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Chlamydia pneumoniae infection has been associated with asthma and atherosclerosis. Smooth muscle cells
represent host cells for chlamydiae during chronic infection. In this study we demonstrated that C. pneumoniae
infection of human smooth muscle cells in vitro increased production of interleukin 6 (IL-6) and basic
fibroblast growth factor (bFGF) as shown by reverse transcription-PCR, immunoblotting, and enzyme-linked
immunosorbent assay. In contrast, levels of platelet-derived growth factor A-chain mRNA were not affected
after infection. The stimulation of bFGF and IL-6 production was most effective when viable chlamydiae were
used as inoculum. Furthermore, inhibition of bacterial protein synthesis with chloramphenicol prevented
up-regulation of IL-6 and bFGF in infected cells. Addition of IL-6 antibody to infected cultures diminished
bFGF expression, indicating involvement of produced IL-6. These findings suggest that chlamydial infection of
smooth muscle cells elicits a cytokine response that may contribute to structural remodeling of the airway wall
in chronic asthma and to fibrous plaque formation in atherosclerosis.

Chlamydia pneumoniae (in a recent paper renamed Chlamy-
dophila pneumoniae) is an obligate intracellular bacterial
pathogen that causes acute respiratory infections (9). More-
over, chronic or recurrent chlamydial infections have been
associated with asthma and atherosclerosis. C. pneumoniae has
a biphasic growth cycle. Infectious elementary bodies (EBs)
enter the host cell and differentiate into reticulate bodies
(RBs). These RBs divide by binary fission within the expanding
endosome, resulting in development of an intracellular inclu-
sion. After a period of growth, RBs reorganize into new EBs
that are released by host cell lysis or exocytosis. Chronic infec-
tions are obviously associated with lytic and nonlytic phases in
which chlamydiae do not replicate.

Evidence for C. pneumoniae in asthma comes from serodi-
agnostic studies and culture (3, 13, 14). The association of
asthma with elevated specific immunoglobulin G (IgG) anti-
bodies seems to be strongest for nonatopic long-standing
asthma (37). These studies suggest an important role for
chronic infection as a promoting factor that would produce a
tendency to severe chronic asthma. It is possible that chlamyd-
iae amplify the inflammation in patients with early mild
asthma, leading to permanent changes in the airways (37).
Furthermore, C. pneumoniae can probably initiate adult-onset
asthma (15). Activation of a synthetic phenotype of smooth
muscle cells (SMC) plays an important role in the pathogenesis
of asthma (17). Chronic inflammation and cycles of repair in
chronic asthma lead to structural remodeling of the airway
wall. This process is characterized by smooth muscle hyperpla-
sia and hypertrophy and by thickening of the basement mem-
brane with deposition of collagen types III and V (31, 33). The
increase in the amount of SMC results in an enhanced con-
tractile response and in irreversible airflow obstruction.

The pathogenesis of atherosclerosis also involves an abnor-

mal proliferation of SMC within the arterial wall (32). An
association of Chlamydia infection with atherosclerosis has
been demonstrated by seroepidemiological studies in which
raised titers of IgG and IgA antibodies to C. pneumoniae were
found in patients with coronary arterial disease (reviewed in
reference 11). The organism has been detected in atheroscle-
rotic lesions and could be cultured from plaques from patients
with severe coronary heart disease (24, 29, 39).

Several growth factors and cytokines, such as basic fibroblast
growth factor (bFGF), platelet-derived growth factor (PDGF),
and interleukin 6 (IL-6), have been implicated in the processes
of airway wall thickening and subepithelial fibrosis in asthma as
well as fibrous plaque formation in atherosclerosis (17, 32, 40).

SMC are a cell type that is infected by C. pneumoniae during
chronic infection. In atheromatous plaques, chlamydiae were
prominently observed in SMC by immunohistochemical stain-
ing (39). C. pneumoniae is capable of infecting SMC in vitro
(20). However, the effects of chlamydial infection on SMC
have been little examined. Therefore, we studied the produc-
tion of IL-6, bFGF, and PDGF by human SMC in response to
infection with C. pneumoniae.

