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SHPS-1 Induces Aggregation of Ba/F3 Pro-B Cells Via an
Interaction with CD47*

lvan Babic,* Annette Schallhorn,* Frederik P. Lindberg, T and Frank R. Jirik 2*

SHPS-1 (SH2-domain bearing protein tyrosine phosphatase (SHP) substrate-1), a member of the inhibitory-receptor superfamily
that is abundantly expressed in macrophages and neural tissue, appears to regulate intracellular signaling events downstream of
receptor protein-tyrosine kinases and integrin-extracellular matrix molecule interactions. To investigate the function of SHPS-1

in a hematopoietic cell line, SHPS-1 was expressed in Ba/F3 cells, an IL-3-dependent pro-B-cell line that lacks endogenous SHPS-1
protein. Interestingly, expression of either SHPS-1, or a mutant lacking the intracellular domain of SHPS-1XCT SHPS-1),
resulted in the rapid formation of macroscopic Ba/F3 cell aggregates. As the integrin-associated protein/CD47 was shown to be a
SHPS-1 ligand in neural cells, we investigated whether CD47 played a role in the aggregation of SHPS-1-expressing Ba/F3 cells.
In support of this idea, aggregate formation was inhibited by an anti-CD47 Ab. Furthermore, erythrocytes from control, but not
from CD47-deficient mice, were able to form rosettes on SHPS-1-expressing Ba/F3 cells. Because erythrocytes do not express
integrins, this result suggested that SHPS-1-CD47 interactions can take place in the absence of a CD47-integrin association. We
also present evidence that the amino-terminal I|g domain of SHPS-1 mediates the interaction with CD47. Although SHPS-1-CD47
binding likely triggers bidirectional intracellular signaling processes, these results demonstrate that this interaction can also
mediate cell-cell adhesion. The Journal of Immunology,2000, 164: 3652—3658.

moq

munoreceptor tyrosine-based inhibition motif (ITIM)- intracellular domain of SHPS-1 contains four tyrosine residues that

containing transmembrane glycoproteins displaying se4include phosphorylation sites that are evident following stimula-
quence diversity in their three extracellular Ig-like domains (1).tion of cells with growth factors and other stimuli, including plate-
Belonging to the inhibitory-receptor superfamily (2), SIRPs, which |et-derived growth factor, epidermal growth factor, insulin, CSF-1,
include SIRR1/SHPS-1 (SH2-domain bearing protein tyrosine or lysophosphatidic acid (1, 3, 9—14). Two of the potential phos-
phosphatase (SHP) substrate-1), were initially identified based ophorylation sites lie within ITIMs, the latter being characterized by
their ability to become tyrosine phosphorylated and to interact withthe consensus sequence I/LxYxxL/V. ITIMs, an essential compo-
the SH2-domain-containing protein-tyrosine phosphatase SHP-gent of the inhibitory-receptor superfamily, are found within the
following activation of growth factor-receptor protein-tyrosine ki- ¢yiosolic domains of a variety of molecules, including killer cell
nases (1, 3). SHPS-1, for example, was cloned from insulin-stimyg_jie receptors, C-type lectin inhibitory receptors, paired Ig-like
ulated rat fibroblasts (1 3). Other groups have aIsp 'qem'f'eq'eceptors, FeRIIB, and CD22 (15). Although SHPS-1 may be
SIRPs baged on the ability of these moleculeg to function in neura(jjirectly phosphorylated by activated receptor protein-tyrosine ki-
cell adhesion (P84, BIT), as macrophage fusion receptors, and E?H%ses, the presence of Src family kinases has been shown to b

Ag presentation-stimulating molecules (4-7). i . o . y
SHPS-1 encodes a 65-kDa protein that is heavily glycosylated!1ecessary for .SHPS 1 phosphorylation following integrin cl_ust(_er
Lo . . S . ing, and Src kinases were able to phosphorylate SHPS-1 in vitro
giving rise to a variety of isoforms that differ in m.w. according to

- . . : n(13, 16). Phosphorylation of ITIM-associated tyrosine residues en- -
the cell line or tissue type examined (1, 3). The extracellular regio bles th it t of phosphat h as SHP-1. SHP-2
of SHPS-1 consists of an amino-terminal Ig variable (V) type do-2P'es the recruitment of phosphatases, such as “h SHEES, O
SHIP (SH2 domain-containing inositol phosphatase), which in
turn dephosphorylate specific protein substrates involved in medi-
*Centre for Molecular Medicine and Therapeutics, British Columbia Research Insti-gting a variety of physiological effects.

