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Activation of complement represents one means of natural resistance to infection from a wide variety of
potential pathogens. Recently, properdin, a positive regulator of the alternative pathway of complement, has
been shown to bind to surfaces and promote complement activation. Here we studied whether properdin-
mediated complement activation occurs on the surface of Chlamydia pneumoniae, an obligate intracellular
Gram-negative bacterium that causes 10 to 20% of community-acquired pneumonia. We have determined for
the first time that the physiological P2, P3, and P4 forms of human properdin bind to the surface of Chlamydia
pneumoniae directly. The binding of these physiological forms accelerates complement activation on the
Chlamydia pneumoniae surface, as measured by C3b and C9 deposition. Finally, properdin-depleted serum
could not control Chlamydia pneumoniae infection of HEp-2 cells compared with normal human serum.
However, after addition of native properdin, the properdin-depleted serum recovered the ability to control the
infection. Altogether, our data suggest that properdin is a pattern recognition molecule that plays a role in
resistance to Chlamydia infection.

Chlamydiae are obligate intracellular Gram-negative bacte-
ria that develop in a host cell within a membrane-bound com-
partment termed an inclusion. In humans, Chlamydia pneu-
moniae causes diseases of the respiratory tract, e.g., bronchitis,
sinusitis, or pneumonia, with potentially severe sequelae that
include atherosclerosis and chronic obstructive pulmonary dis-
ease (2, 8, 20).

Chlamydia’s unique developmental cycle starts when the in-
fectious form of the bacterium, the elementary body (EB),
targets the mucosal respiratory epithelium and remains within
a nonacidified vacuole known as an inclusion (13). Soon after
the infection, the EB differentiates into a noninfectious, but
metabolically active, reticulate body (RB), which proliferates
by binary fission within the expanding inclusion. The generated
progeny differentiates back into EBs that are released upon
host cell lysis to infect other cells. During the infection process,
Chlamydia does not necessarily remain confined to these pri-
mary sites; it also has the propensity to disseminate to extramu-
cosal tissues. For instance, it has been suggested that C. pneu-
moniae multiplies and survives within macrophages (16, 35, 40)
and polymorphonuclear neutrophils (PMN) (42, 50) in order
to propagate to the rest of the body and reach endothelial cells.
During this journey, from circulating cells to endothelial cells,
C. pneumoniae encounters the innate immune system, in which
the complement system may play a fundamental role in con-
trolling Chlamydia infection.

The complement system is a central component of the innate
immune response and is involved in many functions, including
recognition, opsonization, phagocytosis, and destruction of for-

eign cells, as well as generation of chemotactic fragments (C3a
and C5a) and activation of adaptive immunity (30, 32, 51)
Three pathways of complement activation are known: the clas-
sical, lectin, and alternative pathways. Although each uses its
own unique mechanism for target versus host discrimination,
all pathways result in covalent attachment of C3b to the target
and can potentially assemble pores in the bilipid layer of the
cell being attacked. The alternative pathway initiates when
spontaneously hydrolyzed C3 binds to activating surfaces (i.e.,
certain bacteria and viruses). Therefore, this pathway does not
require a specific antibody response for activation and may
play an important role in controlling primary infections with
pathogens. Although it is has been described that Chlamydia
trachomatis activates the alternative pathway (21, 31), little is
known about the effect of this pathway on C. pneumoniae.
Moreover, the mechanisms involved in alternative pathway-
mediated complement activation or its consequences on infec-
tion in C. pneumoniae remain unknown.

Properdin is the only positive regulator of the alternative
pathway. It is a plasma protein synthesized by monocytes,
hepatocytes, mast cells, T cells (45, 46, 49), and shear-stressed
endothelial cells (6) and is also a component of the secondary
granules in neutrophils (PMN) (53). Patients with properdin
deficiency have a higher risk of meningococcal disease than the
general population (14), and an association has also recently
been found with recurrent otitis media and pneumonia (44).
Properdin facilitates alternative pathway complement activa-
tion and amplification by extending the half-life of the C3b,Bb
convertase (11). The stabilized C3bBb convertase then rapidly
cleaves more C3 to C3b, which acts as an opsonin and can
reinitiate the pathway in an amplification loop that proceeds
on the pathogenic cell.

