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Gamma interferon (IFN-�)-induced indoleamine dioxygenase (IDO), which inhibits chlamydial repli-
cation by reducing the availability of tryptophan, is up-regulated by interleukin-1� (IL-1�) and tumor
necrosis factor alpha (TNF-�). The mechanisms by which this occurs include an increase in the synthesis
of interferon regulatory factor-1 as well as a nuclear factor-�B (NF-�B)-dependent increase in the
expression of IFN-� receptors (IFN-�R). Although Chlamydia is susceptible to IDO, it up-regulates
IFN-�R expression to a greater degree than either IL-1� or TNF-�, perhaps through interaction with
Toll-like receptors (TLR). The purpose of this study was to determine the mechanism by which Chlamydia
psittaci up-regulates IFN-�R expression and evaluate this effect on IDO induction. Infection of HEK 293
cells with C. psittaci increased IFN-�R expression only in cells expressing either TLR2 or TLR4 and the
adaptor protein MD-2. In addition, up-regulation of IFN-�R expression in Chlamydia-infected HeLa cells
could be blocked either by neutralizing TLRs with anti-TLR2 and/or anti-TLR4 or by inhibiting NF-�B
transactivation with a proteasome inhibitor. Although the newly expressed IFN-�R in Chlamydia-infected
cells were capable of binding IFN-�, they did not enhance IFN-�-induced IDO activity in a manner similar
to those observed for IL-1� and TNF-�. Instead, IDO activation in Chlamydia-infected cells was no
different than that induced in uninfected cells, despite the increase in IFN-�R expression. Furthermore,
the amount of IFN-�-induced signal transducer and activator of transcription 1 (STAT-1) activation in
infected cells paralleled that observed in uninfected cells, suggesting that STAT-1 activation by these
newly expressed receptors was impaired.

The Toll-like receptors (TLRs) belong to a family of innate
immune receptors found on both immune and nonimmune
cells (8, 45). They are essential for the activation of subsequent
immune responses to various conserved microbial components
(13, 15, 18, 37), including lipopolysaccharide (LPS), pepti-
doglycan, fimbriae, and heat shock proteins (10, 21, 29). The
TLRs are type I transmembrane receptors whose cytoplasmic
domains have strong homologies to those of interleukin recep-
tors (1). Interleukin 1 (IL-1) receptors and TLRs have a com-
mon signaling pathway, and the stimulation by IL-1 or bacterial
components of the TLRs triggers activation and nuclear trans-
location of the transcription factor nuclear factor-�B (NF-�B).
The subsequent binding of NF-�B to DNA results in the tran-
scription of a number of genes, including those inducing chemo-
kines, adhesion molecules, proinflammatory cytokines, and cyto-
kine receptors (9, 40, 42). Up-regulation of gamma interferon
receptor (IFN-�R) expression following NF-�B transactivation
renders the cell more sensitive to IFN, thereby requiring less IFN
for subsequent gene activation (23, 40).

Among the genes activated by IFN-� is indoleamine 2,3-dioxy-
genase (IDO), which converts tryptophan to N-formylkynurenine,
resulting in the depletion of tryptophan (38). The IFN-induced

loss of tryptophan has been shown to restrict the growth of
several pathogens, including Toxoplasma, group B strepto-
cocci, and Chlamydia species (2, 25, 30). Furthermore, IDO
regulation can be influenced by IL-1, tumor necrosis factor
alpha (TNF-�), and LPS, each of which enhances the amount
of IDO activity, and thereby the antimicrobial effect of IFN-�,
in a dose-related manner (3, 6, 16, 19). Activation of NF-�B in
response to the binding of IL-1, TNF-�, and LPS to their
appropriate receptors plays a central role in this synergistic
up-regulation of IDO activity. In addition to the NF-�B-de-
pendent increase in IFN-�R expression, induction of IDO re-
quires synthesis of interferon regulatory factor-1 (5, 12), and its
efficient transcriptional activation is dependent on increased
nuclear NF-�B (33).

The interaction of Chlamydia, an obligate intracellular
pathogen, with surface receptors of epithelial cells is also ca-
pable of up-regulating IFN-�R expression. A TLR4 antagonist,
diphosphoryl lipid A, partially inhibits this up-regulation, sug-
gesting that Chlamydia may be interacting with more than one
receptor. While intact chlamydiae have been shown to interact
predominantly with TLR2 (31), purified chlamydial macromol-
ecules may interact with both TLR2 and TLR4 (7, 14, 35). In
addition, Chlamydia psittaci has been shown to enhance the
expression of IFN-�Rs more effectively than cytokines (39), yet
the effect of this increase in receptor expression on IDO in-
duction has not been explored.

