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Lipopolysaccharide (LPS) and related bacterial products can be recognized by host inflammatory cells in a
particulate, bacterium-bound form, as well as in various soluble, released forms. In the present study we have
compared the mechanisms used by LPS, detoxified LPS (DLPS), and mannuronic acid polymers (M-polymers),
in solution or covalently linked to particles, in stimulating monocytes to tumor necrosis factor (TNF) produc-
tion. The addition of recombinant LPS binding protein (LBP) and/or soluble CD14 (sCD14) enhanced the
production of TNF from monocytes stimulated with soluble LPS, DLPS, or M-polymer, but did not affect the
response to M-polymer or DLPS attached to particles. Treatment of monocytes with antibody to CD14, CD18,
or CD11b showed that CD14, but not CR3 (CD11b/CD18), mediated monocyte TNF production in response to
the soluble antigens. In contrast, anti-CD14, anti-CD11b and anti-CD18 monoclonal antibodies all inhibited
the response to the particulate stimuli. On the other hand, B975, a synthetic analog of Rhodobacter capsulatus
lipid A, completely abrogated the monocyte TNF response induced by LPS but did not affect the TNF induction
by DLPS or M-polymer, either in soluble or particulate forms. These data demonstrate that the engagement
of immune receptors by bacterial products such as LPS, DLPS, and M-polymer is dependent upon the
presentation form of their constituent carbohydrates, and that factors such as aggregation state, acylation,
carbohydrate chain length, and solid versus liquid phase of bacterial ligands influence the mechanisms used
by cells in mediating proinflammatory responses.

Lipopolysaccharide (LPS), a glycolipid present in the out-
er membrane of gram-negative bacteria, is a potent inducer
of proinflammatory responses from cells of the monocytic
lineage. LPS stimulation of monocytes results in cytokine
production, one of the key events in the pathogenesis of
gram-negative sepsis (4). The cell surface glycoprotein CD14
(membrane CD14 [mCD14]) has been identified as the prin-
cipal LPS receptor on phagocytic leukocytes, enabeling them
to be stimulated with picogram amounts of LPS (42, 47). This
process is facilitated by the catalytic activity of the blood pro-
tein LPS binding protein (LBP), which accelerates the binding
of LPS to mCD14 (20). CD14 exists in two forms; in myeloid
cells it is expressed as a glycosylphosphatidylinositol (GPI)-
anchored glycoprotein (21), whereas a soluble form of CD14
(sCD14) lacking a GPI tail is present in blood (2). We have
previously reported that uronic acid polymers with a b (134)
glycosidic linkage are able to stimulate monocytes to produce
tumor necrosis factor (TNF) in an mCD14-dependent manner;
polymers of high mannuronic acid content (M-polymers) were
found to be the most potent (14). Several reports subsequently
implicated CD14 in responses to a variety of bacterial com-
pounds (36, 37, 44), suggesting that the role of CD14 is not
limited to LPS recognition.

In addition to CD14, other proteins described as LPS recep-

tors include the b2-integrins CR3 (CD11b/CD18, Mac-1) and
CR4 (CD11c/CD18, p150,95) (46). Wright and coworkers re-
ported that CR3 and CR4 function in the recognition of Esch-
erichia coli by binding to the lipid A portion of LPS (46).
However, cells from patients genetically deficient in CD18
expression responded normally to LPS (45), suggesting that
CD18 is not essential for cellular responses to LPS. On the
other hand, Ingalls et al. found that Chinese hamster ovary
(CHO)-K1 cells transfected with CR3 or CR4 acquire LPS
responsiveness, as evidenced by inducible NF-kB translocation
(24, 25). Furthermore, components from group B streptococ-
cus (GBS) type III can activate human monocytes to TNF
production through a CD18-dependent mechanism (8, 31),
suggesting that under certain defined conditions, engagement
of the b2-integrins by bacterial ligands is proinflammatory.

