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Abstract: Neutrophil-independent macrophage re-
sponses are a prominent part of delayed-type im-
mune and healing processes and depend on T cell-
secreted cytokines. An important mediator in this
setting is the phosphoprotein osteopontin, whose
secretion by activated T cells confers resistance to
infection by several intracellular pathogens through
recruitment and activation of macrophages. Here,
we analyze the structural basis of this activity fol-
lowing cleavage of the phosphoprotein by thrombin
into two fragments. An interaction bhetween the
C-terminal domain of osteopontin and the recep-
tor CD44 induces macrophage chemotaxis, and
engagement of 3;-integrin receptors by a nonover-
lapping N-terminal osteopontin domain induces
cell spreading and subsequent activation. Serine
phosphorylation of the osteopontin molecule on
specific sites is required for functional interaction
with integrin but not CD44 receptors. Thus, in
addition to regulation of intracellular enzymes and
substrates, phosphorylation also regulates the bio-
logical activity of secreted cytokines. These data,
taken as a whole, indicate that the activities of
distinet osteopontin domains are required to coor-
dinate macrophage migration and activation and
may bear on incompletely understood mechanisms
of delayed-type hypersensitivity, wound healing,
and granulomatous disease. J. Leukoc. Biol. 72:

752-761; 2002.
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INTRODUCTION

Macrophages participate in two general types of inflammatory
reactions. In immediate responses, macrophages are attracted
and activated by cytokines secreted from neutrophils and sup-
port a reaction that usually is characterized by excessive
fibrosis and scar formation. In contrast, delayed-type hyper-
sensitivity responses are largely neutrophil-independent, in-
volve macrophage activation through other cytokines, and in-
clude inflammation associated with resistance to infection by
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intracellular pathogens and enhancement of wound healing.
Differential expression of osteopontin by T cells determines the
relative levels of these two responses. Resistance to Rickettsia
infection, mediated by vigorous induction of osteopontin, leads
to an early monocyte influx into infected sites and rapid ac-
quisition of macrophage bacteriocidal activity. Susceptibility to
Rickettsial infection, on the other hand, reflects delayed and
weak osteopontin responses and is characterized by an early
accumulation of neutrophils at sites of infection [1, 2]. High
levels of osteopontin expression are also a hallmark of mono-
cytic granulomatous reactions in the context of tuberculosis
and silicosis [3]. In experimental glomerulonephritis, neutral-
izing antibodies to osteopontin greatly reduced the influx of
macrophages and T cells and reduced kidney damage [4].
Osteopontin may play a central role in bone healing [5, 6],
stroke [7], and the revascularization process that is essential
for wound healing [8, 9].

Osteopontin has been implicated in cell attachment [10-12]
and cell motility [13, 14]. The protein binds to two types of
receptors. Engagement of the homing receptor CD44 through a
non-RGD cell-binding domain of osteopontin is sufficient to
induce chemotaxis or attachment [14, 15]. Binding osteopontin
to o 5 integrin receptors via its Gly-Arg-Gly-Asp-Ser
(GRGDS) motif [12, 16, 17] may contribute to osteoclast ad-
herence and resorption of bone [18] as well as to haptotaxis of
endothelial cells [19], vascular smooth muscle cells [17, 20],
myelomonocytic cells [21], and tumor cells [22]. Vascular
smooth muscle cells may also engage osteopontin through o 3,
and o35 integrins in an interaction that leads to adhesion of
cells but not to migration [13], and adhesion to immobilized
osteopontin via integrins o, and oy has been reported [21].
Engagement of integrin aof3; may induce migration [23]. Os-
teopontin is secreted in nonphosphorylated [24-27] and phos-
phorylated forms [28-30], which contain up to 28 phosphate
residues and are differentially induced by tumor promoters and
cytokines. Phosphorylation is functionally important, as it may
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determine whether osteopontin associates with the cell surface
or with the extracellular matrix [31, 32]. Furthermore, cleavage
of osteopontin with thrombin may enhance its cell attachment
properties [33]. These results suggest that osteopontin may
elicit specific cellular responses depending on its post-trans-
lational modification and the cell surface receptor repertoire on
its target cell.

