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Abstract:
Chlamydia pneumoniae is a significant cause of respiratory infection in humans and has been
associated with cardiovascular disease. Many studies have investigated the relationship between C.
pneumoniae infection and cardiovascular disease, but few have examined host immunity to respiratory
infection. Using a murine model of respiratory infection, we sought to characterize the course of
primary and secondary C. pneumoniae infection, and to determine the role of humoral and cell
mediated immune responses in adaptive immunity to infection. Intranasal inoculation with C.
pneumoniae resulted a self-limiting respiratory infection that resolved within 21 days. Histological
evaluation of lung sections revealed an interstitial pneumonia composed of polymorphonuclear
neutrophils and mononuclear cells, and the association of C. pneumoniae inclusions with bronchial
epithelial cells. Inflammation peaked at 10-14 days post infection and had completely resolved by five
weeks following primary infection. The inflammatory response consisted primarily of CD4+ T cells
and B cells when analyzed by immunohistochemistry. Anti-C pneumoniae serum and bronchial
antibody titers were determined by enzyme-linked immunosorbent assay (ELISA), and were
characterized by a predominance of IgG2a and IgG2b and the lack of IgA. Cytokine production by
immune splenocytes was analyzed as a measure of cell mediated immunity, and was characterized by
the production of IFN-γ and IL-10. Mice were susceptible to reinfection, but showed a level of
protective immunity as evidenced by a shortened course of infection. Reinfection was also
characterized by anti-C. pneumoniae IgA in bronchial washes, and a marked CD4+ T cell and B cell
response in lung tissues. To assess the role of B cells in protective immunity to C. pneumoniae
respiratory infection, primary and secondary infections were evaluated in B cell gene knockout mice.
Infection of B cell deficient mice was indistinguishable from that of wild-type C57BL/6 mice.
Thus, a level of adaptive immunity developed following resolution of primary infection, and B cells
appeared unnecessary for the resolution of primary or secondary infection. If C. pneumoniae is proven
to cause cardiovascular disease, then vaccination against respiratory infection is a logical goal, and an
understanding of host immunity to respiratory infection will prove paramount in achieving this goal.
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ABSTRACT

Chlamydia pneumoniae is a significant cause o f respiratory infection in humans
and has been associated with cardiovascular disease. Many studies have investigated the
relationship between C. pneumoniae infection and cardiovascular disease, but few have
examined host immunity to respiratory infection. Using a murine model o f respiratory
infection, we sought to characterize the course o f primary and secondary C pneumoniae
infection, and to determine the role o f humoral and cell mediated immune responses in
adaptive immunity to infection. Intranasal inoculation with C. pneumoniae resulted a
self-limiting respiratory infection that resolved within 21 days. Histological evaluation o f
lung sections revealed an interstitial pneumonia composed o f polymorphonuclear
neutrophils and mononuclear cells, and the association o f C pneumoniae inclusions with
bronchial epithelial cells. Inflammation peaked at 10-14 days post infection and had
completely resolved by five weeks following primary infection. The inflammatory
response consisted primarily o f CD4+ T cells and B cells when analyzed by
immunohistochemistry. Anti-C pneumoniae serum and bronchial antibody titers were
determined by enzyme-linked immunosorbent assay (ELISA), and were characterized by
a predominance o f IgG2a and IgG2b and the lack o f IgA. Cytokine production by
immune splenocytes was analyzed as a measure o f cell mediated immunity, and was
characterized by the production ofIFN -y and IL -10. Mice were susceptible to
reinfection, but showed a level o f protective immunity as evidenced by a shortened
course o f infection. Reinfection was also characterized by anti-C pneumoniae IgA in
bronchial washes, and a marked CD4+ T cell and B cell response in lung tissues. To
assess the role o f B cells in protective immunity to C. pneumoniae respiratory infection,
primary and secondary infections were evaluated in B cell gene knockout mice. Infection
o f B cell deficient mice was indistinguishable from that o f wild-type C57BL/6 mice.
Thus, a level o f adaptive immunity developed following resolution o f primary infection,
and B cells appeared unnecessary for the resolution o f primary or secondary infection. I f
C. pneumoniae is proven to cause cardiovascular disease, then vaccination against
respiratory infection is a logical goal, and an understanding o f host immunity to
respiratory infection will prove paramount in achieving this goal.

I

INTRODUCTION

The genus Chlamydia consists o f three species o f obligate intracellular bacterial
pathogens known to be infectious to humans: C. pneumoniae, C. trachomatis, and C.

psittaci. Members o f the genus Chlamydia are considered Gram-negative and have a
unique biphasic developmental cycle that consists o f two distinct forms: the elementary
body (EB), the infectious, non-replicative form; and the reticulate body (RB), the noninfectious, replicative form. Following attachment to host cells EBs are internalized into
a vacuole that avoids fusion with the phagolysosomal pathway o f the host cell. Within
hours EBs differentiate into RBs. RBs undergo binary fission, and by 48-72 hours the
RBs reorganize back to EBs, which are released from the cell to begin a new infectious
cycle. The manner in which the intracellular inclusion interacts with the host cell is still
somewhat o f a mystery, but the ability o f the vacuole to avoid fusion with the lysosomal
pathway may contribute to Chlamydia being such elusive pathogens.
C trachomatis has been studied as a human pathogen for years. Although it is
most commonly associated with sexually transmitted diseases, C. trachomatis is also
associated with trachoma, the leading cause o f preventable blindness in the world. C.

psittaci infection is limited primarily to lower animals, and is not a major cause o f human
disease. C. pneumoniae causes a mild form o f pneumonia that can be asymptomatic or
present as acute respiratory disease in the form o f bronchitis and/or pharyngitis. C

pneumoniae has also been associated with a number o f other diseases including, but not
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limited to, reactive arthritis and atherosclerosis. Although there is far less known about
C pneumoniae, it has emerged as a very relevant human pathogen.

Classification o f C pneumoniae

C. pneumoniae was recognized formally by Grayston and colleagues in 1989 as a
distinct species o f Chlamydia (15). The first step in differentiating C pneumoniae as a
new species was taken in 1986 when, in an effort to determine if C psittaci was an
important respiratory pathogen, a unique isolate o f Chlamydia was isolated from the
oropharynx o f several university students that presented with acute respiratory infection
(16). Symptoms o f the students included pneumonia, bronchitis, and pharyngitis. The
unique chlamydial isolate was termed TWAR, and through the use o f genus and species
specific monoclonal antibodies the unique antigenic identity o f the TW AR isolates was
demonstrated (16). Chlamydia specific antibodies react with C. trachomatis, C. psittaci,
and TWAR, whereas TWAR specific antibodies react only with TWAR isolates (16).
Previous studies had postulated a role for certain strains o f C. psittaci in epidemics o f
pneumonia (16), but this was the first study in which the organism was isolated from
multiple patients that presented with pneumonia or other respiratory illnesses. Due to its
morphological similarity to C psittaci and C psittaci 's potential to cause human disease,
Grayston et al hypothesized that the respiratory infections had arisen from bird to human
contact, but they were unable to verify that mode o f transmission. Despite the inability to
establish a mode o f transmission for TWAR outside o f human-to-human contact, this
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study laid the groundwork for a causative relationship between this unique isolate and
human respiratory infection.
Inclusion morphology has been used to distinguish TWAR from C. trachomatis
(30). The inclusion bodies formed by TWAR5when cultured in HeLa cells, are more
characteristic o f C psittaci than C. trachomatis. C. pneumoniae inclusions are oval in
shape and dense, and do not contain glycogen, which is similar to the inclusion
morphology o f C. psittaci (30). C. trachomatis inclusions are more vacuolar and contain
glycogen (30). C. pneumoniae has also been differentiated from the other two species by
its unique pear-shaped EB. Electron microscopy demonstrates pear-shaped EBs that are
typically .38 micrometers with a large periplasmic space. C trachomatis and C. psittaci
generally exhibit round EBs with narrow periplasmic spaces (15).
C. trachomatis and C. psittaci share <10% DNA homology, and as such are easily
differentiated by restriction endonuclease analysis and DNA-DNA hybridization (4).
TWAR isolates are readily distinguishable from C. trachomatis and C. psittaci by
restriction endonuclease analysis (4), and different TWAR isolates have identical
restriction endonuclease banding patterns. Thus, TWAR isolates appear to be o f a single
strain (4). Finally, when TWAR DNA is used to probe C. trachomatis, C. psittaci, and
TWAR DNA, only DNA from TWAR isolates hybridizes. These data suggest that there
is a single strain o f TWAR, and that it is distinct from both C. trachomatis and C

psittaci. In addition, TWAR does not contain a plasmid, a trait shared by the other two
Chlamydia species (4). In 1988 Cox et al confirmed that TWAR strains possess between
94-100% DNA homology with each other and less than 10% homology with either C.
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trachomatis or C. psittaci (various strains) (T). Collectively the molecular data suggest
that TWAR is a unique species within the genus Chlamydia, and in 1989 Chlamydia

pneumoniae was proposed and accepted as a new species o f Chlamydia (15).
In addition to the lack o f DNA relatedness between C. pneumoniae and the other
chlamydial species, C pneumoniae is also differentiated serologically based on the
observation that TWAR specific monoclonal antibodies react with TWAR antigen, but
not with C trachomatis or C psittaci, and vice versa (15, 16, 30). The recent sequencing
o f the C. trachomatis and C. pneumoniae genomes (22, 60) provides a great deal o f
insight into the genotypic commonalities and differences o f the two human pathogens.
Genomic sequences confirm the lack o f DNA relatedness between the two species.
Based on additional nucleic acid analysis, it has recently been proposed that the
organisms presently contained in the genus Chlamydia be reclassified. The new
classification would place C. pneumoniae into a new genus Chlamydophila (i.e.

Chlamydophilapneumoniae)(l 0). Since the official reclassification has yet to occur,
Chlamydia pneumoniae will continue to be used throughout the current thesis.

C. pneumoniae and Human Disease

First isolated as a human respiratory pathogen in 1983 (16), C pneumoniae has
since been associated with a number o f other human diseases including reactive arthritis,
atherosclerosis, erythema nodosum, Reiter syndrome, aortic aneurysm, stroke (5),
malignant lymphoma (2), and cerebellar dysfunction (28). O fthese associations, the
connection between C. pneumoniae and cardiovascular disease has received the most
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attention. Initial evidence linking C. pneumoniae and cardiovascular disease was based
upon seroepidemiological studies (57). Saikku et al were the first to make the association
between elevated C pneumoniae antibody levels and acute myocardial infarction, and
between elevated anti-C. pneumoniae antibody titers and the increased likelihood o f
cardiovascular disease (56, 57). Subsequently, numerous reports have described the
presence o f C. pneumoniae specific antibodies in patients with atherosclerosis (I, 11,33,
42, 56, 65). However, these associations are confounded by the finding that in some
studies matched controls demonstrated titers similar to those seen in patients suffering
from cardiovascular disease (57). Approximately 54% o f the adult population exhibits a
positive antibody titer for C pneumoniae serology. Since so many adults have a positive
C. pneumoniae antibody titer, it is difficult to determine serologically if the heart disease
is an unrelated event.
Microbiological and molecular techniques have been used to provide additional
evidence linking C. pneumoniae with cardiovascular disease. C. pneumoniae DNA has
been detected in atherosclerotic plaques by PCR (6 ,1 8 ,3 1 , 32, 42, 64), and C

pneumoniae mRNA has been detected in atheromas by RT-PCR (9). However, some
studies attempting to detect C. pneumoniae in association with atherosclerotic plaques
have yielded disparate results, ranging from 1.7% to 100% o f diseased tissues being
culture positive or nucleic acid positive for C. pneumoniae (51). Specimens examined
include coronary arteries, aorta, carotid arteries, iliac arteries, and smooth muscle (6, 32,
51). In most cases C. pneumoniae nucleic acid is not detected in explanted heart tissues
without overt heart disease (49). However, in one study 9% o f control tissues were
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positive for C pneumoniae (58). The accuracy and precision o f molecular detection
methods is still somewhat questionable, and as a result most studies still depend on
serology as a correlative aspect o f evaluation. In one such study (6) o f 38 patients
presenting with overt atherotic disease, 72% were positive for C. pneumoniae specific
antibodies. This percentage is similar to that seen in population studies o f older adults
without heart disease, which reiterates the difficulty in interpreting seroepidemiological
studies. However, despite this ambiguity 20/38 o f the atherectomy specimens were
positive for C. pneumoniae by immunocytochemical (ICC) staining and/or PCR. A large
percentage o f specimens (9/12),.were positive by PCR and by ICC. There was no
correlation between a positive serologic titer and detection o f C. pneumoniae antigen (by
ICC) or DNA (by PCR). In fact, the patient with the highest titer o f C. pneumoniae
specific IgG, was not positive for C. pneumoniae by either o f the other methods. This
study highlights some o f the inconsistencies linking C. pneumoniae infection and
cardiovascular disease.
Data from other studies (18, 33,41) suggest that the relationship between C.

