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Abstract

The co-receptor CD28 binds to several intracellular proteins including P13 kinase, Grb-2, Gads
and ITK. Grb-2 and PI3 kinase binding has been mapped to the pY MNM motif within the
cytoplasmic tail of CD28 and has been shown to play a role in co-stimulation. In this study, we
demonstrate that amongst the Grb-2 family adapter proteins, CD28 precipitated Grb-2 and
specifically co-operated in the up-regulation of NFAT/AP-1 transcription. By contrast, Gads and
Grap either failed or only weakly collaborated with CD28 ligation. Further, the loss of Grb-2
binding interferes with the ability of VVav1 to co-operate with CD28. Anti-CD28 ligation alone was
capable for co-operating with Grb-2 or Grb-2-Vav1l. Our findings define a pathway involving
CD28 binding to Grb-2 and its co-operativity with VVav1 in the regulation of T-cell co-stimulation.
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The co-stimulatory molecules CD28 and CTLA-4 determine the ultimate outcome of the
immune response after ligation of the T cell receptor (TcR)-CD3 complex. Both bind to
CDB80 and CD86 and are required for optimal T cell activation [1-4]. In contrast to CD28,
which enhances and sustains T cell responses, CTLA-4 potently inhibits T cell activation
[5-8].

CD28 and CTLA-4 possess small cytoplasmic domains of 41 and 36 residues, respectively.
Common to each is the presence of a YxxM consensus motif: a YMNM motif for CD28 and
a YVKM motif for CTLA-4. Phosphorylation of the tyrosine creates conditions for the
binding of one of two SH2 domains of the p85 subunit of the phosphatidylinositol 3-kinase
(PI3K) [9-14]. Specificity is determined by residues adjacent to the tyrosine, specifically a
methionine (M) in the plus 3 position. CD28 also carries an asparagine (N) in the plus 2
position (i.e., pYXNM) that is not found in CTLA-4. This is a signature residue for SH2
domain binding of the adaptor Grb-2 [15-17]. Co-precipitation and binding analysis have
confirmed that CD28 associates with Grb-2 and its binding partner Son of sevenless (Sos)
[15]. Binding has been shown to occur via the predicted YXNM motif as well as via SH3
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domain binding to the C-terminal proline-based motif [16,17]. Grb-2 related Gads has also
been reported to bind to CD28 at distinct sites from Grb-2 [18], while the src kinase p56Ick
has been reported to bind to a PxxP motif [19,20].

Interestingly, the loss of the asparagine needed for Grb-2 binding resulted in both impaired
interleukin-2 (1L-2) production and phosphorylation of the guanine nucleotide exchange
factor Vavl [16]. Conversely, the insertion of the asparagine in the YxxM motif of ICOS
confirmed an ability of this co-receptor to support IL-2 production [21]. Vav1 has a calponin
homology (CH) domain, an acidic (Ac) motif, a zinc finger (ZF)-like region, two Src
homology 3 (SH3) domains and an SH2 domain. The SH2 domain of Vav1 binds tyrosine
residues within the adaptor SH2 domain-containing lymphocytic protein of 76-kDa
(SLP-76) [22]. The DH domain has guanine nucleotide exchange factor (GEF) activity for
the activation of the small GTPases Racl and Cdc42 [23]. Vav1l deficient T-cells show
defects in TcR capping and in the induction of cytokine production [24,25]. Phosphorylation
of Vavl by CD28 depends on residues 173-181 of the receptor [12,16]. The CD28-Vav1l
pathway operates independently of the CD28-PI3K pathway [26], although this may vary
with different modes of ligation [27].

Grb-2 is an adaptor protein comprised of one SH2 domain flanked by two SH3 domains that
bind to the exchange factor Sos, an activator of the GTPase p21ras [28]. The Grb-2 SH3
domain can bind constitutively at low levels to the same motif, whereas the phospho-
YMNM motif facilitates tandem SH2—-SH3 domain binding [14,16,17,29]. Grb-2 has been
shown to bind to the CD28 YMNM motif with additional SH3 domain binding to proline
residues [16,17]. Other members of the Grb-2 family include Gads (Grid) and Grap. Gads
possesses an SH3-SH2-SH3 domain structure and also contains a unique proline/glutamine
rich domain of unknown function [30,31]. In Jurkat cells, CD3/CD28 stimulation has been
reported to lead to the recruitment of Gads to the CD28-YMNM motif [18]. Grap (Grb-2-
related adaptor protein) is a Grb-2 like SH3—-SH2—-SH3 adaptor protein with expression
restricted to lymphoid tissues. Grap, unlike Grb-2, has been reported to act as a negative
regulator of TcR/CD3 mediated proliferation and IL-2 production [32].

