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We have established an in vitro model of long-term continuous Chlamydia pneumoniae infection in HEp-2
cells. Using transmission electron microscopy, we demonstrated the presence of spontaneous abnormal chlamydial inclusions similar in appearance to the persistent chlamydial forms induced in vitro by treatment with
cytokines or antibiotics or by nutrient deprivation.
Chlamydia pneumoniae is a frequent cause of communityacquired pneumonia and bronchitis in adults and children.
Like other chlamydial species, it can cause prolonged or
chronic infections which may persist for months or years (11).
These persistent infections have been implicated in the development of a number of chronic diseases, including chronic
obstructive pulmonary disease, atherosclerosis, and asthma
(20). However, whether persistent C. pneumoniae is a cause, a
triggering cofactor, or an innocent bystander remains controversial.
Persistent chlamydial infections can be established in vitro
using several methods, including treatment with cytokines (2,
4, 16, 18) or antibiotics (5, 6) or by deprivation of certain
nutrients (13). In all cases they have been described as having
morphologically abnormal reticulate bodies (RBs), which suggests that they are somehow altered during their otherwise
normal development.
In the present study we describe the ultrastructural findings
determined using an in vitro model of long-term continuous C.
pneumoniae infection in HEp-2 cells, a respiratory epithelial
cell line (14, 17).
Briefly, confluent HEp-2 cells were inoculated once with C.
pneumoniae isolate TW-183 (ATCC VR2282) or CM-1
(ATCC VR1360) to achieve 100% infection. After 3 to 5 days,
when lysis of most of the infected host cells was seen, the
culture medium was replaced with fresh medium but without
added cycloheximide. After 1 week of further incubation,
growth of colonies of new host cells was observed. Since then,
continuous C. pneumoniae cultures have been maintained for
over 4 years by reseeding the infected host cells into new flasks
to prevent overgrowth. No new cells or chlamydiae were
added. C. pneumoniae remained viable and cultivable in this
model.
Two days prior to sampling, the continuously infected cells
were seeded onto six-well plates. Cell monolayers were
trypsinized, and infected cells were collected into 1.5-ml centrifuge tubes and fixed with 3% glutaraldehyde in 0.1 M caco-

dylate buffer overnight at 4°C. Samples were prepared for
transmission electron microscopy by standard procedures (9).
Samples were postfixed in osmium tetroxide, followed by uranyl acetate. The cells were then dehydrated in increasing concentrations of ethanol (50, 70, and 90%) and acetone (90 and
100%) and subsequently embedded in Spurr’s epoxy resin.
Ultrathin sections (50 to 100 nm in thickness) were prepared
and collected onto 200-mesh copper grids, contrasted with 1%
uranyl acetate and Reynolds lead citrate before being examined, and photographed using a JEOL 1200EX transmission
electron microscope.
Three types of chlamydial inclusions were observed by transmission electron microscopy: typical, altered, and aberrant.
Approximately 90% of the inclusions seen in the ultrathin
sections were typical, with large inclusions ranging from approximately 5 to 12 m in diameter. These typical inclusions
contained an average of 350 tightly packed chlamydial bodies
and some extracellular material as well as membranous material (Fig. 1A and B). Elementary bodies (EBs) were pearshaped and electron opaque, with a large periplasmic space
surrounded by an undulating cell membrane (Fig. 1B), and
ranged from 200 to 400 nm in diameter. Larger RBs with
electron-lucent nuclear centers were interspersed among the
EBs; they were round and ranged in size from 400 to 800 nm.
A number of RBs were also observed to be in the stage of
binary fission. The inclusions were bound by a definite membrane and were closely apposed to the HEp-2 cell nuclei.
Mitochondria were observed surrounding the inclusion but did
not appear to be in close association with the inclusions.
The second type of inclusion observed, altered inclusions,
contained both normal EBs and RBs but in considerably lower
numbers (approximately 70) compared to the normal population of 350 for the typical inclusion. These inclusions also
contained pleomorphic aberrant bodies, which were 2.5 m in
diameter or up to four to five times the size of normal RBs;
their cytoplasm was homogenous (Fig. 1C, E, and F). These
aberrant bodies retained an identifiable small periplasmic
space and outer membrane, characteristics of normal RBs.
Altered inclusions were closely apposed to the nuclei of the
HEp-2 cells. Host cell mitochondria were observed adjacent to
the defined inclusion membrane.
The third type of inclusion observed was small and aberrant,
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averaging 4 m in diameter. These inclusions contained about
60 aberrant bodies (ABs) which were similar in size to normal
RBs but appeared electron dense and no longer retained a
smooth spherical shape. The aberrant bodies were loosely arranged in the inclusion with a noticeable absence of any intrainclusional material and membranes (Fig. 1D). These dense
ABs retained the characteristic chlamydial outer membrane
structure, with very little periplasmic space and with the membranes more tightly bound to the chlamydial body, similar to
normal RBs. No EBs were observed in these inclusions. Aberrant inclusions were often observed in HEp-2 cells with multiple inclusions. Some aberrant inclusions contained both ABs
and intermediate bodies. The inclusions remained closely apposed to the HEp-2 cell nuclei and were surrounded by a
defined inclusion membrane, with loosely associated host cell

mitochondria, as had been observed for normal and altered
inclusions.
