 48 hours of incubation in
0.5% FBS supplemented DMEM. An empty virus (AdQBI) was utilized as an infection

control.

Infection protocol

VSMCs were seeded at 1.5x10° cellswell in 6-well plates for western blot
anaysis, cellular fractionation and the determination of cellular ATP levels. For the
nuclear protein import assay and immunocytochemistry, VSMCs were seeded at 4x10*
cells’well on glass coverdlips in 6-well plates. For cell number determination VSMCs
were seeded at 5x10° cell/well in 96 well plates. Two separate sets of experiments were
performed. First, cells were inoculated with C. pneumoniae (1x10° IFU/ml) in 1% FBS
supplemented DMEM for up to 48 hours as previously described (161). Control cells
were incubated for the same duration in a similar medium either free of C. pneumoniae
(Control) or containing heat-inactivated C. pneumoniae (HI Cpn). For overexpression

experiments, cells were infected with AdHsp60, AdHsp60™ or AdQBI (infection
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control) a an MOI of 100-150 in 0.5% FBS-supplemented DMEM for 48 hours as

previously described (161).

Measurement of nuclear protein import by confocal microscopy

Following 48 hours, coverdlips were removed from the plate and placed in a
Leyden dish containing 1 ml pre-warmed perfusate buffer (6 mM KCI, 1 mM MgCl,, 1
mM CaCl,, 10 mM dextrose, 6 mM HEPES, pH 7.4). Cells were maintained at 37 °C
using a microperfusion chamber. An AlexaBSA nuclear localization signa (NLS)
fluorescent substrate was prepared in our laboratory by conjugating BODIPY -BSA to the
SV40 large T antigen NLS (CGGGPKKKRKVED) (514). Thin walled glass capillary
tubes (1.0 mm, 3 inch) were used to fashion micropipettes for cell injection. The capillary
tubes were made using a Flaming/Brown micropipette puller (Sutter Instruments, Model
p-97). The substrate was added to a micropipette, which was then inserted into the cell
cytoplasm using an MS314 micromanipulator (Fine Science Tools). Cells were injected
using a PV830 Pneumatic PicoPump (World Precision Instruments) and the pipette was
slowly removed. Images of the cell after microinjection were acquired on a Bio-Rad
MRC600 CLSM. Images were taken of the pre- and post-injected cells to observe the
rate of nuclear import of the AlexaBSA NLS fluorescent protein for each cell over time
(up to 30 minutes). There is no movement of the fluorescent marker into the cell nucleus
over this time frame when it does not contain an NLS. As previously discussed
(514,527), the use of this marker protein is advantageous because, instead of measuring

the import of one specific protein, it identifies regulatory factors and pathways applicable
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to the nuclear import of al proteins. The ratio of nuclear fluorescence to cytoplasmic

fluorescence was assessed using ImageJ software.

Atherosclerotic rabbit model

Male New Zealand White (NZW) rabbits weighing between 2.7 and 3.0 kg (Spilak
Farms) upon arrival were housed in individual cages in rooms with controlled
temperatures, humidity, and a 12-hour light cycle. The animal use was according to the
Guide for the Care and Use of Laboratory Animals published by the US National Institute
of Health (NIH Publication No. 85-23, revised 1996). The experimental protocols were
reviewed and approved by the University of Manitoba Protocol Management Review
committee. Rabbits were fed a 1% cholesterol-supplemented diet (Ren’s Pet Depot) for
4 weeks and then placed on aregular rabbit chow (Nutrena, Nature Wise Performance
Rabbit Formula), for an additiona 0, 2, 4, 8, or 22 weeks. Control rabbits were fed a
regular rabbit chow for 12 weeks. Prior to death, blood samples were taken from the
jugular vein while the animal was anesthetized with isoflurane gas (5% with O, per
minute). Samples were collected into EDTA vacutainer tubes (Becton Dickinson,
Mississauga, ON, Canada) and centrifuged at 1,800x g for 15 min (4°C). Blood serum
was removed and stored at -80°C. Serum cholesterol was measured enzymatically using a
commercial kit. Following termination, aortas were immediately removed from the
proximal aspect of the aortic arch to the base of the diaphragm. The extent of plaque
accumulation on the vessel surface was determined by en face analysis, as previously
described (528). In brief, the aorta was opened longitudinally and digitally photographed.

Luminal images were analyzed using Nikon imaging software (Elements). The percent
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lesion area was tabul ated from the fraction of area covered with lesions relative to the
total areaof the aorta. Aortas were subsequently stored at -80°C for western blot

anaysis.

Western Blot analysis

VSMCswere harvested at 24 or 48 hours by trypsinization, then washed and
lysed in sample buffer (5x10” cells/lane). Porcine coronary arteries and rabbit aortic arch
segments were ground and re-suspended in RIPA buffer (50mM TrisHCI pH 7.5, 150mM
NaCl, ImM EDTA, 1mM EGTA, 1% Triton X-100, 0.1% SDS, 0.5% Na Deoxycholate,
lug/ml Leupeptin, ImM PMSF, 1mM protease inhibitor cocktail, ImM DTT and 1mM
Benzimidine). Samples were further processed by alternating freeze-thaw cycles,
followed by sonication. After aspin at 14,000 rpm, the sample supernatant was collected,
and protein concentrations were determined using a BCA protein assay kit. Proteins were
separated on 9% or 12% polyacrylamide gel and transferred el ectrophoretically onto a
nitrocellulose membrane. Membranes were incubated with anti-mammalian Hsp60, anti-
a-tubulin, anti-Hsp70, anti-Hsp90, anti-Hsp27, anti-Hsp10, anti-PCNA, anti-Mab414,
anti-Nup153, anti-Importin-o, anti-Importin-p, anti-RAN, anti-NTF2, or anti-total actin
primary antibodies. HRP-conjugated anti-mouse and anti-rabbit IgGs were used as
secondary antibodies. Bands were visualized with Supersignal West Pico
Chemiluminescent Substrate or Luminata Forte Western HRP Substrate and subsequently
guantified by densitometry using Quantity One software (Bio-Rad). Bands and Amido

Black staining were quantified by densitometry (Software: Quantity One, Bio-Rad).
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Protein expression for porcine coronary tissue, rabbit aorta or VSMC lysate tissue were

normalized by amido black staining, total actin and a-tubulin, respectively.

I mmunocytochemistry

At 48hrs, cells on coverslips were washed 2x with 1xPBS and incubated with a
MitoTracker Red CMXRos (80nM) for 20min at 37°C. Cells were then fixed with 3.7%
paraformaldehyde for 15 min and permeabilized with 0.1% Triton-X100. Cells were
blocked with 5% milk in PBS 0.1% Triton-X for 2 hours at room temperature and
incubated overnight at 4°C with either anti-HSP60 or anti-HA tag primary antibodiesin
1% skim milk in PBS 0.1% Triton-X100. Cells were then washed and incubated with
Alexa 488-conjugated goat anti-mouse IgG in 1% skim milk in PBS 0.1Triton-X100 for 1
hin the dark. The cells were rinsed, treated with DAPI for 5 min, and inverted on a
microscope slide using 10ul Prolong Gold antifade reagent. Stained cells were visualized
using a 100x oil immersion objective on a Nikon TE 2000s microscope and images

captured using NIS Elements software (Nikon).

Cellular fractionation

Cedlular fractionation was performed on treated cells using a mitochondria
isolation kit. In brief, cells from a 6-well plate were pooled, spun down and resuspended
in PBS. Following Dounce homogenization and subsequent differential centrifugation,
both the cytoplasmic and mitochondrial fractions were obtained. The mitochondrial
pellet was directly resuspended in sample buffer. Cytosolic fractions were TCA

precipitated first and then resuspended in sample buffer. Proteins were separated on a
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15% polyacrylamide gel and transferred electrophoretically onto a nitrocellulose
membrane. Membranes were incubated with anti-Hsp60, anti-a-tubulin or anti-COX 1V
primary antibodies. HRP conjugated anti-Mouse 1gG was used as the secondary
antibody. Bands were visualized with Supersignal West Pico Chemiluminescent
Substrate or Luminata Forte Western HRP Substrate and subsequently quantified by
densitometry using Quantity One software (Bio-Rad). The levels of a-tubulin and COX-
4 expression were used as loading controls for the cytosolic and mitochondrial fractions,

respectively.