The structural basis for the interaction of osteopontin with
macrophages leading to migration and perhaps activation is
incompletely understood, as earlier studies have often equated
function with cell adherence. Prior experiments were per-
formed mostly with cells of different lineages, and it has been
shown for other extracellular matrix proteins, including throm-
bospondin and fibronectin, that their interactions with macro-
phages could not be predicted from such studies. The necessity
for cell attachment of the RGD motif in recombinant osteopon-
tin has been confirmed in mutational analysis. Mutagenesis of
the RGD sequence to RAA completely abrogated the interac-
tion of melanoma cells with osteopontin, and mutagenesis of
the RGD to RGE resulted in 50% reduction in the attachment
of these cells to osteopontin [23]. Mutagenizing the RGD to
RGE in mouse osteopontin eliminated the attachment of tumor
cells and gingival fibroblasts [34]. Analyses of further struc-
tural requirements for osteopontin functions have also demon-
strated that phosphorylation may be essential for integrin-
mediated cell adhesion [32] and may confer attachment of
osteoclasts. It has not been clear whether additional sequences
are necessary for osteopontin interaction with its integrin re-
ceptors and whether such sequences determine a second bind-
ing site or steric modifiers that expose the RGD sequence after
phosphorylation. The role of osteopontin phosphorylation in
other functions has not been investigated. We have recently
found phosphorylation to be essential for various cytokine
functions of osteopontin [35-37]. Here, we show that engage-
ment of B;-integrin and CD44 receptors by separate domains of
osteopontin leads to the expression of distinct macrophage-
response phenotypes, which can be separated on the level of
biological function, and that the interaction of integrin recep-
tors with osteopontin is regulated by phosphorylation of spe-
cific sites on the ligand. We examine macrophages as the cell
type that is physiologically predominantly affected by os-
teopontin, and we compare native osteopontin to recombinant
protein that has been phosphorylated on specific sites.

MATERIALS AND METHODS

Cell lines

MH-S is a murine macrophage cell line that was derived by SV40 transfor-
mation from an adherent cell-enriched population of alveolar macrophages
[CRL-2019, American Type Culture Collection, Manassas, VA (ATCC)]. MT-
2/1 is a thymus-derived macrophage from a BALB/c mouse that was immor-
talized by infection with a retroviral vector [38]. In both cell lines, expression
of CD44 and integrin 5 was measured by flow cytometry with fluorescein
isothiocyanate (FITC)-labeled antibodies IM7 and 2C9.G2. CD44 variant
expression was analyzed by reverse transcriptase-polymerase chain reaction
(RT-PCR) with previously published primer sets [39]. A31 is an integrin
o,B; , CD44™ murine embryonic fibroblast clone derived from BALB/c 3T3
cells (CCL-163, ATCC). A31 cells transfected with CD44: (A31.C1) or A31

mock transfectants were generated as described [14].

Osteopontin purification and cleavage

Recombinant mouse glutathione-S-transferase-osteopontin fusion protein was
derived from Escherichia coli, digested with factor Xa and purified by affinity
chromatography, as described [40, 41]. Osteopontin was purified to homoge-
neity as determined by N-terminal sequencing. The native osteopontin used in
this study was isolated from bone cell cultures or from MC3T3E1 cells and is
a full-length protein that is O-glycosylated and highly sialylated, free of sulfate
or N-glycosylation, and contains 15-17 phosphate residues. Thrombin cleav-
age and phosphorylation of the dephosphorylated, native protein or recombi-
nant osteopontin were accomplished by human thrombin (Sigma Chemical Co.,
St. Louis, MO), protein kinase A, protein kinase G, Golgi kinases, or purified
casein kinase Il or casein kinase I as described [12, 29, 30, 40—42]. Dephos-
phorylation was performed using type II potato acid phosphatase [35]. Endo-
toxin levels of purified osteopontin were below 1 ng/g according to Limulus
lysate analysis [35].

In preliminary experiments, MH-S cells attached to but did not spread on
phosphorylated and unphosphorylated PNGRGDSLAYGLR synthetic peptides.
Therefore, we attempted to isolate a proteolytic fragment that can promote cell
spreading. Partial tryptic, chymotryptic, and Asp-N endopeptidase digestion of
osteopontin did not result in the isolation of an active peptide; however, a
10-kD fragment was isolated from a Lys-C digest that mediated the spreading
of macrophages at approximately 40% (mol/mol) of the activity of the N-
terminal thrombin fragment. The N-terminal sequence of this peptide was
determined to be QETLPSN. Based on size and sequence analysis of this
peptide, referred to as NT10k, we predict that it terminates at the thrombin
cleavage site. It contains seven potential phosphorylation sites and approxi-
mately 5 mol phosphate/mol peptide. Upon dephosphorylation of this peptide,
spreading activity is lost but can be regained by rephosphorylation with Golgi
kinases.

Chemotaxis

Directed migration of cells was determined in multiwell chemotaxis chambers
|14, 43]. Two-well culture plates (transwell) with polycarbonate filters (pore
size 8—12 m) separating top and bottom wells were coated with 5 pg
fibronectin. Cells (2X10°) were added to the upper chamber and incubated at
37°C in the presence or absence of osteopontin in the lower chamber. After 4 h,
the filters were removed, fixed in methanol, and stained with hematoxylin and
eosin, and cells that had migrated to various areas of the lower surface were
counted microscopically. Controls for chemokinesis included 200 ng of the
appropriate form of osteopontin in the top well. For inhibition studies, the cells
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Fig. 1. Titration of osteopontin into the peritoneum induces a cellular infil-
trate in a dose-dependent manner. The numbers reflect induction ratios after
6 h of (A) total cells (O) or (B) cells with the surface markers Mac-17 (A),
B220" (m), or CD3" (O) in mice injected with osteopontin versus mice
injected with PBS (baseline cell numbers for PBS-injected mice ranged from
443,000 to 1.1X10° cells total; 224,000 to 596,000 Mac-1" cells; 31,300 to
176,000 B220* cells; 18,100 to 214,100 CD3™ cells). The data points are

combined from three experiments. Error bars, where indicated, are mean = SE.
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were incubated with the relevant antibodies for 15 min before adding to the
upper well of the transwell chamber. All assays were done in triplicates and are
reported as mean = standard error.

