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In Contrast to Chlamydia trachomatis, Waddlia chondrophila Grows
in Human Cells without Inhibiting Apoptosis, Fragmenting the Golgi
Apparatus, or Diverting Post-Golgi Sphingomyelin Transport

Stephanie Dille,® Eva-Maria Kleinschnitz,? Collins Waguia Kontchou,? Thilo Nolke,® Georg Hacker®

Institute of Medical Microbiology and Hygiene, University Medical Centre Freiburg, Freiburg, Germany?; Institute of Experimental and Clinical Pharmacology and
Toxicology, University of Freiburg, Freiburg, Germany®

The Chlamydiales are an order of obligate intracellular bacteria sharing a developmental cycle inside a cytosolic vacuole, with
very diverse natural hosts, from amoebae to mammals. The clinically most important species is Chlamydia trachomatis. Many
uncertainties remain as to how Chlamydia organizes its intracellular development and replication. The discovery of new Chla-
mydiales species from other families permits the comparative analysis of cell-biological events and may indicate events that are
common to all or peculiar to some species and more or less tightly linked to “chlamydial” development. We used this approach
in the infection of human cells with Waddlia chondrophila, a species from the family Waddliaceae whose natural host is uncer-
tain. Compared to C. trachomatis, W. chondrophila had slightly different growth characteristics, including faster cytotoxicity.
The embedding in cytoskeletal structures was not as pronounced as for the C. trachomatis inclusion. C. trachomatis infection
generates proteolytic activity by the protease Chlamydia protease-like activity factor (CPAF), which degrades host substrates
upon extraction; these substrates were not cleaved in the case of W. chondrophila. Unlike Chlamydia, W. chondrophila did not
protect against staurosporine-induced apoptosis. C. trachomatis infection causes Golgi apparatus fragmentation and redirects
post-Golgi sphingomyelin transport to the inclusion; both were absent from W. chondrophila-infected cells. When host cells
were infected with both species, growth of both species was reduced. This study highlights differences between bacterial species
that both depend on obligate intracellular replication inside an inclusion. Some features seem principally dispensable for intra-
cellular development of Chlamydiales in vitro but may be linked to host adaptation of Chlamydia and the higher virulence of C.

trachomatis.

he Chlamydiales are an order of obligate intracellular bacteria

in the phylum Chlamydiae. All tested members of the Chia-
mydiae share the unique developmental cycle of an actively divid-
ing reticulate body and an almost inert elementary body and
develop inside a cytosolic vacuole. Until about a decade ago, Chla-
mydia research was centered on well-known and highly prevalent
human-pathogenic bacteria, especially on Chlamydia trachomatis
and Chlamydia pneumoniae. C. trachomatis plays a significant
role in human health as the most common bacterial agent of
human sexually transmitted disease and the pathogen of tra-
choma, an often blinding infection of the eye (1, 2); C. pneu-
moniae is a very common pathogen, most often causing upper-
airway infection (3).

More recently, an evolutionary relationship of human-patho-
genic members of the genus Chlamydia (now in the family Chla-
mydiaceae) with a large and growing group of bacteria has been
discovered (4). Numerous species have been described and placed
into new families that are related to, for instance, C. trachomatis
but that may have drastically different host preferences. Thus, the
families Chlamydiaceae, Parachlamydiaceae, Simkaniaceae, and
Waddliaceae have been formed within the Chlamydiales (4). An
intriguing example is bacteria that replicate inside single-celled
organisms, in particular, free-living amoebae (for instance,
Parachlamydia and Protochlamydia, in the family Parachlamydi-
aceae), referred to as symbionts of these amoebae. Genetic studies
illustrate that all chlamydiae evolved from a common ancestor
about 700 million years ago; since at that time there were only
single-celled organisms, this ancestor was associated with proto-
zoa (5).
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Presumably, the containment within the inclusion protects the
bacteria against cellular defense systems and permits the genera-
tion of an environment specialized for bacterial replication. How-
ever, life within a cytoplasmic vacuole also requires the bacteria to
solve a number of problems, such as the acquisition of nutrients
for their growth; if the bacteria replicate, more inclusion mem-
brane has to be synthesized or incorporated, and the bacteria have
to organize their release from the cell or their transport to other
cells. Numerous ways in which C. trachomatis affects its human
host cell are known: inhibition of apoptosis and of immune sig-
naling pathways, acquisition of cytoskeletal components, manip-
ulation of vesicular transport linked to transport of sphingomy-
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elin to the inclusion, fragmentation of the Golgi apparatus, and
substantial transcriptional regulation are examples (6).

In coevolving with mammals, pathogenic chlamydiae had to
cope with the developing, sophisticated defense systems of this
lineage and will have evolved strategies for dealing with them.
However, some of the above basic requirements of intracellular
life probably stayed the same. Further, a substantial number of
proteins proposed to be associated with chlamydial virulence in
humans are also found in other bacteria that are not established
human pathogens (such as Simkania, Waddlia, and members of
the Parachlamydiaceae) (4). It is likely that a Chlamydia organism
in ahuman cell has to contend with a situation that is in some ways
different from that of amoeba-dwelling bacteria; however, some
core features may overlap between the two situations. To under-
stand core requirements of chlamydia-like life in an inclusion and
to distinguish them from specialized host adaptations, it therefore
seems a suitable approach to compare the cell biology of C. tra-
chomatis with that of other, related species.

The natural host of Waddlia chondrophila is not known. It has
been isolated from two aborted bovine fetuses (7, 8), and an asso-
ciation of antibodies reacting with W. chondrophila antigens and
human miscarriage has been described (9). In a study of 387 pa-
tients with community-acquired pneumonia, DNA of W. chon-
drophila was found in one patient; in a similar investigation of
another 561 samples in a different study, none was detected (10).
Although it is too early to make a clear statement either way, W.
chondrophila may have pathogenic potential for humans (11).
However, W. chondrophila can also grow in amoebae (4), and that
may be its natural niche; infections of humans may be an oppor-
tunistic accident.

