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The negative regulation of T- or B-cell antigen receptor signaling by CD5 was proposed based on studies of
thymocytes and peritoneal B-1a cells from CDS5-deficient mice. Here, we show that CDS5 is constitutively
associated with phosphotyrosine phosphatase activity in Jurkat T cells. CD5 was found associated with the Src
homology 2 (SH2) domain containing hematopoietic phosphotyrosine phosphatase SHP-1 in both Jurkat cells
and normal phytohemagglutinin-expanded T lymphoblasts. This interaction was increased upon T-cell recep-
tor (TCR)-CD3 cell stimulation. CD5 co-cross-linking with the TCR-CD3 complex down-regulated the TCR-
CD3-increased Ca*>* mobilization in Jurkat cells. In addition, stimulation of Jurkat cells or normal phytohe-
magglutinin-expanded T lymphoblasts through TCR-CD3 induced rapid tyrosine phosphorylation of several
protein substrates, which was substantially diminished after CDS5 cross-linking. The CD5-regulated substrates
included CD3{, ZAP-70, Syk, and phospholipase Cy1 but not the Src family tyrosine kinase p56'*. By mutation
of all four CDS5 intracellular tyrosine residues to phenylalanine, we found the membrane-proximal tyrosine at
position 378, which is located in an immunoreceptor tyrosine-based inhibitory (ITIM)-like motif, crucial for
SHP-1 association. The F378 point mutation ablated both SHP-1 binding and the down-regulating activity of
CDS during TCR-CD3 stimulation. These results suggest a critical role of the CD5 ITIM-like motif, which by

binding to SHP-1 mediates the down-regulatory activity of this receptor.

CDs5 is a 67-kDa cell surface glycoprotein expressed on
thymocytes, mature peripheral T cells, and a subpopulation of
peritoneal B cells (B-1a cells) which are increased in some
autoimmune diseases and are associated with the production
of autoantibodies (7). Molecular cloning of mouse and human
CDS5 (mCDS5 and hCDS) (16, 17) revealed that it belongs to the
scavenger receptor cysteine-rich (SRCR) family group B,
which comprises a group of leukocyte membrane or soluble
proteins with one or more domains homologous to the amino-
terminal domain of type I macrophage SRCR domain (21).
Thus far, 10 members of this group of proteins have been
identified: CDS5, CD6, WC1, M130, Spa, Pema-SREG, Eb-
nerin, CPR-ductin, hensin, and gallbladder mucin (2).

Biochemical studies suggest that CDS5 is associated with
CD3¢ in the T-cell receptor (TCR)-CD3 complex and with the
B-cell receptor (BCR) complex (6, 24, 32). Two different li-
gands for CDS5 have been reported: CD72, a 42-kDa type II
constitutively expressed glycoprotein on B cells (28, 51); and
CDS5L, an activation antigen expressed on splenocytes (3). The
physiologic roles of CD5-CD72 and CD5-CDSL interactions
are not known but would be consistent with a potential T-cell-
B-cell cooperation during antibody-mediated immune re-
sponses (8).

Early in vitro studies of T lymphocytes and thymocytes dem-
onstrated that monoclonal antibodies (MAbs) to CD5 were
costimulatory for T-cell proliferation (9, 18, 42). However, in
vivo studies showed that CD5 down-modulation by specific
MADs induced T-cell unresponsiveness and prevented experi-
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mental autoimmune encephalomyelitis in rats (44), and the
MADs were efficacious in the treatment of collagen type II-
induced arthritis in DBA/1 mice (36). In addition, studies of
CD5-deficient mice revealed that CD5/~ thymocytes are hy-
perresponsive to TCR-CD3 stimulation, showing enhanced
proliferation, increased cytoplasmic free Ca®** concentration,
and enhanced phospholipase Cyl (PLCyl), CD3¢, pp36
(LAT) and Vav tyrosine phosphorylation following ligation of
the TCR-CD3 complex (45). In comparison to normal B-la
cells, immunoglobulin M (IgM) cross-linking on CD5-deficient
B-1a cells induces increased Ca** mobilization, proliferation,
and resistance to apoptosis of cells entering the cell cycle (4).
Taken together, these studies support the idea that under
certain circumstances, CD5 acts as a negative regulator of
cellular activation.

Structurally, CDS5 contains three extracellular SRCR do-
mains followed by a hydrophobic transmembrane region and a
large cytoplasmic domain. The CDS5 cytoplasmic domain has
four tyrosine residues (at positions 378, 429, 441, and 463) and
several putative sites for serine/threonine phosphorylation (6,
13). Tyrosines 429 and 441 are embedded in an imperfect
immunoreceptor tyrosine-based activating motif (ITAM).
Upon tyrosine phosphorylation, this ITAM forms a docking
site for the Src homology 2 (SH2) domain containing protein
kinases p56'* and p597" and for phosphatidylinositol 3-kinase
(PI3-K) (6, 14, 37). However, tyrosine 378 is contained within
an immunoreceptor tyrosine-based inhibitory motif (ITIM)-
like sequence (50), which suggests that CD5 may also interact
with intermediate proteins involved in down-regulatory func-
tion.

SH2-containing tyrosine phosphatase 1 (SHP-1 or protein
phosphotyrosine phosphatase 1C [PTP-1C]), a down-regulat-
ing intracellular PTP expressed by hematopoietic cells, has
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been shown to interact with ITIMs via SH2 domains and plays
a critical role in regulating differentiation and function by
modulating a multiplicity of intracellular signaling pathways
(10-12, 15, 20, 27, 29, 34, 35, 46, 52). Mutations within the
SHP-1 gene induce the phenotypes observed in motheaten
(me) and viable motheaten (me”) mice (41, 47). Mice homozy-
gous for these mutations develop severe defects in hematopoi-
esis, thymocyte hyperresponsiveness, abnormal expansion of
the B-1 subset of B cells, elevated levels of serum IgM, and a
lower threshold for membrane immunoglobulin (mIg) signal-
ing (22, 27, 41). Biochemical data have shown that SHP-1
associates with several membrane receptors, regulating their
function, and several substrates which are potentially tyrosine
dephosphorylated by SHP-1, including CD3¢, CD19, CD22,
PIR B/p91A, BIT, PLCyl, and the intracellular protein tyro-
sine kinases p56/*, p59%”, CD3(-associated protein 70 (ZAP-
70), and Syk (27, 30).

