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Freshly isolated human monocytes, which do not contain cell-surface mannose-specific receptors, bind 
mannose 6-phosphate and actively endocytose mannose 6-phosphate-bearing neoglycoproteins (6-P-Man- 
F-BSA). Three days after isolation, human monocytes endocytose very actively 6.P-Man-F-BSA as well 
as Man-F-BSA, and the endocytosed neoglycoproteins are rapidly degraded. These results were obtained 
in quantitative flow cytofluorometry by using a panel of fluoresceinylated sugar-substituted serum albumins 
(neoglycoproteins). Thus, in contrast to mannose receptors which appear only after maturation. mannose 

&phosphate receptors are already present on freshly isolated human monocytes. 

Lectin Monocyte Endocytosis Flow cyto&orometry 

1. INTRODUCTION 

~annose-specific receptors have been found on 
a variety of macrophages, including alveolar 
macrophages [I], peritoneal macrophages [2,3] 
and macrophages derived from bone-marrow [ 11. 
These receptors (membrane lectins) mediate en- 
docytosis of their specific macromolecular ligands. 
Efficient internalisation of biological response 
modifiers (BRMs), such as muramyldipeptide 
(MDP) linked to a mannosylated serum albumin, 
has been shown to occur in the case of murine 
alveolar and peritoneal macrophages and to cause 
these macrophages to become tumoricidal in both 
in vitro and in vivo experiments [4,5], thereby 
allowing efficient treatment of lung metastases [5]. 
The lack of mannosyl receptors on freshly isolated 
human monocytes [6) precluded the use of such a 
carrier for activation of monocytes in viva. Because 
circulating monocytes are the first cells that a 
systemically administered BRM carrier could en- 
counter and because they are precursors of tissue 

macrophages such as alveolar macrophages, it 
seemed worthwhile to examine freshly isolated 
monocytes for the presence of specific receptors 
able to mediate endocytosis. Using fluoresceinyl 
neoglycoproteins and a quantitative flow cyto- 
fluorometric method [7] we demonstrate here that 
freshly isolated monocytes express 6-phosphoman- 
nose receptors and thus allow internalization of 
6-phosphomannosylated serum albumin. 

2. MATERIALS AND METHODS 

Bovine serum albumin (BSA) was purchased 
from IBF-Reactifs, Pointet-Girard (Villeneuve-la- 
Garenne, France). Alkaline phosphatase was ob- 
tained from Sigma (St. Louis, MO). Fluoresceinyl 
isothiocyanate (isomer I) was from Molecular 
Probes (Junction City, OR). p-Nitrophenyl-ai-D- 
mannopyranoside and leupeptin (~-propionyl-L- 
leucyl-L-leucyl-L-arginal) were from Sigma. 
Monensin was obtained from Caibiochem (La 
Jolla, CA), a 25 mM stock solution in ethanol be- 
ing prepared and stored at -20°C. 
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2.1. Synthesis of p-nitrophenyl-6-phospho-a-D- 
mannopyranoside 

The title compound was prepared by a direct 
phosphorylation method according to Sowa and 
Ouichi [8] for the preparation of 5 ‘-ribonucleo- 
tides from ribonucleosides. Briefly, p-nitrophenyl- 
cu-D-mannopyranoside (3 g, 10 mmol) was dis- 
solved by adding pyridine (4 ml, 50 mmol), 
acetonitrile (10 ml, 190 mmol) and water (0.4 ml, 
22 mmol). To this solution, phosphoryl chloride (4 
ml, 44 mmol) was added and the mixture was 
stirred for 1 h at 0°C. The reaction mixture was 
poured onto 120 g ice and adjusted to pH 7.0 by 
slowly adding 2.5 M NaOH. The neutralized solu- 
tion was evaporated to dryness. The solid material 
was dissolved in 150 ml water. The solution was 
concentrated under reduced pressure at 35°C in a 
rotary evaporator to a final volume of 3-4 ml. The 
concentrated solution was kept at 4°C overnight to 
complete the crystallisation. The crystals were 
filtered and washed with 10 ml absolute ethanol. 
The compound was recrystallised from a 10 ml 
water/l00 ml ethanol mixture resulting in 3 g 
material. 

