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Lipopolysaccharide (LPS) is the main component of Gram-negative bacteria that — upon infection - acti-
vates the host immune system and is crucial in fighting pathogens as well as in the induction of sepsis. In
the present study we addressed the question whether the key structural components of LPS equally take
part in the activation of different macrophage immune responses. By genomic modifications of Esche-
richia coli MG1655, we constructed a series of strains harboring complete and truncated forms of LPS
in their cell wall. These strains were exposed to RAW 264.7 macrophages, after which phagocytosis, fast
release of pre-synthesized TNF and activation of NF-xB signal transduction pathway were quantified.
According to our results the core and lipid A moieties are involved in immune recognition. The most
ancient part, lipid A is crucial in evoking immediate TNF release and activation of NF-kB. The O-antigen
inhibits phagocytosis, leading to immune evasion.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Macrophages are cells of the innate immune system and react
rapidly to diverse microbes. To shorten the reaction time, they
store mRNA of pro-inflammatory cytokines in their cytoplasm, fur-
thermore, they release pre-synthesized TNF from secretory gran-
ules immediately in response to bacteria [1]. Macrophages ingest
bacteria by phagocytosis, destroy them within phago-lysosomes,
and present components of the bacteria to T cells. It was noted that
phagocytic receptors like scavenger receptors and complement
receptor 3 (CR3, CD11b/CD18) bind LPS on bacterial surfaces and
also recognize microbes that are coated with serum opsonins
[2-5]. An overlapping set of genes is activated in RAW 264.7 mac-
rophage-like cells either stimulated with LPS or infected with high
numbers of Salmonella typhimurium [6-7]. It has been well eluci-
dated that bacteria or LPS activates transcription of genes encoding
inducible enzymes and cytokines through the Toll-like receptor-4/
MD2 complex [8-10]. Toll-like receptors can co-operate with each
other and also with CR3 [11-13]. Increasing evidence indicates the
role of lipid rafts in the innate immune response: recruitment of
TLR-4 and other proteins into lipid rafts has been observed upon
LPS stimulation in RAW 264.7 macrophages [14-17].

We decided to study the efficiency of bacterium-internalization,
the release of pre-synthesized TNF and production of pro-inflam-
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matory cytokines as responses to Escherichia coli bacteria with
different LPS composition.

LPS is a component of the outer membrane in the cell wall of
Gram-negative bacteria and is composed of three distinct regions:
the O-antigen polysaccharide, a short core oligosaccharide, and
lipid A, also known as endotoxin. We used the MG CL (MG1655
laboratory strain) bearing core region and lipid A, the MG OCL
genetically modified strain expressing complete LPS, and two dele-
tion mutants: MG L, that expressed solely lipid A, and MG CAL
strain synthesizing normal core region but penta-acylated, rather
than hexa-acylated lipid A (Fig. 1.). The role of eukaryotic mem-
brane microdomains in the host-microbe interactions was also
investigated.

Materials and methods

Cell lines. E. coli K-12 laboratory strain MG1655 - called MG CL
in our experiments — produces complete lipid A and core region
but lacks O-antigen due to a common mutation (rfb-50) of all
K-12 strains [18] (Fig. 1.). MG OCL strain was made in our lab using
a previously published method rescuing rfb-50 mutation and lead-
ing to the production of complete LPS molecules [19-21]: MG OCL
bacteria express the full length wbbL gene from a pUC19 plasmid
(New England Biolabs, Inc. Beverly, MA, USA) in MG CL. MG L and
MG CAL strains are derivatives of MG CL made in our lab as well,
using suicide (conditionally replicative) plasmid-based allele
replacement. Detailed description of the method can be found in
Ref. [22] and [23]. MG L strain did not produce the core region


http://dx.doi.org/10.1016/j.bbrc.2009.08.082
mailto:gyorfyzs@brc.hu
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

K. Eder et al./Biochemical and Biophysical Research Communications 389 (2009) 46-51 47

MG OCL, pathogenic E. coli strains
1
: MG CL (MG1655), MG CAL

mGL '
1

O-antigen core
polysaccharide

Fig. 1. Structure of the LPS molecules of different bacterial strains. MG OCL strain,
producing complete LPS molecules, was made by completing rfb-50 mutation of
laboratory strain MG CL (MG1655). The deletion strain MG L could synthesize only
lipid A fragments. MG CAL strain produced truncated, penta-acylated lipid A,
although it made core regions, like MG1655 or DH5a1.

