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Abstract Introduction

The putative mannose receptor (MR), previously implicated
in mannosyl-rich glycoprotein-induced mitogenesis in bo-
vine airway smooth muscle (ASM) cells, was studied to de-
termine its properties. Specific binding of the mitogenic neo-
glycoprotein, mannosylated bovine serum albumin (Man-
BSA) to ASMcells was saturable, with an apparent Kd = 5.0
x 10-8 M. Cell-bound ManBSA-colloidal gold conjugate
was localized by electron microscopy to clathrin-coated pits
on the cell surface, and was found to undergo internalization
to endosomes; this was inhibitable by weak bases and swain-
sonine, that also inhibited ligand-induced mitogenesis. The
ASM-MR, isolated by mannose-affinity chromatography,
had the same apparent molecular mass as the macrophage
(M0) MR(Mr = 175 kD), and was immunoprecipitated by
an anti-M0MR immune serum. This antiserum blocked 125I-
labeled-ManBSA binding to intact ASMcells, stimulated
mitogenesis, and immunolocalized the ASM-MRin cyto-
plasmic vesicles compatible with endosomes. A monoclonal
antibody directed against the MoMRalso reacted with the
ASM-MR; like the polyclonal antibodies, it stimulated mito-
genesis as effectively as ,-hexosaminidases. These data indi-
cate that the ASM-MRshares a number of functional and
structural properties with the MoMRand suggest that simi-
lar receptors may have different main functions in different
cells. (J. Clin. Invest. 1994. 94:1855-1863.) Key words: air-
way smooth muscle , proliferation * agonistic antibodiesX
lysosomal hydrolases * asthma
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1. Abbreviations used in this paper: ASM, airway smooth muscle; CQ,
chloroquine; G-protein, guanine nucleotide triphosphate-binding pro-
tein; Hex, 63-hexosaminidase; hGH, human growth hormone; MA, me-
thylamine; ManBSA, mannose-bovine serum albumin; ManGP, man-
nosyl-rich glycoprotein; M0, macrophage; MR, mannose receptor;
PLA2, phospholipase A2; SW, swainsonine; THR, thyrotropin receptor.

Airway smooth muscle (ASM)' hyperplasialhypertrophy is an
important pathological finding that may be closely related to
airway hyperreactivity in asthma (1-3). During an acute asthma
attack, the activity of several lysosomal hydrolases is increased
significantly in brochoalveolar lavage fluid in allergic human
subjects (4, 5) and in an animal model of ozone-induced airway
hyperreactivity (6). Furthermore, lysosomal hydrolases such as
human fl-hexosaminidase (Hex) and bovine ,6-glucuronidase
promote mitogenesis of bovine ASMcells (7). Wehave hypoth-
esized that lysosomal enzymes released by inflammatory cells
in the airways, by promoting proliferation of ASMcells, con-
tribute to hypertrophy/hyperplasia of ASM (7). As we have
shown, other mannosyl-rich glycoproteins (ManGP), such as
mannose-bovine serum albumin (ManBSA) and Man3-N-acetyl-
glucosamine-HSA, have mitogenic activity in ASMcells (7).

The mitogenic effect is blocked by yeast mannan, a mannose
receptor (MR) blocker (8), but not by mannose-6-phosphate, a
specific blocker of the cation independent mannose-6-phos-
phate/insulin-like growth factor II receptor (9), suggesting the
involvement of a mannose-recognizing moiety (7).

The well-studied mannose receptor of macrophages
(M0MR) is involved in receptor-mediated endocytosis and mo-
lecular scavenging of ManGPas well as phagocytosis and host
defense against mannosyl-rich pathogens (10-12). Mannosyl-
rich enzymes such as lysosomal hydrolases including Hex (11),
myeloperoxidase (13), and plasminogen activator (14) are also
taken up by MRthat has been found in liver reticuloendothelial
(Kupffer) cells (15-17), mononuclear phagocytes (18), retinal
pigment epithelium (19), placenta (20), and recently in
lymphoid dendritic cells (21). However, it is not known whether
MRis expressed in ASM. Moreover, a trophic function, i.e.,
promotion of mitogenesis, is not a known characteristic of MR.
The objectives of this study were to characterize the ASMcell-
putative MR; to confirm that a mannose-recognizing receptor
moiety mediates ManGP-induced mitogenesis in ASMcells;
and to establish its relationship, if any, with M0MR.

