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An association of Chlamydia pneumoniae with atherosclerosis and coronary heart disease has been deter-
mined epidemiologically and by the detection of C. pneumoniae organisms in atherosclerotic lesions in both
humans and animal models of atherosclerosis. Previously, it has been shown that C. pneumoniae is capable of
replicating in cell types found within atheromatous lesions, viz., endothelial cells, smooth muscle cells (SMC),
and macrophages, yet the role of C. pneumoniae in the pathogenesis of atherosclerosis has not been determined.
Since intimal thickening is a hallmark of atherosclerosis, we investigated whether C. pneumoniae infection of
human umbilical vein endothelial cells (HUVEC) could induce the expression of a soluble factor(s) with
mitogenic potential for SMC by using [*H]thymidine incorporation and direct cell counting. Conditioned
medium harvested from HUVEC infected with C. prneumoniae stimulated SMC replication in a time- and
dose-dependent fashion. Infection studies using various multiplicities of infection (MOIs) ranging from 0.001
to 1 demonstrated a dose-dependent production of the soluble factor(s). At an MOI of 1, SMC stimulation
indices were 8.4 (P < 0.01) and 12.2 (P < 0.01) for conditioned media harvested at 24 and 48 h, respectively.
To determine whether viable C. pneumoniae was required for production of the soluble factor(s), HUVEC were
infected with heat-inactivated C. pneumoniae or with viable organisms in the presence of chloramphenicol. Both
treatments produced stimulation indices similar to those for live C. pneumoniae in the absence of chloram-
phenicol (P > 0.05), indicating that the factor(s) was produced by HUVEC and not by C. pneumoniae and that
signal transduction events following chlamydia endocytosis may be important in the production of a soluble
factor(s). The ability of C. pneumoniae to elicit an endothelial cell-derived soluble factor(s) that stimulates

SMC proliferation may be important in the pathogenesis of atherosclerosis.

Chlamydia pneumoniae is a common cause of acute respira-
tory conditions, such as pneumonia, sinusitis, bronchitis, and
pharyngitis (11, 22). More recently, C. pneumoniae has been
implicated as a possible etiologic agent of coronary artery dis-
ease and atherosclerosis (9, 23, 24). Saikku and colleagues re-
ported the first evidence for such a relationship by demonstrat-
ing increasing titers of C. pneumoniae antibodies in men with
coronary heart disease and acute myocardial infarction (35).
Since then, new evidence which supports a role for C. pneu-
moniae in the pathogenesis of atherosclerosis has emerged.
C. pneumoniae has been detected in atherosclerotic arteries by
several techniques (3, 20, 21), and the organism has been iso-
lated from both coronary (30) and carotid (16) atheromas. Re-
cent animal models have suggested that C. pneumoniae is ca-
pable of inducing atherosclerosis in both rabbit (6, 27) and
mouse (25) models of atherosclerosis. Furthermore, human
clinical treatment studies which examined the use of anti-
chlamydial macrolide antibiotics in patients with coronary ath-
erosclerosis have been carried out. In these placebo-controlled
studies, a 5 to 10% reduction in secondary adverse cardiovas-
cular events compared to age- and sex-matched controls was
observed in patients receiving either azithromycin (12) or rox-
ithromycin (13).

Atherosclerosis is thought to occur following an inflamma-
tory response to injury of the vessel wall (28, 32). During this
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process, peripheral leukocytes such as monocytes and T lym-
phocytes bind to upregulated receptors on activated endothe-
lium via vascular cell adhesion molecule 1 and leukocyte func-
tion antigen 1 and transmigrate through the endothelium into
the subendothelial space. Here, macrophages accumulate oxi-
dized low-density lipoprotien (LDL), forming foam cells, and
together with media-derived smooth muscle cells (SMC) form
the initial fatty streak. Grade 2 and 3 lesions which contain
increased numbers of foam cells surrounding a central core of
lipid and cell debris then ensue, ultimately forming the end-stage
fibrous plaque (28, 32).

