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Abstract

AIM: To evaluate the direct binding of two main
chlamydial biovars (C. trachomatis and C. pneumoniae)
to plasma lipoproteins and its effect on chlamydial
infection rate in human hepatoma cell line (HepG2
cells).

METHODS: Murine plasma lipoproteins were fra-
ctionated and isolated using fast-performance liquid
chromatography (FPLC), spotted on nitrocellulose
membrane and incubated with chlamydial suspensions.
Direct binding of chlamydial particles to lipoprotein
fractions has been studied using lipopolysaccharide-
specific antibodies in immuno-dot blot binding assay and
immunoprecipitation analysis. Immunostaining protocol
as well as flow cytometry analysis have been employed
to study the infectivity rate of chlamydial species in
HepG2 cells.

RESULTS: Elementary bodies of both C. frachomatis
and C. pneumoniae bind ApoB-containing fractions
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of plasma lipoproteins. That binding becomes stron-
ger when heat-denatured FPLC fractions are used,
suggesting a primary role of apolipoproteins in inter-
action between chlamydial particle and lipoprotein.
Both chlamydial biovars efficiently propagate in human
hepatoma cell line - HepG2 cells even in serum free
conditions forming late-stage inclusion bodies and
releasing extracellular elementary bodies. Preincubation
of C. trachomatis and C. pneumoniae with native ApoB-
containing lipoproteins enhances the rate of chlamydial
infection in HepG2 cells.

CONCLUSION: A productive infection caused by C.
trachomatis and C. pneumoniae may take place in
human-derived hepatocytes revealing hepatic cells as
possible target in chlamydial infection. Obtained results
may suggest the participation of lipoprotein receptors
in the mechanism of attachment and/or entry of
chlamydial particles into target cells.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

Although plasma constituents are known to have an
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enormous impact on the initiation, development and
outcomes of many infections, the role of plasma lipopro-
teins in the pathogenesis of infectious diseases remains
pootly understood. However, at least in case of bacterial
sepsis, the severity and clinical manifestation of the
disease largely depends on the plasma lipoprotein profile
of patients. Survival rate in bacterial sepsis is higher in
hypercholesterolemic individuals presumably due to ability
of plasma lipoproteins to scavenge lipopolysaccharide
from the infected cells'". High density lipoproteins are
considered to be a mayor acceptor of lipopolysaccharide
(LPS) 7n vivo and 7n vitro systems preventing tissue damage
in sepsism. LPS avidly binds two major high density lip-
oproteins (HDL)-specific apolipoproteins - Al and ApoC
[P Subsequent binding of HDL-LPS complexes to the
scavenger receptor SR-BI in the liver promotes hepatic
clearance of LPS from the blood stream"”.

Much less information is available about the possible
role of plasma lipoproteins in dissemination mechanisms
of infectious agents. Most of our knowledge in that
field relies on the well chatracterized association between
plasma lipoproteins and hepatitis C virus. The majority
of hepatitis C viral particles ate bound to ApoB-containing
very low density lipoproteins (VLDL) and low density
lipoproteins (LDL) and can be immunoprecipitated with
ApoB-specific antibody'. Complexes LDI-Hepatitis C
virus, elsewhere termed viral lipoparticles, interact with
the LDL-receptor as well as with surface receptor CD8],
providing a dual receptor mechanism for viral attachment
and entry in the target cells”.

However, interactions between chlamydial species
and plasma lipoproteins remain completely unknown.
A published paper on this issue'® demonstrates that
LDL promotes foam cell formation in the macrophage
cell line preincubated with chlamydial trachomatis (C.
pnenmoniae). The objective of this study was to initiate an
investigation of direct interaction between chlamydial
particles and plasma lipoproteins and its role in infecting
host cells. Here we show, for the first time, that the
elementary body of C. trachomatis and C. pneumoniae
directly binds apoB-containing lipoproteins, promoting
the infection rate in human hepatoma cell line (HepG2

cells).

MATERIALS AND METHODS

Reagents
All reagents were from Sigma-Aldrich unless otherwise
stated. Fast-performance liquid chromatography (FPLC)
was performed using Superose 6HR 10/30 column
(Pharmacia, Sweden) as described™'”. Cholesterol content
in the FPLC fractions was measured using Cholesterol/
Cholesteryl Quantification Kit (Calbiochem, UK).
Gradient gel electrophoresis of FPLC fractions was
performed as published by Ordovas JM""". Protein level
was measured using BCA kit from Pierce (Cramlington,
UK). HepG2 cells were obtained from “European
Collection of Cell Cultures” (Salisbury, UK).
Genus-specific monoclonal antibodies against chl-
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amydial LPS and chlamydial major outer membrane
protein (MOMP) were described previously“zj. Polyclonal
antibody against apolipoprotein B (ab20737) was
purchased from Abcam (Cambridge, UK). Anti-mouse
IgG horseradish-peroxidase linked secondary antibody
was obtained from Amersham (Buckinghamshire, UK).

