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The intracellular survival of the bacterial pathogen Chlamydia trachomatis depends on protein synthesis by
the microbe soon after internalization. Pharmacologic inhibition of bacterial translation inhibits early traf-
ficking of the parasitophorous vacuole (inclusion) to the microtubule-organizing center (MTOC) and promotes
its fusion with lysosomes, which is normally blocked by Chlamydia. Depletion of cellular tryptophan pools by
gamma interferon-inducible indoleamine-2,3-dioxygenase (IDO) is believed to be the major innate immune
mechanism controlling C. trachomatis infection in human cells, an action to which the bacteria can respond by
converting into a nonreplicating but highly reactivatable persistent state. However, whether severe IDO-
mediated tryptophan starvation can be sufficient to fully arrest the chlamydial life cycle and thereby counteract
the onset of persistence is unknown. Here we demonstrate that at low exogenous tryptophan concentrations a
substantial fraction of C. trachomatis bacteria fail to traffic to the MTOC or to switch into the conventional
persistent state in gamma interferon-induced human cells. The organisms stay scattered in the cell periphery,
do not retain infectivity, and display only low transcriptional activity. Importantly, the rate at which these
aberrant Chlamydia bacteria become reactivated upon replenishment of cellular tryptophan pools is substan-
tially lower. Thus, severe tryptophan depletion in cells with high IDO activity affects chlamydial development

more rigorously than previously described.

The obligate intracellular pathogen Chlamydia trachomatis is
a gram-negative bacterium that causes severe infections of the
eye and the urogenital tract. C. trachomatis serovars A to C are
the leading cause of preventable blindness worldwide, whereas
serovars D to K are responsible for the majority of sexually
transmitted infections in the United States, causing serious
health problems, such as pelvic inflammatory disease, ectopic
pregnancy, salpingitis, and infertility (7). Serovars L1 to L3
share the unique ability to pass through epithelia, after which
they disseminate, invade, and destroy lymphatic tissue and
cause lymphogranuloma venereum (22). In 2005 almost 1 mil-
lion new C. trachomatis infections were reported to the Centers
for Disease Control and Prevention; the number of reported
cases is increasing yearly, but 1 million cases still is much below
the estimated 4 million new cases per year in the United States
(9, 33). The associated annual costs for treatment exceed 2.4
billion dollars (33).

Chlamydia species have a biphasic life cycle (for a review,
see reference 7) that is initiated by the endocytic uptake into
the host cell of an elementary body (EB), the infectious but
metabolically inactive form of the bacterium. The chlamydial
vacuole, which is termed an inclusion, shows no apparent ac-
quisition of lysosomal markers (28). Interestingly, the ability to
inhibit fusion with the endosomal system is independent of
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chlamydial protein synthesis during the early phase of the life
cycle but requires bacterial translation at later stages (28, 29).
Upon entry, the organism exploits the host’s intracellular traf-
ficking machinery by recruiting the microtubule motor protein
dynein to the outer surface of the vacuole, which drives the
migration of the inclusion along the microtubule network to-
wards the microtubule-organizing center (MTOC), where it
eventually resides in a perinuclear position (14). If a cell be-
comes multiply infected, fusion of the individual inclusions
occurs. Importantly, bacterial translation is essential for both
intracellular trafficking (14) and late inhibition of lysosomal
fusion (29), demonstrating that these processes are actively
controlled by Chlamydia. Differentiation of the EB into the
metabolically active form of the bacterium, the so-called retic-
ulate body (RB), is probably initiated early after cell entry and
is a prerequisite for Chlamydia to start multiplication. Twenty-
four to 72 hours after entry the organisms convert back into
EBs, which eventually are released through host cell lysis or
extrusion.

The immune response against C. trachomatis strongly de-
pends on the inflammatory cytokine gamma interferon (IFN-
v), which highly induces the cytosolic tryptophan-degrading
enzyme indoleamine-2,3-dioxygenase (IDO) (27). In human
cells IDO-mediated tryptophan starvation seems to be the
major innate immune mechanism controlling C. trachomatis
growth (27). In turn, the organism responds to limiting cellular
tryptophan concentrations by converting into an aberrant non-
dividing persistent form (2) that can be very efficiently reacti-
vated and proceeds with the normal life cycle upon withdrawal
of the persistence-inducing stimulus (3, 5). Although it has
been shown that IDO can degrade culture medium-derived
tryptophan into concentrations in the nanomolar range in vitro
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(34), very little is known about cellular tryptophan levels that
are established by IDO in the context of an infection in vivo.
However, one recent study showed that in Toxoplasma gondii-
infected mice the tryptophan concentration in lung tissue dra-
matically dropped from ~30 uM to ~2 uM, an effect that was
entirely dependent on IFN-vy signaling (11). This suggests that
IDO-mediated depletion of cellular tryptophan pools is very
efficient also in vivo. Moreover, many cells lack high-affinity
tryptophan import systems and are in turn predominantly, if
not exclusively, dependent on the neutral amino acid trans-
porter system L for import of tryptophan (25, 31, 32).
However, considering the relatively low substrate affinity in
combination with the extensive substrate promiscuity of this
permease, tryptophan uptake would be greatly reduced at very
low exogenous concentrations as other amino acids compete
for transport (24, 31). Consequently, cells that depend on sys-
tem L for tryptophan import would likely undergo dramatic
depletion of their tryptophan pools upon IFN-y-mediated in-
duction of IDO.

These issues prompted us to focus on the development of C.
trachomatis under severe tryptophan starvation conditions. We
show here that at very low tryptophan levels a substantial
fraction of bacteria fail to convert properly into the persistent
state. Both trafficking of the organism to the MTOC and fusion
of multiple inclusions in the cell are effectively suppressed
under these conditions, suggesting that there is early develop-
mental arrest. The aberrant bacteria are scattered in the cell
periphery, where they neither form infectious progeny nor retain
their infectivity. Most importantly, this fraction of bacteria is char-
acterized by a significantly lower rate of reactivation upon replen-
ishment of the tryptophan pools.

In summary, we provide evidence that moderate and severe
tryptophan starvation differentially affect C. trachomatis. Scat-
tered bacterial forms that characteristically arise when the
tryptophan concentration is very low display altered early de-
velopment, are morphologically distinct from typical persistent
giant RBs, and show a substantially lower rate of reactivation.

MATERIALS AND METHODS

Cells, bacteria, reagents, and antibodies. HeLa M cells were grown in Iscove’s
modified Dulbecco’s medium-10% fetal calf serum (FCS) (Gibco) supple-
mented with nonessential amino acids (Gibco) and penicillin/streptomycin
(Gibco). C. trachomatis serovar L1 was propagated in HeLa cells grown in
antibiotic-free Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
FCS.

