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Chlamydia pneumoniae is a common human respiratory pathogen that has been associated with a variety of
chronic diseases, including atherosclerosis. The role of this organism in the pathogenesis of atherosclerosis
remains unknown. A key question is how C. pneumoniae is transferred from the site of primary infection to a
developing atherosclerotic plaque. It has been suggested that circulating monocytes could be vehicles for
dissemination of C. pneumoniae since the organism has been detected in peripheral blood monocytic cells
(PBMCs). In this study we focused on survival of C. pneumoniae within PBMCs isolated from the blood of
healthy human donors. We found that C. pneumoniae does not grow and multiply in cultured primary
monocytes. In C. pneumoniae-infected monocyte-derived macrophages, growth of the organism was very limited,
and the majority of the bacteria were eradicated. We also found that the destruction of C. pneumoniae within
infected macrophages resulted in a gradual diminution of chlamydial antigens, although some of these
antigens could be detected for days after the initial infection. The detected antigens present in infected
monocytes and monocyte-derived macrophages represented neither chlamydial inclusions nor intact organ-
isms. The use of {N-[7-(4-nitrobenzo-2-oxa-1,3-diazole)]}-6-aminocaproyl-D-erythro-sphingosine as a vital
stain for chlamydiae proved to be a sensitive method for identifying rare C. pneumoniae inclusions and was
useful in the detection of even aberrant developmental forms.

Chlamydia pneumoniae is an obligate intracellular parasite
whose developmental cycle occurs within a eukaryotic host. As
in all chlamydiae, two functionally and morphologically distinct
cell types are recognized. The infectious cell type, which is
specialized for extracellular survival and transmission, is
termed the elementary body (EB), and the intracellular, veg-
etative cell type is called the reticulate body (RB). Chlamydiae
remain within an intracellular vacuole, termed an inclusion, for
their entire developmental cycle. Shortly after internalization,
EBs begin to reorganize and differentiate into RBs which then
multiply by binary fission. Late in the cycle, logarithmic growth
of the organism ceases as RBs begin to reorganize as EBs,
which are released upon lysis of the host cell (34).

C. pneumoniae is a common human respiratory pathogen. It
has been estimated that C. pneumoniae is responsible for up to
10% of all cases of community-acquired pneumonia and 5% of
bronchitis and sinusitis cases (27). This organism has also been
associated with variety of chronic diseases, including athero-
sclerosis. C. pneumoniae has been detected in �50% of ath-
erosclerotic lesions in patients with cardiovascular disease by
PCR, immunocytochemistry, electron microscopy, and culture
(reviewed in reference 10). However, the role of this organism
in the pathogenesis of atherosclerosis remains unknown. One
of many questions is how C. pneumoniae is transferred from
the site of a primary infection to a developing atherosclerotic
plaque. One study demonstrated that in C. pneumoniae-in-

fected mice, bacteria disseminate throughout the body via al-
veolar and peritoneal macrophages, and the organism was also
detected in peripheral blood monocytic cells (PBMCs). In this
study the workers proposed that circulating monocytes could
be vehicles for dissemination of C. pneumoniae (33). This pro-
posal stimulated investigations of the presence of C. pneu-
moniae in human PBMCs isolated from blood donors. There
have been numerous reports describing C. pneumoniae infec-
tion of PBMCs, as well as cytokine production by the cells
induced by this organism in vitro (1, 15–17, 20, 25). C. pneu-
moniae DNA was also detected in PBMCs obtained from pa-
tients with cardiovascular disease (6, 8).

In this study we examined the survival of C. pneumoniae
within PBMCs isolated from the blood of healthy donors in an
effort to differentiate between chlamydiae in a nonreplicative
state and dead bacteria. Human monocytes and monocyte-
derived macrophages were distinguished by the presence of the
mannose receptor (MR) (46), which is a specific marker for
macrophage differentiation. We found that C. pneumoniae
does not survive in cultured monocytes and exhibits only very
limited growth in monocyte-derived macrophages. We further
demonstrated that most C. pneumoniae EBs are delivered to
the lysosomal pathway of infected macrophages and that
within these cells the organism is gradually degraded. Al-
though certain chlamydial antigens can be detected for days
after the initial infection of monocyte-derived macrophages,
these antigens represent neither chlamydial inclusions nor in-
tact organisms.