In this study, we demonstrate that amongst the Grb-2 family adapter proteins, CD28
precipitated Grb-2 and specifically co-operated in the up-regulation of NFAT/AP-1
transcription. By contrast, Gads and Grap either failed or only weakly collaborated with
CD28 ligation. The loss of Grb-2 binding interferes with the ability of VVavl to co-operate
with CD28. Our findings define a pathway involving CD28 binding to Grb-2 and its co-
operativity with Vav1l in the regulation of T-cell co-stimulation.

Materials and methods

Cells and reagents

Jurkat T cells were cultured in RPMI 1640 supplemented with 5% fetal calf serum (FCS), 2
mM c-glutamine and 100 U/ml penicillin/streptomycin. Anti-CD3 (OKT3) was obtained
from American Type Culture Collection, anti-CD28 (9.3) from Bristol-Myers Squibb. Anti-
Vavl, anti-Grb-2 and anti-Flag antibodies were purchased from Upstate Biotechnologies,
anti-myc antibody was from Invitrogen.
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The pCMV3-myc-hVavWT and pCMV3-hVav-L213Q (GEF-inactive) plasmids were a kind
gift from M. Turner (Babraham Institute).

Luciferase assay

For the luciferase assays, 0.5 x 10° Jurkat cells were incubated in 100 ul RPMI 1649
medium containing 5% fetal calf serum plus the appropriate antibodies for 6 h at 37 °C.
Cells were lysed, and 3XNFAT/AP-1 luciferase activity was measured using a Luminat
LB9507 luminometer. The luciferase activity was determined according to the luciferase
assay system protocol from Promega. All luciferase assays were repeated at least three
times.

Immunoprecipitation and immunoblotting

For immunoprecipitation, cells were lysed in ice-cold lysis buffer containing 1% Triton
X-100 in 20 mM Tris—HCI, pH 8.3, 150 mM NaCl. The lysis buffer contained protease and
phosphatase inhibitors. Postnuclear lysates were incubated for 1 h with the indicated
antibody. Protein A-Sepharose beads (30 pl, Amersham Pharmacia) were added and
incubated for 1 h at 4 °C. The eluted proteins were separated by SDS-PAGE and transferred
to nitrocellulose for immunoblotting. The membranes were blocked with 5% milk in TBS
(10 mM Tris—HCI, pH 7.6, 150 mM NacCl) and incubated with the indicated antibody.
Bound antibody was revealed with the appropriate secondary antibody, and protein was
visualized by enhanced chemiluminescence (ECL, Amersham).

Results and discussion

CD28 has been shown to bind to several intracellular proteins including P13 kinase, Grb-2,
Gads and ITK [4]. As shown in Fig. 1A, ligation of the co-receptor with anti-CD28 leads to
the recruitment of PI3 kinase (upper panel) and Grb-2 (lower panel) with maximum binding
at 5 and 15 min (histograms, right panels). Small amounts of constitutive p85 and Grb-2
binding could also be observed in the Jurkat T cell line (lane 1). Equal loading was
confirmed by blotting of cell lysates with anti-p85 (upper panel) and anti-Grb-2 (lower
panel) antibodies. Next, Grb-2 has been reported to bind to the guanine nucleotide exchange
factor Vavl through dimerization of the SH3 domains in both molecules (Fig. 1B, upper
panel) [33]. To assess whether CD28 associates with Vav1l, anti-CD28 was used to
precipitate antigen followed by blotting with anti-Vavl. As shown in Fig. 1B (lower panel),
in Jur-kat T cells binding of Vav1l to CD28 was observed, albeit at low amounts. This was
observed in three experiments and indicates that CD28 can engage Vavl.

