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Summary 
Rat monoclonal antibody FA/11 has been used to identify macrosialin, a sialoglycoprotein confined 
to murine mononuclear phagocytes and related cells. Originally identified as a macrophage-associated 
glycoprotein predominantly localized in intraceUular membranes (Smith, M.J., and G.L.E. Koch. 
1987.J. Cell Sci. 87:113), the antigen is widely expressed on tissue macrophages, including those 
in lymphoid areas, and is expressed at low levels on isolated dendritic cells. Immuno-adsorption 
experiments reported here show that macrosialin is identical to the major 87-115-kD sialo- 
glycoprotein previously identified by lectin blotting in exudate but not resident peritoneal 
macrophages (Rabinowitz, S., and S. Gordon. 1989. J. Cell Sci. 93:623). Resident peritoneal 
maerophages express low levels of macrosialin antigen in a glycoform that does not bind 12sI 
wheat germ agglutinin or nsI peanut agglutinin; inflammatory stimuli upregulate expression 
of this antigen (up to 17-fold), in an alternative glycoform that is detected by these lectins. Pulse- 
chase experiments reveal a 44-kD core peptide that initially bears high-mannose chains (giving 
Mr 66 kD) and is subsequently processed to a mature protein of Mr 87-104 kD. Each glycoform 
contains N-linked glycan, as well as O-linked sugar structures that show alternative processing. 
Poly-N-acetyllactosamine structures are detected in the exudate cell glycoform only. This new 
marker for mononuclear phagocytes illustrates two strategies by which macrophages remodel 
their membranes in response to inflammatory stimuli. Its predominantly intracellular location 
and restricted cell distribution suggest a possible role in membrane fusion or antigen processing. 

F unctional activation of macrophages (M~) 1 is accompa- 
nied by substantial remodelling of the cell surface. The 

mouse peritoneal cavity has been a useful system for studying 
phenotypic differences between the resident M~ population 
and exudate M~, whether recruited in response to intra- 
peritoneal pathogens (activated M~) or sterile inflammatory 
stimuli (elicited MO). Resident, elicited, and activated M~ 
have distinct surface profiles of enzymes, antigens, and receptors 
(1-3); different cell surface proteins are independently up- or 
downregulated by cytokines, which may have antagonistic 
effects (4). 

Membrane remodeling also affects oligosaccharides and leads 
to enhanced binding to the surface of exudate M ~  by wheat 
germ agglutinin (WGA) (5-7) and several other lectins (8-11). 
Inflammatory recruitment enhances the expression of defined 
sugar structures, such as lactosaminoglycans (12), and of rele- 
vant glycosyltransferases (13). 

1 Abbreviations used in this paper: Ag, antigen; MO, macrophage; RotR, 
rabbit IgG anti-rat IgG; RPM, resident peritoneal macrophage; TPM, 
thioglycollate~elidted peritoneal macrophage; TX-100, Triton X-100; WGA, 
wheat germ agglutinin. 

Changes in surface sugars may simply reflect altered ex- 
pression of the proteins with which they are associated. 
However, there is emerging evidence for fine regulation of 
oligosaccharide structure (14), which may differ at a given 
N-glycosylation site on the same protein in different cell types, 
or between different N-glycosylation sites on the same pro- 
tein (15). O-linked sugars on a single protein may likewise 
be modulated by cell type (16) and activation state (17). 

We recently showed that mouse peritoneal exudate MO 
express a group of membrane proteins with abundant sialic 
acid, probably on O-linked glycans (18). Our lectin-based 
system could not detect these glycoproteins in resident peri- 
toneal MO. In the present study, we show that the most 
abundant of these sialoglycoproteins, for which we propose 
the name macrosialin, is a MO-restricted marker originally 
identified as a MO-associated glycoprotein of intracellular 
membranes (19). Macrosialin is present in both resident and 
exudate MO; differential glycosylation accounts for the differ- 
ences in lectin binding. Its core peptide of 42 kD is abun- 
dantly glycosylated, giving the mature protein Mr 87-104 
kD. Glycosidase studies reveal poly-N-acetyllactosamine struc- 
tures in the exudate, but not the resident cell glycoform. Subtle 
differences also exist in O-glycan structure. 
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Materials and Methods 

Animals and Cells. Resident peritoneal cells were obtained from 
C57BL/6/Ola mice bred at the Sir William Dunn School of 
Pathology. Peritoneal exudate cells were obtained either 3-5 d after 
intraperitoneal injection of(a) 1.5 ml Brewer's complete thioglycol- 
late broth, (b) 1 ml 5 mM sodium periodate in normal saline, or 
(c) 0.3 ml Biogel P-100 polyacrylamide beads, 100-200 mesh (Bio- 
Pad Laboratories Ltd., Hemel Hempstead, UK), prepared as de- 
scribed (20); or 8-12 days after intraperitoneal injection of (a) Ba- 
cillus Calmette Guerin (Pasteur strain 1011, 107 live organisms in 0.1 
ml; a kind gift from Dr. R. North, Trudeau Institute, Saranac Lake, 
NY), or (b) heat-killed Corynebacterium parvum (Wellcome Biotech- 
nology Ltd.; 0.7 mg in 0.1 ml normal saline). 

