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Abstract

Silica particles (quartz dust) are toxic to macrophages after
their uptake into these cells. These experiments describe the
opsonization mechanism(s) and macrophage receptor(s) in-
volved in silica uptake. Freshly isolated rat liver macrophages
(Kupffer cells) were incubated at 37°C with silica particles in
the presence or absence of autologous or heterologous plasma
or purified plasma fibronectin and cell viability was assessed at
various times. Within 60 min of coincubation, > 80% of macro-
phages were lysed in the presence of plasma or purified fibro-
nectin but not in their absence (viability > 90%). Lysis was
slower with defibronectinized plasma (28% in 60 min ). Macro-
phages could be protected from lysis by addition of the monosac-
charide N-acetyl-D-galactosamine but not by N-acetyl-pD-glu-
cosamine. Galactosylated serum albumin but not mannosylated
albumin or native albumin exerted full protection from lysis.
The pentapeptide GRGDS also prevented macrophage lysis in
synergy with N-acetyl-galactosamine. Enzymatic deglycosyla-
tion of fibronectin reduced lysis significantly. These findings
indicate an important opsonizing activity for fibronectin and
dual recognition via the lectin-like galactose-specific binding
activity of membrane-associated C-reactive protein and by inte-
grin receptor (s). Binding experiments (at 4°C) revealed initial
binding as primarily galactose-inhibitable, suggesting integrin-
mediated binding as a later event necessary for effective up-
take. (J. Clin. Invest. 1992. 90:1819-1824.) Key words: macro-
phages ° rat « fibronectin « C-reactive protein ¢ integrin « silica
particles.

Introduction

Quartz dust particles are known to exert rapid and selective
killing of macrophages (1) after their uptake into the phago-
cytes. Killing is dependent on uptake of the particles and leads
to destruction of phagolysosomes as the earliest event (2, 3).
Upon inhalation, silica dust is known to cause persistent in-
flammation, fibrosis, and granuloma in lung of humans and
experimental animals (4, 5).

Upon injection into circulation, silica particles have been
shown to effectively block various functions of the reticuloen-
dothelial system (6-8), which are exerted mainly by the large
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population of resident liver macrophages, the Kupffer cells (9).
A number of experimental studies on the role of macrophages
in various diseases have used the macrophage-toxic effects of
silica to impair in vivo phagocyte function in animals (6,
10, 11).

We now describe experiments where blockade of the toxic
action of silica particles, i.e., blockade of their uptake, is used to
elucidate the opsonic mechanism(s) and modes of recognition
and uptake of silica particles by freshly isolated rat liver macro-
phages.

Methods

Chemicals. Silica particles (fraction DQ12) were kindly provided by
Dr. Armbruster from the Rheinische Bergbau und Kohle Verein, Dort-
mund, Germany. The fraction DQ12 consists of medium sized (0.5-
3.0 um) quartz needles.

Collagenase H and N-glycanase F (N-glycosidase F, EC 3.2.2.18
and EC 3.5.1.52) were from Boehringer Mannheim GmBH (Mann-
heim, Germany), Eagle’s Medium from Gibco BRL (Eggenstein, Ger-
many), neoglycoproteins from Janssen Pharmaceutica (Beerse, Bel-

gium), mono- and disaccharides from Fluka AG (Neu-Ulm, Ger-

many). Gelatine-Sepharose 4B was from Pharmacia Fine Chemicals
(Heidelberg, Germany). Antisera against the human proteins albu-
min, immunoglobulins; C-reactive protein (CRP),' serum amyloid
protein, complement components Clq, C3, C4, and fibronectin were
from Dakopatts (Hamburg, Germany ) and Jackson ImmunoResearch
Labs, Inc. (West-Grove, PA). All other chemicals were obtained from
Sigma Chemical Co. (Tau fkirchen, Germany).

Isolation of rat liver macrophages. Rat liver macrophages were ob-
tained by isolated liver perfusion with Collagenase H (180 mg in 100
ml perfusion buffer) and differential centrifugation of the resulting cell
suspension, exactly as described previously ( 12). The resulting prepara-
tion routinely contained > 80% macrophages with ~ 10% contaminat-
ing hepatocytes and endothelial cells each. All experiments were per-
formed with freshly isolated liver macrophages.

