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We set up a polarized cell culture model to study the pathogenicity of a common respiratory tract pathogen,
Chlamydia pneumoniae. Immunofluorescence staining of ZO-1 (a tight junction protein) and Na�K� ATPase
(a protein pump localized at the basolateral membrane in the polarized epithelial cells), as well as TER
measurements, suggested that the filter-grown Calu-3 cells, but not the A549 cells, were polarized when grown
on collagen-coated membranes. Both the flat and the filter-grown cultures were infected with C. pneumoniae.
Infection in the polarized Calu-3 cultures produced more C. pneumoniae genome equivalents than infection in
the flat cultures. However, this progeny was not as infective as that in the flat cultures. The maximum amount
of C. pneumoniae was detected at 6 days postinfection in the filter-grown A549 cells, indicating a slower
developmental cycle than that observed in the flat A549 cultures. The effect of cycloheximide on the growth of
C. pneumoniae in the polarized cells was negligible. Furthermore, the infection in the polarized Calu-3 cells was
resistant to doxycycline, and several cytokines were released mainly on the apical side of the polarized cells in
response to C. pneumoniae infection. These findings indicate that the growth of chlamydiae was altered in the
filter-grown epithelial culture system. The diminished production of infective progeny of C. pneumoniae,
together with the resistance to doxycycline and polarized secretion of cytokines from the infected Calu-3 cells,
suggests that this model is useful for examining epithelial cell responses to C. pneumoniae infection, and it
might better resemble in vivo infection in respiratory epithelial cells.

Chlamydia pneumoniae is a common respiratory tract bacte-
rium that infects most people at some stage of their life. The
clinical symptoms of C. pneumoniae infection can be negligible,
or they may include respiratory tract diseases ranging from
mild flu to severe pneumonia, the latter especially in elderly or
immunocompromised patients (12). Although C. pneumoniae
was identified as its own bacterial species within the genus
Chlamydia 20 years ago (13), much of its pathogenicity still
remains to be revealed.

The epithelium of the respiratory tract constitutes a physical
barrier and the first line of host defense that C. pneumoniae
encounters. It consists of ciliated pseudostratified/simple co-
lumnar epithelial cells and mucus-producing goblet cells. The
alveoli are lined by squamous type 1 pneumocytes. Surfactant-
producing type II pneumocytes are typically found at the
alveolar-septal junctions, and macrophages are present in the
alveoli. During murine experimental intranasal infection, C.
pneumoniae can be cultured from lung homogenates (19, 30),
and immunohistochemistry has revealed chlamydial inclusions
in bronchial epithelial cells and macrophages (26, 43). Also in
humans, the respiratory epithelial cells, as well as the alveolar
macrophages, represent the primary target cells of C. pneu-
moniae, and yet the bacterium is able to invade and infect
several different cell types (8, 11, 21).

Epithelial cells lining the respiratory tract are architecturally
structured in a polarized orientation with distinct apical and
basal faces. Lateral contacts between the epithelial cells, to-

gether with adhesion to the extracellular matrix, lead to a
reorganization of the cell cytoskeleton and a distinct distribu-
tion of both apical and basolateral proteins on different cell
membranes (44). Formation of a proper functional barrier
between the apical and basal compartments of the epithelial
cell layer is also crucial. In polarized epithelial cells, a tight
junction serves as a specialized intercellular junctional complex
that mediates adhesion between the cells and regulates diffu-
sion through the intercellular space (33). Various cell culture
models have been extensively used to study the characteristics
and pathogenesis of chlamydial infections, but most published
papers with epithelial cell lines describe infection in cell cul-
tures grown on impermeable plastic or glass supports, in which
case the membrane asymmetry of a polarized cell and proper
cell-cell contacts that form the tight barrier across the cell layer
are lacking.