Fluorescein isothiocyanate (FITC)-labeled anti-Chlamydia lipopolysaccharide
(LPS) antibodies were purchased from Argene. These antibodies did not stain
uninfected cells, confirming their specificity (data not shown). Mouse monoclo-
nal antibody TUB 2.1 recognizes human B-tubulin and was purchased from
Sigma. Alexa-546-coupled anti-mouse immunoglobulin G and Topro-3 iodide
were purchased from Molecular Probes. IFN-y was purchased from Peprotech.

Infections, flow cytometry, and immunofluorescence. A total of 1 X 10° cells
per well were seeded overnight in a six-well plate. The next day, the cells were
washed with phosphate-buffered saline (PBS), and the medium was replaced
with 5 ml antibiotic-free custom-synthesized tryptophan-negative high-glucose
DME H-21 (UCSF Cell Culture Facilities) supplemented or not supplemented
with serum or various amounts of tryptophan. Where indicated below, the me-
dium also contained 200 U/ml (10 ng/ml) IFN-y. Following a 24-h incubation at
37°C, 7.5 X 10° infectious units (IFUs) of C. trachomatis serovar L1 was applied
to the cells in 1 ml serum-free medium on a rocking platform at room temper-
ature for 2.5 h. Next, the cells were extensively washed to remove remaining
extracellular bacteria, and the type of medium that had been used for the
preinfection period was freshly prepared and added to the cells, which were
incubated for another 24 h. Afterwards, the cells were washed with PBS, de-
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tached using 1.3 mM EDTA, fixed in 2% formaldehyde in PBS-6.7 mM HEPES,
permeabilized with 0.5% saponin (Sigma), and stained with FITC-labeled anti-
Chlamydia LPS antibodies. Finally, infected cells were analyzed by flow cytom-
etry using a FACScan system (Becton Dickinson) or by confocal fluorescence
microscopy using a Leica TCS SP2 confocal microscope (Leica Microsystems).

IFU titer determination. IFUs were released from infected cells by ultrasound
using an ice-cooled cup horn Sonifier (three treatments at 85-W for 20 s; Branson
Digital Sonifier; Branson) before confluent HeLa cell layers were incubated with
a 10-fold dilution series of sonicates derived from equal numbers of cells for 2 h.
The freshly infected cells were incubated at 37°C for 24 h in DMEM containing
10% FCS and 1 pg/ml cycloheximide, fixed, and stained with FITC-labeled
anti-Chlamydia LPS antibodies. The percentage of infected cells in each sample
was determined by flow cytometry.

Analysis of chlamydial cluster formation. Cells were cultivated 24 h before
infection as well as after infection in tryptophan-negative DMEM supplemented
or not supplemented with 200 U/ml (10 ng/ml) IFN-y and 10% serum or the
indicated amount of tryptophan. Infection was carried out on 12-mm glass
coverslips at a multiplicity of infection (MOTI) of 30 at room temperature for 2 h.
Cells were fixed and permeabilized by 10 min of incubation with cold methanol
at —20°C, followed by 1 min of incubation with cold acetone on ice. Antibodies
were applied in PBS-1% bovine serum albumin for 1 h at dilutions recom-
mended by the supplier. Samples were extensively washed and mounted in
ProLong Gold antifade reagent (Invitrogen) for immunofluorescence analysis.
At least 1,000 cells per sample were blind counted to determine the percentage
of cells harboring a perinuclear bacterial cluster.

Reactivation assay. A total of 1.5 X 10° cells prestarved for 24 h in tryptophan-
negative medium containing 200 U/ml (10 ng/ml) IFN-y were infected at an MOI
of 1 or 5 with C. trachomatis and cultivated for another 24 h with 0, 3, or 6 pM
tryptophan in the presence of 200 U/ml (10 ng/ml) IFN-y. Induction of persis-
tence with 6 uM tryptophan under these conditions was confirmed in a separate
experiment (data not shown). Next, to reactivate viable bacteria, the medium was
exchanged against IFN-y-free regular DMEM-10% FCS for 24 h. Following this,
cells were harvested and analyzed as described above.

Reverse transcription (RT)-PCR and real-time PCR. Bacterial RNA was
isolated from equal numbers of Chlamydia-infected cells by standard Trizol-
chloroform extraction and was further purified using an RNeasy mini kit
(QIAGEN), and DNA contamination was removed with a Turbo DNAfree kit
(Ambion). cDNA was prepared using a First Strand synthesis kit (Stratagene) in
combination with random primers. The actin, incG, trpB, and 16S rRNA genes
were detected with a standard Tag-driven PCR (annealing temperature, 65°C; 27
cycles) using primer pairs 5'-GGCATCGTGATGGACTCCG-3'/5'-GCTGGAA
GGTGGACAGCGA-3', 5'-TTTGTTTGCGGTGTTTGCTTCAGG-3'/5'-CGA
ATGCCCCAGAAACACTATCTCC-3', 5'-ATGCTCTTGGTCAGTGTTTGC
TTGC-3'/5'-GCCCAGTCCTCCCCCTTCCAC-3', and 5'-GCTGCGGTAATA
CGGAGGGTGC-3'/5'-AACCCAACACCTCACGGCACG-3', respectively. PCR
products were sequenced. To exclude the possibility that the PCR amplification
was derived from bacterial genomic DNA contamination rather than from
mRNA, all PCR analyses included controls performed with an additional “mock
cDNA” sample to which no reverse transcriptase had been added. Standard
SYBR green-based real-time PCR (Applied Biosystems) was carried out with a
Stratagene Mx3000P Lightcycler using the same primer pairs. Each reaction
was set up in duplicate.

