
INFECTION AND IMMUNITY,
0019-9567/00/$04.0010

Apr. 2000, p. 2245–2253 Vol. 68, No. 4

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Roles of Interleukin-12 and Gamma Interferon in Murine
Chlamydia pneumoniae Infection

YUEMEI GENG,1† KLARA BERENCSI,1 ZSOFIA GYULAI,1 TIBOR VALYI-NAGY,2

EVA GONCZOL,1 AND GIORGIO TRINCHIERI1*

The Wistar Institute of Anatomy and Biology, Philadelphia, Pennsylvania 19104,1 and
Vanderbilt University Medical Center, Nashville, Tennessee 372322

Received 22 July 1999/Returned for modification 21 October 1999/Accepted 2 December 1999

BALB/c and strain 129 mice infected intranasally with Chlamydia pneumoniae displayed a moderate-to-severe
inflammation in the lungs and produced interleukin-12 (IL-12), gamma interferon (IFN-g), tumor necrosis
factor alpha (TNF-a), and IL-10, with peak levels on days 1 to 3 postinfection (p.i.), returning to basal levels
by day 16 p.i. Anti-IL-12 treatment resulted in less-severe pathological changes but higher bacterial titers on
days 3 and 7 p.i. By day 16 p.i., the inflammatory responses of control antibody-treated mice subsided. The
bacterial titers of both anti-IL-12- and control antibody-treated mice decreased within 3 weeks to marginally
detectable levels. Anti-IL-12 treatment significantly reduced lung IFN-g production and in vitro spleen cell
IFN-g production in response to either C. pneumoniae or concanavalin A. In g-irradiated infected mice,
cytokine production was delayed, and this delay correlated with high bacterial titers in the lungs. Following C.
pneumoniae infection, 129 mice lacking the IFN-g receptor a chain gene (G129 mice) produced similar IL-12
levels and exhibited similarly severe pathological changes but had higher bacterial titers than 129 mice.
However, by day 45 p.i., bacterial titers became undetectable in both wild-type 129 and G129 mice. Thus, during
C. pneumoniae lung infection, IL-12, more than IFN-g, plays a role in pulmonary-cell infiltration. IFN-g and
IL-12, acting mostly through its induction of IFN-g and Th1 responses, play an important role in controlling
acute C. pneumoniae infection in the lungs, but eventually all mice control the infection to undetectable levels
by IL-12- and IFN-g-independent mechanisms.

Chlamydia pneumoniae is a highly specialized gram-negative
intracellular bacterium with a biphasic life cycle, in which the
spore-like elementary bodies facilitate transit between cells
and the metabolically active reticulate bodies are responsible
for intracellular replication (30, 59). C. pneumoniae infection is
by far the most common human chlamydial infection, with
seropositivity in at least 50% of the general population over
age 20 in the United States and other countries (12, 17, 19, 26,
38, 43, 58). Although most of the acute infections are probably
asymptomatic, the clinical syndromes most frequently associ-
ated with C. pneumoniae are pneumonia, pharyngitis, sinusitis,
and bronchitis (13, 17, 18, 20, 39, 58). In a series of studies,
10% of cases of pneumonia and approximately 5% of cases of
bronchitis, sinusitis and, in Finland, pharyngitis have been at-
tributed to the organism (30). In addition, C. pneumoniae has
been proposed to be a risk factor for immune-reactive disor-
ders such as adult-onset asthma, reactive arthritis, and acute
chest syndrome of sickle cell anemia (21, 40). Patients with
human immunodeficiency virus infection or other immunosup-
pressive diseases have increased incidences of seropositivity
and isolation of bacteria from the lungs, although the role of C.
pneumoniae as an opportunistic pathogen in immunocompro-
mised persons is not well defined (1, 14). Persistently elevated
titers of antibody to C. pneumoniae have been observed in
patients with sarcoidosis and lung cancer (33). Recently, in-
creasing evidence has implicated C. pneumoniae in the patho-
genesis of coronary artery disease, as suggested by seroepide-

miological studies and by direct demonstration of such
organisms in disease lesions of patients (4, 31, 47, 48, 51, 53).
Studies in apolipoprotein E-deficient transgenic mice and in
rabbits also showed that C. pneumoniae infection leads to in-
flammatory changes in the aorta (11, 32, 41). More recently,
Bachmaier et al. (2) reported that a peptide from the murine
heart muscle-specific a myosin heavy chain that has sequence
homology to the 60-kDa cysteine-rich outer membrane pro-
teins of C. pneumoniae, Chlamydia psittaci, and Chlamydia
trachomatis was able to induce autoimmune inflammatory
heart disease in mice, suggesting that chlamydial infections and
heart disease are linked through antigenic mimicry.

