
Glycoconjugate Journal (1995) 1 2 : 1 2 2 - 1 2 7  

Expression of membrane-associated C-reactive protein by 
human monocytes: indications for a selectin-like activity 
participating in adhesion 
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We have shown previously that rat liver macrophages (Kupffer cells) express a membrane-bound form of C-reactive 
protein (mCRP) on their surface which is identical to a galactose-specific particle receptor activity. We now establish 
the presence of mCRP on human monocyte-macrophages using immunocytochemistry with an anti-neoCRP specific 
monocloncal antibody and RNA-RNA in situ hybridization to demonstrate the presence of CRP-specific mRNA. 
Concomitant with mCRP expression, cells exhibit galactose-dependent uptake of particles coated with lactosylated 
bovine serum albumin. Adhesion experiments on fibronectin-coated surfaces that mCRP on human blood monocytes 
may act as a selectin-like adhesion molecule, mediating initial carbohydrate-specific contacts which are followed by 
peptide-specific recognition via integrin receptors. 
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Introduction 

The acute phase protein C-reactive protein (CRP) has been 
shown to play an important role in protection against bacterial 
infections, and CRP or CRP-derived peptides were shown to 
modify various activities of immune effector cells [1]. In the 
presence of Ca 2+ CRP is known to bind a number of ligands, 
i.e. phosphorylcholine [2, 3], the complement component Clq 
[4], fibronectin [5, 6], chromatin, histones [7, 8], and carbohy- 
drates [9, l 0] among others. Recently we were able to demon- 
strate that a galactose-specific receptor activity on rat liver 
macrophages (Kupffer cells) is identical to a membrane-asso- 
ciated form of CRP (mCRP) [11], The molecular structure of 
mCRP appears to differ from the circulating form of CRP, as 
it is not recognized by antibodies against native serum CRP 
but by antibodies binding a denatured form of serum CRP [12] 
termed 'neoCRP' representing CRP subunits [13]. These 
findings are in accord with the demonstration of the presence 
of CRP-specific membrane receptor in macrophage plasma 
membranes [14, 15]. CRP has been shown to bind to immobil- 
ized plasma fibronectin pFn [6] and examination of the 
binding and uptake of fibronectin-coated particles by isolated 
rat liver macrophages had demonstrated that the lectin-like 
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binding site of CRP recognizes a D-galactosyl group accessible 
in immobilized pFn [16]. In addition to this carbohydrate- 
specific binding activity monocytes are known to express a 
receptor activity for fibronectin [17, 18 ] which was character- 
ized [19, 20] as an integrin of the VLA family (VLA-5) with 
the possible additional presence of other integrin-like recep- 
tors [21]. These recognize, in a Ca2+-dependent manner, an 
RGD-containing peptide sequence in the cell-adhesion domain 
of the fibronectin molecule. 

In earlier experiments [22] we showed the cooperative 
action of carbohydrate-specific recognition via mCRP and 
peptide-specific binding via integrin-receptors in uptake of 
opsonized particles by rat macrophages. In continuation of this 
work we now present evidence that the same dual receptor 
recognition model may also hold true for the adhesion 
of human monocytes/macrophages to fibronectin-coated 
substratum. 

Materials and methods 

Materials Horseradish peroxidase conjugated rabbit anti- 
mouse IgG+IgM+IgA antibody was from Zymed (San 
Francisco, USA); Anti-CD14 mouse antibody was from 
Immunotech (Marseille, France) and Ficoll-Hypaque and 
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Gelatin-sepharose column (20 ml bed size) were from 
Pharmacia (Uppsala, Sweden). Eagles' Medium and RPMI 
1640 were from Gibco (Eggstein, FRG). Basal Medium 
Supplement (BMS) was from Biochrom (Berlin, FRG); 
Aurion-C-BSA from Aurion (Wageningen, NL); Blocking 
reagent, DIG Nucleic Acid Detection Kit and pentapeptide 
GRGDS were from Boehringer, Mannheim (FRG). 
Merckoglas and Sodium citrate were from Merck (Darmstadt, 
FRG). Lactosylated BSA was from Janssen (Beerse, Belgium) 
and mono- and disaccharides were from Fluka (Neu-Ulm, 
FRG). Multitest glass slides were from ICN Flow 
(Meckenheim, FRG). 