pneumoniae infection and heart disease is arguable. In those studies the investigators
were unable to establish a positive correlation between C pneumoniae antibody titer and
atherogenesis (18, 3 3 ,4 1 ,4 9 ). In addition, only 8% o f coronary atherectomy specimens
tested by RT-PCR were positive for C pneumoniae (18), and C pneumoniae DNA was
not detected in any o f the samples by in situ hybridization (18). In a separate study using
PCR (8), C. pneumoniae DNA was not detected in the atherosclerotic plaques o f the 29

7
patients tested. Collectively, these studies highlight the inconsistent nature o f associating

C. pneumoniae and coronary artery disease.
To further examine the inconsistencies associating C. pneumoniae with
cardiovascular disease, specimens from 12 patients undergoing heart transplant were sent
to different laboratories for analysis (49). Ten o f the 12 patients presented overt
atheromas. Specimens were sent to seven different labs where a series o f tests were
performed to isolate and identify C. pneumoniae. One patient provided a convincing
argument that C. pneumoniae was associated with heart disease. This male patient was
culture positive for C pneumoniae by all three labs that performed the test, PCR positive
for C. pneumoniae by two o f three labs tested, positive by ICC in one o f two labs tested,
and positive by transmission electron microscopy (TEM) and in situ hybridization by I
lab. Unfortunately, the remaining patients involved in the study demonstrated
inconsistent detection o f C pneumoniae by different methods in different labs. In fact,
none o f the other labs involved in the study were able to culture C. pneumoniae from the
specimens they studied. These inconsistencies may be attributed to the fact that
experimental protocols varied between some o f the labs.
Examining the nature o f atherosclerosis may provide some insight into the role o f
C pneumoniae in the development o f atherosclerotic plaques. The current paradigm
regarding the development o f atherosclerosis is the “response to injury” hypothesis (53),
in which the protective inflammatory response associated with injury to the endothelium
persists, and eventually becomes a chronic inflammatory process. The initiating step in
atherosclerosis is endothelial cell dysfunction, which is often due to cell injury.
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Endothelial cell injury may include the infection o f resident endothelial cells by C.

pneumoniae. Infection o f human aorta derived endothelial cells (HAEC) and human
umbilical vein endothelial cells (HUVEC) with C pneumoniae promotes endothelial cell
activation characterized by enhanced rolling, adhesion, and transmigration o f monocytes
and PMNs (29). Endothelial cell activation is also evidenced by the up regulation o f cell
surface adhesion molecules on leukocytes associated with the activated endothelial cells.
Endothelial cell injury leads to increased adherence and diapedesis o f leukocytes,
increased transcytosis o f low-density lipoprotein (LDL), and subsequent oxidation o f
LDL by macrophages and smooth muscle cells. While native LDL is not considered
atherogenic, oxidized LDL is highly atherogenic, and accumulation o f ox-LDL, smooth
muscle cells, and macrophages in the arterial intima leads to the progression o f
atherosclerotic plaques.
Macrophages are very important cells in the progression o f atherogenesis and are
present throughout plaque development in the atherosclerotic microenvironment. Studies
o f the interaction o f C. pneumoniae and macrophages have provided further insight into
possible mechanisms o f C. pneumoniae induced atheroma formation. Macrophages
extravasate to the intima where they phagocytose excessive lipids (LDL). Phagocytosed
LDLs reside in cytoplasmic vacuoles, and due to their histological appearance,
macrophages containing an abundance o f LDLs are termed foam cells. Foam cells make
up the initial fatty streak in atherogenesis (53). It has been shown that C pneumoniae
infected macrophages more readily phagocytose LDL, and take on the appearance o f
foam cells (19, 20). D ata suggest that foam cell formation is increased an average o f
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30%-50% in C. pneumoniae infected macrophages, and that lipid accumulation occurs
through dysregulation o f the native LDL receptor (20). In vitro inhibition o f chlamydial
lipopolysaccharide with lipid X results in reduced foam cell formation, indicating that
chlamydial LPS induces macrophage foam cell formation (19). LDLs activate
macrophages, and mediators released by these activated cells attach additional
macrophages, smooth muscle cells, and lymphocytes to the intima causing the fatty streak
to progressively form a fibrous plaque (53).
Chlamydial and human heat shock protein 60s have both been shown to localize
in human atheromas and up-regulate vascular cell functions including the expression o f
adhesion molecules E-selectin, intercellular adhesion molecule-1 (ICAM-1), and vascular
cell adhesion molecule-1 (VCAM -I) (24), and macrophage/monocyte production o f proinflammatory cytokines such as tumor necrosis factor alpha (TNF-a) and IL-6 (25,26).
Furthermore, C. pneumoniae infected monocytes and purified chlamydial HSP-60 (in the
presence o f monocytes) have been shown to induce oxidation o f LDL (21). Thus o f the
cell types involved in the development o f atheromatous plaques C. pneumoniae has been
shown to infect endothelial cells, smooth muscle cells, and macrophages. While C.

pneumoniae growth in these cell types is not as robust or as consistent as that o f C.
pneumoniae growth in epithelial cells, infection and replication do occur (13). Together
those findings suggest that C. pneumoniae infected macrophages may participate in foam
cell formation and oxidation o f LDL, both o f which contribute to the pathogenesis o f
atherosclerosis.
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It has been postulated that macrophages have the ability to relocate from the
respiratory tract to coronary arteries by way o f arterial and venous transmission, and that

C. pneumoniae could infect alveolar macrophages that in turn travel to coronary arteries
\

and undergo foam cell formation (36). Subsequent oxidation o f LDL by C. pneumoniae
infected macrophages generates an atherogenic environment in which respiratory
pathogen and host immune response combine to create a persistent state o f inflammation.
Thus dissemination o f C. pneumoniae infected macrophages provides a link between
respiratory infection and cardiovascular disease, and corroborates the role o f C

pneumoniae infected macrophages in atherogenesis.
Thus far C. pneumoniae has been linked to atherosclerosis by a variety o f means.
In vivo, the two have been associated by serology and the detection o f C. pneumoniae in
atherosclerotic plaques by RT-PCR, in situ hybridization, and immunocytochemistry, and
by culturing and propagating C. pneumoniae from atherosclerotic plaques. In vitro, C.

pneumoniae has been associated with atherosclerosis by its ability to infect the cell types
associated with atherogenesis, induce foam cell formation, oxidize LDL, and stimulate a
local inflammatory response via chlamydial HSP60. Although there remains a large
degree o f uncertainty regarding the role o f C. pneumoniae in atherogenesis, if a causal
relationship is proven, a more complete understanding o f the host immune response to
respiratory infection will be required if vaccination is deemed a reasonable approach to
controlling this infectious disease.
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Animal Models o f C. pneumoniae Cardiovascular Infection

The rabbit and mouse have been evaluated as animal models for studying the
influence o f C pneumoniae on the development o f experimental atherosclerosis. Rabbits
fed a moderately enhanced cholesterol diet and challenged intranasally with C.

pneumoniae develop intimal thickening o f coronary arteries similar to that associated
with atherosclerotic plaques o f humans (40). Because cholesterol is a well-established
risk factor in the development o f atherosclerosis, it is not known whether chlamydiae
home to sites o f lipid accumulation and exacerbate atherosclerotic plaque formation, or if
chlamydiae initiate the pathologic process. However, in a separate study C. pneumoniae
infected rabbits on a noncholesterol diet developed atherosclerotic pathology (12).
Furthermore, C. pneumoniae is detected in aortic sections o f infected rabbits by PCR and
immunocytochemistry (40). Lastly, azithromycin reduces intimal thickening in C.

pneumoniae infected rabbits (40). That finding is particularly relevant because o f the
ongoing studies in humans to reduce the number o f cardiac events associated with
atherosclerosis through antibiotic therapy (14). Thus, studies using the rabbit model o f C.

pneumoniae infection suggest that C. pneumoniae may not only have a predilection for
fatty streaks, but also induce atherosclerotic pathology.
Although studies from the rabbit model have provided some encouraging results
concerning C. pneumoniae infection and atherosclerosis, the usefulness o f the model for
detailed microbiological, immunological and pathological studies is limited.
Alternatively, mice provide an experimental system that is more amenable to
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experimental manipulation. Apolipoprotein (apo)E-deficient mice develop
atherosclerotic lesions spontaneously in the absence o f an atherogenic diet, and thus
provide a model to test the ability o f C pneumoniae to enhance atherosclerotic
development. In apoE-deficient gene knockout mice challenged intranasally at eight
weeks o f age, C. pneumoniae DNA persists for 20 weeks in atheromatous lesions,
compared to two weeks in wild type C57BL/6 mice. However, C pneumoniae DNA was
only detected in 35% o f the apoE aorta samples by PCR. Interestingly though,
atheromatous lesions from apoE-deficient mice challenged at an older age (Ihweeks)
were consistently positive for C. pneumoniae DNA at eight weeks following infection,
implying perhaps, that older mice develop more severe atherosclerotic plaques (37).
ApoE-deficient mice challenged intranasally with C. pneumoniae also develop
atherosclerotic lesions at an accelerated rate compared to sham inoculated apoE-deficient
mice (35). Collectively, these data suggest that C. pneumoniae is associated with fatty
streaks, and has the ability to enhance atherosclerotic pathology in a murine model.