due to deletion of a set of genes (Table S1), except for the lipid A
moiety of LPS. MG CAL strain contained the core region but its lipid
A moieties were penta-acylated rather than hexa-acylated due to
the deletion of the msbB gene coding for the myristoyl acyltransfer-
ase enzyme [24]. Successful deletion of genes was proved by poly-
merase chain reactions.

The RAW 264.7 mouse macrophage cell line (ATCC TIB 71) was
grown in DMEM, 5% FCS (heat inactivated). Activation of the NF-xB
pathway in macrophages was detected with a RAW 264.7 subline
carrying the pNF-kB-luc/Neo plasmid. The pNF-kB-luc/Neo plas-
mid was made in our laboratory by cloning the Neo cassette of
the pRc/CMV vector (Invitrogen) into the pNF-kB-luc plasmid
(Stratagene, PathDetect cis-Reporting System). L929 mouse fibro-
blast cells (ATCC CCL-1) - transformed with the pNF-kB-luc repor-
ter plasmid - were used for following the NF-kB pathway
activation after exposure of cells to TNF produced by macrophages.
1929 cells were grown in DMEM 10% FCS.

Following phagocytosis by cytoflurometry. Diluted, overnight cul-
tures of bacteria (108 cells/ml) were labeled with the intracellular
fluorescent dye Mitotracker Green FM (Molecular Probes) at
0.75 pg/ml for 1 h at 37 °C, then the labeled bacteria were pelleted
and washed with PBS, resuspended in DMEM and added to the
macrophages in different concentrations. Macrophages and the
fluorescently labeled E. coli cells were co-incubated for 1, 2, or
3 h at macrophage: bacterium ratios of 1:1, 1:10, or 1:100. At the
end of the co-incubation, the fluorescence of the eukaryotic cells
was detected by a flow cytofluorometer. Data were acquired on a
FACS CaliburTM and analyzed with CellQuestTM software (Becton
Dickinson, USA).

Measuring luciferase activity in NF-kB-luc reporter cell lines. Mac-
rophage activation was followed with RAW/NF-kB-luc cells, based
on the fact that bacteria and LPS trigger the NF-kB pathway in
macrophages. RAW/NF-kB-luc cells were plated onto 24 well
plates in a density of 10° cells per well. The next day different bac-
teria (in concentrations of 10® or 107 cells/ml) or LPS (E. coli LPS,
strain 055:B5; Sigma Aldrich) solutions (0.1; 1, or 10 png/ml) were
added. Cells were lysed after 2, 4, or 6 h-incubation periods and
the kinetics of NF-kB activation was detected by the Promega
Luciferase Assay Kit (Promega, Madison, USA).

Bioassay of TNF. TNF can also activate the NF-xB signaling path-
way in L1929 TNF-sensitive mouse fibroblast cells. This bioassay
was used to detect TNF produced by macrophages. L929/NF-«kB-
luc cells were plated onto 24 well plates in a density of 10° cells
per well. The next day, 150 times diluted supernatants of RAW
264.7 cells (previously co-incubated with different bacteria) were
added to the reporter cells. After a 6 h-incubation, L929/NF-xB-
luc cells were lysed and the luciferase activity of the extracts was

measured using the Promega Luciferase Assay Kit. Quantity of
TNF and activation of NF-kB were linear within a wide range of
TNF concentrations. Anti-TNF antibodies completely neutralized
the NF-kB-activating effect of RAW 264.7 supernatants (data not
shown).

TNF ELISA. TNF-content of macrophage supernatants was de-
tected by ELISA as well, according to instructions provided by the
manufacturer (Mouse TNF-o/TNFSF1A DuoSet, R&D Systems).

