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Chlamydia pneumoniae is a Gram-negative bacterium that causes acute or chronic respiratory infections. As obligate intracellu-
lar pathogens, chlamydiae efficiently manipulate host cell processes to ensure their intracellular development. Here we focused
on the interaction of chlamydiae with the host cell transcription factor activator protein 1 (AP-1) and its consequence on chla-
mydial development. During Chlamydia pneumoniae infection, the expression and activity of AP-1 family proteins c-Jun, c-Fos,
and ATF-2 were regulated in a time- and dose-dependent manner. We observed that the c-Jun protein and its phosphorylation
level significantly increased during C. pneumoniae development. Small interfering RNA knockdown of the c-Jun protein in
HEp-2 cells reduced the chlamydial load, resulting in smaller inclusions and significantly lower chlamydial recovery. Further-
more, inhibition of the c-Jun-containing AP-1 complexes using tanshinone IIA changed the replicative infection phenotype into
a persistent one. Tanshinone IIA-dependent persistence was characterized by smaller, aberrant inclusions, a strong decrease in
the chlamydial load, and significantly reduced chlamydial recovery, as well as by the reversibility of the reduced recovery after
the removal of tanshinone IIA. Interestingly, not only was tanshinone IIA treatment accompanied by a significant decrease of
ATP levels, but fluorescence live cell imaging analysis by two-photon microscopy revealed that tanshinone IIA treatment also
resulted in a decreased fluorescence lifetime of protein-bound NAD(P)H inside the chlamydial inclusion, indicating that chla-
mydial reticulate bodies have decreased metabolic activity. In all, these data demonstrate that the AP-1 transcription factor is
involved in C. pneumoniae development, with tanshinone IIA treatment resulting in persistence.

Chlamydia pneumoniae is an obligate intracellular bacterium
that causes acute and chronic infections of the upper and

lower respiratory tract. The rate of seropositivity in most adult
populations ranges from 60 to 90%, indicating the high worldwide
prevalence of C. pneumoniae (1). During infection, chlamydiae
exhibit a biphasic replication cycle with two distinct developmen-
tal forms, the infectious form, called the elementary body (EB),
and the reticulate body (RB), which is the metabolically active and
dividing form. Differentiation of EBs into RBs followed by repli-
cation occurs in a specialized vesicular compartment known as the
inclusion (2). After replication the RBs start to redifferentiate into
infectious EBs, which leave the cell, resulting in disease dissemi-
nation. In contrast, chlamydiae can also enter a persistent state,
resulting in reduced infectivity and metabolic activity (3, 4). Some
chlamydial proteins have been suggested to be indicators of chla-
mydial persistence, such as the major outer membrane protein
(MOMP) and chlamydial heat shock protein 60 (cHsp60) (5, 6).
Furthermore, persistence is characterized by an incomplete devel-
opmental cycle in line with the formation of a smaller and aber-
rant inclusion harboring only a few but large and aberrant RBs
(7–9). Redifferentiation into infectious EBs does not occur, mak-
ing direct cultivation of persistent chlamydiae impossible, al-
though they remain viable (8, 10, 11). Persistence is reversible, as
removal of the stimuli, e.g., iron deprivation, gamma interferon
(IFN-�) treatment, or application of certain antibiotics (e.g., pen-
icillin), leads to reactivation and the return to replicative develop-
ment (5, 12). In general, the molecular switch determining persis-
tent or replicative infection is poorly understood.

Chlamydiae are discussed to be energy parasites, relying on the
host cell for the ATP and metabolites required for development

(13). Therefore, chlamydiae manipulate the energy balance of the
host cell. Moreover, chlamydiae are known to modulate various
host cell pathways, such as delaying apoptosis and preventing lyso-
somal fusion, to ensure their survival (14–17). A key player in
these host cell processes is the dimeric transcription factor activa-
tor protein 1 (AP-1), making it an ideal target for chlamydiae to
manipulate (18, 19). AP-1, composed of proteins from the Jun,
Fos, and activating transcription factor (ATF) families, induces
changes in the expression of host genes harboring AP-1 binding
sites, influencing, e.g., inflammation, cell stress, and survival (19–
21). A role for AP-1 upon infection with microbes or viruses has
already been described (22, 23). Indeed, AP-1 was regulated dur-
ing C. pneumoniae infection in smooth vascular muscle cells,
while for the sexually transmittable organism Chlamydia tracho-
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matis, AP-1 has been demonstrated to be crucial for bacterial
growth and development (24, 25).