W. chondrophila can grow in human cells (12-14), and exper-
imental growth was recently also reported in an ovine trophoblast
cell line (15). We here infected HeLa human cervical epithelial
cells (the standard host cell line for the study of C. trachomatis)
with W. chondrophila and tested for the morphology of the vacu-
ole, association with the endolysosomal pathway, cytoskeletal re-
cruitment, inhibition of apoptosis, cleavage of host cell proteins,
the ability to compete with C. trachomatis in coinfection experi-
ments, fragmentation of the Golgi apparatus, and transport of
sphingomyelin to the Waddlia inclusion. Substantial differences
relative to chlamydial behavior in most of these areas were re-
corded. The results provide evidence that a number of cell-biolog-
ical alterations that occur during infection with C. trachomatis are
not essentially linked to “chlamydial” growth (i.e., not required
for all members of the Chlamydiales) but may be required only for
growth of Chlamydia and perhaps be linked to bacterial virulence.

MATERIALS AND METHODS

Cell culture. HeLa cells and the stable HeLa cell line YFP-Golgi-HeLa (16)
were maintained in Dulbecco modified Eagle’s minimal essential medium
(DMEM) supplemented with 10% fetal calf serum (FCS; tetracycline neg-
ative; PAA Laboratories) and cultured at 37°C and 5% CO,.

Infection with W. chondrophila and C. trachomatis. Chlamydia tra-
chomatis LGV2 (L2) was obtained from the American Type Culture Col-
lection (ATCC) and stored in SPG medium (0.2 M sucrose, 8.6 mM
Na,HPO,, 3.8 mM KH,PO,, 5 mM glutamic acid [pH 7.4]) at —80°C.
Waddlia chondrophila strain WSU 86-1044 (ATCC number VR-1470) was
akind gift of Gilbert Greub (Center for Research on Intracellular Bacteria,
Institute of Microbiology, University Hospital Center and University of
Lausanne, Lausanne, Switzerland) and stored in SPG medium at —80°C.
One day prior to infection, cells were seeded in culture medium and in-
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cubated at 37°C with 5% CO, overnight. Bacteria were added directly to
the cells at the specified multiplicity of infection (MOI).

Immunofluorescence and 3D reconstruction. For immunofluores-
cence, cells were seeded in 24-well plates on coverslips and infected as
described above with an MOI of 1 to 3. For microscopy, cells were fixed in
4% PFA for 15 min, permeabilized for 10 min in 0.2% Triton X-100
(Sigma) in phosphate-buffered saline (PBS), and incubated in 5% bovine
serum albumin (BSA; Sigma) in PBS. Antibodies used were rabbit anti-
Chlamydia (1:3,000; Milan Analytica no. 20-698), rabbit anti-GPP130
(1:150; Covance no. PRB-144C), mouse anti-chlamydial Hsp60 (1:500;
Enzo Life Sciences no. ALX-804-072), mouse anti-a-tubulin (1:400;
Sigmano. T9026), rabbit anti-vimentin (1:100; Acris no. AP00289PU-N),
rabbitanti-SEPT2 (1:200; Sigma no. HPA018481), goat anti-EEA1 (1:300;
Santa Cruz no. sc-6415), goat anti-LAMP1 (1:300; Santa Cruz no. sc-
8098), Alexa Fluor 647-conjugated donkey anti-rabbit IgG (1:500; Di-
anova no. 711-605-152), Alexa Fluor 488-conjugated donkey anti-rabbit
IgG (1:300; Dianova no. 711-545-152), Alexa Fluor 488-conjugated goat
anti-mouse IgG (1:300; Dianova no. 115-485-062), and Dylight 649-con-
jugated donkey anti-goat IgG (1:300; Dianova no. 705-495-147). Phalloi-
din Alexa Fluor 546 was used to detect F-actin (1:40; Life Technologies no.
A22283). Subsequently, the samples were stained with Hoechst 33342 (1
pg/ml; Sigma) for 10 min before being mounted in Permafluor (Thermo
Fisher). The samples were analyzed with a BZ 9000E microscope (Key-
ence) and processed using BZ II Analyzer software 1.42 (Keyence). Colo-
calization studies were performed by transiently transfecting HeLa cells
with Rab5 and green fluorescent protein (GFP)-conjugated Rab7 con-
structs. Wild-type (WT) GFP-Rab7 was a gift from Richard Pagano (Ad-
dgene plasmid no. 12605) (17) and Rab5-peGFP-C1 was constructed by
subcloning cDNA from DsRed-Rab5 (Addgene plasmid no. 13050) (18)
via BglIT and Xhol into peGFP-C1 (Clontech). Mitochondria were stained
for 45 min with 250 nM MitoTracker orange CMTMRos (Life Technolo-
gies no. M7510) before fixation. For three-dimensional (3D) reconstruc-
tion of microtubules and actin, infected cells were fixed and permeabilized
as described above in glass-bottom dishes (MatTek, Ashland, USA). Cells
were transferred for 30 min to blocking solution (0.05% [vol/vol] Tween
and 1% [wt/vol] BSA in PBS) and then incubated overnight at 4°C with
mouse anti-a-tubulin (1:3,000; Sigma no. T9026) followed by washing
(0.05% [vol/vol] Tween in PBS) and incubation for 1 h with Alexa Fluor
488-conjugated goat anti-mouse IgG (1:200; Life Technologies no.
A-11029) and rhodamine phalloidin (250 ng/ml; Life Technologies no.
P1951). Images were collected with an inverted Axiovert 200 M micro-
scope (Zeiss) as described below. Images were assembled with Adobe I1-
lustrator CS6 (Adobe).