Determination of cellular proliferation and cellular ATP Levels

Theincrease in cell number in response to Hsp60 overexpression was determined
by a colorimetric enzyme assay (Cell Titer 96® A Queous Non-Radioactive Cell
Proliferation Assay) based on a cytoplasmic enzyme activity present in viable cells. To
determine cellular ATP levels a CellTiter-Glo Luminescent Cell Viability Assay was
employed. In brief, cells from 3 identical treatment wells were pooled, counted and
redistributed in an opague 96-well plate at 5x10° cells/well in DMEM. ATP standards
(10*-10"2M) were made up in DMEM and distributed in duplicate. Cell Titer-Glo reagent
was added to each well and following an incubation period, luminescence was assessed

using the GLOMAX Multi+ detection system (Promega).
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CHAPTERV : RESULTS

1. Effects of C. pneumoniae infection on structural remodelling in porcine coronary
arteries”®

I solated coronary segments maintain functional viability in culture

Vascular function was determined in untreated coronary vessels at days 0, 5 and
10 pi. There were no significant changes in maximal contractile force development to
KCI or to u46619 at any of the time points (Figure 6A and 6B). Furthermore, both
endothelial -dependent and -independent relaxation response curves to bradykinin and
SNP, respectively, were maintained for the duration of the experiment (Figure 6C and

6D).

C. pneumoniae propagates in the coronary arterial environment

Chlamydial inclusion bodies (1B) are represented as green fluorescent signals
within the coronary cross-sections (Figure 7). Magnified views of both the endothelial
layer (bottom right insert) and the medial layer (top left insert) are provided within each
figure panel for improved visualization of inclusion body distribution. C. pneumonia
infected tissues displayed the presence of IBs at al time points, with variationsin their
distribution, number and intensity. On day 2 pi, intense green fluorescence was localized
in the endothelia layer but not in the smooth muscle cells (Figure 7A). On day-4 pi, C.
pneumoniae I1Bs were still detected in the endothelium but were now also visiblein the

smooth muscle layer (Figure 7B). This distribution trend continued through days 6, 8,

5 Reprinted from Am J Path 176(2), JF Deniset et a., Chlamydophila pneumoniae infection leads
to smooth muscle cell proliferation and thickening in the coronary artery without contributions
from a host immune response. 1028-1037, © 2010, with permission from Elsevier.
http://www.sciencedirect.com/science/journal/
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and 10 pi. At thesetime points, IBs were primarily localized in the media and only
occasionally in the endothelium (Figures 7C, 7D, 7E). The number of I1Bs were quantified
(Figure 8A), with the exception of IBs at day-2 pi, when it was too difficult to resolve the
continuum of green fluorescence in the endothelial layer into individual 1B units. From
days 4 to 10 pi, asignificantly (p<0.0003) increasing number of 1B was observed.
C.pneumoniae IBs at days 8 and 10 pi were also noticeably larger in size than I1Bs
detected at earlier day points. There were no C. pneumoniae |Bs detected in mock-
infected controls. To further confirm the metabolic activity of the C. pneumoniae
infection, chlamydial Hsp60 expression was quantified by western blot analysis (Figure
8B). From days 4 to 10 pi, expression of chlamydial Hsp60 significantly increased from
1.67+ 0.07 to 2.13+ 0.33 fold (p< 0.01) over baseline values (the amount of chlamydial
Hsp60 detected at 3 hrs). Chlamydial Hsp60 was not observed in mock-infected control.
These results demonstrate that C. pneumoniae was able to infect isolated coronary

arteries and actively replicate within the vessel over a period of 10 daysin culture.
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Figure 6. Vascular contractilefunction of cultured pig coronary arteries

Maximal contractile response to (A) 47mM KCI or (B) 300nM u46619. Relaxation of ringsto
(C) 10%°-10°® bradykinin or (D) 10°-10* SNP after pre-contraction with 30 nM u46619. All
values were the mean + SEM for n = 4-6; P> 0.05 vs 0 time point. Reprinted from Am J Path
176(2), JF Deniset et al, Chlamydophila pneumoniae infection leads to smooth muscle cell
proliferation and thickening in the coronary artery without contributions from a host immune
response. 1028-1037, © 2010, with permission from Elsevier.(525)
http://www.sciencedirect.com/science/journal/
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Figure 7. Immunofluorescent detection of C. pneumoniae inclusion bodies within infected
coronary rings

(A) Day 2 pi; (B) Day 4 pi; (C) Day 6 pi; (D) Day 8 pi; (E) Day 10 pi; (F) Mock infection. C.
pneumoniae MOMP is represented as fluorescent green signals and nuclear staining is observed
as blue. Magnified images of both the medial layer and endothelium are found in the top left and
bottom right corners of each panel respectively. Scale bar = 50um. Reprinted from Am J Path
176(2), JF Deniset et al, Chlamydophila pneumoniae infection leads to smooth muscle cell
proliferation and thickening in the coronary artery without contributions from a host immune
response. 1028-1037, © 2010, with permission from Elsevier.(525)
http://www.sciencedirect.com/science/journal/
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Figure8. C. pneumoniae replication and metabolic activity within isolated coronary
sections. (A) The number of C. pneumoniae inclusion bodies at days 4-10 pi (mean = SEM, n=3,
* P<0.001). (B) Western Blot analysis of chlamydial HSP60 (c-Hsp60) expression in the
coronary segments over the course of infection. Representative western blots of c-Hsp60 and
GAPDH (loading control) are displayed above graph. Normalized protein expression levels were
represented as fold increase of the basal level. Basal level of c-Hsp60 was assessed by vessels
infected by the bacteriafor 3 hrs. (* P<0.05 vs basal level. *P<0.01 vs mock-infected control,
n=3).Reprinted from Am J Path 176(2), JF Deniset et a, Chlamydophila pneumoniae infection
leads to smooth muscle cell proliferation and thickening in the coronary artery without
contributions from a host immune response. 1028-1037, © 2010, with permission from
Elsevier.(525) http://www.sciencedirect.com/science/journal/

C. pneumoniae infection stimulates mammalian Hsp60 and PCNA expression

Previous work from our lab has shown that host Hsp60 expression (hHsp60) was
induced during the C. pneumoniae infection and this stimulated SMC proliferation.
PCNA was used as areliable marker of cell proliferation (161). Expression levels of h-
Hsp60 and PCNA from infected and mock-infected coronary segments were determined
by western blot analysis (Figure 9). Live C. pneumoniae infection strongly induced
expression of h-HSP60 (2.94+0.74 (p< 0.005), 2.17+0.65, and 2.64+0.27 (p< 0.005) fold

over basal levels (day 0) at days 3-4, 5-6, and 8-10 pi, respectively. These increases were
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al statistically significant when compared to h-Hsp60 expression levels in mock-infected
coronary segments, al of which remained at basal levels (day 0) (Figure 9A). Similarly,
expression levels of PCNA in infected coronary segments gradually increased throughout
al three time points, up to a maximum fold increase of 3.20 £ 0.52 (p<0.005) over
baseline on days 8-10 pi (Figure 9B) Thisincrease was statistically significant compared
to expression levelsin mock-infected vessels. Mock-infected segments did not exhibit a
statistically significant increase in PCNA expression over the baseline. The expression
pattern of PCNA within the vessel wall was assessed in infected vessels collected at day
10 pi viaimmunohistochemistry techniques (Figure 9C). A marked difference in PCNA
expression between treatments was again observed. Furthermore, PCNA expression in
the C.pneumoniae infected vessels was primarily localized within the nucleus of smooth

muscle cellsin the medial layer.

We have previously shown that C.pneumoniae infection in culture induces cell
death in endothelia cells (161). However, there was no evidence of apoptosisin the
present conditions as detected by TUNEL labeling as a function of C.pneumoniae

infection (data not shown).
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Figure 9. Host-Hsp60 and PCNA expression in coronary segments during C. pneumoniae
infection

Representative western blots for h-Hsp60 (A) and PCNA (B) along with GAPDH are displayed
above their corresponding graphs. Normalized protein expression levels were represented as fold
increase of the basal level (Day 0, vessels callected just prior to infection). (* P<0.05 vs basal
level and mock infected control. *P<0.05 vs mock-infected control, n=3). (C)
Immunohistochemistry staining of vessels collected at day 10 pi. Left column - Mock infection;
right column — Live (Cpn) infection. Hoescht-blue; a-smooth muscle actin-red; o-PCNA —
green. Scale bar = 200 pm. Reprinted from Am J Path 176(2), JF Deniset et a, Chlamydophila
pneumoniae infection leads to smooth muscle cell proliferation and thickening in the coronary
artery without contributions from a host immune response. 1028-1037, © 2010, with permission
from Elsevier.(525) http://www.sciencedirect.com/science/journal/
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C. pneumoniae infection of explanted vessels induces medial thickening