One model that simulates naturally occurring cell polariza-
tion is achieved in vitro when the epithelial cells are cultured on
permeable membranes that permit cells to feed basolaterally
and allow formation of distinct apical and basolateral surfaces.
Such polarized cell cultures more closely resemble the in vivo
situation and have proven useful in studies on several aspects
of C. trachomatis infection (38). For instance, C. trachomatis
entry into epithelial cells (39), the growth and production of
infective progeny (35, 39), properties of persistent infection
(17, 18), and even antimicrobial drug effects (40) are altered in
polarized cell cultures. Although the polarized epithelial cell
culture model mimicking the natural epithelial cell barrier
appears to be a rational choice for studying the pathogenesis of
respiratory tract infections, there are no reports of its use with
C. pneumoniae infection. Therefore, in the present study, we
set up a polarized cell culture model for C. pneumoniae using
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two different transformed lung epithelial cell lines. Human
lung carcinoma cell line A549 exhibits metabolic and transport
properties of type II pulmonary epithelial cells (7). This cell
line is widely used in polarized cell studies, although some
reports show that these cells do not necessarily form functional
tight junctions when grown on permeable supports (15, 37).
Calu-3 cells, a lung adenocarcinoma cell line, possess charac-
teristics of serous gland epithelial cells (5, 22). The Calu-3 cell
line is reported to form a strong functional barrier in a polar-
ized culture (6, 37). Both cell lines have previously been shown
to be susceptible to C. pneumoniae infection when grown on
impermeable supports (9, 42). The purpose of the present
study was to characterize C. pneumoniae infection in filter-
grown/polarized cultures of respiratory epithelial cells. We
demonstrate that the epithelial cells cultured on a semiperme-
able membrane are a suitable model for studying C. pneu-
moniae infection. Our results show that the characteristics of
infection (i.e., kinetics, production of infectious progeny, and
sensitivity to antimicrobials) might drastically differ between
models that use flat and filter-grown cells.

MATERIALS AND METHODS

Cell lines and culture. A549 (ATCC CCL-185) and Calu-3 (ATCC HTB-55),
obtained from the American Type Culture Collection (LGC Promochem AB),
were used in these studies. The culture medium for A549 cells was F-12K
nutrient mixture Kaighn’s modification with L-glutamine (Gibco) and, for Calu-3
cells, minimal essential medium alpha medium with Earle’s salts and L-glutamine
was used. Both media were supplemented with 10% fetal bovine serum (FBS)
and 20 �g of gentamicin/ml. HL cells (a human epithelial cell line susceptible to
C. pneumoniae) were grown in Dulbecco modified Eagle medium (Sigma) with
10% FBS and 20 �g of gentamicin/ml. The cell cultures were maintained in a
humidified air chamber at 37°C with 5% CO2. For the polarized cell experiments,
the cell lines were transferred onto 6.5-mm Transwell permeable support inserts
with a 0.4-�m pore size, coated with Collagen from rat tail (Sigma), and placed
in 24-well plates. The epithelial cells were plated at a density of 2 � 105 cells per
insert, and the Calu-3 cells were allowed to grow for 10 to 14 days to polarize. To
compare the polarized cultures (referred to here as “filter grown”) to the con-
ventional monolayer cultures (referred to here as “flat”), epithelial cells were
also transferred to and grown on the bottom of the 24-well plates at a density of
5 � 105 cells per well. Alternatively, for microscopic visualization of the mono-
layer cultures, the cells were plated on glass coverslips (13 mm in diameter) in
24-well plates. Experiments with the monolayer cultures were started on the next
day after plating. Fresh culture medium for the cell cultures in the 24 wells was
changed two to three times per week. Millicell-ERS (electrical resistance system;
Millipore) was used according to the manufacturer’s instructions to measure the
transepithelial resistance (TER) of the cells grown on the Transwell inserts to
detect formation of tight junctions that suggests development of a polarized cell
layer.

Chlamydia strain and infection. C. pneumoniae isolate K6 (3) (obtained from
Pekka Saikku, University of Oulu, Oulu, Finland) was propagated in the HL cells
and roughly purified by ultrasonication, followed by one cycle of low- and high-
speed centrifugation to remove cell debris and concentrate chlamydiae. The
obtained stock was diluted in sucrose phosphate glutamate (SPG) buffer, divided
into aliquots, and stored at �70°C. C. pneumoniae and the cell lines were free of
mycoplasma, as detected with a VenorGeM mycoplasma PCR detection kit
(Minerva Biolabs).

If not stated otherwise, the epithelial cell cultures on the Transwell inserts and
on the glass coverslips were inoculated with 2 � 105 and 5 � 105 inclusion-
forming units (IFU), respectively, reaching a multiplicity of infection of �1. The
plates were centrifuged at 515 � g for 1 h and incubated at 37°C for 1 h before
a fresh culture medium with or without cycloheximide (0.5 �g/ml) was added.
For cultures longer than 3 days, fresh culture medium was changed twice a week.

Analysis of chlamydial growth and production of infective progeny. Filter-
grown and flat cultures of both cell lines were infected with C. pneumoniae and
incubated with or without cycloheximide for 2, 24, 48, or 72 h or for 6 days. At
these times, infected cells were harvested by scraping mechanically with a pipette
tip in 400 �l of SPG buffer and frozen at �70°C until further processed. In order
to study infectivity, the collected infected cell samples were sonicated for 15 min

in a water bath, and 50 �l of the sample was passaged onto a fresh layer of HL
cells. Infection was performed as described above with centrifugation and incu-
bation. The HL cells were incubated at 37°C in 5% CO2 for 72 h in the presence
of cycloheximide to ensure optimal growth of the infectious progeny and col-
lected using 400 �l of MagNA pure bacteria lysis buffer (Roche). To analyze the
productivity of the infection, the amount of C. pneumoniae genome equivalents
(GEs) obtained after the passage in the HL cells was adjusted to the whole
sample size and divided by the number of GEs present in the primary culture
(i.e., the fold change in GE numbers). According to our previous studies, the
change in GE numbers can be used to estimate and compare amounts of infec-
tious particles present in the primary cultures (24). All of the analyses were done
in duplicate wells and were repeated once or twice with similar results.