Isolation of human blood monocytes Heparinized blood 
samples obtained from normal donors were used to prepare 
human blood monocytes by centrifugation over Ficoll- 
Hypaque [23]. For adhesion experiments, monocytes were 
adjusted to 4 x 106 monocytes per ml Eagle's Medium. The 
non-phagocytic cells were removed by adhesion on glass 
slides for 30 rain in the incubator (37°C, 5% CO2). Cells 
(50 000 monocytes per well) were rinsed with RPMI 1640 and 
cultured for 24 h in RPMI 1640 supplemented with 10% BMS. 

Antibody labelling of isolated monocytes For antibody 
labelling, cells were fixed with acetone for 10 rain on ice and 
washed in Tris-buffered saline (TBS A: 100 mM Tris-HC1, pH 
7.6 containing 150 mM NaC1). Unspecific binding sites were 
blocked by a 30 rain incubation with 0.2% cationized bovine 
serum albumin (Aurion-C-BSA) in TBS A, pH 7.6, followed 
by incubation with the neoCRP-specific monoclonal mouse 
antibody CrIs4 (11, 13) (dilution, 1:4) in TBS A plus 0.05% 
Aurion-C-BSA for 2 h or with monoclonal antibody against 
CD14 (1:200). As second antibody horseradish peroxidase 
conjugated rabbit anti-mouse IgG+IgM+IgA adsorbed against 
human serum was used at a final dilution of 1:50. Cells were 
rinsed three times in TBS A Buffer and then incubated at room 
temperature (RT) with 0.05% diaminobenzidine, 0.015% 
hydrogen peroxide for 10 rain, dehydrated and embedded for 
light microscopy. 

Preparation of RNA probes A plasmid vector pBr322 
containing a human 2.2 kb CRP DNA fragment (pCRP5) [24] 
and a chicken 2.0 kb/3-actin DNA-clone [25] as control were 
used for in vitro transcription of DNA as described previously 
[12]. RNA probes were labelled with digoxigenin-UTP by 
in vitro transcription according to the manufacturer's 
recommendations. 

In situ hybridization After removal of medium, cells were 
dried quickly in a cold air stream, fixed for 2 h with 4% 
paraformaldehyde, 5% formaldehyde in phosphate-buffered 
saline (PBS), pH 7.0 at 4°C, dehydrated in a graded ethanol 
series and stored. 

After rehydration the cells were washed in 100 ml of PBS 
and 0.02% Triton X-100 followed by 100 ml 2 x SSC (stan- 
dard saline citrate: 1 x SSC = 0.015 M sodium chloride and 

0.015 M sodium citrate), for 10 rain each at room temperature 
(RT). 

For prehybridization cells were incubated in hybridization 
buffer (deionized 50% formamide, 5% blocking reagent, 
5 × SSC, 0.1% N-lauroylsarcosine, 0.02% SDS and 0.1 M Tris, 
pH 7.4) for 1 h at 4°C. 

Cells were then hybridized with 25 ng of the digoxigenin- 
labelled RNA probe in 50 Ixl hybridization buffer. As controls, 
CRP sense and actin antisense RNA (labelled with the same 
specific activity) were used. Solutions were heated to 95°C for 
10 rain and chilled on ice prior to use. Hybridization was at 
40°C in a moist chamber for 20 h. 

Slides were rinsed briefly in 100 ml of PBS, 0.02% Triton 
X-100 for 5 rain and 100 ml of 2 x SSC at RT for 10 rain, in 
100 ml of 1 × SSC, 0.01% SDS (twice, 10 rain, at 50°C) and 
100 ml of 0.5 x SSC, 0.01% SDS (10 rain, RT). 

Detection of RNA-RNA hybrids After hybridization, slides 
were incubated 30 rain at RT with 0.2% Aurion-C-BSA, 
0.3% Triton X-100 in TBS A, pH 7.6 (I00 mM Tris-HC1, 
150 mM NaCI) to block unspecific binding sites and incubated 
overnight at 4°C with anti-digoxigenin-antibodies conjugated 
with alkaline phosphatase (dilution, 1:1000) in 0.1% Aurion- 
C-BSA, 0.02% Triton X-100, TBS A, pH 7.6. Free antibodies 
were removed by rinsing in TBS A, pH 7.6. Then cells were 
equilibrated in TBS B (100 mM Tris-HC1, 100 mM NaC1, 
50 mM MgC12, pH 9.5) for 5 rain, and incubated with staining 
solution (337 txg m1-1 nitroblue tetrazolium salt, 175 lxg ml -~ 
5-bromo-4-chloro-3-indolyl phosphate, toluidiniurn salt in 
TBS B, pH 9.5) for 4-20 h in the dark. Reaction was stopped 
by washing the slides for 5 rain with 10 mM Tris-HC1, 1 mM 
EDTA, pH 8.0. For light microscopy cells were dehydrated in 
2-propanol, cleared with xylene and embedded in 
Merckoglas. 