RESULTS

Severe tryptophan starvation gives rise to aberrant scat-
tered C. trachomatis forms in human IFN-y-induced cells. Im-
munofluorescence has been successfully used to study persis-
tence-associated changes in the morphology of Chlamydia
inclusions (3, 12). Therefore, we used this technique coupled
with flow cytometry as a high-throughput approach to monitor
chlamydial growth and development in IFN-y-induced human
cells in the presence of various concentrations of exogenous
tryptophan. To this end, we incubated HeLL.a M cells in serum-
free medium containing 200 U/ml (10 ng/ml) IFN-y plus the
indicated amounts of tryptophan 24 h before and 24 h after
infection with C. trachomatis serovar L1. Note that the indi-
cated tryptophan concentrations represented the levels of the
amino acid at the start of the experiment and that the levels
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FIG. 1. Inclusion morphologies observed with different tryptophan
concentrations. HeLa M cells were incubated in the presence of 200
U/ml (10 ng/ml) IFN-y with a high (80 uM) (left panel) or moderate
(6 M) (middle panel) exogenous tryptophan concentration or without
tryptophan (right panel) for 24 h before and after infection with C.
trachomatis serovar L1. The cells were stained intracellularly with
FITC-labeled anti-Chlamydia LPS antibodies and analyzed by immu-
nofluorescence. The arrows indicate individual giant RBs in conven-
tional persistent inclusions (middle panel), while the arrowheads indi-
cate dot-shaped scattered bacteria (right panel).

were expected to drop during IDO-mediated breakdown. The
cells were then harvested, fixed, intracellularly stained with
anti-Chlamydia LPS antibodies, and analyzed by examining
immunofluorescence (Fig. 1 and 2, middle panel) or by flow
cytometry (Fig. 2, top panel). To quantify the immunofluores-
cence results, inclusions were classified into three clearly dis-
tinguishable categories according to their morphology (Fig. 1
and 2, lower panel). In line with the results of Gieffers and
coworkers (12), large Chlamydia vacuoles displaying a high
degree of granularity were considered “normal” inclusions,
whereas small but intensely bright inclusions containing giant
RBs and lacking granularity were recognized as “persistent”
inclusions (Fig. 1, left and middle panels). Consistent with the
previous finding that provision of excess tryptophan can rescue
the growth of C. trachomatis in IFN-vy-stimulated HeLa cells
(8), only “normal” inclusions could be found with 24 to 48 puM
exogenous tryptophan (Fig. 2, columns 1 and 2). However, with
12 uM tryptophan normal inclusions started to disappear, and
such inclusions were almost completely absent with 6 uM tryp-
tophan when the “persistent” population peaked (Fig. 2, col-
umns 3 and 4). These changes could not be readily seen when
the correlating fluorescence-activated cell sorting (FACS) his-
tograms were examined, indicating that flow cytometry is not
capable of distinguishing between “normal” and “persistent”
inclusions (Fig. 2, top panel, columns 1 to 4).

As in vivo tissue concentrations of tryptophan of ~2 uM
have been observed in a murine infection model (11), which
are concentrations at which tryptophan import into cells lack-
ing a high-affinity transport system would be practically elimi-
nated (31), we were also interested in the development of
Chlamydia with lower concentrations of this essential amino
acid. Most strikingly, with an exogenous tryptophan concen-
tration of 6 wM a third population of inclusions appeared; this
population was very prominent when the tryptophan concen-
tration was 3 pM, and these inclusions were the only type of
inclusions when tryptophan was not included in the assay mix-
ture (Fig. 2, lower panel, columns 4 to 6). In the corresponding
cells Chlamydia vacuoles were seen as dots mainly scattered in
the cell periphery (Fig. 1, right panel, and Fig. 2, middle panel,
columns 4 to 6). The organisms did not seem to replicate, and
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their inclusions failed to fuse. We noted that not only normal
chlamydial development but also the conversion of microbes
into the giant forms characteristic of the persistent state (2, 12,
16) was completely suppressed in this fraction of bacteria. The
observed drastic growth defect was also reflected in the corre-
lated FACS histograms, which displayed a dramatic reduction
in the average fluorescence of infected cells (Fig. 2, top panel,
columns 5 and 6).

Interestingly, the appearance of “scattered” Chlamydia in-
clusions did not require the presence of IFN-y (Fig. 3A) when
cells were cultured in the absence of tryptophan, demonstrat-
ing that depletion of this essential amino acid alone is sufficient
to suppress the organism. As IDO is not detectable in non-
IFN-vy-treated HeLa cells, this also argues against a role for
tryptophan metabolites in the induction of the “scattered”
state. In line with this, exogenous provision of culture medium
with even 1 mM of the tryptophan metabolite L-kynurenine
failed to induce “scattered” organisms (data not shown). Con-
sequently, it is IDO-mediated severe tryptophan depletion
rather than IDO-mediated generation of tryptophan metabo-
lites that drives the bacteria into the “scattered” state in IFN-
v-induced cells. “Scattered” Chlamydia forms were also de-
tected in analogous experiments in which IFN-y-stimulated
cells were grown in medium that included 10% serum instead
of a tryptophan supplement, showing that this effect is not a
result of serum starvation (Fig. 3B, column 4). Again, the
severe developmental block could also be observed by flow
cytometry. It is worth noting that under these conditions two-
thirds of the cells harbored “scattered” bacteria, whereas in
non-IFN-vy-treated cells virtually all inclusions were normal
(Fig. 3B, column 3), underscoring the high activity of IDO in
the cytokine-stimulated cells. However, based on our experi-
ence, the use of serum as a tryptophan source introduces sub-
stantial variation in experiments depending on the FCS batch
used, which likely reflects different levels of free tryptophan in
sera from different suppliers (data not shown). The fact that
scattered Chlamydia cells have not been described so far in
previous studies (2) may be the result of the use of relatively
tryptophan-rich FCS in the experiments. Thus, we are confi-
dent that supplementation of serum-free tryptophan-negative
medium with defined amounts of this amino acid is the most
accurate and reproducible way of monitoring Chlamydia de-
velopment, particularly with low tryptophan concentrations.

In summary, we show here that severe tryptophan starvation
causes drastic developmental and growth defects in C. tracho-
matis that efficiently suppress the conversion of the organism
into the long-lived persistent form.

Tryptophan depletion impairs chlamydial trafficking to the
MTOC. Two distinct scenarios may account for the observa-
tion of scattered Chlamydia forms in IFN-y-induced cells
grown in the presence of tryptophan concentrations of =6 wM:
either the entry of the bacteria into prestarved HeLa M cells
may be inhibited or the trafficking of the bacteria to the MTOC
may be blocked. In the first scenario the bacteria would attach
extracellularly to the surface of the host cells, whereas in the
second scenario they would reside intracellularly beneath the
plasma membrane. To distinguish between these possibilities,
we stained infected cells grown without tryptophan simulta-
neously with Chlamydia-specific antibodies and Topro-3 under
either permeabilizing or nonpermeabilizing conditions (Fig.
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FIG. 2. Severe tryptophan starvation gives rise to aberrant scattered C. rachomatis forms in human IFN-y-treated cells. A total of 1.5 X 10°
HeLa M cells were incubated for 24 h in tryptophan-free medium supplemented with the indicated amounts of tryptophan and 200 U/ml (10 ng/ml)
IFN-v, infected with 7.5 X 10° IFUs of C. trachomatis serovar L1 for 2.5 h, and cultivated for another 24 h in the same medium used for the
preinfection incubation. Cells were detached, fixed, stained with FITC-labeled anti-Chlamydia LPS antibodies, and analyzed by flow cytometry
(upper panel) or immunofluorescence (middle panel). Inclusion types detected by immunofluorescence were classified according to morphological
characteristics shown in Fig. 1: normal (large granular vacuoles), persistent (smaller, nongranular, intensely bright vacuoles harboring giant RBs),
and scattered (dot-shaped inclusions mostly spread in the cell periphery). Cells harboring both scattered and persistent forms simultaneously were
included in only the persistent category.

