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Atherosclerosis is an inflammatory disease that may be caused or 
exacerbated by various factors (1). Conventional risk factors (eg, 

smoking, hypercholesterolemia and hypertension) cannot completely 
explain the pathogenesis of this disease (2). During the past two dec-
ades, several studies have reported an association between persistent 
viral and bacterial pathogens and atherosclerosis (3-5). Chlamydia 
pneumoniae and human cytomegalovirus (HCMV) are the most com-
monly implicated pathogens in this process (6). C pneumoniae, an 
obligate intracellular bacterium, is disseminated from the primary site 
of infection, the respiratory tract, within circulating monocytes that 

can transmit the infection to arterial cells, such as endothelial cells 
and smooth muscle cells (SMCs) (7). C pneumoniae may contribute 
to native atherosclerosis by inducing chronic inflammation during 
persistence in atherosclerotic plaques. In contrast, HCMV is mainly 
associated with accelerated graft atherosclerosis, which occurs in heart 
transplant patients and coronary restenosis following angioplasty. In 
immunocompetent persons, HCMV persists in a latent state within 
myeloid progenitor cells and endothelial cells. Virus reactivation and 
replication following angioplasty-induced injury or immunosuppres-
sion after transplantation may result in activation of endothelial cells 
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baCkgRounD: Chlamydia pneumoniae and human cytomegalovirus 
(HCMV) may be involved in the pathogenesis of atherosclerosis. 
Prospective studies indicate an increased risk for cardiovascular events 
in patients with evidence of multiple infections. 
obJECtIvE: To determine whether there is a synergistic effect of 
coinfection with C pneumoniae and HCMV on expression of selected 
growth factors and cytokines. 
MEtHoDS: The production of interleukin (IL)-6, IL-8, basic fibro-
blast growth factor (bFGF), platelet-derived growth factor (PDGF), 
and ‘regulated on activation normal T-cell expressed and secreted’ 
(RANTES) was measured in coinfected aortic smooth muscle cells 
(AoSMC).
RESultS: Using reverse transcription polymerase chain reaction and 
immunoassays, it was demonstrated that the expression of IL-6, IL-8, 
RANTES and bFGF was stimulated in a dose- and time-dependent fash-
ion in C pneumoniae and also in HCMV-infected cultures. In contrast, 
the expression of PDGF-AA was only stimulated following HCMV 
infection. Coinfection with C pneumoniae and HCMV resulted in a 
supra-additive stimulation of IL-6 (30% increased expression, P≤0.05) 
at 48 h, IL-8 (137% increased expression, P≤0.001) at 24 h and bFGF 
(209% increased expression, P≤0.01) at 48 h following infection.
ConCluSIonS: The findings of the present study show that C pneu-
moniae and HCMV are able to act in synergy in coinfected AoSMC. 
The supra-additive induction of AoSMC growth factors and cytokines 
indicates a novel molecular link between infection and vascular dis-
ease development.
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l’expression supra-additive de l’interleukine 6, 
de l’interleukine 8 et du facteur de croissance 
basique des fibroblastes des cellules des muscles 
lisses vasculaires après une co-infection par le 
Chlamydia pneumoniae et le cytomégalovirus : 
un nouveau lien entre l’infection et 
l’athérosclérose