In this study, we aimed to investigate the role of AP-1 in the
development of either a replicative or a persistent C. pneumoniae
infection. We could demonstrate that proteins of the AP-1 family
are modulated during C. pneumoniae infection and that small in-
terfering RNA (siRNA) knockdown of c-Jun results in reduced
chlamydial growth. Furthermore, application of the AP-1 inhibi-
tor tanshinone IIA, which prevents the c-Jun/c-Fos AP-1 complex
from binding to DNA, strongly alters the C. pneumoniae infection
phenotype from a replicative to a persistent one. Moreover, we
demonstrate that tanshinone IIA significantly reduces ATP levels
within the first 12 h after infection, and two-photon microscopy
revealed that tanshinone IIA treatment significantly decreases the
amount of protein-bound NAD(P)H [�2-NAD(P)H] in the in-
fected cells. In all, these data demonstrate that AP-1 activity plays
a role in C. pneumoniae development and that tanshinone IIA
treatment contributes to persistence development.

MATERIALS AND METHODS
Organisms and cell culture. Chlamydia pneumoniae (CWL strain 029
[ATCC VR-1310]) was propagated in HEp-2 cells as described previously
(26). Cells were cultured over serial passages in high-glucose Dulbecco’s
modified Eagle’s medium (DMEM; Lonza) supplemented with 10% fetal
calf serum (FCS; Sigma), L-glutamine (2 mM; Biochrom), HEPES (33
mM; in-house facility Paul Ehrlich Institute [PEI]), and gentamicin (10
�g/ml; Sigma). Cells were grown in T75 flasks at 37°C with 5% CO2.

Infections. Cells were infected with Chlamydia pneumoniae at 1, 10,
25, or 30 inclusion-forming units (IFUs) per cell in culture medium sup-
plemented with 1 �g/ml cycloheximide (Sigma). After centrifugation for
1 h at 37°C, the cells were incubated for 4 h, 24 h, 48 h, or 72 h at 37°C with
5% CO2. For infection in chamber slides, the cells were not centrifuged.
Cells cultured in medium alone were used as a control for each time point.

Chlamydial recovery. The amount of infectious C. pneumoniae ele-
mentary bodies after treatment with either c-Jun-specific siRNA (de-
scribed above) or tanshinone IIA or after no treatment was determined by
titration experiments, as described before (7). After infection with C.
pneumoniae for 65 to 72 h, the cells were harvested and vortexed with glass
beads to release the chlamydiae, followed by several centrifugation steps.
The supernatant was then used for reinfection of fresh cells. After another
48 h of incubation, cells were methanol fixed and stained as described
above, before quantification using a Zeiss Observer microscope with a
40� oil immersion objective (Axiovision software; Carl Zeiss). The num-
ber of infectious progeny was determined by calculating the number of
IFUs relative to the number of untreated infected cells.

Inhibitor treatment. Tanshinone IIA (Sigma) was resuspended in di-
methyl sulfoxide and used in parallel with C. pneumoniae infection at a
final concentration of 25 �M.

Immunofluorescence analysis. Cells were seeded in chamber slides at
24 h prior to infection and fixed with methanol at 48 h after infection. For
immunofluorescence staining, an Imagen chlamydia kit (Oxoid) contain-
ing a fluorescein isothiocyanate (FITC)-labeled monoclonal antibody
against chlamydia lipopolysaccharide (LPS) and a red stain for cytoplasm
was used. Cells were counterstained with DAPI (4=,6-diamidino-2-phe-
nylindole; Invitrogen) to visualize the nuclei and chlamydial DNA.
Chamber slides were analyzed using a Zeiss Observer microscope with a
40� oil immersion objective (Axiovision software; Carl Zeiss) and a Zeiss
LSM7 Live microscope with a 63� oil immersion objective (ZEN 2009
software; Carl Zeiss). Quantification of infection was assessed by ran-
domly counting at least 300 cells. The inclusion size was measured using
ImageJ software. Briefly, a threshold algorithm was run over the FITC-
DAPI-stained images following measurement of the area of the inclu-
sions.

Electron microscopy. For transmission electron microscopy, differ-
entially infected and/or treated HEp-2 cells were prepared as described
previously (27). Briefly, infected HEp-2 cells with and without tanshinone
IIA treatment were incubated for 48 h. Afterwards, the medium was re-
moved and the cells were fixed using 5% glutaraldehyde in phosphate-
buffered saline (pH 7.4) for 1 h at 4°C. Samples were then treated with 1%
OsO4 for 2 h, dehydrated in a graded ethanol series, and embedded in
araldite (Fluka). A contrasting agent was applied to the ultrathin sections,
and the developmental stage and morphology of the inclusions were an-
alyzed with a Philips EM 400 microscope.

