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SUMMARY
Chlamydia trachomatis is an obligate intracellular bacterial pathogen that is the most common
cause of sexually transmitted bacterial infections and is the etiological agent of trachoma, the
leading cause of preventable blindness. The organism infects epithelial cells of the genital tract
and eyelid resulting in a damaging inflammatory response. C. trachomatis grows within a vacuole
termed the inclusion, and its growth depends on numerous host factors, including lipids. Although
a variety of mechanisms are involved in the acquisition of host cell cholesterol and
glycosphingolipids by C. trachomatis, none of the previously documented pathways for lipid
acquisition are absolutely required for growth. Here we demonstrate that multiple components of
the host high density lipoprotein (HDL) biogenesis machinery including the lipid effluxers,
ABCA1 and CLA 1, and their extracellular lipid acceptor, apoA-1, are recruited to the inclusion of
C. trachomatis-infected cells. Furthermore, the apoA-1 that accumulates within the inclusion co-
localizes with pools of phosphatidylcholine. Knockdown of ABCA1, which mediates the cellular
efflux of cholesterol and phospholipids to initiate the formation of HDL in the serum, prevents the
growth of C. trachomatis in infected HeLa cells. In addition, drugs that inhibit the lipid transport
activities of ABCA1 and CLA 1 also inhibit the recruitment of phospholipids to the inclusion and
prevent chlamydial growth. These results strongly suggest that C. trachomatis co-opts the host cell
lipid transport system involved in the formation of HDL to acquire lipids, such as
phosphatidylcholine, that are necessary for growth.

INTRODUCTION
During replication within the inclusion, Chlamydia acquires essential nutrients including
nucleotides (Hatch, 1975b, McClarty et al., 1991) and amino acids (Hatch, 1975a, McClarty,
1994) from the host. In addition, C. trachomatis acquires host cell lipids through multiple
mechanisms. Host-derived sphingomyelin (Hackstadt et al., 1995, Hackstadt et al., 1996)
and cholesterol (Carabeo et al., 2003) are derived from the Golgi and delivered to the
inclusion via a vesicular transport pathway that is sensitive to the Arf1 inhibitor, brefeldin A
(BFA) (Hackstadt et al., 1996, Carabeo et al., 2003). The delivery of sphingomyelin to the
inclusion via this vesicular transport pathway is dependent upon the Arf1 guanine nucleotide
exchange factor, GBF1 (Elwell et al., 2011). Non-vesicular transport pathways are also
involved in the delivery of host sphingolipids to the inclusion of infected cells. The lipid
carrier protein, CERT, transports ceramide from the ER to the inclusion (Elwell et al., 2011,
Derre et al., 2011) where ceramide is converted into sphingomyelin by host sphingomyelin
synthases (Elwell et al., 2011). This CERT-dependent transport pathway for the delivery of
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lipids to the inclusion appears to primarily contribute to chlamydial growth regulation
(Elwell et al., 2011, Derre et al., 2011), whereas lipids delivered to the inclusion via the
vesicular transport pathway contribute to the maintenance of inclusion membrane integrity
(Elwell et al., 2011). Finally, recent studies have indicated that cytoplasmic lipid droplets,
which are made up of a core of neutral lipids surrounded by a phospholipid monolayer
(Martin et al., 2006), translocate across the chlamydial inclusion membrane (Cocchiaro et
al., 2008) where the lipids associated with the droplet may be made available for chlamydial
growth.

The acquisition of host sphingolipids by C. trachomatis is facilitated by the fragmentation of
the Golgi, which is triggered by chlamydial infection (Heuer et al., 2009). Furthermore,
studies using inhibitors that block multivesicular body function suggest that host-derived
sphingolipids traffic through the multivesicular body prior to undergoing delivery to the
inclusion (Beatty, 2006). While each of the lipid transport pathways described above
contribute to the acquisition of host lipids by Chlamydia, inhibitors of the individual
pathways only partially block chlamydial growth (Carabeo et al., 2003, Beatty, 2006, Heuer
et al., 2009, Elwell et al., 2011, Derre et al., 2011). These results suggest that Chlamydia co-
opts multiple, redundant pathways to acquire host lipids, such as sphingomyelin and
cholesterol, that are essential for growth.

The import of host-derived glycerophospholipids (hereafter referred to as phospholipids)
into the inclusion requires their deacylation by the host calcium-dependent phospholipase
A2 releasing lysophospholipid, which is reacylated by a bacterial branched chain fatty acid
prior to its incorporation into bacterial cell membranes (Wylie et al., 1997). Although
previous studies indicated that the acquisition of host phospholipids by C. trachomatis is
BFA-insensitive (Wylie et al., 1997), the precise mechanism involved in phospholipid
acquisition by C. trachomatis is unclear. In the studies described here, we investigated
whether host proteins involved in phospholipid and cholesterol efflux may be involved in
lipid acquisition by C. trachomatis with the ultimate goal of defining host cell pathways that
are critical for the growth of Chlamydia in infected cells. Specifically, we examined whether
the host machinery involved in the biogenesis of high density lipoprotein (HDL) is involved
in regulating the growth of C. trachomatis in infected cells. The formation of HDL in the
plasma is mediated by the sequential transport of lipids to extracellular apoA-1 by the
transporters ABCA1, ABCG1, and the SR-B1 scavenger receptor, respectively. ABCA1, the
initial transporter in the HDL biogenesis pathway, mediates the efflux of cellular cholesterol
and phospholipids to extracellular lipid-free apoA-1 in the serum (Zannis et al., 2006, Oram
et al., 2000, Wang et al., 2000). Lipidated apoA-1 then serves as an acceptor for additional
cholesterol efflux by ABCG1 (Gelissen et al., 2006) and subsequently by SR-B1 (Rhainds et
al., 2004, Van Eck et al., 2005). Loss of function mutations in ABCA1 (Zannis et al., 2006,
Rust et al., 1999), ABCG1 (Yvan-Charvet et al., 2007), SR-B1 (Zannis et al., 2006, Braun et
al., 2002, Van Eck et al., 2004), and apoA-1 (Zannis et al., 2006, Matsunaga et al., 1991)
can enhance atherosclerotic lesion development.