MATERIALS AND METHODS

Chlamydia propagation. High-titer stocks of C. pneumoniae strain TW-183 and
Chlamydia trachomatis serovar D strain IC Cal 8 (hereafter called C. trachomatis
D/IC Cal 8; obtained from the Institute of Ophthalmology, London, United
Kingdom) were propagated in buffalo green monkey (BGM) cells. Chlamydiae
were inoculated onto cell monolayers in 25-cm2 flasks and centrifuged at 2,000 3
g for 45 min at 37°C. The inoculum was removed and replaced with serum-free
SF-3 medium (Cytogen, Lohmar, Germany). Infected cells were collected in
phosphate-buffered saline (PBS) with 0.2 M sucrose and 2% fetal bovine serum
(FBS) 72 h after infection and lysed by sonication. The chlamydial suspension
was centrifuged at 800 3 g to remove cellular debris. Supernatants were stored
at 270°C. Infectivity titers of chlamydial stocks were quantified by titrating the
number of inclusion-forming units (IFU) per milliliter in BGM cells. These titers
were used to determine the infectious doses for SMC. Cell cultures and chla-
mydial stocks were checked for Mycoplasma contamination by culture and PCR
by the Bundesinstitut für Gesundheitlichen Verbraucherschutz und Veterinär-
medizin Jena, Jena, Germany.

Cell culture. Human bronchial SMC (BSMC; Clonetics CC-2576) were pur-
chased from BioWhittaker Europe (Verviers, Belgium). The cells were subcul-
tured in modified MCDB 131 basal medium (Clonetics, BioWhittaker), contain-
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ing 5% FBS and the following supplements (Clonetics, BioWhittaker): human
recombinant epidermal growth factor (0.5 ng/ml), human recombinant bFGF (2
ng/ml), insulin (5 mg/ml), gentamicin (50 mg/ml), and amphotericin B (50 ng/ml).
The cells stained positively with antibodies to smooth muscle a-actin (monoclo-
nal mouse IgG, clone 1A4; Dako, Hamburg, Germany). BSMC at passages 4 to
6 were used in the experiments.

Infection of SMC. BSMC were seeded into 35-mm-diameter culture wells or
into 11-mm-diameter culture tubes containing a glass coverslip. Cells grew to
confluence and were then made quiescent by maintenance in basal medium
containing 0.5% FBS but no antibiotics for 72 h.

Chlamydial stocks were diluted in basal medium without supplements and
inoculated onto cell monolayers. BSMC (4 3 105 to 7 3 105 per 35-mm-diameter
well, 6 3 104 to 8 3 104 per 11-mm-diameter tube) were infected by centrifu-
gation at 2,000 3 g at 37°C for 45 min at different infectious doses. After the
inoculum was decanted, the cells were washed in medium to remove nonad-
sorbed chlamydiae and further incubated with basal medium containing 0.5%
FBS but no antibiotics. For mock-infected cultures, BSMC were centrifuged with
a harvest of uninfected BGM cells.

For determination of chlamydial inclusions, coverslips were removed from the
culture tubes at 72 h after infection, fixed with methanol, and stained with
fluorescein isothiocyanate-conjugated antibody to chlamydial lipopolysaccharide
(LPS) (Imagen; Dako). The number of inclusions per coverslip was calculated
from determination of inclusions in 20 randomly selected 3400 microscopic
fields.

For heat inactivation, chlamydial suspensions were held at 75°C for 10 min
prior inoculation onto cell monolayers. For UV inactivation, chlamydial suspen-
sions were placed under a UV lamp (15 W at 30 cm) for 15 min. In some
experiments as indicated, chlamydial protein synthesis was inhibited with chlor-
amphenicol (100 mg/ml; Sigma, Deisenhofen, Germany). Cell cultures were
treated with chloramphenicol from 90 min prior to infection to 18 h after
infection. Rabbit anti-human IL-6 (Sigma) was used to neutralize IL-6 activity in
infected cultures.

