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adivation 
Antigen-specific T-ceil 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, CD28, 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 rhompson 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 class I or class II 
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 1.2. These molecules have been termed 
accessory molecules because they may function to replace 
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 signal 
transduction pathway that is distinct from those ~imu- 
lated by the TCR complex. 

211 



Q, 

-rsytt, /$. 
Immunology Today, Vol. 71, No. 6 1990 

Physiologic role of the 01)28 R~zptor 
The binding of monoclonal antibody te the CD28 re- 

ceptor has been shown to modulate the production of 
~mphokines 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 
~esLstant to immunosuppressive agents such as cyclo- 
sponne, prostaglandins and vitamin D 3 in comparison 
with cells stimulated through the antigen receptor alone 
Csee 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 13 cells (see 
below). A role for the natural ligand in the activation of T 
ceUs by ant;gen-presenting cells is suggested by the ability 
of anti-CD28 antibodies to inhibit the induction of T-cell 
proliferation in response to alloantigen 3.4. Therefore, 
CD28 may affect in vivo immune responses by functioning 
both as a cell adhesion molecule linking B and T lympho- 
cytes and as the surface component of a novel signal 
transduction pathway. 

Citaracl~zation 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 monoclonal anti- 

• body 9.3 (Ref. 5). Severa! antibodies to CD28 now exist, all 
apparently di,~_-~.-ted against the same epitope ~abie I). 
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 exhibits charge heterogen- 
eity that is due, in part, to variable sialylation ~.7. In leu- 
kemic cell lines, CD28 exists in both monomeric and 
homodimeric forms 7. It is not yet known if free subunits 
_a._qd di3,_u!fide-hondPd dimers co-exist on the surface of 
pnma.nj T cells. The cDNA clone for CD28 predicts a 
transmembrane protein that contains 202 residues 8. The 
extraceliular domain of CD28 contains 134 amino acids 
v~4th five N-linked glycosylation sit~ and is homologous 
to immunoglobulin variable region domains. The 
immunoglobulin-like nature of CD28 suggested that it 
was a receptor for an uncharacterized ligand (see below). 
Transf, ection of CD28 cDNA into COS cells results in the 
surface expression of homodimeric protein 8. 

A small and variable proportion (approximately 5%) 
of immature CD3- thyrr.ocytes are CD28 + (Refs 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 
mature, CD28 expression is enhanced: CD28 is found at 
higher density on essentially all mature CD3hig h +, CD4 ÷ or 
CD8 ~ (single-positive) thymocytes. CD28 expression is 
further enhanced by activation 9. In contrast, on.!y 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 :1. CD28- T 
cells express CD1 lb; approximately 1-5% of CD3+CD4 + 
and approximately 50% of CD3+CD8 + cells are CD1 Ib +- 
CD28- (Refs 11,12). Recent studies indicate that the 
minor population of CD3+CD4÷CD28 - cells has limited 
TCR diversity;~. It has be~n suggested that ~his population 
may.not undergo selection in the thymus ~3, a possibility 
consistent with the inability to demonstrate CD3h~g h+- 
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Table 1. Anti-CD28 antibcdies 

Monoc!onal antibody Ig subclass Laboratonj of origin 

human 
93 murine IgG2a P. Martin and J. Hansen 
Kolt-2 murine IgG! K. 0kubo 
15E8 murine IgG1 R. van Lier 
248.23.2 ~'aurine IgM L. Moretta 

routine 
37.51.1 hamster J. Allison 

CD28- single-positive cells in the thymus 9.1°. 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 14. 