IL-6 titration from RAW 264.7 supernatants. IL-6 content of RAW
264.7 supernatants was detected in a proliferation assay using B9
hybridoma cells [25]. B9 cells grew in RPMI 1640 medium, in the
presence of IL-6 (hrIL-6 at 1000 u/ml a kind gift of Prof. A. Falus).
Cultures were fed with IL-6-containing medium every 3 days.
When performing the assay, serially diluted samples were loaded
onto microtiter plates (100-100 pl/well) and then washed hybrid-
oma cells were added (5000 cells/100 pl/well). 500 u/ml of hrIL-6
standard was used as positive control. After a 3 day-incubation, cell
proliferation was detected by MTT assay [26]. Optical density of
the samples was measured at 570 nm by a Multiscan ELISA reader
(Labsystems Oy, Finland).

NO-determination. NO produced by cells was assayed as nitrite
end product as described by Misko et al. [27]. Briefly, 30 pul of the
RAW 264.7 supernatants were brought to 100 pl with double
deionized water. Then, 10 pl of 2,3-diaminonaphtalene (DAN, Sig-
ma) solution (0.05 mg/ml in 0.62 M HCl) was added and incubated
at room temperature for 10 min. The reaction was terminated by
the addition of 10 pul 1.4 M NaOH and the formation of 2,3-diami-
no-naphthotriazole was measured using a Labsystems Ascent Flu-
oroscan fluorescent plate reader with excitation at 355 nm and
emission read at 460 nm. The amount of nitrite in the samples
was calculated using a calibration curve. Known amounts of so-
dium nitrite (Merck) were added to the culture media and handled
in the same way as samples were.

Membrane cholesterol depletion with methyl-B-cyclodextrin (Mp -
CD)-treatment. Macrophages were washed twice with PBS followed
by the addition of 10 mM MB-CD solution (SIGMA) 1 h before the
experiments. In preliminary experiments, we excluded toxicity of
MB-CD on RAW 264.7 cells in a 2 h-incubation by propidium-io-
dide (1.5 pg/ml final concentration) labeling. The morphology of
the MB-CD-treated cells did not change either, ruling out early
apoptosis undetectable by PI incorporation (data not shown).

Cholesterol detection with thin layer chromatography. We com-
pared the cholesterol content of control and MB-CD-treated cells
by thin layer chromatography (Fig. 2C). Cholesterol was extracted
from washed cells using the method of Folch et al. [28] and sepa-
rated on thin layer chromatography plates (MERK) in hex-
ane:ether:acetate solution (60:40:2). The plates were treated
with H,SO,4 and incubated at 180 °C to visualize cholesterol.

Results
Quantifying the uptake of different E. coli strains

We investigated the effect of bacterial LPS composition on the
phagocytic activity of RAW 264.7 mouse macrophages. Mamma-
lian cells were exposed to fluorescently labeled bacteria with com-
plete or truncated LPS molecules on their surface. Fluorescent
labeling of the bacteria and kinetics of the phagocytosis were fol-
lowed by flow cytofluorometry. We compared the internalization
of different bacteria in the presence and absence of serum. In ser-
um free medium (Fig. 2A), the MG OCL and MG CL strains were
phagocytosed with equal efficiency, while the absence of the core
region in the case of the MG L or the absence of the myristoyl chain
in the case of MG CAL (i.e., penta-acylated lipid A instead of the
wild type hexa-acylated form) strains decreased the phagocytosis
by RAW 264.7 cells, indicating that in the absence of serum
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Fig. 2. Phagocytosis assay. Phagocytosis of fluorescently labeled bacteria by RAW 264.7 mouse macrophages was followed by flow cytometry: (A) The absence of core region
(MG L) and penta-acylated lipid A moieties (MG CAL) significantly decreased the efficiency of phagocytosis in serum free medium. (B) In the presence of serum, MG OCL strain
inhibited phagocytosis, while MG L, MG, CAL, and MG CL strains were internalized equally. (C) In further experiments, cholesterol was depleted from RAW 264.7 cells by Mp-
CD pretreatment. The effect was verified by thin layer chromatography. First lane: untreated RAW 264.7 cells. Second lane: MB-CD-treated RAW 264.7. Third lane: control
cholesterol. (D) MB-CD treatment significantly decreased the uptake of MG L bacteria. (p < 0.05, paired, nonparametric two-tailed test).
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Fig. 3. Early TNF release of macrophages depends on the LPS structure of E. coli cells. TNF released by macrophages was detected by L929/NF-kB-luc reporter cells as
described in Materials and methods. (A) RAW 264.7 cells released TNF in response to LPS in a concentration dependent manner. (B) In response to MG CL (MG1655) and MG L
strains, macrophages released about the same amount of TNF into the supernatant. Introduction of MG OCL bacteria caused higher tumor necrosis factor production, but this
difference was not significant. MG CAL bacteria caused the production of significantly less TNF compared with the TNF produced in response to MG CL. (p < 0.05; paired
Mann-Whitney test).
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opsonins, core and lipid A regions are both targets of phagocytic
receptors. In the presence of serum (Fig. 2B), MG OCL strain was
internalized significantly less effectively then the other three
strains, all lacking the O-antigen.

