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Abstract. A successful immune response requires a set of non-cognate cell-cell interactions which provide the
second “ costimulatory” signal to the T cells. The best characterized costimulatory receptor expressed on resting
T cells is CD28 which provides poorly-defined cyclosporin-resistant biochemical signal(s) that promote expres-
sion of severa cytokines/chemokines. Another major effect of CD28 ligation is the promotion of cell survival
which is thought to occur viathe up-regulation of Bcl-x| expression. CD28 shares its ligands B7.1 and B7.2 with
the related CTLA-4, which plays an inhibitory rolein T cell activation. Manipulation of CD28/CTLA-4 interac-
tions with their natural ligands has provided exciting results in transplantation and tumor therapy settings and
also has potential in the treatment of several diseases such as arthritis and multiple sclerosis, asthmaand protection
against HIV infection. The biochemical basis for the different functional outcomes of CD28 and CTLA-4 ligation
has been the subject of intense investigation over the past few years. This review will focus on our current
understanding of the biochemical signals that may be involved in regulating the different functional outcomes of

CD28 and CTLA-4, with particular emphasis on the role played by the PI3K-dependent signalling cascade.
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Nearly 30 years ago, BrerscHEr and Conn* first
proposed that the generation of an antigen-specific lym-
phocyte response required at least two distinct signals
from the antigen presenting cell*. We now know that
the first signal is provided by engagement of the
antigen-specific TCR by a peptide antigen bound to
a MHC protein. This interaction confers antigen speci-
ficity to a T cell response, although occupancy of the
TCR is usualy insufficient to initiate a productive
T cell response. A successful immune response usually
requires a set of additional non-cognate cell-cell inter-
actions which provide the second “costimulatory” sig-
nal to the T cells. The best characterized costimulatory
receptor expressed on resting T cells is CD28 which
binds the natural ligands B7.1 (CD80) or B7.2 (CD86).
CD28 provides poorly-defined cyclosporin-resistant

biochemical signal(s) that promote IL-2 production and
cellular proliferation in the presence of an additional
signal(s) provided by either the TCR or phorbol es-
ters®®. Another major effect of CD28 ligation is the
promotion of cell survival which isthought to occur via
the up-regulation of Bcl-x, expression?. CD28 aso up-
-regulates expression of several other cytokines/chemo-
kines (e. g. IL-4, IL-13, IFN-y, TNF, GM-CSF, IL-8
and RANTES)*, the IL-2 receptor® and modulates ex-
pression of the chemokine receptors CCR5, CCR1,
CCR4, CXCR1 and CXCR2% %, CD28 shares its li-
gands B7.1 and B7.2 with the related receptor CTLA-4.
There is now strong evidence from studies using cross-
-linked or immobilised CTLA-4 Absin murine T cells
and CTLA-deficient mice which has demonstrated that
CTLA-4 plays an inhibitory role in T cell activation®.
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Manipulation of CD28/CTLA-4 interactions with
their natural ligands has provided exciting results in
transplantation and tumor therapy*? and also has poten-
tial in the treatment of several diseases such as arth-
ritis®, multiple sclerosis®, asthma® and protection
against HIV infection®. An improved understanding of
the molecular interactions and signals regulated by both
CD28 and CTLA-4 is therefore of considerable thera-
peutic importance. This review will focus on our cur-
rent understanding of the biochemical signals that may
be involved in regulating the different functional out-
comes of CD28 and CTLA-4.

Potential Signalling Domains of CD28
and CTLA-4 Cytoplasmic Tails

Whilst the extracellular domains have limited se-
guence homology, the ligand binding sites of CD28 and
CTLA-4 are localised to a conserved sequence
MY PPPY in the CDR3-like region of both CD28 and
CTLA-4%. There is aso only approximately 30%
amino acid conservation between CD28 and CTLA-4
in the cytoplasmic domain, perhaps suggesting an
ability to generate different signals. The cytoplasmic
domain of CD28 lacks any direct enzymatic activity
and is therefore presumed to signal via the recruitment
of cellular protein tyrosine kinases (PTK) such as Lck,
Fyn or Itk/EMT. In this respect, CD28 contains 4 tyro-
sine residues (*?Y, 88y, Y and 2°Y) which can
potentialy be phosphorylated and mediate interactions
with other proteins such as Src-homology 2 (SH2) do-
main-containing proteins. Of specific interest is 13y
which lies within a consensus sequence motif ((p)
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Fig. 1. Potential signalling domains of the CD28 and CTLA-4 cy-
toplasmic tails. The sequence of the CD28 and CTLA-4 cytoplasmic