The studies presented here indicate that C. trachomatis infection alters the intracellular
trafficking of several components of the host HDL biogenesis machinery, inducing ABCA1,
CLA 1, the human homologue of rodent SR-B1 scavenger receptor (Calvo et al., 1993), and
apoA-1 to accumulate in the inclusion of infected HeLa cells. The inclusion-associated
population of apoA-1 co-localizes with pools of phosphatidylcholine in infected cells. In
addition, glyburide, a drug that inhibits the ability of ABCA1 and B1 type scavenger
receptor members to transport lipids to apoA-1 (Nieland et al., 2004), inhibits the
accumulation of phosphatidylcholine within the inclusion of infected cells and prevents
chlamydial growth. Finally, knockdown of ABCA1 prevents the growth of C. trachomatis in
infected HeLa cells. These data indicate that multiple elements of the host HDL biogenesis
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machinery are recruited to the inclusion of C. trachomatis-infected cells where they play a
critical role in chlamydial growth regulation most likely by providing a source of
phospholipids that are essential for growth.

RESULTS
ABCA1 accumulates in the inclusion membrane of C. trachomatis-infected HeLa cells

Immunolocalization studies investigated whether host ABCA1 transporters are recruited to
the inclusion of Chlamydia-infected cells. For these studies we employed an ABCA1
antibody that detected a ~240kD protein in a HeLa cell lysate (data not shown), which is
consistent with previous reports for the size of ABCA1 (Arakawa et al., 2002). Localization
analysis with this antibody revealed that ABCA1 primarily accumulates in a punctate,
intracellular membrane compartment in HeLa cells (data not shown). To determine the
effect of chlamydial infection on ABCA1 localization, HeLa cells infected with C.
trachomatis serovar D were fixed 24 hours post-infection (PI) and stained with antibodies
directed against ABCA1 and IncA, an inclusion membrane protein (Bannantine et al., 1998).
Confocal analysis of these cells revealed that ABCA1 still primarily resided in intracellular
membrane compartments and a substantial percentage of the intracellular pool of ABCA1
overlapped the distribution of IncA in the inclusion membrane of infected cells (Fig. 1A).
To confirm the results obtained with the ABCA1-specific antibodies, HeLa cells transfected
with an ABCA1-EGFP fusion (Tanaka et al., 2003) were infected with C. trachomatis. The
cells were fixed 48 hours PI and confocal analysis revealed that ABCA1-EGFP also
accumulated in the inclusion membrane where it overlapped the localization of IncA (Fig.
1B). The stained cells in Fig. 1A were infected at a multiplicity of infection (MOI=2) and
cells containing multiple inclusions were observed. The higher magnification image in Fig.
1C illustrates that IncA and ABCA1 accumulate in the inclusion membrane of two adjacent
inclusions. In addition, both IncA and ABCA1 accumulate in a membrane aggregate
(marked with an arrow in Fig. 1C) that lies between the two inclusions. Further analyses
compared the localization of ABCA1 in infected cells to an additional C. trachomatis
inclusion membrane protein, CT223 (Bannantine et al., 2000, Alzhanov et al., 2009).
Confocal analysis revealed that ABCA1 localization was very similar to the localization
profile of CT223 at 24 hours PI (Fig. 1D). Collectively, these data demonstrate that ABCA1
is recruited to the inclusion membrane of Chlamydia-infected cells and to additional
intracellular membrane compartments that contain inclusion membrane marker proteins.

Multiple components of the host HDL biogenesis machinery are recruited to the inclusion
of C. trachomatis-infected HeLa cells

Localization studies investigated whether CLA 1 (Calvo et al., 1993, Calvo et al., 1997), and
the extracellular lipid acceptor involved in HDL biogenesis, apoA-1 (Zannis et al., 2006,
Wang et al., 2000, Van Eck et al., 2005), are also recruited to the inclusion of Chlamydia-
infected cells. Immunoblotting analyses using antibodies that recognize CLA 1 and apoA-1
detected single proteins of ~84kD and ~29kD, respectively, in a lysate prepared from C.
trachomatis-infected HeLa cells at 32 hours PI (Supp. Fig. S1A). The sizes of these proteins
were again consistent with previously reported sizes of CLA 1 and apoA-1 (Calvo et al.,
1997, Ritter et al., 2002). Confocal analysis of C. trachomatis-infected HeLa cells that were
fixed at 48 hours PI revealed that CLA 1 was present both on the cell surface and in the
inclusion membrane where it overlapped the distribution of IncA (Fig. 2A). This localization
profile was confirmed in experiments using a CLA 1-DsRed monomer fusion (Fig. 2B). Foci
containing CLA 1-DsRed were also observed within the lumen of the inclusion of the
infected cell (Fig. 2B).

Cox et al. Page 3

Cell Microbiol. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Additional analyses revealed that apoA-1 accumulated both in the inclusion membrane and
in discrete foci in the lumen of the inclusion of infected cells at 48 hours PI (Fig. 2C). In
some infected cells, the CLA 1-DsRed fusion protein and apoA-1 primarily accumulated in
the lumen of the inclusion (Fig. 2D). The lumenal foci containing CLA 1-DsRed were often
immediately adjacent to lumenal clusters of apoA-1 (arrow in Fig. 2D). In addition,
elongated tubular elements containing CLA 1-DsRed and apoA-1 were observed that
appeared to traverse the inclusion membrane of the infected cell (arrowhead in Fig. 2D).
Whether these elongated tubular structures represent intermediates in the transport of CLA 1
and apoA-1 from the cytoplasm to the lumen of the inclusion remains to be determined. To
further demonstrate that the foci of apoA-1 observed in Figs. 2C and 2D were indeed present
within the lumen of the inclusion, infected cells were fixed at 32 hours PI and stained with
IncA and apoA-1 antibodies. The cells were then imaged by confocal microscopy. As shown
in Supp. Fig. 1B, foci of apoA-1 were detected within the lumen of the inclusion in
consecutive 0.5μm confocal slices. This lumenal population of apoA-1 is also seen in the
xz-slice from a Z-stack of an infected cell (Supp. Fig. S1C). Since it was possible that
antibodies in the apoA-1 antisera recognized antigens associated with Chlamydia in fixed
cells, we also compared the localization profiles obtained with apoA-1 and chlamydial
Hsp60 antibodies. This analysis revealed that the apoA-1 antibody does not stain Chlamydia
within the lumen of the inclusion (Supp. Fig. S1D). At this time, the factors that determine
whether apoA-1 accumulates in the inclusion membrane or within the inclusion of infected
cells are not understood. Furthermore, although the data in Figs. 1 and 2 suggest that a
subset of ABCA1, CLA1, and apoA-1 accumulate in the inclusion membrane of infected
cells, it is possible that these proteins are present in cytoplasmic membranes immediately
adjacent to the inclusion. Future immuno-electron microscopic analyses will distinguish
between these possibilities.