MATERIALS AND METHODS

Purification of PBMCs. PBMCs were isolated from heparinized venous blood
of healthy individuals by using a protocol approved by the Institutional Review
Board for Human Subjects, National Institute of Allergy and Infectious Diseases.
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The whole blood was mixed with 0.9% sodium chloride containing 3% dextran
T-500 and incubated at room temperature for 20 min to sediment erythrocytes.
After dextran sedimentation the supernatant was centrifuged at 550 � g for 10
min, and cells were then resuspended in 0.9% sodium chloride, underlaid with 10
ml of Ficoll-Paque PLUS (Amersham Biosciences Corp.), and centrifuged for 30
min (26). The PBMCs recovered from the buffy coat were washed twice in
Hanks’ balanced salt solution, resuspended in serum-free RPMI 1640 medium
containing 25 mM HEPES (Invitrogen Corp.), and seeded on glass coverslips in
24-well plates. After 2 h of incubation PBMCs were washed three times with
serum-free medium, and isolated cells were incubated in RPMI 1640 medium
containing 25 mM HEPES buffer supplemented with 10% fetal bovine serum
plus 10 �g of gentamicin per ml. The number of monocyte-derived macrophages
obtained 8 days after attachment to the coverslips was �2 � 105 cells/well, and
more than 95% of the cells represented macrophages, as determined by fluores-
cence-activated cell sorting analysis with anti-Mac-1 monoclonal antibody
(MAb) (BD Pharmingen).

Cell culture and organisms. C. pneumoniae AR-39, purchased from the Amer-
ican Type Culture Collection, was propagated in HeLa 229 cells (CCL 2.1;
American Type Culture Collection) as previously described (50). Cultures of
monocytes, macrophages, or HeLa 229 cells grown on coverslips in 24-well plates
were infected with renografin-purified C. pneumoniae in sucrose-phosphate-
glutamate buffer at a multiplicity of infection (MOI) of �1, unless otherwise
indicated, by rocking at 37°C for 1.5 h. After infection the inoculum was re-
moved, and the cells were incubated in RPMI 1640 medium containing 25 mM
HEPES buffer supplemented with 10% fetal bovine serum plus 10 �g of genta-
micin per ml at 37°C in an atmosphere consisting of 5% CO2 and 95% humidified
air. At various times postinfection, the infected cells were lysed to release infec-
tious EBs. Infected cells were scraped from two coverslips per time with a plastic
tip into 0.4 ml of sucrose-phosphate-glutamate buffer, vortexed, and ultrasoni-
cally disrupted, and coverslips with fresh monolayers of HeLa cells were infected
by centrifugation at 900 � g for 1 h. After 3 days of incubation, the cells were
fixed with methanol and stained by indirect immunofluorescence using rabbit
antiserum against C. pneumoniae and fluorescein isothiocyanate-conjugated goat
anti-rabbit immunoglobulin serum. The number of inclusion-forming units per
ml was determined. All experiments were repeated at least three times using cells
isolated from different donors.

Antibodies. The anti-mannose receptor monoclonal antibody, isotype immu-
noglobulin G1 (IgG1), was purchased from BD Pharmingen. Anti-C. pneu-
moniae AR-39-specific rabbit antiserum was generated in our laboratory. The
anti-C. pneumoniae MOMP species-specific MAb GZD1E8, isotype IgG1, was
provided by G. Zhong (51). The anti-chlamydial Hsp60 genus-specific MAb
A57-B9, isotype IgG1, was previously described by Yuan et al. (54). The anti-
chlamydial genus-specific lipopolysaccharide (LPS) MAb EVIH1 (47), isotype
IgG2a, was provided by H. Caldwell. The antirickettsial MAb 8-13A4A10, iso-
type IgG2a, was generated and described by Anacker et al. (3). The monoclonal
antibody H4B4, isotype IgG1, to the lysosomal glycoprotein LAMP-2 was ob-
tained from the Developmental Hybridoma Bank. Fluorescent secondary anti-
bodies were purchased from Zymed.

Microscopy. For transmission electron microscopy, C. pneumoniae-infected
PBMCs or HeLa 229 cells were grown on Thermanox coverslips (Fisher Scien-
tific) and fixed with periodate-lysine-paraformaldehyde fixative (9) for 2 h at
room temperature. The coverslips were then permeablized with phosphate-
buffered saline (PBS) containing 0.12% saponin (Sigma) and incubated over-
night with a primary antibody at 4°C. The cultures were then rinsed twice with
PBS and incubated at room temperature for 1 h with horseradish peroxidase-
conjugated F(ab�)2 sheep anti-mouse IgG (Jackson ImmunoResearch Labora-
tories Inc.) in PBS containing 0.12% saponin. The coverslips were rinsed in PBS
and fixed in 1.5% glutaraldehyde in 0.1 M sodium cacodylate, pH 7.4, plus 5%
sucrose for 1 h. They were then rinsed three times with 50 mM Tris-HCl, pH 7.4,
plus 7.5% sucrose prior to development with Immunopure metal-enhanced dia-
minobenzidine substrate (Pierce Chemical Co.). After incubation in the diami-
nobenzidine substrate, cells were rinsed three times with 50 mM Tris-HCl, pH
7.4, containing 7.5% sucrose and fixed in 4% paraformaldehyde–2.5% glutaral-
dehyde in 0.1 M sodium cacodylate buffer at 4°C for 2 h. Cells were postfixed in
1.0% OsO4–0.8% K4Fe(CN)6 for 15 min, washed with 0.1 M sodium cacodylate
buffer and then twice with water, dehydrated in a graded ethanol series, and
embedded in Spurr’s resin. Thin sections were cut with an RMC MT-7000
ultramicrotome (Ventana), stained with 1% uranyl acetate and Reynold’s lead
citrate, and observed at 60 kV with a Philips CM-10 transmission electron
microscope (FEI). Images were obtained with an AMT digital camera (Ad-
vanced Microscopy Techniques) and were processed using the Adobe Photo-
Shop 7.0 software (Adobe Systems).