Real-time quantitative PCR. Total DNA from the samples collected after
primary infection and repassage was isolated with a MagNA pure compact
instrument using a MagNA pure compact nucleic acid isolation kit I and DNA
Bacterial protocol (Roche Diagnostics). The concentration of total DNA in the
extracted samples was measured by NanoDrop 1000 spectrophotometer
(Thermo Scientific). C. pneumoniae genomes were quantified by using a real-
time quantitative PCR targeting C. pneumoniae outer membrane protein gene
ompA, as described in detail previously (24), with some modifications. The
oligonucleotide primers and probe were from TAG Copenhagen, and the con-
centration of the probe in the analysis was 200 nM. Amplification and detection
were performed by using an Applied Biosystems 7500 real-time PCR system, and
absolute quantification of the results was analyzed with sequence detection
software version 1.3.1.21 (Applied Biosystems). The results are presented as the
number of C. pneumoniae GE/total DNA (ng) in the sample.

Immunofluorescence staining. For confocal and immunofluorescence micros-
copy, the filter-grown or flat cell cultures were fixed with 3% paraformaldehyde
for 15 min and stored in phosphate-buffered saline until stained. For optimal
fluorescence staining, the fixed cells were first incubated in 0.01% citrate buffer
in a boiling water bath for 1 h, permeabilized with 0.2% Triton-X, and blocked
with bovine serum albumin and Tween 20. The primary antibodies used were
mouse anti-C. pneumoniae, 41654-100 (Abcam); mouse anti-Na�K� ATPase a-1,
clone C464.6 (Millipore); and rabbit anti-ZO-1, 61-7300 (Zymed). The second-
ary antibodies were goat anti-mouse Alexa Fluor 488 and goat anti-rabbit Alexa
Fluor 488 (Molecular Probes). Both the primary and the secondary antibodies
were incubated for 1 h at room temperature, after which the nuclei were stained
with either DAPI (4�,6�-diamidino-2-phenylindole) or Topro-3 (Molecular
Probes).

Secreted inflammatory mediators. Interleukin-8 (IL-8) in a cell culture me-
dium was measured by using a commercial Human IL-8 enzyme-linked immu-
nosorbent assay kit (Sanquin) according to the manufacturer’s instructions. Sam-
ples for IL-8 assays were diluted 1:300, and a commercial TMB Xtra substrate
(Kem-En-Tec) was used to detect the signal. A panel of cytokines, chemokines,
and growth factors in the cell culture medium of flat and filter-grown cells was
analyzed with a human cytokine Panel A Array kit (R&D Systems) according to
the manufacturers’ instructions using 1 ml of the cell culture supernatant as a
sample. The cytokine spots were visualized with an Immun-Star chemilumines-
cence kit (Bio-Rad) and detected using a FluorChem HD2 imaging system
(Alpha Innotech Corp.). Spot densitometry analysis was done with AlphaEase
FC Software 6.0.0 (Alpha Innotech Corp.). The spot density data are presented
by the software as integrated density values (IDVs). The IDV is the sum of all of
the pixel values within a determined spot area after background correction. The
obtained densitometry values were adjusted to the values of the positive control
spots of each membrane, and the results are presented as a percentage of the
positive control IDV.

In vitro activity of doxycycline against C. pneumoniae. To analyze the MIC of
doxycycline for C. pneumoniae in filter-grown and flat cell cultures, A549 cells
were inoculated with 2 � 103 IFU per well, and Calu-3 cells were inoculated with
1 � 105 IFU per well, to obtain an optimal number of inclusions to be counted
under fluorescence microscopy. The cultures were centrifuged and incubated as
described above, after which fresh culture medium without gentamicin, but with
2-fold dilutions of doxycycline added. Concentrations of doxycycline (doxycycline
hyclate; Sigma) between 0.031 and 2 �g/ml were analyzed. At 72 h postinfection
(p.i.), the infected cells were fixed with 3% paraformaldehyde, permeabilized,
and stained with Chlamydia species-specific fluorescein isothiocyanate-conju-
gated antibody (Pathfinder Chlamydia Culture Confirmation System; Bio-Rad
Laboratories), and the inclusions were counted under fluorescence microscopy.
The doxycycline concentration that reduced the inclusion count by at least 95%
compared to the placebo-exposed control cells was set as the MIC.

