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Summary
Chlamydial protease-like activity factor (CPAF) is
secreted to the cytoplasm of the infected cells where
it proteolytically cleaves eukaryotic transcription factor RFX5. Here, we determined the localization pattern
of CPAF during the course of an acute and persistent
in vitro infection of the epithelial cell line HEp-2 with
Chlamydophila pneumoniae strain VR1310. Using
immunoblotting, confocal microscopy and electron
microscopy, we found CPAF in the inclusion lumen or
associated with bacteria during the first 48 h of an
acute infection. Seventy-two hours and later, CPAF
was present predominantly in the cytoplasm of the
infected cells. Translocation of CPAF into cytoplasm
correlated in time with degradation of the transcription factor RFX5, as confirmed by immunoblotting.
Interestingly, during the persistent infection induced
by either IFN-gg or iron limitation CPAF translocation
to the cytoplasm was inhibited resulting in unaffected
or only partially reduced levels of RFX5. Based on
presented findings, we propose that CPAF translocation to the cytoplasm is separated from its production. The translocation mechanism appears to be fully
active during an acute infection; however, it is fully or
partially inhibited during persistent infection induced
by IFN-gg or by iron limitation respectively. Consequently, this work demonstrates the importance of
subcellular localization of CPAF for the characteristics of chlamydial acute and persistent infection in
epithelial HEp-2 cells.
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Introduction
The number of the bacterial proteins that directly interact
with eukaryotic targets is increasing (Naumann et al.,
1999; Galan, 2001; Kresse et al., 2001). Recently cloned
and characterized chlamydial proteases encoded by
Ct858 in Chlamydia trachomatis and Cpn1016 in Chlamydophila pneumoniae genomes are the first chlamydial proteins that were shown to be secreted to the cytoplasm of
the infected cell (Zhong et al., 2001; Fan et al., 2002;
Shaw et al., 2002). Despite low homology on the amino
acid level, both proteases target the same eukaryotic transcription factor RFX5 required for the expression of both
classes of MHC (van den Elsen et al., 1998; Gobin et al.,
2001). Consequently, the presence of active CPAF in the
cytoplasm of the infected epithelial cell leads to downregulation of the host adaptive immune defence (Zhong et al.,
1999; 2000).
Importantly for the medical outcome of chlamydial infections, both C. trachomatis and C. pneumoniae are capable
of causing persistent infections in vivo (Hammerschlag
et al., 1992; Dean et al., 2000). During persistent infection, C. trachomatis and C. pneumoniae do not undergo
their typical developmental cycle as defined by consecutive presence of two forms, elementary and reticulate bodies (EB and RB respectively) but rather develop into an
intermediate, non-infectious and non-replicating form,
characterized by aberrantly enlarged size and altered
metabolic activity (Beatty et al., 1993; Al Younes et al.,
2001). These intermediate aberrant chlamydial forms
were reported to persist in the infected cells for a time
longer than needed to complete a normal developmental
cycle (Beatty et al., 1995). Interestingly, it was also
reported that during the persistent infection induced by
IFN-g, cells infected with C. trachomatis retained some
properties previously demonstrated in the acute infection,
specifically the inhibition of apoptosis (Dean and Powers,
2001).
To understand the mechanism of in vivo persistency,
several in vitro models of persistent infections were developed. One of the most widely used is the persistency
induced by treatment with IFN-g, which reflects the in vivo
inflammatory response of infected animal or individual
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(Beatty et al., 1993; Mehta et al., 1998). The mechanism
behind IFN-g-induced persistency was shown to depend
on reversible modulation of tryptophan availability in the
infected cell by the induction of tryptophan-catabolizing
enzyme indoleamine 2,3-dioxygenase (Beatty et al.,
1995). In another model, that has recently been established in our laboratory, persistent state of infection was
induced by limiting availability of iron (Al Younes et al.,
2001). The precise mechanism regulating that type of
persistency is still unknown. However, earlier studies
showed that iron concentration affects the infectivity and
length of developmental cycle for both, C. trachomatis and
C. pneumoniae (Raulston, 1997; Al Younes et al., 2001).
Additionally, increased iron levels were previously indicated as a risk factor connected with chlamydial presence
in atherosclerosis (Sullivan and Weinberg, 1999).
Chlamydial protease-like activity factor appears to modulate the acquired immune response against chlamydial
infections by proteolysis of RFX5 transcription factor.
Thus, we felt that it would be important to study when and
under which conditions CPAF is expressed and active
within the host cell. Our goal was to explore the kinetics
of CPAF expression during an acute infection and to determine its localization at different stages of the chlamydial
developmental cycle. We also wanted to determine the
influence of a persistent infection on the expression and
localization of CPAF. To gain a broader view on this subject, we compared two different models of persistent infections induced by IFN-g or by iron limitation.

