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Macrophage—tumour cell interactions: identification of MUCT1 on breast cancer cells
as a potential counter-receptor for the macrophage-restricted receptor, sialoadhesin
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P. R. CROCKER*§ *ICRF Laboratories, University of Oxford, Institute of Molecular Medicine, John Radcliffe Hospital, Oxford,

UK, and TICRF Breast Cancer Biology Group, Guy’s Hospital, London, UK

SUMMARY

In many carcinomas, infiltrating macrophages are commonly found closely associated with tumour
cells but little is known concerning the nature or significance of adhesion molecules involved in
these cellular interactions. Here we demonstrate in primary human breast cancers that sialoadhesin
(Sn), a macrophage-restricted adhesion molecule, is frequently expressed on infiltrating cells that
often make close contact with breast carcinoma cells. To determine whether Sn could act as a
specific receptor for ligands on breast cancer cell lines, binding assays were performed with a
recombinant form of the protein fused to the Fc portion of human immunoglobulin G1 (IgGl)
(Sn-Fc¢). Sn-Fc was found to bind specifically and in a sialic acid-dependent manner to the breast
cancer cell lines MCF-7, T47.D and BT-20 both in solid- and solution-phase binding assays. To
investigate the nature of the sialoglycoproteins recognized by Sn on breast cancer cells, MCF-7
cells were labelled with [6-H]glucosamine. Following precipitation with Sn-Fc, a major band of
~ 240000 MW was revealed, which was shown in reprecipitation and Western blotting experiments

to be the epithelial mucin, MUCI.

INTRODUCTION

Macrophages are commonly found as infiltrating cells in breast
cancer.! Although their precise functions are unclear, one
contemporary view is that macrophages are an important
source of cytokines and angiogenic factors that could be
causally related to the survival, vascularization and eventual
spread of a primary tumour.”™* However, a large body of
evidence, particularly using experimental models, supports the
view that if macrophages are activated appropriately, they can
also display potent tumoricidal activities that result in reduced
tumour cell growth and survival (reviewed in 5).

Currently, little is known of the nature of cell-cell inter-
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action molecules involved in these varied processes. Such
interactions are likely to be important not only for the entry
and localization of macrophages within tumours but also for
influencing the migratory behaviour and metastasis of tumour
cells.® Intimate cell-cell contact between macrophages and
tumour cells can also be a requirement for efficient killing by
tumoricidal macrophages via cell surface expressed tumour
necrosis factor-o. (TNF-a).”

Sialoadhesin (Sn) is a macrophage-restricted lectin-like
receptor with 17 extracellular immunoglobulin-like domains
that can function as a cell adhesion molecule.® The membrane
distal immunoglobulin-like domain binds specifically to oligos-
accharides terminating in Neu5Ace2,3Gal,® a glycosidic link-
age that is commonly found on O- and N-linked glycans
present on the surface of mammalian cells.!® The interaction
of Sn with cells of the haemopoietic lineages has been well
characterized using both the native protein’!!? as well as a
soluble recombinant form of the receptor in which the first
three extracellular immunoglobulin domains were fused to the
Fc portion of human immunoglobulin G (IgG) (designated
Sn-Fc).819713 Sn appears to bind selectively to immature and
mature granulocytes in vitro'? and in vivo,'* suggesting that
one of its functions is to mediate biologically relevant inter-
actions between macrophages and myeloid cells. The inter-
action of Sn with other cells, particularly carcinoma cells, has
been less well documented.

Here, we investigate the interaction of Sn with breast
cancer cells. Our results demonstrate that Sn is expressed on
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macrophages that naturally infiltrate primary breast cancers
and that Sn-Fc can mediate high level, sialic acid-dependent
binding of breast cancer cells. Avidity capture experiments
with lysates of breast cancer cells reveal selective binding of
Sn to the membrane mucin, MUCI, suggesting that Sn-MUC1
interactions could occur in vivo and perhaps play a role in
disease progression.

