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Antigen-specific T-cell activation is initiated through the T-cell
receptor. Recent evidence has shown that a number of ad-
ditional T-cell surface receptors serve to regulate the responses
of antigen-activated T cells. One such molecule, (D28, is a
member of a heterophilic cell adhesion complex, and is the
receptor for the B-cell-restricted B7/BB-1 antigen. As Carl June,
Jeffrey Ledbetter, Peter Linsley and Craig Thompson review here,
CD28 serves as the surface component of a novel signal trans-
duction pathway that modulates T-cell lymphokine production
and increases the resistance of T-cell responses to various

immunosuppressive agents.

interaction between the T cell and antigen that is ex-
pressed in conjunction with either MHC ciass ! or class Il
molecules on an antigen-presenting celi initiates a cas-
cade of biochemical events that collectively are termed
antigen-specific T-cell activation. However, while the en-
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gagement of the T-cell receptor (TCR) with antigen is
required for the initial steps in cell activation, TCR stimu-
lation is not a sufficient signal to account for all the
observed events that occur during activation. An increas-
ing number of molecules on the surface of T cells have
been implicated in regulating the transition of a resting T
cell to blast transformation, and subsequent proliferation
and differentiation’-2. These malecules have been termed
accessory molecules because they may function toreplace
or bypass the need for antigen-presenting cells. In many
instances, the binding of ligands to accessory molecules
has been shown to augment the biochemical signals
provided by the T-cell receptor. In other cases, accessory
molecules have been implicated in T-cell adhesion. How-
ever, recent evidence suggests that at least one such
accessory molecule, CD28, initiates or regulates a 5!_g.n.a|
transduction pathway that is distinct from those stimu-
lated by thc TCR complex.
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Physiclogic role of the (D28 receptor

The binding of monoclonal antibody tc the CD28 re-
ceptor has been shown to modulate the production of
tlymphokines by T cells stimulated with lectins or anti-TCR/
CD3 monoclonal antibodies. Lymphokine production by
cells co-stimulated with anti-CD28 a.ibodies is relatively
resistant to immunosuppressive agents such as cyclo-
sponne, prostaglandins and vitamin D3 in comparison
with cells stimulated througn ihe antigen receptor alone
{see below). This suggests that the CD28 activation path-
way may play a role in rendering T-cell respor <es resistant
to standard immunosuppressants in vivo. Preliminary evi-
dence suggests that the natural ligand for CD28 is an
activation antigen expressed on the surface of B cells (see
below). A role for the natural ligand in the activation of T
cells by antigen-presenting calls is suggested by the ablity
of anti-CD28 antibedies to inhibit the induction of T-cell
proliferation in response to ailoantigen34. Therefore,
CD28 may affect in vivoimmune responses by functioning
botn as a ceil adhasion molecule linking B and T lympho-
cytes ard as the surface component of a novel signal
transduction pathway.

Characterization of the CD28 surface receptor

CD28 was first identified as a 44 kDa homodimeric
glycoprotein expressed on 80% of human peripheral
blood T cells that is recognized by the monocional anti-
body 9.3 (Ref. 5). Several antibodies to CD28 now exist, all
apparentiy directed against the same epitope (Tabie 1).
The antigen was initially termed T44 or Tp44, and was
designated CD28 at the Third International Workshcp on
Human Leukocyte Differentiation Antigens in 1987.
CD28 is disulfide-bonded and exh:aits charge heterogen-
eity that is due, in part, to variable sialylation®’. In leu-
kemic cell lines, CD28 exists in both monomeric and
homodimeric forms’. It is not yet known if free subunits

primary T cells. The ¢cDNA cione for CD28 predicts 2
transmembrane protein that contains 202 residues8. The
extraceliular domain of CD28 contains 134 amino acids
with five N-linked glycosylation sites and is homologous
to immunoglobulin variable region domains. The
immunoglobulin-like nature of CD28 suagested that it
was a receptor for an uncharacterized ligand (see below).
Transfection of CD28 c¢DNA into COS cells resulis in the
surface expression of homodimeric protein®.