The purpose of this study was twofold. First, the mechanism
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by which Chlamydia psittaci is able to up-regulate IFN-�R
expression on epithelial cells was examined. HEK 293 cells
transfected to express either TLR2 or TLR4 and specific TLR-
neutralizing antibodies against TLR2 or TLR4 were used to
identify TLRs used by Chlamydia to up-regulate IFN-�R ex-
pression. Second, the capacities of these newly expressed cy-
tokine receptors to elicit a synergistic induction of IDO activity
in a manner similar to that observed with IL-1 (40) was as-
sessed. The results indicate that although the up-regulated
cytokine receptors were able to bind IFN-�, there was not an
enhancement in signal transducer and activator of transcrip-
tion 1 (STAT-1) signaling or IDO induction in the infected
epithelial cells.

MATERIALS AND METHODS

Cytokines and immunoreagents. Human recombinant IL-1� (specific activity �
1 � 107 U/mg; �0.1 ng LPS/mg) was purchased from Peprotech (Rocky Hill,
NJ). Human recombinant IFN-� (specific activity � 108 U/mg; �0.4 ng LPS/mg)
was obtained from Biogen (Cambridge, MA). Rabbit polyclonal anti-human
IFN-� receptor (alpha chain) was purchased from Fitzgerald (Dublin, Ire-
land). Genus-specific mouse monoclonal anti-chlamydial LPS immunoglob-
ulin G2a (IgG2a) was purchased from Chemicon (MAB8321; Temecula, CA).
Fluorescein isothiocyanate (FITC)-conjugated sheep anti-mouse IgG
F(ab	)2, phycoerythrin (PE)-conjugated sheep anti-mouse IgG F(ab	)2, PE-
conjugated goat anti-rabbit IgG F(ab	)2, rabbit IgG, goat IgG, and mouse
IgG2a were purchased from Sigma (St. Louis, MO). Mouse monoclonal
neutralizing TLR2 (TL2.1) IgG1 and TLR4 (HTA125) IgG2a antibodies were
purchased from eBioscience (San Diego, CA). Mouse monoclonal anti-hu-
man NF-�B IgG1 (sc8008), goat-polyclonal anti-human p-Stat1 (Tyr701), and
goat polyclonal anti-human PCNA were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Photoprobe was purchased from Vector Labora-
tories (Burlingame, CA). FITC-conjugated streptavidin was purchased from
Southern Biotechnology (Birmingham, AL). Proteasome inhibitor II (PSI)
was purchased from Calbiochem (San Diego, CA).

Cell cultivation. HeLa 229 cells, obtained from the American Type Culture
Collection (Rockville, MD), were cultivated in minimal essential medium
(MEM) supplemented with 10% fetal bovine serum (vol/vol), gentamicin sulfate
(10 
g/ml), and 100 
g/ml of streptomycin sulfate (complete MEM). Cells were
maintained at 106 cells/ml at 37°C in 5% CO2 in air. HeLa cells transfected with
pGASinsIDO/EGFP-C1, encoding the enhanced green fluorescent protein
(GFP) under the regulation of the IDO promoter (34), were cultivated in com-
plete medium containing G418 (100 
g/ml) for maintenance of transfected cells.
HEK 293 cells transfected with either TLR2, TLR4 and MD-2 (an adaptor
protein required for the binding of LPS to TLR4), or the empty pcDNA expres-
sion vector were a gift from Douglas Golenbock (University of Massachusetts)
and were cultivated in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum (vol/vol), 10 
g/ml of gentamicin sulfate, and 100 
g/ml
of streptomycin sulfate (complete Dulbecco’s modified Eagle’s medium) as de-
scribed above, and transfection was maintained with G418 (500 
g/ml).

Chlamydia cultivation. C. psittaci strain 6BC was propagated in HeLa 229 cell
monolayers in complete MEM containing cycloheximide (2 
g/ml). To prepare
chlamydial stocks, HeLa cells were infected at a multiplicity of infection (MOI)
of 2 inclusion-forming units (IFUs) per cell and incubated for 2 days; infected
cells were then removed from the tissue culture plate with trypsin and disrupted
by sonication. Elementary bodies were purified by a series of differential cen-
trifugations; frozen in sucrose, L-glutamic acid, and sodium phosphate (SPG)
buffer; and stored at �80°C (32). Chlamydial stocks were standardized with
HeLa 229 cells by the IFU method. Following 30 h of infection, cells were stained
with fluorescent anti-chlamydial LPS, and fluorescent chlamydial inclusions were
counted. Numbers of IFU/ml were determined using the following formula:

no. of IFUs counted
no. of microscopic fields examined �

total monolayer area
field area � dilution (1)