domains is shown. Established and putative SH2, SH3 and AP-2
binding sites are indicated
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1Y MNM) that forms a potential binding site for inter-
action with the SH2 domain containing p85 regulatory
subunit of phosphoinositide 3-kinase (PI3K) (Fig. 1).
Moreover, CD28 also contains two proline rich motifs
(**PRRP and *PY AP) which conform to the PXXP
SH3 binding consensus sequence and these regions of
the CD28 tail may mediate interactions with signalling
proteins (Fig. 1). The primary amino acid sequence of
the CTLA-4 cytoplasmic domain contains tyrosine
residues (***Y and 1Y) which lie in potential SH2 do-
mains binding motifs. In addition, CTLA-4 contains
a potential binding motif for an SH3 domain (Fig. 1).
There has been no direct evidence to indicate whether
ether of the tyrosine residues are phosphorylated in vivo.

Coupling of CD28 to Protein Tyrosine Kinases

One of the earliest biochemical events stimulated by
CD28 isthe activation of the Src family PTKs Lck and
Fyn as well as the Tec family kinase ItkkEMT which
have been shown to be physically associated with the
receptor™ 1" 3, The consequences of PTK activation are
probably severa fold, but one important effect is the
phosphorylation of tyrosine residues within the CD28
cytoplasmic tail which is likely to result in the recruit-
ment and activation of other SH2 containing proteins.
Under in vitro conditions, Lck has been demonstrated
to phosphorylate only Tyr'’3, whilst Itk/EMT phospho-
rylates all 4 tyrosine residues within the CD28 cyto-
plasmic tail'’. The precise sequence of events leading
to PTK recruitment and activation of these PTKs re-
mains unclear, although it appears that Itk binding to
the PRRP motif of CD28 via its SH3 domain, is suffi-
cient to result in increased intrinsic kinase activity of
Itk?’. Recent studies have indicated that not all the ty-
rosine phosphorylation events observed following
CD28 ligation might necessarily lead to promotion of
T cell activation. For instance, studies with Itk-defi-
cient mice have revealed that Itk actually negatively
regulatesinduction of T cell proliferation by CD28 cos-
timulation?®. Hence, the functional outcome of phos-
phorylation of #Y, 1Y and 2®Y remains unclear.

PI3K Recruitment by CD28 and CTLA-4

PI3K controls an alternative inositol phospholipid
metabolic pathway which phosphorylates the mem-
brane phosphatidylinositol lipids at the 3 position on
the inositol ring and can result in the generation of D-3
phosphoinositide lipids (e. g. Ptding(3)P, Ptdins(3,4)
P, and PtdIns(3,4,5)Ps)*. Considerable importance has
been attached to this pathway, particularly concerning
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the putative role of these D-3 phosphoinositides as regu-
latory molecules. Hence, Ptdins(3) P is thought to be
involved primarily in the regulation of membrane traf-
ficking, whilst Ptdins(3,4)P, and Ptdins(3,4,5)P; are
thought to be important components of a receptor-acti-
vated signalling cascade. Thefirst indication that CD28
could indeed coupleto PI3K was the demonstration that
ligation of CD28 by B7.1 induced the accumulation of
Ptdins(3,4,5)P; in the leukemic T cell line Jurkat*’. The
heterodimeric PISK (consists of p85 regulatory and
p110 catalytic subunits) interacts directly with CD28 by
virtue of the p85 subunit binding to the (p)}"*Y MNM
motif as predicted®. This interaction depends on phos-
phorylaton of the Y and the PTK responsible for
phosphorylating 1Y is thought to be Lck. However,
quite how this fits in with the observation that CD28
can still recruit and activate PI3K in Lck-deficient Jur-
kat cells®® is not clear. Receptor activation of PI3K in
T lymphocytes is not unique to CD28 and can aso be
stimulated by the TCR*. However, it is interesting to
note that the accumulation of Ptdins(3,4,5)P; following
CD28 ligation occurs with delayed kinetics, greater
magnitude and prolonged duration when compared
with the accumulation in response to ligation of the
TCR done. Ligation of CTLA-4 with anti-CTLA-4
mADbs also triggers binding of the p85 subunit of PI3K
to the Y VKM motif in the CTLA-4 cytoplasmic do-
main, although tyrosine phosphorylation of CTLA-4
has not yet been demonstrated®.