MATERIALS AND METHODS

Materials

Unless otherwise specified, all reagents and chemicals were
purchased from Sigma Chemicals (Poole, UK or St Louis,
MO). 2',7-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein
acetoxymethyl ester (BCECF-AM) was purchased from
Molecular Probes Inc. (Eugene, OR). Vibrio cholerae sialidase
was from Calbiochem (La Jolla, CA). 6-[*H]glucosamine and
ECL™ was from Amersham (Little Chalfont, UK ). Microtitre
plates (Immulon 3) were from Dynatech (Chantilly, VA).
Nitrocellulose membranes for Western blotting were purchased
from Schleicher and Schuell (Dassel, Germany).

Cell lines and plasmids

COS-1, MCF-7, BT-20 and T47.D cell lines were obtained
from the Imperial Cancer Research Fund Cell Bank, Clare
Hall, UK. MCF-7 cells were grown in RPMI+10% fetal calf
serum (FCS)+ 10 pg/ml insulin; BT-20 cells in minimal essen-
tial medium (MEM)+15% FCS+10 pg/ml insulin; T47.D
cells in Dulbecco’s modified minimal essential medium
(DMEM) +10% FCS.

Antibodies and Fc-proteins

The mouse antihuman MUC1 monoclonal antibodies (mAbs)
HMFG1'> and SM3!6 react with epitopes in the tandem repeat
of MUC1'7*® and were provided by the Imperial Cancer
Research Fund Hybridoma Unit, Clare Hall, UK. This was
also the source of the mouse antihuman CD44 mAb, P2AIl.
Polyclonal antiserum, CT1, is directed to a synthetic peptide
corresponding to the 17 COOH-terminal amino acids in the
cytoplasmic tail of human MUCI.? The mouse antihuman
Sn mAb, HSnl and an affinity-purified rabbit polyclonal anti-
human Sn were prepared as described.?® Affinity-purified
rabbit antimouse CD22 polyclonal antibodies were prepared
as described.!® Biotinylated rabbit antimouse IgG, alkaline
phosphatase conjugated mouse antirabbit IgG and alkaline
phosphatase, antialkaline phosphatase (APAAP) conjugates
were purchased from Dako (High Wycombe, UK ). The avidin-
biotinylated peroxidase ABC kit was from Vector Laboratories
(Peterborough, UK). Fc-proteins were purified from super-
natants of transiently transfected COS-1 cells using protein
A—sepharose, as described in detail previously.!°

Immunoperoxidase staining of breast cancer sections

Frozen sections of breast tissue were fixed in acetone for
30 min at room temperature. Sections were blocked with 20%
normal rabbit serum for 10 min and MUCI was stained with
the mouse mAb HMFG] for 1 hr at room temperature, using
tissue culture supernatant. After washing in phosphate-
buffered saline (PBS) containing 0-1% bovine serum albumin
(PBSA), the sections were incubated with biotinylated rabbit
antimouse I1gG for 45 min, washed with PBSA, the bound

biotin detected using the ABC kit and developed with diamino-
benzidine to give a brown colour. The sections were then
incubated for 1hr with affinity-purified rabbit polyclonal
antiserum to Sn at 2 pg/ml, washed with PBSA and incubated
for 45 min with alkaline phosphatase conjugated mouse anti-
rabbit IgG. After further washing in PBSA, the staining was
visualised with alkaline phosphatase, antialkaline phosphatase
and the colour developed with Fast Red. Appropriate controls,
including omission of each primary antibody, showed that
binding of anti-MUC-1 and anti-Sn antibodies was specific
under these conditions.

