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Abstract

Chlamydia pneumoniae is a common respiratory pathogen worldwide. It does not only cause acute
respiratory infections, but is also associated with chronic inflammatory diseases, such as asthma and
coronary heart disease (CHD). Chlamydial heat shock protein 60 (Hsp60) is associated with the
development of immunopathological damage following C. trachomatis infections, but the role of
Hsp60 in C. pneumoniae infections is unclear. A slightly elevated level of C-reactive protein (CRP),
as a marker of systemic inflammation, predicts cardiovascular events, but its role in asthma has not
been studied. The aim of this study was to develop an EIA method for the measurement of Hsp60
antibodies and for studying the host immune responses to C. pneumoniae and chlamydial and human
Hsp60 proteins, CRP levels and their interactions in asthma and CHD.

Elevated levels of serum IgA antibodies to the Hsp60 protein of C. pneumoniae were associated
with asthma and decreased pulmonary function. CRP levels were also higher in the asthma patients
than in the controls. The patients with moderate asthma had higher CRP levels than those with mild
asthma. The patients with a CRP level over 2 mg/l had higher levels of serum IgA antibodies to C.
pneumoniae and chlamydial Hsp60 than the patients with lower CRP levels. 

A prospective nested case-control study was carried out, to study the role of Hsp60 antibodies as
coronary risk predictors, and their association with C. pneumoniae infection and inflammation. The
participants were obtained from the Helsinki Heart Study: 241 myocardial infarctions or coronary
deaths occurred during the 8.5-year period among dyslipidemic middle-aged men. An elevated level
of human Hsp60 IgA antibodies in baseline serum predicted the occurrence of a coronary event
several years later, especially when present simultaneously with a high C. pneumoniae IgA antibody
level and an elevated CRP level. Further studies showed that only persistently, not transiently,
elevated levels predicted coronary events. The risk associated with elevated antibody levels increased
markedly in the presence of an elevated CRP level, and vice versa. 

In conclusion, these results suggest that chlamydial Hsp60 is involved in the association between
C. pneumoniae infection and asthma, while autoimmunity to human Hsp60 is implicated in the
association between C. pneumoniae infection and CHD. Inflammation evidently plays an important
role in these associations. It can also be concluded that IgA antibodies, compared to IgG antibodies,
against C. pneumoniae and Hsp60 are better markers of chronicity, especially when they are
persistently elevated.

Keywords: antibodies, asthma, C-reactive protein, cardiovascular diseases, chlamydia
infections, Chlamydiaceae, GroEL protein
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(A)MI  (acute) myocardial infarction 
BMI  body mass index 
CAD  coronary artery disease 
CHD  coronary heart disease 
CRP  C-reactive protein 
DNA  deoxyribonucleic acid 
EB  elementary body 
EIA  enzyme immunoassay 
EIU  enzyme immunoassay unit 
FEV1  forced expiratory volume in one second 
HDL  high-density lipoprotein 
HSF  heat shock factor 
Hsp  heat shock protein 
IC  immuno complex 
Ig  immunoglobulin 
LDL  low-density lipoprotein 
LPS  lipopolysaccharide 
MIF  microimmunofluorescence test 
MOMP  major outer membrane protein 
MS  multiple sclerosis 
Omp  outer membrane protein 
OxLDL  oxidised low-density lipoprotein 
PBS  phosphate-buffered saline 
PCR  polymerase chain reaction 
Pmp  polymorphic outer membrane protein 
RA  rheumatoid arthritis 
RB  reticulate body 
ReA  reactive arthritis 
RNA  ribonucleic acid 
RSV  respiratory syncytial virus 
TIA  transient ischaemic attack 
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1 Introduction 

Chlamydia pneumoniae is a common obligate intracellular bacterium that causes upper 
and lower respiratory infections worldwide (Grayston et al. 1990). In addition to acute 
infections, several chronic inflammatory diseases have been presumptively associated 
with C. pneumoniae infection. Increasing evidence implicates that a persistent lung 
infection caused by C. pneumoniae may contribute to the initiation, exacerbation and 
promotion of asthma symptoms (reviewed by Hahn 1999). A causal association between 
C. pneumoniae infection and asthma is biologically plausible based on the observations 
that asthma is a chronic inflammatory disease of the airways, and that chlamydiae are 
known to produce chronic inflammatory damage in target organs. Whether 
C. pneumoniae lung infections activate the same immunopathologic mechanisms that 
have been demonstrated for other chlamydial diseases has not been explored 
systematically. 

C. pneumoniae infection has also been linked with atherosclerosis � another chronic 
inflammatory disease. Evidence of a serological association of C. pneumoniae with 
atherosclerosis and its complications was first presented by Saikku et al. (1988a). Since 
then, a large number of seroepidemiological studies have confirmed these findings 
(reviewed by Leinonen & Saikku 2002). The actual presence of C. pneumoniae in 
atherosclerotic lesions has also been demonstrated in a number of studies and by various 
methods (reviewed by Kuo & Campbell 2000, Taylor-Robinson & Thomas 2000). 
Moreover, the presence of C. pneumoniae-specific T lymphocytes in atherosclerotic 
tissue specimens suggests that C. pneumoniae participates in the maintenance of the 
inflammatory response in the tissue and may thus be involved in the progression of the 
disease (Halme et al. 1999, Curry et al. 2000, Mosorin et al. 2000). In experimental 
animals, C. pneumoniae infection has been found to induce inflammatory changes and 
calcified lesions containing Chlamydia (Fong et al. 1997, Laitinen et al. 1997) and to 
accelerate the development of atherosclerosis (Moazed et al. 1999). 

Both asthma and atherosclerosis are chronic inflammatory diseases. C-reactive protein 
(CRP) is a typical acute phase reactant, whose concentration increases within hours of 
any tissue-damaging, inflammatory event, including acute bacterial infection (Ablij & 
Meinders 2002). Slightly elevated CRP levels, measured by high-sensitivity assays, have 
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been shown to predict cardiovascular events (Rifai & Ridker 2001, Ridker et al. 2002). 
The role of CRP in asthma has not been investigated. 

Heat shock proteins (Hsp) are a class of evolutionarily highly conserved proteins, 
which are produced by all organisms in response to stress or injury, including infection, 
to protect cells from unfavourable conditions (Kaufmann 1990). It has been suggested 
that Hsp60 may play a role in the pathogenesis of chlamydial infections. It is 
overproduced in persistent infections (Beatty et al. 1994a), and it has been associated 
with the hypersensitivity and immunopathology seen in these infections (Morrison et al. 
1989b). There is increasing evidence on the association between antibodies to chlamydial 
Hsp60 and the development of immunopathological damage following C. trachomatis 
infections (Peeling & Mabey 1999), but the role of Hsp60 in C. pneumoniae infections 
has not been clarified yet. Due to the high sequence homology between bacterial and 
human Hsps, these proteins have been postulated to be critical antigens in autoimmune 
diseases. There are studies suggesting that the host immune response to microbial Hsp60 
may lead to autoimmunity to human Hsp60 and, consequently, to the development of 
atherosclerosis (Kol et al. 1998, Mosorin et al. 2000,Wick et al. 2001). 



2 Review of the literature 

2.1  Heat shock proteins 

2.1.1  History 

When studying the genetic basis of animal development in the early 1960s, much of the 
attention was focused on the fruit fly called Drosophila melanogaster. It has an unusual 
genetic feature: its salivary gland cells contain four chromosomes in which DNA has 
been replicated thousands of times. During development, certain bands along these 
polytene chromosomes enlarge. Each puff results from a specific change in gene 
expression and can be seen through a light microscope. (Stryer 1995) 

In 1962, F.M. Ritossa noticed a new pattern of chromosomal puffing after exposure of 
isolated salivary glands to temperatures slightly above the optimal for the fly�s normal 
growth. Ten years later, it was demonstrated that these puffs represented specific 
transcription sites for the synthesis of a unique set of heat shock proteins (Hsp). By the 
end of the 1970s, it was evident that the heat shock response was an universal property of 
all cells and of all organisms. (Reviewed by Welch 1993) 

2.1.2  Heat shock response 

The heat shock response is one of the most highly conserved genetic systems known. In 
addition to heat, a wide variety of biological (infection, inflammation), physical 
(radiation, hypoxia) and chemical (alcohols, metals) stressors can induce the response 
(Macario & de Macario 2000). This is why the heat shock response is also called �stress 
response� and the heat shock proteins, in consequence, �stress proteins�. 

A model of the heat shock response is presented in Fig. 1. The response is controlled 
primarily at the transcription level by a heat shock factor (HSF). In unstressed cells, HSF 
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is present in the cytoplasm and the nucleus in a monomeric form that has no DNA 
binding activity through its interactions with Hsp70. In response to stress, the monomeric 
forms combine into trimers and accumulate within the nucleus. The response is very 
rapid, starting within minutes of the temperature rise. In the nucleus, the trimers bind to 
the heat shock elements (HSE), i.e. specific DNA sequences in the heat shock gene 
promoters. When attached to DNA, HSF becomes phosphorylated. The transcriptional 
activation of the heat shock genes leads to elevated levels of Hsps and to the formation of 
HSF-Hsp complexes. Finally, the trimeric forms of HSF dissociate from the DNA and are 
converted back into non-active monomers. The stress-dependent conversion of HSF into 
its active form implies that HSF is negatively regulated. The Hsps themselves may 
regulate the heat shock gene expression via an autoregulatory loop. According to this 
hypothesis, the increased concentrations of misfolded proteins formed during stress bind 
Hsp70, resulting in the activation of HSF. (Reviewed by Morimoto 1993) 

Fig. 1. A model of the heat shock response (modified after: Morimoto 1993) 
Vertebrate cells express a family of heat shock transcription factors (HSF1 to HSF4). 
They all share several structural features, and they are simultaneously expressed in most 
cells. However, there are functional differences between them. HSF1, an HSF prototype, 
and HSF3, a unique avian HSF, become activated in response to stress, whereas HSF2 
appears to be activated during differentiation and development rather than on cellular 
stress (Sistonen et al. 1994, Pirkkala et al. 2001). It has recently been observed that HSF2 
activity is negatively regulated by heat, suggesting a role for Hsps in the positive 
regulation of HSF2 (Mathew et al. 2001). HSF4 is the most recently discovered 
mammalian HSF. It is restricted to certain tissues, and its functions are not clear.  
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2.1.3  Heat shock protein families 

Hsps have been divided into families, which have been named according to their 
approximate molecular weight. The five main groups are Hsp100, Hsp90, Hsp70, Hsp60 
and the small Hsps (Knowlton 1997). Apart from size, the members of a given family 
also have several other features in common. They show, for example, a high degree of 
sequence homology among different species. Their functions are also very much alike 
regardless of whether bacteria, yeast, plant or animal cells are involved. (Kaufmann 
1990) 

2.1.4  Physiological functions 

A number of Hsps are expressed in normal, unstressed cells, where they act as 
chaperones, facilitating proper folding of other proteins. They correctly fold new proteins 
as they are synthesised not only on ribosomes but also in mitochondria. There are two 
protein pairs involved in the folding. One is composed of Hsp60 and Hsp10 and the other 
of Hsp70 and Hsp40. The Hsps work in series to unfold and then again to refold proteins 
as they pass across membranes, such as those in the nucleus and mitochondria. Hsp90 has 
the role of maintaining cytoplasmic hormone receptors in conformation with a high 
affinity for the particular hormone. (Reviewed by Knowlton 1997) 

Although many of the Hsps are present in cells under normal conditions, they all have 
been shown to be expressed increasingly in response to stress. With stress, Hsps stabilise 
and refold macromolecular structures. They refold proteins that have been partially 
denatured by stress and direct the irreversibly denatured proteins to degradation. 
Ubiquitin, which belongs to the group of small Hsps, is a major component of one 
degradation pathway. Hsp70 selectively targets cytosolic proteins to lysosomes for 
degradation. After a heat shock, Hsp70 has been found to be associated with the 
ribosomal subunits, and it is assumed to stabilise their structure. Ribosomal RNA 
synthesis as well as protein synthesis have been shown to be protected by Hsps. 
Furthermore, Hsps have a role in antigen processing and presentation. Especially 
members of the Hsp70 family are critically involved. (Reviewed by Knowlton 1997) 

2.1.5  Immunology 

2.1.5.1  Control of infection 

The pathogen is dependent on its Hsp synthesis for survival inside the host. Subsequently, 
elevated levels of pathogen Hsps in cells lead to rapid degradation of Hsp by the host. 
The pathogen-derived determinants are presented by the host cells and promote the 
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recognition of infected cells by the immune system. Hsps are among the major antigens 
recognised by the immune system in defence against infectious agents, and they are 
known to induce strong humoral and cellular immune responses in a number of 
infections. As shown in Table 1, immune responses to members of the Hsp60, Hsp70, and 
Hsp90 families, in particular, have been observed in infectious diseases caused by various 
microbes. (Reviewed by Zugel & Kaufmann 1999) 

Table 1. Immune response to Hsp in infectious diseases 

Pathogen Disease Hsp family 
Helminths 

Schistostoma mansoni Schistosomiasis Hsp70, Hsp90 
Onchocerca volvulus Onchocercosis Hsp70 
Brugia malayi Filiariasis Hsp70 

Protozoa 
Plasmodium falciparum Malaria Hsp70, Hsp90 
Trypanosoma cruzi Chagas� disease Hsp70, Hsp90 
Leishmania major Leishmaniasis Hsp70 
Leishmania donovani Leishmaniasis Hsp70 
Leishmania braziliensis Leishmaniasis Hsp70 
Toxoplasma gondii Toxoplasmosis Hsp60 

Fungi 
Candida albicans Candidiasis Hsp90 
Histoplasma capsulatum Histoplasmosis Hsp60, Hsp70 

Bacteria 
Mycobacterium tuberculosis Tuberculosis Hsp60, Hsp70 
Mycobacterium leprae Leprosy Hsp10, Hsp60, Hsp70 
Chlamydia trachomatis Trachoma, PID, TFI Hsp60, Hsp70 
Borrelia burgdorferi Lyme disease Hsp60, Hsp70 
Helicobacter pylori Gastritis Hsp60 
Yersinia enterocolitica Yersiniosis Hsp60 
Legionella pneumophila Legionnaire�s disease Hsp60 
Treponema pallidum Syphilis Hsp60 
Bordetella pertussis Pertussis Hsp60 
Listeria monocytogenes Listeriosis Hsp60, Hsp70 

PID, pelvic inflammatory disease; TFI, tubal factor infertility (modified after: Zugel & Kaufmann 1999, 
Kinnunen et al. 2001) 

2.1.5.2  Molecular mimicry 

Self-tolerance involves the elimination of self-reactive T cells in the thymus. By 
removing such T cells, the T cell repertoire is biased to react with foreign antigens. 
However, poor display or absence of self-peptides in the thymus as well as self-reactive T 
cells with low avidity may lead to incomplete negative selection. Such T cells will leave 
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the thymus and enter the periphery. Under normal conditions, the potentially self-reactive 
T cells that have avoided thymic selection are effectively controlled by mechanisms 
leading to peripheral tolerance. During infection, however, both host and microbial cells 
undergo dramatic changes in their living conditions. Thus, a stress response is induced 
not only in the pathogen but also in the host. The increased synthesis of these very similar 
sets of molecules occurs at the time of the active immune response. The molecular 
mimicry between self- and foreign Hsp antigens may represent one possibility for the 
activation of potentially self-reactive T cells in the periphery. For instance, if Hsp 
expression and the immune response to Hsp are inappropriately regulated, the elevated 
expression of microbial Hsps could break the tolerance for self-Hsps, allowing activation 
of specific immune reactions against the conserved regions of the host�s own Hsps. In 
fact, molecular mimicry has been widely discussed as one potential mechanism 
responsible for the induction of autoimmune disease. (Reviewed by Zugel & Kaufmann 
1999) 

2.1.5.3  Cell surface expression 

Bacterial Hsp60, and Hsp70 in some cases, have been shown to be expressed on the 
bacterial surface and to promote attachment to eukaryotic cells. This has been reported in 
several bacteria, such as Mycobacterium leprae (Gillis et al. 1985), Salmonella 
typhimurium (Ensgraber & Loos 1992), Haemophilus ducreyi (Frisk et al. 1998), 
Coxiella burnetii (Macellaro et al. 1998), Helicobacter pylori and Legionella 
pneumophila (Hoffman & Garduno 1999). Moreover, bacterial Hsp60 has been shown to 
be localised to the plasma membrane of viable cells in mice infected with an intracellular 
bacterium Listeria monocytogenes (Belles et al. 1999). In patients with Yersinia 
enterocolitica -triggered reactive arthritis (ReA), Yersinia Hsp antigens have been 
detected in peripheral blood mononuclear cells, polymorphonuclear phagocytes and 
synovial fluid cells (Granfors et al. 1998). 

In addition to bacterial Hsp, numerous studies have also reported self-Hsp expression 
on the surface of cells infected by viruses or bacteria (reviewed by Multhoff & Hightower 
1996). The surface-expressed self-epitopes enhance the opportunity for cells to become 
targets of self-reactive antibodies. Thus, Hsp surface expression has been found to be 
increased in affected tissues in several autoimmune disorders, supporting the possibility 
that overexpression of Hsp contributes to immunopathological changes (reviewed by 
Zugel & Kaufmann 1999). In patients with multiple sclerosis (MS), for example, 
mammalian Hsp60 has been identified on the surface of oligodendrocytes within lesions 
of brain tissue (Selmaj et al. 1991). Hsp60 has also been found surface-exposed in 
stressed rat aortic endothelial cells (Xu et al. 1994), in hamster ovary cells and in human 
lymphoblast cells (Soltys & Gupta 1997). In mammalian cells, Hsp60, in addition to 
being present in mitochondria, is also localised at discrete extramitochondrial sites 
(Soltys & Gupta 1996). 
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2.1.5.4  Human autoimmune diseases 

Hsps, Hsp60 in particular, have been associated with a number of human autoimmune 
diseases (Table 2). Increased serum levels of Hsp60 antibodies have been found in 
autoimmune diseases, such as rheumatoid arthritis (RA), Kawasaki disease, Behcet�s 
disease, psoriasis, atherosclerosis and systemic sclerosis (reviewed by Zugel & 
Kaufmann 1999). In RA, in which the association with Hsp60 is perhaps most evident, it 
has also been observed that antibodies against Hsp60 show reactivity to the patient�s 
synovial tissue (de Graeff-Meeder et al. 1990). Moreover, antibodies to human Hsp60 
cross-reacting with Escherichia coli Hsp60 have been demonstrated in RA patients 
(Hirata et al. 1997). 