Is PI3K Required for CD28-dependent
Costimulation?

Both pharmacological and genetic approaches have
been used to assess the functional relevance of PI3K
activation with respect to CD28-mediated costimulation
of IL-2 production, although these have yielded con-
troversa results. Hence, in the leukemic T cell line
Jurkat or murine CD4" T cells, PI3K inhibitors such as
wortmannin can either potentiate or have no effect on
CD28-mediated costimulation of IL-2 production from
these cells* 47, The use of Jurkat cells to study CD28-
mediated costimulation of IL-2 production could be
misleading however, since transformed cell lines may
be poor models of Signal 2 because they have been
selected to be independent of co-stimulatory signals. Of
major importance therefore, is the observation that
wortmannin inhibits CD28-mediated costimulation of
IL-2 production from purified resting T cells and
human T lymphoblasts”. In resting T cells and human
T lymphoblasts, optimal 1L-2 production is usualy
much more dependent on the provison of Signa
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2, thus making these cells much more relevent models
in which to study the costimulatory signalling cascades
regulating IL-2 production. In addition, mutation of the
human CD28 cytoplasmic tail 'Y to Phe and sub-
sequent expression in a murine T cell hybridoma, pre-
vents CD28-PI3K association, activation of PI3K and
production of IL-2 in response to CD28 ligation®.
However, similar mutations of murine CD28 expressed
in the human Jurkat model, prevented ligation-induced
association of CD28 with PI3K, but CD28 ligation still
resulted in IL-2 production in these models*. This data
further emphasizes the differences that have been ob-
served in the role of PI3K in CD28-mediated stimula-
tionin Jurkat cells and indicates that PI3K may mediate
multiple CD28 functions.

CD28 Activates the PI3K Effector
Protein Kinase B: Relevence to Cdl Survival

Recent evidence has indicated that ligation of CD28
results in activation of protein kinase B (PKB)*. PKB
is recognised as being both a downstream effector tar-
get of PI3K and a key mediator of growth factor-in-
duced cell survival®. PKB can phosphorylate a critical
serine residue on the death promoting protein BAD,
causing it to dissociate from and thus, activating the cell
survival factor Bel-x, 1. Thisis an interesting observa-
tion given that CD28 not only activates PK B> but also
up-regulates Bcl-x. expression which correlates with
enhanced resistance to apoptosis induced by y-irradia-
tion, or Abs to Fas or CD3?.

PKB and Transcriptional Regulation

Apart from promoting cell survival, PKB activation
is known to have at least one other magor outcome
which may be relevent to the functional outcome of
CD28 ligation in T cells, namely p70S6 kinase activa-
tion°. Activation of p70S6 kinase has been implicated
in the regulation of the transcription factor NFkB by
CD28%. Since CD28 can activate both PKB and p70S6
kinase in a wortmannin-sensitive manner3® 3, a PI3K/
/PKB/p70S6 kinase cascade may mediate the effects of
CD28 on transcription factor regulation. There is evi-
dence that this may not be the case in normal T lym-
phoblasts however, since experiments using human
T lymphoblasts indicate that CD28-induced activation
of NFkB is unaffected by pre-treatment with PI3K in-
hibitors'. It is also interesting to note that the inhibitory
effects of congtitutively active PI3K on TCR-mediated
NF-AT responses are not mimicked by PKB mutants,
emphasising that PKB is not the only downstream ef-
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fector of PI3K . Nevertheless, this does not excludethe
possibility that PKB isinvolved in the biochemical wir-
ing that mediates the CD28-dependent modulation of
different transcription factors that may be involved in
transcriptional regulation of other cytokine/chemokine
genes. In this respect, both PI3K and PKB have been
shown to be necessary and sufficient for induction of
activity of the transcription factor E2F3.

Regulation of the Surface Expression of CD28
and CTLA-4: a Role for PI3K?