Ceramide transport and live-cell imaging. The experimental setup
for ceramide transport has been described before (16). Briefly, HeLa cells
were seeded in glass-bottom dishes (MatTek, Ashland, MA, USA) and
infected with W. chondrophila or C. trachomatis L2 for 24 h. The medium
was replaced with fresh medium containing 100 nM BODIPY (boron-
dipyrromethene) FL C; ceramide (Invitrogen no. B22650). After 30 min,
cells were subjected to time-lapse microscopy at 37°C in a chamber with a
humidified atmosphere (6.5% CO, and 9% O,). Images were collected
with an inverted Axiovert 200 M microscope (Zeiss) equipped with a
Yokogawa CSU-X1 spinning-disc confocal head (Tokyo, Japan). Fluores-
cence intensities were measured inside the inclusion in a 22.88-pm? area
(C. trachomatis, 38 inclusions; W. chondrophila, 35 inclusions) at various
time points using MetaMorph imaging software version 7.7.11.0 (Univer-
sal Imaging). Averages and standard errors of the means (SEM) from two
independent experiments were calculated using Microsoft Excel 2010. For
live-cell microscopy, cells were seeded as described above and infected
with W. chondrophila for 22 h, and time-lapse microscopy was performed
for 4 h as described above. Pictures were taken every minute and assem-
bled into a movie using the MetaMorph imaging software.

Quantitative real-time PCR. A total of 150,000 HeLa cells were seeded
in 6-well plates and infected at an MOI of 1 with W. chondrophila or C.
trachomatis L2 or coinfected with both species at the same time (both atan
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MOI of 1). At 24 and 30 h postinfection (p.i.), DNA was extracted using
the DNeasy blood and tissue kit (Qiagen no. 69504) according to the
manufacturer’s instructions. The DNA was quantified with a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific). For quantitative re-
verse transcription-PCR (qRT-PCR) analysis, 50 ng DNA of all samples
was used in a total volume of 10 wl with SYBR select master mix (Applied
Biosystems no. 4472908). Primers targeting the 16S DNA of W. chondro-
phila have been described before (forward, 5'-GGCCCTTGGGTCGTAA
AGTTCT; reverse, 5'-CGGAGTTAGCCGGTGCTTCT [19]). Primers
targeting the 16S DNA of C. trachomatis were 5'-CGGTAATACGGAGG
GTGCTA (forward) and 5'-CTACGCATTTCACCGCTACA (reverse)
(20). The cycle conditions were 10 min at 95°C followed by 45 cycles of 15
s at 95°C and 1 min at 60°C with an ABI Prism 7900HT system (Applied
Biosystems). Quantification was achieved using a standard curve derived
of a dilution series of DNA extracted from purified W. chondrophila or C.
trachomatis, respectively. The DNA amount was calculated with the for-

mula IO(CTTb) (real-time PCR applications guide; Bio-Rad).

Western blotting. For Western blot analysis, 200,000 HeLa cells were
seeded in 6-well plates and infected as described above. Extracts using
radioimmunoprecipitation assay (RIPA) buffer or 8 M urea dissolved in
water were prepared as described before (16). Ten micrograms of protein
was loaded onto 10% SDS gels and transferred to nitrocellulose mem-
branes. After blocking of the membranes (5% milk in Tris-buffered sali-
ne—Tween [TBS-T]), they were incubated with the respective antibody at
4°C overnight. Primary antibodies were directed against B-actin (mouse,
1:10,000; Sigma no. A5441), Bim C34C5 (rabbit, 1:5,000; Cell Signaling
no. 2933), vimentin (rabbit, 1:1,000; Acris no. AP00289PU-N), NF-kB
p65 (rabbit, 1:5,000; Cell Signaling no. 4764), cytokeratin-8 (1:20,.000;
Acris no. BM5045P), RFX5 (rabbit, 1:1,000; Rockland no. 200-401-194),
USF-1 (rabbit, 1:2,000; Santa Cruz no. sc-8983), Cyclin Bl (mouse,
1:2,000; Cell Signaling no. 4135), GAPDH (mouse, 1:10,000; Millipore no.
MAB374) and a-tubulin (mouse, 1:10,000; Sigma no. T9026). Secondary
antibodies used were goat anti-rabbit IgG (1:5,000 to 1:20,000; Sigma no.
A6667) and goat anti-mouse IgG (1:3,000 to 1:30,000; Jackson Immu-
noResearch no. 115-035-166).

Cytotoxicity assay. Cytotoxicity of W. chondrophila and C. trachoma-
tis L2 for HeLa cells was measured by colorimetric quantification of re-
leased activity of the cytosolic lactate dehydrogenase (LDH) using the
cytotoxicity detection kit (Roche no. 11644793001). A total of 30,000
HeLa cells were seeded in 24-well plates and infected with C. trachomatis
L2 or W. chondrophila (MOl of 1.5). At various time points after infection,
1 ml 2% Triton X-100 (Sigma) was added to the positive control, and 1 ml
medium was added to all other samples. The supernatants were sterile
filtrated and centrifuged at 8,000 rpm for 5 min. LDH release was mea-
sured according to the manufacturer’s protocol (Roche). All experiments
were repeated three times independently, and samples were measured in
triplicate at 490 nm. LDH release was calculated, and the positive control
(uninfected cells treated with Triton X-100) was set to 100% at each time
point.