Properdin is composed of cyclic dimers (P2), trimers (P3),
and tetramers (P4) of a 53-kDa monomeric subunit (37, 47).
Biochemical studies of purified properdin indicate that this
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protein can form nonphysiological higher-level polymers dur-
ing events such as long-term storage and freeze-thawing (10,
37). This form, also known as “activated properdin or Pn,” has
the abnormal ability to activate complement in solution (37).
Recent studies using purified properdin have reported that
properdin can act as a pattern recognition molecule and bind
directly to surfaces such as dying cells and Neisseria gonor-
rhoeae in the absence of C3b, serving as a platform for de novo
C3bBb assembly (15, 25, 26, 48, 56). Although the data from
these studies are consistent with the complement initiation
function proposed over 50 years ago (38), we have recently
shown that physiological forms of properdin in the absence
of artifactual aggregates do bind to late apoptotic and ne-
crotic cells (12, 56) but do not bind to Neisseria spp. (1).
Therefore, properdin is likely very selective in its recogni-
tion of surfaces.

Considering the importance of the recent findings that im-
plicate properdin as a complement initiator on surfaces, we
sought to determine whether the physiological forms of pro-
perdin (P2, P3, and P4) have the ability to bind to and promote
complement activation on the C. pneumoniae surface. Herein,
we provide evidence that properdin plays an active role in
alternative pathway activation on the C. pneumoniae surface
and in controlling infection, suggesting a role for properdin as
a specific pattern recognition molecule.

MATERIALS AND METHODS

Chlamydia and cell culture. Elementary bodies (EBs) of C. pneumoniae isolate
Kajaani 6 were propagated within HL cells (29) in Chlamydia medium (complete
Iscove’s modified Dulbecco’s medium containing 10% heat-inactivated fetal bo-
vine serum, 20 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM
nonessential amino acids, 20 �g/ml gentamicin, 0.5 mg/ml glucose, 0.26 mg/ml
sodium bicarbonate, and 1.5 �g/ml cycloheximide) as described previously (9,
54). EBs were aliquoted in a sucrose-phosphate-glutamate buffer and stored at
�80°C. The infectivity, as measured by the number of inclusion-forming units
(IFU) of purified organisms, was titrated in cycloheximide-treated (1 �g/ml) HL
cell monolayers. HEp-2 cells (ATCC CCL 23; American Type Culture Collec-
tion, Manassas, VA) were grown in complete RPMI 1640 medium containing
10% heat-inactivated fetal bovine serum (HyClone, Logan, UT) and 20 mM
HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential amino
acids, and 20 �g/ml gentamicin (all from Invitrogen, Carlsbad, CA) at 37°C in 5%
CO2. When infected with C. pneumoniae, HEp-2 cell monolayers were cultured
in Chlamydia medium.

Antibodies. Anti-human C3-phycoerythrin (PE) (clone 6C9; Cedarline), anti-
human C3-fluorescein isothiocyanate (FITC; Cappel), FITC-labeled anti-Chla-
mydia EBs (Fitzgerald Industries International, Concord, MA), mouse IgG2a
anti-C. pneumoniae (clone 57/062; ABD Serotec), mouse anti-major outer mem-
brane protein (anti-MOMP) (clone RR402) (39), mouse IgG1 anti-human pro-
perdin 1 (Quidel), mouse IgG1 and IgG2a isotype controls (eBioscience), and
anti-mouse IgG-FITC were purchased from the indicated sources. The anti-
properdin and isotype control antibodies were added to the samples at a con-
centration of 10 �g/ml.

Serum and complement reagents. Complement component C9 was purified as
previously described (5) and was labeled with Alexa Fluor 488 (Molecular
Probes) by following the manufacturer’s instructions. Properdin was purified
from normal human serum (NHS) as described previously (12). Properdin-
depleted serum was purchased from CompTech. The alternative pathway was
selectively activated by adding EGTA and Mg2� to serum, both to a final
concentration of 5 mM. The addition of a final concentration of 10 mM EDTA
was used to inhibit both classical and alternative pathways.