The PCNA data above would suggest that smooth muscle cells are entering the
cell cyclein the C. pneumoniae-infected vessels but it is not clear if this proliferative
process is continuing to termination. Tissue thickening would provide clear evidence of
this response. Representative H/E and elastic staining at days 4, 6, 8 and 10 pi. of both C.
pneumoniae and mock-infected coronary segments are shown in Figure 10. The extent of
media thickening was determined by the calculation of two separate ratios from specific
arterial areas. Theratio of luminal areato total vessel area (Figure 11B) represents the
degree of arterial thickening, whereas the ratio of media areato luminal area (Figure
11B) shows the primary site for the thickening. The C. pneumoniae-infected segments
displayed a progressive regression in lumen to total vessel area: 48 + 3% (day 4 pi), 36 +
2% (day 6 pi), 26 £ 2% (day 8 pi) and 23 + 3% (day 10 pi). Furthermore, the ratio of
mediato luminal areawas significantly increased from 113+16% on day 4 pi to a
maximum of 365+66% on day 10 pi (p< 0.02). In contrast, ratios for mock-infected
tissues remained unchanged from days 4 to 10 pi (Figure 11A and 11B). These data
demonstrate that C.pneumoniae infection has the ability to induce mediathickening in

isolated coronary arteries.
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Figure 10. Histological staining of C. pneumoniae infected coronary arteries

Representative hematoxylin/eosin (H/E, left panel) and elastic (EL, right panel) of the infected
coronary segments at day 4, 6, 8 and 10 pi. Left columns— Live (Cpn) infection; right columns -
Mock infection. Scale bar = 500 um. Reprinted from Am J Path 176(2), JF Deniset et al,
Chlamydophila pneumoniae infection leads to smooth muscle cell proliferation and thickening in
the coronary artery without contributions from a host immune response. 1028-1037, © 2010, with
permission from Elsevier.(525) http://www.sciencedirect.com/sciencef/journal/
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Figure 11. Quantitative representation of arterial wall thickening during C .pneumoniae
infection. Thickening was quantified and represented as ratios of (A) lumen to total vessel area,
and (B) mediato luminal area (mean +SEM). * P<0.02 vs. Day 4 pi. Reprinted from Am J Path
176(2), JF Deniset et al, Chlamydophila pneumoniae infection leads to smooth muscle cell
proliferation and thickening in the coronary artery without contributions from a host immune
response. 1028-1037, © 2010, with permission from Elsevier.(525)
http://www.sciencedirect.com/science/journal/

2. Effects of C. pneumoniae infection on vascular contractile function in porcine
coronary arteries®
C. pneumoniae induces alterations in vascular contractile function

Isolated coronary vessels infected with C. pneumoniae displayed significant
decreases in maximal contractile response to KCl when compared to control and mock
infected vessels at both days 5 (Figure 12A) and 10 post-infection (Figure 12B). Similar
gualitative responses were found in response to receptor-mediated contraction with

u46619 (Figure 12C and 12D). At day 5 post-infection, the contractile response to both

6 Reprinted from Am J Path 180(3), JF Deniset et a., Chlamydophila pneumoniae infection
induces dterations in vascular contractile responses, 1264-72, © 2012, with permission from
Elsevier. http://www.sciencedirect.com/science/journal/
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150 and 300 nM u46619 in C. pneumoniae infected segments was decreased compared to
control and mock-infected vessels. At day 10 post-infection, the contractile response to

u46619 in infected segments was decreased only compared to control.

C. pneumoniae infection alters expression of calcium handling proteins but not
contractile proteins

The expression of the smooth muscle contractile proteins actin and myosin heavy
chain was assessed in vessels at days 5 and 10 post infection (Figure 13A and 13B).
Expression levels appeared to decrease with C. pneumoniae infection, however these
changes were not significantly different compared to other treatment at both day 5 (SM-
actin: P=0.087; Myosin: P=.172) and 10 (SM-actin: P= 0.145; Myosin: P=0.143). The
expression of calcium handling proteins involved in smooth muscle contraction, L-type
voltage gated Ca’* channel and IP; receptor, was also determined at days 5 and 10 post
infection (Figure 14A and 14B). The expression of the L-type C&?* channel was
significantly decreased in C. pneumoniae infected vessels compared to control and mock-
infected vessels at day 5 post-infection and at day 10 (Figure 14A). The expression of |P;
receptor was unchanged between groups at day 5 post infection but was significantly

decreased in infected vessels compared to control at day 10 post-infection (Figure 14B).
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Figure 12. Vascular contractile response of C. pneumoniae-infected coronary rings

Maximal contractile response to 47mM KCI (A) Day 5 post-infection (B) Day 10 post-infection
and 0.3-300nM u46619 (C) Day 5 post-infection (D) Day 10 post-infection. All values are
represented as the mean £ SEM, n = 7-11; *= P < 0.05 vs Control and Mock infection, 1= P <
0.05 vs Control. Reprinted from Am J Path 180(3), JF Deniset et a., Chlamydophila pneumoniae
infection induces aterations in vascular contractile responses, 1264-72, © 2012, with permission
from Elsevier. (529) http://www.sciencedirect.com/science/journal/
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Figure 13. Western blot analysis of contractile proteinswith C. pneumoniae infection

(A) SM-actin and (B) SM-myosin expression at Day 5 and Day 10 post-infection in infected
coronary segments. Representative western blots are displayed above their corresponding graphs.
Expression levels were represented as fold change over Day 0 tissue + SEM, n = 6. Reprinted
from Am J Path 180(3), JF Deniset et a., Chlamydophila pneumoniae infection induces
aterationsin vascular contractile responses, 1264-72, © 2012, with permission from Elsevier.
(529) http://www.sciencedirect.com/science/journal/
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Figure 14. Western blot analysis of Ca?* handling proteinswith C. pneumoniae infection

(A) L-type Ca®* channel and (B) IP3R expression a Day 5 and Day 10 post-infection in infected
coronary segments. Representative western blots are displayed above their corresponding graphs.
Expression levels were represented as fold change over Day O tissue + SEM, n =4-6; *=P < 0.05
vs control and mock infection, T= P < 0.05 vs Control. Reprinted from Am J Path 180(3), JF
Deniset et a., Chlamydophila pneumoniae infection induces alterations in vascular contractile
responses, 1264-72, © 2012, with permission from Elsevier. (529)
http://www.sciencedirect.com/science/journal/
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C. pneumoniae infection attenuates endothelial dependent relaxation in isolated coronary
vessels

Pre-contraction levelsin response to 30nM u46619 remained unchanged between
treatment groups at both days 5 and 10 post-infection (data not shown). Endothelial-
dependent relaxation responses to bradykinin remained unaltered between groups at day 5
post infection (Figure 15B) but at day 10, it was significantly reduced in infected vessels
compared to control at 10°-10° M and at 107-10° M in comparison to mock-infected
vessels (Figure 15B). No change in endothelial-independent relaxation responses to SNP

was observed amongst groups at either time-point (Figure 15C and 15D).

C. pneumoniae infection induces a decrease in eNOS expression

Expression of eNOS and iNOS, the nitric oxide producing enzymes within the
vessel was determined viawestern blot analysis. eNOS expression was unchanged
amongst treatment groups at day 5 post-infection (Figure 16A). At day 10 post-infection,
eNOS was down-regulated in infected vessels compared to control and mock-infected
vessels (Figure 16A). Further analysis viaimmunostaining of coronary vessels at day 10
post infection revealed a significant decrease in mean fluorescence of infected cross-
sections compared to control and mock-infected tissues (Figure 16B and 16C). iNOS
expression remained unchanged between treatment groups at both time-points (data not

shown).
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Figure 15. Relaxation responses of C. pneumoniae-infected coronary rings
Vascular preparations were relaxed to 10°°-10° bradykinin (A) Day 5 post-infection and (B) Day
10 post-infection or 107-10* SNP (C) Day 5 post-infection (D) Day 10 post-infection after pre-
contraction with 30 nM u46619. All values are represented asthe mean + SEM, n=7-11; *=P <
0.05 vs control and mock infection, t= P < 0.05 vs control. Reprinted from Am J Path 180(3), JF

Deniset et a., Chlamydophila pneumoniae infection induces alterations in vascular contractile

responses, 1264-72, © 2012, with permission from Elsevier. (529)
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Figure 16. eNOS expression in C. pneumoniae-infected isolated coronary arteries

(A) Western blot analysis of whole tissue lysates at Day 5 and Day 10 post-infection.
Representative western blots are displayed above graph. Expression levels were represented as
fold change over Day 0 tissue + SEM, n =4-6. Representative immunohistochemistry staining (B)
quantification and (C) images of vessels collected at day 10 post-infection. Fluorescence
intensity (B) isrepresented as mean + SEM, n = 4. Hoescht-blue; eNOS—green. Scale bar = 100
pum. *=P < 0.05 vs control and mock infection. Reprinted from Am J Path 180(3), JF Deniset et
al., Chlamydophila pneumoniae infection induces alterations in vascular contractile responses,
1264-72, © 2012, with permission from Elsevier. (529)
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C. pneumoniae components stimul ate superoxide anion production and p22phox
expression

Expression of p22phox, amajor subunit of NADPH oxidase, was determined via
western blot and immunostaining (Figure 17). p22phox expression as detected by
western blots was unchanged amongst groups at day 5 post-infection but was up-
regulated in both mock-infected and C. pneumoniae-infected vessels compared to control
vessels at day 10 post-infection (Figure 17A). p22phox immunostaining at day 10 post-
infection confirmed these results with higher fluorescence levelsin mock and C.

pneumoniae infected vessels compared to control (Figure 17B and 17C).