Our procedure is faster than the previously 
described method [IS]. Characterization of the 
product was performed as follows: 

Thin-layer chromatography on silica gel G 
(Merck, Darmstadt): Rr, 0.37 (solvent CHClsI 
CH~OH/HZO, 13 : 8 : 2, v/v); absorption spectros- 
copy, at 310 nm eM,t cm = 9800; at 410 nm CM,1 cm 
= 30, in 0.1 M NaOH). 

In the 31P-NMR spectrum obtained with a 
Bruker AM300WB spectrometer operating at 
121.513 MHz,. a triplet at 1.61 ppm (J=6 Hz) 
characteristic of a phosphate bound to a primary 
alcohol function; upon proton noise decoupling, 
the signal was a singlet. “P chemical shifts are 
reported relative to trimethyl phosphate; 

Digestion with alkaline phosphatase followed by 
thin-layer chromatography analysis: the Rf 0.37 
compound was quantitatively converted into an Rf 
0.68 compound which comigrated with an authen- 
tic p-nitrophenyi-~-D-mannopyranoside sample. 

2.2. ~eog~yeopro teins 
Neoglycoproteins were obtained by allowing 

phenylisothiocyanate glycoside to react with 
bovine serum albumin [7]. Neoglycoproteins were 
purified by gel filtration on Ultrogel ACA 202 or 
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GFOS (IBF-reactifs) in distilled water (or in phos- 
phate-buffered saline for 6-P-Man derivatives). 
Neutral sugar content was determined by using the 
resorcinol sulfuric micromethod [9] and protein 
concentration according to Bradford IlO]. Fluores- 
ceinyi neoglycoproteins were prepared as in [7] and 
the average number of fluorescein residues bound 
to each neoglycoprotein was determined after pro- 
nase treatment [ 1 I]. Here, fluoresceinyl neoglyco- 
proteins contained 3 f 0.5 fluorescein residues 
and 20 f 3 sugar residues per molecule. 

2.3. Monocyte purification 
Whole blood was drawn from healthy donors 

(Centre de transfusion sanguine, Orleans) on 
citrate as anticoagulant. After centrifugation (300 
x g, 15 min to remove the platelet-rich plasma), 
mononuclear leukocytes were isolated using cen- 
trifugation on Ficoll Paque (Pharmacia, France) 
[12]. Cells (2-3 x 106/mI) in RPMI supplemented 
with 1OYo decomplemented horse serum (IBF- 
Reactifs) were further plated on petri dishes 
precoated with fetal calf serum. After 60 min in- 
cubation at 37°C in a humidified atmosphere (5% 
COz, 95% air), non-adherent cells were removed 
by 3 vigorous washes with phosphate buffer (PBS) 
and adherent cells were released by incubation for 
10 min at 37°C in PBS containing 0.02% EDTA. 
Adherent cells were washed by centrifugation and 
plated in RPM1 containing 10% decomplemented 
horse serum, (5 x Id cells/well), in 24-well plates, 
repIenished after a day with MEM medium sup- 
plemented with 10% horse serum. 