We report here that CDS5 is associated with tyrosine phos-
phatase activity that is at least partially attributed to its inter-
action with SHP-1. SHP-1 is constitutively associated with the
cytoplasmic domain of CDS5 in Jurkat cells or normal phyto-
hemagglutinin (PHA)-expanded T lymphoblasts (PHA T lym-
phoblasts), and the level of association is increased upon anti-
TCR-CD3 stimulation. The sequence involved in SHP-1
association was mapped to tyrosine 378 in an ITIM-like se-
quence in the cytoplasmic domain of CD5. We also demon-
strate negative regulation by CD5 of TCR-CD3-increased
Ca®" mobilization, most likely by affecting the tyrosine phos-
phorylation level of several protein substrates in the TCR-CD3
signal transduction pathway.

MATERIALS AND METHODS

Antibodies and FACS analysis. Anti-human CD3 MAb G19-4, anti-human
CD5 MAD 10.2, and anti-human CD6 MAb G3-6 were previously described (25,
26). The rat anti-mouse CD6 MAbs, M6-1A.1 and M6-3E.124, and the rat
anti-mouse CD40 MAD, 40-4.8E1, were previously described (43). Secondary
antibodies (fluorescein isothiocyanate [FITC]-conjugated anti-rat IgG and
FITC-conjugated anti-mouse IgG) were purchased from Biosource International
(Camarillo, Calif.). Fluorescence-activated cell sorting (FACS) analysis was per-
formed with a FACScan (Becton Dickinson, Los Angeles, Calif.). Biotinylation
of purified MAbs was performed with sulfosuccinimidobiotin (Pierce, Rockford,
111.) as specified by the manufacturer. Rabbit antisera to human CD3¢, ZAP-70,
Syk, and p56°* were kindly provided by J. Fargnoli (Bristol-Myers Squibb,
Princeton, N.J.). The rabbit antiserum to human PLCy1 was previously described
(19).

Cell lines and cell culture. The wild-type lymphoma T-cell line Jurkat, used for
stable transfection and the generation of clones, was cultured in RPMI 1640
containing 10% heat-inactivated fetal calf serum, penicillin (100 U/ml), and
streptomycin (100 wg/ml). Jurkat cells stably transfected with mCD6-hCDS5 con-
structs were cultured in the same medium supplemented with G418 (Genetran;
1 mg/ml; G418 Gibco BRL, Gaithersburg, Md.). The CD3-Jurkat cell clone 4.2,
kindly provided by Miguel Lopez-Botet (Hospital de La Princesa, Madrid,
Spain), is described elsewhere (38). For generation of PHA T lymphoblasts,
human peripheral blood cells were obtained from healthy volunteers, and mono-
nuclear cell suspensions were prepared by Ficoll-Hypaque density gradient cen-
trifugation. T lymphocytes were isolated by 2-aminoethylisothiouronium bro-
mide-treated sheep erythrocyte rosetting. The sheep erythrocytes were lysed
according to standard procedures. The remaining cell preparations contained
more than 98% T lymphocytes as assessed by flow cytometric analysis after
staining with an anti-CD3 MAb (Becton Dickinson, Mountain View, Calif.).
After isolations, T lymphocytes were cultured in RPMI 1640 (Gibco) containing
10% fetal calf serum and 1 pg of PHA per ml for 7 days.

Phosphatase activity assay. For analysis of phosphatase activity, immunopre-
cipitates were prepared as follows. Jurkat cells (8 X 107), unstimulated or
stimulated with biotinylated anti-CD3 MAb G19-4 at 10 pg/ml plus avidin at 50
pg/ml for 5 min at 37°C, were lysed into 600 pl of lysis buffer (50 mM Tris HCI,
150 mM NaCl, 1% Nonidet P-40 [NP-40] [pH 7.5]) plus Complete protease
inhibitor mixture (Boehringer Mannheim, Indianapolis, Ind.). Nuclei and unl-
ysed cells were removed by centrifugation at 4°C for 10 min at 14,000 rpm.
Lysates were precleared by incubation for 1 h at 4°C with 100 pl of mouse IgG
coupled to CNBr-activated Sepharose beads (Pharmacia, Uppsala, Sweden) and
subjected to immunoprecipitation with an MAb to hCD5 (10.2) or mCD6 (M6-
3E.124) or with mouse IgG coupled to CNBr-activated Sepharose beads. Immu-
noprecipitates were incubated at 37°C for 90 min with 1 mM phosphopeptide
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RRLIEDAEY-pAARG (Upstate Biotechnology, Lake Placid, N.Y.) in 20 mM
Tris HCI-150 mM NaCl (pH 7.5) phosphatase buffer. Free phosphate detection
was carried out as specified by the manufacturer.

Chimeric m CD6-CD5 construct generation. The chimeric CD6 constructs,
consisting of the extracellular portion of mCD6 and different cytoplasmic por-
tions, or tyrosine-to-phenylalanine point mutations derived from hCD3, were
generated by PCR, using an EcoRI restriction site located in the transmembrane
coding region of mCD6 and creating an in-frame EcoRI site in CD5 by PCR. The
chimeric gene was constructed and cloned into the expression vector pcDNA3
(Invitrogen, San Diego, Calif.) as described previously (5). The plasmid construct
encoding the entire cytoplasmic domain of hCDS5 served as a template for
generation of the truncated and point mutant forms of hCD5. Plasmids encoding
the cytoplasmic truncated forms of hCDS5 were produced by ligating the PCR
products between the EcoRI and NotI sites of plasmid pcDNA3. As a forward
primer for cloning of the truncated cytoplasmic regions, the following oligonu-
cleotide, which included an EcoRI site (in boldface), was used: GTG GCA AGC
ATC ATC CTG GGA ATT CTG CTG GTG GTG CTG. The reverse oligonu-
cleotides for cloning of the truncated chimeras encoding a Notl restriction site
(in boldface) and a stop codon (underlined; truncation is denoted by * in
designations) to terminate translation were CD5-428* (GCG GCC CTA TTC
GTT ATC CAC GTC GGA GGC) and CD5-462* (GCG GCC CTA GTC ACT
GTC GGA GGA GTT GTC). Numbering of the CD5 truncated forms refers to
the last amino acid encoded by the construct and is based on the amino acid
numbering for full-length CD5 (hCD5-fl): Met 1 to Leu 471. The sequence of the
constructs was confirmed by DNA sequencing.