Plasma preparation. Blood was drawn from healthy volunteers or
from rats without any chelating agent or with EDTA (10 mM). Care
was taken to avoid air contact and cells were immediately removed by
centrifugation. 0.5 ml of plasma or 0.5 ml of purified plasma fibronec-
tin (~ 200 pg/ml, see below) in Tris-buffered saline ([TBS]: 50 mM
Tris, 100 mM NaCl, pH 7.2] was incubated with 50 ul of silica suspen-
sion (5 mg/ml TBS) for 30 min at room temperature. This suspension
was then used for macrophage incubations. For controls, 50 ul of silica
was incubated with TBS in the absence of any protein but otherwise
under identical conditions (sham incubation).

Plasma fibronectin (pFn) isolation. Fibronectin was isolated ex-
actly as described (13): 20 ml of rat plasma (with 10 mM EDTA) was
applied to a Gelatin-Sepharose column (20-ml bed size), washed with
TBS buffer (20 mM Tris, 100 mM NaCl, 0.1 mM PMSF). A second
wash with TBS plus 1 M urea was followed by elution of pFn with 4 M

1. Abbreviations used in this paper: CRP, C-reactive protein; GalNac,
N-acetyl-galactosamine; GIcNAc, N-acetyl-glucosamine; GRDGS,
Gly-Arg-Gly-Asp-Ser; mCRP, membrane-associated CRP; pFn,
plasma fibronectin; pFn-Au, fibronectin-coated colloidal gold parti-
cles; TBS, Tris-buffered saline.
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urea in TBS. Purity of each isolation was checked by SDS-PAGE and
silver staining, only preparations with no contamination were used.
Purified pFn was used after extensive dialysis against TBS.

Deglycosylation of pFn-coated silica. For experiments with degly-
cosylated fibronectin, enzymatic cleavage of glycans was performed on
pFn immobilized (attached) to silica particles as described above. Enzy-
matic digestion with N-glycanase F was performed as recommended by
the manufacturer: 100 ul of purified rat pFn-coated silica was centri-
fuged (10,000 g, 5 min), washed twice with Tris-buffer (50 mM Tris,
pH 8.0) and resuspended in 50 mM Tris (pH 8.0), 20 mM EDTA,
0.1% Triton X-100, and 4 U N-glycanase F. After incubating at 37°C
for 6 h, silica was again washed three times and finally resuspended in
TBS. An aliquot of pFn-silica was sham incubated without N-glycanase
F but otherwise identically. Particle aggregation by serial dilutions of
ricin (RCA 5,) and Con A was used to evaluate the success of deglyco-
sylation as described previously (14), which showed a significant
though not complete (~ 80%) reduction in agglutinability.

Cell incubation. 50 pl of isolated Kupffer cell suspension (2 X 10°
cells/ml) in Eagle’s medium was mixed with 25 ul of plasma-silica
mixture or pFn-silica and CaCl, added to a final concentration of 2
mM. Cells plus silica were incubated at 37°C for the times indicated.
For cell viability by trypan blue exclusion test aliquots were drawn
from cell suspensions, mixed with an equal volume of 0.5% (wt/vol)
trypan blue solution and immediately counted.

Electron microscopy. Adsorption of purified pFn onto colloidal
gold particles with a mean diameter of 17 nm (pFn-Au) and cell-bind-
ing assays with pFn-Au were performed as described previously (14).
Briefly, cells were mixed with pFn-Au in Eagle’s medium plus CaCl, (2
mM ) incubated for 10 min at 4°C. Binding was stopped by addition of
an equal volume of ice-cold cacodylate-HCl-buffered 0.2% glutardial-
dehyde, immediately centrifuged, washed twice to remove unbound
particles, and then processed for transmission electron microscopy.
Ligand binding was quantified on electron micrographs of ultrathin
sectioned specimens at a final magnification of 20,000X. Numbers of
gold particles bound to the plasma membrane were counted and the
length of plasma membranes determined using an HP 65 (Hewlett-
Packard, Diisseldorf, Germany) equipped with a digitizing board and
an area/distance program ( HP-menu, Hewlett-Packard).

