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Summary
Högdahl M, Söderlund G, Kihlström E. Expression of chemokines and adhesion molecules in
human coronary artery endothelial cells infected with Chlamydia (Chlamydophila)
pneumoniae.
Chlamydia pneumoniae has during recent years been associated with cardiovascular disease
and atherosclerosis. Chemokines, leukocyte adhesion proteins and metalloproteinases are
significant for chemotaxis and attachment of leukocytes to vessel walls and in stability of
atherosclerotic plaques. To determine the ability of C. pneumoniae to elicit inflammation in a
relevant target host cell, we infected Human Coronary Artery Endothelial Cells (HCAEC)
with a clinical isolate of C. pneumoniae. Extracellular release of five chemokines, two
adhesion proteins and a metalloproteinase were measured at different time points after
infection using a cytometric bead assay and ELISA. Secretion of IL-8, MCP-1, MIG, IP-10
and ICAM-1 were significantly increased 48 h after C. pneumoniae infection of HCAEC in
comparison with uninfected controls. Release of RANTES occurred already 6 h after
infection. C. pneumoniae did not elicit release of E-selectin and of MMP-1. We conclude that
C. pneumoniae induces expression of proinflammatory components in HCAEC, that would
promote migration of leukocytes towards endothelial cells. This lends support for C.
pneumoniae to initiate and propagate vascular inflammation in ways that contribute to
coronary artery disease.
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Introduction
Chemokines (Chemotactic cytokines) are a superfamily of small proteins that bind to G
protein-coupled receptors on target cells. They were originally discovered as mediators of
directional migration of immune cells to sites of inflammation and injury (1). It is now
evident that the function of chemokines extends well beyond the role in leukocyte
chemotaxis. They participate in organ development, angiogenesis, leukocyte trafficking and
homing, tumorigenesis and metastasis, as well as in immune responses to microbial infection
(1).
Chlamydiae are obligate intracellular microbes with a specific developmental cycle inside the
host cell. The family Chlamydiaceae includes three human pathogenic species, Chlamydia
trachomatis, Chlamydia (Chlamydophila) pneumoniae and psittaci. C. pneumoniae, primarily
a respiratory tract pathogen has in recent years been suggested to be involved in the
development of cardiovascular disease and atherosclerosis (2, 3). The organism can infect and
multiply within cells usually found in an atheroma, including coronary artery endothelial
cells, macrophages and aortic artery smooth muscle cells (4). C. pneumoniae is considered to
be transported by monocytes from the respiratory tract to the artery vessel wall (5, 6). After
successful entry into host cells the bacteria can remain in a dormant, persisting, nonreplicating phase and not eliminated by antimicrobial agents (3, 7). Infected cells upregulate
expression of adhesion molecules (3, 8) and infection of human endothelial cells stimulates
transendothelial migration of leukocytes (9). C. pneumoniae infection of endothelial cells also
triggers secretion of inflammatory cytokines, the procoagulant tissue factor and plasminogen
activator inhibitor-1 (10 - 13). This suggests that C. pneumoniae facilitates recruitment of
inflammatory cells and modulates procoagulant activity (14).
The expression of leukocyte adhesion molecules on endothelial cells, such as intracellular
adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) is
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upregulated during atherosclerotic development (15). The mechanisms that transform a stable
atherosclerotic plaque to an unstable involve production of various enzymes that degrade the
fibrous cap of the plaque. These include collagenases such as matrix metalloproteinases
(MMPs) 1, 8 and 13 (16, 17). The expression of MMP-9 in coronary atherosclerotic plaques is
associated with presence of C. pneumoniae and MMPs 1 and 3 are overexpressed in smooth
muscle cells infected with C. pneumoniae (18, 19). Furthermore, C. pneumoniae promotes
oxidation of low density lipoprotein (LDL) and oxidized LDL increases expression of MMPs
in human coronary artery endothelial cells (20, 21). These findings suggest that C.
pneumoniae upregulates MMPs directly by stimulating cells or indirectly by promoting
formation of oxidized LDL.
The ability of C. pneumoniae to induce inflammation in human coronary artery endothelial
cells has, to the best of our knowledge, not previously been investigated. To systematically
investigate expression of chemokines, adhesion molecules and MMP-1 in this relevant target
host cell, we infected human coronary artery endothelial cells with C. pneumoniae and
analysed expression of these molecules.