Detection of apoptosis. A total of 200,000 HeLa cells were seeded in
6-well plates and infected with W. chondrophila or C. trachomatis L2 (MOI
of 3) for 24 and 36 h. Subsequently, cells were treated for 7 h with stauro-
sporine (1 wM; Sigma). Active caspase-3 staining was performed as de-
scribed before (21). Briefly, cells were washed, fixed, and incubated for 30
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min in permeabilization buffer (0.5% [wt/vol] BSA and 0.5% [wt/vol]
saponin in PBS) with monoclonal antibody against active caspase-3 (1:
500; BD Pharmingen). After washing, cells were resuspended in permea-
bilization buffer with Cy5-conjugated secondary antibody (1:500; Di-
anova), washed, and analyzed by flow cytometry using a FACSCalibur
flow cytometer (Becton-Dickinson).

RESULTS

Growth and cytotoxicity of W. chondrophila in HeLa cells. The
ability of W. chondrophila to grow in mammalian cells has been
established. We found that W. chondrophila readily infected HeLa
cells (see below) as well as various other human cell lines (data not
shown) and formed big inclusions. W. chondrophila growth was
visible after about 12 h; at later stages, growth was very rapid and
the inclusions appeared irregular, similar to the patterns reported
in other human cells (13) or an ovine (15) cell line. On top of the
main inclusion formed in an infected HeLa cell, growth of the
bacteria involved the appearance of cytosolic “holes” that in-
creased in size over about 1 to 4 h before gaining access to the
inclusion and being filled up by the bacteria (Fig. 1A and B; also,
see Video S1 in the supplemental material). These structures are
very likely membranous, empty early inclusions. Growth, inclu-
sion morphology, and appearance of these membrane-sur-
rounded cytosolic structures were similar to those in HeLa cells in
a number of additional human cells lines tested (we tested two
melanoma lines [1205Lu and WM35], two lung cancer cell lines
[H1650 and HCC827], HaCaT human keratinocytes, and 293 em-
bryonic kidney cells [data not shown]).

Although an initial association of W. chondrophila with early
endosomal compartments has been shown in macrophages by
colocalization with EEA1 (early endosomal antigen 1) (22), no
such association could be detected in HeLa cells at 10, 20, 30, 60,
120, or 240 min after infection (Fig. 1C and data not shown).
Likewise, no association of W. chondrophila with the late endo-
somal marker LAMP1 was detected (Fig. 1C). We further tested
for recruitment of the early endosomal marker proteins Rab5 and
Rab7 to the Waddlia inclusion at early time points (8 to 11 h p.i.)
(Fig. 1D and E) as well as later during infection (16 to 24 h p.i.)
(data not shown). Colocalization of neither marker was seen.

Close proximity of W. chondrophila inclusions with mitochon-
dria has been shown in bovine, monkey, and mouse cells as well as
in human macrophages and Ishikawa epithelial cells (13, 22). This
close association with mitochondria was also seen in HeLa cells
(Fig. 1F). Even as early as 9 h p.i,, every inclusion analyzed was
surrounded by mitochondria.

Cytotoxicity of W. chondrophila has been observed in human
(13) as well as ovine (15) cells. In HeLa cells, there was little cyto-
toxicity for the first 30 h of infection with an MOI of about 1 to 3
but very substantial cell death (by morphology and as measured by
release of the enzyme activity of the cytosolic protein LDH) be-

FIG 1 Waddlia chondrophila growth and association with the endolysosomal pathway in HeLa cells. (A) HeLa cells were seeded for live-cell imaging, infected
with W. chondrophila at an MOI of 1, and subjected to time-lapse microscopy at 22 h p.i. Shown are selected pictures of the indicated time points after infection.
Scale bar, 20 wm. HeLa cells were infected with W. chondrophila at an MOI of 1, incubated for the indicated times, and processed for immunofluorescence. (B)
Blue, Hoechst DNA stain; pink, Waddlia (anti-Chlamydia stain). Scale bar, 10 wm. (C) HeLa cells were infected with W. chondrophila at an MOI of 2, centrifuged
for 60 min at 550 X g, incubated for the indicated times, and processed for immunofluorescence. Green, Waddlia; red, EEA1 and LAMP1. Scale bar, 5 pm. (D
and E) HeLa cells were transiently transfected with Rab5-GFP (D) or Rab7-GFP (E). Four hours later, they were infected for the indicated times as described
above (for panel C). Green, Rab5-GFP or Rab7-GFP; red, Waddlia. Scale bar, 10 pwm (D and E) or 5 wm (Rab5 magnification). (F) HeLa cells were infected as
described above (for panel C) and incubated with MitoTracker, showing a clear and complete association of all inclusions with mitochondria. Scale bar, 10 pm.
Arrows point to inclusions; asterisks mark holes (membrane-surrounded spaces).
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FIG 2 Waddlia chondrophila growth and cytotoxicity in HeLa cells. (A) Cytotoxicity was determined by measuring LDH release. At the indicated time points,
uninfected cells were lysed as positive controls, the measured LDH release was set to 100%, and all LDH values were calculated relative to this positive control.
Shown are results of three independent experiments and SEM. (B) Phase contrast pictures of HeLa cells infected with W. chondrophila at an MOI of 1.5 incubated
for 24, 30, 48, or 54 h along with uninfected control cells. Arrows point to inclusions and asterisks mark the holes (membrane-surrounded spaces) in three

randomly chosen cells.