Construction of the tyrosine mutants of CD5. The desired mutations of the
four tyrosine residues at positions 378, 429, 441, and 463 were introduced by
overlapping extension PCR using the pcDNA3-hCD5-fl plasmid DNA as the
template. The 5’ oligonucleotide contained the same EcoRI restriction site as
described above, and the 3’ oligonucleotide contained a NotI restriction site. The
resulting mutated PCR products were cut with the restriction enzymes EcoRI
and Norl and reinserted into pcDNA3 vector cut with the same restriction
enzymes. Each mutation was verified by DNA sequencing.

Stable expression of chimeric CD5 proteins in Jurkat cells. Jurkat cells were
transfected with recombinant plasmids described above to generate stable ex-
pressing cell lines. Transfection of plasmids was performed with the lipid trans-
fectant DMRIE-C (Gibco BRL). G418 (Gibco BRL) at a concentration of 1
mg/ml served as the selection agent for transfected cells. Three to four weeks
after transfection, colonies at the bottom of the plate were expanded, tested for
surface expression of mCD6 by FACS analysis, and cloned by limiting dilution.

Cell stimulation, immunoprecipitation, and immunoblotting analysis. Wild-
type or stably transfected Jurkat cells expressing the different chimeric mCD6-
hCD5 proteins were washed and incubated at 4°C. For TCR-CD3 stimulation,
biotinylated anti-CD3 MAb G19-4 was added to 10 pg/ml for 2 min at 4°C, and
cells were washed to remove unbound MAD and incubated with avidin at 50
pg/ml at 37°C for various times. For pervanadate stimulation, cells were incu-
bated with 0.03% H,0, and 100 pM orthovanadate (pervanadate) for 5 min at
37°C. For CDS5 regulation of the TCR-CD3 signal transduction pathway, Jurkat
cells were preincubated with 10 pg of biotinylated anti-CD3 MAb G19-4 per ml
in combination with biotinylated anti-hCD5 MADb 10.2 or anti-mCD6 MAb
Mo6-1A.1 for 2 min at 4°C. After unbound MAbs were washed away, the cells
were incubated with 50 pg of avidin per ml for various times at 37°C. After
stimulation, cells were lysed in 1 ml of lysis buffer containing (50 mM Tris [pH
7.5], 1% NP-40, 150 mM NaCl, 2 mM EGTA, 1 mM sodium orthovanadate) plus
Complete protease inhibitor mixture (Boehringer Mannheim). Samples were
centrifuged at 14,000 rpm for 2 min (to remove nuclei); lysates were precleared
twice with 50 wl of rat or mouse Ig-coupled CNBr-activated Sepharose beads
(Pharmacia) or protein A-Sepharose (Pharmacia) for 60 min at 4°C and sub-
jected to immunoprecipitation with antibody to mCD6 (M6-3E.124) covalently
coupled to CNBr-activated Sepharose or with immune rabbit antisera to specific
proteins. The immunoprecipitates were analyzed under reducing conditions,
except for p56'“* (nonreducing conditions), by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) on gradient 4 to 20% gels and subse-
quently transferred to polyvinylidene difluoride membranes (Immobilon-P; Mil-
lipore, Marlborough, Mass.). For mCD6 detection, membranes were blocked in
5% bovine serum albumin and treated with biotinylated anti-mCD6 MAb M6-
1A.1 as the primary reagent and horseradish peroxidase (HRP)-streptavidin
(Vector Laboratories, Burlingame, Calif.) as the secondary reagent. For phos-
photyrosine analysis, blots were treated with biotinylated antiphosphotyrosine
antibody 4G10 (Upstate Biotechnology) at 0.5 wg/ml plus HRP-streptavidin. For
SHP-1 blots, membranes were incubated with a 1/500 final dilution of anti-SHP-1
MADb (Transduction Laboratories, Lexington, Ky.) or anti-SHP-1 rabbit anti-
serum (10 pg/ml; Upstate Biotechnology). For CD3¢, ZAP-70, Syk, PLCvy1, and
p56’f" detection, blots were incubated with a 1/500 final dilution of antisera
specific to these proteins, followed by incubation with anti-rabbit-HRP anti-
serum. The binding of HRP was detected by enhanced chemiluminescence (Am-
ersham, Buckinghamshire, England) and exposure to film. Blots were stripped by
incubating membranes in 62.5 mM Tris HCI (pH 6.8)-2% SDS-50 mM B-mer-
captoethanol at room temperature for 60 min.

Measurement of cytosolic calcium in Jurkat cells. Jurkat cells were loaded
with Indo 1 (Sigma Chemical Co., St. Louis, Mo.) at 1 pg/ml in 2 ml of RPMI
1640 plus 10% fetal bovine serum for 45 min at 37°C. Cells were incubated at
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FIG. 1. Associated phosphatase activity in hCD5 immunoprecipitates: inter-
action with SHP-1. (A) Unstimulated or TCR-CD3-stimulated Jurkat cells (5 X
107) were lysed in 1% NP-40-containing lysis buffer and immunoprecipitated (IP)
with mIgG or anti-hCD5 MAD 10.2 coupled to CNBr-activated Sepharose beads.
Precipitated proteins were incubated for 90 min at 37°C with 1 mM phosphopep-
tide RRLIEDAEY-pAARG in phosphatase buffer. Data represent means *
standard errors of triplicate cultures from two independent experiments. (B)
Jurkat cells (5 X 107) were unstimulated or stimulated with TCR-CD3 (5 min),
lysed in 1% NP-40- or Brij 96-containing lysis buffer, and subjected to immuno-
precipitation with mIg or anti-hCD5 MAb 10.2 coupled to CNBr-activated
Sepharose beads; precipitated proteins were analyzed by SDS-PAGE and im-
munoblotted with anti-human SHP-1 MAb. Numbers at the right represent
molecular masses of proteins in kilodaltons.