Methods

Airway smooth muscle culture. Primary cultures of bovine ASMcells
were prepared from bovine trachealis muscle by a modification of the
method of Kotlikoff et al. (22) as described previously (7). Direct immu-
nofluorescence staining of the cells with a FITC-conjugated mAbagainst
smooth muscle isoactin (Sigma Chemical Co., St. Louis, MO) demon-
strated that cultures consisted of a homogenous population of smooth
muscle cells (7). Cells at passages 1-7 were used for experiments.

Assessment of proliferation. DNAsynthesis rates were assessed by
measuring [3H]thymidine incorporation. Confluent cells in T-75 flasks
were detached by trypsinization (0.12% for 5-7 min) and were treated
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with appropriate amounts of soybean trypsin inhibitor (Sigma Chemical
Co.). Cells were then plated (2.5 X I04 cells/well) in 96-well flat-bottom
microtiter plates (Linbro; Flow Laboratories, Inc., McLean, VA) in
M199 containing 10% (vol/vol) FBS; 72 h later, after the cells reached
confluence and were contact-inhibited, the medium was replaced with
M199 containing 0.4% (vol/vol) FBS 48 h before exposure to test sub-
stances. [3H]Thymidine (0.5 pCi/well, sp act 10 Ci/mmol; Amersham
Corp., Arlington Heights, IL) was added to cells 24 h after the addition
of test substances, and cells were harvested 18 h later as described by
Dohlman et al. (23). Radioactivity was quantified in a liquid scintillation
counter (2000 CA; Packard Instrument Co., Inc., Meriden, CT).

In some experiments, cells were pretreated with chloroquine (CQ;
10 MtM, 30 min), methylamine (MA; 5 mM, 30 min; Sigma Chemical
Co.), swainsonine (SW; 5.8 tM, 2 h; Sigma Chemical Co.), or vehicle.
Without changing medium, Hex B (50 nM) or vehicle was then added
to cells. [3H]Thymidine addition and cell harvesting were done as above.

Statistical evaluation. Data were subjected to ANOVAfollowed by
Student-Newman-Keul test. A P value < 0.05 was considered to repre-
sent a significant difference between the two samples.

Radiolabeling and binding assays. ManBSA(molar ratio Man/BSA
= 26:1; E.Y. Laboratories, Inc., San Mateo, CA) was radiolabeled with
NalnI by the Chloramine T method as described by Greenwood et al.
(24) to a specific activity of 2-6 x 106 cpm/nug.

Adherent cells on microtiter well plates (1 X 105 cells/well) were
washed twice with Ca2+- and Mg2+-free HBSS and were incubated at
4°C (on ice) in M199 containing ligand (total volume, 100 pl). Nonspe-
cific binding was estimated by adding yeast mannan, 1.25 mg/ml (10).
At the end of the incubation period, the reaction was stopped by washing
cells three times with ice-cold HBSSand adding 100 1I of 0.5 NNaOH.
Assays were run in triplicate and radioactivity was quantitated by
gamma-counter.

Specific binding was calculated by subtracting the nonspecific bind-
ing from the total binding. The maximum number of binding sites (Bm,,)
and the dissociation constant (Kd) were estimated by Scatchard analy-
sis (25).

Electron microscopy. To assess MR-ligand internalization, cells
were grown to confluence on 16-mm diameter Nuclepore polycarbonate
membrane (Costar Corp., Cambridge, MA), and treated with colloidal
gold-ManBSA (concentration: 50 nM; particle size of gold, 10 nm;
E.Y. Laboratories, Inc.) at 37°C for 30 min in CO2 incubator, then
washed twice with HBSSand fixed with 2.5% glutaraldehyde in 0.1 M
cacodylate buffer, pH 7.4. Thin vertical sections of paraffin-embedded
cells were subjected to transmission electron microscopy.

Indirect immunofluorescence. For immunolocalization of the bovine
ASMputative MR, confluent cells in a four-well chamber slide (Nunc,
Inc., Naperville, IL) were fixed with cold 100% methanol (kept in freezer
set to -20°C) for 12 min. Cells were then incubated with primary
antibody (goat antiserum developed against purified human M0MRor
preimmune goat serum, diluted 1:50 in PBS containing 3%BSA for 60
min at room temperature. After incubation with primary antibody, cells
were washed with PBS three times. Nonspecific binding of secondary
antibody was blocked by incubation with 10% (vol/vol) preimmune
rabbit serum for 1 h. The cells were then incubated with FITC-conju-
gated rabbit serum against goat IgG (1:64 dilution, Sigma Chemical
Co.) for 45 min at room temperature in the dark, washed three times
with PBS containing methyl green (0.2 mg/ml, Sigma Chemical Co.) for
quenching of nonspecific fluorescence, and examined by epifluorescence
microscopy.