To determine the minimal bactericidal concentration (MBC), the cell cultures
were inoculated with C. pneumoniae and exposed to doxycycline as described
above. After 72 h, the infected cells were scraped off mechanically in SPG and
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frozen at �70°C. The thawed samples were sonicated and inoculated onto fresh
monolayers of HL cells grown on glass coverslips as described above, and fresh
culture medium without antibiotics was added. After 72 h, the centrifugation and
incubation were repeated, fresh culture medium was changed, and the epithelial
cells were incubated for another 72 h to promote growth of possible latent
chlamydial particles present in the passage. The infected cultures were then fixed
and stained as described above. The MBC was set at the doxycycline concentra-
tion at which no inclusions were detected in the HL cells.

TEM. Filter-grown A549 and Calu-3 cells were inoculated with 5 � 105 and
1 � 106 C. pneumoniae IFU, respectively, to obtain sufficient numbers of chla-
mydial inclusions for electron microscopy. At 72 h or at 6 days p.i., the infected
cell cultures were washed and the samples for thin-sectioning were prepared as
described previously by Lounatmaa (23). Briefly, the samples were prefixed in
phosphate-buffered (pH 7.2) 2.5% glutaraldehyde with or without tannic acid for
2 h at room temperature. The fixed cells were washed three times with phosphate
buffer. All of the samples were postfixed with phosphate-buffered 1% osmium
tetroxide, dehydrated in an acetone series, and embedded in Taab resin.
Cross-sections of the cell layer ca. 50 to 60 nm thick were cut, and the
thin-sectioned cells were post-stained with uranyl acetate and lead citrate.
The transmission electron microscopy (TEM) micrographs were taken with
JEM-1200EX at 60 kV.

RESULTS

Development of cell polarization. To analyze whether the
studied epithelial cell cultures were truly polarized in our
hands, the TER was measured across the filter-grown cell layer
at different times after the epithelial cells were seeded on the
membranes. The Calu-3 cells reached TER values between 180
and 305 �/cm2 at 14 days, whereas no increase in the TER was
seen in the A549 cells during this observation period; the
measured values ranged from 17 to 30 �/cm2.

In addition, epithelial polarization was assessed by detecting
the localization of certain cellular proteins. We stained for a
tight junction protein zona occludens 1 (ZO-1), which is com-
monly used to visualize formation of proper tight junctions in
cell cultures (36), and for the Na�K� ATPase protein pump,
known to localize at the basolateral membranes in polarized
epithelial cells (29, 44). Both of these proteins were visualized
with green Alexa 488-conjugated secondary antibodies. Fluo-
rescence staining patterns of ZO-1 in flat and filter-grown
Calu-3 cells showed a continuous net of ZO-1 staining (Fig.
1A), also suggesting the presence of functional tight junctions
in the Calu-3 cells. In the A549 cultures, however, only frag-

mented nets of ZO-1 were seen. In addition, ZO-1 staining in
the A549 cell layer fluctuated vertically, which made it difficult
to focus on the net with fluorescence microscopy. In accor-
dance with these findings, the localization of the Na�K�

ATPase pump on the basolateral membranes in the Calu-3
cells, as shown in Fig. 1B, indicates polarization of these cells
but not of the A549 cells, where the staining for the Na�K�

ATPase pump was found in the apical membranes as well.
Generally, the growth of Calu-3 cells on impermeable culture
supports resembled that of polarized cells. However, these
cells were not columnar and narrow in diameter like the po-
larized cells, but flat with a rather wide apical surface area.

Chlamydial growth. The growth of C. pneumoniae was stud-
ied in both the filter-grown and flat monolayer cultures of the
A549 and Calu-3 cells. Cycloheximide significantly increased
the growth of C. pneumoniae, measured as an increase in the C.
pneumoniae GE numbers, in the flat cultures of both cell lines
(Fig. 2). In the filter-grown A549 cultures, however, the lack of
cycloheximide did not much affect the replication of C. pneu-
moniae, and nearly identical growth curves were obtained with
or without the exposure (Fig. 2A versus 2B). The C. pneu-
moniae GE numbers at 6 days p.i. were 14.1 or 14.4 times
higher than at 24 h p.i. in the filter-grown A549 cell cultures
with or without cycloheximide, respectively. In the polarized
Calu-3 cells, cycloheximide-exposed cultures produced higher
genome numbers: at 6 days p.i. an 8.7-fold and a 4.2-fold
increase in the genome numbers was seen with or without
cycloheximide, respectively (P � 0.33 [Mann-Whitney U test]).
Thus, cycloheximide had no effect on the replication of C.
pneumoniae in the filter-grown A549 cultures and a slight effect
on the polarized Calu-3 cells (Fig. 2C versus 2D).