Cell culture and organisms

The following chlamydial organisms were used: C.
trachomatis strain 1.2/Bud34 and C. punenmoniae strain
Kajjani-6. Both of them were kindly provided by Dr. P.
Saikku (University of Oulu, Finland).

Chlamydial strains were propagated in Hep2 cells
and purified by Renografin gradient centrifugation as
described. Purified elementary bodies were suspended
in sucrose-phosphate-glutamic acid buffer'”. Chlamydial
titers were determined by infecting Hep2 cells with
10-fold dilutions of thawed stock suspension.

HepG2 cells were maintained in Dulbecco's Modified
Eagle Media (DMEM) with 10 % fetal calf serum until
subconfluence was reached. Monolayers of HepG2 cells
in 24-well plates containing cover slips were washed and
infected with C. #rachomatis ot C. pneumoniae at multiplicity
1:1. Infected plates were centrifuged 1 h at 1500 g and
kept in serum-free DMEM supplemented with 2 pg/mL
of cycloheximide for 48 h (C. #rachomatis) or 72 h (C.
pnenmoniae). Cover slips were fixed with acetone and
stained by direct immunofluorescence using fluorescein
isothiocyanate (FITC)-conjugated monoclonal antibody
against chlamydial LPS. To evaluate the contribution of
ApoB-containing lipoproteins into infectivity rate of C.
trachomatis and C. pnenmoniae, titrated stock suspensions
containing elementary bodies of each chlamydial type
were incubated (1 h, 37°C) with 0.1 mg/mL of native
ApoB-containing lipoproteins dissolved in Public
Broadcasting Service (PBS). After removal of unbound
lipoproteins (2 washes in PBS, 15000 g, 5 min each),
the volume of the stock suspensions was readjusted to
the initial value to commence immediately with the cell
infection protocol.

Animals

C57BL./6 male mice 6-8 wk old from Pushino Animal
Breeding Facility (Moscow, Russia) were kept in the
animal facility in compliance with “Declaration of
Helsinki and Guiding Principles in the Care and Use of
Animals” under approved institutional protocol. Mice
were kept on the synthetic atherogenic high-fat diet
(ICN Biochemicals Inc, Aurora, Ohio) for 4 wk with
free access to the food and water before collection of
blood zia retro orbital sinus puncture under anesthesia.
Plasma obtained from inbred mice was considered as the
preferred source of lipoproteins to avoid any variables
related to the genetic background and/or dietary status
of human individuals.

Isolation of native ApoB-containing lipoproteins
A low-density fraction of plasma lipoproteins was isolated
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by centrifugation of mouse plasma at the density of
1.055 g/mL for 4 h, 4°C and 543000 g TL100, Beckman
Instruments, USA"Y. The upper layer was dialyzed
overnight against PBS supplemented with 0.01% sodium
EDTA (pH 7.4), filtered through 0.22 um pore-sized

membranes and stored at 4°C for no longer than 3 wk.

FPLC and gel electrophoresis analysis

Pooled plasma (2.5 mL) obtained from 5 mice was
subjected to ultracentrifugation at density of 1.215 g/mL.
Purified lipoproteins were loaded on FPLC column
equilibrated with PBS containing 0.01% EDTA and
0.01% sodium azide. Plasma lipoproteins were eluted
from the column at room temperature and flow rate 0.2
mL/min with the same buffer. Elution fractions (0.3
mlL each, 46 fractions total) were monitored at 280 nm
and analyzed for cholesterol content. Plasma lipoprotein
fractions were stored at 4°C and used within 3 wk
after preparation. For gel electrophoresis, each three
consecutive FPLC fractions were pooled and delipidated
with chloroform/methanol mixture (1:1). After
centrifugation (5000 g, 10 min) the pellet was dissolved,
vortexed and boiled in 50 mmol/L Tris-HCL (pH 7.8)
containing 8 mol/L urea, 10% SDS, 10 % Glycerol and
0.05% bromophenol blue. Aliquots of reconstituted
FPLC fractions were loaded on 4%-15% gradient SDS-
polyacrilamide gel, which was stained after an overnight
run with Coomassie Blue.