HIStoRIQuE : Le Chlamydia pneumoniae et le cytomégalovirus humain 
(CMVH) participent peut-être à la pathogenèse de l’athérosclérose. Selon des 
études prospectives, le risque d’événements cardiovasculaires est plus important 
chez les patients présentant des manifestations d’infections multiples.
obJECtIF : Déterminer si la co-infection par le C pneumoniae et le 
CMVH a un effet synergétique sur l’expression de facteurs de croissance et 
de cytokines précises. 
MÉtHoDologIE : Les chercheurs ont mesuré la production 
d’interleukine (IL)-6, d’IL-8, du facteur de croissance basique des 
fibroblastes (FCbF), du facteur de croissance dérivé des plaquettes (FCDP) 
et de la protéine RANTES régulée à l’activation, exprimée par les 
lymphocytes T normaux et sécrétée en présence de co-infection des 
cellules des muscles lisses de l’aorte (CMLA).
RÉSultatS : Au moyen de la réaction en chaîne de la polymérase à 
transcription inverse et du dosage immunologique, les chercheurs ont 
démontré que l’expression de l’IL-6, de l’IL-8, de la protéine RANTES et 
du FCbF étaient stimulés selon la dose et le délai dans les cellules infectées 
par le C pneumoniae ainsi que par le CMVH. Par contre, l’expression du 
FCDP-AA n’était stimulée qu’après une infection par le CMVH. Une 
co-infection par le C pneumoniae et le CMVH entraînait une stimulation 
supra-additive de l’IL-6 (expression accrue de 30 %, P≤0,05) 48 heures 
après l’infection, de l’IL-8 (expression accrue de 137 %, P≤0,001) 24 heures 
après l’infection et du FCbF (expression accrue de 209 %, P≤0,01) 
48 heures après l’infection.
ConCluSIonS : Les résultats de la présente étude démontrent que le 
C pneumoniae et le CMVH peuvent agir en synergie en cas de co-infection 
des CMLA. L’induction supra-additive des facteurs de croissance des 
CMLA et des cytokines laisse supposer un nouveau lien moléculaire entre 
l’infection et l’apparition d’une maladie vasculaire.
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and subsequent infection of SMCs in the vessel wall (8-10). However, 
HCMV-DNA was not only detected in atherosclerotic plaques but 
also in nonatherosclerotic tissues (6). Furthermore, large, prospective, 
clinical trials have failed to show benefits from antibiotic treatment in 
coronary artery disease (CAD) (11,12). On the other hand, antibiotics 
may not be capable of eradicating persistent C pneumoniae in athero-
sclerotic plaques because it is questionable whether antibiotics can 
penetrate the atheroma. Moreover, persistent C pneumoniae are resist-
ant to antibiotic treatment because of their low metabolic activity 
(13). Recently, an increased risk for cardiovascular events in patients 
with serological evidence of previous infection, particularly in those 
with evidence of multiple infections has been reported (14). Because 
multiple pathogens in atheromatous tissue of CAD patients have been 
detected, attention has been broadened to include the burden of infec-
tion hypothesis – the concept that it is not one specific infection by 
itself, but the cumulative burden of infection that increases the risk of 
atherosclerosis (15).

C pneumoniae and cytomegalovirus (CMV) are able to stimulate 
the expression of proatherogenic factors in SMCs (16,17). It has been 
demonstrated that superinfection with C pneumoniae significantly 
exacerbates the aortic inflammatory foci in murine CMV-infected, 
normocholesterolemic mice (18). The combined effect of CMV and C 
pneumoniae in normocholesterolemic mice indicates the involvement 
of interacting mechanisms in the development of chronic arterial dis-
eases. Because of the high prevalence of coinfection with these patho-
gens, as well as the epidemiologically suggested concept of pathogen 
burden, we investigated whether these two pathogens could act in 
synergy in atherogenesis. Therefore, we studied the expression and the 
time course of secretion of interleukin-6 (IL-6), IL-8, basic fibroblast 
growth factor (bFGF), platelet-derived growth factor (PDGF), and 
‘regulated on activation normal T cell expressed and secreted’ 
(RANTES) as markers of atherogenesis in aortic SMCs (AoSMC) fol-
lowing coinfection with C pneumoniae and CMV.

MEtHoDS
C pneumoniae and HCMv strains
C pneumoniae strain TW-183 (obtained from the Institute of 
Ophthalmology, London, United Kingdom) was propagated in buffalo 
green monkey cells. Bacteria were inoculated onto cell monolayers in 
25 cm2 flasks and centrifuged at 2000 g for 45 min at 37°C. The inocu-
lum was removed and replaced with serum-free medium Panserin 401 
(PAN Biotech, Germany). Infected cells were collected in phosphate-
buffered saline (PBS) with 0.2 M sucrose and 2% fetal bovine serum 
(FBS) approximately 72 h after infection and lysed by sonication. The 
chlamydial suspension was centrifuged at 4000 g for 5 min to remove 
cellular debris. Stocks were stored at −70°C. To determine the titres of 
chlamydial stocks, serial dilutions were inoculated onto shell vial cul-
tures of buffalo green monkey cells. At 48 h after infection, coverslips 
were fixed with methanol and stained with fluorescein isothiocyanate-
conjugated antibody to chlamydial lipopolysaccharide (Imagen, Oxoid, 
Germany). Titres were calculated from determination of chlamydial 
inclusions per coverslip and expressed as inclusion-forming units per 
millilitre.

