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Abstract
The association of Chlamydia pneumoniae and atherosclerosis has been well documented.
Recently, it has been demonstrated that C. pneumoniae upregulates expression of the lectin-like
ox-LDL receptor (LOX-1) in endothelial cells. Many of the pro-atherogenic effects of ox-LDL
occur through its activation of and uptake by LOX-1. This class E scavenger receptor contains a
carbohydrate recognition domain common to the C type lectin family. Previously, we have
demonstrated that the major outer membrane protein of the chlamydiae is glycosylated and glycan
removal abrogates infectivity of C. pneumoniae for endothelial cells. In this study, we investigated
whether C. pneumoniae binds to LOX-1. The results show that 1) infection of endothelial cells by
C. pneumoniae is inhibited by ligands that bind to the LOX-1 receptor, but not by ligands binding
to other scavenger receptors; 2) anti-LOX-1 antibody inhibits C. pneumoniae infectivity, while
antibodies against other scavenger receptors do not; 3) anti-LOX-1 antibody inhibits attachment of
C. pneumoniae to endothelial cells; and 4) C. pneumoniae co-localizes with LOX-1. These effects
were not observed for Chlamydia trachomatis. In conclusion, C. pneumoniae binds to the LOX-1
receptor, which is known to promote atherosclerosis.
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1. Introduction
The association of Chlamydia pneumoniae and atherosclerosis has been documented by the
detection of the organism in atheromatous lesions by immunohistochemistry and PCR and
by isolation of viable organisms from the plaques [1]. Subsequently, a pathogenic role of C.
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pneumoniae in atherosclerosis has been demonstrated experimentally in animal models of
atherosclerosis, in which infection of hyperlipidemic [2], but not normolipidemic animals
[3], accelerates the development of atherosclerosis. This atherogenic property is unique to C.
pneumoniae because Chlamydia trachomatis, another human chlamydial pathogen, has not
been detected in atheromas [4], nor does infection of hyperlipidemic mice with C.
trachomatis accelerate plaque development [5].

In 1997, Sawamura et al. identified a novel receptor for oxidized-low density lipoprotein
(ox-LDL) in vascular endothelial cells which he designated LOX-1 for lectin-like ox-LDL
receptor [6]. LOX-1 expression is increased in hyperlipidemia and atherosclerotic lesions
and many of the pro-atherogenic effects of ox-LDL occur through its binding to and uptake
by LOX-1 [7]. Activation of LOX-1 induces a plethora of events including up-regulation of
pro-atherogenic factors including adhesion molecules, matrix metalloproteinases, and
monoctye chemoattractant protein-1 (MCP-1) [8–10]. LOX-1 is a class E scavenger receptor
(SR), which is distinct from class A and B SRs. This receptor was found also in
macrophages and smooth muscle cells [11]. LOX-1 has a broad ligand specificity including
polyinosinic acid, polysaccharides, phospholipids and bacteria. The latter has led to the
suggestion that SRs may provide a mechanism for recognition and internalization of
pathogens [11].

We have previously determined that the major outer membrane protein (MOMP) of C.
trachomatis is glycosylated, the structure of the carbohydrate is an N-linked high mannose
type oligosaccharide, and the high mannose oligosaccharide mediates attachment and
infectivity of C. trachomatis, C. psittaci and C. pneumoniae [12]. We further determined
that the mannose-oligosaccharide of C. pneumoniae, but not C. trachomatis, is
phosphorylated, which may account for differences in receptor usage and pathogenesis [13,
14]. Specifically, we demonstrated that C. pneumoniae uses the mannose 6-phosphate
receptor on endothelial cells. Removal of the chlamydial glycan abrogates infectivity of C.
pneumoniae for endothelial cells. However, pre-incubation of cells with ligands that bind to
the mannose 6-phosphate receptor or antibodies against this receptor significantly decreases
infectivity, but does not completely inhibit infection, suggesting that an additional receptor
may also bind the C. pneumoniae glycan. Recently, Yoshida et al. [15] demonstrated that C.
pneumoniae up-regulates LOX-1 expression on endothelial cells and promotes uptake of ox-
LDL. Because the LOX-1 receptor has a carbohydrate binding domain and multifactorial
effects in atherogenesis, we evaluated whether C. pneumoniae binds to the LOX-1 receptor
on human endothelial cells.