Haptotaxis

Haptotaxis of monocytic cell lines to osteopontin or fragments of osteopontin
was assayed using a Boyden chamber. The lower surface or both sides of
polycarbonate filters with 8 wm pore size were coated with the indicated
amounts of osteopontin. Cells (2X10°) were added to the upper chamber and
incubated at 37°C in the absence of any factors in the lower chamber. After
4 h, the filters were removed, fixed in methanol, and stained with hematoxylin
and eosin. Cells that had migrated to the lower surface were counted under a
microscope. All assays were done in triplicates and are reported as mean *
standard error.

In vivo cell migration

Female C57BL/6 mice, purchased from Jackson Laboratories (Bar Harbor,
MA) and housed at the Redstone Animal Facility of the Dana-Farber Cancer
Institute (Boston, MA), were injected intraperitoneally (i.p.) with 200 pl
phosphate-buffered saline (PBS) containing varying dosages of K7 osteosar-
coma-derived osteopontin. Injections of vehicle alone (PBS) served as negative
controls. The mice were sacrificed by CO, asphyxiation at varying times after
injection followed by immediate collection of peritoneal exsudate by i.p.
injection and recovery of twice 10 mL PBS. Red blood cells were removed by
hypotonic lysis with ACK buffer (0.15 M NH,CI, 1.0 mM KHCOj, 0.1 mM Na,
EDTA, pH 7.4) for 5 min at room temperature. Cells were washed and
resuspended in Dulbecco’s modified Eagle’s medium containing 5% fetal
bovine serum for fluorescent antibody staining at a concentration of 0.2-1
million cells in 50 wl. Fluorescence-labeled antibodies (1 pg/1X10° cells)
were incubated with cells for 30 min at 4°C, before washing twice with 200 .l
PBS and fixation in 500 pl 2% paraformaldehyde in PBS. Analysis for cellular
expression of CD44: (Pgp-1, phycoerythrin) together with CD11b [membrane
attach complex (Mac)-1, FITC, macrophage marker|, B220 (FITC, B cell
marker), or CD3 (FITC, T cell marker) was performed by dual-color flow
cytometry with antibodies from PharMingen (San Diego, CA) using a Coulter
(Miami, FL) EPICS flow cytometer. Appropriate, nonspecific antibody controls
and single-color controls were included.

Cell attachment and spreading

Cell adhesion is a prerequisite for chemotaxis, haptotaxis, and cell spreading.
In vitro assays revealed that cells display passive and active adhesion. Active

MT-2/1

adhesion is pH- and temperature-dependent, reduced by trypsin treatment,
and dependent on cell viability. Passive adherence is temperature- and pH-
independent, unaffected by trypsin treatment, and independent of cell viabil-
ity. Maximal levels of active adherence by macrophages depend on harvest of
cells without enzymes from subconfluent cultures and limited exposure to
temperature fluctuation. In these studies, we distinguish among cell passive
adhesion, active adhesion, and spreading. Passive adhesion is not associated
with rearrangement of the cytoskeleton: Attached (possibly adhered) cells
cannot undergo GO-G1 transition (as judged by cyclin D expression) and
become nonviable within 6-12 h. Actively adherent cells rearrange their
cytoskeleton, can undergo GO-G1 transition, and proliferate. Spread cells are
arrested cells in G2, do not proliferate, and are characterized by focal adhesion
plaques. Most dye-binding assays cannot differentiate these different types of
attachment. Dye-binding assays, such as crystal violet, which bind very tightly
to dead cells, do not allow differentiation between cell debris and live, actively
attached cells.