For confocal microscopy, HeLa 229 cells or monocyte-derived macrophages

cultivated on glass coverslips were infected with C. pneumoniae at an MOI of �1.
At different times postinfection cells were fixed either with methanol at room
temperature for 3 min or with periodate-lysine-paraformaldehyde fixative for 2 h
and then permeablized with 0.2% saponin. After incubation with the appropriate
primary antibody in PBS containing 3% bovine serum albumin or 0.2% saponin,
cells were stained with either tetramethyl rhodamine isocyanate–or fluorescein
isothiocyanate–goat anti-mouse secondary antibody and/or anti-rabbit secondary
antibody. Coverslips were then mounted on glass slides using Mowiol (http:
//imaging.altervista.org/confocal_protocols/mowiol.html). Fluorescent images
were taken with a Zeiss Axiovert Zoom LSM 510 confocal microscope using an
excitation wavelength of 488 nm for fluorescein and 543 nm for rhodamine.
Intrinsically fluorescent C. pneumoniae EBs were generated by labeling the
organism with Cell Tracker Green CMFDA (Molecular Probes, Inc.) as de-
scribed previously (7).

C6-NBD-ceramide labeling. Fluorescent {N-[7-(4-nitrobenzo-2-oxa-1,3-dia-
zole)]}-6-aminocaproyl-D-erythro-sphingosine (C6-NBD-ceramide) (Molecular
Probes, Inc.) was complexed with 0.034% defatted bovine serum albumin (df-
BSA) in minimal essential medium as described previously (39) to obtain com-
plexes containing �5 �M dfBSA and �5 �M C6-NBD-ceramide. HeLa 229 cells
and monocyte-derived macrophages were infected with C. pneumoniae at an
MOI of �20. At different times postinfection, the infected cells were incubated
with the dfBSA–C6-NBD-ceramide complex at 4°C for 30 min and then rinsed
with 10 mM HEPES-buffered calcium- and magnesium-free Puck’s saline, pH
7.4. The infected cultures were then incubated at 37°C for 5 h in minimal
essential medium containing 0.34% dfBSA to “back-exchange” excess probe
from the plasma membrane. Cultures on coverslips were rinsed in 10 mM
HEPES-buffered calcium- and magnesium-free Puck’s saline, pH 7.4, before
mounting for fluorescent microscopy (19).

RESULTS

Development of C. pneumoniae in monocytes and monocyte-
derived macrophages. Monocytes obtained from human
PBMCs 2 days after isolation and monocyte-derived macro-
phages obtained from human PBMCs 8 days after isolation
were infected with C pneumoniae. A one-step growth curve for
the organism was constructed in order to determine the ability
of C. pneumoniae to develop and produce infectious progeny in

FIG. 1. One-step growth curve for C. pneumoniae in monocytes,
monocyte-derived macrophages, and HeLa cells. In monocytes, the
number of inclusion-forming units (IFUs) declined to 0 by 48 h postin-
fection (p.i.). In monocyte-derived macrophages, there was an initial
decline in the number of inclusion-forming units over the first 48 h
postinfection and there was an increase in the number of inclusion-
forming units by 72 h and 96 h postinfection, indicating that there was
differentiation of RBs to EBs. However, the recovery of infectious
progeny from macrophages was much lower than the recovery of EBs
from infected HeLa cells. The data are the results of a representative
experiment with cells from a single donor performed in triplicate.
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these cells compared to HeLa 229 cells (Fig. 1). In infected
monocytes, C. pneumoniae exhibited a dramatic loss in in-
fectivity, which reached zero by 48 h postinfection, and the
number of inclusion-forming units was not increased even at
72 h postinfection, demonstrating that in this cell type C.
pneumoniae does not complete its developmental cycle. In
C. pneumoniae-infected macrophages, the number of infec-
tious units decreased during the initial 15 h postinfection,
indicating either that EBs were converted to RBs or the
organism was eradicated. A steady decline in the number of
recoverable inclusion-forming units was observed up to 48 h
postinfection. Infectious progeny EBs were recovered from
C. pneumoniae-infected macrophages at 72 h postinfection,
and the number peaked at 96 h postinfection; however, the
number did not increase even to the level in the infectious
inoculum. For comparison, in C. pneumoniae-infected HeLa
cells the number of recoverable EBs was much greater than

the number in macrophages at 48, 72, and 96 h postinfection
(Fig. 1).

