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Chronic perivascular inoculation with
Chlamydophila pneumoniae results in
plaque formation in vivo

Markus Georg Engelmann’, Constanze Veronika Redl", Jaroslav Pelisek', Corinna Barz?,
Juergen Heesemann?® and Sigrid Nikol**

'Medical Department I - Cardiology, Ludwig Maximilian University, Munich, Germany; *Max von Pettenkofer
Institute of Medical Microbiology, Ludwig Maximilian University, Munich, Germany and *Department of
Cardiology and Angiology, University of Muenster, Muenster, Germany

Hypercholesterolemic and normocholesterolemic rabbit models of chronic arterial Chlamydophila (Chlamydia)
pneumoniae (CPN) inoculation were established and the role of both viable and inactivated bacteria was
investigated in atherogenesis. A total of 29 rabbits were randomized to four groups. Groups A and B were fed a
cholesterol-enriched diet, and groups C and D were fed a normal diet. Arterial segments of group A and C
animals were inoculated in vivo using viable CPN chronically using repeated perivascular applications.
Contralateral arteries were treated using heat-inactivated CPN. Group B and D animals were treated with
repeated perivascular injections of bacterial lipopolysaccharide (LPS) and saline (control). Additional
hypercholesterolemic rabbits were treated by repeated injections using viable and inactivated CPN, each
controlled by saline injections. To compare the effects of this chronic inoculation model, additional animals
received single injections of either viable CPN, inactivated CPN, LPS, or saline. Vascular tissues (n =162 treated
arteries of 29 rabbits) were analyzed using morphometry at histology. CPN was detected by fluorescence-
immunohistochemistry and nested polymerase chain reaction. Only in hypercholesterolemic, but not in
normocholesterolemic rabbits, chronic perivascular infection of all bacterial components, viable and heat-
inactivated CPN, as well as LPS resulted in a significant increase in atheromatous lesion formation (lesion area
index: 0.23+0.08, 0.25+0.09, and 0.15+0.05) when compared to controls (lesion area index 0.01+0.01,
P=0.002). CPN persisted in atheromatous lesions and vascular tissues. Single perivascular infection using
CPN or inactivated CPN was not able to induce lesion formation (lesion area index: 0.03+0.03, 0.03+0.02 vs
0.03 +0.02 after single saline inoculation, P=0.965). In conclusion, chronic vascular infection with CPN or CPN
components acts as a cofactor requiring other major atherogenic stimuli, rather than as a causative agent.
Laboratory Investigation (2006) 86, 467—476. doi:10.1038/labinvest.3700411; published online 20 March 2006

Keywords: atherosclerosis;
lipopolysaccharide

Chlamydophila pneumoniae; Chlamydia pneumoniae; vascular inflammation;

Chlamydophila (Chlamydia) pneumoniae (CPN) is a
human pathogen distributed worldwide, causing

pathogenic role of these organisms for the develop-
ment of atherosclerotic vascular disease and the

acute respiratory diseases such as pneumonia,
bronchitis, pharyngitis, and sinusitis. Recently, a
possible association of CPN with coronary artery
disease and other forms of vascular atherosclerosis
was suspected, following seroepidemiological stu-
dies and the demonstration of CPN in atherosclero-
tic plaques obtained in vivo."™* However, the
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specificity of chlamydial effects is still poorly
understood. In addition, the causal relationship
between Chlamydia infection and atherogenesis
has not yet been thoroughly investigated.

Several animal models of CPN infections were
published mostly for mice, but also for rabbits and
primates, investigating intranasal inoculation or
subcutaneous, intravenous, and intracerebral infec-
tion routes.>® Apolipoprotein (Apo) E-deficient
knockout mice developed accelerated atherosclero-
sis if infected by intranasal inoculation.”” Adminis-
tration of macrolide antibiotics inhibited increased
intimal thickening following intranasal inoculation
in New Zealand White (NZW) rabbits fed with



C. pneumoniae and local vascular infection
MG Engelmann et al

468

cholesterol-enriched diet.”* In LDL receptor-defi-
cient mice, the atherogenic effects of CPN were
demonstrated to be dependent on serum cholesterol
levels and specific to CPN.*®

Although a favorable action on endothelial func-
tion has been shown after short-term treatment with
azithromycin,'* large clinical trials demonstrated no
beneficial effect of macrolide treatment.’**”

The purpose of the present investigations in a
rabbit model was to assess the effect of perivas-
cularly administered viable or inactivated CPN,
controlled by the administration of Escherichia
coli (E. coli) LPS as a typical component of Gram-
negative organisms, on lesion formation and plaque
induction. Experiments were performed under con-
ditions of hypercholesterolemia as well as normo-
cholesterolemia to analyze the role of CPN under
conditions of low atherogenic burden.