Materials and Methods
Host cells, chlamydia isolate and infectious procedures.
This was as described by Schöier et al. 2006 (22). Briefly, C. pneumoniae, isolate T45
(obtained from the respiratory tract in a patient during a C. pneumoniae outbreak in northern
Sweden) was propagated in HEp-2 cells, titrated for inclusion forming units (IFU) and stored
at -70 º C. Titration for IFU was performed both in HEp-2 cells and in Human Coronary
Artery Endothelial Cells (HCAEC) (Clonetics, Walkersville, MA, USA) and showed that
development of complete chlamydial inclusions was about 10 times less efficient in HCAEC
than in HEp-2 cells. Two morphological, immunoreactive forms of C. pneumoniae were
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observed associated with HCAEC; round to oval intracellular inclusions and spots/aggregates
[22]. Multiplicities of infection (MOI) 1 and 10, as titrated in HEp-2 cells, of C. pneumoniae
were added to mycoplasma-free HCAEC prior to centrifugation at 3000g for 1h. After
incubation for 2 h at 37 º C, the medium was discarded and fresh growth medium without
cycloheximide was added. The cells were then incubated for 6, 24 or 48 h at 37 º C in
cycloheximide –free growth medium and supernatants from 3 separate experiments were
collected for analysis. Supernatants from uninfected cells, incubated and treated as infected
cultures were used as controls.
Flow cytometry and ELISA.
Quantification of chemokines was performed using the BDTM Cytometric Bead Assay,
Human Chemokine Kit I with antibodies specific for interleukin 8 (IL-8), regulated on
activation, normal T-cell expressed and secreted (RANTES), monokine induced by
interferon-γ (MIG), monocyte chemoattractant protein -1 (MCP-1) and interferon-γ inducible
protein 10 (IP-10) (BD Biosciences, San Diego, CA, USA). Supernatants from the tissue
culture wells were added to antibody-coated beads, and subsequently analysed by flow
cytometry using a FACSCaliburTM flow cytometer (BD Biosciences). Data analysis was
performed by BD Biosciences Cell Quest soft ware.
E-selectin, intercellular adhesion molecule 1 (ICAM-1) and pro-matrix metalloproteinase 1
(pro-MMP-1) from the cell culture supernatants were determined by ELISA with reagents
from R&D System (Minneapolis, MN, USA).
In most cases duplicate analyses were used in flow cytometry and ELISA. However,
duplicates from the same experiments showed only small variations. When protein
concentrations were outside the standard curve samples were diluted.

6
Statistics.
Data were expressed as mean and standard deviations. Statistical analysis was carried out
using ANOVA (Fisher).

Results
The ability of C. pneumoniae to induce a chemokine (IL-8, MCP-1, RANTES, IP-10 and
MIG) response in HCAEC was determined in supernatants from infected cells. The release of
all 5 chemokines significantly increased from cells infected with MOI 1 after 48 h incubation
compared with uninfected cells (Fig. 1). IL-8, RANTES and IP-10 were also released to a
higher extent after 48 h at MOI 10 compared with uninfected cells. Levels of MCP-1,
RANTES and MIG were lower at MOI 10 than at MOI 1 after 48h with incubation with C.
pneumoniae. For RANTES, a significant increase in secretion occurred already after 6 h at
MOI 10. At 24 h, the increase in release of RANTES and of the other 4 chemokines from
infected cells did not reach statistical significance.
C. pneumoniae stimulated secretion of ICAM-1 at MOI 1 and MOI 10 after 48 h incubation
compared with uninfected cells (Fig. 2). No upregulation of E-selectin expression above
background levels was observed (data not shown).
Pro-MMP-1 secretion increased with incubation time but there was no differences between C.
pneumoniae-infected and uninfected cells.

