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Gamma interferon (IFN-y)-induced effector mechanisms have potent antichlamydial activities that are
critical to host defense. The most prominent and well-studied effectors are indoleamine dioxygenase (IDO) and
nitric oxide (NO) synthase. The relative contributions of these mechanisms as inhibitors of chlamydial in vitro
growth have been extensively studied using different host cells, induction mechanisms, and chlamydial strains
with conflicting results. Here, we have undertaken a comparative analysis of cytokine- and lipopolysaccharide
(LPS)-induced IDO and NO using an extensive assortment of human and murine host cells infected with
human and murine chlamydial strains. Following cytokine (IFN-y or tumor necrosis factor alpha) and/or LPS
treatment, the majority of human cell lines induced IDO but failed to produce NO. Conversely, the majority of
mouse cell lines studied produced NO, not IDO. Induction of IDO in human cell lines inhibited growth of L2 and
mouse pneumonitis agent, now referred to as Chlamydia muridarum MoPn equally in all but two lines, and inhibition
was completely reversible by the addition of tryptophan. IFN-y treatment of mouse cell lines resulted in substan-
tially greater reduction of L2 than MoPn growth. However, despite elevated NO production by murine cells,
blockage of NO synthesis with the L-arginine analogue N-monomethyl-L-arginine only partially rescued chlamydial
growth, suggesting the presence of another IFN-y-inducible antichlamydial mechanism unique to murine cells.
Moreover, NO generated from the chemical nitric oxide donor sodium nitroprusside showed little direct effect on
chlamydial infectivity or growth, indicating a natural resistance to NO. Finally, IFN-y-inducible IDO expression in
human HeLa cells was inhibited following exogenous NO treatment, resulting in a permissive environment for
chlamydial growth. In summary, cytokine- and LPS-inducible effectors produced by human and mouse cells differ
and, importantly, these host-specific effector responses result in chlamydial strain-specific antimicrobial activities.

Chlamydiae are obligate intracellular gram-negative eubac-
teria that exhibit a highly specialized biphasic developmental
cycle (38). Currently, the genus is divided into four species:
Chlamydia trachomatis, C. psittaci, C. pneumoniae, and C. pe-
corum (54). C. trachomatis and C. pneumoniae are important
human pathogens, whereas C. psittaci and C. pecorum are
primarily pathogens of animals and birds, rarely infecting hu-
mans. C. trachomatis has been divided into three biovars: tra-
choma, lymphogranuloma venereum (LGV), and murine
(mouse pneumonitis agent, now referred to as C. muridarum
MoPn). MoPn is not a natural human pathogen. LGV biovar
strains (L1, L2, and L3) are the most invasive, readily causing
systemic infections (16), whereas strains of the trachoma bio-
var are limited to columnar epithelial cells at mucosal surfaces
(54, 56). The trachoma biovar consists of 12 serovars desig-
nated A to K, including serovar Ba. Infection with serovar A,
B, Ba, or C causes trachoma, the world’s leading cause of
preventable blindness, affecting 400 million people who live in
areas where the disease is endemic. Infection with any of the
serovars D through K causes genital tract disease. C. tracho-
matis is now the most common sexually transmitted bacterial
pathogen, with an estimated 90 million cases occurring each
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year worldwide. Moreover, genital C. trachomatis infection has
been identified as a potent cofactor facilitating the transmis-
sion of human immunodeficiency virus (9).

Knowledge about immunity to chlamydial infection in hu-
mans is limited. The bulk of information on innate and adap-
tive immunity to infection has come from studies using murine
models, the most relevant of these being infection of the fe-
male mouse genital tract with the MoPn strain, which produces
infection and disease characteristics similar to those found in
the human female genital tract. Using this model, studies of
gene knockout mice, adoptive transfer of lymphocytes, and in
vivo depletion of lymphocytes have clearly demonstrated a
major role for the cell-mediated immune response in immunity
to infection (37). In particular, adaptive protective immunity is
dependent on an interleukin-12 (IL-12) CD4" Ty;1 response
(10, 37). Gamma interferon (IFN-vy) is the predominate cyto-
kine produced following resolution of infection but, interest-
ingly, its protective role in vivo varies depending on the chla-
mydial challenge strain; clearance of the mouse-adapted MoPn
strain is independent of the cytokine, whereas clearance of C.
trachomatis human strains is IFN-y dependent (37).

The inhibitory effects of IFN-y on chlamydia replication in
vitro have been extensively studied, and the findings have
yielded marked inconsistencies in chlamydial strain suscepti-
bility and effector antichlamydial mechanisms. Collectively,
these studies have employed multiple cell lines (macrophages,
fibroblasts, and epithelial cells) differing in host origin (human
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and murine), chlamydial strains (human and murine), and cul-
ture conditions. Given the pleiotropic signaling capabilities
and host and tissue specificities of IFN-y (44), the genomic
differences among chlamydial strains studied (51, 52), and the
inherent variation from laboratory to laboratory in experimen-
tal design, the inconsistencies in results are perhaps not sur-
prising. Nevertheless, it is important that the reasons for these
inconsistencies be identified, since a more accurate under-
standing of the IFN-y-mediated antichlamydial activities is im-
portant for the design of pathogenesis models for the study of
persistence and future vaccine development.

The known molecular basis of the antimicrobial action of
IFN-y includes the induction of indoleamine-2,3-deoxygenase
(IDO), inducible nitric oxide synthase (iNOS), p47 GTPases,
and alterations in iron metabolism (2, 20, 55, 58). Of these
effector responses, the most extensively studied with regards to
chlamydiae are IDO and iNOS (2, 53). IDO degrades trypto-
phan to kynurenine (63). The action of IDO effectively de-
prives the intracellular chlamydial reticulate bodies of trypto-
phan, inhibiting their growth and replication. Treatment of
chlamydia-infected HeLa cells with IFN-y results in the devel-
opment of persistent infections characterized by the formation
of aberrant but viable forms of the organism (1). In HeLa cells,
the effects of IFN-y on chlamydial growth can be reversed by
the addition of excess tryptophan, implicating IDO and tryp-
tophan starvation as the primary antimicrobial mechanism in
human cells. Furthermore, the recently identified immuno-
regulatory role of IDO-induced tryptophan depletion (35, 36)
may influence the in vivo infection outcome.

iNOS catalyzes the production of reactive nitrogen species,
including nitric oxide (NO) (5). In cell lines and inbred mouse
strains, resistance to microbial growth is often associated with
production of NO, and iNOS inhibitors have been shown to
worsen the course of disease caused by many pathogens (32).
Contradictory results, from significant inhibition to no inhibi-
tory activity, have been reported for the effects of NO on
chlamydial growth in cell culture systems (14, 18, 19, 29, 33, 45,
46). Since NO alters several host cell activities, including mi-
tochondrial ATP production (6, 7), it is difficult to differentiate
between direct inhibitory action on chlamydiae and indirect
effects as a result of inhibition of host cell functions of which
chlamydiae are known to depend on for growth and survival. In
contrast, all results from in vivo studies, using mice genetically
deficient in iNOS, indicate that the production of NO is not
essential for resolution of chlamydial genital infection (28, 42, 46).
Indeed, iNOS knockout mice resolve both primary and secondary
genital chlamydial infections with kinetics similar to those of wild-
type mice (28). Studies in iNOS and p47(phox) gene knockout
mice do, however, suggest a role for reactive nitrogen species in
protection from disseminating and persistent chlamydial infec-
tions (47, 48), where macrophages and not epithelial cells are the
targets of infection. In addition, NO is known to have immuno-
regulatory properties (5, 20). While the antimicrobial potential of
iNOS is well established in mouse cells and mice, the role in
human cells remains controversial (5, 32, 39).

Here we present results of a comprehensive study, employ-
ing human and mouse cell lines, designed to provide a better
understanding of the mechanisms underlying innate host de-
fense against infection by mouse- (C. muridarum strain MoPn)
and human- (C. trachomatis serovar L2) adapted chlamydial
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strains. The results presented indicate that the cytokine-in-
duced effector mechanisms responsible for antichlamydial ac-
tivity are distinct in mouse and human cells. Furthermore,
mouse- and human-adapted chlamydia have evolved to
counter the species-specific antibacterial defense mechanisms
of their natural host. The implications of this work in regards
to the interpretation of in vitro data and the use of the mouse
model for chlamydial vaccine studies are discussed.