C. pneumoniae, like other species of Chlamydia (5, 35, 46, 50,
60), is a potent inducer of the cytokines tumor necrosis factor
alpha (TNF-a), interleukin-1b (IL-1b), and IL-6, as shown in
a human monocytic cell line (22) and in freshly isolated human
peripheral blood mononuclear cells (27). Very recently, Pent-
tila et al. (44) reported that lung-derived mononuclear cells
from infected mice show gamma interferon (IFN-g) responses
upon in vitro restimulation with inactivated C. pneumoniae,
whereas cells isolated from naive or primary-challenged mice
do not. However, the immune mechanisms involved in C. pneu-
moniae resistance and pathogenesis, and the role of key im-
mune regulatory factors such as IL-12 and IFN-g, remain
largely unknown. IL-12 is a heterodimeric cytokine composed
of a 40-kDa and a 35-kDa chain (28) produced primarily by
phagocytic cells and dendritic cells, in response to infections by
various bacteria, viruses, protozoa, and fungi, and to other
inflammatory or immunological stimuli (9, 34, 57). IL-12 aug-
ments NK cell and T-lymphocyte cytotoxic activity, favors Th1
differentiation, and induces the production of IFN-g and other
cytokines (28, 56). IL-12 and IL-12-induced IFN-g participate
in the regulation of adaptive immune responses and the acti-
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vation of macrophages, thus playing an important role in in-
nate resistance and immunity (55, 57).

To examine C. pneumoniae infection-mediated cytokine pro-
duction and to analyze the mechanisms of host resistance
against this infection, we focused on the ability of C. pneu-
moniae to induce pulmonary IL-12 and IFN-g production in
vivo and investigated the roles of these cytokines in resistance
to C. pneumoniae infection.

MATERIALS AND METHODS

Mice. Six- to eight-week-old male BALB/c mice were obtained from Harlan
Sprague-Dawley (Indianapolis, Ind.). IFN-g receptor a chain gene-deficient
G129 mice and wild-type 129 mice were obtained from M. Aguet (Lausanne,
Switzerland) and bred in the pathogen-free animal breeding facility at The
Wistar Institute (Philadelphia, Pa.). All mice were fed a regular mouse chow diet
ad libitum and housed under biosafety level 2 conditions. In some experiments,
mice were g-irradiated at a sublethal dose (450 rads) using a Mark 1 irradiator
(J. L. Shepherd & Associates, Glendale, Calif.) 6 to 8 h before bacterial infection
(3).

C. pneumoniae strain, inoculum preparation, and infection of mice. C. pneu-
moniae strain TW 183, a pharyngeal isolate, was purchased from the American
Type Culture Collection (ATCC, Manassas, Va.) and was propagated in McCoy
cells (ATCC) in Dulbecco’s modified Eagle medium (Gibco BRL, Grand Island,
N.Y.) supplemented with 10% fetal calf serum, 0.3 mg of L-glutamine/ml, 0.5%
glucose, 4 mM HEPES, 25 mg of gentamicin/ml, and 1 mg of cycloheximide/ml in
a 35°C, 5% CO2-saturated humidified incubator (15). Infected cells were har-
vested on day 3 or 4 and were disrupted by two cycles of freeze-thawing and
ultrasonification; different harvests were pooled. After centrifugation at 500 3 g
for 5 min to remove cell debris, bacteria were concentrated by high-speed
centrifugation at 25,000 3 g for 25 min. Pellets were resuspended in phosphate-
buffered saline (PBS), pH 7.4, mixed with an equal volume of sucrose-phosphate-
glutamic acid buffer (0.22 M sucrose, 10 mM NaH2PO4, 3.8 mM KH2PO4, 5 mM
glutamic acid [pH 7.4]), aliquoted, and frozen at 270°C until use.

Chlamydial titers were determined by an immunofluorescence assay in which
McCoy cells were infected with 100 ml of serial dilutions of bacterial stock or lung
suspensions in triplicate in 24-well culture plates, incubated for 72 h, fixed with
methanol-acetone (1:1), and stained with an anti-major outer membrane protein
(anti-MOMP) antibody (immunoglobulin G3 [IgG3] mouse monoclonal anti-
body [MAb] against C. pneumoniae) (DAKO, Cambridgeshire, England), fol-
lowed by a fluorescein isothiocyanate-labeled secondary antibody [goat F(ab9)2
anti-mouse IgG] (Sigma Chemical Co., St. Louis, Mo.), to identify chlamydial
inclusions. After inclusions were counted under a fluorescence microscope and
corrected for dilution factors, bacterial titers were expressed as inclusion-forming
units (IFU) per milliliter. The detection limit of this assay is 103 IFU/lung.

Heat-inactivated (HI) bacteria were prepared by heating a viable bacterial
suspension with a known concentration for 45 min at 75°C. Infectivity was
abrogated, as judged by the undetectable titer.