A small and variabie proportion (approximately 5%)
of immature CD3- thymocytes are CD28+ (kefs 9,10).
During T-cell maturation in the thymus, CD28 is expressed
at very low density on the surface of most CD4+CD8+
(double-positive} immature thymocytes. As thymocytes
matire, CD28 expression is enhanced: CD28 is found at
higher density on essentially all mature CD3bish +, CD4* or
CD8~ (single-pesitive) thymocytes. CD28 expression is
further enhanced by activation®. In contrast, only 80% of
peripheral blood T cells express CD28. in peripheral blood,
approximately 95% of CD4+ T cells and approximately
50% of CD8* T cells bear the CD28 antigen!. CD28- T
cells express CD11b; approximately 1-5% of CD3+CD4+
and approximately 50% of CD3+CD8+ cells are CD11b*-
CD28- (Refs 11,12). Recent studies indicate that the
minor pepulation of CD3+CD4+*CD28~ cells has limited
TCR diversity™3. It has been suggested that this population
may not undergo selection in the thymus'3, a possibility
consistent with the inabiiity to demonstrate CD3high+-
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Table 1. Anti-CD28 antibcdies

Monoclonal antibody ~ Ig subclass Laboratory of origin
human

93 murine IgG2a P. Martin and J. Hansen
Kolt-2 murine IgG1 K. Okubo

15E8 murine lgG1 R. van Lier

248232 raurine IgM L. Moretta

murine

37511 hamster 1. Allison

CD28- single-positive cells in the thymus® 12 Similarly, the
developmental path of the CD3*CD8+CD28- cells found
in the peripheral blood remains undetermined Surface
expression of CD28 was originally thought to be specific
for lymphocytes of the T lineage, however more recent
studies have shown that CD28 is expressed on the surface
of plasma cells'.

In studies of T-cell clones, surface expression of CD28
was reported to be restricted to T cells that express the o
TCR heterodimer'>. However, this is likely to represent
heterogeneity among lymphocyte donors since in bulk
cultures of proliferating primary T celis, others detect high
expression of CD28 on T cells expressing either the ofg or
vd forms of the TCR'S. The density of CD28 expression
divides CD4+ T-cell clones into two functionally distinct
subsets'?. One subset produces interleukin 2 (IL-2),
gamma-interferon (IFN-y), and tumor necrosis factor ¢
(TNF-c) and can display anti-CD3-mediated cytotoxicity.
The other subset of CD4+ clones produces minimal
amounts of lymphokines, and is not cytotoxic. High CD28
surface expression was found on the clones without
cytotoxic function, and low CD28 expression on the
cytotoxic clones. The significance of these findings is not
ciear in view of tha observation that prolonged culture of
T cells in the presence of IL-2 is associated with decreased
surface expression of CD28 (Ref. 16).

CD8+CD28* and CD8*CD28- celis can be dis-
tinguished by cellular assays of cytotoxic and suppressor
function, iy that cells capable of MHC-restricted cytotox-
icity are confined to the CD8+CD28+* subset!'. The abiiity
of CD28* T cells to provide B-cell help for immunoglobu-
lin synthesis and of CD28- T cells to suppress immuno-
globulin synthesis'® is consistent with the distribution of
CD28 across the CD4 and CD8 subsets.

A molecule homologous to CD28 is also expressed on
the surface of primate and murine lymphocytes. Piimate
CD28 is quite similar to human CD28 in that mAb 9.3,
a mwurine anti-human CD28 mAb, binds to macaque
lymphocytes and has agonistic effects that are similar to
those found on human lymphocytes'®. Using a molecular
approach, J. Allisen and colleagues have recently cloned
the murine homologue of CD28. Preiiminary experiments
indicate that murine CD28 has an equivalent pattern of
expression as the human antigen. A monoclonal antibody
that recognizes murine CD28 has functional properties
similar to human anti-CD28 (Ref. 20).

Functiona! effects of CD28 stimulation
Mitogenic effects

As will be discussed below, the functional effects of the
CD28 receptor are highly dependent on the manner of
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stimulation, principa'ly as a result of variation in the
degree of receptor oligomerization. Gmiinger and
Lesslauer?' were the first to observe that the binding of
bivalent anti-CD28 mAb could augment T-cell prolifer-
ation after suboptimai doses of phytohemagglutinin. Sub-
sequent reports showed that CD28 stimulation also
caused marked augmentation of T-cell proliferation in
conjunction with suboptimal stimulation by mAbs that
crosslinked the TCR922, A similar interaction between the
CD2 and CD28 receptors was shown in studies where
anti-CD28 mAbs augmented the proliferation of mature
T cells stimulated with suboptimal amounts of CD2
mAbs23.24, Interestingly, the proliferative effect of CD28 is
not limited to mature T cells, as CD28 has also been
shown to augmeir. CD3- and CD2-induced thymocyte
proliferation?25,

