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Infection with Chlamydia pneumoniae, a human respiratory pathogen, has been implicated as a potential risk
factor in atherosclerosis, possibly because the pathogen can exist in a persistent form similar to that described
for Chlamydia trachomatis. The present study investigated whether gamma interferon (IFN-g) can induce
indoleamine 2,3-dioxygenase (IDO) activity in aortic smooth muscle cells, leading to a marked inhibition of C.
pneumoniae growth. Our data indicate a stimulation of IDO mRNA expression and dose-dependent enzymatic
activity following IFN-g treatment. IDO-mediated increase in tryptophan catabolism resulted in a dose-
dependent marked inhibition of C. pneumoniae replication.

Chlamydia pneumoniae is an obligate intracellular organism
that causes acute respiratory diseases such as pneumonia (10,
17, 27) and chronic respiratory diseases, accompanied by symp-
toms of asthmatic bronchitis with continuous pulmonary in-
flammation (21). More recently, the role of C. pneumoniae as
a bacterial pathogen participating in or initiating an inflamma-
tory process in atherosclerosis has been extensively considered
(18). The detection of C. pneumoniae DNA or antigens within
atheromatous plaques of patients with coronary disease corre-
lates with seroepidemiologic studies supporting a physical as-
sociation of C. pneumoniae and atherosclerosis (5, 11, 16). Our
laboratory detected and cultivated C. pneumoniae which was
localized within the intimal layer of the coronary artery wall
corresponding to the area of atherosclerosis (23).

The earliest recognizable lesion of atherosclerosis is consid-
ered to be the “fatty streak,” which is composed of smooth
muscle foam cells and contributes to an occlusive lesion called
a fibrous plaque. Smooth muscle cell accumulation is a key
event in the development of advanced lesions of atherosclero-
sis (25), where intercellular interactions cause migratory activ-
ities. C. pneumoniae has been shown to replicate, in vitro, in
human endothelial cells, macrophages, and aortic smooth mus-
cle cells (ASMC), all of which are components of the arterial
wall (7–9, 15). Soluble factors from endothelial cells infected
with C. pneumoniae have recently been shown to stimulate
smooth muscle cell proliferation (6). Inflammatory mediators,
such as gamma interferon (IFN-g), may define a link between
C. pneumoniae infection and the exacerbation of atherosclero-
sis. The pathophysiological role of C. pneumoniae within ath-
eromatous plaques is not understood; however, the organism
would need to viably persist within cellular components of the
arterial wall to support an active role in atherosclerosis.

Chlamydial persistence is described as a long-term associa-
tion of the bacteria with a host in which the organism remains
in a viable but culture-negative state (24). For the related
pathogen Chlamydia trachomatis, a persistent altered life cycle

in which the organism exists as an aberrant body can be in-
duced in vitro through indoleamine 2,3-dioxygenase (IDO)
activity, which deprives the pathogen of tryptophan (2). Previ-
ous studies in our laboratory have established that low levels of
IFN-g induced an altered life cycle of C. pneumoniae, with
subsequent recovery of an infectious organism through the
addition of excess tryptophan (19). A recent study examined C.
pneumoniae infection in HeLa cells by transmission electron
microscopy and found aberrant bodies which were larger than
typical reticulate bodies in the presence of ampicillin (28).
With the current focus on C. pneumoniae and its association
with atherosclerosis, the purpose of the present study was to
determine if ASMC express IDO enzymatic activity and exam-
ine effects on the replication of C. pneumoniae.

