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~ Chlamydia pneumoniae, an intracellular bacterial pathogen, is known as a leading cause of human
respiratory tract infections worldwide. Over the last decade, several reports in the literature have
suggested that infection with C. pneumoniae may contribute to the pathogenesis of atherosclerosis. In
order to play a causative role in chronic disease, C. pneumoniae would need to persist within infected tissue
for extended periods of time, thereby stimulating a chronic inflammatory response. C. pneumoniae has
been shown to disseminate systemically from the lungs through infected peripheral blood mononuclear
cells and to localize in arteries where it may infect endothelial cells, vascular smooth muscle cells,
monocytes/macrophages and promote inflammatory atherogenous process. The involvement of C.
pneumoniae in atherosclerosis was investigated by seroepidemiological and pathological studies, in vivo
and in vitro studies, and in clinical antibiotic treatment trials. This review will provide an update on the
role of C. pneumoniae in atherosclerosis focusing on the recent insights and suggesting areas for future

research.

Atherosclerosis is a major health problem in
developed countries, contributing to death in more
than 50% of patients affected (1). Atherosclerosis is
widely regarded as a chronic inflammatory process
in the artery vessel wall which is characterized by
endothelial injury, accumulation of monocytic cells,
and increased secretion of cytokines indicating an
active local inflammatory response.

A number of infectious agents have been
implicated in atherosclerosis, such as Helicobacter
pylori and Cytomegalovirus, but Chlamydia
pneumoniae (C. pneumoniae) is the sole viable
pathogen detected in atherosclerotic plaque arteries

(2).

C. prneumoniae, a common cause of respiratory
infections, is presumed to play a role in the
pathogenesis of atherosclerosis for its ability
to systemically disseminate via macrophages,
monocytes and lymphocytes migrating into vessel
walls or into vessels of pre-existing atheromatous
lesions (3-4).

C. pneumoniae, an intracellular obligate
pathogen, has a unique developmental cycle with
two alternating functional and morphological
forms: the elementary body (EB) and the reticulate
body (RB). The EB is the metabolically inert,
infectious form of the organism that is capable
of transient extracellular survival. The RB is the
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intracellular replicative form of the microorganism
but is not infectious (5). The developmental cycle
of C. preumoniae can be inhibited by treatment
with certain antibiotics, with cytokines such as
IFN-y or by nutrient depletion resulting in atypical
chlamydial forms (Fig. 1). These forms may persist
for a long time inside the host-cell and remain viable
in a culture-negative state. Persistent forms of C.
pneumoniae are inherently more suited to evade
the host immune response and are more difficult
to eradicate with antibiotics (6). This could lead to
extended survival of C. pneumoniae inside epithelial
cells and monocytes, which in combination with
the elimination of protective cells may promote the
development of chronic inflammatory diseases.

This review will provide an update on the role
of C. pneumoniae in atherosclerosis, focusing
on the recent insights that have been obtained in
seroepidemiological and pathological studies, in
vivo and in vifro studies, and in clinical antibiotic
treatment trials.

Seroepidemiological studies

Exposure to C. pneumoniae 1s extremely common
and infections occur repeatedly among most people.
Population prevalence studies demonstrate that
infections are not restricted geographically and that
re-infections occur frequently.

The first suggestion that C. preumoniae may
be associated with atherosclerotic cardiovascular
diseases was proposed in 1988 by Saikku et al. (7).
They showed that patients with acute myocardial
infarction and chronic heart diseases had anti-C.
preumoniae antibodies more frequently (68%) than
population controls (17%).

Since then, several studies (cross-sectional, case-
control, retrospective) have confirmed the association
between serological evidence of C. pneumoniae
infection and atherosclerotic  cardiovascular
diseases (2, 8). In contrast, large-scale prospective
studies, unlike cross-sectional studies that are not
able to determine a causal relationship between
C. pneumoniae and atherosclerotic cardiovascular
diseases, have failed to demonstrate such an
association (9).