Purification of putative ASM-MR. The putative MRfrom cultured
ASMcells was isolated by affinity chromatography on mannose-Sepha-
rose according to Lennartz et al. (26). Approximately 108 ASMcells
were homogenized using a hand-held Polytron homogenizer (Brinkmann
Instruments, Inc., Westbury, NY) in 20 ml of eluting buffer (10 mM
Tris-HCl, pH 6.0; 1.25 M NaCl; 15 mMEDTA) containing 1 mM
PMSFat 4°C. Homogenates were subjected to washing, treated with
Triton X-100 (1% vol/vol), loaded onto the affinity column, and eluted
with alpha-methylmannoside (0.2 M), as previously described (26). The
partially purified mannose receptor (2 Itg) was subjected to electrophore-

sis in 7.5% polyacrylamide gel in SDS under reducing conditions (27).
Proteins were stained using the Silver Stain Plus kit (Bio-Rad Labora-
tories, Inc., Hercules, CA).

Immunoprecipitation of MRfrom bovine ASMcells. Approximately
6 x 106 cells were detached in cell lysis cocktail, consisting of 5% (vol/
vol) Triton X-100, 2.5% (wtlvol) sodium deoxycholate, and 100 mM
EDTA, in 10 mMPBS, pH 7.2. The lysed cells were centrifuged and
the supernatant was diluted with 100 pl of cell lysis cocktail and 10 ILI
of concentrated PMSF. The sample was precleared by incubating with
200 yA of recombinant protein G-Sepharose 4B conjugate (Zymed Lab-
oratories, Inc., South San Francisco, CA) for 30 min at room tempera-
ture. The supernatant was collected after centrifugation, and goat anti-
M0MRimmune serum or preimmune serum was added for overnight
incubation at 4TC. The pellet was washed six times with a solution
consisting of 1.0% (vol/vol) Triton X-100, 0.5% (wt/vol) sodium deoxy-
cholate, and 1.0% SDS, dissolved in 10 mMPBS, pH 7.2. The pellet
was suspended in 15 M1 of Laemmli sample buffer (27), frozen, and
thawed. Immune complexes were dissociated by immersing the tube in
a boiling water bath for 5 min, followed by centrifugation. The superna-
tant was analyzed by SDS-PAGE in mini-gel system under reducing
condition.

Metabolic labeling and immunoprecipitation. Confluent cells (two
T-75 flasks) were incubated in starvation media (Cys-/Met-RPMI; Tis-
sue Culture Support Center, Washington University, School of Medi-
cine, containing 10% dialyzed FCS) for 30 min, pulsed in fresh medium
supplemented with 200 pCi/ml trans-[35S-]methionine (Amersham
Corp.) for 4 h, and chased for 1.5 h in excess cold methionine as
described previously (28). Cells were washed with PBS and lysed with
0.5% Triton X-100. Cell lysates were precleared with protein A-Sepha-
rose 4B conjugate/rabbit anti-mouse IgG (intermediate bridging anti-
body; Sigma Chemical Co.) complexes before adding mAb5 (1 sg/mil)
and incubating at 4°C overnight. The receptor/antibody complexes were
precipitated with rabbit anti-mouse IgG/protein A-Sepharose beads
and subjected to SDS-PAGEand autoradiography.

Enzyme preparations. Purified human placental Hex B was prepared
by a modification (29) of the method of Geiger and Arnon (30) as
described previously (7). Hex B is homogenous by electrophoresis on
cellulose acetate gel (31) and on PAGEin denaturing (27) and nondena-
turing conditions.

Preparation of human macrophage mannose receptor antibody.
M0MRwas isolated from human placenta by affinity chromatography
on mannose-Sepharose as previously described (20). A goat antiserum
against purified human M0MRwas obtained as described by Stephenson
and Shepard (32).

Monoclonal antibody directed against human M0MR(mAbls) was
developed according to Harlow and Lane (33). Balb/c mice were immu-
nized with purified human placenta M0MR(50 jg in complete Freund's
adjuvant the first time, followed by three boosters without adjuvant).
Hybridoma cell lines producing antibodies against M0MRwere selected
in an enzyme-linked immunosorbent assay. A monoclonal antibody
(mAbls) was affinity purified from culture supernatants and was classi-
fied by mouse monoclonal sub-isotyping kit (Hyclone Laboratories, Lo-
gan, UT) as IgG1 antibody. Binding experiments with mAb to human
macrophages indicated that mAb15 recognized the extracellular domain
of M0MR(the monoclonal antibody mAbls was found to be monospe-
cific by a variety of methods including Western blot of human macro-
phage membrane proteins and immunoprecipitation of the MRfrom
metabolically labeled human macrophages; S. E. Pontow, V. Kery, and
P. D. Stahl, manuscript in preparation). Each of these procedures re-
sulted in the observation of a single specific band with an apparent
molecular mass of about 175 kD.