In studies of T-cell clones, surface expression of CD28 
was reported to be restri~ed to T cells that express the o~1~ 
TCR heterodimed ~. However, this is likely to represent 
heterogeneity among lymphocyte donors since in bulk 
cultures of proliferating primary T cells, others detect high 
expression uf CD28 on T cells expressing either the oL~ or 
~/a forms of the TCR Is. The density of CD28 expression 
divides CD4 ÷ T-cell clones into two functionally distinct 
subsets ~7. One subset produces interleukin 2 (11.-2), 
gamma-interferon (IFN-~/), and tumor necrosis factor c~. 
(TNF-~) and can display anti-CD3-mediated cytotoxicity. 
The other subset of CD4 ÷ clones produces minimal 
amounts of lymphokines, and is not cytomxic. High CD28 
surface expression was found on the clones without 
cytotoxic function, and low CD28 expression on the 
~totoxic dones~ The signifi~nce of these findings is not 
cigar in view of th~ 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 - cells can be dis- 
tmguished by cellular assays of cytotoxic and suppressor 
function, in tt,at ceils capable of MHC-restricted o/totox- 
icity are confined to the CD8÷CD28 + subset ;i. The ability 
of CD28 ÷ T cells to provide B-cell help for immunoglobu- 
lin synthesis and of CD28- T cells to suppress immuno- 
globulin .synthesis 18 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. Primate 
CD28 is quite similar to human CD28 in that mAb 9.3, 
a murine anti-human CD28 mAb, binds to macaque 
lymphocytes and has agonistic effects that are slmilar to 
those found on human lymphocytes 19. Using a molecular 
approach, J. Allison and colleagues have recently cloned 
the murine homologue of CD28. Preliminary experiments 
indicate that routine CD28 has an equivalent pattern of 
expression as the human antigen. A monoclonal antibody 
that recognizes routine CD28 has functional properties 
similar to human anti-CD28 (Ref. 20). 

Functional 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, principally as a result of variation in the 
degree of receptor oligomerization. Gm(~n0er and 
Lesslauer z~ were the first to observe that the binding of 
bivalent anti-CD28 mAb could augment T-cell prolifer- 
ation after suboptimal 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 TCR 6.22. 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 
mAbs 23.24. Interestingly, the proliferative effect of CD28 is 
not limited to mature T cells, as CD28 has also been 
shown to augme;m: CD3- and CD2-induced thymocyte 
proliferation9. 25. 

Th~ signal provided by the binding of CD28 mAb 
cooperates w:th phorbol e~ter treatment resulting in cell 
proliferation that is independent of accessory cells 26. 
However, CD28 mAb 9.3 stimulation alone did not induce 
T-cell proliferation 6,22.26 or IL-2 production 6.26.27. Ad- 
ditional studies have shown that the binding of bivalent 
CD28 rnAb in solution to purified T cells does not affect 
t',=e steady-state mRNA levels of the IL-2 receptor p55 
gene 27, a variety of lymphokines (IL-2, IFN-% granulocyte- 
macrophage colony-stimulating factor (GM-CSF), TNF-oL) 
(Ref. 28) and nuclear oncogenes (c-fos, c-myc 29 and c-jun 
(T. Lindsten, unpublished)). In addition, CD28 stimulation 
alone did not affect the expression of the mRNA levels of a 
gloup of nine newly identified inducible T-celi genes, all of 
which are inducib!e with lectin stimulation 3°. 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 mAbs 3~. 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 mAbs 32. Together 
these results suggest that the binding of soluble, bivalent 
CD28 mAb alone does not deliver a primary signal to cells, 
bu~ exerts its potent biological effects by delivering a 
signal dependent upon protein kinase C adwation or by 
modifying the signal delivered by protein kinase C. In 
contrast, increasing the valency of anti-CD28 binding to 
cells can deliver a primary signal to cells 33.34, 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 
contain variable amounts of accessory cells. 

Anti-CD28 treatment has also been found to inhibit 
cellular proliferation. Anti-CD28 mAb 9.3 caused dose- 
dependent inhibition of proliferation of MHC class-II- 
restricted antigen-specific T-cell clones 4. Similarly, mAb 
9.3 treatment inhibited autologous and allogeneic mixed 
lymphocyte reactions (MLR) 6. Thus, the effects of CD28 
stimulation differ after antigen or mitogen stimulation. 
The degree of cross!inking of CD28 controls, in part, 
stimulatory versus inhibitory 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 MLR 35. These seemingly confusing results can now be 