Previously we have reported that covalently linking detoxi-
fied LPS (DLPS) and M-polymers to particles increased their
TNF-inducing potency 2,000 to 60,000 times compared to that
of the polymers in soluble form (3). In the present work we
have investigated the mechanisms by which soluble LPS,
DLPS, and M-polymers (350 kDa) stimulate monocytes to
produce TNF compared to DLPS covalently attached to par-
ticles (DLPS-particles) or M-polymers (;3 kDa) covalently
attached to particles (M-particles). The data suggest that
phagocytes utilize membrane CD14 for LPS-, DLPS-, and M-
polymer-induced TNF production, both in solution and at-
tached to particles. In contrast, the b2-integrin CR3 only par-
ticipates in the response to the particulate form of the
polymers. These data suggest that different membrane recep-
tors are used by soluble and particulate forms of DLPS and
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M-polymers in mediating TNF production from human mono-
cytes.

MATERIALS AND METHODS

Reagents. Alginate highly enriched in mannuronic acid (M-polymer) was iso-
lated from agar colonies of Pseudomonas aeruginosa strain 8830 grown at 18°C as
described previously (27). Alginate was radiolabeled by adding 30 mCi of 14C-
labeled fructose/petri dish (Amersham, Little Chalfont, Buckinghamshire, En-
gland). The radiolabeled material was deacetylated by treatment with 0.1 M
NaOH for 1 h at room temperature (RT) and then comprehensively dialyzed
against distilled water. This product was then purified by precipitation with 50%
ethanol and repeated extraction of the precipitate in 70% ethanol and in chlo-
roform. M-polymer was subjected to 0.1 M NaOH for 30 min at 45°C in order to
inactivate trace amounts of endotoxin by base hydrolysis (33). The polymer was
then utterly purified by 2 rounds of precipitation with ethanol followed by
treatment with 0.1 M HCl at RT (cleaves the acid-labile 2-keto-3-deoxyoctu-
losonic acid [KDO] linkage), dissolved in pyrogen-free water, filtered through a
0.22-mm-pore-size membrane filter (Millipore), and lyophilized. The content of
mannuronic acid in the M-polymer was estimated to be 92% by 1H nuclear
magnetic resonance (NMR) spectroscopy (18, 19), and the average molecular
size was determined to be about 350 kDa by viscometry (Scott-Geräte). M-
polymers of low molecular weight were prepared by acid hydrolysis of 350 kDa
M-polymer for 1 h at 100°C and pH 5.6 and then 1.5 h at 100°C and pH 3.8. This
procedure yielded M-polymers with an average molecular size of 3 kDa and 94%
D-ManA. Endotoxin contamination was 0.25 ng/mg in the 350-kDa M-polymer
preparation and 0.2 ng/mg in the 3-kDa M-polymer preparation, as measured by
the Limulus amebocyte lysate assay (Chromogenix AB, Mölndal, Sweden).

LPS L-2137 and detoxified LPS L-1523 (prepared by mild alkaline deacylation
of LPS to remove ester-linked fatty acids) from smooth Salmonella minnesota
were purchased from Sigma (St. Louis, Mo.). Protein contamination of DLPS
was less than 0.5% as measured by the Bio-Rad protein assay (Bio-Rad Labo-
ratories, Hercules, Calif.). Recombinant sCD14 and LBP were provided by H.
Lichenstein (Amgen, Thousand Oaks, Calif.). Hybridoma supernatants contain-
ing immunoglobulin M (IgM) monoclonal antibodies (MAbs) IIE10 (27) and
2G8 (14), specific for M-polymer, were prepared as previously described. Anti-
human CD14 MAb 3C10 (IgG2b) and anti-human CD18 MAb IB4 (IgG2a) were
purified on Sepharose goat anti-mouse IgG as described by the manufacturer
from supernatants of the respective hybridoma cell lines (American Type Cul-
ture Collection [ATCC], Manassas, Va.). The anti-CD11b MAbs Mn41 (IgG1)
(12) and OKM-1 (IgG2b) (6) were kindly provided by G. D. Ross (University of
Louisville, Louisville, Ky.). MAb 6H8 (IgG1), which recognizes a widely distrib-
uted 180-kDa glycoprotein (T. Espevik and B. Naume, unpublished observation),
was used as a control. A synthetic disaccharide analog of Rhodobacter capsulatus
lipid A (B975) was provided by D. P. Rossignol and W. J. Christ (Eisai Research
Institute, Andover, Mass.) (34). B975 is a potent LPS inhibitor (34). B975 was
dissolved in dimethyl sulfoxide (DMSO) to a stock solution of 1023 M. Human
recombinant TNF (specific activity, 7.6 3 107 U/mg) was supplied by Genentech
Inc. (South San Francisco, Calif.).