Discussion
During the last two decades there has been an increasing amount of intriguing reports for a
role of C. pneumoniae in the development and progression of atherosclerosis and coronary
artery disease. This is based on clinical studies linking the presence of either antibodies
against C. pneumoniae to the disease process or presence of the bacterium in atherosclerotic
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Fig. 1. Secretion of IL-8, MCP-1, RANTES, IP-10 and MIG, from HCAE cells after infection
with C. pneumoniae T45. Chemokine concentrations from cell culture supernatants were
determined by flow cytometry at indicated time points and inocula. Each value represents the
mean + SD from 3 separate experiments. * p<0.05 and ** p<0.01.
lesions (3). Several in vitro investigations have shown that C. pneumoniae is capable of
infecting vascular endothelial cells, smooth muscle cells, and macrophages and initiate
inflammatory activation of these cells, a process that results in increased expression of
adhesion molecules, procoagulant tissue factor, plasminogen activator inhibitor-1,
inflammatory cytokines, and chemokines (14, 23). Despite initial promising results, long-term
antibiotic treatment, at least with macrolides or quinolones of patients with documented
coronary artery disease has little or no beneficial effect on secondary prevention of
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Fig. 2. Secretion of ICAM-1 and pro-MMP-1 from HCAE cells after infection with C.
pneumoniae T45. Protein concentrations from cell culture supernatants were determined by
ELISA at indicated time points and inocula. Each value represents the mean + SD from 3
separate experiments. * p<0.05.
cardiovascular events (24, 25). However, these seemingly contradictory findings do not
preclude an etiopathogenic role of C. pneumoniae in atherosclerosis.
We systematically investigated the release of inflammatory mediators induced by C.
pneumoniae from human coronary artery endothelial cells, a relevant target cell. Previous
studies have used other cells such as human aortic artery and umbilical vein endothelial cells
(8, 10, 12, 13, 26-28). Using a flow cytometry immunoassay the 5 chemokines, IL-8, MCP-1,
MIG, IP-10 and RANTES were measured simultaneously, thus avoiding interassay variations.
RANTES was released after 6 h, but a significant increase of the other 4 chemokines occured
only after the longest incubation time, 48 h. This is in contrast to other bacteria that usually
elicit a more rapid and transient proinflammatory cytokine response after infection of
different cell types (29, 30). Other investigators have noticed a faster induction of IL-8 and
MCP-1 after infection with C. pneumoniae, however in these cases other host cells than
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HCAECs were used (12, 13). Also, different C. pneumoniae isolates vary in ability to induce
a chemokine response at least in umbilical vein endothelial cells (13). On the other hand the
IL-8 response from a human lymphoid cell line was suppressed after persistent infection with
C. pneumoniae (31).
Chemokines investigated in this work attract neutrophils, monocytes and T-lymphocytes
which are the leukocytes found in the early atheroma. In accordance with current opinion of
atheroma development these leukocytes accumulate in the subendothelial space, where the
monocytes are converted to macrophages that ingest modified, oxidized LDL, subsequently
leading to the formation of foam cells, a principal component of the atherosclerotic plaque
(32, 33). Oxidized LDL behaves as a potent proinflammatory agent and stimulates the
synthesis of various cytokines from endothelial and smooth muscle cells. These attract
monocytes and T-lymphocytes to the activated vessel wall (34).
In this study C. pneumoniae infection of HCAEC induced release of ICAM-1 but not of Eselectin. Surface expression of both of these adhesion molecules have previously been
reported in C. pneumoniae infected human aortic and umbilical vein endothelial cell (8, 26,
27). We measured extracellular release and not surface expression of E-selectin and the first
time point of measurement was after 6 h when expression of E-selectin starts to decline (28).
These methodological variations may explain lack of E-selectin detection from HCAEC in
our study. Oxidized LDL can stimulate the expression of leukocyte adhesion molecules such
as E-selectin, ICAM-1 and VCAM-1 in endothelial cells (35). The finding that endothelial C.
pneumoniae infection promotes oxidation of LDL suggests an indirect way for C. pneumoniae
to elicit upregulation of the cytokine and adhesion molecule responses (20). We found no
upregulation of MMP-1 in C. pneumoniae infected HCAEC. However, other investigators
have reported increased expression of MMP-1 and other metalloproteinases by e.g. smooth
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muscle cells after C. pneumoniae infection (18). Thus, chlamydia infection may modify
stability of atheromatous plaques.
In conclusion, important chemoattractants promoting migration of leukocytes to the
endothelium are expressed during, C. pneumoniae infection of HCAEC. These results support
findings that C. pneumoniae has the capacity to initiate or propagate inflammation in ways
that contribute to coronary artery disease.

Acknowledgements
This study was supported by grants from the King Gustaf Vth 80-years Foundation, the
Medical Research Council of Southeast Sweden, the University of Linköping and the County
of Östergötland. The authors are grateful to Jens Boman for supplying the C. pneumoniae
isolate.