Separation of the polymeric forms of properdin. Properdin was thawed and
subfractionated as described previously (12, 37). Briefly, the polymeric forms of
properdin (P2, P3, P4, and Pn) were separated by cation-exchange chromatogra-
phy on a Mono S column (0.5 by 5 cm). The sample was diluted 2-fold with buffer
A (50 mM sodium phosphate, pH 6) and loaded onto a 1-ml Mono S column
(GE Healthcare). The column was washed with 20% buffer B (50 mM sodium

phosphate. 0.5 M NaCl, pH 6), and the properdin was eluted with a 20-ml
gradient from 20 to 45% buffer B. Individual properdin peaks were collected and
dialyzed into phosphate-buffered saline (PBS). Subsequently, or alternatively,
the properdin was purified by gel filtration on a Phenomenex BioSep-Sec-S4000
column (600 by 7.8 mm) with a guard column (75 by 7.8 mm) at a flow rate of 0.5
ml/min at 21°C in PBS (10 mM sodium phosphate, 140 mM NaCl, pH 7.4).

Measurement of properdin binding to C. pneumoniae. Properdin binding to
EBs was assessed by incubating 107 infection-forming units (IFU) of C. pneu-
moniae with properdin (15 �g/ml) in Hanks balanced salt solution (HBSS) plus
0.1% bovine serum albumin (BSA) in a final reaction volume of 100 �l for 30 min
at 4°C. C. pneumoniae bacteria were washed two times as indicated previously
and incubated with either anti-properdin or isotype control antibodies for 45 min
at 4°C. C. pneumoniae bacteria were washed and stained with FITC-conjugated
goat anti-mouse IgG and analyzed by flow cytometry. A minimum of 5,000 events
was acquired, and the data were analyzed using FlowJo software.

Measurement of C3b deposition by flow cytometry. To determine the time
course of C3b deposition on C. pneumoniae, EBs were incubated in the indicated
percentage of NHS for 60 min at 37°C. EBs were incubated with serum in the
presence of 5 mM Mg-EGTA to selectively measure alternative pathway activa-
tion. Negative controls were incubated with NHS in the presence of 10 mM final
EDTA or heat-inactivated NHS (HI-NHS) to inhibit the complement system. To
stop further complement activation at the end of the incubation, the samples
were placed on ice and HBSS-0.1% BSA-EDTA was added. Samples were
washed two times with cold HBSS-0.1% BSA-EDTA and centrifuged at 12,000 � g
for 10 min at 4°C to pellet the EBs. Deposition of C3b was detected by incubating
C. pneumoniae with either PE- or FITC-labeled anti-C3b (1:100) for 40 min at
4°C in HBSS-0.1% BSA-EDTA. After being washed, EBs were analyzed by flow
cytometry. When the PE-labeled anti-C3b antibody was used, deposition of C3b
was measured on a gated positive C. pneumoniae isolate stained with the FITC-
labeled anti-EB antibody. A minimum of 5,000 gated events was acquired. To
determine whether properdin bound to C. pneumoniae has the ability to promote
complement activation, EBs were preincubated with or without purified proper-
din form P3 (15 �g/ml) for 30 min at 4°C in HBSS-0.1% BSA. Then, EBs were
washed 3 times with HBSS-0.1% BSA and incubated at 37°C for 0, 5, 10, 15, 30,
and 60 min with 15% properdin-depleted serum or 5% NHS in the presence of
5 mM Mg-EGTA or 10 mM EDTA. C3b deposition was determined as described
above, using PE-labeled anti-C3b antibody.

C9 deposition on Chlamydia. Purified properdin was added to C. pneumoniae
to a final concentration of 15 �g/ml as described above. C. pneumoniae bacteria
were washed and incubated for 0, 15, and 60 min with 15% properdin-depleted
serum containing Alexa Fluor 488-labeled C9 (9 �g/ml) and incubated for 0 to 60
min. C. pneumoniae bacteria were then washed twice with HBSS-0.1% BSA-
EDTA and immediately analyzed by flow cytometry. Serum in the presence of a
10 mM EDTA final concentration was included to prevent complement activa-
tion in negative controls.