To further assess whether Grb-2 could co-operate in a specific manner with CD28 ligation,
Grb-2 and related proteins Gads and Grap were individually expressed followed by CD3,
CD28 and CD3/CD28 ligation and an assessment of NFAT/AP-1 transcription using the
NFAT/AP-1 luciferase assay. As seen in Fig. 2A, the expression of Grb-2 led to a 3-to 4-
fold increase in CD28 mediated NFAT/AP-1 gene activity. By contrast, neither Grap nor
Gads co-operated with anti-CD28 to induce NFAT/AP-1 activation. In fact, a partial
reduction was often observed, although the proteins were expressed at similar levels (upper
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right panel). This observation indicates that Grb-2 has a specific ability amongst the Grb-2-
like proteins to co-operate with CD28 in the regulation of NFAT/AP-1 activity.

Previous studies have shown that CD28 can synergize with Vavl (and Vav1/SLP-76) in the
generation of signals leading to IL-2 transcription [34-36]. Further, we previously reported
that the loss of the Grb-2 binding site resulted in a loss of Vav1 phosphorylation upon anti-
CD3/CD28 co-ligation [16]. The CD28-Vav1l pathway can also operate independently of the
CD28-PI3K pathway [26]. These observations are consistent with the notion that CD28-
Grb-2 binding may act as a bridge to Vav1l. To test whether CD28-Grb-2 amplification of
NFAT/AP-1 activation could be linked to Vavl, Grb-2, Gads or Grap were co-expressed
with Vavl and assessed for effects on NFAT/AP-1 transcription. While co-expression of
Grb-2 and Vavl enhanced the activation, Gads or Grap either failed or only weakly co-
operated with CD28 and Vavl (Fig. 2B). In fact, the combination of the latter one was
generally inhibitory when compared to the VVavl mediated effects on NFAT/AP-1
activation. Further, the ability of Grb-2 to collaborate with Vav1l depended on the presence
of an intact guanine nucleotide exchange factor (GEF) domain. The L213Q mutant,
defective in Vav GEF activity markedly inhibited co-operativity (Fig. 3A). These data
indicate that Grb-2 is unique amongst the Grb-2-like adaptors in being able to collaborate
with Vavl in the generation of CD28 signals.

Similarly, the loss of Grb-2 binding to CD28 abrogated the ability of Grb-2 to co-operate
with Vavl in the up-regulation of NFAT/AP-1 transcription (Fig. 3B). This indicates that the
mere co-expression of Grb-2/Vavl is insufficient to co-operate with CD28. Instead, there is
a requirement for the presence of an asparagine in the pYMNM motif needed for Grb-2
binding. Over-expression of CD28 wild type and CD28-193 mutant with and without Vavl
clearly shows that the ability to collaborate with VVav1 in the up-regulation of NFAT/AP-1
activation is dependent on the asparagine (Fig. 3B, upper right panel).

Vav1 has been connected upstream in the regulation of the activation cassette leading to
activation of JNK [23]. Given the fact that Grb-2 and VVav1 co-operate with CD28 in the up-
regulation of NFAT/AP-1 activation, it would be expected that there also exists co-
operativity in the activation of the JINK pathway. Overall, our study indicates that CD28 can
co-operate with Grb-2 in a specific manner with Vav1l in the activation of NFAT/AP-1. This
extends our previous findings that the loss of Grb-2 binding to CD28 blocks the CD28
dependent IL-2 production, Vav1 phosphorylation and JNK activation [16]. Consistent with
this, we also provided evidence of a physical interaction between CD28 and Vavl. The
weak level of co-precipitation may be indicative of either a low stoichiometry of binding or
an inefficient co-precipitation due to indirect binding via Grb-2. Alternatively, it may be
indicative of a close connection to Vavl at a functional level that in part involves physical
binding but is not dependent on a protein—protein interaction. In either case, the specificity
of co-operativity between CD28 and Grb-2 was clear and involved the ability of CD28 to
generate a co-operative signal in the absence of TcR ligation, as previously described [34].
In addition, the Vavl mutant L213Q could block the process. An intriguing question is
whether the CD28-Grb-2-Vav1 connection could substitute for the LAT-Grb-2 interaction,
given the fact that the major activator of the p21ras-Erk pathway is due to Ras guanyl
nucleotide releasing protein-1 (RasGRP1) [37,38]. Our findings complement a recent study
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showing that Gads, but not Grb-2, is essential for CD28-mediated NFkB activation [18].
Further, CD28-Grb-2-Vav1 could up-regulate NFAT/AP-1 activation, while Gads could
modulate the NFkB pathway. JNK is upstream of NFAT/AP-1, while the combination of
CD28-Vav1-SLP-76 has been shown to alter NFAT translocation [34]. Further downstream,
Vavl may also intersect with NFkB [39]. Further studies will be needed to dissect the
relative contributions of different pathways in regulating other aspects of T-cell immunity.
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Fig. 1.

