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Chlamydia trachomatis infection in the lower genital tract can ascend to and cause pathologies in the upper genital tract, poten-
tially leading to severe complications, such as tubal infertility. However, chlamydial organisms depleted of plasmid or deficient
in the plasmid-encoded Pgp3 are attenuated in ascending infection and no longer are able to induce the upper genital tract pa-
thologies, indicating a significant role of Pgp3 in chlamydial pathogenesis. We now report that C. trachomatis Pgp3 can neutral-
ize the antichlamydial activity of human cathelicidin LL-37, a host antimicrobial peptide secreted by both genital tract epithelial
cells and infiltrating neutrophils. Pgp3 bound to and formed stable complexes with LL-37. We further showed that the middle
region of Pgp3 (Pgp3m) was responsible for both the binding to and neutralization of LL-37, suggesting that Pgp3m can be tar-
geted for attenuating chlamydial pathogenicity or developed for blocking LL-37-involved non-genital-tract pathologies, such as
rosacea and psoriasis. Thus, the current study has provided significant information for both understanding the mechanisms of
chlamydial pathogenesis and developing novel therapeutic agents.

Chlamydia trachomatis infection in women’s lower genital tract
can ascend to and cause inflammatory pathologies in the up-

per genital tract, resulting in complications such as ectopic preg-
nancy and tubal infertility (1, 2). However, the mechanisms of
how the C. trachomatis organisms ascend to the upper genital tract
remain unknown. It is thought that the organisms’ ability to com-
plete intracellular replication and to spread from cell to cell sig-
nificantly contributes to chlamydial pathogenicity (3–6). Chla-
mydial intracellular infection starts with the entry of an infectious
elementary body (EB) into an epithelial cell via pathogen-induced
endocytosis (7, 8). The endocytosed EB differentiates to a nonin-
fectious but metabolically active reticulate body (RB). After repli-
cation, the progeny RBs differentiate back to EBs that exit the
infected cells to invade adjacent cells (6). The spreading from cell
to cell inevitably exposes the progeny EBs to the extracellular mu-
cosal environment, in which numerous host defense molecules,
such as antimicrobial peptides (AMPs), are available for attacking
the extracellular EBs. It is unclear how the C. trachomatis EB or-
ganisms manage to overcome these host defense mechanisms to
ascend to the upper genital tract.

Cationic peptides that possess antimicrobial activities are de-
fined as AMPs, which include human alpha-defensins (HADs) or
human neutrophil peptides (HNPs), human beta-defensins
(HBDs), and cathelicidin LL-37 (9–12). LL-37 is a C-terminal
37-amino-acid peptide starting with double leucines (LL) pro-
cessed from human cationic antimicrobial protein 18 (hCAP; 18
kDa) that contains a highly conserved amino-terminal cathelin-
like domain and a variable carboxy-terminal domain (9, 11). The
mouse orthologue is called cathelin-related antimicrobial peptide
(CRAMP) (13). HNPs are produced mainly by neutrophils, while
HBDs are produced by epithelial cells. Interestingly, both epithe-
lial cells and neutrophils can produce LL-37 or CRAMP. These
extracellular AMPs possess a broad spectrum of antimicrobial ac-
tivity by inducing pore formation in the bacterial membrane and
represent a potent first line of host defense (11, 14). The strong
antibacterial activity of AMPs has selected many bacterial species

to evolve countermeasures for evading the same defense mecha-
nism (15–17). We have recently shown that the chlamydial chro-
mosome-encoded serine protease CPAF, which is secreted out of
the chlamydial inclusion (18), can degrade LL-37 and neutralize
its antichlamydial activity (19).

The C. trachomatis organisms share a highly conserved cryptic
plasmid that encodes 8 open reading frames (ORFs), designated
pORF1-8 or Pgp1-8 (20, 21). Although the plasmid may not be
required for chlamydial infection and replication in cell cultures,
plasmid-free chlamydial organisms no longer are able to induce
pathologies in the upper genital tract or ocular tissues (22–24),
suggesting that the plasmid must encode virulence factors that
significantly contribute to chlamydial ascending infection and
pathogenicity. The plasmid-dependent chlamydial pathogenicity
was mapped to Pgp3, since chlamydial organisms deficient in
Pgp3 were attenuated and almost phenocopied the plasmid-free
organisms (25, 26). Among the 8 ORFs encoded by the cryptic
plasmid, only Pgp3 is secreted out of the chlamydial organisms
and into chlamydial inclusion and host cell cytosol (20). Pgp3
forms stable trimers (27, 28) and is accumulated in the infected
cell cytosol at late stages of infection (20, 27). The lysis of the
infected cells may release the cytosolic Pgp3 into the extracellular
environment, which is consistent with the observation that Pgp3 is
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immunogenic during chlamydial infection in humans and ani-
mals (29, 30). The above-described analyses have led us to hypoth-
esize that Pgp3 released from the cytosol of the infected cell is able
to confront the extracellular AMPs, including LL-37, and neutral-
ize their antichlamydial activity so that the progeny EBs subse-
quently released from a cytoplasmic inclusion of the same infected
cell can have a safe passage for finding the next target cells.