The signai provided by the binding of CD28 mAb
cooperates with pharbol ester treatment resulting in cell
proliferation that is independent of accessory cells26.
However, CD28 mAb 9.3 stimulation alone did not induce
T-cell proliferation62226 or |L-2 production26.27, Ad-
ditiona! studies have shown that the binding of bivalent
CD28 mAD in solution to purified T cells does not affect
the steady-state mRNA levels of the IL-2 receptor p55
gene?’, avariety of lymphokines (IL-Z, IFN~y, granulocyte—
macrophage colony-stimulating factor (GM-CSF), TNF-a)
(Ref. 28) and nuclear cncogenes (c-fos, c-myc? and c-jun
(T. Lindsten, unpublished)). In addition, CD28 stimulation
alone did not affect the expression of the mRNA levels of a
group of nine newly identified inducible T-celi genes, all of
which are inducible with lectin stimuiation30. CD28 stimu-
lation in conjunction with immobilized CD3 mAbs co-
stimulates purified T cells while CD28 does not co-
stimulate cells treated with soluble CD3 mAbs3'. Protein
kinase C membrane translocation has been shown to be
much more sustained after stimulation of cells with im-
mobilized rather than fluid phase CD3 mAbs32. Together
these results suggest that the binding of soluble, bivalent
CD28 mAb alone does not deliver a primary signal to cells,
but exerts its petent biological effects by delivering a
signal depandent upon protein kinase C activation or by
modifying the signal delivered by protein kinase Z. In
contrast, increasing the valency of anti-CD28 binding o
ceiis can deliver a primary signal to cells334, perhaps as a
result of activation of the phosphoinositol cycle conse-
quent to increased receptor crosslinking (see below). It is
thus likely that a number of seemingly contradictory
reports with regard to direct stimulatory effects of anti-
CD28 are explained, at least in part, by use of anti-CD28
mAb preparations containing variable amounts of anti-
body aggregates, and by use of T-cell preparations that
ccntain variable amounts of accessory cells.

Anti-CD28 treatment has alsc been found te inhibit
cellular proliferation. Anti-CD28 mAb 9.3 caused dose-
dependent inhibition of proliferation of MHC class-II-
restricted antigen-specific T-cell clones*. Similarly, mAb
9.3 treatment inhibited autologous and allogeneic mixed
lymphocyte reactions (MLR)S. Thus, the effects of CD28
stimulation differ after antigen or mitogen stimulation.
The degree of crosslinking of CD28 controls, in part,
stimulatory versus irhibitory activity of anti-CD28 treat-
ment, since monovalent Fab fragments of mAb 9.3 con-
sistently inhibit, while bivalent stimulation converts the
inhibitory activity of anti-CD28 into stimulatory activity in
the MLR35. These seemingly confusing results can now he
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interpreted more easily in view of the recent evidence for a
cell surface ligand for the CD28 receptor, and ir. view of
the studies showing that crosslinking of CD28 regulates
coupling to the phosphoinositol cycle (see below).

While the binding of anti-CD28 mAb to T cells can
synergize with suboptimal doses of anti-CD3, anti-CD2
mAbs or mitogenic lectins, CD28 fails to enhance the
nroliferation of cells stimulated with mitogens titered to
induce maximal proliferation28. These observations have
led to the hypothesis that regulation of T-cell proliferation
might not be the primary role of the CD28 receptor
pathway.