In addition to the humoral response, responses of T cells to Hsps have been reported in 
certain human autoimmune diseases, such as RA, MS, ReA and Behcet�s disease 
(reviewed by Zugel & Kaufmann 1999). In ReA, T cell responses to Hsp60 epitopes 
shared by bacterial Hsp60 and self-Hsp60 seem to play a prominent role. This is 
supported by a response of T cells from synovial fluid to human Hsp60, to stressed host 
cells and to mononuclear cells isolated from inflamed joints (Hermann et al. 1991, 
Hermann et al. 1992). 

Table 2. Immune response to Hsp in human autoimmune diseases 

Disease Hsp family 

Rheumatoid arthritis (RA) Hsp60 
Systemic lupus erythematosus (SLE) Hsp90 
Multiple sclerosis (MS) Hsp60, Hsp70 
Reactive arthritis (ReA) Hsp60 
Kawasaki disease Hsp60 
Behcet�s disease Hsp60 
Psoriasis Hsp60 
Atherosclerosis Hsp60 
Systemic sclerosis Hsp60 
Chronic gastritis Hsp60 
Hashimoto�s thyroiditis Hsp60 
(modified after: Zugel & Kaufmann 1999) 

2.2  Chlamydia pneumoniae 

2.2.1  Taxonomy 

Although they were first considered as protozoa and later as viruses, chlamydiae are 
gram-negative obligate intracellular eubacteria. Originally, they were taxonomically 
categorised into their own order Chlamydiales, with one family, Chlamydiaceae, and a 



 25

single genus, Chlamydia (Moulder et al. 1984). The genus included four species: 
C. trachomatis, C. psittaci (Moulder et al. 1984), C. pneumoniae (Grayston et al. 1989) 
and C. pecorum (Fukushi & Hirai 1992). 

In 1999, it was recommended by Everett et al. (1999) that the genus Chlamydia should 
be divided in two genera, Chlamydia and Chlamydophila, containing altogether nine 
species (Table 3). In addition to the five new species, three new families 
(Parachlamydiaceae, Simniaceae and Waddliaceae) were also recommended. However, 
the proposal to change the taxonomic nomenclature for the Chlamyadiaceae family has 
not been generally accepted in the field (Schachter et al. 2001). 

Two of the species, C. trachomatis and C. pneumoniae, are common pathogens in 
humans, whereas the other species occur mainly in animals. C. trachomatis has been 
isolated only from humans and comprises two human biovars (trachoma and 
lymphogranuloma venereum, LGV), including a total of 18 serovars, whereas 
C. pneumoniae has one human biovar (TWAR) and two animal biovars, one infecting 
horses (biovar equine) and the other infecting frogs and koalas (biovar koala). 

Table 3. The family Chlamydiaceae as proposed by Everett et al. (1999) 

Species Host Route of entry  

Chlamydia 
C. muridarum Mouse, hamster Pharyngeal, genital 
C. suis Swine Pharyngeal 
C. trachomatis Human Pharyngeal, ocular, genital, rectal 

Chlamydophila 
C. abortus Mammals Oral, genital 
C. caviae Guinea pig Pharyngeal, ocular, genital, urethral 
C. felis Cat Pharyngeal, ocular, genital 
C. pecorum Mammals  Oral 
C. pneumoniae Human, frog, koala, horse Pharyngeal, ocular 
C. psittaci  Birds Pharyngeal, ocular, genital 

(modified after: Everett 2000) 

2.2.2  History 

The divergence of C. trachomatis and C. pneumoniae 125 million years ago preceded the 
appearance of higher primates and, finally, Homo sapiens 500 000 years ago (Stephens 
2002). Despite this, C. pneumoniae was only described quite recently. In the mid-1980s, 
an atypical strain of C. psittaci was found to be responsible for the epidemic of mild 
pneumonia that had occurred in Finland in 1978 (Saikku et al. 1985). The strain was 
called TWAR, which was an acronym of the first two Seattle isolates: TW-183, isolated 
in 1965 from the eye of a child during a trachoma vaccine trial in Taiwan, and AR-39, 
isolated in 1983 from a throat swab of a university student with pharyngitis in Seattle 
(Grayston et al. 1986). In 1989, the strain was identified as a separate species within the 
genus Chlamydia and named Chlamydia pneumoniae (Grayston et al. 1989). Since then, 
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it has been proposed that the species should be rather placed under the new genus called 
Chlamydophila, as distinct from the genus Chlamydia, and be renamed as Chlamydophila 
pneumoniae (Everett et al. 1999). However, as it was mentioned above, the proposal has 
not gained extensive support in the field (Schachter et al. 2001), and the previous 
designation, Chlamydia pneumoniae, is still widely used in publications. 

2.2.3  Developmental cycle 

Chlamydiae are intracellular bacteria that have a unique biphasic developmental cycle 
with two distinct morphological forms. The extracellular, infectious form (0.3 µm) is 
called elementary body (EB), and the intracellular, replicating form (1.0 µm) is called 
reticulate body (RB). Infectious EBs start the cycle by attaching to a susceptible host cell 
membrane. They gain access into the host cell via either parasite-specified phagocytosis 
or receptor-mediated endocytosis. When inside the cell, the chlamydiae remain within an 
enlarging intracellular vacuole, a characteristic inclusion, avoiding lysosomal fusion and 
hence destruction. During the first few hours, EBs differentiate into metabolically active 
RBs. By using the host cell�s energy and nutrient resources, RBs begin to multiply by 
binary fission. After multiple rounds of division, RBs start to transform back to EBs. 
Finally, by exocytosis or host cell lysis, the infectious EBs are released into the 
cytoplasm, to initiate new cycles in new host cells. (Reviewed by Hatch 1999) 

In cell culture conditions, the duration of the developmental cycle is between 2 and 3 
days. In natural infections, the situation is more complicated, and the normal 
development of Chlamydia is easily disturbed. Certain circumstances (nutrient 
deficiency, interferon-gamma, antibiotics) may result in morphological alterations of RBs 
and the emergence of enlarged, atypical chlamydial forms (Beatty et al. 1993). These 
aberrant forms may persist inside the host cell in a viable but culture-negative state for a 
long time. The cycle of both normal and altered development of Chlamydia is presented 
in Fig. 2. 
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Fig. 2. Developmental cycle of Chlamydia (modified after: Beatty et al. 1994b) 

2.2.4  Structure 

At all stages of development, chlamydial cells appear to be surrounded by a double 
membrane, a characteristic feature of gram-negative bacteria. However, unlike other 
gram-negative bacteria, chlamydiae do not have a peptidoglycan layer in the space 
between the two membranes (Barbour et al. 1982, Fox et al. 1990). On the other hand, 
they contain penicillin-binding proteins, and the presence of peptide crosslinks analogous 
to those between peptidoglycan backbones has been suggested (Barbour et al. 1982). The 
genomic sequence of C. trachomatis revealed the presence of genes for peptidoglycan 
synthesis, membrane assembly and recycling (Stephens et al. 1998). Peptidoglycan has 
been suggested to be needed in RB cell division (Brown & Rockey 2000). 

Lipopolysaccharide (LPS), which is a general endotoxin in gram-negative bacteria, is 
localised on the surface of Chlamydia, both at EBs and RBs (Birkelund et al. 1989). 
Chlamydial LPS is structurally similar to the rough form of LPS found in enterobacteria, 
having both a cross-reactive epitope and a genus-specific epitope (Nurminen et al. 1983, 
Brade et al. 1987). In addition to the rough-type LPS, a smooth form of chlamydial LPS 
has also been found (Lukacova et al. 1994). The structure of LPS is not identical in all 
chlamydial species, and compared to the LPS of enterobacteria, chlamydial LPS has 
much lower endotoxin activity (Nurminen et al. 1983, Brade et al. 1987, Ingalls et al. 
1995). 

The outer membrane contains proteins named outer membrane proteins (Omp). The 
most abundant of them is the major outer membrane protein (MOMP) of 38 to 42 kDa, 
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comprising about 60% of Omps (Caldwell et al. 1981). MOMP contains serovar-, 
subspecies- and species-specific epitopes that can be identified by monoclonal antibodies 
(Campbell et al. 1990, Perez Melgosa et al. 1991). MOMP is surface-localised not only 
on C. trachomatis and C. psittaci, as first thought (Knudsen et al. 1999), but also on 
C. pneumoniae (Wolf et al. 2001). However, the MOMP of C. pneumoniae appears to be 
less immunogenic and antigenically complex than that of the other chlamydiae (Campbell 
et al. 1990, Perez Melgosa et al. 1991). 

Omp3, a small cysteine-rich protein, is synthesised late in the developmental cycle, 
and it is not exposed at the surface of Chlamydia (Collett et al. 1989). Omp2 is a 60-kDa 
cysteine-rich protein, and it has been suggested to be surface-exposed (Ting et al. 1995, 
Stephens et al. 2001). On the other hand, it has been suggested that Omp2 is the structural 
element for the hexagonally arrayed structures, and only seen at the inner surface of the 
outer membrane complex (Mygind et al. 1998). 

Proteins named polymorphic outer membrane proteins (Pmps) have also been 
localised in the outer membrane (Longbottom et al. 1998, Knudsen et al. 1999). Each of 
the three studied Chlamydia species has a family of distantly related Pmp genes. The 
highest number of such genes, 21, has been found in C. pneumoniae (Kalman et al. 
1999). The C. pneumoniae Pmp gene family consists of a heterogeneous group of genes 
with low identity but with shared characteristics. They resemble members of the 
autotransporter family (Christiansen et al. 2000). Most of the genes encode proteins 90 to 
100 kDa in size. Pmps have been shown to be localised on the surface of C. pneumoniae 
(Knudsen et al. 1999). 

Chlamydiae also contain heat shock proteins. The genes encoding Hsp10, Hsp60 and 
Hsp70 have been cloned and sequenced (Morrison et al. 1989a, Danilition et al. 1990, 
LaVerda & Byrne 1997). These genes are continuously expressed throughout the 
developmental cycle. The Hsps are highly conserved within chlamydial species, 
including C. pneumoniae (Kikuta et al. 1991, Kornak et al. 1991). All three Hsps can be 
found in the outer membrane complexes of both EBs and RBs (Brunham & Peeling 
1994). Chlamydial Hsp60 and Hsp70 are highly immunogenic during natural infection 
(Brunham & Peeling 1994). 

In the inclusion membrane, there exists a group of proteins called inclusion membrane 
proteins (Inc). The first of them was demonstrated in C. psittaci by Rockey et al. (1995) 
and named IncA. Since then, six other Incs, from IncB to IncG, have been characterised 
(Bannantine et al. 1998, Scidmore-Carlson et al. 1999). However, a genome search of 
C. trachomatis revealed 46 candidates as potential members of Incs (Bannantine et al. 
2000). Six of the genes were selected for antibody production, and five of these were 
shown to be located in the inclusion membrane. The genome of C. pneumoniae contains 
an even higher number of hypothetical Inc proteins (Rockey et al. 2000). The potential to 
export such a high number of Incs to the inclusion membrane suggests that the inclusion 
membrane may have several functions in vesicle trafficking, inclusion development, 
avoidance of lysosomal fusion, nutrient acquisition and signalling associated with EB-
RB-EB reorganisation. 
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2.2.5  Pathogenesis 

Different chlamydial species as well as different biovars infect different cell types. The 
human biovar of C. pneumoniae has been shown to be able to infect and multiply in 
endothelial cells, smooth muscle cells, monocytes/macrophages and lymphocytes in vitro 
(Kaukoranta-Tolvanen et al. 1994, Gaydos et al. 1996, Fryer et al. 1997, Airenne et al. 
1999, Haranaga et al. 2001). The dissemination of C. pneumoniae has been studied in 
mouse models. After intranasal inoculation, C. pneumoniae spreads systemically in mice, 
and it can be isolated from lungs, spleen and peritoneal macrophages (Yang et al. 1995). 
Intravenous and subcutaneous inoculations also result in disseminated infections. It has 
further been shown, also in mice, that C. pneumoniae has an ability to disseminate 
systematically via infected macrophages along hematogenous and lymphatic routes 
(Moazed et al. 1998). 

The host defence mechanisms seem to be unable to eradicate Chlamydia or to provide 
protection from reinfections. Therefore, repeated infections with Chlamydia are common 
(Ward 1995). Repeated and persistent chlamydial infections are associated with adverse 
outcomes, in which Hsps seem to have a role (Beatty et al. 1994b). Chlamydial Hsp60 
has been shown to elicit an ocular delayed hypersensitivity response (Morrison et al. 
1989b), and its expression has been shown to be increased in persistent infection with 
C. trachomatis (Beatty et al. 1994a). An enhanced immune reaction against chlamydial 
Hsp60 is more typically associated with chronic upper genital tract conditions than with 
acute infections of the lower genital tract (Peeling & Mabey 1999). Serum antibodies to 
chlamydial Hsp60, as well as Hsp60-specific T cell responses, have been shown to be 
associated with blinding trachoma, salpingitis, pelvic inflammatory disease, ectopic 
pregnancy and tubal factor infertility following ocular and genital C. trachomatis 
infections (reviewed in Kinnunen et al. 2001). In diseases associated with C. pneumoniae 
infection, antibody responses to chlamydial Hsp60 in asthma (Hahn et al. 2000), 
arteriosclerosis (Ciervo et al. 2002, Mahdi et al. 2002) and acute anterior uveitis 
(Huhtinen et al. 2001) have been reported. Since Hsp60 is highly conserved, an 
autoimmune response to human Hsp60 may have a role in chlamydial pathogenesis. 
Indeed, antibodies to chlamydial Hsp60 have been shown to cross-react with human 
Hsp60 (Domeika et al. 1998), and both chlamydial and human Hsp60 proteins are 
localised in atherosclerotic plaque macrophages (Kol et al. 1998). It has also been found 
that Hsp60 of C. pneumoniae induces foam cell formation by inducing oxidation of LDL 
in monocytes (Kalayoglu et al. 1999). 

2.2.6  Epidemiology 

C. pneumoniae is a common respiratory pathogen worldwide. Most likely, it is primarily 
transmitted from human to human by the respiratory tract without any animal reservoir 
(Saikku et al. 1985, Kleemola et al. 1988). C. pneumoniae infection spreads slowly. The 
incubation period is several weeks, which is longer than that for many other respiratory 



 30

pathogens (Kuo et al. 1995). The time span of infection spread in families is shorter, 
however, ranging from 5 to 18 days (Mordhorst et al. 1992, Blasi et al. 1994). 

C. pneumoniae infections appear to be most common among school-aged children 
(Kuo et al. 1995). In some areas, however, infections are already common in children 
aged 1 to 4 years (Saikku et al. 1988b, Normann et al. 1998). The prevalence increases 
dramatically after the age of 5, and by the age of 20, half of the population are estimated 
to have detectable antibody levels. Thereafter, seroprevalence continues to increase in 
adult age, but at a slower rate, and reaches a level of approximately 75% in the elderly 
(Saikku 1992, Kuo et al. 1995). Seroprevalence rates continue to be this high despite the 
fact that some individuals lose their antibodies over a period of several years, suggesting 
that the majority of people are infected during their lifetime, and that reinfections are 
common (Grayston et al. 1990). 

Seroprevalence is almost equal in both sexes up till adolescence, but higher among 
adult men than adult women (Saikku 1992, Kuo et al. 1995). In addition to male sex, 
smoking has been shown to be associated with C. pneumoniae infection (Hahn & 
Golubjatnikov 1992, Karvonen et al. 1994, Laurila et al. 1997b, von Hertzen et al. 1998, 
Mayr et al. 2000). 

C. pneumoniae infections occur annually, but cyclic variations have been 
demonstrated. Periods of 2 to 3 years with high incidence rates are followed by 4 to 5 
years of lower incidence (Schachter & Grayston 1998). The first observations of 
C. pneumoniae epidemics came from Finland, where C. pneumoniae caused two 
outbreaks in civilian communities in 1978 and four in military garrisons in 1977�1978 
and 1985�1987 (Saikku et al. 1985, Kleemola et al. 1988, Ekman et al. 1993a). It has 
been shown that C. pneumoniae was endemic in Finland as early as 1958 (Karvonen et 
al. 1992). During these epidemics, 43% of pneumonia cases were caused by 
C. pneumoniae (Ekman et al. 1993b, Kauppinen et al. 1995). At other times, 
C. pneumoniae causes approximately 10% of all community-acquired pneumonias 
(Saikku 1992). 

2.2.7  Clinical manifestations 

C. pneumoniae is a respiratory pathogen that causes both upper and lower respiratory 
tract diseases. The majority of C. pneumoniae infections are asymptomatic or mild upper 
respiratory tract infections (Saikku 1992, Miyashita et al. 2001b). Involvement of 
C. pneumoniae infection has been described in common cold, persistent cough, 
pharyngitis, sinusitis and otitis media (reviewed in Blasi 2000). Pneumonia and acute 
bronchitis are the most frequently recognised lower respiratory tract diseases associated 
with C. pneumoniae infection (Kuo et al. 1995). In addition to acute respiratory 
infections, several chronic respiratory tract inflammatory diseases have also been 
associated with C. pneumoniae infection. These include chronic bronchitis and chronic 
obstructive pulmonary disease (COPD) as well as sarcoidosis (reviewed in Blasi 2000, 
Saikku 2002). A number of studies also speak for an association between C. pneumoniae 
and asthma (reviewed by Hahn 1999). 
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In addition to respiratory tract infections, C. pneumoniae has been associated with 
cardiovascular diseases. Subacute inflammatory conditions, such as endocarditis, 
myocarditis and vasculitis, have been reported to follow C. pneumoniae infections 
(reviewed in Saikku 2002). The association of C. pneumoniae infection with coronary 
heart disease (CHD) and acute myocardial infarction (AMI) was discovered in 1988 by 
Saikku et al. (1988a). Although no causal association between C. pneumoniae infection 
and atherosclerosis has been demonstrated, up to 500 papers have been published to 
support the theory that C. pneumoniae infection is involved in the clinical diseases 
associated with atherosclerosis and its complications, such as AMI, stroke, transient 
ischaemic attack (TIA) and abdominal aortic aneurysm (AAA) (reviewed in Ngeh et al. 
2002). 

A role for C. pneumoniae in cerebrovascular diseases, such as stroke and TIA, has 
been suggested in a number of studies, and the organism has been reported to be present 
in cerebral vessels. There are some reports on an association of C. pneumoniae with acute 
infections of the central nervous system, such as meningoencephalitis and Guillain-Barre 
syndrome. Furthermore, C. pneumoniae may play a role in two major neurological 
disorders: MS and Alzheimer�s disease. (Reviewed in Saikku 2002) 

C. pneumoniae infection has also been associated with cancer: small and squamous 
cell lung cancer, non-Hodgkin�s lymphoma and the rare Szezary�s syndrome. Other 
diseases associated with C. pneumoniae infection include erythema nodosum, ReA, 
Sweet�s syndrome and eye diseases (conjunctivitis, iritis and uveitis). (Reviewed in 
Saikku 2002). 