In the current study, we evaluated the roles of the plasmid-
encoded Pgp3 in chlamydial evasion of host AMPs. We found that
Pgp3 neutralized the antichlamydial activity of LL-37 by binding
to and forming stable complexes with LL-37. The middle region of
Pgp3 (Pgp3m) was responsible for both the binding and neutral-
ization. Thus, we have identified LL-37 as a host target for the
chlamydial plasmid-encoded virulence factor Pgp3, which should
further promote our understanding of the chlamydial pathogenic
mechanisms. However, these in vitro observations still need vali-
dation in animal models.

MATERIALS AND METHODS
Expression and purification of chlamydial proteins using E. coli expres-
sion systems. The pgp3 and pgp4 genes, carried by the pCHL1 plasmid of
C. trachomatis serovar D organisms, were cloned into a pGEX-6P2 vector
(Amersham Pharmacia Biotech, Inc., Piscataway, NJ) or pET30a vector
(Novagen, Madison, WI) and expressed as fusion proteins with glutathi-
one S-transferase (GST) fused to the N terminus or His tag fused to the C
terminus as described in references 20 and 31, respectively. To map the
binding domain of Pgp3 to host antimicrobial peptide LL-37, various
fragments of Pgp3 were expressed as GST- or His-tagged fusion proteins,
including the N-terminal fragment, covering the amino acid sequence
from the first residue, methionine (M), to serine (S) at position of 66
(Pgp3n), the middle fragment, covering isoleucine (I) 67 to asparagine
(N) 132 (Pgp3m), and the C-terminal fragment, covering glycine (G) 133
to the last amino acid, alanine (A) 264 (Pgp3c). The GST fusion proteins
bound to glutathione-conjugated agarose beads (Pharmacia) were used in
both a GST pulldown assay (as described below) and for further purifying
chlamydial proteins or protein fragments. For purification, a precision
protease in the form of GST fusion protein (Pharmacia) was used to cleave
off the chlamydial proteins from the bead-bound GST fusion proteins.
Thus, the cleaved chlamydial proteins or protein fragments were released
into solution while the GST-precision enzyme fusion protein was ab-
sorbed onto the glutathione beads. The eluents containing the cleaved
chlamydial proteins or protein fragments were collected. The His-tagged
chlamydial fusion proteins or protein fragments were purified using
nickel agarose beads (32050; Qiagen, Valencia, CA) and further washed of
excessive imidazole using Centricon units (Millipore, Billerica, MA). All
purified proteins were concentrated using Centricon units with the ap-
propriate pore sizes. The concentrated pure proteins were quantitated
using a Bio-Rad protein assay dye reagent (500-0006; Bio-Rad, Hercules,
CA), and the purity was checked in polyacrylamide gels using Coomassie
blue and/or silver staining.

Chlamydial infection in cell cultures. The C. trachomatis serovar D
(UW-3/Cx strain) and L2 (434/Bu strain; data not shown) organisms were
propagated in HeLa229 cells (human cervical carcinoma epithelial cells;
ATCC CCL2), and the stocks were prepared as described previously (32).
For chlamydial infection, host cells grown in 24-well plates with or with-
out coverslips or in tissue culture dishes or flasks containing growth me-
dium, such as Dulbecco’s modified Eagle’s medium (DMEM; GIBCO
BRL, Rockville, MD) with 10% fetal calf serum (FCS; GIBCO BRL), at
37°C in an incubator supplied with 5% CO2 were inoculated with the
chlamydial stock organisms. At different time points postinfection as in-
dicated in individual experiments, the infected cultures were processed
for immunofluorescence assay or harvested for quantitating live organism
recovery or Western blot analyses as described below.