Fluorescence live cell imaging (FLIM) of NAD(P)H by two-photon
microscopy. Two-photon microscopy studies were performed as previ-
ously described (28). Briefly, for two-photon microscopy studies, HEp-2
cells were grown on cover glasses in 50-mm culture dishes and infected
with C. pneumoniae for 48 h. The cover glasses were examined in a Mini-
CeM (JenLab) chamber for microscopy fitted to a heated stage, which
enabled live cell imaging. The two-photon microscope (DermaInspect;
Jenlab) was equipped with a Chroma 640DCSPXR dichroic mirror (AHF
Analysentechnik AG) and a 40� (numerical aperture, 1.3) Plan-Apo-
chromat oil immersion objective (Zeiss). Fluorescence lifetimes were an-
alyzed using SPCImage software (version 2.9.5.2996; Becker & Hickl). For
image analysis, a region of interest (ROI) inside the chlamydial inclusion
was selected. The lifetimes of pixels (5 by 5) in the ROI had been averaged
before. The lifetime decay curves were fit to a double-decay model, in
which the fast-decaying component corresponds to free NAD(P)H [�1-
NAD(P)H] and the slowly decaying component corresponds to protein-
bound NAD(P)H [�2-NAD(P)H]. The instrument response function
(IRF) was measured from the second harmonic generation signal of a
beta-barium-borate crystal, and it was used in the lifetime fit model. The
mean values for �2-NAD(P)H for all pixels inside the ROIs were calcu-
lated.

ATP assay. For ATP measurement, a PhosphoWorks luminometric
ATP assay kit (Biomol) was used following the manufacturer’s instruc-
tions. Cells were seeded 24 h before infection and treatment in Nunclon
plates with a white surface (Nunc). Cells were infected with 10 IFUs and
treated with or without tanshinone IIA, as described above. As a control,
uninfected and untreated cells were used. Directly after infection and
treatment (0 h postinfection [hpi]) and at 6 and 12 hpi, ATP amounts
were measured with a Tecan Infinite M200PRO microplate reader
(Tecan).

siRNA transfection. For knockdown (KD) experiments, cells were
treated with a c-Jun-specific siRNA smart pool (Qiagen), a transfection
reagent (mock-transfected control; Stemfect RNA transfection kit; Stem-
gent), or nontarget siRNA (Allstars control siRNA; AllStars negative con-
trol; Qiagen) or were left untreated (medium control) according to the
manufacturer’s instructions. HEp-2 cells were seeded into 6-well plates 24
h before transfection. At 24 h posttransfection (hpt), cells were harvested
using trypsin-EDTA (in-house facility PEI) and counted with a cell coun-
ter (CASY cell counter; Roche). Knockdown efficiency was assessed by
quantitative real-time PCR (qRT-PCR) and Western blot analysis. Fur-
thermore, cells were seeded for infection experiments with 10 IFUs either
in 24-well plates (for qRT-PCR and Western blot analysis) or in chamber
slides (for immunofluorescence analysis) for the desired time points (24
hpi, 48 hpi, and 72 hpi). For data analysis, normalization was performed
against the results of the control.

Western blot analysis. For determination of protein amounts, pellets
of uninfected or infected HEp-2 cells with and without tanshinone IIA
treatment were lysed with Laemmli buffer and denatured at 95°C for 10
min. Proteins were separated by SDS-PAGE and transferred to nitrocel-
lulose membranes (GE Healthcare). Membranes were blocked in Tris-
buffered saline with Tween 20 (TBST; in-house facility PEI)–5% fat-free
skimmed milk, followed by incubation with primary antibodies. Primary
antibodies were rabbit monoclonal c-Jun antibody (catalog number
60A8; Cell Signaling), rabbit monoclonal phospho-c-Jun antibody (cata-
log number D47G9; Cell Signaling), rabbit monoclonal c-Fos antibody
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(catalog number 9F6; Cell Signaling), rabbit monoclonal phospho-c-Fos
antibody (catalog number D82C12; Cell Signaling), rabbit monoclonal
ATF-2 antibody (catalog number 20F1; Cell Signaling), and rabbit mono-
clonal phospho-ATF-2 antibody (catalog number 11G2; Cell Signaling),
each of which was diluted 1:1,000 in TBST–5% bovine serum albumin
(BSA); mouse monoclonal MOMP antibody (hybridoma supernatant;
generated and kindly provided by G. Zhong and partly described else-
where [29]) diluted 1:25 in TBST–5% BSA; and mouse monoclonal chla-
mydial Hsp60 antibody (hybridoma supernatant; generated and kindly
provided by G. Zhong) diluted 1:500 in TBST–5% BSA. Equal loading and
blotting efficiencies were verified by the use of mouse monoclonal �-actin
antibody (catalog number AC-15; Sigma). For protein detection, goat
anti-rabbit IgG or goat anti-mouse IgG horseradish peroxidase-conju-
gated secondary antibodies (catalog numbers sc-2004 and sc-2005; Santa
Cruz Biotechnology) were used, followed by incubation with chemilumi-
nescence protein detection reagents (GE Healthcare). Protein amounts
were quantified using ImageJ software.