Infection assay. EBs were preincubated with 30% NHS or 30% properdin-
depleted serum with or without P3 (15 �g/ml) in RPMI 1640 for 1 h at 37°C in
a total volume of 50 �l. EBs were diluted 1:10 in cold RPMI 1640, placed on ice
to further inhibit complement activation, and kept on ice no more than 5 min
before infection of HEp-2 cells. HEp-2 monolayers, prepared 1 day earlier in
48-well plates (0.55 � 105/well) in complete RPMI medium, were washed with
plain RPMI 1640 to remove traces of fetal bovine serum. Next, 10 �l of EBs was
added to the wells containing 500 �l of RPMI 1640. Plates were centrifuged at
300 � g at 35°C for 1 h. The plates were then placed for 1 h at 37°C in 5% CO2.
The supernatant was discarded, and Chlamydia medium was added. Infected
HEp-2 cells were incubated for 48 h, washed twice with PBS, and fixed with 100%
cold methanol for 10 min at room temperature. Cells were then incubated with
PBS-1% BSA for 1 h to reduce background antibody staining. For antibody
labeling, fixed cells were incubated for 1 h with anti-MOMP (1:200) antibody in
PBS-0.2% BSA and F(ab�)2 goat anti-mouse IgG conjugated to Alexa Fluor 488
(1:200) sequentially, for 60 min each, at room temperature. The numbers of C.
pneumoniae inclusions in each well were counted in 30 fields with an inverted
microscope using �600 magnification. Triplicate wells were tested for each
condition. Images for Fig. 6C were acquired using an Olympus FSX100 micro-
scope and analyzed using Adobe Photoshop CS, version 8.0.

Statistical analysis. Student’s t tests (two-tailed) were used to assess the
statistical significance of the difference between C. pneumoniae infection in the
presence of HI-NHS and that in the presence of properdin-depleted serum or
the difference between C. pneumoniae infection in the presence of HI-NHS and
that in the presence of properdin-depleted serum plus properdin. P values of
�0.05 were considered statistically significant.
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RESULTS

Complement activation on the C. pneumoniae surface. Com-
plement activation on the C. pneumoniae surface, as measured by
deposition of C3b, was examined. The cells were incubated with
normal human serum (0 to 40%). Then, C. pneumoniae bacteria
were incubated with anti-C3b PE-conjugated and anti-C. pneu-
moniae FITC-conjugated antibodies, followed by flow cytometry
analysis. Detectable C3b deposition by NHS was seen on C. pneu-
moniae at low concentrations of NHS (0.6%), and C3b deposition
began to plateau at 10% NHS (Fig. 1). When C. pneumoniae
bacteria were incubated with serum in the presence of Mg-EGTA
to selectively measure alternative pathway activation, similar max-
imum levels of C3 deposition were achieved, although detectable
C3 deposition was observed at 5% NHS and above. The behavior
of activation of the alternative pathway was as expected, since this
pathway is more dependent on serum concentration than the
classical pathway. No C3b deposition was detected in the pres-
ence of 10 mM EDTA or when HI-NHS was used.

C. pneumoniae directly binds properdin. Properdin is a pos-
itive regulatory factor that facilitates activation and amplifica-
tion of the alternative pathway complement by extending the
half-life of the C3bBb convertase (11). Recent studies have
reported that properdin can bind directly to early or late apop-
totic or necrotic cells and to N. gonorrhoeae (26, 48, 56), pro-
viding a platform for de novo convertase assembly and com-
plement activation. Considering the importance of the recent
findings that implicate properdin as a pattern recognition mol-
ecule of the alternative pathway and a complement initiator,
we examined the ability of properdin to bind C. pneumoniae. In
order to carry out this objective, the native physiological pro-
perdin forms (P2, P3, and P4) were separated from the non-

physiological higher-molecular-weight forms (Pn) by ion-ex-
change and gel filtration chromatographies as previously
described (10, 12, 37). These steps are crucial, since commer-
cially available properdin and any properdin stored frozen
contains Pn, which is an anomalous form resulting from storage
and freeze-thawing (10, 37). We have recently shown that these
Pn forms bind nonspecifically to certain surfaces such as live
cells (12) and Neisseria spp. (1). As shown in Fig. 2, native
properdin forms P2, P3, and P4 bind C. pneumoniae, suggesting
a possible role for properdin as a pattern recognition molecule
for this organism.