Recent studies have indicated that CD28 stimulation
modulates two T-cell effector functions, regulation of
lymphokine secretion and cell-mediated cytotoxicity.
These effects appear to be distinct from those triggered by
the TCR. When T cells are stimulated to maxima! prolifer-
ation by culture with anti-CD3 mAb, nearly 100% of cells
enter the cell cycle3®. The ac'dition of CD28 mADb to cells
stimulated with optimal amounts of CD3 mAb did not
result in increased proliferation, as measured by cell cycle
analysis or thymidine incorporation during the first rounds
of the cell cycle?®37. Surprisingly, however, uridine incor-
poration in cells stimulated witn CD28 plus CD3 mAbs
was augmented compared to cells stimulated with CN3
mAb only, even under conditions where CD3-induced
proliferation was optimal?8. These results showed that
CD28 can enhance metabolic activity in CD3-stimulated T
cells in the absence of effects on CD3-induced prolifer-
ation. Thus, the signal differs from other accessory mol-
ecules such as CD5 (Ref. 38), CD44 (Ref. 39) and MHC
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Fig. 1. Fi nosed function of CD28 receptor pathway as an autocrine-paracrine lymphokine
switch. It is suggested that e engagement of the T cel by an antigen-presenting cell causes
ofigomerization of the T-cell receptor (TCR) and CD28 receptor. Signal transduction by the T(R
results in the initiation of lymphokine and cytokine gene transcription (step 1), and the signal
provided by CD28 results in stabilization of mRNA, and greatly enhanced lymphokine production
(step 2).In the absence of the signal generated hv (D28, cytokine mRNA s highly unstat;!e dueto
the presence of AU-repeat se~iencesin the 3' untranslated region®”-5%, and is rapidly dearaded.
Late after stimulation, CD28 may also enhance transcription of IL-2 by an uncharactenzed
merhanism (step 3). A hypothetical mechanism is suggested whereby (D28 causes the stabiliz-
atic . of mRNA for other non-lymphokine genes, such as an IL-2 transcription factor. In the
absence of the CD28 signal (step 2), lymphokine mRNA generated by transcriptional inreases
(step 1) remains limiting, and thus, is sufficient for autocrine effects. TC_R activation, in conjunc-
tion with CD28 receptor activation (steps 1, 2 and possibly 3}, results in the secretion of large
amounts of lymphokneslcytokines that results in T-cell effector functions mediated by paracrine
effects.
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class 1 (Ref. 40) which appear to function by augmenung
signals transmitted through the TCR and, to date, have
not been shown to initiate functions that are distinct from
those triggered by optimal TCR stimulation.

(D28 activation specifically enhances expression of multiple cytokines

The observation that anti-CD28 treatment enhanced
the metabolic activity of T cells suggested that CD28
might be primarily affecting a T-cell effecter function
independent of the cell cycle?®. One of the mostimportant
of these effector functions is the procucticn of lympho-
kines and cytokines that provides the T-cell with a central
role in numerous aspects of the immune and hemato-
poietic systems. Stimuiation of purified T cells with mito-
gens or anti-CD3 mAbs has been shown to induce the
expression of a wide variety of these lymphokines in an
ordered temporai fashion. Furthermore, in mice, mature
CD4+* T cells appear frequently to express only one of two
sets of lymphokine genes*'. One set, designated T,1
lymphokines, primarily mediate delayed type hypersen-
sitivity. This set includes IL-2, IFN-y and lymphotoxin. In
contrast, a second set of lymphokines, produced by CD4+
T2 clones, appears to be primarily involved in the regu-
lation of antibody-mediated immune responses, and in-
cludes IL-4 and IL-5. Severa! lymphokines including TNF-c,
GM-CSF and IL-3 appear to be made by both tvpes of cell
line.

Aithough the human equivalent of T,1 and T,,2 cells
remains to be defined, when CD28* T cells are ourified
from human peripheral blood, they exprass exclusively
lymphokines derived from the Ty,1 set, that is IL-2, IFN-y.
TNF-a, lymphotoxin, GM-CSF and IL-3, when stimulated
with anti-CD3 mAbs. By contrast, stimulation of periph-
eral CD28* T cells with doses of anti-CD3 that induce
optimal cellular proliferation results in the expression of
only low levels of these lymphokines?’-28 that is sufficient
to induce autocrine stimulation and cell cycle prog . ession
of the stimulated cells but not to cause an accumulation of
significant levels of IL.-2 in the supernatant during the
cellular response. When cells are co-stimulated with anti-
CD28 and anti-CD3, there is a 5-50-fold increase in the
levels of these T,,1 lymphokines, including IL-2, in the
culture supernatant?’-22_ The addition of solubie, bive nt
anti-CD28 mAb apparently leads to a shift from autocrine
to paracrine production of these lymphokines in anti-
CD3-stimuiated celis (Fig. 1). Thus, the CD28 receptor can
be considered as a modulator of the ability of antigen-
activated T cells to regulate other cells as a result of the
production of T, 1 iymphokines. Since the acquisition of
the ability to produce T,,2 lymphokines during normal
T-cell maturatiors has not been defined in humans, the
relationship between CD28 antigen expression and
stimulation of IL-4 and IL-5 expression remains to be
determined.

