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Chlamydia pneumoniae infection has been associated with chronic obstructive airway disease (COPD),
asthma, and atherosclerosis. Inflammation and airway remodeling in asthma and COPD result in subepithe-
lial fibrosis that is characterized by the deposition of interstitial collagens and fibronectin. The progression of
atherosclerosis is also accompanied by an increased production of interstitial collagens in the intima. As shown
by reverse transcription-PCR and immunoblotting, infection of human fibroblasts and smooth muscle cells by
C. pneumoniae TW-183 downregulated the expression of type I and III collagen and fibronectin, whereas the
level of type IV collagen remained unchanged. Conditioned medium from infected fibroblasts as well as
epithelial WISH cells also reduced the expression of interstitial collagens and fibronectin in uninfected cells.
In experiments using blocking antibodies, beta interferon was found to contribute to the inhibitory effects of
conditioned medium collected from infected fibroblasts. In contrast, downregulation of matrix protein expres-
sion by conditioned medium from epithelial cells was caused by interleukin-1a, which was not secreted from
fibroblasts following chlamydial infection. C. pneumoniae-mediated inhibition of collagen and fibronectin
expression was diminished following transfection of fibroblasts with specific small interfering RNA targeting
the transcription factor CCAAT/enhancer-binding protein 3. The downregulation of interstitial collagens and
fibronectin by the Chlamydia-induced host cell cytokine response may modulate tissue remodeling processes in
airway diseases. In atherosclerosis the inhibition of collagen synthesis by C. pneumoniae infection may promote

plaque vulnerability, thereby increasing the risk of plaque rupture.

The association of Chlamydia pneumoniae, an intracellular
bacterial pathogen, with chronic obstructive airway disease
(COPD), asthma, and atherosclerosis was initially established
by studies that described the presence of increased antibody
titers in patients compared to healthy control persons (2, 14,
41). The discussion on a pathogenic role of C. pneumoniae in
these diseases remains controversial. Differentiating a previous
contact with the pathogen from an active infection by serolog-
ical methods is frequently difficult (19). Although the presence
of chlamydiae in the airways of asthmatics and COPD patients
as well as in atherosclerotic plaques could be demonstrated by
PCR, it has to be considered that PCR methods for the detec-
tion of C. pneumoniae are laboratory specific and that different
PCR-based clinical studies produce contradictory results (4,
18, 43, 50). In some cases chlamydiae could be cultivated from
respiratory specimens of patients with asthma and COPD as
well as from atherosclerotic plaques (18, 52).

Mouse models have shown that C. pneumoniae infection
may promote bronchial hyperresponsiveness, a central charac-
teristic of asthma and COPD, and the formation and progres-
sion of atherosclerotic plaques; however, the precise mecha-
nisms by which the pathogen may contribute to disease
pathology are not fully understood (5, 8). Chlamydiae can
obviously evade defense mechanisms of the host immune sys-
tem by the inhibition of host cell apoptosis, suppression of
antigen presentation pathways, and the ability to convert into
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persistent forms during their intracellular replication cycle
(33). Doubtless, cases of recurrent C. pneumoniae-caused
pharyngitis and pneumonia despite appropriate antibiotic ther-
apy are due to the persistence of the pathogen, and chronic
inflammation induced by cycles of persistence and productive
infection might also explain the association with chronic airway
diseases and atherosclerosis (25).

C. pneumoniae may contribute to COPD, asthma, and ath-
erosclerosis by the induction and perpetuation of chronic in-
flammation via activation of a T cell-dependent immune re-
sponse and induction of cytokine release from infected host
cells. Chronic inflammation in COPD and asthma leads to
remodeling processes associated with airway wall thickening,
impaired lung function, and abnormal contraction to broncho-
spastic stimuli (10). In asthmatic patients airway remodeling is
characterized by the formation of mucus plaques, hyperplasia
of myofibroblasts and smooth muscle cells (SMC), and subep-
ithelial fibrosis (3). Airway remodeling is also a key feature of
COPD. The airways of the patients display epithelial cell meta-
plasia, hyperplasia of myofibroblasts and SMC, and supepithe-
lial fibrosis, which is mostly less prominent than in chronic
asthma (3). Subepithelial fibrosis primarily occurs at the lam-
ina reticularis in which fibronectin and collagens of types I, 111,
and V that are mainly produced by fibroblasts accumulate (10).
The activation of fibroblasts to upregulate matrix protein syn-
thesis has been linked to cytokines secreted by inflammatory as
well as structural cells (10).