C. pneumoniae does not form typical inclusions in monocyte-
derived macrophages. Monocyte-derived macrophages were
infected with C. pneumoniae at an MOI of 1, as determined
with HeLa cells. Infected cells were then doubly stained at
different times postinfection by the indirect immunofluores-
cence procedure using the anti-mannose receptor monoclonal
antibody as a specific marker for human macrophages (46) and
an anti-C. pneumoniae rabbit antiserum. The MR was em-
ployed as a specific marker for monocyte-derived macro-
phages. C. pneumoniae attached to and entered MR-positive
cells (Fig. 2A), and within these cells the presence of the
organisms was detected over a 5-day period after infection
(Fig. 2B to D). C. pneumoniae was not detected in most in-
fected macrophages by day 7 after the initial infection (data
not shown). Typical mature inclusions of C. pneumoniae were

FIG. 2. Presence of C. pneumoniae in MR-positive monocyte-derived macrophages. At different times postinfection C. pneumoniae-infected
macrophages were fixed and doubly stained for a monocyte/macrophage-specific marker, mannose receptor (red), and with anti-C. pneumoniae
rabbit antiserum (green). The confocal micrographs reveal the presence of the organism in MR-positive cells at zero time (A) and at 24 h (B), 72 h
(C), and 120 h (D) postinfection with no evidence of replication. The insets are higher magnifications of C. pneumoniae within infected
macrophages. Scale bar � 10 �m.
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not detected at any time; however, rare small inclusions were
occasionally observed (see below).

Colocalization of chlamydial antigens in chlamydial inclu-
sions and organisms. C. pneumoniae-infected HeLa 229 cells,
as well as monocyte-derived macrophages, were fixed and dou-
bly stained with anti-C. pneumoniae rabbit antiserum and anti-
chlamydial Hsp60 MAb to determine colocalization of chla-
mydial antigens in the chlamydial inclusions and/or organisms
(Fig. 3). In C. pneumoniae-infected HeLa cells at 24 h postin-
fection, Hsp60 colocalized with antigens recognized by the
polyclonal rabbit antiserum in typical chlamydial inclusions
(Fig. 3A). However, such colocalization was observed rarely in
infected macrophages. In infected macrophages, immunofluo-
rescent staining of Hsp60 was found in structures which, based
on their size, more likely represented single chlamydial cells
than typical inclusions at 24 h postinfection (Fig. 3B). More
commonly, a chlamydial antigen(s) recognized by the rabbit
antiserum was detected within punctate vesicles throughout
the infected macrophages. By 72 h postinfection mature C.
pneumoniae inclusions present in infected HeLa cells displayed
immunofluorescent staining of antigens recognized both by
anti-Hsp60 and by the polyclonal antibody (Fig. 3C). In in-
fected macrophages C. pneumoniae formed only a few inclu-
sions, which were much smaller than the inclusions observed in
HeLa cells (Fig. 3D). These results indicated that the Hsp60

observed in infected macrophages represented exclusively in-
tact and viable C. pneumoniae cells, whereas antigens recog-
nized by only the rabbit antiserum represented intact C. pneu-
moniae cells, as well as chlamydial antigens remaining in
macrophages after degradation of the organisms.

To further investigate and confirm this observation, C. pneu-
moniae-infected HeLa cells were treated with chloramphenicol
(200 �g/ml), an efficient inhibitor of chlamydial protein syn-
thesis (43), for 12 h, and treated and untreated cells were fixed
and doubly labeled with anti-C. pneumoniae rabbit antiserum
and with anti-Hsp60 MAb. In untreated infected HeLa cells,
the antigens clearly costained in the early C. pneumoniae in-
clusions, demonstrating the presence of viable organisms (Fig.
3E). However, in infected HeLa cells treated with chloram-
phenicol, chlamydial Hsp60 was not detected on the nonviable
C. pneumoniae cells (Fig. 3F).