The growth of C. pneumoniae in the flat and filter-grown
A549 cell cultures was similar when analyzed as C. pneumoniae
GEs at the indicated times. The highest number of C. pneu-
moniae GEs on the filter-grown cultures was detected at 6 days
p.i., indicating a slower growth rate and developmental cycle in
this culture model (Fig. 2A). Times between 72 h and 6 days,
i.e., at 84 and 96 h, were analyzed as well to determine whether
the increase between 3 and 6 days p.i. was due to a second
developmental cycle. However, this was not the case, since no

FIG. 1. Expression and localization of polarization marker proteins and C. pneumoniae by immunofluorescence staining of filter-grown and flat
Calu-3 and A549 cell cultures. (A) Tight-junction protein ZO-1 with Alexa 488 examined by fluorescence microscopy; (B) Na�K� ATPase pump
with Alexa 488 (green) and nuclei with Topro-3 (blue) examined by confocal microscopy; (C) C. pneumoniae with Alexa 488 (green) and nuclei
with Topro-3 (blue) examined by confocal microscopy.
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decrease in the intracellular chlamydia GEs was seen during
this period of infection (results not shown).

The Calu-3 cells and especially the polarized Calu-3 cells
were more resistant to chlamydial infection than the A549
cells, and there were markedly fewer C. pneumoniae GEs de-
tected at 2 h p.i. (after inoculation and washing) than in the
corresponding A549 cultures, suggesting lower numbers of
EBs attached to the Calu-3 cells than to the A549 cells (Fig. 2A
versus 2C and Fig. 2B versus 2D). However, the polarized
Calu-3 cell cultures produced similar levels of chlamydia GEs
at 72 h p.i. as the filter-grown A549 at this time and, overall,
more chlamydiae than the flat Calu-3 cultures (Fig. 2C).

Production of infective progeny. In accordance with the
above results from the primary infection, the flat A549 cultures
produced higher amounts of infectious C. pneumoniae EB than
the filter-grown A549 cultures. This is shown as a fold change
in the number of GEs (the number of GEs after passage versus
the number of GEs in the primary culture) in Fig. 3A. In the
filter-grown A549 cultures, the highest amount of infectious
particles, detected as a fold change in GEs, was present at 6
days p.i., further suggesting a slower growth rate of C. pneu-
moniae in this model. In the Calu-3 cells, the chlamydiae de-
tected in the polarized cultures at 72 h and at 6 days p.i. were
not as infectious as those detected in the flat cultures at 72 h
and at 6 days p.i. (Fig. 3B).

Five-week follow-up. In a separate experiment, C. pneu-
moniae infection without cycloheximide exposure was moni-
tored up for 5 weeks after the primary infection in both of the
filter-grown cell lines to analyze chlamydial growth over a
longer term. As shown in Fig. 4A, the number of cells in both
cell lines remained steady, as measured by the amount of
DNA, throughout the 5-week follow-up. The number of C.
pneumoniae GEs in the Calu-3 cells were sustained at a rather
constant level, whereas in the A549 cells, the numbers of chla-
mydiae slowly decreased after the peak reached at 6 days. In

the A549 cultures, the cells grew on multiple layers, and dead
cell debris was released into the supernatant throughout the
follow-up period, as detected by light microscopy. Analysis of
the samples inoculated onto fresh HL cells revealed a 20- to

FIG. 3. Fold change in C. pneumoniae GE numbers after passage
of flat (�) and filter-grown (f) primary cell cultures at different times
postinfection. The numbers of C. pneumoniae genome equivalents
(GEs) obtained after passage on HL cells were adjusted to the whole
sample size and divided by the number of GEs present in the primary
culture. Results obtained with A549 cells (A) and Calu-3 cells
(B) grown with cycloheximide are shown.

FIG. 2. C. pneumoniae (Cpn) growth curves presented as genome
equivalents (GE) divided by the amount of total nucleic acids (tot
DNA) per sample at 2, 24, 48, and 72 h and at 6 days p.i. Averages of
duplicate samples and standard error of means are presented. Growth
in flat (Œ) and filter-grown (f) A549 cells with (A) and without
(B) cycloheximide and growth in flat (Œ) and filter-grown (f) Calu-3
cells with (C) or without (D) cycloheximide.