MATERIALS AND METHODS

Cytokines, antibodies, and other reagents. Recombinant human and mouse
IFN-y were purchased from PharMingen, San Diego, CA. Escherichia coli B5:
055-derived lipopolysaccharide (LPS) was obtained from Calbiochem, San Di-
ego, CA. Recombinant human IL-13, recombinant tumor necrosis factor alpha
(TNF-a), the iNOS inhibitor N-monomethyl-L-arginine (NMMA), nitric oxide
donor sodium nitroprusside (SNP), arginine, tryptophan, modified Griess re-
agent, and various tissue culture medium supplements, including recombinant
keratinocyte growth factor, B-estradiol, recombinant epidermal growth factor,
transferrin, bovine insulin, progesterone, and hydrocortisone, were purchased
from Sigma Chemical Co., St. Louis, MO. Primary antibodies against human
B-actin and iNOS and murine B-actin and iNOS were obtained from Sigma
Chemical Co. and Santa Cruz Biotechnology, Santa Cruz, CA, respectively. The
human IDO mouse monoclonal antibody was a kind gift from O. Takikawa
(Department of Pharmacology, Hokkaido University). Secondary goat anti-
mouse and goat anti-rabbit horseradish peroxidase-conjugated antibodies were
purchased from Cedarlane, Hornby, Ontario, Canada. The enhanced chemilu-
minescence detection system was obtained from Amersham Biosciences,
Oakville, Ontario, Canada. The lactate dehydrogenase-based cytotoxicity assay
kit was purchased from Roche Applied Sciences, Laval, Quebec, Canada. All
other chemicals were of reagent grade or higher.

Chlamydiae. C. trachomatis strains L2/LGV-434 and C. muridarum (MoPn)
strain Weiss were propagated in HeLa cell monolayers in T-150 flasks containing
high-glucose (4.5 mg/ml) Dulbecco modified Eagle medium supplemented with
10% fetal bovine serum (FBS) (DMEM-10) at 37°C in 5% CO,. Infectious
elementary bodies (EBs) were purified by density gradient centrifugation, and
the infection-forming units (IFU) of purified EBs were determined by titration
on HeLa cell monolayers as previously described (11).

Cell lines and culture conditions. A summary of the cell lines and culture
conditions employed for this study are presented in Table 1. All cells were grown
in tissue culture flasks under the conditions recommended by the supplier
(American Type Culture Collection, Rockville, MD, or the referenced provider).
All cell culture media were purchased from Invitrogen, Burlington, Ontario,
Canada. For consistency, concentrations of tryptophan and arginine, the sub-
strates for indoleamine 2,3-dioxygenase and inducible nitric oxide synthase, re-
spectively, were standardized in all media. Final concentrations were 10 mg/liter
tryptophan and 200 mg/liter arginine.

Effects of exogenous IFN-y, LPS, and SNP on chlamydial growth in vitro.
Triplicate cultures of the various cell lines were established in six-well plates (~2
X 10 cells/well) in the recommended medium (Table 1), supplemented with
10% FBS. Cells were grown for 24 h, and then fresh medium was added with no
supplements or 20 U/ml murine or human IFN-y, 20 ng/ml Escherichia coli
B5:055 lipopolysaccharide, IFN-y (20 U/ml) plus LPS (20 ng/ml), or TNF-a (20
ng/ml), IL-18 (20 ng/ml), and IFN-y (20 U/ml) plus LPS (20 ng/ml), or the
indicated concentration of SNP, and incubation was continued for 24 h. This
condition is referred to as a 24-h pretreatment in the presence of the indicated
supplement(s). For some experiments, cells were not pretreated, and in these
cases the indicated supplement(s) was added immediately after chlamydial in-
fection. Cell monolayers were left uninfected or were infected with C. tracho-
matis L2 or C. muridarum at a multiplicity of infection of 0.6, as determined by
titration on HeLa cells. Depending on the cell line being used, there was some
variation in the percentage of cells infected, but it typically fell in the range of 40
to 60%. Monolayers were refed with medium alone or medium containing the
homologous cytokine and/or LPS or the indicated concentration of SNP, and
incubation was continued. For certain experiments, the iNOS inhibitor NMMA
was added at a final concentration of 1 mM. After 48 h, cell monolayers and
media were harvested, and cells were pelleted by centrifugation, then lysed by
sonication, and assayed for chlamydial growth by titration of recoverable IFU on
HeLa cell monolayers. A commercial cytotoxicity assay kit (Roche Applied
Sciences, Laval, Quebec, Canada), measuring medium lactate dehydrogenase
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TABLE 1. Human and mouse cell line characteristics and growth conditions
Cell line ATCC no. (reference) Source Tissue Morphology Medium
HeLa229 CCL-2.1 Human  Cervix; adenocarcinoma Epithelial DMEM-4.5 mg/ml glucose (high glucose),
10% FBS, 2 mM glutamine
HL Human  Unknown Epithelial DMEM high glucose, 10% FBS, 2 mM
glutamine
A549 CCL-185 Human Lung; carcinoma Epithelial Ham’s F-12K, 10% FBS, 2 mM glutamine
RT4 HTB-2 Human  Urinary bladder Epithelial McCoy’s 5A, 10% FBS, 2 mM glutamine
T24 HTB-4 Human  Urinary bladder Epithelial McCoy’s 5A, 10% FBS, 2 mM glutamine
BeWo CCL-98 Human  Placenta; Epithelial Ham’s F-12K, 10% FBS, 2 mM glutamine
choriocarcinoma
IEC4.1 H. Caldwell (33) Murine  Intestinal Epithelial 1:1 DMEM high glucose-Ham’s F-12,
epidermal growth factor (10 ng/ml), 1%
hormone mixture (insulin [500 wg/ml],
sodium selenite [173 ng/ml],
triiodothyronine [3.4 ng/ml],
prostaglandin E1 [125 ng/ml],
transferrin [500 pwg/ml], hydrocortisone
[1.8 pg/ml]), 2 mM glutamine, 10%
FBS
T™M3 CRL-1714 Murine  Testis; Leydig cell Epithelial 1:1 DMEM high glucose-Ham’s F-12 high
glucose, 2 mM glutamine, 10% FBS
MLEI15 J. Whitsett (67) Murine  Lung Epithelial 1:1 DMEM high glucose-Ham’s F-12,
insulin (5 pg/ml), transferrin (10 wg/ml)
sodium selenite (173 ng/ml),
hydrocortisone (1.8 pg/ml), beta-
estradiol (600 pg/ml), 2 mM glutamine,
10% FBS
BM12.4 or BM1.11  R. Johnson (32) Murine  Primary upper genital Epithelial 1:1 DMEM high (4.5 mg/ml) glucose—
tract Ham’s F-12 Kaighn’s modification,
bovine insulin (10 mg/ml), human
recombinant keratinocyte growth factor
(1.25 pg/ml), 2 mM g lutamine, 10%
FBS
McCoy CRL-1696 Murine  Unknown Fibroblast MEM, 10% FBS, 2 mM glutamine
1.-929 CCL-1 Murine  Aveolar Fibroblast MEM, 10% FBS, 2 mM glutamine
THP-1 TIB-202 Human Monocyte; acute Monocyte RPMI 1640, high glucose, 0.05 mM 2-
leukemia mercaptoethanol, 2 mM glutamine,
10% FBS
RAW 264.7 TIB-71 Murine  Abelson murine leukemia  Macrophage DMEM high glucose, 2 mM glutamine,
10% FBS
RAW NO™ CRL-2278 Murine  Abelson murine leukemia ~ Macrophage =~ RPMI 1640 high glucose, 2 mM
glutamine, 10% FBS
J774 TIB-67 Murine  Reticulum cell sarcoma Macrophage = DMEM high glucose, 2 mM glutamine,

10% FBS

activity, was used to assess the effect of SNP on host cell viability. SNP solution
was prepared immediately before use in the experiments.