Evidence of C. pneumoniae transcription and translation in
infected macrophages. Members of the genus Chlamydia spe-
cifically acquire a typical eukaryotic lipid, sphingomyelin, from
their hosts (18, 19, 40, 52). A fluorescent vital stain for the
Golgi apparatus, C6-NBD-ceramide, is delivered from the
Golgi apparatus of an infected host cell to a chlamydial inclu-
sion. C6-NBD-ceramide, like endogenous ceramide, is pro-
cessed to sphingomyelin or glucosylceramide within the Golgi
apparatus prior to transport to the plasma membrane via a
vesicle-mediated process (29, 38). Chlamydial uptake of sphin-
gomyelin from the host requires initiation and continuation of
chlamydial protein synthesis to maintain fusogenicity with
sphingomyelin-containing vesicles (42, 43). The ability of C.
pneumoniae to initiate and maintain active protein synthesis in
infected macrophages was investigated by examining acquisi-
tion of sphingomyelin from the eukaryotic host cell. In C.
pneumoniae-infected HeLa cells, the earliest time postinfec-
tion at which host sphingomyelin was detected within the chla-
mydial inclusions was 4 h (52). Monocyte-derived macrophages
and HeLa cells were infected with C. pneumoniae at an MOI of
20. HeLa cells were tested in parallel as a positive control. C.
pneumoniae-infected cells were labeled with C6-NBD-cer-
amide, and the delivery of the fluorescent analog from the host
to the parasite was monitored (Fig. 4). The fluorescent probe
was detected by 5 h postinfection in a large number of early C.
pneumoniae inclusions in infected HeLa cells (Fig. 4A). How-
ever, very few C6-NBD-ceramide-positive inclusions were
found in C. pneumoniae-infected macrophages at the same
time (Fig. 4C). By 48 h postinfection in infected HeLa cells, the
fluorescent probe was present in typical C. pneumoniae inclu-
sions, which increased in size, indicating that there was active
multiplication of RBs in this permissive cell line (Fig. 4B).
However, in C. pneumoniae-infected macrophages, the number
of small inclusions stained with C6-NBD-ceramide remained
low (Fig. 4D) and was approximately the same as the number
of inclusions costained with anti-C. pneumoniae and anti-Hsp
60 MAb, as shown above. Neither the number nor the size of
the inclusions increased with the time postinfection (Fig. 4E).
The latest time after the initial infection of macrophages when
the C. pneumoniae inclusions were detected by fluorescent
C6-NBD-ceramide was 96 h, but by 120 h postinfection fluo-
rescent staining of the organisms could no longer be detected
(data not shown). These results demonstrate that few C. pneu-
moniae EBs are able to initiate transcription and translation in

FIG. 3. (A to D) Colocalization of chlamydial antigens in C. pneu-
moniae-infected cells. Confocal microscopy of C. pneumoniae inclu-
sions doubly labeled with anti-Hsp60 MAb (red) and anti-C. pneumoniae
rabbit antiserum (green) revealed colocalization (yellow) of the antigens
to the chlamydial inclusions in HeLa cells at 24 and 72 h postinfection (A
and C) and in infected macrophages at 24 and 72 h postinfection (B and
D). Only rare inclusions were observed in macrophages (arrows in panel
B). (E and F) Colocalization of C. pneumoniae antigens in infected HeLa
cells treated with chloramphenicol for 12 h postinfection (F) and in un-
treated cells (E). Scale bar � 10 �m.
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macrophages to form small inclusions, which generally do not
progress to a productive infection. Even in HeLa cells in which
C. pneumoniae development was inhibited by the presence of
ampicillin, the resultant atypical inclusions containing one or a
few aberrantly large RBs took up and were labeled by C6-
NBD-ceramide, confirming the ability of the chlamydiae and
demonstrating fusogenicity with sphingomyelin-containing ves-
icles even by aberrant developmental forms (Fig. 4F). C6-
NBD-ceramide thus appears to be a useful reagent for the
identification of viable chlamydiae even under atypical devel-
opment conditions.

Presence of C. pneumoniae in LAMP-2-positive phagosomes.
Chlamydial inclusions do not interact with the endocytic or
lysosomal pathways (2, 23, 48, 52). However, inhibition of
chlamydial transcription and translation ultimately leads to
fusion of Chlamydia-containing vesicles with lysosomes (2, 43).
To investigate the interaction of C. pneumoniae with the lyso-
somal pathway in human macrophages, monocyte-derived
macrophages were infected with Cell Tracker Green-labeled
C. pneumoniae, and at 2 h postinfection the infected cells were
fixed and stained with antibody recognizing the lysosomal gly-

coprotein LAMP-2. As shown in Fig. 5A, B, and C, the ma-
jority of the C. pneumoniae EBs colocalized with LAMP-2. The
presence of the organism within LAMP-2-positive phagosomes
demonstrated that C. pneumoniae was associated with lyso-
somes in infected macrophages. This observation was con-
firmed by transmission electron microscopy (Fig. 5D and E).
Elementary bodies were frequently observed in LAMP-2-pos-
itive vesicles in infected macrophages (Fig. 5E), whereas sim-
ilar colocalization was not observed in C. pneumoniae-infected
HeLa cells (Fig. 5D), in which the organism survived and
replicated.

Dissociation of C. pneumoniae antigens in infected macro-
phages. HeLa cells and monocyte-derived macrophages in-
fected with C. pneumoniae were doubly labeled with chlamyd-
ial genus-specific anti-LPS MAb and anti-C. pneumoniae
polyclonal rabbit antiserum. In infected HeLa cells at 24 h and
72 h postinfection, all chlamydial inclusions colocalized LPS
with antigens recognized by the rabbit antiserum (Fig. 6A and
B). However, in infected macrophages the colocalization was
observed sporadically at both times postinfection (Fig. 6C and
D). These results demonstrated that in C. pneumoniae in mac-
rophages there was a gradual dissociation of the surface anti-
gens of the organism and that the majority of the positive
staining in infected macrophages probably represented various
vesicles containing different surface components of C. pneu-
moniae. It was also evident that the antigens recognized by the
anti-C. pneumoniae polyclonal antibody detected in infected
macrophages for several days after the initial infection did not
represent chlamydial LPS.