Methods
Animal Study Protocol

Investigations were carried out with the permission
from federal government, conforming to national
and local University guidelines on animal experi-
ments. Figure 1 (and in part Table 1) gives an
overview of the experimental study design. Female
NZW rabbits (n =29), mean weight 3.8 +0.4 kg, were
investigated. Of these, 22 experimental animals
were analyzed in a chronic perivascular inoculation
model. In all, 12 of them were fed an atherogenic
diet supplement with 0.5% cholesterol for 16 weeks,
and 10 animals received chop diet. After 3 weeks,

they were randomly assigned to four treatment
groups. Groups A and C received a perivascular
injection of CPN (strain AR-39; Washington
Research Foundation, Seattle, WA, USA) along the
right auricular artery, right carotid, and right super-
ficial femoral artery. Along contralateral left arteries,
heat-inactivated CPN (1h at 56°C)'® was injected.
Bacteria were chronically administered at weeks 3,
7, and 11 with a dosage of 10°IFU. Groups B and D
received repeated perivascular injections of E. coli
lipopolysaccharide (LPS) (Strain J5, Rc mutant, 1 pg;
Sigma) along the right auricular artery, right carotid,
and right superficial femoral artery. Along the
contralateral left arteries, sodium chloride was
injected at weeks 3, 7, and 11 (control). To exclude
influences of injection of viable organisms onto
atheromatous lesion formation of the contralateral
sites, additional two hypercholesterolemic animals
received repeated applications of viable CPN next to
auricular, carotid, and femoral arteries (n = 6 arteries
analyzed), and sodium chloride next to the contra-
lateral arteries (n=6 arteries). Two further hyper-
cholesterolemic animals were identically treated
using inactivated CPN (n=6 arteries), and sodium
chloride (n=6 arteries). Seven animals fed a chole-
sterol-enriched diet, and received a single injection
of either CPN, inactivated CPN, LPS, or sodium
chloride (n=42 arterial segments analyzed).

For injection sites, arteries were chosen that are
not predisposed to spontaneous lesion formation
because of low shear stress, such as auricular,
common carotid, and superficial femoral arteries.
The injection next to the auricular artery was
controlled macroscopically, and the injections next
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Figure 1 Experimental design of the chronic inoculation model. Animals of the chronic inoculation model were randomized to four
groups. Groups A and B were fed a cholesterol-enriched diet, and groups C and D were fed a normal diet. To investigate differences
between the chronic and single inoculation, additional seven animals were fed a cholesterol-enriched diet and received bacterial
components or saline once after 3 weeks (not shown at the chart). CPN: Chlamydophila pneumoniae, Nacl: saline.
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Table 1 Comparison of atheromatous lesion formation following local perivascular inoculation in rabbit arteries

Inoculation treatment No. of rabbits Intima media ratio No. of lesions (%) Lesion area index

Normocholesterolemia, chronic perivascular inoculation

Saline (n=5 vessel segments) _ 0.04+0.01 0/0 (0%) 0.0
LPS (n=5) jn=s 0.04+0.01 0/0 (0%) 0.0
CPN viable (n=5) _ 0.03+0.01 0/0 (0%) 0.0
CPN inactivated (n=5) } n=5 0.03+0.01 0/0 (0%) 0.0
Hypercholesterolemia, chronic perivascular inoculation
Saline (n=12 vessel segments) _ 0.11+0.01 2/12 (17%) 0.01+0.01
LPS (n=12) jn=4 0.25+0.05* 10/12 (83%)" 0.15+0.05"
CPN viable (n=12) _ 0.28-+0.08* 9/12 (75%)" 0.23+0.08!
CPN inactivated (n=12) }“ =4 0.27+0.08* 7/12 (58%)" 0.254+0.09
Saline (n=12 vessel segments) 0.114+0.03 2/12 (17%) 0.024+0.01
CPN viable (n=6) } n = 4# 0.3140.06** 5/6 (83%)" 0.1940.06%
CPN inactivated (n=6) 0.2240.07** 4/6 (67%)"" 0.1440.08%
Hypercholesterolemia, single perivascular inoculation
Saline (n=12 vessel segments) 4 0.11+0.02 3/12 (25%) 0.03+0.02
LPS (n=12) } n= 0.134+0.03 3/12 (25%) 0.04+0.02
CPN viable (n=9) _ 0.13+0.02 2/9 (22%) 0.03+0.03
CPN inactivated (n=9) } n=3 0.114+0.02 2/9 (22%) 0.03+0.02

