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Abstract
The resistance of epithelial cells infected with Chlamydophila pneumoniae for apoptosis has been attributed to the induced
expression and increased stability of anti-apoptotic proteins called inhibitor of apoptosis proteins (IAPs). The significance of
cellular inhibitor of apoptosis protein-1 (cIAP-1) in C. pneumoniae pulmonary infection and innate immune response was
investigated in cIAP-1 knockout (KO) mice using a novel non-invasive intra-tracheal infection method. In contrast to
wildtype, cIAP-1 knockout mice failed to clear the infection from their lungs. Wildtype mice responded to infection with a
strong inflammatory response in the lung. In contrast, the recruitment of macrophages was reduced in cIAP-1 KO mice
compared to wildtype mice. The concentration of Interferon gamma (IFN-c) was increased whereas that of Tumor Necrosis
Factor (TNF-a) was reduced in the lungs of infected cIAP-1 KO mice compared to infected wildtype mice. Ex vivo
experiments on mouse peritoneal macrophages and splenocytes revealed that cIAP-1 is required for innate immune
responses of these cells. Our findings thus suggest a new immunoregulatory role of cIAP-1 in the course of bacterial
infection.
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signals’’ [9], macrophages manifest a strong inflammatory
response characterized by secretion of various mediators like
TNF-a, IFN-c, IL-8 and nitric oxide. Together these effector
molecules confer immune defense against various intracellular
bacterial infections including C. pneumoniae [10].
During the early phase of infection, Chlamydia induce antiapoptotic pathways conferring resistance of the infected host cells
to apoptotic stimuli like TNF-a, cycloheximide, staurosporine,
FasL, UV and gamma irradiation [11–13]. Recently, it has been
shown that resistance of infected cells for apoptosis induction is
due to the induced expression and increased stability of antiapoptotic IAPs, like X-chromosome linked (XIAP), and cellular
(cIAPs) inhibitors of apoptosis [14,15]. IAP proteins, originally
found in the baculovirus, are evolutionary conserved from insects
to humans and play a principle role in regulating apoptosis [16].
Although several members of the human IAP family of proteins,
including XIAP, cIAP-1 and cIAP-2, interact with caspase-3, 7
and 9 and block apoptosis if over expressed in cells [17,18], the
function of IAPs in vivo is still unknown. XIAP is probably the only
potent direct inhibitor of caspase-3, 7 or 9 [19], but an apoptosis
related phenotype has not yet been identified in XIAP knockout
mice [20]. A recent report suggests that IAPs are multifunctional
signaling devices that influence innate immunity in Drosophila [21].
Human cIAP-1 and cIAP-2 may play a role in controlling the
tumor necrosis factor pathway since they have been shown to
interact with TNF receptor complex components, TRAF1 and

Introduction
C. pneumoniae is a Gram-negative obligate intracellular bacterium
responsible for pulmonary infectious diseases. The presence of this
pathogen in atheromatous plaques implicates its association with
cardiovascular diseases such as atherosclerosis which leads to
coronary heart disease, one of the major factors responsible for
worldwide mortalities.
C. pneumoniae infection starts with the attachment of the virulent
and metabolically inert form of the bacteria known as elementary
bodies (EB) to epithelial cells. This is followed by a unique biphasic life cycle in which EBs differentiate into the non-virulent
and metabolic active form called reticulate bodies (RBs) [1]. C.
pneumoniae infects cell types other than epithelial cells in the course
of infection, such as endothelial cells, smooth muscle cells, alveolar
and blood macrophages [2–5]. Among these, macrophages have
gained significant attention in recent years because they engulf
these bacteria and transmit them from lungs to peripheral
lymphoid tissues for elimination [6]. Macrophages are the key
players in the innate immune defense against various intracellular
bacterial infections [7]. They reside in almost all tissues
constituting the ‘mononuclear phagocyte system’. This complex
network enables the immune system to effectively sense the
microbial invaders and eliminate them from the body. Upon
recognition of pathogen-associated molecular patterns [8] or
molecules released by damaged host cells, referred to as ‘‘danger
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sample was calculated using GAPDH as an internal control. ** p#0.01.
B. Impaired resolution of C. pneumoniae infection from the lungs of
cIAP-1 KO mice. Five mice per group were infected with C. pneumoniae
and infectious bacteria were determined by lung infectivity assays as
described in Materials and Methods. HEp2 epithelial cells were infected
with lung homogenate at different time points post infection and
infectivity was analyzed by quantitative immuofluoresence microscopy.
Infectivity was calculated as the number of chlamydial inclusions
formed per infected HEp2 cell (cIAP-1 KO infected 0.7360.023; WT
infected 0.2860.06 at day 20). The data represent the mean6SEM of
inclusion numbers per cell from three independent experiments. C.
Microscopic images of the chlamydial inclusion formed in HEp2 cell
after infection with lung homogenate. The blue color represents the
nuclei (Hoechst stain) of the HEp2 cell infected and the red color shows
the Chlamydia inclusion (Cpn; arrowheads) formed per cell. The red
background staining in the control samples is probably due to
unspecific antibody aggregate formation.
doi:10.1371/journal.pone.0006519.g001

TRAF2 [22,23]. The significance of both, cIAP-1 and cIAP-2 for
NF-kB activation has been demonstrated in knockout mice [24].
cIAP-2 knockout mice also displayed an attenuated inflammatory
response and profound resistance to LPS in experimental
endotoxic shock. Furthermore, cIAP-2 knockout macrophages
were reported to be highly susceptible to apoptosis in an LPSinduced proinflammatory environment, indicating that cIAP-2 is a
critical factor in maintaining normal innate immune responses
[24]. Recently, it has been suggested that XIAP is involved in
innate immune responses to control Listeria infection in mice [25].
Here we present data demonstrating a compromised immunocompetence of cIAP-1 KO mice against C. pneumoniae infection.
Macrophages from cIAP-1 KO mice were severely affected in
bactericidal innate immune signaling pathways. We propose a new
function for inhibitor of apoptosis proteins in the control of
infection with obligate intracellular C. pneumoniae.

Results
Increased sensitivity of cIAP-1 KO mice for C. pneumoniae
infection
To investigate if cIAP-1 is involved in the control of chlamydial
infection, both wildtype and cIAP-1 KO mice were infected using
a non-invasive intratracheal infection method (for details see
Materials and Methods). The infection of different mouse organs
was monitored by demonstrating the presence of bacterial DNA
by nested PCR (Table S1 and S2). Amongst all organs tested,
lungs were consistently infected with C. pneumoniae at day 3, 10 and
20 post infection (d. p.i) in wildtype and cIAP-1 KO mice (Table
S2). Chlamydial inclusions could be detected in infected mouse
lungs as early as 3 d.p.i. (Fig. S1). However, quantitative real-time
PCR revealed a gradual reduction of bacterial load in lungs of
infected wildtype mice, whereas in cIAP-1 KO mice levels
remained high (Fig. 1A). In contrast to wildtype mice, cIAP-1
KO mice failed to control the lung infection with C. pneumoniae.
To compare the load of viable bacteria in the lung of infected mice,
lung infectivity assays were performed. Lungs of non-infected and
infected animals were homogenized and infectious chlamydial
particles were determined by infecting fresh HEp2 cells and by
counting inclusions by automated microscopy. These assays revealed
an increase in infectious bacteria in lungs of wildtype infected mice
from day 3 to day 10 post-infection which decreased until day 20 post
infection (Fig. 1B,C). In contrast to wildtype mice, cIAP-1 KO mice
were unable to resolve the infection. During the whole experimental
period the amount of infectious bacteria gradually increased
(Fig. 1B,C). Taken together, these results demonstrated an increased
sensitivity of cIAP-1 KO mice to C. pneumoniae lung infection.