Results
C. pneumoniae expresses CPAF at 24 h post infection;
however, CPAF is translocated to cytoplasm later than
48 h post infection
To study the expression of CPAF during the course of
infection, the levels of CPAF were monitored by immunoblotting. Using mouse monoclonal antibody against CPAF,
we detected the characteristic double band (35 and
37 kDa) (Fig. 1). On days 2 and 3 post infection (p.i.), both
isoforms were expressed whereas on day 4 p.i., the predominant isoform was 35 kDa. Additionally, we performed
immunostaining of the infected cells 1, 2, 3 and 4 days p.i.
Using confocal microscopy, we observed a weak staining
inside some of the inclusions on day 1 (data not shown)
followed by a strong staining in the majority of the inclusions on day 2 (Fig. 2A). During first two days of infection,
CPAF was localized predominantly inside of the inclusions. On days 3 and 4 p.i., CPAF was detected mainly in
the cytoplasm of the infected cells, indicative of its translocation (Fig. 2B and C). Two staining patterns were identified: first, diffused throughout the cytoplasm and a
second, vesicular-like.

Fig. 1. CPAF expression pattern during the course of an acute infection – detection of CPAF by immunoblotting. HEp-2 cells were infected
with C. pneumoniae strain VR-1310. After incubation for 1, 2, 3 or
4 days, the cells were lysed and proteins were separated on a 10%
SDS gel. After electroblotting, CPAF was detected using mouse monoclonal antibody EB 3.1 followed by goat anti-mouse-HRP and visualized using chemiluminescence system. Using this method, CPAF
could be detected on the second day p.i. Two bands, 35 and 37 kDa
(indicated by arrows on the blot) were present on day 2 and 3 p.i.
whereas only one, 35 kDa predominant band was present at the end
of the infectious cycle.

Presence of CPAF in the cytoplasm of infected HEp-2
cells correlates with the downregulation of RFX5
The mammalian transcription factor RFX5 was found earlier to be a target for the proteolytic activity of CPAF. To
establish at what time after infection RFX5 is degraded,
the infected cells were collected on daily intervals and
subjected to SDS-PAGE and immunoblotting with an antiRFX5 antibody. We observed a degradation of RFX5 on
days 3 and 4 p.i., as compared to uninfected controls
(Fig. 3). The degradation of RFX5 correlated in time with
translocation of CPAF into the cytoplasm.

Electron microscopy studies confirm early localization of
CPAF to the chlamydial inclusion
To more accurately determine the localization of CPAF,
we performed immunogold EM studies. The staining was
performed on the second (Fig. 4A) and fourth (Fig. 4B)
day p.i., as described in Experimental procedures.
Respective controls (uninfected cells, infected cells incubated with either primary or secondary antibodies only)
returned negative results confirming the immunoblotting
and immunofluorescence control staining and indicating
high specificity of the EB3.1 antibody (data not shown).
We observed that on day 2 p.i. CPAF was localized in the
inclusion associated with bacteria. The gold particles
were also associated with small vesicular structures that
could either be a topical part of the C. pneumoniae outer
membrane or a separate vesicle of unknown nature
(Fig. 4A). In the staining performed on day 4 post infection, we were unable to detect CPAF in the inclusion
(Fig. 4B).
© 2003 Blackwell Publishing Ltd, Cellular Microbiology, 5, 315–322
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Fig. 2. Localization of CPAF during an acute infection – immunofluorescence studies. HEp-2 cells were infected with VR-1310 (MOI = 1) and
incubated for 2, 3 and 4 days. Next, the cells were washed, fixed with 2% PFA and stained using monoclonal antibody against CPAF EB3.1 (Cy3)
and polyclonal rabbit sera raised against genus-specific chlamydial antigens (Cy2). Shown are micrographs from the confocal microscope.
A. 2 days p.i. CPAF (red) is localized inside the inclusions and fully co-localized with chlamydial genus-specific antigen (green), as indicated by
yellow staining resulting from the overlap.
B. 3 days p.i. CPAF translocates into the cytoplasm but is still present in some of the inclusions.
C. 4 days p.i. CPAF is predominantly present in the cytoplasm and on the borders of the inclusions.