The majority of seroepidemiological studies
used the microimmunofluorescence (MIF) test
that is considered by the Center for Disease

Control and Prevention to be the only currently
acceptable serological test. It is considered to be
the reference standard for serodiagnosis, despite the
significant limitations such as poor specificity and
reproducibility.

The poor specificity of MIF may result from
serological cross-reactivity with other chlamydial
species, as well as Mycoplasma, Bartonella, and
Yersinia species. In addition, drawbacks of MIF
include lack of standardization of reagents, technical
complexity, and subjective end points, all of which
result in significant intra- and inter-laboratory
variation of test performance (10).

Lastly, the interpretation of serologic results is
complicated since a large part of the population
has pre-existing IgG antibodies from previous
exposure(s) and, hence, it is difficult to identify
differences in seropositivity among patients and
controls.

Pathological studies

Further evidence that C. pmneumoniae might
play a role in atherosclerosis comes from studies
in which the microorganism has been identified in
atherosclerotic lesions by immunohistochemistry
(IHC), electron microscopy (EM), polymerase chain
reaction (PCR) and cell culture (CC) (2).

In 1992, Shor et al. (11) were the first to detect
C. pneumoniae by EM and THC in atherosclerotic
coronary plaques. About 100 studies were published
between 1992 and 2007 on direct detection of C.
preumoniae in atherosclerotic lesions.

The detection rates of C. preumoniae in
atherosclerotic lesions vary significantly among
studies; this variability may be attributed to the lack
of a standardized method. However, data collected
from studies show that C. pmneumoniae is more
common in atherosclerotic plaques (28%) than in
healthy vessels (7%) (2, 9, 12-13).

A total of 716 (53%) of 1,357 atherosclerotic
lesions were positive by THC. EM gave positive
results in 60 (45%) of 132 specimens. The percentage
of positive by PCR was significantly less: 1,240
(26%) of 4,817 specimens, whereas CC yielded
a prevalence of only 5%. The lowest positivity
frequency obtained with CC may be due to difficulty
in growing C. pneumoniae in cell culture, especially
from atherosclerotic tissue since this microorganism



Int. 1. T

pathol. Phar | 1 ]

is present in a non-cultivable, persistent state (10).
Data collected from studies evaluating the
presence of C. pmeumoniae DNA in PBMC
strongly suggested C. pneumoniae DNA in PBMC
as marker of chronic infection (14-17). Even more
important are the studies showing the presence of
C. pneumoniae DNA concurrently in PBMC (35%)
and atherosclerotic lesion (32%) obtained from the
same patient. Pooled data suggested that detection
of C. pneumoniae DNA in PBMC may be a rapid
alternative approach to identify subjects carrying
chlamydial DNA in the vascular wall (14-19).

In vive studies

The first animal models tested involved
genetically-induced hyperlipidaemic mice, diet-
induced hyperlipidaemic mice and cholesterol
fed New Zealand white rabbits. In these models,
repeated C. pneumoniae infection has been shown
to accelerate plaque development suggesting that C.
pneumnoniae is a co-risk factor with hyperlipidaemia
and that the atherogenic effects of C. pneumoniae
infection are contingent on the vascular response
to hyperlipidaemia (9). Furthermore, in both animal
models, C. pneumoniae was identified in foam cells
or at sites of inflammation.

In contrast, infection of normolipidaemic mice
and rabbits with C. pneumoniae did not induce plaque
development but transient inflammatory reactions
in the aorta (20). Importantly. atherosclerotic
plaques did not develop in mice after infection with
Mycoplasma pneumoniae, H. pylori and Chlamydia
trachomatis, showing that the atherogenic effect is
species specific to C. preumoniae (21).