Results

Silica-mediated macrophage killing depends on opsonization
by pFn. Isolated rat liver macrophages incubated at 37°C with
silica particles in the absence of serum proteins can be main-
tained for 60 min and longer without loss of viability (Fig. 1).
Addition of autologous plasma, obtained without coagulation
inhibitors, leads to time dependent loss of viability as assessed
by trypan blue exclusion and will lead to up to 80% dead cells
within 60 min. Decrease of live cells is identical with addition
of xenogeneic plasma of human origin (Fig. 1).

Electron microscopy of cells thus incubated confirms that
lysis of macrophages was dependent on previous endocytosis of
silica particles. Disruption of internal phagolysosomal mem-
branes in the vicinity of silica needles was frequently found
(Fig. 2). Micrographs also showed that in the absence of
plasma absolutely no uptake was observed (not shown).

Agglutination of human plasma-opsonized silica particles
with a series of antisera against human plasma proteins (albu-
min, immunoglobulins, serum amyloid protein, CRP, comple-
ment components Clq, C3, C4, fibronectin) showed that the
particles were coated by fibronectin mostly, with little comple-

“ment C3, traces of Clq, and none of the other proteins tested
detectable.

To prove the dominant role of fibronectin in opsonization
we repeated the macrophage toxicity assay described above by
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Figure 1. Viability of freshly iso-
lated rat liver macrophages (MO)
after coincubation with silica par-
ticles. 10° liver macrophages in
100 ul of TBS were incubated with
silica particles (final concentration
125 ug/ml) at 37°C for the times
indicated. Silica was either incu-
bated with autologous rat plasma
(+r-plasma, o), human plasma
(+h-plasma, +), or was sham-in-
cubated (—plasma, x ) as described
in Methods. Cell viability was
measured by trypan blue exclu-
sion. Values are the mean+SD of
three to eight individual experi-
ments.

% viable MO

10 T T
(s} minutes 60

adding purified autologous rat plasma fibronectin. As shown in
Fig. 3, results are identical. In confirmation of pFn as the most
important opsonic signal, addition of pFn-free plasma led to a
small decrease of macrophage viability only (statistically signifi-
cant from plasma or purified pFn: P < 0.005).

Inhibition with monosaccharides or (neo)glycoproteins.
We had previously shown that immobilized fibronectin is
bound by liver macrophage membrane-associated CRP
(mCRP), earlier termed galactose-particle receptor, in a galac-
tose/ N-acetylgalactosamine inhibitable way (14). Therefore
incubation experiments with plasma- or pFn-opsonized silica
and liver macrophages in the presence of various monosaccha-
rides were performed. Whereas neither N-acetyl-glucosamine
(GlcNAc) nor mannose addition had any effect on macro-
phage survival, N-acetyl-galactosamine (GlcNAc) blocked up-
take of the opsonized particles (Fig. 4). The extent of blockade
was the same with rat plasma or human plasma or purified
fibronectin as opsonizing agents.

Inhibition experiments were also performed with glycopro-
teins and neoglycoproteins. As shown in Fig. 5, the two glyco-
proteins exposing terminal galactosyl groups completely pre-
vented the toxic effect in a concentration-dependent way. Asia-
lofetuin exposing a maximum of 12 terminal galactose residues
per molecule exerted half-maximal inhibition at a concentra-
tion of ~ 2 X 1075 mol/liter, galactose-BSA containing an
average of 37-45 gal per molecule showed half-maximal inhibi-

" tionat ~ 5 X 10~® mol/liter. Neither mannose-BSA nor native

BSA had significant protective effects, proving the galactose-
specific recognition mode involved.

The relative inhibitory activity of the glycoproteins was
measured with rat plasma, purified rat pFn, or purified human
pFn. Comparison of the data obtained showed no difference,
neither in the various carbohydrate compounds nor in their
relative concentrations needed for inhibition.