HCMV reference strain AD-169 was obtained from the Institute 
of Virology and Antiviral Chemotherapy (Jena, Germany). HCMV 
strain AD-169 was propagated in human embryonal fibroblasts. Virus-
inoculated cell monolayers in 25 cm2 flasks were observed daily for 
cytopathic effects. When the cytopathic effects reached 90% to 100%, 
cells were collected in PBS with 0.2 M sucrose and 2% FBS. Virus sus-
pensions were centrifuged at 4000 g to remove cell debris and stored at 
−70°C. For titration of HCMV stocks, serial dilutions were inoculated 
onto shell vial cultures of embryonal fibroblasts. At 48 h after infec-
tion, cells were fixed with methanol and sequentially incubated with 
antihuman CMV immediate early antigen (Paesel+Lorei, Germany) and 
R-Phycoerythrin-conjugated antimouse immunoglubulin (Ig) G (Caltag 
Laboratories, Germany). CMV-positive nuclei were counted and the 
number of immediate early forming units per millilitre was calculated.

Infection of aoSMC
Subcultures of human AoSMC (C-12533, PromoCell, Germany) were 
grown in 35 mm diameter culture wells. Mycoplasma contaminations 
were eradicated using the MycoDtect DNA array (Greiner Bio-One, 
Germany). Before infection, confluent monolayers were maintained in 
AoSMC basal medium (PromoCell, Germany) with 2% FBS but no 
antibiotics for 72 h. The cells were inoculated with C pneumoniae and/
or HCMV at various multiplicities of infection (inclusion-forming 
units or immediate early forming unit per cell) and centrifuged at 
4000 g at 37°C for 45 min, as described previously (16). After the 
inoculum was decanted, the cells were further incubated with AoSMC 
basal medium containing 2% FBS. To evaluate the infectivity of 
Chlamydia and HCMV strains for aortic SMCs, shell vial cultures 
were infected and stained as described above.

Reverse transcription polymerase chain reaction analysis
Total RNA was prepared using the RNeasy Mini Kit (Qiagen, 
Germany) and transcribed into complimentary DNA using 
the Promega reverse transcription system (Promega, Germany) 
according to the manufacturer’s protocols. Reverse transcription 
polymerase chain reaction (RT-PCR) was performed exactly as 
described in previous articles. The specific primers were as fol-
lows: 5'-AGCTCAGCTATGAACTCCTTCTC-3' and 
5'-GTCTCCTCATTGAATCCAGATTGG-3' (338 bp prod-
uct) for IL-6; 5'-CTTGGCAGCCTTCCTGATTT-3' and 
5'-CAGCCCTCTTCAAAAACTTC-3' (263 bp prod-
uct) for IL-8; 5'-TCCCCATATTCCTCGGAC-3' and 
5'-GATGTACTCCCGAACCCA-3' (186 bp product) for 
RANTES; 5'-TCACCACGCTGCCCGCCTTGC-3' and 
5'-CAGTTCGTTTCAGTGCCACAT-3' (342 bp prod-
uct) for bFGF; 5'-CCTGCCCATTCGGAGGAAGAG-3' 
and 5'-TTGGCCACCTTGACGCTGCG-3' (225 bp prod-
uct) for PDGF-A; 5'-GAAGGAGCCTGGGTTCCCTG-3' and 
5'-TTTCTCACCTGGACAGGTCG-3' (217 bp product) for 
PDGF-B. The sequences of pyruvate dehydrogenase (PDH) prim-
ers used as control were 5'-GGTATGGATGAGGACCTGGA-3' 
and 5'-CTTCCACAGCCCTCGACTAA-3' (105 bp product). PCR 
products were electrophoresed on 1% agarose gels and visualized with 
SYBR green staining. The volumes (optical density × mm2) of the 
band images were quantitated with Multi Analyst software (Bio-Rad, 
Germany) and normalized against a housekeeping gene (PDH) signal 
from the same sample as reference against the expression level of the 
investigated gene (16).