4A). Topro-3 is a membrane-impermeant DNA-binding dye
that served as a permeabilization control in this experiment.
Nonpermeabilized cells did not take up the dye and were not
stained with anti-Chlamydia antibodies at all (Fig. 4A, right
panel). This showed that the bacteria were in fact intracellular

(Fig. 4A, left panel) and that the entry step was not signifi-

cantly affected under these conditions.

Consequently, our findings point towards a chlamydial traf-
ficking defect in cells in which tryptophan pools have been
depleted through the action of IFN-y-inducible IDO. To test
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this hypothesis, we infected cells at a high MOI (30) and
monitored the subsequent formation of perinuclear bacterial
clusters. In the presence of high tryptophan levels most cells
contained a bacterial cluster that colocalized with the MTOC
at 5 h postinfection (Fig. 4B, upper row showing nonmitotic
cells and lower row showing mitotic cells), indicating that the
migration of inclusions along the microtubule network oc-
curred properly in these cells. However, treatment of the cells
with IFN-v significantly delayed chlamydial trafficking even
when the initial exogenous tryptophan concentration was >80
pM (80 pM medium-derived tryptophan plus serum trypto-
phan), as revealed when the formation of bacterial clusters was
assessed in a time course experiment (Fig. 4C). We noted that
under these conditions chlamydial growth appeared to be fairly
normal in IFN-y-induced cells (Fig. 3B, column 2), indicating
that the delay does not have detrimental consequences for the
organism. Next, we analyzed bacterial migration towards the
MTOC in the presence of defined tryptophan concentrations
that either allow normal growth (80 wM), induce persistence (6
wM), or give rise to aberrant scattered forms (0 wM) in the
maximal number of IFN-vy-induced cells (Fig. 2, columns 4 and
6). Surprisingly, a 13-fold reduction in exogenous tryptophan
levels (6 wM versus 80 wM) had hardly any effect on chla-
mydial trafficking, whereas the absence of tryptophan stalled
this process (Fig. 4D).

Together, the results show that mild tryptophan depletion

delays trafficking of intracellular C. trachomatis to the MTOC,
whereas severe tryptophan starvation blocks trafficking of in-
tracellular C. trachomatis to the MTOC.

Aberrant scattered Chlamydia forms do not retain infectivity
and display low transcriptional activity. Morphologically visi-
ble transition of infectious, metabolically inactive EBs into
noninfectious, metabolically active RBs requires bacterial
translation (29) and is preceded by modification of the inclu-
sion membrane through insertion of bacterial proteins, as well
as early migration to the MTOC. Thus, the observed chlamyd-
ial trafficking defects with limiting tryptophan concentrations
suggest that the development of the organism is quickly
arrested upon cell entry. This prompted us to ask whether
aberrant scattered Chlamydia bacteria would stay in the cell
periphery as inert, transcriptionally silent forms that retain
their infectivity. Therefore, we assessed the number of IFUs
recoverable from IFN-y-induced cells that harbored mainly
normal (80 pM tryptophan), persistent (6 wM tryptophan),
or scattered (0 wM tryptophan) inclusions. Twenty-four
hours postinfection, cells grown in the presence of excess
tryptophan contained on average ~200 infectious EBs,
whereas 4-orders-of-magnitude-fewer IFUs were recovered
from cells harboring persistent RBs (Fig. 5A). Strikingly,
infected cells grown in the absence of tryptophan yielded
even lower numbers of IFUs than of persistent RBs, clearly
showing that the bacteria do not retain their infectivity in
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B-tubulin (red) and with Topro-3 (blue) and analyzed by confocal fluorescence microscopy. The arrows indicate bacterial clusters formed at the
MTOC in nonmitotic cells (top panels) and at the centrosomes of a mitotic cell (bottom panels). (C) IFN-y delays C. trachomatis trafficking to the
MTOC: time course analysis of chlamydial cluster formation at the MTOC. The experimental setup was similar to that used for panel B, with
the modification that cells were treated (dotted line) or not treated (solid line) with 200 U/ml (10 ng/ml) IFN-y before and after infection. The
percentage of cells harboring a bacterial perinuclear cluster at 3.5, 4, or 5 h postinfection was determined by blind counting of FITC-labeled
anti-Chlamydia LPS-stained samples. The error bars indicate the standard deviation from the mean of two independent experiments, and in each
experiment at least 1,000 cells were blind counted. (D) Tryptophan is essential for chlamydial trafficking. Chlamydial cluster formation at the
MTOC of IFN-y-induced cells at 5 h postinfection was analyzed as described above for panel B except that the media used contained 200 U/ml
(10 ng/ml) IFN-vy, a defined tryptophan concentration, and no serum. The error bars indicate the standard deviation from the mean of three
independent experiments, and in each experiment at least 1,000 cells were blind counted. The differences between cluster formation with 0 and
6 wM tryptophan (two asterisks; P < 0.01) and between cluster formation with 0 and 80 wM tryptophan (two asterisks; P < 0.01) are statistically
significant, as assessed by a one-way analysis of variance test with the Dunnett posttest.

the “scattered state” (Fig. 5A). Differences in the number of genes, the 16S rRNA, #rpB and incG genes, by conventional

recoverable IFUs between scattered Chlamydia and persis- semiquantitative RT-PCR (Fig. 5B) and quantitative real-time
tent Chlamydia may reflect a somewhat decreased survival PCR (Fig. 5C). It is important to note that the absence or
rate in the scattered population. presence of tryptophan did not affect the infection efficiency in