Distribution of chlamydial LPS in C. pneumoniae-infected
macrophages. In mouse bone marrow-derived macrophages
infected with heat-killed Chlamydia trachomatis, the microor-
ganism underwent dramatic proteolytic degradation, resulting
in spreading of the chlamydial LPS throughout the infected
cells shortly after infection (47). Therefore, we investigated
whether a similar pattern of chlamydial LPS distribution oc-
curred after infection of monocyte-derived macrophages with
live C. pneumoniae (Fig. 7). Indirect immunofluorescent stain-
ing with chlamydial genus-specific anti-LPS monoclonal anti-
body detected intact organisms associating with macrophages
immediately after infection (Fig. 7A). At 24 h postinfection the
LPS began to dissociate from C. pneumoniae and was observed
in what appeared to be clusters of vesicles present throughout
the infected macrophages (Fig. 7B, C, and D). By 96 h postin-
fection, the intensity of fluorescent staining of LPS-positive
vesicles had dramatically decreased (Fig. 7E), and the LPS was
not detectable in most infected cells by 120 h postinfection,
indicating that there was complete degradation or elimination
of the antigen (Fig. 7F). These results confirmed that the
majority of C. pneumoniae cells infecting macrophages did not
survive in these cells and that eradication of the organism by
macrophages seemed to be a gradual process requiring up to
several days.

Ultrastructural analysis of C. pneumoniae antigens within
infected macrophages. To determine the localization of chla-
mydial LPS and other antigens within C. pneumoniae-infected
cells on the ultrastructural level, macrophages and HeLa cells
were infected at an MOI of �100, and at 40 h postinfection the
cells were stained with anti-chlamydial LPS MAb or anti-C.
pneumoniae rabbit antiserum and processed for transmission

FIG. 4. Host sphingomyelin uptake in C. pneumoniae-infected
cells. HeLa cells and monocyte-derived macrophages were simulta-
neously infected with C. pneumoniae at an MOI of 20. The infected
cells were labeled with C6-NBD-ceramide and subjected to 4 h of
back-exchange. (A to E) Uptake of fluorescent sphingomyelin by C.
pneumoniae at 5 h (A) and 48 h (B) postinfection in HeLa cells and at
5 h (C), 48 h (D), and 72 h (E) postinfection in macrophages. (F) C6-
NBD-ceramide labeling of C. pneumoniae-infected HeLa cells after
48 h in the presence of 50 �g/ml ampicillin, as previously described
(50). The arrows indicate C. pneumoniae inclusions. Scale bar � 10
�m.
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electron microscopy (Fig. 8). All antigens tested in infected
HeLa cells localized to the typical C. pneumoniae inclusions
containing mostly reticulate bodies (Fig. 8b and d). No such
inclusions were observed in C. pneumoniae-infected macro-
phages. The antibodies detected chlamydial antigens within
small, vesicle-like structures resembling neither EBs nor RBs
(Fig. 8a and c). The specificity of staining demonstrated by
electron microscopy was controlled by staining uninfected
macrophages with anti-chlamydial LPS (Fig. 8e) and anti-C.
pneumoniae rabbit antiserum (Fig. 8g) and by staining C. pneu-
moniae-infected macrophages (Fig. 8f) and HeLa cells (Fig.
8h) with irrelevant, antirickettsial MAb.

DISCUSSION

C. pneumoniae has been intensively investigated for possible
roles in the pathogenesis of atherosclerosis. Although C. pneu-
moniae enhances the severity of the disease in animal model
systems (13, 28, 31, 32, 35, 41), the precise role and contribu-
tion of the organism to the onset and progression of cardio-
vascular disease remain unknown. C. pneumoniae is believed to
enter through the respiratory tract, where the primary infec-
tion is established and from which the organism is dissemi-
nated. It has been suggested that C. pneumoniae is transmitted
from the respiratory system to developing atherosclerotic le-

FIG. 5. Interaction of C. pneumoniae with LAMP-2-positive vesicles. Monocyte-derived macrophages infected with C. pneumoniae were fixed
and labeled with anti-LAMP-2 MAb at 2 h postinfection. (A to C) Confocal micrographs revealing colocalization of LAMP-2 with Cell Tracker
Green-labeled chlamydiae (A). C. pneumoniae-infected macrophages identifying the organisms (A) and stained for the LAMP-2 marker (B).
(C) Composite image showing LAMP-2 (red) and the EBs (green). The insets are higher magnifications of C. pneumoniae colocalizing with
LAMP-2-positive vesicles. Scale bar � 10 �m. (D and E) Transmission electron micrographs of C. pneumoniae EBs not colocalizing with
LAMP-2-containing vesicles within an infected HeLa cell (D) and colocalizing with LAMP-2-positive vesicles within an infected macrophage (E).
The arrows indicate C. pneumoniae EBs. Scale bar � 1 �m.
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sions via circulating PBMCs (33). We employed a combination
of infectivity assays, vital stains, and specific antibodies with
immunofluorescence and immunoelectron microscopy to ana-
lyze the ability of cultured PBMCs to support C. pneumoniae
replication. We found that in vitro PBMCs supported only
minimal replication of C. pneumoniae, thus supporting the
possibility that other mechanisms of dissemination may be
more relevant in vivo.