IFN-�R expression assay. Cells were seeded into six-well plates at a density of
2 � 105 cells/ml in complete medium and cultured for 12 h. Monolayers were
washed twice with warm Hanks balanced salt solution (HBSS) before addition of
fresh complete medium, IL-1� (100 ng/ml), or 6BC (multiplicity of infection,

2 IFUs), in triplicate. Plates were incubated at 37°C with centrifugation at
2,975 � g for 1 h. The inoculum was aspirated, the monolayer was washed
twice with warm HBSS, and complete medium was added to each well before
culturing the plates for 24 h to permit maximal increases in receptor expres-
sion. After the cells were collected by gently scraping them with cell lifters,
they were incubated with anti-IFN-�R or anti-chlamydial antibodies for 1 h
and FITC- or PE-conjugated secondary antibodies for 1 h on ice and washed
with phosphate-buffered saline (PBS). Two-color flow cytometric analyses
were performed using a FACScan flow cytometer (Becton Dickinson, San
Jose, CA) with an argon laser tuned to 488 nm. Red fluorescence for receptor
expression was recorded in the FL2 emission channel containing a 580-nm
filter. Green fluorescence for chlamydial infection was recorded in the FL1
emission channel containing a 530-nm filter. CELLQuest software (Becton
Dickinson) was used for analysis of the data.

Since HEK 293 cells do not express TLR2 or TLR4, they were used to assess
the effect of individual TLRs in transfectants expressing either TLR2 or TLR4
plus MD-2 (17, 24). HEK 293 cells transfected with the empty expression vector
served as a negative control, and HeLa 229 cells, which naturally express TLRs
(8, 28), served as positive controls. Each was treated with IL-1� or infected with
Chlamydia as described above before changes in IFN-�R expression were as-
sessed by flow cytometric analysis using anti-IFN-�R antibody. Statistical analysis
of changes in TLR expression was by one-way analysis of variance (ANOVA).

To determine whether the increases in IFN-�R expression on HeLa 229 cells
in response to Chlamydia infection were TLR mediated, they were treated with
IL-1� or infected with Chlamydia as described above. Some wells also received
mouse neutralizing anti-human TLR2 (100 
g/ml), anti-human TLR4 (100 
g/
ml), or both antibodies. Changes in IFN-�R expression were assessed by flow
cytometric analysis using anti-IFN-�R antibody. Statistical analysis of antibody
neutralization used a 3 by 2 by 2 factorial design ANOVA.

NF-�B requirement for IFN-�R increase. NF-�B has been shown to be im-
portant in cytokine-induced receptor increase as well as in IDO transcriptional
activation (33, 40). To assess the role of NF-�B transactivation in the Chlamydia-
induced increase in IFN-�R expression, HeLa 229 cells were cultivated in
triplicate in medium alone, treated with IL-1�, or infected with C. psittaci as
described above. Some wells also received PSI (3 mM) for 12 h, since concen-
trations of PSI in this range have been shown to maintain nuclear NF-�B
concentrations at steady-state levels in TNF-�- or IL-1�-treated cells (33, 40).
The cells were harvested, and changes in IFN-�R expression were assessed by
flow cytometric analysis using anti-IFN-�R antibody. Statistical analysis of
changes in IFN-�R expression was by one-way ANOVA.

Cytokine binding assay. To quantify changes in the capacities of cells to bind
IFN-� following IFN-�R up-regulation, HeLa 229 cells (106 cells/ml) were cul-
tivated in medium alone, treated with IL-1�, or infected with C. psittaci for 24 h,
in triplicate, to allow for maximum receptor expression. Parallel sets of cells were
then collected by scraping them with cell lifters and then incubated with biotin-
ylated-IFN-� or with anti-IFN-�R antibody for 1 h on ice. FITC-conjugated
streptavidin was added to the cells that received biotinylated IFN-� at a strepta-
vidin-to-biotinylated-cytokine ratio of 10:1, whereas PE-conjugated antibodies
were added to cells receiving anti-receptor antibodies. After an additional 1 h
incubation on ice, during which the streptavidin and the secondary antibody bind
to biotin and primary antibody, respectively, the cells were washed twice with
PBS and assessed by flow cytometric analysis. Statistical analysis of IFN-� bind-
ing was by one-way ANOVA.