2. Materials and methods
2.1. Chlamydial organisms and cell lines

C. pneumoniae AR-39 and C. trachomatis E/UW-5/Cx and L2/434/Bu were grown in HL
(human line) cells and HeLa cells, respectively. Organisms were purified by Hypaque
gradient centrifugation [16]. Purified organisms were suspended in sucrose-phosphate-
glutamic acid (SPG) buffer and stored at −70°C in aliquots until used. Human micro-
vascular endothelial cells (HMEC-1) were originally obtained from E.W. Ades (Centers for
Disease Control and Prevention, Atlanta).

2.2. Reagents
The following reagents were used: low density lipoproteins (LDL) including oxidized LDL
(ox-LDL), acetylated LDL (ac-LDL) and native LDL (n-LDL), polyinosinic acid (poly I),
polycytidylic acid (poly C), phosphatidyl choline and phosphatidyl serine. Ox-LDL, poly I
and phosphatidyl serine are known to bind to LOX-1 while poly-C and phosphatidyl choline
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do not (11). Poly I, poly C, phosphatidyl serine, and phospatidyl choline were obtained from
Sigma (Sigma, Corp., St. Louis, MO). LDL was obtained from Dr. Alan Chait (University of
Washington School of Medicine, Seattle WA), which had been isolated from healthy,
normolipidemic donors by ultracentrifugation as described previously [17]. LDL was
dialyzed agains 0.15 M NaCl and 0.05% EDTA and stored under nitrogen. LDL was used
within one week of isolation. Ox-LDL was generated by incubating LDL (300 µg/ml) in the
presence of 5 µmol/litter copper sulfate for 18 hr at 37°C (18). Acetylated LDL (ac-LDL)
was made by adding acetic anhydride to LDL at a ratio of 1.5 ml per milligram of LDL
protein over a 1 hour period followed by dialysis in normal saline containing 1.0 mMol/L
EDTA for 8 hrs [19]. Alternatively, LDLs were obtained from Sigma.

2.3. Anti-receptor antibodies
Antibodies tested were anti-human monoclonal antibodies (MAbs) against scavenger
receptors including MARCO, a member of the type A family (anti-MARCO, Cell Sciences,
Inc., Canton, MA), CD36 (Cell Sciences, Inc., Canton, MA), a member of the type B family,
LOX-1 (anti-SR-E1, R&D Systems, Inc., Minneapolis, MN) and anti-human polyclonal
antibody against SREC-1, a member of the type F family (SR-F) (anti-SREC-I, Hycult
Biotechnology, Inc., the Netherlands).

2.4. Infectivity inhibition assay
Endothelial cells were plated in 24 well plates to a confluency of 4 × 105 cells. Cells were
incubated with 0.2 ml of the appropriate antibody dilution or PBS for 1 hr before
inoculation. Alternatively, cells were treated with 0.2 ml of ligands of scavenger receptors or
PBS for 1 hr prior to infection. Infected cells were cultured for 3 days. Infectivity titers were
determined by inclusion counts following fluorescence antibody stain with the Chlamydia
genus specific antibody CF-2 [20].

2.5 Binding assays
For binding assays, organisms were metabolically labeled with [35S] methionine as
described previously [21]. Endothelial cells were treated with antibody or PBS for 1 hr,
inoculated with organisms, and adsorbed for 2 hrs at 4°C (organisms attach, but do not enter
host cells) with gentle rocking. After being washed with PBS to remove unbound radiolabel,
cells were harvested, briefly sonicated in a water bath sonicator, and transferred to a
scintillation vial and scintillation fluid added (Biodegradable counting scintillant,
Amersham, Arlington Heights, Ill). Radioactivity was counted in a scintillation counter
(Analyzer Model 6000, Beckman Coulter, Inc., Brea, CA).