RNA extraction and reverse transcription-PCR (RT-PCR) analysis. Total
RNA was prepared from cell monolayers using the RNAgents total RNA isola-
tion system (Promega, Mannheim, Germany) according to the manufacturer’s
instructions. First-strand cDNA was reverse transcribed from 1 mg of RNA in a
total reaction volume of 20 ml with 15 U of avian myeloblastosis virus reverse
transcriptase and 0.5 mg of oligo(dT)15 primer, using the Promega reverse tran-
scription system as instructed by the manufacturer.

Each 25 ml of PCR mixture contained 1 ml of cDNA (corresponding to 50 ng
of RNA), 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 0.2 mM each deoxynucleoside
triphosphate, 1.5 mM MgCl2, 0.4 mM specific primers (Table 1), and 1.25 U of
Taq DNA polymerase (Promega). As an internal control, cDNA was also am-
plified for pyruvate dehydrogenase (PDH) mRNA. Thirty cycles of amplification
were carried out in a TRIO-Thermoblock (Biometra, Göttingen, Germany).
Reactions consisted of an initial incubation at 95°C for 7 min and then cycling at
95°C for 30 s, 60°C (PDH, bFGF, and PDGF-A primers) or 65°C (IL-6 primers)
for 1 min, and 72°C for 1 min, with a final incubation at 72°C for 10 min. Negative
controls were performed by omitting RNA from cDNA synthesis and PCR
amplification. Products were electrophoresed on a 2% agarose gel containing
SYBR Green I (Molecular Probes; purchased from MoBiTec, Göttingen, Ger-
many) and visualized on a UV transilluminator. For comparison of the bands,
photographs of the products were scanned and the volumes (optical density times
millimeters squared) of the band images were quantitated with Multi Analyst
software (Bio-Rad, Munich, Germany). All IL-6, bFGF, and PDGF-A signals
were normalized against the PDH signal from the same sample. All amplification
results shown are representative of three separate experiments.

The specificity of the PCR products was confirmed by sequencing of the
amplified bands. Sequences were determined by the dideoxy-chain termination
technique using a BigDye terminator kit (Applied Biosystems, Weiterstadt, Ger-
many) according to the supplier’s protocol. Automated sequencing was per-
formed with an ABI Prism 310 genetic analyzer (Perkin-Elmer, Applied Biosys-
tems).

Immunoblotting. Cell monolayers were washed twice with cold PBS followed
by adding 100 ml of radioimmunoassay buffer (0.15 M NaCl, 50 mM Tris-HCl,

1% deoxycholic acid, 1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS]) with
phenylmethylsulfonyl fluoride (100 mg/ml; Serva, Heidelberg, Germany), leupep-
tin (2 mg/ml; Serva), and aprotinin (50 mg/ml; Sigma). The cells were scraped,
and the suspensions were incubated on ice for 30 min. The cell lysates were
centrifuged in a microcentrifuge, and the supernatants were mixed with an equal
volume of Laemmli sample buffer. The samples were electrophoresed on 15%
polyacrylamide–SDS gels. Transfer of fractionated proteins to nitrocellulose
membranes was carried out with a semidry transblot system (Bio-Rad) using
Bjerrum and Schafer-Nielsen transfer buffer (48 mM Tris, 39 mM glycine, 1.3
mM SDS, 20% methanol [pH ;9]). Blots were blocked with 4% bovine serum
albumin (BSA; Sigma) in Tris-buffered saline (TBS) containing 0.05% Tween for
4 h. For identification of bFGF, blots were sequentially incubated with a 1:500
dilution of mouse monoclonal antibody to human bFGF (clone FB-8; Sigma) and
with a 1:2,000 dilution of alkaline phosphatase-conjugated goat anti-mouse IgG
(Dianova, Hamburg, Germany). Primary and secondary antibodies were diluted
in TBS-Tween with 4% BSA. Blots were incubated with each antibody for 1 h at
room temperature. Washes between antibody addition were performed with
TBS-Tween three times for 5 min. Blots were developed with 5-bromo-4-chloro-
3-indolylphosphate toluidine salt–p-nitroblue tetrazolium chloride (Sigma Fast;
Sigma). All results shown are representative of three experiments.