FIG. 4. Five-week follow-up of C. pneumoniae (Cpn) infection in fil-
ter-grown Calu-3 and A549 cell cultures. (A) Bars represent the amount
of total DNA per sample in Calu-3 (�) and A549 (f) cultures collected
at different times postinfection. Lines represent the number of C. pneu-
moniae genome equivalents (GE) divided by the amount of the total
DNA. Averages of duplicate samples and standard errors of the mean are
presented. (B) Fold change in C. pneumoniae GE numbers after passage
from a 5-week follow-up calculated as described in Fig. 3.
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30-fold increase in the amount of chlamydial GEs upon repas-
sage, suggesting that rather stable amounts of infectious chla-
mydial particles were present in both cell cultures during the
extended follow-up period (Fig. 4B).

Secretion of inflammatory mediators. IL-8 is a common
inflammatory cytokine produced by epithelial cells in response
to chlamydial infections. We analyzed the levels of IL-8 in the
cell culture supernatants of both the flat and the filter-grown
cultures. A cumulative increase in IL-8 levels between 2 h and
72 h p.i. was seen in both epithelial cell lines and culture
models (results not shown). Interestingly, the polarized Calu-3
cell cultures secreted higher amounts of IL-8 to the apical than
to the basal medium of the culture, as shown in Fig. 5. This was
not seen in the infected A549 cultures, where most of the IL-8
was found in the basal medium (results not shown). Of note,
also the uninfected filter-grown Calu-3 cells produced measur-
able IL-8 levels at 72 h after mock inoculation and again,
preferably into the apical medium (Fig. 5).

To study whether other inflammatory mediators were se-
creted in a polarized manner, we analyzed the apical and basal
medium of the polarized Calu-3 cells at 24 and at 72 h p.i. with
a cytokine array kit capable of detecting 36 cytokines from a
single supernatant sample. The cytokines and chemokines that
were repeatedly detected in marked amounts in the culture
medium at 24 h p.i. were growth-related oncogene alpha
(GRO	), soluble intercellular adhesion molecule-1 (sICAM1),
IL-8, and macrophage migration inhibitory factor (MIF). Cy-
tokines detected at 72 h p.i. included IL-1 receptor antagonist
(IL-1ra), IL-6, and gamma interferon-inducible protein-10 (IP-
10), in addition to those already detected at 24 h. Figure 6
shows the IDVs for chemiluminescence spots for the above-
mentioned cytokines and chemokines in the apical and basal
medium of a polarized Calu-3 culture at 72 h p.i. Four of
these—sICAM1, IL-1ra, IL-6, and MIF—were found to be
more apically than basally secreted. All of the above-men-
tioned inflammatory mediators were also found in the medium
of the flat Calu-3 cell cultures. Therefore, the secreted cytokine
profiles of the filter-grown and flat Calu-3 cell cultures do not
seem to differ.

Doxycycline susceptibility. The doxycycline MIC and MBC
for C. pneumoniae as determined in the present study are
presented in Table 1. The MIC values in both cell lines and

culture models were from 0.125 to 0.25 �g/ml. However, C.
pneumoniae growing in the polarized Calu-3 cultures appeared
to be very resistant to doxycycline exposure (MBC 
 2 �g/ml),
whereas in the flat Calu-3 cultures, an MBC as low as 0.06
�g/ml was detected. The inhibitory concentrations are in ac-
cordance with those reported earlier for some C. pneumoniae
isolates (10) but are somewhat higher than the more recently
reported doxycycline MIC values for C. pneumoniae (2, 34),
most probably due to the different evaluation methods used.

Electron microscopy. TEM of the filter-grown infected
A549 cells showed immature chlamydial inclusions with sig-
nificant amounts of dividing chlamydial particles, reticulate
bodies (RBs), within the inclusions at 72 h p.i. (Fig. 7A).
This is in accordance with the findings on chlamydial growth
indicating a delayed or longer developmental cycle in the
filter-grown A549 cells. After 6 days p.i., more mature ele-
mentary bodies (EBs) were seen, but also wide inclusion
areas were filled with a granular matrix (Fig. 7B). In the
filter-grown infected Calu-3 cells, large inclusions with high
numbers of mature EB particles were found at 3 days p.i.,
but also small inclusions with low numbers of dividing RBs
were present, indicating asynchronous growth (Fig. 7C). At
6 days p.i., large inclusions filled mostly with EB particles
were detected in these cultures (Fig. 7D).

FIG. 5. Cumulative secretion of IL-8 into apical media (AM) and
basal media (BM) of filter-grown Calu-3 cells at 72 h after C. pneu-
moniae infection (f) or inoculation with sucrose phosphate-buffered
salt solution (SPG) used to dilute the chlamydia stock (�). Averages
of four parallel samples and standard errors of the mean are pre-
sented.