Figure 1. Sensitization of cIAP-1 KO mice for C. pneumoniae
lung infection. A. Five mice per group were infected with C.
pneumoniae and the chlamydial ompA gene was amplified from the
lung tissue of each mouse (as described in Supporting Materials and
Methods S1). The relative amount of the ompA gene in each lung
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Deregulated inflammatory response in cIAP-1 KO mice
To obtain first indications of the mechanism underlying the
different outcomes of lung infection in wildtype and cIAP-1 KO
mice, lungs of infected and non-infected animals were analyzed for
production of inflammatory cytokines. Histopathological analyses
indicated an increased accumulation and recruitment of inflammatory (CD68+) alveolar macrophages in lungs of wildtype mice
in response to C. pneumoniae infection (Fig. 2A). These macrophages
were located close to bacterial inclusions in infected lungs of
wildtype mice. Accumulation of the inflammatory macrophages in
lungs of wildtype mice in response to infection indicated a
chemotactic response, which was found to be compromised in the
infected lung of cIAP-1 KO mice.
We next quantified the inflammatory response by determining
IFN-c and TNF-a titers in lungs of wildtype and cIAP-1 KO mice in
response to infection. C. pneumoniae infection caused an increase in
pulmonary IFN-c and TNF-a in both wildtype and cIAP-1 KO
mice as compared to the non-infected control (Fig. 2B,C,D).
Infected cIAP-1 KO mice produced higher pulmonary IFN-c titers
than infected wildtype mice. These data demonstrated a partial deregulation of the inflammatory response of cIAP-1 KO mice.

cIAP-1 is required for the production of TNF-a in
macrophages
To understand the reason for the dysregulated inflammatory
response in cIAP-1 KO mice, innate immune functions of wildtype
and cIAP-1 KO macrophages were analyzed. Because increased
expression of closely related cIAP-2 might counterbalance the loss
of functional cIAP-1 [33], the expression level of cIAP-2 was
checked by immuoblot analysis. No increase of cIAP-2 level was
observed in macrophages whereas in lung tissue elevated levels of
cIAP-2 were observed (Fig. S2, 3A,B). Peritoneal macrophages
from both wildtype and cIAP-1 KO mice were stimulated with
bacterial LPS (Fig. 3C) and/or infected with C. pneumoniae (Fig. 3D).
Treatment of wildtype macrophages with increasing doses of LPS
(1–5 mg/ml) resulted in a dose-dependent stimulation of TNF-a
secretion. cIAP-1 KO macrophages responded similarly to LPS
treatment, however, TNF-a titers remained significantly lower
than in wildtype macrophages (Fig. 3C). This tendency was also
observed if macrophages were infected or stimulated with LPS and
infected with C. pneumoniae (Fig. 3D). These findings together
indicated a possible role of cIAP-1 in the LPS- and infectioninduced production of TNF-a in macrophages.
The defects observed in LPS- and infection-induced TNF-a
production in cIAP-1 KO macrophages could be restricted to LPSinduced pathways. We therefore stimulated macrophages with IFNc, which stimulates TNF-a production via NF-kB independent of
LPS [26]. However, cIAP-1 KO macrophages produced significantly less TNF-a compared to wildtype macrophages (Fig. 3E),
ruling out a LPS-specific defect in these macrophages.

Figure 2. Dysregulated inflammatory responses of cIAP-1 KO
mice. A. Reduced numbers of macrophages in lungs of infected cIAP-1
KO mice. The lungs from mice either non-infected or infected for 20
days were excised aseptically and 5 mm pieces were fixed and
sectioned. The sections were stained with rabbit anti-Chlamydia LPS
antibody and Cy3-conjugated secondary antibody, and with anti-CD68
antibody detected with Alexa-488 conjugated secondary antibody to
localize C. pneumoniae and alveolar macrophages, respectively. The
lung epithelial cells were stained with Hoechst and examined
microscopically by using a fluorescent microscope under 406of
objective. The figure shows a typical example of at least five
independent infections. B, C. Levels of IFN-c (B) and TNF-a (C) were
determined in lung homogenates from wildtype and cIAP-1 KO mice by
ELISA at different time points post infection. Data represent the
mean6SEM from five independent infection experiments. * p#0.05; **
p#0.01.
doi:10.1371/journal.pone.0006519.g002

cIAP-1 is required for the production of NO in
macrophages
Another important mediator involved in the bactericidal effect
of macrophages is nitric oxide (NO) free radical. Treatment of
wildtype macrophages by bacterial endotoxin induced the
generation of significant amounts of NO in a dose- and timedependent fashion (Fig. 4A). In contrast, cIAP-1 KO macrophages
had a strongly diminished capacity to produce NO upon LPS
stimulation. C. pneumoniae infection of wildtype macrophages
induced only low amounts of NO 24 h post infection (not shown),
which was modestly but significantly higher at 48 h post infection
in comparison to the uninfected control (Fig. 4B). In contrast,
PLoS ONE | www.plosone.org
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infection during the experimental period (Fig. 4B).
To test whether cIAP-1 is involved in innate stimulation of NO
production, we stimulated these macrophages with different doses of
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Figure 3. cIAP-1 is required for endotoxin- (LPS) and IFN-cinduced inflammatory response. A. cIAP-2 is upregulated in the
lungs of knockout mice. Lung homogenates from wildtype ad knockout
mice were subjected to immunoblot analysis for the quantification of
cIAP-2 and XIAP as described in Materials and Methods. b-tubulin was
detected as a loading control. B. Densitometric quantification of the
data shown in figure 3A normalized for b-tubulin as loading control. C.
The isolated peritoneal macrophages from both wildtype and cIAP-1 KO
mice were treated with different doses of LPS, and TNF-a was
determined in the culture supernatants 48 h post treatment. Data
represent the mean6SEM from three independent experiments. D.
Impaired TNF-a production in infected cIAP-1 KO macrophages.
Macrophages were cultured and infected with C. pneumoniae at MOI
1 and/or treated with LPS at 5 mg/ml. TNF-a titers were determined in
the culture supernatants 48 h post infection and treatment. Data are
presented as the mean6SE from three independent experiments. E.
cIAP-1 is required for IFN-c-mediated production of TNF-a. Peritoneal
macrophages from wildtype and cIAP-1 KO mice were isolated and
stimulated with different doses of mouse IFN-c ex vivo. The supernatant
were collected at 48 h after stimulation and TNF-a titers were
quantified by ELISA. Data represent the mean6SEM from two
independent experiments. * p#0.05; ** p#0.01.
doi:10.1371/journal.pone.0006519.g003

