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Abstract
The study of intracellular bacteria and nanometer-size membrane vesicles within infected host
cells poses an important challenge as it is difficult to identify each distinct population in the
context of the complex populations generated from active host-pathogen interactions. Here,
suspension cultures of L929 cells infected with the prevalent obligate intracellular bacterium
Chlamydia trachomatis strain F/Cal-IC-13 are utilized for the large scale preparation and isolation
of natural membrane vesicles and bacterial forms. Cell lysis with nitrogen cavitation in
combination with differential centrifugation, OptiPrep™ density gradient separation, and
immunoenrichment using anti-chlamydial lipopolysaccharide antibodies and MagnaBind beads
allows for the isolation of both productive and persistent bacterial forms, as well as membrane
vesicles derived from the host and pathogen. We have evaluated these populations by electron
microscopy and Western blot analysis for identification of biomarkers. In addition, purified
persistent forms of C. trachomatis induced by ampicillin display adenosine-5'-triphosphate (ATP)
transport activity, suggesting that ampicillin-induced persistent C. trachomatis organisms, at least
in part, rely upon host ATP as an energy source. Importantly, several chlamydial cytotoxic and/or
secreted proteins are demonstrated to be associated with these vesicles, supporting the idea that
membrane vesicles are generated by Chlamydia as a means of carrying and delivering virulence
factors necessary for pathogenesis. The ability to produce large-scale infections and generate
distinct bacteria and host-derived populations for biochemical analysis, while reducing the
burdens of time and cost have implications in all areas of chlamydiology. These protocols can be
applied to other strains of C. trachomatis or other intracellular bacteria.
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1.0 Introduction
We present here an optimized method for the isolation of intracellular chlamydial forms, as
well as the isolation of vesicles from an intracellular infection with Chlamydia trachomatis.
Vesicle isolation is coupled to the enrichment of a specific population of membrane vesicles
that can easily be applied to a subset of either host or bacterial vesicles. C. trachomatis, an
obligate intracellular bacterium, accounts for the majority of bacterial sexually transmitted
diseases worldwide and represents a significant public health burden (Brunham and Rey-
Ladino, 2005). C. trachomatis growth takes place exclusively within a specialized
membrane-bound parasitophorous vacuole, termed an inclusion and is typified by a unique
biphasic lifestyle consisting of non-replicative, but infectious elementary bodies (EBs) and
replicative, noninfectious reticulate bodies (RBs) (Moulder, 1991; Hatch, 1999). The
inclusion is comprised of both bacterial and host components that are delivered by host
exocytic vesicles, although the exact mechanisms employed by chlamydiae to highjack host
vesicles are not fully understood (Hackstadt et al., 1996; Van Ooij et al., 1997; Van Ooij et
al., 2000; Fields and Hackstadt, 2002). Chlamydia relies on host vesicles not only to deliver
components of the inclusion, but also nutrients that are required for normal infection. It has
been shown that chlamydiae coordinate the trafficking of specific subsets of the host vesicle
population to and from the inclusion. For example, protein complexes from the Golgi and
endoplasmic reticulum (ER) are involved in inclusion membrane biogenesis (Hackstadt et
al., 1995; Van Ooij et al., 2000; Elwell et al., 2011; Subtil, 2011; Pokrovskaya et al., 2012).
Additionally, it has been observed by electron microscopy that there are abundant vesicles
both at and within the chlamydial inclusion during infection; however, the precise derivation
of these vesicles remains unknown (Giles et al., 2006; Wang et al., 2011). Evidence has
been found that a sub-population of these vesicles contain chlamydial antigens such as
lipopolysaccharide (LPS) and major outer membrane protein (MOMP). Furthermore,
trafficking of these chlamydial antigens to the ER of infected epithelial cells has also been
observed (Giles and Wyrick, 2008). Taken together, one can conclude that the total vesicle
population within a cell changes during infection and that a portion of the vesicles observed
in infected cells are produced by C. trachomatis.

Bacterial membrane vesicles play a role in the pathogenesis of a number of free-living
bacteria via delivery of virulence factors to the environment or host cells. Bacterial
membrane vesicles likely serve as part of a critical survival system as their production is
generally increased upon exposure to chemical stressors, biofilm formation, bacteriophage
infection and intracellular replication (Kulp and Kuehn, 2010; Deatherage and Cookson,
2012). Additionally, bacterial vesicles have proven to be an invaluable tool in the production
of safe vaccines against a variety of bacteria (Sanchez et al., 2001; Muralinath et al., 2011;
Nieves et al., 2011; Su and Snape, 2011). Characterizing bacterial vesicles produced during
intracellular infections will further advance our understanding of host-pathogen interaction.
However, the study of intracellularly produced bacterial vesicles has been hampered, not
only because these small membrane vesicles are difficult to identify directly, but also
because the complex populations derived from both host and pathogen within a single cell
are not easily separated. Therefore, there is an urgent need to better define sub-populations
of vesicles such that detailed biochemical analyses and functional characterization can be
applied.