However, since the majority of scattered Chlamydia bacteria our experimental system. Isolation of RNA from equal num-
appear to remain alive, as they can be reactivated (see below), bers of cells was confirmed by a host cell actin gene-specific

we analyzed whether these bacteria are transcriptionally active. RT-PCR (Fig. 5B, row 1). Consistent with the findings of
To this end, we extracted RNA from infected IFN-y-stimu- Ouellette and coworkers (23), we found that the 16S rRNA
lated cells that had been incubated in the presence of 80, 6, or gene levels were reduced in persistent bacteria compared with
0 pM tryptophan, both preinfection and postinfection, and normal growing bacteria (Fig. 5C, left panel). In cells harbor-
examined the expression of three well-characterized bacterial ing scattered Chlamydia bacteria, however, even lower levels of
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FIG. 5. Aberrant scattered Chlamydia forms do not retain infectivity and display low transcriptional activity. (A) Scattered Chlamydia bacteria are not
infectious. IFUs were released by sonication from equal numbers of IFN-y-induced cells grown in the presence of defined tryptophan concentrations that
allow normal bacterial growth (80 pM) or persistence (6 wM) or give rise to aberrant scattered Chlamydia bacteria (0 pM). IFU titers were determined
by infecting confluent HeLa cell layers with a dilution series of the sonicate and are expressed as the average number of IFUs recovered per cell. The
results of one representative experiment of two independent experiments are shown. (B and C) Scattered Chlamydia bacteria display low transcriptional
activity. RNA was extracted from 5 X 10° infected cells that had undergone the indicated treatment. Conventional RT-PCR (B) or real-time PCR (C) was
carried out using primers specific for the host cell actin, bacterial 16S rRNA, #rpB, or incG gene. Amplification from mRNA rather than contaminating
genomic DNA was confirmed using a mock cDNA synthesis reaction mixture lacking reverse transcriptase (RT) (right three lanes in panel B). All
real-time PCRs were performed in duplicate, and the error bars show the deviations between the two samples.

the 16S rRNA gene were detected (Fig. 5B, row 2, and Fig. 5C,
left panel), indicating either that these bacterial forms have
drastically lower average transcriptional activity or that a large
fraction of these bacteria does not survive (or is transcription-
ally inert) under severe tryptophan starvation conditions. Next,
we probed for expression of #7pB, a gene that is directly regu-
lated by tryptophan levels through derepression of the pro-
moter in the absence of the amino acid (1). As expected, we
found substantial induction of the gene in persistent bacteria
compared with normal growing bacteria (Fig. 5B, row 3, lanes
1 and 2; Fig. 5C, middle panel). Most interestingly, we also saw
increased levels of #rpB in scattered Chlamydia bacteria (Fig.
5B, row 3, lanes 1 and 3; Fig. 5C, middle panel), albeit to a
minor extent, which could reflect active induction of the gene
by either a low tryptophan concentration or a constitutively
permissive promoter due to impaired #pR repressor protein
synthesis. In either case, this result shows that at least some
aberrant scattered Chlamydia bacteria are not completely si-

lent in transcription and still respond to environmental condi-
tions. Finally, we investigated the expression of the chlamydial
incG gene, a prototype early gene whose expression is initiated
within the first 2 h upon internalization (30). incG appeared to
be expressed at somewhat reduced levels in persistent bacteria
compared with normal growing bacteria (Fig. 5B, row 4, lanes
1 and 2; Fig. 5C, right panel), and again, scattered Chlamydia
forms followed the trend observed for persistent RBs, but the
reduction in the PCR signal was even more pronounced (Fig.
5B, lane 3).

Thus, in all cases analyzed five- to sevenfold-lower mRNA
levels were found in scattered bacteria than in persistent bacteria.
This probably reflected overall reduced transcriptional and met-
abolic activity in the scattered population. Thus, differences on
the transcriptional level between the two Chlamydia forms may be
primarily quantitative rather than qualitative.

Severe tryptophan depletion decreases the reactivation rate
of Chlamydia. One hallmark of the persistent state is its revers-
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FIG. 6. Severe tryptophan depletion decreases the reactivation rate of Chlamydia. (A) Analysis of chlamydial reactivation by light microscopy.
Prestarved, IFN-y-stimulated HeLa M cells were incubated postinfection (MOI, 1) for 24 h with 6, 3, or 0 pM tryptophan plus 200 U/ml (10 ng/ml)
IFN-vy. Light microscopic images were obtained either directly (left panels) or after reactivation of the same cells after an additional 24 h of
incubation in the presence of excess tryptophan (without IFN-y) (right panels). The arrows indicate large inclusions formed after recovery of
persistent RBs. The arrowheads indicate very small inclusions formed after reactivation of scattered bacteria. (B and D) Analysis of chlamydial
reactivation by flow cytometry (B) or immunofluorescence (D). Cells were treated as described in the legend to panel A, harvested, stained with
anti-Chlamydia LPS antibodies, and analyzed by flow cytometry or confocal microscopy. The blue and red lines in panel B highlight distinct peak
fluorescence intensities in the infected population. (C) Viability of HeLa M cells under the reactivation assay conditions. Mock-infected cells
otherwise treated as described in the legend to panel A (using only 0 and 6 wM tryptophan) were detached, washed, and stained with propidium
iodide to distinguish dead cells (permeabilized) from live cells (in the gray rectangle). (E) Analysis of chlamydial reactivation by IFU titer
determination. Either cells were treated as described in the legend to panel A (left panel) or an identical experiment was performed with a higher
MOI (MO, 5) (right panel). Following reactivation, cells were processed for IFU titer determination as described in the legend to Fig. 4A.
(F) Scattered Chlamydia bacteria do not reside in lysosomes. HeLa M cells were seeded on coverslips, incubated with 0 wM tryptophan and 200
U/ml (10 ng/ml) IFN-y 24 h before and after infection (MOI, 5), fixed in methanol-acetone, stained with antibodies against Chlamydia-LPS (FITC
conjugated) and LAMP1 (Alexa-647 conjugated), and analyzed by confocal microscopy.

ibility, which allows rapid reactivation of the organism upon growth conditions. To answer this question, we monitored
withdrawal of the persistence-inducing stimulus (3, 5). There- chlamydial survival with low tryptophan concentrations in re-
fore, it was important to determine whether scattered Chla- activation assays using light and confocal fluorescence micros-