IL-6 and bFGF immunoassays. For enzyme immunoassays, supernatants of
infected and mock-infected cultures were centrifuged at 14,000 3 g for 5 min and
stored at 270°C until assayed. Levels of IL-6 were measured by IL-6 CytoSet
enzyme-linked immunosorbent assay (ELISA) (Biosource, Ratingen, Germany)
according to the manufacturer’s protocol.

To quantify bFGF levels in culture supernatants, plastic wells (Maxisorp Im-
munoModuls; Nunc, Wiesbaden, Germany) were coated with 200 ml of samples
or human recombinant bFGF standard (Biochrom, Berlin, Germany) per well
overnight at 4°C. The plates were then washed three times with TBS-Tween and
blocked with 4% BSA in TBS-Tween for 3 h at room temperature. Following a
further three washes, plates were sequentially incubated with mouse monoclonal
antibody to human bFGF (clone FB-8; Sigma) diluted 1:1,000 in 4% BSA-TBS-
Tween (200 ml/well) for 2 h, biotinylated F(ab9)2 fragment of rabbit anti-mouse
IgG (Dako) at a dilution of 1:5,000 (200 ml/well) for 1 h, and streptavidin-
peroxidase conjugate (Dako) diluted 1:5,000 (200 ml/well) for 1 h. After each
incubation, the plates were washed three times with TBS-Tween. For signal
development, the wells were incubated with tetramethylbenzidine substrate (Sig-
ma). The reaction was stopped with 1.5 M H2SO4. Absorbance was measured by
optical density reading at 450 nm with an SLT Rainbow spectrophotometer
(Tecan, Crailsheim, Germany). The amounts of bFGF were determined by
reference curves obtained using known quantities of bFGF standard.

RESULTS

Growth of C. pneumoniae in BSMC. First experiments con-
firmed earlier observations that C. pneumoniae is capable of
infecting SMC (20). Infection of BSMC with C. pneumoniae
TW-183 resulted in intracellular growth characterized by the
development of typical inclusion bodies. Increasing the num-
ber of IFU caused a concomitant increase in inclusion-contain-
ing cells (Fig. 1). An infectious dose of 106 IFU as titrated in
BGM cells produced an average of about 2 3 104 inclusions
per culture tube in BSMC.

FIG. 1. Infectivity of C. pneumoniae TW-183 for BSMC. Intracellular inclu-
sions were stained with fluorescein isothiocyanate-conjugated antibody to LPS
(Imagen; Dako). Data are expressed as mean numbers (with standard devia-
tions) of inclusions per 11-mm-diameter coverslip.

TABLE 1. Sequences of primers used for RT-PCR

Specificity Primer paira Product
size (bp)