TNF-a and IFN-c, and NO titers were quantified. TNF-treatment
of wildtype macrophages induced production of NO in a dosedependent manner (Fig. 4C). cIAP-1 KO macrophages failed to
produce significant levels of NO in response to TNF-a. The lack of
NO production by KO macrophages upon TNF-a stimulation was
not due to reduced viability of the treated cells (Fig. S3). In contrast
to TNF-a, treatment of macrophages with IFN-c elicited similar
NO responses in wildtype and KO macrophages, demonstrating
that cIAP-1 KO macrophages have a stimulus-dependent defect in
NO signaling (Fig. 4D).
NO is mainly produced by the inducible NO synthase (iNOS) in
macrophages [27]. The clear defect of cIAP-1 KO macrophages in
NO production prompted us to investigate whether these cells are
affected in iNOS expression. Interestingly, LPS or TNF-a treatment
induced iNOS expression in wildtype, but not in cIAP KO
macrophages (Fig. 4E). In contrast, IFN-c caused the up-regulation
of iNOS in both wildtype and KO (Fig. 4E) ruling out a general
defect in iNOS expression in the KO mice. Because cIAP-1 has
been implicated in the control of apoptosis, we investigated the
effect of these treatments on the induction of apoptosis in wildtype
and mutant macrophages. Since none of the treatments elicited a
significant increase in the apoptotic population or affected the
viability of treated macrophages (Fig. S3), the reduced production of
NO by mutant macrophages in response to certain stimuli was not
due to increased cell death in these cases. These data suggested that
the defect of cIAP KO macrophages in inducing NO originated
from a defect in the stimulus dependent up-regulation of iNOS.

Resistance of cIAP-1 KO mice to endotoxin shock
TNF-a and NO are the key mediators of endotoxin-mediated
toxicities. Since cIAP-1 KO macrophages were clearly affected in
their production of TNF-a and NO, we expected an increased
resistance of these mice to endotoxin-induced toxicities. We
therefore determined the dose of lethal endotoxin-induced shock
in wildtype and cIAP-1 KO mice. Wildtype mice died in a dosedependent fashion; for example, a dose of 0.5 mg/kg body weight
of bacterial LPS evoked 100% mortality within 96 h post
induction of shock in wildtype mice (Fig. 4F). In contrast, 60%
of the cIAP-1 KO mice survived treatment with the same dose of
LPS (Fig. 4G), demonstrating a significantly increased resistance of
these mice for LPS-induced shock. In contrast to the LPS-induced
shock, we found no difference in survival and bacterial load in the
spleen after i.v. challenge of wildtype and cIAP-1 KO mice with
PLoS ONE | www.plosone.org
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Figure 4. cIAP-1 is required for nitric oxide production in response to LPS and TNF-a in peritoneal macrophages. A. Macrophages
from wildtype and cIAP-1 KO mice were stimulated with different doses of LPS and the NO titer was determined in the culture supernatant at the
indicated time points post treatment. B. LPS- and infection- (Cpn) induced NO production in cIAP-1 KO and wildtype macrophages. 16104 peritoneal
macrophages were infected with C. pneumoniae at an MOI of 1. Cells were treated with LPS 30 min after infection and further incubated at 37uC for
48 h. NO generation was quantified in culture supernatants. C. TNF-a-induced production of NO in cIAP-1 KO and wildtype peritoneal macrophages
24 h post treatment. Both wildtype and cIAP-1 KO macrophages were cultured and stimulated with the indicated doses of TNF-a and NO was
measured in the supernatant 24 h post induction. D. IFN-c-mediated NO production in KO and wildtype macrophages. 16106 macrophages were
stimulated with murine IFN-c and NO were determined in culture supernatants 48 h later. The data are presented as the mean6SEM from three
independent experiments. E. cIAP-1 is required for the induction of iNOS by LPS and TNF-a in mouse macrophages. The cells were incubated with the
indicated reagents and the levels of iNOS were determined by western blot of whole cell lysates. a-actin was detected as loading control. F and G.
Resistance of cIAP-1 KO mice against LPS-induced endotoxin shock. Mice were treated with different doses of LPS intraperitoneally (from 0.1 to
0.5 mg/kg body weight [b.w.]) and the survival of wildtype (F) and cIAP-1 KO mice (G) was monitored over a 14 day period. Shown are the
representative results of one out of three independent experiments. * p#0.05; ** p#0.01.
doi:10.1371/journal.pone.0006519.g004

Salmonella Typhimurium SL1344 (Fig. S4), suggesting that
additional mechanisms besides endotoxin exposure cause toxicity
in the case of Salmonella infection.

Mac-1-positive macrophages differently. Macrophages were treated
with LPS and the metabolic activity was measured using the WST
assay. If treated with LPS, cIAP-1 KO macrophages exhibited less
metabolic activity compared to wildtype macrophages (Fig. 5C,D). A
decrease in metabolic activity was observed upon infection of both,
wildtype and KO macrophages with C. pneumoniae (Fig. 5E). A similar
result was obtained when the survival of treated and infected
macrophages was measured using the MTT assay (Fig. 5F). We also
observed the loss of infected cIAP-1 KO macrophages from the cell
culture plate after prolonged infection (Fig. 6A,B). To further
characterize the reason for the cell loss, LDH release and caspase 3/7
activation was measured to assay necrotic and apoptotic cell death,
respectively. Whereas caspase 3/7 was not increased in KO
macrophages compared to wildtype cells, a small but significant
(p#0.05) increase in LDH activity could be measured in the culture
supernatants (Fig. 6C,D), suggesting a necrotic type of cell death
induced by C. pneumoniae infection.

C. pneumoniae infection elicits cytotoxicity on
macrophages
The depletion of macrophages from the lungs of infected cIAP-1
KO mice raised the question whether infection directly affects
survival of macrophages. We therefore investigated the role of cIAP-1
in the survival and proliferation of macrophages in response to C.
pneumoniae infection and/or mitogenic stimuli. To test whether cIAP-1
affects the infection efficiency, macrophages from wildtype and cIAP1 KO animals were infected and the inclusions were detected by
immunofluorescence microscopy. Inclusions could be detected at
similar quantities in wildtype and KO macrophages ruling out a
major role of cIAP-1 in infection of C. pneumoniae (Fig. 5A,B). We next
tested whether infection or LPS treatment affected the proliferation of
PLoS ONE | www.plosone.org
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Figure 5. Impaired growth of cIAP-1 KO macrophages. A. Peritoneal macrophages from wildtype and ciap-1 KO mice were harvested and
cultured in antibiotic free RPMI-1640 medium over night. Next day the macrophages were infected with C. pneumoniae at different MOI. 72 h post
infection, the macrophages were fixed with chilled absolute methanol and stained with anti C. pneumoniae antibody. Shown here is the
representative micrographs of the macrophage infected. B. Quantification of inclusions in macrophages. 16104 wildtype and cIAP-1 KO macrophages
were cultured in 96 well plates in antibiotic free medium and infected with different doses of C. pneumoniae. The cells were fixed and stained with
anti-C. pneumoniae antiserum. The inclusion in the macrophages were determined by automated microscopy as described in Materials and Methods.
Data are represented as mean6SEM from three independent experiments. C. Quantification of Mac-1+(CD11b+) peritoneal macrophages. The
macrophage from wildtype and cIAP-1 macrophage were treated with increasing doses of LPS and Mac-1+peritoneal macrophage were compared
among wildtype and KO mice. Shown here is the immune fluorescence picture of Mac-1+macrophages (green) and DNA (blue) and analyzed by
immunofluorescence microscopy. D. Mouse peritoneal macrophages from wildtype and cIAP-1 KO mice were stimulated ex vivo with different doses
of LPS and their survival was measured 48 h later by WST assay. E. Toxicity of C. pneumoniae infection on macrophages. Metabolic activity of infected
was determined by standard WST assays as described in Supporting Materials and Methods S1. Data are represented as mean of OD6SEM from three
independent experiments. F. The survival of macrophages under infection experiments was measured by standard MTT assays as described in
Supporting Materials and Methods S1. Data are represented as the mean OD6SEM from three independent repeats.
doi:10.1371/journal.pone.0006519.g005

mitogenic stimuli by 3H-thymidine uptake assays. Treatment of
splenic polymorphonuclear cells (PMC) and T cells (for details see
Supporting Materials and Methods S1) with LPS and Concanav-