2.4. Flow cytofluorometry analysis 
After overnight incubation (day 1) or after 2 or 

3 days in culture (day 3, 4), the supernat~t was 
discarded and the plated cells incubated with 100 
pug/m1 fluoresceiny1 neoglycoproteins in compfete 
PBS (1 mM CaCI2, 0.5 mM MgCl$ supplemented 
with 1% bovine serum albumin (fraction V, 
Sigma). Incubation was performed for 2 h at 4”C, 
or at 37°C to measure endocytosis, in the absence 
or presence of protease inhibitor (200 FM leupep- 
tin). Ceils were then collected by using a rubber 
policeman, washed twice with cold PBS and sheath 
fluid 1134 mM NaCI, 0.96 mM NazEDTA, 3.75 
mM KCl, 1.9 mM KHzP04, 16.53 mM Na2HP04, 
15.25 mM NaF, 0.2% (v/v) 2-phenoxyethanol]. 
Fluorescence of the cell suspension was analyzed 
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using an FACS analyzer (Becton Dickinson, Sun- 
nyvale, CA). Size and fluorescence (A,,, 485 & 10 
nm, A,, 530 f 15 nm) intensity were recorded at 
a rate of 200-300 cells/s. The fluorescence of cells 
incubated at 4 and 37°C was analysed either im- 
mediately or after 30 min incubation at 4°C in the 
presence of 50 PM monensin. The FACS analyzer 
was standardized by using fluorescent polystyrene- 
sulfonate beads as in [7]. Monocytes were iden- 
tified by using specific monoclonal antibodies 
Mo2, (Coulter Clone, Coulter Electronics, Hialeah, 
FL) labeled with fluoresceinyl-goat anti-mouse im- 
munoglobulin (Nordic, Tilburg, The Netherlands). 

FTC - UPTAKE Day 1 

Neogtycoprotem ( 2hr - 37”C, and Monensm 4 ‘C ) 

f3 Gal-L-p Glc 

o(-L-Rha -BSA 

q-L-Fuc -BSA 

p-GIG NAc-BSA 

4- Gal-BSA 

ti-Glc-BSA 

M Mon6-P-BSA 

o(-Man-BSA 

3. RESULTS IF BSA 

Freshly isolated human monocytes are known to 
be devoid of mannose-binding receptors [6]. Upon 
culturing for a few days, monocytes differentiate 
and concomitantly mannose-specific receptors ap- 
pear [6]. Neoglycoproteins bearing either neutral 
sugars of N-acetylglucosamine (fig.1) failed to be 
bound and/or internalize significantly to freshly 
isolated monocytes. Knowing that monocytes 
derive from the same embryonic tissue as fibro- 
blasts, i.e. mesenchyme, and that fibroblasts [13] 
as well as rabbit alveolar macrophages [ 141 express 
a 6-P-Man-specific receptor, we decided to check 
for the presence of such a membrane receptor in 
freshly isolated human monocytes. Neoglycopro- 
teins and their fluorescein-substituted derivatives 
were prepared as in [7]. 

Fig. 1. Uptake of fluorescein-labeled neoglycoproteins 
by freshly isolated monocytes. Monocytes, isolated by 
centrifugation through Ficoll-Paque and adherence on 
petri dishes, were plated in 24-well plates (5 x 10’ cells) 
in complete RPM1 medium. Adherent cells were in- 
cubated for 2 h at 37°C after overnight incubation (day 
1) or after 3 days in culture (day 4), in the presence of 
100 pug/ml fluorescein-labeled neoglycoproteins in PBS 
containing 1% BSA, washed and then incubated for 30 
min at 4°C in the presence of 50,~M monensin. The cell- 
associated fluorescence was expressed as (FN-Fc)/Fc 

where FN is the cell-associated fluorescence of cells in- 
cubated in the presence of fluorescein-labeled 
neoglycoproteins and FC in the presence of fluorescein- 
labeled serum albumin. Monocytes were identified by 
monoclonal antibody Mo2. The values shown are the 
average of 5 independent experiments; bars indicate SD. 

The 6-phosphorylmannosylated serum albumin 
(6-P-Man-BSA) used here contained about 20 
6-phosphorylmannose residues per molecule neo- 
glycoprotein as determined by the resorcinol- 
sulfuric acid method [9]. 

Mononuclear cells isolated by centrifugation 
through Ficoll-Paque and adhesion in petri dishes 
were plated and the presence of membrane lectin 
was investigated after an overnight incubation in 
complete medium or after 3 or 4 days in cultures. 
Monocytes were identified by using anti-monocytes 
(Mo2) and corresponded to the cells having the 
highest volume. 