Determination of intracellular tryptophan levels and medium nitrite concen-
trations. As a measure of IDO activity, intracellular tryptophan levels were
determined as previously described (64). Briefly, T-75 tissue culture flasks of
uninfected or chlamydia-infected cells were treated with the indicated cyto-
kine(s)/LPS or left untreated as a control. At the time indicated, cultures were
extensively washed with ice-cold Hank’s balanced salt solution, 250 wl 10%
trichloroacetic acid was added to each flask, and the cells were scraped from the
surface and incubated on ice for 30 min. The trichloroacetic acid-precipitated
material was pelleted by centrifugation, and the tryptophan-containing superna-
tant was neutralized using 78.1:21.9 (vol/vol) freon-tri-N-octylamine (61). Trypto-
phan was separated and quantified by high-performance liquid chromatography
(HPLC) on a 12.5-cm Whatman pBondapak C,g column using 1 mM KH,PO, (pH
4) in 10% methanol at 1 ml/min (66). Tryptophan was identified and quantified by
comparing the absorbance and retention time to that of a known standard. Data
were analyzed with Beckman System Gold software. Results are presented as the
means of two independent experiments with ranges shown.

As a measure of iNOS activity, medium nitrite levels were quantified in culture
supernatants by the Griess reagent method. Briefly, equal volumes of twofold-
diluted supernatants and the Griess reagent (1% sulfanilamide, 0.1% naphthyl-
ethylene diamine dihydrochloride, 2.5% H3PO,; 50 pl each) were mixed in
96-well plates, and the absorbance associated with color change was measured
within 10 min at a 540-nm wavelength in a Microplate Autoreader spectropho-

tometer (Bio-Rad Laboratories, Hercules, CA). Nitrite concentration was cal-
culated using a sodium nitrite standard curve generated for each assay. Results
are presented as the means of two independent experiments with ranges shown.

Statistical analyses. Differences between groups were analyzed for statistical
significance using Student’s two-tailed ¢ test.

RT-PCR analysis. T-75 tissue culture flasks of cells were uninfected or infected
with C. trachomatis serovar L2 or C. muridarum at a multiplicity of infection of
0.6 IFU/cell and then cultured in DMEM-10 supplemented with 20 U/ml IFN-y,
20 ng/ml LPS, or 20 U/ml IFN-y and 20 ng/ml LPS. After incubation for 24 h at
37°C, the culture medium was removed and the monolayer was rinsed with
Hank’s balanced salt solution. Total RNA was prepared from the cells using
TRIzol reagent according to the manufacturer’s instructions (Invitrogen). Next,
1 ng of total RNA was treated with DNase I (Invitrogen), reverse transcribed
using random hexamer primers and Thermoscript reverse transcriptase (Invitro-
gen), and then treated with RNase H (Invitrogen). The nucleotide sequences of
the primers used for PCR were as follows: human B-actin, 5'-CATGTACGTT
GCTATCCAGGC and 3'-CTCCTTAATGTCACGCACGAT; mouse B-actin,
5'-GAAATCGTGCGTGACATCAAAG and 3'-TGTAGTTTCATGGATGCC
ACAG; human IDO, 5'-GGCTTTGCTCTGCCAAATCC and 3'-TTCTCAAC
TCTTTCTCGAAGCTG; mouse IDO, 5'-GCTTTCCTCTACCACATCCAC
and 3'-CAGGCGCTGTAACCTGTGT; human iNOS, 5'-GCATCACCAAGT
ACGAGTG and 3'-CCCGGTACTCATTCTGCA; mouse iNOS, 5'-GTTCTCA
GCCCAACAATACAAGA and 3'-GTGGACGGGTCGATGTCAC. For conven-
tional PCR, 1 pl of cDNA was amplified in a 50-pl reaction mixture containing 0.2
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TABLE 2. Summary of IDO and iNOS activities in human and mouse cells

Production with additive(s)®

IFN-y-TNF-a-IL-

Cell line” None IFN-y LPS IFN-y-LPS 18-LPS
IDO iNOS IDO iNOS IDO iNOS IDO iNOS IDO iNOS
Hela (HE) — — 94 — — — 96 — 92 —
HL (HE) — — 95 — — — 92 — ND“ ND
AS549 (HE) — — 86 — — — 88 — 91 —
RT-4 (HE) — — 93 — — — 96 — 36 27
T24 (HE) — — 91 — — — 90 — 87 —
BeWo (HE) — — — — — — — — ND
IEC4.1 (ME) — — — — — — — — ND ND
TM3 (ME) — — — — — — — — ND ND
MLE-15 (ME) — — 39 — — — 42 — ND ND
BM12.4 (ME) — — — — — — — — ND ND
BM1.11 (ME) — — — — — — — — ND ND
McCoy (MF) — — — 44 — 3 — 51 ND ND
1929 (MF) — — — 19 — 4 — 24 ND ND
THP-1 (HM) — — 1 — — — 90 — ND ND
RAW 264.7 (MM) — — — 32 — 70 — 118 ND ND
RAW 264 NO~ (MM) — — — — — 6 — 59 ND ND
J774 (MM) — — — 6 — 32 — 82 ND ND

“ —, no evidence of IDO or iNOS production as judged by RT-PCR, Western blotting, and/or bioassay. When IDO was detected results are given as percent reduction
in tryptophan pool compared to untreated control, and when iNOS was detected results are given in pM nitrite produced. Results presented are the averages of two
determinations. For tryptophan the averaged 100% control values in pmole/107 cells are as follows: HeLa, 7,653; HL, 7,450; A549, 8,054; RT-4, 6,371; T24, 6,543; BeWo,

7,606; MLEL15, 5,276.

® HE, human epithelial line; ME, murine epithelial line; MF, murine fibroblast; HM, human macrophage; MM, murine macrophage.
¢ Cell culture additives: IFN-y, 20 U/ml; LPS, 20 ng/ml; TNF-«, 20 ng/ml; IL-1B, 20 ng/ml.

4 ND, not determined.

M primers, 0.2 mM deoxynucleoside triphosphates, 1.5 mM MgCl,, 1 X Tagq
reaction buffer, and 5 U Tag DNA polymerase (Invitrogen). The cycling program
was 3 min at 94°C followed by 30 cycles of 30 s at 94°C, 30 s at 60°C, and 60 s at 72°C,
with a final extension of 7 min at 72°C. Products were separated on a 2% Tris-
borate-EDTA-agarose gel, visualized by ethidium bromide staining, and photo-
graphed. For all reverse transcription-PCR (RT-PCR) results reported, no signal
was detected in control samples lacking reverse transcriptase.

Western blot analysis. Uninfected or chlamydia-infected cells were cultured in
T-75 culture flasks in the recommended medium (Table 1) containing no sup-
plements or 20 U/ml murine or human IFN-y, 20 ng/ml Escherichia coli B5:055
lipopolysaccharide, or IFN-y (20 U/ml) plus LPS (20 ng/ml). After incubation at
37°C for 24 h, the cells were harvested by gentle scraping in 500 wl of 2Xx
Laemmli sample buffer supplemented with 5% (vol/vol) 14.2 M B-mercaptoetha-
nol and denatured at 95°C for 5 min. Proteins were separated on 12% sodium
dodecyl sulfate-polyacrylamide gels and blotted onto nitrocellulose membranes
(Bio-Rad, Inc.). Membranes were preblocked in phosphate-buffered saline (PBS)
plus 5% milk powder overnight at 4°C with shaking. Blots were incubated with the
indicated primary antibody in PBS-5% milk powder for 1 h at room temperature
with shaking. Membranes were washed three times (once for 15 min and twice for
5 min) in PBS-5% powdered milk. Washed membranes were incubated with sec-
ondary anti-mouse or anti-rabbit horseradish peroxidase-conjugated antibodies for
1 h at room temperature in PBS-5% powdered milk and then washed as described
above. Proteins were detected by using enhanced chemiluminescence following the
manufacturer’s instructions. Duplicate blots were probed with monoclonal antibody
to B-actin to approximate equal loading of all samples.

RESULTS

Induction of iNOS and IDO in various host cell lines. In
total, 7 human and 10 mouse cell lines, including epithelial,
fibroblast, and monocyte/macrophage cells, were tested for
induction of IDO and iNOS following treatment with IFN-y
and/or lipopolysaccharide (Table 2). With few exceptions,
there was a distinct dichotomy, with human cells inducing IDO
and mouse cells inducing iNOS. Treatment with IFN-y alone
or IFN-y-LPS resulted in IDO activity in all human cell lines
tested, with the exception of BeWo cells. BeWo cells originate
from a naturally occurring human choriocarcinoma, and it has

previously been shown that, despite expressing a functional IFN-y
receptor, they do not induce IDO expression in response to
IFN-vy treatment (21). In most instances there was no enhance-
ment of IDO activity when cells were treated with IFN-y-LPS
compared to IFN-y alone. The one exception was THP-1 cells,
which showed little IDO activity when treated with IFN-y alone
but substantial activity when treated with IFN-y-LPS. Treatment
with LPS alone did not induce IDO in any cell line, irrespective of
tissue or species origin. The only mouse cell line that showed IDO
activity, albeit weak, in response to IFN-y or IFN-y-LPS was
MLE15, a mouse lung epithelial line.