37°C with 0.3 pg of anti-CD3 MAb G19-4 per ml alone or together with 2 pg of
anti-CD5 MADb 10.2 or anti-mCD6 MAb M6-3E.124 per ml. Where indicated,
rabbit anti-rat F(ab’), (10 wg/ml) was added as cross-linker. Cells were analyzed
on a flow cytofluorimeter (EPICS; Becton Dickinson) to detect calcium mobili-
zation. Only live (based on forward scatter criteria) and Indo 1-loaded cells
(based on 405 nM versus 525 nM emission spectra) were included in the analysis.
Intracellular calcium concentrations ([Ca®"];) were calculated as described else-
where (19, 25).

RESULTS

CD5-associated tyrosine phosphatase activity in Jurkat
cells: interaction with SHP-1. Initial observations in CD5-de-
ficient mice, suggesting that CD5 acts as a negative regulator of
B-1a cells or thymocytes (4, 45), raised the possibility that in
human peripheral T cells, CD5 could be physically and/or
functionally associated with intermediate proteins involved in
down-regulating intracellular signaling pathways. Previous ob-
servations suggested that CDS5 associated with SHP-1 in thy-
mocytes (34). We therefore analyzed the phosphatase activity
of CD5 immunoprecipitates from the human T-cell lymphoma
cell line Jurkat. As shown in Fig. 1A, hCD5 immunoprecipi-
tates displayed a moderate capacity to dephosphorylate the
phosphopeptide RRLIEDAEY-pAARG, an activity which
substantially increased upon anti-TCR-CD3 stimulation. As
a control, mouse IgG immunoprecipitates did not show this
activity. Since the CD5 cytoplasmic domain possesses no in-
trinsic phosphatase activity, this finding suggested the copre-

DOWN-REGULATION OF T-CELL RECEPTOR SIGNALING BY CD5 2905

cipitation of a catalytically active tyrosine phosphatase with
hCDS5 in Jurkat cells.

To elucidate the molecular basis of this tyrosine phosphatase
activity in hCD5 immunoprecipitates, we analyzed the physical
association of several intracellular signal transduction proteins.
Immunoblotting analysis of hCDS immunoprecipitates from
wild-type Jurkat cell lysates revealed its constitutive associa-
tion, in both Brij 96- and NP-40-containing lysis buffers, with
the hematopoietic SH2 domain-containing protein tyrosine
phosphatase SHP-1/PTP-1C. This association was increased
upon TCR-CD3 cell stimulation (Fig. 1B). We also detected
constitutive association between CDS5 and SHP-1 in normal
human PHA T lymphoblasts (data not shown).

Since it has been shown that SHP-2/PTP-1D binds se-
quences similar to those recognized by SHP-1 (30, 50), we
analyzed whether SHP-2 also associates with CD5. We found
no association between CD5 and SHP-2 in either resting or
TCR-CD3-stimulated Jurkat cells (data not shown).

CD5 has been reported to be physically associated with the
TCR-CD3 complex through the CD3¢ chain on T cells (6, 32).
To determine if SHP-1 indirectly associates with CDS5 through
this complex, we analyzed a CD3-negative Jurkat cell line
variant and still detected SHP-1-CD5 association (data not
shown).

Generation of Jurkat cell lines stably expressing mCD6-
hCD5 mutants, tyrosine phosphorylation pattern, and role of
tyrosine 378 in SHP-1 association. The finding that SHP-1
association with hCDS5 was increased upon TCR-CD3 ligation
or pervanadate treatment (data not shown) suggested that one
or more tyrosine residues in the cytoplasmic domain of hCD5
may be involved in this association. hCDS5 has a relatively large
cytoplasmic domain (94 residues) with four tyrosines located at
positions 378, 429, 441, and 463 and several consensus sites for
serine/threonine phosphorylation (17). We generated a panel
of different chimeric constructs consisting of the extracellular
portion of mCD6 fused to full-length, tyrosine-to-phenylala-
nine point-mutated or truncated forms of the cytoplasmic do-
main of hCD5 (Fig. 2A). These chimeric constructs were stably
expressed in wild-type Jurkat cells. The surface expression
levels were measured by FACS analysis using an anti-mCD6
MAD (Fig. 2B). As expected, only stably transfected cell lines
expressing the chimeric mCD6-hCDS5 proteins were stained by
the anti-mCD6 MADb. All clones expressed similar levels of
endogenous hCD5 (not shown). The biochemical characteriza-
tion of different chimeric mCD6-hCDS5 molecules expressed
by stably transfected Jurkat cell clones and subsequent West-
ern blot analysis for mCDG6 are shown (Fig. 2C). The relative
molecular masses (~70 kDa) of the different chimeric tyro-
sine-to-phenylalanine point mutants (CD5-F378, CD5-F429,
CD5-F441, and CD5-F463) corresponded to the chimeric
mCD6-hCDS5-fl polypeptide which contained the complete
cytoplasmic portion of hCD5. The relative molecular masses
of truncated forms CD5-428* and CD5-462* were 65 and 69
kDa, corresponding to the deletion of the last 43 and 9
amino acids, respectively, of the full-length cytoplasmic do-
main.