Twenty-four-well plates were coated overnight at 4°C with 10 pg/ml of the
indicated ligand and were then blocked for 1 h at room temperature with 10
mg/ml bovine serum albumin (BSA) in PBS. At these concentrations, the
osteopontin-derived ligands are several orders of magnitude in excess of the
estimated numbers of receptors on the plated cells and are considered satu-
rating so that moderate differences in ligand binding to the plastic do not affect
the experiment. To preserve the integrity of adhesion receptors, MH-S mono-
cytic cells were harvested from subconfluent cultures by nonenzymatic cell-
dissociation solution (Sigma Chemical Co.). The cells were washed twice with
PBS and resuspended at a concentration of 1 X 10° cells/ml in sterile Ca®"-
and Mg**-free PBS supplemented with 0.1% BSA and 1 mM sodium pyruvate.
Cells (5X10% were incubated in each well, and after 1 h at 37°C, the wells
were washed three times with 0.5 ml PBS to remove nonadherent cells, fixed
in 1% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) at room temperature
for 1 h, and were then stained with toluidine blue and hematoxylin. The total
number of attached or spread cells in each well was counted microscopically
using a Nikon Eclipse microscope equipped with a Sony digital camera. Total
number of attached or spread cells was quantitated using Optima 5.2 image
analysis system. Each experiment was done in triplicates and is reported as
mean * standard error. To minimize variability inherent to cell-attachment
studies, we scored cells as attached only when a defined nucleus was observed
accompanied by a transition from round to cuboidal cell morphology. Round
cells are loosely attached with no defined nucleus and were scored as nonat-
tached. These cells can be removed with repeated washes. The viability of the
cells was measured before and after the termination of the experiments, and
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Fig. 2. Expression of CD44 and integrin B, by MH-S and MT-2 cells. The expression levels of CD44 and integrin B, were measured by flow cytometry with
FITC-conjugated antibodies to these surface receptors (anti-pan-CD44 clone IM7 and 2C9.G2) and an irrelevant control antibody (open peak, not labeled). RT-PCR
with primers for the constitutive exons 5 and 16 of CD44 (MT-2 CD44 and MH-S CD44) amplifies a prominent band of about 200 bp in macrophage cell lines
(with these primers, the standard form would yield a product of 135 bp; ref. [39]), indicating that standard CD44 is not abundantly expressed. RT-PCR with primers
for the exons 5 and v6 (MT-2 v6 and MH-S v6) results in three PCR products, ranging in size from 200 bp to 400 bp, corroborating the expression of multiple

CDA44 variants that contain the exon v6. No bands were seen in the no-template controls (H,0 CD44 and H,O v6). The two lateral lines indicate the positions of

the markers for 194 bp and 300 bp.
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TABLE 1. Migratory Activity of Osteopontin and Its Thrombin Fragments
Lower Chamber
OPN-
PBS OPN OPN-CT NT
Upper Chamber PBS 42+ 8 231 = 34 389 = 52 69 *+9
OPN 12*+5 164 = 18 211 = 36 20+ 5
OPN-CT 16 £3 64+ 10 167 = 26 193
OPN-NT 21 +2 187 £ 40 261 * 42 14 =8
Lower Chamber
OPN-
PBS OPN OPN-CT NT
Upper Chamber PBS 56 *+ 10 312 = 56 478 = 98 71+ 21
OPN 34 +7 168 + 24 305 £ 50 36 = 19
OPN-CT 9+4 88 + 18 220 = 38 26 =5
OPN-NT 63 =11 287 = 60 409 = 55 14+ 5
Upper Surface
OPN P
(hg) 0 1 3 5
Lower Surface 0 1*+0.15 1.5+ 0.2 1.8 0.1 0.6 £0.2
1 5.2 = 0.35 1.5+0.3
3 7.8 £ 0.4 2.1*+0.3
5 9.3 £ 0.8 2.0 £0.1

Haptotactic index

Chemotactic index

Control 1+03 1+£02
nOPN 9.8 £ 0.9 13.3 = 1.9
+1 mM GRGDS 3.6 *1.0 10.6 = 1.3
+1 mM GDPRS 9.6 1.2 10.2 £ 2.1
+0.1 g anti-integrin (-3 4.8 + 0.6 9.8 = 0.6
nOPN-NT 6.1 = 0.7
+1 mM GRGDS 2.1*0.2
+0.1 pg anti-CD44 5.5 £ 0.3
+0.1 pg anti-integrin (3-3 1.6 £0.1
OPN-CT 9.6 £ 1.9
+1 mM GRGDS 7.7 1.6
+0.1 pg anti-CD44 4.6 = 0.7
+0.1 pg anti-integrin 3-3 12.1 = 2.1

only data from experiments with greater than 95% cell viability were used.
Further, under the conditions used in these experiments, cell attachment was
temperature-dependent, inhibitable by trypsin treatment, and not affected by
inhibitors of protein synthesis or secretion. Cell spreading was determined by
membrane-contour analysis and was scored according to increase in cell
volume/surface area. In some experiments, cell spreading was also assessed by
the formation of stress fibers. Each experiment was performed in quadruplicate
wells and repeated three times.

Zymography

Secretion of proteinases was assayed by sodium dodecyl sulfate (SDS)-sub-
strate gel electrophoresis under nonreducing conditions as described [44, 45].
Cell culture supernatant was collected after 6 h of culture, concentrated five
times, and resuspended in 200 pl zymogram buffer (40 mM Tris, pH 7.5)
before addition to Laemmli sample buffer and electrophoresis in 10% poly-
acrylamide gels, impregnated with 1 mg/ml gelatin. Following electrophoresis,
gels were incubated for 30 min at 37°C in 50 ml 50 mM Tris-HCI buffer, pH
8.0, containing 2% Triton X-100 and 10 mM CaCl, to remove the SDS,
followed by incubation for 18 h in 50 mM Tris-HCI buffer, pH 8.0, containing
5 mM CaCl,. After staining the gels with Coomassie brilliant blue, gelatin-

degrading enzymes were identified as clear bands against a dark blue back-
ground.