Solid phase binding assays

Fc chimeras at varying concentrations were adsorbed for 3 hr
at 37° to wells of microtitre plates that had been coated
overnight with goat antihuman IgG, as described.!® Cells (107
in 1 ml RPMI-1640+ 20 mm HEPES) were labelled at 37° for
30 min with 10 pg BCECF-AM dye and washed three times
in PBS+0-25% BSA. Immediately prior to binding assays,
cells were resuspended in PBS+0:25% BSA +5 mwm ethylene-
diamine tetra-acetic acid (EDTA) at a concentration of
4 x105/ml, and 50 pl aliquots were added to the precoated
wells of microtitre plates containing 50 pl of the same buffer.
After 1 hr at 37°, 50 pul of 0-25% glutaraldehyde in PBS were
added and bound cells were fixed for 5 min at room tempera-
ture with gentle shaking. The nonadherent cells were removed
by three washes in PBS and fluorescence was measured using
a Cytofluor™ 1350 (Millipore, Watford, UK) with an exci-
tation wavelength of 485 nm and an emission wavelength of
530 nm. The percentage of cells binding in each well was
determined from measurements of the fluorescent signals
before and after washing the plates.

Fluorescence-activated cell sorting (FACS) analysis

Adherent cells were detached from culture flasks in PBS + 5 mm
EDTA and washed with cold PBS +0-2% BSA + 10 mm sodium
azide. Cells were then incubated in the same buffer with Fc
chimeras at a concentration of 50 pg/ml for 30 min at 4°,
washed, and then incubated with fluoroscein isothiocyanate
(FITC)-conjugated goat antihuman IgG for 30 min at 4°.
After two further washes, stained cells were fixed in PBS with
2% formaldehyde. To determine whether binding of Sn-Fc to
the cell lines was sialic acid-dependent, cells were treated with
0-01 U/ml sialidase for 3 hr in DMEM +20 mm HEPES prior
to staining. The cells were analysed by flow cytometry on a
Becton Dickinson FACScan.

Metabolic labelling and immunoprecipitations

MCF-7 cells (10°) were labelled overnight at 37° with
10 uCi/ml [6-*H]glucosamine in DMEM without glucose,
supplemented with 5% dialysed FCS and 0-5% normal FCS.
All subsequent steps were performed at 4°. Labelled cells were
lysed at a concentation of 0-5-1x107 cells/ml in 50 mm
Tris—HCI pH 80 containing 1% NP-40, 150 mm NaCl, 5 mm
EDTA; 1mM phenylmethylsulphonyl fluoride (PMSF),
0-5 mg/ml leupeptin, 0-2 mg/ml aprotonin. Insoluble material
was pelleted at 10000 g for 10 min. The lysate was precleared
for 30 min with 50 ul of protein A—sepharose and lysate
fractions corresponding to 10° cells were incubated overnight
with 10 pg Sn-Fc, CD22-Fc or neural cell adhesion molecule
(NCAM-Fc) or 5 pg anti-MUCI antibodies. 50 pl of protein
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A-sepharose beads were added and after 1 hr incubation, the
resin was washed three times with wash buffer (50 mm
Tris—HCI pH 8-0 containing 0-1% NP-40, 150 mm NaCl, 5 mm
EDTA, 0-1mm PMSF) and bound material eluted with
non-reducing sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (SDS-PAGE) loading buffer by boiling for
3 min. Samples were resolved on 7-5% SDS-PAGE and
detected by fluorography. For re-precipitation experiments,
bound material was eluted at 100° in 40 pl 1% SDS followed
by addition of 960 pl of lysis buffer to dilute the SDS. 10 pg
of the Fc proteins or 5 ug IgG were added and precipitations
performed as above.

Immunoblotting

Using cell lysates prepared as described, proteins were separ-
ated on 7-5% reducing polyacrylamide gels and electrophoret-
ically transferred overnight at 4° to nitrocellulose membranes
at 0-:3 A, 50 V. All subsequent steps were performed at room
temperature. Membranes were blocked for 1 hr in PBS+0-1%
Tween 20+ 3% skimmed milk, incubated for 1 hr with mAbs
directed against either MUC1 or CD44 at a concentration of
1-0 pg/ml, washed and incubated for 1 hr with peroxidase-
conjugated goat antimouse IgG. After washing, bound proteins
were detected by enhanced chemiluminescence using the
ECL™ detection system, according to the manufacturer’s
protocol.