Refer-
ence

IL-6 59-AGCTCAGCTATGAACTCCTTCTC-39 338 22
59-GTCTCCTCATTGAATCCAGATTGG-39

bFGF 59-TCACCACGCTGCCCGCCTTGC-39 342 23
59-CAGTTCGTTTCAGTGCCACAT-39

PDGF-A 59-CCTGCCCATTCGGAGGAAGAG-39 225 38
59-TTGGCCACCTTGACGCTGCG-39

PDH 59-GGTATGGATGAGGACCTGGA-39 105 35
59-CTTCCACAGCCCTCGACTAA-39

a Top row, sense strand; bottom row, antisense strand.
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Production of bFGF, IL-6, and PDGF-A in BSMC exposed
to C. pneumoniae. The levels of mRNAs were assessed by RT-
PCR. After serum starvation, mock-infected cells produced
only small amounts of bFGF, IL-6, and PDGF-A mRNA over
a 48-h incubation (Fig. 2). Exposure to C. pneumoniae en-
hanced the amounts of IL-6 and bFGF mRNA in a dose-de-
pendent manner (Fig. 2A). Levels of IL-6 and bFGF mRNA in
infected cells increased over the 48-h period of the experi-
ments in comparison to mock-infected cells (Fig. 2B). In con-
trast, mRNA levels for PDGF-A and the housekeeping gene
PDH were not affected by chlamydial infection of BSMC (Fig.
2).

Further experiments were performed to determine the pro-
duction of IL-6 and bFGF protein. Cells infected with C. pneu-
moniae secreted increased quantities of IL-6 in a time-depen-
dent fashion (Fig. 3). Following 48 h of infection, significant
differences in IL-6 release were observed in response to in-
creasing infectious doses (Fig. 3). The time course of IL-6
secretion was dependent on the infectious dose. At the highest
inoculum used, IL-6 production peaked at 48 h after infection,
whereas at lower infectious doses IL-6 levels increased over a
72-h period of time. Infected cells released 200-fold more IL-6
than mock-infected cells. A feature of bFGF is that it lacks a
signal peptide for secretion and is cell associated rather than
secreted (1). Therefore, production of bFGF protein was ex-
amined by immunoblot analysis of total cell lysates. Immuno-
blots of BSMC showed a bFGF band of approximately 21 to 24
kDa. The amount of bFGF in infected cultures increased with
larger amounts of the infectious dose as well as over a 72-h
period of time (Fig. 4). Immunoblots of mock-infected cells
indicated no substantial differences during the same incubation
time. Additionally, amounts of bFGF in culture supernatants
were slightly greater in infected cultures than in mock-infected
cultures at 72 h after infection (Fig. 5). The bFGF level in
infected cultures was increased about twofold.

Requirement for live chlamydiae in bFGF and IL-6 response
of BSMC to C. pneumoniae. The increased levels of IL-6 and
bFGF in infected cultures could be caused by the extracellular
presence of chlamydiae or by events associated with the inva-
sion process and intracellular growth. Heat and UV treatment
of the chlamydial inoculum reduced the levels of IL-6 and
bFGF to that of mock-infected cultures (Fig. 6). Heat inacti-
vation of chlamydiae can block their uptake by host cells but
does not affect chlamydial LPS. UV-treated chlamydiae may
still be able to invade cells (25, 30). Inactivated chlamydiae
formed no inclusions in BSMC or in BGM cells which were
used for titration of chlamydial stocks.

To determine whether bacterial protein synthesis is required
for the host cell response, infected cells were treated with
chloramphenicol at 100 mg/ml, a concentration which com-
pletely inhibits chlamydial protein synthesis. In chloramphen-
icol-treated cultures, no inclusion bodies of C. pneumoniae
could be found. The addition of chloramphenicol to infected
cultures prevented the stimulation of IL-6 and bFGF produc-
tion (Fig. 6).

FIG. 2. C. pneumoniae infection increases levels of IL-6 and bFGF mRNA in
cultured BSMC. (A) Amplification of cDNA from RNA preparations of cells
infected with various doses of TW-183. Lane 1, mock-infected cells; lane 2, 5 3
106 IFU/well; lane 3, 107 IFU/well; lane 4, 2 3 107 IFU/well. Total RNA was
extracted at 18 h after infection. (B) Time course of mRNA expression. Lanes 5,
7, and 9, mock-infected cells; lanes 6, 8, and 10, 107 IFU/well.