Table 4. Acute and chronic diseases associated with C. pneumoniae 

Respiratory tract 
diseases 

Cardiovascular 
diseases 

Neurological  
disorders 

Others 

Common cold Carditides Headache Lung cancer 
Persistent cough Vasculitides Encephalitis Non-Hodgkin lymphoma 
Pharyngitis Cardiomyopathy Guillain-Barre syndrome Szezary�s syndrome 
Sinusitis Hypertonia Multiple sclerosis (MS) Erythema nodosum 
Otitis media CHD Alzheimer�s disease Reactive arthritis (ReA) 
Pneumonia AMI  Sweet�s syndrome 
Bronchitis Stroke  Conjunctivitis 
COPD TIA  Iritis 
Sarcoidosis AAA  Uveitis 
Asthma    
COPD, chronic obstructive pulmonary disease; CHD, coronary heart disease; AMI, acute myocardial infarction, 
TIA, transient ischaemic attack; AAA, abdominal aortic aneurysm (modified after: Saikku 1999, Saikku 2002) 
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2.2.8  Diagnosis 

2.2.8.1  Culture 

Although culturing of the organism is the golden standard in chlamydial diagnosis, and 
C. trachomatis is relatively easy to culture in acute infections, the task of isolating and 
growing C. pneumoniae is more difficult. Isolation is best performed by cell culture, the 
most sensitive cell lines being HL (Cles & Stamm 1990, Kuo & Grayston 1990) and Hep-
2 (Roblin et al. 1992, Wong et al. 1992). The sensitivity of cell culture in the diagnosis of 
acute C. pneumoniae respiratory infection is approximately 60% compared to serology, 
while specificity is close to 100%. However, isolation from the chronic stage is much 
more difficult. The probable reason for the difficulties of isolation in chronic stages is 
that deeper tissues are involved, such as lung interstitial macrophages, arterial wall 
macrophages and smooth muscle cells. These sites are not readily accessible by routine 
sample collection methods. Additionally, chlamydial titres are low due to poor growth in 
these cells. The lesions in chronic infections are also extensively affected by activated 
defence mechanisms. (Reviewed by Kuo 1999, Saikku 1999) 

2.2.8.2  Serology 

So far, serology has been the most frequently used method for diagnosing C. pneumoniae 
infections. The best serological evidence of acute infection is a four-fold rise in IgG or 
IgA antibody titre between paired sera taken several weeks apart. A positive IgM 
antibody titre is also considered a marker of a current or recent infection. In primary 
infection, IgM antibodies are produced about 3 weeks after the onset of the illness, 
whereas IgG and IgA antibodies may not appear until 6�8 weeks after onset. In 
reinfection, on the other hand, IgM antibodies appear only at low titres, if at all. IgG and 
IgA titres rise quickly, within 1 or 2 weeks, and may reach very high levels. IgM titre 
usually begins to fall within 2 months and disappears within 4�6 months. IgA antibodies 
also have a short half-life, whereas IgG antibodies persist in the body and may be 
detectable for more than 3 years. Especially older patients, who have probably had 
multiple C. pneumoniae infections, may have persistently high IgG titres. (Reviewed in 
Kuo et al. 1995) 

Serology is an inadequate indicator of chronic infection (Saikku 1999). It does not 
indicate the locality of the possible chronic process, and the high frequency of 
C. pneumoniae antibodies in people makes it difficult to prove an association with a 
specific disease. In spite of these problems, continuously elevated antibody titres have 
been considered a reliable marker of chronic infection (reviewed by Saikku 1999). 
Persistent production of IgA antibodies, compared to long-lasting IgG antibodies, seems 
to be a better marker in chronic infections (Saikku et al. 1992, Laurila et al. 1997a, 
Laurila et al. 1997b). 
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The diagnosis is generally made with the microimmmunofluorescence (MIF) test, 
which was developed in the early 1970s (Wang & Grayston 1970). When properly 
performed and read, this test is the most sensitive and specific method for diagnosing 
acute C. pneumoniae infections. The test measures antibodies against C. pneumoniae 
using EBs as antigen. It is able to measure separately antibodies in the IgA, IgM and IgG 
classes and is therefore suitable for distinguishing recent from past infections as well as 
primary from reinfections (Kuo et al. 1995). The antibodies may be measured not only 
from serum samples, but also from circulating immune complexes (IC) after precipitation 
(Linnanmäki et al. 1993) and from sputum samples (von Hertzen et al. 1995). ICs are 
complexes of microbial antigens and antibodies produced in defence against pathogens. 
Their consistent presence in the circulation is a sign of continuous production of 
microbial antigens and, thus, a potential marker of persistent infection. This is typical in 
many chronic viral and bacterial diseases (reviewed by Saikku 1999). 

Enzyme immunoassay (EIA) is also able to differentiate between the three antibody 
classes. EIA kits with LPS-extracted EBs or synthetic peptides unique to C. pneumoniae 
as antigen are commercially available. However, problems with sensitivity and specificity 
have been observed. If the absorbance threshold is raised to increase the specificity of the 
assay, sensitivity decreases, and vice versa. (Reviewed by Peeling 1999) 

The complement fixation (CF) test detects antibodies against chlamydial LPS. It is 
therefore unable to differentiate between the species. Although lacking in specificity, the 
CF test is technically much less demanding than MIF and has objective endpoints. 
Another thing in favour of the CF test is that LPS antibodies are produced very early in 
primary infection. The sensitivity of the CF test in primary infection is about 60%. In 
reinfections, on the contrary, the CF test is not a suitable method: complement-fixing LPS 
antibodies are rarely detectable by the CF test, whose sensitivity is only 10%. (Reviewed 
by Peeling 1999) 

2.2.8.3  Antigen detection 

Monoclonal antibodies specific for C. pneumoniae enable the detection of C. pneumoniae 
EBs in various samples. Their performance in direct fluorescent antibody (DFA) tests 
appears to be fairly comparable (Montalban et al. 1994). The sensitivity of DFA is 20 to 
60% compared to culture or serology. It is somewhat higher for specimens from deep 
sites (Peeling 1999). EIA kits designed for C. trachomatis can be used for the detection of 
C. pneumoniae, because the capture antibody used in these kits is the genus-specific LPS 
(Peeling 1999). LPS antigens have also been detected by EIA from circulating ICs 
(Leinonen et al. 1990). The method is not easy and does not seem equally sensitive as 
antibody detection (Saikku 1999). In cases of chronic C. trachomatis infection, antigen 
detection has proved suitable compared to isolation, since antigen detection does not 
require the presence of viable organisms (Schachter et al. 1988). 
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2.2.8.4  Polymerase chain reaction (PCR) 

The ability of the PCR technique to amplify small amounts of specific nucleic acid has 
made it an important and convenient diagnostic tool with a potential to detect 
C. pneumoniae rapidly and reliably. Several different targets (16S rDNA, MOMP, pmp4), 
primers and reaction protocols have been described for the detection of C. pneumoniae 
DNA. PCR detects as few as 10�100 EBs. Nested PCR with amplification in two steps 
utilising two different primer pairs may greatly enhance both sensitivity and specificity 
(Black et al. 1994, Boman et al. 1997). Recently, a quantitative real-time PCR technique 
has also been developed for the detection of C. pneumoniae (Mygind et al. 2001). 
Suitable specimens include nasopharyngeal and throat swabs, bronchoalveolar lavage 
(BAL), sputum, gargled water, blood and tissue from biopsy or autopsy. As PCR can 
detect the presence of C. pneumoniae DNA from non-infectious RBs and non-viable EBs, 
PCR tests are expected to be more sensitive than culture methods. It has been estimated 
that PCR, in general, is at least 25% more sensitive than culture. Detection of cDNA by 
reverse transcriptase-PCR of mRNA may be a useful complement to cell culture in 
assessing whether the infection is active or productive (Khan et al. 1996). Guidelines 
have been developed to minimise the risk of false-positive as well as false-negative 
results. One important issue is the standardisation of protocols, in which the increased use 
of automation and the introduction of commercial diagnostic kits are playing an 
important role. (Reviewed by Boman & Gaydos 1999) 

Table 5. Laboratory methods for diagnosing C. pneumoniae infection 

 Culture Serology Antigen 
detection 

PCR 

Detection Organism Antibodies Antigens DNA 
Specimen NP/throat swab, 

BAL, sputum 
Blood NP/throat swab, 

BAL 
NP/throat swab, BAL, 
sputum, gargled water, 
blood, tissue from 
biopsy/autopsy 

Sensitivity 50�75% 60�80% 20�60% 10�100 organisms 
Specificity 100% 90�100% 70�95% 95�100% 
Time frame 3�12 days 1�2 days* 1 hour 1�2 days 
Specimen transport 4°C/frozen RT/4°C RT RT 
Interpretation of results Subjective Subjective Subjective Objective 
NP, nasopharyngeal; BAL, bronchoalveolar lavage; RT, room temperature. *paired sera nearly always needed 
(modified after: Peeling 1999) 

2.2.9  Treatment 

A number of different antibiotics have been tested in search for an appropriate treatment 
for C. pneumoniae infection. Azithromycin and clarithromycin are two macrolides which 
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have shown high activity against the organism in vitro (Agacfidan et al. 1993, Welsh et 
al. 1996). Some of the new fluoroquinolones and ketolides, a new class of macrolides, 
have also turned out effective (Roblin & Hammerschlag 1998, Strigl et al. 2000, 
Miyashita et al. 2001a, Miyashita et al. 2002). The organism is not susceptible in vitro to 
sulpha drugs, and penicillin and ampicillin prevent the growth of the organism, but do not 
destroy it (Kuo et al. 1995). Clinical experience has shown that the symptoms of 
C. pneumoniae infection frequently recur after short or conventional courses of 
appropriate antibiotics, and intensive long-term therapy is therefore highly recommended 
(Kuo et al. 1995). Inappropriate antibiotic treatment may lead to chronicity of the disease. 
The insidious nature of C. pneumoniae infection makes prevention very difficult, and the 
development of anti-chlamydial vaccines remains an important goal for researchers. 

2.3  Asthma 

2.3.1  Definition 

Asthma was earlier defined merely in terms of its impact on lung function: airflow 
limitation, its reversibility and airway hyperresponsiveness (American Thoracic Society 
Committee on Diagnostic Standards for Nontuberculous Diseases 1962). However, 
appreciation of the key role of the underlying inflammatory response led to a more 
complete definition of asthma (National Heart, Lung, and Blood Institute 1997). Based 
on the functional consequences of airway inflammation, the following operational 
description of asthma was given: 

�Asthma is a chronic inflammatory disorder of the airways in which many cells and 
cellular elements play a role. The chronic inflammation causes an associated increase 
in airway hyperresponsiveness that leads to recurrent episodes of wheezing, 
breathlessness, chest tightness, and coughing, particularly at night or in the early 
morning. These episodes are usually associated with widespread but variable airflow 
obstruction that is often reversible either spontaneously or with treatment.� (National 
Heart, Lung, and Blood Institute 2002) 

Common exacerbations of asthma (attacks or worsening of asthma symptoms and lung 
function) involve features of the inflammatory response, such as mucosal swelling, 
excessive secretions and increased airway responsiveness. Exacerbations may be rapid in 
onset or occur gradually. Under both circumstances, they may be severe and even result 
in death in the absence of effective treatment. More often, however, the symptoms are 
less severe and may occasionally be totally absent. (National Heart, Lung, and Blood 
Institute 2002) 
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Fig. 3. Mechanisms underlying the definition of asthma (National Heart, Lung, and Blood 
Institute 2002) 

2.3.2  Risk factors 

The risk factors for asthma may be classified as host factors, which predispose 
individuals to or protect them from developing asthma, and environmental factors, which 
influence the susceptibility to the development of asthma in predisposed individuals, 
precipitate asthma exacerbations and/or cause symptoms to persist (National Heart, Lung, 
and Blood Institute 2002). 

Host factors include the genetic predisposition to the development of either asthma or 
atopy, airway hyperresponsiveness, gender and race. The main environmental factors that 
influence susceptibility to the development of asthma in predisposed individuals include 
exposure to indoor and outdoor allergens (domestic mites, animals, fungi, molds, yeasts, 
pollens) and occupational sensitisers, air pollutants, viral and bacterial respiratory 
infections, diet, tobacco smoke (both active and passive smoking), socioeconomic status 
and family size. The environmental factors involved in the development of asthma 
exacerbations are called triggers. They cause asthma exacerbations by inducing 
inflammation or provoking acute bronchoconstriction or both. They vary from person to 
person and from time to time. These factors cannot cause asthma to develop initially, but 
once it is present, they can exacerbate it. Exposure to allergens and respiratory (viral) 
infections are the main factors responsible for exacerbations of asthma and/or persistence 
of symptoms. Other factors include exercise and hyperventilation, adverse weather 
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conditions, extreme emotional expression, irritants and sulphur dioxide. (National Heart, 
Lung, and Blood Institute 2002) 

2.3.3  Asthma and respiratory infections 

Viral respiratory infections are the most common precipitating factors of acute asthma 
(Carlsen et al. 1984). They have been found to provoke wheezing in many patients and to 
be associated with increased asthma symptoms. The most common respiratory viruses in 
infancy are respiratory syncytial viruses (RSV) and parainfluenza virus, while common 
cold viruses are the principal triggers of wheezing in older children and adults with 
asthma (reviewed by Gern & Busse 2000). 

Several studies have demonstrated an association between severe viral respiratory 
infections, particularly RSV bronchiolitis, in early life and later development of 
wheezing, asthma and atopic sensibilisation (Pullan & Hey 1982, Gern 2000, Sigurs et al. 
2000). There are also opposite findings. A large epidemiologic study has clearly shown a 
protective effect of frequent upper respiratory infections during the first year of life on 
the risk of later development of atopy and asthma, even in children with a family history 
of atopic diseases (Illi et al. 2001). Similar data from the United States show that 
conditions associated with increased respiratory infections early in life protect against the 
development of asthma (Ball et al. 2000). 

What is clear is that acute respiratory viral infections cause asthma exacerbations in 
both adults and children (reviewed in Wark et al. 2001, Gern & Busse 2000). Respiratory 
viruses may exacerbate asthma by causing epithelial damage and airway inflammation, 
both of which may lead to asthma symptoms. In addition to viral infections, bacterial 
respiratory infections, particularly those caused by C. pneumoniae, in infancy have also 
been suggested to play a role in the development of asthma later in life. The available 
evidence demonstrates associations between chronic bacterial infection of the airways 
and severe asthma and asthma exacerbations (reviewed in Gern & Busse 2000, Kraft 
2000). According to patient reports, respiratory illnesses, such as bronchitis and 
pneumonia, often precede the onset of asthma, suggesting that respiratory tract infections 
could be involved in the initiation of asthma in addition to their acknowledged role in 
asthma exacerbations (Hahn 1995a). 

There is growing evidence to link C. pneumoniae infection with asthma. An 
association between C. pneumoniae and adult-onset asthma was first described in the 
early 1990s (Hahn et al. 1991). Since then, it has been shown that acute infection with 
C. pneumoniae is able to exacerbate asthma (Allegra et al. 1994) and even to initiate 
asthma in previously non-asthmatic adults (Hahn & McDonald 1998). In the study of 
Hahn (1995b), four patients with C. pneumoniae respiratory tract infection developed 
chronic asthma, which disappeared after 4 weeks of antibiotic treatment in each case. Of 
the remaining 42 seroreactive patients who were treated a mean of 6 years after the 
development of chronic asthma, one half had either complete remission or major clinical 
improvement (3 and 18 patients, respectively). An association of childhood asthma with 
C. pneumoniae has also been described (Emre et al. 1994, Cunningham et al. 1998). 
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Children have also been reported to demonstrate clinical and laboratory improvements of 
asthma after the eradication of C. pneumoniae infection (Emre et al. 1994). 

Chlamydiae are similar to viruses in many ways, and some mechanisms postulated for 
viral asthma could also be applied to Chlamydia-associated asthma. First, C. pneumoniae 
infects the human bronchial tree, causing ciliary dysfunction (Shemer-Avni & Lieberman 
1995) and epithelial damage (Kishimoto et al. 1990). Second, it generates inflammatory 
cytokines (Redecke et al. 1998). Third, C. pneumoniae-specific IgE antibodies have been 
associated with asthma in culture-positive children (Emre et al. 1995) and have also been 
detected in adults with asthma (Hahn et al. 2000). In addition, the immune response to 
chlamydial Hsp60 has been associated with adult asthma that first became symptomatic 
after an acute respiratory illness (Hahn et al. 2000). 

It has been suggested that the use of inhaled glucocorticoids in asthma treatment might 
be one link between C. pneumoniae infection and asthma. Corticosteroids favour the shift 
from a Th1-type response to a Th2-type response and may thus severely deteriorate the 
host�s ability to eradicate an intracellular pathogen, such as C. pneumoniae, which 
requires a Th1-type immune response. In addition, corticosteroids are able to reactivate 
persistent Chlamydia to an active growth phase, which, by increasing the production of 
pro-inflammatory cytokines at the site of infection, can further amplify inflammation in 
the airways of asthma patients. (von Hertzen 2002) 

2.3.4  Diagnosis and treatment 

Asthma can be diagnosed based on history and patterns of symptoms, physical 
examination and lung function measurements. Skin tests to identify allergens are 
sometimes used to aid in diagnosis and management. Asthma is classified according to 
the persistence of symptoms (persistent or intermittent) and their severity (mild to 
severe). There is no cure for asthma, but the symptoms can be controlled. Asthma 
treatment includes environmental control and medication. Quick relief or rescue drugs are 
medications intended to open up the airways to improve breathing during an acute 
exacerbation. Long-term control medications are taken even when no symptoms are 
present, to minimise lung inflammation. (National Heart, Lung, and Blood Institute 2002) 

2.3.5  Epidemiology 

Asthma is a serious health problem and one of the most common chronic diseases 
globally. In children, it is the most common chronic disease. According to National 
Center for Health Statistics (2003), in 2001, 31.3 million Americans (11.4%) had been 
diagnosed with asthma at some point in their lives, one third of them being children. In a 
health interview/examination survey �Health 2000�, which was carried out in Finland 
from the autumn 2000 till the spring 2001 by National Public Health Institute, asthma 
was observed in 4% of men and 7% of women. In adults over 65 years of age, the 
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prevalence was 9%. (Aromaa & Koskinen 2002) In a Scandinavian study by Forsberg et 
al. (1997), the prevalence of childhood asthma was studied in four regions in 
Scandinavia. Among children aged 6 to 12 years and living in eastern Finland, the 
prevalence of symptoms suggestive of asthma varied between 3 and 12% (dry cough 
12%, asthma attacks 4�5%, asthma diagnosis 4%, use of medication 3�4%). The 
prevalence rates of asthma are highest in the United Kingdom, Australia and New 
Zealand. In Australia, for example, over 2 million people have asthma: one in four 
primary school children, one in seven teenagers and one in ten adults (Asthma Australia 
2002). Asthma occurs in all countries regardless of the level of development, but its 
prevalence varies greatly among different populations, being more common in affluent 
than nonaffluent populations (National Heart, Lung, and Blood Institute 2002). 