mydia bacteria would also survive in the cell and continue with copy (Fig. 6A and 6D), flow cytometry (Fig. 6B), and deter-
their developmental life cycle upon restoration of favorable mination of IFU titers (Fig. 6E). To this end, we incubated
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prestarved Chlamydia-infected (MOI, 1) cells for 24 h under
conditions that allow the onset of persistence (6 wM trypto-
phan) or induce the scattered state (0 wM tryptophan). Addi-
tionally, we included an intermediate tryptophan concentra-
tion, 3 wM, in this experiment. As expected, small inclusions
typical of the persistent state were readily seen by light micros-
copy in the sample that had received 6 wM tryptophan (Fig.
6A, upper left panel). However, cells cultivated with 3 wM
tryptophan displayed only a few very tiny inclusions, and cells
grown in the absence of tryptophan did not show any obvious
inclusions by light microscopy (Fig. 6A, middle and lower left
panels). This documents our repeated observation that in con-
trast to persistent inclusions, scattered Chlamydia bacteria are
not visible at the resolution provided by light microscopy. Con-
sistent with these findings and the established correlation be-
tween inclusion brightness and low exogenous tryptophan lev-
els (Fig. 2, right upper panels), flow cytometry using Chlamydia
LPS-specific antibodies revealed intense bacterial staining with
6 uM tryptophan, diminished staining with 3 wM tryptophan,
and no detectable staining with 0 wM tryptophan (Fig. 6B, left
panels). Again, this demonstrates that scattered Chlamydia
bacteria are also not detectable by FACS analysis (compare
Fig. 6B with Fig. 2, rightmost histogram in the upper panel).
To assess the viability of tryptophan-starved host cells under
the conditions used, we performed propidium iodide staining
with a sample that was mock infected but was otherwise
treated as described above. As shown in Fig. 6C, the vast
majority of cells excluded the dye, irrespective of whether the
cells had been incubated with 0 or 6 uM tryptophan, indicating
that the conditions used largely preserved cell viability.

Next, to allow reactivation of intracellular bacteria, the me-
dium of the infected cultures was replaced with tryptophan-
sufficient DMEM containing 10% FCS and lacking IFN-v.
Twenty-four hours later the cells were analyzed by light mi-
croscopy (Fig. 6A, right panels), flow cytometry (Fig. 6B, right
panels), and immunofluorescence (Fig. 6D). As shown in Fig.
6B (right panels), bacteria from all three samples could be
clearly reactivated, irrespective of whether they had originally
been cultivated with 0, 3, or 6 wM tryptophan, suggesting that,
in principle, both persistent and scattered Chlamydia bacteria
have the ability to continue their normal life cycle when favor-
able growth conditions are restored. This is in line with our
transcriptional data, which also suggested that at least a frac-
tion of the scattered bacterial population is alive, even when
tryptophan depletion is extremely harsh (Fig. 5B and 5C). In
particular, persistent RBs were very efficiently reactivated and
gave rise to large granular inclusions containing rapidly mul-
tiplying bacteria (Fig. 6A, upper panel, and Fig. 6D, upper
panel). However, cells initially grown with 3 pM tryptophan
harbored visibly smaller vacuoles upon reactivation (Fig. 6A,
right middle panel, and Fig. 6D, middle panel), indicating that
the ability of the pathogen to continue development was com-
promised under these conditions. Most strikingly, reactivated
inclusions that were derived exclusively from scattered Chla-
mydia bacteria (0 wM tryptophan) were all extremely small,
demonstrating that this bacterial fraction is substantially im-
paired in the reactivation process (Fig. 6A, right lower panel,
and Fig. 6D, lower panel). Surprisingly, these differences could
not be detected by flow cytometry (Fig. 6B, right panels) as
smaller inclusions interestingly displayed greater brightness, an
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effect also readily noticed in the immunofluorescence analysis
shown in Fig. 6D.

To further confirm our results for the reactivation of Chla-
mydia, we additionally determined IFU titers recovered after
reactivation of scattered (0 wM tryptophan) or persistent (6
uM tryptophan) Chlamydia bacteria from cells infected at an
MOTI of 1 (Fig. 6E, left panel) or 5 (Fig. 6E, right panel). In line
with the results shown in Fig. 6A to D, we were able to detect
significant numbers of IFUs in all samples, again showing that
scattered bacteria can be reactivated in principle (Fig. 6E).
However, in both experiments, which differed only in the MOI
used, we found >3.5-fold-reduced IFU titers derived from
reactivation of scattered Chlamydia compared with the titers
obtained for persistent Chlamydia. Interestingly, a recovery
defect was also seen with cells grown with 3 uM tryptophan.
We noted that at this tryptophan concentration the scattered
population was always prominent (Fig. 2) and in some exper-
iments even constituted the only type of inclusion (data not
shown). Taken together, these results substantiate the conclu-
sion that severe tryptophan starvation significantly compro-
mises the ability of scattered Chlamydia to become efficiently
reactivated.

The lower number of recoverable IFUs observed under
these conditions may reflect an impaired rate of recovery or
increased bacterial death in this population. Thus, particularly
in light of a study showing that translation-incompetent Chla-
mydia is eventually delivered to lysosomes (29), it was impor-
tant to determine whether this also applies to the scattered
chlamydial fraction. To this end, we seeded cells on coverslips,
incubated them 24 h before and after infection (MOI, 5) with
0 wM tryptophan in the presence of IFN-v, and finally com-
pared the distribution of intracellular scattered bacteria with
the distribution of the lysosomal marker LAMP1 by confocal
fluorescence microscopy (Fig. 6F). Although we very occasion-
ally detected single bacteria trapped in LAMP1-positive com-
partments (data not shown), the vast majority of the scattered
population did not colocalize with lysosomes (Fig. 6F). This
suggests that an impaired rate of reactivation is the more likely
explanation for the reduced IFU titers shown in Fig. 6E. In line
with this, we did not find a substantial decrease in the percent-
age of infected cells upon reactivation of scattered Chlamydia
(0 uM tryptophan) compared with persistent Chlamydia (6 .M
tryptophan), even when an MOI of 1 was used in the experi-
ment (Fig. 6B, right panels). This indicates that even most cells
infected with single bacteria still contained viable bacteria 24 h
after restoration of favorable growth conditions. Moreover, we
could not detect residual scattered bacteria in the cell periph-
ery upon reactivation in any of the samples (data not shown).
Overall, these data argue against a scenario where strongly
reduced bacterial survival under low-tryptophan conditions
causes the observed phenomena, although our data do not
exclude the possibility of an additional contribution of such
effects. Instead, the major difference between the samples
shown in Fig. 6A and 6D appeared to be the inclusion size,
indicating that scattered Chlamydia bacteria survive even
within a severely tryptophan-starved cellular environment but
that their ability to become rapidly reactivated upon replen-
ishment of tryptophan pools is limited.