RNA isolation, reverse transcription-PCR, and qRT-PCR. Eukary-
otic and bacterial RNA was isolated using an RNeasy Plus RNA minikit
(Qiagen) according to the manufacturer’s instructions. cDNA was gener-
ated by reverse transcription-PCR using an ImProm-II reverse transcrip-
tion system (Promega) following the manufacturer’s instructions. cDNA
was then used for measuring gene expression using a LightCycler 480
apparatus (Roche); SYBR green (Mesa Blue quantitative PCR Master Mix
Plus for SYBR assay; NoRox kit); primers specific for c-Jun (5=-ATCGAC
ATGGAGTCCCAG-3=, 5=-CGATTCTCTCCAGCTTCC-3=), c-Fos (5=-
AACCTGTCAAGAGCATCAGC-3=, 5=-CCCAGTCTGCTGCATAGAA
G-3=), MOMP (5=-GCCACAGCATTGTCTACTACTGAT-3=, 5=-AATCT
GAACTGACCAGATACGTGA-3=), cHsp60 (5=-AGGACGTCACGTAG
TTATAGATAA-3=, 5=-AGTTTTGCTGGCGACTTCT-3=), or Chlamydia
pneumoniae 16S RNA (5=-TCGCCTGGGAATAAGAGAGA-3=, 5=-AATG
CTGACTTGGGGTTGAG-3=); and the 2���CT threshold cycle (CT)
method for calculation of relative gene expression (30). GAPDH (glycer-
aldehyde-3-phosphate dehydrogenase; 5=-GAGTCAACGGATTTGGTC
GT-3=, 5=-TTGATTTTGGAGGGATCTCG-3=) was used as a housekeep-
ing gene. The level of gene expression relative to that of uninfected cells
was determined at each time point.

Statistical analysis. Numerical data are presented as the mean 	 stan-
dard deviation (SD) and were calculated by a paired Student’s t test using
Microsoft Excel and GraphPad Prism (version 4) software, with P values
being considered significant when they were less than 0.05.

RESULTS
AP-1 proteins are regulated by C. pneumoniae infection. To in-
vestigate if AP-1 proteins are regulated during C. pneumoniae in-
fection, the level of expression of the c-Fos, ATF-2, and c-Jun
proteins over time was determined using Western blot analysis.
Upon infection of HEp-2 cells with either a low dose (10 IFUs) or
a high dose (30 IFUs) of C. pneumoniae or after stimulation with
heat-killed C. pneumoniae, it was observed that the indicated pro-
teins were differentially regulated. Over time, a decrease in c-Fos
and ATF-2 protein expression and an increase in c-Jun protein
expression were detectable (Fig. 1A). In more detail, using densi-
tometry analysis, we found no differences in c-Fos and ATF-2
protein expression at 4 hpi, 24 hpi, and 48 hpi between infected
and control cells, whereas protein expression was significantly
downregulated at 72 hpi (Fig. 1C and D). Focusing on c-Jun, we
also did not observe a difference in protein expression at 4 hpi. In
contrast, at 24 h after infection with a low dose, the level of the
c-Jun protein increased and the increase was significant with a
high dose of infection. At later time points, 48 and 72 h after
infection, c-Jun protein expression remained significantly up-
regulated (Fig. 1B). Of note, stimulation with heat-killed C. pneu-
moniae did not alter AP-1 protein expression. Moreover, phos-

phorylation of the AP-1 components was in complete accordance
with the regulation of c-Jun, c-Fos, or ATF-2 protein expression
(Fig. 2A). While the levels of c-Fos and ATF-2 phosphorylation
significantly decreased over time, the quantity of phosphorylated
c-Jun was upregulated at 4, 48, and 72 hpi (Fig. 2B to D). In all, we
found that C. pneumoniae regulates AP-1 protein expression and
activity levels in a time- and dose-dependent manner.

Knockdown of the c-Jun protein influences C. pneumoniae
infection. Infection with C. pneumoniae was shown to result in the
significant upregulation of c-Jun protein expression. To investi-
gate whether increased expression of c-Jun is beneficial for intra-
cellular growth and the progeny of C. pneumoniae, we performed
c-Jun-specific siRNA knockdown experiments in HEp-2 cells. By
qRT-PCR and Western blot analysis, we could confirm c-Jun pro-
tein knockdown efficiency. We demonstrated that c-Jun mRNA
expression is significantly reduced at 24 h posttransfection (hpt).
In addition, the amount of c-Jun mRNA remained significantly
reduced during C. pneumoniae infection over time (24, 48, and 72
hpi) (data not shown). In agreement with those findings, quanti-
fication of c-Jun protein levels using Western blot analysis showed
a strong decrease in the amount of the c-Jun protein at 24 hpt, as
well as at 24 h, 48 h, and 72 h after C. pneumoniae infection,
compared to the amount produced by control cells (see Fig. S1A
and B in the supplemental material). The quantification of protein
expression by densitometry revealed that the levels of the c-Jun
protein were significantly decreased in the c-Jun-knockdown cells
(data not shown). To assess the consequence of the decreased
c-Jun protein level on C. pneumoniae infection, we analyzed the
infection using chlamydia-specific staining and immunofluores-
cence microscopy (Fig. 3A). We observed that more pathological
inclusions, characterized by a large and round morphology, were
present in the control cells than in the cells treated with c-Jun-
specific siRNA (Fig. 3B). Moreover, after quantification of the
inclusion size, we found that in the c-Jun-specific siRNA-treated
cells, the size of the inclusions was reduced by 20% 	 13.7% com-
pared to that of the inclusions in the control cells (Fig. 3C). This
decrease in inclusion size was accompanied by a reduction in the
level of MOMP protein expression (74.6% 	 24.6%) in compar-
ison to that for the control (100%) determined by Western blot
analysis and densitometry (see Fig. S1C and D in the supplemental
material). To further characterize the effect of c-Jun knockdown
on C. pneumoniae infection, we analyzed the chlamydial load in
either control or knockdown cells via qRT-PCR. In concordance
with the smaller inclusions, we detected a reduction in the amount
of C. pneumoniae 16S RNA in the c-Jun-knockdown cells (Fig.
3D). Additionally, we assessed the impact of the c-Jun knockdown
on the ability of the chlamydiae to recover. We observed signifi-
cantly fewer inclusions after infection with C. pneumoniae ex-
tracted from c-Jun-knockdown cells (85.1% 	 7.3%) than after
infection with C. pneumoniae obtained from control cells (100%)
(Fig. 3E). Taken together, we can demonstrate that a diminished
level of c-Jun protein during infection impairs C. pneumoniae de-
velopment.