FIG. 3. Release of IL-6 by C. pneumoniae-infected BSMC in comparison to
mock-infected cells. IL-6 was determined by ELISA. }, mock infected; h, 5 3
105 IFU; Œ, 106 IFU; E, 2 3 106 IFU. Values are means (with standard devia-
tions) of three experiments. p, P # 0.04 compared to mock-infected cells; pp, P #
0.01 compared to mock-infected cells (Welch t test).

FIG. 4. Immunoblot analysis of bFGF protein in C. pneumoniae-infected
BSMC. (A) bFGF levels in cells infected with various doses of chlamydiae. Lane
1, mock-infected cells; lane 2, 2 3 106 IFU/well; lane 3, 5 3 106 IFU/well; lane
4, 2 3 107 IFU/well. Total cell lysates were prepared at 48 h postinfection. (B)
Time course of bFGF production. Lanes 1, 3, and 5, mock-infected cells; lanes 2,
4, and 6, 107 IFU/well.
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Effect of IL-6 antibody on bFGF levels. IL-6 stimulated ex-
pression of bFGF mRNA in uninfected cells (Fig. 7A). We
tested whether the release of IL-6 contributed to the increased
amounts of bFGF in Chlamydia-infected cultures. Neutraliza-
tion of IL-6 resulted in less intense bands of bFGF in RT-PCR
assays and immunoblots of infected cells (Fig. 7B and C).
These findings suggest that bFGF levels were mediated by the
release of IL-6.

Infection of BSMC with C. trachomatis. To examine whether
other Chlamydia species are able to stimulate IL-6 and bFGF
production from BSMC, we performed some experiments with
C. trachomatis D/IC Cal 8, a strain which readily infects freshly
isolated human synovial fibroblasts (34). BSMC supported rep-
lication of C. trachomatis. In comparison to C. pneumoniae
TW-183, C. trachomatis D/IC Cal 8 produced inclusions that
were larger in size but fewer in number (Fig. 8; Table 2).
Increased IL-6 production was observed in response to C.
trachomatis compared to mock-infected cells, although IL-6
levels were significantly higher in C. pneumoniae-infected cul-
tures (Table 2). Additionally, C. trachomatis infection caused
an increase in bFGF protein levels in BSMC (Fig. 9).

DISCUSSION

Interactions between SMC and chlamydiae are probably in-
volved in the pathogenesis of chronic infections with C. pneu-
moniae. Our study demonstrates significant production of
bFGF and IL-6 from SMC in response to C. pneumoniae in-
fection. IL-6, an important cytokine in inflammation, has been
implicated in instability of atherosclerotic plaques (40). It can
increase platelet activity and fibrinogen levels, which would
lead to increased blood viscosity and endothelial damage (27).
Increased basal levels of IL-6 were found in the airways of
asthmatic patients compared with normal control subjects (41).
In addition, IL-6 concentrations in bronchoalveolar fluid are
higher in patients with intrinsic asthma than in patients with
allergic asthma (36). A mitogenic role of IL-6 for rat vascular
and guinea pig airway SMC has been reported (7, 18). While
this work was in progress, studies that describe the enhanced

FIG. 5. Detection of bFGF in culture supernatants of BSMC by ELISA. },
mock infected; h, 5 3 105 IFU; Œ, 106 IFU; E, 2 3 106 IFU. Values are means
(with standard deviations) of three experiments. p, P # 0.03 compared to mock-
infected cells (Welch t test).