Several groups have demonstrated the ability of C. pneu-
moniae to infect and replicate in cell types found within the
atherosclerotic lesion, including endothelial cells, SMC, and
macrophages (8, 10). Infection of these cell types has been
shown to result in the production of proinflammatory cytokines
which may be involved in atherogenesis. The ability of chla-
mydiae to persist within host cells and produce antigens in the
absence of replication may provide sustained immunogenic
stimulation necessary for the development of chronic inflam-
matory diseases such as atherosclerosis. C. pneumoniae infec-
tion of endothelial cells has been shown to upregulate the
expression of endothelial adhesion molecules (18) and several
inflammatory mediators, including monocyte chemoattractant
protein 1 (MCP-1), interleukin 8 (IL-8) (26) and IL-1B (14).
During atherosclerosis, these cytokines are also upregulated
(32) and may potentiate the development of atheromatous
lesions. C. pneumoniae lipopolysaccharide (LPS) has also been
shown to promote the formation of macrophage foam cells
(17) in vitro.
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Central to the pathology of atherosclerosis is the prolifera-
tion of SMC in the arterial intima (15, 37). Endothelial cells
have been shown to secrete several soluble factors, such as
platelet-derived growth factor (PDGF), epidermal growth fac-
tor (EGF), and insulin-like growth factor 1 (IGF-1) (32), which
are important in SMC migration and proliferation during
atherogenesis. The production of these factors during chla-
mydial infection, however, has not been studied. To better
understand the pathophysiology of atherosclerosis and the role
of C. pneumoniae in atherogenesis, we examined whether C.
pneumoniae infection of endothelial cells could induce the
production of soluble factors which stimulate SMC replication.

MATERIALS AND METHODS

Cell culture. HEp2 cells (ATCC CCL-23) were maintained in minimal essen-
tial medium (MEM) (Gibco BRL, Gaithersburg, Md.) containing Earle’s salts
and supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco
BRL) and 2 mM L-glutamine (Gibco BRL). Cells were maintained at 37°C and
5% CO, in 75-cm? culture flasks and subcultured into either 25-cm? flasks or
shell vials containing glass coverslips prior to infection with C. pneumoniae.
Human umbilical vein endothelial cells (HUVEC; ATCC 1730-CRL) were main-
tained in Ham’s F12K medium (Gibco BRL) supplemented with 10% FBS, 30 n.g
of endothelial cell growth supplement (Sigma, St. Louis, Mo.)/ml and 10 U of
heparin (Sigma)/ml. Cells were maintained at 37°C and 5% CO, in gelatin-
coated 75-cm? culture flasks. Prior to infection, cells were seeded into gelatin-
coated 24-well plates at a density of 2 X 10° cells/well and allowed to adhere for
24 h in the absence of endothelial cell growth supplement or heparin. Primary
SMC were established from bronchial explants by a method described previously
(39) and were provided at passage two by G. Cox (Department of Medicine,
McMaster University). Cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco BRL) supplemented with 10% FBS, penicillin (50
U/ml), and streptomycin (50 pg/ml) (Gibco BRL). Cells were maintained at 37°C
and 5% CO, in 75-cm? culture flasks and subcultured at ~90% confluency. SMC
showed typical hill and valley morphology, and the expression of a-actin was
confirmed by immunofluorescence (IF). Cells were suspended in DMEM at a
density of 5 X 10* cells/ml and transferred into 24-well plates (5 X 10* cells/well).
SMC were used at the third and fourth passages for all experiments.