Animal Models o f C pneumoniae Respiratory Infection

The majority o f research involving C. pneumoniae to date has focused primarily
on the possible role o f C. pneumoniae in atherogenesis. For example, positive serology
for C. pneumoniae correlates with an increased risk o f heart disease; C. pneumoniae
infects vascular endothelial cells, macrophages, and smooth muscle cells; C. pneumoniae
antigen and/or DNA is present in atherosclerotic plaques; and C pneumoniae has been
isolated and propagated from atherosclerotic plaques. These observations have generated
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a considerable body o f information regarding the association o f C. pneumoniae and
atherosclerosis. What is less clear is how respiratory infection relates to atherosclerosis.
I

It is generally believed that C. pneumoniae attains residency in the heart following

respiratory infection. In a study by Moazed et al. (36) C. pneumoniae infected alveolar
and peritoneal macrophages were collected from mice that had been challenged
intranasally or intraperitoneally, with C. pneumoniae, respectively. Naive mice were
then injected intraperitoneally with infected macrophages, and tissues were analyzed
three days later for the presence o f C. pneumoniae. Using this model the lung, spleen and
thymus o f mice inoculated with C pneumoniae infected alveolar or peritoneal
macrophages contain C pneumoniae DNA. C. pneumoniae was detected in peripheral
blood mononuclear cells (PBMC) by culture and by PCR indicating dissemination o f C.

pneumoniae in the peripheral circulation. In addition, viable organisms were re-isolated
from macrophages o f infected mice. This study demonstrates the ability o f C

pneumoniae to remain infectious in macrophages and to disseminate systemically. The
route o f initial inoculation with the C. pneumoniae EBs appeared to have a dramatic
effect on the subsequent recovery o f C. pneumoniae. C. pneumoniae was found in
alveolar macrophages o f mice inoculated intranasally, but not intraperitoneally.
Similarly, C. pneumoniae was recovered from peritoneal macrophages o f mice inoculated
intraperitoneally but not intranasally. This study begins to address the route o f C.

pneumoniae infection as it relates to atherosclerosis. Thus, examining the basic
immunology surrounding the respiratory infection may prove to be critical in developing
intervention strategies for preventing the subsequent pathology in the heart.
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Initial studies involving C. pneumoniae respiratory infection established the basic
parameters o f the murine model (66, 67, 70). Intranasal inoculation results in a primary
course o f infection that is self limiting, generally resolving by three weeks (67, 70).
However, C. pneumoniae organisms have been recovered from lung samples o f some
strains o f mice until day 42 post challenge (70). Mice develop a C. pneumoniae specific
humoral immune response characterized by IgM and IgG antibodies. Anti-C

pneumoniae IgG antibodies become apparent between days 9 and 11 post infection and
the titer continues to rise until day 40 (67). IgM has been detected by some investigators
until day 17 post challenge (67), but not detected by others (70). The role o f C.

pneumoniae specific antibodies in protective immunity to respiratory infection has not
been clearly established, but in one report immune sera conferred a level o f protection to
naive recipient mice as demonstrated by fewer recoverable infectious chlamydiae
following intranasal challenge (66). Histologically, respiratory infection causes
interstitial pneumonia, characterized by alveolar septae thickening and the absence o f
exudate in the alveolar spaces. Some studies report the presence o f PMNs two days post
challenge, followed by mononuclear cells during the resolution o f infection (69, 70),
while others detect only mononuclear cells (67). AU histopathological studies however,
note perivascular and peribronchial aggregation o f inflammatory ceUs. Mice that resolve
primary infection are partiaUy resistant to reinfection as evidenced by fewer recoverable
infectious chlamydiae foUowing secondary chaUenge (66).
More recent studies have examined the local immune response to C. pneumoniae
respiratory infection. The number o f mononuclear ceUs in lungs o f infected mice is
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approximately three times that o f uninfected mice (44). In addition, a novel cell
population (CDS', CD4+, CD8+) increases by as much as 70% during infection (46).
While those data begin to examine the role o f cell mediated immunity in C. pneumoniae
infection, the role o f the CDS', CD4+, CD8+ cell population remains unclear. The nature
o f the histological and cytokine response during secondary challenge has also been
examined (44). Fewer cultivatable bacteria characterize reinfection, and there is a
significant increase in the magnitude o f the cellular response characterized by a moderate
perivascular and peribronchial lymphocytic infiltration. T cells are the predominant
lymphocyte population during the resolution o f secondary infection (44), yet the
importance o f this increase in T cell number in imparting immunity is unclear. Consistent
with the in vivo data, in vitro proliferation assays reveal a marked increase in
mononuclear cell proliferation and cytokine (IFN-y) production following rechallenge
compared to primary infection (44).
CD4+ T cells are critical for acquired immunity to C. trachomatis infection,
whereas CD8+ T cells play more subordinate roles (38). Cellular immunity to C

pneumoniae infection is less well understood. In recent studies, investigators have
concluded that unlike C. trachomatis infection, CD8+ T cells contribute to protective
immunity in C pneumoniae infection (45, 54). A variety o f gene knockout mice have
also been used to analyze the cellular response to C pneumoniae respiratory infection.
Mice deficient for the following molecules, among others, have been studied: CD4"/",
CDS'7", IFN-yR'7", perforin'7', TA P-1'7', p2 microglobulin(p)'7', MHC-H'7", CD4'7V/CD8'7',
and T A P -l'7'//p2 microglobulin(q)"7". Mice genetically depleted for CD8+ T cells
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experience a 10-fold increase in IFU recovery compared to normal mice, 14 and 24 days
following primary infection with C. pneumoniae, while mice depleted for CD4+ T cells
resolve in a manner similar to normal mice (54). Mice genetically depleted for MHC-II
experienced a course o f infection similar to that seen in CD4"Aand wild type mice, while
mice genetically depleted for TAP-l/(32p experienced an enhanced recovery o f C.

pneumoniae, corroborating the relative importance o f CD4+ T cells and CD8+ T cells
respectively. Early during the course o f infection, CD4"/V/CD8"/" and severe combined
immunodeficient (SCID) mice challenged intranasally develop an infection similar to that
seen in normal mice, but fail to resolve infection and remain culture positive to day 60
post primary challenge. In addition, SCID mice reconstituted with CD4+ T cells and
challenged intranasally, shed higher numbers o f IFUs following primary challenge than
non-reconstituted mice. Collectively, those data suggest that CD8+ T cells are critical in
the resolution o f primary infection, and that CD4+ T cells have a detrimental effect early
in infection. However, reconstituted SCID mice were only tested at one time point (14
days) following primary challenge, and thus it is difficult to assess the overall effect on
the course o f infection. I f CD8+ T cells play a role in the resolution o f infection, it
appears they do so without using perforin, as perforin deficient mice resolve infection
without incident (54). The role o f T cells is further implicated by the fact that mice
deficient in IFN-y experience a 100-fold increase in bacterial burden throughout the
course o f primary infection. Helper T cells are generally considered requisite for the
development o f an adaptive immune response, and as such these data are counterintuitive.
In addition, the data from several o f the experiments was collected at a single time point,
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and thus the significance o f those data is arguable. Others have examined the role o f
CD8+ T cells and CD4+ T cells in C. pneumoniae respiratory infection, and shown that
nude mice experience a prolonged period o f primary infection that does not resolve,
while normal mice resolve infection within 3 weeks (45). These data once again suggest
a role for T cells in the resolution o f primary C. pneumoniae respiratory infection. In
vivo depletion o f CD4+ T cells and CD8+ T cells has also been used to study the
contribution o f these cell populations to immunity. Mice depleted o f CD4+ T cells
resolve infection normally, and show enhanced clearance o f bacteria at one time point,
while mice lacking CD8+ T cells have an increased bacterial load. Both groups o f mice
however, resolve primary infection in a time span similar to that seen in normal mice.
The course o f secondary infection is exacerbated in CD8 depleted mice (compared to
wild type mice), yet once again infection resolves within 3 weeks. Past literature
supports the need for MHC-II restricted T cell responses in the development o f adaptive
immunity. These data from the C. pneumoniae infection model seem to contradict that
paradigm, and clearly additional work is required to clarify the existing data and to
elucidate the mechanisms involved in the host immune response to C pneumoniae
respiratory infection.
A growing body o f evidence supports the role o f C. pneumoniae infection in the
development o f atherosclerosis, although a causal relationship has not been precisely
i

defined. I f C pneumoniae is shown to cause coronary artery disease, then vaccination
against respiratory infection is a logical goal, and an understanding o f host immunity to
respiratory infection will prove paramount in achieving this goal. Our current
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understanding o f the elements o f the immune response that contribute to the resolution o f

C. pneumoniae respiratory infection is quite meager, and the relative importance o f the
various cell populations is arguable. The current study seeks to characterize the course o f
primary and secondary C. pneumoniae infection o f C57BL/6 mice, and to determine the
role o f adaptive immunity in the resolution o f infection. We have confirmed and
expanded upon previous studies by analyzing the evolution o f the humoral and cell
mediated immune responses during the course o f primary and secondary C pneumoniae
respiratory infection, and demonstrate that specific antibody is not necessary for the
resolution o f respiratory infection.
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MATERIALS AND METHODS

Experimental Animals

Female C57BL/6 mice were purchased from the National Cancer Institute
(Bethesda, Md.), and used at 8-10 weeks o f age. B cell deficient C57BL/6-Igh-6 mice
(23) were purchased from Jackson Laboratories (Barharbor, ME.), and were bred and
maintained at the Montana State University Animal Resource Center. B cell maturation
is arrested at the pre-B cell stage in B cell deficient mice, and they fail to produce
detectable levels o f immunoglobulin. B cell deficient mice were used at 8-14 weeks o f
age.

Growth and Purification o f Chlamvdiapneumoniae

HL cell (Washington Research Corporation, Seattle, Wa.) monolayers were
grown in Dulbecco’s Modification o f Eagle’s Medium supplemented with 10% heat
inactivated fetal bovine serum (Hyclone, Logan, Ut.), L-glutamine (2mM) (Gibco Life
Technologies, Grand Island, NY), HEPES (lmM)(Gibco Life Technologies, Grand
Island, NY), sodium pyruvate (IOpM) (Gibco Life Technologies, Grand Island, NY),
beta mercaptoethanol (.6pM ) (Gibco Life Technologies, Grand Island, NY), and
gentamycin (lOpg/ml) (Gibco Life Technologies, Grand Island, NY), (DMEM-IO) at
35°C, in a humidified atmosphere containing 5% CO 2 . C. pneumoniae, strain AR-39,
was obtained from ATCC and stored at -80°C until used. C. pneumoniae was
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propagated and EBs were purified following previously described methods for C.

trachomatis (3). Briefly, 2.5ml o f C pneumoniae diluted in 250mM sucrose, IOmM
sodium phosphate, 5mM L-glutamic acid (SPG) was inoculated onto HL cell monolayers
in 150cm2 flasks at a multiplicity o f infection (MOI) o f 2.5. Flasks were rocked for two
hours at 35°C, and then 50ml o f DMEM-IO containing O.Spg/ml cyclohexamide was
added. Infected monolayers were incubated for an additional 72 hours at 35°C. Media
was removed and replaced with 10ml o f Hank’s Balanced Salt Solution (HBSS).

-

Monolayers were disrupted with glass beads, and briefly sonicated (2 X 20 sec., 90
watts). EBs were pelleted by centrifugation at 30,000 X g for 60 minutes at 4°C. The
pellets were resuspended in SPG, and sonicated as before. Sonicates were centrifuged
over 30% renografin (Squibb Diagnostics, Princeton, NI) at 80,000 X g for 30 minutes at
4°C. The pellets were resuspended in SPG, and briefly sonicated ( 4 X 5 sec., 56 watts).
Sonicates were placed on a discontinuous renografin (Squibb Diagnostics, Princeton, N I)
gradient (40%, 44%, 54%) and centrifuged at 72,128 X g for 60 minutes at 4°C. EBs,
which band at the interface o f the 44% and 54% renografin layers, were collected,
washed in SPG, and pelleted at 43,667 X g for 20 minutes at 4°C. Pellets were
resuspended in SPG, aliquotted and frozen at -80°C until used. EBs purified as
described above are referred to as density gradient purified EBs, and were used for
antigen in ELISA and for in vitro stimulation o f lymphocytes. For infection o f mice, C.

pneumoniae was propagated as described above, but EB preparations were purified by
pelleting EBs through 30% renografin, resuspending in SPG, and freezing at -80°C until
used.
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Enumeration o f Infectious Chlamvdiae

C: pneumoniae were enumerated as described previously (38), with the following
exceptions. Three hundred microliters o f diluted, purified stocks or lung homogenates
were added to triplicate wells o f HL cell monolayers grown in 48 well plates. Plates
were centrifuged at 540 X g for 60 minutes at 35°C, and then incubated at 35°C, 5% CO;
for 30 minutes. The inoculum was removed and replaced with DMEM-IO containing
0.8pg/ml cycloheximide. Following 72 hours o f incubation at 3 5 °C, 5% CO 2, media was
aspirated and monolayers were washed once with phosphate buffered saline (PBS)
(IOmM phosphate, 0.13M NaCl, pH 7.4), and fixed with 100% methanol at room
temperature for ten minutes. Methanol was aspirated and monolayers were washed once
with PBS. C. pneumoniae inclusions were visualized using indirect immunofiuorescent
staining. Anti-chlamydial LPS monoclonal antibody (EV I-H l) (a kind gift from Dr.
Harlan Caldwell, NIH) diluted in PBS containing 2% BSA was added to fixed
monolayers and incubated for 45 minutes at room temperature on a rocking platform.
Monolayers were washed twice with I ,Ornl o f PBS. Fluoresceinated goat anti-mouse IgG
(Sigma, St. Louis, Mo.), diluted 1:400 in PBS containing 2% BSA was added to each
monolayer, and plates were rocked at room temperature for 45 minutes. Wells were
washed twice with PBS and inclusion forming units (IFUs) were visualized using an
inverted fluorescent microscope. IFUs were enumerated and expressed as logic IFU.
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Primary and Secondary Infectious Challenge