In C. trachomatis it has been observed that stressors such as ampicillin or interferon gamma
(IFN-γ) not only increase vesicle production, but can also induce an aberrant bacterial form
known as the persistent form in vitro (Giles et al., 2006; Wyrick, 2010; Wang et al., 2011).
This persistent form is characterized by an enlarged, less-dense RB appearance by electron
microscopy that undergoes DNA replication, but not binary fission (Beatty et al., 1994;
Hogan et al., 2004; Lambden et al., 2006; Wyrick, 2010). Based on transcriptional analysis,
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it has been suggested that the metabolic and transport profiles of the persistent form more
closely resemble that of the RB form rather than the EB form (Gerard et al., 2002). It has
also been shown that persistent forms possess an altered secretion profile (Wang et al.,
2011). Similar aberrant forms are observed in vivo suggesting that the formation of these
altered C. trachomatis forms may be a component of infection ((Hogan et al., 2004) and our
unpublished observations). Surprisingly, the exact role and nature of the persistent form is
largely unknown, partially due to the difficulty of harvesting a relatively pure population.

As part of our efforts to characterize the roles of diverse chlamydial forms and
infectionassociated vesicles in regard to the pathogenesis of C. trachomatis, we optimized
and developed purification procedures for each of these distinct populations. These
protocols are based on the large-scale culture of suspension cells infected with the clinically
prevalent C. trachomatis serovar F. Purified persistent forms were assayed for their ability to
transport radiolabeled adenosine-5'-triphosphate (ATP), an unusual and important transport
component of this obligate intracellular parasite. We also identify specific bacterial- or host-
derived membrane vesicles by transmission electron microscopy (TEM) and Western blot
analysis to facilitate the identification of biomarkers related to productive or persistent
infection. Importantly, several chlamydial cytotoxic and/or secreted proteins are
demonstrated to be associated with the vesicles, supporting the idea that membrane vesicles
are generated by C. trachomatis a as a means of carrying and delivering virulence factors
necessary for pathogenesis. This optimized procedure provides a maximum amount of
product for the biochemical analysis of chlamydial forms and vesicles throughout the
infection cycle.

2.0 Material and methods
2.1 Cell suspension culture

Mouse fibroblast L929 cells (L cell, CCL-1, ATCC) that are widely used for cultivation of
Chlamydia, such as the invasive strains C. trachomatis lymphogranuloma venereum (LGV)
L2 (Schachter and Wyrick, 1994), C. psittaci (Matsumoto and Manire, 1970; Tamura et al.,
1971) and C. muridarum (Ramsey et al., 2009), were used in this study. To obtain single cell
suspensions, freshly trypsinized L929 cells harvested from 162-cm2 flasks (Costa) were
diluted to 1 ×105 cells/ml in a glass spinner flask (Corning) with culture medium composed
of RPMI-1640 medium (Sigma) supplemented with 10% (v/v) deactivated fetal bovine
serum (Sigma), 20 mM glutamine and 10 µg/ml gentamicin (Gibco). Suspension cells were
cultured at 37 °C in a humid 5% CO2 atmosphere with gentle rotation by a magnetic stirrer
(Thermolyne Model 45600) at a frequency of 60 rpm. One liter suspension cultures were
begun with a minimal volume of 200 ml in a 1 liter flask. Morphology and cell
concentration were monitored at 2 to 3-day intervals and fresh culture medium was
supplemented as needed to maintain a cell density between 1 ×105 and 1×106 cells/ml. High
cell densities will result in cell clumping.

2.2 C. trachomatis infection of L929 cell suspensions and exposure to ampicillin.
For infection of suspension cultures, monolayers of L929 cells in 6-well plates were
inoculated with C. trachomatis serovar F/Cal-I-13 purified EBs stored at −80 °C (Carlson et
al., 2005) with a dose resulting in 80–100% infection. This mixture was centrifuged at 1,825
xg for 40 minutes (min) at 37 °C and the supernatant was replaced with infection medium
(RPMI-1640 culture medium supplemented with 10% (v/v) deactivated fetal bovine serum,
10 µg/ml gentamicin, 0.4% glucose, 1X nonessential amino acids (Gibco, 100X solution))
containing 1 µg/ml cycloheximide. At 40 hours post-infection (h pi) the infected cells were
harvested by scraping each well into 0.5 ml sucrose phosphate glutamic acid buffer (0.2 M
sucrose, 3.8 mM KH2PO4, 6.7 mM Na2HPO4, 5 mM L-glutamic acid, pH 7.4) (SPG) and
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gently sonicated (Braun-Sonic U, Braun, Germany) at an intensity of 40W at 0.9 cycle for 5
pulses on ice to release infectious C. trachomatis particles. The cell debris was pelleted by
centrifugation at 233 xg for 5 min at 4 °C. The C. trachomatis-containing supernatant was
placed on ice and used immediately. L929 suspension cells at a cell density of ~1×106 cells/
ml were collected by centrifugation at 3,830 xg for 5 min and resuspended in a total volume
of 10 ml SPG per 1 L suspension culture. Concentrated L929 cells were infected with C.
trachomatis product in 10 ml total volume per liter suspension culture and incubated at 37
°C, rocking for 90 min to allow bacterial adsorption and entry. One 6-well plate of C.
trachomatis product was used to infect 1 L of L929 cells. After the infection incubation, the
host-bacteria mixture was resuspended to half the original volume in infection medium and
returned to 37 °C in 5% CO2 for 36 h pi. In some experiments, infected L929 cells were
exposed to 10 µg/ml ampicillin (Sigma) at 16 h pi (Wang et al., 2011). Generally, 4 L of
infected suspension culture were used per purification.