Role of Arg-Gly-Asp (RGD)-recognizing integrin receptors.
The experiments described confirm a major role of fibronectin
as opsonizing signal and a galactose-specific recognition by
mCRP. Fibronectin, however, is known to be bound to many
cell surfaces, including macrophages, via recognition of the
RGD sequence by integrin receptors. )

Whether the pentapeptide Gly-Arg-Gly-Asp-Ser (GRGDS)
would have a protective effect in macrophage-silica incubation
experiments was therefore tested. Surprisingly the pentapep-
tide also prevents lysis in a concentration dependent way with
full protection achieved at 2 mg/ml. Again results were identi-
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Figure 2. Electron micrographs of freshly isolated liver macrophages incubated with plasma-opsonized silica particles. Liver macrophages were
incubated as in Fig. 1 (+r-plasma). After incubation for 10 min at 37°C, cells were fixed and processed for transmission electron microscopy.
Shown are details from a macrophage not yet lysed. (a) Part of a digestive vacuole with ingested silica particles aggregated to bundles. The framed
areas are shown at higher magnification in (b) and (c). (b and c) Silica particles are found outside the vacuoles and rupture of vacuolar lining

membrane is evident.
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Figure 3. Isolated liver macro-
phages (MO) were incubated as in
Fig. 1. Silica particles were previ-
ously incubated either with autol-
ogous plasma (+plasma, ¢ ), with
fibronectin purified from autolo-
gous plasma (+pFn, a), with rat
plasma after removal of fibronec-
tin by gelatin-Sepharose
(+plasma-pFn, X) or was sham in-
cubated (—plasma, x ). Compari-
son of the opsonizing agents show
no difference in activity of whole
plasma or purified fibronectin
whereas removal of fibronectin
from plasma diminishes toxic action significantly (P < 0.005 to
plasma at 60 min). Values are the mean+SD of three to seven indi-
vidual experiments.

10-H+—————+———

cal with rat or human plasma or purified pFn as opsonizing
source (Fig. 6). Combination of low concentrations of compet-
ing monosaccharide GalNAc and pentapeptide showed syner-
gistic increase in protection from killing (Fig. 7).

Deglycosylation of rat pFn-opsonized silica particles. Silica
particles opsonized with purified rat fibronectin were treated
with N-glycanase F for 6 h before cell incubation to determine
the role of the glycan portion(s). The enzymatic removal of
N-glycans resulted in significant reduction of silica toxicity
(Fig. 8) compared with sham-treated particles. The small re-
duction in cell viability during the 60-min incubation period
could be blocked to control values by addition of GRGDS (Fig.
8 B).

Binding experiments with pFn adsorbed onto colloidal
gold. Since the toxic effect of silica particles depends on their
uptake by the cells, binding experiments and quantitative elec-
tron microscopy to elucidate the role of the two receptor activi-
ties in initial recognition (binding) and/or uptake of opson-
ized particles were performed. Quartz dust needles contain lit-
tle electron scattering elements and thus are barely visible as
single particles in transmission electron microscopy. The silica
visible in Fig. 2 is aggregated to bundles and is thus recogniz-
able. These conditions, however, allow no quantitative mea-
surement of binding. Therefore fibronectin-coated collodidal

% viable MO ______ Figure 4. Inhibition of macro-
phage (MO) lysis by monosaccha-
| rides. Liver macrophages were in-
Wi | cubated as in Fig. 1 for 60 min at
M | 37°C before viability tests. Cells
| were incubated with: (4) pFn- or
plasma-opsonized silica particles
only; (B) as in (4), plus 80 mM
N-acetyl-D-galactosamine; (C) as
T4 in(4), plus 80 mM GIcNAc; (D)
‘ asin (A4), plus 80 mM mannose.
||| Particles were opsonized either
} ‘1 with rat plasma (gray bars) or with
||l rat fibronectin (hatched bars) or
with human plasma (open bars).
N-acetyl-D-galactosamine signifi-
cantly protected cells from toxic action (P < 0.0001 between values
in B and C). Values are the mean+SD of three to five individual
experiments.
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Figure 5. Concentration-dependent inhibition of toxic action by gly-
coconjugates. Isolated liver macrophages were incubated with rat fi-
bronectin-opsonized silica particles for 60 min at 37°C in the pres-
ence of various concentrations of galactosylated bovine serum albu-
min (Gal-BSA), asialofetuin (ASF), mannosylated BSA (Man-BSA),
or native BSA. Controls were macrophages incubated in the absence
of silica (hatched bar) or with unopsonized silica (gray bar).