Results and Discussion

Binding of '25I-ManBSA to bovine ASMcells. Mannose receptors
have been isolated from various sources (10-18), but not from
myocytes to date. Our previous findings that Hex-induced ASM
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mitogenesis was inhibited by mannan (7) and that ManGPstim-
ulated DNAsynthesis in ASMcells (7) suggested that ASM
cells express an MR. To assess whether the mannose-binding
moiety possessed the essential receptor properties of specificity
and saturability, adherent cells (1 x 105 cells/microtiter well)
were incubated in 0.1 ml of M199 containing '251-ManBSA
(140 nM) at 4TC (on ice) for various time periods, up to 90
min. Binding of ligand to cells was specific as it was inhibited by
mannan (average inhibition: 72%). Maximal binding occurred at
60 min and was maintained at 90 min time point (data not
shown). Specific binding was saturable with increasing concen-

trations of ligand in the incubation mixture (Fig. 1). Scatchard
analysis of data showed a maximum number of binding sites
(Bmax) of 0.31 pmol/,ug protein and a Kd value of 50 nM. Scatch-
ard transformation of the data was linear, suggesting a single
population of receptors (Fig. 1, inset). Thus, the ASMmannose

binding moiety shows the properties of specificity and saturabil-
ity of a true receptor.

Internalization of colloidal gold-ManBSA by ASMcells.
Upon ligand binding, receptors involved in endocytosis such as

the M0MR, are localized in clathrin-coated pits on the plasma
membrane (34); to assess whether this was the case for the
ASM-MR, we used electron microscopy in ASMcells. Sections
of cells treated with colloidal gold-ManBSA for 30 min at
37TC showed gold particles associated with clathrin-coated pits
(Fig. 2). There were also multiple gold particles associated with
large cytoplasmic vesicles identifiable as endosomes (Fig. 3),
indicating endocytic internalization of receptor-ligand com-

plexes. Receptor-mediated endocytosis is inhibited by weak
bases (CQ, MA) and mannosyl-specific endocytosis is inhibited
by the mannosidase II inhibitor, SW, that prevents the recycling
of ligand-free receptors to the plasma membrane (12). Electron
microscopic examination of ASMcells pretreated with SW(5.8
MM, 2 h) (35), CQ(10 [MM, 30 min) (36), or MA(5 mM, 30
min) (36) showed a clear reduction of colloidal gold particles
in both the clathrin-coated pits and endosomal vesicles (data not
shown), providing additional evidence of endosomally directed
internalization of the MR.

Effect of weak bases and SWon Hex B-induced mitogen-
esis. To obtain additional evidence that the putative MRin-
volved in ASMcell mitogenesis is internalized to the endosomal
compartment, we tested the effect of SW, CQ, and MAon Hex-
induced [3H]thymidine incorporation. Pretreatment of cells with

400

M)

Figure 1. Concentration-dependent '"I-Man-
BSAbinding to bovine ASMcells. Adherent
bovine ASMcells (I x 105 cells/microtiter
well) were washed twice and incubated at

500 40C (on ice) for 90 min in M199 and ligand.
Nonspecific binding was estimated by adding
yeast mannan (1.25 mg/ml). Assays were run
in triplicates.

fused 50% inhibition of the Hex B (50 nM)-induced
;e in [3H]thymidine incorporation: 330±43% above vehi-
ted control for Hex B alone versus 165 ±6%above vehi-
ited control for SW+ Hex B (n = 4, P < 0.05, Fig. 4).
tment of cells with CQor MAcompletely blocked Hex
aced increase in [3H]thymidine incorporation (n = 4, P
i, Fig. 4). Cells treated with CQor MAwere > 99%
as determined by trypan blue exclusion.
cen together, the electron microscopy observations on
binding and internalization, the inhibition by CQ, MA,
V, and the inhibitory effect of these agents on Hex B-
I mitogenesis support the contention that the mitogenic
s mediated by a mannosyl-specific receptor that mediates
mally directed internalization. The involvement of endo-
is indicated by the effect of CQand MA, agents that act
ng the pH of these vesicles and preventing the low pH-

uncoupling of ligands and receptors (12). Mannosyl
ity is indicated by the effect of SWthat, by inhibiting
ivity of mannosidase II, results in mannose receptors
cd with endogenous mannosyl ligands (35). A corollary
observations is that at least a portion of the MRpresent