LPS: lipopolysaccharide; CPN: Chlamydophila pneumoniae.
*These four additional hypercholesterolemic rabbits were treated by repeated injections using viable and inactivated CPN, each controlled by
saline injections on the contralateral vessel. Intima media ratio and lesion area index are expressed in mean +s.e.m. Groups were compared using

one-way analysis of variance (ANOVA), and y* test, respectively:
*P=0.002 vs control (ANOVA).

P<0.0001 vs control (y?* test).

P=0.006 vs control (ANOVA).

**P=0.023 vs control (ANOVA).

"P=0.014 vs control (y* test).

#P=0.017 vs control (ANOVA).

to the carotid and femoral arteries were guided by
an 8 MHz Doppler ultrasonic probe (KMS 5041,
Doppler 762; Kranzbiihler, Solingen, Germany)
using 1ml syringes and 25 G needles. Near auri-
cular arteries, a volume of 100 ul was administered,
and other vessels received 200ul total volume.
Serum cholesterol and triglycerides were measured
using routine techniques at weeks 6 and 16 in all
animals.

Histopathological Studies

Rabbits were killed using intravenous pentobarbital.
Carotid, superficial femoral and, auricular arteries,
and aortas were removed, preserving surrounding
adventitial tissues. After dividing into transversal
segments, vessel sections were embedded in OCT
(Sakura, Zoetervoude, The Netherlands) and snap-
frozen in liquid nitrogen. Sections (10 um) were
stained with hematoxylin and eosin, and van
Giesson’s elastic staining. A total of 162 treated
arterial sites were analyzed. Four segments were
stained per treated site, and the segment with the
highest plaque area was chosen for quantitative
analysis. Tissue slides were scanned at x 4 magni-
fication with a microscope linked to a charge-
coupled device camera (Nikon 104, Duesseldorf,
Germany) and analyzed using computer-assisted
morphometry (Adobe Photoshop version 5.0; Adobe

Systems Inc., San Jose, CA, USA). Intima media
ratio was calculated from the measured area of
intima and area of media, and lesion area index from
the lesion area related to the area of media, as
published previously.” To prevent bias from an
operator-dependent effect, morphometric analyses
were performed independently of the operator
(MGE) by CVR who was blinded towards the
perivascular treatment performed.

CPN organisms were also detected by immuno-
fluorescence using a specific monoclonal anti-
body, which was labeled by Cy2 (specific anti-
body to Chlamydia major outer membrane protein;
VIVA Diagnostik, Hamburg, Germany). Positive
controls were performed wusing CPN-infected
human Hep-2 cells (Bios Laboratory Diagnostics,
Graefelfing, Germany). All immunohistochemical
analyses were controlled using isotype-matched
antibodies, carried out to prove the specificity
of staining. A semiquantitative analysis of CPN
antigen was performed to determine whether it is
present, weak, or absent in the intima, media, or
adventitia.

Analysis of Rabbit C-Reactive Protein (CRP)
Serum Levels

To assess the degree of systemic inflammation in
rabbits after either LPS or CPN injections, serum

Laboratory Investigation (2006) 86, 467—476
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levels of CRP were analyzed by enzyme-linked
immunosorbent assay using purified chicken anti-
rabbit CRP antibody conjugated with horseradish
peroxidase and tetramethylbenzidine/hydrogen per-
oxide as chromogen substrate (Immunology Con-
sultant Laboratory Inc., Newberg, OR, USA). The
positive control was adjusted to contain 80 ng/ml of
rabbit CRP. Absorbance of the final reaction was
determined at 450 nm. Serum of hypercholesterole-
mic rabbits treated with repeated applications of
LPS (group A animals, n=4), and animals that
received recurrent CPN injections (Group B animals,
n=4) was obtained before perivascular injection
(baseline), 5 days after perivascular application
(week 4, time point of the maximum local reaction),
and before being killed (week 16).

