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Induction of Macrophage Foam Cell Formation by Chlamydia pneumoniae

Murat V. Kalayoglu and Gerald I. Byrne Department of Medical Microbiology and Immunology, University of
Wisconsin Medical School, Madison, Wisconsin

Foam cell formation is the hallmark of early atherosclerosis. It was found that the intracellular
bacterium Chlamydia pneumoniae induces foam cell formation by human monocyte-derived macro-
phages. Exposure of macrophages to C. pneumoniae followed by low-density lipoprotein (LDL)
caused a marked increase in the number of foam cells and accumulation of cholesteryl esters.
Foam cell formation was not inhibited by the antioxidant butylated hydroxytoluene nor fucoidan,
suggesting that lipid accumulation did not involve scavenger receptors. In contrast, addition of
heparin, which blocks binding of LDL to the LDL receptor, inhibited C. pneumoniae–induced foam
cell formation, suggesting that the pathogen induced lipid accumulation by dysregulating native
LDL uptake or metabolism (or both). These data demonstrate that an infectious agent can induce
macrophage foam cell formation and implicate C. pneumoniae as a causative factor in athero-
sclerosis.

Atherosclerotic heart and vessel disease is the leading cause to treat respiratory tract C. pneumoniae infections, can lower
adverse cardiovascular events in post–myocardial infarct pa-of morbidity and mortality in the Western Hemisphere [1].

High plasma low-density lipoprotein (LDL) concentration is a tients [13]. However, direct evidence linking C. pneumoniae
to atheroma development has not emerged.major risk factor for atherosclerosis [2], and early disease is

characterized by arterial ‘‘fatty-streak’’ lesions that contain T To study one possible mechanism of C. pneumoniae patho-
genesis in atherosclerosis, we examined the effect of C. pneu-cells and lipid-laden macrophages, or foam cells [3]. These

cells have ingested great amounts of lipids and store the excess moniae infection on macrophage lipid uptake.
cholesterol as cholesteryl esters within the cytoplasm [4]. Be-
cause macrophage LDL receptors are tightly regulated [5],

Materials and Methodsfoam cell formation principally is thought to involve scavenger
receptors that bind a modified form of LDL [4]. One such

Reagents. Oxidized LDL was purchased from PerImmunemodification that may occur in vivo is LDL oxidation, and
(Rockville, MD). Anti-CD36 monoclonal antibody was purchasedoxidized LDL has been shown to accumulate within macro-
from Monosan (Uden, Netherlands). All other reagents were pur-

phages following scavenger receptor binding [6].
chased from Sigma (St. Louis).

The foam cell–rich fatty streaks may mature into intermedi- Isolation of LDL. LDL either was purchased from Sigma or
ate lesions containing lipid-laden macrophages as well as isolated from normolipidemic donors by density gradient ultracen-
smooth muscle cells, and continued endothelial damage and trifugation as previously described [14]. LDL was extensively dia-
inflammation leads to complex, occlusive fibrous plaques [3]. lyzed against 0.15 M NaCl and 0.05% EDTA and used within 2

weeks. Protein and total cholesterol contents were determined byAlthough atheroma development probably involves multiple
use of a protein assay (Bio-Rad, Hercules, CA) and a cholesterolfactors, recent evidence suggests that infectious agents, such
test kit (Sigma), respectively. Agarose gel electrophoresis showedas Chlamydia pneumoniae and cytomegalovirus, contribute to
no increase in relative electrophoretic mobility of LDL [15] withinatherosclerosis [7, 8]. Indeed, C. pneumoniae has been local-
2 weeks, indicating that isolated LDL did not become oxidized.ized to atheromas by immunohistochemistry and polymerase