interpreted more easily in view of the recent evidence for a 
cell surface ligand for the CD28 receptor, and in 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 
~roliferation of cells stimulated with mitogens titered to 
induce maximal proliferation 28. These observations have 
led to the hypothesis that regulation of 1-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 maximal prolifer- 
ation by culture with anti-CD3 mAb, nearly 100% of cells 
enter the cell cycle 36. The ac'dition of CD28 mAb 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 28.37. Surprisingly, however, uridine incor- 
poration in cells stimulated with CD28 plus CD3 mAbs 
was augmented compared to cells stimulated with cn3 
mAb only, even under conditions where CD3-inducecl 
proliferation was optimal 28. These results showed that 
CD28 can enhance metabol ic 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. Fr ~nosed function of CD28 receptor pathway as an autocrine-paracrine lymphokine 
switch. It is suggested that ~ne engagement of the T cell by an antigen-presenting cell causes 
91igomerization of the T-cell receptor (I"CR) and CD28 receptor. Signal ~nsduction by ~,e T~ 
results in the initiation of lymphokine and cytokine gene ~nscription (step 1), and the signal 
provided by CD28 results in stabilization o ~ mRNA, and greatly enhanced l~,phokine prnduc~ 
(step 2). In the absence of the signal generated h,, CD28, cytokine mRNA is highly un~b,~, due to 
the presence of AU-repeat se" ,ences in the3' untranslated region sT.sS, and is rapidly degraded. 
Late after stimulation, CD28 may also enhance transcription of IL-2 by an uncharacterized 
mer%nism (step 3). A hypothetical mechanism is suggested whereby CD28 causes the ~biliz- 
atl~ , of mRNA /or other non-lyfnphokine genes, such as an IL-2 transcription factor. In the 
absence of the CD28 signal (step 2), lymphokine mRNA generated by transcrip~onal incTea:,es 
(step 1) remains limiting, and thus, is sufficient for autocrine effects. TCR ac~tion, in conjunc- 
tion with CD28 receptor ac~don (steps 1, 2 and possibly 3), results in the secretion of large 
amounts of lymphok~qes/cytokines that results in T-cell effector func~ons mediated by paracrine 
effects. 
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ct3ss I (Ref. 40) which appear to function by augmenting 
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. 

CD28 aeration ~ l l y  enhances expression of mumpie cytokines 
The observation that anti-CD28 treatment enhanced 

the metabolic activity of 1 cells suggested that CD28 
might be primarily affecting a T-cell effector function 
independent of the cell cycle 28. One of the most important 
of these effector functions is the production of lympho- 
kines and cytokines that provides the T-call with a central 
role in numerous aspects of the immune and hemato- 
poietic systems. Stimulation 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 temporal fashion. Furthermore, in mice, mature 
CD4+ T cells appear frequently to express only one of two 
sets of lymphokine genes 4~. One set, designated TH 1 
lymphokines, primarily mediate delayed type hypersen- 
sitivity. This set includes il.-2, IFN-lf and lymphotoxin. In 
contrast, a second set o ~ lymphokines, produced by CD4 + 
TH2 clones, appears to be primarily involved in the regu- 
lation of antibody-mediated immune responses, and in- 
dudes IL-4 and 11.-5. Several lymphokines including TNF-~, 
GM-CSF and IL-3 appear to be made by both types of cell 
line. 