Even though the diagnosis of asthma has improved over the past few years, and good 
epidemiological evidence is difficult to obtain, studies clearly suggest a true increase in 
asthma prevalence in several countries. It has been estimated that the global prevalence of 
asthma has doubled during the past two decades. There are several studies showing that 
the prevalence has increased especially among children (Aberg et al. 1995, Downs et al. 
2001, Akinbami & Schoendorf 2002), but also among adults (Peat et al. 1992, Manfreda 
et al. 1993, Reijula et al. 1996, Tanihara et al. 2002). 

Morbidity refers to the impact of the disease and the degree to which it impairs the 
person�s quality of life. Morbidity due to exacerbations and persistent symptoms of 
asthma presents a huge burden to individuals and their communities. Hospital admission 
rates among children are high and seem to be rising in many countries (Strachan & 
Anderson 1992, Skobeloff et al. 1992). In the United States, for example, the childhood 
asthma hospitalisation rate increased from 1980 to 1999 by an average of 1.4% per year, 
being 26.9 per 10,000 in 1999 (Akinbami & Schoendorf 2002). A Finnish study showed 
that the annual hospital admission rate for childhood asthma was highest at the age of 1 
year: 11.2 per 1,000 boys and 5.9 per 1,000 girls. High hospitalisation rates were also 
observed among the elderly. (Harju et al. 1996) The increased hospital admission rates do 
not appear to be due only to a change in diagnosis, or to admission of patients with less 
severe asthma, but may be related to an increased prevalence as well as to greater severity 
of asthma (Anderson 1989). However, although the prevalence of asthma in Swedish 
school children increased between 1985 and 1993, hospital admissions decreased by 45% 
among children aged 2 to 18, and a decreasing trend in the total number of hospital days 
has also been recorded. Increased use of anti-inflammatory medications, largely inhaled 
glucocorticosteroids, is thought to be the major reason for the decreased hospitalisation 
rates in Sweden (Wennergren et al. 1996) and Norway (Jonasson et al. 2000). 

In the United States, approximately 4,500 people died from asthma in 2000, i.e. 1.6 
per 100,000 people. Among children, asthma deaths are rare, even though the mortality 
rate increased by an average of 3.4% per year from 1980 to 1996, i.e. from 0.18 to 0.35 in 
100,000 (Akinbami & Schoendorf 2002). In 2000, the rate was 0.3 in 100,000 among 
children aged 0�17 years compared to 2.1 in 100,000 among adults aged 18 and over 
(National Center for Health Statistics 2003). In Australia, on the other hand, the mortality 
rate decreased by 30% from 1989 to 1999, but was still 0.6 per 100,000 people aged 5�34 
years (Woolcock et al. 2001). 
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2.4  Atherosclerosis 

2.4.1  Definition 

According to American Heart Association (2002), atherosclerosis is a disease of large and 
medium-sized arteries characterised by thickening and hardening of the vascular wall. It 
involves a substance called plaque in the inner lining of the arteries. Over time, this 
buildup grows large enough to narrow the artery and significantly decrease the blood 
flow through it. When atherosclerosis affects the arteries that supply blood to the heart, it 
ultimately restricts blood flow to the heart muscle, causing heart pain (angina), irregular 
heartbeat (arrhythmia) and other problems. The plaques may also become fragile and 
rupture. Rupturing plaques form blood clots (thrombus) that may block the blood flow 
through an artery or break off and travel to another part of the body (embolus). If either 
happens and occludes a blood vessel that feeds the heart (coronary artery), MI ensues. 
When atherosclerosis affects the arteries that supply blood to the brain, the person may 
suffer TIA or stroke. And if blood supply to the arms or legs is reduced, it may cause 
difficulty in walking and eventually gangrene. 

2.4.2  Risk factors 

 American Heart Association (2002) has identified several risk factors for CHD, an 
outcome of atherosclerosis. Both the increasing number and the increasing severity of 
risk factors increase the risk of developing CHD. Most of the risk factors can be 
modified, treated or controlled. High blood pressure, elevated serum LDL cholesterol 
level and tobacco smoke are considered the major classical risk factors for the 
development of CHD. Additional factors predisposing to CHD include age, gender 
(male), heredity, race, obesity, physical inactivity, diabetes and high serum triglyceride 
and low HDL cholesterol levels. Other factors contributing to the heart disease risk are 
the individual response to stress and excessive alcohol consumption. 

2.4.3  Atherosclerosis � an inflammatory disease 

Atherosclerosis is a chronic inflammatory disorder. It is thought to begin with damage to 
the innermost layer of the artery called endothelium. According to the �response to 
injury� hypothesis of atherosclerosis by Ross (1999), endothelial cells may be injured not 
only by modified LDL (the �modified LDL� hypothesis), but also by many other factors, 
such as elevated plasma homocysteine concentrations, hypertension and infectious micro-
organisms. Endothelial dysfunction includes increased endothelial permeability to 
lipoproteins and other plasma constituents, expression of adhesion molecules and 
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elaboration of growth factors that lead to increased adherence of monocytes, 
macrophages and T lymphocytes. These cells may migrate through the endothelium and 
situate themselves within the subendothelial layer. In the vascular wall, macrophages 
accumulate lipids and become large foam cells. Foam cells, in turn, release growth 
factors and cytokines that promote migration of smooth muscle cells and stimulate 
neointimal proliferation, continue to accumulate lipid and support endothelial cell 
dysfunction. Foam cells, T cells and smooth muscle cells eventually form the fatty streak. 
This step also includes platelet adherence and aggregation. As fatty streaks progress to 
intermediate and advanced lesions, they tend to form a fibrous cap that walls off the 
lesion from the lumen. This represents a type of healing or fibrous response to the injury. 
The fibrous cap covers a mixture of leukocytes, lipid and debris, which may form a 
necrotic core. The necrotic core represents the results of apoptosis and necrosis, increased 
proteolytic activity and lipid accumulation. Rupture of the fibrous cap or ulceration of the 
fibrous plaque may rapidly lead to thrombosis and usually occur at sites of thinning of the 
fibrous cap that covers the advanced lesion. Finally, degradation of the matrix may lead 
to hemorrhage from plaque microvessels or from the lumen of the artery and result in 
thrombus formation and occlusion of the artery. Each of the stages of lesion formation is 
potentially reversible. If the cause of injury is removed, or if the inflammatory or 
fibroproliferative process is reversed, lesions may regress at any stage. (Reviewed by 
Ross 1999, Libby et al. 2002). 
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Fig. 4. The response to injury hypothesis of atherosclerosis (modified after: Ross 1999; 
Encyclopedia of Medical Images). 
Clinical and laboratory studies have shown that inflammation plays a major role in the 
initiation, progression and destabilisation of atheromas. C-reactive protein (CRP) is an 
acute phase protein, whose concentration may increase up to 1000-fold after the onset of 
a stimulus. It is a sensitive, but unspecific marker of inflammation. In serious bacterial 
infections, such as pneumonia, meningitis or sepsis, the CRP level increases dramatically 
usually within 24 hours (reviewed by Ablij & Meinders 2002). Aside from its disputed 
role as a marker of serious bacterial infection and/or inflammation in daily clinical 
practice, slightly elevated CRP levels, measured by high-sensitivity assays, have been 
associated with the risk of future CHD in several studies (Rifai & Ridker 2001, Ridker et 
al. 2002). Elevated CRP levels ( > 3 mg/l) have been seen in 10% of normal population 
and 20% of patients with chronic stable or variant angina, but in over 65% of patients 
with unstable angina. Moreover, elevated CRP levels have been recorded in over 90% of 
patients with acute infarction preceded by unstable angina, but in less than 50% of those 
in whom the infarction was totally unheralded (reviewed by Libby et al. 2002). Although 
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elevated levels of several inflammatory mediators among apparently healthy people have 
proven to have predictive value for future cardiovascular events, CRP appears to be the 
most promising inflammatory biomarker for clinical purposes. CRP has a long half-life, 
affording stability of levels, it is easily measured in usual outpatient settings, and 
standardised high-sensitivity assays are commercially available. Functionally, in addition 
to providing downstream integration of overall cytokine activation, CRP has several 
direct effects on vascular disease progression, such as an ability to bind and activate 
complement, induce expression of adhesion molecules, mediate LDL uptake by 
endothelial macrophages and induce monocyte recruitment into the arterial wall 
(reviewed by Libby et al. 2002). 

2.4.4  Atherosclerosis as an autoimmune disease 

There is evidence to suggest that the immune system plays a dominant role in 
atherogenesis (Libby & Hansson 1991). The putative antigen maintaining the 
inflammatory process in the arterial wall must be ubiquitous and present early in life, 
which explains the prevalence of this disease at young age already (Stary 1989). The 
�autoimmune� hypothesis by Wick et al. (2001) postulates that the inflammatory 
immunological processes characteristic of the very first stages of atherosclerosis are 
initiated by humoral and cellular immune reactions against Hsp60. Human Hsp60 
expression itself is a response to injury initiated by several stress factors known to be risk 
factors for atherosclerosis, such as hypertension. Thus, in cases where atherosclerotic risk 
factors are not present, endothelial cells do not express Hsp60 on their surface and, 
therefore, do not represent targets for autoimmunity. 

It has been shown that immunisation of normocholesterolemic rabbits with heat-killed 
mycobacteria or recombinant mycobacterial Hsp65 leads to atherosclerotic lesions (Xu et 
al. 1992), which become irreversible in the presence of high blood cholesterol (Xu et al. 
1996). In mice fed with a cholesterol-rich diet, immunisation with Hsp65 leads to 
aggravated lesions (George et al. 1999b). In humans, antibodies against mycobacterial 
Hsp65 are strongly correlated with both carotid atherosclerosis (Xu et al. 1993) and 
coronary atherosclerosis (Hoppichler et al. 1996, Birnie et al. 1998). They are predictive 
not only of morbidity, but also of mortality due to atherosclerosis (Xu et al. 1999, 
Hoppichler et al. 2000). Antibodies against mycobacterial Hsp65 cross-react with human 
Hsp60, chlamydial Hsp60 and Hsp60 of E. coli (Mayr et al. 1999). Human Hsp60 
antibodies have been associated with both the presence and the severity of coronary 
artery disease (CAD) (Burian et al. 2001, Zhu et al. 2001b). Likewise, the soluble form 
of Hsp60 has been found to be elevated in the circulation of persons with carotid 
atherosclerosis (Xu et al. 2000). 

In addition to the antigenic properties of Hsp60, bacterial Hsp60 may have direct pro-
atherogenetic effects by stimulating the human vascular cell and macrophage functions 
considered relevant for atheroma formation and lesional complications: bacterial and 
human Hsp60 have been shown to induce expression of adhesion molecules and matrix-
degrading metalloproteinases as well as secretion of proinflammatory cytokines by 
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human vascular endotelial cells, smooth muscle cells and macrophages (Retzlaff et al. 
1994, Galdiero et al. 1997, Kol et al. 1998, Kol et al. 1999). Indeed, chlamydial and 
human Hsp60 proteins have been colocalised in macrophages of human atheroma (Kol et 
al. 1998). Hsp60-reactive T cells have also been isolated from atherosclerotic plaque 
(Amberger et al. 1997). There is evidence that Hsp60 is present on the surface of stressed 
endothelial cells and macrophages, and that autoantibodies against Hsp60 are able to lyse 
those cells (Xu et al. 1994, Schett et al. 1995, Schett et al. 1997, Mayr et al. 1999). 
Human Hsp60 has been shown to activate monocyte-derived macrophages through CD14 
signalling, sharing the CD14 receptor with bacterial LPS (Kol et al. 2000). A significant 
correlation has been found between antibodies against Hsp60 and LPS of E. coli among 
persons with atherosclerosis (Mayr et al. 1999). These findings suggest that human 
Hsp60 may act together with bacterial LPS or other microbial products to provoke innate 
immune responses (Kol et al. 2000). On the other hand, chlamydial Hsp60 has been 
shown to induce foam cell formation by inducing oxidation of LDL in monocytes 
(Kalayoglu et al. 1999). In LDL receptor-deficient mice, both antibodies and 
lymphocytes reactive to mycobacterial Hsp65 have been shown to promote fatty streak 
formation, providing direct evidence of the proatherogenic properties of both cellular and 
humoral immunity to Hsp65 (George et al. 2001). 

Oxidised LDL (oxLDL) is another candidate for an autoantigen in atherosclerosis 
(Witztum 1994). Antibodies to oxLDL have been detected in patients with atherosclerosis 
(Parums et al. 1990, Bergmark et al. 1995), and they have been found in atherosclerotic 
lesions (Ylä-Herttuala et al. 1994). OxLDL antibodies are predictive of MI (Puurunen et 
al. 1994, Wu et al. 1997) and the progression of carotid atherosclerosis (Salonen et al. 
1992). T lymphocytes isolated from human atherosclerotic lesions have been shown to 
respond to oxLDL and to be a major autoantigen in the cellular immune response 
(Stemme et al. 1995). Interestingly, immunisation of rabbits and mice with oxLDL has 
been observed to result in production of antibodies against oxLDL but a reduction in 
lesion progression (Palinski et al. 1995, Ameli et al. 1996, Zhou et al. 2001). 

A third autoantigen proposed to be associated with atherosclerosis is β2-Glycoprotein I 
(β2GPI), a glycoprotein that acts as an antigoagulant in vitro (George et al. 1998). The 
immune response to β2GPI seems to be proatherogenic: β2GPI is found in atherosclerotic 
plaques (George et al. 1999a), and hyperimmunisation with β2GPI or transfer of β2GPI-
reactive T cells enhances fatty streak formation in transgenic atherosclerotic-prone mice 
(George et al. 1998, Afek et al. 1999, George et al. 2000). Antibodies to β2GPI have been 
shown to enhance the accumulation of oxLDL into macrophages (Hasunuma et al. 1997). 

2.4.5  Atherosclerosis as an infectious disease 

Infections may contribute to the development of atherosclerosis by inducing both 
inflammation and autoimmunity. A large number of studies have demonstrated a role of 
infectious agents, both viruses (cytomegalovirus, herpes simplex viruses, enteroviruses, 
hepatitis A) and bacteria (C. pneumoniae, H. pylori, periodontal pathogens) in 
atherosclerosis (reviewed in Danesh et al. 1997, Libby et al. 1997, Mattila et al. 1998, 
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Epstein et al. 1999, Leinonen & Saikku 2002). Recently, a new �pathogen burden� 
hypothesis has been proposed, suggesting that multiple infectious agents contribute to 
atherosclerosis, and that the risk of cardiovascular disease posed by infection is related to 
the number of pathogens to which an individual has been exposed (Zhu et al. 2000, Zhu 
et al. 2001a) 

Of single micro-organisms, C. pneumoniae probably has the strongest association with 
atherosclerosis. Evidence of a seroepidemiological association of C. pneumoniae with 
atherosclerosis and its complications was first presented in 1988, when Saikku et al. 
(1988a) showed that persons with CHD and AMI had C. pneumoniae antibodies more 
frequently than the control population. Since then, over twenty seroepidemiological 
studies have confirmed these findings (reviewed by Saikku 1999). Especially IgA 
antibodies, rather than IgG antibodies, seem to be involved. Indeed, a few prospective 
studies suggest that chronic C. pneumoniae infection, defined by elevated IgA antibodies, 
is a significant risk predictor for the development of CHD and CAD (Saikku et al. 1992, 
Miettinen et al. 1996, Mayr et al. 2000, Kiechl et al. 2001). However, there are also 
reports from prospective studies that have failed to demonstrate an association between 
C. pneumoniae and CHD (Danesh et al. 2000, Wald et al. 2000). 

Likewise, the presence of C. pneumoniae in atherosclerotic lesions has been 
demonstrated in a number of studies by various methods: electron microscopy, 
immunocytochemistry, in situ hybridisation, PCR and isolation (reviewed by Kuo & 
Campbell 2000, Taylor-Robinson & Thomas 2000). The presence of C. pneumoniae-
specific T lymphocytes in atherosclerotic tissue specimens suggests that C. pneumoniae 
participates in the maintenance of the inflammatory response in the tissue and may thus 
be involved in the progression of the disease (Halme et al. 1999, Curry et al. 2000, 
Mosorin et al. 2000). 

Two animal models, rabbits and mice, have been used to study the association between 
C. pneumoniae and atherosclerosis. Intranasal inoculation with C. pneumoniae has been 
shown to cause a systemic spread of infection in mice (Yang et al. 1995). In rabbits, 
intranasal infection has been found to induce inflammatory changes in the aorta and even 
calcified lesions containing Chlamydia (Fong et al. 1997, Laitinen et al. 1997). 
Furthermore, the development of these changes could be prevented by antibiotic 
treatment (Muhlestein et al. 1998). In apoE-deficient mice, C. pneumoniae infection has 
been shown to accelerate the development of atherosclerosis (Moazed et al. 1999). 

In vitro, C. pneumoniae can infect and multiply in vascular endothelial cells, aortic 
smooth muscle cells, monocytes/macrophages and lymphocytes (Kaukoranta-Tolvanen et 
al. 1994, Gaydos et al. 1996, Fryer et al. 1997, Airenne et al. 1999, Haranaga et al. 
2001). It is able to induce expression of procoagulant proteins, proinflammatory 
cytokines and matrix metalloproteinases (Kaukoranta-Tolvanen et al. 1996, Fryer et al. 
1997, Dechend et al. 1999, Vehmaan-Kreula et al. 2001). C. pneumoniae infection affects 
lipid metabolism, and persistently elevated antibodies against C. pneumoniae have been 
shown to be associated with elevated triglyceride and total cholesterol levels as well as 
lowered HDL cholesterol levels (Laurila et al. 1997b). Furthermore, it has been shown 
that exposure of macrophages to C. pneumoniae followed by LDL caused a marked 
increase in the number of foam cells and accumulation of cholesterol esters (Kalayoglu & 
Byrne 1998a). C. pneumoniae has been shown to induce foam cell formation by LPS 
(Kalayoglu & Byrne 1998b) and LDL oxidation by Hsp60 (Kalayoglu et al. 1999). It has 
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also been shown that persistent C. pneumoniae infection inhibits apoptosis in vitro for up 
to 120 h of follow-up post-infection and is restricted to the cells carrying chlamydial 
inclusions, suggesting that inhibition of apoptosis may be one of the pathogenetic 
mechanisms by which C. pneumoniae infection survives inside the host cells and thus 
mediates the development of chronicity (Airenne et al. 2002). 