2.6. Co-localization of C. pneumoniae with LOX-1 receptor
Co-localization of C. pneumoniae and the LOX-1 receptor was performed by incubation of
C. pneumoniae with endothelial cells at 4°C for 30 min to permit attachment, but not
internalization. Following fixation of the cells with paraformaldehyde, double
immunofluorescence labeling of infected cells was done by staining the LOX-1 receptor
with anti-LOX-1 as the primary antibody followed by goat anti-mouse IgG conjugated to
Texas Red (red fluorescence). After multiple washes of slides with PBS, Chlamydia were
stained with FITC conjugated monoclonal antibody (green fluorescence). For experiments
using anti-SR-A and SR-F as primary antibodies, Alex-Fluor 549 conjugated to rabbit anti-
mouse IgG and Alex-Fluor 647 conjugated to rabbit anti-goat IgG (Life Technologies,
Carlsbad, CA), respectively, were used. Co-localization was determined by confocal
fluorescence microscopy using a LSM5 PASCAL Zeiss or a LSM 510 Zeiss confocal
microscope.
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3. Results
3.1. Infectivity of C. pneumoniae is inhibited by ligands that bind to the LOX-1 receptor

Of the scavenger receptors that have been tested, all bind ox-LDL but differ in other ligand-
binding properties. For example, Class A, B, C, and F SRs bind ac-LDL, while the LOX-1
receptor does not [11]. LOX-1 also does not bind n-LDL [11]. Poly I and phosphatidyl
serine are ligands for LOX-1, while LOX-1 does not bind poly C or phosphatidyl choline [6,
11, 22, 23, 24]. The other SRs differ in binding one or more of these ligands (see reference
11). Thus, hapten inhibition assays were conducted to determine whether ligands that bind to
the LOX-1 receptor affect C. pneumoniae infection of endothelial cells. As shown in Fig. 1,
infectivity of AR-39 was significantly inhibited in a dose dependent manner by ox-LDL at
concentrations ranging from 3.75 to 30 µg/ml, but not by n-LDL or ac-LDL. Higher
concentrations of n-LDL and ac-LDL (tested up to 125 µg/ml) also had no effect on C.
pneumoniae infection of endothelial cells (data not shown). In addition, phosphatidyl serine
and poly I, which bind to LOX-1, also significantly inhibited C. pneumoniae infection (60%
inhibition at 31.25 ug/ml and 79 % inhibition at 125 ug/ml, respectively) while phosphatidyl
choline and poly C had no effect at these concentrations (Figs. 2A and 2B). In contrast, none
of these ligands inhibited infectivity of C. trachomatis serovars E or L2 (Figs. 1B, 2A and
2B).

3.2. Anti-LOX-1 antibody inhibits C. pneumoniae infectivity while antibodies against other
scavenger receptors do not

The effect of anti-LOX-1 antibody on infectivity was determined in order to confirm the
finding of the hapten inhibition assay. Anti-LOX-1 MAb inhibited the infectivity of C.
pneumoniae in a dose dependent manner (Fig. 3A). The inhibition ranged from 33% to 60%
at 2 to 10 ug/ml of antibody (p<0.01). In contrast, 10 ug/ml of LOX-1 MAb had no effect on
infectivity of C. trachomatis serovars E or L2 (Fig. 3A). To ascertain whether inhibition of
C. pneumoniae infectivity by anti-LOX-1 antibody was specific, similar experiments were
conducted by using MAbs against MARCO (SR-A family) and CD36 (SR-B family) as
negative controls, because there is little or no expression of these receptors on endothelial
cells. Neither of these antibodies significantly inhibited infectivity of C. pneumoniae (data
not shown).

To determine whether C. pneumoniae may also use another SR known to be expressed on
endothelial cells, antibody against the SREC-I receptor (SR-F family) was tested. The
SREC-1 receptor binds oxLDL and acLDL (11). No effect was observed (Fig. 3A).

3.3. Anti-LOX-1 antibody inhibits attachment of C. pneumoniae, but not C. trachomatis, to
the endothelial cells

Whether the anti-LOX-1 monoclonal antibody inhibits attachment of C. pneumoniae to the
LOX-1 receptor was examined by doing the binding assay at 4°C. At this temperature, the
organism attaches to the host cell, but does not enter. Preincubation of HMEC-1 cells with
anti-LOX-1 monoclonal antibody inhibited attachment of C. pneumoniae to HMEC-1 cells
in a dose response manner (Fig. 3B), but had no effect on C. trachomatis (Fig. 3C). In
contrast, antibodies against SR-F or SR-A (as a negative control), had no effect on
attachment of C. pneumoniae (Fig. 3B) or C. trachomatis (Fig. 3C).