In the persistent infections, CPAF does not translocate
into cytoplasm of the infected cell
Chlamydial infections are often of persistent nature in vivo.
To date, at least four models of the in vitro persistent
infections were established, namely induction of persistency by addition of IFN-g, addition of antibiotics, nutrient
depletion and iron depletion. To observe expression and
localization of CPAF during the course of persistent infection, we chose to use the addition of IFN-g or iron depletion
as two different inducers of persistency. Fifty units of IFNg ml-1 or 30 mM DAM were added to the infected cultures
1 day or 4 h after the beginning of the infection respectively.
The infection was monitored for up to 6 days. Using confocal microscopy, we observed that CPAF is produced by
C. pneumoniae in both types of persistent infections. On
day 3 p.i., where in control infected cells majority of CPAF

is translocated into the cytoplasm, in the persistently
infected cells CPAF was predominantly localized inside of
the inclusions (Fig. 5A). In the persistently infected cells,
this localization remained unchanged up to 6 days p.i. In
the acute infection 6 days p.i. corresponds to second developmental cycle, thus this time point could not be analysed.
Interestingly, in the DAM-treated samples, unlike in the
IFN-g-treated ones we observed occasionally CPAF staining in small cytoplasmic vesicles (Fig. 5B, arrows).
Absence of translocated CPAF in the cytoplasm correlates
with unaffected levels of RFX5
As the translocation of CPAF appeared to be inhibited in
both types of persistent infections, we wanted to examine
the levels of RFX5 under the persistent conditions. To do
that, we detected RFX5 in an immunoblot of the cells
infected with C. pneumoniae and treated with IFN-g or
DAM. Our results demonstrated that despite of the production of CPAF by C. pneumoniae, the levels of RFX5
were unchanged in the IFN-g-treated cultures and
decreased, but not eradicated, in the DAM-treated cultures, as compared to the respective controls (Fig. 6).
Discussion

Fig. 3. RFX5 mammalian transcription factor is degraded on days 3
and 4 during the course of an acute infection. Cells were infected with
VR-1310 (MOI = 1, without cycloheximide). At indicated time points,
the cells were lysed in RIPA buffer and the proteins were separated
by 10% SDS-PAGE. After electroblotting, RFX5 was detected
using rabbit polyclonal antibody against RFX5 followed by a HRPconjugated secondary antibody and visualized by ECL reaction. Antitubulin staining was used for standardization of the blot. The degradation of RFX5 is seen on days 3 and 4 p.i., but not the earlier times.
© 2003 Blackwell Publishing Ltd, Cellular Microbiology, 5, 315–322

Chlamydial protease-like activity factor is the first chlamydial protein unequivocally shown to be translocated into
host cell cytoplasm where it specifically targets transcription factors resulting in impairment of the immune system
(Zhong et al., 2000; 2001;Fan et al., 2002). In this work,
we demonstrated that CPAF was produced by C. pneumoniae from day 1 p.i. which is in agreement with the 2D
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Fig. 4. CPAF is localized in the chlamydial inclusion 2 but not 4 days
after infection. EM immunogold labelling. Infected cells treated as
described in Experimental procedures. Ultrathin sections were incubated with the mouse monoclonal antibody EB3.1 followed by a goat
anti-mouse antibody coupled to 1 nm gold colloids. For the evaluation
of staining, a Leo906 transmission electron microscope was used.
A. Demonstrates a specimen 2 days p.i. Gold particles indicate presence of CPAF localized inside of the inclusion and either associated
with bacteria or present in the lumen of the inclusion (arrows).
B. Shows specimen that was infected for 4 days. No CPAF could be
detected inside of the inclusion. The bar in the right-side lower corner
of the micrographs indicates 200 nm size.