Immunofluorescence analyses suggested that the level of cellular associated apoA-1 in
Chlamydia-infected cells was higher than that observed in uninfected cells (Fig. 3A). To
more carefully assess the effect of chlamydial infection on intracellular apoA-1 levels,
lysates prepared from uninfected HeLa cells and from cells that were harvested at various
times PI were probed with antibodies directed against IncA, CT223, chlamydial Hsp60, and
apoA-1. Hsp60 and CT223 were present in these lysates in detectable amounts at 15 hours
PI, while IncA was first detected in the lysate from 24 hours PI (Fig. 3B). Blotting analysis
of the lysates with apoA-1 specific antibodies revealed that the level of cellular associated
apoA-1 was approximately 4-fold higher in cells at 40 hours PI when compared to
uninfected cells (Fig. 3B). In addition, there was approximately a 2-fold increase in apoA-1
levels by 8 hours PI, which is prior to the time that the chlamydial proteins were detected in
this blotting assay (Fig. 3B). To investigate the origin of this observed increase in cellular-
associated apoA-1, qRT-PCR was used to measure apoA-1 transcript levels in infected HeLa
cells during the chlamydial developmental cycle. These studies revealed that apoA-1
transcript levels did not change significantly during the course of the infection (data not
shown). This result suggested that the increased levels of cellular-associated apoA-1 in
Chlamydia-infected cells resulted from the enhanced translation and/or stabilization of the
endogenous pool of apoA-1, or the enhanced uptake of exogenous apoA-1.

Phosphatidylcholine is recruited to apoA-1 containing foci in the lumen of the inclusion of
infected cells

The demonstration that ABCA1, CLA 1, and apoA-1 accumulate in the inclusion of
Chlamydia-infected cells suggested that these proteins may be involved in the delivery of
lipids to the vacuole where Chlamydia grow. To address this possibility, we initially
investigated whether the foci of apoA-1 that accumulate in the lumen of the inclusion of
infected cells are associated with specific lipids. A previous study demonstrated that neutral
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lipids in the form of lipid droplets translocate from the host cell cytoplasm to the lumen of
the inclusion during the course of a chlamydial infection (Cocchiaro et al., 2008). To
determine whether apoA-1 associates with these neutral lipid containing droplets within the
inclusion, Chlamydia-infected cells were fixed at 48 hours PI and incubated with antibodies
directed against apoA-1 and IncA and with the dye Bodipy 493, which specifically stains
lipid droplets (Cocchiaro et al., 2008). As shown in Fig. 4A, lipid droplets accumulate in the
cytoplasm and within the inclusion of infected cells. While the inclusion-associated droplets
were occasionally adjacent to the lumenal foci of apoA-1 (arrowhead in Fig. 4A), we never
observed co-localization of lipid droplets with apoA-1. Similar results were obtained with
cells that were fixed at 32 hours PI (data not shown). These results indicate that apoA-1 does
not serve as a site of neutral lipid accumulation within the lumen of the inclusion of infected
cells.

Since ABCA1 has the capacity to transport phospholipids to apoA-1 (Zannis et al., 2006,
Oram et al., 2000, Wang et al., 2000), we next examined whether inclusion-associated
apoA-1 may specifically associate with phospholipids in infected cells. For these studies,
HeLa cells infected with C. trachomatis Serovar D were incubated with a fluorescent
analogue of phosphatidylcholine, β-BODIPY FL C5-HPC, for 1 hour at 37°C. Following
fixation in paraformaldehyde at 48 hours PI, the cellular distribution of β-BODIPY FL C5-
HPC was analyzed by confocal microscopy. This analysis revealed that β-BODIPY FL C5-
HPC primarily accumulated in a perinuclear, Golgi-like compartment in uninfected HeLa
cells (marked by arrow in Fig. 4B). This pattern of localization was altered in Chlamydia-
infected cells where the majority of the β-BODIPY FL C5-HPC accumulated in membranes
that surrounded the inclusion (marked by arrowhead in Fig. 4B). In addition, this
phosphatidylcholine analogue appeared to accumulate in the membrane of individual
bacteria within the inclusion (Fig. 4B). Similar results were obtained with live cells that
were imaged following a 1 hour incubation with β-BODIPY FL C5-HPC (data not shown).
The redistribution of β-BODIPY FL C5-HPC observed in Chlamydia-infected cells is very
similar to the redistribution of BODIPY FL C5-ceramide that occurs upon the fragmentation
of the Golgi that is induced by C. trachomatis infection of epithelial cells (Hackstadt et al.,
1995, Hackstadt et al., 1996, Heuer et al., 2009). To determine whether the β-BODIPY FL
C5-HPC that accumulates within the inclusion of Chlamydia-infected cells indeed
accumulates in bacterial cell membranes, paraformaldehyde fixed cells were briefly
permeabilized with methanol and stained with antibodies against the C. trachomatis major
outer membrane protein, MOMP. While this permeabilization step extracted β-BODIPY FL
C5-HPC from fixed cells to a variable extent, it is clear that a subset of the remaining lipid
within the inclusion co-localizes with MOMP in bacterial cell membranes (Fig. 4C).
Furthermore, some of the β-BODIPY FL C5-HPC accumulates in regions of the inclusion
devoid of MOMP (marked by arrowheads in Fig. 4C). Staining of these permeabilized cells
with IncA antibodies further revealed that this phosphatidylcholine analogue accumulates in
the inclusion membrane of infected cells (Fig. 4D). Similar analyses using HeLa cells
infected with C. trachomatis Serovar L2 yielded identical results (data not shown). A
previous report showed that another fluorescent analogue of phosphatidylcholine, 6:0-N-
NBD-phosphatidylcholine, accumulated in the inclusion membrane but was not incorporated
into the bacterial cell membrane of C. trachomatis Serovar L2 in infected HeLa cells
(Hackstadt et al., 1996). Whether the differing abilities of 6:0-N-NBD-phosphatidylcholine
and β-BODIPY FL C5-HPC to undergo incorporation into bacterial cell membranes reflects
the effect of the fluorescent NBD and BODIPY moieties on phosphatidylcholine trafficking
within cells is not known.