IFN-� was biotinylated by diluting the cytokine in 10 mM Tris, pH 8.0, 1 mM
EDTA (TE) to a final concentration of 100 ng/ml. Biotin photoprobe was added
to IFN-� at a 20:1 biotin-to-IFN-� ratio and UV photocoupled for 30 min at a
2-cm distance from the UV lamp (30W) according to the manufacturer’s instruc-
tions.

Assessment of nuclear transcription factor translocation. Nuclei were isolated
as described previously (40). Briefly, cells (106 cells/ml) were incubated on ice in
cold PBS for 1 h and collected by gently scraping them with cell lifters. The cells
were washed with PBS by centrifugation. Nuclei were harvested by suspending
the cell pellets in cold nuclear extraction buffer (230 mM sucrose, 5 mM MgCl2,
10 mM HEPES, 1% Triton X-100) and incubating them on ice for 10 min. The
nuclei were pelleted by centrifugation and washed with nuclear wash buffer (320
mM sucrose, 5 mM MgCl2, and 10 mM HEPES). Nuclear yield was determined
by microscopic examination using DAPI (4	,6	-diamidino-2-phenylindole) stain.
To assess whether NF-�B was activated by infection, HeLa 229 cells were culti-
vated with medium alone, treated with IL-1�, or infected with C. psittaci for 1 h.
After the nuclei were harvested, they were incubated in a 1:50 dilution of
PE-conjugated anti-NF-�B p65 antibody in nuclear labeling buffer (320 mM
sucrose, 5 mM MgCl2, 10 mM HEPES, 1% bovine serum albumin, and 0.1%
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sodium azide) overnight before the amount of NF-�B present was assessed by
flow cytometric analysis.

To determine the amount of phosphorylated STAT-1 translocated into the
nucleus upon IFN-� stimulation, HeLa 229 cells were cultured with complete
medium, treated with IL-1�, or infected with C. psittaci for 12 h. Then, the cells
were washed and incubated for an additional 4 h, at which point they were
treated with IFN-� (20 ng/ml) for 4 h. Nuclei were harvested and held in a 1:150
dilution of anti-p-STAT-1 IgG specific for the tyrosine 701 residue overnight.
The nuclei were washed twice with nuclear labeling buffer and incubated for 4 h
with a 1:50 dilution of sheep FITC-conjugated anti-mouse IgG secondary anti-
body. The nuclei were washed once again with labeling buffer before flow cyto-
metric analysis for the presence of p-STAT-1 tyrosine 701. Statistical analysis of
changes in STAT-1 phosphorylation was by one-way ANOVA with Dunnett’s
test for multiple comparisons.

IDO quantitation. To assess the effect of cytokine stimulation by IL-1� on
IDO induction, HeLa 229 cells (105 cells/ml) were cultivated with IL-1�, culti-
vated with complete medium alone, or infected with C. psittaci and incubated for
12 h. At that time, the cells were washed with PBS and incubated for an
additional 4 h in complete medium. IFN-� was then added in increasing con-
centrations (up to 100 ng/ml), and the cells were incubated for an additional 24 h.
For determination of IDO activity, the medium was replaced with 0.4 ml of
HBSS containing [5-3H]tryptophan (1 
Ci/ml; specific activity � 20 Ci/mmol;
MP Biomedicals, Irvine, CA) and 25 
M tryptophan carrier. After an additional
4 h of incubation, supernatants were collected and analyzed for tryptophan
metabolites by reversed-phase high-performance liquid chromatography
(HPLC) (44). Briefly, aliquots (50 
l) were injected into a 
Bondapak C18

column (Millipore) and eluted with 1 mM KH2PO4 buffer, pH 4.0, containing
10% MeOH, at a flow rate of 1.6 ml/min. Radioactivity in tryptophan and
metabolite fractions was quantified by flowthrough scintillation spectroscopy
using an HPLC (Varian, Palo Alto, CA) equipped with a radioisotope detector
(Radiomatic instruments, Tampa, FL). The percent specific tryptophan catabo-
lism was calculated by the following equation:

percent specific catabolism �
cpmmetabolites � cpmbackground

cpmtryptophan
� 100 (2)

where cpmmetabolites corresponds to the counts per minute (cpm) present in
metabolite fractions, cpmbackground represents the cpm resulting from nonspecific
breakdown of tryptophan to metabolites, and cpmtryptophan equals the total
number of cpm for all fractions. Statistical analysis of IDO activity was by analysis
of covariance with several regression lines.