RESULTS
Expression of Sn on macrophages in breast cancer lesions

To investigate the expression of Sn in human breast cancer,
frozen sections taken from up to 60 cases of primary breast
cancer were stained using the antihuman Sn mAb, HSnl. In
virtually all cases, Sn-positive cells were seen to be abundantly
present throughout the stroma (Fig. 1). The Sn-positive cells
resembled macrophages morphologically and were labelled
by a pan-macrophage anti-CD68 mAb, EBM/11, in serial

Figure 1. Immunocytochemical double-staining of primary human
breast cancer revealing close proximity of tumour cells and infiltrating
Sn-positive macrophages. Frozen sections of breast tissue were stained
by an indirect immunoperoxidase procedure using the HMFGI anti-
MUC-1 mAb and developed with diaminobenzidine to give a brown
colour. The sections were then stained by an indirect alkaline phospha-
tase method using affinity-purified rabbit anti-Sn IgG and developed
with Fast Red. Islands of brown MUC]1-positive tumour cells (T) are
surrounded by pink Sn-positive macrophages (M) (x 250).
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sections (not shown). To investigate the relationship between
Sn-positive macrophages and breast cancer cells, double label-
ling experiments were performed using the anti-MUCI mAb
HMFGTI to detect breast cancer cells and an affinity-purified
rabbit polyclonal antibody to detect Sn. MUCI is an abun-
dantly expressed membrane mucin of breast cancer cells as
well as normal epithelia.”! The double-labelling experiments
clearly revealed that the the Sn-positive macrophages are
commonly found in close association with MUCI-positive
breast carcinoma cells (Fig. 1). Although the rabbit antimouse
Ab used to detect MUC-1 could theoretically react with the
antirabbit used to detect Sn, control experiments showed that
the binding of anti-MUCI and anti-Sn was specific under the
conditions used (not shown).

Binding of breast cancer cell lines to Sn-Fc and CD22-Fc

We next examined the ability of Sn to bind to the breast
cancer cell lines MCF-7, T47.D and BT-20 by solid phase
binding assays and by FACS analysis. These experiments were
performed using a soluble chimaeric form of mouse Sn in
which the first three extracellular domains were fused to the
hinge and constant regions of human IgG1 (designated Sn-Fc).
In solid-phase binding assays (Fig. 2), in which Fc-proteins
were immobilized to plastic, all the cell lines bound at high
levels to Sn-Fc, whereas a much lower level of binding
was observed with CD22-Fc which specifically recognizes
Neu5Ac(Ge)a2,6Gal in glycoproteins.'> No binding was
observed with NCAM-Fc used as a negative control. In FACS
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Figure 2. Solid-phase binding assays of Sn-Fc to breast cancer cell
lines. Fc-proteins were immobilized to plastic wells, cells added and
unbound cells washed off after 30 min. (a) Binding of breast cancer
cell lines to Sn-Fc compared with CD22-Fc or NCAM-Fc used as a
negative control. (b) Sialidase-treated MCF-7 cells bind to Sn-Fc at
background levels. Bars show mean+ 1 SD of triplicate values. Results
shown are representative of three experiments performed.
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assays, soluble Sn-Fc was found to bind specifically to MCF-7
cells (Fig. 3). Binding of Sn-Fc to cell lines in both the solid-
and soluble-phase binding assays was sialic acid-dependent as
pretreatment of the cells with sialidase completely abolished
binding (Fig. 2b and Fig. 3).

Sn-Fc precipitates MUC-1 from MCF-7 cell lysates

To identify the nature of sialoglycoproteins recognized by
Sn-Fc, precipitations were performed with lysates of MCF-7
cells labelled overnight with 6-[*H]glucosamine. Metabolic
interconversion results in incorporation of the label into N-
acetyl glucosamine, N-acetyl galactosamine and sialic acids,
making it possible to identify both N- and O-glycosylated
molecules.?? Following addition of protein A—sepharose, Sn-Fc
precipitated a major broad band at ~220-240000 MW, which
was not observed with CD22-Fc or NCAM-Fc used as a
negative control (Fig. 4a).