Polymerase Chain Reaction (PCR) Analysis

Frozen tissue was digested with proteinase K. CPN
DNA was detected by a nested PCR. Following
primers were used: Cpn104V (GCGGAAGGGTTAG
TAGTA), Cpn654R (CCCTTTTCCCCATCTATC), PCR
product 570 bp; Ctr182V (GATATTTGGGCATCCGC),
Ctr625R (TAGTATTAGATGCCGACTC), PCR pro-
duct 460bp in 30 cycles each, with an annealing
temperature of 60°C. Molecular weight marker VIII
obtained from Boehringer Mannheim (Mannheim,
Germany) was used for size calculation. Molecular
weight marker VIII is a mixture of pUC21 cleaved
with Hpdll and, for the lower molecular weight
range, pUC21 with HindIIl/Dral.

Statistical Analysis

Results are expressed in means+s.e. Intima media
ratio and lesion area index between groups were
compared by one-factorial analysis of variance.
Sample sizes determined to assess a difference
of 0.15 in lesion area index with an 80% power
and an o error of 5% would require six segments for
each treatment group. The number of lesions
occurring in each group was compared using y*
test. A level of P<0.05 was taken to indicate
statistical significance (SPSS release 12.0.1, SPSS
Inc., Chicago, IL, USA).

Results
Clinical and Laboratory Findings

Perivascular injections of viable or inactivated
CPN or LPS resulted in transient development of
erythema at the auricular application site. The
peak skin reaction was observed at day 1 after
application and differed in size significantly from
the site of control injection. Mild erythema lasted
for 4 days and resolved in all animals. Serum
cholesterol at week 16 did not differ between
both hypercholesterolemic groups (group A: 1440+

Laboratory Investigation (2006) 86, 467—476

320mg/dl; group B: 1637 +520, P=NS). Following
repeated LPS/saline applications (group A), hyper-
cholesterolemic animals demonstrated a slight
increase of CRP levels, which persisted until
being killed (CRP at baseline: 0.03+0.001 mg/dl;
week 4: 0.28 +0.13 mg/dl; week 16: 0.28 +0.09 mg/dl,
P=0.15). After chronic CPN viable/inactivated
applications, hypercholesterolemic rabbits (group
B) developed similar CRP elevations (CRP at base-
line: 0.04+0.006 mg/dl; week 4: 0.65+0.32mg/dl;
week 16: 0.43 +0.1mg/dl, P=0.13). The serum CRP
levels did not differ significantly between LPS- and
CPN-treated animals (baseline: P=0.24; week 4:
P=0.32; week 16: P=0.31).

Effects of CPN on Lesion Development

Repeated perivascular application of viable CPN
resulted in an increase of atheromatous lesion
formation in comparison to control injections using
sodium chloride after 16 weeks of high cholesterol
feeding. Following repeated infection with viable
CPN, in nine out of 12 vessels, atheromatous lesions
were detectable compared to two out of 12 control
vessels after treatment with saline. Lesion area
index following chronic infection with viable CPN
was also significantly increased (0.23+0.08 vs
0.01+0.01, P=0.006; Figure 2a) Atheromatous
lesion induction was also observed in arterial
segments treated with either inactivated CPN or
E. coli LPS (lesion area index was 0.25+0.09,
0.15+0.05 vs 0.01+0.01, P=0.006; Figure 2a, Table 1),
although plaque formation was more prominent in
vessel segments following inoculation using viable
CPN. Figure 3 shows representative hematoxylin
and eosin stainings of carotid arteries following
perivascular inflammation in hypercholesterolemic
animals. Lesions consisted mainly of macrophages
and smooth muscle cells. Chronic inactivated CPN
inoculation also induced an increased lesion forma-
tion when compared to controls (seven out of 12 vs
two out of 12, P<0.001; see Figure 2b, Table 1). The
histomorphology of the lesions corresponded to
stage II of the Stary classification with predominat-
ing macrophages and vascular smooth muscle cells
(VSMGCs).?° Following chronic infection, arteries
treated with viable CPN demonstrated no or only
scarce presence of leukocytes in the adventitia
and no infiltration of the media. After repeated
injections of inactivated CPN or LPS, no cellular
infiltration was observed.