Immuno-dot blot binding assay

20 uL aliquotes of FPLC fractions (native or heat-
denatured) containing 100 ng of total protein were loaded
under vacuum on to nitrocellulose membrane (Amersham,
UK). Crosslinked membranes were blocked in 3% gelatin
in 20mmol/L Tris-buffer (pH 7.5) with 0.05% Tween
20 (TBST) for 1 h at room temperature and incubated
overnight at 4°C with suspensions of UV-inactivated C.
trachomatis and C. pneumoniae in TBST (100 pg of total
protein/mL). After three TBST washings (5 min each), the
membranes were incubated with monoclonal antibodies
against chlamydial LPS (2 h, 5 pg/mlL) and blotted for 15
min with horse-radish peroxidase conjugated secondary
antibody (Amersham, UK). After 3 final washes in
TBST, membranes were developed in the Enhanced
Chemiluminescent Substrate (Pierce, UK) and exposed to
X-ray films for 5-7 s.

Immunoprecipitation analysis

Immunoprecipitation studies were done using Seize” X
Bacterial Immunoprecipitation kit (Pierce, Cramlington,
UK). Briefly, elementary bodies of C. trachomatis or C.
pnenmoniae (0.1 mg/mL in PBS) were thoroughly mixed
with native LDL (0.1 mg/mL in PBS) and incubated at
37°C for 1 h under continuous gentle shacking. Bacterial
cells wete pelleted by centrifugation (15000 g, 10 min)
washed 3 times with ice-cold PBS to remove unbound
lipoproteins and kept frozen at -80°C. After thawing,
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soluble proteins from the bacterial pellet were extracted
with B-Per® reagent and applied to the affinity mini
column with immobilized polyclonal ApoB-specific
antibody. Uncoated beads and beads with irrelevant
polyclonal antibody were used in control experiments.
After 2 h of incubation at room temperature, the
columns were centrifuged and the resulting flow-through
was designated as supernatant. Following washing
procedure, immunoprecipitated protein was eluted with
150 ul. of the elution buffer and referred as a pellet
fraction. Supernatant and pellet fractions were analyzed
in 8% SDS-PAGE and further immunoblot analysis was
conducted with monoclonal MOMP-specific antibody.

Flow Cytometry analysis

Flow Cytometry analysis was performed according to the
method desctibed by Dessus-Babus s, Briefly, HepG2
monolayers were trypsinized and removed from the
dishes, centrifuged at 400 g for 5 min. The cell pellet was
resuspended and washed twice in PBS. After fixation in
70% ethanol, washed cells were incubated with chlamydial
LPS-specific antibody labeled with FITC. The number
of cells with fluorescent inclusions was determined with
BD FACSCalibur Flow Cytometer (BD Biosciences,
USA) with the support of CellQuest Pro Software. All
experiments shown below were repeated at least twice.
Representative sets of results are submitted here.

RESULTS

It is known"” that normal mouse plasma contains almost
undetectable amounts of ApoB-containing lipoproteins -
VLDL, LDL and IDL (results not shown). As expected,
dietary treatment of mice with high-fat diet promoted
appearance in ApoB isoforms in FPLC fractions (Figure
1). As can be seen from the gradient gel image, ApoB-100
and ApoB-48 were almost equally represented in VLDL,
LDL and IDL fractions, while ApoAl was a major
apolipoprotein present in HDL fractions. Cholesterol
profile pinpoints the specific fractions and validates
efficiency of FPLC protocol used in our study. The
highest cholesterol content was detected in HDL fraction
whereas the lowest cholesterol value was measured in
VLDL fraction. Those tendencies are consistent with
characteristics of the mouse plasma lipoprotein profile
induced by high-fat diet published elsewhere!"”.
Lipoprotein purification protocol implemented in this
work allowed us to use pure murine lipoprotein fractions
for dot-blot binding assay. Dot-blot immunodetection
analysis showed that elementary bodies of C. #rachomatis and
C. pnenmoniae directly interact with purified undenatured
and denatured lipoproteins (Figure 2). As can be seen
from our results, C. #rachomatis predominantly binds native
lipoproteins belonging to VLDL and LDL fractions. That
interaction becomes much stronger and broader when
lipoprotein fractions were denatured. This fact reveals
that apolipoprotein component of plasma lipoproteins
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Figure 1 FPLC fractionation of mouse plasma. Mice kept on high-fat diet
were bled and pooled plasma was adjusted with KBr to d = 1.215 g/mL and
ultracentrifuged. Resulting lipoprotein fraction with density d < 1.215 g/mL was
subjected to FPLC gel filtration and cholesterol content was measured in each
fraction. Three of each consecutive fraction were pooled, delipidated, heat-
denatured and subjected to SDS PAGE gel electrophoresis in gradient gel
as described in “Material and Methods”. A: Coomassie blue-stained gel with
ApoB-100, ApoB-48 and ApoAl indicated by arrow; B: Cholesterol levels in
FPLC fractions aligned to apolipoprotein profile of mouse plasma.