Blocking AP-1-mediated transcription results in C. pneu-
moniae growth restriction. We demonstrated that c-Jun knock-
down has a negative effect on C. pneumoniae development. As
c-Jun is part of the AP-1 complex, we next wanted to check if the
role of c-Jun in AP-1-mediated transcription is essential for chla-
mydial development. Therefore, we used tanshinone IIA, which
prevents AP-1 DNA binding, as a specific inhibitor of c-Jun/c-Fos
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AP-1 complexes (31). We observed that the application of tanshi-
none IIA during a time span of up to 12 h after C. pneumoniae
infection already had a strong effect on chlamydial recovery and
chlamydial inclusion morphology (data not shown). In our exper-
iments, we applied tanshinone IIA in parallel with C. pneumoniae
infection. To assess the effect of tanshinone IIA treatment on chla-
mydial development, we first determined MOMP and cHsp60
protein expression by Western blot analysis (see Fig. S2A in the
supplemental material). Tanshinone IIA treatment strongly al-
tered MOMP and, consequently, cHsp60 protein expression,
resulting in a significant reduction of both proteins compared
to those in untreated cells (100%) at 48 hpi (MOMP, 17.2% 	
7.3%; cHsp60, 41.7% 	 13.9%) and the amount of MOMP as
well at 72 hpi (MOMP, 19.5% 	 7.9%; cHsp60, 67.7% 	
19.0%) (see Fig. S2B in the supplemental material). Even

though MOMP and cHsp60 protein expression decreased, the
expression of the cHsp60 protein was always significantly
higher than that of the MOMP protein. Subsequently, we de-
termined the MOMP/cHsp60 ratio, based on the protein ex-
pression data, as an indicator of persistence. In tanshinone
IIA-treated cells, we found the MOMP/cHsp60 ratio to be sig-
nificantly decreased in contrast to that in the infected but un-
treated cells (see Fig. S2C in the supplemental material). Addi-
tionally, we assessed MOMP and cHsp60 mRNA expression
after tanshinone IIA treatment (see Fig. S2D in the supplemen-
tal material). We could show that the mRNA level of MOMP
significantly decreased over time starting at 24 hpi, while
cHsp60 mRNA was regulated inversely, with its level already
increasing significantly after 4 hpi. In line with the level of
protein expression, a decrease in the level of MOMP mRNA

FIG 1 Differential regulation of AP-1 proteins after C. pneumoniae infection. Lysates from uninfected HEp-2 cells (control), HEp-2 cells infected with 10 IFUs
(low dose) or 30 IFUs (high dose) of C. pneumoniae (Cpn), or HEp-2 cells infected with heat-killed C. pneumoniae were prepared at various time points after
infection (4 hpi, 24 hpi, 48 hpi, and 72 hpi). (A) Western blot of the indicated proteins at 4 hpi, 24 hpi, and 72 hpi. (B to D) Using densitometry, expression of
the c-Jun (B), c-Fos (C), and ATF-2 (D) proteins was quantified during C. pneumoniae infection of HEp-2 cells. Data were normalized (norm.) against those for
the uninfected control (dashed gray lines). Data, presented as the mean 	 SD, and immunoblots are representative of those from at least four independent
experiments (n 
 4 to 6). *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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was again accompanied by a higher level of cHsp60 mRNA
expression. In addition, we could show that after tanshinone
IIA treatment the load of C. pneumoniae inside the HEp-2 cells
strongly decreased (1 IFU, 157-fold; 10 IFUs, 62-fold; 25 IFUs,

46-fold) (Fig. 4A). Furthermore, analyzing the infection by im-
munofluorescence microscopy, we could observe that tanshinone
IIA-treated cells showed an infection phenotype different from
that of untreated cells (Fig. 4B). The inclusions were smaller and
had an aberrant shape (Fig. 4B, right) compared to the shape of the
control cells (which were not treated with tanshinone IIA), which
exhibited a typical replicative infection phenotype. After tanshi-
none IIA treatment, the majority (98.4% 	 0.6%) of inclusions
exhibited an aberrant shape compared to the shape of the un-
treated cells, where only a few (4.1% 	 0.6%) inclusions had such
an aberrant morphology (Fig. 4C).