C. pneumoniae propagation. C. pneumoniae VR-1310 (ATCC 1310-VR) was
propagated in HEp2 cells as described by Roblin et al. (31) with slight modifi-
cations. C. pneumoniae was inoculated onto preformed monolayers of HEp2 cells
in 25-cm? flasks, centrifuged at 1,000 X g for 60 min at 25°C, and incubated at
37°C for 1 h. The inoculum was removed and replaced with growth medium
consisting of MEM containing 1 ug of cycloheximide/ml. Infected cultures were
incubated for 48 to 72 h at 37°C and 5% CO,. C. pneumoniae was harvested by
disrupting HEp2 cells with glass beads followed by sonication and centrifugation
at 250 X g to remove cellular debris. Supernatants containing C. pneumoniae
were aliquoted and frozen at —70°C. For some experiments, supernatants con-
taining C. pneumoniae were further centrifuged at 20,000 X g for 20 min to pellet
elementary bodies (EBs). EB pellets were then suspended in sucrose-phosphate-
glutamate buffer, aliquoted, and stored at —70°C. HEp2 monolayers grown in
shell vials were used to monitor the course of infection by IF staining using a
genus-specific fluorescein isothiocyanate (FITC)-labeled monoclonal antibody
(Kallestad, Chaska, Minn.). C. pneumoniae titrations were performed on frozen
stocks and were expressed as inclusion-forming units per ml.

Preparation of HUVEC culture-conditioned medium. HUVEC were infected
in 24-well plates as described above at various multiplicities of infection (MOIs).
Following centrifugation at 1,000 X g for 60 min and incubation at 37°C for 1 h,
the inoculum was removed, and cells were washed twice with Hanks” balanced
salt solution and cultured in 1 ml of serum-free Ham’s F12K medium lacking
growth supplements and cycloheximide. HEp2 cell lysates were prepared accord-
ing to the same procedure used for C. pneumoniae isolation and used for control
mock infection of HUVEC. Conditioned medium from infected or uninfected
HUVEC cultures was harvested at 24 or 48 h, clarified by centrifugation at
20,000 X g for 30 min, and assessed immediately for the ability to stimulate SMC
by a [*H]thymidine incorporation assay. In some experiments, chlamydiae were
heat inactivated at 56°C for 30 min or cultured in the presence of chloramphen-
icol (80 wg/ml; Sigma). Both treatments inhibited the growth of C. pneumoniae
as determined by IF staining for chlamydial inclusions.

SMC DNA synthesis. DNA synthesis in SMC was assessed by the incorpora-
tion of [*H]thymidine as described previously (15) with slight modifications.
SMC were suspended in DMEM-10% FBS and seeded into 24-well plates at 5 X
10* cells/well and cultured for 48 h to ensure logarithmic growth. At 48 h, cells
were washed three times in serum-free (SF) DMEM and cultured an additional
48 h in SF-DMEM containing 0.1% bovine serum albumin (BSA) (Sigma) in
order to induce cells into G, quiescence. Quiescent SMC were washed, and
conditioned assay medium from uninfected, mock-infected, or C. pneumoniae-
infected HUVEC was applied to quiescent SMC cultures for 24 h. Next, 1 pCi
of [*H]thymidine (methyl-*H; 6.7 Ci/mmol, 37 MBg/ml [NEN, Boston, Mass.])/
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ml was added after 16 h for an 8-h pulse. Each assay condition was assessed in
triplicate. DMEM containing 10% FBS was used as a positive control for
[*H]thymidine incorporation. Following the 24-h incubation period, medium was
discarded, and cells were washed three times with ice-cold phosphate-buffered
saline and then lysed in 0.25 ml of 0.2 N NaOH for 20 min at room temperature.
DNA was precipitated by the addition of 1.25 ml of 10% trichloroacetic acid
(TCA) (Sigma) for 1 h at 4°C. The TCA-insoluble fraction was filtered onto
GFJ/F glass fiber disks (Whatman, Clifton, N.J.), washed, and air dried. Filters
were placed into 5 ml of scintillation fluid (BCA-NA; Amersham), and radioac-
tivity was determined by using a liquid scintillation B-counter (LS5801; Beckman
Instruments) and expressed as counts per minute (CPM). Stimulation indices
were calculated as follows: [*H]thymidine CPM for conditioned medium/mean
[*H]thymidine CPM for uninfected medium.