For measuring the antichlamydial activity of host antimicrobial pep-

tides (AMPs), the following AMPs were used at the concentrations indi-
cated in individual experiments to treat chlamydial organisms in 200 �l of
sucrose-phosphate-glutamic acid (SPG) medium at room temperature
for 2 h. The incubation mixtures then were inoculated onto HeLa cell
monolayers. The AMPs used in the current study included HNP1 (human
neutrophil peptide 1 or human alpha-defensin 1; 60743), HNP2 (60744;
both from AnaSpec, Fremont, CA), HNP3 (PDF-4416-s), HBD1 (human
beta-defensin 1; PDF-4337-s), HBD2 (PDF-4338-s), HBD3 (PDF-4382-
s), HBD4 (PDF-4406-s) (all 5 were from Peptides International, Louis-
ville, KY), and LL-37 (with a sequence of LLGDFFRKSKEKIGKEFKRIV
QRIKDFLRNLVPRTES; 61302; AnaSpec or Peptide 2.0, Chantilly, VA).

To detect the chlamydial Pgp3-mediated neutralization of host AMP
antichlamydial activity, the AMPs at the concentrations indicated in in-
dividual experiments were preincubated with Pgp3 or its fragments at the
appropriate concentrations in SPG buffer for 30 min at 37°C. The prein-
cubation mixtures then were used to treat chlamydial organisms followed
by titrating the remaining organisms as described above.

Immunofluorescence assay. HeLa cells grown on coverslips were
fixed with 2% (vol/vol) paraformaldehyde (Sigma) dissolved in phos-
phate-buffered saline (PBS) for 30 min at room temperature, followed by
permeabilization with 2% (wt/vol) saponin (Sigma) for an additional 30
min. After washing and blocking, the cell samples were subjected to anti-
body and chemical staining. Hoechst (blue; Sigma) was used to visualize
DNA. A rabbit antichlamydial organism antibody plus a goat anti-rabbit
IgG secondary antibody conjugated with Cy2 (green; Jackson Immu-
noResearch Laboratories, Inc., West Grove, PA) was used to visualize
chlamydial organism-containing inclusions. The immunofluorescence
images were acquired using an Olympus AX-70 fluorescence microscope
equipped with multiple filter sets and Simple PCI imaging software
(Olympus) as described previously (32). The images were processed using
the Adobe Photoshop program (Adobe Systems, San Jose, CA). At the
same time, both the inclusions and host cells were counted using a 60�
subjective oil lens for 5 random views per coverslip, and the results were
expressed as infection rates (number of inclusions per 100 cells) in the
form of means � standard deviations calculated from at least 3 indepen-
dent experiments. For titrating the live organisms recovered from a given
sample, the number of inclusions per view was derived from counting 5
random views. Based on the number of inclusions per view, the number of
views per coverslip under a given magnification, and sample dilution fac-
tors, the total number of live organisms recovered from a given sample
was calculated and expressed as log10 inclusion-forming units (IFUs) per
sample.

SDS-denatured or native polyacrylamide electrophoresis gels and
Western blotting. Polyacrylamide gels used in this study were prepared
by following the procedure provided by the manufacturer (Bio-Rad, Her-
cules, CA). The running buffer (pH 8.3) used for the native gels contains
24.8 mM Tris base and 191.8 mM glycine. Protein samples run on dena-
turing gels were heat denatured by boiling for 5 min in a 2� SDS sample
buffer (63 mM Tris-HCl, pH 6.8, 10% glycerol, 0.0025% bromophenol
blue, 2% [wt/vol] SDS, and 1% [vol/vol] 2-mercaptoethanol). The native
gel sample buffer was the same as the denaturing gel sample buffer except
without SDS and 2-mercaptoethanol. For detecting chlamydial proteins
from chlamydial cultures, the whole cells from a well of a 24-well plate
were harvested in 50 �l of 2� SDS buffer. After a brief sonication to shear
the genomic DNA and boiling for 5 min, 20 �l was loaded into each lane.
For monitoring the GST pulldown assay, GST alone or GST fusion pro-
teins immobilized on glutathione-conjugated agarose beads (each bead in
20 �l) were mixed with a given amount of LL-37 for 30 min at 37°C. After
spinning to pellet the agarose beads, both the supernatant and pellet frac-
tions were resuspended in an SDS sample buffer (3 �l 8� for the 20 �l
supernatant and 20 �l of 2� for the bead). After boiling, the samples were
loaded onto corresponding lanes. The Pgp3/LL-37 complexes were
formed by coincubating Pgp3 with LL-37 at the desired concentrations, as
indicated in individual experiments, in a total volume of 20 �l for 30 min
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at 37°C and detected using native gel by loading the entire coincubation
mixture into the corresponding lanes.