3.4 C. pneumoniae co-localizes with the LOX-1 receptor
To further confirm that C. pneumoniae binds to the LOX-1 receptor, a co-localization
experiment was conducted by double immunofluorescent labeling using green (FITC-
conjugated anti-chlamydial antibody) for staining C. pneumoniae (Fig. 4, panel A) and red
(anti-LOX-1 antibody and goat anti-mouse conjugated to Texas Red) for staining the LOX-1
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receptor (Fig. 4, panel B). The binding assay was conducted at 4oC for 30 min to permit
attachment but not internalization. As shown in Fig. 4 panel C, in which panels A and B are
superimposed, extensive co-localization was observed with C. pneumoniae and the LOX-1
receptor. In contrast, C. pneumoniae does not co-localize with the SREC-I receptor (Fig. 5,
panels A–C). No non-specific staining nor co-localization was observed when staining with
antibodies against SR-A, which is not expressed on endothelial cells (Fig. 5, panels D–F)

4. Discussion
We have previously shown that the MOMP of C. trachomatis is glycosylated and the
structure of carbohydrate on the MOMP is an N-linked high-mannose type oligosaccharide
[12]. Importantly, glycopeptides containing high-mannose oligosaccharide inhibited
attachment of C. trachomatis, C. psittaci, and C. pneumoniae to HeLa cells [12]. Because of
the sugar binding activity of lectins, which have carbohydrate-recognition domains [25], we
proposed that one mechanism of pathogen/host interaction involved attachment of the high
mannose oligosaccharide glycan to lectin-like receptors on the host cell. By hapten
inhibition experiments using ligands that are recognized by the mannose receptor or
mannose 6-phosphate receptor (M6PR), we demonstrated that C. trachomatis uses the
mannose receptor while C. pneumoniae uses the M6PR for infection [14, 26]. In addition we
have now presented data suggesting that C. pneumoniae can also bind to the LOX-1
receptor, the major scavenger receptor on endothelial cells.

A recent study by Wang et al. used a systems biology approach to identify network and
modules involved in C. pneumoniae entry followed by gene knockdown experiments
targeting critical network components (27). These included proteins known to serve as
receptors (CXCR7, integrin beta chain 2, and VCAM-1) in entry of other pathogens. While
individual gene knockdowns significantly inhibited C. pneumoniae entry in endothelial cells
and Hep-2 cells, none completely blocked infectivity. Knockdown of combinations of 3 or 6
of these proteins increased inhibition of infectivity to >80%, but did not completely ablate
infectivity. Similarly, in our studies using either hapten inhibition or antibody blocking of
the M6PR (14) or the LOX-1 receptor, only a partial reduction in infectivity was observed.
While combined use of antibodies against both the M6PR and LOX-1 receptor resulted in
increased inhibition in comparison to either alone, infectivity of endothelial cells was not
abrogated (unpublished data). Cumulatively, these studies suggest that C. pneumoniae can
utilize more than one receptor for cell entry.

The finding that C. pneumoniae binds to the LOX-1 receptor suggests a possible mechanism
for C. pneumoniae atherogenesis, because LOX-1 is a receptor for ox-LDL and binding of
ox-LDL to LOX-1 is known to induce endothelial dysfunction. In 2006, Yoshida et al [15]
reported that infection of HUVEC cells with C. pneumoniae enhances uptake of ox-LDL
and expression of LOX-1 mRNA. In addition, preliminary results suggest that intranasal
inoculation of mice with C. pneumoniae induces LOX-1 expression in both the lung and
aorta (Campbell et al. Proceedings of the 12th International Meeting on Human Chlamydial
Infections).

