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D ] OST immune responses depend on the ac-
tivation of T cells. This class of lympho-
cytes consists of functionally and pheno-

typically distinct populations, the best characterized

of which are helper T cells and cytotoxic T cells. Dis-
tinctive molecules on the cell surface provide mark-
ers of these populations: CD4 for helper T cells and

CD8 for cytotoxic T cells. CD4 and CD8 T cells

recognize antigens through a T-cell antigen receptor

composed of an & chain and a B8 chain. Other T cells
bearing y- and 8-chain receptors have been identi-
fied, but their function is less clear.

CD4 helper T cells can be divided into two sub-
types. Type 1 helper T cells mainly synthesize in-
terferon-y and interleukin-2; type 2 helper T cells
principally secrete interleukin-4, interleukin-5, and
interleukin-10.! These two types of mature CD4
T cells were originally identified in mice. Similar
subgroups exist in humans, although the distinc-
tions are less sharp than in mice and there are func-
tionally overlapping populations of helper T cells.

The two types of CD4 helper T cells appear to
serve different functions. Type 1 cells mediate de-
layed hypersensitivity, activate macrophages, and in
mice promote a switch in antibody class from IgM
to IgG2a. In contrast, type 2 cells mainly provide
help for B cells, by promoting class switching from
IgM to IgGl and IgE. Furthermore, the pathogen-
esis of certain diseases appears to be strongly influ-
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enced by the type of helper T cells involved. For ex-
ample, in leishmaniasis and leprosy the development
of a response polarized toward type 1 helper T cells
is important for a successful immune defense, but a
response polarized toward type 2 helper T cells is
detrimental. In the case of infection with nema-
todes, however, an immune response polarized to-
ward type 2 helper T cells may aid in clearing the
infection.

The physiologic stimulation of T lymphocytes in-
volves at least two activation signals from antigen-
presenting cells. The first signal imparts specificity to
T-cell activation; it consists of the presentation to
the T cell of an immunogenic peptide bound to a
protein of the highly polymorphic major histocom-
patibility complex (MHC), which in humans is also
known as the HLLA complex. Immunogenic peptides
can be generated from exogenous proteins, such as
bacterial proteins, or from endogenous proteins, such
as tumor-associated antigens. There are several path-
ways of antigen processing and presentation,? but
each terminates with the display by the MHC pro-
tein of an antigenic peptide on the surface of the an-
tigen-presenting cell. This peptide—protein complex
is recognized specifically by a particular T-cell-anti-
gen receptor, which transduces an activation signal
into the T cell.

The stimulation of a T-cell-antigen receptor is
necessary, but not sufficient, to induce complete
T-cell activation, and it does not lead to cell prolif-
eration or cytokine secretion. Complete T-cell acti-
vation requires a second signal. These so-called co-
stimulatory signals depend on the interaction of
nonpolymorphic proteins and serve to initiate, main-
tain, and regulate the activation cascade. Studies of
costimulatory pathways have enhanced our knowl-
edge of immunologic diseases and opened up new
possibilities for prophylaxis and therapy. In this ar-
ticle, we will review T-cell costimulation and its im-
portance in immunity. We will focus on what may
be the most important of the costimulatory path-
ways, called the B7:CD28/CTLA-4 costimulatory
pathway, and review its role in the pathogenesis of
infectious and autoimmune diseases.

THE FEATURES OF T-CELL
COSTIMULATION

All “naive” T lymphocytes (cells in which an im-
mune response has not yet been activated) require
two signals to initiate an immune response. To what
extent recently activated T cells or memory T cells
depend on costimulation is unclear, however. Mem-
ory T cells are quantitatively less dependent on co-
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stimulatory signals than naive T cells,® but costimu-
lator antagonists have a beneficial effect in mice with
lupus erythematosus even if administered during an
advanced stage of the disease.*

Signaling through the T-cell-antigen receptor in
the absence of a costimulatory signal may or may
not affect T cells (Fig. 1). Sometimes, the T cell sim-
ply ignores peptide-MHC complexes presented to it
in the absence of costimulators. At other times, how-
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Figure 1. Activation of Naive T Cells in the Presence or Absence
of a Costimulatory Signal.