Before infection, mice were mildly sedated by intraperitoneal injection of 180
to 200 ml of sodium pentobarbital (60 mg/ml) (Butler Controlled Drug, Colum-
bus, Ohio). Mice were then inoculated intranasally either with 2 3 104 to 4 3 104

IFU of C. pneumoniae suspended in 50 ml of PBS, with the equivalent amount of
HI bacteria, or with 50 ml of PBS. In initial experiments, mock infection was
performed using preparations derived from uninfected McCoy cell cultures,
which were treated exactly as for the preparation of bacterial suspensions. Be-
cause no cytokine induction was ever observed in these mock-infected animals,
50 ml of PBS was used for mock infection in later experiments. All chlamydial
inocula were free of mycoplasmal contamination as determined by PCR and
Hoechst staining (Cell Center, The University of Pennsylvania, Philadelphia,
Pa.).

Lung histopathology and in situ hybridization. Mice anesthetized with sodium
pentobarbital were sacrificed by axillary bleeding. Lungs were removed in toto,
including trachea and bronchi, and immersed in periodate-lysine-paraformalde-
hyde fixative for 48 h before paraffin embedding. Serial 6-mm-thick sections, with
30 mm between sections, were made randomly, followed by hematoxylin and
eosin (H & E) staining for histological analysis or in situ hybridization for
detection of bacterial DNA or IL-12 p40 mRNA. A total of 10 sections from each
lung were evaluated. Pathological changes were scored based on the percentage
of lung parenchyma involved, as follows: 1, ,25% of lung parenchyma involved;
2, ,50% but .25% involved; 3, .50% involved.

In situ hybridization was performed as described previously (54) with some
modifications. Briefly, C. pneumoniae MOMP probes were generated by ampli-
fying the gene in two fragments, MOMP A (631 bases) and MOMP B (546
bases), by PCR. Primer sequences for MOMP A were 59-TCT-AGG-TAC-CTA-
AGC-ATA-ATC-TTT-AGA-GGT-39 (MOMP/A 59) and 59-TCT-AGA-ATT-
CAG-CTC-CCA-AAG-TTG-CAC-AAC-39 (MOMP/A 39). Primer sequences
for MOMP B were 59-TCT-AGA-ATT-CCA-ATA-TGC-ACA-GTC-CAA-
ACC-39 (MOMP/B 59) and 59-TCT-AGG-GCC-CTT-AGA-ATC-TGA-ACT-
GAC-CAG-39 (MOMP/B 39). A murine IL-12 p40 probe (275 bases between
nucleotide positions 35 and 280 of the published murine p40 cDNA sequence

[49]) was cloned into the PCR II/TA cloning vector (Invitrogen, San Diego,
Calif.) and amplified using transfected Escherichia coli. The MOMP/A and
MOMP/B primer mix and the IL-12 p40 probes were labeled with 35S by nick
translation (Gibco BRL), purified by passage through quick-spin columns
(Boehringer-Ingelheim, Ridgefield, Conn.), and dissolved at a working concen-
tration of 1 ng of labeled probe per 15 ml of hybridization solution (23 SSC [13
SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 45% formamide, 10 mM Tris
[pH 7.4], 1 mM EDTA, 13 Denhardt’s solution, 10% dextran sulfate, and 1 mg
of salmon sperm DNA/ml). After treatment with 1 mg of proteinase K/ml (Sig-
ma), tissue sections were hybridized overnight at 50°C with the appropriate
probe. Slides were then washed under stringent conditions (at 45°C in 23
SSC–45% formamide–1 mM Tris [pH 7.0]–1 mM EDTA) to remove unhybrid-
ized and nonspecifically bound probe, autoradiographed with Kodak NT/B2
emulsion, developed, fixed, and counterstained with H & E stain.

Cytokines and anticytokine antibodies. Murine cytokines (IL-12, kindly pro-
vided by Stan Wolf [Genetics Institute, Cambridge, Mass.], TNF-a, a gift from
Gianni Garotta [Human Genome Sciences, Rockville, Md.], IFN-g [R & D
Systems, Minneapolis, Minn.], IL-10 [Endogen, Woburn, Mass.], and IL-4 [En-
dogen]) were used as standards in cytokine assays.

Antibodies were produced and characterized in our laboratory unless other-
wise noted. Rat anti-mouse cytokine antibodies used in this study were as fol-
lows: C17.8 (IgG2a) and C17.15 (IgG1) (both anti-IL-12 p40); C18.2 (IgG2a)
(anti-IL-12 p35); AN18 (IgG1) (anti-IFN-g; from Gianni Garotta); Jes5-2A5
(IgG1) (anti-IL-10) (DNAX, Palo Alto, Calif.); XMG 6 (IgG1) (anti-IFN-g) and
XT22 (IgG1) (anti-TNF-a) (both from Alan Sher, National Institute of Allergy
and Infectious Diseases, Bethesda, Md.); 11B11 (IgG1) and BVD6-24G2 (IgG2)
(both anti-IL-4) (ATCC); and Jes-16E3 (IgG2b) (anti-IL-10) (Pharmingen, San
Diego, Calif.). Polyclonal anti-TNF-a antibodies were obtained from Pharmin-
gen. Normal rat IgG2a was purchased from Sigma.