2.3 Instant cytotoxicity assay and endpoint infection assays
The instant cytotoxicity assay was carried out by co-incubation of suspension L929 cells and
purified EBs stored at −80 °C (MOI 1:10) at 37 °C for 1 hr. The mixture was then placed
into a 96-well microtitre plate (Corning) and incubated at 37 °C to allow cell adherence to
the wells. The L929 cells were examined for adherence at multiple time points (1, 2 and 24
hr). Morphology such as rounding and granulation observed by phase microscopy was also
used as an indication of cytotoxicity (Moulder et al., 1976; Kellogg et al., 1977). Endpoint
infection assays determining the inclusion forming units (IFU) were performed by infecting
96-well plates of L929 cells by serial dilution of each sample using the adherent cell
infection protocol detailed in section 2.2.

2.4 Purification of vesicles and C. trachomatis particles from infected L929 cells
The procedure developed to isolate vesicles and C. trachomatis forms is depicted in Figure
1. Cells were lysed by nitrogen cavitation. Nitrogen cavitation is a technique that is based on
rapid nitrogen decompression of a cell suspension from a pressure vessel (Gottlieb and
Adachi, 2000). This lysis technique is advantageous because of the gentle lysis conditions
and the ability to maintain 0 °C temperatures throughout the lysis procedure. A volume of 4
L of infected L929 cells were pelleted at 3,830 xg for 10 min at 4 °C, resuspended in 40 ml
ice-cold SPG and placed into a 50 ml pre-cooled pressure vessel (Parr cell disruption bomb,
model # 4639). For 2.5×108 infected L929 cells, we used 125 psi for 5 minute intervals and
repeated as needed until greater than 90% host cell lysis was achieved, as determined by
trypan blue staining. In order to preserve bacterial integrity, samples were pelleted at 3,830
xg for 10 min at 4 °C prior to each nitrogen re-exposure. The total lysate was cleared of host
debris by centrifugation at 3,830 xg for 10 min at 4 °C three times, followed by
centrifugation at 5,510 xg for 10 min at 4 °C. The chlamydiae-containing supernatant was
centrifuged at 15,300 xg for 1 hr at 4 °C to separate chlamydial particles (pellet) and vesicles
(supernatant). Subsequently, the bacterial pellet was resuspended in 5 ml SPG, overlaid and
centrifuged through a discontinuous gradient consisting of 6 ml 24%, 7 ml 35%, 8 ml 40%,
5 ml 44% and 3 ml 54% OptiPrep™ density gradient medium (Sigma) diluted with SPG.
Samples were centrifuged in a Beckman SW 28 rotor at 100,000 ×g for 1 h at 4 °C. Bands of
turbidity at the interfaces of 24–34%, 34–40% and 40–44% OptiPrep™ solution were
collected, washed into SPG and sedimented by centrifugation at 100,000 ×g for 1 h at 4 °C.
Samples were collected for transmission electron microscopy (TEM) and the resulting pellet
was suspended in 1 ml SPG for IFU and immunoblot analysis. Vesicles were pelleted from
the supernatant in a Beckman SW 28 rotor at 100,000 ×g for 1 h at 4 °C. The resulting
vesicle pellet was resuspended in 10 ml PBS and half of the sample was filtered through a
0.2 µm low protein binding syringe filter (Pall Life Sciences). The two vesicle fractions
were pelleted as described previously and gently washed with 2 ml PBS. After samples were
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taken for electron microscopy, the remaining pellets were resuspended in 0.25 ml PBS per 1
L suspension culture and aliquots were stored at 4 °C or −80 °C for future analysis.