Mouse models have also provided detailed
information about dissemination of C. preumoniae
to vasculature and to multiple organs. Indeed,
the presence of C. pmeumoniae, after intranasal
moculation, in lungs, spleen and buffy coats provided
the first experimental evidence that C. pneumoniae is
able to disseminate via the blood stream throughout
the body (20).

Further studies have tested the effect of antibiotic
treatment in modifying experimental atherogenesis
in Chlamydia-infected mice and rabbits. They
reported that azithromycin prevented accelerated
atherosclerosis in hyperlipidemic rabbits infected
with C. pneumoniae but did not appear to eradicate

the microorganism as demonstrated by ICC and
PCR. Furthermore, in vive infection models have
also demonstrated the evidence of persistent
chlamydial infection. In mice infected intranasally
with C. pneumoniae, the microorganism was
not cultured from lung tissue but it was detected
using PCR. Particularly convincing evidence of
chlamydial persistent infection comes from studies
that described reactivation of persistent infection in
infected mice (20).

In vitro studies

In vitro studies have shown that C. pneumoniae
has various pro-atherosclerotic effects on atheroma-
associated cells types (21). Infection of monocytes
with C. pneumoniae increases adherence of infected
monocytes to endothelial cells and promotes low
density lipoprotein oxidation, resulting in accelerated
uptake of cholesterol by macrophages and
subsequent foam cell formation. Furthermore, the
multiplication of C. pneumoniae inside monocytes
or macrophages triggers the production of pro-
inflammatory cytokines, such as interleukin (IL)-1
a, IL-6, tumor-necrosis factor (TNF)-a.. monocytes
chemoattract protein-1, macrophage inflammatory
protein la and TL-12, that may promote lesion
progression and 1L-10 that may prevent apoptosis
to perpetuate inflammation. Chlamydial heat shock
protein 60 (cHSP60) has also been observed to
activate macrophages, stimulating TNF-o and matrix
metalloproteinase expression, which may contribute
to plaque weakening and subsequent rupture.

Infection of endothelial cells with C. pneumoniae
upregulates expression of adhesion molecules
(endothelial-leukocyte adhesion  molecule-1,
intercellular adhesion molecule-1 and vascular
cell adhesion molecule-1), chemokines (monocyte
chemoattractant protein-1) and cytokines (IL-1, IL-
8, TNF-o) resulting in pro-atherosclerotic process
such as enhanced adherence and migration of
leukocytes. C. pneumoniae infection of endothelial
cells can also trigger smooth muscle cell (SMC)
proliferation through induction of endogenous
Hsp60 and platelet-derived growth factor (PDGF)
which is a strong mitogen.

There is also evidence that C. ppeumoniae induces
endothelial procoagulant activity through IL-8, IL-6
and plasminogen activator inhibitor-1 which would
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Fig. 1. The developmental cycle of C. pneumoniae. The
cyele can be inhibited by treatment with antibiotics,
cvtokines such as IFN-y, or by nutrient depletion
resulting in persistent forms.

further contribute to the atherosclerotic process.
Infection of SMC with C. pneumoniae induces the
production of IL-6, basic fibroblast growth factor
(bFGF) and matrix metalloproteinases, which may
contribute to plaque destabilization.

Although in vitro data point to atherosclerotic
effects of C. pneumoniae, most of this evidence still
has to be confirmed in vivo.

Clinical antibiotic treatment trials

Antibiotic treatment trials for the prevention
of cardiovascular events in animal models of
atherosclerosis have produced results that were so
encouraging as to inspire treatment trials in patients.

Numerous clinical trials have examined whether
treatment of C. pneumoniae is beneficial in the
secondary prevention of events in patients with
atherosclerotic cardiovascular diseases, but the
results have been inconclusive (9). The discordant
results may be due to the small number of patients,
inadequate dosing and duration of treatment, length
of observation, and patient population selected. In
addition, different serology criteria were used fto
define seropositivity to C. preumoniae in the patients
enrolled. Lastly, the reduction in inflammatory

markers rteported in several studies may be
secondary to inflammatory activity of macrolides
and tetracyclines (2).