Propagation of chlamydiae. C. pneumoniae (TW-183) waschain reaction [9], demonstrated within atheroma foam cells
purchased from American Type Culture Collection (ATCC, Rock-

by electron microscopy [10], isolated from atheromas [11], and
ville, MA) and propagated in HEp-2 cells (ATCC); infectious

associated with coronary artery disease by seroepidemiology elementary bodies were purified by Renografin gradient centrifuga-
[12]. Furthermore, a recent report suggests that taking a short tion as described elsewhere [16]. Propagated organisms were sus-
course of azithromycin, the antibiotic most commonly used pended in sucrose phosphate buffer (0.22 M sucrose–10 mM

NaH2PO4–3.8 mM KH2PO4–5 mM glutamic acid, pH 7.4), ali-
quoted, and frozen at 0707C. Chlamydia titers were determined
by infecting HEp-2 cells with 10-fold dilutions of thawed stock,
incubating for 36 h, fixing cells with methanol, and fluorescentReceived 30 July 1997; revised 24 September 1997.

Grant support: NIH (AI-19782, AI-34617). staining chlamydial inclusions with fluorescein isothiocyanate–
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ology & Immunology, University of Wisconsin Medical School, 471 SMI,
San Jose, CA). Infectious elementary bodies were determined by1300 University Ave., Madison, WI 53706 (gibyrne@facstaff.wisc.edu).
counting chlamydial inclusions in several confluent HEp-2 cell
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0022–1899/98/7703–0028$02.00 In some experiments, chlamydiae were inactivated by incubating
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organisms at 657C for 30 min. This treatment eliminated viable cholesterol and protein contents were calculated from a standard
curve and are expressed as nanograms of cholesterol per micro-organisms completely, as determined by standard infectivity assays

for ifu. gram of protein.
Isolation, culture, and infection of human monocytes/macro-

phages. Human peripheral blood mononuclear cells were isolated Results
from healthy donor blood by ficoll-hypaque centrifugation and C. pneumoniae induces foam cell formation. Compared
suspended in serum-free RPMI 1640 medium. Cells were plated

with uninfected, LDL-treated human macrophages (figure 1A),
in 96-well microtiter plates at 8 1 105 cells/well for 45 min at

most macrophages infected with C. pneumoniae and treated377C and washed four times with medium. Adherent cells were
with LDL developed into lipid-laden foam cells (figure 1B).ú95% monocytes as confirmed by surface CD14 expression. Some
Untreated macrophages and infected macrophages cultured inwells were trypsinized and gently scraped for cell counting and
serum-free medium showed little lipid accumulation (õ10%yielded Ç1–2 1 105 monocytes/well. Adherent monocytes were
foam cells). In a separate experiment, foam cells were countedincubated for 7–10 days in 200 mL of RPMI 1640 supplemented

with 10% fetal bovine serum (FBS; BioWhittaker, Walkersville, and found to be increased from 28.3% to 70.6% after infection
MD), 25 mM HEPES buffer, 50 mg/mL vancomycin, and 10 mg/ with C. pneumoniae (figure 2). Although lipid accumulation
mL gentamicin before use. varied between uninfected macrophages from different donors,

C. pneumoniae infection of monocyte-derived macrophages was C. pneumoniae consistently induced an increase of 30%–50%
done by exposing macrophages to 2 1 105 ifu for 2 h in 50 mL in foam cell numbers. Viability was monitored by trypan blue
of RPMI 1640 / 10% FBS, followed by addition of 150 mL of

staining and remained ú95% in both infected and uninfected
RPMI 1640 / 10% FBS with or without 100 mg/mL LDL. In

cultures.separate experiments, these titers were shown to infect all macro-
Since the excess cholesterol that accumulates within foamphages with õ5% loss in viability. FBS was used in all experi-

cells is stored as cytoplasmic cholesteryl esters [4], total choles-ments, since pooled human serum has been reported to induce lipid
terol and cholesteryl ester levels between infected and unin-accumulation [17], and delipidized calf serum and lipoprotein-
fected macrophages were determined. As shown in figure 3,deficient human serum were found toxic to macrophages. In experi-

ments in which heparin was used to block LDL receptor function, C. pneumoniae infection resulted in a significant increase in
100 U/mL heparin was added to cultured cells only after comple- cholesteryl ester content and a small increase in total choles-
tion of the 2-h inoculum adsorption period to be certain that treat- terol content.
ment did not interfere with C. pneumoniae entry into macrophages. C. pneumoniae–induced foam cell formation is reversible