Superoxide anion production at day 10 post-infection was visualized using
dihydroethidium staining on infected coronary cross-sections (Figure 18). Quantification
of this staining, revealed significant increases in mean fluorescence in both mock-
infected and C. pneumoniae-infected vessels compared to control (a 99% (p<0.05) and

207% (p<0.01) change in comparison to control, respectively).

NFkB activation is not altered in infected coronary arteries

The NF«B pathway is known to be involved in the inflammatory process within
the vessel wall, as such both NFkB and IxB protein expression was assessed. Expression
of both proteins did not significantly change between treatments at days 5 and 10 post-
infection (data not shown). Theratios of IkxB to NF«B in both C. pneumoniae- and
mock- infected vessels varied from control vessels but not enough to be statistically

significant.
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Figure 17. p22phox expression in C. pneumoniae-infected isolated coronary arteries

(A) Western blot analysis of whole tissue lysates at Day 5 and Day 10 post-infection.
Representative western blots are displayed above the graph. Expression levels were represented
as fold change over Day 0 tissue £ SEM, n =4-6. Representative immunohistochemistry staining
(B) quantification and (C) images of vessels collected at day 10 post-infection. Fuorescence
intensity (B) isrepresented as mean + SEM, n = 4. Hoescht-blue; p22phox—green. Scale bar =
100 pm. t= P < 0.05 vs Control. Reprinted from Am J Path 180(3), JF Deniset et al.,
Chlamydophila pneumoniae infection induces alterations in vascular contractile responses, 1264-
72, © 2012, with permission from Elsevier. (529) http://www.sciencedirect.com/science/journal/
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Figure 18. Superoxide detection in C. pneumoniae infected isolated coronary arteries
Representative staining of vessels was performed at day 10 post-infection. Dihydroethidium
staining indicated in red. Fluorescence intensity (bottom right panel) is represented as mean +
SEM, n=4; =P < 0.05 vs control. Reprinted from Am J Path 180(3), JF Deniset et d .,
Chlamydophila pneumoniae infection induces alterations in vascular contractile responses, 1264-
72, © 2012, with permission from Elsevier. (529) http://www.sciencedirect.com/science/journal/
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C. pneumoniae increases endothelial TLR4, hHsp60 and cHsp60 expression

TLR4, cHsp60 and hHsp60 localization along the endothelia layer was
determined viaimmunostaining (Figure 19). Both C. pneumonia- and mock-infected
vessels displayed an increase in TLR4 and hHsp60 expression when compared to non-
treated vessels (Figure 19D,19E, 19G and 19H). In addition, cHsp60 expression could be
localized along the endothelial layer in C. pneumonia-infected vessels (Figure 191) but

was absent in both control and mock-infected coronary vessels.

hHSP60 § C

Control

Mock infection

Cpn infection

Figure19. TLR-4, hHsp60 and cHsp60 localization within infected coronary arteries
Representative staining of control (A,B,C), mock infected (D,E,F) and Cpn infected (G,H,I)
vessels collected at day 10 post-infection. All panels: Hoescht-blue; First column panels: TLR-4-
red; Second column panels:hHSP60—green; Third column panels: cHSP60-green. Scale bar = 100
pm. Reprinted from Am J Path 180(3), JF Deniset et a., Chlamydophila pneumoniae infection
induces dterations in vascular contractile responses, 1264-72, © 2012, with permission from
Elsevier. (529) http://www.sciencedirect.com/science/journal/
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Conditioned medium does not alter eNOS and p22phox expression in HUVECs

eNOS and p22phox protein expression was evaluated in HUVECs treated with
conditioned medium from days 4,6,8 and 10 pi viawestern blot. Expression of both
eNOS and p22phox in HUVECs treated with conditioned medium from all four
timepoints were not significantly different between treatments (data not shown). cHsp60
and hHsp60 level s within conditioned medium from the different treatments were
analyzed viawestern blot. All conditioned medium displayed cHsp60 and hHsp60 levels
below the bottom level of our standard curve of 0.01 g of protein, equivalent to 0.08
pg/ml from the non-concentrated conditioned medium (data not shown). cHsp60 could

not be detected in culture medium from control and non-infected coronary vessels.

3. Role of Hsp60 in modulating nuclear protein import during VSMC proliferation
Effect of HSP60 overexpression on heat shock protein expression

Previous results have shown Hsp60 can induce VSMC proliferation (161).
Although the mechanism is unclear, it is possible that it may occur through a modulation
of nuclear protein import. To test this hypothesis of the relationship between Hsp60,
VSMC proliferation and nuclear protein import, an adenovirus-mediated model of Hsp60
overexpression in VSMC was employed. Adenoviral mediated overexpression in VSMCs
resulted in a~2 fold increase in Hsp60 levels in comparison to control and AdQBI
treatments, respectively (Figure 20A). It aso induced a significant increase in cell

number (Figure 20B).
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Figure 20. Hsp60 over expression and VSMC proliferation
Western Blot analysis of HSP60 (A) overexpression. Normalized protein expression levels were
represented as fold change to control samples (n=4-5). Cell number measurement(B) in response
to HSP60 overexpression as determined by OD at 500nm. Numbers were represented as fold
change to control samples (n=8).* P<0.05 versus control and AdQBI; values are meanst SEM.
Céllular localization of Hsp60 overexpression

Cdlular fractionation experiments and co-localization staining were performed to
determine the location of the adenovirally-derived Hsp60 (full length-AdHsp60 and
truncated mitochondria targeting sequence-AdHsp60™*) (Figures 21 and 22).
Fluorescent labeling of Hsp60 and HA along with a mitochondrial stain (MitoTracker)
was used to detect cellular localization (Figure 21). Staining in the AdQBI group
reflected endogenous Hsp60 localization in the VSMC (Figure 21A). Hsp60 staining was
elevated in AdHsp60 and AdHsp60™™ treated VVSM Cs compared to the AdQBI group
(Figure 21A). Staining within the AdQBI cells was limited to the mitochondria whereas

both overexpression groups demonstrated staining in both the mitochondria and

cytoplasmic areas. The AdHsp60™ treated V SMCs also showed distinctive staining of
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Figure 21. Cellular Hsp60 staining
Representative immunocytochemistry images of Hsp60 (A) and HA (B) co-localization with

mitochondrial and nuclear staining. left column: Hsp60 (A) or HA (B) expression, green; middle

column: MitoTracker, red; right column: Merged staining. DAPI, blue.
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Hsp60 associated with the cell nucleus. Adenovirally derived Hsp60 was also tracked
within the cell by labeling with an anti-HA antibody (Figure 21B). Asexpected, no HA
staining was observed in the AAQBI group. The HA staining in AdHsp60 treated cells
demonstrated a similar expression pattern with localization within the mitochondria and
the cytoplasm. Alternatively, HA staining in AdHsp60™ treated cells was distributed
across the entire area of the cell.  The localization of Hsp60 was further quantified by
western blotting of isolated cell fractions. AdHSPG0 treatment resulted in increased
Hsp60 levelsin both cytoplasmic and mitochondrial compartments (Figure 22).
Conversdly, overexpression of Hsp60 with atruncated mitochondria targeting sequence
(AdHsp60™™) resulted in elevated Hsp60 levels only within the cytosolic fraction
(Figure 22). The expression of other heat shock proteins such as Hsp70, Hsp90, Hsp27

and Hsp10 remained unaffected by the overexpression of Hsp60 levels (Figure 23).
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Figure 22. Cellular localization of Hsp60 over expression

Western blot analysis of cytosolic and mitochondrial Hsp60 expression in response to
overexpression. Representative Western blot for Hsp60 along with a-tubulin (cytosolic loading
control) and COX 1V (mitochondrial loading control) are displayed above their corresponding
portions of the graph. Normalized protein expression levels were represented as fold change to
AdQBI samples (n=2); values are means.
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Figure 23. Effect of Hsp60 over expression on Hsps

Representative Western Blot images (A) and analysis of Hsp70 (B), Hsp90 (C), Hsp10 (D),
Hsp27 (E) in response to Hsp60 overexpression. Protein expression levels are normalized to a-
tubulin and are represented as fold change to control samples (n=4-5). Values are meanst SEM.