FIG. 6. Effects of heat and UV inactivation of chlamydiae, and of chloramphenicol treatment, on IL-6 and bFGF levels in BSMC cultures. (A) Detection of IL-6
and bFGF mRNA by RT-PCR. Total RNA was isolated at 18 h postinfection. (B) Immunoblotting of bFGF protein. Cell lysates were prepared at 48 h postinfection.
(A and B) Cells grown in 35-mm-diameter culture wells were infected with 107 IFU/well or centrifuged with inactivated chlamydiae (corresponding to 107 IFU). (C)
Detection of IL-6 in culture supernatants by ELISA. IL-6 concentrations were measured at 48 h postinfection. Cells grown in 11-mm-diameter culture tubes were
infected with 5 3 105 IFU or centrifuged with inactivated chlamydiae (corresponding to 5 3 105 IFU). Lane 1, mock-infected cells; lane 2, infected cells; lane 3, cells
inoculated with heat-inactivated chlamydiae; lane 4, cells inoculated with UV-inactivated chlamydiae; lane 5, infected cells treated with chloramphenicol. p, P # 0.01
compared to lanes 1, 3, 4, and 5 (Welch t test).
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production of IL-6 by C. pneumoniae-infected endothelial cells
and by SMC exposed to chlamydial heat shock protein 60 have
been published (8, 21). Furthermore, it is known that mono-
cytic cells secrete IL-6 in response to chlamydial infection (16).
These in vitro findings suggest that overexpression of IL-6 may
be an important factor in the immunopathogenesis of infec-
tions with C. pneumoniae.

Our study shows that chlamydial infection of BSMC stimu-
lates bFGF production. bFGF is a multifunctional cytokine
involved in proliferation and differentiation of many cell types.
bFGF is thought to function as a key mitogen of SMC repli-
cation in atherosclerosis and asthma (6, 17, 32). The factor
lacks a signal peptide for secretion and resides in an intracel-
lular pool. It could be liberated from infected cells during host

cell lysis at the end of the chlamydial growth cycle. Released
bFGF may act as a paracrine regulator that stimulates adjoin-
ing viable SMC to proliferate. An important role of this factor
for medial SMC replication in atherosclerosis has been sug-
gested (32). bFGF can up-regulate expression of interstitial
collagenase which mediates the turnover of the extracellular
matrix (19). This turnover may support migration and prolif-
eration of SMC.

In contrast to IL-6 and bFGF, levels of PDGF-A mRNA in
SMC were not increased after chlamydial infection. PDGF, a
growth factor for several cell types, consists of two peptide
chains, so that AA, BB, or AB dimers are produced by differ-
ent cell types. SMC are a primary source of PDGF-AA (1).
Levels of PDGF-AA are not raised in asthma (2). However,
PDGF has been implicated in proliferation and migration of
SMC in atherosclerosis (5).

The time course of IL-6 and bFGF production confirmed
that chlamydiae are slow inducers of cellular cytokine re-
sponses in contrast to other invasive bacterial pathogens (30).
IL-6 and bFGF production was not examined later than 72 h
after infection because cytopathic effects characterized by cell
lysis began to occur at this time. The detection of increased
bFGF levels in culture supernatants after 3 days of infection
may be explained by beginning host cell lysis. Heat- and UV-
inactivated chlamydiae failed to enhance production of IL-6
and bFGF. These results suggest that a heat-labile component
or invasion of host cells may be important for stimulating
synthesis of these factors. The results obtained with heat-inac-
tivated chlamydiae support the conclusion that chlamydial LPS
at an extracellular stage is not responsible for eliciting produc-
tion of IL-6 and bFGF. The absence of increased production of
both factors by Chlamydia-infected cells treated with chloram-
phenicol indicates a role of early metabolism of TW-183 in
induction of the cellular response. These findings correspond
to studies of the cytokine response of epithelial cells to C.
trachomatis infection and to studies of IL-8 and monocyte
chemotactic protein 1 production by C. pneumoniae-infected
endothelial cells (25, 26, 30). However, it cannot be excluded
that the release of LPS from the chlamydial envelope once
organisms are intracellular might provide a source of bioactive
LPS for induction of signaling pathways.