Initial challenge experiments were based on previous experiments by Yang et al.
(70) in which Swiss Webster mice were challenged intranasally with 50pl o f C.

pneumoniae containing 3 x IO7 IFUs. We found that intranasal inoculation o f C57BL/6
with >1 x IO7 IFUs resulted in death o f some mice. Therefore, an initial experiment was
performed to determine a dose o f C. pneumoniae that would result in a self-limiting
respiratory infection. Mice were anesthetized with either Metofane or Isohurane and
inoculated intranasally with 40pl o f diluted, partially purified (30%), C. pneumoniae EBs
(4 x IO7 - I x IO4 IFUs). Mice were sacrificed seven days following infection, their
lungs were removed, placed in IOml o f SPG and ground using glass homogenization
tubes. Homogenates were centrifuged briefly (~ I minute) at 200 X g t o remove tissue
debris. Supernatants were transferred to sterile tubes and stored at -80°C until IFUs were
enumerated as described above. From our initial experiments, it was determined that
intranasal infection with 5 x IO6 IFUs, produced an infection that did not result in
mortality. Thus, for primary infections, anesthetized mice were inoculated intranasally
with 5 x IO6 IFUs. Groups o f five mice were sacrificed at various times following
infection, lungs were removed, and IFUs were enumerated as described above. For
secondary challenge experiments mice were allowed to resolve primary infection and
then re-challenged with 5 x IO6 IFUs on day 37 following primary infection. Lungs were
removed at various times following secondary challenge and IFUs enumerated.
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Histopathologv

Lungs were removed from infected and non-infected mice, and fixed in 10%
buffered formalin. Fixed tissues were forwarded to a veterinary pathologist for
embedding, sectioning, staining, and histological evaluation (William Quinn, DVM,
Bozeman, MT.)

In situ Detection o f Chlamydial Inclusions

Formalin-fixed, paraffin embedded lung sections were deparafBnized, and stained
with an anti-chlamydial 60 kilodalton heat shock protein (hsp60) monoclonal antibody
(71) to visualize chlamydial inclusions as previously described (38). Briefly, paraffin
embedded lung sections were deparafBnized by heating at 60°C for 40 minutes, followed
by three successive xylene washes o f 5 minutes each. Slides were placed in 100% ethanol
for 5 minutes, and endogenous peroxidase activity was blocked by a 30 minute
incubation in methanol containing 0.5% hydrogen peroxide. Slides were rehydrated by
sequential 3 minute washes in 100% ethanol, 70% ethanol, 50% ethanol; then washed 3
times in PBS for 3 minutes each, and washed a final time in PBS for 5 minutes. Tissues
were blocked with avidin, biotin and 5% normal mouse serum following the
manufacturer’s recommendations (Vector Labs, Burlingame, CA.). Following blocking,
sections were rinsed with PBS, and incubated with biotinylated, anti-chlamydial hsp-60
antibody A57-B9 (71) diluted in PBS containing 5% normal mouse serum. Slides were
rocked in a humidified chamber for 2 hours at room temperature, and washed with PBS
for 5 minutes. Vectastain ABC complex (Vector Labs, Burlingame, CA.) was added and
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tissue sections were incubated in a humidified chamber at room temperature for 30
minutes. Shdes were rinsed in PBS for 2 minutes and developed with diaminobenzidine
(DAB) substrate for 10 minutes. SM es were then rinsed in water for 2 minutes and
counterstained with hematoxylin for 1-2 minutes. SMes were rinsed quickly with
distilled water, followed by PBS for 1-2 minutes, and distilled water for 1-2 minutes.
Finally, shdes were de-hydrated with two successive washes o f 100% ethanol, and
xylene, and cover sM es were added using Permount (Fisher Scientific, Pittsburgh, PA.).

Immunohistochemical Analysis o f Cell Surface Phenotypes

Lungs were harvested, placed into OCT compound (Tissue-Tek ,Sakura,
Torrance, CA.), and frozen in dry ice-cooled, 2-methyl butane. Thin sections (-5 pm)
were placed onto Superfiost shdes (Fisherbrand, Pittsburgh, PA.), fixed with acetone for
5 minutes, and ahowed to air dry. Tissue sections were re-hydrated in PBS for 15
minutes. Endogenous peroxidase activity was blocked by covering tissue sections with
Peroxobloc (Zymed, San Francisco, CA.) for 40 seconds. Tissues were blocked with
avidin, biotin and 5% normal mouse serum following the manufacturer’s (Vector Labs,
BurMgame, CA.) recommendations. Sections were rinsed with PBS for 2 minutes, and
then incubated with primary antibody [rat anti-mouse CD4 (clone RM4-5), anti-CD8
(clone 53-6.7), anti-CD45R (clone RA3-6B2), anti-Ly6G clone (RB6-8C5), purchased
from Pharmingen, San Diego, CA.] for 30 minutes in a humidified chamber at room
temperature. Tissues were rinsed with PBS for 2 minutes, and incubated with biotinlabeled goat anti-rat Ig (Sigma, St. Louis, MO.) for 30 minutes at room temperature in a
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humidified chamber. Sections were rinsed in PBS for 2 minutes, Vectastain ABC
complex was added (following manufacturer’s recommended procedure), and slides were
incubated in a humidified chamber at room temperature for 30 minutes. Slides were
developed, counterstained and de-hydrated as described above.

Analysis o f Serum and Bronchiolar Alveolar Lavage (BAL) Fluid
for Anti- C pneumoniae Antibody

Sera and BAL were analyzed for anti-chlamydial class and sub-class specific
antibody responses by enzyme linked immunosorbent assay (ELISA) as previously
described (38). Briefly, I OOpl o f formalin-fixed, density gradient purified C. pneumoniae
EBs (lOpg/ml) diluted in buffer (50mM Tris, 150mM NaCl, pH 7.5) was aliquotted into
wells o f 96 well Immulon 2, U bottom plates (Dynatech Laboratories Inc., Chantilly,
VA.) and incubated overnight at 4°C. Plates were washed three times with Tris HCl
(12mM, pH 7.5) containing 0.5% Tween-20 (wash buffer), and blocked with Tris
(12mM, pH 7.5) containing 2% bovine serum albumin (BSA) (blocking buffer) for 2
hours at 35°C. Wells were washed once with wash buffer, and fourfold serial dilutions o f
sera diluted in blocking buffer were added to the wells. Plates were covered and
incubated at 35°C for 90 minutes. Wells were washed twice with wash buffer and
alkaline-phosphatase labeled class and sub-class specific secondary antibodies for IgM,
Ig G l, IgG2a, IgG2b, IgG3, and IgA (Southern Biotechnologies, Birmingham, AL.) were
diluted 1:250 in blocking buffer and added to the appropriate samples. Plates were
covered and incubated at 35°C for 75 minutes. Wells were washed twice with wash
buffer, phosphatase substrate (Sigma, St. Louis MO.) was added, and the reaction was
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terminated after 30 minutes with SN NaOH. Absorbance was read at 405nm. Purified
EV I-H l anti-chlamydial LPS was used as a positive control, and wash buffer alone was
used as a negative control in all experiments. Titer was defined as the inverse o f the
greatest dilution that generated an optical density (OD 405) >0.20. Sera from non-infected
mice were consistently negative (OD 405 <0.20) for anti-C. pneumoniae antibodies when
diluted 1/16. Data were reported as mean serum titers Iogz o f five mice at each time point
± standard error o f the mean (SEM). For some experiments, BAL was collected by
passing a nylon tube attached to a 2 1-gauge needle into resected lungs, and washing the
lungs twice with 0.5ml o f SPG. The BAL washes were centrifuged at 14,926 X g f o r 15
minutes to remove cellular debris, and the supernatant frozen at -20°C , until analyzed by
ELISA as described.

Heat Inactivation o f C. pneumoniae EBs

Density gradient purified C pneumoniae EBs (3 x IO9 IFUs/ml) were thawed in a
37°C water bath and diluted to a concentration o f I x IO9 IFUs/ml in DMEM-IO
containing I OmM, 3-N-morpholino-propane sulfonic acid (MOPS). Diluted EBs were
heat inactivated at 56 °C for 30 minutes. Heat inactivated EBs were nonviable as
determined by in vitro culture.

Ultraviolet (UV) Inactivation o f C pneumoniae EBs

Partially purified C. pneumoniae EBs were thawed in a 37°C water bath and
diluted to a concentration o f 5 x IO6 IFUs/ml in 0.5ml SPG. Diluted EBs were placed in
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one well o f a 24 well plate and exposed to an ultraviolet lamp in a biosafety cabinet for
30 minutes. UV inactivated EBs were nonviable as determined by in vitro culture.

Cytokine ELISA

Splenocytes ( l x IO7Zml) from normal or infected mice were mixed with or
without heat inactivated EBs at a splenocytezEB ratio o f 1:4. The splenocyte/EB
suspensions were incubated at 35°C for 60 minutes with constant rotation, and then plated
into wells o f a 24 well plate at I x IO7 splenocytes/well. Splenocyte cultures were
incubated at 35°C, 5% CO 2 for 72 hours. Supernatants were collected, centrifuged at 350
X g for 15 minutes to remove cellular debris, and frozen at -80°C until analyzed. Frozen
supernatants were thawed in a 37°C water bath and analyzed for IL-4, IL -10, IL -12, and
IFN-y using Opt-EIA cytokine kits (Pharmingen, San Diego, CA.), and following the
manufacturer’s instructions. Briefly, Maxisorp 96 well round bottom plates (NUNC)
were coated with either anti-mouse IL-4, EL-10, IL -12, or IFN-y overnight at 4°C. Plates
were washed three times (five for IFN-y) with wash buffer (PBS with 0.05% Tween-20)
and blocked with assay diluent (Pharmingen, San Diego, CA.) for one hour at room
temperature. Plates were washed three times with wash buffer (five for IFN-y), and
cytokine standards or sample was added and incubated for two hours at room
temperature. AU plates were washed five times with wash buffer. Biotin labeled anti
mouse cytokine antibody, and avidin labeled horseradish peroxidase conjugate were
added to weUs and incubated for one hour at room temperature. Plates were washed
seven times (10 times for IFN-y) and developed with substrate [H2 O 2 , tetra-
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methylbenzidene(TMB)] for 30 minutes in the dark. Reactions were terminated with 2N

H2SO4 and read at 450nm.