cell surface recycles to the plasma membrane from the
ne after internalization. Although the inhibitory effect
MA, and SWon [3H]thymidine incorporation indicates
trophic effect of the ligand-receptor complex is accom-
by internalization, we cannot conclude that internaliza-
eeded for the trophic effect to occur, since these agents
ligand binding not internalization per se (12). Finally, it
surprising that yeast mannan, which presumably blocks
)inding competitively, does not stimulate mitogenesis
vever, this mixture of highly branched, complex mole-
ay well inhibit ligand binding by steric hindrance with-
ng the right configuration for an appropriate productive
to the ASM-MR.
racterization and immunolocalization of bovine ASM

receptor. The functional and topographic similarity of
[ cell putative MRwith the M0MRprompted an initial
Dnt of its biophysical characteristics. The putative MR
ified by mannose affinity chromatography. By SDS-
he apparent molecular mass of the major form of man-
pharose affinity purified bovine ASM-MRwas - 175
-ident with that of M0MR(Fig. 5). The microheterogen-
he three forms of ASM-MRmay be due to processing
6rence in carbohydrate content.
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Figure 2. Endocytosis of colloidal gold-ManBSA via clathrin-coated pits in bovine ASMcells. Cells were grown to confluence on Nuclepore
polycarbonate membrane and were treated with colloidal gold-ManBSA (particle size, 10 nm; ManBSAconcentration, 50 nM) at 370C for 30 min
in a CO2 incubator. Cells were washed twice with HBSSand fixed with glutaraldehyde. Final magnification: x71,020. C, Clathrin-coated pit.
Arrowhead indicates gold particle. Bar, 195 nm.

The Mr coincidence, in turn, prompted an assessment of a -
possible immunologic cross-reactivity between the two recep-
tors. In fact, bovine ASM-MRwas immunoprecipitated by a
goat anti-human M0MRserum (Fig. 6 A, lane 2) and a mono-
clonal antibody (mAb15) directed to human M0MR(Fig. 6 B),
indicating that the two receptors are immunologically related.
The receptor protein appears as a single band in these experi-
ments, as opposed to multiple bands in Fig. 5. Most likely, this
is due to the difference in the protein quantities used for the
gel electrophoresis assays. The immunologic cross-reactivity
between ASM-MRand M0MRallowed the use of anti-human
M0MRantibodies to assess the subcellular localization of the
ASM-MRby immunofluorescence microscopy.

Indirect immunofluorescent staining of bovine ASMcells
using goat antiserum against purified human M0MRshowed a
punctate cytoplasmic signal consistent with endosomal localiza-
tion (Fig. 7 B), in contrast to the diffuse nonspecific staining
of nuclei and cytoplasm in control cells (Fig. 7 A).

The specificity of cross-reactivity was tested by determining
the effect of the antiserum on 125I-ManBSA binding. Preincuba-
tion of ASMcells with goat anti-human M0MRantiserum (30
min at 4°C) inhibited binding of 1"I-ManBSA (1 yg/100 pl/
105 cells) in a concentration-dependent manner (Table I). The
maximal inhibition occurred with 1:50 dilution of anti-human
M0MRserum and the degree of inhibition was comparable with
that obtained with mannan (78 vs. 72%, respectively). Thus,
the functional characteristics and subcellular location of the
putative MRin ASMcells are similar to those of the M0MR
(12) and the homology is strengthened by the biochemical and
immunologic data. The protein isolated from the bovine ASM
cells by mannose affinity chromatography has an M, coincident
with that of the M0MR(Fig. 5), and a protein with the same
Mr is immunoprecipitable from ASMcell extracts by polyclonal
and mAb15 against the M0MR(Fig. 6, A and B). Furthermore,
immunofluorescence microscopy indicates that this cross-re-
acting protein has a subcellular distribution consistent with en-
dosomal distribution (Fig. 7 B). By themselves, these data would
only allow us to conclude that there exists in ASMcells a
(possibly unrelated) protein that cross-reacts with an antiserum
to, and has the same Mr and location as, the M0MR.However,
the finding that the same antiserum also inhibits 125I-ManBSA
binding to ASMcells strongly suggests that this protein is re-
lated to or homologous with the M0MR.

Effect of antibodies to MoMRon [3H]thymidine incorpora-
tion. The inhibition of I251-ManBSA binding/uptake by the goat
antiserum suggested the possibility that, upon binding to the
putative MR, the antibodies may have an agonistic effect, as in
the case of other receptor systems (37-41). In fact, exposure
of ASMcells to goat anti-M0MR resulted in stimulation of
[3H]thymidine incorporation (Fig. 8 A); the maximal response
occurred with 1:50 dilution of antiserum (5,160±300% of goat
preimmune serum control: control = 100%, n = 4). Addition
of excess amount of the polyclonal antibody to the cells attenu-
ated the Hex B (50 nM)-stimulated increases in [3H]thymidine
incorporation in a dose-dependent manner (n = 4, Table II).