2.5 Immunoenrichment and immunoblot analysis
For vesicle immunoenrichment, 500 µl vesicle fractions were combined with 10 ml
chlamydial LPS monoclonal antibody supernatant obtained from the culture of hybridoma
clone C1A6 (Herrera et al., 2003) and incubated with rotation overnight at 4 °C. The
resultant antibody-vesicle mixture was combined with 2.5×108 MagnaBind Protein A Beads
(Thermo Scientific) and incubated at 4 °C overnight, rotating. The mixture was washed six
times with 1ml PBS to remove unbound material. Protein-antibody-bead complexes were
combined with Laemmli sample buffer (BioRad) (1:1, v:v) supplemented with 5% 2-
mercaptoethanol and 10 mM dithiothreitol, followed by incubation at 100 °C for 10 min.
Samples were then separated by SDS-PAGE on a 4–20% mini-Protean TGX gel (Bio-Rad),
transferred to an immobilon-PVDF membrane (Millipore) and subjected to immunoblot
analysis as described (Hua et al., 2009). To probe proteins of interest, we used: (i) primary
monoclonal antibodies specific to chlamydial MOMP (Wang et al., 2006), small cysteine-
rich outer membrane protein OmcA (B12K) (Zhang et al., 1987), chlamydial protease-like
activity factor (CPAF) (100a) (Zhong et al., 2001) and Pgp3 (2H4) (Li et al., 2008); (ii)
mouse polyclonal antibodies to CT159, CT166 (a kind gift of Dr. Zhong, University of
Texas Health Sciences Center at San Antonio, TX) and bacterial RpoB (8RB13) (Neoclone)
(Hua et al., 2009); and (iii) antibodies to host components, including TGN38 (Sigma),
LAMP-2 (abcam), calnexin (abcam), cadherin (abcam) and EEA-1 (abcam). Immunoblots
were developed using a horseradish peroxidase-conjugated secondary antibody and the
Super Signal Chemiluminescent Detection kit (Pierce).

2.6 ATP transport assay
The transport assay involving uptake of radio-labeled ATP by the purified C. trachomatis
persistent form was measured using the filtration and wash method previously described
(Winkler, 1976). Transport assays were initiated by the addition of mock infected samples or
purified chlamydiae to assay buffer (SPG containing 50 µM [33P]ATP) and incubating at 37
°C. Samples (100 µl) were removed at regular intervals over a time course, filtered through a
Millipore 0.45 µm HAPW02500 nitrocellulose filter and washed with 8 ml SPG. As an
additional control, transport assays were also conducted in the presence of excess unlabeled
ATP at 20-times the determined Km for C. trachomatis nucleoside phosphate transporter 1
(the primary ATP transporter). Filters were analyzed by liquid scintillation spectrometry
(Beckman Coulter LS6500). Individual transport assays were calculated based on total
protein of the isolated sample. Transport assay data were normalized to the maximum
transport for each purification (100% transport) and expressed as a percentage.

2.7 Electron microscopy
For ultrastructural analysis, infected cells, purified vesicles or OptiPrep™ purified C.
trachomatis forms were fixed with 2% paraformaldehyde and 2.5% glutaraldehyde
(Polysciences Inc., Warrington, PA) in 200 mM phosphate buffer and processed as
described previously (Beatty, 2006). Ultrathin sections were cut with a Leica Ultracut UCT
ultramicrotome (Leica Microsystems Inc., Bannockburn, IL). Samples were viewed on a
JEOL 1200 EX II transmission electron microscope (JEOL USA Inc., Peabody, MA).
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3.0 Results and discussion
3.1 Large-scale infection of the prevalent C. trachomatis urogenital strain serovar F/Cal-IC/
13 in L929 suspension culture

Significant challenges in the study of the obligate intracellular bacterium C. trachomatis
include the difficulty of propagation and the ability to obtain sufficient quantities of bacteria
to characterize (Hatch, 1996). We employed a two-step infection process that allows for an
efficient and effective C. trachomatis genital strain F/Cal-I-13 infection of L929 cells in
suspension (Fig. 1). Essentially, several liters of suspension culture were infected with C.
trachomatis. After removal of culture medium and gentle lysis, infected cells were separated
into three populations: a pellet of host debris and organelles, a pellet of C. trachomatis
particles, and a suspension of soluble protein and vesicles. The latter two sub-populations
were then isolated by employing differential centrifugation either with or without a density
gradient as indicated in Figure 1. A byproduct of this method is a highly concentrated host
protein preparation obtained at the time of harvest that can be utilized for analysis of the
host proteome during infection.

Parameters of the suspension culture infection were optimized for C. trachomatis F/Cal-I-13
from previous reports of suspension culture infections with invasive C. trachomatis LGV
biovars (Schachter and Wyrick, 1994; Garrity, 2010) by varying both the MOI and volume
of cell-containing buffer (SPG) during the infection process (Fig. 2a and 2b). First, 2.5 ×108

L929 cells collected from suspension were resuspended in a 10 ml volume and co-incubated
with increasing concentrations of C. trachomatis F/Cal-I-13. As shown in Figure 2a, a
significantly higher yield of EB was obtained with a MOI of 20 as evaluated by IFU
measurement (p <0.05). The higher MOI of 100 resulted in a lower yield of EB, likely due
to cytotoxicity caused by over-infection (Belland et al., 2001). Next, we examined the
impact of cell volume on infection by co-incubating a constant amount of EBs with 2.5×108

L929 cells in 10, 20, 50 and 100 ml of SPG. Figure 2b demonstrates that infections carried
out in a total volume of 10 ml or 20 ml produced a significantly higher yield of EB progeny
under our test conditions (p <0.05). Smaller volumes likely correlate with a greater yield of
EBs due to increased bacterial-host cell contact. Using optimized conditions, we were able
to achieve an average yield of 5.5×1012 purified C. trachomatis (as determined by IFU
measurement) from 1×109 L929 cells in suspension. The recovery of a high number of IFU
demonstrates the ability of suspension culture infections to support C. trachomatis F/Cal-
I-13 growth and multiplication. Neither chemical pretreatment with DEAE-dextran nor
centrifugation assistance are needed for optimal infectivity. This is a practical approach for
obtaining a high yield of C. trachomatis as it is extremely time-cost efficient in comparison
to the traditional monolayer infection procedure. The ability to generate large-scale
infections has implications in many chlamydial fields including antigen preparation,
transport kinetics, biochemistry of the host and bacteria during infection or any application
requiring large quantities of bacteria.