Histomorphological analysis of the four additional
hypercholesterolemic animals, which were treated
by repeated injections using viable, and inactivated
CPN, respectively, each controlled by sodium
chloride injections next to the contralateral arteries
demonstrated similar findings. Atheromatous
lesions were observed in two out of 12 (17%)
segments in control vessels compared to five out
of six segments (viable CPN, 83%) and four out of
six segments (67%) after repeated application of
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Figure 2 Atheromatous lesion formation following chronic and
single bacterial inoculation. Graph shows lesion area index (a)
and occurrence of lesions (in %) (b) in both normocholester-
olemic and hypercholesterolemic animals. Ctrl: saline injections;
LPS: lipopolysaccharide; CPN: viable Chlamydophila pneumo-
niae; iCPN: heat-inactivated CPN. Lesion area index in normal-
diet groups was 0.0 as no lesions developed. n=number
of segments treated; *P<0.001, "P=0.017, *P=0.014 when
compared to control. *lesion area index and lesion formation
of additional rabbits that received repeated applications of
CPN, or iCPN next to arteries, and sodium chloride next to
the contralateral arteries to exclude influences of injection of
organisms onto atheromatous lesion formation of the contralateral
sites.

inactivated CPN (P=0.014). Lesion area index
was also significantly increased following viable
(0.19+0.06) or inactivated CPN injections (0.14 +
0.08) when compared to saline control segments
(0.024+0.01, P=0.017).

The single inoculation of neither viable CPN,
heat-inactivated CPN, nor LPS in hypercholestero-
lemic rabbits resulted in plaque formation (lesion
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area index: 0.03+0.03, 0.03+0.02, 0.044+0.02 vs
0.034+0.02 in saline-treated controls, P=0.965; see
Table 1, Figure 2a and b).

Under conditions of normocholesterolemia,
neither atheromatous lesion formation nor intimal
thickening was observed following repeated appli-
cations (lesion area index 0.0 vs 0.0, P=1.0, viable
CPN vs inactivated organisms; Figure 2a and b).

Vascular Presence of CPN after Perivascular Infection

CPN DNA was detected by nested immunofluores-
cence and PCR in eight out of 12 arterial segments
(67%) treated repeatedly with viable CPN (Figures 4
and 5). CPN persisted predominantly in macro-
phage-rich lesions (Figure 4a), but were also
detected in media and in the adventitia to a
comparable extent (Figure 4c and d). Six out of 12
segments (50%) treated with inactivated CPN were
also positive using PCR (P=0.680), whereas CPN
antigen detection in these arterial tissues was
negative or very weak using immunofluorescence.
Arteries treated by repeated inoculation of LPS were
tested to be negative for Chlamydia, either by PCR or
by immunofluorescence.

Systemic Spread of CPN after Perivascular Infection

In remote tissue specimens (lung, spleen, lymph
nodes), CPN DNA was detected to be very weak in
lung tissue and paracarotid lymph nodes by nested
PCR in one animal. In all other tissues CPN were
absent.

Discussion

Although infection with CPN has been associated
with atherosclerosis,*" the role of the organism in
the context of atherogenesis is still not sufficiently
defined to draw conclusions regarding clinical
relevance.”” Using hypercholesterolemic rabbits,
we have demonstrated that chronic perivascular
application of CPN or its components results in
increased atheromatous lesion formation. Previous
investigations comprised a variety of in vivo models
(mostly mice, rabbits) to assess a possible causal
relationship between CPN and atherogenesis. In
these models, an intranasal route was used to
generate the chlamydial infection. In LDL receptor-
deficient mice, the infection with CPN AR-39
resulted in significant plaque formation and was
shown to be specific for CPN."® The disadvantage of
intranasal inoculation models is that the location
of manifestation of infected plaque lesions is
not predictable owing to the systemic application
route.?**?® The local intramural access by Muhlestein
et al and the perivascular approach in the present
investigation address this problem. Local inflamma-
tions or infections of arterial segments were created
by perivascular inoculation in order to investigate