Wealso tested the effect of monoclonal antibody mAb15 on
[3H]thymidine incorporation. Exposure to the antibody in-
creased [3H]thymidine incorporation in ASMcells in a concen-
tration-dependent manner and the maximal effect was compara-
ble with that of Hex B; 876±83% of control (mAb15, 20 nM)
versus 809±83% of control (Hex B, 50 nM), control = 100%,
n = 4 (Fig. 8 B). The stimulatory effect of mAb15 on DNA
synthesis was inhibited by mannan (0.1-1.0 mg/ml) very effec-
tively (72-100% inhibition). This agonistic effect of antibodies
had its counterpart: an antagonistic effect was also observed
upon preincubation of cells with excess amounts of mAb15 (50-
100 nM) that inhibited Hex B (50 nM)-induced increase in
[3H]thymidine incorporation in a dose-dependent manner (53-
100% inhibition, Table I). At 100 nM, mAb15 inhibited the
Hex response to below the basal value.

The findings that anti-human M0MRantiserum stimulates
ASMmitogenesis even more effectively than Hex B and that
the effect is mannan-inhibitable provide strong support both to
the homology of the ASMreceptor with the M0MR,and, most
importantly, to the direct involvement of the ASM-MRin mito-
genesis stimulation (Fig. 8 A). This contention receives addi-
tional support from the observation that mAb15, a monoclonal
antibody to the extracellular domain of the M0MR, stimulates
[3H]thymidine incorporation in ASMcells (Fig. 8 B) as effec-
tively as Hex B at comparable concentrations. The specificity
of the agonistic effect is indicated by the antagonistic effect
observed, i.e., inhibition of the Hex B-mediated mitogenic ef-
fect by pretreatment of cells with the same antibody (Tables H
and III); this effect is similar to, but more effective than, that
induced by high concentration of Hex B or mAb15 alone (Fig.
8 B).
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Agonistic-antagonistic effects of antibody to receptors ligand and antibodies to receptors can be agonists, seif-antago-
analogous to our findings have been described in the case of nists, and mutual antagonists. Both hGHand mAb's to the hGH
human growth hormone (hGH) receptor (37), indicating that receptor are agonists at low concentration and self-antagonists
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Figure 4. Effect of swainsonine (SW), chloroquine (CQ), and methyl-
amine (MA) on Hex B-induced increase in [3H]-thymidine incorporation
in bovine ASMcells. [3H]-Thymidine incorporation assays were done
as described in Methods. Vehicle control value for Hex B: 526±107
cpm/well. Results are mean±SEMof quadruplicate cultures from a

representative experiment from a total of four experiments. *P < 0.05,
value significantly different from the control value. tP < 0.05, value
significantly different from the response to Hex B.

at higher concentration. Furthermore, some mAbs are antago-
nists to hGHeffects with a lower 50% inhibitory concentration
in combination with hGHthan when acting as self-antagonists.
The model proposed by these authors favors ligand-induced
sequential dimerization of the hGH receptor, and interference
in this process by excess ligand, excess antibodies, or a combi-
nation of the two (37). However, if one accepts the hypothesis
of a structural homology of the ASM-MRwith the M0MR,
this model may not be applicable. Available evidence does not
support M0MRdimerization (42), suggesting instead multiple-
site binding of multivalent ligands to diverse carbohydrate bind-
ing domains within a single receptor molecule (12, 43). In pre-
liminary experiments, exposure of ASMcells to polyclonal goat
antibody to M0MR, followed by anti-goat IgG, failed to show
an enhancement of [3H]thymidine incorporation, suggesting that
oligomerization is not a prerequisite for receptor activation
(Lew, D. B., unpublished observations).

A model that seems more applicable to our observations is
that of the thyrotropin receptor (THR) (40, 41). Monoclonal
antibodies to the THRshowing agonistic activity, both competi-

ASM-MR kD

- 200

Figure 5. SDSgel electrophore-
sis of bovine ASM-MR. Man-
nose receptors from bovine

4i2' - 116 ASMcells were purified ac-
cording to the method of Len-
nartz et al. (26). Eluates from
mannose-Sepharose affinity
column were concentrated (1
mg/ml), and 2 ,ig of each was

subjected to SDSgel electropho-
resis under reducing condition.
Proteins were stained with Sil-
ver Stain Plus kit. Arrows indi-

- 66 cate major forms of purified
ASM-MRof - 175 kD mass.