To determine whether the non-bacterial associated population of β-BODIPY FL C5-HPC in
the inclusion is associated with apoA-1, infected cells were fixed at 48 hours PI,
permeabilized with methanol, and stained with apoA-1 and IncA antibodies. The image in

Cox et al. Page 5

Cell Microbiol. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5A illustrates that a large percentage of the β-BODIPY FL C5-HPC remaining within
this permeabilized cell co-localizes with the apoA-1-containing foci within the lumen of the
inclusion (Fig. 5A). A similar pattern of co-localization between β-BODIPY FL C5-HPC
and apoA-1 within the inclusion was observed in cells that were fixed and permeabilized at
24 hours PI (Fig. 5B). In the cell shown in Fig. 5B, a pool of perinuclear β-BODIPY FL C5-
HPC that was not completely dispersed as a result of chlamydial infection is marked by an
arrow. Although the mechanisms that result in the accumulation of β-BODIPY FL C5-HPC
in apoA-1-containing foci in the lumen of the inclusion are not known, these results suggest
a role for apoA-1 in directing the accumulation of phospholipids within the inclusion of
Chlamydia-infected cells. A wide variety of lipid transport proteins associate with and
transport lipids between different membrane compartments within cells (D'Angelo et al.,
2008), and recent studies have indicated a role for CERT in the delivery of ceramide to the
inclusion of Chlamydia-infected cells (Elwell et al., 2011, Derre et al., 2011). However, to
our knowledge our data represents the first example where the restricted localization of a
substantial intracellular pool of a specific lipid is potentially dependent upon its association
with a carrier protein, such as apoA-1.

Inhibition of the lipid transport activities of ABCA1 and/or CLA 1 inhibits chlamydial
growth

The localization data described above suggests a role for the HDL biogenesis machinery in
delivering phospholipids to the inclusion of Chlamydia-infected cells. To test whether the
lipid transport activities associated with ABCA1 and/or CLA 1 are required for chlamydial
growth, we investigated whether glyburide, a drug that inhibits the ability of both ABCA1
and B1 type scavenger receptor members to efflux lipids to extracellular apoA-1, affects
chlamydial growth. Previous studies have shown that glyburide concentrations in excess of
100μM are necessary to partially inhibit the lipid efflux activities of both ABCA1 and B1
type scavenger receptor members, such as CLA 1 (Smith et al., 2004, Nieland et al., 2004).
In our analyses, HeLa cells were infected with C. trachomatis in media containing glyburide
concentrations ranging from 7.5μM to 600μM. The drug was added to the infected cells 30
minutes PI to avoid possible effects of the drug on the entry of C. trachomatis into cells. At
48 hours PI, control and drug treated cells were fixed and stained with chlamydial Hsp60
antibodies (Fig. 6A). These analyses revealed that glyburide had a dose-dependent effect on
chlamydial growth, and a concentration of 300μM was sufficient to completely inhibit
chlamydial growth (Fig. 6A). To further evaluate the effect of glyburide on chlamydial
growth we determined the number of infection-forming units (IFUs) of C. trachomatis
present in infected HeLa cells treated with various drug concentrations. These studies
indicated that 150μM glyburide was sufficient to completely block the production of
infectious C. trachomatis (Fig. 6B) suggesting that the lipid transport activities associated
with ABCA1 and/or CLA 1 are required for chlamydial growth in HeLa cells.

Additional experiments investigated whether the inhibitory effect of glyburide on
chlamydial growth was potentially due to the ability of this drug to inhibit the recruitment of
phospholipids to the inclusion of Chlamydia-infected cells. For these analyses, HeLa cells
infected with C. trachomatis Serovar D were incubated for 28 hours to allow for inclusion
development and bacterial growth. At this time, the cells were incubated in the absence or
presence of 300μM glyburide for 3 hours. β-BODIPY FL C5-HPC was then added to the
media of control and drug-treated cells, and the cells were incubated an additional hour at
37°C. The cells were then fixed and imaged by confocal microscopy. Although 300μM
glyburide did not completely prevent the accumulation of β-BODIPY FL C5-HPC in the
inclusion of infected cells (arrows in Fig. 7A), the fluorescence associated with the
inclusions of the drug treated cells appeared reduced compared to control cells.
Quantification of this experiment revealed that the glyburide treatment resulted in a 43%
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reduction in β-BODIPY FL C5-HPC levels within the inclusions of infected cells (Fig. 7B).
This reduced level of inclusion-associated phospholipid in drug treated cells was not due to
an effect of glyburide treatment on the total cellular uptake of β-BODIPY FL C5-HPC,
which was very similar in control and drug-treated cells (Fig. 7B). In addition, the reduced
inclusion-associated fluorescence was not due to an effect of the drug on inclusion size (Fig.
7C). Previous investigators have shown that glyburide has virtually an identical effect on the
cholesterol and phospholipid transport activities of ABCA1 (Smith et al., 2004). To
determine whether the reduced levels of phospholipid within the inclusion of drug-treated
cells correlated with the inhibitory effect of glyburide on the lipid transport activity of
ABCA1, we measured the effect of 300μM glyburide on the ability of ABCA1 to efflux 3H-
cholesterol to extracellular lipid-free apoA-1. These studies revealed that treatment of cells
with this concentration of drug resulted in a 45% reduction in ABCA1-dependent
cholesterol efflux to extracellular lipid-free apoA-1 (Fig. 7D). The very similar inhibitory
effect of glyburide on phospholipid accumulation within the inclusion of infected cells (Fig.
7B) and on the lipid transport activity of ABCA1 (Fig. 7D), is consistent with a role for
ABCA1 and apoA-1 in directing the accumulation of phospholipids within the inclusion of
Chlamydia-infected cells.