tween 30 and 48 h (Fig. 2A). Around this time, numerous cells
seemed to rupture (Fig. 2B), suggesting that cytotoxicity was
linked to expansive growth of the bacteria inside the cell.
Cytoskeletal embedding of W. chondrophila in HeLa cells.
The arrangement of cytoskeletal structures around the inclusion is
a feature of C. trachomatis infection. The major cytoskeletal com-
ponents, microtubules and actin, were arranged around the W.
chondrophila inclusion (see Fig. S1 in the supplemental material),
as is known to be the case for C. trachomatis (23). Although clearly
detectable, this association was less pronounced than during chla-
mydial infection (for instance, see reference 24). Confocal 3D re-
construction illustrated a tubulin structure around the Waddlia
inclusion (see Fig. S1 in the supplemental material); the cytosolic
membranous structures (referred to as holes) were also encased in
microtubular structure but were only very thinly, if at all, coated
on the top of the cell grown on a solid support (see Fig. S1 in the
supplemental material). The intermediate filament vimentin
formed the reported “cage” around the C. trachomatis inclusion.
However, this was only very discrete in case of the W. chondrophila
inclusion (Fig. 3A). (The faint staining of the inclusion probably
shows the cross-reactivity of the vimentin antibody with Waddlia
antigens, as purified W. chondrophila also gave a signal with this
antibody in Western blotting [Fig. 3C].) We recently reported that
septins are arranged around the chlamydial inclusion and play a
role in the arrangement of F-actin fibers (24). In contrast, no such
coating with septins was visible on Waddlia inclusions (Fig. 3A).
In the case of C. trachomatis infection, it is believed that the
cytoskeleton contributes to the acceptance of the inclusion by the
cell, by providing physical support (especially vimentin and actin
fibers [23]) and by organizing support pathways. Our results show
that the W. chondrophila inclusion is similarly well accepted and
that its growth is supported by the cell, although it is not as tightly
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embedded in cytoskeletal elements. This may be the reason for the
irregular shape of the Waddlia inclusions.

Degradation and loss of host cell proteins. One feature of
chlamydial infection, which has recently generated a heated
debate, is the degradation of host cell proteins in the course of
the infection. Many degradation events have been reported in
the literature (25), but the ones tested have been found, as far as
can be tested by simple methods, to be extraction artifacts (26).
Nevertheless, although most of the cleavage probably does not
occur prior to the rupture of the inclusion, this cleavage may
still have a function during rupture, for instance by the degra-
dation of cytoskeletal structures for release of the bacteria (pos-
tulated for vimentin [27]). In C. trachomatis infection, at least
most of this activity is exerted by the chlamydial protease CPAF
(Chlamydia protease-like activity factor) (26). W. chondrophila
has the CPAF gene (in analogy to the Chlamydia protein, the
product could be called Waddlia protease-like activity factor
[WPAF]; we prefer the term Waddlia CPAF). Whether similar
host cell proteolysis is seen either in intact cells or upon cell lysis is
not known.

We therefore tested for such cleavage events. A number of pro-
teins were selected that are known to be potential CPAF substrates
(25): RFX5, USF-1 (both transcription factors), cyclin B1, p65/
RelA (a member of the NF-kB-family), the intermediate filament
proteins vimentin and cytokeratin-8, and the proapoptotic Bcl-2
family protein Bim. We performed the analysis either on samples
extracted with RIPA buffer (permitting proteolysis during extrac-
tion) or on samples extracted with 8 M urea (which has been
found to inhibit extraction-associated protein degradation during
extraction of C. trachomatis-infected cultures [26]).

As shown in Fig. 4A, there was no cleavage detectable for most
of the proteins selected in either detergent or urea buffer. Figure 4A
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FIG 3 Cytoskeleton rearrangement in W. chondrophila-infected cells. (A) HeLa cells were infected with W. chondrophila or C. trachomatis L2 at an MOI of 1
for 30 h, processed for immunofluorescence and stained for DNA (blue), septin-2 (red), and actin (green). (B) HeLa cells were infected with W. chondrophila or
C. trachomatis L2 at an MOI of 1 for 24 h, processed for immunofluorescence and stained for DNA (blue) and vimentin (red). While there is clearly a vimentin
cage around the chlamydial inclusions, no such structure is clearly discernible in Waddlia infection. Asterisks indicate nuclei; arrows point to inclusions. Scale
bar, 5 pwm. The faint stain of the inclusion very likely indicates cross-reactivity of W. chondrophila with the antibody, as suggested by a vimentin Western blot in
panel C. (C) Whole-cell lysates of HeLa cells either uninfected or infected with W. chondrophila (MOI of 1) for 30 h were prepared with urea extraction buffer.
Purified W. chondrophila was lysed for 10 min at 95°C in 2X Laemmli buffer and loaded as a control. Eight micrograms of protein was loaded onto each lane. The

upper band corresponds to vimentin, and the lower band shows cross-reaction of the antibody with a W. chondrophila protein.

shows the results up to 48 h postinfection, when substantial cyto-
toxicity was already observed (Fig. 2). In some experiments we
analyzed up to 72 h; at this time, the results are difficult to inter-
pret, since most proteins, including the controls, start disappear-
ing, most likely due to lysis of the cells (not shown). However,
even at that point, we never saw a cleavage product corresponding
to what has often been observed in C. trachomatis-infected cells
for most of the proteins tested.

In the vimentin blots, an additional smaller band was seen, but
there was no decrease of the band corresponding to intact vimentin.
The lower band corresponded to a W. chondrophila protein, as a
band of the same size also appeared when W. chondrophila lysates
were probed (Fig. 3C and 4A). The same pattern was observed in
detergent- and in urea-extracted samples. Vimentin therefore is
also not cleaved detectably during W. chondrophila infection.