After electrophoresis, proteins resolved in the polyacrylamide gels
were either visualized by staining with Coomassie blue (Sigma) or trans-
ferred onto nitrocellulose membranes for Western blot detection with the
following primary antibodies: rabbit anti-MOMP (major outer mem-
brane protein) polyclonal antibody (PAb; raised with C. trachomatis se-
rovar D MOMP-GST fusion protein) for detecting MOMP (33), a mouse
monoclonal antibody (MAb; clone BC7.1) for detecting C. trachomatis
heat shock protein 60 (ctHSP60) (33), a mouse MAb (clone W27; Sigma)
for detecting human HSP70, a mouse MAb (clone 3D11; Yacolt Biotech,
Plymouth Meeting, PA) for detecting human cathelicidin peptide LL-37,
and a mouse MAb (clone 8H6, raised with Pgp3 fusion protein) for de-
tecting Pgp3 (30). These primary antibody bindings were probed with the
HRP (horseradish peroxidase)-conjugated goat anti-mouse or -rabbit
IgG secondary antibodies (Jackson ImmunoResearch Laboratories, Inc.)
and visualized using an enhanced chemiluminescence (ECL) kit (Santa
Cruz Biotech, Santa Cruz, CA).

Binding affinity measurement. A streptavidin-coated biosensor (18-
5019; ForteBio, Inc., Menlo Park, CA) was used to immobilize bio-LL-37.
LL-37 with the first amino acid conjugated with a biotin (biotin-LC-LLG
DFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES, where LC is a 6-ami-
nocaprioic acid sequence serving as a long-chain linker) was synthesized
by AnaSpec (63693; Fremont, CA). The bio-LL-37-bound biosensor first
was immersed in a binding solution (0.1% bovine serum albumin [BSA],
0.02% Tween 20 in PBS, pH 7.4) that contains different concentrations of
Pgp3 or other control proteins for 300 s (for measuring association con-
stant or on-rate) and then moved to fresh binding solutions for another
300 s (for measuring dissociation constant or off-rate). During the entire
process, the molecules bound to or fallen off from the biosensors were
monitored in real-time using a portable BLItz system (45-5000; ForteBio,
Inc.). The BLI (biolayer interferometry) technology used in the BLItz
system emits white light down the biosensor and then collects any light
reflected back. The wavelength shift in the reflected light is affected by the
thickness of the coating on the optical layer of the biosensor and captured
by a spectrometer as a unique spectral signature, and it is reported in
relative intensity units (nanometers). Any change in the number of mol-
ecules bound to the biosensor causes a shift in the interference pattern that
is measurable in real time.

Statistics. For quantitative data, analysis of variance (ANOVA) and
Student’s t test were used. For qualitative data, Fisher’s exact test was used.
For semiquantitative data, the Wilcoxon signed-rank test was used.

RESULTS
Human cathelicidin LL-37 possesses a robust antichlamydial
activity that is neutralized by the chlamydial plasmid-encoded
Pgp3. In the female genital tract, AMPs are both constitutively
produced along the menstrual cycle and rapidly induced within a
short period of time upon infection (34). Thus, we assessed the
antichlamydial activity of the AMPs (Fig. 1). Among the 9 AMPs
evaluated, the cathelicidin LL-37 or the mouse homologue
CRAMP displayed the highest antichlamydial activity, followed by
human beta defensin 3 (HBD3) and human alpha defensin 2, also
called human neutrophil peptide 2 (HNP2). At a final concentra-
tion of 100 �g/ml, LL-37, CRAMP, HDB3, and HNP2 reduced the
chlamydial infection rates from 57.8% � 2.21% (means � stan-
dard deviations; untreated control) to 6.6% � 2.41%, 7.4% �
1.14%, 14.0% � 2.74%, and 21.6% � 4.93%, respectively (P �
0.01 for all). Since counting the infection rate is somewhat subjec-
tive, we also used more objective methods for quantitating the
AMP-reduced chlamydial infection. In a Western blot assay (Fig.
1B), both the chlamydial MOMP and HSP60 proteins were signif-
icantly reduced in the cultures infected with the chlamydial organ-
isms pretreated with LL-37 or CRAMP, while the amount of the

host cell protein HSP70 was similar among different culture sam-
ples, confirming the LL-37- or CRAMP-reduced infection rates
observed above. We also titrated the number of live organisms
recovered from parallel cultures using fresh HeLa cell monolayers
(Fig. 1C). We found that the number of live organisms recovered
from the cultures infected with the LL-37- or CRAMP-treated
chlamydial organisms was reduced by 10-fold (compared to that
from the untreated chlamydial organism-infected culture). Thus,
these independent measurements have consistently demonstrated
that human cathelicidin LL-37 or its mouse homologue CRAMP
possesses strong antichlamydial activity.