Because C. pneumoniae infection stimulates the production
of matrix metalloproteinases (MMPs) the pathogen may pro-
mote increased matrix protein turnover in the airways during
respiratory infection (35, 40). It can also be hypothesized that
C. pneumoniae may contribute to airway remodeling in COPD
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TABLE 1. Sequences of primers used for RT-PCR

Primer specificity Primer pair® Product size (bp) Reference

Type I collagen ol 5'-CCCACCAATCACCTGCGTACAGA-3’ 209 27
5'"-TTCTTGGTCGGTGGGTGACTCTGA-3'

Type III collagen «l 5'-GAGATGTCTGGAAGCCAGAACCAT-3’ 207 27
5'-GATCTCCCTTGGGGCCTTGAGGT-3’

Type 1V collagen al 5'-GCTCACCAGGACCAGTGGGT-3' 310 31
5'-TCACCTTTAGGTCCTGGCTG-3’

Fibronectin 5'-CCGTGGGCAACTCTGTC-3’ 438 15
5'-TGCGGCAGTTGTCACAG-3'

COX-2 5'-CGAGGTGTATGTATGAGTGTG-3' 540 45
5'-TCTAGCCAGAGTTTCACCGTA-3’

MMP-1 5'-ATGCGCACAAATCCCTTCTACC-3' 247 51

5'-TTTCCTCAGAAAGAGCAGCATCG-3’
IDO 5'-ACAGACCACAAGTCACAGCG-3’ 662 26
5'-AACTGAGCAGCATGTCCTCC-3'

IFN-B

5'-GATTCATCTAGCACTGGCTGG-3’ 186 23

5'-CTTCAGGTAATGCAGAATCC-3'

C/EBPB

5'-ACAGCGACGAGTACAAGATCC-3' 195 17

5'-GCAGCTGCTTGAACAAGTTCC-3’
IL-8 5'-CTTGGCAGCCTTCCTGATTT-3’ 263 54
5'-CAGCCCTCTTCAAAAACTTC-3’

PDH

5'-GGTATGGATGAGGACCTGGA-3' 105 37

5'-CTTCCACAGCCCTCGACTAA-3'

“ Sense and antisense, respectively.

and asthma by modulating the synthesis of interstitial collagens
and fibronectin. The accumulation of these matrix compounds
is also a characteristic of the progression of atherosclerosis.
Early fatty streak lesions that result from the deposition of
macrophages and low-density lipoprotein cholesterol in the
intima beneath the endothelial layer develop into fibrous ath-
erosclerotic plaques that are characterized by a central lipid-
rich core and a fibrous cap consisting of SMC, fibroblasts, and
interstitial collagens (38). The hypothesis that C. pneumoniae
modulates matrix protein synthesis by mesenchymal cells might
provide a pathogenic link between the chlamydial infection,
obstructive airway diseases, and atherosclerosis. Therefore, it
was of interest to investigate the effect of C. pneumoniae on the
expression of collagens and fibronectin in infected epithelial
cells, fibroblasts, and SMC. To clarify the role of induced
cytokines in the regulation of collagen and fibronectin gene
expression, fibroblasts were stimulated with conditioned me-
dium collected from Chlamydia-infected cells.

MATERIALS AND METHODS

Cell cultures and C. pneumoniae infection. Epithelial WISH cells (ATCC
CCL-25) and human dermal fibroblasts (C-12300; PromoCell, Heidelberg, Ger-
many) were grown in minimal essential medium (OptiMEM; Gibco, Invitrogen,
Karlsruhe, Germany) with 10% fetal calf serum (FCS) (PromoCell). Human
aortic SMC (C-12533; PromoCell) were subcultured in SMC growth medium 2
(PromoCell).

C. pneumoniae strain TW-183 (obtained from the Institute of Ophthalmology,
London, United Kingdom) was propagated in buffalo green monkey (BGM) cells
as described previously (36). Infectivity titers of chlamydial stocks were quanti-
fied by titrating the number of inclusion-forming units per milliliter in BGM
cells. Mycoplasma contaminations were excluded using a MycoDtect DNA array
(Greiner Bio-One, Frickenhausen, Germany). For infection experiments, sub-
cultures of WISH cells, fibroblasts, and SMC were grown in 35-mm-diameter
culture wells (six-well plates). The cells were inoculated with C. pneumoniae at
multiplicities of infection (MOIs) of 1, 5, and 10. For mock-infected cultures,
diluted harvests of uninfected BGM cells were added. After centrifugation at
4,000 X g at 37°C for 45 min, the inoculum was decanted, and the cells were
further incubated with OptiMEM containing 2% FCS. In some experiments, as

indicated in Fig. 3, cell monolayers were inoculated with chlamydiae that were
inactivated by UV light (15 W at a distance of 30 cm for 15 min) or heat (75°C
for 10 min). Chlamydial protein synthesis was inhibited with chloramphenicol
(100 wg/ml; Sigma-Aldrich, Hamburg, Germany).