Given the opposing effects of CD28 and CTLA-4
on T cell activation, it isinteresting to note that CTLA-
4 is not expressed congtitutively and is only expresed
maximally 2-3 days after T cell activation by TCR and
CD28 ligation. Moreover, CD28 engagement by B7.1
induces a transient down-regulation of CD28 and pro-
longed unresponsiveness to CD28 signalling® #°. This
co-ordinated set of events probably facilitates the in-
hibitory effects of CTLA-4 and contributes to the tight
control of T cell activation. Ligation-stimulated CD28
receptor endocytosis, like that observed for endocytosis
of receptors for transferrin, PDGF or EGF, occurs via
clathrin-coated pits which are shuttled to lysosomes for
proteolytic degradation and/or recycled to the cell sur-
face’. PI3K has been reported to associate with clathrin-
-coated vescicles and the microtubule cytoskeleton and
to influence the endocytic destiny of internalised
PDGF-R™. It is fitting therefore that PI3K also been
implicated in the control of ligation-stimulated endocy-
tosis of CD28 since CD28-PI3K complexes are prefen-
tially endocytosed and Y mutations that alter PI3K
binding correlates with a decrease in the efficacy of
endocytosis’.

Cell surface expression of CTLA-4 islimited by its
rapid clearance from the surface of activated T cells
through clathrin-mediated endocytosis®. Although, the
phoshorylated %Y VKM motif within CTLA-4 is similar
to that found in CD28 around ™Y, there is evidence that
these sites may not be functionally equivaent in CD28
and CTLA-4, since the CTLA-4 motif islocated within
an intracellular locdisation motif (**TTGVYVKMPPT)
that restricts CTLA-4 expression to intracellular mem-
branes such asthe perinuclear Golgi or post-Golgi com-
partment?. An unphosphorylated 6 amino acid se-
guence (GVYVKM) within this domain can bind
specifically to the medium chain subunit (AP50) of the
clathrin-associated protein complex AP-2%. This AP-2
complex plays an important role in targeting cell sur-
face glycoproteins for endocytosis and mutation or ty-
rosine phosphorylation of Y abrogates the interaction
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with AP50 resulting in accumulation of CTLA-4 at the
cell surface. It islikely that phosphorylation of *4Y will
also facilitate recruitment of the p85 subunit of PI3K®*
which may therefore be involved in the mechansisms
by which cell surface expression of CTLA-4 isup-regu-
lated. In addition, PI3K binding to CTLA-4 may result
in T cel inhibition if CTLA-4 sequesters sufficient
PI3K to prevent it from participating in TCR and/or
CD28 signal transduction. Alternatively, there may be
secondary conditions that lead CTLA-4 to bind and
activate PI3K and which may account for the ability of
CTLA-4 to act as a costimulatory receptor under some
in vitro conditions’.

CD28 Regulation of Rac and Rho Proteins:
Relevence of PI3K

The GTPases play a critica role in regulating cell
survival, proliferation, and differentiation during lym-
phocyte development. There are severa lines of evi-
denceto suggest that CD28 regulates the Rac/Rho regu-
latory proteins. Firstly, ligation of CD28 results in the
tyrosine phosphorylation of Vav®®, Vav is a Rho family
guanine nucleotide exchange factor that is specific for
Rac and its guanine nucleotide exchange activity is
regulated by tyrosine phosphorylation. Vav can aso
form a unique protein complex with the adaptor mole-
cule SLP-76 after TCR-triggered and CD28-costimu-
lated T cells® 0, Vav/SLP-76 complexes are thus in-
tegrating signals initiated by the TCR and CD28 and
hence are good candidates to couple these receptors to
Rac signalling pathways in T cells. In addition, Vav
contains a PH domain that has been demonstrated to
bind D-3 phosphoinositide lipids and these lipids en-
hanced phosphorylation and activation of Vav by Lck®,
One possibility therefore, is that the D-3 phosphoino-
sitide lipid products of CD28-activated PI3K may func-
tion to recruit and present Vav for phosphorylation by
CD28-activated PTKs such as Lck (Fig. 2). The use of
active PI3K mutants has shown that D-3 phosphoino-
sitide lipids are sufficient to induce Ras and Rho-medi-
ated cytoskeletal responses in fibroblasts®. Hence,
PI3K has the potential to couple CD28 to Rac/Rho sig-
nalling pathways which may be important in controlling
actin cytoskeleton rearrangements in lymphocytes
which in turn, may be required for lymphocyte motility,
cell-cell contacts and cell adhesion (Fig. 2).