ABCA1 knockdown inhibits chlamydial growth in HeLa cells
The data described above indicate that glyburide inhibits both chlamydial growth and the
trafficking of phospholipids to the inclusion of Chlamydia-infected cells. However, in
addition to ABCA1 and BI type scavenger receptors, glyburide inhibits the activity of
several other cellular proteins (Vila-Carriles et al., 2007, Lehtihet et al., 2003, White et al.,
1988) and its ability to block chlamydial growth may be due to its inhibitory effect on one or
more of these other cellular targets. To more directly address the role of ABCA1 in
regulating chlamydial growth, we knocked down the expression of this transporter using a
shRNA approach. HeLa cells were transfected with plasmids encoding 2 shRNAs directed
against ABCA1 or with a control shRNA. The shRNA-encoding plasmids also encoded a
GFP reporter. In our initial assays, we attempted to establish stable cell lines that were stably
transfected with the plasmids encoding the ABCA1 shRNAs. However, all of the clonal
lines we established expressed low levels of the ABCA1 shRNAs using the GFP reporter as
a measure of expression, and these clones exhibited minimal knockdown of ABCA1 (data
not shown). For this reason, we opted to develop a transient transfection and fluorescence-
based assay to measure the effect of the ABCA1 shRNAs on ABCA1 protein levels and
chlamydial infection. This approach allowed us to determine how the growth of C.
trachomatis in HeLa cells was affected over a broad range of expression of ABCA1. HeLa
cells were transfected with the ABCA1 shRNAs or the control shRNA, and 24 hours post-
transfection the cells were infected and allowed to grow an additional 48 hours. At this time,
the cells were fixed and stained with ABCA1 and chlamydial Hsp60-specific antibodies. As
shown in Fig. 8A, the control shRNA had no apparent effect on ABCA1 or Hsp60 levels in
infected cells. However, ABCA1 and Hsp60 staining was very low in cells expressing high
levels of ABCA1-specific shRNAs (arrows in Fig. 8A). Control experiments indicated that
many of the Hsp60-positive bacteria associated with cells expressing high levels of ABCA1-
specific shRNAs are intracellular and could only be stained when the cells were
permeabilized prior to incubation with primary and secondary antibodies (data not shown).
This result indicates that ABCA1 knockdown does not prevent chlamydial entry into cells
but rather prevented growth following entry. These knockdown studies were quantified by
determining the fluorescence intensity resulting from ABCA1 and chlamydial Hsp60
staining in non-transfected and shRNA-expressing cells. This analysis demonstrated that the
control shRNA had no effect on ABCA1 or Hsp60 levels in infected cells (Fig. 8B). In
contrast, ABCA1 and Hsp60 were dramatically reduced in cells expressing high levels of the
ABCA1-specific shRNAs (Fig. 8B). Cells expressing low or medium amounts of the
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ABCA1-specific shRNAs exhibited a reduction in ABCA1 protein levels proportional to the
level of the ABCA1 shRNA (Fig. 8B). In addition, the observed reduction in ABCA1 levels
correlated with a corresponding decrease in Hsp60 levels in infected cells. These data
illustrate the power of this fluorescence based assay, which suggests that the extent to which
Chlamydia grow in these cells is dependent upon the cellular level of ABCA1 and complete
knockdown of ABCA1 appears to be sufficient to completely block chlamydial growth.
Taken together, the localization, knockdown, and drug studies presented here strongly
suggest that the delivery of phospholipids to the inclusion by components of the host HDL
biogenesis machinery is required for the growth of C. trachomatis within infected HeLa
cells.

DISCUSSION
During growth and replication within infected cells, Chlamydia acquires cholesterol and
sphingolipids from the host via vesicular (Hackstadt et al., 1995, Hackstadt et al., 1996,
Carabeo et al., 2003, Elwell et al., 2011, Heuer et al., 2009, Beatty, 2006) and non-vesicular
transport (Elwell et al., 2011, Derre et al., 2011) pathways. The fact that inhibitors of these
pathways (Hackstadt et al., 1996, Carabeo et al., 2003, Elwell et al., 2011, Heuer et al.,
2009, Beatty, 2006, Derre et al., 2011) do not completely block chlamydial growth has led
to the suggestion that the pathways Chlamydia utilizes for acquiring cholesterol and
sphingolipids are redundant. In contrast to cholesterol and sphingolipid acquisition, the
mechanism(s) involved in the acquisition of host cell phospholipids by Chlamydia were not
known prior to this study. We hypothesized that host lipid transporters may be involved in
both phospholipid and cholesterol acquisition by Chlamydia. Our analyses have revealed
that the host ABCA1 transporter, whose normal cellular function is to mediate the efflux of
cellular cholesterol and phospholipids to lipid-free apoA-1 to initiate the formation of HDL
(Zannis et al., 2006, Oram et al., 2000, Wang et al., 2000), is recruited to the inclusion
membrane of C. trachomatis-infected HeLa cells. Localization analyses further indicated
that additional components of the HDL biogenesis machinery including apoA-1 and CLA 1
are recruited to the inclusion of Chlamydia-infected cells. Several lines of evidence suggest
that these elements of the HDL biogenesis machinery play a critical role in the delivery of
essential phospholipids to the inclusion of infected cells. 1) The fluorescent
phosphatidylcholine analogue, β-BODIPY FL C5-HPC, co-localizes with foci of apoA-1
within the inclusion of infected cells. 2) Glyburide, a drug that inhibits the ability of both
ABCA1 (Smith et al., 2004, Nieland et al., 2004) and B1 type scavenger receptors (Smith et
al., 2004), such as CLA 1, to transport lipids to extracellular apoA-1, inhibits the
accumulation of phosphatidylcholine within the inclusion of infected cells and prevents
chlamydial growth. 3) Knockdown of ABCA1 prevents the growth of C. trachomatis in
infected HeLa cells. These data suggest that ABCA1 and perhaps CLA 1 in conjunction with
their lipid acceptor apoA-1 provide a source of phospholipids that is required for the growth
of Chlamydia within infected cells.

The concentration of glyburide used in our studies exhibits virtually an identical inhibitory
effect on the apoA-1-dependent lipid transport activity of ABCA1 and on the accumulation
of the phosphatidylcholine analogue, β-BODIPY FL C5-HPC, in the inclusion of
Chlamydia-infected cells (Fig. 7). These data are consistent with a role for ABCA1 and
apoA-1 in directing phosphatidylcholine accumulation within the inclusion. This hypothesis
is further strengthened by the fact that apoA-1 co-localizes with pools of β-BODIPY FL C5-
HPC within the lumen of the inclusion of infected cells. While other pathways may
contribute to the transport of phospholipids to the inclusion, interfering with the ABCA1/
apoA-1-dependent pathway with drugs or by reducing ABCA1 protein levels is sufficient to
prevent chlamydial growth.
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The accumulation of ABCA1, CLA 1 and apoA-1 in the inclusion of infected cells may
reflect a global redistribution of host proteins of the endosomal/lysosomal pathway to the
organelle where Chlamydia grow. Alternatively, the accumulation of these proteins in the
inclusion could result from the modification of specific sorting events that are altered as a
consequence of Chlamydia infection. A candidate protein that could be involved in this
process is Rab4, one of several small GTP-binding proteins recruited to the inclusion
membrane of C. trachomatis-infected cells (Rzomp et al., 2003, Rzomp et al., 2006,
Moorhead et al., 2010). ABCA1 normally undergoes internalization from the plasma
membrane and recycles from endosomes back to the cell surface in a Rab4-dependent
fashion (Neufeld et al., 2001, Azuma et al., 2009). Whether C. trachomatis infection alters
Rab4 function resulting in the recruitment of ABCA1 and apo-A1, which associates with
ABCA1 (Wang et al., 2000), to the inclusion of infected cells is currently under
investigation.