RESULTS

Requirement of TLRs for increased IFN-�R expression. To
assess the involvement of TLRs in the Chlamydia-induced in-
crease in IFN-�R expression, HEK 293 cells transfected with
TLR2, TLR4 plus MD-2, or the empty expression vector (24,
36, 41, 43) were cultivated with complete medium alone,
treated with IL-1�, or infected with C. psittaci for 24 h. IFN-�R
expression and chlamydial infection were assessed by flow cy-
tometric analysis using anti-IFN-�R and anti-chlamydial anti-
bodies. As described previously (39), flow cytometry revealed
that the uninfected as well as the infected cell populations in C.
psittaci-infected cultures exhibited increased IFN-�R expres-
sion relative to that in cells cultured in medium alone. When
infected with C. psittaci, HEK 293 cells expressing either TLR2
or TLR4/MD-2 displayed significantly increased (P � 0.001)
IFN-�R expression (Fig. 1), supporting a role for TLRs in
up-regulation of IFN-�R expression following chlamydial stim-
ulation. HEK 293 cells transfected with the empty vector did
not increase IFN-�R expression during infection, indicating
that an intact TLR was required for up-regulation of IFN-�R
expression by Chlamydia.

To confirm the involvement of the TLRs in up-regulation of
IFN-�R expression during chlamydial infection, neutralizing
antibodies to either TLR2 or TLR4 were used. HeLa 229 cells
were treated with medium alone, treated with IL-1�, or in-
fected with C. psittaci for 24 h. The cells were simultaneously
treated with anti-TLR2, anti-TLR4, or combined TLR-neu-
tralizing antibodies, and IFN-�R expression was assessed by
flow-cytometric analysis. As described previously (39), both
IL-1� and C. psittaci stimulated increased IFN-�R expression
in the absence of neutralizing antibody (Fig. 2), and Chlamydia
induced more IFN-�R expression than did IL-1�. However,
only infected cultures receiving either TLR2- or TLR4-neu-

FIG. 1. Up-regulation of IFN-�R expression by C. psittaci is TLR
dependent. HEK 293 cells stably transfected with TLR2, TLR4/MD-2,
or the empty pcDNA expression vector were cultivated in complete
medium, treated with IL-1� (100 ng/ml), or infected with C. psittaci for
24 h and stained with antibody to IFN-�R and PE-conjugated second-
ary antibody. The mean fluorescent intensities (MFIs) were deter-
mined using flow cytometry. The results are representative of several
independent experiments with similar results (MFIs � standard devi-
ations).

FIG. 2. Neutralization of TLRs inhibits up-regulation or IFN-�R
expression. HeLa 229 cells were cultivated in complete medium,
treated with IL-1� (100 ng/ml), or infected with C. psittaci. Some
cultures also received neutralizing anti-TLR2, anti-TLR4, both anti-
bodies, or normal IgG. After 24 h, the cells were collected and receptor
expression was assessed using flow cytometric analysis. Visual confir-
mation was by fluorescent microscopy. The results for one of three
similar experiments (mean fluorescent intensities [MFIs] � standard
deviations) are presented.
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tralizing antibodies had significantly lower increases in IFN-�R
expression (P � 0.0001); the neutralizing antibodies had no
effect on IFN-�R expression in either uninfected or IL-1�-
treated cells. While neither neutralizing antibody alone was
sufficient to fully block up-regulation of IFN-�R expression in
infected cultures, the combination of both TLR-neutralizing
antibodies completely inhibited the increase in IFN-�R expres-
sion, indicating that only TLR2 and TLR4 were stimulated by
C. psittaci to up-regulate IFN-�R expression.

Role of NF-�B in IFN-�R up-regulation. IL-1�-mediated
up-regulation of IFN-�R expression requires activation of
NF-�B (40). Because IL-1R and TLRs are in the same recep-
tor family, they may utilize the same mechanism for receptor
up-regulation. To assess whether TLRs require NF-�B trans-
activation to increase IFN-�R expression, NF-�B translocation
to the nucleus was quantified with HeLa 229 cells treated with
medium, treated with IL-1�, or infected with C. psittaci for 1 h.
At this time, maximal nuclear NF-�B can be detected following
IL-1� stimulation (40). Nuclei were harvested from the cells,
and the amount of intranuclear NF-�B was determined by flow
cytometric analysis using an anti-NF-�B p65 antibody. Cells
either treated with IL-1� or infected with C. psittaci were
found to transactivate NF-�B to the same extent (Fig. 3, top
panel) relative to basal levels detected in unstimulated cells.
To confirm that the up-regulation of IFN-�R expression was
due to NF-�B activation, PSI, which prevents NF-�B activation
and nuclear translocation by inhibiting degradation of I�B (4,
11), was used at a concentration previously shown to maintain
nuclear NF-�B at constitutive levels (33, 40). HeLa cells were
cultivated in medium alone, treated with IL-1�, or infected
with C. psittaci, with or without PSI. After 12 h, the cells were
harvested and analyzed for IFN-�R expression by flow cytome-
try. In cultures treated with IL-1� or infected with C. psittaci,
PSI completely inhibited IFN-�R up-regulation (P � 0.001),
such that IFN-�R expression was no different from that in cells
cultivated in medium alone (Fig. 3, bottom panel). This sug-
gests that in the absence of NF-�B transactivation, C. psittaci is
unable to up-regulate IFN-�R expression in a manner similar
to that described for IL-1� (40).