The morphology of the persistent forms described here in
our continuous in vitro model is similar to that previously
described in several in vitro studies where persistent infection
was induced by antimicrobial agents, cytokines, or media deprived of certain nutrients (2, 3, 4, 5, 6, 13, 16, 18). However,
the persistent forms in this model occurred spontaneously,
without the addition of any extraneous triggering agents.
Abnormal chlamydial development was first described in
vitro after Chlamydia psittaci- and Chlamydia trachomatis-infected cells had been treated with penicillin (5, 8, 15), which
induced the development of enlarged abnormal RBs, with formation of small daughter RBs budding from within the parent
RBs. This effect was reversed following removal of the peni-
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FIG. 1. Continuous C. pneumoniae infection in HEp-2 cells inoculated with isolate CM-1 (A to D) or isolate TW-183 (E and F). (A and B)
Typical inclusions; (C to F) altered inclusions; (D) aberrant inclusion. C, cytoplasm; N, nucleus; M, mitochondria; im, inclusion membrane; e,
intrainclusional membranous material.
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bine both the typical development phase and the persistent
phase. The implications of the persistent phase in the C. pneumoniae developmental cycle are important for our understanding of the pathogenesis of C. pneumoniae infections and also
for the diagnosis and treatment of associated diseases. It may
be possible to develop specific agents to target the persistent
phase of the development cycle, which should enable specific
diagnosis of persistent C. pneumoniae infections.
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cillin from the medium. Other antibiotics have also been reported to induce abnormal chlamydial development. Erythromycin, when used in subinhibitory concentrations, produced
small inclusions of C. trachomatis, with RBs twice the size of
typical RBs (6). Treatment of C. trachomatis with sulfonamides
induced development of small inclusions containing irregular
RBs with ruffled membranes, mini-RB-like forms, and numerous ghost particles (10, 12). Recently, Wolf et al. (19) described the aberrant development of C. pneumoniae AR-39 in
HeLa 229 cells treated with 50 g of ampicillin/ml. After 48 h
of treatment, the RBs were abnormal and much larger and
appeared to undergo little or no cell division, similar to the
aberrant bodies observed in our continuous-infection model.
Dreses-Werringloer et al. (7) investigated the effect of ciprofloxacin and ofloxacin on established C. trachomatis infection
(2 to 3 days postinfection) in HEp-2 cells. They found that at
the minimal bactericidal concentration, both drugs not only
failed to eradicate chlamydiae from infected cells but also
induced persistent infection that was characterized by a small
number of small aberrant inclusions present through 20 days of
culture. A similar observation has been previously reported; in
that report, C. pneumoniae in a continuous infection remained
viable after 6 days of treatment with ofloxacin at 4.0 g/ml (4
times the MIC) (14). Dreses-Werringloer et al. (7) also noted
a significant decrease in the expression of major outer membrane protein, while the production of hsp60 and chlamydial
lipopolysaccharide was minimally affected. Removal of ciprofloxacin from the medium 10 or 14 days postinfection reversed
the effect, allowing the persistent chlamydiae to differentiate
into infectious EBs.
Beatty et al. (1, 2, 4) demonstrated that treatment with 0.2
ng of gamma interferon (IFN-␥)/ml inhibited intracellular
growth of C. trachomatis in HeLa cells. IFN-␥ restricted the
division of RBs and interrupted their differentiation into infectious EBs. The development of large aberrant RB forms
combined with the absence of EBs was characteristic of persistent C. trachomatis infection. The aberrant chlamydial development was also concomitant with a decrease in the levels
of major outer membrane protein, the 60-kDa outer membrane protein, and lipopolysaccharide. Chlamydial growth was
altered but not completely inhibited; infectious chlamydiae
could be recovered after removal of IFN-␥ from the media. In
contrast to the other models of persistence, our continuously
infected cells were productive at all time points, probably due
to the fact that only 10% of inclusions were affected, with the
majority of the inclusions undergoing typical development. The
altered and aberrant inclusions observed in the continuousinfection model appeared to be morphologically similar to
those observed in IFN-␥-treated C. trachomatis cultures (1).
Restriction of certain nutrients has also been demonstrated
to induce persistence in chlamydiae. Harper et al. (13) described the development of large and distorted RBs of C.
trachomatis in McCoy cells presented with decreasing concentrations of glucose and 13 amino acids. The very high infective
load present in the continuously infected cells in our model
may result in areas of local nutrient starvation, which may act
as a trigger for the development of the persistent forms.
The results of our study demonstrate for the first time that
the natural developmental cycle of C. pneumoniae may com-
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