Rac is also important for cytokine gene regulation
in lymphocytes and it is important to note that multiple
effectors exist for Rac and Rho including the MAP
kinases INK and p38 as well as PtdIns(4)P 5-kinase
respectively'* . These effectors give Rac and Rho the
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potential to exert a major influence on T lymphocyte
biology. For instance, substrates for JNK and p38
MAPK include transcription factors such as ATF-2,
¢/Jun and Ets family proteins. INK is an anchor kinase
of the Rac/Cdc42 small G protein/p21-activated kinase
(PAK)/MEKK-1/SEK-1 pathway. Indeed, PAK and
MEKK-1 are stimulated by CD28 ligation, whilst INK
is activated by the combined triggering of TCR and
CD28% %, Furthermore, induced deficiency of SEK-1
(which lies downstream of PAK and MEKK-1) in mice,
inhibits CD28-mediated T cell costimulation®. Al-
though, active mutants of PI3K can induce a selective
subset of Rac/Rho-mediated cellular responses that
control the cortical actin cytoskeleton in other systems,
these mutants are not sufficient to stimulate the full
range of Rac- or Rho-coordinated pathways that couple
to nuclear responses of transcription factor activation®.
It is interesting to note therefore that recent evidence
indicates that ceramide may be involved in coupling
CD28 to PAK and MEKK-1%, With regard PtdIns(4)
P 5-kinase, this kinase controls the cellular levels of
D-5 phosphoinositides such as Ptding(4,5)P, which is
crucial for TCR sgnalling pathways in T cells, since
its hydrolysis by phospholipase C generates Ins(1,4,5)
P; and diacylglycerals that regulate intracellular cal-
cium and PKC, respectively. In addition, Pdins(4,5)P; is
asubgrate for PI3K-mediated formation of PtdIng(3,4,5)Ps
which along with its degradation product PtdIns(3,4)P-,
is an important modifier of intracellular signa trans-
duction pathways at multiple stages of lymphocyte ac-
tivation and growth. Thus, the putative regulation of
Ptdins(4)P 5-kinase in T lymphocytes by Rac/Rho may
have a maor impact on T cell biology and it will be
important to define whether there is direct coupling
between Rac/Rho and lipid kinases in T lymphocytes.

CD28 stimulates tyrosine phosphorylation of a 62
kDA adaptor protein®® now identified as p62%. This
protein forms a protein complex with p120 RasGAP

Transcriptional
regulation?

Fig. 2. Schematic diagram indicating
the interactions of the PI3K-depend-
ent signalling cascade with down-
stream effector pathways. Known
and putative interactions are de-
picted. See text for further details.
*Tyrosine phosphorylation

PBK Activation

/ N\

Cell Survival

and p190 RhoGAP. It is postulated that tyrosine phos-
phorylation of p62%° will modulate the cellular dis-
tribution of associated RasGA Ps and RhoGAPs and se-
guester these negative regulators away from active Ras
and Rac molecules, thereby prolonging the activation
of Rac or Rho effector pathways. Hence, CD28 by vir-
tue of its coupling to Vav and p62%, is uniquely
coupled to the regulatory networks that control the ac-
tivity of Rho family GTPases. Given that p62%« con-
tains a PH domain there is aso considerable potential
for regulation of this protein by the D-3 phosphoino-
sitide lipids that accumulate after CD28 ligation (Fig. 2).

Activation of Protein Tyrosine Phosphatases
by CTLA-4

There have been some important findings relating
to the association of CTLA-4 with SH2-containing ty-
rosine phosphatase-2 (SHP-2). Thisinteraction is medi-
ated by the SH2-domain of SHP-2 which probably
binds to the SH2-binding domain of CTLA-4 around
164y, This correlates well with the observation in
T cells of CTLA-4 deficient mice that the TCR-associ-
ated kinases Fyn, Lck and ZAP-70 were found to be
constitutively activated and there was a profound in-
crease in the tyrosine phosphorylation of intracellular
protein. In addition, CTLA-4-associated SHP-2 had
phosphatase activity against the Ras regulatory protein
p52SHC?, Hence, CTLA-4 might initiate a signal
transduction cascade that result in either directly or in-
directly, in the dephosphaorylation of the TCR-associ-
ated kinases and their substrates.

In summary, our knowledge and understanding of
the exact make-up and biological function of the effec-
tor pathways that mediate cellular repsonse to CD28-
activated PI3K remains fragmentary. However, it is
clear that the PI3K-dependent signalling cascade has
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the potential to influence signal transduction at multiple
points in the signalling machinary and so, this pathway
can make a major contribution to the signals required
for T cell activation. In contrast to CD28, very little is
known about the biochemical signals dlicited by
CTLA-4 ligation and which facilitate the inhibitory ac-
tions of CTLA-4 on T cell activation. A future chal-
lange will be to establish whether activation of PI3K by
different immune receptors can achieve different func-
tional outcomes by diversity of different effectors.
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