Intracellular pathogens employ sophisticated strategies to
successfully invade and survive within their eukaryotic hosts.
For many of these pathogens, including Chlamydia spp., avoid-
ance of fusion with and/or destruction by lysosomes is essen-
tial. Chlamydiae replicate within vacuoles that do not interact
with the endocytic pathway of the host cell (2, 23, 48, 52) but
are fusogenic with exocytic vesicular traffic from the Golgi
apparatus (18, 23, 40, 52). A significant number of C. pneu-
moniae cells taken up by macrophages fused with LAMP-2-
positive vesicles within 2 h after infection. Rather than typical
chlamydial inclusions, numerous phagolysosomes containing
the organisms were observed. Consequently, a gradual proteo-
lytic degradation of the bacteria was initiated. We observed
dissociation of chlamydial LPS and other antigenic determi-
nants from the organism and their presence within vesicle-like
structures throughout the infected macrophages for several
days after the initial infection. Similar patterns of proteolytic
degradation of chlamydiae by professional phagocytes were

reported by Su et al., who inoculated bone marrow-derived
macrophages with heat-killed C. trachomatis (47). Due to the
persistence of the chlamydial antigen, it is important to em-
phasize that when professional phagocytes such as macro-
phages are infected with C. pneumoniae, it is essential to dis-
tinguish between a typical inclusion and a phagosome
containing chlamydial antigens.

Although the mechanisms of inhibition of C. pneumoniae
growth in macrophages were not investigated in detail, the
inhibition appeared to be correlated with rapid fusion of lyso-
somes with the chlamydial phagosome. In permissive cultured
cells, vesicles containing endocytosed C. trachomatis EBs are
dissociated from the endocytic pathway and are very slow to
acquire lysosomal markers, even when EB protein synthesis is
inhibited by chloramphenicol (43). It is possible that profes-
sional phagocytes mount a more aggressive antichlamydial re-
sponse to put the phagocytosed EBs into a terminal lysosomal
pathway before chlamydial protein synthesis can be initiated to
create a protected intracellular niche.

EBs frequently contain mRNA trapped in their nucleoids
from previous developmental cycles (5, 12, 44). Therefore,
rather than employing reverse transcription-PCR to detect ac-
tive chlamydial transcription as an indicator of viability, we
utilized labeling of C. pneumoniae inclusions in infected mac-
rophages and HeLa cells with a fluorescent vital stain for the
Golgi apparatus, C6-NBD-ceramide. All chlamydial species ac-

FIG. 6. Colocalization of chlamydial LPS with other chlamydial antigens in C. pneumoniae-infected cells. C. pneumoniae-infected HeLa cells
and monocyte-derived macrophages were stained with anti-chlamydial LPS MAb (red) and anti-C. pneumoniae polyclonal antibody (green).
Confocal micrographs revealed colocalization of the antigens in the chlamydial inclusions in infected HeLa cells at 24 and 72 h postinfection (A
and B). However, such colocalization was rarely detected in infected macrophages at 24 and 72 h postinfection (C and D), demonstrating that there
was dissociation of C. pneumoniae LPS and other antigens of the organism within these cells. Scale bar � 10 �m.
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FIG. 7. Distribution of chlamydial LPS in C. pneumoniae-infected monocyte-derived macrophages. C. pneumoniae-infected macrophages were
fixed and stained with anti-chlamydial LPS MAb at different times postinfection. Confocal micrographs of immunofluorescent LPS revealed an
interaction of C. pneumoniae with macrophages at zero time (A), and gradual disintegration of chlamydial LPS within infected cells was observed
at 24 h (B), 48 h (C) 72 h (D), and 96 h (E) postinfection. Chlamydial LPS was not detected in a majority of infected macrophages by 120 h
postinfection. (F). Scale bar � 10 �m.
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quire sphingomyelin from their hosts (19, 40, 52). In order to
initiate and maintain fusogenicity with sphingomyelin-contain-
ing vesicles, chlamydiae must be transcriptionally and transla-
tionally active (42, 43). Even persistent forms of C. pneumoniae
in HeLa cells induced by treatment with ampicillin incorporate
host sphingomyelin into aberrant inclusions. In C. pneumoniae-
infected macrophages, only a very low number of the organ-
isms were found to acquire sphingomyelin. In permissive cell
types, the ability of chlamydiae to acquire sphingomyelin is an
early function detectable by 2 to 6 h postinfection (18, 52). The
failure to observe sphingomyelin incorporation suggests that
the vast majority of C. pneumoniae EBs in PBMCs did not
progress sufficiently into the early developmental cycle to ini-
tiate sphingomyelin uptake. This finding is consistent with the
observation that EBs are observed within vesicles bearing ly-
sosomal markers soon after infection.