Preparation of Lysates. MO were purified by adherent culture 
in 35- or 100-ram diameter tissue culture dishes in DMEM (Gibco 
Laboratories, Paisley, Scotland) with 20 #g/ml gentamycin (or 50 
#g/ml penicillin G and 50 #g/ml streptomycin), 2 mM glutamine, 
and either 5% heat-inactivated FCS (Sera Lab Ltd., Crawley Down, 
UK) or 0.1% BSA. Nonadherent cells were removed by washing 
in PBS after 4-6 h, and the monolayers cultured in fresh medium 
for 24-48 h. To prepare lysates, monolayers were washed and scraped 
into 1-2% Triton X-100 (TX-100) with 3 mM iodoacetamide and 
1.5 mM PMSF as described (18). For precise estimation of cell 
numbers, aliquots of lysate were taken and the nuclei counted in 
a haemocytometer under phase-contrast optics. 

Monoclonal Antibodies. Hybridomas secreting the following rat 
anti-mouse mAbs were maintained in IMDM (Flow Laboratories, 
Rickmansworth, UK) with 10% FCS, 0.1 mM hypoxanthine, 16 
#M thymidine, glutamine, and antibiotics: FA/11 (IgG2a) (19); 
5C6 (IgG2b) (21), and M1/70 (IgG2b) (22), both against CDllb; 
F4/80 (IgG2b) against a 160-kD MO-restricted glycoprotein (23); 
SER-4 (IgG2a) against a surface lectin of stromal and splenic mar- 
ginal zone MO (24); M3/84 (IgG1) against the lysosomal mem- 
brane protein Mac-3 (25); and I42/5.1 (IgG2a) against a mono- 
morphic determinant on Pgp-1 (26). Medium conditioned with 
the rat mAb MOMA-2 (IgG2b) (27) was kindly provided by Dr. 
G. Kraal (Dept. of Histology, Free University, Amsterdam). The 
M1/70 and M3/84 cell lines were a kind gift from Dr. T. Springer 
(Dept. of Pathology, Harvard Medical School, Boston, MA). The 
FA/11 line was generously made available by Drs. M. Smith and 
G. Koch (MRC Laboratory of Molecular Biology, Cambridge, UK). 

Immunochemical Staining of Cells and Tissues. Cytospin prepa- 
rations were fixed in methanol or acetone (10 rain at 4~ Cover- 
slip preparations of MO were fixed in 2% freshly dissolved parafor- 
maldehyde/PBS (10 rain at room temperature), quenched in 0.1 M 
glycine/PBS, and permeabilized in methanol. Organs immersed in 
Tissue-Tek OCT compound were rapidly frozen in isopentane/liquid 
nitrogen; 5-#m sections were cut onto glass slides, stored at -20~ 
and shortly before use thawed and fixed in acetone (10 rain, room 
temperature). Antigens were detected using a commercial avidin- 
biotin-peroxidase kit (Vectastain PK-4004; Vector Laboratories, 
Peterborough, UK). Negative controls included omission of first 
antibody or substitution of rat mAbs to unrelated antigens. 

Purification ofFA/ll IgG. FA/ll, a rat-mouse hybrid, could 
not be established as a productive ascites in rats or nude mice. IgG- 
depleted FCS was prepared by sodium sulphate precipitation, ex- 
tensively dialyzed against PBS, and filter sterilized. FA/ll cells, 
grown in conventional medium, were seeded into T200 flasks at 
3 x 107 cells in 100 ml DMEM with 5% IgG-depleted FCS, 
glutamine, and antibiotics. Spent medium was centrifuged to re- 
move cell debris and concentrated 10-fold by pressure filtration in 
an Amicon cell with a Spectra/Por type C membrane (lO0-kD 

cutoff). Sodium sulphate precipitation yielded IgG >95% pure as 
assessed in Coomassie blue-stained gels. 