Hsp60 overexpression stimulatesincrease in NPI rate

The possibility that Hsp60 could induce VSMC proliferation via a modulation of
nuclear protein import was examined. The rate of NPl was assessed by tracking
nuclear/cytoplasmic fluorescence for up to 30 minutes post-injection of a nuclear protein
import substrate as used previously (Figure 24) (113,516). Representative confocal

images demonstrate the migration of the fluorescently labelled import substrate from the
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cytoplasm into the nucleus (Figure 24A). Therate of NPI was significantly elevated
with both AdHsp60 and AdHsp60™" treatments compared to control groups (Figure

24B).
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Figure 24. Effect of Hsp60 over expression on nuclear protein import in VSMCs

(A) Representative images of VSMCs microinjected with ALEXA488-BSA-NLS substrate
following 48h infection with adenovira constructs: AdQBI (e-f), AdHsp60 (g—h), AdHsp60
mito- (i), or the control cells (a—d). Images were taken (a) before injection, (b) 0 min pre-
injection, (c,e,g,i), 10 min post-injection, and (d,f,h,j) 30 min post-injection. The pseudo-color
scale represents fluorescence intensity levels from O (black) to 255 arbitrary units (white). The
white scale bar represents 20 um. Laser scanning settings are identical for al cells and
experiments. (B) The curve summarizes the nuclear protein import in control cells (white) or
V SMCsinfected with AdQBI (blue), or AdHsp60 (red), or AdHsp60™* (orange) over time. *P <
0.05 vs. Control and AdQBI; TP <0.05 vs. Control; n = 5-8. For cytosolic fluorescence, an area
that surrounded the nucleus and equivalent to the nuclear area was used. The ratio of
nucl ear/cytoplasmic fluorescence was calcul ated from these values. Vaues are means+ SEM.
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Effect of Hsp60 overexpression on NPI machinery

The expression of cellular components associated with NPI was evaluated to
identify the mechanism responsible for the ateration in the rate of NPI that was observed
in Figure 24. Asshown in Figure 25B and 25C, AdHsp60 stimulated an upregulation in
nuclear pore complex components, Nup62 and Nup153, compared to all other treatment
groups. Importin-a, importin-f, and Ran, key players in the classical import pathway
(446), al increased their expression levels significantly in response to AdHsp60 and
AdHsp60™ treatment versus both control groups (Figure 25D-F). NTF2 protein

expression remained similar across al treatment groups (Figure 25G).

Effect of Hsp60 overexpression on proliferative and metabolic status of the cell

Both AdHsp60 and AdHsp60™"* treatments induced a proliferative response as
shown by a significant upregulation in PCNA expression levels compared to both control
and AdQBI groups (Figure 26A). The metabolic state of the cells was assessed via
cellular ATP levels (Figure 26B). Adenoviral infection alone induced an increasein ATP
levels compared to control. The AdHspP60 treatment further enhanced this response

compared to both AdQBI and AdHsp60™"® groups.
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Figure 25. Effect of Hsp60 over expression on NPl machinery
Representative Western blot images (A) and analysis of Nup62 (B), Nup153 (C), Impa (D), Impf3
(E), Ran (F), and NTF2 (G) expression in response to Hsp60 overexpression. Protein expression
levels are normalized to a-tubulin and are represented as fold change to control samples (n=6-10).
*P<0.05 versus Control, AdQBI and AdHsp60™"; P<0.05 vs Control and AdQBI ; values are

meanst SEM.
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Figure 26. Effect of Hsp60 over expression on proliferative and metabolic status of the cell
Western Blot analysis of PCNA (A) expression in response to Hsp60 overexpression.
Representative Western Blot for PCNA and Tubulin (loading control) are displayed above their
corresponding graphs. Normalized protein expression levels were represented as fold change to
control samples (n=8-10). *P<0.05 versus Control and AdBI. Cellular ATP levels anadysis (B) in
response to HSP60 overexpression. ATP levels were represented as fold change to control
samples (n=8). *P<0.05 vs. Control; tP<0.05 vs. Control, AdQBI and AdHsp60™"; values are
means + SEM.

MAPK activation has been associated with induction of nuclear protein import
(113,115) and, therefore, was assessed in response to Hsp60 overexpression. AdQBI,
AdHSP60 and AdHsp60™" treatments all induced modest but not statistically significant
increases in p44/42 activation (1.37+0.25, 1.61+0.22 and 1.32+0.13 fold change over
control, respectively). p38 activation also remained unchanged in response to AdQBI,

AdHsp60 and AdHsp60™™ treatments (1.16+0.15, 0.90+0.14, 0.73+0.09 % of control,

respectively).
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C.pneumoniae induces proliferation and Hsp60 expression

The data above suggests that Hsp60 overexpression can induce VSMC
proliferation through a modulation of the expression levels of cellular import proteins that
in turn modulate nuclear protein import. To determine if this modulation of import by
Hsp60 over-expression has relevance to VSMC proliferation under
physiological/pathologica conditions, we chose to examine these responsesin VSMCs
exposed to C. pneumonia. Based on our previous results (161), C. pneumonia can induce
VSMC proliferation and the expression of PCNA in VSMCs. VSMCs exposed to C.
pneumonia responded with a moderate increase in PCNA expression at 24 hours that
reached statistical significance at 48 hours compared to control and mock infection with
heat-inactivated C. pneumoniae (Figure 27B). This coincided with a 1.6 fold increasein
Hsp60 protein expression at 24 hours compared to the other treatments and this response

was sustained at 48 hours (P< 0.05) (Figure 27C).

C.pneumoniae alters NPI machinery expression

Both Nup62 and Nup153 expression was up-regulated at 24 hours compared to
control and mock infection (Figure 28B and 28C). Impa and Impf were similarly
increased by >2 fold at 24 hours versus control groups (P< 0.05) (Figure 28D and 28E).
All four import components returned to control levels at 48 hours (Figure 9). In
C.pneumoniae infected porcine coronary arteries, Nup62 expression was significantly
induced at day 5 post-infection compared to both control and mock-infected vessels
(Figure 29). At day 10 post-infection, both C. pneumoniae and mock-infected coronary

arteries showed a depression in Nup62 expression (Figure 29).
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Figure 27. C. pneumoniae induces proliferation and Hsp60 expression in VSMCs
Representative Western Blot images (A) and analysis of PCNA (B) and Hsp60 (C) expression in
response to C. pneumoniae infection at 24 and 48 hours. Protein expression levels are normalized
to a-tubulin and are represented as fold change to control samples (n=3-4). * P<0.05 versus
Control and AdQBI; values are means + SEM.
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Figure 28. C. pneumoniaeinduces NPl machinery expression in VSMCs

Representative Western blot images (A) and analysis of Nup62 (B), Nup153 (C), Importin-a (D),
Importin-f (E) in response to C. pneumoniae infection at 24 and 48 hours. Protein expression
levels are normalized to a-tubulin and are represented as fold change to control samples (n=3-4).
*P<0.05 versus Control and AdBI; values are means £ SEM.
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Figure 29. Nup62 expression in C. pneumoniae infected isolated coronary arteries
Western blot analysis of whole tissue lysates at Day 5 (left) and Day 10 (right) post-infection.
Representative western blots are displayed above graph. Expression levels were represented as
fold change over control £ SEM, n =5-6. *P<0.05 vs. Control; 1P<0.05vs. HI Cpn

Cholesterol diet withdrawal induces a biphasic atherosclerotic plague devel opment

We have previously demonstrated with this atherosclerosis model a biphasic
atherosclerotic plague devel opment pattern (Figure 30) (530). Atherosclerotic
development is observed between 0-8 weeks of cholesterol withdrawal followed by a
stabilization period between 8-22 weeks of withdrawal (Figure 30A). Serum cholesterol
levelsinversely correlated with atherosclerosis, with elevated levels at O weeks of
withdrawal and sequential decreases until reaching control levels at 22 weeks of

cholesterol withdrawal (Figure 30B).
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Figure 30. Atherosclerotic lesion development and serum cholesterol following cholesterol
withdrawal
Aortic atherosclerotic lesion (A) and serum cholesterol (B) after O, 2, 4, 8, and 22 weeks of
withdrawal from cholesterol feeding. Vaues are meanstSEM, n=4. *P<0.05 vs. 22 wks of diet
withdrawal; TP<0.05 vs. 8 wks of diet withdrawal. This figure has been adapted from Francis et
al. (530).
Atherosclerotic plague development induces alterations in Hsps expression

To evaluate stress responses during both the growth and stabilization phases
within this model, Hsp expression within atherosclerotic tissues was evaluated. Hsp60
expression was induced during the growth phase at both 2 and 4 weeks following

cholesterol withdrawa when compared to control and longer withdrawal periods (8 and
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22 weeks) (Fig 31b). A depression in both Hsp70 and Hsp90 expression was observed
during the growth phase of plaque development (Figure 31C and 31D). This decrease was
followed by a subsequent return to baseline or an increase during the stabilisation phase
for Hsp70 and Hsp90 expression, respectively (Figure 31D). Significant decreasesin
Hsp70 were noted at 4 weeks of withdrawal versus both control and 22 weeks of
withdrawal (Figure 31C). Prolonged removal of cholesterol (8 and 22 weeks)
significantly increased Hsp90 expression compared to early withdrawal periods at 2 and 4

weeks (Figure 31D).