Preparation of covalent DLPS- and M-particles. Magnetic monodisperse poly-
styrene particles L-1658 (4 mm) were prepared as described elsewhere (41).
Low-molecular-size M-polymer (3 kDa) and DLPS were covalently coupled to
the particles through formation of amide bonds between carboxylate groups on
the M-polymer and DLPS (KDO sugars), and primary amino groups on the
particles. The coupling was carried out in 0.1 M phosphate buffer, pH 7.3, by
adding 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC; Fluka Chemie
AG, Buchs, Switzerland) and sulfo-NHS (N-hydroxysulfosuccinimide sodium
salt) (Fluka) as described elsewhere (23). After the oligosaccharides were linked
to the particles, they were extensively washed in 0.1 M and 1.0 M sodium
phosphate buffer, pH 7.3, and 0.1 M sodium carbonate buffer, pH 10, in order to
remove noncovalently bound polymers. The amount of M-polymer covalently
linked to the beads was estimated to be 40 ng of M-polymer per 106 particles, by
measuring incorporated 14C. Although the amount of DLPS bound to the par-
ticle surface was not measured, it was estimated to be equal to or less than the
amount of M-polymer attached to the beads. DLPS can form amide bonds to the
particles only through the KDO sugars, and therefore has fewer residues to
attack than the M-polymer, which contains available carboxylate groups at each
monomer.

Preparation of noncovalent M-particles. Monodisperse magnetic Dynabeads
containing M-450 rat anti-mouse (RAM) IgM were purchased from Dynal (Oslo,
Norway). Low-molecular-mass M-polymer (3 kDa) was attached to the particles
through a secondary IgM MAb, IIE10, specific to the polymer (27). The particles
were washed in 0.1% bovine serum albumin (BSA)–phosphate-buffered saline
(PBS) then incubated for 30 min at 14°C with hybridoma supernatant containing
2 mg of MAb IIE10 per mg of particles, or 0.1% BSA-PBS. After thorough
washing of the particles in 0.1% BSA-PBS, they were incubated at 37°C for 1 h
with either 4 mg of M-polymer/ml (M-particles) or 0.1% BSA-PBS (control
particles) and washed again. The amount of M-polymer noncovalently attached
to the beads was not measured.

Cell lines and culture conditions. The following stably transfected CHO cell
lines are described elsewhere: CHO/neo (CHO-K1 transfected with pCDNA1/
neo) (17); CHO/CD14, CHO/CR3, and CHO/CR4 (CHO-K1 transfected with

human CD14 [17]), human CD11b and CD18 [24], or human CD11c and CD18
[25], respectively). Transfectants were maintained in RPMI 1640 medium
(Gibco, Paisley, United Kingdom) with 0.01% L-glutamine and 40 mg of genta-
micin/ml (referred to below as RPMI), 10% heat-inactivated (HI) fetal calf
serum (FCS) (HyClone, Logan, Utah), and 1 mg of G418 (Sigma)/ml at 37°C
under 5% CO2.

Isolation of human monocytes. Monocytes were isolated from human A1
buffy coats (The Bloodbank, University Hospital, Trondheim, Norway) as de-
scribed previously (5). Adherent cell monolayers (1 3 105 to 2 3 105 monocytes/
well) were cultured in 24-well plates in AIM serum-free medium (Gibco) sup-
plemented with 0.01% L-glutamine and 40 mg of gentamicin/ml. The monocytes
were stimulated for 8 h at 37°C under 5% CO2 with the indicated preparations.
In some experiments, the cells were preincubated with MAbs, B975, or an
equivalent amount of DMSO for 30 min at RT prior to addition of the agonists.
Supernatants were collected and stored at 220°C until assayed for TNF activity
in the WEHI clone 13 bioassay, as described previously (13).