The localization profiles described here for ABCA1, apoA-1, and the inclusion membrane-
associated population of CLA 1 could arise from the fusion of intracellular vesicles
containing these proteins with the inclusion membrane of Chlamydia-infected cells.
However, alternative mechanisms must be involved in directing CLA 1 to foci within the
inclusion of infected cells. The elongated tubular structure containing CLA 1 and apoA-1
(arrowhead in Fig. 2D) appears to span the inclusion membrane of this infected cell. This
image suggests that cytoplasmic membrane vesicles containing CLA 1 and apoA-1 may be
engulfed by the inclusion by an autophagic-type mechanism (Glick et al., 2010).
Alternatively, CLA 1-containing vesicles may initially fuse with the inclusion membrane.
Subsequently, regions of the inclusion membrane containing CLA 1 could bud into the
lumen of the inclusion analogous to the intra-lumenal budding of vesicles that occurs during
multivesicular body biogenesis (Hurley et al., 2010). Whether these mechanisms or others
are involved in the recruitment of CLA 1 to foci within the lumen of the inclusion of
infected cells will be investigated in future studies.

In conclusion our studies have demonstrated that several of the components of the host cell
HDL biogenesis machinery are recruited to the inclusion of C. trachomatis-infected cells.
Knockdown and inhibitor studies strongly suggest that the lipid transport activities of
ABCA1 and perhaps CLA 1 are required for the growth of C. trachomatis in HeLa cells. Our
analyses have indicated that pools of phosphatidylcholine accumulate in the inclusion of
infected cells in close proximity to apoA-1, the lipid acceptor of both ABCA1 and CLA 1.
How the pools of phospholipid associated with apoA-1 are made available for chlamydial
growth is currently unknown. However, it is interesting to note that CLA 1, which lies
adjacent to apoA-1 within the inclusion of infected cells (Fig. 2D), can both interact with
apoA-1 (Zannis et al., 2006) and transfer lipids from apoA-1-containing HDL complexes
(Acton et al., 1996, Ji et al., 1997). Whether CLA 1 or other host or chlamydial encoded
proteins are required for making the pools of phospholipid delivered to the inclusion
available for chlamydial growth will be defined in future studies.

EXPERIMENTAL PROCEDURES
Antibodies, Plasmids, and Reagents

ABCA1 rabbit polyclonal antibodies were obtained from Novus. Rabbit polyclonal
antibodies against a peptide corresponding to amino acids 450-509 of the murine scavenger
receptor, SR-B1, were obtained from Novus. This region of SR-B1 is 82% identical to CLA
1, the human homologue of SR-B1 (Calvo et al., 1993, Acton et al., 1994). Rabbit
polyclonal antibodies directed against apo-A1 were obtained from BioVision. Mouse
monoclonal antibodies directed against MOMP were obtained from Argene, and mouse
monoclonal antibodies directed against the chlamydial inclusion membrane proteins, IncA
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and CT223, were provided by Dr. D. D. Rockey. Mouse monoclonal antibodies directed
against the Chlamydia Hsp60 protein were provided by Dr. R. P. Morrison. Mouse
monoclonal antibodies directed against actin were obtained from Sigma Chemicals. Various
AlexaFluor conjugated secondary antibodies, Hoechst, and β-BODIPY FL C5-HPC were
obtained from Invitrogen, while horseradish peroxidase (HRP) conjugated secondary
antibodies were obtained from BioRad. Glyburide and fatty acid-free BSA were purchased
from Sigma Chemicals, lipid-free apoA-1 was purchased from Millipore, and 3H-cholesterol
was purchased from New England Nuclear.

A scrambled control shRNA and 2 ABCA1-specific shRNAs in the pGFP-V-RS vector were
purchased from Origene. The pGFP-V-RS vector also encodes GFP under the control of a
separate promoter. The ABCA1-specific shRNAs target the sequences:
CTCTGCTATCTCCAACCTCATCAGGAAGC (nucleotides 3853-3881) and
ATCTGCTTCCAGCAGAAGTCCTATGTGTC (nucleotides 5477-5505) in the human
ABCA1 mRNA. ABCA1-EGFP (Tanaka et al., 2003) in pcDNA3 was provided by Dr. K.
Ueda. A CLA 1 cDNA was amplified by RT-PCR from RNA isolated from HeLa cells. The
CLA 1 cDNA was then fused at its C-terminus to DsRed monomer in the pDsRedN1 vector
from Clontech. The resulting fusion, CLA 1-DsRed monomer, was sequenced prior to its
use in transfection studies.

Cell Culture and Chlamydial Infections
HeLa cells grown in DMEM containing 10% fetal calf serum were infected with C.
trachomatis serovar D (strain UW-3/Cx) or C. trachomatis serovar L2 (strain 434/Bu). At
various times PI, the cells were fixed and processed for immunostaining, or the cells were
harvested and the number of IFUs was determined as described previously (Caldwell et al.,
1981). In some instances, glyburide was added to infected cells at 30 minutes PI and
maintained in the media for the duration of the infection.

HeLa cells were transfected with the ABCA1-EGFP or CLA 1-DsRed monomer expressing
plasmids or the pGFP-V-RS plasmids encoding the ABCA1-specific or control shRNAs
using the Effectene transfection reagent (Qiagen). Cells were fixed at various times post-
transfection and processed for microscopy as described in the text.

Immunoblotting Assays
Lysates were prepared from uninfected HeLa cells or HeLa cells infected with C.
trachomatis at various times PI by direct lysis in SDS sample buffer. The lysates were then
subjected to immunoblotting analysis with various antibodies. Immunoreactive species in
blotting analyses were detected using HRP-conjugated secondary antibodies and
chemiluminescence detection systems. Quantification of immunoblots was carried out using
Scion Image.

Localization and Knockdown Analyses
HeLa cells infected with C. trachomatis were fixed at various times PI by incubation in 4%
paraformaldehyde in phosphate buffered-saline (PBS) for 10 minutes. Following rinsing in
PBS, the cells were permeabilized in PBS containing 0.1% Triton X-100 or 0.1% saponin
prior to primary antibody incubation. Alternatively, cells were fixed by incubation in ice-
cold methanol for 30 seconds. The cells were then rinsed with PBS and incubated with
primary antibodies. In each instance, the cells were rinsed, incubated with the appropriate
AlexaFluor conjugated secondary antibody prior to microscopic analysis.