Binding of neoglycoproteins was measured by 
incubating plated cells for 2 h at 4°C with 100 
pg/ml fluoresceinylated neoglycoproteins. The 
fluorescence intensity of the cells was only slightly 
higher than that of cells incubated with sugar-free 

F-BSA, except upon incubation with 6-P-Man-F- 
BSA in which case the cells gave significant label- 
ing (table 1). The fluorescence intensity of cells in- 
cubated for 2 h at 37°C with F-neoglycoproteins 
was higher than after 4°C incubation; however, it 
did not reflect the actual amount of cell-associated 
neoglycoproteins. Indeed, the fluorescence of 
fluorescein-labeled proteins or neoglycoproteins is 
very dependent on pH [16]; at low pH, the fluor- 
escence intensity is almost quantitatively quenched. 
As internalized fluorescein derivatives are associat- 
ed with endosomes and lysosomes (the pH of 
which is close to 5) the fluorescence of cells after 
internalizaton of F derivatives is much lower than 
that of an equivalent amount bound to the cell sur- 
face. To circumvent this pitfall, monensin was 
used as follows. Monensin, a proton-sodium iono- 
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Table 1 

Cell-associated fluorescence of monocytes incubated in the 
presence of fluoresceinylated neoglycoproteins 

Fluorescence intensity” 

4°C (-) 37”C, (-) 37°C. (+) 

Daybl Day 4 Day 1 Day 4 Day 1 Day 4 

F-BSA 0.1 0.1 0.15 1.5 0.2 4 
cu-Man-F-BSA 0.15 2 1.5 105 3 240 
6-P-Man-F-BSA 3 3 15 120 30 270 
(Y-Glc-F-BSA 0.5 0.5 9 120 15 230 

“The mean fluorescence intensities were standardized with 
fluorescent beads [7] 

bDay 1, freshly isolated monocytes after overnight incubation 
in culture medium; day 4, monocytes which had been cultured 
for 3 days 

Plated monocytes were incubated either at 4 or 37°C for 2 h in 
the presence of lOO,~g/ml fluorescein-labeled neoglycoproteins 
and further incubated 30 min at 4°C in the presence (+) or 
absence (-) of 50 ,uM monensin in phosphate-buffered saline 
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phore, is known to equilibrate the internal and ex- 
ternal pH [ 171 and so allows a more accurate deter- 
mination of the amount of F-neoglycoproteins en- 
docytosed by the cells. After incubation at 37”C, 
in the presence of F-neoglycoproteins, the cells 
were washed and further incubated at 4°C in the 
presence of 50pM monensin (30 min). These con- 
ditions were optimized by varying the concentra- 
tion of monensin and the incubation times in pre- 
liminary experiments. 

As shown in table 1, the uptake of 6-P-Man-F- 
BSA by freshly isolated monocytes was much 
higher than that of Man-F-BSA. Among the 
neoglycoproteins used to label cultured monocytes, 
6-P-Man-F-BSA was the only one (with the excep- 
tion of Glc-F-BSA) to give uptake significantly 
higher than that of Man-F-BSA (fig.1). All the F- 
neoglycoproteins had a similar number of sugars 
and a similar number of fluorescein molecules per 
serum albumin molecule; only slight fluorescence 
labeling was obtained with sugar-free-F-BSA and 
Man-F-BSA which is known not to be internalized 
by freshly isolated monocytes as shown by Shep- 
herd et al. [6]. A neoglycoprotein bearing a large 
amount of negative charge, such as succinylated 
Man-F-BSA, was endocytosed to the same extent 
as Man-F-BSA; furthermore, the uptake of 6-P- 
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Man-F-BSA was inhibited by incubation in the 
presence of the fluorescein free 6-P-Man-BSA (not 
shown). Thus, 6-P-Man receptors are able to bind 
and internalize 6-P-Man derivatives and appear on 
monocytes before mannose receptors, and before 
in vitro maturation or transformation into macro- 
phages. However, the amount of 6-P-Man-F-BSA 
endocytosed by freshly harvested monocytes was 
lower than that endocytosed by monocytes cultured 
for 3 days (table 1). The level of endocytosis of 
6-P-Man-F-BSA by matured monocytes is lo-times 
higher than the level of endocytosis by freshly 
isolated monocytes and is in the range of that of 
Man-F-BSA. 