Flow cytometric quantification of M-polymer binding to CHO transfectants.
All steps were performed at 0 to 4°C as described in detail elsewhere (14).
Briefly, adherent CHO transfectants were detached by 0.02% EDTA-PBS,
washed twice in 0.1% BSA-PBS, and incubated with 100 mg of M-polymer/ml in
0.1% BSA–10% HI normal human A1 serum (HS)–PBS for 45 min. After two
washes, the cells were incubated for 30 min with 50 ml of 2G8 hybridoma
supernatant (specific for M-polymer [14]), washed twice, and stained with fluo-
rescein isothiocyanate (FITC)-conjugated goat anti-mouse MAbs (GAM-FITC;
Becton Dickinson, Lincoln Park, N.J.) for 30 min. Controls without M-polymer
were incubated either with 2G8 hybridoma supernatant and GAM-FITC or with
GAM-FITC alone. Analysis was performed with a FACscan flow cytometer
(Becton Dickinson).

Binding of particles to fluorescently labeled CHO transfectants. To assess
binding of the DLPS- and M-particles, CHO transfectants were first stained with
a PKH26 Red Fluorescence Cell Linker Kit (Sigma). One million suspended
cells were washed in PBS and incubated with 1 mM PKH26 in dilution buffer
(supplied by the manufacturer) for 5 min at RT. Two hundred microliters of HI
FCS was then added, and then incubation was allowed to proceed for 1 addi-
tional minute before the cells were washed three times in RPMI–10% HI FCS.
The cells were seeded onto coverslips in 24-well plates at a density of 2 3 104

cells/well in RPMI–10% HI FCS and incubated overnight at 37°C in a 5%
humidified atmosphere. The following day, the adherent cells were washed three
times with Hank’s balanced salt solution (BSS) (Gibco) and incubated with
particles at a ratio of 10:1 (particles to cells) for 2 h at 37°C in RPMI–1% HS.
Finally, the coverslips were washed in PBS, immersed in 3.7% formalin for cell
fixation, and mounted on glass slides in Mowiol (Hoechst, Frankfurt, Germany).
The glass slides were examined by microscopy, and the number of particles
associated per cell were determined for at least 100 cells. Data are expressed as
the mean values of bound particles per cell for triplicate determinations.

RESULTS

Attaching mannuronic acid polymers to particles increases
their ability to induce TNF. Monocytes were exposed to M-
polymer (3 kDa) linked covalently or via MAbs to particles,
and the amount of released TNF was determined.

In agreement with previously reported results (3), Fig. 1A
and C demonstrate that M-polymers presented to cells as sur-
face particulates are more efficacious than the soluble form of
the polymer in stimulating monocytes to produce TNF. To
verify that the observed enhancement is not caused by chem-
ical changes of the polymers during the coupling reaction,
M-polymers were noncovalently attached to particles via a
specific MAb, IIE10 (27). As evident from the data in Fig. 1,
the noncovalent M-particles (Fig. 1B) stimulated monocytes to
release TNF comparably to the covalently coupled M-particles
(Fig. 1A).

The potentiating effect of serum in stimulating monocytes
with DLPS- or M-particles is not due to LBP or sCD14. In the
next series of experiments, human monocytes were exposed to
the soluble and particulate antigens in the presence or absence
of either HS, recombinant LBP (rLBP), sCD14, or a combi-
nation of rLBP and sCD14.