RESULTS

Osteopontin interacts with CD44" and CD44~
macrophages in vivo

Singh et al. [16] have reported an RGD-dependent interaction
between osteopontin and integrin receptors and in vivo attrac-
tion of macrophages by subcutaneously injected osteopontin.
We analyzed osteopontin-attracted macrophage populations for
expression of CD44. Titration of soluble osteopontin into the
peritoneum resulted in a dose-dependent increase in the cel-
lular infiltrate (Fig. 1, A and B). According to our preliminary
experiments, the peak response occurred at 4—6 h at about 10
g osteopontin; the decreased response after 6 h may reflect

Weber et al.
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TABLE 1. (Continued)

Haptotactic index Chemotactic index
Control 1x03 1+0.2
rOPN 1.5 0.1 10.5 = 2.2
nOPN dephos. 3.6 0.6 11.4 £ 1.8
PrgPN EPKég 1.3*£0.2 9.6 = 0.7
PrOPN (PK 0.8+ 0.4 8.7x2.0
PrOPN (CKI) 10.0 £ 1.9 9.9 = 2.3
PrOPN (CKII) 8.0 1.8 10.3 = 1.6
PrOPN (GK) 12.6 = 2.1 10.4 = 1.6
nOPN 9.8 = 0.9 13.3 £ 1.9
rOPN-CT 1.3 0.6 9.6 1.9
nOPN-CT 1.6 £0.5 9.6 = 1.9
rOPN-NT 0.6 £ 0.2 09 *+0.2
nOPN-NT 6.1 = 0.7 09=*0.1
rOPN-NT10k 1.8 £09 1.1x01
nOPN-NT10k 4.2 1.1 1.1 £0.2

(A) Chemotaxis of A31.C1 cells, stably transfected with CD44. Soluble osteopontin (OPN) or its cleavage fragments were added to the lower well of a Boyden
chamber in the presence or absence of equal amounts of osteopontin or its fragments in the upper well. Values are expressed as total numbers of transmigrated
cells (mean = SE); numbers in bold are significantly different from control values, with P < 0.01 or better. Numbers in italics are significantly different from the
value in the top row of the column (reflecting inhibition of maximally induced migration), with P < 0.05 or better. NT, N-terminal thrombin cleavage fragment
of osteopontin; CT, C-terminal fragment. (B) Chemotaxis of MH-S cells. Soluble osteopontin or its cleavage fragments were added to the Boyden chamber as
described in A. Values are expressed as total numbers of transmigrated cells (mean * SE); numbers in bold are significantly different from control values, with
P < 0.01 or better. Numbers in italics are significantly different from the value in the top row of the column (reflecting inhibition of maximally induced migration),
with P < 0.05 or better. (C) Haptotactic response of MH-S cells. The lower side of the transwell membrane was coated with increasing amounts of osteopontin
in the presence or absence of increasing amounts of osteopontin on the upper side of the transwell membrane. Data are expressed as migratory index (cells migrating
in response to osteopontin/cells migrating in response to buffer). Values are expressed as mean & SE; numbers in bold are significantly different from control values,
with P < 0.01 or better. (D and E) Middle columns: Haptotaxis of MH-S cells across polycarbonated filters in response to osteopontin (300 pmoles) bound to the
lower surface. In controls wells, coated filters were placed into the Boyden chamber with the coated side up or with both sides coated (compare C). Right columns:
Chemotactic activity was tested with soluble osteopontin (300 nM) in the lower chamber. Monocyte migration was mainly directional (i.e., the cells responded to
a positive gradient of osteopontin; compare A and B). (D) Purified, natural osteopontin (nOPN) exerted chemotactic and haptotactic activity for the MH-S monocyte
cell line through distinct domains, which were differentially inhibited by modulators of integrin binding (GRGDS peptide, anti-integrin (3, antibody 2C9.G2) or
CD44 binding (antibody KM81, clone TIB 241). The antibody concentrations used were saturating in a preliminary experiment as judged by titration of anti-integrin
35 antibody (haptotactic indices 9.8 at 0 pg, 2.0 at 0.1 pg, 2.2 at 0.2 pg, 2.2 at 0.5 pg) and anti-CD44 (chemotactic indices 13.3 at 0 pg, 4.9 at 0.1 pg, 4.4 at
0.5 pg, 5.1 at 1 pg, 4.3 at 2 pg). (E) Recombinant osteopontin (rOPN) was phosphorylated with the indicated kinases as previously described [30, 40—42]. rOPN
(GK), rOPN phosphorylated with Golgi kinases isolated from mouse calvarial cells (14 mol phosphate/mol protein); rOPN (CKII), rOPN phosphorylated with casein
kinase II (9 mol phosphate/mol protein); rOPN (CKI), rOPN phosphorylated with casein kinase 1 (11 mol phosphate/mol protein); rfOPN (PKA), rOPN
phosphorylated with cyclic adenosine monophosphate (cAMP)-dependent kinase (low incorporation of phosphate); rOPN (PKG), rOPN phosphorylated with
¢GMP-dependent protein kinase (3 mol phosphate/mol protein); OPN-NT10k, N-terminal 10-kD fragment of osteopontin. As phosphorylation at any site never
reaches 100%, the mol phophate/mol protein underestimates the total number of sites phosphorylated. Data are expressed as migratory index (cells migrating in
response to osteopontin/cells migrating in response to buffer). Values are expressed as mean = SE; numbers in bold are significantly different from control values,
with P < 0.05 or better. Similar results were obtained with MT-2/1 cells (not shown).