The hCD5 cytoplasmic domain possesses no obvious intrin-
sic enzymatic activity; however, several studies have shown that
hCDS5 is phosphorylated on tyrosine, serine, and threonine res-
idues after TCR-CD3 stimulation (1, 6, 13). Jurkat cell clones
expressing the different chimeric mCD6-hCD5 proteins were
analyzed for tyrosine phosphorylation pattern in resting cells
and upon TCR-CD3 stimulation. Low-level tyrosine phosphor-
ylation in chimeric mCD6-hCD5 proteins was constitutive;
however, all mutants became strongly tyrosine phosphorylated
after TCR-CD3 ligation (Fig. 3A, upper panels), suggesting
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FIG. 2. Schematic representation, FACS analysis, and biochemical characterization of the chimeric mCD6-hCD5 constructs. (A) As a reference, wild-type hCD5
is shown on the left. Shown on the right side are mCD6-hCD5 chimeric constructs, consisting of the extracellular domain of mCD6 and intracellular domain of hCD5
(CD5-fl), tyrosine-to-phenylalanine point mutants (CD5-F378, CD5-F429, CD5-F441, and CD5-F463), and truncated forms (CD5-428* and CD5-462%; numbered
according to the last amino acid encoded in the construct with respect to hCD5). (B) Wild-type Jurkat (JK-wt) cells or stably transfected Jurkat cell clones (CD5-fl,
CD5-F378, CD5-F429, CD5-F441, CD5-F463, CD5-428*, and CD5-462*) were stained with the isotype-matched control rat anti-mCD40 MAD 40 4.8E1 (solid line) or
rat anti-mCD6 MAb M6-3E.124 (dotted line) plus goat anti-rat-FITC and analyzed by FACScan. (C) The stably mCD6-hCD5 transfected or wild-type Jurkat (JKwt)
cell clones were lysed in 1% NP-40-containing lysis buffer, immunoprecipitated with anti-mCD6 MAb M6-3E.124, and subsequently analyzed by SDS-PAGE on 14%
gels. Immunoblotting detection was performed with anti-mCD6 MAb M6-1A.1. Numbers on the right represent molecular masses of proteins in kilodaltons.
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FIG. 3. Tyrosine phosphorylation pattern of chimeric mCD6-hCD5 proteins expressed in Jurkat cells: SHP-1 coprecipitation with different chimeric mCD6-hCDS5
proteins. (A) Wild-type (JKwt) or stably mCD6-hCD5 transfected Jurkat cells, untreated or TCR-CD3 stimulated (2 X 107/lane), were lysed in 1% NP-40-containing
lysis buffer, subjected to immunoprecipitation (IP) with anti-mCD6 MAb M6-3E.124, and analyzed for phosphotyrosine (pTyr) content by immunoblotting (upper
panels). The middle panels represent the upper panels stripped and reprobed with the mouse anti-human SHP-1 MAb; the lower panels represent the middle panels
stripped and reprobed with the anti-mCD6 MAb M6-1A.1. Numbers at the right represent molecular masses of proteins in kilodaltons. (B) Pervanadate-stimulated
Jurkat cells, wild type or stably transfected with chimeric mCD6-hCDS5 constructs (5 X 107/lane), were lysed in 1% Brij 96-containing lysis buffer, immunoprecipitated
with rabbit anti-human SHP-1 antiserum, and then immunoblotted with anti-mCD6 (upper panel); the blot was then stripped and subjected to SHP-1 immunoblot
detection (lower panel). Numbers on the right represent molecular masses of proteins in kilodaltons. (C) TCR-CD3-stimulated stably transfected JK-CD5fl or JK-F378
cell clones (5 X 107) were lysed in 1% NP-40-containing lysis buffer and immunoprecipitated with mIgG, anti-hCD5 MADb 10.2, or anti-mCD6 MAb M6-3E.124 coupled
to CNBr-activated Sepharose beads. Precipitated proteins were incubated for 90 min at 37°C with 1 mM tyrosine phosphopeptide RRLIEDAEY-pAARG in
phosphatase buffer. Data represent means = standard errors of triplicate cultures from two independent experiments.

that more than one tyrosine residue was phosphorylated. We
observed the same result upon pervanadate cell stimulation
(not shown). It is important to note that the CD5-428* mutant,
which possesses only tyrosine 378, was constitutively tyrosine
phosphorylated and became significantly more phosphorylated
after TCR-CD3 stimulation. This result supports the idea that
the ITIM-like motif, in which tyrosine 378 is embedded, could
be functional and associates with intracellular signaling pro-
teins.

To determine the intracellular sequence in hCDS5 involved in
SHP-1 association, we used the same Jurkat cell panel express-
ing the different chimeric mCD6-hCDS5 mutants. Since TCR-
CD3 or pervanadate treatment increased SHP-1 association
with CDS5, we also used these treatments to analyze the tar-
get sequence in CD5 involved in SHP-1 association. Chimeric
mCD6-hCDS5 receptors were immunoprecipitated from resting
or TCR-CD3-stimulated cells, and subsequent immunoblot-
ting with anti-SHP-1 MAb showed that all chimeric mCD6-

hCDS5 mutants except CD5-F378 associated with SHP-1 (Fig.
3A, middle panels). Similar levels of chimeric mCD6-hCD5
were immunoprecipitated from each of the clones, as shown
by reprobing of the membrane with anti-mCD6 MAD (Fig.
3A, lower panels). Reciprocally, SHP-1 immunoprecipita-
tion from pervanadate-activated Jurkat clones and subsequent
mCD6 immunoblotting revealed that SHP-1 associated with all
mCD6-hCD5 chimeras except CD5-F378 (Fig. 3B, upper pan-
el), again demonstrating that tyrosine 378 is critical for SHP-1
association. To demonstrate similar levels of SHP-1 immuno-
precipitation, membranes were reprobed with anti-SHP-1 anti-
serum (Fig. 3B, lower panel). We therefore analyzed in CD5-fl
and CD5-F378 Jurkat cell clones the tyrosine phosphatase
activity associated with mCD6-hCDS5 chimeric proteins after
TCR-CD3 cell stimulation. As expected, mCD6-hCDS5-fl but
not mCD6-hCD5-F378 showed tyrosine phosphatase activity
when assayed with phosphopeptides as the substrates (Fig.
3C). As a control, endogenous CD5 was immunoprecipitated
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FIG. 4. Regulation of tyrosine phosphorylation pattern by CDS5. Jurkat cells
(2 X 107/lane) were incubated for 0, 0.5, 1, or 2 min at 37°C with the indicated
cross-linked MAbs at 10 pg/ml and lysed in 500 pl of 1% NP-40 lysis buffer.
Tyrosine phosphorylation (p-Tyr) pattern of equivalent amounts (10 pl per lane)
of whole-cell lysates was analyzed by immunoblotting. Numbers on the right
represent molecular masses of proteins in kilodaltons.

from both stable transfectants showing comparable tyrosine
phosphatase activity (Fig. 3C).