However, it was evident that two of the investigated pro-
teins, cyclin Bl and Bim, were detectably reduced during infec-
tion with W. chondrophila. This effect was less clear for cyclin Bl
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(and we cannot exclude the possibility that at 48 h, lysis of the cells
is responsible) but prominent for Bim. Loss of Bim appeared to be
the same in urea and in RIPA buffer, indicating that it was not an
extraction artifact. Bim protein levels were substantially reduced
as early as 24 h p.i. (Fig. 4B), at which time infection-induced cell
death and release of proteins were still negligible (Fig. 2B); loss of
Bim therefore seems not to be a result of infection-associated cell
lysis. We also reproduced the loss of Bim during C. trachomatis
infection here, as this still appears to be a contentious issue. For
Fig. 4B, we used 8 M urea to extract the infected cells to prevent
artificial lysis of proteins during preparation, as previously sug-
gested (26). The result was similar to the one seen when cells were
extracted with buffer containing 2% SDS, as we reported previ-
ously (28) (a recent report suggests that 1% SDS is sufficient to
prevent extraction-associated degradation of proteins [27]). Al-
though we can only speculate as to its mechanism, this loss of Bim
was thus not inhibited by preventing lysis-associated artifacts (28)
and may be caused by protein turnover effects.
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Taken together, these results indicate that the proteolytic ac-
tivity that is generated in W. chondrophila-infected cells appears
either to be substantially lower than during infection with C. tra-
chomatis or to have substantially different cleavage specificity.

Apoptosis inhibition in cells infected with W. chondrophila.
The inhibition of apoptosis, first reported in 1998 (29), is a prom-
inent feature of infection with C. trachomatis. The mechanism of
apoptosis inhibition is still uncertain, and it has variously been
proposed to be linked to high expression of Mcl-1 (30), to inhib-
itor-of-apoptosis proteins (IAPs) (31), and to the loss of BH3-
only proteins such as Bim (28). Although resistance to other stim-
uli is also clear (31-33), most studies have used the strong
proapoptotic chemical staurosporine to test for this. Staurospor-
ine induces apoptosis in most cells via the mitochondrial (Bcl-2-
regulated) apoptotic pathway, although the molecular details of
its action remain uncertain.

We used staurosporine-induced apoptosis to test whether W.
chondrophila shares the antiapoptotic activity of C. trachomatis.
We tested this by treating infected cells with staurosporine and
measuring the activation of caspase-3, which is a very robust and
specific feature of apoptosis. The anti-apoptotic effect of C. tra-
chomatis was impressively reproduced, even when cells were
treated with staurosporine for the period of 36 to 43 h postinfec-
tion (Fig. 5). However, there was very little if any such effect in W.
chondrophila-infected cells. We tested two time points of infec-
tion, 24 h and 36 h (this was the time point when staurosporine
was added for 7 h). The cytotoxic effect of W. chondrophila infec-
tion is detectable from about 30 h postinfection (see Fig. 2). When
staurosporine was added for the time period between 24 and 31 h
postinfection, there was no or very little protection (Fig. 5). When
staurosporine was added to cells infected with W. chondrophila for
the time between 36 and 43 h postinfection, there was less active
caspase-3 detected in infected cells than in control cells. However,
at this stage, cell lysis is very substantial (Fig. 2). It therefore seems
likely that cells were unable to undergo apoptosis because they
were in the process of being lysed by the infection at this late stage.
We conclude that W. chondrophila inhibits apoptosis, if at all, to a
much lower level than C. trachomatis. It should further be noted
that, unlike C. trachomatis, W. chondrophila had a low level of
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proapoptotic activity, with 5 to 10% caspase-3-positive cells in
infected cultures at 31 and 43 h postinfection (Fig. 5).

W. chondrophila does not depend on Golgi apparatus frag-
mentation during infection. An effect that has received much
attention is the fragmentation of the Golgi apparatus during in-
fection with C. trachomatis. The Golgi apparatus is arranged
around the inclusion, and since protease inhibitors that inhibit
Golgi apparatus fragmentation also inhibit chlamydial growth, it
has been proposed that Golgi apparatus fragmentation is impor-
tant for chlamydial replication (34). The mechanism of Golgi ap-
paratus fragmentation during chlamydial infection is in dispute
(for a recent discussion, see reference 35).

Golgi apparatus fragmentation is a very common event that
can occur during numerous instances of cell-biological perturba-
tions (for example, see references 36 to 41). We tested whether
Golgi apparatus fragmentation also occurs during infection with
W. chondrophila and therefore may be an essential feature of rep-
lication in a chlamydial vacuole. However, W. chondrophila was
able to grow in the absence of detectable Golgi apparatus fragmen-
tation (Fig. 6A and B). Even at 30 h p.i., when Waddlia inclusions
were massive, there was no Golgi apparatus fragmentation above
background (around 15% of cells), while 91% of the C. trachoma-
tis-infected cells displayed a fragmented Golgi apparatus (Fig. 6A).

Golgi apparatus fragmentation, a salient feature of C. tracho-
matis infection, is therefore principally dispensable for intracellu-
lar growth of W. chondrophila. Interestingly, when HeLa cells were
simultaneously infected with C. trachomatis and W. chondrophila,
the Golgi apparatus was fragmented and arranged around the
chlamydial but not the Waddlia inclusion (Fig. 6B). During these
coinfection experiments, a considerable difference in chlamydial
inclusion size was observed (Fig. 6C). In terms of genome equiv-
alents, coinfection with W. chondrophila reduced growth of C.
trachomatis to about 65% at 24 h (compared to HeLa infection
with C. trachomatis alone), while coinfection with C. trachomatis
reduced the growth of W. chondrophila to about 40% (Fig. 6D).

Sphingomyelin transport to the inclusion. Almost 20 years
ago, it was reported that Chlamydia can redirect post-Golgi trans-
port and by this mechanism acquires sphingolipids from the host
(42, 43). This transport can be measured by following the trans-
port of fluorescent ceramide to the infected cells, which accumu-
lates in the Golgi apparatus before being transported as sphingo-
myelin to the C. trachomatis inclusion membrane and ultimately
into the bacteria (reproduced in Fig. 7A, C, and D). Intriguingly,
there was little or no such transport to W. chondrophila (Fig. 7B to
D). Like Golgi apparatus fragmentation, sphingomyelin acquisi-
tion by redirecting post-Golgi transport therefore appears to be
dispensable for W. chondrophila and is thus not a universal feature
of members of the Chlamydiae.