The capacity of monocytes to digest internalized 
fluorescein-labeled neoglycoproteins was investi- 
gated. The fluorescence intensity of neoglycopro- 
teins containing 3 fluorescein residues is about 
one-third of that of the same fluorescein-labeled 
neoglycoproteins fully digested by pronase [ 111. 
Thus, the extent of digestion of internalized 
fluorescein-labeled neoglycoproteins could be 
assessed by comparing the cell-associated fluores- 
cence of cells incubated in the absence and pres- 
ence of a lysosomal protease inhibitor such as 
leupeptitin [18]. It was first determined that 200 
,uM leupeptin does not impair fluorescein-labeled 
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Table 2 

Effect of leupeptin on the cell-associated fluorescence of 
monocytes incubated at 37°C for 2 h in the presence of 

fluorescein-labeled neoglycoprateins 

Fluorescence intensitya 

Day” 1 Day 4 

(-) (+) (-) (+) 

F-BSA 0.1 0.1 4 2 
a-Man-F-BSA 3 3 240 140 
6-P-Man-F-B&J 30 28 270 120 
c~-Glc-F-BSA 9 9 230 90 

“The mean fluorescence intensities were standardized by using 
fhzorescent beads 

‘Day 1~ freshly isolated monocytes after overnight incubation 
in culture medium; day 4, matured monocytes which had 
been cultured for 3 days 

Plated monocytes were incubated at 37’C for 2 h with 100 
agirnl fluorescein-labeled neoglycoproteins In the presence ( + ) 
and absence ( - ) of 200 FM leupeptin and further incubated at 
4°C for 30 min in the presence of 50 FM monensin in 

phosphate-buffered sahne 
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neoglycoprotein uptake. As shown in t,able 2, 
leupeptin has almost no effect on the cell-associat- 
ed fluorescence of freshly isolated monocytes in- 
cubated for 2 h in the presence of fluorescein- 
labeled neogly~oproteins= Conversely, the cell 
ass~~ated-~uores~~~n of rnono~~~ cultured for 3 
days, and then incubated in the presence of both 
6-P-Man-F-BSA and leupeptin, is about one-half 
that of cells incubated in the absence of leupeptin, 
showing that matured monccytes are able to 
degrade internalized neoglycoproteins, 

Freshly isolated human monocytes contain cell- 
surface receptors which mediate the uptake of 
6-phosphomannose-terminated glycoconjugates 
and to a lower extent that of cu-glucose-terminated 
glycoconjugate. The endocytosed material was in 
an acidic environment, since the cell-associated 
fluorescence increased upon post-incubation at 
4°C in the presence of 50 pM monensin. A similar 
effect of monensin was observed with membrane 
lectins of tumor cells such as L1210 and Lewis lung 
carcinoma cells (3LL) which bind and internalize 

fucosylated and glucosylated serum albumin, 
respectively [?, 111. The 6-phosphomannose serum 
albumin was not digested by fresh monocytes as 
shown by the absence of the expected effect of 
leupeptin addition in the incubation medium; this 
is in agreement with the Iow content of lysosomal 
hydroiases . 