CDS5 costimulation down-modulates the TCR-CD3 signal
transduction pathway. To elucidate the basis for CD5 negative
regulation of the TCR-CD3-initiated T-cell activation, Jurkat
cells were stimulated with biotinylated anti-CD3 MAb alone or
in combination with biotinylated anti-CD5 MAb and subse-
quently cross-linked with avidin for different times at 37°C. As
demonstrated by antiphosphotyrosine immunoblotting analy-
sis, anti-CD3 MAD treatment resulted in the rapid (starting
earlier than 30 s) tyrosine phosphorylation of several substrates
(Fig. 4). However, CD3-CD5 co-cross-linking resulted in de-
creased levels of tyrosine phosphorylation of several proteins
at relative molecular masses of ~23, 36, and 120 kDa. Soluble
anti-CD5 MAbs without co-cross-linking did not induce this
effect (data not shown). To identify some of these substrates
under the same conditions, we immunoprecipitated different
proteins by specific antisera (CD3¢, ZAP-70, Syk, PLCvy1, and
p56/“) and analyzed their tyrosine phosphorylation pattern. As
shown in Fig. 5, CD3{, ZAP-70, Syk, and PLCy1 were phos-
phorylated following TCR-CD3 stimulation, but upon CD5
coligation the tyrosine phosphorylation levels of these proteins
were substantially diminished. We analyzed the tyrosine phos-
phorylation pattern of the Src family tyrosine kinase p56*
under the same conditions but found no significant differ-
ences between TCR-CD3 and CD3-CDS5 co-cross-linking
(Fig. 5). Since p56* mediates its own tyrosine phosphoryla-
tion upon activation, tyrosine phosphorylation levels in p56'*
may not represent a measurement of activity regulation. In
addition, Lorenz et al. (27) reported that CD4-associated p56/*
was selectively enhanced in thymocytes from SHP-1-deficient
(me/me) mice. We therefore studied the p56“* kinase activity
after CD3 or CD3-CD5 costimulation in both the p56/* intra-
cellular pool and CD4-associated p56'“*. We found no differ-
ences in p56'“ autophosphorylation status after CD3 ligation
or CD3-CD5 costimulation (data not shown). Further, levels of
tyrosine phosphorylation of recombinant CD3{ in the same
kinase reactions with p56/* immunoprecipitates were similar
after TCR-CD3 or TCR-CD3-plus-CD5 stimulation (data not
shown).

To further investigate the involvement of SHP-1 in hCD5-
associated tyrosine dephosphorylation, we studied the ability
of the mCD6-hCD5 chimeras in transfected Jurkat cell clones
to down-regulate tyrosine phosphorylation. As shown in Fig. 6,
in Jurkat CDS5-F378 cells, cross-linking of mCD6 to CD3 re-
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FIG. 5. CD5 costimulation down-modulates the TCR-CD3-induced tyrosine
phosphorylation of CD3{, ZAP-70, Syk, and PLCy1 but not p56/*. Jurkat cells
(10%) were incubated for 0, 0.5, 2, or 4 min at 37°C with indicated cross-linked
MADbs at 10 pg/ml and lysed in 1 ml of 1% NP-40 lysis buffer. Proteins resolved
from CD3{, PLCyl, Syk, ZAP-70, and p56°* immunoprecipitates (IP) were
probed with antiphosphotyrosine (p-Tyr) MAD (top panels) or anti-CD3(, -PLCyl,
-Syk, -ZAP-70, or -p56'°* immune serum (bottom panels). Results are represen-
tative of three different experiments. Numbers on the right represent molecular
masses of proteins in kilodaltons.

sulted in no detectable alteration of the TCR-CD3-induced
phosphotyrosine content of CD3{. However, in Jurkat CD5-fl
cells, cross-linking of mCD6 resulted in the down-regulation of
the TCR-CD3-induced tyrosine phosphorylation of CD3¢. As
expected, co-cross-linking of endogenous hCD5 down-regulat-
ed in both cell types the TCR-CD3-induced tyrosine phosphor-
ylation of CD3¢. Taken together, these data show that tyrosine
378 in the hCDS5 cytoplasmic domain is involved in SHP-1
association, and therefore we propose that SHP-1 is responsi-

time: <—0—> <—3"—> <—0—> <—30—>
CD3 + + + o+ o+ o+ + + + + + o+
Stimuli: cs -+ - - + - -+ - -+ -
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FIG. 6. Tyrosine phosphorylation regulation by chimeric mCD6-hCD5 mu-
tants. CD5-fl or CD5-F378 stably transfected Jurkat cells (3 X 107) were incu-
bated at 37°C with the indicated cross-linked MAbs at 10 pg/ml for 0 or 30 s and
lysed in 500 wl of 1% NP-40 buffer. CD3{ immunoprecipitates (IP) were ana-
lyzed for phosphotyrosine (pTyr) content by immunoblotting with antiphos-
photyrosine MAb. The lower panels represent the upper panels stripped and
reprobed with anti-CD3{ rabbit antiserum. Numbers on the right represent
molecular masses of proteins in kilodaltons.
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FIG. 7. Intracellular Ca>* mobilization induced by anti-TCR-CD3 antibodies is down-regulated by CD5 in Jurkat cells. Indo 1-loaded wild-type Jurkat cells (A and
B) or CD5-l (C and D) or CD5-F378 (E and F) stably transfected cells were incubated with 0.3 wg of anti-CD3 MAb G19-4 per ml alone (A, C, and E) or together

with 2 pg of anti-CD5 MAD 10.2 (B) or anti-mCD6 MAb M6-3E.124 (D and F) per ml, followed by surface receptor cross-linking with rabbit anti-rat antiserum (10
pg/ml). In all cases, the baseline signal was recorded for 1 min. On the abscissa, 10 arbitrary units represent 1 min.

ble at least in part for the hCDS5-induced down-regulation of
signals through the TCR-CD3 complex.