tute for Children’s and Women'’s Health, and Department of Medicine, University of . . . .
British Columbia, Vancouver, British Columbia, Canada; &beépartment of Infec- An |mp0rtant step n underStand'ng SHPS-1 function was the

tious Diseases, Washington University School of Medicine, St. Louis, MO 63110 identification of a ligand for SHPS-1 (P84) in neural cells. Using
Received for publication October 14, 1999. Accepted for publication Januarya mouse brain cDNA library for expression cloning, CD47 (also
12, 2000. known as the integrin-associated protein, IAP) was found to inter-

The costs of publication of this article were defrayed in part by the payment of pagegct with the extracellular region of P84 (17). P84 is localized to
charges. This article must therefore be hereby masddkrtisemenin accordance . . . . . . .
with 18 U.S.C. Section 1734 solely to indicate this fact. sites of synaptogenesis, suggesting it might be involved in regu-

1 This study was supported by funds from Merck-Frosst Canada (to F.R.J.) and Nal-atlon of syngpse formation or mamtenanc? (6' 18)' CD47 is a
tional Institutes of Health Grant GM57573-01 (to F.P.L.). A.S. was the recipient of a50-kDa protein expressed on most mammalian cells (19-21), fea-
studentship from the Deutscher Akademischer Austauschdienst. turing one Ig-like domain in the extracellular region and five trans-

2 Address correspondence and reprint requests to Dr. Frank R. Jirik, Centre for Mo i i H H
lecular Medicine and Therapeutics, University of British Columbia, 950 West 28th membrane domains with a short CytOpIasmIC tail.

Avenue, Vancouver, BC, Canada V5Z 4H4. E-mail address: jirik@cmmt.ubc.ca Because SHPS-1 is highly expressed in cells of the macrophage
3 Abbreviations used in this paper: SIRP, signal-regulatory protein; ITIM, immuno- lIN€age and at lower levels in other hematopoietic cells (5, 8, 22),
receptor tyrosine-based inhibition motif; SHP, SH2 domain-bearing protein tyrosinewe investigated the consequences of SHPS-1 expression in a pro-

phosphatase; SHPS-1, SHP substratA@7 SHPS-1, deleted cytoplasmic tail mu- B . _
tant of SHPS-1; IAP, integrin-associated protein; GFP, green fluorescent protein;WTI,?’ cell line, Ba/F3, that does not express detectable levels of en

wild type. dogenous SHPS-1 protein. Expression of SHPS-1 in Ba/F3 cells

T he signal-regulatory proteins (SIRPsYe a family of im- ~ main and two lg constant (C) type domains (3, 6, 8). The 112-aa
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resulted in the rapid formation of large cell aggregates. Using sevFlow cytometry and cell sorting

eral difierent experimental approaches, we present evidence thﬁ&ttotal of 1 X 10° cells were washed twice with FACS buffer (2% FBS in

CDA47 is a ligand for SHPS-1 on Ba/F3 cells, and that the aminopgs) and resuspended in 1p0of FACS buffer. Cells were stained with
terminal Ig domain of SHPS-1 mediates this interaction. 1 ug Ab (anti-Flag or anti-CD47) for 1 h on ice then washed twice with
FACS buffer and incubated with goat anti-mouse IgG FITC for anti-Flag
stained cells, or goat anti-rat FITC for anti-CD47 stained cells, for 30 min
Materials and Methods on ice. Cells were then washed twice with FACS buffer and resuspended in
Cells and Abs 300 ul of FACS buffer before analysis on a FACSort (Becton Dickinson,
Mountain View, CA) flow cytometer equipped with CellQuest software
The murine pro-B cell line Ba/F3 was kindly provided by Dr. J. W. program (Becton Dickinson). For cell sortingl X 10’ cells were stained
Schrader (Biomedical Research Centre, University of British Columbia)with anti-Flag Ab, and cells showing greater than two log-fold shift in
and cultured in Ba/F3 medium (RPMI 1640 (Life Technologies, Gaithers-fluorescence were gated for sorting. Approximately 110° cells were
burg, MD) supplemented with 10% FBS (Intergen, Purchase, NY) and 20%ollected and resuspended in Ba/F3 medium with 1 mg/ml G418.
WEHI-3 conditioned medium containing IL-3, 5aM 2-ME, 50 U/ml .
penicillin, and 50ug/ml streptomycin (Life Technologies)) at 37°C in 5% Immunoblotting