FIG. 6. Expression of cytokines and chemokines in apical (�) and
basal (f) media of a polarized Calu-3 culture at 72 h after C. pneu-
moniae infection. Expression was analyzed with a cytokine array kit
producing spots that are visualized by chemiluminescence. IDVs from
the spots are adjusted with the positive control spots of each mem-
brane, and the results are presented as a percentage of the positive
control spot IDV.

TABLE 1. MICs and MBCs of doxycycline on C. pneumoniae in
flat- and filter-grown A549 and Calu-3 cultures

Cell line and
culture model

Concn (�g/ml)

MIC MBC

A549
Flat 0.25 0.5
Filter grown 0.125 0.125

Calu-3
Flat 0.125 0.06
Filter grown 0.125 
2
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FIG. 7. TEM images of C. pneumoniae inclusions in filter-grown A459 and Calu-3 cells at 72 h and at 6 days p.i. (A) A549 cells at 3 days p.i.;
(B) A549 cells at 6 days p.i.; (C) Calu-3 cells at 3 days p.i.; (D) Calu-3 cells at 6 days p.i. The scale bar at the �5,000 magnification is 2 �m, and
at the �40,000 and �50,000 magnifications it is 0.2 �m.
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DISCUSSION

In the present study, C. pneumoniae infection was charac-
terized in two human respiratory epithelial cell lines, A549 and
Calu-3. These cells were grown on impermeable glass or plastic
surfaces and on semipermeable filters that allow formation of
apical and basolateral faces, as well as tight junctions between
the cells to mimic the airway epithelial barrier. In accordance
with earlier studies, the Calu-3 cells grown on the filters de-
veloped TER after 2 weeks of culture, whereas the A549 cells
grown on filters failed to polarize (7, 37). Formation of con-
tinuous tight junctions between cells separating the apical and
basolateral plasma membranes is highly important for main-
taining polarization and vectorial transport in epithelial cells.
Proper cell-cell contacts in the polarizing culture initiates dis-
tribution of plasma membrane proteins on either apical or
basolateral domains. After cytoskeletal reassembly in a polar-
ized epithelial cell, a fodrin-based membrane skeleton is local-
ized to the sites of cell adhesion at cadherin/catenin complexes
and the Na�K� ATPase is bound to these sites with high
affinity through ankyrin (44). Immunofluorescence staining of
the Na�K� ATPase, as well as the tight-junction protein ZO-1,
clearly showed that filter-grown Calu-3 cells, but not A549
cells, were truly polarized. Other commonly used human epi-
thelial cell lines, HL and HeLa 299, which are very susceptible
to C. pneumoniae, failed to develop TER (results not shown).

The polarized Calu-3 cells produced more C. pneumoniae
than the flat cultures, as has been reported earlier for C.
trachomatis grown in polarized human endometrial epithelial
cells (38). However, C. pneumoniae present in the polarized
Calu-3 cells were not very infectious in our study, especially at
the later times. This finding is in contrast to the results re-
ported by Wyrick et al. (39) with C. trachomatis; these authors
also detected an increase in the infectivity of chlamydiae prop-
agated in polarized cultures. Another interesting finding in the
present study was that C. pneumoniae growing in the polarized
Calu-3 cells was highly resistant to doxycycline exposure.
Taken together, the presence of low numbers of infectious
particles and the observed high doxycycline MBC suggest the
presence of metabolically inactive, persistent C. pneumoniae
particles in the polarized Calu-3 cultures. This is also sup-
ported by the results from a 5-week follow-up experiment,
where the Calu-3 cell cultures remained stable and constant
chlamydia genome numbers, as well as infectious bacteria,
could be recovered during the whole observation period. How-
ever, aberrant forms of chlamydial particles were not found by
electron microscopy. Small and immature chlamydial inclu-
sions containing low numbers of dividing RB particles were
detected by TEM at 72 h p.i, together with larger inclusions
with a high number of RB particles and few EBs. However, at
6 days p.i., the C. pneumoniae particles inside the inclusions
were mostly EBs. The TEM findings indicate that the devel-
opmental cycle of C. pneumoniae in the polarized Calu-3 cells
is longer than 72 h, although the highest number of chlamydial
GEs was detected at 72 h. The presence of immature inclusions
and high numbers of RB particles explains well the low infec-
tivity detected at 72 h. Wyrick and Knight (41) have previously
speculated that the presence of intact EB particles due to an
asynchronous chlamydial developmental cycle might explain
treatment failures. This might be one possible explanation for

the high MBC detected in the polarized Calu-3 culture in our
study, since inclusions containing C. pneumoniae at very dif-
ferent developmental stages were detected by TEM.