Coombs and Mahony recently reported that conditioned

FIG. 7. Role of IL-6 in mediating bFGF production in BSMC following
C. pneumoniae infection. (A) Effect of IL-6 on bFGF mRNA levels in uninfected
cells. RT-PCR analysis was conducted on total RNA extracted from BSMC
incubated with IL-6 at 0 (lane 1), 1 (lane 2), 5 (lane 3), and 20 (lane 4) ng/ml for
6 h. (B and C) Effect of IL-6 antibody on C. pneumoniae-stimulated bFGF
synthesis as determined by RT-PCR analysis (B) and immunoblotting (C). Lanes
5, mock-infected cells; lanes 6, cells infected with 107 IFU/well; lanes 7 and 8,
infected cells incubated in the presence of 1,000 and 4,000 nU of IL-6 antibody
per ml, respectively.

FIG. 8. Morphology of C. pneumoniae and C. trachomatis inclusions in BSMC. Monolayers were stained with fluorescein isothiocyanate-conjugated antibody to
chlamydial LPS (Imagen; Dako). (A) C. pneumoniae TW-183 at 72 h postinfection; (B) C. trachomatis D/IC Cal 8 at 48 h postinfection. Magnification, 3400.
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medium from C. pneumoniae-infected endothelial cell cultures
stimulates replication of SMC (4). Whether conditioned me-
dium from Chlamydia-infected SMC is mitogenic for unin-
fected SMC in vitro remains to be investigated. It cannot be
excluded that infected SMC also release growth inhibitory cy-
tokines, such as beta interferon (28).

The ability to stimulate bFGF and IL-6 production by SMC
was not a unique property of C. pneumoniae. C. trachomatis
serotype D also caused an up-regulation of both factors, al-
though not at the same extent as C. pneumoniae TW-183.
However, C. trachomatis has not been associated with chronic
respiratory diseases and was not detected in atherosclerotic
tissue as revealed by immunocytochemistry (12, 39). The pos-
sibility exists that C. trachomatis strains which cause ocular and
genital infections are not easily disseminated to multiple or-
gans, in contrast to respiratory C. pneumoniae infections. A
recent study has shown that pulmonary infection with C. tra-
chomatis mouse pneumonitis strain can induce a cardiovascu-
lar pathology in mice (10). However, these inflammatory and
fibrotic changes were different from the pathology of athero-
sclerosis (10). In comparison to C. pneumoniae TW-183, C.
trachomatis serovar D formed fewer but larger inclusions in
BSMC and caused only a slight increase in IL-6 levels. The
lesser ability of C. trachomatis to activate SMC would provide
a strong argument for a specific role of C. pneumoniae in
atherosclerosis. Therefore, a greater number of C. pneumoniae
and C. trachomatis strains should be compared to determine
whether fundamental differences between the two species in
infection and activation of SMC exist.

In conclusion, this report demonstrates that C. pneumoniae
activates SMC to produce factors that are obviously involved in
the pathogenesis of atherosclerosis and airway remodeling in
asthma. Since C. pneumoniae is an obligate intracellular para-
site, it is not probable that this pathogen acts as an innocent
bystander in these diseases. However, the pathological signif-

icance of Chlamydia in chronic inflammatory diseases is not
well understood. Examination of interactions of chlamydiae
with their host cells may contribute to elucidating a potential
role of C. pneumoniae as a causative or modulatory factor in
nonatopic asthma and atherosclerosis.
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34. Rödel, J., A. Groh, M. Hartmann, K.-H. Schmidt, M. Lehmann, W. Lung-
ershausen, and E. Straube. 1999. Expression of interferon regulatory factors
and indoleamine 2,3-dioxygenase in Chlamydia trachomatis-infected synovial
fibroblasts. Med. Microbiol. Immunol. 187:205–212.

35. Rolfs, A., I. Schuller, U. Finckh, and I. Weber-Rolfs. 1992. PCR: clinical
diagnostics and research, p. 102–107. Springer-Verlag, Berlin, Germany.

36. Virchow, J. C., Jr., C. Kroegel, C. Walker, and H. Matthys. 1996. Inflam-
matory determinants of asthma severity: mediator and cellular changes in
bronchoalveolar lavage fluid of patients with severe asthma. J. Allergy Clin.
Immunol. 98:S27–S33.
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