In addition to quantitative and morphological analysis of C.
pneumoniae infection upon tanshinone IIA treatment, we assessed
the ATP level as an indicator of changes in energy metabolism. We
found that at 6 and 12 h after infection, the ATP level increased,

FIG 2 Phosphorylation of AP-1 proteins after C. pneumoniae infection. Ly-
sates from uninfected HEp-2 cells (control), HEp-2 cells infected with 10 IFUs
(low dose) or 30 IFUs (high dose) of C. pneumoniae (Cpn), or HEp-2 cells
infected with heat-killed C. pneumoniae were prepared at various time points
after infection (4 hpi, 24 hpi, 48 hpi, and 72 hpi). (A) The phosphorylation of
the c-Jun, c-Fos, and ATF-2 proteins and the expression of �-actin were ana-
lyzed by Western blot analysis at the indicated time points (4 hpi and 72 hpi).
(B to D) Using densitometry, phosphorylation of the c-Jun (B), c-Fos (C), and
ATF-2 (D) proteins was quantified during C. pneumoniae infection of HEp-2
cells. Data were normalized against those for the uninfected control (dashed
gray lines). Data are presented as the mean 	 SD. Data and immunoblots are
representative of those from at least four independent experiments (n 
 4 to
6). p-c-Jun, p-c-Fos, and p-ATF-2, phosphorylated c-Jun, c-Fos, and ATF-2,
respectively. *, P � 0.05; **, P � 0.01; ***, P � 0.001.

FIG 3 Knockdown of the c-Jun protein impairs C. pneumoniae infection. (A)
Infected cells with and without c-Jun knockdown (c-Jun KD) were methanol
fixed at 48 hpi, immunostained by use of an Imagen chlamydia kit (green,
chlamydial LPS; red, cytoplasm), and counterstained with DAPI (blue). White
arrows, C. pneumoniae inclusions. (B and C) From the immunofluorescence
images, the amount of pathological inclusions (B) and the size (C) of control
and c-Jun-KD cells were quantified during infection. (D) Quantification of the
relative C. pneumoniae load in c-Jun KD cells using qRT-PCR. (E) Chlamydial
recovery after infection with C. pneumoniae cells obtained from infected con-
trol or c-Jun-specific siRNA-treated cells. The data in panels C to E were
normalized against those for the control (dashed gray line in panel D). Data
represent the mean 	 SD. Data, immunoblots, and immunofluorescence im-
ages are representative of those from at least three independent experiments
(n 
 3 to 7). *, P � 0.05.
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while in the presence of tanshinone IIA, the ATP level was signif-
icantly reduced (Fig. 5A). For later time points of infection, we
used the NAD(P)H measurement as an indicator of the metabolic
activity of the chlamydial RBs (32). Therefore, we assessed the
fluorescence lifetime of protein-bound NAD(P)H [�2-NAD(P)H]
in the C. pneumoniae inclusions using two-photon microscopy
and fluorescence live cell imaging (FLIM). We found that, using
this method, it was clearly visible that tanshinone IIA treatment
resulted in a decrease in the amount of �2-NAD(P)H compared to
that in the untreated controls (Fig. 5B). Quantifying �2-NAD(P)H
from multiple infected cells and their corresponding ROIs, we
found significantly lower �2-NAD(P)H levels (Fig. 5C). These data
clearly demonstrate that AP-1 transcription activity, especially
that of the c-Jun-containing AP-1 complex, is of major impor-
tance for C. pneumoniae development.

Tanshinone IIA treatment induces a persistence-like C.
pneumoniae phenotype. To assess if tanshinone IIA treatment
causes a persistent C. pneumoniae infection, we first examined
whether this phenotype is reversible. After C. pneumoniae infec-
tion and application of tanshinone IIA for 48 h, we removed the
inhibitor by changing the medium. After an additional 48 h of
culturing, the phenotype of infection and the inclusion morphol-
ogy were analyzed using immunofluorescence microscopy. With-
out a medium change, all inclusions (100% 	 0.0%) remained
small with an aberrant shape (Fig. 6A). In contrast, at 48 h after the
medium change, almost half of all inclusions (43.2% 	 15.2%)
increased in size, indicating that they returned to their replicative
developmental cycle (Fig. 6B). In addition, recovery of infectious
C. pneumoniae after tanshinone IIA removal resulted in the for-
mation of typical developing inclusions, while in the presence of

the inhibitor, recovery was hardly possible (4.9% 	 0.1%) (Fig.
6C). To clearly discriminate between the elementary and reticu-
late bodies present in the inclusion, we used electron microscopy.
The untreated cells showed a typical replicative infection charac-
terized by large inclusions containing a mixture of EBs and RBs
(Fig. 6D, left). In contrast, tanshinone IIA treatment during C.
pneumoniae infection resulted in small inclusions harboring only
a few but large and aberrant RBs, showing the typical persistence
phenotype (Fig. 6D, right). These data demonstrate that inhibi-
tion of the c-Jun-containing AP-1 complex by tanshinone IIA
turns a replicative C. pneumoniae infection into a persistent infec-
tion.