clearance of soluble osteopontin from the peritoneal cavity. depended on expression of CD44 splice variants 3—-6 [14],
The numbers of Mac-1" cells in the infiltrate were increased ~ which characterize activated lymphocytes [46]. More recent
fivefold over basal levels and about 90% of peritoneal macro-  studies indicate that A31 cells transfected with the standard
phages were CD44™. Osteopontin injections induced a dispro-  form of CD44 (lacking variant exons) do not bind osteopontin

portionately high increase in Mac-1"CD44™ (5.27%1.14-fold  (unpublished results and ref. [47]). These findings are consis-
at 10 pg osteopontin) as well as Mac-1"CD44~ cells  tent with the observation that lymphocytes attracted into the
(6.27*2.28-fold), implying that ligation of both classes of  peritoneal cavity appear to be activated as judged by increased
osteopontin receptors may contribute to migration in vivo. The forward-scatter measurements in flow cytometry.

dominant migration of Mac-1" cells (about 65% of th . . o
precominant migraton o) e cells (abou ¢ " The C-terminal domain of osteopontin interacts

infiltrate) is consistent with previous studies of osteopontin [16] with CD44 to induce chemotaxis

and is in contrast to the inflammatory response to lipopolysac-
charide (LPS), which consists of roughly equal numbers of  Earlier studies of osteopontin binding to the myelomonocytic
CD3™", B220", and Mac-1" cells (data not shown). This cel-  cell line Wehi 3 suggested that this interaction depended

lular infiltration is unlikely to reflect contamination of os-  mainly on engagement of integrin receptors [16], and later
teopontin, which was pure according to peptide sequence  investigations identified CD44 as a second receptor that was
analysis, as coinjection of osteopontin with anti-osteopontin  associated with chemotaxis [14]. As thrombin cleaves os-
antibody prevented the influx of cells, whereas rabbit immu-  teopontin in two sites releasing two large fragments, an N-
noglobulin had no effect (data not shown). terminal 1-153 fragment containing the RGD motif and a

Our previous investigations of stable transfectants of A31 158-294- C-terminal fragment [33], and as previous studies
cells indicated that the interaction of osteopontin with CD44  have demonstrated that the attachment of tumor cells is medi-
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Fig. 3. Phosphorylation of osteopontin is required to in-
duce cell spreading. MH-S monocytic cells (10*/well) or
MT-2/1 cells (not shown) were incubated in 96-well plates
that had been coated with 10 pg/ml (300 nM) indicated
ligands for 1 h before washing, staining with toluidine blue,
and counting. (Top) Change in cell morphology: MH-S cells
attached to and spread on immobilized phosphorylated
osteopontin; MH-S cells bound to unphosphorylated os-
teopontin do not spread (original magnification, 400X).
(Middle) Numbers of cells attached to the indicated ligands
in the presence or absence of GRGDS peptide or of the
control peptides GRGES or SGRSD. Values are expressed
as mean * SE. (Bottom) Numbers of cells spread on the
indicated ligands in the presence or absence of GRGDS.
Values are expressed as mean = SE. rOPN, Recombinant
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0
rOPN rOPN-P

_[100

m -GRGDS 0 +GRGDS
T 64 - 80
- 60
_| 40
i - 20

rOPN-P rOPN NT CT

ated preferentially by RGD-containing domains of osteopontin
[48], we exploited these observations to determine whether
distinet domains of osteopontin were responsible for engage-
ment of the two receptors. The macrophage cell lines MT-2/1
and MH-S express the relevant receptors, integrin B4 and
CDA44, at high levels according to flow cytometry. Although one
form containing variant exons appears to be the most prominent
CD44 gene product as judged by PCR with primers for the
constitutive exons 5 and 16, three bands between 200 and 400
base pairs are amplified with primers for exon 5 and exon v6.
Expression of standard CD44 was not detected (Fig. 2).

The CD44-transfected cell line A31.C1 migrated toward
soluble osteopontin or the C-terminal fragment but not toward
the N-terminal fragment (Table 1A). The vector-transfected
control does not chemotax toward osteopontin [14], confirming
that the C-terminal domain of osteopontin interacts with CD44.
The C-terminal fragment of osteopontin also induced chemo-

osteopontin; NT, N-terminal thrombin cleavage fragment of
osteopontin; CT, C-terminal fragment.