No human cell line tested induced iNOS in response to
IFN-y and/or LPS. In keeping with previous findings (27), the
human bladder epithelial line RT-4 showed induction of iNOS.
iNOS induction was maximal when RT-4 cells were exposed to
a cytokine cocktail (IFN-y-TNF-a-IL-1B) and LPS. Interest-
ingly, even the closely related T-24 uroepithelial line did not
induce iNOS following treatment with all four reagents. In con-
trast to human cells, mouse fibroblasts (McCoy and 1.929) and
macrophage/monocyte lineages (RAW 264.7, RAW NO 264.7,
and J774) induced iNOS in response to IFN-y alone or IFN-y—
LPS. An exception is the RAW 264.7 NO™ line, a clone derived
from RAW 264.7 which, unlike the parental line, does not induce
iNOS upon treatment with LPS or IFN-y alone but requires
IFN-y-LPS for full activation (50). Nitric oxide was not produced
by fibroblasts in response to LPS alone. Finally, iNOS was not
induced in any epithelial line under the culture conditions tested.

Growth of C. trachomatis L2 and C. muridarum in various
host cell lines. The ability of the various host cell lines em-
ployed to support chlamydial growth was assessed by titrating the
number of infectious EB produced at 48 h postinfection (Tables
3 and 4). All non-macrophage/monocyte cell lines tested sup-
ported good growth of both C. trachomatis L2 and C. muridarum
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TABLE 3. Summary of the effects of IDO and iNOS activities on L2 growth”

229

Production or growth with additive(s)®

IFN-y-TNF-a-IL-1B-

Cell line” None IFN-y LPS IFN-y-LPS LPS

IDO iNOS IFU IDO iNOS IFU IDO iNOS IFU IDO iNOS IFU IDO iNOS IFU
HeLa (HE) -4 — 830+076 91 — 514x033 — — 828x0.74 8 — 516+031 8 — 522*046
HL (HE) — — 753*x060 8 — 535*+03 — — 780*063 93 — 510040 ND° ND ND
A549 (HE) — — 771065 94 — 539x040 — — 7.69x0.71 88 — 533x029 87 — 541x0.32
RT-4 (HE) — — 753*x071 92 — 559*036 — — 750x060 8 — 521*033 49 7 519=*029
T24 (HE) —  — 796x072 92 — 556x060 — — 780x071 94 — 560x036 91 — 5.67*045
BeWo (HE) — — 749*063 — — 746054 — — 751*£059 — — 747x055 ND ND ND
IEC4.1 (ME) — — 696*059 — — 516x043 — — 679*055 — — 532x038 ND ND ND
TM3 (ME) — — 683*x05 — — 516034 — — 682*x050 — — 526*042 ND ND ND
MLE-15 (ME) - — 819*073 39 — 790*x071 — — 820*062 41 — 780*059 ND ND ND
BM12.4 (ME) — 4 837068 — 17 672x071 — 3 824071 — 22 645%*0.61 ND ND ND
BM1.11 (ME) — 12 717x0.64 — 25 537x046 — 14 724x0.65 — 29 546x033 ND ND ND
McCoy (MF) — 3 820081 — 21 618*050 — 6 819*x070 — 25 6.15*042 ND ND ND
L929 (MF) — 2 811*x077 — 11 631*053 — 2 799+063 — 13 627*=0.57 ND ND ND
THP-1 (HM) — — 79*062 94 — 566*+039 — — 789*052 93 — 536*051 ND ND ND
RAW 264 MM) — 12 619*+0.73 — 88 453*+047 — 82 434%+033 — 90 425+034 ND ND ND
RAW NO~™ (MM) — 1 629+071 — 39 476*x052 — 11 619*x047 — 47 4.62*0.29 ND ND ND
J774 (MM) — 8§ 623066 — 50 517049 — 31 615x059 — 42 520x038 ND ND ND

“ Growth was assessed by determining the number of infectious EBs recovered 48 h Postinfection. Growth data are presented as IFU (log,,) and represent the means
+ standard errors SE of triplicate determinations. Tryptophan and nitrite data presented are the averages of two determinations. For tryptophan the averaged 100%
control values in pmol/107 cells are as follows: HeLa, 7,247; HL, 7,432; A549, 7,789; RT-4, 6,459; T24, 6,483; BeWo, 7,256; MLE15, 5,019.

» HE, human epithelial line; ME, murine epithelial; MF, murine fibroblast; HM, human monocyte; MM, murine macrophage.
¢ Cell culture additives: IFN-vy, 20 U/ml; LPS, 20 ng/ml; TNF-«, 20 ng/ml; IL-1B, 20 ng/ml.
4 no evidence of IDO or iNOS production as judged by RT-PCR, western blotting, and/or bioassay.

¢ ND, not determined.

MoPn, showing between 1 and 2 log,, increases in IFU recovered
over input IFU. Furthermore, there was no specific cell line that
supported markedly better growth of L2 compared to MoPn or
vice versa. Both chlamydial strains grew well in THP-1 cells, a
human monocyte line, with yields close to that seen in nonmac-
rophage lines. In general, MoPn grew better than L2 in mouse

macrophage/monocyte cells. The lowest yield obtained was from
L2-infected RAW264.7 cells, where an increase of approximately
twofold over input IFU was recovered.

Effect of chlamydial infection on IDO and iNOS induction.
To determine whether chlamydial infection had an effect on
IDO and iNOS induction in the various cell lines cultured

TABLE 4. Summary of the effects of IDO and iNOS activities on MoPn growth”

Production or growth with additive(s)"

Cell line® None IFN-y LPS IFN-y-LPS
IDO iNOS IFU IDO iNOS IFU IDO iNOS IFU IDO iNOS IFU
HeLa (HE) —d — 8.26 £ 0.57 90 — 5.26 = 0.41 — — 8.22 = 0.69 92 — 5.18 £0.43
HL (HE) — — 7.93 *= 0.63 93 — 5.79 = 0.33 — — 8.11 = 0.81 94 — 5.69 = 0.54
A549 (HE) — — 8.12 £0.78 91 — 5.57 =0.37 — — 7.84 £ 0.75 91 — 591 +0.45
RT-4 (HE) — — 7.79 = 0.82 88 — 5.80 = 0.42 — — 7.72 = 0.82 93 — 5.51 =044
T24 (HE) — — 7.88 £ 0.49 93 — 6.10 = 0.59 — — 7.99 = 0.67 89 — 6.15 = 0.61
BeWo (HE) — — 8.12 = 0.66 — — 8.11 = 0.68 — — 8.1 = 0.69 — — 8.11 £ 0.74
IEC4.1 (HE) — — 7.11 £0.53 — — 6.53 = 0.71 — — 711 = 0.72 — — 6.60 = 0.61
TM3 (ME) — — 6.93 = 0.38 — — 6.53 = 0.62 — — 6.79 = 0.71 — — 6.33 = 0.54
MLE-15 (ME) — — 8.39 £ 0.87 44 — 8.40 = 0.77 — — 8.41 £0.73 42 — 8.41 = 0.41
BM12.4 (ME) — 2 8.40 = 0.54 — 7 8.39 = 0.81 — 2 8.41 = 0.68 — 10 8.38 = 0.67
BM1.11 (ME) — 5 8.12 = 0.61 — 10 8.11 £ 0.83 — 6 8.12 £ 0.77 — 12 7.85 = 0.72
McCoy (MF) — 2 7.70 = 0.71 — 15 6.74 = 0.53 — 2 7.73 = 0.56 — 20 6.70 = 0.59
L929 (MF) — 3 8.10 £ 0.76 — 6 7.21 £ 0.66 — — 7.89 = 0.62 — 7.2 7.17 = 0.68
THP-1 (HM) — — 7.53 = 0.48 93 — 5.59 = 0.59 — — 7.32 = 0.69 94 — 531 +0.39
RAW 264 (MM) — 16 6.44 + 0.61 — 41 4.88 = 0.51 — 32 527 £0.42 — 56 5.11 £0.46
RAW NO~ (MM) — — 7.20 = 0.77 — 21 6.46 = (0.53 — 6 7.12 = 0.58 — 59 6.29 = 0.51
J774 (MM) — 7 6.67 += 0.69 — 52 5.36 = 0.37 — 29 6.67 = 0.71 — 54 5.58 = 0.44

“ Growth was assessed by determining the number of infectious EBs recovered 48 h postinfection.