HS not only potentiated LPS- and M-polymer-induced TNF
production, but also had a comparable effect on DLPS, DLPS-
particles, and M-particles (Table 1). Heat inactivation equally
reduced the potentiating effect of serum on the various sam-
ples, although the subsequent TNF release was higher than
that without the addition of serum (data not shown). As re-
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ported previously (27, 28), the addition of either rLBP or
sCD14 increased TNF production from monocytes exposed to
LPS or M-polymer. This effect was further enhanced when
rLBP and sCD14 were added together (Table 1). Similar re-
sults were also obtained for DLPS (Table 1). In contrast, nei-
ther rLBP nor sCD14, alone or in combination, affected the
level of TNF induced by the particulate antigens. Thus, while
the potentiating effect of serum on the soluble polymers can be
explained in part by the presence of LBP and sCD14, other
serum components may be responsible for the enhanced TNF
production induced by M-particles and DLPS-particles.

Expression of CR3 or CR4 on CHO cell transfectants pro-
motes binding of DLPS- and M-particles. CHO cell transfec-
tants expressing either CD14, CR3, or CR4 were used to assess
the binding of M-polymer, M-particles, and DLPS-particles in
order to distinguish the individual roles of each of these re-
ceptors.

Binding of M-polymer to CHO transfectants was assessed by
flow cytometry with an M-polymer specific MAb, 2G8 (14).
The results demonstrate that M-polymer bound only to CD14-
transfected CHO cells, and not to CR3-, CR4-, or control
(neo) transfected cells (Fig. 2). Binding of DLPS- and M-
particles was quantified by microscopy by counting the number
of particles attached to or ingested by fluorescently labeled
CHO cells. As shown in Fig. 3, both M- and DLPS-particles

bound specifically to CR3- and CR4-transfected cells, although
the binding to CHO/CR3 cells was about threefold more effi-
cient than the binding to CHO/CR4 cells. Some unspecific
binding of the M-particles to control CHO/neo cells explains
the apparently higher number of M-particles attached to all the
CHO transfectants compared to the DLPS-particles. Despite
specific binding of the particles to b2-integrin-transfected
CHO-cells, DLPS- and M-particles failed to activate NF-kB
translocation in CHO/CD14/CR3 or CHO/CD14/CR4 cells,
whereas high concentrations of the soluble polymers weakly
induced NF-kB activation in CHO/CD14/b2-integrin transfec-
tants (data not shown). Thus, expression of b2-integrins to-
gether with CD14 was not sufficient to enable responses to
DLPS- and M-particles in CHO cells.

DLPS- and M-particles activate human monocytes through
an mCD14- and CR3-dependent pathway. We next wanted to
elucidate the importance of CD14 and the b2-integrins CR3
and CR4 in signaling TNF production induced by M-particles
and DLPS-particles. Human monocytes were preincubated
with MAbs to CD14 (3C10), CD18 (IB4), or CD11b (Mn41
and OKM-1) under serum-free conditions, prior to the addi-
tion of soluble or particulate stimulants. MAb 6H8 served as a
control.

In accordance with previous findings (14, 47), the anti-CD14
MAb 3C10 almost completely blocked TNF production from

FIG. 1. Attaching mannuronic acid polymers to particles, either covalently or via MAbs, increases their TNF-inducing potency. Human monocytes were stimulated
with serial dilutions of M-polymers (3 kDa) covalently linked to particles (M-particles) or particles without polymer (control particles) (A); M-polymers (3 kDa)
noncovalently attached via a MAb, IIE10, to particles (M-particles), particles with IIE10 (control particles with MAb), or particles without antibody or polymer (control
particles) (B); and M-polymers (3 and 350 kDa) or LPS in soluble forms (C). Supernatants were collected after 8 h of stimulation and assayed for TNF activity. The
level of spontaneous TNF release (medium control) is indicated. The mean TNF levels 6 standard deviations of three replicates from a representative experiment are
shown, and similar data were obtained in two other independent experiments.