To further substantiate this scenario, we investigated the
early reactivation kinetics of persistent or scattered bacteria in
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FIG. 7. Scattered Chlamydia bacteria reactivate slower than their persistent counterparts. (A) Analysis of the early chlamydial reactivation
kinetics by IFU titer determination. To characterize the recovery of persistent Chlamydia (circles) or scattered Chlamydia (squares), equal numbers
of infected cells treated as described in the legend to Fig. 6E (right panel) were subjected to IFU titer determination at 0, 3, 6, 9, or 12 h after
restoration of favorable growth conditions. The results are expressed as the average number of IFUs recovered per cell. (B) Analysis of early
chlamydial reactivation kinetics by light microscopy: light microscopic images of cells from the experiment whose results are shown in panel A.
Photos were taken during the course of reactivation of scattered Chlamydia (left column) or persistent Chlamydia (right column) at the indicated
times after restoration of high tryptophan levels. The arrowheads indicate small inclusions formed under conditions that favor the onset of
conventional persistence. The arrows indicate large inclusions formed after reactivation of persistent Chlamydia.

a time course assay (Fig. 7A and 7B). Consistent with the
potential of scattered Chlamydia to become reactivated when
favorable growth conditions are restored (Fig. 6A, 6B, and 6E),
the IFU titers for recovering scattered organisms assessed at
various time points after addition of tryptophan steadily in-
creased over time, but they were still amplified only ~80-fold
even at 12 h after reactivation (Fig. 7A). In contrast, persistent
bacteria displayed a dramatically higher reactivation rate, with
~4,450-fold amplification of the initial titer within the same
time frame. This coincided with the steady transformation of
the initially tiny inclusions harboring persistent organisms (Fig.
7B, top right panel) into large inclusions (Fig. 7B, lowest panel
on the right) that are typically found in cells in which Chla-
mydia growth is unrestricted.

The reduced inclusion size (Fig. 6A and 6D) and IFU titers
(Fig. 6E) observed with recovering scattered Chlamydia even
after 24 h are in keeping with the almost 60-fold-reduced
reactivation rate of these forms within the first 12 h compared

with that of their persistent counterparts. Thus, severe trypto-
phan starvation substantially affects the rate at which the bac-
teria can generate infectious progeny.

DISCUSSION

It is well established that the antichlamydial immune re-
sponse largely depends on the production of the inflammatory
cytokine IFN-y by CD4™ T cells (7). IFN-y is known to induce
a plethora of downstream genes, many of which exert direct
antipathogenic effects or contribute to the function of a proper
adaptive and innate immune system. One of the antiparasitic
proteins highly induced by the cytokine is the cytosolic enzyme
IDO (27), which causes rapid depletion of tryptophan pools in
vitro (34) and in vivo (11). Particularly in human cells, starva-
tion of the intruding microbes for tryptophan appears to be the
major innate immune mechanism controlling the growth of C.
trachomatis (27). Interestingly, Chlamydia species can respond
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to reduced tryptophan levels by converting into a so-called
persistent form, which is specifically adapted to survive within
the resulting hostile environment (16). Persistent RBs are
atypically large, do not multiply or produce infectious progeny,
and display a distinct transcriptional profile (3, 5, 16). Most
importantly, they can be rapidly reactivated upon restoration
of favorable growth conditions (3, 5).

Pharmacologic inhibition of chlamydial translation stalls
early development and intracellular trafficking of the microbe
(14), as well as the ability of Chlamydia to block lysosomal
fusion with the inclusion (28, 29). Therefore, as C. trachomatis
is a natural tryptophan auxotroph (36), we hypothesized that
IDO-mediated tryptophan deprivation might have an effect on
the organism more drastic than temporarily inducing persis-
tence, provided that it limits the availability of the amino acid
sufficiently. However, antibiotic-mediated inhibition of protein
synthesis is different from translational suppression, which
Chlamydia may encounter upon entry into IFN-y-stimulated
cells. For instance, chloramphenicol, the antibiotic used in the
above-mentioned studies, broadly blocks bacterial protein syn-
thesis regardless of individual polypeptides, whereas a reduc-
tion in the tryptophan pool size may allow the bacterium to
switch to a different translational profile (e.g., synthesize pro-
teins requiring less or no tryptophan). Indeed, it was found that
Chlamydia bacteria in the IFN-y-induced persistent state
dampen the production of the tryptophan-rich protein MOMP
but continue and even increase the production of tryptophan-
free cHSP60 (2, 4). Furthermore, tryptophan-sensitive promot-
ers, like the promoter driving the expression of #rpB, may
adjust the transcriptional profile to the needs of the bacterium
under amino acid deficiency conditions. In short, IDO-medi-
ated tryptophan depletion may allow the organism to respond
(and evade), whereas antibiotic-mediated suppression of pro-
tein synthesis presumably does not. Also, in contrast to the
antibiotic effect of chloramphenicol, a translational block me-
diated by IDO affects both the intruding microbe and the host
cell. Thus, the innate immune defense against intracellular
parasites might be impaired per se. In fact, this may be the
reason why we could not detect significant colocalization of
scattered Chlamydia bacteria with lysosomes 24 h postinfec-
tion, as has been reported previously for chloramphenicol-
inhibited bacteria (28) (Fig. 6E). However, consistent with
data for antibiotic-treated microbes (14, 29), we observed dras-
tic developmental and growth defects in severely tryptophan-
starved Chlamydia (Fig. 2 and 4D), indicating that the associ-
ated aberrations arise mainly from a block in bacterial
translation.

Chlamydial protein synthesis has been shown to be a pre-
requisite for the association of the host-derived microtubule
motor protein dynein with the outer face of the inclusion and
consequently for migration of the vacuole to the perinuclear
MTOC (14). Hence, the fact that severely tryptophan-starved
Chlamydia maintains its location in the cell periphery likely
reflects a failure of the microbes to insert a putative dynein
receptor into their inclusion membrane. Several nonmutually
exclusive scenarios may account for this. Tryptophan starvation
may block the synthesis or assembly of the chlamydial type III
secretion system, thereby affecting the export of the putative
receptor into the host cytosol. However, repression of the
bacterial translocation machinery using the newly developed
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synthetic inhibitor C1 was not observed to stall early bacterial
trafficking, although it potently blocked subsequent develop-
mental steps (35). This surprising result argues against involve-
ment of type III secretion in dynein-dependent migration of
the bacteria to the MTOC. Alternatively, the translation of the
putative dynein receptor itself may be suppressed as a conse-
quence of IDO-mediated abrogation of tryptophan supply to
the microbe. Moreover, as our data suggest that scattered
Chlamydia bacteria have substantially diminished transcrip-
tional activity compared to that of persistent RBs (Fig. 5B and
5C), the putative dynein receptor may already be insufficiently
transcribed. Currently, it is not known which bacterial effectors
mediate the early trafficking of the organism. Hence, identifi-
cation of these effectors remains a major objective for future
studies.