MB-CD treatment of RAW 264.7 cells reduced the level of cellu-
lar cholesterol by 65% compared to levels found in untreated con-
trol cells (Fig. 2C). The membrane modification did not alter the
uptake of MG OCL, MG CL, and MG CAL strains (data not shown).
Surprisingly, the phagocytosis of MG L bacteria turned out to be
sensitive to MB-CD-treatment (Fig. 2D).

“Early” TNF release

TNF release from secretory granules occurs in parallel with
phagocytosis of the microbes. It is a rapid event as it does not need
de novo mRNA and protein synthesis. TNF is detectable within
15 min of LPS exposure in the supernatant of stimulated immune
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cells. Newly synthesized TNF appears in the supernatant of macro-
phages later on. We measured the early TNF secretion in a bioassay
using L929 cells expressing the luciferase gene controlled by NF-kB
binding elements and with ELISA as well. Fig. 3A shows the NF-xB-
activating effect of the supernatant of RAW 264.7 cells activated
with LPS.

We found no significant differences in TNF production of RAW
264.7 cells in response to the MG OCL, the MG CL, and MG L strains,
while MG CAL bacteria caused the production of significantly less
TNF (Fig. 3B). We confirmed the results with ELISA, i.e., the NF-
KB activation was indeed due to TNF, and furthermore, the pres-
ence of potential contaminating bacterial products did not inter-
fere with the bioassay. The differences in TNF production did not
depend on the presence or absence of serum in the medium (data
not shown).

Control and MB-CD pre-treated RAW 264.7 cells were exposed
to different bacteria and early TNF release in supernatants was
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Fig. 4. Administration of E. coli cells bearing complete or truncated LPS molecules does not affect full activation of the NF-kB-pathway in RAW/NF-kB-luc cells (A). Bacteria
and RAW 264.7 cells were co-incubated for 1, 3, 5, or 7 h. (B) Effect of MB-CD-treatment on NF-kB-activation in RAW/NF-kB-luc cells: macrophages were pre-treated with
Mp-CD then exposed to 10 pg/ml of LPS, MG OCL, MG CL, MG L, or MG CAL bacteria, and luciferase activity was measured. NF-«B activation by different bacterial strains was
practically identical and membrane modification severely inhibited the activation of the NF-kB pathway in each case. (Experiments were repeated 5 times with identical
results.) (C) Macrophages were exposed to different bacterial strains and NO production was measured spectrophotometrically. Cholesterol depletion of macrophage
membranes with MB-CD significantly decreased the NO-production of RAW 264.7 cells. NO production was expressed as a percentage of that of nontreated control
macrophages (the LPS concentration was 10 pg/ml; macrophage: bacterium ratio was 1:100) (p < 0.05). (D) Macrophages were exposed to different E. coli strains for 3 h at a
macrophage: bacterium ratio of 1-100. IL-6 level of the supernatants was measured in a bioassay using IL-6 dependent B9 hybridoma cells. Cell proliferation was followed
using MTT assay. Cholesterol depletion of macrophage membranes with MB-CD decreased IL-6 production of RAW 264.7 cells in response to LPS and bacteria as well

(experiments were repeated 3 times with similar results).
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monitored. Fast TNF release seemed to be governed by a recep-
tor(s) that was (were) not raft associated, as the amount of se-
creted TNF did not change upon MB-CD-treatment in the case of
any of the bacterium strains (data not shown).