Loss of functions in immune cells from cIAP-1 KO
To find out whether the defect observed was specific for
macrophages we tested other immune cells for their response to
PLoS ONE | www.plosone.org
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Figure 7. Impaired stimulatory potential in splenocytes from
cIAP-1 KO mice. A and B. 16106 PMC (A) and splenic T cells (B) from
wildtype and cIAP-1 KO mice were stimulated with different doses of
LPS and Con A, respectively, and the stimulatory potential was
measured by 3H-thymidine incorporation. Data represent the mean of
counts per minutes CPM6SEM from three independent experiments. *
p#0.05; ** p#0.01.
doi:10.1371/journal.pone.0006519.g007

alin A, respectively, resulted in an enhanced proliferation of both
wildtype and cIAP-1 KO cells. However, cIAP-1 KO leukocyte
were strongly compromised in their proliferation compared to
wildtype cells (Fig. 7A,B).
In conclusion, these data demonstrate the involvement of cIAP1 in the control of C. pneumoniae infection and the integrity of the
innate immune functions of mouse macrophages and splenocytes.

Discussion

Figure 6. Cytotoxicity of C. pneumoniae infection on macrophages. A and B. Phase contrast pictures of non-infected (control)
and infected macrophages from wildtype (WT) and cIAP-1 KO (KO) mice
were taken 24 h, 48 h and 96 h post infection at 406magnification.
Shown are representative pictures from one out of three independent
experiments. C. The culture supernatants from macrophages infected
as in figure 5 or 6A,B were taken and cytotoxicity of infection was
compared quantitatively by LDH release at 72 h post infection using the
LDH cytotoxicity detection kit (Roche). D. Both wildtype and cIAP-1 KO
macrophages were infected and stimulated with TNF-a and IFN and
activity of caspase-3 and -7 was quantified using Caspase-GloH
luminescent assay at 24 h post infection. * p#0.05.
doi:10.1371/journal.pone.0006519.g006

PLoS ONE | www.plosone.org

C. pneumoniae infection induces the expression and increased
stability of inhibitor of apoptosis proteins IAPs, which confer resistance
of infected cells to apoptosis induced by different stimuli [14].
Based on this observation and since induction of apoptosis has
been suggested a potential strategy to activate anti-bacterial
responses required for the resolution of bacterial infections [28],
we assumed that inhibiting apoptosis of infected cells would ensure
bacterial survival. Interfering with infection-induced anti-apoptotic
signaling should confer resistance against bacterial infection. In
contrary to our expectations, cIAP-1 KO mice were clearly
7
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Production of inducible NO is another potent mechanism by
which macrophages kill bacterial pathogens in general [27,39] and C.
pneumoniae in particular [40,41]. NO is generated by nitric oxide
synthases (NOS). Of the three NOS isotypes found in mammalian
cells, NOS2 also called iNOS (inducible or independent of elevated
Ca2+) is most important in the context of infection, inflammation and
immune regulation [27,39]. We found a strong decrease in NO
production in macrophages from cIAP-1 KO mice stimulated with
LPS and TNF-a compared to wildtype cells. Interestingly, this effect
was not observed if macrophages were treated with IFN-c suggesting
that cIAP-1 is involved in specific signaling pathways leading to the
generation of NO. The block in NO production in cIAP-1 KO
macrophages is probably upstream of iNOS induction since inducers
which triggered a cIAP-1-dependent increase in NO (LPS, TNF-a)
also induced iNOS expression. However, stimulation of NO in
wildtype and cIAP-1 KO macrophages by IFN-c remained
comparable and redundant (Fig. 4), indicative of cIAP-1-independent
stimulation of NO by IFN-c. This is especially interesting since
induction of murine iNOS by LPS also involves the IFN-c pathway,
as demonstrated previously in IFN-c [42], IFN-c receptor [43] and
STAT-1 [44] deficient mice. Since cIAP-1 KO macrophages express
normal amounts of the LPS receptors, CD14 and TLR4 (HP and
TR, unpublished), we speculate that cIAP-1 acts downstream of LPS
receptors and upstream of IFN-c induction to up-regulate iNOS.
We found an increased resistance of cIAP-1 mice for endotoxic
shock induced by LPS treatment. Mortality of KO and wildtype
mice infected with Salmonella was, however, similar, suggesting
unknown mechanisms besides endotoxin exposure causing toxicity
in case of infection. Salmonella infection of macrophages is known to
activate different pathways leading to cell death [45]. One of these,
called pyroptosis because of its proinflammatory effect, is a caspase1-dependent form of cell death dependent on the Salmonella typethree secretion system (T3SS) and effectors [46]. As caspase-1 KO
mice are resistant to Salmonella infection [47], pyroptosis induced by
Salmonella may not be influenced by cIAP-1 in vivo.
There are at least two different possible mechanisms by which
cIAP-1 KO mice resist endotoxin shock. Firstly, increased
sensitivity of LPS treated cIAP-1 KO macrophages to cell death
(see Fig. 5) may lead to the depletion of macrophages upon
induction of a systemic inflammatory response. As a consequence,
a major source for proinflammatory cytokines is ablated leading to
an attenuated immune response and protection from shock. This
scenario has been suggested as mechanism for endotoxin shock
resistance of cIAP-2 KO mice [24]. However, the finding of severe
defects in TNF-a production by cIAP-1 KO mice and the
induction of iNOS upon TNF-a and LPS challenge shifts the focus
to NO as an effector of shock. Systemic TNF treatment provokes a
lethal shock syndrome, in which cardiovascular collapse is
centrally orchestrated by NO [48]. Several lines of evidence
support an important role for the vasodilator NO in hypotension,
a hallmark of septic shock [49,50]. The reduced response of cIAP1 KO macrophages and splenocytes to proliferate in response to
LPS and Con A treatment may well contribute to the resistance of
these animals for LPS-induced endotoxin shock.
These findings suggest that, besides their role in apoptosis
regulation, IAPs play a prominent role in innate and adaptive
cellular immunity.