Preliminary antibiotic trials have suggested that patients with C. pneumoniae 
antibodies could benefit from antibiotic treatment. A short course of azithromycin may 
lower the risk for further adverse cardiovascular events in post-MI patients, possibly by 
acting against C. pneumoniae (Gupta et al. 1997). Second, roxithromycin appeared to 
extend the clinical benefit of preventing death and re-infarction for at least 6 months after 
initial treatment (Gurfinkel et al. 1999). Recent studies have indicated that macrolide 
treatment for one month is effective in preventing C. pneumoniae-seropositive men from 
progression of lower limb atherosclerosis for several years (Wiesli et al. 2002), and 
clarithromycin appears to reduce the risk of ischaemic cardiovascular events in patients 
presenting with acute non-Q-wave infarction or unstable angina (Sinisalo et al. 2002). 
However, negative results have also been reported (Muhlestein et al. 2000). A few large 
intervention trials are still going on. 

Fig. 5. Pathogenetic mechanisms through which C. pneumoniae could affect the development 
of atherosclerosis (modified after: Leinonen & Saikku 2002, Summersgill et al. 2000). 

2.4.6  Diagnosis and treatment 

The diagnosis of atherosclerosis is typically based on symptoms and signs. In addition to 
a complete medical history and physical examination, diagnostic procedures may include 
coronary arteriogram (or angiogram) to locate the narrowings, occlusions and other 

Hsp60
autoimmunity

LDL
oxidation

C. pneumoniae

Foam cell formation

Changes in lipid
metabolism

Upregulation of
adhesion molecules

Smooth muscle
cell proliferation

Increased leukocyte
chemotaxis

Increased leukocyte adhesion,
transendothelial migration

Increased platelet adhesion,
thrombosis, plaque rupture

Inhibition of
apopotosis

Uptake of LDL and
cholesterol esters

Upregulation of
growth factors

Upregulation of
chemokines

Upregulation
of cytokines

Upregulation of proteases

B and T cell
activation

Growth of
plaque wall



 47

abnormalities of specific arteries. Doppler sonography is a special technique used to 
evaluate blood flow. Any constriction in blood flow can be determined by comparing 
blood pressure measurements from the ankles and the arms. Significant differences may 
indicate a narrowing of vessels possibly due to atherosclerosis. MUGA/radionuclide 
angiography can be used to visualise movement of the cardiac wall and to indicate the 
quantity of blood expelled upon each heartbeat while the patient is at rest. 
Thallium/myocardial perfusion scan is taken while the patient is at rest or after exercise, 
and it may reveal areas of the heart muscle that are not getting enough blood. 
(MUSChealth.com 2002) 

Specific treatment will be chosen by the physician based on such criteria as the extent 
of the disease, the location of the occlusion and the patient�s age, overall health and 
tolerance of specific medications, procedures or therapies. Treatment may include 
lifestyle modifications to control risk factors, but it may also include coronary 
angioplasty, a procedure in which a catheter is used to dilate the lumen of the vessel to 
increase blood flow. Although angioplasty can also be performed on other blood vessels, 
Percutaneous Transluminal Coronary Angioplasty (PTCA) refers specifically to 
angioplasty in the coronary arteries to permit more blood to flow into the heart. There are 
several types of PTCA procedures, including balloon angioplasty, atherectomy, laser 
angioplasty and coronary artery stent. (MUSChealth.com 2002) 

2.4.7  Epidemiology 

Atherosclerosis is a slow, complex disease that starts in childhood and often progresses as 
the person grow older. Precursor lesions of atherosclerosis (intima-media thickening) 
may occur as early as adolescence, but the frequency of definite atherosclerotic lesions 
remains low until age 40 in men and the onset of menopause in women (Kiechl & Willeit 
1999). Women gradually lose their protection against atherosclerosis within the 5-year 
period following menopause, after which the incidence rates of women are virtually 
identical to those observed in men of equal age (Kiechl & Willeit 1999). Against this 
generalisation, it should be mentioned that, in some people, the disease progresses rapidly 
during the third decade of life already (American Heart Association 2002). 

The true frequency of atherosclerosis and associated complications is difficult, if not 
impossible, to determine because it is a predominantly asymptomatic condition. In the 
United States, for example, it has been estimated that 12.6 million people suffer from 
CHD and 4.6 million people from stroke (American Heart Association 2002). The highest 
incidence rates of clinical manifestations of atherosclerosis occur in Great Britain and in 
Scandinavia, especially in Scotland and Finland. In a prospective follow-up study (during 
1982�1994) of almost 15,000 middle-aged men and women living in eastern and 
southwestern Finland, the observed CHD incidence was 786/100,000/year among men 
and 256/100,000/year among women (Jousilahti et al. 1999). Fortunately, the incidence 
rates have been decreasing during the past twenty years. The observed age-standardised 
AMI incidence among men aged 35 to 74 years, calculated in 10 x 10 km cells in the 
cross-section years, has decreased from 524/100,000/year in 1983 to 490/100,000/year in 
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1988 and 428/100,000/year in 1993 (Karvonen et al. 2002). The excess in the incidence 
in rural areas was between 7 and 12%. In the 1980�s, the CHD risk was higher by 40% in 
eastern compared to southwestern Finland (Jousilahti et al. 1998). In spite of the 
decreasing incidence, the major geographical difference between eastern and western 
Finland has remained almost unchanged (Karvonen et al. 2002, Viik-Kajander et al. 
2002). Russia and many other parts of the Soviet Union have recently also experienced 
an exponential increase in the incidence of CHD. The incidence of CHD in the Far East is 
significantly lower than the incidence documented in the West. In Africa, cardiovascular 
diseases are rare. 

Atherosclerosis is the leading cause of death in most industrialised countries and likely 
to be that even in the developing world within the first quarter of this century. In the 
United States, for example, CHD is the single largest killer of both males and females, 
which caused approximately 530,000 deaths in 1999, i.e. about one out of every five 
deaths (American Heart Association 2002). The regions that have the highest rates of 
deaths from CHD are eastern Europe, Great Britain and Finland. In the previously 
mentioned prospective follow-up study of almost 15,000 Finnish men and women (during 
1982�1994), the observed CHD mortality was 339/100,000/year among men and 
76/100,000/year among women (Jousilahti et al. 1999). The nations with the lowest death 
rates, with only 10 to 15% of the rates found in eastern Europe, are Korea and Japan. 
Exceptionally low rates are also seen in southern Europe. An encouraging decrease in the 
rate of mortality from atherosclerosis has occurred in several industrialised countries 
since 1950 (Uemura & Pisa 1988). During 1972�1992, in eastern Finland, the observed 
decline in mortality was 55% in men and 68% in women (Vartiainen et al. 1994). The 
decreasing mortality rate is probably primarily due to the widespread use of preventive 
strategies, resulting in changes in three main coronary risk factors: serum cholesterol 
concentration, hypertension and smoking (Jackson & Beaglehole 1987, Ueshima et al. 
1987, Sigfusson et al. 1991, Vartiainen et al. 1994). Improvements in diagnosis and the 
treatment of established atherosclerosis have probably contributed less. Unfortunately, 
this decrease has not occurred in the developing world. 



3 Aims of the study 

The overall aim of this study was to develop an EIA method for the measurement of 
Hsp60 antibodies and, by that means, to study the role of Hsp60 in chronic inflammatory 
diseases suggested to be associated with C. pneumoniae infection. More specifically, the 
purpose was to study the host immune responses to C. pneumoniae and chlamydial and 
human Hsp60 proteins, CRP levels and their interactions in asthma and CHD. The 
specific aims were: 

1. to study the association between chronic C. pneumoniae infection and asthma  
2. to find out whether the host immune response to the C. pneumoniae Hsp60 or human 

Hsp60 is associated with asthma and decreased pulmonary function  
3. to investigate whether an elevated CRP level, as a marker of low-grade systemic 

inflammation, is involved in asthma, and whether it is associated with the host 
immune responses to C. pneumoniae and chlamydial Hsp60 

4. to study the role of elevated levels of antibodies against C. pneumoniae Hsp60 and 
human Hsp60 and their association with chronic C. pneumoniae infection and an 
elevated CRP level as coronary risk predictors 

5. to study the joint effect of chronic C. pneumoniae infection, persistently elevated 
human Hsp60 antibodies and CRP on coronary risk 



4 Materials and methods 

4.1  Study populations 

4.1.1  Asthma studies (I, II) 

The participants in study I were obtained from a controlled cross-sectional study 
described in detail previously (Hahn et al. 1996). The study participants were 
sequentially enrolled between September 1991 and June 1994 during the course of 
normal health care in a private family practice office in a medium-sized midwestern city 
in US. The population was mainly white and middle-class. The asthma group consisted of 
24 adult patients with a recent onset (duration from 3 months to 2 years) of asthma 
symptoms meeting the American Thoracic Society criteria, and thus including 
intermittent wheezing and dyspnea triggered by a variety of stimuli and reversible airway 
obstruction demonstrated by at least 12% FEV1 (forced expiratory volume in one second) 
reversibility. All patients were ambulatory outpatients. Two separate nonasthmatic control 
groups were enrolled from the same site and time frame. The bronchitis control group 
consisted of 17 sex- and age-matched adults diagnosed with acute bronchitis, who denied 
wheezing and dyspnea and had normal pulmonary function (FEV1 of 90% or greater). 
The asymptomatic control group consisted of 45 sex- and age-matched adults who were 
not experiencing any acute respiratory illness and who had normal pulmonary function. 
They were seen for a variety of nonrespiratory reasons, mostly for physical examinations. 
The demographic data of the patients and the controls are presented in Table 6. 
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Table 6. Characteristics of asthma patients and controls 

Variable Asthma patients Bronchitis 
controls 

Asymptomatic 
controls 

P* 

n 24 17 45  
Sex, M/F 16/8 9/8 30/15 n.s. 

Age, yr 46 ± 9 46 ± 10  46 ± 11 n.s. 

FEV1, % of predicted 69 ± 14 104 ± 12 102 ± 8  < 0.001 
Current/past smoking  75% 65% 44% 0.039 
Data presented as mean ± SD or percentage. FEV1, forced expiratory volume in one second. *Analysis of 
variance or Chi-Square test 

Altogether 103 asthma patients with disease severity ranging from mild to moderate and 
30 healthy controls were included in study II. The clinical severity of asthma was 
classified according to the Global Initiative for Asthma guidelines (National Heart, Lung, 
and Blood Institute and World Health Organization 1995). The asthma patients were 
recruited between November 1998 and December 1999 from the outpatient clinic of Oulu 
University Hospital and the Department of Allergy, Helsinki University Central Hospital, 
Finland. The moderate asthma group included 50 asthmatic adults with a functional 
asthma diagnosis, permanently diminished lung function, hospitalisation due to asthma or 
daily symptoms. The mild asthma group included 33 asthma patients fulfilling the 
American Thoracic Society asthma criteria and 20 patients with mild intermittent asthma: 
asthma symptoms, bronchial hyperreactivity, exclusion of other lung diseases, but less 
than 15% FEV1 reversibility. The 30 healthy controls were volunteers with no lung 
disease and normal lung function. The demographic data of the patients and the controls 
are presented in Table 7. 

Table 7. Characteristics of asthma patients and controls 

Variable Moderate  
asthma 

Mild  
Asthma 

Healthy  
Controls 

P* 

n 50 53 30  
Sex, M/F 17/33 14/39 10/20 n.s. 
Age, yr 45 ± 12 43 ± 13 39 ± 14 n.s. 
FEV1, % of predicted 81 ± 13 101 ± 11 98 ± 11  < 0.001 
BMI, kg/m2  28 ± 6 27 ± 5 24 ± 4 0.012 
Inhaled corticosteroids, µg/day 900  

(475�1600) 
500  

(400�800) 
 0.006 

Current smoking  24% 9% 10% n.s. 
Data presented as mean ± SD or median (IQR) or percentage. FEV1, forced expiratory volume in one second; 
BMI, body mass index. *Analysis of variance, Mann-Whitney U-test or Chi-Square test 
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4.1.2  Helsinki Heart Study (III, IV) 

The participants of these prospective nested case-control studies were obtained from the 
trial cohort of the Helsinki Heart Study, which has been described in detail previously 
(Frick et al. 1987, Mänttäri et al. 1987, Heinonen et al. 1994). In brief, the Helsinki Heart 
Study was a double-blind, randomised, placebo-controlled, coronary primary prevention 
trial to study the efficacy of gemfibrozil in reducing the risk for CHD in dyslipidemic 
(non-HDL cholesterol level > 5.2 mmol/l) middle-aged Finnish men. Persons with a 
history of CHD or other major illness were excluded. Data on smoking habits and BMI 
and blood pressure were recorded at the first screening visit. Baseline serum samples 
were collected from 4081 participants, starting in the year 1980. Total and HDL 
cholesterol and triglyceride levels were determined from baseline serum samples as 
described elsewhere (Frick et al. 1987, Heinonen et al. 1994). After the baseline visit, the 
participants attended follow-up examinations at 3- to 6-month intervals for 8.5 years. 
Altogether 241 coronary events, either nonfatal MIs or coronary deaths, occurred during 
this 8.5-year follow-up period. The controls were chosen from among the participants 
who completed the study without coronary events, and they were individually matched 
with the 241 cases for gemfibrozil treatment and region of residence. The geographical 
matching was considered necessary because of the marked regional differences in the 
incidence of CHD and the regional exposure to some infectious microbes studied. The 
demographic data of the cases and the controls are presented in Table 8. 

Table 8. Characteristics of the Helsinki Heart Study cases and controls 

Variable Cases Controls P* 

n  239 239  
Age, yr 49 ± 5 47 ± 5 0.004 
BMI, kg/m2  27 ± 3 26 ± 3 0.005 
Blood pressure, mm Hg 

Systolic 149 ± 19 143 ± 16  < 0.001 
Diastolic 93 ± 11 90 ± 10 0.001 

Total cholesterol, mmol/l  7.7 ± 0.9 7.5 ± 0.8 0.033 
HDL cholesterol, mmol/l  1.2 ± 0.3 1.3 ± 0.3  < 0.001 
Triglycerides, mmol/l  2.4 ± 2.2 2.0 ± 1.4 0.022 
Current smoking 58% 35%  < 0.001 
Data presented as mean ± SD or percentage. BMI, body mass index. *Independent Samples t test or Chi-Square 
test 
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4.2  Laboratory methods 

4.2.1  Sputum induction (II) 

Sputum was induced by inhalation of 5 ml of 3% NaCl solution from an ultrasonic 
nebulizer (Omron U1; Omron, Germany). All study participants were given salbutamol 
0.2 mg as dry powder inhalation 15 min before the sputum induction (Buventol easyhaler 
0.1 mg/dose; Orion Pharma, Espoo, Finland). The sputum samples were processed by the 
method of Pizzichini and colleagues (1996) modified according to Efthimiadis et al. 
(1997). The filtered suspensions were centrifuged, and the cell pellets and supernatants 
were stored at �20°C for later assays.  

4.2.2  Isolation of C. pneumoniae immune complexes (IV) 

Circulating ICs were isolated by polyethylene glycol (PEG) precipitation, as described in 
detail elsewhere (Linnanmäki et al. 1993). In brief, one volume of serum sample was 
added to an equal volume of 7% PEG in 0.1 M sodium borate buffer (pH 8.4) and 
incubated overnight at 4°C. After centrifugation at 3000 rpm for 30 min, the pellets were 
washed twice with cold 3.5% PEG-borate and dissolved to the original volume of Ca2+ 
and Mg2+ free phosphate-buffered saline (PBS, pH 7.4). The ICs were stored at �20°C for 
later assays.  

4.2.3  Measurement of C. pneumoniae antibodies (I�IV) 

For study II, serum IgA and IgG antibodies against C. pneumoniae EBs were measured 
with a commercial EIA kit according to the instructions (Labsystems, Helsinki, Finland). 

For other studies, IC-bound and free serum IgA and IgG antibodies to C. pneumoniae 
were measured by an indirect MIF test as described in detail elsewhere (Wang & 
Grayston 1970). Briefly, microscopic slides were coated with antigens stored in 0.02% 
formalin and diluted 1:1 with 0.5% egg yolk in Ca2+ and Mg2+ free PBS (pH 7.4). EBs of 
the Finnish Kajaani 6 strain of C. pneumoniae and the L2 strain of C. trachomatis 
(control) were used as antigens. When dry, the antigens were fixed with acetone for 10 to 
15 min. The slides were incubated in a moist chamber for 1 h at 37°C with serum samples 
diluted from 1:2 to 1:16 (twofold) for IC, from 1:10 to 1:160 (fourfold) for IgA, and from 
1:32 to 1:512 (fourfold) for IgG in 0.5% egg yolk in PBS. IgG was neutralised with 
Gullsorb inactivation reagent (Gull Laboratories, Salt Lake City, UT) before IgA 
titrations. The slides were washed four times with PBS followed by two times with 
distilled water. Then, the slides were incubated in a moist chamber for 30 min at 37°C 
with fluorescein isothiocyanate-conjugated anti-human IgA (Sigma, St. Louis, MO) or 
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anti-human IgG (Kallestad, Chaska, MO) containing 2% of Amidoschwartz dye. The 
slides were washed as before. Finally, mounting medium and cover slips were placed 
over the slides, which were then read using fluorescence microscopy. The results were 
expressed as final positive dilutions. 

For study I, MIF titres of 1:10 and 1:32 were considered as positive for serum IgA and 
IgG antibodies, respectively. For studies III and IV, values above the median were 
considered as elevated for IC-bound antibodies, i.e. a MIF titre of 1:2 (both at baseline 
and before the coronary event). For elevated serum antibodies, the quartile 4 was used as 
a cut-off level, because our previous studies indicated that only the highest levels predict 
coronary events. The cut-off levels were a MIF titre of 1:40 for IgA antibodies and a MIF 
titre of 1:256 for IgG antibodies (both at baseline and before the coronary event). In study 
IV, the diagnostic criteria suggestive of chronic C. pneumoniae infection included an 
elevated serum IgA and/or IC-bound antibody level in successive samples. 