The primary mechanism by which anti-CD28 augments
lymphokine production in mature T cells is by inhibiting
the degradation of T,;1 lymphokine mRNAs (Fig. 1). As a
result of the stabilization of mRNA?, the steady-state
levels of T,1 lymphokine mRNA increase, leading to
enhanced translation and protein secretion?8. It remains
to be determined whether or not CD28 can regulate the
mMRNA stability of the T,,2 lymphok:nes IL-4 and IL-5. Since
lymphokine genes are not transcribed in quiescent T cells,
the ab-w< observations account for the fact that T cells fail
to display a significant response to soluble or bivalent anti-

4

CD28 mAb stimulation alone: in the absence of transcrip-
tion, a mechanism to stabilize mRNA has no effect on
steady-state mRNA levels. In addition to a primary effect
on mRNA stability, co-stimulation of quiescent T cells with
anti-CD3 and anti-CD28 does appear to have a number of
secondary effects on T-cell responses.

About six hours after stimulation of T cells with anti-
CD28, IL-2 mRNA levels appear to be enhanced by a
CD28-dependent increase in transcription as well as
mRNA stability (Fig. 1, step 3; unpublished data) — an
effect predicted by the observation that the increase in
IL-2 production accompanying CD28 stimulation could
not be accounted for simply by an effect on mRNA
stability?’. It is possible that this late effect on transcription
may be due to enhanced stability of mRNA for
lyrrphokine-specific transcription factors. At least one
such transcription factor containing an AU-rich instability
eleiment has been identified?2. At a cellular level, T-ce"!
proliferation continues for a substantially longer period of
time as a result of TCR and CD28 co-stimulation??, an
effect presumably mediated by sustained production of
lymphokines.

Cyclosporine-resistant lymphakine production

The ability to induce T-cell lymphokine expression as a
result of CD28 plus phorbol ester stimulation has also
helped to clarify the role of cyclosporine i inhibiting T-cell
proliferation and lymphokine production. mRNA for IL-2,
IFN-y, GM-CSF and TNF-« can all be induced by a combi-
nation of phorbol myristate acetate (PMA) and anti-CD28
stimulationZ8. For IL-2, this presumabiy results from the
induction of low level transcription from the AP-1 en-
hancer site in the IL-2 promoter, coupled with stabilization
of the processed mRNA in the cytoplasm as a result of
CD28 stimulation. Alternatively, this could result frcm the
combined effects of phorbol ester and the CD28 signal
acting at the level of transcription. This means of produc-
ing IL-2 is completely resistant to suppression by cyclo-
sporine?74344_ |n contrast, the major transcriptional
stimulation of IL-2 mediated by an increase in intracellular
calcium can be completely abolished by cyclosporine A37.
As a result, anti-CD3 stimulation, which leads to both
protein kinase C activation and increases in intracellular
calcium', can be separated into a cyclosporine-sup-
pressible component dependent upon increases in
intracellular calcium and - non-suppressible component
when CD28 cc-stirnulation is used. This result demon-
strates that a factor proximal to IL-2 transcription in the
calcium-dependent pathway is inhibited oy cyclosporine
A.Thus, itis possible that the cyclosporine-resistant T-cell
proliferation commonly observed in vivo during allograft
rejection is the result of-an in vivo equivalent of the CD28
pathway.

Effects of CD28 on cytotoxicity

Resting human T cells are noncytolytic; however, after
activation and proliferation, they may differentiate into
cells with cytotoxic capability. Presentation of anti-CD3
and anti-CD28 mAbs to T cells by melanoma cells via
heteroconjugate anti-melanoma/anti-CD3 and  anti-
melanoma/anti-CD28 mAbs causes T-cell proliferation
that is independent of monocytes and natural killer cells,
and results in potent tumor cell kiling*>. This cytotoxicity is
non-MHC restricted but is dependent on anti-CD3/anti-
melanoma and anti-CD28/anti-melanoma heteroconju-
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gate mAbs for targeting to tumor cells. in contrast, when
purified T celis are stimulated with immobilized anti-CD3
and soluble anti-CD28, the rapidly proliferating cells
develop potent lytic activity to tumor cells that does
not depend on heteroconjugate targeting (S. Azemove,
submitted).