is crucial for lipoprotein attachment to the chlamydial
particles. Similar pattern of binding has been found for C.
pneumoniae. 'That interaction appears to be very similar at
exactly the same conditions of binding assay used (duration
of incubation and exposure time, concentration of basic
reagents). Therefore, the major feature of chlamydial-
lipoprotein interaction is clear. Both chlamydial species
bind ApoB-containing lipoproteins, with no detectable
affinity to HDL fraction. To confirm our observation we
employed immunoprecipitation analysis. Protein extracts
obtained from C. trachomatis and C. pnenmoniae after
preincubation with native LDL were immunoprecipitated
with ApoB-specific antibody. As can be seen from Figure
3, ApoB-specific antibody pulls down MOMP from
protein extracts of both chlamydial species, when bacterial
particles were pre-exposed to LDL.

The validity of immunoprecipitation analysis was
confirmed in the control expetiments by immunoblotting
of supernatant fractions (Figure 3) as well as by using
irrelevant antibody and uncoated beads (results not sh-
own).

The results presented above showed that there is
distinct binding of chlamydial species to the ApoB-
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VLDL LDL HDL
(-) DN
(+) DN
C. trachomatis
(-) DN
(+)DN
C. pneumoniae
(-) DN
(+) DN

Control

Figure 2 Immuno-dot blot binding assay. Heat-denatured (+ DN) or non-
heat-denatured (- DN) FPLCS fractions of mouse plasma lipoproteins were
applied to nitrocellulose membrane and incubated with elementary bodies of C.
trachomatis (Panel A) or C. pneumoniae (Panel B) and blotted with chlamydial
LPS-specific antibodies as described in “Material and Methods”. Control
membrane (Panel C) treated similarly except addition of chlamydial suspension.

IP supernatant
C. trach  C pneum

IP pellet
C. trach C. pneum

40kD

Figure 3 Immunoprecipitation analysis. Soluble membrane extracts of C.
trachomatis and C. pneumoniae preincubated with native Apo-B containing
lipoproteins were immunoprecipitated with Apo-B specific polyclonal antibody
and subjected to SDS PAGE. Immunoprecipitated (IP) supernatant and pellet
were obtained as described in Materials and Methods. Membranes were
immunoblotted with MOMP-specific monoclonal antibodies.

containing plasma lipoproteins. Therefore, we decided
to test if complexes containing chlamydial particles and
plasma lipoproteins may infect LDL-receptor expressing
cell line. HepG2 cells were used for that purpose. As
can be seen from Figure 4, both C. trachomatis and C.
pneumoniae may efficiently propagate in immortalized
human hepatocytes infected in serum-free conditions.
After infecting the cells with chlamydial species, late stage
inclusions and extracellular elementary bodies were seen
in approximately 60% of the cells. Inoculums containing
chlamydial particles preincubated with ApoB-containing
lipoproteins promoted intensity of staining and number
of infected HepG2 cells.

To quantify the effect of native Apo-B containing
lipoproteins on infectivity rate of C. trachomatis and
C .pnenmoniae, flow cytometric analysis has been used
(Figure 5). As follows from our results, ApoB-containing
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Control

C. trachomatis

Figure 4 HepG2 cells. Direct immunofluorescence with FITC-conjugated antibody against chlamydial LPS. HepG2 cells were infected with inoculants
containing: A: No chlamydial particles, B: C. trachomatis alone; C: C. trachomatis preincubated with native Apo-B containing lipoproteins; D: C. pneumoniae alone; E: C.
pneumoniae preincubated with native Apo-B containing lipoproteins. Immunofluorescence protocol is detailed in Materials and Methods. Original magnification X 40.