TABLE 1. Effects of sCD14 and rLBP on TNF production by human monocytesa

Samples
TNF release (pg/ml) (mean 6 SD)

Medium 1 rLBP (0.1 mg/ml) 1 sCD14 (0.1 mg/ml) 1 rLBP-sCD14 (0.1 mg/ml) 1 HS (10%)

M-particles 6,028 6 181 4,816 6 222 5,112 6 943 7,018 6 443 41,645 6 3,514
DLPS-particles 519 6 15 527 6 63 517 6 17 610 6 32 7,090 6 358
LPS 241 6 19 8,797 6 848 3,370 6 84 28,440 6 1,276 39,439 6 3,535
DLPS 394 6 17 763 6 4 1,313 6 171 2,451 6 102 3,704 6 791
M-polymer 5,396 6 440 19,109 6 1,648 37,751 6 1,587 46,811 6 4,076 57,338 6 5,282
Control particles 118 6 23 120 6 8 160 6 4 213 6 18 198 6 11
Medium 166 6 4 151 6 14 203 6 15 290 6 10 89 6 10

a Human monocytes were incubated with M-particles (2:1, particles to monocytes), DLPS-particles (2:1, particles:monocytes), LPS (0.2 ng/ml), DLPS (20 mg/ml),
M-polymer (20 mg/ml), or control particles (2:1, particles:monocytes) in the presence or absence of HS, rLBP, sCD14, or a combination of rLBP and sCD14 for 8 h
at 37°C. Cell supernatants were harvested and assayed for TNF as described in Materials and Methods, and results are shown as mean TNF release 6 standard
deviations of three parallel samples from one representative among four independent experiments.
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monocytes stimulated with M-polymer or LPS (Fig. 4C and E).
In addition, 3C10 also abrogated the TNF response induced by
DLPS (Fig. 4D). The MAbs to CD18 and CD11b had no
inhibiting effect on either of the soluble antigens (Fig. 4C
through E).

Addition of 3C10 reduced the TNF production from mono-
cytes exposed to M-particles and DLPS-particles to about 30%
of the initial value (Fig. 4A and B), and did not completely
block the response even after the concentration of MAbs was
raised to 40 mg/ml (data not shown). Both the anti-CD18 MAb
IB4 and the anti-CD11b MAb Mn41, which recognizes the I
domain (11, 39), profoundly inhibited the TNF response to M-

and DLPS-particles. A second MAb, OKM-1, which recog-
nizes the C-terminal lectin domain of CD11b (11, 39), did not
inhibit TNF release in response to the particulate stimuli
(Fig. 4A and B). The control MAb, 6H8, did not influence
any of the samples tested. The results suggest that b2-inte-
grins are signaling receptors on monocytes for DLPS- and
M-particles that function in a coordinated manner with CD14.
This conclusion is reinforced by our observations that combina-
tions of MAbs 3C10 and IB4 inhibited particle-induced TNF
production to a greater extent than either MAb alone (data not
shown).

B975 antagonizes LPS but has no effect on TNF production
induced by DLPS, M-polymer, DLPS-particles, or M-particles.
Several lipid A structural analogs antagonize LPS responses in
human cells. This effect is likely due to the inhibitory activity of
these compounds on an LPS signal-transducing component
and is independent of CD14 (10, 26). B975 is a synthetic analog
of R. capsulatus lipid A and a potent LPS antagonist (34). We
examined the inhibiting action of B975 under serum-free con-
ditions in order to study the mechanisms involved in signaling
TNF production from monocytes.

As little as 10 ng of B975/ml significantly inhibited TNF
production by LPS-stimulated monocytes (Fig. 5E). The an-
tagonistic action of B975 seemed to require an intact lipid
ligand, as evidenced by the lack of inhibition of soluble and
particulate DLPS (Fig. 5D and B). Furthermore, B975 failed to
inhibit M-polymer and M-particles, which lack a lipid compo-
nent (Fig. 5C and A). The lack of inhibition of DLPS- and
M-polymer-induced TNF production by B975 could be due to
the higher concentration of these polymers (100 mg/ml) com-
pared to LPS (1 ng/ml). However, in additional experiments we
found that 10 ng of B975/ml gave 50% reduction of the TNF
level induced by a 100-fold-higher concentration (1 mg/ml) of
E. coli LPS, whereas 1 mg of B975/ml did not affect the TNF
production induced by a 10-fold-higher concentration of DLPS
or M-polymer (10 mg/ml) (data not shown). Moreover, sub-
jecting the polymers to 100°C for 2 min did not alter their
TNF-inducing potency, excluding a possible interference from
protein contamination (not shown). Thus, although sharing the
involvement of CD14, the subsequent signaling events seem to
differ for LPS compared to DLPS and mannuronic acid poly-
mers.