In the present study, the developmental cycle of C. pneu-
moniae in the filter-grown A549 cells appeared to be delayed
and the highest chlamydiae genome numbers were detected at
6 days p.i. Inclusions detected by TEM at 72 h p.i. with high
amounts of dividing RB particles support this finding. Previ-
ously, Guseva et al. (14) reported that the growth rate of C.
trachomatis serovar E was faster in polarized human epithelial
endometrium-derived HEC-1B cells, most probably due to the
shorter lag phase between chlamydial entry into the cell and
the beginning of chlamydial cell division. However, the growth
rate of an invasive C. trachomatis serovar L2 was not affected
by different culture conditions, as reported later by the same
group (1). The delayed developmental cycle of C. pneumoniae
detected in both cell lines in our study is divergent to these
findings but may well be explained by the different chlamydial
species and cell lines used. Interestingly, Guseva et al. (14) also
reported “patchy” and clustered EB attachment of C. tracho-
matis serovar E in their three-dimensional culture system, but
this was not detected in the case of serovar L2 (1). We found
a similar, clustered appearance of C. pneumoniae inclusions in
both the polarized and the flat Calu-3 cultures but not in either
of the A549 cultures (results not shown). This phenomenon
should be further studied in order to determine whether there
are certain receptor molecules enriched on various areas of an
apical membrane where some chlamydia serovars or species
are able to attach, as suggested by Dessus-Babus et al. (1).

The use of cycloheximide did not bring a significant advan-
tage to the growth of chlamydiae in the filter-grown cultures. In
the flat monolayer cultures with cell lines such as HL and HeLa
299, chlamydial growth is enhanced by suppressing the host cell
functions, for example, with cycloheximide (20, 21). In the case
of the A549 cells, cycloheximide had no effect at all on C.
pneumoniae growth in the filter-grown cultures, and only a
slight increase in the chlamydial GE numbers was seen in the
polarized Calu-3 cells when cycloheximide was used. Unlike
the filter-grown A549 cultures, the polarized Calu-3 cells do
not divide after reaching confluence, and a single cell layer is
sustained naturally. Thus, there is no need for host cell sup-
pressing agents in order to enhance chlamydial multiplication.
This is an advantage, e.g., when host cell functions such as the
secretion of proinflammatory mediators in response to infec-
tion are studied.

Analysis of the apical and the basal medium by enzyme
immunoassay (for IL-8) and the human cytokine array panel
kit suggested that the infected Calu-3 cells secreted newly
synthesized cytokines and other mediators of inflammation in
a polarized manner. The majority of IL-8, sICAM1, IL-1ra,
IL-6, and MIF was secreted apically at 72 h p.i., whereas
GRO	 and IP-10 were secreted into both the apical and the
basal media. Such a polarized secretion of IL-8 was not seen in
the filter-grown A549 culture. In the present study we describe
for the first time that MIF is secreted by epithelial cells upon
C. pneumoniae infection; secretion of the other mediators de-
tected here upon chlamydial infection has been reported ear-
lier (4, 16, 25, 27, 31, 32). The significance of the apically
directed secretion of the proinflammatory mediators IL-1ra,
IL-6, IL-8, and MIF, as well as that of sICAM-1, observed here
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is not clear and requires further studies. In an earlier report,
apical IL-8 expression was suggested to increase transepithelial
migration of leukocytes into alveolar spaces (28). On the other
hand, insignificant basolateral secretion might aid in suppress-
ing immunological defense, which could thus promote persis-
tence of the bacteria inside the cells. Our hypothesis is that
such processes could influence the outcome of C. pneumoniae
infection in vivo.

With this study we present the characterization of C. pneu-
moniae infection in a polarized cell culture model that more
closely resembles the in vivo situation. The lung adenocarci-
noma cell line Calu-3 was shown to polarize and form func-
tional tight junctions when grown on a semipermeable mem-
brane. The polarized cell layer was more resistant to C.
pneumoniae infection, and the production of infective chla-
mydiae was suppressed in this model. The polarized Calu-3 cell
culture was also highly resistant to the antibacterial effect of
doxycycline, and polarized secretion of several inflammatory
mediators was detected. Although the A549 cells did not pro-
duce similar tight functional barriers and polarized monolayers
when grown on semipermeable filters, the characteristics of C.
pneumoniae infection in the filter-grown cells were different
from those in the flat cultures. Despite several drawbacks,
including tedious manipulations of the filter-grown cells, diffi-
culties in enumerating inclusions in the filter-grown cells, and
economical aspects, infections in the filter-grown cell cultures
might more closely mimic the interaction between epithelial
cells and C. pneumoniae infection and can thus serve as a
useful model. Further, the observed differences in the infection
characteristics should be taken into consideration when plan-
ning further in vitro experiments on C. pneumoniae infection.
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