Immunoassays for cytokines and growth factors
Supernatants of infected and mock-infected cultures were collected at 
24 h, 48 h and 72 h and stored at −30°C until assayed. Levels of IL-6, 
IL-8 and RANTES were measured by CytoSet ELISA (Biosource, 
Germany). Levels of PDGF-AA and bFGF were determined by 
Quantikine ELISA (R&D Systems, Germany). All assays were per-
formed according to the manufacturer’s protocols.

Statistical analysis
The data were expressed as means with SD. Student’s t test was used to 
assess the significance of observed differences. A P≤0.05 was considered 
to be statistically significant.

RESultS
growth of C pneumoniae and HCMv in aoSMC
Initial experiments confirmed that C pneumoniae strain TW-183 and 
HCMV strain AD-169 were capable of infecting AoSMC. HCMV 
strain AD-169 easily infected human AoSMC based on the expression 
of the immediate-early antigen. C pneumoniae TW-183 was less effi-
cient in infecting AoSMC. For comparative experiments on the acti-
vation of AoSMC by C pneumoniae and HCMV, infectious doses of 
chlamydiae (multiplicity of infection [MOI] 1, 5 and 10) that were 
higher than the doses of HCMV (MOI 0.05, 0.2 and 1) but resulted in 
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similar percentages of productively infected cells were used. The 
coinfection of AoSMC with C pneumoniae (MOI 5) and HCMV 
(MOI 0.2) resulted in intracellular growth, which was characterized by 
the development of typical inclusion bodies (Figure 1).

Comparison of SMC messenger Rna expression using Rt-PCR in 
response to C pneumoniae and HCMv infection
To study the messenger RNA (mRNA) expression profiles in 
AoSMC, a panel of selected genes representing chemokines and cel-
lular growth factors that have been shown to be regulated in SMCs by 
C pneumoniae (16,19,20) and partly by HCMV (17,21) were chosen. 
AoSMC were infected with C pneumoniae or CMV at various MOIs. 
mRNA levels were measured at 24 h after infection. Using RT-PCR, 
low levels of IL-6, IL-8, PDGF-A, bFGF and RANTES were found in 
mock-infected cultures. The mRNA expression of IL-6, IL-8, 
RANTES and bFGF was stimulated in C pneumoniae and also in 
CMV-infected cells in a dose-dependent manner. Because PDGF 
occurs in three dimeric isoforms (AA, BB, and AB) the β-receptor 
ligand PDGF-A mRNA and the β-receptor ligand PDGF-B were 
examined. The β-receptor ligand PDGF-A mRNA was only stimu-
lated in HCMV-infected cultures. Neither mock-infected nor 
Chlamydia- or HCMV-infected AoSMC expressed mRNA of the 
β-receptor ligand PDGF-B (Figure 2). RNA isolated from endothelial 
cells was used as a positive PCR control (22).

analysis of SMC protein secretion in response to C pneumoniae or 
HCMv infection
AoSMC were infected with C pneumoniae at an MOI of 5 and HCMV 
at an MOI of 0.2 for 24 h, 48 h and 72 h. Immunoassays were used to 
examine the expression of IL-6, IL-8, bFGF, RANTES and PDGF-AA 
in culture supernatants. The time points of maximal protein expres-
sion in the experiments differed between the bacterial pathogen 
C pneumoniae and the viral pathogen HCMV. IL-6 and IL-8 produc-
tion peaked at 72 h after infection in both C pneumoniae (IL-6 5.9-
fold increase, P≤0.01; IL-8 6.2-fold increase versus control, P≤0.01) 
and HCMV (IL-6 4.5 fold increase, P<0.01; IL-8 10.3-fold increase 
versus control, P≤0.01) infected cultures. bFGF expression peaked 
at 48 h after infection in C pneumoniae-infected cultures (sevenfold 
increase versus control, not significant [ns]) and at 72 h after infection 
in HCMV infected cultures (eightfold increase versus control, ns). 
Only a slight increase of RANTES in C pneumoniae infected cultures 
at 72 h following infection (2.5-fold increase versus control, P≤0.04) 
and a 29.8-fold (P≤0.04) increase in HCMV infected cultures at 72 h 
after infection were found. Because β-receptor ligand PDGF-B mRNA 

was not expressed in these cultures, the secretion of the dimeric 
glycoprotein PDGF-AA was analyzed. PDGF-AA was only stimulated 
following HCMV infection (12.5-fold increase versus control P≤0.01) 
at 24 h postinfection.