The anti-IL-12 p40 MAb C17.8 was purified by ammonium sulfate precipita-
tion and used for neutralization of endogenous IL-12 as described previously by
our laboratory (61). Briefly, mice were injected intraperitoneally with 1.0 mg of
antibody per mouse on the day before infection and with 0.5 mg per mouse on
days 5, 10, and 15 after infection. Control mice were injected with normal rat
IgG2a according to the same schedule.

Cytokine assays. Mouse lungs were minced with scissors and mechanically
homogenized in 2 ml of RPMI-1640 medium using sterile Pyrex glass tissue
grinders (Fisher Scientific, Fair Lawn, N.J.). Homogenized lungs were centri-
fuged at 10,000 rpm in a microcentrifuge for 5 min, and the supernatants were
collected and stored frozen at 270°C until they were assayed for cytokine con-
tent.

Cytokine production by spleen cells from infected animals was analyzed in
vitro using single-cell suspensions (16). Briefly, spleen fragments were pressed
through stainless-steel meshes in RPMI-1640 medium (Sigma) supplemented
with HI fetal calf serum (10%) (Gibco BRL), penicillin (100 U/ml), and strep-
tomycin (100 mg/ml) (Whittaker Bioproducts, Walkersville, Md.). Erythrocytes
were lysed by treatment with Tris-NH4Cl solution (pH 7.2). Cells were washed,
counted, placed in 24-well flat-bottom tissue culture plates (Costar, Cambridge,
Mass.) at a concentration of 2 3 106 cells/ml, and stimulated with concanavalin
A (ConA) (2 mg/ml; Sigma), viable C. pneumoniae (2 3 104 IFU/ml), or an
equivalent amount of HI C. pneumoniae organisms for 48 h at 37°C in a 5% CO2
atmosphere. Murine IL-12 p70, IFN-g, TNF-a, IL-10, and IL-4 were detected in
cell supernatants by a two-site radioimmunoassay with the antibody pairs C18.2–
C17.15, AN18–XMG6, XT22–polyclonal anti-TNF-a, Jes 5-2A5–Jes-16E3, and
11B11–BVD6, respectively.

Analysis of bacterial titers in lungs. Infectivity assays were performed essen-
tially as described by Moazed et al. (41). Homogenized lung suspensions were
centrifuged at 500 3 g for 5 min at 4°C to remove tissue debris and were frozen
at 270°C until tested. Infectious titers expressed as IFU per lung were deter-
mined as described for the C. pneumoniae stocks by titration of tissue homoge-
nates in McCoy cells.

Statistical analysis. Data are represented as means (6 standard deviations
[SD]) from mice of each experimental group. Differences between groups were
compared using an unpaired, two-tailed Student’s t test. A P value of ,0.05 was
considered significant.

RESULTS

Symptoms and lung pathology associated with C. pneu-
moniae infection. BALB/c mice treated with an anti-IL-12 an-
tibody or a control isotype-matched antibody, wild-type 129
mice, and G129 mice were inoculated intranasally with 50 ml of
C. pneumoniae (2 3 104 IFU) or PBS. Mice were evaluated for
clinical symptoms for 2 to 3 weeks. In each group, five to six
mice were sacrificed on days 3, 7, and 16 postinfection (p.i.),
body and lung weights were measured, and lungs were pre-
served for histological study.

Mice in all C. pneumoniae-infected groups showed signs of
sickness, including minor lethargy, slightly ruffled fur, de-
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creased body weight, and increased lung weight (data not
shown). These symptoms were still present on day 16 p.i., when
most of the experimental mice were sacrificed. In C. pneu-
moniae-infected BALB/c mice, the lung weight was signifi-
cantly increased on days 3 and 7 p.i. under both anti-IL-12 and
control antibody treatment conditions, but on day 16 p.i. it was
significantly increased only under the anti-IL-12 treatment
condition. In both G129 and wild-type 129 mice, significantly
increased lung weight was not observed until day 7 p.i. with C.
pneumoniae, but unlike in BALB/c mice, a striking increase in
lung weight was still present at day 16 p.i. in both the former
strains (data not shown). On day 45 p.i., the lung weight was
still increased in infected 129 mice, and the lungs of infected
G129 mice (0.52 6 0.05 g) were significantly heavier than those
of infected wild-type mice (0.35 6 0.05 g).

Pulmonary histopathological study revealed interstitial
pneumonitis, bronchitis, and bronchiolitis with a patchy, mul-
tilobar condition on days 3, 7, and 16 p.i. in both control
antibody (Fig. 1B)- and anti-IL-12 (Fig. 1C)-treated infected
mice. Interalveolar spaces were widened due to edema, con-
gestion, and predominantly mononuclear inflammatory cell in-
filtration. Occasionally, multinucleated giant cells were present
in alveolar spaces. Focal inflammation and accumulation of
polymorphonuclear leukocytes in alveolar, bronchial, and
bronchiolar epithelial walls and lumina were observed, as well
as perivascular lymphocytic cuffing and peribronchial and peri-
bronchiolar accumulations of lymphocytes. There was evidence
of vessel wall necrosis and inflammation consistent with vas-
culitis. Infected lungs also demonstrated large numbers of
macrophages, desquamated alveolar epithelial cells, and hy-
perplasia of septal-lining epithelial cells. Infected BALB/c
mice depleted of endogenous IL-12 displayed the above-men-
tioned inflammation associated with histopathological
changes, but to a lesser extent on day 7 p.i. compared to
control antibody-treated infected BALB/c mice. However, by

day 16, the lungs of anti-IL-12-treated infected mice showed
pathology scores similar to, or even slightly higher than, those
for control antibody-treated infected mice (data not shown).