HeLa cells were transfected with pGFP-V-RS plasmids encoding the ABCA1-specific and
control shRNAs. Twenty-four hours post-transfection the cells were infected with C.
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trachomatis (MOI=2) and then fixed and processed for staining with ABCA1 and Hsp60
antibodies 48 hours PI. Z-stacks were acquired for each transfected cell and non-transfected
control cells using a Zeiss LSM 510 confocal microscope. The fluorescence intensity of the
GFP reporter encoded by the pGFP-V-RS plasmid was used as a measure of shRNA levels
within an individual transfected cell. The cells were arbitrarily grouped into high, medium,
and low shRNA expressers based on the setting of the detector gain on the confocal
microscope required to reach a saturating level of fluorescence for the GFP reporter. The
setting for high cells was <800; the setting for medium cells was 800 – 900; and the setting
for low cells was >900. In each transfected and non-transfected cell, the fluorescence
intensity through the entire Z-stack that resulted from staining with the ABCA1 and Hsp60
antibodies was quantified using the imaging software for the Zeiss LSM 510 confocal
microscope. The values presented in the text represent the average value obtained from Z-
stacks of at least 25 different cells.

Quantitative RT-PCR
Total RNA was isolated using Masterpure (Epicentre) and used as a template to synthesize
first strand cDNA. 3μg RNA was reverse-transcribed using Transcriptor reverse
transcriptase (Roche) and random hexamer primers. Subsequent qRT-PCR analysis was
carried out using a LightCycler 480 System (Roche) using primers specific for apoA-1 and
probes from the Universal Probe Library system (Roche). The expression of apoA-1 and the
control gene (GAPDH) were quantified based on their threshold cycle values and apoA-1
levels were normalized using the control gene value.

β-BODIPY FL C5-HPC Labeling of C. trachomatis-Infected HeLa Cells
HeLa cells infected with C. trachomatis serovar D were incubated in the presence of 1.5μM
β-BODIPY FL C5-HPC in fatty acid-free BSA (Wustner et al., 2001) for 1 hour at 37°C at
various times PI. The cells were then rinsed in PBS and fixed in 4% paraformaldehyde in
PBS. The cells were then directly imaged by confocal microscopy or permeabilized by
extraction in methanol. Permeabilized cells were stained with various antibodies prior to
confocal analysis. In some experiments, HeLa cells were back-extracted for 1 hour in media
containing fatty acid-free BSA for 1 hour prior to microscopic analysis and identical results
were observed.

HeLa cells infected with C. trachomatis serovar D were incubated at 37°C for 28 hours. At
this time, the cells were incubated in the absence or presence of 300μM glyburide for 3
hours at 37°C. β-BODIPY FL C5-HPC in fatty acid-free BSA was then added to the media
of control and drug-treated cells at a final concentration of 1.5μM and the cells were
incubated an additional hour at 37°C. The cells were then fixed in 4% paraformaldehyde in
PBS and imaged by confocal microscopy. Z-stacks were acquired for control and glyburide-
treated cells using identical acquisition parameters and the levels of total and inclusion-
associated β-BODIPY FL C5-HPC fluorescence in control and glyburide-treated cells were
quantified using the imaging software for the Zeiss LSM 510 confocal microscope. In this
analysis, the lines demarcating the boundaries of inclusions were drawn inside the inclusion
membrane to insure that cytoplasmic fluorescence was excluded from the inclusion-
associated fluorescence value. The values shown in the text represent the average values
obtained from the analysis of at least 75 cells from two independent experiments.

Cholesterol Efflux Assays
Cholesterol efflux assays were carried out as described previously (Smith et al., 2004).
Briefly, HeLa cells were incubated with 3H-cholesterol at a final concentration 0.5μCi/ml
overnight in DMEM containing 10% fetal calf serum and 0.5% BSA. After washing once in
DMEM, the cells were incubated for 4 hours at 37°C in the absence or presence of 300μM
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glyburide in DMEM containing 10% fetal calf serum, 0.5% fatty acid-free BSA, and 10μg/
ml of lipid-free apoA-1. At this time, the media was collected and saved. The cells were
rinsed once in DMEM and then scraped from the dish and collected. The resulting cell pellet
was dissolved by overnight incubation in 0.1M NaOH, and the amount of 3H-cholesterol in
the media and associated with the cells was determined by scintillation counting. The
percentage of 3H-cholesterol that was effluxed from the cells was determined and the values
shown in the text represent the average from two independent experiments and are expressed
as the percent 3H-cholesterol efflux in the presence of glyburide relative to that observed in
the non-glyburide treated control.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Non-transfected HeLa cells (A, C, and D) or HeLa cells transfected with the plasmid
encoding ABCA1-EGFP (B) were infected with Chlamydia trachomatis serovar D. The cells
were fixed at 24 hours (A, C, and D) or 48 hours (B) PI with 4% paraformaldehyde in PBS
(A - C) or with methanol (D). The cells in A - C were then permeabilized in PBS containing
0.1% Triton X-100 and incubated with a mouse monoclonal antibody directed against IncA
(A - C) and a rabbit polyclonal antibody directed against ABCA1 (A and C). Alternatively,
the cells in D were directly incubated with a monoclonal antibody directed against CT223
and a rabbit polyclonal antibody directed against ABCA1. Following washing, the cells
were incubated with the appropriate secondary antibodies prior to confocal analysis. The
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arrow in C points to a membrane aggregate between adjacent inclusions that is positive for
IncA and ABCA1. The white bars in A and D are 5μm, the bar in B is 10μm, and the bar in
C is 2.5μm.