Our observation of an altered viable state of Chlamydia at
low tryptophan concentrations (Fig. 1 and 2) certainly raises
the question of how distinct these bacteria in fact are from
conventional persistent RBs. One of the most obvious differ-
ences (and in fact this attracted our initial attention) lies in the
tiny dot-shaped morphological appearance of the scattered
bacterial population, which is radically different from the large
characteristic giant forms (Fig. 1) that many Chlamydia species
generate in response to environmental stresses as diverse as
tryptophan starvation (2, 3, 13), iron depletion (13), glucose
deprivation (15), antibiotic exposure (13, 18), viral coinfection
(10), phage infection (17), and heat shock (19). The fact that so
many different stimuli all lead to remarkably similar morpho-
logical outcomes strongly argues that a general advantage of
this chlamydial form under unfavorable conditions underlies
this common pattern. As a consequence, persistent giant RBs
would represent a particularly stress-resistant chlamydial form,
well adapted to cope with a hostile environment and prepared
to continue with development upon restoration of more favor-
able growth conditions. Of the numerous indications that sup-
port this view, the direct regulation of the #pAB operon by free
tryptophan (1) may be one of the most evident. Induction of the
corresponding genes when tryptophan levels drop leads to the
expression by genital serovars of C. trachomatis of functional
tryptophan synthase, an enzyme that is capable of converting
indole into tryptophan (8). In this way, persistent RBs may
counterbalance and evade IDO-mediated immunity.

In contrast, we showed that in scattered Chlamydia bacteria
the induction of #pB is substantially impaired by expression of
sevenfold-lower mRNA amounts of this gene than the
amounts expressed in persistent RBs (Fig. 5B and 5C). It is
tempting to speculate that as a consequence the organisms
would be less responsive to indole addition and that their
ability to recover in the presence of this compound would be
compromised. However, although clearly more genes have to
be analyzed to permit a general statement, our data on the
transcriptional response argues that the overall rate of tran-
scription might be decreased in scattered Chlamydia compared
with persistent Chlamydia (Fig. 5B and 5C). If this is the case,
the scattered fraction would likely be much less adapted to
environmental stress and may behave suboptimally in various
contexts. Moreover, it must be considered that the lower tryp-
tophan levels, at which the peripherally spread bacteria ap-
pear, would additionally limit the translational capabilities of
the organism and almost necessarily cause alterations in the
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chlamydial proteome. In line with these considerations, even
the early development of the scattered microbes, including
their migration to the MTOC, is effectively arrested (Fig. 4D).
In contrast, in the context of tryptophan levels that allow the
onset of persistence, the bacteria clearly traffic to the perinu-
clear region (although the movement is somewhat delayed)
(Fig. 4C and 4D). Thus, persistent Chlamydia and scattered
Chlamydia also undergo differential early development.
Another key feature of persistent Chlamydia bacteria is their
ability to be reactivated upon removal of the persistence-in-
ducing stimulus (3, 5). Interestingly, reactivation of the scat-
tered bacterial fraction was also found to be substantially com-
promised when the early (3 to 12 h postreactivation) rate of
generation of infectious progeny (Fig. 7A) and even the size of
the inclusions (Fig. 6A and 6D) and the amount of infectious
progeny (Fig. 6E) 24 h postreactivation were compared to the
data for persistent Chlamydia. Moreover, in a normal infection
environmental conditions are unlikely to change as abruptly or
dramatically as they do in the in vitro reactivation assay. Con-
sequently, reactivation of scattered Chlamydia occurring in
vivo might be even slower and less efficient. In the context of an
ongoing cytotoxic T-cell-mediated immune response against
intracellular bacteria (26), this may give the microbe a substan-
tial disadvantage, promoting its eventual eradication. When
the results are taken together, scattered Chlamydia bacteria
are characterized by a fundamentally different morphological
appearance, arrested early development, an altered transcrip-
tional profile, and an impaired ability to become reactivated
compared to persistent RBs. Consequently, the scattered
forms represent a severely compromised bacterial population,
which is predicted to have reduced fitness in vivo, whereas
persistent RBs are a well-adapted stress-resistant form that
may allow the microbe to evade an efficient immune response.
As we observed the appearance of scattered Chlamydia only
at very low levels of tryptophan, the in vivo relevance of our
findings is dependent on the concentrations that this essential
amino acid eventually reaches in infected tissue upon IFN-y
induction. Interestingly, a recent study reported the IFN-y-
dependent reduction of tryptophan levels in explants of term
placentas to 2.3 wM, which could be completely blocked by
application of the IDO inhibitor 1-methyl-tryptophan (21).
Furthermore, Fujigaki and colleagues recently showed that in
an infection model tryptophan concentrations dropped dra-
matically to ~2 wM in lung tissue of 7. gondii-infected mice
and that this effect was entirely dependent on IFN-vy signaling
(11). This result demonstrates that IDO is enormously potent
in vivo. However, as the measured tryptophan concentration
represents the average level found in the tissue, minimal con-
centrations of the amino acid established in local environments
are likely to be even below this value. Such local tryptophan-
depleted microenvironments have recently been postulated to
be generated by the action of macrophages, which possess a
unique high-affinity tryptophan import system (31). This highly
specific and efficient transport machinery allows the macro-
phages to import and subsequently degrade tryptophan at very
low exogenous concentrations of the amino acid (31). Hence,
in infected tissue they could act as a kind of “tryptophan sink,”
reducing tryptophan levels below the threshold where import
into neighboring cells is efficient. In this context it should be
noted that infiltration of macrophages into Chlamydia-infected

INFECT. IMMUN.

tissue has indeed been observed in vivo (6). Interestingly, in
contrast to macrophages, cells or cell lines having diverse tissue
origins seem to use predominantly, if not exclusively, the neu-
tral amino acid transporter system L for uptake of this essential
amino acid (25, 31, 32). However, while system L displays
substrate affinities in a micromolar to millimolar range (24), it
does not show particular selectivity towards tryptophan. Thus,
at very low exogenous tryptophan levels other amino acids
(present at plasma concentrations of ~ 50 to 200 nM [20])
would be expected to inhibit competitively tryptophan import
via this permease to a significant extent. Consequently, cells
that depend on system L for tryptophan uptake would be likely
to experience a dramatic depletion of their tryptophan pools
upon IFN-y-mediated IDO induction. Based on these consid-
erations, we believe that the occurrence of the scattered Chla-
mydia state in vivo is indeed a plausible scenario.

In summary, the present study describes a novel, yet unde-
fined chlamydial state that appears particularly in severely
tryptophan-starved human cells and that is clearly distinct from
conventional persistent RBs. Hence, we provide new insights
into the biology of C. trachomatis under conditions that the
pathogen may encounter during an inflammatory IDO-induc-
ing immune response.
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