Adsorption of LacBSA on to colloidal gold particles Colloidal 
golf particles 17 nm in diameter were prepared following the 
routine procedure of reducing a chloroauric acid solution with 
sodium citrate. Lactosylated BSA (LacBSA) was adsorbed 
onto the gold particles as described previously [26]. Gold par- 
ticles were centrifuged, washed twice, resuspended in PBS- 
buffer and 0.05% PEG, and used immediately. 

Uptake of LacBSA gold particles by adherent monocytes 
Human monocytes, after 24 h of culture, were preincubated 
with or without saccharides (80 mM final concentration) for 
5 rain prior to the addition of the ligand at 37°C. LacBSA gold 
particles (LacBSA-Au17) were added at a final concentration 
of about 1012 particles per ml and cells were incubated for 1 h 
at 37°C. After incubation the cells were rinsed and fixed in 
acetone for 10 rain on ice and prepared for light microscopy. 

Plasma flbronectin (pFn) isolation Fibronectin was isolated 
as described [27]: 20 ml of plasma (with 10 mM EDTA) was 
applied to a gelatin-Sepharose column (20 ml bed size) and 
washed with TBS buffer C (20 mM Tris, 100 mM Nacl, 
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0.I mM phenylmethylsulfonyl-fluoride). A second wash with 
TBS C plus 1 M urea was followed by elution of pFn with 
4 M urea in TBS C. Purity of each isolation was checked 
by SDS-PAGE and silver staining [22]. Purified pFn was 
used after extensive dialysis against TBS C. The final con- 
centration of fibronectin expressed as fibronectin monomer 
was 6 ~M (1.2 mg ml-~). 

Substrate coating Fibronectin (20 i~1 of a 1.2 mg m1-1 solution 
in TBS C) was added to multitest glass slides undiluted or at 
the concentrations indicated. Absorption took place overnight 
in an incubator at 37°C. 

Cell adhesion assay Isolated monocytes in Eagle's medium 
were incubated on precoated slides (2 x 105 cells per well) for 
5-60 min at 37°C. For inhibition experiments cells were pre- 
incubated with mono- or disaccharides or with pentapeptide 
GRGDS (Gly-Arg-Gly-Asp-Ser) for 5 rain. At the end of the 
incubation period, the slides were gently washed and attached 
cells were fixed with acetone. Cell adhesion was quantified by 
staining cells with anti-CD14. Positive cells were counted on 
five statistically distributed areas per well under the light 
microscope. 

Results 

Synthesis and expression of mCRP on human monocytes A 
monoclonal antibody (mAb), raised against rat mCRP and 
known to cross-react with human neoCRP was used for 
detection of mCRP in human monocytes. Expression of 
mCRP in freshly isolated monocyte suspension was found in 
40.2% + 33% (n = 9) of cells. An increase in positivity was 
observed after 1 h of culture (63.8% _+ 31.4; n = 4) and the 
same was found after a 24 h culture period (67.5% + 30%, n 
= 13; Fig. la  and b). RNA-RNA in situ hybridization using a 
human CRP cDNA clone was used to search for the pres- 
ence of a CRP probe in isolated human monocytes. 
Hybridization with antisense CRP RNA stained the same 
major subpopulation (63.8% + 18%, n = 25) of human 
monocytes cultured for 24 h (Fig. lc). As controls, actin- 
specific RNA stained 100% of cells and sense CRP RNA 
gave no signal at all (Fig. ld). The large statistical errors are 
due to seasonal variations and variations between donors. 
However, the correlation between the data obtained by anti- 
body labelling and in situ hybridization was excellent for a 
single cell preparation. 

Endocytosis of colloidal LacBSA gold particles In cells cul- 
tured for 24 h, endocytosis of particles exposing terminal 
galactosyl groups (LacBSA-Au17) was monitored by light 
microscopy. Accumulation of endocytosed particles (45.8% _+ 
22.5%) was recognized as a dark (red) stain within the cell 
cytoplasma (Fig. le). Uptake was completely blocked in the 
presence of N-acetyl-galactosamine (Fig. lf), with 2.8% + 
2.8% positive monocytes (p ~> 0.0003). 