CO,. The rat IgG2a anti-mouse CD47 Ab (mIAP301) has been describeds,/r3 cells transfected with the empty pCDEF vector or with this vector
(23, 24). The rat I9G2a anti-mouse CB&b (Ly-2, clone 53-6.7; Phar-  containing wild-type (WT) SHPS-1 or thaCT SHPS-1 deletion mutant
Mingen, San Diego, CA) served as the isotype control. The mouse monogonstruct were washed once in PBS and lysed in Nonidet P-40 (NP-40)

clonal anti-Flag (M2) Ab was obtained from Sigma (St. Louis, MO). lysis buffer (1% NP-40, 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 2 mM
EDTA, and 10% glycerol), 10@g/ml PMSF, 1ug/ml aprotinin, 1ug/ml
Plasmids and plasmid constructions pepstatin, Jug/ml leupeptin, 4Qug/ml bestatin, 1Qug/ml soybean trypsin

inhibitor (Boehringer Mannheim, Indianapolis, IN), 10 mM sodium fluo-
The rat full-length SHPS-1 cDNA, having an introduced carboxyl-ter- ride, 1 mM sodium vanadate, and 1 mM sodium molybdate. After 30 min
minal Myc epitope tag, was generously provided by Takashi Matozakion ice, cell lysates were centrifuged at 10,00@ for 15 min. Lysates were
(Kobe University School of Medicine, Kobe, Japan) (3). To generate anthen separated by SDS-PAGE, then transferred to nitrocellulose mem-
extracellular epitope tag that would enable FACS analysis of transfecte@ranes by electroblotting. Membranes were blockedlfb in 5% BSA in
populations, sequences encoding the Flag waege introduced into the  Tris-buffered saline (TBS), washed in TBS with 1% Tween 20 (TBST), and
SHPS-1 cDNA 3'of the signal peptide. A sense primer “Bam” spanning a incubated with anti-Flag M2 (1@g/ml) for 1 h in TBS. The membrane
region 5’ of the ATG (5-TCTCTCTGGATCCGCGCGCTCACCGC was washed with TBST and incubated with a HRP-conjugated secondary

CGATC-3) and the antisense primer “FL2” at the end of the signal peptideanti-mouse Ab (Dako, Carpinteria, CA) for 1 h and washed with TBST.
(5'-AGAGAAGCTTGTCATCGTCGTCCTTGTAGTCCTTCAGTTC  Enhanced chemiluminescence (Amersham, Arlington Heights, IL) detec-

TTTCC C-3') were used in the PCR (italics in the sequences denote thgon was performed according to manufacturers instructions. <
restriction enzyme sites). The PCR product was digested BéamHI/ )

Hindlll. The remaining sequence of SHPS-1 including the Myc tag wasBa/F3-RBC adhesion assay
generated using the sense primer “H2” (5'-CTCTAAGCTTGTGACTCAG .
GCTGACAAATCAGTGTC-3') and the antisense primer “FFS” (5'-GTG Poly--lysine at 100ug/ml (500 ul) was added to wells of 24-well plates

/ ; ; d incubated at room temperature for 1 h, then washed twice wig® dH
TGAATTCTCAGAGGTCTTC-3'). This PCR product was then digested 2" . '
with Hindlll/EcoRI and ligated with theBamHI/Hindlll fragment into Ba/F3 cells transfected with vector alone, WT SHPS-1AGT SHPS-1

T . were washed twice with PBS and resuspended in PBS-atle® cells/ml;
ng: II//IIEE((::c())FTII glggsstid fgzlr%zz?:z;s(it;;t:g; naer;d L“ag eiggaémzﬁ_)'i / TheSOO wl of cells was then added to the palylysine-coated wells. After a 15
EcoR| digested pCDEF (Clontech, Palo Alto, CA) expression vector. Tomin incubation plates were centrifuged at 480g for 4 min, and nonad-

: : herent cells were aspirated and the surface washed twice with PBS. Blood.2
generate the cytoplasmic deletion SHPS-1 mutant consth@E SHPS-1) . ) = : <
the sense primer “Bam” and the antisense primer “FL2" were used for PCF?bta'ned either from control or CD47-deficient (23) C57BL/6 mice was «