The duration of inflammation in the lungs of both wild-type
129 mice and IFN-g receptor gene-deficient G129 mice that
were infected with C. pneumoniae was longer than that in
BALB/c mice, with a greater percentage of the lung affected
and more-numerous perivascular and peribronchial infiltra-
tions (Fig. 1E and F). Thus, 129 mice appear to be more prone
to C. pneumoniae-induced inflammation than BALB/c mice.
The histopathological changes were more extensive in G129
mice than in wild-type 129 mice. No significant histopatholog-
ical changes were observed in any uninfected or PBS mock-
infected mice (Fig. 1A and D).

Cytokine production during C. pneumoniae infection. C.
pneumoniae infection induced IL-12 production in the lungs of
g-irradiated and nonirradiated BALB/c mice (Fig. 2A). This
infection also induced production of IFN-g (Fig. 2B). In non-
irradiated mice, both IL-12 and IFN-g reached peak levels of
production on day 3 p.i. and returned to basal levels on day
16 p.i. In addition, significant levels of TNF-a, with a peak on
day 1 p.i. (Fig. 2C), and IL-10, peaking on day 3 p.i. (Fig. 2D),
were also detected. IL-4 production never exceeded back-
ground levels (;80 pg/ml) (data not shown). In g-irradiated
mice, cytokine production was delayed and did not reach peak
levels until day 7 p.i. (Fig. 2).

Replication of C. pneumoniae appeared to be necessary for
the in vivo induction of cytokines, since infection of BALB/c
mice with equal amounts of HI C. pneumoniae organisms in-
duced IL-12, IFN-g, and IL-10 to levels representing only 9.7,
9.2, and 6.2%, respectively, of those induced by viable C. pneu-
moniae organisms on day 3 p.i., a time when infection-medi-
ated cytokine production was at peak levels. Like the viable
bacteria, inactivated C. pneumoniae bacteria induced peak lev-
els of TNF-a (mean, 455 ng/ml) on day 1 p.i., but this level

FIG. 1. Histological comparison of lungs of mice at 7 days after C. pneumoniae infection or mock infection. All infected mice (B, C, E, and F) received 50 ml (2 3
104 IFU) of C. pneumoniae intranasally. Anti-IL-12-treated mice (A and C) were injected with an IL-12-neutralizing MAb 1 day before infection and on day 5 p.i. Seven
days after C. pneumoniae inoculation, lungs were harvested and prepared for histological study, as described in Materials and Methods. (A) Section from an
anti-IL-12-treated uninfected BALB/c mouse, representing typical histology of uninfected BALB/c mice (treated with anti-IL-12 or control antibody). (B and C) Typical
pneumonitis observed during infection in control antibody- and anti-IL-12-treated BALB/c mice, respectively. (D) Section from a G129 mouse, representing typical
histology of uninfected wild-type 129 and G129 mice. (E) Typical perivascular cuffing in the lung of an infected 129 mouse. (F) Small vascular cuffing and bronchial
infiltration in the lung of an infected G129 mouse. Bar, 100 mm.

VOL. 68, 2000 IL-12 AND IFN-g IN CHLAMYDIA PNEUMONIAE INFECTION 2247



represented only 32% of that induced by viable bacteria (data
not shown).

Effects of endogenous IL-12 depletion on bacterial titers in
the lungs and in situ bacterial DNA expression. Based on our
observations that C. pneumoniae infection mediates the pro-
duction of IL-12 and in light of the known essential role of
IL-12 in activating a protective immune response against many
intracellular pathogens (55, 56), we evaluated the role of en-
dogenous IL-12 in the host defense against chlamydial infec-
tion in depletion experiments. BALB/c mice treated with an

IL-12-neutralizing antibody or isotype-matched control anti-
body were infected with C. pneumoniae, and the titers of bac-
teria in the lung homogenates were determined. In control
antibody-treated infected mice, bacterial titers were low (2 3
103 to 4 3 103/lung) at all times, whereas in anti-IL-12-treated
infected mice, titers were significantly elevated (3.1 3 104 6
0.8 3 104 and 6.2 3 104 6 1.0 3 104) on days 3 and 7 p.i.,
respectively (Fig. 3), suggesting an important role for endog-
enous IL-12 in early host resistance to this infection. At 2 to 3
weeks p.i., titers in anti-IL-12-treated mice returned to unde-

FIG. 2. Pulmonary cytokine levels in nonirradiated and g-irradiated BALB/c mice during C. pneumoniae infection. Immunocompetent (open bars) and temporarily
immunosuppressed (450 rads of g-irradiation) (filled bars) BALB/c mice were inoculated intranasally with 4 3 104 IFU of C. pneumoniae. On the indicated days p.i.,
mice were sacrificed and homogenized lung supernatants were collected, as described in Materials and Methods, to determine levels of the indicated cytokines in the
lungs. Data are presented as means 6 SD for five to six mice in one representative experiment out of three.