Matured monocytes obtained after 3 days in 
culture are able to mediate the uptake not only of 
mannose-terminated glycoprotein [l) but also to a 
similar extent of ry-glucose-terminated glycopro- 
teins and 6-phosphomannose-terminated glycopro- 
teins. The difference between fresh and matured 
monocytes is more important for mannose than 
for 6-phosphomannosyl receptors, since the fluo- 
rescence of Man-F-BSA internalized by 3 days 
cultured monocytes is lOO-times higher than the 
amount internalized by monocytes 1 day after 
isolation. The material endocytosed by matured 
monocytes is in an acidic environment and is most- 
ly digested as shown by the enhancement of cell- 
associated fluorescence upon post-incubation at 
4°C in the presence of 50 yM monensin and the 
lower cell-associated fluorescence upon incubation 
in the presence of 200 pM leupeptin, respectively. 
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Thus, matured monocytes are clearly able to digest 
the major part of the endocytosed fluorescein- 
labeled neoglycoproteins upon 2 h incubation at 
37°C. 

The presence of 6-P-mannosyl receptors on 
human monocytes, mediating internalization of 
the specific ligand, opens the possibility of tar- 
geting immunostimulants to human monocytes, 
even if the internalized neoglycoprotein is not, or 
only partially digested. Immunostimulants linked 
to a 6-phosphomannose-terminated carrier via a 
pH-sensitive bond could be released inside 
monocytes leading to the specific activation of 
monocytes and monocyte-derived macrophages. 

ACKNOWLEDGEMENTS 

We thank J. Carver (Toronto, ND) for his kind 
help in improving the English of this paper. This 
work was partly supported by grants from Institut 
National de la Sante et de la Recherche Medicale 
(INSERM nos 840041 and 842016) and from 
Association pour le Developpement de la Recher- 
the sur le Cancer. A.C.R. and P.M. are Charges 
de recherche INSERM. 

REFERENCES 

[l] Stahl, P.D., Rodman, J.S., Miller, M. J. and 
Schlesinger, P.H. (1978) Proc. Natl. Acad. Sci. 
USA 75, 1399-1403. 

[2] Stahl, P.D. and Gordon, S. (1982) Cell 93, 49-56. 

[3] Tenu, J.P., Roche, A.C., Yapo, A., Kieda, C., 
Monsigny, M. and Petit, J.F. (1982) Biol. Cell 44, 
157-164. 

[41 

[51 

161 

[71 

PI 

191 

DOI 

1111 

[121 

1131 

1141 

[I51 

U61 

[I71 
1181 

Monsigny, M., Roche, A.C. and Bailly, P. (1984) 
Biochem. Biophys. Res. Commun. 121, 579-584. 
Roche, A.C., Bailly, P..and Monsigny, M. (1985) 
Invasion Metastasis 5, 218-232. 
Shepherd, V.L., Campbell, E.J., Senior, R.M. and 
Stahl, P.D. (1982) J. Reticuloendothel. Sot. 32, 
423-431. 
Monsigny, M., Roche, A.C. and Midoux, P. (1984) 
Biol. Cell. 51, 187-196. 
Sowa, T. and Ouichi, S. (1975) Bull. Chem. Sot. 
Jap. 48, 2084-2090. 
Roche, A.C., Barzilay, M., Midoux, P., Junqua, 
S., Sharon, N. and Monsigny, M. (1983) J. Cell 
Biochem. 22, 131-140. 
Bradford, M.M. (1976) Anal. Biochem. 72, 
248-254. 
Midoux, P., Roche, A.C. and Monsigny, M. (1985) 
Cytometry, submitted. 
Boyoum, A. (1968) Stand. J. Clin. Lab. Invest. 21, 
suppl. 97, 77-89. 
Kaplan, A., Fisher, D., Achord, D. and Sly, W. 
(1977) J. Clin. Invest. 60, 1088-1093. 
Shepherd, V.L., Freeze, H.H., Miller, A.L. and 
Stahl, P.D. (1984) J. Biol. Chem. 259, 2257-2261. 
Sando, G.N. and Karson, E.M. (1980) Bio- 
chemistry 19, 3850-3855. 
Emmart, E.W. (1958) Arch. Biochem. Biophys. 73, 
l-8. 
Maxfield, F.R. (1982) J. Cell Biol. 95, 676-681. 
Dunn, W.A., La Badie, J.H. and Aronson, N.N. 
(1979) J. Biol. Chem. 254, 4191-9641. 

68 