Purification o f T lymphocytes

Immunoaffinity chromatography columns were used to isolate normal and
immune T lymphocytes from splenocyte preparations. Immune splenocytes were
obtained from mice that had resolved primary C pneumoniae infection and received a
secondary challenge 20 days later. Ten days following secondary challenge splenocytes
were harvested. T lymphocytes were purified according to the manufacturer’s procedure
(Cytovax Biotechnologies Inc., Edmonton, Alberta, Canada). Briefly, columns were
washed with 15ml o f HBSS containing 2%FBS (wash buffer), and then incubated with
1.5ml Column Reagent [polyclonal goat anti-mouse IgG (H+L)] for 1-4 hours at room
temperature. Freshly isolated immune and normal splenocytes were adjusted to a
concentration o f 5 x IO7 cells/ml in column wash buffer. Columns were washed with
20ml wash buffer, and the flow rate was adjusted to 6-8 drops per minute. Samples were
added to the columns and non-adherent cells (T cells) were washed through with 10-15ml
o f wash buffer. T cell suspensions were centrifuged at 200 X g for 10 minutes.
Supernatant was discarded and pellets were resuspended in HBSS. Cells were counted
and adjusted to 2 x IO7 cells/ml. Viability was >92% as determined by Trypan blue.
Homogeneity o f the T lymphocytes was >90% as determined by immunohistochemical
staining for cell surface CD3e.
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Adoptive Transfer o f Immune T Lymphocytes

Purified immune or non-immue T lymphocytes were adjusted to 2 x IO7 cell/ml in
BBSS, and 0.5ml (I x IO7 cells) was injected intravenously into naive mice. Recipient
mice were subsequently challenged intranasally with 5 x IO6 IFUs o f C. pneumoniae 24
hours following the administration o f T cells, and the course o f infection was followed as
described previously.
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RESULTS

Determination o f Infectious Dose

To establish a challenge inoculum that would result in a self-limiting respiratory
infection, with manifestations similar to human infection, groups o f mice were
challenged intranasally with doses o f C. pneumoniae ranging from I x IO4 to 4 x IO7
IFUs. Mice were sacrificed seven days following infection, lungs were removed and
homogenized, and infectious chlamydiae were enumerated (Table I). Mice challenged
with 4 x IO7 IFUs experienced greater mortality (7/16), but had a bacterial burden similar
to that seen in mice challenged with I x IO7. A challenge dose o f 5 x IO6 IFUs produced
a non-lethal infection, and a bacterial burden that was ~10 fold less than that produced by
higher challenge inoculums. Because the 5 x IO6 IFU challenge inoculum did not result
in death o f experimental animals, and produced a respiratory infection having a bacterial
burden only somewhat less than that found in animals challenged with a lethal dose, we
chose the 5 xlO6 inoculum to use in our studies o f adaptive immunity.
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Table I . Determination o f an Infectious Dosea
Number o f Deaths/
Challenge Inoculum6
Number Testedc
I x lO 4
IxlO 5
IxlO 6
SxlO 6
I XlO7
4 x IO7

M eanIFU
Recovery (Iogio)

0/5
0/5
0/5
0/5
1/5
7/16'

2.69
3.54
4.45
5,50
5.80
6.77

SEMrf(Iogi0)
0.11
0.12
0.24
0.48
0.69
0.09

a Groups o f m ice were challenged intranasally with various doses o f C. pneumoniae, and IFUs were
enumerated 7 days following primary infection
b Mice were inoculated intranasally with the specified challenge inocula
c Number o f mice that died from the challenge dose prior to day 7 post infection (# deaths/ # tested)

d Standard error o f the mean o f 5 mice per experimental group
e Data are pooled from two separate experiments

Time Course o f C. pneumoniae Primary and Secondary Respiratory Infection

Mice were challenged intranasally with 5 x IO6 IFUsj and on days 3 , 1 , 10, 14,21,
and 28 following primary challenge animals were sacrificed and infectious chlamydiae
were enumerated. Mice developed a self-limiting respiratory infection that resolved
within 21 days (Figure I). Peak IFU recovery ( I O6'7) occurred early during the course o f
infection, and IFUs were no longer detectable by three weeks. To determine if adaptive
immunity developed following the resolution o f primary infection, mice were infected,
allowed to resolve primary infection, and then re-challenged with 5 x IO6 IFUs on day 37
post primary infection. Lungs were harvested and infectious chlamydiae were
enumerated on days 3, 7 ,1 0 , 14, and 21 following secondary challenge (Figure 2). Mice
were not protected from reinfection. However, compared to primary infection, the course
o f secondary infection was characterized by a reduced bacterial burden at all sampling
points (P< 0.05 at days 7 and 10), and a more rapid resolution o f infection (Figure 2).
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Figure I . Course of primary C. pneumoniae respiratory infection.
Mice were challenged intranasally with 5 x IO6 IFUs, and infectious
chlamydiae were enumerated on the specified days following
infection. Bars represent the mean +/- the standard error mean
(SEM) of IFUs recovered from the lungs of 4 to 5 mice at each
time point. Each animal was assayed in triplicate.
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Figure 2. Course of secondary C. pneumoniae respiratory
infection. Mice were challenged intranasally with 5 x IO6
IFUs, allowed to resolve infection, and then re-challenged 37
days following primary infection. Infectious chlamydiae were
enumerated on the specified days following secondary
challenge. Bars represent the mean +/- the SEM of IFUs
recovered from the lungs of 5-10 mice at each time point.
Each animal was assayed in triplicate.
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Thus a significant level o f adaptive immunity developed following the resolution o f
primary infection.

Characterization o f the Local Inflammatory Response
Following C. pneumoniae Respiratory Infection

To determine the nature o f the inflammatory response, lungs o f mice were
removed on specified days following primary infection and processed for histological
evaluation. Hematoxylin and eosin stained lung tissue sections from mice at 7 days post
primary infection revealed an acute inflammatory response characteristic o f interstitial
pneumonia. The inflammatory response was characterized by mononuclear and
polymorphonuclear (PMN) cellular infiltration in the perivascular and peribronchial
regions, and by thickening o f the alveolar septa (Figure 3B). The intensity o f the
inflammatory response peaked on days 7-10 post infection and declined thereafter. By 37
days post infection inflammation had subsided (Figure 3C), and histologically the tissue
was indistinguishable from normal lung tissue (Figure 3A). To confirm that the
pathological changes observed in the lungs o f infected mice were a consequence o f
infection and not merely an inflammatory response to the challenge inoculum alone, a
group o f five mice was challenged intranasally with 5 x IO6 UV inactivated IFUs. Seven
days following challenge with UV-inactivated chlamydiae, lungs were removed and
processed for histological evaluation. Hematoxylin and eosin stained lung tissue sections
revealed no pathological changes (Figure 3D). UV-inactivated chlamydiae did not
produce inclusions when titrated on HL cell monolayers. Lung tissues from mice
infected with viable C. pneumoniae were also analyzed by immunoperoxidase staining
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Figure 3. Histological response to C. pneumoniae respiratory infection. Representative
hematoxylin and eosin stained lung tissues from non-infected mice (A), and from mice at
7 days post primary infection (B), 37 days post primary infection (C), and 7 days
following challenge with UV-inactivated C pneumoniae (D). C. pneumoniae inclusions
were detected in lung tissue o f infected mice by immunoperoxidase staining. Chlamydial
inclusion in bronchial epithelial cell 7 days post infection (E). Final magnification
(320X).
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for the presence o f C. pneumoniae inclusions. Inclusions were observed in association
with the bronchial epithelium on days 3 (data not shown), I (Figure 3E), and 10 (data not
shown) following primary infection. Thus, primary respiratory infection was
characterized by an infection o f bronchial epithelial cells with C. pneumoniae and a
histopathological response consistent with interstitial pneumonia.

Characterization o f Cell Surface Phenotypes o f Lung Inflammatory Infiltrates

To further characterize the evolution o f the inflammatory response following
primary infection, sections o f lung tissues from normal and infected mice were analyzed
by immunohistochemistry for granulocytes, B cells, and T cells. Granulocytes (Figure
4A), B cells (Figure 4E), CD4+ T cells (Figure 41), and CD8+ T cells (Figure 4M), were
scattered throughout the lung tissue o f non-infected mice, which is consistent with other
published reports (27). Two weeks following C. pneumoniae infection the inflammatory
response was dominated by CD4+ T cells (Figure 4J) and B cells that tended to aggregate
around the vessels and airways (bronchi and/or bronchioles) (Figure 4F). CD4+ T cells
were diffusely localized around vessels and airways (Figure 41) while B cells aggregated
in larger clusters (Figure 4F). The presence o f PMNs was primarily diffuse with very
few focal areas, and CD8+ T cells appeared throughout the tissue with occasional areas o f
perivascular and peribronchiolar aggregation (Figure 4B, N). By five weeks post primary
infection the cellular infiltrate was indistinguishable from non-infected tissue (Figure 4 C,
G, K, 0 ). Control rat IgG was negative in all tissues analyzed.
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Figure 4. Immunohistological detection o f cell populations in lung tissue sections from
non-infected and infected animals. Immunoperoxidase staining was used to characterize
the local inflammatory response during the course o f C. pneumoniae infection. Tissue
sections were stained With anti-Ly6.G (PMNs) (A-D), anti-CD45R (B cells) (E-H), antiCD4 (CD4+ T cells) (I-L), or anti-CD8 (CD8+ T cells) (M -P). Sections were also
stained with either IgG2a (Q) or IgG2b (R-T) control antibody. Tissues from noninfected mice (A, E , I, M , Q), mice at 14 days following primary infection (B, F, J , N,
R), mice at 35 days following primary infection (C, G, K , O, S), and mice 10 days
following secondary challenge (D, H , L , P, T) were evaluated. Figures are representative
o f 3 mice at each time point. Final magnification (320X).
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Protective immunity develops following the resolution o f primary infection
(Figure 2). Therefore, to determine if changes in the inflammatory response were evident
at that time, we analyzed lung tissue by immunohistochemistry, from mice given a
secondary infection. Ten days following secondary challenge the inflammatory response
was very remarkable (Figure 4 H, L, P). CD4+ T cells were extremely abundant around
the vessels and airways (Figure 4 L). B cells were more numerous than that observed
following primary infection (Figure 4 H), but less so than CD4+ T cells. CDS+ T cells
(Figure 4 P) and PMNs (Figure 4 D) were present, but with an intensity similar to that
seen following primary infection.

Kinetics o f Humoral Immune Response

Serum samples were collected from groups o f mice on specified days following
primary and secondary infection, and analyzed for the presence o f anti-C. pneumoniae
class and sub-class specific antibodies (Figure 5). C. pneumoniae specific antibodies
were undetectable until two weeks following infection. As the infection resolved, IgG2a
and IgG2b anti-C. pneumoniae antibodies predominated. Serum anti-C. pneumoniae IgA
was not detected at any o f the time points tested. The anti-C. pneumoniae antibody
response did not change significantly following secondary challenge, and continued to
be dominated by IgG2a and IgG2b (Figure 5). Animals challenged with UV-inactivated
chlamydia never produced a detectable anti-C. pneumoniae antibody response (Data not
shown). The absence o f serum anti-C.pneumoniae IgA was somewhat surprising because
in other murine models o f chlamydial infection (62), and following human
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Figure 5. Time course of serum immunoglobulin class and subclass specific antiC. pneumoniae antibody response following primary and secondary C. pneumoniae
respiratory infection. ELISA was used to analyze serum samples for antiC. pneumoniae specific antibodies on the specified days following primary and
secondary infection. Data are presented as the mean titer (Log2)+/- SEM of 2-5
mice/group. See Material and Methods for description of a positive response.
Non-infected mice were consistently negative for anti-C. pneumoniae antibodies.
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infection (55, 57), anti-chlamydial IgA is a predominant response. Therefore, we
investigated that finding further by analyzing bronchiole alveolar lavage (BAL) fluid
collected from mice following primary or secondary infection (Table 2). BAL washes
were negative for C. pneumoniae specific IgA during primary infection, but 75% o f
samples were positive following secondary challenge. Hence, while C. pneumoniae
specific serum antibodies remained unaltered between primary and secondary infection,
BAL fluids demonstrated a significant increase in IgA following secondary challenge.

Table 2. A nti-C pneumoniae Antibody Response in Bronchiole Alveolar Lavage a
Number Positive/Number T ested b
IgM
IgG l IgG2a IgG2b IgG3 IgA
Sample Period
0/6
0/6
3/6
1/6
2/6
0/6
Primary Infection
1/4
3/4
4/4
4/4
0/4
0/4
Secondary Infection6
0/3
0/3
0/3
0/3
0/3
0/3
Non-infected
a BAL fluids were collected from the lungs o f mice either before infection, following primary infection (35 weeks), or 10 days post secondary infection

b Data are presented as the number o f positive samples per number o f mice tested; positive titer was set at
an OD> .20 in samples diluted 1:4
c Data points are pooled from two different experiments

Kinetics o f the Cell Mediated Immune Response

Immune and normal splenocytes were harvested from mice and incubated with or

without heat inactivated C. pneumoniae EBs. Supernatants were harvested and analyzed
for the presence ofIL -4, IL -10, IL-12, and IFN-y by ELISA. Splenocytes from C.

pneumoniae infected mice consistently produced IL-10 and IFN-y throughout the course
o f primary infection and following secondary infection while IL-4 and IL-12 were never
detected (Table 3). Thus it appeared that the cells associated with the host immune
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response to C. pneumoniae respiratory infection produced cytokines that were
characteristic o f both a T helper I response (IFN-y), and a T helper 2 response (TL-10).