RT-PCR. Total RNA was prepared using an RNeasy Mini Kit (Qiagen, Hilden,
Germany). Reverse transcriptase PCR (RT-PCR) was carried out as described
previously (35). The sequences of specific primers used in this work are given in
Table 1. PCR products were electrophoresed on 1% agarose gels and visualized with
SYBR green staining. The volumes (optical density X mm?) of the band images were
quantitated with Multi-Analyst PC software (Bio-Rad, Munich, Germany) and nor-
malized against the pyruvate dehydrogenase (PDH) signal from the same sample.

Western blotting. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of
cell lysates and Western blot assays were performed according to the protocol of a
previous study (36). To separate collagen and fibronectin proteins, 5% polyacryl-
amide gels were used. Blots were incubated with 1:1,000 dilutions of rabbit poly-
clonal antibodies to human collagen type I (Rockland/Biomol, Hamburg, Germany),
type III (Rockland/Biomol), type IV (Rockland/Biomol), fibronectin (H-300;
Santa Cruz Biotechnology, Heidelberg, Germany), or CCAAT/enhancer-
binding protein B (C/EBPB) (C-19; Santa Cruz Biotechnology). As a refer-
ence band, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was de-
tected with a rabbit polyclonal antibody (FL-335; Santa Cruz Biotechnology,
Heidelberg, Germany). Alkaline phosphatase-conjugated goat anti-rabbit im-
munoglobulin G (Dianova, Hamburg, Germany) was used as secondary an-
tibody at a dilution of 1:2,000. The bands were visualized with 5-bromo-4-
chloro-3-indolylphosphate toluidine salt-p-nitroblue tetrazolium chloride
(Sigma Fast; Sigma-Aldrich, Hamburg, Germany).

Confocal microscopy. Fibroblasts grown on 11-mm-diameter glass coverslips
were infected with C. pneumoniae at an MOI of 5. At 48 h after infection, coverslips
were removed from the culture tubes, washed with phosphate-buffered saline, and
fixed with methanol. For immunostaining, the cells were incubated with rabbit
polyclonal antibodies to collagens (types I, III, and IV) (Rockland/Biomol) or fi-
bronectin (Santa Cruz Biotechnology) at a dilution of 1:50 overnight at 4°C. The
secondary antibody, a horseradish peroxidase-conjugated goat anti-rabbit immuno-
globulin G (Dako), was incubated at a dilution of 1:200 for 2 h at room temperature,
and specific binding was detected with (E)-N-ethoxyethyl-4-[2-(4-hydroxyphe-
nyl)ethenyl]chinolinium bromide, a fluorescent substrate of peroxidase (22). Stain-
ing was analyzed using a confocal laser scanning microscope (TCS SP5; Leica,
Heidelberg, Germany). The fluorescence marker was excited with the Ar laser at an
excitation wavelength of 488 nm and recorded using a band-pass filter (500 to 550
nm) in the green channel.

Stimulation of fibroblasts with conditioned medium and neutralization of
cytokine activities. Conditioned medium from mock-infected and infected fibro-
blasts and WISH cells was collected at 48 h after infection, clarified by centrifugation
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FIG. 1. Expression of type 1 collagen al chain [Col al(I)], type III collagen a1l chain [Col a1(III)],
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and fibronectin (FN) genes in WISH cells, fibroblasts, and SMC infected with C. pneumoniae TW-183 at various MOIs. Total RNA was extracted
at 24 h after infection. mRNA levels were determined by RT-PCR. Detection of PDH served as control. RNA isolated from fibroblasts was used

as a positive control in WISH cell assays. N.C., not calculated.

at 20,000 X g at 4°C for 30 min, and inoculated onto uninfected fibroblasts (3 ml per
35-mm-diameter well). For the neutralization of cytokine activities, goat polyclonal
antibodies to human basic fibroblast growth factor ([bFGF] AF-00-NA), beta inter-
feron ([IFN-B] AF-00-NA), or interleukin-la ([IL-1a] AF-200-NA) (all from R&D
Systems, Wiesbaden, Germany) were added to conditioned medium at concentra-
tions of 0.3 and 1 pg/ml. Medium without and with antibodies was incubated at 37°C
for 1 h before its inoculation onto fibroblast monolayers. In some experiments,
infected fibroblasts were treated with NS-398 (N-[2-(cyclohexyloxy)-4-nitrophenyl]-
methanesulfonamide) (Qbiogene-Alexis, Griinberg, Germany).

ELISAs. Cytokine and prostaglandin E2 (PGE,) levels in culture supernatants
were measured by enzyme-linked immunosorbent assays (ELISAs) purchased from
PromoCell (IL-1a), R&D Systems (IL-1B and PGE,), and Biosource (IFN-@; Fuji-
rebio Inc., Ratingen, Germany). Assays were performed according to the supplier’s
protocols.