SDS-PAGE and Western Blots. Whole cell lysates were subjected 
to SDS-PAGE (10% gels) and Western blotting to nitrocellulose 
membranes as described (18). Blots were probed with radioiodi- 
nated WGA (18) (Vector Laboratories) or lzSI-FA/I1 IgG. Auto- 
radiography was performed with preflashed X-ray film at -70~ 
with an intensifying screen; the signal was quantified with a laser 
densitometer (Ultroscan XL; LKB, Piscataway, N J). 

Metabolic Labeling and Immunoprecipitation. Washed cultures 
(107 MO plated per 100-mm dish) were re-fed with labeling 
medium (methionine-free Eagle's MEM [Gibco Laboratories], 8% 
FCS dialyzed against PBS, 2% undialyzed FCS, glutamine, strep- 
tomycin, penicillin). Labeling was initiated by adding 30 #Ci/ml 
3SS-methionine (Amersham International, Amersham, UK). After 
18 h, the monolayers were washed in PBS and extracted for 45 
min on ice in TX-100 with iodoacetamide and PMSF. Postnuclear 
supernatant was taken after microfugation; radioactivity was typi- 
cally 99% TCA precipitable, as assessed on GF/C filters (Whatman) 
(28). Pulse-chase studies were performed in suspension on freshly 
harvested thioglycollate-elicited peritoneal exudate cells. Cells were 
preincubated in labeling medium (4 x 107 MO/ml, 1 h at 37~ 
1-ml aliquots were individually pulse labeled for 7.5 min with 660 
#Ci/ml 3SS-methionine. Where indicated, an excess of chase 
medium (complete MEM, 10% undialysed FCS, glutamine, anti- 
biotics) was added. Processing was stopped by adding a threefold 
excess of ice-cold PBS; labeled cells were washed three times in 
cold PBS, pelleted, and lysed in TX-100 with protease inhibitors. 
Lysate was clarified by ultracentrifugation at 100,000 g in a TLA 
100.3 rotor (Beckman Instruments, Palo Alto, CA) (4~ for 30 
rain); immunoprecipitation was carried out as described (21). The 
samples were analyzed by SDS-PAGE with 14C-methylated protein 
markers (Amersham International, Amersham, UK; code CFA 626). 

Immunoadso~tion of Unlabeled FAll1 Antigen. FA-11-coated 
sepharose beads were prepared by incubating protein A-Sepharose 
beads (Pharmacia Fine Chemicals, Hounslow, UK) first with rabbit 
IgG anti-rat IgG (Kc~K) and subsequently with FA/ll-conditioned 
medium. These beads were allowed to react with concentrated MO 
lysate overnight at 4~ Microfugation was used to separate the 
antigen-depleted supernate from the pelleted beads, which were 
washed as for immunoprecipitation. Pellet and supernate were ana- 
lyzed by SDS-PAGE; Western blots were probed with 12sI WGA, 
or with FA/11-conditioned medium followed by nsI KerR. Con- 
trol immunoadsorptions were performed with culture medium or 
mAb 5C6. 

Glycosidase Eh'gestion. Glycosidase preparations (from Boeh- 
ringer-Mannheim Biochemicals, Lewes, UK, except where other- 
wise noted) were used as recommended (29). Washed beads bearing 
immunoprecipitated, metabolically labelled antigen were boiled for 
5 min in 0.5% SDS/0.1 M 2-ME/H20. Aliquots (5 #1) were 
mixed with buffers and reagents at the following final concentra- 
tions: (a) Glycopeptidase, F (N-glycanase) (E.C. 3.2.2.18) (20 U/ml), 
10 mM orthophenanthroline, 1.5% (wt/vol) NP-40, 0.25 M so- 
dium phosphate buffer, pH 8; (b) Endo-B-N-acetylglucosaminidase 
F (Endo-F) (E.C. 3.2.1.96) (10 U/ml): 10 mM orthophrenanthro- 
line, 1.5% NP-40, 0.25 M sodium acetate buffer, pH 6.0; (c) Endo- 
B-N-acetylglucosaminidase H (Endo-H) (E.C. 3.2.1.96) (0.1 U/ml): 
1.5% NP-40, 1 mg/ml BSA, 50 mM sodium acetate, pH 5.8; (d) 
Endo-B-galactosidase (E.C. 3.2.1.103) (0.25 U/ml): 10 mM or- 
thophrenanthroline, 0.2 mg/ml BSA, 50 mM sodium acetate, pH 
5.8; (e) Vibrio cholerae Neuraminidase (E.C. 3.2.1.18) (Calbiochem 
Corp.) (0.1 U/ml): 1% NP-40, 25 mM sodium phosphate, pH 6.0. 
Digestions were performed at 37~ for 16 h, and terminated by 
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adding 7.5/zg BSA/tube and precipitating with 20% cold TCA; 
washed TCA precipitates were boiled in single-strength reducing 
buffer for electrophoresis. As control, a mock digestion was per- 
formed as for b, omitting the enzyme; in some experiments, dupli- 
cate neuraminidase digestions were performed with and without 
NP-40. For Endo-a-N-acetylgalactosaminidase (O-glycanase) (E.C. 
3.2.1.97) digestion, labeled glycoproteins were preincubated with 
neuraminidase (0.1 U/ml, in 20 mM sodium phosphate, pH 6.0, 
10 mM calcium chloride at 37~ for 5.5 h) to remove potentially 
blocking sialic acid residues; 1.5% NP-40 and 25 mU/ml O-gly- 
canase were then added and digestion continued for 10.5 h before 
TCA precipitation. Control digestions were performed with buffer 
instead of O-glycanase. 