. .. f N . c
to introduce the Flag-epitope tag behind the signal sequencesefise collected in heparinized tubes and washed three times with 1% BSA in 2
primer “H2" Wals ushed with the ?)ntisenje prigr “Eco” within the cytoplasmic cPSIi/rf\\’lBgr? dwgggif%l;gteg iggégﬁglfnqegg%jsl\?vgﬁ SdeAe (Ijntg?r?éailnﬁfmo
region proximal to the transmembrane domairGETGAATTCGATTCGGAG e ' ; .
GAGGTAGAG-3) for PCR to generate the remaining portion of the SHPS-1 Pr:l(lezr?geitar/ifus 23";' Eégesfmeéen;?;uggtgg r?(t){ ?J%Tnt(jenvcgféztgr?r;?é (:‘Lirrgm,
lacking amino acids 400-509. The “Bam/FL2" PCR product digested with th ; 9 hed th gto '.h PBS. | bilized cell p - d
BamHI/Hindlll was ligated with the “H2/Eco” PCR product digested with e surface washed three times with PBS. Immobilized cells were image
Hindlll/EcoRI into BamHI/EcoRI digested pCDEF-Myc vector. The pCDEF- using a CCD camera and Northern Eclipse 5.0 software (Empix Imaging,
Myc vector was generated by introducing a Myc-epitope tag followed by a
stop codon into the pCDEF polylinker. This was accomplished by annealing &eneration of recombinant GST-V1SHPS-1 and cell adhesion
sense oligonucleotide ATTCGAACAGAAGCTGATATCGGAAGAA assay
GACCTCTGACTGACTGACGC-3 with an antisense oligonucleotide’{5
GGCCGCGTCAGTCAGTCAGAGGTCTTCTTCCGATATCAGCTTCT  The amino-terminal V domain of rat SHPS-1 was tagged with Flag-epitope
GTTCG-3) and ligating the annealed product irigoRI/Notl-digested pC-  at the carboxyl terminus arfdsed to GST by PCR using the sense primer
DEF. The sequences of both Flag-tagged cDNAs were verified to be correct byG1” (5'-GGTGCGGATCCAAAGAACTGAAGGTGACT-3) and the anti-

dny wouy papeojumod
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DNA sequence analysis. sense primer “G2" (5GTCGGAATTCTTGTCATCGTCGTCCTTGTAG
TCGAGTACATAGAGCGT-3). The amplified product was digested with
Transfections and cell selection BamHI/EcoRI and cloned in-frame inBamHI/EcoRI digested pGEX-2T

vector (Pharmacia, Piscataway, NJpenerate GST-tagged V1SHPS-1. The
A total of 1 X 10 Ba/F3 cells were washed once with PBS and resus construct thus had GST fused in-frame with amino acids 32-147 of
pended in 80Qul of ZAP buffer (25 mM HEPES, 0.75 mM N&PO,, 140 SHPS-1. The GST fusion construct was sequenced before protein isolation.
mM KCI, 5 mM NaCl, 2 mM MgCl,, and 0.5% Ficoll 400) with 12.g of Bacterial expression and fusion protein purification was performed as pre-
Pvul-linearized plasmid, and electroporated at 300 mV and&@6@sing viously described (25). For the cell adhesion assay, d9@ST or GST-
a Bio-Rad Gene Pulser (Bio-Rad, Richmond, CA). Cells were resuspended1SHPS-1 protein was spotted on ax11 cm nitrocellulose filter under
in 30 ml of Ba/F3 medium. Cells were allowed to recover for 20 min at vacuum aspiration. The filter was washed with PBS and placed in wells of
room temperature before returning to the 37°C incubator. After 48 h cellsa 24-well plate with 4% BSA in PBS blocking solution for 30 min. Blood
were centrifuged, washed with PBS, and resuspended in Ba/F3 mediurfinom control and CD47-deficient mice was collected in a heparinized tube
with 1 mg/ml geneticin (G418) (Life Technologies) selection and plated inand washed three times with PBS. Erythrocytes were resuspended at 1
96-well plates. After 3—4 wk of selection, plates were screened using anti10’ cells/ml, and 50Qul of these washed cells was added to the filters. For
Flag staining and FACS. Wells containing clones showing the highest fluthe blocking experiments RBCs were preincubated with anti-CD47, or anti-
orescence signals were then expanded and isolated by cell sorting (s&D8 at 20ug/ml for 10 min. RBCs were then incubated with the filters for
below). To generate green fluorescent protein (GFP)-expressing Ba/FB5 min and then centrifuged 5 min at 400g. The supernatant was re-
cells, 1x 10" Ba/F3 cells were transfected witPvul-linearized pCDEF  moved by aspiration and the filters washed three times with 1% BSA in
vector containing the GFP cDNA. After G418 selection, Ba/F3 clones ex-PBS. Cells that remained bound to the filters were lysed by adding.L00
pressing high levels of GFP were isolated by cell sorting. of mouse red cell removal buffer (140 mM NEI and 17 mM Tris (pH
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7.2)). The lysis solution was transferred to a microtiter plate, and,©QD A
measured on a Bio-Kinetics microplate reader (Bio-Tek, Burlington, VT).

whole cell lysates

Results . ;
Expression of SHPS-1 in Ba/F3 cells results in cellular blot: ant"Hag
aggregation