The next question is how the chlamydial organisms overcome
the antichlamydial activity of LL-37 during infection in women.
The fact that the chlamydial organisms depleted of plasmid or
Pgp3 are highly attenuated in ascending infection in mice suggests
that the wild-type organisms use the plasmid-encoded virulence
factor Pgp3 to neutralize the antichlamydial activity of LL-37. Pre-
incubation of LL-37 with Pgp3 reversed the LL-37-mediated inhi-
bition of chlamydial growth (Fig. 2A). The chlamydial infection
rate was reduced by �90% by LL-37 (from 56.2% � 3.83% to
4.8% � 0.84%) when LL-37 was used at a final concentration of 30
�g/ml. However, preincubation of LL-37 with Pgp3 restored the
chlamydial infection rates in a Pgp3 dose-dependent manner,
while Pgp3 alone did not affect the chlamydial infectivity. The
reversal of the LL-37 antichlamydial activity by Pgp3 was con-
firmed by both monitoring the chlamydial protein synthesis (Fig.
2B) and titrating the live chlamydial organism recovery (Fig. 2C)
in parallel cultures. The chlamydial MOMP and HSP60 proteins
and the number of live organisms were reduced in cultures in-
fected with the chlamydial organisms treated with LL-37 com-
pared to those of cultures infected with the untreated chlamydial
organisms. However, both the LL-37-reduced chlamydial pro-
teins and live organisms were reversed by the preincubation of
LL-37 with increasing amounts of Pgp3. These observations
together have demonstrated that the chlamydial plasmid-en-
coded Pgp3 can efficiently neutralize the antichlamydial activ-
ity of LL-37.

Pgp3 binds to and forms stable complexes with LL-37. To
understand how Pgp3 neutralizes the antichlamydial activity of
LL-37, we measured the interactions of Pgp3 with LL-37. In a GST
pulldown assay (Fig. 3A), incubation of LL-37 with GST-Pgp3
fusion protein allowed the GST-Pgp3 fusion protein to precipitate
most LL-37 into the pellet fraction (lane 6 versus 7), while GST
alone failed to do so, leaving most LL-37 in the supernatant (lanes
3 and 4). Interestingly, the GST-Pgp3-LL-37 complexes still were
detectable in an SDS denaturing gel, suggesting that the Pgp3-
LL-37 complexes are stable. In a native gel assay (Fig. 3B), one
copy of His-tagged Pgp3 was found to bind to multiple copies of
LL-37, since, when the concentration LL-37 was increased above
the equal molar ratio, more LL-37 molecules continued to bind to
the His-tagged Pgp3 and increasing amounts of Pgp3-LL-37 com-
plexes migrating above the Pgp3 trimer band were retained in the
native gel. Note that free LL-37 ran out of the native gel from the
top due to its strong positive charge. Thus, no free LL-37 was
detected in the native gel. Pgp3 is known to form stable trimers
that can further oligomerize (27). The LL-37 binding appeared to
promote the oligomerization of Pgp3, since more Pgp3 aggregates
were detected in the native gel when LL-37 reached equal or higher
molar concentrations. We further quantitatively measured the
Pgp3 interaction with LL-37 in real time using a BLItz instrument
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(Fig. 3C). We found that the tag-free Pgp3 (purified by cleaving
Pgp3 from the GST-Pgp3 fusion proteins) bound to LL-37 immo-
bilized on a biosensor pin with a fast on-rate (steep slope). When
the biosensor pin-immobilized Pgp3-LL-37 complexes were sub-
jected to wash in a buffer for 300 s, nothing came off the pin,
indicating a slow off-rate. These association and dissociation mea-

surements were specific, since unrelated soluble proteins such as
GST and Pgp4 failed to bind to the pin-immobilized LL-37, and
Pgp3 was not able to bind to the pin in the absence of LL-37.

The middle region of Pgp3 (Pgp3m) is responsible for both
binding to and neutralizing LL-37. To map the Pgp3 domain
responsible for binding to LL-37, we incubated LL-37 with GST