Growth data are presented as IFU (log,,) and represent the means

+ standard errors of triplicate determinations. Tryptophan and nitrite data presented are the averages of two determinations. For tryptophan the averaged 100%
control values in pmol/107 cells are as follows: HeLa, 7,734; HL, 7,653; A549, 7,813; RT-4, 6,216; T24, 6,167; BeWo, 7,237; MLE15, 5,106.
» HE, human epithelial line; ME, murine epithelial; MF, murine fibroblast; HM, human monocyte; MM, murine macrophage.

¢ Cell culture additives: IFN-vy, 20 U/ml; LPS, 20 ng/ml.

4 no evidence of IDO or iNOS production.
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under the different conditions, cells were infected with C. tra-
chomatis serovar L2 or C. muridarum MoPn. With all human-
and mouse-derived cell lines, infection alone with either L2
(Table 3) or MoPn (Table 4) had little or no effect on IDO
expression. Furthermore, with the exception of THP-1s, where
infection of IFN-y-treated cells increased IDO expression, in-
fection of cultures did not substantially alter the IDO expres-
sion patterns seen with IFN-y and/or LPS treatment in the
absence of infection. With human RT-4 cells, the only human
cell line producing NO, treated with IFN-y—TNF-o-IL-1B and
LPS, infection with L2 (Table 3) or MoPn (data not shown)
consistently reduced NO production. Similarly, infection of
mouse fibroblasts (McCoy and 1.929) treated with IFN-vy or
IFN-y-LPS with either L2 or MoPn resulted in a reduction in
NO production. Upon infection, mouse fibroblasts and both
primary upper genital tract epithelial lines (BM12.4 and
BM1.11) (30) produced a small amount of NO even in the
absence of cytokine-LPS stimulation. RAW 264.7 and J774
macrophage lines showed substantial induction of iNOS fol-
lowing infection alone (no cytokines or LPS present), regard-
less of the chlamydial strain used. In comparison to uninfected
cells, chlamydia-infected RAW 264.7 NO™ cells produced NO
following treatment with IFN-y alone, and infection of IFN-
vy-treated RAW 264.7 and J774 cells showed increased NO
production compared to their uninfected counterparts. These
results suggest that chlamydia infection provides an additional
signal(s) which is required for, or can enhance, iNOS induction
in professional phagocytes. Presumably, this is similar to the
role played by LPS in uninfected cells.

Effect of IDO and iNOS induction on chlamydial growth.
With the exception of BeWo cells, which do not induce IDO in
response to cytokine treatment (21), treatment of all human
cell lines with IFN-y or IFN-y-LPS led to IDO induction and
a reduction in intracellular tryptophan pools (Table 2). Re-
gardless of the cell line used, the reduced tryptophan pools had
a dramatic effect on the growth of L2 and MoPn, with a
reduction of 2 to 3 log,, in recoverable IFU (P < 0.0001)
(Tables 3 and 4). With RT-4 cells, treatment with IFN-y—TNF-
a—IL-1B-LPS induced IDO and iNOS, which resulted in a
greater than 2 log,, reduction in recoverable IFU (P < 0.0001)
compared to control untreated cultures. This reduction was
essentially equivalent to that seen with IFN-y alone, a condi-
tion under which no iNOS induction occurred (see later).

With mouse cells, in contrast to what was seen with human
cells and IDO induction, it was not possible to consistently
correlate inhibition of L2 or MoPn growth with the induction
of iNOS (Tables 3 and 4). For example, MoPn-infected pri-
mary genital epithelial lines (BM12.4, BM1.11) treated with
IFN-y upregulated iNOS, but organism growth was essentially
unaffected. Similarly, when the same cell lines were treated
with LPS and infected with L2 there was induction of iNOS but
little or no inhibition of IFU recovery, compared to control
untreated cultures. In general, compared to MoPn, L2 growth
was more sensitive to the effects of IFN-y or IFN-y-LPS in
mouse nonprofessional phagocytes, irrespective of being fibro-
blast or epithelial in origin. In contrast, with macrophage cell
lines growth inhibition resulting from IFN-y or IFN-y-LPS
treatment was similar for L2 and MoPn.

Molecular mechanisms of chlamydial inhibition in human
cells. A more detailed characterization of the host response
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FIG. 1. Effect of IFN-y on the growth of C. trachomatis L2 and C.
muridarum MoPn (A) and on the expression of iNOS and IDO (B) in
HeLa cells. HeLa cells were untreated or pretreated with IFN-y (20
U/ml) for 24 h, infected with chlamydiae, and then incubated in the
complete culture medium described in Table 1. After 48 h of incuba-
tion, the cultures were harvested and chlamydial growth was assessed
by determination of IFU following passing onto fresh HeLLa monolay-
ers. Growth data are presented as IFU (log,,) and represent the means
+ standard errors of triplicate determinations. *, P < 0.0001 compared
to the untreated control culture. For RT-PCR and Western blot anal-
yses, HeLa cells were untreated or pretreated with IFN-y for 24 h and
then left uninfected or infected with chlamydiae. Following incubation
for a further 24 h, cells were harvested, RNA was isolated, cDNA was
synthesized, and PCR was carried out using primers specific for human
iNOS, IDO, and actin. For Western blot analyses, cells were harvested
after 24 h and the cell pellets were resuspended in Laemmli sample
buffer and proteins were separated by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis and blotted to nitrocellulose. See Mate-
rials and Methods for details.

was undertaken in two epithelial lines, HeLa and RT-4, and
one macrophage/monocyte line, THP-1, to provide insight into
the molecular mechanisms responsible for the antichlamydial
activity in human cells. HeLa cells treated with IFN-y or IFN-
v-LPS had decreased tryptophan pools, no production of NO,
and a greater than 3 log,, inhibition of growth (P < 0.0001)
(Fig. 1A). Results from RT-PCR experiments with HeLa cells
treated with IFN-y showed induction of IDO but not iNOS. In
agreement with these findings, Western blot analysis indicated
there was clear upregulation of IDO protein following IFN-y
treatment, and these effects were not changed by infection with
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FIG. 2. Effect of IFN-y and IFN-y-TNF-o—IL-1B-LPS on the growth of C. trachomatis L2 and C. muridarum MoPn (A and D) and on the
expression of iNOS and IDO (B and C) in RT-4 cells. RT-4 cells were untreated or pretreated with IFN-y (20 U/ml) for 24 h. Cells exposed to
IFN-vy (20 U/ml)-TNF-a (20 ng/ml)-IL-18 (20 ng/ml)-LPS (20 ng/ml) were not pretreated. Following chlamydia infection, cells were incubated
for a further 48 h in the complete medium described in Table 1 plus any indicated supplements. Final concentrations of tryptophan, indole, and
NMMA were 500 pg/ml, 100 uM, and 1 mM, respectively. Cultures were harvested and processed for the various assays as described in the legend
to Fig. 1. Growth data are presented as IFU (log,,) and represent the means *+ standard errors of triplicate determinations. Intracellular
tryptophan pools were measured by HPLC. Data are presented as pmol tryptophan/10” cells and represent the means of two independent
experiments with ranges shown. *, P < 0.0001 compared to the untreated control culture.

MoPn or L2 (Fig. 1B). For L2 and MoPn, growth inhibition
caused by IFN-y or IFN-y-LPS was reversed by the addition of
excess tryptophan. In contrast, indole reversed the IFN-y-in-
duced growth inhibition of L2 but not MoPn. This is in agree-
ment with previous findings (12, 22) and is consistent with the
fact that unlike MoPn, L2 encodes a functional tryptophan
synthase (22). Similar results were obtained with other human
epithelial cells tested, including HL, A549, and T24 (data not
shown). These results suggest that the primary mechanism
responsible for the IFN-y-induced antichlamydial activity in
epithelial cells is tryptophan degradation.