4.2.4  Hsp60 preparations and measurement of Hsp60 antibodies (I�IV) 

The recombinant C. pneumoniae Hsp60 protein was produced at National Public Health 
Institute, Helsinki, Finland (Airaksinen et al., submitted). Briefly, the hsp60 gene of 
C. pneumoniae was amplified by PCR from a genomic DNA extract from the Kajaani 6 
strain of C. pneumoniae. The PCR product was cloned into an expression vector, 
pKTH39, and transformed into Bacillus subtilis for intracellular production. The C-
terminal histidine tag (His6) allowed purification of the produced protein by Ni2+ chelate 
affinity chromatography (Qiagen Inc., Hilden, Germany). The recombinant human Hsp60 
protein was commercial, produced in Escherichia coli (Sigma). 

An EIA method for the measurement of serum and sputum IgA and IgG antibodies 
against Hsp60 proteins was developed in National Public Health Institute, Oulu, Finland. 
96-well microtitre plates (Maxisorp F96, Nunc, Roskilde, Denmark) were coated 
separately with recombinant Hsp60 proteins at a concentration of 5 µg/ml in Ca2+ and 
Mg2+ free PBS (pH 7.4) overnight at 37°C. After washing four times with PBS containing 
0.05% Tween 20 (PBS/T) in a plate washer (96 PW, TECAN Austria Ges.m.b.H., 
Salzburg, Austria), the plates were incubated for 2h at 37°C with duplicate samples 
diluted 1:50 or 1:100 for serum IgA, 1:200 for serum IgG and 1:5 for sputum IgA 
antibodies in PBS containing 10% fetal bovine serum (PBS-FBS). The plates were 
washed as before and incubated for 2 h at 37°C separately with alkaline phosphatase-
conjugated anti-human IgA (Caltag Laboratories, Burlingame, CA) or anti-human IgG 
(Sigma) diluted in PBS-FBS. The plates were first washed three times with PBS/T and 
then twice with distilled water, following a 30-min incubation at 37°C with a substrate 
solution containing 1 mg of paranitrophenyl phosphate disodium (Sigma) in 1 ml of 
carbonate MgCl2 buffer (pH 9.8). Finally, the reaction was stopped with 2N NaOH, and 
absorbance was measured against PBS-FBS blank at 405 nm with a photometer 
(Multiscan MCC/340, Labsystems, Helsinki, Finland). The sputum IgA antibodies were 
measured against plates coated with PBS only. The results were expressed as EIA units 
(EIU) by multiplying the optical densities by 100 or 1000. For the studies III and IV, 
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values above the medians were considered as elevated. For C. pneumoniae Hsp60 
antibodies, the cut-off level was 15.8 EIU for IgA antibodies and 49.4 EIU for IgG 
antibodies (only at baseline). The human Hsp60 antibody levels were significantly higher 
at the second time point than at baseline, both in cases and in controls. Therefore, time 
point-specific cut-off levels were used for the medians. For human Hsp60 IgA antibodies, 
the cut-off level was 10.6 EIU at baseline and 21.9 EIU before the coronary event. For 
human Hsp60 IgG antibodies, the cut-off levels were 26.7 EIU and 17.7 EIU, 
respectively. 

4.2.5  Measurement of C-reactive protein concentration (II�IV) 

For study II, serum CRP concentrations were measured with a rapid two-site 
ultrasensitive assay based on time-resolved immunofluorometry (Savola et al. 1998) 
using the prototype reagents from InnoTrac Diagnostics Oy (Turku, Finland). The 
dynamic range is from 0.1 to 150 mg/l with a within-assay coefficient of variation 
of < 6% over the whole range. The cut-off level for CRP was 2.0 mg/l, which 
approximately corresponded to the 90th percentile of the healthy controls. 

Serum CRP concentrations reported in the studies III and IV were measured with a 
commercial EIA kit according to the instructions (Eucardio Laboratory, San Diego, CA). 
For these studies, values above the medians were considered as elevated. The CRP levels 
were significantly higher at the second time point than at baseline both in cases and in 
controls. Therefore, time point-specific cut-off levels were used for the medians, i.e. 1.7 
mg/l at baseline and 2.4 mg/l before the coronary event.  

4.3  Statistical analyses 

For study I, Hsp60 EIUs were divided into tertiles. Chi-Square test was then used to 
analyse the associations between the cases and the controls. The correlation coefficients 
of Hsp60 and C. pneumoniae antibodies were determined using the Pearson correlation 
coefficient after log transformation of EIUs. The associations between Hsp60 antibodies 
and asthma status were tested using analysis of variance after log transformation of EIUs 
with age, sex and ever smoking as covariates. In some models, C. pneumoniae IgA MIF 
seropositivity (0/1 variable with titre 1:10 as positive) was used as an additional 
covariate, and the two control groups were combined due to the small number of 
participants. 

For study II, analysis of variance was used to compare age, BMI and FEV1 between 
the study groups. The variables representing the laboratory results and inhaled 
corticosteroids were skewed, and the Mann-Whitney U-test was therefore used to 
compare the study groups. In the case of categorical variables, the groups were compared 
using the Chi-Square test. 
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For analyses in the Helsinki Heart Study (III, IV), the variables were categorised by 
quartiles, due to the skewed distributions. The antibody and CRP levels were higher at the 
second time point than at baseline. Because the levels rose in both groups, and the 
matching of the case-control design was maintained throughout the study, time point-
specific cut-off levels were used. For descriptive purposes, no matching was done, and 
the pooled data were used to calculate the prevalences of the different combinations of 
potential risk factors among the cases and the controls. The associations between the 
putative risk factors were studied by cross-tabulations and tested for trend using logistic 
regression analysis on the same variables: e.g. in the case of Hsp60 and CRP, the 
dichotomous variable indicating whether or not CRP was elevated and the variable 
indicating the quartiles of Hsp60. In the analysis for trend, this latter, explanatory variable 
was used as continuous. However, to estimate the coronary risks associated with these 
combinations, odds ratios (OR) were calculated by using conditional logistic regression 
analysis. This way to proceed was chosen to allow the maintenance of the matching of 
the case-control design. The ORs associated with the quartiles were estimated 
simultaneously in the multivariate model. Again, for an additional description, the pooled 
data were used to calculate the number of cases and controls in the risk factor categories. 
Classical CHD risk factors, such as age, smoking (never/past vs. current), serum total 
cholesterol and BMI, were adjusted for in the model. When studying joint effects, a new 
categorical variable was constructed to represent the different combinations of original 
variables: in the case of smoking and Hsp60, for example, a four-level variable was used 
as follows:  

1: smo-, Hsp- 
2: smo-, Hsp+ 
3: smo+, Hsp- 
4: smo+, Hsp+ 



5 Results 

5.1  Association of antibodies to Hsp60 and C. pneumoniae and CRP 
level with asthma 

5.1.1  Correlation between Hsp60 and C. pneumoniae antibodies (I, II) 

When serum samples from asthma patients and healthy controls were analysed for Hsp60 
antibodies, a correlation (r = 0.50, P < 0.001) was found between serum IgA antibodies to 
C. pneumoniae Hsp60 and human Hsp60, and it remained similar (r = 0.49, P < 0.001) 
when only the participants demonstrating immune response to C. pneumoniae (IgG MIF 
titre ≥ 1:32) were analysed (I). The corresponding IgG antibodies did not correlate with 
each other (I). 

In a comparison between serum and sputum samples for Hsp60 antibodies, a weak 
correlation (r = 0.25, P = 0.04) was found between serum and sputum IgA antibodies to 
C. pneumoniae Hsp60 (II). Only a weak correlation emerged between serum antibodies to 
whole C. pneumoniae and Hsp60 of C. pneumoniae. When serum antibodies to 
C. pneumoniae were measured by MIF, the correlation was 0.25 (P = 0.02) for IgA 
antibodies, while IgG antibodies did not correlate with each other (I). When serum 
antibodies to C. pneumoniae were measured by EIA, the correlation was 0.36 (P < 0.001) 
for IgA antibodies and 0.32 (P < 0.001) for IgG antibodies (II). Sputum IgA antibodies to 
C. pneumoniae Hsp60 did not correlate with serum IgA or IgG antibodies to whole 
C. pneumoniae (II). 
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5.1.2  Association between C. pneumoniae infection and asthma (I, II) 

The MIF results, which were reported in study I, showed that the frequency of serum IgA 
antibodies to C. pneumoniae (titre ≥ 1:10) was significantly higher among asthma 
patients (72%) compared with asymptomatic controls (44%, P = 0.04). The seropositivity 
among the controls with acute bronchitis (88%) was much higher than the seropositivity 
of asymptomatic controls (P = 0.002), but did not differ from the seropositivity of the 
asthma patients (P = 0.18). Thus, IgA antibodies against C. pneumoniae were associated 
with both asthma and acute bronchitis (I). 

In study II, EIA was used to measure serum IgA antibodies to C. pneumoniae, and no 
difference was found between asthma patients and healthy controls with respect to serum 
IgA antibodies to C. pneumoniae (II).  

In contrast to IgA antibodies, serum IgG antibodies to C. pneumoniae (titre ≥ 1:16) 
were common in all study groups (from 84% to 92%; study I), and regardless of the 
method or the study population, the asthma patients did not differ from the controls (I, II). 

5.1.3  Association between Hsp60 antibodies and asthma (I, II) 

In study I, the Hsp60 antibody results were divided into tertiles. Serum IgA antibodies 
against C. pneumoniae Hsp60, but not against human Hsp60, were associated with 
asthma (Fig. 6). Asthma patients differed significantly from asymptomatic controls 
(P = 0.02), but not from bronchitis controls (P = 0.12) regarding C. pneumoniae Hsp60 
IgA antibodies. However, when the two control groups were combined, the asthma group 
differed from this combined control group (P = 0.02), as the bronchitis controls did not 
differ from the asymptomatic controls (P = 0.65). Thus, IgA antibodies to C. pneumoniae 
Hsp60 were associated only with asthma, not with acute bronchitis (I). 

Fig. 6. Percentage distributions of asthma patients, bronchitis controls, and asymptomatic 
controls in each tertile of IgA antibodies to C. pneumoniae Hsp60 presented as EIUs (optical 
density multiplied by 1000). 
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The association found between C. pneumoniae Hsp60 IgA antibodies and asthma 
remained significant in a comparison of geometric means adjusted for age, sex and (ever) 
smoking (I). The geometric EIU (optical density multiplied by 1000) means for 
C. pneumoniae Hsp60 IgA antibodies were 184 EIU for asthma patients, 143 EIU for 
bronchitis controls and 139 EIU for asymptomatic controls. The differences were 
statistically significant when asthma patients were compared to asymptomatic controls 
(P = 0.03) or to all controls (P = 0.01). In the latter case, the association remained 
significant (P = 0.02) even after C. pneumoniae IgA MIF seropositivity (titre ≥ 1:10) was 
added as an additional covariate (I). 

In study II, it was found that the median EIU levels of both serum and sputum IgA 
antibodies to C. pneumoniae Hsp60 were higher in the groups with moderate and mild 
asthma compared with the control group. The EIU (optical density multiplied by 1000) 
medians (IQR) for C. pneumoniae Hsp60 serum IgA antibodies were 168 (154�265) EIU 
for moderate asthma, 176 (147�228) EIU for mild asthma and 156 (136�182) EIU for the 
control group. A comparison of the levels showed a statistically significant difference 
between the patients with moderate asthma and the controls (P = 0.04), and a difference 
of borderline significance between the patients with mild asthma and the controls 
(P = 0.10). The EIU (optical density multiplied by 1000) medians (IQR) for 
C. pneumoniae Hsp60 sputum IgA antibodies were 56 (0�225) EIU for moderate asthma, 
73 (9�230) EIU for mild asthma and 19 (0�98) EIU for the control group. A difference of 
borderline significance was found only when the patients with mild asthma were 
compared to the healthy controls (P = 0.06) (II).  

In contrast to IgA antibodies, the levels of serum IgG antibodies to C. pneumoniae 
Hsp60 or human Hsp60 did not differ between the asthma patients and the controls (I, II). 

5.1.4  Hsp60 antibodies and pulmonary function (I) 

Serum IgA antibodies to C. pneumoniae Hsp60 were inversely correlated with pulmonary 
function, as measured by FEV1, in the study group as a whole, i.e. including asthma 
patients, bronchitis controls and healthy controls (r = �0.23, P = 0.04), suggesting an 
association with the severity of pulmonary obstruction (I). When asthma patients were 
analysed separately, the correlation was similar (r = �0.21) but not statistically significant 
(I). 

5.1.5  Role of C-reactive protein (II) 

Serum CRP concentrations were significantly higher in the asthma patients suffering 
from either moderate or mild asthma compared to the healthy controls (II). The median 
CRP levels were 2.53 mg/l for moderate asthma, 1.79 mg/l for mild asthma and 0.85 mg/l 
for the control group. A comparison of the CRP levels showed a statistically significant 
difference between the patients with moderate asthma and the controls (P < 0.001) as well 
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as between the patients with mild asthma and the controls (P = 0.009). A comparison of 
the CRP levels of only the two asthma groups showed a difference of borderline 
significance (P = 0.051). 

CRP concentration above the 2 mg/l cut-off level was found in 13% of the healthy 
controls, in 45% of the patients with mild asthma (P = 0.003) and in 58% of the patients 
with moderate asthma (P < 0.001) (II). 

The asthma patients and healthy controls were divided into two groups on the basis of 
CRP concentrations. The participants with a CRP level ≥2 mg/l had significantly higher 
levels of serum IgA antibodies to whole C. pneumoniae and Hsp60 of C. pneumoniae 
than the participants with a CRP level < 2 mg/l (Table 9). The levels of other antibodies 
did not differ between these two groups. 

Table 9. Levels of IgA and IgG antibodies to C. pneumoniae and chlamydial Hsp60 
among asthma and control participants with and without CRP level  ≥ 2 mg/l 

Variable CRP < 2 mg/l CRP ≥ 2 mg/l P* 
n 76 57  
C. pneumoniae IgA 120 (63�230) 230 (100�310) 0.007 
C. pneumoniae IgG 680 (240�1063) 760 (420�1255) 0.125 
C. pneumoniae Hsp60 serum IgA 163 (139�218) 188 (153�245) 0.041 
C. pneumoniae Hsp60 serum IgG 422 (270�568) 340 (245�470) 0.139 
C. pneumoniae Hsp60 sputum IgA 31 (0�171) 68 (9�239) 0.114 
Data presented as EIU (optical density multiplied by 1000) medians (IQR). * Mann-Whitney U-test 

5.2  Association of antibodies to Hsp60 and C. pneumoniae and CRP 
level with CHD 

5.2.1  Associations between the risk factors at baseline (III) 

When studying the baseline serum samples of this prospective nested case-control study, 
it was found that an elevated level of IgA antibodies to human Hsp60 was present in 54% 
of the 239 CHD cases and in 45% of the 239 controls (P = 0.04). C. pneumoniae Hsp60 
IgA antibodies, as well as IgG antibodies to both human and chlamydial Hsp60, were 
found equally often in the cases and the controls. There was a good correlation between 
IgA antibodies to human Hsp60 and C. pneumoniae Hsp60 (r = 0.56, P < 0.001). When 
the cases and the controls were analysed separately, the correlation was stronger among 
the cases (r = 0.61, P < 0.001) than among the controls (r = 0.51, P < 0.001). 62% of the 
cases and 54% of the controls who had a human Hsp60 IgA antibody level in the first 
quartile of distribution also had a C. pneumoniae Hsp60 IgA antibody level in the first 
quartile. At the other end, 57% of the cases and 51% of the controls who had a human 
Hsp60 IgA antibody level in the highest quartile also had a C. pneumoniae Hsp60 IgA 
antibody level in the highest quartile. 
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An elevated level of IgA antibodies to C. pneumoniae was found in 26% of the cases 
and in 17% of the controls (P = 0.02). The corresponding IgG antibodies were almost 
equally common in the cases (19%) as in the controls (15%). Human Hsp60 IgA 
antibodies may be partly due to a C. pneumoniae infection: 67% of the cases with IgA 
antibodies to C. pneumoniae in the highest quartile also had an elevated level of IgA 
antibodies to human Hsp60, while the corresponding percentage in the controls was 50% 
(Table 10). Among the cases, the percentage of persons with an elevated human Hsp60 
IgA antibody level increased from 48% in the lowest two quartiles of C. pneumoniae IgA 
antibodies to 67% in the highest quartile (P = 0.014), whereas no such trend was seen 
among the controls. 

An elevated CRP level was present in 63% of the cases and in 36% of the controls 
(P < 0.001). In the cases, there seems to be an association between the human Hsp60 IgA 
antibody level and the CRP concentration. The percentage of cases with an elevated CRP 
level increased from 54% in the lowest quartile of human Hsp60 IgA antibodies up to 
72% in the highest quartile, the trend being close to statistical significance (P = 0.072; 
Table 10). No such trend was seen among the controls. 

Table 10. Associations between the levels of a) C. pneumoniae IgA antibodies and human 
Hsp60 IgA antibodies and b) human Hsp60 IgA antibodies and CRP concentration  

Participants with an elevated human Hsp60 antibody level Variable Quartile 
Cases P for trend Controls P for trend 

1�2 48%  41%  
3 57%  52%  

C. pneumoniae  

4 67% 0.014 50% 0.172 
 

Participants with an elevated C-reactive protein level Variable Quartile 

Cases P for trend Controls P for trend 
1 54%  33%  
2 61%  40%  
3 63%  48%  

Human Hsp60  

4 72% 0.072 27% 0.799 

5.2.2  Univariate and joint effects on coronary risk at baseline (III) 

An elevated level of IgA antibodies to human Hsp60 was a significant risk factor for 
future coronary events. There was a 1.5-fold increase in the risk among those in the 
second quartile compared to those in the first quartile, and the risk increased to 2-fold 
among those in the third and fourth quartiles (Table 11). No increment in coronary risk 
was associated with IgA antibodies against C. pneumoniae Hsp60 � in spite of the good 
correlation with IgA antibodies to human Hsp60. In the case of IgA antibodies to 
C. pneumoniae, the risk was present only among those in the highest quartile, as already 
pointed out by Roivainen et al. (2000). None of the IgG antibodies studied were 
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associated with the coronary risk (data not shown). When studying the risk factors 
included in this study one at a time, an elevated CRP level was clearly the greatest risk 
factor. With the lowest quartile used as reference, the risk was 4.5-fold in the highest 
quartile. Adjustment for age and smoking decreased the risk by one unit. 