Table 3. C. pneumoniae Induced Cytokine Production by Splenocytes
pg/ml Cytokine
IL-10
273*(32)
1868 (478)
2022 (339)
1332 (239)
1470 (202)

Days Following Infection

0
T
14c
21c
10 Days Post Secondary0

Proteina
IFN-y
<10
1634.(494)
1066 (495)
1166 (305)
1100 (192)

a Mean ± Standard error o f the mean (SEM)
6 Detectable levels o f IL-IO at day 0 represent nonspecific background activity
c Values for IL-IO and IFN-y from days 7 ,1 4 ,2 1 post primary infection and 10 days post secondary
infection were different from non-infected m ice (P< 0.0003)

Adoptive Transfer o f Immune T lymphocytes

Because mice show a level o f protective immunity to secondary infection (Figure
2), a vigorous CD4+ T cell inflammatory response (Figure 4), and production o f T cell
cytokines (Table 3), we investigated whether immune T cells could transfer immunity to
naive animals. Naive mice were given immune T cells (see Material and Methods), and
then challenged with 5 x IO6 IFUs. Infectious chlamydiae were enumerated at 7 and 10
days following challenge. IFU recovery in immune T cell recipient mice was not
significantly different flom that o f normal mice (Data not shown). Thus, we were unable
to transfer immunity to naive mice by immune T cells.
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Evaluation o f Immune Response in B cell Deficient Gene Knockout Mice

The enhanced resistance o f mice to secondary C. pneumoniae infection supports
the notion o f adaptive protective immunity. It was somewhat surprising therefore, that
the passive transfer o f immune T cells to naive mice did not confer any level o f immune
resistance. To forther address the role o f C M and the humoral immune response in
immune protection, we evaluated respiratory infection in mice that were deficient in
mature B cells and antibody. Groups o f B cell knockout mice were challenged
intranasally with 5 x IO6 IFUs and infectious chlamydiae were enumerated on specified
days following primary and secondary challenge. The course o f primary infection was
similar to that seen in immunocompetant mice, with infection resolving within three

weeks (Figure 6); however, B cell deficient mice shed significantly greater numbers o f
chlamydiae 13-14 days following infection (P< 0.05). Interestingly, B cell deficient mice
developed a level o f adaptive immunity following primary infection as demonstrated by a
shortened course o f infection upon secondary infectious challenge (Figure I). B cell
deficient mice tended to shed higher numbers o f chlamydiae at 7 and 10 days following
secondary infection compared to wild type mice (P< 0.05). The duration o f secondary
infection was shortened and comparable to secondary infection o f immunocompetant
wild type mice. The ability o f B cell deficient mice to resolve infection in a manner
similar to wild type mice suggested that B cells and/or antibody were not necessary for

the resolution o f primary infection or for the development o f adaptive immunity to re
infection. However, B cell deficient mice tended to experience a greater bacterial burden
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Figure 6. Time course of primary C. pneumoniae respiratory
infection in B cell gene knockout mice. B cell deficient mice
were challenged intranasally with 5 x IO6 IFUs, and infectious
chlamydiae were enumerated on the indicated days following
infection. Data are presented as the mean IFUs +/- SEM of
triplicate determinations of 4-6 mice at the indicated days
following primary infection.
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Figure 7. Time course of secondary C. pneumoniae respiratory
infection in B cell gene knockout mice. B cell deficient
mice were challenged intranasally with 5 x IO6 IFUs, allowed
to resolve infection, and then re-challenged with 5 x IO6 IFUs
40 days following primary infection. Data are presented as
the mean IFUs +/- SEM of triplicate determinations of 4-5
mice at the indicated days following secondary infection.
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following primary and secondary infectious challenge and thus antibody may play a
subordinate role in protective immunity.
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DISCUSSION

The recent association between infectious organisms and cardiovascular disease
has stimulated a great deal o f interest, and Chlamydia pneumoniae is one o f the
microorganisms that has been implicated as a potential causative agent in coronary heart
disease (17) (31). Should there prove to be a causative relationship between C

pneumoniae and atherosclerosis, preventing infection through vaccination might be an
effective means o f preventing heart disease. Preparation o f an effective vaccine will
require detailed knowledge o f the host’s immune response to infection. In the current
study we used a murine model o f C pneumoniae respiratory infection to characterize the
local infection and inflammatory response, and to define some o f the cell mediated and
humoral immune responses that develop following infection.
The peak recovery o f chlamydiae from infected lungs (day 3 post infection) was
equivalent to the challenge inoculum, and the number o f recoverable IFUs decreased
throughout the course o f primary infection. One could argue that the decrease in
recoverable IFUs did not necessarily represent resolution o f infection per se, but instead
represented the elimination o f the inoculum. However, several lines o f evidence support
an infection process. Histopathological evidence o f C pneumoniae inclusions within
bronchial epithelial cells is indicative o f an active infection process since inclusions are
the product o f active replication ofR B s. Moreover, the replicative cycle o f C.

pneumoniae is characterized by the conversion ofR B s back to EBs between 48-72 hours,
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which coincides with peak IFU recovery at day 3. The relatively infrequent number o f
inclusions observed in any single tissue section was concerning since we recovered IO5'5
IFUs 7 days following infection. To control for this observation, mice were challenged
with 16 times the standard inoculum (8 x IO7IFUs), and evaluated by immunohistology
for the presence o f inclusions. Despite infecting mice with a dose that results in
mortality, only a slight increase in the number o f inclusions was observed in lung tissues
(data not shown). Furthermore, active infection is indicated because mice challenged
with viable chlamydiae demonstrated lung pathology, cytokine production by immune
splenocytes, and the development o f specific immune responses, while mice challenged
with UV-inactivated chlamydiae did not. Our data are consistent with a previous study in
which chlamydial DNA is not detected in the lungs o f mice within minutes o f intranasal
challenge with non-infectious chlamydiae, but is detected when mice are challenged with
infectious chlamydiae (36).
Histopathological evaluation o f lungs o f infected mice revealed an inflammatory
response that was characteristic o f interstitial pneumonia, and remarkably similar to that
seen in human interstitial pneumonia (52). Our results are consistent with those o f others
in which perivascular and peribronchial inflammation is observed (67, 70). Exudate was
not observed in the alveolar sacs or bronchial lumens, but marked septal thickening was
observed. Some investigators however, report exudate in the alveolar spaces and
bronchial lumens (70), while others report no inflammation o f the alveolar septa (67).
The differences in histopathology observed among laboratories is concerning, but may be
attributed to differences in mouse strains or in the strains o f C pneumoniae used.
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The evolution o f the inflammatory response was analyzed by identifying the cell
populations present throughout the course o f infection. The inflammatory infiltrate was
characterized initially (day 3 post infection) by the presence o f polymorphonuclear cells
(PMNs). A significant decrease in the bacterial burden o f infected lungs is observed
within the first week o f infection. Because specific immune responses develop over time,
PMNs and other innate immune mechanisms may contribute to this early decrease. By
day 7, lymphocytes, especially B cells, began to accumulate around vessels and airways,
and granulocytes became less evident. Two weeks following infection, the aggregation
o f B cells, and to a lesser extent CD4+ T cells, around vessels and bronchi was notable.
The accumulation o f lymphocytes has been reported in other chlamydial models o f
infection (39, 43), and has been implicated as a mediator o f pathogenesis rather than
protection. In addition, previous work (38, 61) has demonstrated that CD4 T cells are
important in the resolution o f infection in C. trachomatis mouse models, and in vitro
w ork done with C. pneumoniae has shown that human mononuclear cells responding to
C. pneumoniae are predominantly o f the CD4+ subtype (63). CDS T cells also
accumulate during the resolution o f infection, but are generally less numerous than CD4+
T cells and B cells. Inflammation subsides, and as infection resolves only a few
inflammatory cells remain. The remaining inflammatory cells may contribute to the
vigorous cellular response observed during reinfection.
The importance o f serology in chlamydial infections is controversial. While
antisera to C. trachomatis and C. pneumoniae have been shown to neutralize inactivity
in vitro (48), it is unclear whether immune sera confers the same level o f protection in
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vivo. We used serum antibody response as one means o f characterizing the humoral
immune response to C. pneumoniae respiratory infection. In the current study, the C.

pneumoniae specific serum antibody response was dominated by IgG2a and IgG2b,
which is similar to the response seen in other models o f chlamydial infection (38). An
interesting aspect o f the humoral response to primary and secondary C. pneumoniae
respiratory infection was the lack o f a serum IgA response. Chlamydial infections are
generally considered mucosal in nature, and IgA is an antibody that is generally
associated with mucosal surfaces. As such it was surprising that serum C. pneumoniae
specific IgA levels were undetectable. One possible explanation is that when measuring
antibodies by ELISA, IgG isotypes compete with IgA for antigenic epitopes and simply
do not allow IgA to bind, thus giving a false negative result. Because serum was negative
for IgA at all times analyzed, we examined the possibility that IgA was present at the
mucosal surface. We analyzed bronchiolar washes for the presence o f C pneumoniae
specific immunoglobulins and IgA antibodies were not detected in BALs during primary
respiratory infection.
In an effort to further characterize the role o f antibodies in the host immune
response to primary C. pneumoniae respiratory infection, we evaluated infection in mice
incapable o f producing mature B cells or antibodies. Resolution o f primary infection in
B cell deficient mice occurred within three weeks. While this course o f infection was
similar to that seen in immunocompetant wild type mice, B cell deficient mice shed

significantly (P< 0.05) greater numbers o f IFUs two weeks following infectious
challenge. This is in accordance with other models which report that B cell deficient
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mice challenged intranasally with C. trachomatis strain MoPn resolve primary infection
in a fashion similar to normal mice (68). The ability o f B cell deficient mice to resolve
infection suggests that B cells are not necessary for the resolution o f primary infection
and implies that cell mediated immunity may be more critical.
We attempted to identify the cell populations involved in the protective immune
response by adoptively transferring immune T cells to naive mice. Following adoptive
transfer and infectious challenge, mice receiving immune T cells experienced a course o f
infection indistinguishable from that seen in wild type mice. The absence o f protection
was surprising given the vigorous CD4+ T cell response to secondary infection, and the
ability o f B cell deficient mice to resolve infection. T cells comprised greater than 90%
o f the purified cell preparation, and greater than 90% o f the purified cells were viable.
Together these facts argue against a contaminated transfer preparation. Possibly the
number o f immune T cells that was transferred was too small to impart immunity. It has
been shown that C. pneumoniae is found in alveolar macrophages o f mice inoculated
intranasally, but not intraperitoneally and vice versa (36). Perhaps there is a tissue
specific response associated with intranasal infection. Immune splenic T cells transferred
intravenously may not home to the site o f infection quickly enough to impart a protective
response. We isolated immune T cells from the spleen when it may have been more
effective to isolate them from lymph nodes near the source o f the infection. Also,
because o f the marked CD4+ T cell response in the lungs o f mice given a secondary
challenge, it is possible that several infections may be required to prime T cells so they
are capable o f conferring protection to naive mice.
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Cytokine analysis is another way in which investigators have studied adaptive
immunity to chlamydial infections. The importance o f IL -12 and IFN-y in protective
immunity to C. trachomatis infection is well characterized (47), but the importance o f
cytokines in immunity to C. pneumoniae infection is less clear. In the present study we .
measured production ofIL -4 and IL-IO (characteristic o f a T helper cell-type 2 response),
and IL -12 and IFN-y (characteristic o f a T helper cell-type I response) by immune
lymphocytes as another measure o f cell mediated immunity. Cytokines o f both the Th-I
type (IFN-y), and Th-2 type (IL-IO) were detected in supernatants from antigen pulsed
splenocytes collected at various times following infection. The production o f seemingly
counteractive cytokines (Th-1 & Th-2) has been reported in other chlamydial infections
(47). In contrast to other studies (44), we detected significant production o f IL-10 and
IFN-y during prim ary infection. There is evidence that IFN-y mediates the catabolism o f
tryptophan, an amino acid critical to chlamydial growth (34). This phenomenon is
characterized by chlamydia entering an atypical developmental stage from which they
emerge once the IFN-y pressure has subsided. This paradigm may help to explain the
ability o f Chlamydia to establish persistent infections. Furthermore, IFN-y'7' mice have
been shown to be more susceptible to chlamydial infection (54). Collectively, those data
suggest that IFN-y could play a critical role in the resolution o f C. pneumoniae infection.
In the current study reinfection o f mice that had resolved primary challenge
resulted in a protective immune response that was characterized by a reduced bacterial
burden and an abbreviated course o f infection. The number o f recoverable IFUs during
reinfection was reduced by as much as 3.5 logs on days 7 and 10 following secondary
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challenge. Although secondary infection resolved more quickly, the protective response
did not protect mice from reinfection. This finding is analogous to C pneumoniae and
other chlamydial infections in humans, which are characterized by recurrent infection
( 50).