FIG 1 Antichlamydial activity of host antimicrobial peptides. (A) The C. trachomatis serovar D organisms treated with (images b to l) or without (image a)
antimicrobial peptides, as indicated at the top of each image, were used to infect HeLa cells grown on coverslips in 24-well plates for �50 h, and the cultures were
processed for immunofluorescence assay to visualize chlamydial inclusions (green) and host cell nuclei (blue). Both the inclusions and host cells were counted
using a 60� subjective oil lens for 5 random views per coverslip, and the results were expressed as infection rates (number of inclusions per 100 cells). The means
and standard deviations listed in each image were calculated from 3 independent experiments. The antimicrobial peptide treatment conditions that resulted in
a statistically significant reduction in infection rates were marked with white stars. (B) The samples from parallel cultures as described above were harvested for
Western blot detection of chlamydial proteins, including the major outer membrane protein (MOMP; row a) and heat shock protein 60 (HSP60; row b). The host
HSP70 was detected as a loading control (row c). (C) In parallel experiments, the cultures infected as described above were harvested as cell lysates from each well
for quantitating live infectious organisms by titrating the cell lysates on fresh HeLa cell monolayers. The results shown along the y axis were expressed as log10 IFUs
recovered per well as means plus standard deviations (calculated from 3 independent experiments). The antimicrobial peptide treatment conditions that resulted
in statistically significant reduction of IFU recoveries were marked with asterisks. Asterisks denote statistical significance (*, P � 0.01; **, P � 0.01).
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alone or the GST fusion proteins containing either the full-length
Pgp3 (Pgp3fl), the Pgp3 N-terminal fragment (Pgp3n), the middle
fragment (Pgp3m), or the C-terminal fragment (Pgp3c) and pre-
cipitated the GST for detection of LL-37 in the pellet fraction using
Western blotting (Fig. 4A). The GST-Pgp3fl pulled LL-37 into the
pellet fraction while GST alone failed to do so, validating the spec-
ificity of the assay. Again, a significant amount of the Pgp3-LL-37
complexes still was detected despite the fact that the samples were
subjected to SDS denaturation, indicating the strong interaction
of LL-37 with Pgp3. More importantly, the GST-Pgp3m fusion
protein, but not the fusion proteins containing Pgp3n or Pgp3c,
also pulled down LL-37 into the pellet fraction, indicating that
Pgp3m, but not Pgp3n or Pgp3c, is responsible for binding to
LL-37. The interaction of Pgp3m with LL-37 also was stable, since
the complexes remained intact in SDS denaturing gel, mirroring
the stable complexes of the full-length Pgp3 with LL-37. Further-
more, when the purified tag-free Pgp3fl or Pgp3 fragments were
used in preincubation with LL-37, both Pgp3fl and Pgp3m but not
Pgp3c neutralized the antichlamydial activity of LL-37 (Fig. 4B
and C). Pgp3m was as potent as full-length Pgp3fl in reversing the
LL-37-mediated inhibition of chlamydial infectivity. Either
Pgp3m or Pgp3fl completely blocked the antichlamydial activity
of LL-37 at a molar concentration of �5-fold lower than that of
LL-37, suggesting that one copy of Pgp3m or Pgp3fl was able to
bind to at least 5 copies of LL-37. Thus, we have mapped the Pgp3
domain for binding to and neutralizing LL-37 in the Pgp3 middle
region (Pgp3m).

DISCUSSION

Although C. trachomatis infection in the lower genital tract is
known to ascend and cause pathology in the upper genital tract,
the molecular mechanisms of chlamydial ascension and pathoge-
nicity remain largely unknown. The observation that plasmid-free
(22–24) or Pgp3-deficient (25, 26) chlamydial organisms are at-
tenuated in pathogenicity suggests that the plasmid-encoded Pgp3
significantly contributes to chlamydial pathogenicity. This con-
clusion is consistent with the fact that among all the plasmid-

encoded and regulated proteins (35), Pgp3 is the only plasmid-
encoded protein that is secreted into host cell cytosol during
chlamydial infection (20). In the current study, we have presented
evidence for a potential mechanism by which Pgp3 promotes
chlamydial pathogenicity. First, Pgp3 neutralized the antichla-
mydial activity of human cathelicidin LL-37 peptide. The prein-
cubation of LL-37 with Pgp3 blocked the ability of LL-37 to inhibit
chlamydial infection. Second, Pgp3 bound to LL-37 with high
affinity, suggesting that once Pgp3 is released in the extracellular
environment, it can rapidly target the extracellular AMPs for
binding. Finally, Pgp3 binding to LL-37 was mapped to the Pgp3
middle region, which is consistent with the structural observation
that Pgp3m forms triple helixes that are flexible for interacting
with other molecules (28). Once the flexible triple helixes were
bound with LL-37, the whole complexes appeared to become
more stable, which may explain the resistance of the complexes to
SDS denaturation.