Table 11. ORs for coronary events by quartiles of IgA antibodies to human Hsp60, 
C. pneumoniae Hsp60 and C. pneumoniae and concentration of CRP 

Variable Quartile Unadjusted 
OR (95% CI) 

Adjusted 
OR (95% CI) 

Cases/Ctrls 
n 

Human Hsp60  1 1 1 46/71 
 2 1.54 (0.94�2.51) 1.62 (0.96�2.76) 59/56 
 3 2.10 (1.21�3.63) 2.20 (1.22�3.97) 65/51 
 4 1.91 (1.10�3.34) 2.01 (1.12�3.62) 60/52 
 
C. pneumoniae Hsp60 

 
1 

 
1 

 
1 

 
56/57 

 2 0.99 (0.60�1.64) 0.95 (0.55�1.63) 57/59 
 3 1.00 (0.57�1.78) 0.91 (0.49�1.68) 57/59 
 4 1.14 (0.63�2.09) 1.08 (0.58�2.02) 60/55 
 
C. pneumoniae 

 
1�2 

 
1 

 
1 

 
124/137 

 3 0.95 (0.61�1.50) 0.87 (0.53�1.41) 51/58 
 4 1.69 (1.05�2.74) 1.38 (0.82�2.33) 60/40 
 
CRP 

 
1 

 
1 

 
1 

 
39/69 

 2 0.93 (0.51�1.71) 0.87 (0.47�1.62) 40/68 
 3 2.20 (1.22�3.94) 1.69 (0.91�3.17) 56/50 
 4 4.49 (2.46�8.19) 3.42 (1.74�6.71) 79/27 
ORs were derived from conditional logistic regression analysis with matched data, but the numbers of 
cases/controls were calculated from pooled data. Adjustment was done for age (as continuous variable) and 
smoking (never/past, current). 



 63

As the factors studied tended to be associated especially among the CHD cases, the effect 
of their simultaneous occurrence on the risk of coronary events was explored. The results 
show clearly that even though C. pneumoniae and human Hsp60 IgA antibodies were 
both slightly associated with the coronary risk, they were not risk factors unless the CRP 
level was elevated (Table 12). Compared to those with all the three factors at low levels, 
the risk for an elevated CRP level alone was 2.5-fold. The risk did not change when a 
high C. pneumoniae IgA antibody level was added to the model, whereas an elevated 
human Hsp60 IgA antibody level increased the risk to 4-fold. However, when all these 
three risk factors were present, the risk increased up to 7-fold. When adjusted for age and 
smoking, the risk was 5-fold. 

Table 12. ORs for coronary events by combined levels of CRP concentration and IgA 
antibodies to C. pneumoniae and human Hsp60 

Variables Unadjusted  
OR (95% CI) 

Adjusted  
OR (95% CI) 

Cases/Ctrls  
n 

CRP � 
C. pneumoniae �, human Hsp60 � 1 1 35/65 
C. pneumoniae +, human Hsp60 � 1.26 (0.35�4.57) 1.11 (0.29�4.20) 5/6 
C. pneumoniae �, human Hsp60 + 1.21 (0.61�2.42) 1.19 (0.58�2.42) 31/50 
C. pneumoniae +, human Hsp60 + 0.76 (0.24�2.45) 0.71 (0.21�2.46) 5/9 

CRP + 
C. pneumoniae �, human Hsp60 � 2.45 (1.28�4.70) 1.86 (0.93�3.73) 43/31 
C. pneumoniae +, human Hsp60 � 2.68 (0.84�8.51) 1.98 (0.59�6.68) 12/9 
C. pneumoniae �, human Hsp60 + 3.96 (1.87�8.38) 3.19 (1.45�7.00) 45/26 
C. pneumoniae +, human Hsp60 + 6.97 (2.55�19.1) 5.02 (1.78�14.2) 29/9 

ORs were derived from conditional logistic regression analysis with matched data, but the numbers of 
cases/controls were calculated from pooled data. Adjustment was done for age (as continuous variable) and 
smoking (never/past, current). 

There was a clear dose-response effect with an increasing number of risk factors present 
(a high level of IgA antibodies to C. pneumoniae, an elevated level of IgA antibodies to 
human Hsp60 and an elevated CRP level). When those with all the three factors at low 
levels were used as a reference, the ORs were 1.75 (95% CI 1.02�3.01), 2.82 (1.50�5.33) 
and 7.15 (2.69�18.99) for those with one, two and three risk factors present 
simultaneously. Adjustment for age and smoking decreased the ORs to 1.44 (0.82�2.54), 
2.15 (1.10�4.21) and 4.51 (1.64�12.37), respectively. Of those with only one factor, 45% 
had CRP as the sole risk factor, while 7% had C. pneumoniae IgA antibodies and 48% 
human Hsp60 IgA antibodies. Of those with two factors present simultaneously, 20% had 
CRP and C. pneumoniae IgA antibodies, 66% CRP and human Hsp60 IgA antibodies and 
14% C. pneumoniae and human Hsp60 IgA antibodies. 



 64

5.2.3  Role of smoking (III) 

Adjustment for smoking in the statistical analyses decreased the ORs considerably 
(Tables 11 and 12). Therefore, the possible modifying effect of smoking on the risk 
associated with elevated levels of IgA antibodies to human Hsp60 was studied (Table 13). 
Among nonsmokers, the risk for an elevated level of human Hsp60 antibodies was 1.8-
fold, while for smoking alone it was 2.8-fold. The actual joint effect, OR 4.0, was thus 
somewhat closer to being additive than multiplicative. 

Table 13. ORs for coronary events by combined levels of smoking and IgA antibodies to 
human Hsp60 

Variables Unadjusted  
OR (95% CI) 

Adjusted  
OR (95% CI) 

Cases/Ctrls  
n 

Never/past smoking 
Human Hsp60 � 1 1 48/86 
Human Hsp60 + 1.81 (0.99�3.28) 1.88 (1.02�3.47) 52/62 

Current smoking 
Human Hsp60 � 2.82 (1.57�5.07) 2.94 (1.62�5.32) 57/41 
Human Hsp60 + 3.97 (2.15�7.31) 4.26 (2.28�7.94) 73/41 

ORs were derived from conditional logistic regression analysis with matched data, but the numbers of 
cases/controls were calculated from pooled data. Adjustment was done for age (as continuous variable).  

5.2.4  Prevalence of persistent risk factors (IV) 

45% of the cases and 31% of the controls had elevated C. pneumoniae IC/IgA antibody 
levels both at baseline and 3 to 6 months before the coronary event, suggesting chronic 
C. pneumoniae infections (Fig. 7). The prevalence of persistently elevated IgG antibodies 
to C. pneumoniae did not differ between the groups. Persistently elevated human Hsp60 
IgA antibody levels were present in 40% of the cases and in 32% of the controls, whereas 
persistently elevated IgG antibodies to human Hsp60 were equally common in both 
groups. The greatest difference between the cases and the controls was seen in the 
prevalence of persistently elevated CRP levels, which were present in 44% of the cases 
and in 21% of the controls.  
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Fig. 7. Prevalence (%) of participants with persistently and temporarily elevated levels of 
C. pneumoniae IC/IgA antibodies (top), human Hsp60 IgA antibodies (middle) and CRP 
concentration (bottom) among cases (left) and controls (right). 
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Of the 65 cases and 47 controls with persistently elevated C. pneumoniae IC/IgA 
antibody levels, 19 (29%) cases and 22 (47%) controls had merely those antibodies 
present, whereas persistently elevated levels of human Hsp60 IgA antibodies and CRP in 
addition to persistently elevated C. pneumoniae IC/IgA antibody levels were seen in 17 
(26%) cases but only in one control (Fig. 8). 

Fig. 8. Prevalence (%) of participants with persistent C. pneumoniae IC/IgA antibodies 
together with persistent human Hsp60 IgA antibodies and/or persistent CRP concentration 
among cases (left) and controls (right). 

5.2.5  Univariate and joint effects of persistence of risk factors on 
coronary risk (IV) 

Only persistently, not transiently, elevated antibody and CRP levels were associated with 
the risk of coronary events (Table 14). Compared with persistently low levels, the risk of 
coronary events was 2-fold both for a persistently elevated level of IC/IgA antibodies to 
C. pneumoniae and for a persistently elevated level of IgA antibodies to human Hsp60. 
The corresponding IgG antibodies were not associated with the risk (data not shown). 
The coronary risk was highest for a persistently elevated CRP level: 4.5-fold without 
adjustment and 2.9-fold when adjusted for age and smoking. Adjustment for other CHD 
risk factors, such as serum total cholesterol or body mass index, did not essentially 
change the pattern of risk (data not shown). 

Persistent Hsp60
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Table 14. Effect of persistently elevated levels of C. pneumoniae IC/IgA and human 
Hsp60 IgA antibodies and CRP concentration on the ORs of coronary events 

Seropositivity Unadjusted 
OR (95% CI) 

Adjusted 
OR (95% CI) 

Cases/Ctrls 
n 

C. pneumoniae 
No1 1 1 69/87 
Past2 0.85 (0.36�2.05) 0.89 (0.35�2.27) 11/15 
New3 1.03 (0.49�2.16) 1.09 (0.50�2.36) 15/18 
Persistent4 1.98 (1.20�3.27) 1.96 (1.14�3.36) 77/52 

    
Human Hsp60 

No1 1 1 44/60 
Past2 1.58 (0.73�3.45) 1.95 (0.83�4.54) 24/23 
New3 1.42 (0.65�3.11) 1.65 (0.70�3.86) 22/21 
Persistent4 2.03 (1.09�3.78) 2.11 (1.08�4.13) 58/44 

    
CRP 

No1 1 1 34/69 
Past2 2.56 (1.19�5.48) 1.73 (0.76�3.94) 26/23 
New3 1.55 (0.73�3.27) 1.23 (0.56�2.70) 24/27 
Persistent4 4.48 (2.34�8.58) 2.89 (1.39�6.03) 67/32 

ORs were derived from conditional logistic regression analysis with matched data, but the numbers of 
cases/controls were calculated from pooled data. Adjustment was done for age (as continuous variable) and 
smoking (never/past, current).  
1 elevated levels present neither at baseline nor before the coronary event 

2 elevated levels present only at baseline 
3 elevated levels present only before the coronary event 
4 elevated levels present both at baseline and before the coronary event 
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When both C. pneumoniae IC/IgA and human Hsp60 IgA antibodies were persistently 
elevated, the risk of coronary events, compared with low or transiently elevated levels of 
both antibodies, increased to 2.9-fold (Table 15). On the other hand, the 1.6-fold risk 
associated with an elevated C. pneumoniae IC/IgA antibody level alone increased 
prominently, to 5.4-fold, if CRP was elevated as well. An elevated Hsp60 IgA antibody 
level was only associated with the risk when CRP was elevated, the risk being 6.1-fold 
without adjustment and 4.4-fold when adjusted for age and smoking. 

Table 15. Importance of persistence of the combined risk factors (C. pneumoniae IC/IgA 
and human Hsp60 IgA antibodies and CRP concentration) measured in terms of ORs of 
coronary events 

Persistence  Unadjusted  
OR (95% CI) 

Adjusted  
OR (95% CI) 

Cases/Ctrls  
n 

Human Hsp60 � 
C. pneumoniae � 1 1 70/88 
C. pneumoniae + 1.54 (0.80�2.99) 1.80 (0.86�3.77) 38/33 

Human Hsp60 + 
C. pneumoniae � 1.03 (0.56�1.91) 1.02 (0.52�2.00) 27/34 
C. pneumoniae + 2.90 (1.44�5.86) 2.61 (1.23�5.53) 36/16 

    
CRP � 

C. pneumoniae � 1 1 50/82 
C. pneumoniae + 1.55 (0.85�2.80) 1.62 (0.87�3.00) 34/35 

CRP + 
C. pneumoniae � 2.36 (1.16�4.79) 1.96 (0.92�4.18) 31/21 
C. pneumoniae + 5.38 (2.32�12.5) 4.47 (1.84�10.8) 33/10 

    
CRP � 

Human Hsp60 � 1 1 55/76 
Human Hsp60 + 0.92 (0.46�1.85) 0.87 (0.42�1.80) 25/35 

CRP + 
Human Hsp60 � 2.07 (1.04�4.14) 1.78 (0.85�3.74) 32/22 
Human Hsp60 + 6.06 (2.23�16.5) 4.36 (1.53�12.4) 29/8 

ORs were derived from conditional logistic regression analysis with matched data, but the numbers of 
cases/controls were calculated from pooled data. Adjustment was done for age (as continuous variable) and 
smoking (never/past, current). Persistence, i.e. elevated levels present both at baseline and before the coronary 
event.  
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Even when both C. pneumoniae IC/IgA and human Hsp60 IgA antibodies were 
persistently elevated, but the CRP level was low, the risk was only 1.6-fold and 
statistically not significant (Table 16). Reciprocally, without either of the antibodies 
elevated, an elevated CRP level was only weakly associated with the coronary risk: 
among the participants with low levels of both antibodies, the risk associated with 
persistently elevated CRP was 2-fold, but not statistically significant. Only the 
participants who had a persistently elevated CRP level and either one or both of the 
antibody markers at persistently elevated levels had a statistically significant risk of 
coronary events. The risk was outstandingly high in the group where all these three 
markers were persistently elevated. That group included only one control but 17 cases. 
Thus, sensitivity was 12.3% and specificity 99.3%. 

Table 16. Role of CRP in the association between persistently elevated levels of 
C. pneumoniae IC/IgA and human Hsp60 IgA antibodies and the coronary risk 

Persistence  Unadjusted  
OR (95% CI) 

Adjusted  
OR (95% CI) 

Cases/Ctrls  
n 

CRP � 
C. pneumoniae � and humanHsp60 � 1 1 34/53 

C. pneumoniae + or human Hsp60 +  1.00 (0.51�1.96) 1.06 (0.53�2.13) 29/42 
C. pneumoniae + and human Hsp60 + 1.57 (0.64�3.86) 1.55 (0.62�3.91) 14/13 

CRP + 
C. pneumoniae � and humanHsp60 � 2.00 (0.84�4.76) 1.78 (0.71�4.45) 17/13 
C. pneumoniae + or human Hsp60 +  2.60 (1.18�5.75) 2.26 (0.97�5.25) 27/16 
C. pneumoniae + and human Hsp60 + 23.9 (3.03�188) 16.9 (2.06�138) 17/1 

ORs were derived from conditional logistic regression analysis with matched data, but the numbers of 
cases/controls were calculated from pooled data. Adjustment was done for age (as continuous variable) and 
smoking (never/past, current). Persistence, i.e. elevated levels present both at baseline and before the coronary 
event. 



6 Discussion 

6.1  Methods 

In this study, the laboratory methods used for the measurement of C. pneumoniae 
antibodies were MIF (I, III, IV) and EIA (II). The MIF test developed by Wang and 
Grayston (1970) is considered the golden standard for the serological diagnosis of 
C. pneumoniae infections (Dowell et al. 2001). When performed and interpreted properly, 
it is a specific method measuring antibodies exposed to chlamydial surface proteins. It is 
essential that the samples of cases and controls are analysed simultaneously and blindly 
by the same person. There is no standardised quality control system for checking the 
performance of MIF in different laboratories. However, standardisation between 
laboratories is emerging (Peeling et al. 2000). The EIA method measures antibodies to 
both surface-exposed and internal proteins and LPS, being therefore less specific than 
MIF (Peeling 1999). EIA is technically easy to perform and objective. 

Both MIF and EIA are able to measure separately antibodies in the IgA, IgM and IgG 
classes, and they are therefore suitable for distinguishing recent from past infections as 
well as primary from reinfections (Kuo et al. 1995). In primary infection, IgM antibodies 
show up about 3 weeks after the onset of the illness, whereas IgA and IgG antibodies may 
not appear until 6 to 8 weeks after onset. In reinfection, on the other hand, IgA and IgG 
titres rise within 1 or 2 weeks and may reach very high levels. IgA antibodies tend to 
disappear rapidly, their half-life being only 5 to 6 days, whereas IgG antibodies persist in 
the body and may be detectable for over 3 years (Kuo et al. 1995). Especially older 
patients who have had multiple C. pneumoniae infections may have persistently high IgG 
titres. The persistence of elevated antibody titres, especially of IgA antibodies, has been 
considered a reliable marker of chronic bacterial infection (reviewed by Saikku 1999). 
Moreover, circulating ICs consisting of microbial antigens and antibodies against them 
are often observed in chronic infections. Their consistent presence is a sign of continuous 
production of microbial antigens and, thus, a potential marker of persistent infection 
(Saikku 1999). 

For the measurement of Hsp60 antibodies, we developed an EIA method. Compared to 
the Hsp60 EIA method developed in Italy by Ciervo and colleagues (2002), the test 
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procedures were very similar. The main difference was the coating buffer, which was 
PBS (pH 7.4) in our method and NaCHO (pH 9.6) in the Italian method. To compare 
these two EIA methods, IgA and IgG antibodies to Hsp60 were measured in 268 serum 
samples collected at the beginning of the Finrisk study in 1972. The cases and controls 
consisted of 35- to 59-year-old Finnish men who had had AMI by the year 1997 and their 
age-matched controls who had no diagnosed CHD (Vartiainen et al. 2000). It turned out 
that the antibody titres obtained by these two methods correlated well: the correlation 
coefficients varied from 0.58 to 0.81 for IgA and from 0.52 to 0.81 for IgG, depending on 
the antigen. In the same study, two recombinant C. pneumoniae Hsp60 proteins were also 
compared: the one produced in B. subtilis in National Public Health Institute (Helsinki, 
Finland) and another produced in E. coli in Italy by Ciervo and colleagues (2002). The 
correlation between the antibody titres obtained by using these two antigens was from 
0.63 to 0.65 for IgA, depending on the EIA method, but only 0.31 for IgG, in both 
methods. The preliminary results suggest that the best marker in predicting the risk for 
AMI in the Finrisk study was the IgA antibody titre to C. pneumoniae Hsp60 produced in 
B. subtilis (data not published). 

For the measurement of human Hsp60 antibodies in this study, we used a commercial 
recombinant human Hsp60 protein produced in E. coli by Sigma. A comparison between 
this and a corresponding protein produced by Lionex (Germany) gave similar results 
(data not shown). 

6.2  Study populations 

The asthma study I was a controlled cross-sectional study, and the controls were matched 
for age and sex, but not for smoking. The asthma group involved a larger number of 
persons who smoked or had smoked compared to the control groups (P = 0.039). In the 
asthma study II, age, sex and smoking did not differ statistically significantly between the 
groups, although the patients with moderate asthma seemed to be slightly more often 
current smokers than the patients with mild asthma or the healthy controls. In the asthma 
study II, the asthma patients were more obese than the healthy controls (P = 0.012). 