Although the human equivalent of T H1 and TH2 cells 
remains to be defined, when CD28 + T cells ar£ ourified 
from human peripheral blood, they express exclusively 
lyml0h~kines derived from the TH'i set, that is IL-2, IFN-~. 
TNF-c¢, lyrnphotoxin, 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 !evels of these lymphokines 27.28 that is sufficient 
to induce autocrine stimulation and cell cycle proc,,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 TH1 lymphokines, including IL-2, in +he 
culture supematant27. 28. The addition of soluble, biva ,nt 
anti-CD28 mAb apparently leads to a shift from autocnne 
to paracrine production of these lymphokines in anti- 
CD3-stimulated cells (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 H 1 iymphokines. Since the acquisition of 
the ability to produce TH2 lymphokines during normal 
T-cell maturation 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 TH1 lymphokine mRNAs (Fig. 1). As a 
result of the stabilization of mRNA 29, the steady-state 
levels of TH1 lymphokine mRNA increase, leading to 
enhanced translation and protein secretion 28. It remains 
to be determined whether or not CD28 can regulate the 
mRNA stability of the TH2 lymphoki,les IL-4 and IL-5. Since 
lymphokine genes are not transcribed in quiescent T cells, 
the abr:¢ observations account for the fact that T cells fail 
to display a significant response to soluble or bivalent anti- 
2;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 37. It is possible that this late effect on transcription 
may be due to enhanced stability of mRNA for 
lyn~phokine-specific transcription factors. At least one 
such transcription factor containing an AU-rich in~abihtv 
element has been tdentified 42. At a cellular level, T-ce!', 
proliferation continues for a substantially longer per=od of 
time as a result of TCR and CD28 co-stimulation 22, an 
effect presumably mediated by sustained production of 
lymphokines. 

Cyclosporine-resistant lyrnphokine 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 ;a inhibiting T-cell 
proliferation and lymphokine production, mRNA for 11_-2, 
IFN-~/, GM-CSF and TNF-c~ can all be induced by a combi- 
nation of phorbol myristate acetate (PMA) and anti-CD28 
stimulation 28. For 11.-2, this presumably results from the 
induction of low level transcription from the AP-1 en- 
hancer site m the IL-2 promoter, coupled with stabilization 
of the processed mRNA in the cytoplasm as a result of 
CD28 stimulation. Alternatively, this could result from 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 27.43.~. In contrast, the major transcriptional 
stimulation of 11_-2 mediated by an increase in intracellular 
calcium can be completely abolished by cyclosporine A 37. 
As a result, anti-CD3 stimulation, which leads to both 
protein kinase C activation and increases in intracellular 
calcium 1, can be separated into a cyclosporine-sup- 
pressible component dependent upon increases in 
intraceiiular calciu,~ and ~ non-suppressible component 
when CD28 cG-stirnulation is used. This result demon- 
strates that a factor proximal to IL-2 transcription in the 
calcium-dependent pathway is inhibited by cyclosporine 
A. Thus, it is possible that the cyclosporine-resistant T-cell 
proliferation commonly observed in vivo during allograft 
rejection is the result ofan 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-me!~nomalanti-CD3 and anti- 
melanomalanti-CD28 mAbs causes T-cell proliferation 
that is independent of monocytes and natural killer cells, 
and results in potent tumor cell killing 4s. This cytotoxicity is 
non-MHC restricted but is dependent on anti-CD3/anti- 
melanoma and anti-CD28/anti-rnelanoma heteroconju- 
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gate mAbs for targeting to tumor cells, in contrast, when 
purified T cells 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 mechanP,~ 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-(x and lymphotoxin gene expression 28.29 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 4~'. CD28 is expressed on CD4 ÷ 
T cells and CD8 + T cells that have MHC-restricted cyto- 
toxic activity I~ (see above); it is not yet known which 
cells are responding in the non-MHC-restncted exper- 
imental systems describeU above. 

CD28 is involved with a distinct signa! transduction pathway 
A central question concerning the role of accessory 

molecules in T-cell activation 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 a~ributab;e 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 37. These results were surprising since the 
signals provided by calcium ionophore and phorbol ester 

I _ 1  ~ J  . L _  L - -  : I - J . :  ~ . . 1 :  . . . . . . . . . . .  : . . . . . . . . . .  _- _ _ _  
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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 phorboi ester 27.37. 
Together, these results argue strong:, that the CD28 
receptor initiates or regulates a pathway dist!nct from the 
phospnatidyl inositol pathway acttvated 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 47. 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-~ 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 expression4L 

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 [Ca 2÷] (Ref. 
48) or protein kinase C activation 3~. 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 signal transduction distinct from acti- 
vation of phospholipase C 37. Bivalent anti-CD28 mAb 9.3 
stimulation with F(ab)'2 antibody preparations is as effec- 
tive at eliciting lymphokiqe production as intact antibody 
preparations, indicating that the signal is independent of 
Fc receptors 6.22, while Fab fragments of mAb 9.3 retain 
binding yet do not cause lymphokine production. 