A
1

175-*'

B

2 3 kD

- 200

- 116

1 2 kD

: - 200

- 97.4

Figure 6. (A) Immunoprecipitation of ASM-MRfrom ASMcells. ASM
cell lysates were immunoprecipitated by using protein G-Sepharose 4B
conjugate and goat anti-human M0MRantiserum (lane 2), or goat
preimmune serum (lane 1). Lane 3, Goat M0MRantiserum control
without cell lysates. Immune complexes were separated by boiling, and
analyzed by SDSgel electrophoresis in a mini-gel system under reducing
condition. Proteins were stained with Coomassie blue. (B) Metabolic
labeling and immunoprecipitation. Confluent ASMcells were starved
in Cys-/Met- RPMI for 30 min, pulsed in fresh media supplemented
with 200 tCi/ml trans-[35S]methionine for 4 h, and chased for 1.5 h in
excess cold methionine, as described previously (28). Cell lysates were
immunoprecipitated by using protein A-Sepharose 4B/rabbit anti-
mouse IgG complexes and mAbcontrol mouse IgG, (lane 1) or mAb15
(lane 2). Proteins were subjected to SDS-PAGEunder reducing condi-
tion and autoradiography.

tive and noncompetitive, have been described, that also show
antagonistic activity in the presence of high concentrations of
thyrotropin (38). These data are similar to our observations on
the agonistic and additive antagonistic effect of anti-M0MR
antibodies on cell mitogenesis (Fig. 8, A and B; Tables H and
III). Experiments involving cross-linking of ligand-occupied
THRdo not suggest receptor oligomerization (39), and current
views favor conformational changes of the receptor as critical
inducers of signal transmission (40, 41). In the case of THR
(40, 41), the binding site(s) for the stimulating agonistic antibod-
ies are in the same domain involved in the binding of the ligand.
Steric hindrance by excess bound antibodies may impede cor-
rect binding not only of the antibody itself, but also of the
ligand, and vice versa, resulting in self- and mutual antagonism,
respectively. The common mechanism resulting in stimulation
is a conformational deformation of the receptor, but this may
originate from distinct and potentially mutually interfering sites,
at which different moieties bind.

Conclusions. Previous work on stimulation of mannan-in-
hibitable mitogenesis in ASMcells upon exposure to mannosyl-
rich glycoproteins suggested the involvement of a moiety recog-
nizing mannosyl residues (7). The present work was aimed at
assessing (a) whether the properties of this moiety are consistent
with those of a receptor; (b) whether the putative receptor is
internalized to the endosomal compartment; (c) whether the
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Figure 7. Immunolocalization of putative bovine ASM-MR. Conflu-
ent cells in a four-well chamber slide were fixed with cold 100%
methanol. Fixed cells were incubated with either preimmune goat
serum (A) or goat antiserum against human purified M0MR(B).
FITC-conjugated rabbit serum against goat IgG was used as second-
ary antibody. Note the punctate cytoplasmic signal in anti-M0MR
antiserum-treated cells as compared with the control cells. Final
magnification: x625.

Table I. Inhibition of '25I-ManBSA Binding to Bovine ASMCells
by Goat Anti-Human MoMR

Goat anti-human M0MR 1251-ManBSA binding cpm±SEM/1O cells,
(dilution) n = 3

15,759±4,758
1:500 8,849±2,709*
1:100 6,079±681*
1:50 3,523±768*
1:38 3,790±1,430*

Cells were pretreated with goat anti-human mannose receptor for 30
min before the addition of l"I-ManBSA (1 /ig/105 cells). Incubations
were continued for 90 min at 40C. * P < 0.05: value significantly
different from '25I-ManBSA alone. Results are from a representative
experiment from a total of three experiments.

Figure 8. Effect of anti-M0MR serum, mAb15 on [3H]thymidine incorpo-
ration in bovine ASMcells. Quiescent cells were exposed to (A) anti-
M0MRserum or nonimmune serum (1:100 to 1:38 dilution); (B) mAb15
(0-50 nM: *-.), control for mAb15 (mouse IgG1 raised against irrelevant
antigen), Hex B (0-100 nM: *-*), or vehicle for Hex B. [3H]-
Thymidine incorporation assays were done according to Methods. Non-
immune serum control, 2710±316 cpm/well = 100%; nonsense IgG,
control, 1292±72 cpmlwell = 100%; vehicle control for Hex B,
1178±186 cpm/well = 100%. Results are mean±SEMof quadruplicate
cultures from a representative experiment from a total of four experi-
ments.

receptor bears any structural relationship to the M0MR;and (d)
whether the receptor is directly responsible for the observed
mitogenic effect. Wehave obtained answers to these questions.