To investigate the effects of SHPS-1 expression within a hemato- VA WT ACT

poietic cell line, we expressed SHPS-1 in the pro-B cell line Ba/F3.
This cell line lacks detectable endogenous SHPS-1 protein (Ref. 22 200 kD —

and our observations) and therefore provided a model system WT SHPS-1
where different SHPS-1 mutants could be evaluated. Both the full- - ACT SHPS-1
length SHPS-1 (WT SHPS-1) and a cytoplasmic deletion mutant 97 kD — —-—

with amino acids 400-509 deleted (ACT SHPS-1) were introduced

into Ba/F3 cells and oligoclonal populations with high level ex-

pression identified. Out of these populations, cells showing a two-

log shift by FACS analysis were sorted to obtain cell subpopula- B

tions having similar levels of both proteins (FigA)L Cell surface

expression was confirmed by anti-Flag Ab staining and FACS vector alone:

analysis of the transfected cells (Fig. 1B). During their growth,

Ba/F3 cells expressing the full-length SHPS-1 displayed a spon-
taneous aggregation phenotype that resulted in the formation of g
large cell clusters (Fig. B). Cells transfected with a SHPS-1 count
cDNA that lacked the Flag epitope tag at the amino terminus were

also able to form aggregates, demonstrating that this phenotype

¢

% 10 10 20

was not Flag-dependent (data not shown). Aggregate formation B M Bk a1

occurred rapidly. Thus, when aggregates were disrupted to yield a ' anti-Flag

single cell suspension, and then replated, SHPS-1-expressing cells

but not control Ba/F3 cells, were able to begin reaggregating ' WT SHPS-1:

within 1-2 h. Cells transfected with empty pCDEF vector failed to

aggregate, growing as a single cell suspension like the parental *
Ba/F3 cells (Fig. 1B). The ability to form aggregates varied with 4
SHPS-1 expression level, with cells expressing relatively low lev- cell g
els of SHPS-1 showing only a weak tendency to cluster (data not ChUAL o
shown). The expression &CT SHPS-1, the mutant lacking the 2
intracellular domain of this molecule, at levels similar to those for e e

SHPS-1, also produced Ba/F3 cell aggregation (Fg), indicat-
ing that this process was likely independent of the SHPS-1 intra-

cellular domain. ACT SHPS'1:
Cell aggregation of SHPS-1 expressing Ba/F3 cells involves a

heterophilic association

Cell cluster formation could have been due either to a SHPS-1- cell 1

SHPS-1 (homophilic) interaction, or to a heterophilic interaction  count s

between SHPS-1 and another molecule. To evaluate these alterna 4 )

tive possibilities,ACT SHPS-1-expressing Ba/F3 cells were co- B e )

cultured at a 1:1 ratio with Ba/F3 cells expressing the fluorescent )
marker GFP for 24 h. As seen in Fig. 2A, the SHPS-1-transfected
cells produced clusters. When these were viewed under fluores-
cence, GFP-expressing Ba/F3 cells were also evident within thEIGURE 1. A, Anti-FIag Ab immunoblot of cell lysates prepared from
clusters (Fig. 2B). The ability of SHPS-1-expressing Ba/F3 cell t1oBa/F3 cells transfected with _vector—alone (\(A), full—!ength SHPS-1 (WT),
include GFP expressing cells within the aggregates, while not ex2" 1€ SHPS-1 mutant lacking the cytosolic domain, SHPAT). B,

luding th ibility of a h hilic int fi ted th Expression of SHPS-1 andiCT SHPS-1 in Ba/F3 cells resulted in the
cluding e_ possibility of a . omopnilic interaction, suggeste a[formation of macroscopic cell aggregates, whereas cells transfected with
SHPS-1 might be able to bind to another cell surface molecule Ofe yector-alone failed to aggregate. The corresponding anti-Flag FACS

Ba/F3 cells. analysis of the transfected populations is shown for each photograph: light-

. . . gray shading represents the vector-alone population, whereas SHPS-1- and
Anti-CD47 Ab blocks the aggregation of SHPS-1-expressing ACT-SHPS-1-expressing cell profiles are in black. All of the clones with

Ba/F3 cells similar expression levels (six WT, fowCT, three VA) exhibited the same
Jiang et al. (17) reported that SHPS-1 (P84) was one of the ligand&ggregation phenotype.

for CD47 in neural cells; therefore we examined Ba/F3 cells for

CDA47 expression, verifying that these cells express CD47 and that

expression levels of this molecule were not altered by SHPS-Hiated cell migration (23, 24), was added to the cells. Augml,
expression (data not shown). To investigate whether SHPS-1-extnlAP301, but not an isotype control, was able to block aggrega-
pressing Ba/F3 cell aggregation was due to an interaction betweeon of SHPS-1-expressing cells (Fig. 3). The anti-CD47 Ab was
SHPS-1 and CD47, the Ab mIAP301, known to block CD47-me-effective at preventing aggregation at the lowest concentration