3.2 Isolation of C. trachomatis productive and persistent forms and ATP transport assays
We have streamlined and optimized an effective method for the purification of C.
trachomatis forms (Schachter and Wyrick, 1994; Scidmore, 2005; Wang et al., 2011)
employing gentle lysis by nitrogen cavitation followed by a modified OptiPrep™ gradient
centrifugation protocol in conjunction with suspension culturing techniques (Fig. 1). Cell
disruption by nitrogen cavitation is based on the rapid decompression of a cell suspension
from a pressure vessel (Gottlieb and Adachi, 2000), ensuring that vesicular and organelle
structures are well preserved. After gentle lysis and removal of host debris, the C.
trachomatis forms were collected and overlaid onto a density gradient consisting of 24%,
34%, 40%, 44% and 54% OptiPrep™-SPG. Figure 1 outlines the sedimentation of each
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form, including enlarged aberrant RB persistent forms from ampicillin-exposed C.
trachomatis infected L929 cells.

Previous reports indicated the heterogeneity of intracellularly persistent forms generated
during ampicillin or IFN-γ exposure (Matsumoto and Manire, 1970; Wyrick, 2010; Wang et
al., 2011). We confirmed these isolated persistent forms also exhibited heterogeneity (Fig.
3). TEM conducted on the sedimented samples reveals that the persistent forms partition at
the 24–34% interface (Fig. 3c). The size and density of the isolated persistent forms is
consistent with the infected L929 cells exposed to ampicillin in Figure 3a. In contrast,
ampicillin-unexposed control infections appeared to have more homogeneous RBs or EBs
(Fig. 3b) and yielded a population of RB at 34–40% and a distinct layer of purified EB at the
40–44% interface (data not shown). Each interface appears to be relatively separate from
other chlamydial forms. Accordingly, based on IFU measurements conducted with
ampicillin-exposed and unexposed control purifications, the majority of EBs sediment to the
40–44% interface (Fig. 3d). Although a very small amount of contaminating EBs are found
in the RB fraction, we are unable to detect EBs in the persistent form fraction. As further
evidence of the isolation of distinct populations of chlamydial forms, we compared the
ability of isolated persistent forms vs. EBs to generate a normal infection in a suspension
culture as indicated by the ability of L929 cells to adhere to cover slips. Cell adherence is a
good indicator of infection as infectious EBs of C. trachomatis genital strains can release
cytotoxic and host modulatory factors that disrupt the cytoskeleton of host cells, thus
preventing host cell attachment to coverslips post-infection (Moulder et al., 1976; Belland et
al., 2001; Carabeo et al., 2002; Clifton et al., 2004; Kumar and Valdivia, 2008). As
demonstrated by Figure 3e, only those cells incubated with the non-infectious persistent
form were able to adhere to coverslips. Accordingly, cells incubated with EBs remained
rounded and failed to adhere to coverslips. These results further confirm the validity of this
culture method and demonstrate that the persistent form fraction is properly identified and
does not contain any detectable infectious forms (EBs).

Western blot analysis of the chlamydial fractions isolated with this procedure clearly
demonstrates the appropriate presence of stage specific markers (Fig. 4a). As expected, the
essential major outer membrane protein, MOMP, is present in all chlamydial isolations, but
the EB specific membrane protein OmcA is detectable only in the EB fraction of this
purification. Chlamydial protease-like activity factor (CPAF), an effecter produced and
secreted during normal RB growth, but retained under persistence inducing conditions
(Wang et al., 2011) was detectable in the persistent fraction only. The presence of the
bacterial cytoplasmic protein RpoB (a subunit of RNA polymerase) in all chlamydial
fractions confirms that these bacteria are intact and have not lost their cytoplasmic contents
during isolation (Fig. 4a). Taken together, these data demonstrate the relative purity of each
density gradient fraction and the isolation of a persistent form fraction.