DISCUSSION

Our study identifies a number of cell-biological events during in-
fection of human cells with W. chondrophila. The comparison
with the infection with C. trachomatis gives us the opportunity to
identify events that are not indispensably linked with the intracel-
lular life style of the Chlamydiales but may represent adaptation
features of the family Chlamydiaceae or of the genus Chlamydia to
their vertebrate hosts. The inclusions of both C. trachomatis and
W. chondrophila are embedded by the cytoskeleton into the cell,
but there are no comparable cage-like structures formed by actin,
septin-2, and vimentin around Waddlia inclusions. As observed
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FIG 6 Appearance of the Golgi apparatus during W. chondrophila infection. (A) Quantification of GPP130-stained HeLa cells or YFP-Golgi-HeLa cells showing
a fragmented Golgi apparatus. All infected cells were assessed for Golgi apparatus fragmentation, and the ratio of fragmentation-positive cells was calculated. As
a control, Golgi apparatus fragmentation was determined in uninfected samples (numbers of cells counted: 401, 305, 326, 327, and 309 [left to right]). The Golgi
apparatus was considered fragmented when its normal, dense organization was disrupted and when individual cisternae were identifiable around the inclusion.
The results are the means = SEM from three independent experiments. (B) YFP-Golgi-HeLa cells were infected with W. chondrophila or C. trachomatis L2 at an
MOI of 1, incubated for 24 h, processed for immunofluorescence and stained for DNA (blue) and C. trachomatis (red); Golgi apparatus is shown in yellow. For
better visualization, Waddlia inclusions are marked with dashed lines. The Golgi apparatus is clearly fragmented and arranged around the chlamydial inclusion
but not the Waddlia inclusion. Asterisks indicate nuclei, and arrows point to Waddlia inclusions. Scale bar, 5 pm. (C) Measurement of inclusion size in HeLa cells
either infected with C. trachomatis L2 alone (MOI of 1) or coinfected with W. chondrophila and C. trachomatis L2 (both at an MOI of 1). Numbers of inclusions
counted: 442, 398, 364, and 305 (left to right). Shown are the results of four (24 h) and three (30 h) independent experiments. Error bars represent the standard
errors of the mean, and statistical significance was calculated by two-tailed Student’s ¢ test. (D) Quantification of DNA amounts of W. chondrophila and C.
trachomatis in individual-infection and in coinfection experiments by qRT-PCR. Shown are the results of three independent experiments, each measured in
duplicate, the error bars represent the standard deviation. The reduction in DNA amount in coinfection experiments is not statistically significant as calculated
by two-tailed Student’s f test.

before, the inclusion is less regular in W. chondrophila infection, the inclusion. These membrane-surrounded structures may in-
and growth entails the curious feature of partly propagating deed have origins similar to those of structures that have been
through the generation of initially apparently empty, presumably  described as secondary inclusions during infection with some
membrane-surrounded spaces (holes), which later gain access to  strains of C. trachomatis: initially empty membranous vesicles that
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later on fill with chlamydial reticulate bodies (RBs) and that are
connected to the primary inclusion by IncA-laden fibers (44).

W. chondrophila was found to be more cytotoxic than C. tra-
chomatis but unable to inhibit staurosporine-induced apoptosis.
We also observed less proteolytic activity toward C. trachomatis
CPAF substrates. Unlike during infection with C. trachomatis,
there was no detectable fragmentation of the Golgi apparatus or
sphingomyelin transport to the bacteria. Thus, although W. chon-
drophila can grow readily in all human cell lines tested, W. chon-
drophila infection lacks a number of features associated with C.
trachomatis infection. These features may reflect the adaptation of
Chlamydia to their hosts, and the lack of these abilities may be a
barrier to W. chondrophila to establish itself as a human pathogen.

At the same time, the different cell biology may be interpreted
to mean that the two organisms and their growth characteristics
are not as closely associated as is suggested by the “chlamydial”
developmental cycle inside a cytosolic inclusion. It may certainly
be argued that the different bacteria use different cell biologies,
which are characterized by different requirements. However,
since all members of the Chlamydiales appear to have originated
from a common progenitor (5), all life styles very likely built on
one original set of cell-biological features. Differences between the
two species, as observed here, therefore permit the distinction into
features that are probably essential and features that reflect adap-
tation to particular hosts or conditions.

Cytoskeletal interactions of C. trachomatis are understood to
some extent. Microtubules are used for initial trafficking of the
nascent inclusion (45), and defined microdomains on the inclu-
sion appear to be responsible for this interaction (46). Actin re-
cruitment has been investigated with small-molecule inhibitors,
and a contribution of bacterial activities and a number of host cell
networks involved have been identified (47). Intermediate fila-
ments have been suggested to convey stability to the inclusion
(23). We found tubulin rearrangements around the Waddlia in-
clusion but neither actin/septin networks nor the vimentin cage.
The function of actin/septin arrangements is in part the release of
the intact C. trachomatis inclusion by “extrusion” (48); the large
amount of cell lysis by W. chondrophila may be a correlate of the
lack of extrusion. The intermediate filament/vimentin structures
have been suggested to convey stability. The lack of these struc-
tures in W. condrophila infection may be the reason for the irreg-
ular shape of the inclusions.