Properdin bound to C. pneumoniae accelerates complement
activation on the surface of the bacterium. In order to inves-
tigate whether properdin bound to C. pneumoniae has the
ability to promote complement activation, EBs were preincu-
bated with purified properdin form P3, washed extensively, and
subsequently incubated with properdin-depleted serum. Prop-
erdin-depleted serum was used to avoid competition with na-
tive properdin in order to determine whether alternative path-
way activation, measured as C3b deposition, was promoted by
properdin bound directly to C. pneumoniae. As shown in Fig. 3,
more rapid C3b deposition occurred with C. pneumoniae pre-
incubated with P3 than with C. pneumoniae alone. C3b depo-
sition was seen as early as 5 min with properdin, while none
was seen on C. pneumoniae without properdin. At 15 min,
�700-fold-greater C3b deposition was seen on C. pneumoniae
preincubated with properdin than on C. pneumoniae alone.
Maximum C3b deposition was reached after 30 min of incu-

FIG. 1. Activation of the human complement system by Chlamydia
pneumoniae. C. pneumoniae bacteria (25 � 106 IFU) were incubated
with the indicated concentrations of normal human serum (NHS) in
the presence of Ca2� and Mg2� to evaluate all complement pathways,
with Mg-EGTA to evaluate the alternative pathway, or with EDTA or
heat-inactivated (HI) serum (56°C at 30 min) to inhibit all complement
system pathways. C. pneumoniae bacteria were incubated for 1 h at
37°C, and complement activation was stopped by adding cold HBSS-
EDTA. C. pneumoniae bacteria were then washed, and C3b deposition
was assessed by flow cytometry using a PE-labeled anti-C3b antibody.
EB-positive cells were gated using an FITC-labeled anti-C. pneu-
moniae antibody. The mean fluorescence intensity of C3b deposition
versus the percentage of serum was plotted. No C3b deposition was
detected in the presence of EDTA or when HI-NHS was used.

FIG. 2. Native P2, P3, and P4, forms of properdin bind to Chlamydia
pneumoniae. C. pneumoniae bacteria (50 � 106 IFU) were incubated
with 3 �g of each form of properdin (purified by ion-exchange chro-
matography, followed by size exclusion chromatography) in 100 �l
HBSS plus 0.1% BSA for 30 min at 4°C. C. pneumoniae bacteria were
then washed and analyzed by FACS analysis using an anti-properdin
monoclonal antibody or an IgG1 monoclonal antibody isotype control
(shaded), followed by an FITC-conjugated anti-mouse IgG antibody.
(Inset) The purity of the C. pneumoniae elementary body preparation
was assayed by FACS analysis using a C. pneumoniae-specific mono-
clonal antibody or an IgG2a monoclonal antibody isotype control,
followed by an FITC-conjugated anti-mouse IgG antibody. The num-
ber of particles versus properdin binding (fluorescence intensity) is
shown. Cpn, C. pneumoniae.
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bation on C. pneumoniae preincubated with properdin, while
C3b deposition on C. pneumoniae without properdin opsoniza-
tion was much slower (Fig. 3). We examined the consequences
of having properdin bound to Chlamydia followed by exposure
to normal human serum (Fig. 4), as this may mimic what is
happening when Chlamydia encounters sera of normal individ-
uals during infection. C. pneumoniae bacteria were preincu-
bated with or without P3 and then exposed to a low percentage
of normal human serum (5%) to detect C3b deposition. Com-
pared with serum alone, properdin increased C3b deposition
800-fold after 15 min of incubation with serum. This difference
was reduced to 1.5-fold at 60 min, at which time C3b deposi-
tion on C. pneumoniae alone had almost reached the level of
properdin-stimulated activation.

We also examined whether properdin bound to C. pneu-
moniae accelerates the deposition of C9, which forms part of
the membrane attack complex (MAC), on C. pneumoniae. Al-
exa Fluor-labeled C9 was added to properdin-depleted serum
to track MAC formation on C. pneumoniae. As shown in Fig.
5, significant C9 deposition was seen at 15 min on C. pneu-
moniae preincubated with properdin, while none was detect-
able on C. pneumoniae alone. Maximum C9 deposition was
achieved at 60 min on C. pneumoniae preincubated with P3,
and a lower level of C9 deposition was seen on C. pneumoniae
alone. This suggests that faster properdin-mediated C3b de-
position is accompanied by faster MAC formation.