C. pneumoniae strain A-03 (ATCC VR-1452) was isolated
from an atheroma of a patient with coronary artery disease
(23). Stock cultures and infection assays were performed as
described by Molestina et al. (20). Human ASMC (Clonetics
Corporation) were seeded at a density of 1.0 3 105 cells/ml in
SMGM-2 (Clonetics bullet kit 2) and allowed to reach conflu-
ency. Expression of IDO mRNA in ASMC was examined using
reverse transcription (RT)-PCR analysis. ASMC were treated
with 500 U of IFN-g per ml, and RNA was isolated at 12 and
24 h using the RNeasy mini kit (Qiagen, Santa Clarita, Calif.).
RT-PCR was performed with 1.0 ml of RNA for first-strand
cDNA synthesis (reverse transcription system; Promega, Mad-
ison, Wis.). Samples were incubated for 60 min at 42°C, fol-
lowed by two 5-min incubations at 99 and 4°C, respectively.
This was followed by PCR using a reaction mixture (50-ml final
volume) containing 103 PCR buffer, 25 mM MgCl2, 2.0 mM
concentrations of each deoxynucleoside triphosphate dissolved
in water (pH 7.0), AmpliTaq DNA polymerase, and IDO-
specific forward and reverse oligonucleotide primers with the
following sequences: IDO forward primer, 59-CCTGACTTAT
GAGAACATGGACGT-39; IDO reverse primer, 59-ATACA
CCAGACCGTCTGATAGCTG-39 (13). The positive control
was generated from a 1.4-kb IDO cDNA cloned into pUC19
(gift from Joe Carlin, Miami University, Oxford, Ohio); the
size of the amplified IDO fragment was 321 bp. For tryptophan
catabolism, ASMC were treated with IFN-g followed by pulse-
labeling monolayers with 0.025 mM L-Trp and 1.0 mCi of
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[5-3H]Trp (New England Nuclear) per ml in Hanks balanced
salt solution for 4 h at 37°C. Tryptophan catabolism was mea-
sured using paper chromatography as described previously
(22). Percent specific catabolism of tryptophan to its metabo-
lites, N-formylkynurenine and kynurenine, was calculated as
described by Mehta et al. (19). 1-Methyl-DL-tryptophan (1-MT;
Aldrich, Milwaukee, Wis.) was used as a competitive inhibitor
of IDO (4); ASMC were pretreated for 1 h with increasing
concentrations of 1-MT prior to IFN-g stimulation. To deter-
mine the effects of IFN-g-mediated IDO activity, ASMC were
infected with C. pneumoniae (multiplicity of infection, 5:1) in
the presence or absence of 1-MT and treated with increasing
concentrations of IFN-g. Infected monolayers were stained by
immunofluorescence (Pathfinder; Sanofi Diagnostics, Chaska,
Minn.) and examined for inclusion formation at magnifications
under 3400. Statistical analysis was made on raw data from a
minimum of three experiments using one-way analysis of vari-
ance followed by Tukey’s multiple comparison test. All exper-
iments were performed using duplicate wells in triplicate ex-
periments. A P value of ,0.05 was used to determine statistical
significance for all analyses.

As shown in Fig. 1A (inset), following ASMC stimulation
with 500 U of IFN-g per ml, IDO mRNA was increased at 12
and 24 h compared to untreated controls. Specificity of the
RT-PCR product was confirmed by digestion using PvuII (13)
to produce 94- and 227-bp specific band fragments of the
321-bp product of IDO (data not shown). Demonstration of
IDO enzyme activity showed that IFN-g had a dose-dependent
effect on tryptophan catabolism, with maximal activity (67.6%)
when ASMC were treated with a concentration of 25 U of
IFN-g per ml (Fig. 1A). As shown in Fig. 1B, IFN-g-mediated
IDO activity was blocked in a dose-dependent manner through

treatment of ASMC with the specific IDO inhibitor 1-MT,
causing a significant decrease in tryptophan catabolism, to less
than 2% (P , 0.05).

The effect of IFN-g-mediated IDO induction on C. pneu-
moniae replication was examined in ASMC that were previ-
ously stimulated with increasing concentrations of IFN-g (0 to
500 U/ml) before infection. Figure 2 shows that IFN-g had a
dose-dependent effect on inclusion formation which decreased
from 100% of control (0 U of IFN-g/ml) to 27.5% with in-
creasing concentrations of IFN-g. The number of inclusions in
ASMC showed a significant decrease with 500 U of IFN-g/ml
(P , 0.05). The specific role of IDO activity in tryptophan
catabolism and inhibition of C. pneumoniae inclusion forma-
tion was determined through the use of 1-MT followed by
treatment with increasing concentrations of IFN-g for 48 h.
The presence of 1-MT reversed the IFN-g-mediated reduction
of C. pneumoniae inclusion formation (Fig. 2).

The present study determined the effects of IFN-g-mediated
IDO activity on C. pneumoniae replication in ASMC and dem-
onstrated a direct role of specific IDO enzymatic activity
through the use of 1-MT. To our knowledge, there have been
no previous reports as to whether ASMC express IDO activity
upon IFN-g stimulation. Our studies found that expression of
IDO mRNA is increased in ASMC treated with 500 U of
IFN-g/ml, followed by production of an active enzyme as mea-
sured through tryptophan catabolism. Through the use of
1-MT, IDO was shown to be specific for tryptophan degrada-
tion when catabolism was inhibited in a dose-dependent man-
ner. Additionally, it was determined that IFN-g-mediated IDO
activity had a dose-dependent effect on the marked inhibition
of C. pneumoniae replication in ASMC.