The subject of proteolysis during chlamydial infection has at-
tracted controversy. C. trachomatis expresses CPAF, which is
likely to translocate in part from the inclusion to the cytosol (16,
49, 50), although it is difficult to be absolutely certain of this for
technical reasons and although the bulk of it is probably released
only if the inclusion ruptures toward the end of the developmental
cycle (27). Most of the reported massive degradation events due to
CPAF activity are probably extraction artifacts (26), although
small amounts of degradation occurring in intact cells cannot be
excluded at present (see discussion in reference 35). Against this
background, it is interesting that the reported CPAF substrates
that we have investigated are not (or at least not strongly) de-
graded by Waddlia CPAF, providing additional evidence that their
cleavage is not essentially linked to the chlamydial life style. We
cannot at this stage make the distinction whether Waddlia CPAF
shows less activity or has a different activity toward host cell pro-
teins.

We included the host protein Bim in this analysis, since it has
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been shown that Bim can be degraded by an activity in detergent
extracts from C. trachomatis-infected cells, which in turn can be
inhibited by lactacystin (which blocks CPAF activity) (51). It is
likely that this activity is released during detergent lysis (26). How-
ever, the loss of Bim during chlamydial infection is also seen when
cells are lysed in harsher conditions probably precluding artifacts
(using direct lysis in 2% SDS [28] or 8 M urea [our unpublished
data]), and although CPAF can have the effect of reducing Bim
expression, it is very likely not through direct cleavage (52). A very
similar effect appears to operate in W. chondrophila infection,
where Bim also disappeared, also under conditions where extrac-
tion-associated lysis was prevented.

Antiapoptotic activity is a prominent feature of C. trachomatis
infection. It was therefore surprising that staurosporine-induced
apoptosis was not inhibited by W. chondrophila. It should be
noted that we do not know why C. trachomatis needs this activity.
One possibility is that C. trachomatis infection induces apoptosis
and therefore also has to have the ability to block it. We observed
some low-level proapoptotic activity during Waddlia infection;
that may be seen as supporting this hypothesis.

Itis also possible that the activity is required during infection in
vivo, where the immune system may induce apoptosis in infected
cells. Indeed, it is conceivable that W. chondrophila, although it
can grow well in human cells in vitro, is not a highly prevalent
human pathogen because it cannot in some way counter the im-
mune system in the same manner as Chlamydia, and this could be
linked to the ability to prevent apoptosis.

How chlamydial antiapoptosis works is still not clear. We have
proposed that it is linked to the loss of Bim and other proapoptotic
molecules (28, 33). This loss is indeed likely to have an effect, since
these BH3-only proteins, and most prominently Bim, are impor-
tant triggers of apoptosis, and the loss of Bim has strong effects on
apoptosis in a number of cells (53, 54). However, this effect is not
sufficient for inhibition of staurosporine-induced apoptosis in
HelLa cells, since W. chondrophila-infected cells have very little
Bim left yet are almost fully sensitive to staurosporine. Thus, while
it is likely that the loss of Bim has an antiapoptotic effect, the
prominent antiapoptotic effect of C. trachomatis is probably inde-
pendent of Bim.

Perhaps the greatest surprise was the lack of Golgi apparatus
fragmentation and of post-Golgi sphingomyelin acquisition by W.
chondrophila. This pathway is very well established in chlamydial
infection. The mechanism of Golgi apparatus fragmentation by C.
trachomatis is not known. The only molecular explanation that
had been put forward (i.e., that it occurs through degradation of
the Golgi apparatus matrix protein golgin-84 [34]) is probably not
correct, since it is doubtful that golgin-84 is degraded in intact
infected cells (26). However, Golgi apparatus fragmentation dur-
ing chlamydial infection has been found to require Rab proteins
(55) and is therefore likely linked to vesicular transport; Golgi
apparatus fragmentation may even be a consequence of the redi-
rection of post-Golgi vesicular transport to the inclusion. If that is
the case, it is not surprising that both events (Golgi fragmentation
and post-Golgi sphingomyelin transport to the bacteria) can be
seen in Chlamydia infection but that neither is seen in Waddlia
infection.

Post-Golgi-sphingomyelin transport is not the only known
means of lipid acquisition by Chlamydia. Ceramide and sphingo-
myelin can be transported to the inclusion by the cytosolic lipid
transporter CERT; lipids may be acquired through multivesicular
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bodies or through lipid droplets; glycerophospholipids as well as
sphingomyelin may be acquired through host cell signaling pro-
cesses (for a review, see reference 56). W. chondrophila may there-
fore use options other than these to satisfy its need for host lipids.
Alternatively, or in addition to this, W. chondrophila may have
means of synthesizing lipids through additional pathways and
thus use other precursors. The W. chondrophila genome contains
2,028 coding sequences (CDSs) (4), which is more than twice the
number in C. trachomatis, and may therefore also encode addi-
tional ways of acquiring versus synthesizing nutrients, as has been
suggested based on genomic analyses (11).

In summary, although the infection biology of C. trachomatis
and W. chondrophila is generally similar, there are substantial dif-
ferences. A number of features of C. trachomatis infection are not
indispensable for the biphasic developmental cycle and growth
inside the cytosolic inclusion. The differences are likely adapta-
tions of C. trachomatis to vertebrate hosts and the abilities to in-
hibit apoptosis, to be accepted by cytoskeletal structures, and to
redirect sphingomyelin transport into the inclusion may all be
features that are necessary for successful establishment of C. tra-
chomatis in humans in vivo. Although it has been proposed that W.
chondrophila is an emerging pathogen, the number of cases where
these bacteria have been isolated from human patients is very
small, and a causative role of W. chondrophila has not been dem-
onstrated for any clinical condition. Understanding these differ-
ent features may therefore help us understand how C. trachomatis
has come to be such a successful pathogen.
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