471
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Figure 3 Histomorphology of arterial vessels following chronic perivascular inoculation. Hematoxylin and eosin staining of carotid
arteries following chronic perivascular inoculation in hypercholesterolemic experimental animals. (a) saline; (b) lipopolysaccharide;
(c) inactivated C. pneumoniae (CPN); and (d) chronic infection using viable CPN. Bar represents 250 pm.
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Figure 4 Detection of C. pneumoniae (CPN) in chronically infected arteries. (a) Detection of Chlamydophila major outer membrane
protein in an atheromatous lesion (L) of a hypercholesterolemic rabbit (arrows). (b) Detection of CPN inclusion bodies in human Hep-2
cells (positive control). CPN was also detected in adventitial tissue (¢) and throughout arterial media (d). Immunofluorescence,
counterstaining using Evans’ blue. IEL: internal elastic membrane, M: media. Bars represent 50 um.

the impact of CPN or bacterial components onto  spontaneous lesion formation induced by hyper-
a predefined vessel wall segment. Furthermore, cholesterolemia alone.

sites of injection next to rabbit arteries are not The histomorphology of the induced lesions did
predisposed to shear stress in order to rule out not differ in all groups treated with CPN or

Laboratory Investigation (2006) 86, 467—476
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Figure 5 Detection of C. pneumoniae (CPN) DNA using nested
PCR in chronically infected arteries. Nested PCR demonstrates
CPN DNA in vessels following chronic infection with viable
organisms (lanes 2, and lane 3), whereas no DNA was detected
following application of inactivated CPN (lanes 1, and lane 4).
VIII/VIIIa: molecular weight standard.

components, with lesions corresponding to stage II
of the Stary classification with predominating
macrophages and VSMCs.** More recently, accelera-
tion of complex atherosclerotic lesions was demon-
strated in Apo E3-Leiden mice.*®

The induction of atheromatous lesions induced by
CPN AR-39 did not depend on the replication status
of bacteria as both viable and heat-inactivated
bacteria as well as Gram-negative membrane com-
ponents such as LPS caused similar effects in vivo.
The direct impact of inactivated CPN onto the vessel
wall has not yet been compared to viable organisms
in vivo. Our findings are in contrast to a recently
published study, which demonstrated that heat-
inactivated CPN organisms are not atherogenic.'® In
contrast to our model, Sharma et al used a natural
infection route via intranasal inoculation of inacti-
vated CPN in an LDL—/— mice model, suggesting
facilitated degradation of inactivated organisms by
the natural immune response. However, recent
investigations suggested that CPN antigens rather
than viable bacteria persist in human atherosclerotic
lesions, detecting CPN antigen in the absence of
DNA or 16S rRNA.?” CPN infection promotes a
proliferative phenotype in VSMCs via transcription
factor Egr-1 activation resulting in accelerated
plaque growth.?® Local delivery of CPN in LDL
receptor —/— mice resulted specifically in pro-
nounced atherosclerotic lesions with a more vulner-
able morphology accompanied by a marked
upregulation of macrophage chemoattractant pro-
tein-1 and intracellular cell adhesion molecule-1, as
determined on mRNA and protein level.?**° More-
over, Kalayoglu et al demonstrated that LPS of CPN
induces cholesteryl ester accumulation and foam
cell formation from macrophages in vitro. This was
confirmed by results found in our control group
treated with repeated perivascular applications of
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E. coli LPS, demonstrating lesion induction, which
was prominent, but less intense than following
chronic application of CPN (Figure 2). The plaque-
promoting effect following local®' application was
similar to results obtained by Lehr et al using
repeated systemic administrations of approximately
twice the cumulative dosage of LPS in rabbits,
which resulted in increased atherosclerosis as
compared with control animals under conditions
of hypercholesterolemia. Corresponding with this
observation, Gram-negative LPS (from E. coli)
induced lipid accumulation and foam cell formation
from macrophages in vitro,’”> a mechanism that may
explain increased plaque formation demonstrated
in vivo by our group and others."®**=*¢ Other
bacterial components, such as Chlamydia heat-
shock protein (cHSP) 60, were shown to be asso-
ciated with the presence of CPN in atheromatous
plaques.?” Kol et al’®**° demonstrated that cHSP 60
has been localized in human atheroma and activated
human vascular endothelium, smooth muscle cells,
and macrophages.