FIG. 2. M-polymer binds to CHO/CD14, but not to CHO/neo, CHO/CR3, or
CHO/CR4 cells. CHO/neo (A), CHO/CD14 (B), CHO/CR3 (C), and CHO/CR4
(D) cells were incubated on ice with 100 mg of M-polymer/ml in 0.1% BSA–
PBS–10% HI HS for 45 min, and binding was assessed by flow cytometry with
2G8 hybridoma supernatant specific for M-polymer. Results from one of three
experiments are shown, and controls represent either binding of 2G8 hybridoma
supernatant and GAM-FITC or binding of GAM-FITC only.

FIG. 3. Binding of M-particles and DLPS-particles to CHO cells transfected with CD14, CR3, or CR4. Fluorescently stained CHO/neo, CHO/CD14, CHO/CR3,
and CHO/CR4 cells were incubated with M-particles (A) or DLPS-particles (B) at concentrations of 10:1 (particles to cells) in RPMI–1% HS for 2 h at 37°C and were
then fixated and mounted on glass slides. An average value of the number of particles per cell for triplicate slides was determined for each cell type by use of light and
fluorescence microscopy. Shown are the results from one experiment representative of three independent experiments.
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DISCUSSION

During sepsis and inflammation the host cells may encoun-
ter intact bacteria as well as various soluble, released bacterial
compounds. By covalently coupling bacterial carbohydrates to
a microbead, the resulting particle mimics the surface of an
extremely simplified model bacterium with the advantage of no
shedding of bacterial components. In the present study we
show that M-polymers noncovalently attached to particles via a
MAb, IIE10, stimulate TNF production from monocytes to an
extent comparable with the covalently linked M-particles.
Thus, the increased biological activity observed when DLPS
and M-polymers are linked to particles (3) seems to be caused
by changes in the physical presentation form, and not by the
chemical treatment of the polymers.

Our results show that while soluble LPS, DLPS, and M-poly-
mer used mCD14 for signaling TNF release, the DLPS- and
M-particles in addition exploited CR3 and/or CR4. The prefer-
ence for b2-integrins in stimulation of monocytes with immobi-
lized polysaccharides resembles observations that encapsulated
GBS type III bacteria induce TNF production from monocytes
through a CD18-dependent mechanism, whereas GBS cell wall
fragments use both CD14 and CD18, and soluble GBS type III
polysaccharides preferentially stimulate monocytes through a
CD14 pathway (8, 9, 31). Also of interest is a recent study by
Troelstra et al. showing that free LPS binds to neutrophils via
CD14, whereas whole S. minnesota interacts mainly indepen-
dently of CD14, and LPS-coated erythrocytes activate neutrophils
via CD14 and subsequently bind to CR3 (40).

LBP and sCD14, proteins known to enhance LPS effects both
in mCD14-negative and mCD14-positive cells (16, 20), had sim-
ilar effects on LPS, M-polymer, and DLPS in potentiating the
TNF response from monocytes. In contrast to this, neither rLBP
nor sCD14, alone or in combination, had any effect on the TNF
level induced by DLPS- or M-particles. This may be explained by
sCD14 and rLBP acting as carriers in transporting the soluble
antigens to mCD14 or other membrane structures on the mono-
cytes. When these polymers are present on a particle surface, such
transport could be superfluous. Heat inactivation reduced the
potentiating effect of serum on both soluble and particulate stim-
uli (data not shown). Both LPB (32) and sCD14 (our unpublished
observations) are heat-sensitive proteins, and this might explain
the effect on the soluble stimuli. Preincubating the particles in
serum prior to serum-free stimulation of monocytes did not result
in increased TNF production (data not shown). Thus, the reduced
effect of HI serum on the particles cannot be explained by com-
plement inactivation, and further experiments are necessary to
clarify what heat-sensitive serum components impart the in-
creased TNF production induced by the particles.