The mechani-m of CD28-induced cytotoxicity remains
to be determined. it is likely that the CD28 effect is due in
part to increased IL-2 production. However, simple ad-
dition of IL-2 to medium does not reproduce the cytotoxic
effects of CD28 stimulation, suggesting that other mol-
ecules with anti-tumor activity may be responsible (S.
Azemove, submitted). The potent effects of CD28 on
TNF-a and lymphotoxin gene expression28.29 suggests one
potential mechanism. It is also possible that CD28 stimu-
lates the expression of genes whose expression correlates
with the acquisition of cytotoxic activity by T cells, such as
the perforin famiiy of genes®:. CD28 is expressed on CD4+
T cells ana CD8* T cells that have MHC-restricted cyto-
toxic activity!' (see above); it is not yet known which
cells are responding in the non-MHC-restricted exper-
imental systems described above.

{D26 is involved with a distinct signa’ transduction pathway

A central question concerning the role of accessory
molecules in T-cell acuivation is whether or not the access-
ory signal is simply enhancing or sustaining the signals
provided by the TCR, or whether the signal is distinct from
the TCR. In the former case, biological responses might be
expected to be additive to those attributabia to the TCR,
whereas in the latter case synergistic biological responses
would be expected. The signal delivered by CD28 can
synergize with optimal doses of calcium ionophore and
phorbol ester to increase the amount of IL-2 produced by
purified T cells®”. These results were surprising since the
signals provided by calcium ionophore and phorbol ester
were previously considered to be maximal stimuli.
Furthermore, the induction of IL-2 production by CD28
plus phorbol ester stimulation is entirely resistant to the
effects of cyclosporine, which profoundly inhibits IL-2
production after TCR stimulation, or after pharmacologic
treatment with calcium ionophore and phorbol ester?7-37.
Together, these results argue strong:, that the CD28
receptor initiates or regulates a pathway distinct from the
phospnatidyl inositol pathway activated by the TCR.

Recent studies have shown that IL-3 gene expression
can be induced in T cells after stimulation by plastic-
immobilized CD3 mAb*. IL-3 gene expression can be
augmented by co-stimulation of cells with CD3 plus CD28
mAbs. However, unlike other lymphokine genes such as
IL-2, TNF-a and GM-CSF, IL-3 gene expression could not
be induced by the combination of protein kinase C stimu-
lation (provided by phorbol esters) and CD28 stimulation.
Previous studies have shown that soluble, bivalent anti-
CD28 mAb plus phorbol ester stimulation does not in-
crease intracellular calcium concentration®48. IL-3 gene
expression appears to have an obligate requirement for
increased intracellular calcium concentration, since phor-
bol ester plus calcium ionophore stimulation did result in
IL-3 gene expression?’.

There is controversy concerning the biochemical nature
of the signals provided by the CD28 pathway. The potent
effects of CD28 on lymphokine secretion occur in the
absence of anti-CD28 effects on intracellular [Ca2*] (Ref.
48) or protein kinase C activation®'. The fact that the

CD28 signal occurs in the presence of optimal calcium and
protein kinase C stimulation further argues that the CD28
pathway involves signa! transduction distinct from acti-
vation of phospholipase C¥. Bivalent anti-CD28 mAb 9.3
stimulation with F(ab)’'2 antibody preparations is as effec-
tive at eliciting lymphokine production as intact antibody
preparations, indicating that the signal is independent of
Fc receptors22, while Fab fragments of mAb 9.3 retain
binding yet do not cause lymphokine production.

Increases in intracellular [Ca?+] and inositol phosphate
production can occur after CD28 9.3 mAb stimuy-
lation3'3449 however, these effects have becn shown to
require additional crosslinking, such as that provided by
the use of a second step anti-immunoglobulin reagent?S.
Multivalent crosslinkina of CD28 on the T-cell surface can
lead to the expression of the IL-2 receptor p55 gene,
leading to IL-2 responsiveness in the absence of antigenic
stimulation3430. However, the incsito! phosphate produc-
tion and calcium mobilization induced by crosslinking the
CD28 receptor differs from that induced by the TCR in
that pretreatment of cells with phorbol esters enhances
the CD28 signal while the TCR signal is inhibited34. Since
these differences in signalling can not be attributed to
phorbol-ester-induced decreases in receptor exprassion,
the coupling of phospholipase C to CD28 and to the TCR
probably differs. Cholera toxin and agents that increase
intracellular cAMP inhibit anti-CD3 plus phorboi-ester-
stimulated T-cell proliferation while anti-CD28 plus
phorbol-ester-stimulated T-cell proliferation is resistant to
these agents®348, which provides further evidence that
CD3 and CD28 use distinct signal transduction pathways.
Furthermore, PHA-induced proliferation of T cells is sup-
pressed by calcitri~l (1.25-dihydroxyvitamin D3), while
PHA plus CD28 stimulated proliferation is resistant to
calcitriol®!. Thus, it is likely that CD28 regulates two signal
transduction pathways, one mediated by phospholipase
C activation that requires a high degree of receptor
crosslinking, and a second, prest:mably mediated by an
uncharacterized second messe.iger, that is independent
of the TCR, requires minimal CD28 receptor oligomeriz-
ation and results in mRNA stability34.