The electrophoretic properties of the Sn-Fc precipitate
were reminiscent of the MUCI molecule which is well-
labelled by 6-[*H]glucosamine.”® To test this possibility,
6-[*H]glucosamine-labelled MCF-7 cell lysates were immunop-
recipitated with the SM3 anti-MUC1 mAb. MUCI1 appeared
as two glycoprotein bands of =220000 and 240000 MW,
which comigrated with the material precipitated by Sn-Fc
(Fig. 4a). These two bands correspond to the allelic forms of
MUCI expressed by MCF-7 cells.?*

To test directly whether Sn-Fc could precipitate MUCI,
reprecipitation experiments were performed (Fig. 4b).
Following immunoprecipitation with anti-MUC1 mAb the
eluate was reprecipitated with either Sn-Fc or NCAM-Fc.
Sn-Fc quantitatively reprecipitated the two allelic forms of
MUCI, whereas no bands were observed with NCAM-Fc,
used as a negative control. These results show that Sn-Fc
binds to MUCI in a specific manner.

Further evidence that Sn-Fc precipitates MUCI specifically
was obtained in Western blots (Fig. 5). Lysates of MCF-7
cells were subjected to precipitation with Sn-Fc or CD22-Fec,
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eluted and western blots probed with anti-MUC1 mAb or an
anti-CD44 mAb as a negative control. As shown in Fig. 5,
MUCI antigen was specifically precipitated by Sn-Fc, but not
by CD22-Fc.

DISCUSSION

The results of this study provide evidence that MUC-1 is a
specific counter-receptor for the macrophage receptor, sia-
loadhesin. Using recently developed antibodies to human Sn,?°
we first demonstrated that this receptor is present on the
majority of infiltrating macrophages in many cases of breast
cancer and that at least some of these macrophages are in
close contact with MUCI1-positive breast cancer cells. In vitro
binding assays with a recombinant form of the receptor
revealed that Sn can mediate high-level, sialic acid-dependent
binding to breast cancer cell lines. Finally, we found that
Sn-Fc is able to specifically precipitate the MUCI1 molecule
from lysates of the MCF-7 breast cancer cell line. It should
be noted that, although a murine form of Sn-Fc was used in
the present experiments, our recent characterization of human
Sn has revealed that the human and mouse proteins exhibit
indistinguishable binding specificities (unpublished obser-
vations). Thus, it is very likely that the binding properties
described here for murine Sn-Fc reflect those that would occur
with the human protein expressed by macrophages in human
tumours.

MUCI is an extended molecule because of extensive O-
glycosylation and an extracellular domain which is made up
of exact tandem repeats of 20 amino acids, each of which
contains potential glycosylation sites.>* A size polymorphism
is observed due to the presence of different numbers of tandem
repeats (30-100 depending on the allele), but the smallest
allele with around 25 repeats is still likely to encode a protein
several times longer than other membrane mucins such as
leukosialin or P-selectin glycoprotein ligand-1 (PSGL-1).2527
Mucin-like membrane glycoproteins carrying multiple sialyl-
ated O-glycans can have a potentially antiadhesive function

200
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20C
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Fluorescence intensity

Figure 3. FACS analysis of Sn-Fc binding to MCF-7 cells. Cells were incubated with either Sn-Fc or NCAM-Fc as a control,
washed, and binding detected with antihuman IgG-FITC. Sn-Fc shows strong binding which is reduced to background levels after