Some CD14 MAbs and several lipid A structural analogs
have been shown to block cellular activation by LPS but not
LPS binding, and high concentrations of LPS activate cells in a
CD14-independent manner (10). CD14 lacks transmembrane
and cytoplasmic parts; thus the main role of CD14 may be to
concentrate LPS and other bacterial components at the cell
surface to interact with other, signal-transducing molecules.
Although the b2-integrins are transmembrane receptors, In-

FIG. 4. Effects of anti-CD14, anti-CD18, and anti-CD11b MAbs on TNF production from human monocytes. Human monocytes were pretreated with either a CD14
MAb (3C10), a CD18 MAb (IB4), CD11b MAbs (Mn41 or OKM-1), or a control MAb, 6H8, at 10 mg/ml for 30 min at RT, prior to addition of M-particles (10:1,
particles to monocytes) (A), DLPS-particles (10:1, particles to monocytes) (B), M-polymer at 100 mg/ml (C), DLPS at 100 mg/ml (D), or LPS at 1 ng/ml under
serum-free conditions (E). The cells were incubated for 8 h at 37°C before bioactive TNF was assayed in the supernatants. After correcting for the spontaneous TNF
production, the results were calculated as percentages of the TNF level produced in the absence of MAbs (Medium). Results are presented as means of four
independent experiments.
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galls et al. have shown that the cytoplasmic part is not neces-
sary for signaling LPS-induced NF-kB activation in CHO/CR3
cells (24). Thus, the b2-integrins may have functions similar to
CD14 in bringing LPS, M-particles, and DLPS-particles into
closer contact with putative signal transducers. Both Delude et
al. (10) and Ingalls et al. (26) have suggested the existence of
a lipid A signal transducer, and the recent discovery that Toll-
like receptor 4 (TLR4) can mediate lipid A and LPS cell
activation has verified this theory (29, 35). In humans, TLR4 is
a signal transducer for LPS, and recently it has been shown
that TLR2 functions as a signal-transducing receptor for di-
verse microbial products such as gram-positive bacterial com-
ponents (15, 30, 38), lipoproteins (1, 7, 30) and zymosan (43).
The results obtained with DLPS and DLPS-particles suggest
the existence of signal-transducing mechanisms recognizing
the O-chain part of LPS which was not blocked by the lipid A
analog B975. This suggests that, with a defective lipid A part,
LPS behaves similarly to the polysaccharide M-polymer in that
B975 did not affect the TNF induction in monocytes. It is
possible that intact LPS signals through TLR4, whereas some
of the other TLRs, like TLR2, recognize DLPS and/or M-
polymer. Moreover, although DLPS- and M-particles used
both CD14 and the b2-integrins for signaling TNF production
in monocytes, they were incapable of signaling NF-kB trans-
location in CHO/CD14/CR3 and CHO/CD14/CR4 cells. If a
signal transducer is missing in CHO cells but present in mono-
cytes, or if other crucial factors are not working efficiently in
CHO cells, such as the ability to ingest and degrade particulate

antigens, this could explain the apparently conflicting results.
A similar phenomenon has been observed with GBS cell wall
fragments, as GBS-induced TNF production was inhibited with
antibodies to CD18, but GBS failed to induce NF-kB in CHO/
CR3 or CHO/CR4 cells (31). Of interest is the finding that
CHO cells express a nonfunctional TLR2, which could be
associated with the lack of responses observed with the parti-
cles (22). A potential role of TLRs in recognition of DLPS and
mannuronic acid polymers is currently under investigation.

In summary, our results show that both chemical differences
and physical presentation forms of various stimuli influence
what monocyte receptors are used in signaling TNF produc-
tion. Further studies in comparing the mechanisms of stimu-
lation of various cells with intact bacteria and isolated bacterial
compounds will help bring a better understanding of the events
underlying inflammation and the often fatal sepsis syndrome.
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