.

anti-Flag
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vector alone *
o
Ba/F3 cells ® o

+

C57Bl/6
RBCs

ACTSHPS-1|
Ba/F3 cells :

+

C57Bl/6
RBCs

ACT SHPS-1,
Ba/F3 cells 5

FIGURE 4. SHPS-1 mediates the formation of rosettes of control eryth-
rocytes withACT SHPS-1 Ba/F3 cells. Ba/F3 cells transfected with vector-
alone, orACT SHPS-1, were co-cultivated with RBCs from control or
CDA47-deficient mice. RBCs expressing CD47 were able to form rosettes
only with Ba/F3 cells expressing the extracellular domain of SHPS-1. The
photographs show one representative set of experiments of five.

¢
.
|

FIGURE 2. Heterophilic interactions of Ba/F3 cells expressingT ~ transfected cells, and the result of a specific SHPS-1-CD47
SHPS-1 with GFP-Ba/F3 celldCT SHPS-1 Ba/F3 cells were co-culti- Interaction.

B Aq /610" jounwiwi:mmm//:dny wouy papeojumoq

vated with GFP-expressing Ba/F3 cells at a 1:1 ratio. Photographs of rep- . . . [
resentative experiments were taken after 2A [Cells photographed with-  RBCS from C57BL/6 mice but not from CD47-deficient mice 2
out fluorescenceB, Cells photographed with fluorescence to reveal the form rosettes with Ba/F3 cells expressing the extracellular S
GFP-expressing Ba/F3 cells contained within the SHPS-1-expressingomain of SHPS-1 8
BalF3 cell clusters. We evaluated whether SHPS-1 expression on the surface of Ba/F3S

cells could mediate cell-cell adhesion with another hematopoietic f_'{

cell type, RBCs. The latter are known to express CD47 (20, 21). ©
tested (1ug/ml), whereas the isotype control was ineffective, evenRBCs from control mice were incubated with vector-alone trans- &
at concentrations of 10@.g/ml (data not shown). As a further fected Ba/F3 cells, or with cells expressing th€ T SHPS-1 pro- ©

specificity control, the anti-Flag mAb was unable to inhibit cell- tein. In this experiment, RBCs were able to form rosettes only with
cell aggregation of cells expressing Flag epitope-tagged SHPS-ACT SHPS-1 expressing Ba/F3 cells (Fig. 4). RBCs from control
(data not shown). This result suggested that a heterophilic intermice were also able to form rosettes with Ba/F3 cells that ex-
action was likely responsible for aggregate formation of SHPS-1pressed full-length SHPS-1 (data not shown). To determine

vector alone WT SHPS-1 ACT SHPS-1

FIGURE 3. Ant-CD47 Ab (mIAP301) inhibits  + control
the aggregation of Ba/F3 cells expressing WT antibody
SHPS-1 and\CT SHPS-1. Anti-CD47 or an isotype

control Ab was added at 50g/ml to a volume of 200

wl that contained 1x 10° Ba/F3 cells transfected

with either vector alone, SHPS-1, ACT SHPS-1.

Photographs were taken after incubation for 16 h.  + anti-CD47
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whether rosetting was due primarily to a SHPS-1-CD47 interac- A.

tion, the assay was also performed employing RBCs obtained from 08

CDA47-deficient mice. These RBCs were unable to associate with B asT

ACT SHPS-1-expressing Ba/F3 cells (Fig. 4), indicating that RBC- 0.6 ST

Ba/F3 cell adhesion required the presence of both SHPS-1 and £ i

CD47. Furthermore, as RBCs do not express integrins (20), the § 04

results suggested that SHPS-1-CD47-dependent cell-cell binding 8

occurs independently of this class of cell adhesion molecule. 804

The amino-terminal Ig domain of SHPS-1 is sufficient to mediate o ] e
association with CD47 i CD47 - C57BI/6