Monocyte adhesion on immobilized fibronectin To assess the 
possible biological function of mCRP in monocyte adhesion 
we tested for carbohydrate-specific cell attachment on 
fibronectin-coated substrate. Cell adhesion was found to 
depend on the fibronection concentration used for coating (Fig. 
2). Maximal cell adhesion was found at a fibronectin concen- 
tration of 6 IXM (92 + 11.4%) and therefore all following exper- 
iments were performed at this plasma fibronectin 
concentration. Kinetics in the presence of either saccharose or 
lactulose (100 mM each) are shown in Fig. 3. Half maximal 
adhesion is found within 15 rain in the presence of saccharose 
and maximum cell attachment is reached 25 min after seeding. 
In the presence of lactulose cell attachment was blocked and 
did not exceed an average of 8.3 cells per unit area even after 
60 min. 

Inhibition by lactulose was concentration dependent, with 
half-maximal inhibition achieved at a concentration of 8 mM 
(Fig. 4). Adhesion was clearly a galactose-specific event as 
only addition of carbohydrates with galactosyl-residues 
resulted in inhibition (Fig. 5A and B). 

In accord with previous observations addition of the pen- 
tapeptide GRGDS also led to a significant and concentration- 
dependent inhibition of adhesion (Fig. 6A). 

Interestingly, and in contrast to our earlier findings with rat 
liver macrophages, we found no synergistic effect when using 
submaximal doses of both lactulose and GRGDS (Fig. 6B). 
Rather, simultaneous incubation with pentapeptide and lactu- 
lose led to an inhibition identical to the one seen with respect- 
ive lactulose concentrations alone, which is less inhibitory 
than values for pentapeptide at 0.5 mg ml -~ (Fig. 6A). 
Chelation of calcium by EDTA led to complete inhibition in 
accord with the known calcium-dependence of both receptor 
activities (Fig. 6C). 

Discussion 

C-reactive protein (CRP) is an acute phase marker belonging 
to the pentraxin family. In the results presented previously we 
demonstrated that mCRP on rat liver macrophages (Kupffer 
cells) is identical with a galactose-specific particle receptor 
activity on their surface [11] and is synthesized within these 
cells [ 12]. By RNA-RNA in situ hybridization experiments we 
now find CRP-specific mRNA expression in about 70% of 
human monocytes; the presence of mCRP is found in about 
the same percentage of cells using indirect immunolabelling 
with a monoctonal antibody previously shown to recognize a 
neoCRP epitope [ 1 t ]. 

We suggest that the biological function of mCRP on human 
monocytes may be similar to that of the selectins, for which low 
affinity carbohydrate-specific binding activities have been 
shown to be involved in lymphocyte adhesion to endothelial 
cells as an initial event in tissue invasion or lymph node homing. 
Our adhesion experiments demonstrate that a similar phenome- 
non may be operative in human monocyte/macrophage infiltra- 
tion or homing. We find that cell attachment to a fibronectin 
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Figure 1. Expression and synthesis of mCRP in isolated human monocytes cultured for 24 h. Indirect immunocytochemistry of monocytes 
with anti-neoCRP specific antibodies (a) reveals string positive staining. Controls using labelled second antibody only (b) were negative. RNA- 
RNA in situ hybridization of monocytes with antisense human CRP-derived RNA gave a strong positive signal (c). No staining was found with 
the sense RNA (d). Monocyte endocytosis of gold particles opsonized with LacBSA (LacBSA-Au ~7) is recognizable by the dark (red) patchy 
staining of cells (e). Monocytes, preincubated with N-acetyl-gatactosamine (80 raM) for 5 rain prior to addition of LacBSA-Aulv, showed no 
intracellular accumulation of stain (f). (Magnifications x 1500). 

layer is a carbohydrate-specific event, with specificities identical 
to previously published [28] reports for CRP-fibronectin interac- 
tions, suggesting that mCRP may be responsible for the carbo- 
hydrate-dependent adhesion. As fibronectin is a known ligand 
for a number of  integrin receptors [29], we also searched for 
peptide-specific binding activity. Indeed, the pentapeptide Gly- 
Arg-Asp-Ser also blocked monocyte attachment as described 
earlier [18]. Interestingly, combinations of  the two inhibimrs did 