SMC proliferation assay. Proliferation of SMC was determined by cell count-
ing. Subconfluent (5 X 10*) SMC were induced into quiescence for 48 h in
SF-DMEM-0.1% BSA as described above. SMC were cultured in the presence
of conditioned assay medium from uninfected, mock-infected, or C. pneumoniae-
infected HUVEC for 7 days. Cells were counted every other day by removing the
medium, treating cells with 0.3 ml of 0.05% trypsin-EDTA, resuspending in
medium, and staining cells with 0.4% trypan blue. Cell counts were done in
triplicate in a Neubauer chamber and expressed as mean counts.

Statistical analysis. Statistical comparisons were made by using one-way anal-
ysis of variance with the Dunnett’s multiple comparison post test. P values of
<0.05 were considered significant.

RESULTS

Growth of C. pneumoniae in HUVEC. An initial experiment
was performed to confirm the earlier observation that HUVEC
support the growth of C. pneumoniae. HUVEC supported the
replication of C. pneumoniae VR-1310 as demonstrated by
visualizing intracellular inclusions at 48 h postinfection. Figure
1 shows an infected HUVEC with one typical inclusion body.
The number of chlamydial inclusions per high-powered field
increased with increasing titers of C. pneumoniae (data not
shown). Infection studies using heat-inactivated C. pneumoniae
failed to give rise to productive infections in HUVEC as evi-
denced by the absence of any visible inclusions at either 48 or
72 h postinfection (data not shown). The chlamydial develop-
mental cycle was also blocked when HUVEC were infected in
the presence of chloramphenicol, which inhibits prokaryotic
translation but does not effect eukaryotic translation at the
concentrations used in these studies.

C. pneumoniae infection of HUVEC results in the production
of soluble factor(s) with mitogenic activity for SMC. To study
whether C. pneumoniae infection of HUVEC could produce
soluble factors which stimulate SMC replication, conditioned
medium harvested from infected cell culture was assayed for
the ability to stimulate [*H]thymidine incorporation into SMC.
Conditioned medium was clarified by high-speed centrifuga-
tion to remove HUVEC debris and any C. pneumoniae EBs.
The clarified conditioned medium failed to give rise to chla-
mydial inclusions following inoculation onto HEp2 cell mono-
layers, verifying that C. pneumoniae EBs were absent from the
medium (data not shown). Initially, the production of soluble
factors by HUVEC in response to C. pneumoniae infection was
determined at various MOIs ranging from 0.001 to 1. Condi-
tioned medium from these infected cultures stimulated DNA
synthesis in SMC cultures in a dose-dependent fashion. The
production of HUVEC-derived soluble factor(s) was depen-
dent on the initial dose of C. pneumoniae used to infect cul-
tures, with the largest stimulation index (SI) (7.4 = 0.9; P <
0.01) seen at an MOI of 1 and the smallest ST (3.4 = 0.3; P <
0.05) seen at an MOI of 0.001, as shown in Fig. 2.

The SMC mitogenic activity of conditioned medium in-
creases with the time of HUVEC infection. The kinetics of the
production of soluble factor(s) from HUVEC infected with C.
pneumoniae was investigated by using various MOIs and by
comparing the abilities of 24- and 48-h-postinfection condi-
tioned media to stimulate DNA synthesis. As shown in Fig. 3,
by 24 h postinfection (MOI, 0.1), the SI was 6.65 = 0.57 (P <
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FIG. 1. C. pneumoniae infection of HUVEC. HUVEC were infected with C. pneumoniae and at 48 h postinfection, monolayers were stained with an FITC-
conjugated anti-LPS specific monoclonal antibody. Shown is a HUVEC containing one typical intracellular inclusion, shown as a bright region within the cell.
Neighboring uninfected cells do not contain typical inclusion bodies. Magnification, X400 (epifluorescence microscopy).

