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We found that phorbol ester-primed THP-1 cells (a
uman monocyte cell line), which express a scavenger
eceptor, were stimulated by mucins through the mac-
ophage scavenger receptor, resulting in enhanced se-
retion of IL-1b. The activity was abolished by treat-
ent of the mucins with sialidase, indicating that

ialic acid is involved in binding. 125I-Labeled ovine
ubmaxillary mucin could bind to COS 7 cells trans-
ected with cDNA encoding the scavenger receptor.
inding was inhibited by mucins, fucoidan, and poly-

nosinic acid but not by polycytidylic acid, this being
onsistent with the characteristics of the scavenger
eceptor. When phorbol ester-primed THP-1 cells were
ocultured with colon cancer cells producing mucins,
L-1b secreted from the THP-1 cells increased signifi-
antly. Adhesion between colon cancer cells and a
cavenger receptor transfectant was observed, and
inding was inhibited partly by mucins and ligands
or the scavenger receptor. © 1999 Academic Press

Scavenger receptors were first discovered because of
heir ability to bind to and internalize acetyl low den-
ity lipoprotein (LDL) (1). Type I and II class A mac-
ophage scavenger receptors are trimeric integral
embrane glycoproteins that exhibit unusual ligand

inding properties (2, 3). High affinity ligands include
ome modified LDLs, maleylated bovine serum albu-
in, certain polyribonucleotides, and some bacterial

ipopolysaccharides (4, 5). Some polysaccharides such
s dextran sulfate and fucoidan are also recognized by
hese receptors, while heparin, chondroitin sulfate A

Abbreviations used: LDL, low-density lipoprotein; BSA, bovine
erum albumin; PBS, phosphate-buffered saline; BSM, bovine sub-
axillary mucin; OSM, ovine submaxillary mucin; poly I, poly-

nosinic acid; poly C, polycytidylic acid.
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nd C, polysialic acid and glycoproteins such as a1-acid
lycoprotein and fetuin are not. It appears likely that
hese receptors recognize a certain anionic charge dis-
ribution on a ligand molecule. In this regard, mucins,
ighly O-glycosylated glycoproteins, seem to be potent
andidates for the ligand activity because of the nu-
erous anionic charges on their molecules. In fact, all

he mucins we examined could stimulate macrophages
ffectively through a scavenger receptor.

ATERIALS AND METHODS

Cells and materials. A human monocyte cell line, THP-1 cells,
nd human colon cancer cell lines, LS 180 and CaCo 2 cells, were
btained from the American Type Culture Collection. THP-1 cells
ere cultured in RPMI 1640 medium supplemented with 10% heat-

nactivated fetal calf serum. LS 180 and CaCo 2 cells were cultured
n Eagle’s MEM medium and MEM–Earle medium supplemented
ith 10% fetal calf serum, respectively. Ovine submaxillary mucin

OSM) was purified as described previously (6) and labeled with
25I-NaI by the chloramine T method (7). Bovine submaxillary mucin
BSM) was obtained from Roche Diagnostics, Mannheim.

Stimulation of phorbol ester-primed THP-1 cells by mucins.
HP-1 cells were induced to differentiate into macrophage-like cells
y treatment with 100 nM phorbol 12-myristate 13-acetate for two
ays according to Hara et al. (8). After washing with RPMI 1640
edium containing 0.2% bovine serum albumin (BSA), the cells were

ultured for 1 day in the same medium and then washed again. Then,
he cells were cultured for another day in the presence of OSM and
SM (30 mg protein/ml). Each culture supernatant was collected and
ssayed for IL-1b by ELISA. Asialomucins were prepared by treat-
ent of the mucins with immobilized sialidase (Clostoridium per-

ringens) at 37°C for 20 h. After dialysis against phosphate-buffered
aline (PBS), the effects of the asialomucins were examined as de-
cribed above.
Phorbol ester-primed THP-1 cells (3 3 105 cells) were cocultured
ith LS 180 or CaCo 2 cells (1 3 105 cells) for 2 days. The culture

upernatants were also assayed for IL-1b by ELISA.