Atherosclerotic plaque development coincides with alterations in proliferative status and
NPI machinery expression

PCNA expression was upregulated at 0, 2,4 and 8 weeks prior to areturn to
baseline at 22 weeks after cholesterol withdrawal from the diet (Figure 32B). Nup62
expression was significantly induced at 2 and 4 weeks of withdrawal compared to 22
weeks of withdrawal and control (Figure 32C). Additionally, Nup62 expression at 4
weeks of withdrawal was significantly increased compared to 8 weeks of cholesterol
withdrawal (Figure 32). Importinf} expression did not change throughout the entire
cholesterol withdrawal period (Figure 32D). Eight weeks of cholesterol withdrawal
coincided with an increase Ran expression compared to both early withdrawal periods

(0,2,4 weeks) and control (Figure 32E).
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Figure 31. Hsps expression during ather oscler otic development

Representative Western blot images (A) and analysis of Hsp60 (B), Hsp70 (C), Hsp90 (D) after
0,2,4,8, and 22 weeks of withdrawal from cholesterol feeding. Protein expression levels are
normalized to total actin and are represented as fold change to control samples. Vaues are
meanstSEM, n=3-4. *P<0.05 vs. control; 1P<0.05 vs 22 wks of cholesterol withdrawal; F
P<0.05 vs. 8 wks of cholesterol withdrawal; 8P< 0.05 vs. control, O, 8, and 22 wks of cholesterol
withdrawal .
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Figure 32. PCNA and NPI machinery expression during ather oscler otic development
Representative Western blot images (A) and analysis of PCNA (B), Nup62 (C), Impp (D), and
Ran (E) after 0,2,4,8, and 22 weeks of withdrawal from cholesterol feeding. Protein expression
levels are normalized to total actin and are represented as fold change to control samples (Regular
diet for 12 weeks). Vaues are meanstSEM, n=3-4. *P<0.05 vs. control; TP<0.05 vs control and
22 wks of cholesterol withdrawal; 3 P<0.05 vs. 8 wks of cholesterol withdrawal; 8P< 0.05vs. 0
wks of cholesterol withdrawal.
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Aortic Hsp60 levels correlate with PCNA, Nup62 and plasma cholesterol
To evaluate the relationship between Hsp60 and other parameters during

atherosclerosis development, correlation analysis was performed (Figure 33). Hsp60

expression strongly correlated with both PCNA and Nup62 expression (r* = 0.3027 and

r?=0.3164, p<0.01) (Figure 33A and 33B). In addition, amoderate correlation between

aortic Hsp60 expression and plasma cholesterol was also observed (r* = 0.1682, p<0.05)

(Figure 33C).

Figure 33. Correlations of aortic Hsp60 levelswith PCNA, Nup62 and plasma
cholester ol Rel ationship between aortic Hsp60 and aortic PCNA (A), aortic Nup62 (B), and
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CHAPTER VI: DISCUSSION
1. Effects of C. pneumoniae infection on structural remodelling in porcine coronary
arteries’

Strong clinical correlations between C. pneumoniae infection and coronary artery
disease have been reported (531-534). Consistent with these findings, in the present study
we have shown that C. pneumoniae can infect the coronary artery in culture and this
infection promotes a stimulation of cell proliferation and intimal thickening. C.
pneumoniae can infect and persist through multiple life cycles (which istypically 48-
72hrs) (161,535) in a coronary artery. At day 2 pi, C. pneumoniae IB distribution was
found mostly in the endothelial layer (Figure 7a) which is expected since only the
endothelium was exposed to the pathogen during the initial infection. On subsequent
days, the C. pneumoniae IBs distribution was shifted and it was found almost exclusively
in the smooth muscle cell media (Figure 7b-e). Our datais consistent with previously
published findings, “°+>%¢°3" that the smooth muscle cell mediais the preferred location
of the C. pneumoniae propagation. C.pneumoniae infection did not induce endothelial
cell apoptosis (data not shown), therefore, the inability of the endothelial layer to support
stable C. pneumoniae replication is probably due to theinitial damage of the endothelial

cells caused by the infection (161).

Increasing levels of chlamydial Hsp60 in the infected coronary segments (Figure

8b) further supported the assertion that C. pneumoniae was metabolically active in the

7 Reprinted from Am J Path 176(2), JF Deniset et al., Chlamydophila pneumoniae infection leads
to smooth muscle cell proliferation and thickening in the coronary artery without contributions
from a host immune response. 1028-1037, © 2010, with permission from Elsevier.
http://www.sciencedirect.com/science/journal/
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coronary segments. Chlamydial Hsp60 is synthesized only by metabolically active C.
pneumoniae-RB and not the progeny C. pneumoniae-EB (538), and a significant amount
of chlamydial Hsp60 is released into the circulation during infection (539,540). As such,
the observed increase of chlamydial Hsp60 protein (~2.5x) in the protein lysate of
coronary segments may only represent a conservative estimate of the total C. pneumoniae
in theinfected vessels. According to this data, C. pneumoniae replicates and remains
metabolically activein our novel ex-vivo coronary artery model. Another important
conclusion from these findingsis that in vivo C. pneumoniae infection of the endothelial

cells layer is sufficient to initiate propagation of the infection into the arterial media.

The infection of the isolated coronary artery with C. pneumoniae had structural
implications for the arterial wall. The induction of PCNA would suggest that cell
proliferation is stimulated in the artery after C. pneumoniae infection. Consistent with our
previous work (161), the mechanism by which infection with C. pneumoniae augments
the proliferation of VSMC may involve stimulating the expression of endogenous Hsp60.
In the present study, the expression of h-Hsp60 was increased in the tissue during C.
pneumoniae infection (Fig. 9a). Increasing PCNA expression confirmed the proliferative
nature in the infected vessel. However, it remains uncertain from in vitro cell culture
studiesif the proliferative responses ultimately result in structural thickening. Our data
here now clearly shows that C. pneumoniae infection can directly induce thickening of
the arterial wall in theintimal region in aslittle as afew days after exposure. Overall, we
have observed a significant increase in thickening of the media starting at day-6 pi. Also,

we observed that avast mgority of infected vessels demonstrated a collapse in the
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circular geometry, most notably from day-8 and onward. We did not collect vessels
beyond day-10 because most infected vessels were so severely affected that they
exhibited a completely collapsed lumen beyond that time point. Such narrowing would
be expected to be associated with clinically significant effects. Our dataisin agreement
with observations that C. pneumoniae seropositivity is associated with arterial
thickening,(541) and that infection by C. pneumoniae without other atherosclerotic

factors can induce atherosclerotic events (246).

One of the most important findings from this study is the demonstration that an
active C. pneumoniae infection alone can lead to arteria thickening in the absence of host
immune responses. Previous in vivo studies have not been able to distinguish the
contributions of the host immune responses at the infected location from the direct
molecular consequences of bacterial replication in the infected media. Our study was
designed to insure that the coronary arteries were isolated from host immune responses
(including macrophages, T-cells) and other biological molecules (such as elevated
cholesteral) that may contribute to lesion formation. The use of heat-inactivated C.
pneumoniae as a control is appropriate to reduce the potentia contribution to the
thickening effect that occurs as aresult of bacterial LPS or mechanical stress induced by
our handling. Further, comparisons were undertaken using paired coronary segments
from the same heart (Figure 10) to strengthen the reliability of our observations. Thus,
our h-Hsp60 and PCNA expression data suggest C. pneumoniae infection can directly
lead to the proliferation of the smooth muscle cells within the intima strongly enough to

ultimately produce arterial thickening, without contribution from the host immune
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system. Despite the absence of an active immune response, however, immune mediators
such as pro-inflammatory cytokines and chemokines could be involved in this
proliferative response. C. pneumoniae infection of vascular smooth muscle cells has
been shown to stimulate production and rel ease of interleukin (IL)-6 (542) and monocyte
chemoattractant protein (MCP)-1 (231) two mediators known to have proliferative effects
on vascular smooth muscle cells (543-545). Thus, both IL-6 and MCP-1 through
autocrine and/or paracrine actions may additionally stimulate the C.pneumoniae effects
beyond that which were observed in the present set of experiments. The addition of
monocytes to the system could further enhance this effect, as co-culturing of monocytes
and vascular smooth muscle cells aone can not only enhance the growth of C.
pneumoniae (546) but also stimulate the production of 1L-6 and MCP-1 (547). These data
do not dispute the importance of a host immune response as an essential contributor to the
overall atherosclerotic plague development process. Rather, the present work has
provided important evidence that C. pneumoniae on its own can induce a significant

component of atherosclerosis (cell proliferation and intimal thickening).