sensitized for pulmonary infection with C. pneumoniae, strongly
supporting a role of cIAP-1 in the immune response against these
obligate intracellular bacteria.
Accumulating evidence suggests that cIAP-1 and cIAP-2 are
involved in signal transduction including the NF-kB pathway [29–
32]. Recent data demonstrated a key role of these IAPs in the
control of TNF-a-induced NF-kB signaling. However, cIAP-1 and
cIAP-2 exert redundant functions in this signaling pathway [29].
Moreover, the cIAP-1 knockouts were initially reported to have no
overt phenotype, because of compensation by the up-regulation of
cIAP-2 in various tissues and cells such as spleen, thymus and
MEFs [33]. We observed the up-regulation of cIAP-2 in lung
tissue, but not in macrophages of cIAP-1 knockout mice. Due to
the clear phenotype of the cIAP-1 knockout mice, we postulate a
non-redundant role of cIAP-1 in chlamydial lung infection. This
does not exclude a function of cIAP-2 in chlamydial lung infection
since both may be organized in functional complexes [15].
C. pneumoniae infection induces secretion of inflammatory
mediators like IFN-c in host macrophages, which is crucial for
their anti-bacterial defense via induction of TNF-a [34]. It was
therefore expect that increased titers of IFN-c in the lungs of
infected cIAP-1 KO mice results in the increased production of
TNF-a. However, infected cIAP-1 KO mice had lower TNF-a
titers than wildtype mice. This could be due to either the depletion
of alveolar macrophages or their reduced recruitment to the lungs
of infected cIAP-1 KO mice. These assumptions are supported by
our comparative histo-pathological analyses of lungs from infected
KO and wildtype animals (Fig. 2A). We found an increased
sensitivity of cIAP-1 KO macrophages for high concentrations of
TNF-a in vitro (not shown) compared to macrophages from
wildtype animals. It is thus possible that macrophages from cIAP-1
KO mice undergo apoptotic cell death in the inflamed lung tissue,
as suggested for cIAP-2 knockout mice [24]. However, enhanced
macrophage apoptosis alone probably does not account for the
increased infection of the cIAP-1 KO mice we observed, because
macrophage apoptosis in the fully immune competent animal
rather supports the clearance of lung infections [28]. Furthermore,
we could not observe the sensitization for apoptosis of macrophages from KO versus wildtype animals upon infection with C.
pneumoniae or treatment with different stimuli (Fig. 6B and S3). We
therefore assumed a defect in the innate immune response was
responsible for the reduced macrophage numbers and increased
bacterial load of infected animals.
Among various virulent factors, C. pneumoniae LPS and HSP60
are well known stimulators of macrophage-mediated inflammatory responses which manifest a strong anti-bacterial defense
[35,36]. In line with a dysfunction of the cIAP-1 KO
macrophages in these signaling pathways, LPS treatment or C.
pneumoniae infection induced the production of TNF-a in the
supernatant of wildtype macrophages whereas the response of
knockout macrophages was reduced. A similar defect has been
observed in cIAP-2 KO mice, which showed a profound
resistance against LPS-induced inflammatory responses [24].
However, cIAP-1 KO mice were not only affected in LPStriggered signaling pathways leading to TNF-a secretion. The
response to IFN-c treatment was also strongly reduced compared
to wildtype macrophages, demonstrating an impaired IFN-c
induced signaling to TNF-a production in the cIAP-1 KO
macrophages. Since TNF-a is one of the central cytokines
involved in anti-chlamydial defense in both epithelial cells and
macrophages [37,38], the reduced production of TNF-a in the
lungs and macrophages of cIAP-1 KO mice is very likely one of
the main reasons for the opportunistic survival of C. pneumoniae in
the lungs of infected cIAP-1 KO mice.
PLoS ONE | www.plosone.org

Materials and Methods
Ethics statement
Animal testing was performed according to German Animal
Protection law (TierSchG). The application for the experiments
was reviewed by the responsible local authorities, Landesamt für
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sections were blocked with 2% FCS/TBS for 1 h at RT. The
sections were probed with rabbit anti- Chlamydia LPS and anti
mouse CD68 markers to stain C. pneumoniae and macrophages,
respectively. After 3 washes with TBS at RT, the sections were
incubated with anti rabbit Cy3-conjugated IgG for C. pneumoniae and
anti rat Alexa 488 for macrophages for 1 h at RT. Lung epithelial
cells were visualized by staining them with Hoechst dye for 5 min at
RT. The sections were washed three times with TBS, rinsed shortly
with distilled water and mounted on coverslips. The sections were
analyzed using fluorescence microscopy under 406magnification.

Gesundheit und Soziales, Berlin, and approved (permission
No. G0325/05).

C. pneumoniae stock
C. pneumoniae strain VR1310 was propagated in HEp-2 cells.
These cells were infected with C. pneumoniae and lysed by
mechanical disruption with a rubber policeman 72 hour post
infection. Bacteria were subsequently harvested by centrifugation
at 5006g at 4uC for 10 min. The pellet was ruptured using glass
beads and the lysates were centrifuged as before. The supernatants
were removed and centrifuged at 45,0006g for 45 min at 4uC in a
SS34 rotor (Sorvall Instruments) to pellet Chlamydia. The bacteria
were resuspended in SPG (sucrose-phosphate glutamate) buffer
and stored at 280uC.

Total nitrite production
Supernatants from macrophages were used to determine NO as
nitrite (a stable form of NO) by the standard Griess reagent assay.
Equal volumes of the culture supernatants and Griess reagent (1%
sulphanilamide/0.1% N-(naphthyl) ethylene-diaminedihydrochloride in 1:1 ratio) were mixed and absorbance was measured at
550 nm by Spectra max spectrometer (Molecular Devices). The
amount of nitrite produced in samples was calculated against a
NaNO2 standard curve by using the SPF program.

Non-invasive intratracheal infection of mice
A novel non-invasive spray method was established for infecting
mice with C. pneumoniae. Mice were anesthetized by intraperitoneal
injection of Ketamine (120 mg/kg) and Xylazine (16 mg/kg) and
placed backwards on a small box. A microsprayer (Penn-Century,
Philadelphia, PA) was placed oropharyngeally into the trachea
with the help of a laryngoscope and a binocular light microscope,
and mice were infected by aerosolizing 56106 bacteria in 25 ml
SPG buffer into the airways. Control mice were kept on placebo
and received the same amount of SPG buffer. Mice were routinely
examined and the infectivity was monitored over the schedule of
21 days. The body weight of each mouse and other toxicological
measurements were recorded over the course of infection.

ELISA for cytokines
TNF-a and IFN-c titers in the lung homogenates and/or
macrophages culture supernatants were measured by using an
ELISA kit (BD Pharmingen, USA). Polystyrene plates (Maxisorp,
Nunc, USA) were coated with monoclonal anti-cytokine antibody
and incubated overnight at 4uC. The plates were washed and blocked
with PBS+10% FBS for 1 h. Recombinant cytokine standards and
samples were incubated for 2 h at RT. After washing, plates were
further incubated with biotinylated detection antibody for 1 h at
25uC. Substrate solution was added and plates were incubated for
10–30 min at RT. The reaction was stopped and the plates were read
at 492 nm by a multiwell spectrometer, Spectra max 250 (Molecular
Devices). Cytokine concentrations in samples were calculated by SPF
software using a recombinant cytokine standard curve.

Lung infectivity assay
Bacterial load in the lung of infected mice was monitored by
conventional lung infection assay [51]. The lungs of mice were
kept separately in the infecting medium (RPMI+5% FCS), minced
mechanically using a mesh and homogenized using a tissue
homogenizer to obtain a suspension. The cellular debris and
fibrous tissues were removed by passing the homogenate through a
40 mm cell strainer. The filtrate was centrifuged at 5006g for
10 min at 4uC and the resulting supernatant contained chlamydial
elementary bodies. Fresh HEp2 cell monolayer was used to infect
in 96 well plates by centrifugation at 7006g at RT for 1 h. After
centrifugation plates were incubated in 5% CO2 at 35uC for 1 h
before the medium was replaced with fresh RPMI containing 5%
FCS, 1% Gentamycin and 1 mg Cycloheximide and the culture
was kept in a CO2 incubator at 35uC further for 72 h.