In principle, the profiles of mRNA expression were reflected in the 
levels of the factors in culture supernatants, showing a stimulated pro-
duction of IL-6, IL-8, bFGF and RANTES following infection with 
C pneumoniae and HCMV. The expression of PDGF-AA was only 
stimulated following infection with HCMV (Figure 3).

analysis of SMC protein secretion following coinfection with 
C pneumoniae and HCMv
Protein secretion in coinfected AoSMC was measured at different 
time points. Coinfection with HCMV and C pneumoniae resulted 
in a supra-additive stimulation of IL-6 (27.6% increased secretion 

Figure 2) Comparative analysis of messenger RNA expression of inter-
leukin (IL)-6 (338 bp), IL-8 (263 bp), basic fibroblast growth factor 
(bFGF) (342 bp), platelet-derived growth factor (PDGF)-A (225 bp), 
PDGF-B (217 bp) and ‘regulated on activation normal T-cell expressed 
and secreted’ (RANTES) (186 bp) in aortic smooth muscle cells 
(AoSMC) following Chlamydia pneumoniae or HCMV infection. 
AoSMC were infected with C pneumoniae and CMV at different multipli-
cities of infection (MOI). Levels of specific mRNAs following infection of 
AoSMC with C pneumoniae or HCMV were assessed at 24 h following 
infection. Reverse transcription polymerase chain reaction product ratios 
were normalized against the pyruvate dehydrogenase (PDH) (105 bp) signal 
from the same sample. Values are expressed as the mean±SD of four experi-
ments, compared with values for mock-infected controls *P≤0.05; 
**P≤0.03 (Student’s t test)

Figure 1) Morphology of Chlamydia pneumoniae TW-183 and human 
cytomegalovirus (CMV) AD-169 in coinfected aortic smooth muscle cells at 
72 h postinfection. Monolayers were stained with fluorescein isothiocyanate 
(FITC)-conjugated antibody to chlamydial lipopolysaccharide (green) 
(Imagen, Dako Diagnostics, United Kingdom) and CMV monoclonal anti-
body against CMV immediate-early antigen (phycoerythrin, yellow) (Light 
Diagnostics, Millipore). Original magnification ×400
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compared with simple addition of IL-6 amount in HCMV and 
C pneumoniae-infected cultures, P≤0.05) at 48 h. Stimulation of IL-8 
production peaked at 24 h following coinfection (137% increased 
secretion compared with simple addition of IL-8 amount in HCMV 
and C pneumoniae infected cultures, P≤0.001). This supra-additive 
effect was also significant at 48 h (92% increased secretion, P≤0.001) 
and 72 h following infection (53% increased secretion, P≤0.001). The 
secretion of bFGF in coinfected cultures peaked at 48 h following 
infection (209% increased secretion compared with simple addition of 
bFGF amount in HCMV and C pneumoniae-infected cultures, P≤0.01) 
and was also significant at 72 h following infection (136% increased 
secretion, P≤0.001). In contrast, no further stimulation of RANTES 
and PDGF-AA secretion was found.

Coinfection with the bacterial pathogen C pneumoniae and the 
viral pathogen HCMV resulted in a supra-additive expression of IL-6, 
IL-8 and also bFGF (Figure 3).

DISCuSSIon
Increased pathogen burden may be associated with an enhanced risk of 
atherogenesis (15,23). Coinfection with viral and bacterial pathogens 
may affect the gene expression in arterial wall cells. In the present study, 
we demonstrated for the first time that coinfection with C pneumoniae and 
HCMV was associated with a supra-additive expression of the atherogenic 
factors IL-6, IL-8 and bFGF in AoSMC.

More than 30 major members of the interleukin family have been 
proposed to play a critical role in atherogenesis (24,25). IL-6 and IL-8 
are the cytokines with the most extensively studied proatherogenic 
profile (24). The important role of IL-6 was demonstrated through 
the exacerbation of early atherosclerosis by recombinant IL-6 in 
various atherosclerosis-prone murine models (24). Furthermore, IL-6 
has been shown to increase platelet activity and fibrinogen levels 
leading to increased blood viscosity and endothelial damage (26). 
IL-8 is a strong factor for recruitment of inflammatory cells into 
the vascular wall, including T lymphocytes, neutrophils and SMCs 
(24). It has been found in atheromatous tissue, mostly derived from 
intimal macrophages (27). The novel finding of a supra-additive 
stimulation of IL-6 and IL-8 secretion in AoSMC following coinfec-
tion with C pneumoniae and HCMV supports the hypothesis that 
these two pathogens may be involved in the pathogenesis of athero-
sclerotic plaque formation. However, whether coinfection of SMCs 
with C pneumoniae and HCMV is associated with a supra-additive 
expression of other interleukins remains to be investigated.