O f interest in our model was the lack o f mucosal anti-chlamydial IgA following
primary infection. Interestingly though, mucosal IgA was present in BALs following
secondary respiratory challenge (Table 2). The genital tract model o f C. trachomatis
infection suggests that dimeric secretory IgA may prevent infection by neutralizing EBs
in the lumen (59). In addition, it has been shown that mice genetically depleted for CD4
demonstrate a delayed production o f mucosal IgA, the subsequent appearance o f which
coincides with resolution o f infection (38). Such evidence might help explain the
protective response observed in our study following secondary respiratory infection. For
example, because local (lung) anti-chlamydial IgA antibodies were not found following
primary infection, animals were not protected from reinfection. However, secondary
infection recalls and enhances anti-chlamydial responses, which lead to a more rapid
resolution o f infection. This notion was corroborated by the fact that B cell deficient
mice experienced a greater bacterial recovery following secondary challenge than did
wild type mice (P O .05), but were protected as evidenced by a shortened course o f
infection. Those data demonstrate that B cells were not required for resolution o f
primary or secondary infection, and suggest indirectly that cell mediated immunity was
critical to protective immunity. The remarkable appearance o f both secretory IgA and
CD4+T cells following secondary infection suggests that multiple infections may be
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necessary to generate a sufficient protective immune response. Perhaps if mice were
allowed to resolve secondary infection and challenged a third time, a more complete, if
not sterile, immunity would develop. It is also possible however, that the marked
immune response that develops locally following secondary infectious challenge
contributes to an enhanced pathology that would only be exacerbated upon reinfection. It
has been reported that upon chlamydial reinfection mice experience a reduced bacterial
burden, but an enhanced inflammatory response follows (66). The relative importance o f
the immune mediators that we examined during secondary infection is unclear at this
point, but studies attempting to prime specific mediators o f the protective response
through multiple infections, may prove useful.
The data presented in the current study established an animal model o f Chlamydia

pneumoniae respiratory infection in which the basic immune parameters o f infection
were studied. We demonstrated that mice develop a protective immune response
following primary intranasal challenge with C. pneumoniae, and that B cells are not
required for the resolution o f infection. In addition, mice generated a cell mediated
immune response characterized by the production o f T cell cytokines, and a humoral
immune response characterized by serum anti-chlamydial IgG2a and IgG2b. Remarkably,
anti-chlamydial IgA was not detected in serum or BAL following primary infection.
Reinfection was characterized by a strong T cell response around airways and vessels,
and the production o f local (BAL), but not serum, anti-chlamydial IgA antibodies. This
study provides a foundation on which more elaborate immunological studies can begin to
target the aspects o f protective immunity that might be conducive to vaccine design.

55

REFERENCES CITED

1.

A nderson, J. L., J . B. M uhlestein, J . C arlquist, A. Allen, S. T rehan, C.
Nielson, S. Hall, J. B rady, M . Egger, B. H orne, and T. L im . 1999. Randomized
secondary prevention trial o f azithromycin in patients with coronary artery disease
and serological evidence for Chlamydia pneumoniae infection. The azithromycin
in coronary artery disease: elimination o f myocardial infection with chlamydia
(ACADEMIC) study. Circulation. 99:1540-1547.

2.

A nttila, T. I., T. L ehtinen, M . Leinonen, A. Bloigu, P. K oskela, M , Lehtinem,
and P. Saikkii. 1998. Serological evidence o f an association between chlamydial
infections and malignant lymphomas. British Journal o f Haematology. 103:150156.

3.

Caldwell, H . D., J . K rom hont, and J . Schachter. 1981. Purification and partial
characterization o f the major outer membrane protein o f Chlamydia trachomatis.
Infection and Immunity. 31:1161-1176.

4.

C am pbell, L . A., C.-C. K uo, and J . T. G rayston. 1987. Characterization o f the
new Chlamydia agent, TWAR, as a unique organism by restriction endonuclease
analysis and DNA-DNA hybridization. Journal o f Clinical Microbiology.
25:1911-1916.

5.

Cam pbell, L. A., C.-C. K uo, and J . T. G rayston. 1998. Chlamydia pneumoniae
and cardiovascular disease. Emerging Infectious Diseases. 4:571-579.

6.

Cam pbell, L. A., E. R. O 'B rien, A. L. C appuccio, C.-C. K uo, S.-P. W ang, D.
Stew art, D. L. P atto n , P. K. C um m ings, an d J. T. G rayston. 1998. Detection
o f Chlamydia pneumoniae TWAR in human coronary atherectomy tissues.
Journal o f Infectious Diseases. 172:585-588,

7.

Cox, R. L., C.-C. K uo, J. T. G rayston, and L. A. Cam pbell. 1988.
Deoxyribonucleic acid relatedness o f Chlamydia sp. strain TW AR to Chlamydia
trachomatis and Chlamydia psittaci. International Journal o f Systematic
Bacteriology. 38:265-268.

8.

D aus, H ., C. Ozbek, D. Saage, B. Scheller, H. Schieffer, M . Pfreundschuh,
and A. C ause. 1998. Lack o f evidence for a pathogenic role o f Chlamydia
pneumoniae and cytomegalovirus infection in coronary atheroma formation.
Cardiology. 90:83-88.

56
9.

Esposito, G., F. B Iasi, L. Allegra, R. Chiesa, G. M elissano, R. Cosentini, P.
T arsia, L. D ordoni, C . Comtoni, C. Arosio, and L. Fagotti. 1999.
Demonstration o f viable Chlamydia pneumoniae in atherosclerotic plaques o f
carotid arteries by reverse transcriptase polymerase chain reaction. Annals o f
Vascular Surgery. 13:421-425.

10.

E verett, K . D., R. M . Bush, and A. A. A ndersen. 1999. Emended description o f
the order Chlamydiales, proposal o f Parachlamydiaceae fam. nov. and
Simkaniaceae fam. nov., each containing one monotypic genus, revised taxonomy
o f the family Chlamydiaceae, including a new genus and five new species, and
standards for the identification o f organisms. International Journal o f Systematic
Bacteriology. 49 P t. 2:415-440.

11.

Fagerberg, B., J. G narpe, H . G narpe, S. Agewall, and J. W ikstrand. 1999.
Chlamydia pneumoniae but not cytomegalovirus antibodies are associated with
future risk o f stroke and cardiovascular disease: a prospective study in middleaged to elderly men with treated hypertension. Stroke. 30:299-305.

12.

Fong, I. W ., B. C hiu, E. V iira, D. Jan g , and J. B. M ahoney. 1999. De novo
induction o f atherosclerosis by Chlamydia pneumoniae in a rabbit model.
Infection and Immunity. 67:6048-6055.

13.

G aydos, C. A., J . T. SummersgiM, N. N. Sahney, J. A. R am irez, and T. C.
Q uinn. 1996. Rephcation o f Chlamydia pneumoniae in vitro in human
macrophages, endothelial cells, and aortic artery smooth muscle cells. Infection
and Immunity. 64:1614-1620.

14.

G rayston, J . T. 1999. Antibiotic treatment trials for secondary prevention o f
coronary artery disease events. Circulation. 99:1538-1539.

15.

G rayston, J. T., C.-C. K uo, L. A. Cam pbell, and S.-P. W ang. 1989. Chlamydia
pneumoniae sp. nov. for Chlamydia sp. Strain TWAR. International Journal o f
Systematic Bacteriology. 39:88-90.

16.

G rayston, J. T., C.-C. K uo, S.-P. W ang, and J. Altm an. 1986. A new
Chlamydia psittaci strain, TWAR, isolated in acute respiratory tract infections.
New England Journal o f Medicine. 315:161-168.

17.

H igh, K . P. 1999. Atherosclerosis and infection due to Chlamydia pneumoniae or
cytomegalovirus: weighing the evidence. Clinical Infectious Diseases. 28:746749.

18.

Jan to s, C. A., A. Nesseler, W. W aas, W . B aum gartner, H. Tillm anns, and W.
H aberbosch. 1999. Low prevalence o f Chlamydia pneumoniae in atherectomy

57
specimens from patients with coronary heart disease. Clinical Infectious Diseases.
28:988-992.
19.

K alayoglu, M . V., and G. I. Byrne. 1998. A Chlamydia pneumoniae component
that induces macrophage foam cell formation is chlamydial lipopolysaccharide.
Infection and Immunity. 66:5067-5072.

20.

K alayoglu, M . V., and G. I. Byrne. 1998. Induction o f macrophage foam cell
formation by Chlamydia pneumoniae. Journal o f Infectious Diseases. 177:725729.

21.

K alayoglu, M . V., B. H oernem an, D. L a V erda, S. G. M orrison, R. P.
M orrison, and G. I. Byrne. 1999. Cellular oxidation o f low-density lipoprotein
by Chlamydia pneumoniae. The Journal o f Infectious Diseases. 180:780-790.

22.

K alm an, S„ W . M itchell, R. M arath e, C. Lammel, J. F an , R. W. H ym anj, L.
OIinger, J. G rim w ood, R. W. Davis, an d R. S. Stephens. 1999. Comparative
genomes o f Chlamydia pneumoniae and C. trachomatis. Nature Genetics. 21:385389.

23.

K itam u ra, D., J. Roes, R. K u h n , and K . Rajewsky. 1991. A B cell deficient
mouse by targeted disruption o f the membrane exon o f the immunoglobulin p
chain gene. Nature. 350:423-426.

24.

K ol, A., T. B ourcier, A. H. L ichtm an, and P. Libby. 1999. Chlamydial and
human heat shock protein 60s activate human vascular endothelium, smooth
muscle cells, and macrophages. Journal o f Clinical Investigation. 103:571-577.

25.

K ol, A., A. H. L ichtm an, R. W. Fin berg, P. Libby, and E. A. K urt-Jones.
2000. Cutting Edge: heat shock protein (HSP) 60 activates the innate immune
response: CD 14 is an essential receptor for HSP60 activation o f mononuclear
cells. Journal o f Immunology. 164:13-17.

26.

Kol, A., G. K. Sukhova, A. H. L ichtm an, and P. Libby. 1998. Chlamydial heat
shock protein 60 localizes in human atheroma and regulates macrophage tumor
necrosis factor-a and matrix metalloproteinase expression. Circulation. 98:300307.

27.

K olopp-S arda, M . N., M . C. Bene, N. M assin, J. J. M oulin, and G. C. Faure.
1994. Immunohistological analysis o f macrophages, B-cells, and T-cells in the
mouse lung. The Anatomical Record. 239:150-157.