In this current study, hapten inhibition and antibody neutralization assays were used to
demonstrate that C. pneumoniae uses LOX-1 receptor for infection of human endothelial
cells. The patterns of those ligands that inhibit C. pneumoniae infectivity are consistent with
the binding specificities of LOX-1 receptor, which differ from other SRs [11]. Antibody
neutralization assays using antibodies against SR representative of other SR families further
showed that C. pneumoniae binds to the LOX-1 receptor, but not SR-A, SR-B, and SR-F,
which are major scavenger receptors for modified LDL. In addition, these studies
demonstrate that the inhibition of C. pneumoniae infectivity was specific as antibodies
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against the other SRs that were tested had no effect, and anti-LOX-1 antibody had no effect
on infectivity of C. trachomatis for endothelial cells. We have previously shown that
primary peritoneal macrophages from SR-A knockout mice were as susceptible to C.
pneumoniae infection as macrophages isolated from wild type mice [28]. Consistent with
evidence that C. pneumoniae binds to the LOX-1 receptor were the confocal microscopy
studies demonstrating that C. pneumoniae co-localizes with the LOX-1 receptor (Fig. 4) and
not with SREC-I (SR-F) (Fig. 5). Most importantly, C. trachomatis, which has not been
detected in human atheromatous lesions and has been shown not to accelerate
atherosclerotic lesion development in an animal model of atherosclerosis, did not bind to
LOX-1. This was further demonstrated by the lack of any effect on C. trachomatis
infectivity of endothial cells by ligands that bind to LOX-1 or anti-LOX-1 antibody.

The current study is also compatible with the existing knowledge on the effect of C.
pneumoniae on atherogenesis. For example, intranasal inoculation of normolipidemic mice
induces transient infection of the aorta, but does not induce atherosclerosis [3]. However,
intranasal inoculation of hyperlipidemic mice with C. pneumoniae induces prolonged
infection of the aorta and accelerates the development of atherosclerosis in C57BL/6J fed an
atherogenic diet and ApoE−/− mice, which spontaneously develop atherosclerosis [2, 29]. It
has been shown that LOX-1 expression is increased in hyperlipidemia and atherosclerotic
lesions [7, 30]. Many of the pro-atherogenic effects of ox-LDL occur by its binding to and
uptake by LOX-1. Activation of LOX-1 by ox-LDL binding in endothelial cells induces a
plethora of events including the up-regulation of MCP-1, ICAM-1, VCAM-1, E-selectin, P-
selectin, MMP-1 (collagenase) and MMP-3 (stromelysin-1) expression [8, 9, 10, 31], which
leads to adherence of monocytes to endothelial cells, release of superoxide anion and a
reduction in the release of NO [27]. Interestingly, C. pneumoniae infection of endothelial
cells has been shown to induce a similar pattern of responses including up-regulation of
MCP-1, ICAM-1 and VCAM-1 [32, 33]. MMP-1 and MMP-3 are up-regulated in
monocytes and/or smooth muscle cells by C. pneumoniae [34]. Indeed, C. pneumoniae
infection increases production of MMP-2 and MMP-9 in LDLR/ApoE double knockout
mice and reduces the fibrous cap area, suggesting that C. pneumoniae could contribute to
plaque erosion [35].