As aresult of their ability to produce NO, RT-4 cells provide
a unique opportunity to study the interplay between IDO and
iNOS and the resulting effects on chlamydia growth. RT-4 cells
treated with IFN-y or IFN-y-LPS showed decreased trypto-
phan pools but no nitric oxide production (Table 2). For
MoPn, the IFN-y-induced growth inhibition was significantly

reversed with tryptophan but not indole. Surprisingly with L2,
growth inhibition was only partially reversed by the addition of
tryptophan or indole (Fig. 2A). Infected RT-4 cells treated
with the cytokine cocktail (IFN-y-IL-13-TNF-a) and LPS re-
sulted in induction of both IDO and iNOS gene expression and
protein production (Fig. 2B). Under these conditions, NO was
generated and there was a substantial reversal of the decrease
seen in the tryptophan pools (Fig. 2C). This result is in keeping
with the observation that IDO activity is inhibited by NO (60).
Interestingly, the reversal in the decrease in tryptophan pools
coincides with a substantial increase in IFU recovery for MoPn
but not L2. It was not possible to completely reverse the growth
inhibition, which resulted from the cytokine cocktail-LPS treat-
ment, by the addition of indole, iron, or arginine (Fig. 2D). Fur-
thermore, as expected, addition of the iNOS inhibitor NMMA
blocked NO production, which gave rise to an increase in trypto-
phan pools (Fig. 2C). Interestingly, even though the tryptophan
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FIG. 3. Effect of IFN-y or IFN-y-LPS on the growth of C. tracho-
matis 12 and C. muridarum MoPn (A) and on the expression of iNOS
and IDO (B) in THP-1 monocyte cells. THP-1 cells were untreated or
pretreated with IFN-y (20 U/ml) or IFN-y (20 U/ml)-LPS (20 ng/ml)
for 24 h, infected with chlamydiae, and then incubated in the complete
culture medium described in Table 1. Cultures were harvested and
processed for the various assays as described in the legend to Fig. 1.
Growth data are presented as IFU (log,,) and represent the means =
standard errors of triplicate determinations. *, P < 0.0001 compared to
the untreated control culture.

pools recovered when NO production was inhibited, there was
only a partial recovery of L2 growth and this was not further
enhanced by the addition of excess tryptophan or indole (Fig.
2D). In total, results from these experiments indicate that there is
an antichlamydial activity induced in RT-4 cells that is not depen-
dent on NO production or tryptophan degradation.

THP-1 cells do not produce NO under any of the treatment
conditions tested. In addition, they do not induce much IDO
activity in response to IFN-y alone (Table 2) but do if treated
with IFN-y-LPS (Table 2 and Fig. 3). As shown in Fig. 3B,
when L2- or MoPn-infected THP-1 cells are treated with
IFN-v, there is upregulation of IDO transcript and protein and
a decrease in tryptophan pools (Table 3 and 4). This indicates
that chlamydial infection can substitute for LPS but not IFN-y
at least in terms of induction of IDO activity. For MoPn,
similar to what was found with RT-4 cells, the antichlamydial
activity could be partially reversed by the addition of excess
tryptophan but not indole. Furthermore, also like what was
seen with RT-4 cells, for L2 the IFN-vy-induced antichlamydial
activity was only partially reversed by the addition of excess
tryptophan or indole (Fig. 3A).

Molecular mechanisms of chlamydial inhibition in mouse
cells. Similar experiments were done in McCoy (fibroblast),
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FIG. 4. Effect of IFN-y or IFN-y-LPS on the expression of iNOS
and IDO (A and C) and on the growth of C. trachomatis L2 and C.
muridarum MoPn (B) in McCoy cells. McCoy cells were uninfected or
infected with chlamydiae and then incubated in the complete culture
medium described in Table 1 plus IFN-y (20 U/ml) or IFN-y (20
U/ml)-LPS (20 ng/ml) with or without NMMA (1 mM). Cultures were
harvested and processed for the various assays 24 h later as described
in the legend to Fig. 1. Growth data are presented as IFU (log,,) and
represent the means * standard errors of triplicate determinations. *,
P < 0.0001 compared to the untreated control culture. Medium nitrite
levels were determined after 48 h of incubation using the Griess re-
agent. Data are presented as wM nitrite and represent the means of
two independent experiments with ranges shown.

BM12.4 (epithelial), and RAW264.7 (monocyte/macrophage)
cell lines as representative examples of mouse cells. Culturing
McCoy cells in the presence of IFN-y or IFN-y-LPS resulted
in a 2 log,, decrease in L2 growth and less than 1 log,, reduc-
tion in MoPn growth (P < 0.0001) (Fig. 4). There was no
induction of IDO or reduction in tryptophan pools under any
of the conditions tested. Growth inhibition in either case was
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not reversed by the addition of excess tryptophan or indole
(data not shown). In response to IFN-y or IFN-y-LPS, McCoy
cells induced iNOS gene and protein expression and NO was
produced (Fig. 4A and C). Inhibition of NO production by the
addition of NMMA resulted in a partial reversal of the growth
reduction seen for L2 and MoPn (Fig. 4B). Identical results
were found with 1929, another mouse fibroblast line com-
monly used for chlamydial studies (data not shown).

In response to IFN-y and/or LPS, BM12.4 uninfected or
infected cells did not induce IDO gene expression or degrade
tryptophan (Table 2). iNOS gene expression was not induced
when BM12.4 cells were treated with IFN-y or IFN-y-LPS in
the absence of infection (Fig. 5). In contrast, iNOS gene and
protein expression was upregulated and NO was produced
following infection with L2 or MoPn, and the induction was
enhanced further by treatment with IFN-y or IFN-y-LPS (Fig.
5A and C). In contrast to the results observed with McCoy
cells, there was essentially no inhibition of MoPn growth under
any of the culture conditions tested (Fig. 5B). There was a
reduction of 2 log;, (P < 0.001) in the growth of L2 when
BM12.4 cells were treated with IFN-y or IFN-y-LPS. Inhibi-
tion of NO production, by the addition of NMMA, did not
reverse the inhibition of L2 growth (Fig. 5B). These results
suggest that there is an IFN-vy-inducible L2-specific anti-
chlamydial activity induced in BM12.4 cells separate from tryp-
tophan degradation or NO production.

In contrast to results obtained with the human monocyte/
macrophage line THP-1, which requires two external stimuli
for activation, RAW 264.7 mouse macrophages responded to a
single stimulus (IFN-y, LPS, or chlamydial infection) (Table
2). IDO was not induced under any of the conditions tested.
There was a small induction of iNOS gene and protein expres-
sion, with concomitant NO production, by infection alone, and
this was substantially enhanced by IFN-y (see Fig. 8, below).
There was about a 2 log,, reduction of growth of L2 and MoPn
in IFN-y- or IFN-y-LPS-treated RAW 264.7 cells when com-
pared to untreated controls (P < 0.0001) (Fig. 6). Addition of
NMMA blocked NO production and, in contrast to results
observed with BM12.4 cells, there was an increase (0.5 to 1.0
log,,) in L2 and MoPn IFU recovered. These results suggest
that NO production is an important component of the anti-
chlamydial effector mechanism in mouse macrophages.

Effect of exogenous NO donor on chlamydial growth. In
addition to NO, IFN-y treatment of cells results in the induc-
tion of several antibacterial activities (4, 53), making it difficult
to assign inhibitory activity to any one particular effector mech-
anism. The chemical NO donor sodium nitroprusside was used
to assess the effects of NO on chlamydial growth. Since NO is
toxic to cells in culture (6-8), we first assessed the effects of NO
on host cell viability. Addition of SNP to the culture medium
resulted in the production of NO (Fig. 7A), and there was a
correlation between the amounts of NO generated, host cell
toxicity (Fig. 7B), and inhibition of L2 (Fig. 7C) and MoPn
(Fig. 7D) growth. There was increased inhibition of chlamydial
growth at higher SNP concentrations, but there was also a
substantial decrease in host cell viability, making it difficult to
differentiate host- and chlamydia-specific effects. Incubation of
C. trachomatis L2 EBs at 4°C in the presence of various con-
centrations of SNP (NO, 30 to 200 uM) had no subsequent
effect on organism viability or growth (data not shown).
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FIG. 5. Effect of IFN-y or IFN-y-LPS on the expression of iNOS
and IDO (A and C) and on the growth of C. trachomatis 1.2 and C.
muridarum MoPn (B) in BM12.4 cells. BM12.4 cells were uninfected
or infected with chlamydiae and then incubated in the complete cul-
ture medium described in Table 1 plus IFN-y (20 U/ml) or IFN-y (20
U/ml)-LPS (20 ng/ml) with or without NMMA (1 mM). Cultures were
harvested and processed for the various assays 24 h later as described
in the legend to Fig. 1. Growth data are presented as IFU (log,,) and
represent the means * standard errors of triplicate determinations. *,
P < 0.0001 compared to the untreated control culture. Medium nitrite
levels were determined after 48 h of incubation using the Griess re-
agent. Data are presented as pM nitrite and represent the means of
two independent experiments with ranges shown.