11
References
1

Le Y, Zhou Y, Iribarren P, Wang JM. Chemokines and chemokine receptors: Their
manifold roles in homeostasis and disease. Cell Molecul Immunol 2004;1:95-104.

2

Grayston JT. Background and current knowledge of Chlamydia pneumoniae and
atherosclerosis. J Infect Dis 2000;181(Suppl 3):402-410.

3

Kalayoglu MV, Libby P, Byrne GI. Chlamydia pneumoniae as an emerging risk factor
in cardiovascular disease. JAMA 2002;288:2724-2731.

4

Gaydos CA. Growth in vascular cells and cytokine production by Chlamydia
pneumoniae. J Infect Dis 2000;181(Suppl 3):473-478.

5

Gieffers J, vanZandbergen G, Rupp J, Sayk F, Krüger S, Ehlers S et al. Phagocytes
transmit Chlamydia pneumoniae from the lungs to the vasculature. Eur Respir J
2004;23:506-510.

6

Maass M, Jahn J, Gieffers J, Dalhoff K, Katus HA, Solbach W. Detection of
Chlamydia pneumoniae within peripheral blood monocytes of patients with unstable
angina or myocardial infarction. J Infect Dis 2000;181(Suppl 3):449-451.

7

Gieffers J, Rupp J, Gebert A, Solbach W, Klinger M. First-choice antibiotics at
subinhibitory concentrations induce persistence of Chlamydia pneumoniae.
Antimicrob Agents Chemother 2004;48:1402-1405.

8

Vielma SA, Mironova M, Ku J-R, Lopes-Virella MF. Oxidized LDL further enhances
expression of adhesion molecules in Chlamydophila pneumoniae –infected endothelial
cells. J Lipid Res 2004;45:873-880.

9

Rupp J, Koch M, vanZandbergen G, Solbach W, Brandt E, Maas M. Transmission of
Chlamydia pneumoniae infection from blood monocytes to vascular cells in a novel
transendothelial migration model. FEMS Microbiol Letters 2005;242:203-208.

12
10 Fryer RH, Schwobe EP, Woods ML, Rodgers GM. Chlamydia species infect human
vascular endothelial cells and induce procoagulant activity. J Invest Med 1997;45:168174.
11 Dechend R, Maass M, Gieffers J, Dietz R, Scheidereit C, Leutz A et al . Chlamydia
pneumoniae infection of vascular smooth muscle and endothelial cells activates NFkappa B and induces tissue factor and PAI-1 expression: a potential link to accelerated
arteriosclerosis. Circulation 1999;100:1369-1373.
12 Opitz B, Förster S, Hocke AC, Maas M, Schmeck, B, Hippenstiel S et al. Nod1mediated endothelial cell activation by Chlamydophila pneumoniae. Circ Res
2005;96:319-326.
13 Molestina RE, Dean D, Miller RD, Ramirez JA, Summergill JT. Characterization of a
strain of Chlamydia pneumoniae isolated from a coronary atheroma by analysis of the
omp1 gene and biological activity in human endothelial cells. Infect Immun
1998;66:1370-1376.
14 Belland RJ, Ouellette SP, Gieffers J, Byrne GI. Chlamydia pneumoniae and
atherosclerosis. Cell Microbiol 2004;6:117-127.
15 Blankenberg S, Barbaux S, Tiret L. Adhesion molecules and atherosclerosis.
Atherosclerosis 2003;170:191-203.
16 Herman MP, Sukhova GK, Libby P, Gerdes N, Tang N, Horton DB et al. Expression
of neutrophil collagenase (matrix metalloproteinase-8) in human atheroma: a novel
collagenolytic pathway suggested by transcriptional profiling. Circulation
2001;104:1899-1904.
17 Sukhova GK, Schönbeck U, Rabkin E, Schoen FJ, Poole AR, Billinghurst RC et al.
Evidence for increased collagenolysis by interstitial collagenases –1 and –3 in
vulnerable human atheromatous plaques. Circulation 1999;99:2503-2509.