Expression of recombinant scavenger receptor type I in COS 7 cells.
he entire coding region of human macrophage scavenger receptor
ype I was amplified by means of polymerase chain reaction using a
9 phosphorylated primer (pAGTGGATAAATCAGTGCTGC), which
ontains the (1) strand sequence of nucleotides 241 to 222 of the
eceptor cDNA, and a 39 primer (GAATTGGAGCCAATTACTGG),
hich contains the (2) strand sequence of nucleotides 1661–1680.
he amplified DNA was inserted into the mammalian expression
ector, pCR 3.1 Uni (Invitrogen), to yield the plasmid, pCR 3.1 Uni
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CR. This plasmid was introduced into TOP10F9 cells and amplified
ccording to the manufacturer’s protocol. On the first day, COS 7
ells were seeded at 3 3 104 cells per 24-well plate or 1 3 104 cells per
pot on multispot glass slides (7 3 8 mm) in DMEM containing 10%
etal calf serum, penicillin and streptomycin. On day 1, the cells were
ransfected with plasmid pCR 3.1 Uni SCR or a control plasmid by
he Lipofection method. On day 2, the medium was changed to
MEM containing 0.2% BSA. On day 3, the resultant transfectants
ere used for experiments.

Binding of 125I-labeled OSM to scavenger receptor transfectants.
25I-Labeled OSM was added to COS 7 cells (24-well plate) trans-
ected with scavenger receptor cDNA, followed by incubation at 4°C

FIG. 1. Effects of mucins on IL-1b secretion from phorbol ester-
rimed THP-1 cells. THP-1 cells treated (open bars) or nontreated
hatched bars) with phorbol ester as described under Materials and

ethods were cultured for 24 h in the presence of BSM and OSM (30
g protein/ml). Each culture supernatant was collected and assayed

or IL-1b by ELISA. The data shown are the mean levels of duplicate
xperiments and are values relative to those for control cells treated
ith phorbol ester taken as 100.

FIG. 2. Effects of asialomucins on IL-1b secretion from phorbol
ster-primed THP-1 cells. Phorbol ester-primed THP-1 cells were
ultured for 24 h in the presence of OSM and BSM treated (hatched
ars) or non-treated (open bars) with sialidase. Each culture super-
atant was collected and assayed for IL-1b by ELISA. The data
hown are the mean levels of duplicate experiments and are values
elative to those for the cells incubated with OSM taken as 100.
277
or 2 h. After washing five times with DMEM containing 0.2% BSA,
he bound radioactivity was determined. The scavenger receptor
ransfectants were also incubated with 125I-labeled OSM (10 ng/ml)
t 4°C for 2 h in the presence of various inhibitors. The inhibitors
sed were BSM, OSM (30 mg protein/ml), fucoidan, polyinosinic acid

poly I), and polycytidylic acid (poly C) (100 mg/ml).

Adhesion of colon cancer cells to scavenger receptor transfectants.
OS 7 cells (1 3 104 cells) were placed on spots on multispot glass
lides (7 3 8 mm) and then transfected as described above. CaCo 2
nd LS 180 cells were labeled by incubation with 5 mM 2,7-
is(carboxyethyl)-carboxyfluorescein tetra(acetoxymetyl) ester at
7°C for 1 h and then washed five times with MEM containing 0.2%
SA. Cells suspended in PBS (3 3 104 cells) were added to each spot
n the glass slides, followed by incubation at 37°C for 30 min. Each
pot was washed five times with PBS and then the adhered cells
ere sonicated in 0.6 ml of PBS containing 1% NP-40. After centrif-
gation at 10,000g for 20 min, the fluorescence intensity of the
upernatant was determined at 530 nm with an excitation wave-
ength of 490 nm.