C. psittaci-stimulated HeLa cells do not increase IDO activ-
ity. In a previous study, IL-1� was shown to increase the ex-
pression of IFN-�Rs, resulting in a synergistic induction of
IDO activity when the cells were induced with IFN-� (40).
Therefore, if increased receptor expression influences IDO
induction, up-regulation of IFN-�R expression in response to
chlamydiae should also result in enhanced IDO activity. To
test this hypothesis, HeLa 229 cells were cultivated with com-
plete medium alone, treated with IL-1�, or infected with C.
psittaci for 12 h, followed by cultivation with complete medium
alone for 4 h. Under these conditions, IFN-�R expression is
maximal and nuclear NF-�B concentration has returned to
basal levels (40). Cells were then incubated with increasing
concentrations of IFN-� (0 to 100 ng/ml) for 24 h before IDO
reporter activity was assessed using flow cytometric analysis. As
shown in Fig. 4 (top panel), cells treated first with IL-1� before
induction of IDO had significantly increased reporter activities
(P � 0.01) compared to cells induced with only IFN-�, requir-
ing 1/10 the amount of IFN-� to induce the same amount of
IDO reporter activity as that measured in untreated cells.
However, no difference was seen between untreated cells and

cells infected first with C. psittaci to up-regulate IFN-�R ex-
pression. Parallel cultures of HeLa 229 cells treated under the
same conditions and analyzed for IDO enzyme activity by
HPLC showed the same trends (Fig. 4, bottom panel). Only
up-regulation of IFN-�R expression by IL-1�, and not by C.
psittaci, resulted in enhancement of IDO activity. Taken to-
gether, these data suggest that in C. psittaci-infected cultures,
newly expressed receptors are not contributing to transcrip-
tional activation of the IDO gene.

Binding of IFN-� to cells exhibiting increased IFN-�R ex-
pression. Identification of cytokine receptors by flow cytometry
indicates the existence of specific epitopes on the receptor
molecules but does not assess whether the receptors retain
their ability to bind cytokine. The inability of IFN-�Rs ex-
pressed in response to Chlamydia to bind IFN-� could explain
why the increase in IFN-�R expression does not increase the

FIG. 3. Dependency of IFN-�R expression up-regulation on
NF-�B transactivation. (Top) HeLa 229 cells were cultivated in com-
plete medium, treated with IL-1� (100 ng/ml), or infected with C.
psittaci for 1 h. Nuclei were harvested and subjected to flow cytometric
analysis of intranuclear NF-�B present with an antibody to the p65
subunit of NF-�B. (Bottom) HeLa 229 cells were cultivated in com-
plete medium, treated with IL-1� (100 ng/ml), or infected with C.
psittaci, alone or in combination with PSI (3 
M) for 12 h. The cells
were harvested, and IFN-�R expression was determined by flow cyto-
metric analysis using an anti-receptor antibody. The results from one
of several experiments with similar results are presented (mean fluo-
rescent intensities [MFIs] � standard deviations).
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sensitivities of those cells to IFN-� treatment. To address this
possibility, biotinylated IFN-� was used to assess the ability of
IFN-�Rs to bind IFN-�. HeLa 229 cells were cultivated in
complete medium, treated with IL-1�, or infected with C.
psittaci for 24 h. IFN-� binding was assessed by first incubating
the cells with biotinylated IFN-� followed by FITC-conjugated
streptavidin to bind to the biotin. Binding of biotinylated
IFN-� was compared to binding of anti-IFN-�R antibody in
parallel cultures (Fig. 5). Flow cytometric analysis revealed
that increases in IFN-� binding were similar to increases in
binding of anti-IFN-�R antibodies. This indicated that the
IFN-�Rs expressed in response to C. psittaci were fully capable
of binding IFN-�. Therefore, the inability of newly expressed
IFN-�Rs to up-regulate IFN-�-induced IDO activity could not
be explained by an inability to bind IFN-�.