FIG. 3. Growth of C. pneumoniae in lungs of BALB/c mice treated with an isotype control MAb (open circles) or anti-IL-12 MAb (filled circles). Mice were injected
with antibody 1 day before infection and every 5 days during the course of infection. Results (means 6 SD for four mice) are from one experiment representative of
three independent experiments. Asterisks indicate significant differences (P , 0.05).
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tectable levels (,103 IFU). A similar role for endogenous
IL-12 in early antichlamydial resistance was observed in 129
mice (Fig. 4). Titers of C. pneumoniae were also increased in
G129 mice compared to those in wild-type 129 mice (Fig. 4),
indicating the role of IFN-g in the early control of this infec-
tion.

The effects of IL-12 and IFN-g during C. pneumoniae infec-
tion were further demonstrated by in situ hybridization analy-
sis. C. pneumoniae-specific DNA was detected in the lungs of
anti-IL-12-treated infected BALB/c and G129 mice at 7 days
p.i. These signals appeared to localize in the cytoplasm of
bronchial epithelial cells, alveolar cells, and some mononuclear
inflammatory cells in the lung tissues of infected animals, pri-
marily in areas demonstrating inflammatory changes (data not
shown). Lower levels of signal were detected in control anti-
body-treated infected mice during the course of infection.
Lung sections from uninfected animals were all negative for
hybridization signals.

Effects of IL-12-neutralizing antibody on cytokine produc-
tion mediated by C. pneumoniae infection. To investigate the
regulatory effect of IL-12 on other cytokines in vivo, we mea-
sured the pulmonary cytokine levels of both control antibody-
and anti-IL-12-treated BALB/c mice following C. pneumoniae
infection. IL-12 levels were essentially undetectable in anti-IL-
12-treated mice (Fig. 5A), indicating that the MAb efficiently
neutralized chlamydial infection-mediated IL-12 production.
Anti-IL-12 significantly reduced the levels of infection-medi-
ated production of IFN-g (Fig. 5B), TNF-a (Fig. 5C), and
IL-10 (Fig. 5D). IL-4 was undetectable in both control anti-
body- and anti-IL-12-treated mice (data not shown).

In vitro analysis of splenocytes from 15-day-infected mice
(treated with control antibody or anti-IL-12) revealed that,
following stimulation with the mitogen ConA or with live or HI
chlamydiae, IFN-g levels in culture supernatants from anti-IL-

12-treated mice were significantly lower than those from con-
trol antibody-treated infected mice (mean decreases, 77.7,
54.2, and 70.4%, respectively) (data not shown). These data,
together with the in vivo observation, indicate the importance
of IL-12 in priming for IFN-g production and Th1 responses
during C. pneumoniae infection.

Effects of IFN-g signaling. To determine whether the pro-
tective effect of endogenous IL-12 during early infection is
mediated through its IFN-g-inducing function and to deter-
mine the relative importance of IFN-g in host defense against
chlamydial infection, cytokine levels and bacterial titers in the
lungs of G129 mice and 129 mice inoculated intranasally with
50 ml (4 3 104 IFU) of C. pneumoniae were assessed. Infected
mice were sacrificed on days 3, 7, and 16 p.i. (four to six mice
in each experimental group).

Because G129 mice do not express the IFN-g receptor on
the cell surface, all IFN-g signaling-related functions are im-
paired. However, these mice produced levels of IL-12, IL-10,
and TNF-a similar to those produced in wild-type 129 mice,
whereas IFN-g levels in G129 mice were higher than those in
129 mice (data not shown). In situ analysis showed that IL-12
p40 mRNA was expressed at the same intensity and with the
same kinetics in the lungs of infected G129 mice as in 129
mouse lungs, i.e., it was detectable at day 3 p.i., peaked at day
7 p.i. and returned to background level at day 16 p.i. (data not
shown).