Quantitation of foam cell formation. To visualize cellular neu- with heparin. Since macrophages are known to become foam
tral lipid accumulation, macrophages were fixed in 2% paraformal-

cells by ingesting modified LDL that bind to scavenger recep-
dehyde for 15 min, stained with 1% Oil-Red O (in 60% isopropa-

tors [4], C. pneumoniae–induced foam cell formation wasnol) for 30 min, washed, and examined at 1200 magnification on
monitored in the presence of the antioxidant butylated hydroxy-an inverted microscope (Diaphot 200; Nikon, Garden City, NY).
toluene or fucoidan, which blocks scavenger receptors. Incuba-Lipid-laden macrophages were scored by previously established
tion of cultures with butylated hydroxytoluene (up to 200 mM)criteria [18, 19].
or fucoidan (50 mg/mL) did not inhibit C. pneumoniae–inducedQuantitation of macrophage cholesterol and cholesteryl ester

content. Total cellular cholesterol and cholesteryl ester content foam cell formation (not shown), suggesting that lipid accumu-
was quantitated by use of a slightly modified method from Gamble lation did not result from uptake of modified LDL. Interest-
et al. [20]. The assay is based on an enzymatic reaction that breaks ingly, fluorescent microscopy showed that C. pneumoniae
down cholesterol to produce hydrogen peroxide, which then reacts slightly inhibited surface levels of a scavenger receptor (CD36)
with p-hydroxyphenylacetic acid to produce a fluorescent mole- (not shown). In contrast, when C. pneumoniae–exposed macro-
cule. Briefly, macrophages were fixed in 2% paraformaldehyde,

phages were cultured in the presence of heparin, which com-
washed three times with PBS, and incubated for 30 min with 200

petes with the LDL receptor in binding LDL, a marked reduc-mL of absolute ethanol at 47C to extract cellular lipids. To deter-
tion in foam cells was observed (table 1). As expected, additionmine total cholesterol content, 95 mL of ethanol-lipid extract was
of heparin to oxidized LDL-treated cultures did not inhibitincubated with 800 mL of assay solution [20] for 1 h at 377C, and
foam cell formation, indicating that the molecule did not inter-fluorescence was measured by a fluorometer (Aminco-Bowman
fere with scavenger-receptor uptake of modified LDL. AdditionSeries 2; SLM-Aminco, Urbana, IL) set to 325 nm excitation, 415

nm emission. To determine free cholesterol content, 95 mL of of lactoferrin, which binds the LDL receptor–related protein,
ethanol-lipid extract was incubated with 800 mL of a modified also did not inhibit C. pneumoniae–induced foam cell forma-
assay solution prepared without cholesterol esterase [20]. Choles- tion. Taken together, these data suggest that C. pneumoniae–
teryl ester content was calculated by subtracting free cholesterol induced foam cell formation results from dysregulation of na-
from total cholesterol for each sample. tive LDL uptake and/or metabolism.