13
18 Rödel J, Prochnau D, Prager K, Pentcheva E, Hartmann M, Straube E. Increased
production of matrix metalloproteinases 1 and 3 by smooth muscle cells upon
infection with Chlamydia pneumoniae. FEMS Immunol Med Microbiol 2003;38:159164.
19 Arno G, Kaski JC, Smith DA, Akiyu JP, Hughes SE, Baboonian C. Matrix
metalloproteinase-9 expression is associated with the presence of Chlamydia
pneumoniae in human coronary atherosclerotic plaques. Heart 2005;91:521-525.
20 Dittrich R, Draganos C, Mueller A, Maltaris T, Rupp J, Beckmann MW et al.
Endothelial Chlamydia pneumoniae infection promotes oxidation of LDL. Biochem
Biophys Res Commun 2004;319:501-505.
21 Li D, Liu L, Chen H, Sawamura T, Ranganathan S, Metha JL. LOX-1 mediates
oxidized low-density lipoprotein-induced expression of matrix metalloproteinases in
human coronary artery endothelial cells. Circulation 2003;107:612-617.
22 Schöier J, Högdahl M, Söderlund G, Kihlström E. Chlamydia (Chlamydophila)
pneumoniae-induced cell death in human coronary artery endothelial cells is caspaseindependent and accompanied by subcellular translocations of Bax and apoptosisinducing factor. FEMS Immunol Med Microbiol 2006;47:207-216.
23 Mussa FF, Chai H, Wang X, Yao Q, Lumsden AB, Chen C. Chlamydia pneumoniae
and vascular disease: An update. J Vasc Surg 2006; 43:1301-1307.
24 Grayston JT, Kronmal RA, Jackson LA, Parisi AF, Muhlestein JB, Cohen JD et al.
Azithromycin for secondary prevention of coronary events. N Engl J Med
2005;352:1637-1645.
25 Cannon CP, Braunwald E, McCabe CH, Grayston JT, Muhlestein B, Giugliano RP et
al. Antibiotic treatment of Chlamydia pneumoniae after acute coronary syndrome. N
Engl J Med 2005;352:1646-1654.

14
26 Kaukoranta-Tolvanen SS, Ronni T, Leinonen M, Saikku P, Laitinen K. Expression of
adhesions molecules on endothelial cells stimulated with Chlamydia pneumoniae.
Microb Pathog 1996;21:407-411.
27 Krüll M, Kramp, J, Petrov T, Klucken AC, Hocke AC, Walter C et al. Differences in
cell activation by Chlamydophila pneumoniae and Chlamydia trachomatis infection in
human endothelial cells. Infect Immun 2004;72:6615-6621.
28 Krüll M, Klucken AC, Wuppermann FN, Fuhrmann O, Magerl C, Seybold J et al.
Signal transduction pathways activated in endothelial cells following infection with
Chlamydia pneumoniae. J Immunol 1999;162:4834-4841.
29 Huang DB, DuPont HL, Jiang ZD, Carlin L, Okhuysen PC. Interleukin-8 response in
an intestinal HCT-8 cell line infected with enteroaggregative and enterotoxigenic
Escherichia coli. Clin Diagn Lab Immunol 2004;11:548-551.
30 Ukena SN, Westendorf AM, Hansen W, Rodhe M, Geffers R, Coldewey S et al. The
host response to the probiotic Escherichia coli strain Nissle 1917: specific upregulation of the proinflammatory chemokine MCP-1. BMC Med Genet 2005;6:43.
31 Takano R, Yamaguchi H, Sugimoto S, Nakamura S, Friedman H, Yamamoto Y.
Cytokine response of lymphocytes persistently infected with Chlamydia pneumoniae.
Curr Microbiol 2005;50:160-166.
32 Ross R. Atherosclerosis – an inflammatory disease. N Engl J Med 1999;340:115-126.
33 Steinberg D, Parthasarathy S, Carew TE, Khoo JC, Witztum JL. Beyond cholesterol.
Modifications of low-density lipoprotein that increase its artherogenicity. N Engl J
Med 1989;320:915-924.
34 Lee H, Shi, W, Tontonoz P, Wang S, Subbanagounder G, Hedrick CC et al. Role for
peroxisome proliferator-activated receptor alpha in oxidized phospholipid-induced

15
synthesis of monocyte chemotactic protein-1 and interleukin-8 by endothelial cells.
Circ Res 2000;87:516-521.
35 Ou HC, Chou FP, Lin TM, Yang CH, Sheu WH. Protective effects of honokiol against
oxidized LDL-induced cytotoxicity and adhesion molecule expression in endothelial
cells. Chem Biol Interact 2006;161:1-13.