data obtained by Shaw et al. (2002). We also determined
that during the first 2 days of infection, CPAF remained
within the chlamydial inclusion. At later time points, we
observed translocation of CPAF into cytoplasm of the

infected cells. The translocation correlated in time with the
degradation of RFX5, which is substrate protein for CPAF.
However, it cannot be excluded that the translocation
takes place earlier than 3 days p.i. but could not be appreciated as a result of the limited sensitivity of assays used
to trace both CPAF and RFX5. Chlamydophila pneumoniae is well known to cause persistent infections during
which chlamydial metabolism is altered as compared to
the acute infection. Thus, we investigated the expression
and localization pattern of CPAF during two distinct types
of persistent infections. In both of them, the one induced
by addition of IFN-g which mimics inflammatory host
response and the other caused by the depletion of iron
corresponding to a medical condition of anaemia, we
observed that CPAF was indeed produced by C. pneumoniae yet it was retained within inclusions. The full or a
partial inhibition of CPAF translocation correlated with stable levels of RFX5 in the IFN-g-treated cultures or with
decreased levels of RFX5 in the DAM-treated cultures,
respectively. Only partially decreased amount of RFX5 in
the DAM-treated cultures could be attributed to the occasional presence of cytoplasmic vesicles containing CPAF.
Our findings suggest that the expression and translocation of CPAF to the cytoplasm of infected cells are not
simultaneous. Moreover, we demonstrated that CPAF
undergoes post-translational processing. The mouse
monoclonal antibody EB 3.1 that we used throughout this
work, was raised against the C-terminal portion of CPAF
and in the immunoblotting it has never detected full length
CPAF (70 kDa), corroborating the observations of others
(Fan et al., 2002; Shaw et al., 2002). Instead, this antibody visualized two bands (35 and 37 kDa) indicative of
either two distinct cleavage sites or other postranslational
modification, i.e. phosphorylation. Interestingly, the two
isoforms were not expressed on equal levels throughout
the infection. The 37 kDa and 35 kDa isoforms were produced during the first stages of an acute infection and
throughout the duration of the persistent infection (data
not shown). The 35 kDa isoform was predominant at the
end of the acute infection. The nature of these modifications remains to be clarified. Zhong et al. (2001) have
shown that the recombinant full length CPAF from C.
trachomatis retained its proteolytic activity, therefore the

Fig. 5. Inhibition of CPAF translocation during persistent infection induced by IFNg or DAM.
A. Inhibition of CPAF translocation in infected cells treated with IFNg and DAM 3 days post infection. To induce persistent infection, the cells were
infected and after 1 day of incubation, 50 U ml-1 IFNg was added to the cells. Alternatively, the cells were infected and incubated for 4 h under
standard conditions followed by the addition of 30 mM DAM and CHX. Infected control cells remained untreated. Three days p.i. the cells were
fixed and CPAF was detected using mouse monoclonal EB3.1 (Cy3). Inclusions were visualized using a genus-specific rabbit polyclonal antibody
(Cy2). Shown are micrographs from the confocal microscope. Right panel shows overlay of channels Cy2 and Cy3 with the contrast phase. Unlike
in the control infected untreated cells, in the persistent infection induced by either IFNg or DAM, CPAF is predominantly present inside of the
inclusions.
B. Inhibition of CPAF translocation in infected cells treated with IFNg and DAM 6 days post infection. Cells were treated as described above. Six
days p.i. the persistently infected cells were fixed and CPAF was detected using mouse monoclonal antibody EB3.1 (Cy3). Inclusions were
visualized using polyclonal rabbit sera raised against genus-specific chlamydial antigens (Cy2). Shown are micrographs from the confocal
microscope. In the DAM-treated cells, CPAF is present inside of the inclusions but also shows vesicular distribution in some cells (arrows).
© 2003 Blackwell Publishing Ltd, Cellular Microbiology, 5, 315–322
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Fig. 6. Degradation of RFX5 is fully or partially inhibited in persistent infections. HEp-2 ells were infected and the persistence was induced as
described in Experimental procedures. Three days p.i. the medium was replaced with medium containing no cycloheximide and the cells were
incubated for an additional 24 h. Next, RFX5 was detected in a cell lysate, as described in Experimental procedures. Tubulin staining was used
as a loading control. Left panel demonstrates stable presence of RFX5 in the persistently infected cells exposed to IFN-g. Right panel shows
decreased but not abrogated levels of RFX5 in the DAM-treated infected cells. Both uninfected/treated and infected/untreated cells were used
as a control.