CIgZS binding to PI3 K, Grb-2 and Vavl. (A) Jurkat T-cells were either left untreated (lane
1) or stimulated with anti-CD28 (4 pg/ml) and rabbit anti-hamster (2 pg/ml) antibodies
(lanes 2-5). Cells were washed and solubilized in Triton X-100 lysis buffer containing
protease and phosphatase inhibitors. Anti-CD28 immunoprecipitates and lysates were
separated by SDS-PAGE gel, transferred to nitrocellulose and immunoblotted with anit-p85
(upper panel) or anti-Grb-2 (lower panel) antibodies. Lane 6 shows the position of p85
(upper panel) and Grb-2 (lower panel) in cell lysates. Cell lysates blotted for p85 (upper
panel) and Grb-2 (lower panel) served as loading controls. (B, upper panel): Jurkat cells
were lysed, immunoprecipitated with anti-Vav1 (lane 1) or anti-Grb-2 (lane 2) antibodies
and blotted with anti-Vavl. Lower panel: Jurkat cells were lysed, immunoprecipitated with
rabbit anti-mouse (lane 1) or anti-CD28 (lane 2) antibodies and blotted for associated Vav1l
with anti-Vavl mAb. Lane 3 shows the position of Vavl in cell lysates.
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Fig. 2.

Grb-2 specifically co-operates with CD28 in the up-regulation of NFAT/AP-1 transcription,
(A) Jurkat cells were transfected with mock, Grb-2, Gads and Grap together with a reporter
plasmid containing the luciferase gene linked to 3XNFAT/AP-1. NFAT/AP-1 activation was
determined as a measure of luciferase activity after anti-CD3, anti-CD28 and anti-CD3/
CD28 stimulation for 6 h. Expression of the individual proteins are shown in the upper right
panel. (B) Grb-2 co-operates with Vav1 in the up-regulation of NFAT/AP-1 activity. Jurkat
cells were transfected with mock, Vavl, Vavl/Grb-2, Vavl/Gads and Vav1/Grap together
with a reporter plasmid containing the luciferase gene linked to 3XNFAT/AP-1 and
stimulated with anti-CD3, anti-CD28 and anti-CD3/CD28 antibodies. Six hours later,
luciferase activity was determined. Expression of the individual proteins are shown in the
upper right panel. Lower right histogram shows the relative intensity of the expressed
proteins.
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Fig. 3.

Defective Vav GEF activity (VavL213Q) markedly inhibited co-operativity in CD28
induced NFAT/AP-1 activity, (A) Jurkat cells were transfected with either mock, Grb-2,
Gads and Vav1 alone or together with Vav1 or with VavL213Q and VavL213Q and Grb-2
in addition with the reporter plasmid containing the luciferase gene linked to 3XNFAT/
AP-1. Luciferase activity was measured after anti-CD3, anti-CD28 and anti-CD3/CD28
stimulation for 6 h. Expression of the individual plasmids are shown in the upper right panel.
(B) Loss of Grb-2 binding to CD28 abrogates the co-operativity with Vav1 in the up-
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regulation of NFAT/AP-1 activity. Jurkat cells were transfected with either mock, Grb-2,
CD28-193 and Vav1 alone or together with Vavl and CD28 or CD28-193 in addition with
the reporter plasmid containing the luciferase gene linked to 3XNFAT/AP-1. Luciferase
activity was measured after anti-CD3, anti-CD28 and anti-CD3/CD28 stimulation for 6 h.
Expression of the individual proteins are shown in the lower right panel. Upper right panel:
Jurkat cells were transfected with either mock, CD28 wild type, CD28-193 mutant alone or
together with Vav1l in addition with the reporter plasmid containing the luciferase gene
linked to 3XNFAT/AP-1. Luciferase activity was measured as described above.
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