IFN-B and IL-1« stimulation of fibroblasts. Fibroblasts grown in six-well plates
were stimulated with recombinant IFN-B (PromoCell) or IL-la (PromoCell) at
different concentrations. Cytokines were diluted in OptiMEM with 2% FCS.

RNA interference. HP Validated small interfering RNA (siRNA) targeting
C/EBP (S102777292) and nonsilencing All Stars Negative Control siRNA were
purchased from Qiagen. Fibroblasts were transfected using an RNAi Human
Starter Kit (Qiagen) according to the manufacturer’s instructions. Transfected
cells were incubated for 48 h before infection with C. pneumoniae. The efficiency
of the transfection method was confirmed by using AlexaFluor 488-labeled All
Stars Negative Control siRNA (data not shown).

Statistical analysis. Statistical comparisons were made using a Student’s ¢ test.
P values of =0.05 were considered to be statistically significant.

RESULTS

Expression of collagens and fibronectin in C. prneumoniae-
infected cells. In the first experiments we evaluated the expres-
sion of collagen (a1 chains) and fibronectin mRNAs in epithe-
lial cells (WISH), fibroblasts, and SMC by RT-PCR analysis.
Figure 1 shows that the infection of fibroblasts with C. pneu-

moniae resulted in decreased mRNA levels of interstitial col-
lagens I and III, whereas the expression of collagen type 1V
was not altered. In infected fibroblasts smaller amounts of
fibronectin mRNA were found than in mock-infected cells.
The effects of C. pneumoniae infection on SMC were identical
to those observed in fibroblast cultures (Fig. 1). Epithelial cells
expressed only type IV collagen and fibronectin, and the in-
fection did not affect transcription of these genes (Fig. 1).
Further experiments on collagen protein synthesis were per-
formed with fibroblasts. Immunoblot assays of cell lysates re-
vealed that C. pneumoniae clearly reduced the amounts of type
I and III collagen as well as fibronectin proteins when fibro-
blasts were infected at an MOI of 5 or 10 (Fig. 2A). These
doses resulted in 4 and 8% of inclusion-containing cells in the
cultures, respectively (n = 4). Type I collagen was detected as
a double band of approximately 80 kDa and 70 kDa. Type III
collagen and fibronectin showed single bands of approximately
95 kDa and >200 kDa, respectively (Fig. 2A). Chlamydia-
exposed cells showed smaller amounts of these matrix proteins
at 48 and 72 h after infection than mock-infected cells (Fig.
2B). Collagen IV appeared as a 95-kDa single band in mock-
infected fibroblasts (Fig. 2A and B). Upon infection a double
band of collagen IV was induced at 48 h and 72 h after infec-
tion, but the total amount of the protein did not seem to be
significantly changed (Fig. 2A and B). In immunoblotting as-
says of SMC, similar results were obtained in comparison to
fibroblasts (data not shown). Immunofluorescence staining of
fibroblasts confirmed the downregulation of interstitial colla-
gen and fibronectin protein synthesis in response to chlamydial
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FIG. 2. Collagen and fibronectin protein synthesis in fibroblasts infected with C. pneumoniae. (A) Matrix protein levels in cells infected with
various doses of chlamydiae. Cell lysates were prepared at 48 h after infection. (B) Time course of collagen and fibronectin (FN) protein synthesis.
Fibroblasts were infected at an MOI of 5. GAPDH was stained as a reference band. (C) Indirect immunofluorescence staining of collagens and
fibronectin in mock-infected and C. pneumoniae-infected fibroblasts. Cells were infected at an MOI of 5 and stained at 48 h after infection.
Fibroblasts show a less intense staining for type I and III collagens (Col I and Col III, respectively) and fibronectin but not for type IV collagen

(Col 1IV) following infection. Bar, 50 pm.

infection (Fig. 2C). The fluorescence intensity of type IV col-
lagen showed no visible change in infected cells (Fig. 2C).

The downregulation of collagen types I and III as well as of
fibronectin expression in fibroblasts required infectious chla-
mydiae because cells exposed to UV and heat-inactivated bac-
teria produced mRNA levels similar to the levels in mock-
infected cells (Fig. 3A). Moreover, the inhibition of bacterial
protein synthesis with chloramphenicol prevented the decrease
in matrix protein gene expression (Fig. 3B).