gold particles (pFn-Au ) were used in these experiments. Macro-
phages were incubated with pFn-Au at 4°C with or without
monosaccharides, pentapeptide, or the mixture. The amount
of particles bound per micrometer of plasma membrane was
determined on electron micrographs of the fixed and processed
specimen. As shown in Fig. 9, binding of pFn-Au was com-
pletely inhibited by GalNAc (significantly different from bind-
ing in Fig. 9 A: P < 0.001) but not by GlcNAc (no significant
difference to Fig. 9 A). In contrast, addition of GRGDS at
highest concentration (2 mg/ml) did not lead to complete inhi-
bition of surface binding (significantly different from GalNAc-
inhibition: P < 0.001), although uptake at 37°C was com-

Figure 6. Inhibition of silica-
mediated toxicity by the pen-
tapeptide GRGDS. Isolated
liver macrophages were coin-
cubated with silica particles
opsonized with rat plasma
(gray bars), with rat fibronec-
tin (hatched bars), or with hu-
man plasma (open bars). After
60 min at 37°C in the presence
of the pentapeptide GRGDS

at concentrations indicated,
viability of macrophages (MO)
was assessed by trypan blue
exclusion. Values at 2.0 mg/ml
GRGDF are significantly dif-
ferent from 0: P < 0.0001.
Values are the mean+SD of
three to four individual experi-
ments.
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Figure 7. Synergistic action of

GalNAc and pentapeptide-me-
1003 Inhibition diated inhibition. Isolated macro-

phages were incubated with rat
pFn-opsonized silica for 60 min at
801 37°C in the presence of GalNAc
concentrations indicated plus or
60 minus pentapeptide. Viability of
macrophages was 27% without in-
hibitors and 93% with sham-
treated silica. (¢ ) no peptide pres-
ent, (O) plus 0.5 mg/ml penta-
peptide, (+) plus 1.0 mg/ml
o pentapeptide. Values are the mean

5 w0 of two to four individual experi-
mM GalNAc ments.

40

20

pletely blocked (not shown). The combination of 10 mM Gal-
NAc and 1.0 mg/ml pentapeptide leads to total inhibition.

Discussion

Fibronectin is a multifunctional protein (for reviews see refer-
ences 15-17) supporting, for instance, cell attachment and
spreading of eucaryotes, bacterial cell adhesion, binding to a
large number of substrates, and triggering a variety of cellular
responses, including phagocytosis.

All but one of the functions listed above are now mapped to
specific areas of the fibronectin molecule, only the phagocyto-
sis-mediating or -enhancing activity is not yet clearly ascribable
to a specific part of the molecule.

The experiments described here strongly support a domi-
nant role for fibronectin as the prime opsonizing signal render-
ing silica particles recognizable for liver macrophages: compari-
son of all uptake and inhibition experiments did not show any
difference whether whole plasma or purified pFn was used,

viable % viabl
100% MO 1007 viable MO !
A B"
|
801 804 ‘
60 60*J
}
401 40/
3
20 ||
] 30 60 20 sham

min

Figure 8. N-glycanase F treatment of rat pFN-opsonized silica reduces
its macrophage toxicity. Rat pFn-opsonized silica particles were in-
cubated with N-glycanase F or sham incubated as described in Meth-
ods before addition to isolated macrophages. (4) Time dependence

of silica-mediated macrophage (MO) killing (o) N-glycanase F-
treated particles, () sham-treated particles. (B) Inhibition of killing
during an incubation of 60 min at 37°C with sham-treated pFn-silica
(sham) or with N-glycanase-treated pFn-silica (N-g-F). Control (C)
was with sham-incubated silica (as —plasma in Fig. 1). (Open bars)
no inhibitor added; (dark bars) in the presence of GalNAc (80 mM);
(gray bars) in the presence of GRGDS (2 mg/ml).