Three large randomized trials, WIZARD,
PROVE-IT and ACES, were carried out which
involved a large number of patients, much longer
antibiotic treatments and more extended follow-up,
although they varied in the type of patients recruited
and in the antibiotic regimen used. None of these
three trials showed a reduction of the occurrence of
cardiovascular events (9).

Recently, a meta-analysis of all published clinical
trials that evaluated the effect of anti-chlamydial
antibiotic treatment on the outcomes of patients
with coronary artery diseases did not support any
benefit of antibiotic therapy in reducing mortality or
cardiovascular events in such patients (22).

However, the failure to improve clinical outcomes
by treatment with anti-chlamydial antibiotics does
not exclude C. pneumoniae infection as a potential
etiology of acute coronary events. The negative
results may be related to the pathobiology of C.
pneumoniae infection.  Indeed the infectious,
extracellular form of the microorganism is not
susceptible to antibiotics and may remain viable in
the organism for weeks or months. Furthermore, the
intracellular replicating form that is susceptible to
antibiotics can switch to the persistent form that is
not susceptible to antibiotics.

Conclusions and future prospectives

This review provides the current state
of knowledge of C. pneumoniae-associated
atherosclerosis, critically evaluating the available
data of different fields of research.

Although seroepidemiological studies have
initially helped to identify an intriguing and
potentially important association between C.

pneumoniae infection and atherosclerosis, they
show significant limitations. Indeed, neither the
serologic procedures nor the criteria to define
a past or chronic persistent infection with C.
pneumoniae are standardized. Lastly, serological
tests do not appear suitable for predicting vascular
infection since there is poor correlation between
anti-chlamydial antibodies and the presence of C.
preumoniae within atherosclerotic plaques.
Pathological studies have shown that C.
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pneumonige is more frequently detected in
atherosclerotic plaques than in healthy vessels
although a wide variability in C. pneumoniae
detection exists as a result of a lack of standardization
of used methods.

In vitro and in vive studies have provided
the evidence that C. preumoniae disseminates
systemically from the lungs through PBMC and
infects cells of the vascular wall involved in the
atherogenic process. It has also been demonstrated
that C. pneumoniae is able to induce inflammation
and initiate or promote lesion development in animal
models.

Clinical antibiotic treatment trials do not confirm
a causal relationship between C. pneumoniae and
atherosclerosis since they have failed to demonstrate
any effect of anti-chlamydial antibiotic treatment on
cardiovascular events.

Clearly, there is an important issue raised by the
studies on the association of C. pneumoniae with
atherosclerosis: the lack of well-standardized and
adequately validated diagnostic test for detecting C.
pneumoniae. This problem is made more difficult for
the presence of C. pneumoniae persistent forms which
are not consistently detectable by currently used
methods. This diagnostic limitation had important
implications on results of all studies concerning the
involvement of C. pneumoniae in atherosclerosis
and mainly on antibiotic trial data that would have
finally helped to establish a causal link between C.
preumoniae infection and atherosclerosis.

At present, the role of C. preuwmoniae in
atherosclerosis is still controversial. The recent
application of real-time PCR for C. pneumoniae
DNA detection in PBMC may be useful for assessing
the infection status. Therefore the measurement
of chlamydial load in PBMC will be helpful in
providing an understanding of pathogenesis of
the infection, degree of infectivity, and risk of
developing sequelae. It will be important for current
and future investigators to perform the monitoring of
chlamydial load in PBMC since this would provide a
logical basis for clinical antibiotic treatment trials.

Investigations on molecular mechanism involving
persistence and active forms of C. pneumoniae are in
progress. A better understanding of the ability of C.
pneumoniae to transform between these two stages,
will clarify the pathogenetic mechanism that link C.

pneumoniae to development of atherosclerosis.
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