The data from the '25I-ManBSA binding experiments indi-
cate specificity and saturability of binding, arguing for a binding
site. The electron microscopy data indicate the association of
the ligand-occupied receptor with clathrin-coated pits and its
subsequent internalization in endosomes.

Internalization of the ASM-MRto the endosome is further
indicated by inhibition of ligand uptake upon exposure of cells
to the weak bases CQand MA, and to SW. This is also indicated
by the inhibition of Hex B-stimulated [3H]thymidine incorpora-
tion by these agents. In addition, our data on SWinhibition
indicate that the internalized receptor stimulating [3H]thymidine
incorporation has mannosyl specificity. However, one may not
conclude that internalization is needed for the trophic effect to
occur, since CQ, MA, and SWprevent binding. Signal transduc-
tion has been shown to be independent of receptor-ligand endo-
cytosis in several instances (44-46) and dependent on endocy-
tosis in some (47), but our data do not allow us to discriminate
between the two possibilities.

Functional characteristics, subcellular location, and apparent
molecular size suggest a degree of homology between the ASM-
MRand the M0MR.A structural homology is indicated by the
immunologic cross-reactivity.
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Finally, the competitive, agonistic, and antagonistic effects
of the antibodies to the M0MRcross-reacting with the ASM-
MRallow us to conclude with confidence that this mannosyl-
specific receptor is indeed responsible for the mitogenic effect
in ASMcells.

Further studies are needed to clarify the structural basis of
the signal resulting from the binding of mannosyl-rich ligands
to the ASM-MR. It is possible that the ASM-MR/ligand interac-
tion triggers a signal that results in the synthesis of endogenous
mitogenic factors. However, in preliminary experiments (Lew,
D. B., unpublished observations), conditioned medium from
Hex-stimulated ASMcells failed to exert a mitogenic effect on
naive ASMcells. Thus the possibility of an indirect effect due to
the generation of endogenous mitogenic factors seems unlikely.

In addition to signal generation, of interest is also the mecha-
nism of signal transduction from the receptor to the cytoplasmic
machinery that controls endocytosis and cell division. GTP-
binding proteins (G-proteins) play a role in endocytic processes
(48, 49) and in the cytoplasmic transduction of the receptor
signal (50). Preliminary findings by our group (51) suggest that
the bovine ASM-MRis coupled to phospholipase A2(PLA2) via
a pertussis toxin-sensitive G-protein; it is not known, however,
if the G-protein is also involved in the endocytic or mitogenic
process. Additional recent observations indicate that an early,
transient surge of cAMP (52) and activation of protein kinase
C (53) are also associated with Hex-induced mitogenesis in
ASMcells, but their mutual relationships are likewise unclear
at this time.

In conclusion, our data indicate that the MRidentified in
this work undergoes endocytosis and shares structural, topologi-
cal, and functional properties with the M0MR, while it also
stimulates mitogenesis. The ASMcells are not phagocytic and
the main function of MRin ASMcells seems to be mitogenic;
whereas a trophic or mitogenic function of the M0MRhas not
been observed so far. Interestingly, after submission of this
manuscript, Lambeau et al. (54) and Ishizaki et al. (55) reported
cloning and expression of a membrane receptor for secretory
PLA2 from rabbit skeletal muscle and bovine corpora lutea,
respectively, that show a remarkable structural homology with

Table III. Inhibition by High Concentrations of mAb]5 of the
Effect of Hex B on [3H]Thymidine Incorporation in Bovine ASM
Cells

mAb,5 3H-Thymidine incorporation

nAM %of Hex B response+SEM, n=4

100
50 47±10*
75 1±5*
100 <0*

Cells were pretreated with mAbls for 30 min before the addition of Hex
B (50 nM) or vehicle. [3H]Thymidine incorporation assays were done
according to the protocol. Hex B (50 nM)-vehicle: 11,375±1,538 cpm/
well; mAb15 (50 nM)-control: 17,977±3,270 cpm/well; mAb15 (75
nM)-control: 3,132±572 cpm/well; mAb15 (100 nM)-control: 754±93
cpm/well; nonsense IgG1 control: 1,644±561 cpm/well. * P < 0.05,
value significantly different from Hex B alone. Results are from a repre-
sentative experiment from a total of three experiments.

the human M0MR. Therefore, it will be interesting to compare
the detailed structure of the ASM-MRwith that of the M0MR,
and that of the secretory PLA2 receptors in order to understand
the basis of what appear to be different main functions of related
receptors in different cell types.
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