We next conducted ATP transport assays with isolated persistent forms. Chlamydia posses
the rare ability to scavenge ATP from the host cell cytosol via two nucleoside phosphate
transporters termed NTP 1 and NTP 2 (Hatch et al., 1982; Tjaden et al., 1999). Although
both are able to concentrate exogenous ATP to the bacterial cytoplasm, NTP 1 is an
antiporter that primarily scavenges ATP as an energy source while NTP 2 is a symporter that
serves as a general nucleotide transport system with a relatively low affinity for ATP
(Tjaden et al., 1999). As detailed in Figure 4b C. trachomatis persistent forms isolated from
the 24–34% interface were able to transport ATP above mock-infected and negative
controls. These data demonstrate that the purification process detailed here is able to
produce purified bacteria with intact membranes and suggests that the persistent form is able
to transport ATP from the host. These data are in agreement with the finding of Gerard et al.
who report NTP 1 transcript present in not only RB, but also in the persistent form (Gerard
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et al., 2002). Further work is warranted to confirm and detail the contribution of energy
scavenging during the persistent state of chlamydial growth. Since it is critical to conduct
biochemical assays as quickly as possible after the removal of bacteria from the host, the
ability to isolate large quantities of even the most fragile chlamydial forms in less than four
hours makes this protocol exquisitely suited for further transport and biochemical assays.

3.3 C. trachomatis membrane vesicle purification
We previously confirmed the presence of vesicles in association with C. trachomatis
infection in several cell culture models, including HeLa 229, L929, and human primary
endocervical cell culture (Wang et al., 2011). We observed that in these infection models
vesicle production seemingly increased during persistence-inducing conditions (Wang et al.,
2011). Some of these vesicles appear to be bacterial in nature, supporting the hypothesis that
chlamydiae are able to produce membrane vesicles during the normal growth cycle and that
this population of vesicles is modulated upon stress such as exposure to ampicillin or IFN-γ
(Giles et al., 2006; Wang et al., 2011). As a first step to better understanding the role of
vesicles during infection, we developed a purification protocol for isolation the total vesicle
population during infection (Fig. 1). The vesicle purification procedure was designed such
that both bacteria and vesicles could be harvested from a single infected culture. We chose
to employ the gentle host cell lysis method of nitrogen cavitation in order to avoid the
generation of non-native or mechanically generated vesicles and decrease bacterial lysis.
After removal of contaminating C. trachomatis by centrifugation as detailed in section 2.4,
vesicles were separated from the majority of free protein by ultracentrifugation at 100,000
×g for one hour, filtered through a 0.2 µM filter and gently washed. Figure 5a–e contains
representative TEM samples obtained from vesicle pellets and demonstrates the population
of vesicles isolated from infections not exposed to ampicillin (Fig. 5a), vesicles isolated
from infections exposed to ampicillin with and without 0.2 µm filtration (Fig. 5b and c), and
those isolated from mock infected cultures (Fig. 5d). To confirm that the majority of vesicles
were collected during the initial high speed spin, the resultant supernatant was centrifuged
for an additional 16 hours. Clearly depicted in figure 5e, there are very few vesicles
remaining in the supernatant after the initial vesicle collection protocol. Purification of
vesicles from non-ampicillin-exposed or mock-infected samples yielded a population similar
in appearance by TEM. It was confirmed that filtered vesicle populations were free of
contaminating EB particles by IFU assessment (Fig. 5f). Thus, we can be confident that
chlamydial proteins detected in vesicle samples are present due to an association with
vesicles and not co-purified intact EBs. Since the vesicle population is representative of both
bacterial and host-derived vesicles present during infection at the time of harvest, it can be
used to study the dynamics of both populations.

To enrich C. trachomatis-derived vesicles from the total vesicle population, we developed an
immunoenrichment protocol using anti-chlamydial LPS antibody and magnetic beads. As
detailed in Section 2.5, the vesicle preparation was incubated with anti-chlamydial LPS
antibody and the vesicle-antibody population was separated from the total vesicle mixture
by magnetic beads. After washing, the resulting vesicle-antibody-bead complex was
resuspended in an equivalent volume of buffer such that the host vesicle concentration
should decrease while the bacterial vesicle concentration remains relatively unchanged.
Western blot analysis of various host vesicle markers was employed to demonstrate bacterial
membrane vesicle enrichment. Figure 6a demonstrates an overall decrease in contaminating
host vesicle associated proteins, including the lysosome marker LAMP-2, the trans-golgi
network protein TGN38 and the ER membrane marker calnexin. β-actin was also greatly
reduced. It is noteworthy that only a mild decrease in calnexin is observed in comparison to
the other host markers, suggesting that there could be association of bacterial vesicles with
the ER. These results correlate with those of Giles and Wyrick in which they observed a co-
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localization of selective chlamydial major antigens (MOMP and LPS) with ER markers, but
not markers of mitochondria, Golgi, lysosomes or endosomes (Giles and Wyrick, 2008). It is
unlikely that the decrease in host vesicle markers is due to a loss of total vesicles during the
enrichment procedure as the overall amount of chlamydial MOMP detected in the pre- and
post-enrichment samples does not significantly change (Fig. 6a). Host vesicle associated
proteins not detected in the total vesicle population include the cell plasma membrane
marker cadherin and the early endosome marker EEA-1 (data not shown). Taken together,
these data demonstrate the immune-enrichment of bacterial vesicles and suggest the ER as a
target and/or a possible route of delivery for at least a sub-population of C. trachomatis
vesicles. The immune-enrichment procedure employed here to enrich a population of
bacteria-derived vesicles could be used further to negatively or positively select sub-
populations of host and bacterial vesicles respectively.