The CHD studies were prospective nested case-control studies with participants 
obtained from the trial cohort of the Helsinki Heart Study, which, in turn, was a double-
blind, randomised, placebo-controlled, coronary primary prevention trial. In the Helsinki 
Heart Study, all participants were men, and the controls were matched for age, smoking 
and place of residence. The geographical matching in the Helsinki Heart Study was 
considered necessary because of the generally known marked regional differences in the 
incidence of CHD and the possible differences in the regional exposure to some 
infectious microbes studied. 

Matching for age, sex and smoking was important because the levels of 
C. pneumoniae antibodies and CRP are age-dependent, and smoking is a strong risk 
factor for both asthma and CHD. Moreover, C. pneumoniae infection seems to be more 
common in smokers than in nonsmokers (Hahn & Golubjatnikov 1992, Karvonen et al. 
1994, Laurila et al. 1997b, von Hertzen et al. 1998, Mayr et al. 2000). In the Helsinki 
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Heart Study, it was shown that smoking significantly increased the risk associated with 
markers of chronic C. pneumoniae infection, and its effect at high levels of CRP was 
more than multiplicative, showing a high degree of synergy (Roivainen et al. 2000). On 
the other hand, Yudkin et al. (1999) found that smoking did not affect the level of CRP in 
a healthy population. 

Adipose tissue, especially abdominal fat deposition, is strongly associated with CRP in 
healthy, middle-aged women. Given that inflammatory mediators may be directly 
involved in atherogenesis, these results suggest an important mechanism through which 
obesity might affect the risk of CHD. (Hak et al. 1999) Higher BMI is associated with 
higher CRP concentrations, even among young adults, suggesting a state of low-grade 
systemic inflammation in overweight persons (Visser et al. 1999, Yudkin et al. 1999). 

One shortcoming in the study population of the Helsinki Heart Study was that some 
serum samples were lacking, making the numbers too small for further analysis. Most 
missing samples were related to coronary events that had occurred very early during the 
follow-up period, with only the baseline samples available. Moreover, sufficient volumes 
of sera were no longer available in all cases. Some ORs would probably have reached 
statistical significance in a larger population. The participants with only one sample 
available, and therefore excluded from the analyses, did not differ from those included in 
this study with respect to age, body mass index, serum total cholesterol or blood pressure. 
However, this group of participants involved a larger number of smokers (53%) than the 
group included in the study (42%). The strong interaction between CRP and smoking 
observed by Roivainen et al. (2000) suggests a higher risk in the total study population 
compared with the risk found in this study. In addition, the case-control status is naturally 
time-dependent, as some of the current controls are likely to be future cases, and the same 
process may well be ongoing in both groups, but only to different extents. Another 
shortcoming is that the test of the post hoc hypothesis is based on dyslipidemic, middle-
aged, white men. Thus, the findings of this study should not be generalised to 
normocholesterolemic men or women or to other races. 

6.3  Major findings 

6.3.1  Immune response to chlamydial Hsp60, C. pneumoniae infection 
and inflammation in adults with asthma 

The results of this study show an association of serum IgA antibodies to the Hsp60 
protein of C. pneumoniae with asthma and thus support the hypothesis of an association 
between C. pneumoniae infection and asthma (Hahn 1999). The analysis of 
C. pneumoniae Hsp60 IgA antibodies in sputum samples showed the levels to be 
somewhat, though not statistically significantly, higher among the asthma patients than 
among the controls. IgA antibodies to the Hsp60 protein of C. pneumoniae were 
associated only with asthma, while IgA antibodies against the whole C. pneumoniae 
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bacterium were associated with both asthma and acute bronchitis. No significant 
association was found between the corresponding IgG antibodies and asthma. The lack of 
association between IgG antibodies to the same recombinant C. pneumoniae Hsp60 
protein and asthma was also observed in another study in Finland (von Hertzen et al., 
submitted). 

In addition, serum IgA antibodies to C. pneumoniae Hsp60 were inversely correlated 
with pulmonary function, as measured by FEV1, suggesting an association with the 
severity of pulmonary obstruction. The association of C. pneumoniae Hsp60 IgA 
antibodies with both asthma and the severity of pulmonary obstruction support the 
possibility that the Hsp60 protein may play a role in the pathogenesis of bronchial 
hyperreactivity and/or pulmonary obstruction. Miyashita et al. (1996) have shown 
marked anti-Hsp60 seroreactivity in an exacerbation of culture-proven persistent 
C. pneumoniae lung infection and suggested that an allergic reaction to Hsp could 
produce pulmonary symptoms. 

Although the highly conserved nature of the Hsp proteins raises the possibility of 
molecular mimicry and generation of an autoimmune response as an additional factor in 
immunopathogenesis, no association was found between human Hsp60 antibodies and 
asthma. Nor was any correlation found between human and chlamydial Hsp60 IgG 
antibodies. Our results agree with the study of Henriksen et al. (2000). Yet, there was a 
correlation between human and chlamydial Hsp60 IgA antibodies. This correlation may 
be related to a role of Hsp60 molecular mimicry in respiratory illnesses. It seems that IgG 
and IgA antibodies are formed against partly different antigenic epitopes, of which some 
are cross-reactive. 

Asthma is associated with predominant Th2 and relatively deficient Th1 phenotype. A 
similar Th2/Th1 profile has been demonstrated in persons with severe trachomatous 
scarring. In these patients, C. trachomatis Hsp60 increased the numbers of peripheral 
blood mononuclear cells, producing interleukin-4 (IL-4), whereas C. trachomatis Hsp60 
stimulated increased secretion of interferon-gamma (INF-γ) in controls (Holland et al. 
1996). No comparable studies are available for C. pneumoniae-associated diseases. It is 
known, however, that chlamydial Hsp60 regulates macrophage tumour necrosis factor-
alpha (TNF-α) and matrix metalloproteinase expression (Kol et al. 1998). An imbalance 
in metalloproteinase expression has also recently been implicated in the pathogenesis of 
airflow obstruction in asthma and chronic bronchitis (Vignola et al. 1998). 

It is possible that the Hsp60 responses simply represent a marker for exposure to 
chlamydial infection. On the other hand, there are two counter-arguments in favour of a 
role for Hsp60 protein in the pathogenesis. Firstly, despite the weak but significant 
correlation between IgA antibodies to C. pneumoniae antigens and to C. pneumoniae 
Hsp60, the results indicate that there is, nevertheless, an independent association between 
C. pneumoniae Hsp60 IgA antibodies and asthma, even after controlling for the effects of 
C. pneumoniae IgA antibodies. Another argument is the differential IgA antibody 
responses in controls with acute bronchitis. These findings support the need for further 
investigations on the role of C. pneumoniae Hsp60 in the pathogenesis of asthma. 

In this study, we also showed, for the first time, that low-grade systemic inflammation, 
demonstrated as a slightly elevated CRP level, was present in stable asthma, despite 
therapy with inhaled corticosteroids. Furthermore, the CRP levels were highest among 
the patients with moderate asthma. The asthma patients were more obese than the 
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controls, but after adjustment for BMI, the difference in CRP levels remained statistically 
significant between the healthy controls and the patients with moderate asthma. CRP 
might thus help to identify asthma patients with ongoing inflammation and a risk for 
airway remodelling. Theoretically, CRP could be an additional tool in asthma control. A 
follow-up study is needed to evaluate the role of CRP as an inflammatory marker in 
predicting the outcome of asthma both for monitoring the sufficiency of anti-
inflammatory medication and as part of poor outcome risk assessment. Elevated CRP 
levels may also reflect longstanding tissue damage and airway remodelling in chronic 
airway inflammation. Furthermore, it was found that serum IgA antibodies against the 
Hsp60 protein of C. pneumoniae and the whole C. pneumoniae bacterium were both 
associated with an elevated CRP level, suggesting that low-grade inflammation in some 
asthma cases may be associated with chronic infection and immune reactions caused by 
C. pneumoniae. The corresponding IgG antibodies were not associated with elevated 
CRP. 

Most of the studies demonstrating an association between C. pneumoniae and asthma, 
especially in adults, have been serological, and evidence of a causal relationship or even 
of the presence of C. pneumoniae in lung tissue is thus still lacking.  

6.3.2  Immune response to human Hsp60, C. pneumoniae infection and 
inflammation in predicting coronary risk 

In this study, we found an association between human Hsp60 IgA antibodies and the 
coronary risk. An elevated level of these antibodies was shown to predict the occurrence 
of MI or coronary death several years later. We further showed that only the Hsp60 
antibodies that were persistently elevated in the sera were associated with an increased 
risk. Wick and his collaborators have studied the role of microbial Hsp60 in the 
development of atherosclerosis, and they have found immunity to mycobacterial Hsp65 
to be associated with the pathogenesis of both carotid and coronary atherosclerosis (Xu et 
al. 1993, Hoppichler et al. 1996). Hsp65 antibodies were found more often in patients 
with atherosclerotic lesions than in persons without such lesions, and they also predicted 
carotid atherosclerosis (Xu et al. 1999, Kiechl et al. 2001). They have also shown that 
these antibodies cross-react with E. coli Hsp60, chlamydial Hsp60 and human Hsp60 
antibodies and are cytotoxic to endothelial cells (Mayr et al. 1999). In this study, we 
confirmed their findings and extended them to apply to coronary events: autoimmunity, 
as indicated by an elevated level of IgA antibodies against human Hsp60 protein, was 
shown to predict the occurrence of MI or coronary death several years later. 

Even though there was a good correlation between the antibodies to human Hsp60 and 
C. pneumoniae Hsp60, only IgA antibodies to human Hsp60 were associated with the 
coronary risk. The association found between human Hsp60 and C. pneumoniae IgA 
antibodies suggests that the antibodies to human Hsp60 may have been induced, at least 
partly, by C. pneumoniae Hsp60 during chronic and repeated C. pneumoniae infections, 
but the risk for coronary events is present only when autoimmunity to human Hsp60 has 
developed. Human, chlamydial and other bacterial Hsps share a high sequence homology, 
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75% at the amino acid level, and it is thus naturally possible that other bacterial agents, 
especially H. pylori and dental bacteria, which have been associated with CHD, have also 
contributed to the development of autoimmunity to human Hsp60 (Birnie et al. 1998). 
However, no association was found between H. pylori infection and coronary risk 
(Roivainen et al. 2000). Furthermore, our results showed that only the antibodies that 
were persistently elevated in the sera of these middle-aged hypercholesterolemic men 
were associated with an increased risk, suggesting that chronic C. pneumoniae infection 
and persistent production of autoantibodies to Hsp60 may have played a role in the 
development of cardiac events. 

Our results showed that the coronary risks associated with elevated levels of IgA 
antibodies to human Hsp60 increased considerably in the presence of an elevated CRP 
level, a marker of systemic inflammation. The same applied to C. pneumoniae IgA 
antibodies, as already shown by Roivainen et al. (2000), where no risk was associated 
with a high level of C. pneumoniae IgA antibodies, unless they were present together 
with a high CRP level. In this study, the risk was increased by an increasing number of 
persistently elevated risk factors, being highest when all the three factors representing 
chronic C. pneumoniae infection, inflammation and autoimmunity to human Hsp60 were 
elevated. Interestingly, only one participant with all these three markers present was 
found among the 138 controls compared to 17 among the same number of cases. Thus, 
sensitivity was 12.3% and specificity over 99%. 

Our findings are in agreement with the findings of Kiechl et al. (2001), which showed 
that antibodies to mycobacterial Hsp65 predicted carotid atherosclerosis, and the 
association between chronic (respiratory, urinary tract, dental and other) infections and 
the risk of atherosclerosis increased clearly in the presence of an elevated ( > 1 mg/l) 
CRP level. Another study by Gattone et al. (2001) showed that seropositivity to both 
C. pneumoniae and cytomegalovirus infections was associated with increased CRP and a 
risk of MI. Indeed, atherosclerosis is nowadays accepted as an inflammatory disease 
(Ross 1999), and several prospective studies have shown CRP to be a strong independent 
predictor of future coronary events (Rifai & Ridker 2001, Ridker et al. 2002). Given that 
the coronary risk associated with elevated C. pneumoniae IC/IgA and human Hsp60 IgA 
antibody levels increased in the presence of an elevated CRP level, the risk associated 
with elevated CRP also increased clearly when elevated antibody levels were involved. 

We found no multiplicative joint effect between human Hsp60 antibody levels and 
herpes simplex type 1 virus antibody levels, which, in the study of Roivainen et al. 
(2000), were a significant risk factor for coronary events (data not shown). This suggests 
that a Hsp60 response is essential for C. pneumoniae infection in the process leading to 
CHD, whereas in viral infections, an elevated Hsp60 antibody level is a coexisting 
phenomenon. This is in agreement with the study of Mayr et al. (2000), in which IgA 
antibodies to C. pneumoniae were associated with carotid and femoral atherosclerosis and 
correlated with antibodies to mycobacterial Hsp65, whereas no association was found 
between antibodies to cytomegalovirus and to Hsp65. Our results showed that the 
associations between C. pneumoniae antibodies, human Hsp60 antibodies and CRP were 
strong, indicating that these factors might contribute to the process leading to coronary 
events. 

We also studied the possible modifying effect of smoking on the risk associated with 
elevated levels of human Hsp60 IgA antibodies. The joint effect was not negligible, but 
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no synergistic effect was seen. Thus, our results indicate that these two factors may, at 
least partly, act independently. Similar finding were reported by Xu et al. (1999) and Zhu 
et al. (2001b). C. pneumoniae infection is more common in smokers than in nonsmokers, 
suggesting that smoking may predispose to the development of chronic C. pneumoniae 
infection (Hahn & Golubjatnikov 1992, Karvonen et al. 1994, Laurila et al. 1997b, Mayr 
et al. 2000). In identical twins, C. pneumoniae -specific IgA levels have been shown to be 
higher and cell-mediated immunity (measured as a lymphoproliferative response) lower 
in the smoking twins than in their nonsmoking co-twins, indicating that chronic 
C. pneumoniae infections in smokers are linked to lowered cell-mediated protective 
immunity (von Hertzen et al. 1998). In the Helsinki Heart Study, smoking significantly 
increased the risk associated with markers of chronic C. pneumoniae infection, and its 
effect with high CRP level was more than multiplicative, showing a high degree of 
synergy (Roivainen et al. 2000). 

In this study, we found no risk to be associated with any of the IgG antibodies, 
suggesting that the presence of IgG antibodies is not a good marker for either chronic 
C. pneumoniae infection or autoimmunity to human Hsp60 protein in prediciting 
coronary risk. In the studies of Burian et al. (2001) and Zhu et al. (2001b), IgG antibodies 
to human Hsp60 were associated with the presence of CAD, whereas IgA antibodies were 
not measured. In the study of Mahdi et al. (2002), too, where it was found that antibodies 
to chlamydial Hsp60 but not to human and bacterial homologs were associated with 
CAD, only IgG antibodies were measured. In the study of Xu et al. (1999), which 
showed that mycobacterial Hsp65 antibody titres predicted 5-year mortality, only total 
antibodies (all Ig classes together) to Hsp65 were measured, and it is thus not known if 
IgA antibodies, rather than IgG antibodies, were an important risk factor in that study, 
too. The serological association between C. pneumoniae antibodies and atherosclerosis 
has recently been disputed, mostly due to studies where the lack of association was 
observed when studying only IgG antibodies from baseline samples (reviewed by Danesh 
et al. 2000). Several studies support our finding that an elevated level of IgA antibodies 
seems to be a better marker for chronic C. pneumoniae infection and to be more strongly 
associated with CHD and an increased risk of future coronary events (Saikku et al. 1992, 
Miettinen et al. 1996, Mayr et al. 2000, Kiechl et al. 2001, Danesh et al. 2002). The 
presence of IgA antibodies in serum samples collected a few years apart is an even better 
marker for chronic infection than the presence of IgA antibodies in a single serum sample 
(Saikku et al. 1992, Laurila et al. 1997a, Laurila et al. 1997b). However, the testing of 
paired sera at such a long interval may not be feasible in clinical settings. 

If chronic C. pneumoniae infection is involved in atherogenesis by, for example, 
inducing inflammation and the development of autoimmunity to Hsp60, as suggested by 
this study, it would be possible to modify the disease process by antibiotic treatment. 
Unfortunately, C. pneumoniae antibodies are very common in middle-aged and elderly 
populations, and it is thus impossible to treat all antibody-positive persons by way of 
primary prevention. The results of this study suggest that a combination of elevated 
C. pneumoniae IgA antibodies and slightly elevated CRP values and/or elevated IgA 
antibodies to human Hsp60 would be helpful when screening persons who are at a high 
risk for a coronary event and would possibly benefit from prophylactic treatment. 



7 Conclusions 

The findings of this study show an association of IgA antibodies to the Hsp60 protein of 
C. pneumoniae with asthma and thereby provide further support for the association 
between C. pneumoniae infection and asthma. Moreover, the results show, for the first 
time, that low-grade systemic inflammation, demonstrated as a slightly elevated CRP 
level, was present in stable asthma, despite therapy with inhaled corticosteroids. The CRP 
levels were higher among the patients with moderate asthma than among the patients 
with mild asthma. Serum IgA antibodies to the Hsp60 protein of C. pneumoniae and the 
whole C. pneumoniae were both associated with an elevated CRP level. These findings 
support the theory that, in some asthma patients, inflammation might be a consequence of 
chronic C. pneumoniae infection and immune reactions to this infectious agent. 

The findings of this study show that IgA antibodies against human Hsp60 and 
C. pneumoniae as well as slightly elevated CRP concentration were all risk factors for 
coronary events, especially when elevated persistently, not transiently. The coronary risk 
associated with elevated antibody levels increased considerably in the presence of an 
elevated CRP level and vice versa. The risk was increased by an increasing number of 
persistently elevated risk factors, being highest when all the three factors were elevated. 
Thus, it seems that chronic infection, autoimmunity and inflammation together caused 
coronary events in this study population. The speculative pathway in the case of 
C. pneumoniae infection is initiated by a chain reaction in which CRP and Hsp60 play a 
role: a chronic C. pneumoniae infection increases the expression of its own Hsp60, which 
leads to an increased expression of host Hsp60 and thus gradually results in 
autoimmunity with systemic inflammation and elevated CRP and, finally, clinical 
manifestations of CHD. 

In conclusion, these results suggest that Hsp60 of C. pneumoniae is involved in the 
association between C. pneumoniae infection and asthma, while autoimmunity to human 
Hsp60 is implicated in the association between C. pneumoniae infection and CHD. 
Inflammation evidently has an important role within these associations. It can also be 
concluded that IgA antibodies, compared to IgG antibodies, against C. pneumoniae and 
Hsp60 are better markers of chronicity, especially when they are persistently elevated. 
Further research is warranted to clarify the role of Hsp60 proteins, C. pneumoniae 
infection and CRP in the pathogenesis of these diseases. 
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