Interpretation of the results with RT-4 cells, which produce
both IDO and iNOS, is complicated, since it is known that NO
inhibits IDO activity (59). HeLa cells and SNP were used to
directly assess the effects of NO on the antichlamydial activity
of IDO-induced tryptophan degradation (Fig. 8). Incubation of
HeLa cells in the presence of 0.5 mM SNP resulted in the
production of NO, no induction of IDO, no tryptophan deg-
radation, and essentially no inhibition of chlamydial growth.
Even though there was no change in IDO protein levels, the
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FIG. 6. Effect of IFN-y or IFN-y-LPS on the expression of iNOS
and IDO (A and C) and on the growth of C. trachomatis L2 and C.
muridarum MoPn (B) in RAW 264.7 macrophages. RAW 264.7 mac-
rophages were uninfected or infected with chlamydiae and then incu-
bated in the complete culture medium described in Table 1 plus IFN-y
(20 U/ml) or IFN-y (20 U/ml)-LPS (20 ng/ml) with or without NMMA (1
mM). Cultures were harvested and processed for the various assays 24 h
later as described in the legend to Fig. 1. Growth data are presented as
IFU (log,,) and represent the means * standard errors of triplicate
determinations. *, P < 0.0001 compared to the untreated control culture.
Medium nitrite levels were determined after 48 h of incubation using the
Griess reagent. Data are presented as uM nitrite and represent the means
of two independent experiments with ranges shown.

exogenous NO donor did inhibit IFN-y-induced IDO activity
as determined by the recovery of intracellular tryptophan pools
and reversal of the inhibition of chlamydial growth (Fig. 8).
Together these results indicate that NO can reverse the anti-
chlamydial activity of IDO in HeLa cells.

DISCUSSION

The mouse model has been particularly useful in elucidating
the basis of chlamydial immunity and has firmly established the
critical role of CD4" type 1 T cells (37). Not surprisingly, in
vitro and in vivo studies indicate that IFN-y is a critical cyto-
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kine for controlling chlamydial infection, and this has been
demonstrated in both mice and humans (10, 37). Numerous
studies have shown that there is a dramatic difference in the
susceptibility of different chlamydial strains to IFN-y effector
mechanisms in different host species, tissues, and cells in cul-
ture (10, 37, 49). Multiple observations suggest that this is due
to differences in the antichlamydial effector mechanisms in-
duced by IFN-y in various hosts and the presence of chlamyd-
ial strain-specific virulence genes (51, 52). Our results further
support this hypothesis.

IFN-vy-induced tryptophan degradation and NO production
have been implicated as primary antichlamydial effector mech-
anisms (10, 37, 53, 65). There was a clear distinction in the
response to IFN-y stimulation between mouse and human cell
lines. With the exception of BeWo cells which, despite express-
ing functional IFN-y receptors (24) do not induce IDO in
response to IFN-y (21), all human cells tested expressed func-
tional IDO, as assessed by degradation of intracellular trypto-
phan, after treatment with IFN-y or IFN-y-LPS. LPS or in-
fection alone did not result in IDO induction under any
conditions tested. This indicates that under our culture condi-
tions, IFN-vy is the inducer of IDO. iNOS was never induced in
human cells by chlamydial infection or following treatment
with IFN-y, LPS, or IFN-y-LPS.

In all cases, IDO-induced tryptophan degradation resulted
in a dramatic inhibition, a 2 to 4 log,, reduction in IFU recov-
ery of chlamydial growth. In the majority of cases the effects of
IFN-vy could be completely reversed by tryptophan, indicating
that tryptophan degradation is a key antichlamydial effector
mechanism induced by IFN-y in human cell lines. Interest-
ingly, with L2-infected THP-1 and RT-4 cells, the reversal by
tryptophan was only partial. For L2, as would be expected
given the decrease seen in tryptophan pools, we found that
trpRBA expression was upregulated in RT-4 and THP-1 cells
treated with IFN-y (data not shown). Furthermore, despite
showing only partial reversal of growth inhibition, the induc-
tion of #7(pRBA expression seen in the presence of IFN-y was
repressed by tryptophan or indole (data not shown). In total,
these results indicate that there are at least two antichlamydial
effector mechanisms induced by IFN-y in RT-4 and THP-1
cells. Part of the inhibition results from tryptophan depriva-
tion, with the remainder associated with a yet-to-be-identified
effector(s). The additional antichlamydial effector is more ef-
fective against L2 than MoPn. It is possible that the unidenti-
fied effectors could be different in RT-4s and THP-1s.

In mouse cells the response to cytokine/LPS stimulation was
different than that seen in human cells. The only mouse cell
line that showed induction of IDO in response to any culture
condition tested was the lung epithelial line, MLE15. The level
of IDO activity in MLE15 cells was low, as assessed by the
relatively small decrease in tryptophan pools, which had min-
imal effect on chlamydial growth. While it is known that IDO
is expressed in a variety of mouse tissues (25, 57) and plays an
important role as an immune regulator (34, 36), it does not
appear to play a role in any of the mouse cell lines tested in our
study. In support of our in vitro data, recent in vivo studies with
IDO knockout mice indicated that IDO is not necessary for
clearance of human C. frachomatis strains or MoPn from the
mouse genital tract (40). The fact that C. muridarum does not
encode tryptophan synthase (51) also suggests that MoPn does
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FIG. 7. Effect of sodium nitroprusside-produced nitric oxide on HeLa and McCoy cells (A and B) and on the growth of C. trachomatis L2 (C)
and C. muridarum (D) in HeLa and McCoy cells. HeLa and McCoy cells were infected with chlamydiae and then cultured in the appropriate
complete medium (Table 1) plus the indicated concentration of SNP. After culturing for 48 h, medium nitrite levels were determined using the
Griess reagent, host cell cytotoxicity was measured by assaying medium lactate dehydrogenase activity, and chlamydia growth was assessed by
titrating recoverable IFU. Growth data are presented as IFU (log,,) and represent the means * standard errors of triplicate determinations. See
the legend to Fig. 1 and Materials and Methods for details. Medium nitrite levels were determined after 48 h of incubation using the Griess reagent.
Data are presented as wM nitrite and represent the means of two independent experiments with ranges shown.

not encounter tryptophan starvation during the natural infec-
tion process. In contrast to what is seen with chlamydiae, IDO
expression is important for clearance of Listeria monocytogenes
infection of mouse placenta (31) and acute Toxoplasma gondii
infection in mice (23). Clearly, the role of IDO in controlling
infection in mice depends on a complex interplay between
various factors, including infected tissue/cells, cytokines
present in the environment, and the infecting pathogen.
With the exception of IEC4.1, TM3, and MLEI1S5, which
produce little NO, all mouse cell lines tested produced sub-
stantial quantities of NO in response to cytokine or LPS treat-
ment and/or chlamydial infection. In contrast to our results,
Igietseme et al. found that chlamydiae-infected TM3 cells pro-
duced NO when cocultured with a chlamydia-specific, cyto-
kine-secreting, murine T-lymphocyte clone (29). The differ-
ence in results is likely due to the ability of the T-cell clone to
secrete a variety of cytokines in addition to IFN-vy, including
TNF-a, a cytokine known to regulate iNOS expression (5). In
support of this we found that the stimulus required for iNOS
induction varies from cell line to cell line, some requiring
multiple stimuli and others responding to a single stimulus.
With the nonprofessional phagocyte mouse cell lines that pro-
duce NO in response to cytokine-LPS treatment, a common
finding was that chlamydial infection resulted in decreased NO
production, compared to the uninfected controls treated in the
same manner. This may result from competition from chlamydiae
for iNOS substrate (arginine) or cofactors (NADPH and/or tet-
rahydrobiopterin); alternatively, since iNOS is associated with the
actin cytoskeleton (62), it may be a reflection of the cytoskeletal
rearrangement caused by chlamydial infection (13).