Although circulating monocytes are the most-studied mono-
nuclear phagocytes in humans and culture of these cells is well
established, it is necessary to take in account cellular events
that occur during incubation of primary monocytes and mono-
cyte-derived macrophages in vitro. Monocytes are initially ac-
tivated by their adherence to a solid substrate; however, many
of the activation parameters return to their basal levels after
24 h of culture (14, 21, 22, 36, 45, 49). Adherence and spread-
ing of monocytes to culture dishes induce spontaneous differ-
entiation to macrophages, which involves a number of physical
and biochemical changes of the cells (11, 30). The character-
istic morphological changes generally observed during conver-

sion of a monocyte to a macrophage include an increase in cell
size, as well as development of a higher cytoplasm-to-nucleus
ratio (24). Furthermore, a number of receptors are upregu-
lated, and some novel receptors, including the mannose recep-
tor, become expressed (46). It is known that the ability of
different C. trachomatis biovars to survive and multiply in pri-
mary mononuclear phagocytes depends upon the length of
time in culture (53). A significant increase in production of
infectious progeny was observed by day 8 after isolation of
mononuclear phagocytes (53), a time which corresponds to
complete conversion of monocytes to macrophages (4, 37).

We investigated the survival of C. pneumoniae in monocyte-
derived macrophages obtained from peripheral blood of
healthy donors 8 days after isolation and adherence. Only very
small inclusions were observed in monocyte-derived macro-
phages by 72 h and 96 h postinfection. The number varied
between 2 and 10 inclusions per 2 � 105 macrophages, and
their presence was detected in MR-positive macrophages, as
well as in MR-negative cells (data not shown). These inclusions
likely represented mature C. pneumoniae inclusions as modest
numbers of infectious progeny were recovered by 72 and 96 h
postinfection. In addition, we examined the survival of C. pneu-
moniae in monocytes obtained from PBMCs cultured for 48 h
prior to infection. Thus, the cells were given sufficient time to
revert from an activated state to an inactivated state and to
express the mannose receptor. C. pneumoniae did not form
detectable inclusions in MR-positive monocytes, and proteo-
lytic degradation of the organism was observed rapidly after

FIG. 8. Transmission electron micrographs of C. pneumoniae-infected and uninfected macrophages and HeLa cells stained with anti-chlamydial
LPS MAb and anti-C. pneumoniae rabbit antiserum at 40 h postinfection. Chlamydial LPS detected throughout an infected macrophage
represented undefined structures different from intact chlamydiae (a). Such a staining pattern was absent in an uninfected macrophage (e). In an
infected HeLa cell the anti-LPS MAb indicated the organisms within an inclusion (b). Staining with anti-C. pneumoniae rabbit antiserum detected
the presence of a chlamydial antigen(s) in an infected macrophage (c), and no staining was present in an uninfected macrophage (g). Positive
staining of a typical C. pneumoniae inclusion with the polyclonal antibody was observed in an infected HeLa cell (d). No staining was observed in
a C. pneumoniae-infected macrophage (f) and a HeLa cell (h) with irrelevant, antirickettsial MAb. Scale bar � 2 �m. Scale bar in the inset � 0.5
�m.
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infection (data not shown). This observation was also con-
firmed by a one-step growth curve demonstrating that infec-
tious EBs could not be recovered after 48 h postinfection.

We found that the majority of C. pneumoniae cells did not
survive within primary monocytes and monocyte derived-mac-
rophages. The organism appeared to enter the lysosomal path-
way of the host cell and was gradually degraded. Some C.
pneumoniae antigens resisted lysosomal lysis for days after the
initial infection, and therefore, identification of chlamydial an-
tigen in these cells did not necessarily indicate that there was
an intact organism. Caution should therefore be exercised in
evaluating histochemical and immunochemical staining for C.
pneumoniae since a vacuolar antigen may not reflect the pres-
ence of viable chlamydiae or indicate a productive infection.
However, some of the C. pneumoniae cells can survive, multi-
ply, and complete the typical developmental cycle in monocyte-
derived macrophages, as determined by a growth curve, al-
though the inclusions are fairly small throughout the entire
cycle. Vital staining with C6-NBD-ceramide appears to be a
useful technique for demonstrating the presence of viable chla-
mydiae in cultured cells. Because sphingomyelin uptake is
maintained for several hours even after inhibition of chlamyd-
ial protein synthesis (42) and because sphingomyelin is incor-
porated by even aberrant chlamydial developmental forms,
C6-NBD-ceramide labeling may even have utility in identifying
viable C. pneumoniae in certain clinical specimens.
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