Westernblotting for IAPs
Lungs of KO and WT animals were washed with PBS and
homogenized in 3 volumes RIPA buffer (10 mM Tris/HCl
[pH 7,5], 130 mM NaCl, 1% Triton X-100, 0,02% SDS,
phosphatase inhibitor [PhoSTOP], protease inhibitor [complete]).
After incubation on ice for 1 h, the lysates were sonificated for
10 sec and cleared by centrifugation for 30 min at 4uC and
14,000 rpm. The middle layer containing proteins was centrifuged
as above for additional clearing and protein amounts were
determined by Bradford assay. For detection of XIAP, lysates
were incubated with Sepharose G beads over night at 4uC to
reduce serum IgGs. 26Laemmli buffer (100 mM Tris/HCl
[pH 6,8], 20% glycerin, 4% SDS, 1,5% 2-mercaptoethanol,
0,2% bromphenol blue) was added to the lysates and boiled at
95uC for 5 min. Protein lysates were separated by SDS-PAGE and
transferred to a PVDF membrane (GE Healthcare). After blocking
for 1 h with 5% skimmed dry milk in TBS containing 0.5%
Tween-20 (TBST), the membrane was decorated over night at
4uC with the following primary antibodies: rabbit polyclonal cIAP2 (H-85) and beta-Tubulin (H-235) (Santa Cruz) and mouse
monoclonal XIAP (BD Transduction). Antibody-antigen complexes were detected by HRP-linked donkey anti-rabbit or sheep
anti-mouse secondary antibodies (GE Healthcare).

Immunostaining and automated microscopy
For staining the chlamydial inclusion, the cell monolayer was
blocked with PBS+0.2% BSA for 1 h and incubated with mouse
anti C. pneumoniae antibody (Ab-Cam) for 1 h at RT. After
washing, cells were further incubated with Cy3-conjugated affinity
purified goat anti mouse IgG (monoclonal) antibody for 1 h at RT.
The cell nuclei were stained with Hoechst dye. Images were
acquired by a Scan R automated microscope system (Olympus)
using UPLSAPO lenses (106magnification) as previously described [52]. Infectivity was calculated as the number of
chlamydial inclusions per cell using the Scan R-Analysis software.

Histopathology of lung tissue
For histopathological analysis, mouse lungs were cut in 5 mm
long pieces and fixed with 4% PFA for 1 h at RT. The tissues were
washed, air dried and blocked by placing tissues in cryo-stat
medium at 220uC. Ten mm sections were cut in a cryotome (Leica)
and air dried in a closed box at 4uC over night. The next day, these
PLoS ONE | www.plosone.org

Western blotting for iNOS
Peritoneal macrophage treated with various inflammatory
inducers (LPS, IFN-c and TNF-a) were lysed in 50 mM Tris9
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HCl (pH 7.4), 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40,
and protease inhibitor mixture and sonicated. The lysate was
centrifuged at 14,000 rpm for 20 min at 4uC to separate cytosol
and particulate fraction. Protein concentration was determined by
the Bradford method (Bio-Rad, Munich, Germany). Proteins
(10 mg for each lane) were separated on 7.5% SDS-PAGE and
blotted on PVDF membrane by wet electroblotting. Blots were
blocked overnight at 4uC with 5% non-fat dry milk in TBS-T at
pH 7.5 (20 mM Tris base, 137 mM NaCl, and 0.1% Tween 20)
and then incubated for 2.5 h with anti-iNOS (BD Pharmingen,
Heidelberg, Germany) followed by the HRP conjugated secondary
antibody. Blots were developed by ECL (Amersham, Life Sciences,
Freiburg, Germany) and actin was used as a loading control for
normalization.

es (green). The lung epithelial cells were counter stained with
DAPI (blue). The sections were analyzed by epi-florescent
microscopy. Pictures shown here are typical examples of sections
analyzed from three independent repeats.
Found at: doi:10.1371/journal.pone.0006519.s002 (1.30 MB TIF)
Figure S2 Disruption of IAP levels in cIAP-1 KO macrophages.
(A) Mac-1+macrophage from both WT and cIAP-1 KO mice were
isolated. Total protein lysates were prepared from 1610E6
macrophages as described and 20 mg of protein from WT and
cIAP-1 KO macrophage were separated by SDS-PAGE and the
blotted onto PVDF membrane. Levels of IAPs and beta-actin
(loading control) in these macrophages were detected by
immunoblot analysis using cIAP-1 (BD transduction), rabbit
polyclonal antiserum cIAP-2 (H-85) (Santa Cruz) and mouse
monoclonal XIAP (BD Transduction). (B) PCR genotyping of lung
tissue from wildtype and cIAP-1 KO mice. DNA extracted from
lung tissue of wildtype (WT) or cIAP-1 KO mice (KO) was
amplified with primers that bind to a sequence within exon 1 of
the cIAP-1 gene (ex1) or to a sequence in the neomycin gene (neo)
that was inserted into exon 1 of the cIAP-1 gene to generate KO
mice (neo).
Found at: doi:10.1371/journal.pone.0006519.s003 (0.42 MB TIF)

Splenocyte primary cell culture and proliferation
The spleens from both wildtype and cIAP-1 KO mice were
excised aseptically and a single cell suspension was prepared as
previously described [53]. The spleens was kept in serum free
RPMI 1640 medium and crushed between two frosted-end slides.
The splenic homogenate was filtered through 40 mM cell strainer
for the removal of tissue and debris. The suspension was carefully
transferred to a 15 ml conical centrifuge tube and centrifuged at
1,500 rpm for 10 min, 4uC. RBCs were removed by RBC lysing
buffer (0.1 M NH4Cl). Lymphocytes were separated from
adherent PMN and monocytes by adherence method. For that
purpose the single cell suspension so prepared was incubated at
37uC for 3 h and floating lymphocytes were collected, centrifuged
at 1,500 rpm, 10 min at 4uC and resuspended in RPMI 1640
medium supplemented with 10% heat-inactivated FBS, 15 mM
HEPES buffer, 2 mM L-glutamine and 1% Gentamycin. The
viable lymphocytes were counted by trypan blue dye exclusion
method. These lymphocytes were stimulated with Con A for
inducing their proliferation. The PNM cells were separated from
lymphocytes in similar way and stimulated with LPS for inducing
their proliferation in flat bottom 96-well polystyrene microtiter and
their proliferation was measured by tritiated thymidine (3H-Td)
uptake method. Cells after 72 h post treatment were pulsed with
0.5 mCi 3H-Td (18.5kBq) for 18 h and harvested on the glass fiber
filter mats by using cell harvester. Radioactivity was counted by
using liquid scintillation counter (Perkin Elmer).