0.01), and it increased to 9.64 = 0.56 by 48 h (P < 0.01)
compared to uninfected controls. In contrast, mock infection
of HUVEC with HEp-2 cell lysates (SI, 1.99 *+ 0.13) gave an SI
similar to that of uninfected cell controls (SI, 1.0 = 0.13; P >
0.05) at 24 and 48 h (48-h results are shown). At an MOI of 1,
the SI reached 9.62 = 1.3 (P < 0.01) at 24 h postinfection and
increased to 12.2 = 0.61 (P < 0.01) at 48 h postinfection.

Figure 4 shows the results of a separate experiment performed
to confirm the effect of soluble factor(s) on SMC proliferation
by using direct cell counting. Conditioned medium from in-
fected HUVEC stimulated the proliferation of SMC during a
7-day observation period, whereas medium from mock-infect-
ed or uninfected HUVEC cultures did not result in an increase
in cell numbers. By day 7, cell numbers had increased by 86.6%
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FIG. 2. [°H]thymidine incorporation by SMC treated with conditioned medium from C. pneumoniae-infected HUVEC at various doses for 48 h. HUVEC cultures
were infected with C. pneumoniae at various MOls, and conditioned medium was harvested at 48 h and applied to SMC cultures for 24 h. [*H]thymidine was added
for the last 8 h, and incorporation was determined as described in Materials and Methods. SI data are expressed as the means * standard errors of one representative
experiment performed in triplicate. *, P < 0.05, and #*, P < 0.01 compared to uninfected controls.
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FIG. 3. [*H]thymidine uptake by SMC in response to conditioned medium from HUVEC cultures infected with C. pneumoniae for 24 and 48 h. HUVEC cultures
were either uninfected, mock infected, or infected with C. pneumoniae at an MOI of 0.1 (striped bars) or 1 (solid bars). Conditioned medium from these cultures was
harvested at either 24 or 48 h and applied to SMC cultures for 24 h as described in the legend for Fig. 2. Data are the means * standard errors of triplicate
determinations of one representative experiment. **, P < 0.01, compared to uninfected controls.

(P < 0.05) for medium from HUVEC infected with C. pneu-
moniae at an MOI of 0.1 and 87.5% (P < 0.01) for HUVEC
infected at an MOI of 1; these increases in cell numbers were
significantly higher than those of mock-infected HUVEC
(11.7%) and uninfected HUVEC (9.5%) (Fig. 4B). During the
same observation period, control SMC cultures overlaid with
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uninfected HUVEC medium but containing 10% FBS showed
an increase in cell number of 168% at day 7.

C. pneumoniae endocytosis followed by signal transduction
events appears to be important in the induction of mitogenic
activity. To determine whether viable C. pneumoniae was re-
quired for the induction of mitogenic factor(s) from HUVEC,
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FIG. 4. SMC replication in response to conditioned medium from C. pneumoniae-infected HUVEC cultures. SMC were grown in 24-well plates and overlaid with
the indicated conditioned medium from either uninfected or mock-infected HUVEC or HUVEC that were infected with C. pneumoniae for 48 h. On days 1, 3, 5, and
7, cells were harvested and counted as described in Materials and Methods. (A) Increases in SMC numbers as measured by direct cell counting and (B) increases in
SMC cell numbers on day 7 expressed as percentages of cell numbers on day 1. The data are means *+ standard errors of one experiment performed in triplicate. *, P <

0.05, and **, P < 0.01 compared to uninfected controls.
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FIG. 5. Effect of heat treatment and chloramphenicol on the production of soluble factor(s) by HUVEC cultures infected with C. pneumoniae. HUVEC cultures
were infected with viable (striped bar) or heat-treated (hatched bar) C. pneumoniae or with viable C. pneumoniae in the presence of chloramphenicol (solid bar).
Conditioned medium was harvested at 48 h and applied to SMC for 24 h as described in the legend for Fig. 2. Data are the means * standard errors of triplicate
determinations of one representative experiment. **, P < 0.01 compared to uninfected controls.