not lead to synergistic blockade of adhesion. The presence of 
lactulose apparently abrogated the inhibitory effect of the pen- 
tapeptide as the relative degree of inhibition was always identi- 
cal with that achieved by the disaccharide alone, which is 
significantly less than the inhibition achieved with pentapeptide 
alone. These results are consistent with what is already known 
about selectin-mediated adhesion events, where the lectin-like 
binding is an initial event which serves as a prerequisite for the 
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Figure 2. Monocyte attachment on fibronectin-coated surfaces. Cells 
were seeded on to glass slides preincubated with various concentra- 
tions of fibronectin (0.06-6 txM). The number of cells attached per 
unit area was found to depend on the concentration of fibronectin 
present in the preincubation step. Data are the mean of three experi- 
ments +_ SEM. 
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Figure 3. Kinetics of cell attachment of fibronectin-coated surfaces. 
Cells were pretreated with 100 mM saccharose (open squares) or with 
100 mM lactulose (open triangles), seeded on substrates coated with 
fibronectin, and quantified after various time intervals. Cell attach- 
ment in the presence of saccharose is completed within 25 min. The 
inhibition by lactulose lasted throughout the experiments. Data are 
the mean of three experiments _+ SEM, 

100 

2 
m 

@ 
0% 
l-- 
Z 
w 
1- 

. d  

. J  
t U  
o 

9 0  "̧  

80 

70 

60 

50 

40 

30 

20 

10 

0 

0.1 1 10 100 

LACTULOSE CONCENTRATION (mM) 

Figure  4. Concentration-dependent inhibition of  cell attachment to 
fibronectin by lactulose. Lactulose showed a significant inhibitory 
effect, dependent on its concentration, with a half maximal inhibition 
at 8 raM. Data are the mean of three experiments + SEM. 
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Figure  5. Cell attachment inhibition by mono- and disaccharides. 
Isolated monocytes were preincubated with various monosacchar- 
ides (50 mM) for 5 rain (A), prior to seeding on fibronectin-coated 
substrates for 25 rain and measurement of attachment. Cell adhesion 
was inhibited by galactose (bar 2) but not by glucose (bar 1). 
Significance was p ~< 0.04. Lactose (bar 4) and lactulose (bar 5) but 
no saccharose (bar 3) led to a significant reduction in cell adhesion 
(B). The data represent the mean of  three experiments _+ SEN. 
Significance was p <~ 0.04 (*) for lactose inhibition and p <~ 0.00001 
for lactulose. 



M e m b r a n c e - a s s o c i a t e d  C-react ive  pro te in  by hum an  monocy t e s  127 

i 1 0 0 -  

C 
80  

!- 60  
z 
i1.1 

o 4 0 -  

I,- 

20-  
..I 
Ill 
O 

0 

A ~ B . 

. i 

Lil/ ; I // 

 7/ll 
1 2 

Figure 6. Inhibition of cell attachment by pentapeptide GRGDS alone 
or in combination with lactulose or by EDTA. Monocytes were pre- 
treated with GRGDS (6A) at two different concentrations 
(0.05 mg ml i striped bar and 1.0 mg ml -l closed bar), before seeding 
on fibronectin-coated substrates. GRGDS exerts significant inhibition 
compared with the control (open bar). Simultaneous incubation (B) 
with pentapeptide (0.5 mg ml -J) and lactulose (hatched bars) led to an 
inhibition with no significant difference to the one seen with the respec- 
tive lactulose concentration alone (dotted bars). Incubation in (1) was in 
the presence of 5 mM lactulose and in (2) in the presence of 10 mM lac- 
tulose. EDTA (6raM) results in complete inhibition of cell adhesion (C: 
control, clear bar; EDTA, dark bar). Attached cells were always 
quantified 25 rain after seeding by counting CD14 positive cells. The 
significance, compared with the controls, was p ~< 0.004 (*) or p ~< 
0.00001 (***). Data represent the mean of three experiments _+ SEM. 

integrin-mediated stable binding as the second event. Indeed, 
our experiments with inhibitor combinations demonstrate that 
the same sequence of  events may also be true for monocyte 
adherence to fibronectin-coated surfaces. Apparently the carbo- 
hydrate-specific binding is a prerequisite for integrin binding 
since in the presence of  inhibitory saccharides no pentapeptide- 
blockable interactions occur. The remaining binding activity 
found in the presence of competing disaccharide appears to 
involve a third receptor-ligand interaction not yet identified. This 
interaction is neither galactose-specific nor involves RGD recog- 
nition. In conclusion, we show for the first time that mCRP is 
synthesized and expressed in human monocytes and may act as 
a selectin-like molecule involved in monocyte adherence to 
immobilized fibronectin. Since fibronectin is a major component 
of  the extracellular matrix and ubiquitously present on cell sur- 
faces, these experiments represent a model for the extravasation 
and tissue infiltration of  monocyte-macrophages.  
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