Cox et al. Page 16

Cell Microbiol. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Non-transfected HeLa cells (A and C) or HeLa cells transfected with the plasmid encoding
the CLA 1-DsRed monomer fusion (B and D) were infected with C. trachomatis serovar D
and fixed forty-eight hours PI with 4% paraformaldehyde in PBS. The cells were
permeabilized in PBS containing 0.1% saponin (A) or 0.1% TX-100 (B - D) and incubated
with a monoclonal antibody directed against IncA (A - D), a rabbit polyclonal antibody that
recognizes CLA 1 (A), or a rabbit polyclonal antibody directed against apoA-1 (C and D).
Following washing, the cells were incubated with the appropriate secondary antibodies prior
to confocal analysis. The arrow in D points to adjacent foci of apoA-1 and CLA 1-DsRed
within the lumen of the inclusion. The arrowhead in D points to an elongated tubular
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structure containing apoA-1 and CLA 1-DsRed that appears to span the inclusion
membrane. The white bars in A and B are 5μm, and the bars in C and D are 10μm.
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Figure 3.
HeLa cells infected with C. trachomatis serovar D were methanol fixed 24 hours PI (A). The
cells were then stained with a monoclonal antibody directed against CT223 and a rabbit
polyclonal antibody directed against apoA-1. Following washing, the cells were incubated
with the appropriate secondary antibodies. DNA was visualized by staining with Hoechst.
The images in A were collected on a Zeiss Axioplan II microscope. Alternatively,
immunoblotting analyses characterized the expression of chlamydial and host proteins
during the developmental cycle (B). Lysates were prepared from uninfected HeLa cells (0
time) or from cells that were infected with C. trachomatis at various times PI. The samples
were subjected to blotting analysis using the indicated antibodies. Times PI in B are
indicated at the bottom of the figure. Asterisks in A denote uninfected cells. The white bar in
A is 20μm.
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Figure 4.
HeLa cells infected with Chlamydia trachomatis serovar D were fixed with 4%
paraformaldehyde in PBS at 48 hours PI. The cells were then permeabilized in PBS
containing 0.1% saponin and incubated with antibodies directed against Inc A and apoA-1.
The cells were then washed and incubated with the appropriate secondary antibodies.
Following washing, the cells were stained with the dye Bodipy 493 and imaged by confocal
microscopy (A). Alternatively, infected cells were incubated in the presence of β-BODIPY
FL C5-HPC in fatty acid-free BSA at a final concentration of 1.5μM for 1 hour prior to
fixation in 4% paraformaldehyde in PBS at 48 hours PI. These labeled cells were either
directly imaged by confocal microscopy (B) or permeabilized by a brief incubation in
methanol. Permeabilized cells were incubated with monoclonal antibodies directed against
MOMP (C) or IncA (D) followed by the appropriate secondary antibody and imaged by
confocal microscopy. The arrowhead in A denotes a lipid droplet that lies adjacent to a foci
of apoA-1 within an inclusion of an infected cell. The arrow in B indicates the perinuclear
pool of β-BODIPY FL C5-HPC that accumulates in uninfected cells, while the arrowhead in
B points to an infected cell where β-BODIPY FL C5-HPC accumulates in membranes that
surround the inclusion and within the inclusion. The arrowheads in C indicate β-BODIPY
FL C5-HPC that accumulates at sites within the inclusion that do not stain with MOMP
antibodies. The asterisks in B indicate nuclei. The white bars are 5μm.
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Figure 5.
HeLa cells infected with Chlamydia trachomatis serovar D were incubated in the presence of
1.5μM β-BODIPY FL C5-HPC in fatty acid-free BSA for 1 hour prior to fixation in 4%
paraformaldehyde in PBS at 48 (A) or 24 (B) hours PI. The labeled cells were then
permeabilized by a brief incubation in methanol and incubated with a monoclonal antibody
directed against IncA and a rabbit polyclonal antibody directed against apoA-1. Following
incubation with appropriate secondary antibodies, the cells were analyzed by confocal
microscopy. The arrow in B indicates the perinuclear pool of β-BODIPY FL C5-HPC in an
infected cell. The white bars are 5μm.
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Figure 6.
HeLa cells were infected with C. trachomatis serovar D. At 30 minutes PI, the indicated
amounts of glyburide in DMSO or DMSO alone (Cont) were added to the cells and the
infection was allowed to proceed for 48 hours at which time the cells were fixed with
methanol and incubated with a monoclonal antibody directed against Hsp60. Following
washing, the cells were incubated with secondary antibody and random fields of cells were
imaged on a Zeiss Axioplan II microscope (A). DNA was visualized by staining with
Hoechst. The number of IFUs in infected cells at 48 hours PI was determined for each
experimental condition (B). The values shown in B are the average of three independent
experiments. Standard deviations in B are shown.
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Figure 7.
HeLa cells infected with C. trachomatis serovar D were incubated at 37°C for 28 hours. At
this time, the cells were incubated in the absence or presence of 300μM glyburide for 3
hours at 37°C. β-BODIPY FL C5-HPC in fatty acid-free BSA was then added to the media
of control and drug-treated cells at a final concentration of 1.5μM and the cells were
incubated an additional hour at 37°C. The cells were then fixed in 4% paraformaldehyde in
PBS and imaged by confocal microscopy (A). The levels of total and inclusion-associated β-
BODIPY FL C5-HPC fluorescence in control and glyburide-treated cells were quantified
using the imaging software for the Zeiss LSM 510 confocal microscope as described in the
Methods (B). The average diameter of the inclusions in control and glyburide-treated cells
was also quantified using the Zeiss imaging software (C). The values shown in the
histograms in B and C represent the average values obtained from the analysis of at least 75
cells from two independent experiments. *** p<0.0001 (two-tailed t-test). The effect of
300μM glyburide on the ability of ABCA1 to efflux 3H-cholesterol to extracellular lipid-
free apoA-1 (D) was also determined as described in the Materials and Methods. The value
shown in D, which is the average of two independent experiments, is expressed as the % 3H-
cholesterol efflux to apoA-1 relative to that observed in control cells. Standard deviations
are shown in B-D. Arrows in A point to inclusions in control and drug-treated cells. White
bars in A are 10μm.
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Figure 8.
HeLa cells were transfected with GFP-V-RS plasmids encoding two ABCA1-specific
shRNAs or a control shRNA (A). Twenty-four hours post-transfection the cells were
infected with C. trachomatis serovar D and the cells were subsequently fixed with 4%
paraformaldehyde in PBS at 48 hours PI. The cells were permeabilized and incubated with
rabbit ABCA1-specific and mouse Hsp60-specific antibodies. Following washing, the cells
were incubated with the appropriate secondary antibodies and imaged by confocal
microscopy. The arrows in A indicate a cell expressing high levels of the ABCA1-specific
shRNAs. Z-stacks were acquired for each transfected cell and non-transfected control cells
and the fluorescence intensity of the GFP reporter encoded by the pGFP-V-RS plasmid was
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used as a measure of shRNA levels within an individual transfected cell. The cells were
arbitrarily grouped into high, medium, and low shRNA expressers based on the detector gain
on the confocal microscope required to reach a saturating level of fluorescence for the GFP
reporter. In each transfected and non-transfected cell, the fluorescence intensity through the
entire Z-stack that resulted from staining with the ABCA1 and Hsp60 antibodies was
quantified using the imaging software for the Zeiss LSM 510 confocal microscope. The
values shown in the histogram in B represent the average value obtained from Z-stacks of at
least 25 different cells. The average Hsp60 fluorescence intensity in cells expressing high
levels of ABCA1-specific shRNAs was 225. This value is too small to be seen in the
histogram in B. White bars in A are 5μm.
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