The chlamydial induction of pathology in the upper genital
tract is dependent on the chlamydial ability to both ascend to and
activate pathology-causing inflammation in the upper genital
tract. During ascending infection, the progeny chlamydial organ-
isms may inevitably be exposed to extracellular environments
where innate immune effectors such as antimicrobial peptides are
available for attacking the extracellular organisms (34, 36–38).
Antimicrobial peptides are produced both constitutively and in
response to infection by epithelial cells and neutrophils in the
genital tract (38–40). Many bacterial species have been selected to
evolve strategies for evading AMPs via releasing soluble factors to
trap (41, 42) or degrade the antimicrobial peptides (15–17, 43).
The intrainclusion C. trachomatis organisms are known to secrete
various proteins, including CPAF and Pgp3, into host cell cytosol
(2, 20, 33, 44–46). Both CPAF and Pgp3 are accumulated in large
quantities in the cytosol of the infected cells prior to the lysis of the
infected cells (18, 20). Thus, we hypothesize that the prestored
CPAF and Pgp3 in the host cell cytosol can be rapidly released to
target extracellular antimicrobial peptides upon cell lysis.

Pgp3 has been at the central stage of chlamydial research for

FIG 2 Pgp3 neutralizes the antichlamydial activity of the human cathelicidin LL-37. (A) LL-37 with (images c to e) or without (b) preincubation with various
concentrations of Pgp3 were used to treat C. trachomatis serovar D organisms before the organisms were applied to HeLa cell monolayers. The same serovar D
organisms treated without (a) or with Pgp3 alone (f) were used to infect the HeLa cell monolayers as controls. As described in the legend to Fig. 1A, the inclusions
were counted and the infection rates were calculated from 3 independent experiments and are shown in the corresponding images. (B) In a parallel culture as
described above, the samples were harvested for Western blot detection of chlamydial proteins as described in the legend to Fig. 1B. (C) In experiments parallel
to those described for panel A, the cultures were harvested for quantitating live organisms from each and are shown along the y axis in log10 IFUs per well.
Asterisks denote statistical significance (*, P � 0.01; **, P � 0.01).
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decades. Immunization with expression plasmids encoding Pgp3
induced protective immunity in mouse models (47, 48). Pgp3 is
an immunodominant antigen during chlamydial infection in hu-
mans, and human antibody recognition of Pgp3 is dependent on
Pgp3 trimers (27, 29, 30, 49), suggesting that Pgp3 is presented to
the immune system in oligomerized forms during C. trachomatis
infection in humans. However, the human anti-Pgp3 trimer anti-
bodies may not offer protection against chlamydial infection (27).
The question is why humans produce a strong but nonprotective
antibody response to Pgp3 trimers. We hypothesize that such a
robust anti-Pgp3 trimer antibody response represents another
chlamydial strategy for evading adaptive immunity. Thus, the cur-
rent finding on Pgp3 neutralization of LL-37 may not be the only
function of Pgp3 used by chlamydial organisms to benefit chla-
mydial survival in the infected hosts. Our hunting for new func-
tions of Pgp3 is ongoing.

Apparently, chlamydia has evolved both the chromosome-en-
coded CPAF and plasmid-encoded Pgp3 for neutralizing the an-
tichlamydial activity of LL-37, suggesting that antimicrobial pep-
tides such as LL-37 are essential for the hosts to control chlamydial

ascending infection. Although this hypothesis is consistent with
the general concept that antimicrobial peptides play critical roles
in controlling mucosal pathogen infections from viruses to fungi
(50, 51), a direct test of this hypothesis will require the use of mice
deficient in CRAMP, the mouse homologue of LL-37. The com-
binations of chlamydial genetic mutants with gene knockout
mouse models should significantly advance our knowledge on
chlamydial pathogenesis. For example, we will be able to address
questions such as whether the chlamydial organisms that express
Pgp3m are as pathogenic as the organisms that express the full-
length Pgp3 or whether the CRAMP deficiency can rescue the
pathogenicity of the chlamydial organisms deficient in Pgp3m. At
this moment, in the absence of the relevant in vivo data support or
validation, we should be cautious in interpreting the in vitro ob-
servations presented in the current work. The field learned a pain-
ful lesson when in vitro observations were taken as the only proof
of chlamydial protein functions (52). It is not known whether a
statistically significant reduction in infectivity of chlamydial or-
ganisms demonstrated in in vitro assays is sufficient for attenuat-
ing the chlamydial pathogenicity in the upper genital tract. How-