However, plaque progression following chronic
CPN infection may result from the vasculotropism
and the ability of CPN to persist in VSMCs and
atheromatous plaques,****" whereas other bacteria
such as E. coli or C. trachomatis have never been
detected in plaque tissues. The vasculotropism of
CPN was recently demonstrated in an ex vivo
human renal artery model, where LPS from CPN
could be detected broadly in arteries following
local infection; however, in this study, recultivation
of viable organisms failed in all cases.** The
atherogenic effect of bacterial products demon-
strated in the current investigation did not depend
on the systemic inflammatory response, as hyper-
cholesterolemic animals that received repeated
applications developed a comparable slight increase
of serum CRP.

In contrast to the chronic infection following
repeated bacterial application, neither single appli-
cations of viable CPN nor inactivated organisms
resulted in atheromatous lesion development in
hypercholesterolemic rabbits. The lesion promotion
effect of the bacterial organisms or components was
restricted to conditions of hypercholesterolemia. In
normocholesterolemic animals, CPN, inactivated
CPN, or LPS were not able to self-induce athero-
matous lesions by theirself in the absence of major
atherogenic stimuli, suggesting that infectious
agents rather act as secondary cofactors. Focal
intimal thickening and leukocyte migration after
administration of LPS have previously been de-
scribed in a rat model without cholesterol feeding.**
Transient migration of VSMGCs into neointima
resulting from perivascular inflammation using
LPS from E. coli in normocholesterolemic rabbits
has been described previously by our group.”
Further studies on lesion initiation during the early
phase of the inflammatory injury are needed as we
did not observe significant presence of inflammatory



cells after 16 weeks of repeated infections using CPN
either in its viable or in inactivated form. Moreover,
the local inoculation of fractionated bacterial com-
ponents will allow identification of atherogenic
factors.

However, despite evidence from these experimen-
tal studies, most clinical trials did not demonstrate
beneficial effects of macrolide treatment on clinical
outcome or reduction of cardiovascular events in
patients suffering from ischemic heart disease.'>™"”
The inability of chlamydial or bacterial components
to initiate atheromatous lesions in the absence of
major risk factors, such as hypercholesterolemia, as
demonstrated in the present study may implicate
one reason for failure of antibiotic treatment in
coronary disease. Others may be the difficulty in
treating chronic chlamydial infections with antimi-
crobial agents owing to the intracellular nature of
the organism and the ability to exist in a persistent,
nonreplicative, state within the host.”

The current perivascular inflammation model
allowed the assessment of the chronic impact of
defined dosages of different bacterial pathogens
onto predefined sites of the vascular wall in the
context of atherogenesis. However, the model is
limited by the artificial way of presenting bacterial
pathogens to the vascular wall as those bacteria
that have been shown to be atherogenic (ie CPN)
are usually transmitted via the respiratory tract.
The presence of chlamydial major outer membrane
protein using immunohistochemistry in all layers
of the inoculated arteries implies transport of
the organisms into intimal and medial compart-
ments via vasa vasorum or migration of infected
VSMCs or macrophages throughout the vessel
wall. CPN is able to infect VSMC and to induce
aponecrosis of human aortic smooth muscle cells,
as recently shown by Dumrese et al.** In addition,
further studies may focus on the time course of
inflammatory changes and the fate of chlamydial
components throughout the vessel wall as we
observed a difference in the presence of chlamydial
antigen between viable and inactivated bacteria
applications.

In summary, chronic perivascular administration
of viable CPN next to rabbit arteries, which are
not predisposed to shear stress resulted in signifi-
cant plaque formation, only in the case of hyper-
cholesterolemia. This observation was independent
of the replication state of the bacteria as comparable
effects were demonstrated following application of
inactivated organisms. The plaque-promoting effect
was also present by repeated local perivascular
administrations of E. coli LPS, supporting hypo-
thesis that the response to injury of arteries,
following the presence of bacterial products is a
nonspecific inflammatory cascade that results in
atherogenesis. These data suggest that chronic
presence of CPN or CPN components appears as
cofactors in atherogenesis requiring other major risk
factors such as hypercholesterolemia.
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