When RBCs from control mice were incubated with Ba/F3 cells

expressing a SHPS-1 mutant lacking the amino-terminal 1gV do- 0.8
main, no rosettes were obtained (data not shown). This suggested

that the IgV domain was responsible for mediating the association £ 087
between SHPS-1 and CD47. To investigate this further, we gen- § o
erated a Flag-epitope-tagged SHPS-1 mutant that lacked the two 8
membrane proximal IgC domains. Interestingly, despite repeated 0.2
attempts, we were unable to isolate cells expressing this protein at

levels (by FACS or by immunoblotting of cell lysates) comparable 0-

. " ti-CD8 i-CD:
to those of the other SHPS-1 proteins. Thus, the ability of a GST- h enenar

fusion protein (GST-V1SHPS-1) containing the IgV domain of FIGUR!E 5. C_eII adhesion assay demonstrating an associatiqn between
SHPS-1 (amino acids 32—147) to bind CD47-expressing RBC he amlno-termlnal IgV domain of SHPS-1 and CD47-expressing RBCS.
- . acterially expressed GST or GST-V1SHPS-1 was spotted onto nitrocel-
was evaluatgd. The GST or GST_V‘?"SHPS']' pr(?telns WEre IMMOf, nse filters and incubated with RBCs. Cells remaining bound to the filters
bilized on nitrocellulose filters and incubated with the RBCs 0b-\yere |ysed and optical density of the lysis solution was obtained to quan-
tained either from control or CD47-deficient mice. Filters with (itate hemoglobin levelsA, RBCs from control, but not CD47-deficient
immobilized GST-V1SHPS-1 incubated with control RBCs were mice, were able to bind nitrocellulose filiers with immobilized GST-
visibly covered with these cells, whereas GST control filters, andv1SHPS-1, whereas RBCs from either of these mice failed to adhere to
GST-V1SHPS-1 filters incubated with cells froBd47/~ mice nitrocellulose filters with immobilized GSB, Binding of control RBCs to
failed to retain as many RBCs and appeared blank on visual in[litI’OC8“U|OSE bearing immobilized GST-V1SHPS-1 was inhibited by pre-
spection. Cells remaining associated with the filters were lysed téncubation of the RBCs with anti-CD47 Ab (but not an isotype control).
enable the quantitation of RBC-derived hemoglobin by spectro/\PS were used at 2ag/ml and preincubated with RBCs for 10 min. Re-
photometry (Fig. 5A). As further evidence of the role of CD47 in sults shown are the mean SD of two experiments performed in triplicate.

the RBC adhesion process, GST-V1SHPS-1 binding of RBCs was
inhibited by preincubation of these cells with the anti-CD47 Ab, o ) . .
sults indicate that a primary function of SHPS-1 may be in the 2

but not with the isotype control (Fig.Bj. It is also notable that ' ¢ ;
Ba/F3 cells transfected with a SHPS-1 mutant lacking the aminol€gulation of subcellular signaling pathways subsequent to cell ad- 2

terminal IgV domain failed to aggregate (data not shown), furthef€sion. In addition to regulating cell adhesion and receptor protein- S

suggesting that this domain is both necessary and sufficient for th/r0Sin€ kinase-induced intracellular signaling pathways, the ex- g
interaction between SHPS-1 and CDA47. tracellular domain of SHPS-1 also appears to be involved in cell &