Identification of C. pneumoniae-induced cytokines mediating
collagen and fibronectin expression. Downregulation of colla-
gen and fibronectin expression may be caused by the direct
effects of chlamydiae on the activation of host cell signaling
pathways or via soluble mediators that are released from in-
fected cells and act in a paracrine manner. To evaluate the

involvement of soluble mediators, conditioned medium col-
lected from mock-infected and infected cell cultures was ex-
amined for the ability to modulate matrix protein expression in
fibroblasts. Conditioned medium harvested from Chlamydia-
infected fibroblasts at 48 h after infection caused a significant
reduction in type I and III collagen as well as fibronectin
mRNA levels in fibroblasts in a similar manner compared to
direct infection of the cells (Fig. 4). Collagen type IV mRNA
expression remained unchanged. Interestingly, the incubation
of fibroblasts with conditioned medium from infected epithe-
lial cells also results in a decrease in interstitial collagen and
fibronectin gene expression (Fig. 4). PGE, represented a po-
tential mediator responsible for the observed effects (32).
However, infected fibroblasts that were treated with the cyclo-
oxygenase 2 (COX-2) inhibitor NS-398 showed no differences
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FIG. 3. Effects of heat and UV inactivation of chlamydiae and of
chloramphenicol treatment on collagen and fibronectin mRNA levels
in fibroblasts. (A) Cells were infected at an MOI of 5 or centrifuged
with an equivalent dose of UV or heat-inactivated chlamydiae. The
number of inactivated bacteria was calculated based on the number of
inclusion-forming units of the corresponding chlamydial stock before
treatment. (B) Mock-infected and infected cells were treated with 100
wg of chloramphenicol per ml. RT-PCR was conducted on total RNA
isolated at 24 h after stimulation. FN, fibronectin; Col a1(I), type I
collagen a1 chain; Col a1(III), type III collagen a1 chain.

in collagen and fibronectin mRNA levels compared to infected
cells incubated in medium alone (data not shown). The efficacy
of NS-398 treatment was confirmed by determination of PGE,
in culture supernatants. At 48 h after infection, the PGE, level
increased 9.9-fold (from 192 * 84 pg/ml in mock-infected
cultures to 1,897 = 30 pg/ml in infected cultures; n = 3). In
infected cultures treated with NS-398 the production of PGE,
was downregulated to 122 = 38 pg/ml.

Having established that PGE, is not involved in C. pneu-
moniae-induced downregulation of matrix protein gene expres-
sion, we used conditioned medium from infected fibroblasts in
incubations with specific antibodies against cytokines and then
added it to uninfected cells. These experiments focused on
bFGF and IFN-B because both mediators have been reported
to suppress interstitial collagen expression and are known to be
produced by Chlamydia-infected cells (20, 34, 36, 46). Anti-
bodies to bFGF had no effect on the capacity of the condi-
tioned medium to inhibit matrix protein synthesis (Fig. SA). As
a positive control of bFGF neutralization, mRNA levels of
MMP-1 were analyzed. Treatment with bFGF antibodies abol-
ished the ability of the conditioned medium to induce MMP-1
expression (Fig. 5SA). When conditioned medium was treated
with IFN-B neutralizing antibody at a concentration of 1 pg/ml,
the downregulation of type I and III collagen and fibronectin
expression was abolished or reduced, indicating that IFN-
represents a Chlamydia-induced mediator that modulates ma-
trix protein synthesis (Fig. 5B). As a positive control of IFN-B
neutralization, the expression of indoleamine 2,3-dioxygenase
(IDO), an IFN-B-inducible gene, was examined. IDO gene
transcription was induced in fibroblasts by conditioned me-

C. PNEUMONIAE REDUCES MATRIX PROTEIN EXPRESSION 871

Col a1(l)
14 1.4
1.0 * 1.0 %
*
06 0.6 *
02 02
Col oA(lll)
14 14
1.0 1.0
5 - £,
@ 06 06
o
S 02 02
0.)
<
zZ
€ Col a1(IV)
2 14 1.4
3 1.0 -\{_H 10
2 ‘\{\H
06 06
02 02
FN
14 1.4
1.0 . 1.0 %
0.6 * [ o6
0.2 02
> Q Q
) N DN )
S A > A » \
\é\&@ @O @O @O ./\&Q: QO O
« &

Conditioned medium
WISH cells

Conditioned medium
fibroblasts

FIG. 4. Potential of conditioned medium harvested from C. pneu-
moniae-infected cells to downregulate the mRNA levels of interstitial
collagens and fibronectin in fibroblasts. Uninfected fibroblasts were
treated with conditioned medium from fibroblasts and WISH cells that
were infected with increasing doses of chlamydiae. Total RNA was
prepared at 24 h after incubation of the cells with conditioned medium.
mRNA levels were analyzed by RT-PCR. Relative mRNA expression
was calculated from the normalization of the collagen and fibronectin
signals against the PDH signal from the same sample. *, P = 0.05,
compared with values for mock-infected controls (Student’s ¢ test, n =
4). Collagen chains are indicated in the form Col al(I) for type I
collagen al chain, e.g.

dium from infected cells and downregulated when IFN-B an-
tibody was added (Fig. 5B).