The presence of properdin in serum is important in control-
ling C. pneumoniae infection. Studies in C. trachomatis suggest
that early but not late complement components are important
to control the infection of cells (31). In order to define the role
of the early complement components on C. pneumoniae infec-
tion, EBs were preincubated with normal human serum and
serum deficient in C5, C8/C9, or properdin and their levels of
infection were compared to those obtained with HI-NHS. Fig-
ure 6A shows that normal human serum blocks 98.6%
(�0.6%) of C. pneumoniae inclusion formation compared to
HI-NHS, and serum lacking C5 or C8/C9 blocks the infection

FIG. 3. A physiological form of properdin (P3), when bound to C.
pneumoniae, induces complement activation using properdin-depleted
serum. C. pneumoniae bacteria (50 � 106 IFU) were incubated with
(black lines) or without (gray lines) 3 �g of P3 in 100 �l HBSS-0.1%
BSA for 30 min at 4°C. C. pneumoniae bacteria were then washed, and
15% properdin-depleted serum was added in the presence of HBSS–
0.1% BSA–Mg-EGTA (dashed lines) or HBSS-0.1% BSA-EDTA
(solid lines) and incubated at 37°C for the indicated times. The parti-
cles were then washed with cold HBSS-EDTA, and C3b deposition was
assessed by FACS analysis using an FITC-labeled anti-C3b antibody.
The number of particles versus C3b deposition (fluorescence intensity)
is shown.

FIG. 4. The physiological form of properdin (P3), when bound to C. pneumoniae, induces complement activation using normal human serum.
The P3 form of properdin was isolated from purified properdin by ion-exchange chromatography, followed by size exclusion chromatography, as
described in Materials and Methods. (A and B) C. pneumoniae bacteria (50 � 106 IFU) were incubated with (Cpn � P3) or without (Cpn) 3 �g
P3 in 100 �l HBSS-0.1% BSA for 30 min at 4°C. C. pneumoniae bacteria were then washed, and 5% normal human serum was added in the presence
of HBSS–0.1% BSA–Mg-EGTA or HBSS-0.1% BSA-EDTA. These mixtures were incubated for the indicated times at 37°C. The particles were
then washed with cold HBSS plus EDTA, and C3b deposition was assessed by flow cytometry using an FITC-labeled anti-C3 antibody. Red, 0 min;
green, 5 min; dark blue, 10 min; brown, 15 min; purple, 30 min; light blue, 60 min. (C) C3b deposition was graphed as mean fluorescence intensity,
obtained from panels A and B, versus time.
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by 92.5% (�1.5%). However, the properdin-depleted serum
cannot block C. pneumoniae infection effectively (30% � 13%)
compared with NHS, demonstrating that early complement
activation events block most of the infectious particles. To
further define the role of properdin, native properdin was
added back to the properdin-depleted serum and this reduced
the level of infection 3-fold (Fig. 6B and C), suggesting that
properdin is important for controlling C. pneumoniae infec-
tion.

DISCUSSION

Our studies revealed that the predominant physiological
forms of properdin (P2, P3, and P4) bind to C. pneumoniae and
accelerate activation of the alternative pathway of comple-
ment, as measured by C3 and C9 deposition. This is the first
description of an intracellular pathogen being targeted by pro-
perdin. We also found that properdin in serum is important for
controlling infection. The data collectively suggest that proper-

din is a pattern recognition molecule and may play a role
during Chlamydia infection.

During the infection, C. pneumoniae disseminates from lung
epithelial cells, the primary target tissue of infection, to the rest
of the body, including the blood vessels. During this journey, C.
pneumoniae may encounter complement proteins in blood or
components that are produced locally in the microenviron-
ment, which could play a role in controlling Chlamydia infec-
tion. Thus, complement activation would be faster on surfaces
of C. pneumoniae bacteria that have prebound properdin, as
shown in our in vitro results (Fig. 3 and 4). This complement
activation also led to faster and higher levels of C9 deposition,
as a measure of MAC formation (Fig. 5), that could lyse the
bacterium, as occurs with other Gram-negative bacteria (36).