adhesion events. For example, Brooke et al. (5) demonstrated that®

. . COS-7 cells transfected with SHPS-1 were capable of binding ©
Discussion CD4" T cells, and that this binding was inhibited by an anti- &
Our findings and those of others (5—7, 17, 18) point to a role for theSHPS-1 Ab. Also, macrophage fusion receptor, the cell surface ©
extracellular domain of SHPS-1 in the regulation of cell adhesiontarget of Abs selected for their ability to block macrophage fusion,
phenomena. Similarly, through association with molecules such awas identified to be an isoform of SHPS-1 (7). Thus, it appears that
the protein-tyrosine phosphatases SHP-1 or SHP-2, the cytosoli8IRP family molecules, such as SHPS-1, in addition to regulating
domain of SHPS-1 appears capable of regulating cell adhesioreell adhesion-induced intracellular processes, are also capable of
induced intracellular signaling events (3, 13, 16, 26). Thus, in fi-mediating cell adhesion events via their extracellular domains.
broblastic cells, SHP-2 recruitment to tyrosine-phosphorylated Recently, CD47 (IAP) was identified as a ligand for neural cell-
SHPS-1 appeared to be required for normal phosphorylation andxpressed P84 (SHPS-1) (17). In this paper we have shown that
activation of the focal adhesion kinase (FAK) in response to inte-CD47 is also capable of being a ligand for SHPS-1 in the hema-
grin-extracellular matrix ligand interactions (13, 16). This effect topoietic cell line, Ba/F3. Interestingly, Ba/F3 cell aggregation was
likely involved SHP-2-catalyzed Src pY527 dephosphorylationalso observed in cells expressing a mutant of SHPS-1 that lacked
with the ensuing activation of this kinase (16). In addition, it wasthe intracellular region of this molecule. This result suggested that
recently shown that an adapter protein complex, composed dBHPS-1 was unlikely to be acting via the induction of intracellular
SKAP55hom/R (Src-kinase-associated protein of 55-kDa homoevents, such as stimulation of an “inside-out” effect on integrins, to
logue) and FYB/SLAP-130 (Fyn-binding protein/SLP-76-associ-bring about the aggregate formation. However, given that CD47
ated protein of 130 kDa), as well as the PYK2 protein-tyrosinehas been shown to be closely associated with specific integrins (19,
kinase were able to associate with SHPS-1 (26). These finding88), it remained possible that the Ba/F3 cell aggregation might in
prompted the speculation that the increased adhesiveness of SHPart be due to an integrin-cell adhesion molecule interaction. Al-
1-deficientmotheatermacrophages (26, 27) might be directly cor- though this was not formally excluded in our study, the ability of
related with the increased phosphorylation of the adapter complexSHPS-1-expressing Ba/F3 cells to bind CD47-expressing RBCs
and/or increased activity of PYK2, seen in these cells. These reargues against this possibility. As RBCs do not express detectable
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integrins (20), we propose that a CD47-integrin complex is notcell activation (5). Thus, it is conceivable that direct interactions
required for CD47 recognition by SHPS-1, or even for the ob-between SHPS-1 and CD47 may be critical to the normal T cell-
served cell-cell adhesion that resulted in SHPS-1-induced Ba/F8ependent immune responses. As many CD47-dependent pro-
cell aggregation. The ability of the GST-V1SHPS-1 fusion proteincesses have been defined via the use of monoclonal anti-CD47 Abs
to bind CD47-positive (but not CD47-negative) RBCs further sup-capable of blocking or stimulating various cell responses (23, 24,
ports the notion that SHPS-1-CD47-mediated aggregation can 082-34, 38), it is plausible that binding of CD47 by SHPS-1 will be
cur in the absence of integrins. Interestingly, our finding that theable to alter signaling pathways lying downstream of CD47. The
bacterially expressed amino-terminal SHPS-1 Ig-like domain wagonverse is also possible; namely, that CD47 binding to SHPS-1 at
able to bind CD47-expressing RBCs also suggests that the recogegions of cell-cell contact will be found to regulate both the sub-
nition of CD47 by SHPS-1 may not be dependent on the glyco<ellular localization and tyrosine-phosphorylation of SHPS-1.

sylation of this domain. Given the large number of SIRP isoforms
that appear to be encoded by the human genome (1), it will be
considerable interest to determine whether CD47 is a univers
ligand for this family, or alternatively, whether the sequence vari-
ations in the extracellular domains of the various isoforms specify
interactions with ligands other than CD47.

Arguing that the SHPS-1-CD47 interaction leading to Ba/F3 cell

o

If\lote.WhiIe this manuscript was under review, Seiffert et al. (41)
eﬁiemonstrated that hematopoietic cells were able to bind recombi-
nant SIRR protein, and that this was likely mediated by a StRP
CDA47 interaction.
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CD47 has been implicated in the regulation of both cell adhe-
sion and migration; for example, it is required for postadhesive
events in the transepithelial or transendothelial migration of neu-9.
trophils (32—34). In keeping with these results, mice rendered de-
ficientin CD47 by gene targeting demonstrated an impaired ability
of leukocytes to migrate into sites of infection (23). Because mac-
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rophages have also been shown to express SHPS-1, and SHPSY-

CD47 associations can lead to cell-cell association, it is plausible
that SHPS-1 will be found to play an important role in adhesion-11.
mediated migration of macrophages, or other hemopoietic cell
types, across epithelial or endothelial cell layers. Furthermore, as
CD47 was identified as a receptor for the extracellular matrix mol-12:
ecule thrombospondin (35-37), it would be of interest to determine
whether SHPS-1-CD47 binding prevents CD47 binding to this an-
giogenesis inhibitor. .
CD47 is able to function as a costimulatory molecule in the
responses of T-lymphocytes to TCR stimulation (38—40). This
appears to occur by at least two mechanisms. First, CD47 prol-
motes the adhesion of T cells to APC. In support of this, COS-7
cells expressing SHPS-1 were able to bind CDH4cells (5). See s
ond, CD47 also appears capable of regulating T cell function via™
intracellular signaling pathways initiated by CD47 interaction with 16.
ligands. Interestingly, like CD47, SHPS-1 has been shown to play
a costimulatory role in Ag presentation. Thus, not only were den-
dritic cells expressing SHPS-1 more effective in stimulating T cell17-
responses than were their SHPS-1-deficient counterparts, byg
SHPS-1-blocking Abs were capable of blocking APC-induced T
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