During an immune response to infection, IFN-g produced

FIG. 1. Induction of IFN-g-mediated IDO mRNA expression and measurement of IDO activity in ASMC with the effects of the inhibitor 1-MT. (A) ASMC were
treated with increasing concentrations of IFN-g for 48 h and pulse-labeled with [3H]tryptophan for 4 h. IDO activity was expressed as the percentage of pulse-labeled
[3H]tryptophan converted to metabolites, determined by paper chromatography. (Inset) RT-PCR analysis of IDO mRNA expression in ASMC treated with 500 U of
IFN-g per ml or left untreated. Lane 1, molecular weight standard; lane 2, 12-h IFN-g treatment; lane 3, 12 h, untreated; lane 4, 24-h IFN-g treatment; lane 5, 24 h,
untreated; lane 6, negative control (distilled H2O); lane 7, positive control (IDO cDNA cloned into pUC19 as described in the text). (B) ASMC monolayers were
pretreated for 1 h with 1-MT, followed by IFN-g (25 U/ml) stimulation for 48 h. Monolayers were pulse-labeled with [3H]tryptophan for 4 h, and IDO activity was
measured by [3H]tryptophan catabolism using paper chromatography and calculated as the percentage converted to metabolite fractions.
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by T lymphocytes and natural killer cells regulates the synthesis
of IDO (27), catabolizing tryptophan to its two metabolites,
which results in a depletion of tryptophan pools within the host
cell (12). When tryptophan levels are depleted, C. pneumoniae
growth is arrested. Previous studies in our laboratory demon-
strated the complete inhibition of C. pneumoniae replication
when HEp-2 cells were treated with increasing concentrations
of IFN-g due to tryptophan catabolism (26). However, upon
the addition of excess tryptophan, replication was restored
(19), suggesting a role for IFN-g-mediated IDO activity in the
inhibition of C. pneumoniae replication due to insufficient tryp-
tophan availability.

IFN-g induced the synthesis of IDO mRNA, followed by the
production of an active enzyme, which then led to a rapid
increase in tryptophan catabolism. Studies with C. trachomatis
have shown that when cells are exposed to low levels of IFN-g,
the reduced tryptophan pools force the pathogen to be mor-
phologically and biochemically altered. This altered organism
is described as a persistent form capable of maintaining intra-
cellular viability for long periods of time but unable to infect
other host cells (1, 3). As shown recently (28), C. pneumoniae
has the ability to undergo similar morphological alterations in
the presence of ampicillin. These abnormal inclusions were
found to be noninfectious in the presence of ampicillin; how-
ever, infectious elementary bodies were regenerated once the
antibiotic was removed. It is unknown whether C. pneumoniae
undergoes similar morphological and biological alterations
upon exposure to IFN-g. We demonstrated a reduced number
of C. pneumoniae inclusions when ASMC were treated with
increasing concentrations of IFN-g, suggesting that a dose-
dependent exposure to IFN-g may induce an alteration in the
replicative growth cycle, similar to that described for C. tra-
chomatis. These results provide evidence that IFN-g has a
direct role in mediating IDO activity, resulting in a significantly
reduced ability of C. pneumoniae to replicate in ASMC. The
use of 1-MT, a competitive inhibitor of IDO (4), relieved
tryptophan catabolism to its metabolites, creating sufficient

tryptophan pools for bacterial growth. It remains to be deter-
mined whether the restricted growth of C. pneumoniae, due to
IFN-g-mediated IDO activity, is morphologically and bio-
chemically altered from the normal biphasic life cycle.

Isolation of C. pneumoniae from tissues of human carotid
and coronary atheromatous plaques (14, 23) provides evidence
of an association with atherosclerosis; however, the role of C.
pneumoniae remains controversial, specifically with regard to
its contribution to the pathogenesis of disease. Inflammatory
mediators, such as IFN-g, may define a link between infection
and atherogenesis by promoting persistence in atherosclerotic
tissue. This inflammatory process, which stems from initial
endothelial cell injury, accumulates leukocytes within the in-
flamed tissue, followed by increased endothelial permeability
within the lumen of the arterial wall. In accelerated forms of
atherosclerosis, smooth muscle foam cells accumulate along
the luminal margin (25); this emphasizes the importance of
determining the effects of C. pneumoniae replication in an
essential cell involved in the atherosclerotic process. Long-
term survival of C. pneumoniae within associated cells of the
vascular wall may provide continuous immunogenic stimuli,
creating a cascade of events during the initial inflammatory
process described for atherosclerosis. Our observations pro-
vide a basis of evidence that demonstrates a restriction in the
replicative process of C. pneumoniae inclusion formation in
ASMC due to exposure to IFN-g. Although in vitro studies
have provided evidence of possible chlamydial persistence, fur-
ther investigations are needed to establish a more definitive
description of persistence by focusing on morphologic and
metabolic alterations, in conjunction with determining an in
vivo association with atherosclerosis.
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