A titration assay revealed lung bacterial loads in G129 mice
that were 0.5 and 1.5 log units higher on days 7 and 16 p.i.,
respectively, than those in 129 mice. C. pneumoniae replication
in the lungs of G129 mice was confirmed by in situ hybridiza-
tion analysis. High levels of C. pneumoniae DNA signals were
detected in the lungs of bacterium-infected G129 mice,
whereas the lungs of infected 129 mice showed much lower
levels of signal (data not shown). These results clearly indicate

FIG. 4. Titers of C. pneumoniae recovered from lungs of control antibody-treated or anti-IL-12-treated 129 mice and from lungs of G129 mice. After infection at
4 3 104 IFU/mouse, mice were sacrificed on various days and homogenized lung supernatants were collected to determine pulmonary bacterial titers, as described in
Materials and Methods. Results (means 6 SD for five mice) are from one experiment representative of three independent experiments. Asterisks indicate significant
differences (P , 0.05) between control (isotype-matched control MAb-treated 129 mice) and experimental (G129 mice and anti-IL-12-treated 129 mice) groups.
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the importance of IFN-g in early host resistance against chla-
mydial infection, although the bacterial infection was eventu-
ally decreased to unmeasurable levels in G129 mice also, at day
45 p.i.

Bacterial clearance in immunocompetent and immunosup-
pressed mice. To investigate the relationship between the de-
layed cytokine response to infection in mice irradiated before
the infection and the ability of these mice to clear the infection
(Fig. 2), we compared bacterial titers in nonirradiated and
g-irradiated BALB/c mice. C. pneumoniae titers were much
higher in the lungs of irradiated mice than in those of nonir-
radiated mice through day 16 p.i. (Fig. 6). Delayed induction of
IL-12 and IFN-g resulting from temporary immune suppres-
sion induced by g-irradiation may have contributed to the
impaired protection against chlamydial replication in the lung.
At 30 days p.i., C. pneumoniae titers were at undetectable
levels (,103 IFU) in both groups.

DISCUSSION

IL-12 is essential in the host defense against many intracel-
lular pathogens, including Mycobacterium tuberculosis, Brucella
abortus, and species of Listeria, Toxoplasma, Candida, and
Leishmania (55, 56). Our present data indicate that endoge-
nous IL-12 also plays a crucial role in controlling acute C.
pneumoniae infection, as indicated by the increase in replica-
tion and DNA signals in the lungs of mice treated to ablate
IL-12. One of the mechanisms of protection provided by IL-12
could be its IFN-g-inducing function, since depletion of en-
dogenous IL-12 drastically reduced the level of infection-me-
diated IFN-g production. Furthermore, G129 mice lacking the
IFN-g receptor gene had prolonged pulmonary infection and
were unable to control the acute infection effectively. On the

other hand, both IL-12-depleted and IFN-g receptor gene-
deficient mice did clear the pulmonary infection eventually,
suggesting a role for other effector mechanisms in host de-
fense. Similar effects of IL-12 and IFN-g have been reported
during genital-tract infection with C. trachomatis, where IL-12-
depleted mice displayed minimal bacterial clearance for 1
month p.i. but eventually resolved the infection completely
(45). Cotter et al. (7) found that IFN-g knockout mice exhibit
more-disseminated and longer-lasting genital-tract infections
with C. trachomatis than wild-type mice. In another study (25),
IFN-g receptor-deficient mice exhibited severe ascending pri-
mary genital-tract infections of prolonged duration despite
strong local antibody responses. In our study of C. pneumoniae
infection in mice, we observed a series of inflammation-asso-
ciated phenomena, including infiltration of lymphoid cells in
the affected areas of the lungs of BALB/c and 129 mice. Such
inflammatory responses were less severe in anti-IL-12-treated
BALB/c mice 7 days p.i., with only small inflammatory foci,
whereas bacterial replication was more extensive. This obser-
vation suggests the importance of IL-12 in recruiting lymphoid
cells to the affected areas of lungs. The overall infiltration and
inflammatory response in G129 mice was stronger than that in
129 mice, yet G129 mice showed much higher bacterial titers
and DNA signals. Thus, IFN-g might not be required for the
recruitment of lymphoid cells during C. pneumoniae infection,
and inflammatory-cell infiltration alone might not be sufficient
for controlling the infection.

Although anti-IL-12 treatment of C. pneumoniae-infected
mice inhibited infection-mediated IFN-g production by more
than 75% on day 3 p.i., the residual IFN-g levels were still
significantly higher than those in the lungs of mock-infected
animals (;400 to 500 ng/ml versus ,100 pg/ml). This obser-