58
28.

K orm an, T. M ., J . D. Turraidge, and M . L. G rayson. 1997. Neurological
complication o f chlamydial infections: case report and review. Clinical Infectious
Diseases. 25:847-851.

29.

K rull, M ., A. C. K lucken, F. N. W upperm ann, O. F u b rm an n , C. M agerl, J.
Seybold, S. H ippenstiel, J . H. H egem ann, C. A. Jantos, an d N. Suttorp. 1999.
Signal transduction pathways activated in endothelial cells following infection
with Chlamydia pneumoniae. Journal o f Immunology. 162:4834-4841.

30.

K uo, C -C., H .-H . C hen, S.-P. W ang, and J. T. G rayston. 1986. Identification
o f a new group o f Chlamydia psittaci strains called TW A R Journal o f Clinical
Microbiology. 24:1034-1037.

31.

K uo, C. C., A. Sfaor, L. A. Cam pbell, H . Fukushi, D. L. P atto n , and J. T.
G rayston. 1993. Demonstration o f Chlamydia pneumoniae in atherosclerotic
lesions o f coronary arteries. Journal o f Infectious Diseases. 167:841-849.

32.

M aass, M ., C. B artels, S. K ru g er, E. K rause, P. M . Engel, and K . D alhoff
1998. Endovascular presence o f Chlamydia pneumoniae D NA is a generalized
phenomonenin atherosclerotic vascular disease. Atherosclerosis. 140:S25-S30.

33.

M arkus, H. S., M . Sitzer, D. C arrin g to n , M . A. M endall, and H. Steinmetz.
1999. Chlamydia pneumoniae infection and early asymptomatic carotid
atherosclerosis. Circulation. 100:832-837.

34.

M ehta, S. J., R. D. M iller, J. A. R am irez, and J. T. Summersgill. 1998.
Inhibition o f Chlamydia pneumoniae replication in HEp-2 cells by interferon-y:
role o f tryptophan catabolism. Journal o f Infectious Diseases. 177:1326-1331.

35.

M oazed, T. C., L. A. Cam pbell, M . E . Rosenfeld, J. T. G rayston, and C.-c.
K uo. 1999. Chlamydia pneumoniae infection accelerates the progression o f
atherosclerosis in apolipoprotein E-deficient mice. The Journal o f Infectious
Diseases. 180:238-241.

36.

M oazed, T. C., C.-C. K uo, J. T. G rayston, and C. L. A nn. 1998. Evidence o f
systemic dissemination o f Chlamydia pneumoniae via macrophages in the mouse.
Journal o f Infectious Diseases. 177:1322-1325.

37.

M oazed, T. C., C.-c. K uo, T. J . G rayston, and L. A. Cam pbell. 1997. Murine
models o f Chlamydiapneumoniae infection and atherosclerosis. The Journal o f
Infectious Diseases. 175:883-890.

38.

M orrison, R. P., K . Feilzer, and D. B. Tum as. 1995. Gene knockout mice
establish a primary protective role for major histocompatibility complex class II-

59
restricted responses in Chlamydia trachomatis genital tract infection. Infection
and Immunity. 63:4661-4668.
39.

M orrison, R. P., D. S. M anning, and H. D. Caldwell. 1992. Immunology o f
Chlamydia trachomatis infections Immunoprotective and immunopathogenic
responses, p. 57-82. In T. C. Quinn (ed.), Sexually transmitted diseases. Raven
Press, Ltd., N ew York.

40.

M uhlestein, J. B., J. L. A nderson, E. H. H am m ond, L. Zhao, S. T rehan, E. P.
Schwobe, and J. F. C arlquist. 1998. Infection with Chlamydia pneumoniae
accelerates the development o f atherosclerosis and treatment with azithromycin
prevents it in a rabbit model. Circulation. 97:633-636.

41.

Nobel, M ., A. De T orrente, O. Peter, and D. Genne. 1999. No serological
evdence o f association between Chlamydia pneumoniae infection and acute
coronary artery disease. Scandinavian Journal o f Infectious Diseases. 31:261-264.

42.

Ong, G., B. J . Thom as, A. O. M ansfield, B. R. Davidson, and D. T. Robinson.
1996. Detection and widespread distribution o f Chlamydia pneumoniae in the
vascular system and its possible implications. Journal o f Clinical Pathology.
49:102-106.

43.

Pal, S., T. J . Fielder, E. M . Peterson, and L. M . De L a M aza. 1993. Analysis
o f the immune response in mice following intrauterine infection with the
Chlamydia trachomatis biovar. Infection and Immunity. 61:772-776.

44.

P enttila, J . M ., M . A nttila, M . Puolakkainen, A. L aurila, K . V arkila, M .
Sarvas, P. H . M akela, and N. R autonen. 1998. Local immune responses to
Chlamydia pneumoniae in the lungs o f BALB/c mice during primary infection
and reinfection. Infection and Immunity. 66:5113-5118.

45.

Penttila, J. M ., M . A nttila, K . V arkila, M . Puolakkainen, M . Sarvas, and P.
H . M akela. 1999. Depletion o f CD8+ cells abolishes memory in acquired
immunity against Chlamydia pneumoniae in BALB/c mice. Immunology. 97:490496.

46.

Penttila, J . M ., R. Pyhala, M . Sarvas, and N. R autonen. 1998. Expansion o f a
novel pulmonary CD3" CD4+ CD8+ cell population in mice during Chlamydia
pneumoniae infection. Infection and Immunity. 66:3290-3294.

47.

P erry, L. L., K . Feilzer, and H. D. Caldwell. 1997. Immunity to Chlamydia
trachomatis is mediated by T helper I cells through IFN-y-dependent and independent pathways. Journal o f Immunology. 158:3344-3352.

60
48.

Peterson, E. M ., L. M . de Ia M aza5L. B rad e5 and H . B rade. 1998.
Characterization o f a neutralizing monoclonal antibody directed at the
lipopolysaccharide o f Chlamydia pneumoniae. Infection and Immunity. 66:38483855.

49.

R am irez, J. A. 1996. Isolation o f Chlamydia pneumoniae from the coronary
artery o f a patient with coronary atherosclerosis. Annals o f Internal Medicine.
125:979-982.

50.

R an k 5 R. G. 1999. Models o f Immunity, p. 239-295. In R. S. Stephens (ed.),
Chlamydia: Intracellular Biology, Pathogenesis, and Immunity. American
Society for Microbiology, Washington, D.C.

51.

R obinson5D. T. 1998. Chlamydia pneumoniae in vascular tissue.
Atherosclerosis. 140:S21-S24.

52.

Ross5 M . H ., L. J . Rom rell5 and G. I. K aye. 1995. Histology, a Text and Atlas,
Third ed: Williams and Wilkins, Baltimore.

53.

Ross5 R. 1993. The pathogenesis o f atherosclerosis: a perspective for the 1990s.
Nature. 362:801-809.

54.

R ottenberg5M . E., A. C. G. R othfuchs5 D. Gigliotti5 C. Svanholm 5L.
B andholtz5 and H . WigzelL 1999. Role o f innate and adaptive immunity in the
outcome o f primary infection with Chlamydia pneumoniae, as analyzed in
genetically modified mice. Journal o f Immunology. 162:2829-2836.

55.

Saikku5 P. 1999. Epidemiology o f Chlamydia pneumoniae in atherosclerosis.
American Heart Journal. 138:S500-S503.

56.

Saikku5 P., M . L einonen5L. T enkanen5 E. L innanm aki5M .-R . E km an5V.
M anninen5 M . M a n tta ri5M . H. Frick, and J. K., H u ttu n en . 1992. Chronic
Chlamydiapneumoniae infection as a risk factor for coronary heart disease in the
Helsinki heart study. Annals o f Internal Medicine. 116:273-278.

57.

Saikku5 P .5 K . M attiIa5M . S. N iem inen5 J. K . H u ttu n en 5M . Leinonen5M . R.
E km an5P . H . M akela5 and V. V altonen. 1988. Serological evidence o f an
association o f a novel Chlamydia, TWAR, with chronic coronary heart disease
and acute myocardial infarction. The Lancet. 2:983-986.

58.

S hor5A., and J . I. Phillips. 1999. Chlamydia pneumoniae and atherosclerosis.
Journal o f the American Medical Association. 282:2071-2073.

61
59.

Stagg, A. J. 1998. Vaccines against Chlamydia: approaches and progress.
Molecular Medicine T odayl66-173.

60.

Stephens, R. S., S. K alm an, C. Lam m el, J. F an, L. A. M arath e, W. M itchell,
L. O linger, R. L. Tatusov, Q. Zhao, E. V. K oonin, an d 'R . W. Davis. 1998.
Genome sequence o f an obligate intracellular pathogen o f humans: Chlamydia
trachomatis. Science. 282:754-759.

61.

Su, H ., and H. D. Caldwell. 1995. CD4+ T cells play a significant role in
adoptive im m u n ity to Chlamydia trachomatis infection o f the mouse genital tract.
Infection and Immunity. 63:3302-3308.

62.

Sn, H ., K . Feilzer, H . D. Caldwell, and R. P. M orrison. 1997. Chlamydia
trachomatis genital tract infection o f antibody-deficient gene knockout mice.
Infection and Immunity. 65:1993-1999.

63.

Surcel, H . M ., H . S yrjala, M . Leinonen, P. Saikku, and E. H erva. 1993. Cellmediated immunity to Chlamydia pneumoniae measured as lymphocyte blast
transformation in vitro. Infection and Immunity. 61:2196-2199.

64.

Thom as, M ., Y. W ong, D. Thom as, M . A jaz, V. Tsang, P. J . Gallagher, and
M . E. W ard. 1999. Relation between direct detection o f Chlamydia pneumoniae
in DNA in human Coronary arteries at postmortem examination and histological
severity (Stary Grading) o f associated atherosclerotic plaque. Circulation.
99:2733-2736.

65.

T iran, A., R. A. Tio, J. M . O ssew aarde, B. T iran, P. den H eijer, T. H. The,
and M . W . W ilders-Trnschnig. 1999. Coronary angioplasty induces rise in
Chlamydia pneumoniae-speci&c antibodies. Journal o f Clinical Microbiology.
37:1013-1017.

66.

Tolvanen, S.-S. E. K ., A. L. L au rila, P. Saikku, M . L einonen, and K.
L aitin en. 1995. Experimental Chlamydia pneumoniae infection in mice: effect o f
reinfection and passive immunization. Microbial Pathogenesis. 18:279-288.

67.

Tolvanen, S.-S. E. K ., A. L. L au rila, P. Saikku, M . L einonen, L. Liesirova,
and K . L aitinen. 1993. Experimental infection o f Chlamydia pneumoniae in
mice. Microbial Pathogenesis. 15:293-302.

68.

W illiams, D. M ., B. G rubbs, K . A. Kelly, and R. G. R ank. 1997. Humoral and
cellular immunity in secondary infection due to murine Chlamydia trachomatis.
Infection and Immunity. 65:2876-2882.

62
69.

Y ang, Z -P., P. K . Cum m ings, D. L. P atto n , and C.-C. K uo. 1994.
Ultrastractural lung pathology o f experimental Chlamydia pneumoniae
pneumonitis in mice. Journal o f Infectious Diseases. 170:464-467.

70.

Y ang, Z.-P., C.-C. K uo, and J. T. G rayston. 1993. A mouse model o f
Chlamydia pneumoniae strain TWAR pneumonitis. Infection and Immunity.
61:2037-2040.

71.

Y uan, Y., K . Lyng, Y.-X. Zhang, D. D. Rockey, and R. P. M orrison. 1992.
Monoclonal antibodies define genus-specific, species-specific, and cross reactive
epitopes o f the Chlamydial 60-kilodalton heat shock protein (hsp60): specific
immunodetection and purification o f Chlamydial hsp60. Infection and Immunity.
60:2288-2296.

MONTANA STATE UNIVERSITY - BOZEMAN

3 1762 10334569