purpose of CPAF cleavage needs to be explained. The
mechanism of CPAF secretion by bacteria into the lumen
of inclusion also remains to be elucidated. Although components of the type III secretion system have been identified in the genome and in the proteome of C.
pneumoniae (Kalman et al., 1999; Vandahl et al., 2001),
it is rather unlikely that this particular system would be
involved in the transport of CPAF. We concluded this
based on computer-assisted predicted localization of
CPAF indicating presence of a signal peptide. The
translocation mechanism into the cytoplasm of the
infected cell is also unclear. The fact that in persistent
infection, the translocation but not the production of CPAF
was inhibited, suggests that the transport process is not
self-mediated by CPAF. Additional factor(s) that are limited
by the persistent conditions must play a role in this
mechanism.
The proteolytic activity of CPAF, as measured by presence or absence of the transcription factor RFX5 in the
infected cells, correlated with CPAF translocation that
took place later than 2 days p.i. but not with CPAF production, detected already on day 1 p.i. Interestingly, as
the CPAF translocation was inhibited in persistent infections, so was the degradation of RFX5. The persistent
infections were induced in two different manners; however, both resulted in full or partial inhibition of CPAF
translocation. Full inhibition was evident in the IFN-g
treated cultures and correlated with intact levels of
RFX5. In the DAM-treated cells; however, likely as a
result of the occasional presence of cytoplasmic vesicular CPAF, the levels of RFX5 decreased. It is tempting to
speculate that both, addition of IFN-g and iron depletion
induce similar phenotypic changes on either host or bacterial side, as defined by the inhibition of CPAF translocation. Alternatively, addition of IFN-g and iron limitation

could induce or affect distinct pathways resulting in comparable outcome.
Interesting aspect of the inhibition of CPAF translocation
into the cytoplasm is its immune consequence. RFX5 is
responsible for transcriptional upregulation of the MHC
class II in response to IFN-g but also for a baseline expression of MHC class I (Reith and Mach, 2001). Thus, in
persistent infections when the levels of RFX5 are unaffected, antigen presentation in context of both MHC
classes should be normal or even upregulated. However,
if mechanism of CPAF translocation is common for other
chlamydial proteins, then lack of translocated CPAF in the
cytoplasm during persistent infections would indicate no
other chlamydial antigens available for presentation. Interestingly, there is evidence that even if such presentation
would take place, activated T cells that recognize chlamydial antigens undergo apoptosis (Jendro et al., 2000).
Moreover, epithelial cells persistently infected with C. trachomatis (IFNg-induced persistence) resist apoptotsis
(Dean and Powers, 2001) similarly to acute infection of
epithelium with C. pneumoniae or C. trachomatis (Fan
et al., 1998; Rajalingam et al., 2001). Taken together, multiple mechanisms protect the persistently infected cells
from recognition by immune system and from the immune
cytotoxic effector mechanisms.
Chlamydial protease-like activity factor is the first and
so far unique chlamydial protein found to be translocated
into the cytoplasm of the infected host cell. The motif and
the homology searches within the genome and proteome
of C. pneumoniae so far returned no hits indicative of
existence of protein(s) similar either in function, structure
or in processing (our unpublished study). Nevertheless,
the mechanism behind the translocation of CPAF could
theoretically be used for other chlamydial proteins. Consequently, inhibition of this mechanism during persistent
© 2003 Blackwell Publishing Ltd, Cellular Microbiology, 5, 315–322
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infections would prevent the direct eukaryotic–prokaryotic
interactions and also leave the chlamydial proteins inaccessible for immune processing and presentation, deep
inside the chlamydial inclusions.
Experimental procedures
Media
Cell growth media consisted of RPMI 1640 (Invitrogen GmbH,
Karlsruhe, Germany) supplemented with 10% FBS (fetal bovine
serum) (Biochrome KG, Berlin, Germany). For the infection,
RPMI 1640 media was supplemented with 5% FBS and occasionally with 1 mg ml-1 cycloheximide (CHX) (Sigma-Aldrich,
Munich, Germany), as indicated for specific experiments.