DISCUSSION

Chlamydia pneumoniae is a Gram-negative bacterium with an ob-
ligate intracellular life cycle, forcing it to manipulate host cell
pathways. The ubiquitous transcription factor AP-1 is a central
player in regulating various host cell pathways and an ideal target
for chlamydiae to modulate. Indeed, we show that AP-1 is in-
volved in the development of C. pneumoniae. Proteins of the AP-1
family were phosphorylated and subsequently regulated in a time-
and dose-dependent manner upon infection. In addition, knock-
down of c-Jun with specific siRNA altered the infection, causing
the formation of smaller inclusions; reduced the chlamydial load;
and significantly decreased chlamydial recovery. Finally, applica-
tion of a specific c-Jun/c-Fos AP-1 complex inhibitor, tanshinone
IIA, induced the persistence of C. pneumoniae infection and a
corresponding decrease in the ATP level and the �2-NAD(P)H
fluorescence lifetime.

The role of AP-1 during inflammation has already been high-

FIG 4 Tanshinone IIA treatment decreases the chlamydial load and limits inclusion development. HEp-2 cells were infected with C. pneumoniae (1, 10, or 25
IFUs) and in parallel treated with (w/) or without (w/o) tanshinone IIA (TIIA; 25 �M). After 48 h the cells were harvested, followed by mRNA isolation. (A)
Quantification of relative chlamydial load using qRT-PCR. AU, arbitrary units. (B) Infected cells (10 IFUs) with and without tanshinone IIA treatment were fixed
with methanol after 48 h, immunostained by use of an Imagen chlamydia kit (green, chlamydial LPS; red, cytoplasm), and counterstained with DAPI (blue).
(Insets) Magnified images of the boxed areas. (C) Aberrant inclusions were quantified in C. pneumoniae-infected cells with and without tanshinone IIA
treatment. Data, presented as the mean 	 SD, and immunofluorescence images are representative of those from at least three independent experiments (n 
 3
to 4). ***, P � 0.001.
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lighted for other pathogens (33–35). The hepatitis C virus was
found to modify AP-1, supporting viral development by promot-
ing cell cycle progression (36). In addition, Bacillus anthracis pro-
duces the edema toxin, which was shown to induce AP-1 and to
restrict tumor necrosis factor alpha production (37). In concor-
dance with those findings, we demonstrated that proteins of the
AP-1 family are regulated upon chlamydia infection. We found
that C. pneumoniae regulates AP-1 proteins mainly at late time
points during development, a finding in line with that from a
recent study focusing on Chlamydia trachomatis (25). It was dem-
onstrated that the phosphorylation of c-Jun and c-Fos with sub-
sequent AP-1-dependent transcription is induced at a late devel-
opmental stage, suggesting that AP-1 is involved in replication or
during the redifferentiation process.

Since expression of the c-Jun protein was modulated earlier
than that of c-Fos and ATF-2 and protein expression was in-
creased, our data suggest that c-Jun plays a more crucial role in
chlamydial development. To strengthen this idea, we applied an
approach with siRNA knockdown of c-Jun to assess the require-
ment of this AP-1 component for chlamydial development.
Knockdown of the c-Jun protein altered C. pneumoniae infection,
resulting in (i) 20% smaller inclusions, (ii) downregulation of
MOMP, (iii) reduction of the chlamydial load, and (iv) a signifi-
cant decrease in chlamydial recovery. Our findings indicate that
growth conditions are suboptimal in the absence of the c-Jun pro-
tein and are in line with those described in the report of Olive et al.,
who found that c-Jun knockdown results in a significant reduc-
tion in the level of IFU production (25). In our study, the knock-
down effect on infection was possibly limited, since the siRNA
approach resulted in only a partial reduction in the level of the
c-Jun protein. Therefore, we can speculate that the remaining c-
Jun proteins can still dimerize with c-Fos, resulting in AP-1-re-
lated transcription.