RANTES is a basic 8 kDa polypeptide of the CC chemokine 
subfamily with strong chemotactic activity for eosinophils and 
lymphocytes (28), and is highly expressed within atheroma (29). 
Recently, it has been demonstrated that RANTES levels are elevated 
in patients with acute coronary syndromes while levels in stable 
CAD have been shown to be downregulated (30). It was shown that 
human SMCs express and release RANTES in response to T-helper 1 
cytokines (31) and also C pneumoniae infection (32). In the present 
study, we found that HCMV was a stronger inducer of RANTES in 
AoSMC compared with expression of RANTES following C pneu-
moniae infection. However, coinfection of AoSMC with C pneu-
moniae and HCMV did not result in a further stimulation of 
RANTES expression.

The growth factors bFGF and PDGF have been associated with 
atherosclerosis through their mitogenic and angiogenic properties 
(33). Growth factor stimulation leads to SMC accumulation and 
increased secretion of extracellular matrix components that account 
for up to 60% of the volume in areas of intimal thickening (34). 
Previously, we have shown that bFGF production is stimulated in 
C pneumoniae-infected SMCs (19). In the present study, we dem-
onstrated that bFGF production in AoSMC was also stimulated 
following HCMV infection. Furthermore, after coinfection with 
C pneumoniae and HCMV, the expression of bFGF was stimulated in 
a supra-additive manner compared with infection of AoSMC with 
either C pneumoniae or HCMV alone. bFGF is not only an important 
mediator for SMCs replication, but it is also able to upregulate the 
expression of interstitial collagenase, leading to an accelerated turn-
over of extracellular matrix (35). More recently, it was demonstrated 
that an increased expression of bFGF was associated with carotid ath-
erosclerotic plaque instability via the nuclear factor kappa B pathway 
(36). The expression of the mitogen PDGF, a dimeric glycoprotein 
composed of two A (-AA) or two B (-BB) or a combination of the 
two (-AB) chains was also examined in our study. In our experiments, 
the mRNA expression of the α-receptor ligand PDGF-A was only 
stimulated following infection with HCMV. As we have previously 
shown, neither infected nor mock-infected human AoSMC express 
β-receptor ligand PDGF-B, which is expressed by monocytes and 
endothelial cells (20). Therefore, the expression of the PDGF-AA 
homodimer was examined in culture supernatants. As expected, 
PDGF-AA was only stimulated in HCMV-infected AoSMC but was 
not stimulated in C pneumoniae-infected cultures. We found no addi-
tional expression of PDGF-AA after coinfection with both pathogens. 
However, PDGF-AA is produced in SMCs and has been implicated in 
migration and proliferation of SMCs in atherosclerotic lesion forma-
tion (37). The importance of PDGF-AA in the arterial system has 
been recently strengthened since it was shown that proliferation of 
arterial SMCs was strongly stimulated by PDGF-AA, whereas venous 
SMCs showed a greater proliferation response to PDGF-BB (38).

Figure 3) Release of interleukin (IL)-6, IL-8, basic fibroblast growth fac-
tor (bFGF), platelet-derived growth factor (PDGF)-AA, and ‘regulated 
on activation normal T-cell expressed and secreted’ (RANTES) at dif-
ferent time points in culture supernatants of Chlamydia pneumoniae-
infected, HCMV-infected and C pneumoniae- and HCMV-coinfected 
aortic smooth muscle cells compared with mock-infected cells. Cells were 
cultured in 11 mm diameter tubes. Values are expressed as mean±SD of 
four experiments. *P≤0.05; **P≤0.01; ***P≤0.001 compared with 
mock-infected cells (Student’s t test). P in coinfected cultures are in com-
parison to C pneumoniae-infected/CMV-infected cells
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