Direct binding of native properdin from serum in the pres-
ence of EDTA, which inhibits complement activation, was not
found on EBs (data not shown). However, when complement
is allowed to activate (in the presence of Mg-EGTA), proper-
din binds indirectly (data not shown), due to its role as a
stabilizer of the C3 and C5 convertases of the alternative path-
way. This suggests that an inhibitor in serum may interfere with
the ability of properdin to bind to surfaces. Recently, serum
amyloid P has been reported to inhibit the capacity of proper-
din to initiate complement activation (34). On the other hand,
it has been shown that properdin produced locally by neutro-
phils is not inhibited and may be able to bind directly to certain
cells (25, 26). In addition, other cells, such as monocytes, mac-
rophages, T cells, mast cells, and endothelial cells, increase the
production of properdin upon activation with cytokines and
shear stress in vitro (6, 45, 46, 49, 53) or in vivo when the
classical pathway is activated in the absence of factor B, an
essential alternative pathway protein (55). Moreover, it has
been shown that the main source of properdin in blood is
derived from myeloid lineage (CD11b�) cells (28) and that
properdin released by activated neutrophils, CD11b� cells, can
remain bound to the cell (7). Thus, properdin, which is pro-
duced locally by cells that are typically infected by EBs, would
be in the microenvironment surrounding released EBs and
may interact directly with C. pneumoniae.

Studies to define the role of complement in controlling Chla-
mydia infection are limited. For instance, studies with C. tra-
chomatis suggested that early- but not late-stage complement
components (C5 and C8) were important for controlling infec-
tion in vitro on murine McCoy cells (31). In agreement with
this study, we found that with C. pneumoniae, most of the
infectious particles (70% � 13%) were controlled by the de-
position of early complement components since the absence of
late complement components (C5 and C8/C9) did not reduce
the infection of human HEp-2 cells (Fig. 6A). Although the
contribution of late complement components during the infec-
tion of HEp-2 cells with C. pneumoniae is rather low (Fig. 6A),
the effect of subproducts, such as C5a and C3a, has not been
examined in C. pneumoniae infection in vitro or in vivo. Studies
performed in C5-deficient mice infected with Chlamydia tra-
chomatis mouse pneumonitis (MoPn) or mice treated with
cobra venom factor, used to deplete C3 and C5, had no effect
on the infection burden (52). However, it has been shown that
complement activation and generation of potent chemotactic
C5a in C. trachomatis (a human Chlamydia species) may play a
role in attracting PMN in vitro (33, 41), which agrees with the

FIG. 5. The physiological form of properdin (P3) bound to Chla-
mydia pneumoniae accelerates C9 deposition on EBs. C. pneumoniae
bacteria (50 � 106 IFU) were incubated with (black lines) or without
(gray lines) 3 �g P3 in 100 �l HBSS-0.1% BSA for 30 min at 4°C. The
particles were then washed, and 15% properdin-depleted serum plus
Alexa Fluor 488-labeled C9 (AF488-C9) was added in the presence of
HBSS–0.1% BSA–Mg-EGTA (dashed lines) or HBSS-0.1% BSA-
EDTA (solid lines) for 0, 15, and 60 min at 37°C. The particles were
then washed with cold HBSS-EDTA, and Alexa Fluor 488-labeled C9
deposition was assessed by flow cytometry. The number of particles
versus C9 deposition (fluorescence intensity) is shown.
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general role of C5a in inflammation in vivo (18) and with the
role of an alternative pathway in the activation of neutrophils
and C5a release (7, 19, 23). Although Chlamydia trachomatis
has been shown to infect neutrophils in the absence of com-
plement (41), the presence of serum (negative for antibodies
against Chlamydia) may contribute to the inhibition of the
formation of inclusions in these cells (57). In addition, C.
trachomatis encephalitis was found in a patient with a defect in
the alternative pathway but not in the classical pathway (4).
Whether these discrepancies in the role of complement in
Chlamydia infection are due to the species of Chlamydia or to
the host (human or murine) used in these studies remains to be
determined.