Physiologic activation of naive T cells requires two signals. The
first signal is initiated by the binding of a peptide-MHC com-
plex to the T-cell-antigen receptor (TCR); the second is initiated
by the binding of a costimulatory ligand (Col) to a costimula-
tory receptor (CoR). Both the peptide-MHC complex and the
costimulatory ligand are presented to the T cell by an antigen-
presenting cell (APC). Stimulation of naive T cells through the
T-cell-antigen receptor in the presence of a costimulatory sig-
nal leads to cell proliferation, the generation of effector cells,
and the generation of memory cells. In the absence of a co-
stimulatory signal, activation of naive T cells is nonproductive.
In some cases, the T cell remains oblivious to stimulation of
the T-cell-antigen receptor (“ignorance”). In other situations,
activation of the T-cell-antigen receptor renders the lymphocyte
refractory to further stimulation (anergy) or leads to its death
(apoptosis). The precise outcome of T-cell stimulation in the
absence of a costimulatory signal appears to depend on its
state of activation and differentiation.
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ever, recognition of peptide-MHC complexes in the
absence of costimulators can induce apoptotic death
of the T cell; it can also render the T cell anergic, a
condition in which the T cell is refractory (that is,
unable to respond to antigens even when they are
presented by antigen-presenting cells that express a
costimulatory molecule).5 Precisely what determines
the outcome of the stimulation of T-cell-antigen re-
ceptors in the absence of costimulation (“ignorance,”
apoptosis, or anergy) is not known. Perhaps the state
of differentiation of the T cell is important. For ex-
ample, as compared with type 2 effector CD4 T cells,
type 1 effector CD4 T cells are rendered anergic
more easily.® The strength of the signal through the
T-cell-antigen receptor and the overall avidity of the
interaction between the antigen-presenting cell and
the T cell may also influence the outcome.

THE CLINICAL RELEVANCE OF T-CELL
COSTIMULATION

Because microbial products can affect the expres-
sion of costimulatory molecules,”8 these molecules
participate in the pathogenesis of infectious diseases.
They also participate in the pathogenesis of autoim-
mune diseases, the rejection of grafted organs, and
graft-versus-host disease, and antagonists of these
molecules can prevent or ameliorate these condi-
tions.® Another clinically relevant aspect of costim-
ulation arises from the finding that tumor cells
transfected with genes encoding costimulators can
generate cytotoxic T-cell responses in vivo,”!? an in-
dication that costimulators may have applications in
antitumor and antiviral vaccines.

The manipulation of costimulatory pathways is by
no means the only new avenue of therapeutic inter-
vention. For example, the binding of MHC mole-
cules containing altered peptide ligands to T-cell an-
tigen receptors can inhibit T-cell function. Other
possibilities for therapeutic intervention include the
inhibition of adhesion receptors and the administra-
tion of cytokines or cytokine antagonists.11,12

THE IMMUNOBIOLOGY OF THE
B7:CD28/CTLA-4 COSTIMULATORY
PATHWAY

Several ligand-receptor pairs function as costimu-
lators.!* Among these, the best characterized is the
B7:CD28/CTLA-4 costimulatory pathway. It con-
sists of two costimulatory ligands on antigen-pre-
senting cells, B7-1 and B7-2, each of which binds to
two receptors on T cells, called CD28 and CTLA-4
(Fig. 2).18

CD28 and CTLA-4

The CD28 and CTLA-4 proteins share amino
acid sequences and have a similar overall structure,
but they are expressed differently and serve different
functions. CD28 is expressed by both resting and
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Figure 2. Structure of B7-1 (CD80) and B7-2 (CD86) and Their Receptors, CD28 and CTLA-4.