Increases in intracellular [CaZfl and inositol phosphate 
production can occur after CD28 9.3 mAb stimu- 
lation 3t.34.49, however, these effects have been shown to 
require additional crosslinking, such as that provided by 
the use of a second step anti-immunoglobulin reagent ~9. 
Multivalent crosslinkino of CD28 on the T-cell surface can 
lead to the expression of the IL-2 receptor p55 gene, 
leading to IL-2 responsi~,eness in the absence of antigenic 
stimulation 34,5°. However, the inositol 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 inhibited 34. Since 
these differences in signalling can not be attributed to 
phorbol-ester-induced decreases in receptor expression, 
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 phorbol-ester- 
stimulated T-cell proliferation while anti-CD28 plus 
phorbol-ester-stimulated T-cell proliferation is resistant to 
these agents 43.48, 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~t (125-dihydroxyvitamin D3), while 
PHA plus CD28 stimulated proliferation is resistant to 
calcitriol sl . Thus, it is likely that CDZ~. .. . .  ~u,o~-~oc two signal 
transduction pathways, one mediated by phospholipase 
C activation ,L.~, L..~..~ . . . .  ~ . ,~,,~,.  
crosslinking, and a second, pres,:mably mediated by an 
uncharacterized second messe.,ger, that is independent 
of the TCR, requires minimal CD28 receptor oligomeriz- 
ation and results in mRNA stability 34. 

CD28 stimulation with bivalent, soluble mAb causes 
small increases in cellular cGMP concentration in the 
Jurkat T-cell line 48. 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 substrates 34, suggesting that CD28 may not affect 
the tyrosine kinase/phosDhatase signal transduction path- 
way. CD3 stimulation increases serine phosphorylation of 
pp60 c-s~c while CD28 stimulation does not affect the 
steady state level of phosphorylation of pp60cs% further 
indicating that biochemica',ly distinct signals are delivered 
by the TCR and CD28 receptors sl. 

CD28 liga.d 
The immunoglobulin-like structure of CD28 (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 st,,dies by P. Linsley 
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and co-wo~kers (Oncogen Corp.) indicate that a cell sur- 
face iigand for CD28 exists on antigen presenting cells s3. 
A vector containing the cDNA for CD28 was transfected 
into Chinese Hamster Ovary (CliO) cells, and stable trar, s- 
fectants expressing larcje amounts of CD28 ar~tigen 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/BB-1 molecule is an activation antigen expressed on B 
cellsS~; molecular cloning of the cDNA for the B7/BB-1 
antigen indicates that it, like CD28, is a member of the 
immunoglobulin gene s~perfamily ss. Thus, it is likely that 
CD28 and B7/BB-1 form a newly recognized heterophilic 
cell 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 vitro may be 
mediated in v/vo by oligomerization of the CD28 receptor 
by a cell surface ligand (Fig. 1). Finally, it is possible that the 
CD28 ligand can de!iver the co-stimulatory signal de- 
scribed by Schwartz and colleagues that results in either 
T-cell activation or anergy s6 

Futur~ 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 produ~ion. Characteriz- 
ation of the CD28 =ignal 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 progre~ in understanding the role of CD28 in the 
intact immune system is dependent on future studies of 
ti,e CD28 receptor in ceil adhesion as well 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 unpubl ished data, 
Nancy Craighead and Greg Stella for excellent technical 
assistance and Stephen Shaw for review of the manuscript. 