In conclusion, this study demonstrates that C. pneumoniae binds to the LOX-1 receptor,
which plays a key role in atherogenesis.
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Fig. 1.
Effects of LDLs on Chlamydia pneumoniae infectivity of endothelial cells. Endothelial cells
(HMEC-1) were incubated with 0.2 ml of the indicated LDL concentrations or PBS for 1 hr
prior to infection. Infectivity titers were determined by inclusion counts following staining
with the Chlamydia genus specific antibody CF-2. Infectivity titers (inclusion counts) of
LDL treated cells were compared with PBS treated cells (control) and are denoted as percent
of control on the y axis. Panel A - effect of native LDL (n-LDL), acetylated LDL (ac-LDL)
and oxidized LDL (ox-LDL) on C. pneumoniae infectivity (three coverslips were counted
per concentration tested). Panel B - effect of ox-LDL on C. trachomatis serovars E (UW-5)
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and L2 (three coverslips were counted per concentration tested). A representative
experiment is shown.
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Fig. 2.
Effect of ligands that bind to different scavenger receptors on C. pneumoniae infectivity.
Endothelial cells (HMEC-1) were incubated with 0.2 ml of the indicated ligand
concentrations or PBS for 1 hour prior to infection. Infectivity titers were determined by
inclusion counts following staining with the Chlamydia genus specific antibody CF-2.
Infectivity titers of ligand treated cells were compared with PBS treated cells (control) and
are denoted as percent of the control on the y axis. Three coverslips were counted for each
ligand concentration tested. Panel A - effect of phosphatidyl serine (P serine and
phosphatidyl choline (P choline) on C. pneumoniae (AR-39) and C. trachomatis serovars E
(UW-5) and L2. Panel B - Effects of polyinosinic acid (poly I) and polycytidylic acid (poly
C) on C. pneumoniae and C. trachomatis serovars E (UW-5) and L2 (three coverslips were
counted per concentration tested. A representative experiment is shown.
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Fig. 3.
LOX-1 monoclonal antibody inhibits attachment and infectivity of Chlamydia pneumoniae.
Panel A. Effects of antibodies against different classes of scavenger receptors on C.
pneumoniae infectivity. Endothelial cells (HMEC-1) were incubated with 0.2 ml of the
indicated antibody concentrations or PBS for 1 hour prior to infection. Infectivity titers were
determined by inclusion counts following staining with the Chlamydia genus specific
antibody CF-2. Infectivity titers of antibody treated cells were compared with PBS treated
cells (control) and are indicated as percent of the control. Three coverslips were counted for
each assay. Panel B. Binding assays using metabolically labeled C. pneumoniae (AR-39)
organisms. Endothelial cells were incubated for 1 hr with anti-LOX-1, anti-SRA, anti-
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SREC-I receptor antibody or PBS. Subsequently, cells were inoculated with radiolabeled
organisms at 4°C (organisms attach, but are not internalized). After washing of cells,
radioactive counts were determined. Assays were done in triplicate. Panel C. Binding assays
using metabolically labeled C. trachomatis (UW-5) organisms. Binding assays were done as
described in Panel B. A representative experiment is shown.
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Fig. 4.
C. pneumonaie colocalizes with the LOX-1 receptor. Endothelial cells were inoculated with
C. pneumoniae at 4°C for 30 min to permit attachment, but not internalization. Following
fixation of cells, double immunofluorescence labeling of infected cells was done by staining
the LOX-1 receptor by incubating with anti-LOX-1 antibody followed by goat anti-mouse
IgG coupled to Texas Red and Chlamydia with FITC conjugated monoclonal antibody
(green fluorescence). Co-localization was determined by confocal fluorescence microscopy
using a LSM5 PASCAL Zeiss confocal microscope. Panel A - Staining of C. pneumoniae
with the genus specific FITC conjugated CF2 antibody. Panel B - Staining of endothelial
cells with anti-LOX-1 receptor monoclonal antibody. Panel C - Panels A and B are
superimposed demonstrating extensive co-localization of C. pneumoniae and the LOX-1
receptor. Arrows highlight stained organism/cells.
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Fig. 5.
Chlamydia pneumoniae does not co-localize with the SREC-I receptor. Endothelial cells
were inoculated with C. pneumoniae at 4°C for 30 min to permit attachment, but not
internalization. Following fixation of cells, double immunofluorescence labeling of infected
cells was done by staining the SREC-I receptor by incubating with anti-SREC-I antibody
followed by rabbit anti-goat IgG conjugated to Alexa Fluor 647 and C. pneumoniae with
FITC conjugated monoclonal antibody CF2 (green fluorescence). As a negative control,
infected cells were stained by incubating with anti-SRA antibody followed by rabbit anti-
mouse IgG conjugated to Alexa Fluor 549 and C. pneumoniae with FITC conjugated
monoclonal antibody CF2 (green fluorescence). Co-localization was determined by confocal
fluorescence microscopy using a LSM 510 Zeiss confocal microscope. Panels A and D -
Staining of C. pneumoniae with the genus specific FITC conjugated CF2 antibody. Panel B -
Staining of endothelial cells with anti-SREC-1 receptor antibody. Panel C - Panels A and B
are superimposed demonstrating that C. pneumoniae does not co-localize with the SREC-I
(SR-F) receptor. Panel E - Absence of staining of endothelial cells with anti-SR-A receptor
antibody. Panel F - Panels D and E are superimposed. Arrows highlight stained organism/
cells.
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