Subsequently, we wanted to evaluate the function of c-Jun as part
of c-Jun/c-Fos AP-1, as we observed increased AP-1 DNA binding
following C. pneumoniae infection (data not shown). We used tan-
shinone IIA, an isolate of the root of Salvia miltiorrhiza Bunge,
which was shown to specifically inhibit the c-Jun/c-Fos AP-1 com-
plex, preventing DNA binding and the subsequent transcriptional
activity (31, 38). Blocking AP-1 DNA binding, using tanshinone
IIA, resulted in a drastic change in infectivity and chlamydial de-
velopment. We could show that the application of tanshinone IIA
not only led to growth restriction, as recently shown for Chla-
mydia trachomatis, but also changed a replicative infection into a
persistent one (31). We first determined the levels of MOMP and
cHsp60 protein expression and subsequently calculated the
MOMP/cHsp60 ratio (as described by Beatty et al. [10]) as an
indicator for persistence. We found that after tanshinone IIA
treatment the MOMP/cHsp60 ratio decreased significantly, and
such a decrease is usually associated with the persistence of C.
trachomatis. Studies concerning C. trachomatis persistence have
often found the expression of MOMP to be decreased, while
cHsp60 expression has been found to remain stable or increase
during persistence (2, 7, 10, 39). It was shown that, besides the
chlamydial species, an inducer of persistence, such as IFN-� or
penicillin, is of essential importance for the transcriptional persis-
tence profile (40, 41). The results presented in previous publica-
tions are in agreement with the finding that the MOMP/cHsp60
ratio cannot be used as a universal persistence marker (5, 6, 42).
Tanshinone IIA, as an inducer of persistence, might be responsible

FIG 5 The ATP level and protein-bound NAD(P)H fluorescence lifetime de-
creased after tanshinone IIA treatment. (A) Quantification of the relative
amount of ATP. HEp-2 cells were infected with 10 IFUs of C. pneumoniae
(Cpn) and treated with or without tanshinone IIA (TIIA; 25 �M). Relative
ATP levels were measured directly (0 hpi) and at 6 hpi and 12 hpi. (B and C)
HEp-2 cells were infected with C. pneumoniae, and tanshinone IIA was applied
in parallel, followed by incubation for 48 h. (B) Gray-scale images of the NAD(P)H
fluorescence intensity (top) and color-coded images of the protein-bound
NAD(P)H fluorescence lifetime (�2-NAD(P)H) (bottom) in C. pneumoniae-in-
fected cells not treated (left) and treated (right) with tanshinone IIA. Dashed
lines and arrowheads indicate representative chlamydial inclusions which
were selected for quantitative analysis. ns, nanoseconds. (C) Quantitative anal-
ysis of �2-NAD(P)H inside the chlamydial inclusion. Chlamydial inclusions
(n 
 30) from three different samples were analyzed on two independent
experimental days. Data, presented as the mean 	 SEM, are representative of
those from three independent experiments (n 
 3). *, P � 0.05.
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for this unusual C. pneumoniae persistence profile, as has been
found for C. trachomatis.

A possible explanation for the persistent phenotype induced by
tanshinone IIA is the fact that AP-1 is involved in processes coor-
dinating cell proliferation, which requires a functional host cell
metabolism. Moreover, intracellular chlamydiae also have a high
energy demand during their replicative cycle. As inhibition of
AP-1 leads to the suppression of cell proliferation, our data sug-
gest that interference with AP-1-regulated host cell metabolism
affects chlamydial development (43, 44). In line with that sugges-
tion, it is known that AP-1 regulates genes responsible for cellular
energy balance, such as glut-1 (45). As chlamydiae are hypothe-
sized to be energy parasites, they are highly dependent on the host
cell ATP/glucose supply (46). Indeed, upregulation of glut-1
mRNA expression following chlamydial infection was already de-
scribed to take place in a later phase of infection (47). In the late
stage of development, metabolically active RBs in need of ATP for
replication and redifferentiation are present (48). In accordance
with that finding, we demonstrated that ATP is upregulated early
(6 and 12 hpi) after C. pneumoniae infection. In contrast, in the
presence of tanshinone IIA, ATP levels were significantly de-
creased. The lack of ATP in the phase where differentiation from
EBs to RBs occurs might cause the induction of persistence, as the
requirements for proper chlamydial development are not pro-
vided anymore (49). Analysis of a later developmental stage (48
hpi) revealed a decrease in the lifetime of NAD(P)H fluorescence,

serving as an indicator of the reduced metabolic activity of the
chlamydial RBs. Therefore, we hypothesize that tanshinone IIA
treatment results in limitations in the glucose supply and the sub-
sequent ATP supply, which is responsible for incomplete develop-
ment and leads to persistence (47, 50).

In summary, we demonstrated that AP-1 is involved in Chla-
mydia pneumoniae development. Knockdown of c-Jun altered the
infection, resulting in a decreased inclusion size, chlamydial load,
and chlamydial recovery, emphasizing the importance of c-Jun for
chlamydial development. Furthermore, inhibition of AP-1 (c-
Jun/c-Fos)-related transcription using tanshinone IIA dramati-
cally changed the infection morphology as well as the bacterial
load and chlamydial recovery, inducing persistence. These data
demonstrate a role for the c-Jun-containing AP-1 complex and its
transcriptional activity in Chlamydia pneumoniae development.
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