Figure S3 No increased apoptosis of ciap-1 KO macrophages
upon treatment with stimuli. A and B. 16106 macrophages from
both wildtype and cIAP-1 KO mice were isolated and cultured as
described. Apoptosis was evaluated by determining caspases-3/7
activity by the Caspase-GloH luminescent Assay. Macrophages
were stimulated with various inflammatory mediators (TNFalpha: 50 ng/ml; IFN-gamma: 50 ng/ml; LPS: 5 mg/ml; Sodium nitroprusside (SNP): 300 nM) and their response was
monitored after 24 h (A) and 48 h (B) post treatment. Neither
of the treatments elicited an apoptotic response in wildtype or
cIAP-1 KO macrophages. Data are represented as mean of
luminescence6SEM from two independent experiments with
similar results. (C) Determination of macrophages viability.
Macrophages treated with inflammatory cytokines and their
survival was measured by MTT dye reduction method. The
macrophages under above treatments were incubated with MTT
dye and The amount of purple formazon crystals formed as a
result of its reduction was measured at 570 nm by a spectrometer,
Spectra max 250 (Molecular Devices, Munich, Germany). Data
are represented as mean OD6SEM from three independent
experiments.
Found at: doi:10.1371/journal.pone.0006519.s004 (0.25 MB TIF)

Experimental endotoxin shock
For inducing endotoxin shock, both wildtype and cIAP-1 KO
mice (8–10 wk old, 5 per group) were administered various (suband supra-lethal) doses of bacterial endotoxin (LPS; Salmonella
Typhimurium Sigma) in 0.2 ml volume of non-pyrogenic saline,
intraperitoneally. Control mice were administrated the same
volume of normal non-pyrogenic-saline. Survival of wildtype and
cIAP-1 KO mice was compared during the observation period of
one week.

Figure S4 No effect of cIAP-1 in the control of Salmonella
infection and toxicity Intravenous infection of C57BL/6 and KO
cIAP-1 mice with Salmonella Typhimurium. C57BL/6 and KO
cIAP-1 mice were infected with 500 colony forming units (cfu)
Salmonella Typhimurium SL1344 via a tail vein. A. cfu per spleen
were determined 5 days post infection. Bacterial load is equivalent
in both C57BL/6 and KO cIAP mice. B. Survival was monitored
over one week after infection. All mice were dead 6 days post
infection without any significant difference in C57BL/6 or KO
cIAP-1 mice.
Found at: doi:10.1371/journal.pone.0006519.s005 (0.16 MB TIF)

Supporting Information
Materials and Methods S1

Found at: doi:10.1371/journal.pone.0006519.s001 (0.06 MB
DOC)
Figure S1 Infection of mouse lungs with Chlamydophila
pneumoniae. The histopathological analysis of lungs was performed to validate the novel non-invasive intra-tracheal infection
method. Animals were infected and lungs were excised aseptically
at different times post infection. 5 mm cryo-sections of lungs tissue
of infected and control mice were fixed and stained for the
presence of C. pneumoniae antigen (red) and Mac-1+macrophagPLoS ONE | www.plosone.org

Table S1

Found at: doi:10.1371/journal.pone.0006519.s006 (0.03 MB
DOC)
Table S2

Found at: doi:10.1371/journal.pone.0006519.s007 (0.03 MB
DOC)
10

August 2009 | Volume 4 | Issue 8 | e6519

cIAP-1 Controls Lung Infection

Acknowledgments

Author Contributions

We thank Kirstin Hoffmann and Alexander Klein for excellent technical
support.

Conceived and designed the experiments: HP DB LB TR. Performed the
experiments: HP DB LB. Analyzed the data: HP DB LB TR. Contributed
reagents/materials/analysis tools: LA MW SR TFM. Wrote the paper: HP
TR.

References
1. Abdelrahman YM, Belland RJ (2005) The chlamydial developmental cycle.
FEMS Microbiol Rev 29: 949–959.
2. Molestina RE, Miller RD, Ramirez JA, Summersgill JT (1999) Infection of
human endothelial cells with Chlamydia pneumoniae stimulates transendothelial
migration of neutrophils and monocytes. Infect Immun 67: 1323–1330.
3. Gaydos CA, Summersgill JT, Sahney NN, Ramirez JA, Quinn TC (1996)
Replication of Chlamydia pneumoniae in vitro in human macrophages,
endothelial cells, and aortic artery smooth muscle cells. Infect Immun 64:
1614–1620.
4. Heinemann M, Susa M, Simnacher U, Marre R, Essig A (1996) Growth of
Chlamydia pneumoniae induces cytokine production and expression of CD14 in
a human monocytic cell line. Infect Immun 64: 4872–4875.
5. Airenne S, Surcel HM, Alakarppa H, Laitinen K, Paavonen J, et al. (1999)
Chlamydia pneumoniae infection in human monocytes. Infect Immun 67:
1445–1449.
6. Cochrane M, Pospischil A, Walker P, Gibbs H, Timms P (2005) Discordant
detection of Chlamydia pneumoniae in patients with carotid artery disease using
polymerase chain reaction, immunofluorescence microscopy and serological
methods. Pathology 37: 69–75.
7. Appelberg R (2006) Macrophage nutriprive antimicrobial mechanisms. J Leukoc
Biol 79: 1117–1128.
8. Janeway CA Jr, Medzhitov R (2002) Innate immune recognition. Annu Rev
Immunol 20: 197–216.
9. Matzinger P (2002) The danger model: a renewed sense of self. Science 296:
301–305.
10. Topley N, Mackenzie RK, Williams JD (1996) Macrophages and mesothelial
cells in bacterial peritonitis. Immunobiology 195: 563–573.
11. Fan T, Lu H, Hu H, Shi L, McClarty GA, et al. (1998) Inhibition of apoptosis in
chlamydia-infected cells: blockade of mitochondrial cytochrome c release and
caspase activation. J Exp Med 187: 487–496.
12. Rajalingam K, Al Younes H, Muller A, Meyer TF, Szczepek AJ, et al. (2001)
Epithelial cells infected with Chlamydophila pneumoniae (Chlamydia pneumoniae) are resistant to apoptosis. Infect Immun 69: 7880–7888.
13. Fischer SF, Schwarz C, Vier J, Hacker G (2001) Characterization of
Antiapoptotic Activities of Chlamydia pneumoniae in Human Cells. Infect
Immun 69: 7121–7129.
14. Paland N, Rajalingam K, Machuy N, Szczepek A, Wehrl W, et al. (2006) NFkappaB and inhibitor of apoptosis proteins are required for apoptosis resistance
of epithelial cells persistently infected with Chlamydophila pneumoniae. Cell
Microbiol 8: 1643–1655.
15. Rajalingam K, Sharma M, Paland N, Hurwitz R, Thieck O, et al. (2006) IAPIAP Complexes Required for Apoptosis Resistance of C. trachomatis&#8211;Infected Cells. PLoS Pathogens 2: e114.
16. Miller LK (1999) An exegesis of IAPs: salvation and surprises from BIR motifs.
Trends Cell Biol 9: 323–328.
17. Roy N, Deveraux QL, Takahashi R, Salvesen GS, Reed JC (1997) The c-IAP-1
and c-IAP-2 proteins are direct inhibitors of specific caspases. EMBO J 16:
6914–6925.
18. Deveraux QL, Takahashi R, Salvesen GS, Reed JC (1997) X-linked IAP is a
direct inhibitor of cell-death proteases. Nature 388: 300–304.
19. Eckelman BP, Salvesen GS, Scott FL (2006) Human inhibitor of apoptosis
proteins: why XIAP is the black sheep of the family. EMBO Rep 7: 988–994.
20. Harlin H, Reffey SB, Duckett CS, Lindsten T, Thompson CB (2001)
Characterization of XIAP-deficient mice. Mol Cell Biol 21: 3604–3608.
21. Leulier F, Lhocine N, Lemaitre B, Meier P (2006) The Drosophila inhibitor of
apoptosis protein DIAP2 functions in innate immunity and is essential to resist
gram-negative bacterial infection. Mol Cell Biol 26: 7821–7831.
22. Shu HB, Takeuchi M, Goeddel DV (1996) The tumor necrosis factor receptor 2
signal transducers TRAF2 and c-IAP1 are components of the tumor necrosis
factor receptor 1 signaling complex. Proc Natl Acad Sci U S A 93: 13973–13978.
23. Chan KF, Siegel MR, Lenardo JM (2000) Signaling by the TNF receptor
superfamily and T cell homeostasis. Immunity 13: 419–422.
24. Conte D, Holcik M, Lefebvre CA, Lacasse E, Picketts DJ, et al. (2006) Inhibitor
of apoptosis protein cIAP2 is essential for lipopolysaccharide-induced macrophage survival. Mol Cell Biol 26: 699–708.
25. Bauler LD, Duckett CS, O’Riordan MX (2008) XIAP Regulates CytosolSpecific Innate Immunity to Listeria Infection. PLoS Pathog 4: e1000142.
26. Klimp AH, de Vries EG, Scherphof GL, Daemen T (2002) A potential role of
macrophage activation in the treatment of cancer. Crit Rev Oncol Hematol 44:
143–161.
27. Bogdan C (2001) Nitric oxide and the immune response. Nat Immunol 2:
907–916.
28. Dockrell DH, Marriott HM, Prince LR, Ridger VC, Ince PG, et al. (2003)
Alveolar macrophage apoptosis contributes to pneumococcal clearance in a
resolving model of pulmonary infection. J Immunol 171: 5380–5388.