In order to further define the bacterial vesicle population, we next examined if selective
bacterial proteins that are known to be either outer membrane components or putative
secreted cytotoxic proteins are present in the immune-enriched population by Western blot
analysis (Fig. 6b). We can infer from the results that these C. trachomatis vesicles are likely
derived from persistent or RB forms as the EB-specific cysteine-rich outer membrane
protein OmcA was not detected. Additionally, a lack of the bacterial cytoplasmic protein
RpoB further confirms that the purified vesicles are free of C. trachomatis particles and do
not contain RpoB (Fig. 6b). In addition to MOMP (Fig. 6a), the hypothetical protein CT159,
as well as the putative cytotoxic protein CT166, were also confirmed to be associated with
the vesicle preparation (Fig. 6b). Both of these proteins could serve as cytotoxic effectors
during infection as CT159 is predicted to contain a conserved phospholipase D superfamily
catalytic domain and CT166 has been shown to display cytotoxic activity by targeting Rac1
during infection (Belland et al., 2001; Thalmann et al., 2010). CT166 protein is produced
during the mid- and late-stages of the chlamydial developmental cycle and is thought to play
a role early in infection as evidenced by morphological changes in host cells when treated
with high C. trachomatis MOIs (Belland et al., 2001; Thalmann et al., 2010). Although we
did not observe CT166 in purified EBs, likely due to a difference in loading concentration,
antibody selection, and probing methods, the presence of this protein in association with
vesicles, coupled to the report of high enzymatic activity by Thalmann et al. (Thalmann et
al., 2010), suggests a role for CT166 in addition to that of initial bacterial entry. Of
particular interest are the apparent alternate forms of MOMP detected in the vesicle and
whole cell lysate populations (as probed by monoclonal antibody) (Fig. 6a, lower panel).
While a relatively strong band at approximately 40 kDa (indicated with an asterisk in Fig.
6a), similar to the predicted molecular weight of MOMP, was present in all populations,
multiple distinct bands of larger sizes ranging from approximately 45 to 80 kDa were
detected only in the vesicle and/or whole lysate populations (Fig. 6a). This difference in
migration could be due to either MOMP oligomerization or post-translational modification
as previously reported (Swanson and Kuo, 1994; Sun et al., 2007) and suggests a potential
conformation difference of MOMP between vesicles and the C. trachomatis membrane.
Many bacterial outer membrane vesicles display modified LPS that has been shown to be
highly immunogenic and elicit an enhanced immune response (Andersen et al., 1997;
Arigita et al., 2005). Whether or not MOMP structural differences contribute to alternate
immunogenicity is not yet known. Figure 6b also demonstrates the presence of the plasmid
encoded effector Pgp3 in association with C. trachomatis vesicles. Pgp3 is an
immunodominant antigen and found in association with the chlamydial outer membrane
complex, but is primarily located in the host cell cytoplasm (Li et al., 2008; Chen et al.,
2010). These observations strongly support the hypothesis that membrane vesicles are
generated by C. trachomatis as a means of carrying and delivering outer membrane
components (LPS and MOMP) and virulence proteins (Pgp3, CT159 and CT166) necessary
for pathogenesis. Although we cannot determine the exact destination of chlamydial vesicles
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in this study, it is probable that there are distinct subpopulations present at multiple cellular
compartments: within the inclusion, host cytoplasm, or trafficked through cellular
machinery alongside host vesicles. These multiple distinct populations of chlamydial
membrane vesicles appear to serve as carriers and delivery systems for cytotoxic or host
modulatory proteins. As the vesiculation process may vary under different growth
conditions, the properties of vesicles under normal growth and ampicillin–exposed or stress
conditions likely differ. Further characterization of chlamydial membrane vesicle
components is ongoing and will further illuminate the complexity of host-pathogen
interactions and their role in disease pathogenesis.

4.0 Conclusion
We optimized and developed these protocols in order to facilitate the study of intracellular
populations that are difficult to isolate. The large-scale propagation of C. trachomatis is
critical to its study and facilitates the isolation of distinct populations, such as vesicles and
the persistent form, not easily separated due to their obligate intracellular nature. We present
an optimized persistent form purification and demonstrate that the persistent form is able to
transport radiolabeled ATP, suggesting that these aberrant forms employ some degree of
energy parasitism. This method is not only used to isolate fragile persistent forms of
Chlamydia, but also allows for the isolation of other sub-cellular fractions such as bacterial
and host vesicles. The isolated vesicle population was enriched for a bacterial sub-
population of vesicles that contain common bacterial antigens such as LPS and MOMP, as
well as the putative cytotoxic or host modulatory proteins Pgp3, CT159, and CT166.
Additionally, slight modifications of the protocol could yield numerous other populations of
either organelles or subpopulations of host vesicles that are suitable for the study of host
adaptation/modulation during infection with intracellular bacteria.
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Highlights

• Large scale L929 cell suspension cultures are infected with C. trachomatis strain
F.