CD5 down-modulates Ca>* mobilization triggered via TCR-
CD3 in Jurkat cells. To explore the regulatory role of CDS5 in
T-cell activation, we tested whether CD5 could inhibit Ca?*
mobilization triggered via TCR-CD3. Co-cross-linking of CD5
together with TCR-CD3 induced a moderate down-modula-
tion of the increased [Ca®"]; triggered through cell stimulation
via TCR-CD3 in Jurkat cells (Fig. 7A and B). In addition, CD5
costimulation delayed the kinetics of induced calcium fluxing
compared with that increased through TCR-CD3 in Jurkat
cells. The change in amplitude was 34%, and the delay to
maximal peak response was approximately 2 min. We also
analyzed the TCR-CD3-induced Ca®>* mobilization in both
CDS5-fl and CDS5-F378 cells and the regulation through
mCD6-hCDS5 chimeric proteins. As shown in Fig. 7E and F, in
Jurkat CD5-F378 cells, cross-linking of mCD6 to CD3 resulted
in no detectable alteration of the TCR-CD3-increased [Ca®™"];.
However, in Jurkat CD5-fl cells (Fig. 7C and D), cross-linking

of mCD6 resulted in the down-regulation of the TCR-CD3-
increased [Ca”*]; by 20%. The difference in the magnitude of
down-regulation between the endogenous CD5 (Fig. 7B) and
the chimeric CD5-l (Fig. 7D) may be due to the 10-fold-higher
level of endogenous CD5 relative to the chimera (data not
shown). These results demonstrate that CD5 down-modulated
signaling in T cells; however, the ultimate physiological func-
tion regulated by CDS5 in this cell type has yet to be defined.

DISCUSSION

Lymphocyte function involves stimulation through specific
receptors, as well as combined and coordinate action of differ-
ent coreceptors, protein tyrosine kinases, and PTPs. Early
studies indicated that CDS5 functions in both mice and humans
by delivering costimulatory signals in T cells (9, 18, 42). How-
ever, recent observations in thymocytes or B-la cells from
CD5-deficient mice show that CDS5 negatively regulates TCR-
or BCR-induced activation (4, 45). TCR-CD3-induced activa-
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tion promotes rapid CDS5 tyrosine and serine/threonine phos-
phorylation (1, 6, 13). The cytoplasmic tail of hCDS5 does not
possess enzymatic activity but has four tyrosine residues, at
positions 378, 429, 441 and 463, which may be involved in the
CDS5 signal transduction pathway. Tyrosines 429 and 441 are
contained in an ITAM-like motif (Yx,, YxxL; in single-letter
amino acid code, where x represents any amino acid), which
after tyrosine phosphorylation forms a docking site for SH2-
containing kinases such as p56’*, p59”, and PI3-K (6, 14, 37).
The tyrosine kinase p56' appears to be responsible for CD5
phosphorylation. In the present study, we show that hCDS as-
sociates with the SH2-containing tyrosine phosphatase SHP-1
in human T cells, analyzing in detail the hCD5 sequence im-
portant for SHP-1 association, and we demonstrate TCR-CD3
signal transduction regulation through hCDS5.

Here we report that hCD5 immunoprecipitates from the
human T-cell line Jurkat displayed moderate constitutive as-
sociated tyrosine phosphatase activity. Since CDS5 has been
proposed as a down-regulating receptor, this phosphatase ac-
tivity could contribute to this phenomenon. We carried out
different experiments in order to identify putative proteins
interacting with the cytoplasmic tail of hCDS5. In normal PHA
T lymphoblasts and Jurkat T cells, we found constitutive co-
precipitation of hCDS5 together with the SH2-containing ty-
rosine phosphatase SHP-1. CD5 may be associated with CD3(
chain in the CD3 complex (6, 32); thus, we analyzed the hCD5-
SHP-1 interaction in a CD3-defective variant Jurkat cell line.
We noticed a similar association, suggesting that hCD5-SHP-1
association was not mediated through the TCR-CD3 complex.
This interaction was increased upon TCR-CD3 or pervanadate
stimulation. Both TCR-CD3 ligation and pervanadate treat-
ment are potent tyrosine phosphorylation stimulators (40); we
hypothesized that one or more tyrosine residues in the hCD5
cytoplasmic domain could be involved in this association. To
resolve this question, we generated a battery of different chi-
meric mCD6-hCDS constructs. Tyrosine phosphorylation anal-
ysis upon TCR-CD3 stimulation showed that all mutants, even
the CD5-428* truncated form, which contains only tyrosine
378, were tyrosine phosphorylated under these conditions. In
addition, this mutant displayed a constitutive tyrosine phos-
phorylation pattern. This result, together with the fact that
tyrosine Y378 is located within the LAY;,iKKL (in single-
letter amino acid code) motif, similar to the consensus ITIM
sequence (I/V)xYxxL, suggested the possibility that tyrosine
Y378 resulted in a functional ITIM-like sequence. We there-
fore tested the complete battery of chimeric mCD6-hCDS5 pro-
teins by immunoprecipitation with either an anti-mCD6 or
anti-SHP-1 MAb. We observed that various chimeras, but not
CD5-F378, were found in association with SHP-1, suggesting
that tyrosine Y378 plays a critical role in SHP-1 binding. The
tyrosine phosphatase activity of mCD6-hCDS5 chimeric pro-
teins in CD5-fl and CDS5-F378 transfectants supports this re-
sult.