sialidase treatment of the MCF-7 cells.
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Figure 4. Precipitation of glycoproteins from 6-[*H ]glucosamine-labelled MCF-7 cells. MCF-7 cells were labelled overnight with
6-[*H]glucosamine, lysed and precipitated with the indicated reagents. (a) Sn-Fc specifically precipitates high-molecular-weight
material that comigrates with glycoproteins recognized by anti-MUCI mAb SM3. (b) Lysates from MCF-7 cells labelled with
6-*H]glucosamine were immunoprecipitated with anti-MUC1 mAb SM3 (left track) and eluates were reprecipitated with either
Sn-Fc or NCAM-Fc. Sn-Fc specifically precipitates both allelic forms of MUCI.
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Figure 5. Western blot analysis of glycoproteins precipitated by
CD22-Fc or Sn-Fc. Lysates prepared from 6-[*H] glucosamine-labelled
MCEF-7 cells were precipitated with either CD22-Fc or Sn-Fc, proteins
separated by SDS-PAGE and transferred to nitrocellulose membranes.
The blots were probed with either anti-MUC1 mAb SM3 or anti-
CD44 mAb P2AL1. Sn-Fc precipitates glycoproteins that are recognized
specifically by the anti-MUCI but not by the anti-CD44 mAb. The
nature of the faint band detected with anti-MUC-1 following precipi-
tation with CD22-Fc is unknown.

because of their extended structure and the negative charge
that they carry. The MUCI molecule has in fact been reported
to exhibit an antiadhesive function®”-?® that could, in the case
of a cancer cell, affect metastatic progression. However, where
a mucin can, through a carbohydrate structure, be recognized
by a lectin on another cell, cell-cell adhesion is potentially
enhanced, as has been well documented in the case of the
selectin family of cell adhesion molecules (reviewed in 29). We
speculate from the data presented here that the extended
structure of the MUCI polypeptide could act as a particularly

© 1999 Blackwell Science Ltd, Immunology, 98, 213-219

effective scaffolding for presententation of oligosaccharide
chains to Sn, thereby promoting cell-cell interactions between
tumour cells and infiltrating macrophages.

Studies with normal and malignant breast cells have shown
that the O-glycans added to MUCI in normal cells are
extended by core 2, branched structures while shorter chains
are added to the mucin produced by breast cancer cell
lines,?3:3%3! resulting in the exposure of normally cryptic
peptide epitopes. Although both forms of the glycoprotein
carry O-glycans with terminal Neu5Acao2,3Gal (a preferred
ligand for Sn'®), the o2,3 sialyltransferase which adds sialic
acid to Galp1,3GalNAc (directly linked to serine or threonine),
is dramatically upregulated in the breast cancer cells** (and
unpublished observations), resulting in an increase in the
sialylated disaccharide carried on MUCI1.?® Because of the
aberrant glycosylation seen in breast cancer cells, the cancer
mucin is antigenically distinct from the normal mucin and
various formulations based on MUCI are being tested in
immunotherapy trials in the clinic. The interaction of MUCI1
expressing cancer cells with the effector cells of the immune
system is therefore particularly relevant. The data regarding
the interaction of MUC1 with T cells are somewhat conflicting
in that both inhibition of the interaction,®® enhancement of
the interaction,®* and induction of cytotoxic T cells reactive
with MUC-expressing cells have been reported.’ Specific
receptors on T cells have not been identified although intracel-
lular adhesion molecule-1 (ICAM-1) has been reported to
bind MUC1.3¢

While the present experiments indicate that Sn—-MUCI
interactions are likely to occur in vivo, their biological signifi-
cance remains to be determined. Interestingly, the degree of
Sn-positive cell infiltration was positively correlated with
disease severity in 33 cases analysed so far (unpublished
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observations). Sn has been shown to function as a non-
phagocytic macrophage adhesion molecule for a range of
cell types, including erythroid, myeloid and lymphoid
cells,10:11:14.37.38  The  physiological consequences  of
Sn-dependent adhesion are presently unclear, but it could
influence, either positively or negatively, various macrophage
effector functions such as phagocytic uptake of opsonized or
apoptotic cells, antigen presentation,®® and cytotoxic activity
that depends on membrane-membrane contact of macro-
phages with target cells. In addition, it is possible that Sn on
macrophages can interact with soluble forms of MUC-1, which
can be readily detected in the serum of breast cancer patients,*°
possibly as a result of proteolytic cleavage from the cell
surface.*! This circulating MUCI could block Sn binding sites
throughout the body and hence affect macrophage function at
sites distal from the tumour itself. Future studies using mutant
mice that are deficient in either MUCI1,** Sn or in both may
shed light on these possibilities.
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