RT-PCR analysis confirmed that in fibroblasts IFN-B was
expressed in response to C. pneumoniae infection (Fig. 5C). As
measured by ELISA, culture supernatants of infected fibro-
blasts contained 22 = 11 IU/ml of IFN-B at 48 h after infection
(n = 3).

IFN-B mRNA was also found in epithelial WISH cells fol-
lowing infection (Fig. 5C). However, the supernatants did not
contain measurable amounts of IFN-B. Moreover, inhibitory
effects of the conditioned medium from WISH cells on the
expression of type I and III collagen and of fibronectin were
not affected after incubation with IFN-B neutralizing antibody
(Fig. 6A). This led us to suppose that another cytokine must be
involved. Surprisingly, IFN-B antibody treatment suppressed
the slight induction of IDO in fibroblasts exposed to condi-
tioned medium from WISH cells, indicating the presence of
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FIG. 5. Neutralization of bFGF and IFN-B in conditioned medium
from C. pneumoniae-infected fibroblasts. Conditioned medium from
infected fibroblasts was incubated with neutralizing antibodies against
bFGF (A) or IFN-B (B) before being added to uninfected fibroblasts.
Total RNA was extracted from the cells 24 h later. mRNA levels of
type I collagen a1 [Col a1(I)], type III collagen al [Col a1(III)], and
fibronectin (FN) were determined by RT-PCR. MMP-1 (A) and IDO
(B) mRNA levels were analyzed as controls of the neutralization of
bFGF and IFN-B, respectively. (C) Determination of IFN-3 mRNA
levels in infected fibroblasts and WISH cells.

minimal levels of IFN-B below the detection limit of the
ELISA of 2 IU per ml (Fig. 6A).

In further experiments the role of IL-1a was evaluated be-
cause IL-1 has also been reported to possess the ability to
inhibit collagen synthesis (9). Neutralizing antibody to IL-1a
abolished the inhibitory effect of conditioned medium from
WISH cells on the expression of interstitial collagens and fi-
bronectin when added at concentrations of 0.3 and 1 pg/ml
(Fig. 6B). Analysis of COX-2 mRNA levels was used as a
positive control of the neutralization of IL-la activity
(Fig. 6B).

Increased production of IL-1a by WISH cells following C.
pneumoniae infection was confirmed by ELISA (Fig. 6C). In
culture supernatants of infected fibroblasts, no IL-1a could be
detected. Furthermore, neither WISH cells nor fibroblasts pro-
duced the IL-1 isoform B.
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FIG. 6. Neutralization of IFN-f and IL-1« in conditioned medium
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incubated with neutralizing antibodies against IFN-B (A) or IL-la
(B) and then used to study the effect on the expression of type I
collagen al [Col al(I)], type III collagen al [Col al(IIl)], and fi-
bronectin (FN) in fibroblasts. RT-PCR was conducted on total RNA
isolated from the cells at 24 h after incubation. IDO (A) and COX-2
(B) mRNA levels were analyzed as controls of the neutralization of
IFN-B and IL-1a, respectively. (C) Release of IL-1a from C. pneu-
moniae-infected WISH cells in comparison to cells following mock
infection. IL-1a was measured in culture supernatants by ELISA. *,
P = 0.05 compared with values for mock-infected cells (Student’s ¢ test,
n =4).
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To verify that IFN-B and IL-la act as Chlamydia-induced
factors downregulating interstitial collagen and fibronectin ex-
pression, uninfected fibroblasts were stimulated with recombi-
nant cytokines. Both IFN-B and IL-1« caused a decrease in the
levels of type I and III collagen and of fibronectin mRNAs
(Fig. 7).

Role of C/EBPf} in diminished expression of interstitial
collagens and fibronectin. C/EBPB has been identified as a
transcription factor involved in the suppression of gene expres-
sion of type I collagen al and a2 chains (12, 13). Fibroblasts
expressed enhanced levels of C/EBPB mRNA when they were
stimulated with recombinant IFN-B or IL-la at increasing
concentrations (Fig. 7). Correspondingly, C/EBPB mRNA lev-
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FIG. 7. Effects of exogenous IFN-B and IL-1a on the expression of
type I collagen al [Col al(I)], type III collagen al [Col al(III)],
fibronectin (FN), and C/EBPB mRNA in fibroblasts. The cells were
incubated with increasing amounts of cytokines for 24 h before RT-
PCR analysis was performed.

els were increased in fibroblasts that were directly infected with
C. pneumoniae or incubated with conditioned medium from
infected cells (data not shown). Western blot analysis demon-
strated that a specific 45-kDa band representing the full-length
C/EBPB form was increased upon infection (Fig. 8A).