S[1R) peaads g2,

taxis of the macrophage cell line MH-S as efficiently as intact
osteopontin, and the N-terminal, 30-kDa osteopontin fragment
was inactive (Table 1, B-E); equimolar mixtures of both frag-
ments displayed activity similar to that of the 28-kDa C-
terminal fragment alone (data not shown). Chemotaxis induced
by osteopontin or its C-terminal domain was inhibitable by
anti-CD44 antibody but not by GRGDS peptide or anti-integrin
B5 antibody. These results, taken together, indicate that the
28-kDa C-terminal part of the molecule is sufficient to induce
CD44-dependent chemotaxis.

The N-terminal domain of osteopontin induces
haptotaxis of macrophages via integrin B4

Cells can move up a gradient of immobilized ligand; this
cell-crawling may occur on vessel walls or in the interstitium
and is referred to as haptotaxis. We assessed the contribution
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of interactions between immobilized osteopontin and integrin
receptors to cell motility. The ability of the immobilized ligand
to induce monocyte haptotaxis was judged by cell migration
through polycarbonate filters. Osteopontin induced monocyte
migration that was mainly directional (i.e., the cells responded
to a positive gradient of bound osteopontin; Table 1C) and thus
haptotactic and was inhibited by GRGDS and antibody to the
B chain of integrins but not by antibody to CD44 (Table 1D).

As some osteopontin functions are dependent on the phos-
phorylation of the ligand, we attempted to localize the critical
residues for haptotaxis. Phosphorylation has to occur at spe-
cific sites, as Golgi kinases and casein kinase I or II can
activate osteopontin, whereas protein kinase A or G phosphor-
ylates the recombinant molecule but does not confer integrin
binding (Table 1E). Earlier studies, which showed that RGD-
containing peptides can confer function, may have induced
nonspecific effects through multiple integrin receptors. Our
data demonstrate that the RGD motif is necessary but not
sufficient to confer specific osteopontin function; a sequence
N-terminal to the RGD sequence is also needed.

The N-terminal domain of osteopontin induces
spreading and activation of macrophages
via integrin B5

Macrophage spreading on extracellular matrix proteins de-
pends, in part, on engagement of their integrin receptors.
Spreading of the MH-S macrophage cell line on immobilized,
native osteopontin is mediated by the RGD-containing N-
terminal thrombin cleavage fragment but not by the C-terminal
fragment and is reversed by addition of soluble GRGDS but not
control GRGES peptide. Moreover, phosphorylation of recom-
binant osteopontin is required for this activity (Fig. 3).

Osteopontin induces proinflammatory mediators
through integrin 35

Macrophage spreading is often associated with cellular activa-
tion. Here, we analyze the effects of osteopontin on macrophage
production of effector cytokines including several proinflam-
matory mediators and metalloproteinases. Metalloproteinases,
which regulate cell motility and invasion, represent a family of
more than 14 proteolytic enzymes that have distinct but over-
lapping substrate specificity. Metalloprotease 2 and 9 cleave
type IV collagen and are thought to be essential for efficient
migration of monocytes through basement membranes. The
phosphorylated N-terminal fragment but not the C-terminal
fragment of osteopontin induced strong MMP-9 (gelatinase B)
responses (Fig. 4), and induction was inhibited by GRGDS but
not GRGES (data not shown). Consistent with its role in de-
layed-type hypersensitivity responses, osteopontin induced in-
terleukin (IL)-12 and tumor necrosis factor oo (TNF-at) but not
IL-183, IL-10, or IL-6. Additional analysis revealed that cyto-
kine induction depends on the interaction between phosphor-
ylated osteopontin and peritoneal macrophages (Fig. 5). This
interaction was mediated by the N-terminal portion of os-
teopontin and was inhibited by GRGDS and integrin 3 anti-
body (not shown).
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Fig. 4. Induction of metalloprotease secretion by phosphorylated but not
unphosphorylated osteopontin. MH-S cells were stimulated for 6 h with phos-
phorylated or unphosphorylated osteopontin at a concentration of 10 pg/ml
(300 nM) in serum-free, defined medium. To visualize the secreted metallo-
proteases, gelatin zymograms were performed. MMP-9 and pre-MMP-9 are
visible in the sample stimulated with natural osteopontin (lane 2) and samples
stimulated with phosphorylated recombinant osteopontin (lane 3). Dephosphor-
ylation of osteopontin with acid phosphatase abolishes the stimulatory activity
of osteopontin (lane 4). Similarly, recombinant osteopontin has no stimulatory
activity (lane 5). The pre-form but not active MMP9 is stimulated by the
N-terminal fragment of osteopontin (lane 6), and the C-terminal fragment of
osteopontin has little or no stimulatory activity (lane 7). Control, MH-S cells
were incubated with serum-free, defined medium (lane 1).