experiments were carried out by using heat-inactivated C. pneu-
moniae or viable organisms in the presence of chloramphen-
icol. Figure 5 demonstrates that both heat-inactivated C.
pneumoniae and C. pneumoniae grown in the presence of
chloramphenicol were able to induce the synthesis of soluble
factor(s) that stimulated SMC replication. Although the SIs
obtained from HUVEC infected with either viable, heat-inac-
tivated, or chloramphenicol-treated C. pneumoniae were sig-
nificantly different from those of uninfected or mock-infected
control groups (P < 0.01), there was no significant difference
between the infected groups (P > 0.05), indicating that heat-
treated EBs and EBs grown in the presence of chloramphen-
icol were similar to viable organisms in their ability to induce
HUVEC-derived factors. These results suggest that chlamydial
endocytosis or cell surface contact alone is sufficient for the
production of soluble factor(s).

DISCUSSION

Our results demonstrate that HUVEC infected with C. pneu-
moniae produce soluble factor(s) that is mitogenic for SMC.
Induction of this SMC growth factor activity by HUVEC was
dependent on the time of infection, as media harvested at 48 h
postinfection had greater mitogenic activity than that of me-
dium harvested at 24 h. In addition, the HUVEC response to
C. pneumoniae was dose dependent, as HUVEC infected with
C. pneumoniae at higher MOIs produced conditioned medium
with greater mitogenic potential for SMC than that obtained
with lower MOIs. This is presumably due to the increased
proportion of HUVEC infected at higher MOIs and more cells
producing the soluble factor. Interestingly, HUVEC infected
with extremely low doses of C. pneumoniae (MOI, 10~?) were
also able to generate SMC stimulatory activity, indicating that
the HUVEC response to C. pneumoniae is sensitive and may

involve the production of soluble cytokines or chemokines by a
signal transduction phenomenon and/or an autocrine feedback
mechanism, where cytokines released from HUVEC could
stimulate the production of mitogenic factors and thereby am-
plify the response at low C. pneumoniae doses.

Experiments using chloramphenicol and heat-inactivated
C. pneumoniae were performed to investigate whether newly
synthesized chlamydial cell components were required for the
production of SMC growth factor(s). In the presence of chlor-
amphenicol, chlamydiae can bind to host cells and become
phagocytosed, but their developmental cycle is blocked. Like-
wise, heat-inactivated chlamydiae can bind to host cells, albeit
at a lower efficiency than native, viable organisms (2), and
become endocytosed. From a signal transduction perspective,
the vesicular trafficking events following uptake are similar in
both cases. Heat-inactivated organisms as well as chloram-
phenicol-treated organisms do not have the ability to actively
prevent phagolysosomal fusion, since this event in C. tracho-
matis has been shown to be dependent on early de novo chla-
mydial protein synthesis (36). The ability of heat-inactivated
and chloramphenicol-treated organisms to activate HUVEC in
a manner similar to that of viable ones suggests that the SMC
growth factor(s) is a bona fidle HUVEC product, since both
types of treated organisms do not have the potential to syn-
thesize bacterial proteins. Furthermore, our results demon-
strate that viable C. pneumoniae is not required for HUVEC
stimulation, suggesting that cell surface binding and/or phago-
somal entry events are important in transducing the signals
involved in upregulating cytokine or chemokine gene expres-
sion in the HUVEC. Such early events capable of inducing host
cell signal transduction pathways via host protein tyrosine
phosphorylation have been described for C. trachomatis (4, 5)
and are activated also by heat- or UV-treated C. trachomatis. A
common signal transduction pathway may be activated in
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C. pneumoniae-infected HUVEC. Preliminary experiments
with C. trachomatis have indicated that this species also stim-
ulates the production of SMC growth factors in a fashion
similar to that of C. pneumoniae; however, the existence of
C. trachomatis in atherosclerotic lesions has not been demon-
strated, making this observation less relevant to atherogenesis.