Results 
Antibody FAll1 Recognizes a Macrophage-restricted Antigen. 

mAb FA/11 was originally reported by Smith and Koch (19) 
as identifying a predominantly intracellular membrane pro- 
tdn of isohted murine MO. Immunocytochemistry on normal 
mouse spleen (Fig. 1) and other organs (manuscript in prep- 
aration) suggests that the antigen is confined to cells of the 
monocyte/macrophage lineage. The monoclonal markers 
F4/80 (Fig. 1 a) and SER-4 (Fig. 1 b) identify nonoverlap- 
ping macrophage subsets in the mouse spleen; FA/11 labels 
both these groups (Fig. 1 c) as well as macrophages in the 
white pulp, many of which contain ingested nuclei (Fig. 1, 
d) and probably represent tingible body MO. The antigen 
(Ag) is found on circulating monocytes, but not neutrophils, 
lymphocytes, or red cells (Fig. 2 a); on resident peritoneal 
MO, but not lymphocytes (Fig. 2 b); and on dendritic cells 
isolated from mouse spleen as described (30) in which low- 
level staining outlines a single perinuclear dot (not shown). 
The Ag is particularly abundant in thioglycollate-dicited M@ 
(Fig. 2 c), which contain the peripheral FA/11 + granules 
seen in other MO, as well as strongly staining phagolysosomal 
vacuoles. This pattern resembles the distribution of WGA 
binding sites in these ceils (Fig. 2 d), though the lectin more 
prominently labels the surface membrane. 

FA/II Antigen Is the Major WGA-binding Protein of Exu- 
date MO. The Mr reported for immunoprecipitated FA/11 
antigen (19) was compatible with the dectrophoretic behavior 
of the major WGA-binding protein band of mouse exudate 
MO (18); moreover, their staining patterns in thioglycollate- 
elicited peritoneal macrophages (TPM) were similar. We there- 
fore tested for identity by using protein A-sepharose beads 
coated with FA/11 IgG to immuno-deplete FA/11 antigen 
from TPM lysate. After centrifugation, the antigen-depleted 
lysate and antigen-rich pellet were analyzed by Western blot- 
ting to compare their WGA-binding profiles (Fig. 3). 12sI- 
WGA identifies a major 86-108-kD band in untreated lysate 
and in the FA/ll-rich peUet, but not in the FA/ll-depleted 
supernate, in which only minor WGA-binding bands remain. 
A control antibody (against the C3bi receptor) did not re- 
move WGA-binding proteins from the supernate. The major 
WGA-binding band, despite its broad appearance, thus con- 
sists of a single antigen, which is fortuitously recognized by 
mAb FA/11. 
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In Western blots of TPM (see Fig. 4 a), 12SI-FA/11 IgG 
detects an antigen migrating as a broad band with a constant 
leading edge (Me = 84 _+ 2.0 kD, n -- 5) and a trailing 
edge that lags progressively as the MO are cultured from 4 
to 50 h before lysis (not shown). Treatment of the lysate with 
neuraminidase before electrophoresis causes paradoxically 
slowed migration, as previously described for the major WGA- 
binding protein (18). In matched blots of the same lysate, 
the fastest-migrating component of the antigen, as detected 
by FA/11, does not bind WGA, giving a difference of 3-5 
kD in the position of the leading edge. The lectin, by con- 
trast, often detects slow-moving components beyond the 
trailing edge identified by the antibody. 