Despite the fact that the classical and lectin pathways are

still intact, depletion of properdin from serum drastically in-
creased the level of infection, which is largely restored when
properdin is added back to the properdin-depleted serum (Fig.
6). Because depletion of late complement components (C5 and
C8/C9) did not affect the ability of the serum to control the
infection, it is possible that properdin bound to C. pneumoniae
drives the EBs to endocytic compartments, such as lysosomes,
in which Chlamydiae are killed, thus controlling the rate of
inclusion formation. On the other hand, properdin either
bound to C. pneumoniae directly or as a stabilizer of the C3 and
C5 convertases of the alternative pathway, or by amplifying
deposition of C3b after initial complement activation by all
pathways (22), may induce higher levels of C3b subproducts on
EBs. These subproducts (iC3b or C3dg) on C. pneumoniae

FIG. 6. Early complement components and the presence of properdin in serum are important in controlling C. pneumoniae infection. (A) EBs
were preincubated with 30% NHS or serum depleted of C5, C8/C9, or properdin for 1 h at 37°C. EBs were then used to infect HEp-2 monolayers
as described in Materials and Methods, and the percentage of infection of HEp2 cells was measured relative to that with heat-inactivated serum
(not shown). (B) EBs were preincubated with 30% NHS, HI-NHS, or properdin-depleted serum (P-depl), with or without P3 (15 �g/ml), in RPMI
1640 plus Ca2�/Mg2� for 1 h at 37°C. In both panels A and B, the HEp2 cells were fixed at 48 h postinfection and stained with anti-C. pneumoniae
MOMP antibody. The numbers of C. pneumoniae inclusions in each well were counted in 30 fields at 600 high-powered fields (HPF). Three
separate wells were used for each condition. The statistical significances of the differences between the abilities of the HI-NHS serum and the
properdin-depleted serum to control the infection (nonsignificant [n.s.]) or between the abilities of the HI-NHS serum and the properdin-depleted
serum plus P3 to control the infection (P � 0.01) are included in the graph. (C) EBs were preincubated with serum as described for panel A. HEp-2
cells were infected with C. pneumoniae (multiplicity of infection of 1), and at 48 h postinfection, the cells were fixed and stained with anti-C.
pneumoniae MOMP. Alexa Fluor 488 (green) and bright-field images were merged.
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bound to properdin, compared with those on C. pneumoniae
alone, could influence the clearance of EBs through comple-
ment receptors. Studies aimed at determining the effect of
EB-bound properdin or C3b subproducts on EB survival are
warranted.

Properdin-deficient individuals have recurrent pneumonia
(44) and are more susceptible to Neisseria infections (14) due
to a defective alternative pathway. Moreover, it has been
shown that properdin is found in atherosclerotic plaques (43),
suggesting that properdin may play a role in the pathology of
atherosclerosis. On the other hand, C. pneumoniae infection
has been associated with atherosclerosis and pneumonia (3, 8).
Once C. pneumoniae infects vascular tissues, EBs released
subsequently after disruption of infected cells may lead to
properdin-mediated complement activation and vascular tissue
damage. Based on the abilities of properdin to bind to C.
pneumoniae (Fig. 2), to accelerate complement activation (Fig.
3 and 4), to control C. pneumoniae infection (Fig. 6), and to
play a role in tissue injury (15, 27), there may be a link between
complement and Chlamydia in the pathogenesis of atheroscle-
rosis and pneumonia.

Properdin was suggested to be a pattern recognition mole-
cule more than 50 years ago by Pillemer et al. (38). However,
these results were discarded when it was demonstrated that
properdin acted through stabilizing the C3bBb convertase. Re-
cent reports have reopened the controversy surrounding the
basic functions of this protein, suggesting that properdin binds
directly to a variety of surfaces, including live, apoptotic, and
necrotic cells, and to N. gonorrhoeae (26, 48, 56). We have
recently shown (1, 12) that although properdin can function as
a pattern recognition molecule of the alternative pathway, it is
more selective than originally proposed. In order to effectively
study the selective interaction of properdin with surfaces, the
physiological forms (P2, P3, and P4) need to be separated from
the nonphysiological aggregates, which have the abnormal
property to consume complement in fluid phase (37), and need
to bind nonspecifically to several surfaces, including live cells
(12) and Neisseria (1). As shown here, we have used the phys-
iological forms of properdin (P2, P3, and P4) and demonstrated
that they can bind to C. pneumoniae and promote complement
activation. Although it has been shown that properdin may
bind to certain molecular structures, such as cell surface gly-
cosaminoglycans (GAGs), DNA, lipopolysaccharide (LPS),
and nonsulfated glycoconjugates (24, 26, 56), the specific li-
gand on EBs has not been determined. To our knowledge, this
is the first study that uses native human properdin to demon-
strate direct and specific interaction with a pathogen resulting
in impaired infection.
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