ESULTS AND DISCUSSION

Enhanced secretion of IL-1b from phorbol ester-
rimed THP-1 cells on treatment with mucins. It has
een reported that phorbol ester-primed THP-1 cells

FIG. 3. Binding of 125I-labeled OSM to scavenger receptor trans-
ectants. (A) The scavenger receptor and mock transfectants were
ncubated with 125I-labeled OSM (10 ng/ml) at 4°C for 2 h and the
ound radioactivity was determined as described under Materials
nd Methods. (B) The scavenger receptor transfectants were incu-
ated with 125I-labeled OSM (10 ng/ml) at 4°C for 2 h in the presence
f various inhibitors. The inhibitors used were BSM, OSM (30 mg
rotein/ml), fucoidan, poly I and poly C (100 mg/ml).
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xpress a scavenger receptor, and that the binding of
igands such as fucoidan and acetyl-LDL results in
nhanced secretion of IL-1b and TNFa (9). As shown in
ig. 1, OSM and BSM enhanced the secretion of IL-1b.
o detectable secretion of IL-1b was observed for non-
rimed THP-1 cells irrespective of the presence or ab-
ence of mucins. These mucins also significantly en-
anced the secretion of TNFa (data not shown). Due to
he sensitivity of monocytes to trace amounts of lipo-
olysaccharides, it is critical whether or not the mucins
re contaminated by lipopolysaccharides. The en-
anced secretion of IL-1b caused by mucins was not
bolished by polymixin B, which is an antibiotic capa-
le of inhibiting IL-1 induction mediated by lipopoly-
accharides, indicating that this stimulatory effect was
ot due to contamination by lipopolysaccharides (data
ot shown). Since it has been reported that anionic
harges on a ligand molecule are essential for the li-
and activity, we examined the effect of sialidase treat-
ent. As shown in Fig. 2, treatment of the mucins with

ialidase abolished the ability to enhance the secretion
f IL-1b, indicating that sialic acid is involved in the
inding.

Binding of 125I-labeled OSM to scavenger receptor
ransfectants. An expression plasmid containing
DNA encoding the scavenger receptor was expressed
n COS 7 cells. We examined whether or not the recom-
inant receptor is expressed on the cell surface and is
unctional. 1,19-Dioctadecyl-3,3,39,39-tetramethyl-indo-
arbocyanine-conjugated acetyl-LDL (DiI-acetyl-LDL)
as taken up by the scavenger receptor transfectants
ut not by the mock transfectants (data not shown).
he binding of 125I-labeled OSM was assessed by incu-
ating the transfectants with 125I-labeled OSM (Fig.

FIG. 4. Secretion of IL-1b from phorbol ester-primed THP-1 cells
ocultured with LS 180 and CaCo 2 cells. Phorbol ester-primed
HP-1 cells were co-cultured with LS 180 and CaCo 2 cells, or
ultured separately (control cells) for 2 days. Culture supernatant
as assayed for IL-1b by ELISA. The data shown are the mean levels

f duplicate experiments and are values relative to those for control
ells taken as 100.
278
A). 125I-Labeled OSM was bound to the scavenger
eceptor transfectants much more than to the mock
ransfectants. To further clarify the binding properties
f OSM, the ligand activity was estimated in the pres-
nce of various materials, including ligands of the mac-
ophage scavenger receptor. Fucoidan and poly I, but

FIG. 5. Adhesion of colon cancer cells to scavenger receptor
ransfectants. LS 180 (a, b) and CaCo 2 (c, d) cells were labeled with
,7-bis(carboxyethyl)-carboxyfluorescein tetra(acetoxymethyl) ester
nd incubated with scavenger receptor and mock transfectants as
escribed under Materials and Methods. (A) Binding of these cells to
he scavenger receptor transfectants (a, c) and mock transfectants (b,
) was observed. (B) The fluorescence intensity of the cells adhered to
he scavenger receptor transfectants (open bars) and mock transfec-
ants (hatched bars) was estimated as described under Materials and
ethods (triplicate determinations). Values are expressed as per-

entage relative to those for cells adhered to the scavenger receptor
ransfectants taken as 100%.
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ot poly C reduced the binding of 125I-labeled OSM to
he scavenger receptor transfectants, as shown in Fig.
B. These results are consistent with the characteris-
ics of the scavenger receptor.