It has been reported that SHP-1 is detectable in TCR-CD3
immunoprecipitates from thymocytes; similarly, SHP-1 was co-
precipitated with CD3-¢ from both resting and TCR-CD3-
stimulated thymocytes (34). However, the structural basis for
the association between SHP-1 and TCR-CD3 remains un-
known. Since this association does not appear to be modulated
by TCR-CD3 stimulation, it is unlikely to be directly mediated
by SH2 domain binding to TCR-CD3 phosphotyrosine resi-
dues (34). In contrast to CD3{ or CD3g, SHP-1 association
with CD5 was somewhat stimulated upon thymocyte activa-
tion, likely involving CDS phosphotyrosine residues (34).
SHP-1 association with hCD5 and phosphotyrosine immuno-
blotting from resting and activated Jurkat T cells (data not
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shown) confirmed that hCDS5 is constitutively tyrosine phos-
phorylated and becomes hyperphosphorylated upon cellular
activation. This result is consistent with a constitutive associa-
tion with SHP-1, which is increased upon activation.

The TCR-CD3-initiated activating signals involve a proximal
protein tyrosine kinase cascade, including interactions with Src
family (i.e., p56'* and p59%") and Syk family (i.c., Syk and
ZAP-70) tyrosine kinases. As demonstrated by antiphosphoty-
rosine immunoblotting analysis, cell stimulation through the
TCR-CD3 antigen receptor complex induced rapid tyrosine
phosphorylation and subsequent activation of different sub-
strates. However, CDS5 costimulation specifically down-modu-
lated the CD3-induced tyrosine phosphorylation of CD3¢,
ZAP-70, Syk, and PLCy1 but not p561”". In each case, the
inhibition was partial and time dependent, as we detected
CD5-induced tyrosine dephosphorylation early after TCR-
CD3 stimulation (between 30 s and 4 min). No significant
difference in the tyrosine phosphorylation level or kinase ac-
tivity of the Src family tyrosine kinase p56'* was observed. We
did not notice changes in in vitro autophosphorylation of p56*
or CD3¢-induced tyrosine phosphorylation by p56/*. These
results suggest that pS6* activity is not primarily or directly
regulated by CDS5 costimulation. However, we did observe
tyrosine phosphorylation down-regulation in CD3¢, ZAP-70,
Syk, and PLCyl upon CD5 costimulation. Since one of the
most immediate events upon TCR-CD3 activation is up-regu-
lation of p56“* kinase activity and subsequently CD3{ tyrosine
phosphorylation, then if CD3( is a direct target for CD5 co-
stimulation, anything downstream may be affected indirectly.
This possibility is consistent with a specific down-regulating
role for CDS5, rather than a general inhibition of cellular acti-
vation, and may explain some of the costimulatory activity at-
tributed to CDS5. It seems likely that the intracellular mediator
for this down-regulating role of hCDS5 is the tyrosine phospha-
tase SHP-1; this affirmation is supported by data for the CD5-
F378 chimeric protein, which is unable to mediate inhibitory
function (tyrosine phosphorylation or intracellular Ca*" flux-
ing down-regulation) and does not associate with SHP-1.

In earlier studies, CD22 was also proposed to be a positive
regulator of signaling (48, 49); however, additional studies
found that B cells from CD22-deficient mice display enhanced
Ca®" response to BCR ligation and other characteristics that
could be explained by a negative regulatory function of CD22
(31, 33, 39). Following CD22 tyrosine phosphorylation induced
by mlg, CD22 down-regulates signaling by recruiting the in-
hibitory tyrosine phosphatase SHP-1 (11, 15). Other similar
models are the regulation of NK cell-mediated killing by SHP-
1. The killer inhibitory receptors and CD94/NKG2 receptors
inhibit natural killing and antibody-dependent cellular cytotox-
icity in NK and T cells (23).

Here, we analyzed how hCDS5 down-regulates the TCR-CD3
signal transduction pathway. Thus far, two different hypotheses
have prevailed: first, Burgess and colleagues (6) proposed that
CDS5 tyrosine phosphorylation negatively regulated Src family
kinase (p56'“* and p59%") activity by competing with the ability
of the kinases to autophosphorylate; second, TCR-CD3-
induced CDS5 phosphorylation could recruit SH2-containing
phosphatases, resulting in their activation and tyrosine dephos-
phorylation of different substrates. Our data clearly support
this last hypothesis and are in accordance with observations
that in CD5-deficient mice, the absence of CD5 rendered thy-
mocytes hyperresponsive to stimulation through TCR-CD3
(45). In CDS5-deficient thymocytes, cross-linking of TCR-CD3
receptor results in (i) induction of the hyperphosphorylated
pp23 isoform of the CD3( chain and (ii) increased tyrosine
phosphorylation of PLCy1 and Vav proteins (45).
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In addition, thymocytes or peripheral T cells from SHP-1-
deficient mice (me or me”) exhibit increased proliferative re-
sponses to TCR-CD3 stimulation compared to normal cells
(27, 34). Compared to normal thymocytes, SHP-1-deficient
thymocytes showed increased constitutive tyrosine phosphory-
lation of the TCR-CD3 complex, increased interleukin-2 pro-
duction upon TCR-CD3 stimulation, enhanced and prolonged
TCR-CD3-induced tyrosine phosphorylation of different sub-
strates, and increased activation of the Src family kinases p56'“
and p59°”. In this context, the SHP-1-hCDS5 interaction is of
particular interest since the SHP-1 pool associated with CD5
might be important in regulating both constitutive and TCR-
CD3-induced tyrosine phosphorylation of the TCR-CD3 com-
ponents and subsequent activation of different kinases leading
to changes in the activation or maturation state. Our results
strongly implicate SHP-1 tyrosine phosphatase activity, acti-
vated through CDS5, in down-regulation of the TCR-CD3-in-
duced activation pathway.
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