Chlamydia-induced IFN-�Rs do not increase STAT-1 phos-
phorylation. Since IFN-�Rs expressed in response to Chla-
mydia bind IFN-� normally, the lack of increased responsive-
ness by the cells to IFN-� may be due to changes in receptor
signaling. After the binding of IFN-� to its receptor, STAT-1 is
activated by phosphorylation. Upon activation, STAT-1 dimer-
izes and translocates to the nucleus, where it binds to control
elements in IFN-�-responsive genes. To determine whether
the infected cells still retained the ability to induce STAT-1
phosphorylation and translocation to the nucleus following
IFN-� treatment, HeLa 229 cells were cultivated in complete
medium, treated with IL-1�, or infected with C. psittaci for 12 h
and then induced with IFN-�. Nuclei from the cells were iso-
lated, stained using anti-phosphorylated STAT-1 antibody, and
analyzed by flow cytometry. Cells treated with IL-1� and then
induced with IFN-� showed significant (P � 0.001) increases in
amounts of STAT-1 phosphorylation; however, cells that were
infected showed no difference in phosphorylated-STAT-1 lev-
els compared with uninfected cells (Fig. 6).

DISCUSSION

That Chlamydia is able to modulate expression of IFN-�Rs
is not unique. Increases and decreases in cytokine receptor
expression have been demonstrated with a variety of other
pathogens. Mycobacterium and Trypanosoma cruzi have been
reported to down-regulate IFN-�R expression on murine mac-
rophages and B cells, respectively, while Legionella has been
shown to increase expression of both IL-1RI and TNF receptor
on macrophages (20, 22, 26). Changes in cytokine responsive-
ness by modulation of the expression of cytokine-specific re-
ceptors are one means by which a pathogen could manipulate

FIG. 4. IFN-�R expression up-regulated in response to Chlamydia
does not contribute to increased IDO activity. (Top) HeLa 229 cells,
stably transfected with the IDO reporter plasmid pGASinsIDO/
EGFP-C1, were cultivated in complete medium, treated with IL-1�
(100 ng/ml), or infected with C. psittaci for 12 h and then incubated in
medium alone for 4 h before being induced with increasing concen-
trations of IFN-� for an additional 12 h. The cells were harvested, and
GFP expression was assessed using flow cytometric analysis (top
panel), or the cells were analyzed for IDO enzymatic activity by HPLC
(bottom panel). The results for one of three similar experiments
(means � standard deviations) are presented. MFI, mean fluorescent
intensity.

FIG. 5. Up-regulation of cytokine binding to Chlamydia-infected
cells. Parallel sets of HeLa 229 cells were cultivated in complete me-
dium, treated with IL-1� (100 ng/ml), or infected with C. psittaci for
24 h. One set was then incubated with biotinylated-IFN-� followed by
FITC-conjugated streptavidin. The other set was stained with anti-
IFN-�R antibody and PE-conjugated secondary antibody. The
mean fluorescent intensity (MFI) of each was determined using flow
cytometric analysis. The results for one of three similar experiments
(MFIs � standard deviations) are presented.
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cell-mediated immune responses. Chlamydia up-regulates the
expression of IL-1�, TNF-�, and IFN-� receptors, each of
which is involved in synergistic IDO induction. Furthermore,
these increases in cytokine receptor expression are significantly
higher than increases stimulated by cytokines (39). The in-
creases in cytokine receptor expression induced by Chlamydia
are facilitated by the TLR system. Although a TLR4 antagonist
partially blocks up-regulation of IFN-�R expression, other
TLRs might be involved. Intact chlamydiae have been shown
to interact predominantly with TLR2 (31), yet purified chla-
mydial components interact with TLR differentially; chlamyd-
ial LPS activates TLR4 (14), whereas chlamydial HSP60 may
activate both TLR2 and TLR4 (7, 35). The binding of a chla-
mydial component to a TLR would initiate a signal transduc-
tion cascade, resulting in an NF-�B-dependent increase in
cytokine receptor expression.