% Fn-Au bound Figure 9. Competitive inhibition
100 F}— of binding of fibronectin-opson-
H_ ized particles to liver macrophages.
80 Colloidal gold particles were
coated with purified rat fibronectin
(Fn-Au), isolated liver macro-
60 phages were coincubated for 10
min at 4°C, and cells were pro-
407 cessed for transmission electron
microscopy. The number of parti-
20 cles bound to cells was measured
on electron micrographs. 4, no
(4] 1 == additives; B, plus GalNAc (80
A B C D E

mM); C, plus GIcNAc (80 mM);
D, plus GRGDS (2 mg/ml); E,
plus GalNAc (10 mM) and GRGDS (1 mg/ml). Data are the
mean+SD from 35 to 45 individual cells micrographed from two dif-
ferent experiments. 100% binding equals 11.3+5.8 Fn-Au particles/
10 pm plasma membrane.

suggesting that in the presence of pFn this appears to be the
dominant opsonizing molecule. In the presence of pFn-free
plasma, silica-mediated macrophage killing is slowed down sig-
nificantly. This finding is in agreement with the description of
high affinity fibronectin receptors on isolated rat liver Kupffer
cells (18).

The immobilized fibronectin is recognized by two different
receptor activities present on the rat phagocyte and both bind-
ing activities have to act in synergy to mediate effective uptake:
interference with either one of the two modes of recognition
will lead to uptake blockade as visualized by the protective
effect for cell viability. This double recognition mode may also
explain the relatively high affinity of binding measured for fi-
bronectin-opsonized particles on rat Kupffer cells (18), which
was found to be one to two orders of magnitude higher than
those measured for RGD recognition by integrins.

A number of very different observations suggest synergism
of RGD-recognizing integrins with other binding activities. On
T lymphocytes (19) and melanoma cells (20), a second inte-
grin (a8, ) recognizes a peptide sequence (Leu-Asp-Val) in the
IIICS domain of the fibronectin molecule. Immobilized but
not soluble fibronectin in synergy with anti-CD3 antibodies
supports activation and proliferation of naive T lymphocytes,
whereas no effect is found with either of the two factors alone
(21). Experimental data on adhesion of microvascular endo-
thelial cells (22) and of fibroblasts (23) on fibronectin-coated
surfaces as well as uptake of fibronectin-coated beads by gingi-
val fibroblasts (24 ) also suggest involvement of additional rec-
ognition modes.

The interaction of immobilized but not soluble fibronectin
with immobilized CRP has been observed (25-27) and re-
cently we could show that the interaction of a membrane-asso-
ciated form of CRP (mCRP) on rat liver macrophages (28)
with immobilized fibronectin occurs via a low-affinity galac-
tose-specific binding (14).

I therefore now propose that the opsonic activity of the
glycoprotein fibronectin partly resides in the peptide sequence
of the central cell binding domain of this molecule and partly
within its glycan portions, which so far have not been asso-
ciated with any function besides protection from proteoly-
sis (29).

On the other hand evidence is increasing that low-affinity
carbohydrate-specific interactions synergize with attachment
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signals as has been recently shown very elegantly for the low-af-
finity binding (rolling ) via the selectin PADGEM as a prerequi-
site for the leucocyte adhesion through integrins LFA-1, Mac-1
(30). In direct analogy to these results, I propose that the low-
affinity interaction of mCRP with fibronectin-coated particles
leads to a slowdown of these particles within the circulation,
analogous to the leucocyte rolling, as a prerequisite for the de-
velopment of stable integrin-mediated binding. This proposal
is supported by the binding inhibition experiments.

The competition data are of potential interest in prevention
of pulmonary diseases associated with toxic and/or excessive
dust burden. Both fibronectin as well as CRP are known constit-
uents of broncho-alveolar lavage fluid and were recently de-
scribed to increase in acute inflammatory processes (31, 32).
Work is now in progress to examine silica uptake and receptor
expression in rat alveolar macrophages.
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