FIG 3 Pgp3 binds to the antimicrobial peptide LL-37 to form stable complexes. (A) Eight micrograms of LL-37 was precipitated alone (lane 1) or with GST
agarose beads (lanes 3 and 4) or GST-Pgp3 fusion protein beads (lanes 6 and 7) in a total volume of 200 �l PBS. After spinning down the beads, 10% of each bead
pellet (P, lanes 3 and 6) and corresponding remaining supernatant (S, lanes 4 and 7) were loaded onto an SDS-polyacrylamide gel for electrophoresis separation,
and the resolved bands were detected with an anti-LL-37 antibody by Western blotting. Note that a portion of LL-37 pulled down by GST-Pgp3 still was
complexed with GST-Pgp3 after SDS denaturation. (B) A His-tagged Pgp3 mixed with various concentrations of LL-37, as indicated at the top of the figure, for
30 min at 37°C was loaded onto a native gel with 20 �l/lane for electrophoresis separation, and the resolved bands were probed with an anti-LL-37 (a) or
anti-Pgp3 (b) antibody. Due to the strong positive charge of LL-37, the free LL-37 peptide (in the absence of any detergents) ran out of the native gel from the top
(lane 1). The anti-LL-37 antibody detected LL-37 complexed with Pgp3, while the anti-Pgp3 antibody detected Pgp3 in trimers or high orders of oligomers, as
indicated on the right. (C) Streptavidin-conjugated detection pins, after being coated with biotin-LL-37 at 5,028 nM or without coating (blank), were immersed
in PBS containing tag-free Pgp3 (purified by cleaving off from the GST-Pgp3 fusion proteins) at 1,040, 2,604, or 5,208 nM or control protein GST or Pgp4 at 5,208
nM, as indicated on the right of the figure, for 300 s (association period). The pins then were moved to a fresh PBS solution for another 300 s (dissociation period).
During the entire process, the molecular mass that bound to the pins was monitored using a portable BLItz system and recorded as response units as shown along
the y axis.
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ever, any reduction in chlamydial infectivity should add up to
decrease the risk for the infected host to develop upper genital
tract pathology. Most likely, LL-37 only represents one of the
many host defense molecules/mechanisms that can impact chla-
mydial infectivity and pathology. Thus, the antichlamydial activ-
ity of LL-37 described in the current study should be interpreted in
the context of the overall host defense mechanisms in the genital
tract. We also are aware that significant inhibition of chlamydial
infection was achieved in the cell culture system only when LL-37
was used at a final concentration of 10 �g/ml or above (Fig. 1). The
question is whether this concentration of LL-37 can be reached in
the genital tract during chlamydial infection. This question is dif-
ficult to address, since the concentration of CRAMP measured in
the homogenates of tissues harvested from mice infected with

chlamydial organisms may not necessarily represent the physio-
logical levels. This is because when LL-37 is released from either
neutrophils or epithelial cells, the local concentrations of LL-37
directly targeting the chlamydial organisms can be very different
from the average concentration detected in the tissue. Thus, vali-
dating the biological significance of the in vitro observations de-
scribed in the current manuscript will depend on the experiments
using the relevant knockout mouse models.

The role of Pgp3 in chlamydial pathogenicity has been demon-
strated using Pgp3-deficient chlamydial organisms in mouse gen-
ital tract models (25, 26). Our current in vitro experimental data
seem to suggest that CRAMP deficiency in mice is able to signifi-
cantly restore the pathogenicity of the Pgp3-deficient chlamydial
organisms. However, due to potential redundancy, the CRAMP
deficiency alone may not be sufficient for a significant restoration.
An alterative approach is to use mice with deficiency in a broad
spectrum of innate immune effectors. Many innate immune ef-
fectors, including the expression of AMPs, are regulated by
MyD88-mediated signaling pathways (53). We have previously
shown that mice deficient in MyD88 are significantly more sus-
ceptible to C. muridarum ascending infection and more vulnera-
ble to develop hydrosalpinx (54), suggesting that MyD88-regu-
lated effector mechanisms are important for mice to control C.
muridarum pathogenicity and may represent a selection pressure
for the chlamydial organisms to evolve countermeasures for evad-
ing the same effector mechanisms. We hypothesize that Pgp3 pro-
motes the chlamydial pathogenicity by aiding in chlamydial eva-
sion of the MyD88-regulated effector mechanisms. Thus, we
expect that the MyD88 deficiency is able to significantly restore the
ascending infection of the Pgp3-deficient chlamydial organisms.
This setup may allow us to further determine which MyD88-reg-
ulated effector mechanisms in the genital tract are targeted by
Pgp3. For example, mice with cell type-specific knockout of
MyD88 (55) can be used to identify the responsible cell types that
can further serve as a platform for defining the biologically rele-
vant substrates targeted by Pgp3.
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