FA/ll Ag Is Differentially Glycosylated in TPM and Resident 
Pen'tonealMacropltages (RPM). Although RPM lack the gly- 
coproteins detected in exudate MO by 12sI-WGA blotting, 
immunocytochemistry shows that they express FA/11 antigen 
(Fig. 2), suggesting that this protein is differentially gly- 
cosylated in resident and exudate MO. Our immunocyto- 
chemical findings also suggest upregulation of FA/11 antigen 
in TPM. To test these observations directly, we used 12sI- 
FA/11 IgG and 12sI-WGA to probe Western blots of TPM 
and RPM (Fig. 4 a); both glycoforms have identical elec- 
trophoretic mobility. Densitometry of the autoradiograms 
reveals that the antibody and lectin signals are linearly propor- 
tional to the number of cells loaded until the photographic 
plate is maximally darkened (Fig. 4 b). Equivalent quantities 
of FA/11 Ag are contained in 2.6 x 10 s RPM and 1.5 x 
104 TPM (Fig. 4 c), a difference of 17-fold per cell. With 
matched quantities of antigen, 12sI-WGA gives a 29-fold 
greater signal with the TPM glycoform (Fig. 4 c), confirming 
the occurrence of differential glycosylation. Exudate macro- 
phage populations elicited with periodate, Biogel beads, live 
BCG, or heat-killed C. parvum contain intermediate levels 
of FA/11 antigen that binds WGA in Western blots (not 
shown). Antigen affinity purified from normal mouse spleen 
likewise binds WGA (not shown). TPM express the exudate 
glycoform within 24 h of an intraperitoneal eliciting stimulus, 
and the resident or exudate cell glycoforms are stably expressed 
for at least 72 h in culture (not shown). 

FA/ll Ag Is an Endogenous MO Product Distinct from Known 
MO Antigens. To establish definitively whether FA/11 is 
MO-derived, we performed immunoprecipitations on TPM 
metabolically labeled with an 18-h pulse of 35S-methionine 
(Fig. 5), [3Hlmannose, or [3Hlgalactose. FA/11 immunopre- 
cipitated a single molecular species that migrated as a broad 
band, Mr 87-104 kD, with identical mobility under 
reducing and nonreducing conditions (not shown). The an- 
tigen differed in electrophoretic mobility from other MO pro- 
teins of similar size (Fig. 5), including Mac-3, MOMA-2, 
the integrin B2 chain immunoprecipitated by Mac-l, and 
Pgp-1 (not shown). In Western blots, FA/11 does not cross- 
react with lgp 110 or lgp 120 (R. da Silva, unpublished ob- 
servations). 

Post-translational Processing. Our previous study showed that 
WGA recognition of TPM-derived FA/11 Ag depends on 
sialic acid residues. The known specificity of WGA implies 
that these are located on multiple, clustered sugar side chains. 



Figure 1. Expression of FA/11 Ag and other MO markers in the mouse spleen. 5-/xm cryostat sections were fixed in acetone and stained by the 
avidin-biotin-peroxidase method. (a) F4/80 outlines the surface and processes of red pulp MO; (b) SER-4 gives surface staining of marginal zone MO; 
(c) FA/11 labels intracellular structures in both these populations, as well as cells in the white pulp, which at higher power (d) are seen to contain 
ingested nuclei (a-c, x 20; d; x 100). 
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Figure 2. Expression of FA/11 Ag 
in (a) circulating lenkocytes, (b) resident 
peritoneal cells, and (c) TPM. Cytospin 
preparations were fixed in acetone and 
stained by the avidin-biotin-peroxidase 
method. (a) Monocytes, but not neu- 
trophils, lymphocytes, or red cells are 
labeled; (b) RPM, but not lymphocytes, 
express the Ag; (c) the phagolysosomal 
membranes of TPM show heavy stain- 
ing, almost obscuring labeled periph- 
eral vacuoles; (d) TPM processed for de- 
tection of WGA binding sites show 
sim/lar labeling of phagolysosomes, and 
also of the plasma membrane (x 100). 

The polydisperse migration of the immunoprecipitated an- 
tigen (Fig. 5) supports the case for abundant sugar. To study 
the glycosylation and processing of newly synthesized FA/11 
Ag in TPM, we performed pulse-chase studies with 3sS- 
methionine-labeled cells and analyzed the susceptibility of 
the immunoprecipitated antigen to digestion with Endo-H 
(Fig. 6). FA/11 recognizes an early precursor (7.5-min pulse, 
no chase), Mr 66 kD; Endo-H digestion generates a tight 
band, Mr 42 kD, which presumably represents the core pro- 
tein. The early precursor is converted (tl,~ = 14 min) without 
detectable intermediates to a single higher molecular mass 
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species that migrates as a progressively broader band (after 
45 min, Mr = 87-95 kD, though after 18 h it is broader 
still; compare Figs. 5 and 6). Endo-H sensitivity is partly 
retained (Mr decreased to 80-95 kD). 