Induction of pro-inflammatory cytokine genes via the NF-kB pathway

According to present knowledge, LPS activation of TLR-4/MD?2 is
mainly responsible for the activation of the NF-kB pathway when
macrophages are exposed to Gram-negative bacteria. NF-kB acti-
vation consecutively leads to transcription of genes of inducible
NO-synthase and pro-inflammatory cytokines, like IL-1B, TNF-a,
IL-6, IL-8, and IL-12. Indeed, we were able to detect activation of
the NF-xB signal transduction pathway by using macrophages
transformed with the pNF-kB-luc reporter plasmid. When different
E. coli bacteria were co-incubated with RAW/NF-kB-luc cells, we
measured no difference between the activation of NF-xB pathway
(Fig. 4A). The presence or absence of serum did not change NF-kB-
activation either (data not shown).

We also measured NO and IL-6 production of RAW 264.7 cells in
response to the original MG CL strain and the modified LPS produc-
ing bacteria. NO- and IL-6-production of macrophages was equal in
the case of the investigated strains (data not shown).

It is well documented that TLR-4 becomes raft-associated upon
activation with LPS or bacteria. With this knowledge, it was not a
surprise that disruption of membrane microdomains by choles-
terol depletion caused a decrease in downstream signaling events
like NF-kB-activation (Fig. 4B) and NO-(Fig. 4C) or cytokine (IL-6)
production (Fig. 4D) in the case of all the investigated strains.

Discussion

We investigated macrophage functions in response to geneti-
cally modified E. coli bacteria that differed only in their LPS struc-
ture. According to our results, different parts of the LPS molecules
react with different macrophage receptors/receptor complexes to
initiate phagocytosis, release of pre-synthesized TNF, or induction
of NF-xB signaling. When LPS did not contain carbohydrate moiety
or the lipid A part was truncated, it attenuated the efficiency of
phagocytosis (in serum free medium) and fast TNF release, but it
did not impair these processes completely. It might mean that
other kinds of receptors can recognize the truncated LPS molecules
(or other parts of the bacterial cell wall) but only with lower effi-
ciency, and initiate ingestion of bacteria (Fig. 2A) and immediate
TNF release (Fig. 3B).

The anti-phagocytic effect of complete LPS has already been
known: O-antigens can enhance the pathogenicity of E. coli, Shigella
spp., and Salmonella [29] (Fig. 2B).

We did not find difference in the NF-kB activation in responses
to different LPS-modified strains (Fig. 4A). Moreover, macrophages
showed the same strong NF-kB-activation in case of pathogenic
E. coli (enterohaemorrhagic E. coli 0157:H7) and heat inactivated
MG CL and O157:H7 bacteria as well (K. Eder and Z. Gyorfy, unpub-
lished data). These data suggest that the same - full - activation of
TLR-4 can be achieved by recognition of the essential part of LPS,
lipid A (even if it is penta-acylated), and the process is not influ-
enced by the carbohydrate moiety.

LPS induces raft association of TLR-4 leading to the nuclear
translocation of several transcription factors (AP-1, NF-kB, Elk-1)
and activation of genes of pro-inflammatory cytokines and induc-
ible NO-synthase. Activation of TLR-4 proved to be MB-CD-sensi-
tive according to data in the literature and our experiments:
efficiency of downstream signaling events — NF-kB activation, IL-
6- and NO-production - decreased upon disruption of membrane
microdomains (Fig. 4B-D).

Fast TNF release and phagocytosis were found to be MB-CD-
insensitive, only the internalization of MG L bacteria was impaired
by membrane modification (Fig. 2D), a fact that is not easy to ex-
plain according to our current knowledge. Perhaps in the absence
of carbohydrate moieties the remaining lipid A part of LPS is recog-
nized by TLR-4 - a raft associated receptor - that is able to induce
the uptake of these bacteria.

Until recently, the innate immune response was believed to be
rather simple when compared to the acquired immune response.
On the contrary, our results and recent studies by others have
demonstrated that the innate immune response is as complex as
the acquired, involving multiple receptors and a plethora of pro-
tein-protein interactions.
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