Infection protocol
Hep-2 cells were seeded in 6-well plates with or without cover
slips one day before infection. On the following day, the host cells
were infected with VR1310 using specified MOI. Briefly, bacteria
were centrifuged onto cells for 1 h at 33∞C using 920 g and
incubated under standard conditions (35∞C and 5% CO2 in a
humidified tissue culture incubator) for indicated time in the infection media with or without 1 mg ml-1 cycloheximide.

Induction of persistence with IFN-g or deferoxamine
mesylate (DAM)
To induce persistent infections, infected HEp-2 cells were treated
either with IFN-g (Roche Diagnostics GmbH, Mannheim, Germany) or with DAM (Sigma-Aldrich). In case of IFN-g-induced
persistency, HEp-2 cells were infected with an MOI of 1.5 and
incubated in RPMI 1640/5% FBS for one day (35∞C and 5% CO2
in a humidified tissue culture incubator). Then the media was
replaced with RPMI 1640/5% FBS containing 50 U ml-1 IFN-g
followed by incubation for up to 6 days under standard conditions.
To induce persistency by iron depletion, HEp-2 cells were
infected with an MOI of 1.5. Four hours post infection (p.i) the
inoculum was replaced by RPMI/5% FBS supplemented with
1 mg ml-1 cycloheximide and 30 mM DAM. The plates were incubated under standard conditions for specified times.

Cell line, bacterial strains and bacterial propagation
As a host cell, the larynx carcinoma cell line HEp-2 was used.
Chlamydia pneumoniae strain CWL029 (ATCC strain VR1013, a
kind gift from Dr Gunna Christiansen, University of Aarhus, Aarhus, Denmark) was propagated in HEp-2 larynx carcinoma cell
line according to standard procedures (35∞C and 5% CO2 in a
humidified tissue culture incubator). Presence of Mycoplasma sp.
was excluded using PCR, mycoplasma detection system
(Roche Diagnostics, Basel, Switzerland) and DAPI staining
(Sigma-Aldrich).

Antibodies, cell staining and immunoblot analyses
The mouse monoclonal antibody EB3.1 against CPAF was a kind
gift from Dr Guangming Zhong (University of Texas Health Sci© 2003 Blackwell Publishing Ltd, Cellular Microbiology, 5, 315–322

ence Center at San Antonio, San Antonio, TX). EB3.1 was supplied as a supernatant from a hybridoma cell line. Genus-specific
rabbit polyclonal antibodies were from Milan Analytica (La Roche,
Switzerland). Anti-RFX5 rabbit IgG fraction was purchased from
Rockland Immunochemicals (Gilbertsville, PA). Mouse antitubulin antibody was from Sigma-Aldrich. Secondary antibodies
coupled with fluorochromes were from Molecular Probes (Leiden,
the Netherlands).
For the confocal microscopy analysis, on indicated days post
infection, the cells were washed with PBS, fixed for 30 min with
2% paraformaldehyde (Sigma-Aldrich) and then stained with the
respective antibodies (EB3.1 was used at a dilution of 1:50 or
1:100, depending on the preparation; standardization data not
shown), as described previously (Al Younes et al., 2001). Western blotting was done according to standard procedures with
Western Lightning™ Chemiluminescence Reagent detection
system (Perkin Elmer Life Sciences, Boston, MA). EB3.1 was
used in WB at a dilution of 1:500 or 1:1000, depending on the
preparation (standardization data not shown).

EM immunostaining
Infected cells and uninfected controls were fixed in 4% PFA/0.1%
GA (Sigma-Aldrich) in PBS for 20 min at room temperature and
permeablilized with 0.1% saponin (Sigma-Aldrich) in PBS. After
30 min blocking (1% NGS/1% BSA in PBS) the cells were incubated with the EB 3.1 anti-CPAF MoAb (24 h at 4∞C, 1:100 in
PBS). Cells were washed and incubated with the secondary
antibody coupled to 1 nm gold (48 h at 4∞C, 1:100). After washing, gold colloids were visualized using silver enhancement (Danscher, 1981), cells were post-fixed (0.5% OsO4 (Sigma-Aldrich)),
dehydrated and embedded in Polybed 812 (Polysciences
Europe, GmbH Eppelheim, Germany). After polymerization for
2 days at 65∞C, sections were cut at 60 nm and analysed using
a LEO 906E (A Carl Zeiss SMT AG Company, UK) transmission
electron microscope.
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