Carbohydrate Structures of RPM and TPM Glycoforms. These 
results confirm that FA/11 Ag is highly glycosylated, with 
carbohydrate accounting for over half the apparent molec- 
ular mass. To explore the structure of these sugar side-chains 
and to delineate differences between the alternative glycoforms, 
we compared the susceptibility of TPM and RPM glycoforms 
to digestion with various endo- and exoglycosidases (Table 



Figure 3. Immunoadsorption 
of the major WGA-binding pro- 
tein by FA/11 mAb. IzsI-WGA 
was used to probe Western blots 
of total TPM lysate (T), and of 
the supernate (S) and pellet (P) 
fractions oflysate after immunoad- 
sorption by protein A-sepharose 
beads bearing FA/11 IgG. The 
major WGA-binding protein is 
specifically adsorbed from the su- 
pernate, leaving only minor WGA- 
binding bands. Beads coated with 
control mAb 5C6 do not immuno- 
adsorb WGA-binding proteins. 

1). The undigested RPM form comigrated with its TPM 
equivalent, though as a slightly tighter band. Both glyco- 
forms lost Mr 6 kD on treatment with Endo-H or Endo-F. 
Digestion with N-glycanase removed more sugar, decreasing 
Mr by 21-kD. Endo-3-galactosidase substantially cleaved the 
TPM form, suggesting the presence of poly-N-acetyllac- 
tosamine structures, but had no effect on the RPM form. 

On digestion with neuraminidase, both glycoforms showed 
the paradoxical behavior typical of mucin-like proteins rich 
in O-linked sialyloligosaccharides. In the presence of the de- 
naturing detergent SDS, there was no change in migration. 
If excess NP-40 was added before digestion (to segregate SDS 
into mixed micelles), the Mr was paradoxically increased; 
similar results were obtained if SDS was omitted. Differences 
in O-linked sugar structure were revealed by digestion with 
O-glycanase (Fig. 7). Preliminary digestion with neuramini- 
dase/SDS was performed to remove blocking sialic acid. NP- 
40 was then added, together with O-glycanase (or buffer as 
control). Neuraminidase treatment by this protocol produced 
a slight increase in Mr of the TPM form only, revealing 
subtle differences in O-linked sugar structure. This increase 
was partially reversed by endo-N-acetylgalactosaminidase, 
which had no evident effect on the IkPM form. An aliquot 
of these RPM was tested to control for unintentional macro- 
phage activation: negative WGA blotting confirmed that the 
resident phenotype was expressed. 

Discuss ion 

FA/ll  Antigen Is a Novel Macrophage-restricted Sialogly- 
coprotein. FA/11 Ag is found on circulating monocytes, but 
not neutrophils, lymphocytes, or red cells; its staining pat- 
tern in tissue sections is compatible with restriction to the 
monocyte/MO lineage. Two previously described markers for 
murine macrophages, F4/80 and SER-4, define distinct non- 
lymphoid macrophage subpopulations. FA/11 labels both, 
as well as MO of T and B ceU areas in lymph nodes, thymus, 
and spleen, which lack these antigens. It resembles MOMA-2 
in its expression on mononudear phagocytes and dendritic 
ceils, but is also found on microglia (not shown), which do 
not express MOMA-2 (27). 

The antigen is metabolically labeled in culture. Its Mr is 

Figure 4. (a) Differential glycosylation of FA/11 Ag in exudate and resi- 
dent peritoneal MO. Lysate equivalent to (1) 2.6 x 106 TPM, (2) 2.6 x 
107 RPM, and (3) 8.7 x 10 s TPM was analyzed in Western blots probed 
with 12sI-WGA or 12SI-FA/11 IgG. FA/11 Ag was readily detectable in 
the RPM lysate, but did not bind WGA. (b) Quantification of 12sI-WGA 
and 12SI-FA/11 IgG signal Densitometry of autoradiograms shows a signal 
linearly proportional to cell number loaded until the detection system 
saturates. (c) Binding of 12sI-WGA to matched quantities of FA/11 Ag 
from TPM and RPM. Interpolation from the binding curve in (b) shows 
that 2.6 x 10 s RPM and 1.5 x 104 TPM contain equal quantities of 
FA/11 antigen, but differ 29-fold in their capacity to bind 12sI-WGA. 
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Figure 5. Immunoprecipitation of metabolically labeled FA/11 Ag. TPM 
were labeled with 3sS-methionine for 18 h; FA/11, or other antigens as 
indicated, were immunoprecipitated and analyzed by SDS-PAGE in 10% 
uniform gels under reducing conditions. FA/11 Ag is electrophoretically 
distinct from CD18 (precipitated with Mac-l), Mac-3, and MOMA-2. 