1 Weiss, A. and Imboden, J.8 (1987)Adv. Immunol. 41, 1-38 
2 Weaver, C.T and Unanue, ER (1990) Immunol. Today 11,49- 55 
3 Damle, N.K, Hansen, JA., Good. R.A and Gupta, S. (1981) Proc Natl 
Acad. SO. USA 78, 5096-5098 
4 Lesslauer, W.. Koning. F., Ottenhoff, T. etal. (1986) Eur. J. Imrnunol. 16, 
1289-1296 
S Hanser,, J.A., Martin, P J_ and Nowinski, R.C. (1980) Immunogenetics 10, 
247-260 
6 Martin, P.]., Ledbetter, J.A, Morishita, Y. etal. (1986) 
J. Immunol. 136, 3282-3287 
7 Lesslauer, W. and GmiJnder, H. (1986) Mol. Immunol. 23, 271-278 
II Aruffo. A and Seed. B. (1987) Proc. NatlAcad. Sci. USA 84, 8573-8577 
g Turka, LA,  Ledbetter, J.A., Lee, K., June, C.H. and Thompson, C.B. 
(1990)J. Immunol. 144, 1646-1653 
10 Pierres, A,  Cerdan, C., Lopez, M, Mawas, C. and Olive, D. (1990) 
J Imrnunol. 144, 1202-1207 
11 Darnle, N K., Mohagheghpour, N., Hansen, J.A. and Engleman, E.G. 
(1983) J. Immunol. 131, 2296-3300 
12 Yama'~a, H.. Martin, P.J., Bean. M.A. etal. (1985)Eur. J. Immunol. 15, 
1164-1168 