In conclusion, our data has provided the first direct evidence that an active C.
pneumoniae infection alone, without contributions from a host immune system, can
stimulate arterial thickening. This effect is associated with the up-regulation of h-Hsp60
and PCNA expression. Our work has also demonstrated the feasibility of studying the
molecular mechanisms of infection-induced atherosclerosis using an ex vivo coronary

culture system.
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2. Effects of C. pneumoniae infection on vascular contractile function in porcine
coronary arteries®

We hypothesized that C. pneumoniae infection may participate in phenotype
switching in VSMCs and as such may interfere with the ability of these cells to properly
mediate the contractile and relaxation responses within an arterial environment. Our
findings clearly demonstrate that C. pneumoniae infection leads to an impairment of both
receptor (u46619) and depolarization (KCl)- mediated contractile responses (Figure 12).
Theinvolvement of the L-type Ca®* channel and IP3R in thisimpairment was eval uated
in the present study. InVSMCs, the L-type Ca?* channel is the most important ion
channel for theinflux of extracellular Ca?* (548) leading to downstream activation of
myosin light chain kinase (MLCK). The channel can be opened directly through
membrane depolarization by high concentrations of K™ or indirectly through some
agonists (549). The contractile responses elicited by u46619 are also dependent
significantly upon activation of the L-type Ca?* channel. Inhibition of the L-type Ca®*
channel resulted in a 50% reduction of maximal force production generated by u46619 in
porcine coronary arteries (550). In the present study, expression of the L-type Ca?*
channel was down-regulated at both time points when compared to control and mock
infected vessels (Figure 14A and 14B). Thisis similar to the contractile changes
exhibited in response to KClI and u46619. 1P3R, found on the sarcoplasmic reticulum
(SR), are also involved in MLCK activation through the release of SR Ca®* storesin
response to agonist mediated G-protein coupled signaling.(549) IP3R expressionin

infected coronary vessels remained unaffected at day 5 pi but was significantly

8 Reprinted from Am J Path 180(3), JF Deniset et a., Chlamydophila pneumoniae infection
induces aterations in vascular contractile responses, 1264-72, © 2012, with permission from
Elsevier. http://www.sciencedirect.com/science/journal/
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downregulated at day 10 pi (Figure 14C and 14D). Because a decrease in contraction at
day 5 post infection was observed without a change in IP3R expression and adecrease in
IP3R expression at day 10 post infection does not result in afurther reduction in
contractile performance of infected tissue, the contribution of IP3R in the defects
exhibited in response to u46619 is questionable. The most likely mechanism for the
alterations in contractile responses to both high K* and u46619 is through the reduction in
L-type Ca** channel expression induced by C. pneumoniae infection. A decreasein the
L-type Ca** channel expression occurring in synthetic VSMCs is accompanied with an
attenuation in SM-actin and SM-MHC expression, two key components of the contractile
apparatus. In the current study, although not significant, a decreasing trend in SM-actin
and SM-MHC expression in C. pneumoniae infected vessels can be observed.
Considering the mixed population of VSMCs (contractile and synthetic), it is possible the
abundant expression of these markersin the contractile VSMC population may be
dampening the decreases in expression within the synthetic VSMC population, thus
contributing to the overall expression observed within whole vessel lysates. As such, the
potential contribution of both these contractile proteinsin the atered contractile

responses should not be completely dismissed.

Other mechanisms beyond simple changes in contractile machinery expression
could be consider for the observed contractile responses. Structural changesin C.
pneumoniae infected vessels have previously been noted using this same model system
(525). Synthetic VSMCs demonstrate an increase in extracellular matrix production

(551). Assuch, anincrease in media thickening viaVSMCs proliferation could in
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theory confer changes in vessal stiffness through increased collagen production.
However, it isimportant to note that these potential aterationsin vessel stiffness would
likely occur at later time-points as media thickening only starts to occur from day 6 post-
infection onward (525). It isthen unlikely that the changesin vascular contractile
function observed at day 5 post-infection are due to this phenomenon. Additionally, the
attenuation in contractile responses in C. pneumoniae-infected vesselsis not further
aggravated at day 10 post-infection, which suggests vessel stiffnessislikely not a major

contributor.

C. pneumoniae infection also induced a significant attenuation in bradykinin-
induced relaxation of pre-contracted tissue (Figure 11B). Bradykinin elicits relaxation of
vascular tissue through an endothelial-dependent mechanism (552). The impairment in
vasorelaxation was limited to the endothelia layer in the present study as C. pneumoniae
infection did not affect relaxation induced by the NO donor SNP. C. pneumoniaeis
known to induce endothelial damage (161). However in this model, C. pneumoniae
infection does not induce endothelial cell death (525). Therefore, the attenuated
relaxation response is more likely due to a cellular mechanism and not a deterioration of

the endothelial layer.

Alterations to the (eNOS)/nitric oxide (NO) pathway, leading to areduction in
NO bioavailability, represent the most important mechanism for impaired endothelial-
dependant relaxation (553). The relaxation responses to bradykinin in porcine coronary

arteriesis endothelial NO-dependent (554). Bouwman et al. have previously noted that C.
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pneumoniae infection in HUVECs results in adecrease in eNOS and downstream cGMP
downregulation (555). Our data further supports this mechanism as C. pneumoniae
infection is also capable of inducing decreased eNOS expression in this organ culture
system. However, it is unclear whether these changes are directly as aresult of live C.
pneumoniae within the endothelial layer. As previously described with this model, there
isasignificant migration of C. pneumoniae from the endothelium into the medial area of
coronary arteries from day 6 post infection and onward. It isdifficult to determine
whether the C. pneumoniae remaining population in the endothelium at day 9-10 post-
infection is large enough to alone account for these changes in eNOS expression.
Alternatively, secretory factors released by the host cells or the bacteriaitself within the
neighboring medial layer may play arole in the changes observed. cHSP60 represents a
potential candidate for such arole. It is highly expressed in C. pneumoniae-infected
coronary arteries (525) and Chen et a. established its ability to down-regulate eNOS
expression and activity in human coronary artery endothelia cells (HCAECSs) and porcine
coronary arteriesvia TLR-4 signalling (232). We have demonstrated that cHsp60
expression islocalized with TLR-4 along the endothelial layer in C. pneumonia infected
vessels (Figure 191 and 19G). However, conditioned medium retrieved from C.
pneumoniae infected vessels was unable to dlicit changesin eNOS and cHsp60 levels
were well below the concentrations used by Chen et a. (232) This data would suggest
that cHsp60 secreted from either infected VSM Cs and/or endothelial cellsis quickly

binding TLR-4 aong the endothelium and eliciting changes in eNOS.
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In addition to areduction in NO production, NO breakdown by superoxide
radicals represents another mechanism for the C. pneumoniae derived impairment in
endothelial-dependent relaxation. Dihydroethidium staining of coronary vessels revealed
an increase in superoxide production in both mock-infected and C. pneumoniae-infected
vessels (Figure 18). Among the many sources of reactive oxygen species, NADPH
oxidase isamajor producer of superoxide within the vessel wall (556). p22phox, a major
component of NAPDH oxidase, is expressed in ECs, VSMCs, adventitia fibroblasts and
macrophages within human atherosclerotic plagues (64). p22phox expression was
upregulated in both mock-infected and C. pneumoniae-infected vessels at day 10 pi
(Figure 17B). Furthermore, its expression was identified in both endothelial and medial
layers (Figure 17C). The ability for the heat-inactivated C. pneumoniae to also dlicit this
response suggests that this effect is lipopolysaccharide (LPS)-mediated. Wick et al.
described that in vivo LPS administration increases hHsp60 expression on the surface of
vascular endothelial cells (557). Our results indicate that C. pneumoniae and mock-
infection result in an increase in hHsp60 expression along the endothelium. 1n addition to
downregulating eNOS, Chen et al. (232) also described cHsp60' s ability to upregulate
oxidative stress machinery including p22phox. Due to conserved sequence homology for
Hsp60 between species, it is possible that hHsp60 may also induce similar downstream

cellular changes through TLR-4 signalling.

The maintenance of isolated coronary vessels in atissue culture environment for

up to 10 days does not significantly ater the functional integrity of these arteries (525).

Thus, the alterations observed in the present study are directly dependent on exposure to
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C. pneumoniae and/or C. pneumoniae components. The findings of the current study
clearly demonstrate that C. pneumoniae infection is able to directly induce a significant
impairment to the functional capacity of arteries. These defects are observed prior to (at
5 days) and after (10 days) significant thickening (hypertrophy) of the aortais observed
(525). These changes may have physiological consequences with regards to regulating
normal blood flow and may play an important role in the pathophysiology of

hypertension, restenosis and atherosclerosis.