Tab le  1. Effect of Glycosidases on the Resident and Exudate 
Clrcoforms of Macrosialin 

Mr Change in Mr 

Treatment TPM RPM TPM RPM 

kD kD 
None 86-104 90-100 

Endoglycosidase H 80-97 84-96 - 6 - 6 

Endoglycosidase F 80-97 84-96 - 6 - 6 

N-glycanase 65-77 69-79 - 21 - 21 

Endo-fl-galactosidase 73-83 90-98 - 13 0 

Neuraminidase/NP-40 100-125 97-115 + 14 + 7 

Neuraminidase/SDS 85-104 91-97 0 0 

Mr was determined from the leading edge. 

Figure 6. Post-transhtional processing of FA/11 Ag. TPM were meta- 
bolically labeled with 3sS-metbionine for 7.5 min and chased with unla- 
beled medium for 0-90 min as indicated. Immunoprecipitated FA/11 Ag 
was analyzed by SDS-PAGE (10% gel, reducing conditions) after diges- 
tion with Endo-H (+) or without glycosidase treatment ( - ) .  The mAb 
recognizes an early 66-kD precursor digested by Endo-H to a core-peptide 
of 44 kD. The precursor is processed to a polydisperse protein (Mr 87-94 
kD), which remains partially sensitive to Endo-H. 

distinct from those of CD18, Mac-3, MOMA-2, and Pgp-1. 
In Western blots, it does not crossreact with lgp 110 or lgp 
120 (R. da Silva, unpublished observations), and its cellular 
distribution distinguishes it from leukosialin. Since the epi- 
tope is expressed by an early 66-kD intermediate before pro- 
cessing of high-mannose oligosaccharide chains, it is unlikely 
to be sugar dependent. Taken together, these data show that 
mAb FA/11 defines a novel macrophage-restricted glycopro- 
tein; any structural relationships with other leukocyte pro- 
teins will emerge once cDNA sequence is available. 

Since FA/11 Ag corresponds with the major membrane 
sialoglycoprotein previously demonstrated in peritoneal exu- 

Figure 7. O-linked oligosaccharides of exudate and resident glycoforms 
of FA/11 Ag. TPM and RPM were metabolically labeled with 3sS-meth- 
ionine for 18 and 24 h, respectively; FA/11 Ag was immunoprecipitated 
and analyzed in 10% gels (under reducing conditions) after digestion with 
neuraminidase, O-glycanase, both, or neither. With neuraminidase diges- 
tion by this protocol, FA/11 from TPM shows substantially reduced dec. 
trophoretic mobility, while FA/11 from RPM is only slightly affected. 
O-glycanase treatment reduces the Mr of the TPM glycoform, but has 
no detectable effect on the RPM glycoform. 

date macrophages, we propose to name this protein macro- 
sialin. 

Regulation by Inflammatory Stimuli. Macrosialin illustrates 
two levels of regulation in response to inflammatory stimuli. 
As with many other membrane proteins, antigen expression 
is enhanced during macrophage recruitment. ThioglycoUate- 
elicited macrophages have the highest content of macrosialin 
Ag, perhaps reflecting expansion of the phagolysosomal corn- 
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partment in which this protein is prindpaUy localized in these 
cells (Rabinowitz et al., manuscript in preparation); other 
sterile inflammatory (periodate, polyacrylamide) or fully ac- 
tivating (C. parvum, BCG) stimuli provoke a lesser increase. 

In addition, macrosialin is expressed in two distinct glyco- 
forms. In Western blots, the lectins WGA and peanut agglu- 
tinin recognize only the exudate form; further differences, 
revealed by glycosidase studies, are discussed bdow. 

Changes in macrophage surface sugars during inflamma- 
tory recruitment are well described. Recruited murine peri- 
toneal MO differ from their resident counterparts in surface 
binding of several lectins (5, 7-9, 18, 31), and in expression 
of defined sugar structures on the surface membrane (11). 
Our data show that oligusaccharide changes are not merely 
incidental to altered expression of the associated proteins, but 
also arise from differential glycosylation of constitutively ex- 
pressed proteins. This may be a general mechanism for 
modulating the composition of the leukocyte surface, since 
O-linked sugar structures on leukosialin are altered in acti- 
vated human T cells (16), and the macrophage membrane 
protein Mac-3 is expressed by TPM and RPM with differing 
Mr (our unpublished observations), probably reflecting 
differences in glycosylation. 

Macrosialin exudate glycoform appeared within 24 h of 
an intraperitoneal eliciting stimulus, and glycoform expres- 
sion was maintained in culture for at least 72 h (not shown). 
Our data do not suggest whether glycosylation phenotype 
is determined during cell maturation, in circulating mono- 
cytes, or after extravasation, though circulating human mono- 
cytes resemble exudate murine MO when analyzed by WGA 
blotting (data not shown). 