To examine the role of C/EBPB in C. pneumoniae-mediated
inhibition of collagen and fibronectin expression, fibroblasts
were transfected with a specific sSiRNA before infection. Non-
silencing siRNA served as a negative control. Only the specific
siRNA reduced the increase in C/EBPB mRNA levels in re-
sponse to chlamydial infection (Fig. 8B). In transfected fibro-
blasts the amounts of C/EBPB mRNA were smaller and the
mRNA levels of type I and III collagen and fibronectin were
higher than in cells transfected with a control siRNA (Fig. 8B).
Because C/EBPB has been identified as a transcription factor
involved in Chlamydia-induced IL-8 production, downregula-
tion of IL-8 mRNA levels in response to C/EBPB siRNA
transfection was determined as a positive control (Fig. 8B) (7).

DISCUSSION

C. pneumoniae may play a pathogenic role in obstructive
airway diseases. Fibrosis is an important feature of structural
changes in the airways of asthma and COPD patients. The
communication between epithelial cells and fibroblasts is es-
sentially involved in remodeling processes characterized by an
increased deposition of interstitial collagens and fibronectin
(48). The results of this study demonstrate that the capacity of
fibroblasts to express type I and III collagen and fibronectin is
reduced in response to C. pneumoniae infection as well as
following stimulation with conditioned medium from Chlamy-
dia-infected epithelial cells. These findings indicate that in-
fected host cells mainly release cytokines that exert inhibitory
effects on matrix protein synthesis.
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FIG. 8. Effect of siRNA targeting C/EBPS on reduced expression of type
I collagen a1 [Col al(I)], type III collagen a1 [Col a1 (I1I)], and fibronectin
(FN) in C. pneumoniae-infected fibroblasts. (A) Western blot analysis of
C/EBPB protein in fibroblasts following infection. Cell lysates were prepared
at 48 h after infection. GAPDH was stained as a reference band. (B) Cells
were transfected with C/EBP-specific and control nonsilencing siRNA, in-
cubated for 48 h, and then infected with C. pneumoniae. Downregulation of
C/EBPB mRNA levels in siRNA-transfected fibroblasts was assessed by RT-
PCR. Analysis of IL-8 mRNA levels served as a positive control for C/EBPB-
mediated gene expression. Total RNA was extracted from the cells at 24 h
after infection.
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Collagen proteins are secreted as procollagens; they are
cleaved, and the mature chains aggregate to form fibrils. For
the analysis of collagen gene expression, we used primers tar-
geting the genes of al chains of type I, III, and IV collagens.
Collagen type I is a heterotrimer of two a1 and one a2 protein
chains organized in a helical structure. The type I collagen al
and a2 genes are coordinately regulated at the transcriptional
level (11). Type III collagen consists of fibrils of three identical
al protein chains, and type IV collagen is a non-fibrillar net-
work-forming protein of two ol chains and one «2 chain.
Decreased expression of type I and III collagen o1 mRNAs in
C. pneumoniae-infected fibroblast cultures was accompanied
by reduced amounts of collagen proteins, as shown by Western
blotting and immunofluorescence microscopy. The protein
bands detected by the antibodies used in the Western blot
assays also represent the a1 chains (according to the manufac-
turer). Although chlamydial infection did not affect the mRNA
level of type IV collagen in fibroblasts, in Western blot assays
the separation of the corresponding protein into a double band
was observed, which might be explained by altered posttrans-
lational modifications in infected cultures.