PLoS ONE | www.plosone.org

29. Mahoney DJ, Cheung HH, Mrad RL, Plenchette S, Simard C, et al. (2008) Both
cIAP1 and cIAP2 regulate TNFalpha-mediated NF-kappaB activation. Proc
Natl Acad Sci U S A 105: 11778–11783.
30. Varfolomeev E, Blankenship JW, Wayson SM, Fedorova AV, Kayagaki N, et al.
(2007) IAP antagonists induce autoubiquitination of c-IAPs, NF-kappaB
activation, and TNFalpha-dependent apoptosis. Cell 131: 669–681.
31. Chu ZL, McKinsey TA, Liu L, Gentry JJ, Malim MH, et al. (1997) Suppression
of tumor necrosis factor-induced cell death by inhibitor of apoptosis c-IAP2 is
under NF-kappaB control. Proc Natl Acad Sci U S A 94: 10057–10062.
32. Shu HB, Takeuchi M, Goeddel DV (1996) The tumor necrosis factor receptor 2
signal transducers TRAF2 and c-IAP1 are components of the tumor necrosis
factor receptor 1 signaling complex. Proc Natl Acad Sci U S A 93:
13973–13978.
33. Conze DB, Albert L, Ferrick DA, Goeddel DV, Yeh WC, et al. (2005)
Posttranscriptional downregulation of c-IAP2 by the ubiquitin protein ligase cIAP1 in vivo. Mol Cell Biol 25: 3348–3356.
34. Rottenberg ME, Gigliotti-Rothfuchs A, Wigzell H (2002) The role of IFN-gamma
in the outcome of chlamydial infection. Curr Opin Immunol 14: 444–451.
35. Costa CP, Kirschning CJ, Busch D, Durr S, Jennen L, et al. (2002) Role of
chlamydial heat shock protein 60 in the stimulation of innate immune cells by
Chlamydia pneumoniae. Eur J Immunol 32: 2460–2470.
36. Redecke V, Dalhoff K, Bohnet S, Braun J, Maass M (1998) Interaction of
Chlamydia pneumoniae and human alveolar macrophages: infection and
inflammatory response. Am J Respir Cell Mol Biol 19: 721–727.
37. Currier AR, Ziegler MH, Riley MM, Babcock TA, Telbis VP, et al. (2000)
Tumor necrosis factor-alpha and lipopolysaccharide enhance interferon-induced
antichlamydial indoleamine dioxygenase activity independently. Journal of
Interferon and Cytokine Research 20: 369–376.
38. Haranaga S, Yamaguchi H, Ikejima H, Friedman H, Yamamoto Y (2003)
Chlamydia pneumoniae infection of alveolar macrophages: a model. J Infect Dis
187: 1107–1115.
39. Chakravortty D, Hensel M (2003) Inducible nitric oxide synthase and control of
intracellular bacterial pathogens. Microbes Infect 5: 621–627.
40. Chen BJ, Stout R, Campbell WF (1996) Nitric oxide production: A mechanism
of Chlamydia trachomatis inhibition in interferon-gamma-treated RAW264.7
cells. Fems Immunology and Medical Microbiology 14: 109–120.
41. Carratelli CR, Rizzo A, Paolillo R, Catania MR, Catalanotti P, et al. (2005)
Effect of nitric oxide on the growth of Chlamydophila pneumoniae. Canadian
Journal of Microbiology 51: 941–947.
42. Dalton DK, Pitts-Meek S, Keshav S, Figari IS, Bradley A, et al. (1993) Multiple
defects of immune cell function in mice with disrupted interferon-gamma genes.
Science 259: 1739–1742.
43. Kamijo R, Shapiro D, Le J, Huang S, Aguet M, et al. (1993) Generation of nitric
oxide and induction of major histocompatibility complex class II antigen in
macrophages from mice lacking the interferon gamma receptor. Proc Natl Acad
Sci U S A 90: 6626–6630.
44. Meraz MA, White JM, Sheehan KC, Bach EA, Rodig SJ, et al. (1996) Targeted
disruption of the Stat1 gene in mice reveals unexpected physiologic specificity in
the JAK-STAT signaling pathway. Cell 84: 431–442.
45. Boise LH, Collins CM (2001) Salmonella-induced cell death: apoptosis, necrosis
or programmed cell death? Trends Microbiol 9: 64–67.
46. Fink SL, Cookson BT (2007) Pyroptosis and host cell death responses during
Salmonella infection. Cell Microbiol 9: 2562–2570.
47. Monack DM, Hersh D, Ghori N, Bouley D, Zychlinsky A, et al. (2000)
Salmonella exploits caspase-1 to colonize Peyer’s patches in a murine typhoid
model. J Exp Med 192: 249–258.
48. Kilbourn RG, Gross SS, Jubran A, Adams J, Griffith OW, et al. (1990) NGmethyl-L-arginine inhibits tumor necrosis factor-induced hypotension: implications for the involvement of nitric oxide. Proc Natl Acad Sci U S A 87:
3629–3632.
49. Feihl F, Waeber B, Liaudet L (2001) Is nitric oxide overproduction the target of
choice for the management of septic shock? Pharmacol Ther 91: 179–213.
50. Thiemermann C, McDonald MC, Cuzzocrea S (2001) The stable nitroxide,
tempol, attenuates the effects of peroxynitrite and oxygen-derived free radicals.
Crit Care Med 29: 223–224.
51. Chen W, Kuo C (1980) A mouse model of pneumonitis induced by Chlamydia
trachomatis: morphologic, microbiologic, and immunologic studies. Am J Pathol
100: 365–382.
52. Paland N, Bohme L, Gurumurthy RK, Maurer A, Szczepek AJ, et al. (2008)
Reduced display of tumor necrosis factor receptor I at the host cell surface
supports infection with Chlamydia trachomatis. J Biol Chem 283: 6438–6448.
53. Ly IA, Mishell RI (1974) Separation of mouse spleen cells by passage through
columns of sephadex G-10. J Immunol Methods 5: 239–247.

11

August 2009 | Volume 4 | Issue 8 | e6519