FIG. 5. Effects of anti-IL-12 treatment on C. pneumoniae infection-mediated cytokine production. BALB/c mice were treated with anti-IL-12 at 1 mg/mouse 1 day
before bacterial inoculation and subsequently every 5 days at 0.5 mg/mouse during the course of the experiment. Mice were sacrificed on various days p.i. Pulmonary
cytokine levels were measured as described in Materials and Methods. Open and filled bars represent control MAb- and anti-IL-12-treated animals, respectively. Data
(means 6 SD) are from one experiment representative of three independent experiments each with determinations from three to five animals.
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vation raises the possibility that an IL-12-independent mecha-
nism of IFN-g production is operative during chlamydial in-
fection. The residual IFN-g in the lungs of anti-IL-12-treated
infected mice might be sufficient to induce macrophage effec-
tor functions, such as activation of inducible nitric oxide syn-
thase, and induction of nitric oxide and other reactive nitrogen
intermediates (10, 42), which might contribute to the elimina-
tion of the bacteria. The existence of an IL-12-independent
IFN-g-producing pathway is further suggested by the in vitro
studies, in which splenocytes from anti-IL-12-treated infected
mice still produced significant levels of IFN-g following stim-
ulation either with a nonspecific mitogen (ConA) or with a
specific antigen (viable or heat-killed chlamydiae). IL-12-inde-
pendent IFN-g expression has been noted previously. For ex-
ample, Magram et al. (36) found that IFN-g production was
only partially reduced in mice genetically deficient in IL-12
during endotoxemia, and Cooper et al. (6) observed delayed
but normal levels of IFN-g mRNA expression in the livers of
IL-12 gene-disrupted mice infected with M. tuberculosis, which
was associated with full recovery of macrophage activation.
One possible candidate underlying IL-12-independent IFN-g
production is IL-18 (also known as IFN-g-inducing factor), a
cytokine that shares many functions with IL-12 and synergizes
with it (29). IL-18 production is markedly induced in the livers
of both wild-type and IL-12-deficient mice in postsystemic my-
cobacterial infection (29). Whether IL-18 is induced during C.
pneumoniae infection remains to be investigated.

As in other disease systems (9), IFN-g production induced
by C. pneumoniae infection is mediated largely in an IL-12-
dependent fashion, since neutralization of endogenous IL-12
decreased C. pneumoniae-induced IFN-g production. The high
titers of bacteria recovered from the lungs of G129 mice fur-
ther confirmed the importance of IL-12-induced IFN-g in host
defense. Although G129 mice do not express the IFN-g recep-
tor and are defective in IFN-g–IFN-g receptor signaling (24),
the ability of those mice to produce IL-12 (and TNF-a) fol-

lowing C. pneumoniae infection was not impaired, indicating
that IFN-g is not essential for IL-12 induction in vivo in these
mice. The elevated IFN-g levels in IFN-g receptor gene-defi-
cient mice, a phenomenon also observed by Dai et al. (8),
could be due to the inability of those mice to utilize the cyto-
kine.

IL-12 is critical in the development of CD41 T-helper type-1
(Th1) responses (23, 37). Th1 and Th2 CD41 T-cell subsets
mutually down-regulate the activity of each subset. Thus, in
vivo neutralization of IL-12 might be expected to prevent the
development of a Th1 response, leading to the emergence of a
Th2 response and the production of IL-4 and IL-10. Admin-
istration of anti-IL-12 to chlamydia-infected mice not only
significantly reduced in vivo production of IFN-g and TNF-a
but also reduced levels of IL-10, suggesting that IL-12 may be
important in vivo for infection-induced production of these
cytokines. However, IL-4 was not detected after C. pneumoniae
infection in either anti-IL-12-treated or control antibody-
treated BALB/c mice, or in G129 and 129 mice. This observa-
tion contrasts with the cytokine profile in listeriosis, in which
IL-4 is produced in the absence of strong Th1 responses (52).

It has been suggested (1, 14) that immune-suppressed pa-
tients are at a higher risk of C. pneumoniae infection. There-
fore, we included sublethally g-irradiated immunosuppressed
mice in our study. We observed that sublethal g-irradiation
delayed, but did not eliminate, the ability of BALB/c mice to
produce cytokines, and C. pneumoniae titers in g-irradiated
mice returned to undetectable levels 4 weeks p.i. Nevertheless,
the g-irradiated mice did exhibit progressively elevated bacte-
rial titers during the first 2 weeks of C. pneumoniae infection,
suggesting that temporary immune suppression provided a
window of opportunity for C. pneumoniae to proliferate in the
lung. The higher peak levels of IL-12 and IFN-g in the lungs of
g-irradiated mice may be due to the larger amount of bacteria,
as a result of a period of uninhibited proliferation, encoun-
tered by the regenerated immune-competent cells.

FIG. 6. Titers of C. pneumoniae recovered from lungs of immunocompetent (filled circles) and temporarily immunosuppressed (g-irradiated) (open circles) BALB/c
mice. Infectious titers expressed as IFU per lung were assayed by titration of lung homogenates in McCoy cells as described in Materials and Methods. Data (means 6
SD for four to five mice) are from one experiment representative of three independent experiments. Asterisks indicate significant differences (P , 0.05) between titers
of nonirradiated and irradiated mice.
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Since its discovery in the late 1980s, C. pneumoniae has
attracted attention as a common pulmonary pathogen and a
possible cause of coronary artery disease (30, 59). Our study
defines the role of the immune mechanism, specifically, the
central role of IL-12 and IFN-g–IFN-g receptor signaling in
the pathogenesis and host defense against early acute C. pneu-
moniae infection. However, it remains important to determine
whether such mechanisms contribute to the development of
coronary artery disease associated with C. pneumoniae infec-
tion. Such information might be useful in developing effective
treatments and designing prophylactic measures to control and
prevent chlamydial infection.
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