Downregulation of interstitial collagen and fibronectin ex-
pression by C. pneumoniae infection was mediated by host
cell-derived cytokines that act in a paracrine manner. In the
conditioned medium from infected fibroblasts, IFN-3 was
identified as a factor involved in this process. It is well known
that IFN-y can inhibit the expression of interstitial collagens,
but there are few reports describing similar effects for IFN-3
(12, 46). Transcription of the IFN-B gene was induced in fi-
broblasts as well as in WISH cells. However, only the super-
natants of fibroblast cultures contained measurable amounts of
IFN-B, and it can be assumed that WISH cells produced IFN-
only at a very low level. IL-1a could be identified as the WISH
cell-derived factor that decreases interstitial collagen and fi-
bronectin expression in fibroblasts. The role of IL-1 in the
regulation of collagen synthesis is not completely understood,
but the IL-1 isoform B has been described to inhibit type I al
collagen gene expression in human fibroblasts (9). The proxi-
mal promoter sequence of type I al and a2 genes contains
elements that are bound by ubiquitous transcription factors,
including C/EBPB (CCAAT/enhancer-binding protein B), a
member of the CEBP family of basic leucine zipper DNA-
binding proteins recognizing the CCAAT site. C/EBP can act
as a negative regulator of interstitial collagen genes (11, 29).
The fibronectin promoter also contains a CCAAT site (1). We
could confirm that both IFN-B and IL-1a upregulate the pro-
duction of C/EBPB. Ghosh et al. reported that C/EBPB bind-
ing to its cognate cis-acting recognition sites underlies the
suppression of type I collagen gene expression in fibroblasts in
response to IFN-y and the naturally occurring truncated p20
isoform of C/EBPB (liver-enriched transcription inhibitory
protein) can abrogate the effects of IFN-y (12). In C. pneu-
moniae-infected fibroblasts an increase in the amount of the
C/EBPB p45 full-length form was detected. Using siRNA tar-
geting the C/EBP@ gene, we could demonstrate that the tran-
scription factor is involved in the decreased expression of type
I and III collagen and fibronectin in response to C. pneumoniae
infection. It can be proposed that the Chlamydia-induced cy-
tokines IFN-B and IL-la negatively regulate matrix protein
gene transcription through upregulation of C/EBPB.
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Mouse models have demonstrated that IFN-B and IL-la
contribute to the pulmonary inflammatory response to C.
pneumoniae infection (28, 39). The findings of this study sug-
gest that these cytokines impair the capacity of fibroblasts to
synthesize interstitial collagens and fibronectin. It is unclear
whether fibroblasts represent important target cells for C.
pneumoniae in the lung. Recently, in a pig model of respiratory
Chlamydia suis infection, this cell type was found to be in-
fected, suggesting that fibroblasts can function as host cells for
chlamydiae in the respiratory tract (30). In COPD patients,
type II alveolar epithelial cells, in addition to macrophages,
were identified as target cells for C. pneumoniae during long-
lasting infection (40). The results of our experiments suggest
that epithelial cells are an important source of IL-1a, which
may decrease matrix protein synthesis by fibroblasts in a para-
crine manner. Because asthma as well as COPD is accompa-
nied by the subepithelial accumulation of interstitial collagens
and fibronectin, it can be proposed that the host cell cytokine
response to C. pneumoniae does not promote subepithelial
fibrosis as a characteristic of tissue remodeling and airway
obstruction (10). On the other hand, the induction of MMPs
and cytokines inhibiting collagen production may increase ma-
trix turnover, thereby allowing the spread of chlamydiae into
the lung interstitium via infected macrophages and promoting
the recruitment of inflammatory cells to the site of infection.
Macrophages respond to C. pneumoniae infection with the
release of tumor necrosis factor alpha, a cytokine which also
functions as a negative regulator of collagen gene expression
(11, 16).

Transforming growth factor B is considered to be an essen-
tial fibrogenic cytokine that contributes to the pathogenesis of
obstructive airway diseases (10, 49). Because very little is
known about the induction of transforming growth factor 8
during respiratory chlamydial infection, further studies are
needed to identify mechanisms of the specific immune re-
sponse that may cause an upregulation of fibrogenic mediators
(53).

COPD encompasses two main phenotypes: chronic bronchi-
tis and emphysema, which is characterized by the enlargement
of peripheral air spaces as a consequence of degenerative col-
lagen lesions and destructive processes that occur in the alve-
olar walls (3). It has been hypothesized that Chlamydia psittaci
and C. pneumoniae infections may play a role in the develop-
ment of emphysema (6, 47). Chlamydiae stimulate the produc-
tion of MMPs upon host cell infection and, in turn, induce a
cytokine response that reduces fibroblast collagen expression
(35, 40). Both effects may lead to degenerative airway wall
lesions.

Inhibitory effects of C. pneumoniae on the synthesis of in-
terstitial collagens and fibronectin may be important for its
potential role in atherosclerosis. Interstitial collagens of types
I and III are the major matrix components of the fibrous cap of
fibroatheromatous lesions, and the integrity of the collagenous
skeleton determines the stability of the plaque (24). It is known
that a thin fibrous cap with small amounts of collagen increases
the plaque vulnerability and the risk of rupture with subse-
quent thrombosis, events that are mainly responsible for acute
ischemic syndromes (24). Collagens and fibronectin in athero-
sclerotic plaques are mainly produced by SMC, a cell type that
has been identified as a target cell of C. pneumoniae in the
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arterial wall (44). In this study we could observe that not only
fibroblasts but also SMC express lower levels of interstitial
collagens and fibronectin following infection. Reduced matrix
protein synthesis in Chlamydia-infected atherosclerotic lesions
may promote the development of a more vulnerable plaque
phenotype (42).

In conclusion, this report demonstrates that C. pneumoniae
activates epithelial cells, fibroblasts, and SMC to produce cy-
tokines that downregulate the expression of interstitial collag-
ens and fibronectin. In vivo these host cell responses may
modulate tissue remodeling processes and contribute to a
pathogenic role of C. pneumoniae in chronic airway diseases
and atherosclerosis.
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