Interpretation of the data with respect to any direct effect of
cytokine-LPS-induced NO on chlamydial growth is compli-
cated by the multitude of potential effector mechanisms in-
duced in the different host cell lines as well as the variety of
effects NO has on host cell functions (6-8). These complications
likely account for the contradictory results reported in the litera-
ture in regards to the antichlamydial activities of NO in vitro (14,
19, 27, 29, 33, 53). In addition, in professional phagocytes, which
produce reactive oxygen intermediates, NO can react with O, to
form peroxynitrite (ONOO ™), which possesses potent antimicro-
bial activity (3, 5). In keeping with these observations, our results
indicate that the effects of NO on chlamydial growth in vitro were
variable and dependent on the cell line used. In agreement with
previous reports (14, 33, 46), we found that blocking of IFN-vy-
induced NO production with NMMA in McCoy, 1.929 fibroblasts,
and RAW264.7 macrophage cells only partially reversed the in-
hibition of chlamydial growth, a result suggesting that a second
IFN-y-induced antichlamydial effector may be involved. Reactive
oxygen intermediates are a potential alternate effector in
RAW264.7 cells.

Of particular interest is the response of the primary upper
genital tract epithelial lines (BM12.4 and BM1.11), which are
the natural host cell for chlamydiae in the mouse genital tract
infection model. These cells produce low levels of NO in re-
sponse to infection alone, with the level being greatly enhanced
by IFN-v. Despite producing NO, growth of MoPn is unaf-
fected by IFN-vy in these cells. In addition, while L2 replication
was reduced by 2 log;, by IFN-vy in these cells, the inhibition
was not reversed when NO production was blocked with the
iNOS inhibitor NMMA. These results indicate that there is an
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L2-specific antichlamydial effector mechanism induced in the
primary upper genital tract epithelial cells that is independent
of NO production. A similar finding was reported by Perry et
al., who showed that human C. trachomatis strains were much
more sensitive to the inhibitory effects of IFN-y in mouse cells
than were the murine-adapted MoPn cells (43). Furthermore,
it has recently been shown that the IFN-y-inducible
p47GTPase, ligpl, is the effector responsible for inhibiting the
growth of human chlamydial strains in primary mouse epithe-
lial cells (40). It has been postulated that the natural resistance
of MoPn to this effector mechanism may be associated with the
presence of three copies of a large cytotoxin gene in the MoPn
genome (40, 51).

We used SNP, a chemical NO generator, to directly assess
the effects of NO on chlamydial growth. The data from these
experiments indicate that direct exposure of chlamydial EBs to
noncytotoxic levels of NO has little or no effect on their infec-
tivity or subsequent growth. At higher concentrations in cell
culture, the antichlamydial effects of NO correlate with host
cell toxicity. In total, the results of all our in vitro experiments
suggest that, in nonprofessional phagocytes, NO has little di-
rect effect on chlamydial growth. These findings are consistent
with numerous in vivo studies employing iNOS knockout mice,
where it has been demonstrated that NO has no effect on
clearance of primary or secondary genital tract infection (28,
40, 42, 46). Interestingly, dissemination of chlamydia from the
site of inoculation to spleen and lungs has been observed in
iNOS knockout mice (28), and it was found that viable MoPn
persists for longer periods of time in iNOS™'~ mice than in
their wild-type counterparts (47). These findings are consistent
with the hypothesis that macrophages may be involved in dis-
semination and persistence of in vivo chlamydial infection (42,
47) and our in vitro data indicating that there is only partial
reversal of the IFN-y-induced growth inhibition in RAW264.7
cells when NO production is blocked with NMMA. Further-
more, the finding that, compared to iNOS knockout animals,
even more extensive dissemination of chlamydiae and greatly
pronounced clinical disease occurs in IFN-y knockout mice
(15, 41) is in keeping with an only partial reversal of in vitro
growth inhibition by iNOS inhibitors. In total, these data sug-
gest that there is an additional IFN-y-inducible effector mech-
anism, in addition to iNOS, which is important for controlling
chlamydial growth in macrophages.

Of all cell lines examined only the human uroepithelial line,
RT-4, induced significant amounts of both iNOS and IDO.
Induction of IDO required exposure to IFN-y alone where, in
agreement with others (17, 26, 27), treatment with a cytokine
cocktail was required for simultaneous induction of IDO and
iNOS. The induction of both effector mechanisms by the same
cells under defined culture conditions allowed us to assess the
consequences of the interaction between NO and IDO. Cul-
turing RT-4 cells in IFN-y alone lead to IDO induction, tryp-
tophan degradation, and inhibition of chlamydial growth. Un-
like other human nonmacrophage cell lines examined, the
inhibition of L2 growth by IFN-y in RT-4 cells was only par-
tially reversed by tryptophan or indole. In contrast, IFN-y-
induced inhibition of MoPn growth in RT-4 cells was reversed
by tryptophan but not indole. Treatment with the cytokine-LPS
cocktail resulted in induction of IDO and iNOS. Under these
conditions, NO was produced and, even though IDO protein
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was still present, there was an increase in the tryptophan pools.
If NO production was blocked with NMMA, tryptophan pools
decreased. These findings are consistent with the ability of NO
to inhibit IDO activity (26, 59). The NO-induced increase in
tryptophan pools did not result in a significant recovery of L2
growth. In addition, even when NO production was blocked
with NMMA, addition of tryptophan or indole only resulted in
partial rescue of L2 growth. Furthermore, addition of iron or
arginine also resulted in only partial recovery. Igietseme et al.
(27) reported similar findings using RT-4 cells infected with C.
trachomatis serovar E. In their study addition of iron, trypto-
phan, and arginine to infected RT-4 cells treated with IFN-y—
TNF-a-IL-18 and LPS only resulted in a 60% reversal of
inhibition of inclusion formation. While the complexity of the
experimental system sets a limit on the interpretation of the
data, in total the results again indicate that there is an addi-
tional effector mechanism responsible for the antichlamydial
activity seen in RT-4 cells.

As a more direct approach to address the question of the
importance of an interaction between NO and IDO, we used
the chemical NO donor SNP with IFN-vy-treated HeLa cells, a
system where the antichlamydial effects of IFN-y are com-
pletely reversible with tryptophan. The results of these studies
clearly indicate that exogenously produced NO inhibits IDO
activity, there is a concomitant increase in tryptophan pools,
and there is a reversal of the IFN-y-induced inhibition of
chlamydial growth.

In summary, the results presented here provide a better
understanding of the IFN-y-induced antichlamydial effector
mechanisms in human and mouse cells. The effectors induced
are dependent not only on the host species (human or mouse)
but also on the tissue source (epithelial, fibroblast, or macro-
phage/monocyte). In human cells the major effector mecha-
nism is IDO, catalyzed tryptophan degradation. In mouse cells
iNOS is commonly induced by IFN-y, with the exception of
macrophages, where it likely works in concert with reactive
oxygen intermediates (i.e., formation of ONOO™); NO possess
little antichlamydial activity on its own. It seems likely that the
primary antichlamydial effector mechanism in mouse cells is
the recently described IFN-y-inducible p47GTPase, ligp1 (40).
Importantly, chlamydia susceptibility to the antimicrobial ef-
fectors is strain dependent. As an immune evasion strategy,
human-adapted genital C. trachomatis serovars encode a func-
tional tryptophan synthase, while the mouse-adapted MoPn
encodes large cytotoxins. These are strain-specific virulence
factors which are encoded within the plasticity zone, a highly
variable region of the chlamydial chromosome initially hypoth-
esized to be important in determining host range and tissue
tropism (51). In total, our results suggest that chlamydiae and
their natural hosts have coevolved. These findings also provide
a reasonable explanation for much of the controversial data in
the literature with regard to the relative contribution of IFN-
v-induced effector mechanisms in controlling chlamydial
growth. Many of these studies were conducted using different
host cells and various chlamydial strains. It is now clear that
studies addressing the role of the various antichlamydial effec-
tor mechanisms are best addressed in matched host/chlamydial
sets. Finally, with regard to use of the murine model for as-
sessing the potential of experimental chlamydial vaccines,
given the obvious host adaptation chlamydia has undergone, it
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seems most prudent to use MoPn as the challenge strain when
a genetically wild-type mouse is used as host.
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