CD28 stimulation with bivalent, soluble mAb causes
small increases in cellular cGMP concentration in the
Jurkat T-cell line*. However, these effects are not suf-
ficient to account for the effects of CD28 on lymphokine
production, as they do not specifically occur in primary T
cells, and treatment of cells with agents to increase cGMP
concentration does not enhance lymphokine mRNA levels
(authors’ unpublished observations). Preliminary studies
indicate that CD28 does not affect tyrosine phosphoryl-
ation of the TCR { chain (C. June and L. Samelson,
unpublished) or the tyrosine phosphorylation of other
cellular substrates3*, suggesting that CD28 may not affect
the tyrosine kinase/phosphatase signal transduction path-
way. CD3 stimulation increases serine phosphorylation of
pp60°s< while CD28 stimulation does not affect the
steady state level of phosphorylation of pp60<=, further
indicating that biochemicaily distinct signals are delivered
by the TCR and CD28 receptors®'.

CD28 ligand

The immunoglobulin-like structure of CC28 (Ref. 8),
together with the potent biologic effects of CD28, pre-
dicted that it would be a receptor for a soluble growth
factor or a cell-bound ligand. Recent sti:dies by P. Linsley
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and co-workers (Oncogen Corp.) indicate that a cell sur-
face ligand for CD28 exists on antigen presenting cells™.
A vector containing the ¢cDNA for CD28 was transfected
into Chinese Hamster Jvary (CHO) cells, and stable trans-
fectants expressing large amounts of CD28 antigen were
obtained. Some cell lines specifically adhere to CD28*
CHO cells and this adherence can be prevented by anti-
CD28 mAb. The adhesion is also blocked by pretreatment
of the cell lines with antibody to the B7/BB-1 antigen. The
B7/8BB-1 molecule is an activation antigen expressed on B
cells3*; molecular cloning of the cDNA for the B7/BB-1
antigen indicates that it, like CD28, is a member of the
immunoglobulin gene superfamily>. Thus, it is iikely that
CD28 and B7/8B-1 form a newly recognized heterophilic
celt adhesion receptor system that may be involved in
B-cell antigen presentation and in T-B-lymphocyte co-
operation. Furthermore, these results suggest that the po-
tent effects of CD28 mAbs observed in viiro may be
mediated in vivo by oligomerization of the CD28 receptor
by a cell surface ligand (Fig. 1). Finally, itis possible that the
CD28 ligand can deliver the co-stimulatory signal de-
scribed by Schwartz and colleagues that results in either
T-cell activation or anergy>®.

Future directions

Many questions regarding the CD28 antigen remain to
be answered. The studies reviewed here demonstrate the
unique nature of the biochemical signal provided by the
CD28 receptor pathway, and suggest that a role for the
CD28 antigen is to augment and sustain immune re-
sponses by regulating cytokine production. Characteriz-
ation of the CD28 »signal at the molecular level will
certainly lead to a more complete knowledge of the
regulation of cytokine production by T cells. it is clear that
further progress in understanding the role of CD28 in the
intact immune system is dependent on future studies of
the CD28 receptor in cell adhesion as weli as the second
messengers involved in CD28-induced signal trans-
duction.

We thank our colleagues Jim Allison, Larry Samelson, Tullia
Lindsten, Jeffrey Leiden, Larry Turka, Kelly Jackson, Mary
Fletcher and Susan Azemove for sharing unpublished data,
Nancy Craighead and Greg Stella for excellent technical
assistance and Stephen Shaw for review of the manuscript.
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