216 

Imrnuno:ogy Today, Vol. 11, No. 6 1990 

13 Morishita, Y., Sao, H., Hansen, J.A. and Martin, P.J. (1989) J. Immunol. 
143, 2783-2789 
14 Kozbor, D., Moretta, A., Messner, H.A., Moretta, L. and Croce, C.M 
(1987)J. Immunol. 138, 4128-4132 
15 Poggi, A., Bottino, C., Zocchi, M.R. etal. (1987)Eur. J. Irnmunol. 17, 
1065-1068 
16 Testi, R. and Lanier, EL (19a9) Eur. J. Imrnunol. 19, 185-188 
17 Rotteveel, F.T.M., Kokkelink, I., Van Lier, R.A.W. etal. (1988) J. Exp. 
Meal. 168, 1659-1673 
18 Lure, LG., Orcutt-Thordarson, N., Seigneuret, M.C. and Hansen, J.A. 
(1982) Cell. Irnmunol. 72, 122-129 
19 Clark, E.A. and Draves, K.E. (1987)Eur. J. IrnmunoL 17, 1799-1805 
20 Gross, J., St John, T. and Allison, J.P. (1990)J. Irr, munol. (in press) 
21 GmCinder, H. and Lesslau~r, W. (1984)Eur. J. Biochem. 142, 153-160 
22 Ledbetter, J.A., Martin, P.J., Spooner, C.E. etal. (1985) J. Irnmunol. 
135, 2331-2336 
23 Ledbetter, J.A.. Rabinovitch, P.S., Hellstrom, I. etal. (1988)Eur. J. 
Immunol. 18, 1601-1608 
24 Van Lier, R.A., Brouwer, M. and Aarden, L.A. (1988) Eur. J. Immunol. 
18, 167-172 
25 Yang, S.Y., Denning, S.M, Mizuno, S., Dupont, B. and Haynes, B.F. 
(1988)J. Exp. Med. 168, 1457-1468 
26 Hara, T., Fu, S.M. and Hansen, J.A. (1985) J. Exp. Med. 161, 
1513-1524 
27 June, C.H., Ledbetter, J.A., Gillespie, M.M., Lindsten, T. and Thompson, 
C.B. (1987) Mol. Cell. Biol. 7, 4472-4481 
28 Thompson, C.B., Lind~en, T., Ledbetter, J.A. etal. (1989) Proc. Natl 
Acad. Sci. USA 86, 1333-1337 
29 Lindsten, T., June, C.H., Ledbetter, J.A., Stella, G. and Thompson, C.B. 
(1989) Science 224, 339-343 
30 I~ng, S.G., June, C.H., Zipfel, P.F., Siebenlist, U. and Kelly, K. (1989) 
Mol. Cell. Biol. 9, 1034-1040 
31 Weiss, A., Manger, B. and Imboden, J. (1986) J. Immunol. 137, 
819-825 
32 Manger, 8., Weiss, A., Imboden, J. etal. (1987) J. Immunol. 
139, 2755-2760 
33 Moretta, A., Pantaleo, G., Lopez-Botet, M. and Moretta, L. (1985) 
J. Exp. Med. 162, 823-838 
34 Ledbetter, I.A., Imboden, J.B. and Schieven, G.L etal. (1990) Blood 
(in pres~) 
35 Damle, N.K., Doyle, LV., Grosmaire, LS. and LedDetter, JA. (1988) 
J. Imrnunol. 140, 1753-1761 
]6 Weber, W.E !., Buurman, W.A., ~ ~ndermeeren, MM.P.P. and Raus, 
J.C.M. (1985) J. Immunol. 135, 2337-?342 
37 June, C.H., Ledbetter, J.A., Lh,dst,~'i, T. and Thompson, C.B. (1989) 
J. Immunol. t43, 153-161 
38 June, C.H, Rabinovitch, P.S. and Ledbetter, J.A. (1987)J. Immunol. 
138, 2782-2792 
39 Huet, S, Groux, H., Caillou, B. etal. (1989) J. Irnmunol. 143, 798-801 
40 Geppert T.D., Wacholtz, MC., Patel, S.S., Lighffoot, E. and Lipsky, P.E. 
(1989) J. Iramunol. 142, 3763-3772 
41 Mosmann, T.R. and Coffman, R.L (1989)Annu. Re:, Immunol. 7, 
145-173 
42 Miyamoto, M., Fujita, T., Kimura, Y. etal. (1988) Cell 54, 903-913 
43 Bjorndahl, JM., Sung, S.S., Hansen, J.A. and Fu, SM. (1989) Eur. J. 
Immunol. 19, 881-887 
M, Bloemena, E., Van Oers, R.H., Weinreich, S., Stilma-Meinesz, A.P. etal. 
~1989) Eur. J. Immunol. 19, 943-946 
45 Jung, G., Ledbetter, J.A. and Muller-Eberhard, H.J. (1987) Proc Natl 
Acad. Sci. USA 84, 4611-4615 
46 Lichtenheld, MG., Olsen, K.J., Lu, P. et al. (1988) Nature 335, 448-451 
47 Guba, S.C., Stella, G., Turka, L.A. etal. (1989) J. Clin. Invest. 84, 
17O 1-1706 
46 Ledbetter, J.A., Parsons, M., Martin, P.J. et al. (1986)J. Immunol. 1.37, 
3299-3305 
49 Ledbetter, J.A., June, C.H., Grosmaire, L.S. and Rabinovitch, P.S. (1987) 
Proc. Natl Acad. Sci. USA 8zl, 1384-1388 
50 Baroja, M.L., Ceuppens, J.L., van Damme, J. and Billiau, A. (1988) 
J. Irnmunol. 141, 1502-1507 
51 Vanham, G., Ceuppens, J.L and Boullon, R. (1989) Cell. Immunol. 124, 
320-333 
52 Ledbetter, J.A., Gentry, L.E., June, C.H, Rabinovitch, P.S. and Purchio, 
A.F. (1987) Mol. Cell. Biol 7, 650-656 
53 Linsley, P., Clark, E.A. and Ledbetter, J.A. (1990) Proc NatlAcad. Sci. 
USA (in press) 
54 Yokochi, T., Holly, R.D. and Clark, E.A. (1982)J. Irnmunol. 128, 
823-827 
55 Freeman, G.J., Freedman, A.S., Segil, J.M. etal. (1989)J. Immunol. 143, 
2714-2722 
50 Mueller, D.L, Jenkins, M.K. and Schwartz, R.H. (1989)Annu. Rev. 
Immunol. 7, 445-480 
Y/ Caput, D., Beutler, B., Hartog, K. etal. (1386) Proc NatlAcad. Sci. USA 
83, 1670-1674 
58 Shaw, G. and Kamen, R. (1986) Ce1146, 659-667 