After lipid extraction, protein content of each sample was deter-
mined. Briefly, lipid-extracted cells were washed three times with

Discussion
distilled water and resuspended in 160 mL of water. Next, 40 mL

Clinical data linking C. pneumoniae to atherosclerosis [9–of protein assay dye (Bradford; Bio-Rad) was added to each well,
and the optical density (570 nm) was read after 5 min. Cellular 12] are impressive yet indirect, because a possible mechanism
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Figure 1. Foam cell formation by
uninfected (A) and infected (B) hu-
man monocyte-derived macro-
phages. Cells were infected or not
infected for 2 h and incubated with
100 mg/mL low-density lipoprotein
for 24 h. Micrographs show Oil-Red
O–stained macrophages. Bar Å 50
mm.

in macrophage foam cell formation in vitro [4, 21]. Data pre-of disease has not been demonstrated. Since lipid-laden macro-
sented herein suggest that high levels of native LDL can bephages are the hallmark of early atherosclerosis and contribute
ingested by macrophages following exposure to C. pneumo-to initial fatty streaks as well as developing atheromas [3, 18,
niae, since results showed that C. pneumoniae–exposed macro-21], data presented here show that C. pneumoniae may initiate
phages cultured under nonoxidizing conditions ingested LDLor promote atheroma development by inducing foam cell for-
to become foam cells and that foam cell formation was inhib-mation.
ited by heparin, which blocks LDL binding to the LDL receptor.Although increased plasma LDL levels remain a major risk
Lopes-Virella et al. [22] induced foam cell formation throughfactor for development of atherosclerosis, the role of native
a similar mechanism by incubating monocyte-derived macro-LDL in foam cell formation has been questioned because of
phages with high levels of Escherichia coli lipopolysaccharidestringent cellular control of LDL receptor expression [5]. In
(LPS). Interestingly, like E. coli LPS, the chlamydial antigencontrast, acetylated and oxidized LDL bypass the LDL-receptor

pathway and become ingested by scavenger receptors, resulting causing lipid accumulation was heat-resistant, since organisms
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Table 1. Heparin inhibits C. pneumoniae–induced foam cell forma-
tion by human monocyte-derived macrophages.

Untreated With heparin

No treatment 85/500 (17%) 95/508 (18.7%)
/ C. pneumoniae 276/500 (55.2%) 135/500 (27%)

NOTE. Macrophages were exposed to 2 1 105 ifu for 2 h and incubated
in presence of 100 mg/mL low-density lipoprotein with or without 100 U/mL
heparin. Cells then were fixed and stained with Oil-Red O. Cell counts are
expressed as no. foam cells/no. total cells (%).

through its LPS antigen. Studies are underway to define the
chlamydial antigen(s) responsible for induction of macrophage

Figure 2. Foam cell formation by uninfected (0) and infected (/) foam cell formation by C. pneumoniae.
human monocyte-derived macrophages. Cells were infected or left

The mechanism of C. pneumoniae–induced foam cell forma-undisturbed for 24 h, incubated with 100 mg/mL low-density lipopro-
tion currently is not known, although data presented here sug-tein for 24 h, and stained with Oil-Red O. About 500 cells were

counted from each well. Data are means of triplicates with SE. gest that the pathogen disrupts native LDL uptake or metabo-
lism (or both). One possibility is that C. pneumoniae may
dysregulate macrophage LDL receptor expression. C. pneu-
moniae–exposed macrophages secrete high levels of tumorinactivated at 657C for 30 min also induced foam cell formation
necrosis factor-a and interleukin-1b [24], cytokines shown to(unpublished data). In addition, the finding that macrophage
up-regulate hepatocyte LDL receptor gene expression [25], andscavenger receptor levels were inhibited by C. pneumoniae
these cytokines also may up-regulate macrophage LDL recep-also has been observed with E. coli LPS [23], further suggesting
tors to contribute to foam cell formation. Alternatively, sincethat C. pneumoniae modulates these macrophage functions
chlamydiae are intracellular bacteria capable of disrupting vari-
ous host cell functions [26], C. pneumoniae may induce foam
cell formation by dysregulating intracellular lipoprotein metab-
olism or cholesterol storage. Future work will identify the
mechanism of foam cell formation, partly by using fluores-
cently labeled LDL to quantitate lipoprotein binding, uptake,
and degradation after infection with C. pneumoniae.
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