3. Role of Hsp60 in modulating nuclear protein import during VSMC proliferation

The current study establishes anovel intracellular signaling role for Hsp60 in
VSMC through a modulation of NPI. Furthermore, the induction of cytoplasmic Hsp60
alone was sufficient to influence NPI. Thisisthefirst report of afunction for the
cytoplasmic pool of Hsp60 within VSMCs. In contrast to mitochondrial Hsp60, which
forms a multimeric structure with its co-chaperone Hspl10, cytoplasmic Hsp60 is
monomeric and independently interacts with different proteins (558). Cytoplasmic
Hsp60 can sequester pro-apoptotic factors like Bcl-2-associated X protein (Bax) and Bcl-
2 antagonist/killer-1 (Bak) by binding to them and thereby preventing mitochondrial pore
formation and induction of apoptosis (344,559). Thistype of interaction may be
occurring within our VSMCs which in turn may indirectly influence NPI by altering the
growth/death signal balance. Alternatively, we have shown that cytoplasmic Hsp60 was
also directly affecting proteinsinvolved in NPI. Importin-o, importin-f3 and Ran

expression were al increased in response to Hsp60 overexpression. All of these proteins
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play critica rolesin the import of cargo protein into the nucleus (446). The localization
of cytosolic Hsp60 at the nucleus (Hsp60 and HA, Figure 21) implies binding of Hsp60

to the nuclear envelope or an active shuttling of Hsp60 across the nuclear envelope.

Precedents have been observed for arole for heat shock proteinsin nuclear
trafficking. Heat shock stress has been shown to suppress the classical NPI pathway
through nuclear retention of importin-o. and -3 (499). The heat shock stress responseis
regulated by heat shock factors (Hsfs) leading to an upregulation of heat shock proteins
(560). Hsp70 can play an important role in NPI by regulating the export of importin-3
back to the cytoplasm (561). In addition, both Hsp70 and Hsp90 have been implicated in
the nucleocytoplasmic transport of specific cargo proteins (562,563). In the present
study, none of these other heat shock proteins could have affected our results since their

expression levels were not altered by an overexpression of Hsp60 (Figure 23).

Although cytoplasmic Hsp60 could induce changesin NPI on its own,
mitochondrial Hsp60 induced specific changes in nucleoporin (Nup62, Nup153)
expression. Physiologica and pathological conditions can also induce changesin Nup62
and Nup153 expression (113,115). This induction in nucleoporins may result from an
enhancement of the metabolic state in the cells as indicated by an increase in cellular

ATP levels (Figure 26B).

Our current findings have important pathological implications. VSMC

proliferation is akey mediator in vascular pathologies such as atherosclerosis (564).
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Human Hsp60 expression has been detected in V SM Cs within atherosclerotic lesions
(421). Furthermore, human Hsp60 co-localizes with chlamydial Hsp60 within the
atherosclerotic plagues (239). C. pneumoniae, including viable forms of the bacterium,
have also been localized within human atherosclerotic plagues (221). Importantly, C.
pneumoniae infection can initiate medial thickening and VSMC proliferation in situ
independently of a host immune response (525). Furthermore, this proliferative response
in the aortic tissue coincided with an increase in vascular Hsp60 expression (525). In the
present study, C. pneumonia also stimulated VSMC proliferation and Hsp60 expression.
It was not possible for us to test the direct effects of C. pneumoniae in NPI experiments
on the confocal microscope due to the danger of using live C. pneumoniae outside of a
sterile hood. However, as shown in Figure 28 and 29, C. pneumonia infection did alter
the expression of nucleoporins and the importins. Thiswould suggest a contribution
from both cytosolic and mitochondrial forms of Hsp60 in the C. pneumonia-mediated
response. The biphasic effect of C. pneumoniae on the expression of NPl machinery in
vitro and within avascular environment is consistent with previous data that indicated

that stress-mediated changesin NPI precede the proliferative responsein VSMCs (115).

In addition, we aso demonstrate the contribution of Hsp60 to aterationsin
components involved in NPI during atherosclerotic devel opment. Induction of Hsp60 in
this model occurred during the growth phase of atherosclerotic plaque and correlated with
the proliferative status within the atherosclerotic vessel wall, as indicated by PCNA
expression. Nup62 was similarly induced during the growth phase and its expression

correlated with Hsp60 throughout atherosclerotic development, whereas both Impf3 or
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Ran did not. We have previously demonstrated that oxLDL can induce Hsp60 expression
and alterations in Nup62 expression as well as NPI (115,343,423). Although not
addressed, we can postul ate that the elevated circulating cholesterol levels contributed to
theincreasesin oxLDL within the atherosclerotic lesion, and may, therefore, be involved
in the aterations observed. Interestingly, differential expression patterns for Hsp60
compared to Hsp70 and Hsp90 were observed during atherosclerosis. This would suggest
that Hsp60 induction might result from an Hsf1-independent mechanism. Alternative
pathways such as NF«kB signalling, are known to influence Hsp60 expression in this

manner (400).

Three distinctive stress agents relevant to the vascular remodelling processes in
hypertension and atherosclerosis —oxLDL, mechanical stretch and now C. pneumoniae
infection, have demonstrated an ability to induce both Hsp60 expression along with
aterationsin NPI leading to VSMC proliferation. This supports the contention that
Hsp60 may work as a common downstream mediator of VSMC proliferation during
atherosclerotic devel opment. Targeting Hsp60, therefore, may represent an effective
aternative therapeutic strategy. By targeting a common cellular process as opposed to
individual stressorsinvolved in cellular dysfunction, one may be able to prevent these
deleterious cardiovascul ar side effects of C. pneumoniae infection, mechanical stretch
and exposure to oxLDL. Additionally, our findings also carry with them important
considerations with regards to cancer treatment. Hsp60 expression is upregulated in a
number of different cancers (565). In addition to its anti-apoptotic effects within these

cells, it is possible that Hsp60 may aso modulate changes in NPI thus further
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accelerating tumor growth. Targeting nuclear protein import and/or Hsp60 may,
therefore, represent afruitful strategy to regulate pathological cell growth in many

chronic diseases (566).
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CHAPTER VIl : CONCLUSIONS AND FUTURE DIRECTIONS

Through these studies, we have identified that:

1) C. pneumoniae infection represents a causative agent for vascular remodelling
processes viainduction of medial thickening, endothelial dysfunction and

impairment of vascular contractile parameters.

2) Impairment of vascular contraction and relaxation induced by C. pneumoniae
infection may occur through changes in the oxidative status of the tissue, ion

transport and nitric oxide synthesisin the vessel wall.

3) C. pneumoniae infection can induce medial thickening and cell proliferation

within the vascular wall independent of contributions from a host immune

response.

4) C. pneumoniae infection can induce Hsp60 expression and these changesin

Hsp60 expression correlate with proliferative responses in the vessel wall and

during atherosclerotic devel opment.

5) Hsp60 directly modulates nuclear protein import leading to VSMC proliferation.
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6)

Vascular remodelling in response to C. pneumoniae infection or a high cholesterol
diet is associated with aterations in the expression of accessory proteins involved

in nuclear protein import.

Future studies that would complement these findings and further advance the field:

1)

2)

3)

4)

Evaluating the direct impact of persistent C. pneumoniae infection on vascular

remodelling processes employing our ex vivo coronary artery infection model.

Investigating the additive and/or synergistic effects of C. pneumoniae infection in
combination with other atherosclerotic risk factors (e.g. oxLDL) on vascular

remodelling processes employing our ex vivo coronary artery infection model.

Determining the direct contribution of C. pneumoniae infectionin VSMC
proliferation during restenosis following balloon injury employing our ex vivo

coronary artery infection model.

Evaluating the ability of other pathogens (e.g. H. pylori, CMV, P. gingivalis) to

stimulate vascular remodelling in the absence of a host immune response

employing our ex vivo coronary artery infection model.
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5)

6)

7)

8)

9)

Confirming the direct involvement of Hsp60 in stress-mediated VSMC
proliferation via alterations in NPI using loss-of-function approaches (e.g. SRNA

knockdown) in isolated VSMCs.

Determining the contribution of Hsp10 (Hsp60 co-chaperone) to VSMC
proliferation and modulation of NPI using overexpression approaches (Hsp10

alone and/or Hsp10/Hsp60 co-overexpresion) in isolated VSMCs.

Investigating the role of Hsf1 in stress mediated VSMC proliferation using
overexpression (e.g. heat shock, adenoviral-mediated overexpression) and loss-

of-function approaches (e.g. SsSRNA knockdown) in isolated VSMCs.

Evaluating the cell specific roles of Hsp60 during atherosclerotic development

using an EC- or VSMC-specific conditional knockout approach in atherosclerotic

mouse models.

Evaluating NPI parametersin cells directly derived from atherosclerotic plagues

(mouse and human).
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