Nature of the Variant Sugar Structures. Oligosaccharide ac- 
counts for over half the Mr of macrosialin. Studies with 
N-glycanase suggest that N-linked sugar contributes at least 
21 kD to the Mr of the mature protein; high-mannose chains 
constitute a small proportion of this and confer partial re- 
sidual sensitivity to Endo-H. No differences definitely at- 
tributable to N-linked sugar structures were demonstrated 
between the resident and exudate glycoforms. 

Three lines of evidence point to the presence of sialylated 
O-linked sugar structures. (a) Neuraminidase digestion of 
both resident and exudate macrosialin produces the complex 
electrophoretic changes typical of mucin-like proteins (32). 
Differences between the glycoforms are revealed by brief neur- 
aminidase/SDS treatment (not shown), or by neuraminidase 
digestion with nonionic detergent (Fig. 7), since resident cell 
macrosialin returns more rapidly to its native Mr. (b) O-Gly- 
canase digestion directly demonstrates the presence of O-linked 
glycan in the exudate glycoform. (c) Lectin blotting with 
WGA and peanut agglutinin confirms that exudate cell mac- 
rosialin contains O-linked chains with terminal sialic acid 
residues (18). Failure of these lectins to recognize the resi- 
dent cell glycoform suggests that in this system these lectins 
act as highly selective ligands, exposing subtle differences in 
O-linked sugar structure. Such findings are in keeping with 
previous reports that WGA distinguishes between singly and 

multiply sialylated sugar chains (33), and between different 
classes of cell surface sialic acid (34). 

Digestion with endo-B-galactosidase reveals a further differ- 
ence. The linear poly-N-acetyllactosamine structures cleaved 
by this enzyme were found only in the exudate cell glyco- 
form. These (GalB1-4GIcNAc31) polymers (also known as 
polylactosaminoglycans) may occur in N-linked (35) or 
O-linked (36) oligosaccharide chains. Their differential ex- 
pression on macrosialin is in keeping with previous reports 
that surface protein-bound lactosaminoglycans of mouse mac- 
rophages alter with activation (11), and that several related 
enzymes are coordinately modulated (12). Immobilized WGA 
binds and retains poly-N-acetyllactosamines derived from 
membrane proteins (37), but the interaction is complex, ap- 
pears to require fucose residues not directly involved in lectin- 
binding, and may be inhibited by adjacent sialic acid residues 
(38). These structures do not account for the binding of WGA 
by macrosialin, which is fully neuraminidase sensitive. 

Functional Significance of the Sugar Structures. The nature 
and regulated expression of these sugar structures on a pre- 
dominantly intracellular, macrophage-restricted membrane 
protein suggest several possible functional roles. 

O-linked sugars and sialic acid contribute to phagocyte 
defence by allowing proteins to resist proteolysis (39) and 
to shield cell membranes from degradative enzymes (40) and 
complement (41). These properties would be useful in lyso- 
somes and at the surface of cells acting in environments rich 
in acid, proteolytic enzymes, and complement. The occur- 
rence of poly-N-acetyUactosamine structures on the my- 
elomonocytic forms of leukosialin (42), on lysosomal inte- 
gral membrane proteins (43), and on macrosialin raises similar 
possibilities. 

Viral (44) and bacterial (45) lectins bind terminal sialic acid 
residues; this may contribute to ingestion of pathogens, or 
to their ability to interfere with intracellular fusion events. 
WGA binding sites have been implicated in macrophage 
binding of yeast particles (46), phagocytosis of bacteria (30), 
and killing of turnout cells (47-49). 

WGA treatment causes mouse peritoneal exudate MO to 
fuse into multinucleate giant cells (S. Rabinowitz, unpub- 
lished observations); a role in membrane fusion would be ap- 
propriate for a protein expressed on membranes of the cell 
surface, lysosomes, and endosomes. Macrosialin is also endo- 
cytically active, mediating internalization of surface-bound 
FITC-FA/11 IgG (S. Rabinowitz, unpublished observations). 
While many lysosome proteins are also found in membranes 
of other compartments (50-52), the restricted cellular distri- 
bution of macrosialin suggests a possible role in antigen pro- 
cessing. 

Macrosialin shows promise as a widely expressed MO 
marker, particularly for MO of lymphoid areas. Its dual regu- 
lation by inflammatory stimuli, involving both increased levels 
of protein and changes in O-linked glycan and poly-N- 
acetyUactosamine, illustrates the plasticity of the MO mem- 
brane in achieving phenotypic variation within a single lineage. 
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