Enhanced secretion of IL-1b from phorbol ester-
rimed THP-1 cells by coculture with LS 180 and CaCo
cells. Generally, epithelial cancer cells not only se-

rete mucins but also express mucins on their cell
urface. We examined whether or not these mucins
timulate the phorbol ester-primed THP-1 cells. As
hown in Fig. 4, these colon cancer cells stimulated the
horbol ester-primed THP-1 cells effectively. Secreted
L-1b increased about seven fold by co-culture with the
olon cancer cells. IL-1b secreted from LS 180 and
aCo 2 cells was negligible (data not shown). We fur-

her examined whether or not these mucins on the cell
urface mediate the adhesion between scavenger re-
eptor transfectants and colon cancer cells. These can-
er cells adhered to the scavenger receptor transfec-
ants more than to the mock transfectants, as shown in
ig. 5. To further confirm that the scavenger receptor
as responsible for the binding, the adhesion of CaCo
cells in the presence of the ligands was investigated.
s shown in Fig. 6, BSM, OSM and other known li-
ands for the receptor significantly inhibited the adhe-
ion. The binding of 125I-labeled OSM or colon cancer
ells to the scavenger receptor transfectants was inhib-
ted by mucins, fucoidan and poly I but not by poly C.
his difference between poly I and poly C is completely
onsistent with the results reported previously (2).

It has been claimed that in cancer tissues, cancer
ells, inflammatory cells and adjacent vasculature in-

FIG. 6. Adhesion of CaCo 2 cells to scavenger receptor transfec-
ants in the presence of various inhibitors. CaCo 2 cells were labeled
nd incubated with scavenger receptor transfectants in the presence
f various inhibitors as described under Materials and Methods. The
uorescence intensity of the adhered cells was estimated and values
re expressed as % relative to those for cells adhered in the absence
f inhibitors taken as 100%. The inhibitors used were BSM, OSM (30
g protein/ml), fucoidan, poly I and poly C (100 mg/ml).
279
y chemical factors. Mucins secreted and/or present on
he cell surface could stimulate the secretion of cyto-
ines from macrophages. It has also been reported that
L-1b and TNFa can induce the expression of a vascu-
ar endothelial growth factor in human colon, glioma
nd prostate cancer cells (10–12). Mucins may play a
ignificant role as amplifying factors for macrophages
hat have infiltrated into epithelial cancer tissues. We
etected scavenger receptor mRNA in macrophages
hat had infiltrated into colon cancer tissues (Nakada
t al., unpublished data). IL-1b and TNFa can also
nduce the expression of various adhesion molecules in
ndothelial cells, in which the soluble forms of
-selectin and VCAM-1 accelerate angiogenesis (13).
hus, these microenvironmental conditions may facil-

tate the growth of cancer cells and angiogenesis.
We also performed similar experiments using hu-
an mononuclear cells isolated from the buffy coats of

ealthy human donors and confirmed that the secre-
ion of IL-1b increased on incubation with mucins (Na-
ada et al., unpublished data). Mucins are synthesized
y a variety of secretory epithelial tissues as
embrane-bound or secreted forms. It has been re-

orted that mucinous colon cancers can be diagnosed at
more advanced stage, and that mucinous human

olon cancer cell lines exhibit greater tumorigenicity
nd metastatic ability, compared to non-mucinous cell
ines (14). The mechanisms responsible for these bio-
ogical effects are poorly understood. It is possible that
he mucins present in epithelial cancer tissues or se-
reted into the blood-stream may alter the functions of
mmune effector cells.
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