C. trachomatis C. pneumoniae

0 D L L 1
MOI MOI MOI
0:5:1 1:1 2:1

\4:’ 1 L 1 L |
MOI MOI MOI
0:5:1  1:1 2:1

Figure 5 Flow Cytometry Analysis of HepG2 cells. Infectivity of C.
pneumoniae and C. trachomatis preincubated with native ApoB-containing
lipoproteins. HepG2 cells were infected with C. pneumoniae (left side of
diagram) or C. trachomatis (right side of diagram) with or without preincubation
of bacteria with native ApoB-containing lipoproteins as described in Material
Methods. Three different levels of infection multiplicity were studied for each
pathogen (MOI 0.5:1; 1:1; 2:1). Percentage of the infected cells shown on
value Y axis was determined by flow cytometry (see Materials and Methods)
for control (uninfected) HepG2 suspensions (hardly seen black columns),
HepG2 suspensions infected with chlamydia bacteria alone (white columns)
and HepG2 suspensions infected with chlamydial bacteria preincubated with
native ApoB-containing lipoproteins (gray columns).

lipoproteins consistently enhanced the infectivity rate of
C. trachomatis at different levels of infection multiplicity
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(MOI 0.5:1; 1:1; 2:1). The same tendency has been seen
in the case of C. pneumoniae. HDL fraction did not affect
infection rate in HepG2 cells incubated with chlamydial
biovars (results are not shown).

DISCUSSION

In the present paper we show for the first time that both
C. trachomatis and C. pneumoniae interact directly with
plasma lipoproteins and may infect a novel cell target type
for chlamydial infection - hepatic cells. That interaction
enhances the ability of chlamydial particles to enter and/
or propagate inside of the hepatocytes, increasing the
infection rate in the hepatic cell line HepG2. The ability
of Chlamydia trachomatis to propagate in HepG2 cells
has been reported recently by G Wang ef al™.

The precise molecular mechanisms responsible for
chlamydial invasion of the host cells have yet to be
identified. Several receptors, including mannose 6-pho-
sphate/insulin-like growth factors (IGF-2)"" and eukary-
otic lipid membrane domains"™ | are proposed to play a
significant role in the entrance of chlamydial particles
in the host cells. On the other hand, a variety of other
polyvalent interactions between chlamydial particles and
host cell membrane deserves detailed considerations'”.
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An initially surprising finding about direct interaction
between chlamydial particles and plasma lipoproteins may
represent a case of metabolic mimicry, when a bacterial
particle acquires mammalian ligand for specific membrane
receptor, allowing subsequent endocytosis and initiation
of infectious cycle inside of the host cell. Association
of chlamydial particles with plasma lipoproteins does
not seem to be an absolute requirement for initiation
of the chlamydial infection in the hepatocytes since
chlamydial infection in HepG2 cells can be initiated and
sustained in serum-free medium. However, if binding
chlamydial particles to plasma lipoproteins takes place in
vivo situation, it may have significant pathophysiological
consequences especially in hyperlipidemic and atheros-
clerotic patients. ApoB-containing lipoproteins are known
to be efficiently internalized not only by hepatocytes,
but also by macrophages and endothelial cells residing in
atherosclerotic lesions™. Therefore, persistent increase
in plasma ApoB - containing lipoproteins may promote
targeted delivery of chlamydial particles and aggravate
inflammatory response in the atherosclerotic plaque. This
hypothesis and a molecular mechanism of interaction
between chlamydial biovars and lipoproteins are currently
under investigation.
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Background

Two major chlamydial biovars - C. trachomatis and C. pneumoniae cause
a wide range of urogenital and respiratory infections. Possible role of C.
pneumoniae in atherosclerosis is currently discussed. Participation of
chlamydial species in hepatic diseases is suspected but not proven yet.

Research frontiers

It has been shown recently that C. frachomatis may propagate in hepatocytes.
On the other hand, a productive infection by C. pneumoniae is reported in
Kupffer cells isolated from liver. The relevance of these observations for
hepatobiliary pathology remains to be elucidated.

Innovations and breakthroughs

This study is first to show that two major chlamydial species (C. trachomatis
and C. pneumoniae) can bind plasma lipoproteins and efficiently propagate
in immortalized human hepatocytes. Plasma ApoB-containing lipoproteins
promote the infection rate in human hepatoma cell line (HepG2 cells),
suggesting possible role of lipoproteins in the mechanism of attachment and/or
entry of bacteria into the host cell.

Applications

Understanding of the precise molecular mechanism predetermining interaction
of chlamydial biovars with the host cells is essential for the development of new
strategies in treatment of chlamydial infections.

Peer review

The authors showed that C. trachomatis and C. pneumoniae can bind
ApoB-containing plasma lipoproteins. Both chlamydial biovars are shown
to propagate in human hepatoma cell line - HepG2 cells. Preincubation of
chlamydial particles with ApoB-containing lipoproteins promotes the infectivity
rate of chlamydial biovars in HepG2 cells, suggesting possible participation
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of lipoprotein receptor in interaction of chlamydial species with the host cells.
The results are interesting and may bring new insight into pathogenesis of
chlamydial infections.
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