To identify the TLRs involved in up-regulation of IFN-�R
expression, transfected cells expressing either TLR2 or TLR4
and its required adaptor protein MD-2 were tested. Stimula-
tion of either TLR by C. psittaci was capable of up-regulating
IFN-�R expression, indicating that chlamydial components
were capable of using either TLR. Furthermore, neutralization
of either TLR with antibody only partially abrogated the effect
of Chlamydia; complete inhibition of receptor up-regulation
required the neutralization of both receptors, indicating that
both TLR2 and TLR4 are important in the regulation of
IFN-�R expression. That the signaling cascade induced by
TLR stimulation and leading to up-regulation of IFN-�R ex-
pression required the activation of NF-�B was demonstrated
by inhibiting proteasomal degradation of I�B. In the absence
of an increase in NF-�B activation, IFN-�R expression was not
changed.

Given the magnitude of increase in IFN-�R expression in
Chlamydia-infected cultures, one would expect increases in

IDO induction induced by IFN-� to be greater than that seen
following IL-1� treatment (40). However, infection with C.
psittaci did not affect IDO induction; instead, IFN-� induced
the same amount of IDO activity in C. psittaci-infected cells as
it did in uninfected cells. This would suggest that the signaling
pathway used by the newly synthesized receptors in Chlamydia-
infected cells was incomplete, the basis of which could be an
inability to bind cytokine or to generate a signal. To ensure
that the receptors detected by flow cytometry retained their
ability to bind their respective cytokines, their binding of bio-
tinylated cytokines was determined in parallel to detection by
antibody to receptor subunits. In each case, the amount of
cytokine bound was proportional to the amount of anti-cyto-
kine receptor antibody bound. Since these newly expressed
receptors could bind cytokine, the endpoint of the JAK/STAT
signaling pathway was examined. To determine whether this
STAT-1 was being activated and translocated to the nucleus,
changes in nuclear phosphorylated STAT-1 following IFN-�
treatment were measured. While cells expressing increased
IFN-�Rs in response to IL-1� treatment exhibited increased
nuclear p-STAT-1 following IFN-� exposure, cells from in-
fected cultures failed to respond similarly, despite the expres-
sion of a greater number of IFN-�Rs. In fact, the amount of
nuclear p-STAT-1 was the same as that in cells cultivated
in medium alone. The same trend was observed in HEK 293
cells transfected to express either TLR2 or TLR4/MD-2 (data
not shown). Clearly, although the increases in IFN-�R expres-
sion in response to Chlamydia are TLR dependent, these
receptors do not contribute to the IFN-� responsiveness of these
cells.

Although these experiments were performed with epithelial
cells, C. psittaci is capable of infecting a variety of cell types
(27), including macrophages that are capable of producing
proinflammatory cytokines such as IL-1� and TNF-� upon
stimulation of their TLRs (1). These proinflammatory cyto-
kines have been shown to be important in the up-regulation of
IDO activity, in an NF-�B-dependent manner. Activation of
NF-�B is required for both the up-regulation of IFN-�R ex-
pression (40) and the synthesis of interferon regulatory fac-
tor-1 (33), a transcription factor required for IDO transcrip-
tional activation (5, 12). However, production of IL-1� or
TNF-� may not be sufficient to overcome the effect of chla-
mydial infection on the STAT-1 signaling pathway. Although
infection of macrophages can elicit production of IL-1, which
can up-regulate IDO induction, it will do so only in combina-
tion with IFN-� (3). Induction of IDO activity is dependent on
IFN-�-mediated STAT-1 phosphorylation and nuclear trans-
location. Thus, while IL-1 can increase the amount of IDO
activity induced by IFN-�, IL-1 alone does not induce either
STAT-1 signaling or IDO activity. In the absence of a func-
tional JAK/STAT signaling pathway, C. psittaci might up-reg-
ulate a localized inflammatory response without inducing the
protective benefits of IDO induction.

It is tempting to speculate about the role that these recep-
tors play during infection with Chlamydia. One possibility is
that these receptors could function as decoys. IFN-� would
bind to these receptors but not activate signal transduction,
thereby reducing the local concentration of IFN-�. By reducing
the effecting concentration of IFN-�, induction of IDO would

FIG. 6. Up-regulated IFN-�R expression does not increase
STAT-1 activation. HeLa 229 cells cultivated in complete medium,
treated with IL-1� (100 ng/ml), or infected with C. psittaci for 12 h
were induced with IFN-� (20 ng/ml) for 4 h. Nuclei were isolated, and
phosphorylated STAT-1 levels were assessed by flow cytometric anal-
ysis using an anti-STAT-1P Tyr 701 antibody. The results are repre-
sentative of several independent experiments with similar results
(mean fluorescent intensities [MFI] � standard deviations).
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be diminished, resulting in prolonged survival of Chlamydia in
the face of an otherwise effective immune response.
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