• Persistent forms and other C. trachomatis forms are purified from the host cell.

• Persistent forms transport ATP and likely rely upon host ATP as an energy
source.

• C. trachomatis and host vesicles are purified and vesicles containing LPS are
enriched.

• C. trachomatis vesicles contain bacterial membrane markers and putative
virulence factors.
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Figure 1.
Schematic of procedure for suspension cell infection with C. trachomatis serovar F/Cal-I-13,
purification of chlamydial forms and vesicle isolation. Multiple concentrations of
OptiPrep™ density gradient medium used in this study are as indicated. Abbreviations: EB,
elementary body; RB, reticulate body; PF, persistent form; SPG, sucrose-phosphate-
glutamate buffer; PBS, phosphate buffered saline.
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Figure 2.
Dose and volume optimization of suspension culture infection with C. trachomatis serovar
F/Cal-I-13. (a) Suspension cultures were incubated with increasing amounts of bacteria. (b)
Bacteria and host cells were incubated in varying volumes of infection buffer (SPG) to
determine optimal infection conditions. Endpoint infection assays determining the IFU of
progeny on monolayers of L929 cells resulting from each infection were used as an
indication of quality of infection for both experiments. Each result is indicated as the mean
value of at least three independent experiments ± the standard deviation (SD). Significant
difference was analyzed by Student’s t-test. A p-value <0.05 was used as the cut-off for
statistical significance.
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Figure 3.
The persistent form purification. Representative transmission electron micrographs of
infected L929 cells (a) exposed or (b) unexposed to ampicillin and (c) the purified persistent
form fraction containing aberrant RBs with a less electron dense appearance. Based on
multiple cross-sections purified persistent form size is estimated at approximately 0.7–2.0
µm. Scale bars in (a) and (b) represent 2 µm and 0.5 µm in (c). (d) Endpoint infection assays
determining IFUs on monolayers of L929 cells in each isolated density gradient fraction.
Values represent mean IFU ± SD of three independent chlamydial preparations. (e)
Representative images of the cell adherence assays demonstrating the inability of the
persistent form to produce infection and inhibit cover slip adherence. Abbreviations: PF (+),
persistent fraction purified from an infection exposed to ampicillin; PF (−) persistent
fraction purified from an infection with no ampicillin exposure; RB (+), reticulate body
fraction purified from an infection exposed to ampicillin; RB (−), reticulate body fraction
purified from an infection with no ampicillin exposure; EB (+), elementary body fraction
purified from an infection exposed to ampicillin; EB (−), elementary body fraction purified
from an infection with no ampicillin exposure.
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Figure 4.
Characteristics of the persistent form fraction. (a) Western blot analysis of isolated
chlamydial forms with monoclonal antibodies specific to chlamydial MOMP, OmcA, CPAF
and RpoB. Sample loading normalized based on total protein. All samples prepared in
Laemmli sample buffer (1:1, v:v) supplemented with 5% 2-Mercaptoethanol, 10 mM
dithiothreitol and heated for 10 min at 100 °C. (b) ATP transport assays conducted with
isolated persistent forms. ATP indicates control transport assays containing 20-times the
determined Km for C. trachomatis nucleoside phosphate transporter 1. All data normalized
by adjusting maximum transport to 100%. Experiments were performed in triplicate on three
independent chlamydial preparations. Abbreviations: EB, elementary body; RB, reticulate
body; PF, persistent form; ATP, adenosine-5'-triphosphate.
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Figure 5.
Vesicle purification. (a–e) Representative transmission electron micrographs of various
vesicle purifications from infected cultures that are (a) non-ampicillin-exposed, non-filtered;
(b) ampicillin-exposed, non-filtered; (c) ampicillin-exposed, filtered; (d) mock infected; or
(e) pellet collected from the vesicle isolation supernatant after 16 hr of centrifugation.
Experiments performed with the initial fraction (15,300 ×g vesicle supernatant) confirmed
that vesicles remain intact after 16 hr of centrifugation. (f) An endpoint assay determining
the IFU present in each fraction was conducted to determine possible C. trachomatis
elementary body contamination. Values represent mean IFU ± SD from three independent
vesicle preparations. Scale bars represent 0.5 µm. Abbreviations: (+) Ap, vesicles isolated
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from an infection exposed to ampicillin; (−) Ap, vesicles isolated from an infection not
exposed to ampicillin.
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Figure 6.
Analysis of vesicle populations by Western blot. (a) Relative enrichment of chlamydial LPS-
containing vesicles results in a decrease of host derived vesicles. (b) Purity of the vesicle
fraction and the association of putative virulence factors with the chlamydial vesicle
population. Vesicle samples prepared in Laemmli sample buffer (1:1, v:v) supplemented
with 5% 2-Mercaptoethanol, 10 mM dithiothreitol and heated for 10 min at 100 °C.
Abbreviation: EB, elementary body.
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