DISCUSSION

The present structure-function analysis of osteopontin demon-
strates that engagement of its two main receptors by distinct
domains leads to differential monocyte responses. Chemoat-
tractant activity resides within the C-terminal region of os-
teopontin and is mediated by CD44. In contrast, the RGD motif
within a nonoverlapping N-terminal portion of osteopontin,
exposed after phosphorylation or thrombin cleavage, can in-
duce haptotaxis and cellular activation. Thus, in addition to the
well-established role of phosphorylation in regulating the bio-
logical interactions of intracellular enzymes and their sub-
strates, phosphorylation of a secreted extracellular protein also
can provide molecular information that targets it to particular
interaction partners, which dictate its biological activity. In
vivo, additional components may contribute to regulating os-
teopontin biology. Several other integrin receptors are engaged
by osteopontin [13, 21]. Furthermore, CD44 may be ligated
individually or in association with integrin B, [47]. This inter-
action is not likely to contribute to chemotaxis, as the integrin
B,-binding sites on osteopontin have been mapped outside the
C-terminal fragment used in our experiments; however, other in
vivo functions by coligated CD44 and integrin 3, are possible.
The combined contributions by all receptors may underlie the
profound effects of osteopontin on cellular immunity.

The participation of monocytes/macrophages in inflamma-
tion entails emigration of these cells from peripheral blood into
infected tissues, where they produce cytokines that regulate
diverse processes including antimicrobial activity, cell growth,
differentiation, and wound healing [49]. Emigration of mono-
cytes depends on coordinate engagement of different subsets of
cell surface receptors by cytokines and extracellular matrix
that underlie migration or adhesion within various anatomic
compartments. Osteopontin plays an important role in macro-
phage infiltration in response to pathological stimuli [50]. Our
findings suggest that attraction and activation of monocytes
depend, in part, on orchestrated activities of osteopontin-bind-
ing domains that have been modified by thrombin [22], ecto-
kinases [51], and ecto-phosphatases [32]. Thrombin cleavage
of osteopontin that has been integrated into the matrix through
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Fig. 5. Osteopontin induces secretion of inflammatory mediators from macrophages. Resident peritoneal macrophages, obtained by peritoneal lavage with PBS,
were treated with red cell lysis buffer and incubated (10> macrophages per 100 wl) for 2 h. The adherent fraction was incubated with 5 nM osteopontin (OPN, native
osteopontin; dpOPN, dephosphorylated native osteopontin; rOPN, recombinant osteopontin; rOPN~P, recombinant osteopontin phosphorylated by Golgi kinases)
or 30 ng/ml LPS. Supernatant 1L-12, TNF-a, IL-1B, IL-10, and IL-6 were assayed at 24 or 48 h post-stimulation with commercial enzyme-linked immunosorbent

assay kits (R&D Systems, Minneapolis, MN). Similar results were obtained with the MH-S cell line.

lated N-terminal domain of osteopontin may facilitate local
haptotactic migration toward a site of microbial infection or
inflammation (Fig. 6). After arrival, attachment and spreading
of emigrant monocytes mediated by engagement of o 35 inte-

transglutaminases [52] can lead to the release of a chemotactic
C-terminal osteopontin fragment and attraction of monocytes to
a site of infection. Subsequent engagement of integrin recep-
tors on emigrant monocytes by the immobilized, phosphory-

macrophage

OPNCT | i~
i + chemotaxis al

‘ ’

' ’
vy, ,
vy ’
‘I 7

’

/
'
'
'
'
-
~
A

O metalloprotease

/~~_ haptotaxis secretion

Int. BJ ~\\ ~'N

thrombin

t

spreading '~/
g —— ~
Int. ﬁT
OPN-NT

1\

|

Golgi kinases

Fig. 6. Model of monocyte regulation by osteopontin. Osteopontin is secreted by activated T cells. Thrombin cleavage releases the two receptor-binding domains,
which carry out distinct functions in the cascade of events leading to macrophage attraction and activation. The C-terminal piece exerts chemotactic activity that
is phosphorylation-independent, leading to attraction of macrophages to the cleavage site and cellular attachment to the osteopontin N-terminal fragment.
Phosphorylation-dependent haptotaxis on cross-linked osteopontin or OPN-NT leads to macrophage spreading and activation, including induction of cytokine

secretion and release of metalloproteases that can degrade the matrix.
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grin receptors by the N-terminal osteopontin thrombin cleavage
product (possibly through increased access of the RGD-bind-
ing site; ref. [19]) can lead to macrophage activation and
expression of inflammatory mediators such as metalloproteases
and cytokines (Fig. 5). The cytokine profile reflects a type 1
pattern and in conjunction with the coordinated regulation of
macrophage migration and invasion, accounts for the promi-
nent role played by the cytokine osteopontin in cellular immu-
nity [35]. The coupling of macrophage cell shape and gene
expression through the linkage of cytoskeletal networks to the
extracellular matrix provides a molecular framework for differ-
ential responses to various presentations of the same ligand
[53]. Although additional in vivo studies are required to test
this model, the definition of the functional domains of os-
teopontin in this report represents an important step in under-
standing this process and may allow the rational development
of osteopontin analogs that antagonize or mimic discrete bio-
logical activities of the parent molecule.
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