Existing evidence linking C. pneumoniae to atherosclerosis is
expanding (20, 23, 24, 35), and different pathophysiological
mechanisms have been suggested (17, 34). Implicit in the pro-
gression of atherosclerotic lesions is the crucial role played by
SMC. Intimal SMC proliferation has been described as a hall-
mark of disease progression (33) and is under complex regu-
lation in the artery (32) by way of growth factors and cytokine
agonists and antagonists. For example, several growth factors
have been detected in atherosclerotic lesions, such as PDGF,
fibroblast growth factor, EGF, and IGF-1. It is thought that
these factors induce not only proliferation of vascular SMC but
also, in some cases, the migration of SMC into the intima. The
dual chemotactic and proliferative nature of these growth fac-
tors is thought to be largely responsible for the focal accumu-
lation of media-derived SMC in advanced lesions. As a result
of these growth factors, SMC growth antagonists are also at
work in the artery. For example, IL-1, tumor necrosis factor
alpha, and transforming growth factor B are all factors that can
inhibit cell proliferation and attenuate the action of growth
factors (32) as a regulatory mechanism to control the response
of SMC to growth factors. In addition to these traditional SMC
growth factors, evidence suggesting that other chemokines may
be more promiscuous in their actions than previously thought
is emerging. For example, the B-chemokine interferon-induc-
ible protein 10 (IP-10), originally described as a chemokine for
activated T lymphocytes, may include SMC chemotactic and
mitogenic capabilities in its repertoire (38). Interestingly,
monocyte chemotactic protein 1 (MCP-1), which has been
found to be upregulated in the atherosclerotic artery and dur-
ing C. pneumoniae infection of HUVEC (26), has been shown
to be mitogenic for rat vascular SMC (29).

Pathological mechanisms resulting in excessive SMC prolif-
eration in the artery have been described, including the ability
of mildly oxidized LDL to activate SMC mitogen-activated
protein kinase, and transduce S-phase entry signals for vascu-
lar SMC (1). Since arterial hyperlipidemia is an established risk
factor for atherosclerosis, this phenomenon may play a signif-
icant role in SMC growth regulation in vivo. Our results are
consistent with a role of C. pneumoniae in atherogenesis where
C. pneumoniae-infected vascular endothelial cells release sol-
uble growth factors that stimulate SMC replication and con-
tribute to intimal thickening and fibrous plaque formation. Of
interest is the identification of the endothelial factor(s) which
stimulates SMC and the bacterial component which triggers
the signal transduction pathways, resulting in production of the
growth factor(s). There are several candidate factors that could
be produced by HUVEC in response to C. pneumoniae infec-
tion which are mitogenic for SMC. For example, many classical
SMC growth factors are endothelial cell derived, such as
PDGF and FGF, and may play a role in SMC proliferation
during the progression of atherosclerosis due to the regional
proximity of endothelial cells and intimal SMC. Other factors
may also play a role in this scenario. Endothelial cells produce
both IP-10 and MCP-1, and evidence suggests that these in-
flammatory mediators may have proliferative actions on SMC.
Experiments using neutralizing monoclonal antibodies to spe-
cific cytokines or growth factors to identify the factor(s) gen-
erated by HUVEC in response to C. pneumoniae infection and
to characterize the molecular mechanism responsible for acti-
vation of the host cells are under way. Possible candidates
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responsible for the induction of these factors in HUVEC in-
clude chlamydial LPS, components of the bacterial outer mem-
brane complex, and heat shock protein 60 (HSP-60), which are
known to be highly immunogenic. HSP-60 has recently been
shown to induce cytokine and adhesion molecule expression in
HUVEC (7) and has been found to colocalize with human
HSP-60 in lesions of atherosclerosis (19). The induction of
SMC growth factor(s) by C. pneumoniae-infected endothelial
cells represents a novel mechanism by which this bacterium
may contribute to the immunopathogenesis of atherosclerosis.
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