B7-1 and B7-2, as well as CD28 and CTLA-4, are members of the immunoglobulin superfamily. Each of these four proteins consists
of a single, amino-terminal, V-like domain (V) and contains sites for N-linked glycosylation. In B7-1 and B7-2, the V-like domain is
followed by a C-like domain (C). B7-1 and B7-2 are present on the cell surface as monomers. The CD28 receptor is expressed pre-
dominantly in homodimeric form, although a small fraction of CD28 receptors exist as monomers (not shown). The CTLA-4 recep-
tor exists in both homodimeric and monomeric configurations. The latter form is illustrated here. CD28 and CTLA-4 each binds
both B7-1 and B7-2. CTLA-4, although expressed at much lower density than CD28, binds B7-1 and B7-2 with approximately 100
times more avidity than does CD28; B7-1 has a moderately higher avidity (2 to 3 times as high) for CD28 and CTLA-4 than does

B7-2.4 APC denotes antigen-presenting cell, and S-S disulfide bonds.

activated T cells and is the predominant receptor for
B7 on resting T cells.¢ B7 binding to CD28 costim-
ulates T-cell activation, leading to the expression of
cytokines, cytokine receptors, and genes for cell sur-
vival.131516 Tn contrast to CD28, CTLA-4 is expressed
only on activated T cells.!® B7-1 and B7-2 have a
higher affinity for binding with CTLA-4 than with
CD28, which raises the possibility that CTLA-4 is
the predominant B7 receptor on activated T cells.
Unlike CD28, CTLA-4 can transduce an inhibitory
signal, and its function may be to terminate T-cell
activation.%17-19

The biochemical basis of CD28-mediated signal-
ing is not known.!3 Nevertheless, CD28-mediated
signaling differs from signaling mediated by T-cell-
antigen receptors and is not affected by the immu-
nosuppressant drugs cyclosporine and tacrolimus.20:2!
The biochemical basis of CTLA-4-mediated signal-
ing is largely unknown.22.23

The Regulation of B7-1 and B7-2 Expression

The expression of the B7 antigens, B7-1 (CD80)
and B7-2 (CD86), is tightly regulated.’* Unstimu-
lated antigen-presenting cells are largely B7-2—nega-
tive and B7-1-negative, although B7-2 is expressed at

low levels by dendritic cells, on which it may partic-
ipate in the priming of T cells.813.2¢ After activation,
dendritic and epidermal Langerhans’ cells, B cells,
and macrophages up-regulate the expression of B7-2
and B7-1. In addition to their expression on MHC
class II-bearing cells, B7-2 is expressed on granulo-
cytes,2> B7-1 on fibroblasts,® and both molecules on
activated murine and human T cells.!3 This pattern
of expression raises the possibility that B7 molecules
may have other functions in addition to the costim-
ulation of T cells.

Several cytokines modulate the expression of B7-1
and B7-2, including interleukin-10, interleukin-4,
granulocyte—macrophage colony-stimulating factor,
and interferon-vy.13 The expression of B7 molecules
is induced by bacterial lipopolysaccharides$:2¢ or by
neisserial porins.2” In most acute or chronic immune
responses, B7-2 is induced earlier than B7-1 and ris-
es to higher levels.® An exception to this rule occurs
in experimentally induced murine allergic encepha-
lomyelitis, in which the surface expression and func-
tional activity of B7-1 are preferentially increased on
antigen-presenting cells.282° This finding raises the
possibility that B7-1 may be involved in the patho-
genesis of multiple sclerosis, the apparent human
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Figure 3. Possible Role of the B7:CD28 Pathway in the Develop-
ment of Helper T Cells.

The upper part of the figure shows the differentiation pathways
of murine CD4 T cells. On contact with antigen presented by
antigen-presenting cells (APC), precursors of helper T cells
(pTy) are induced to differentiate into effector cells (Ty,) that
produce either interferon-y and interleukin-2 or effector cells
(T,,) that produce interleukin-4, interleukin-5, and interleukin-
10. T-cell populations capable of producing both interleukin-4
and interferon-y exist; they are commonly designated type 0
(not shown). Interleukin-12 and interleukin-4 are the major cy-
tokines responsible for inducing T cells along the Ty, and T,
pathways, respectively. Interleukin-12 is mainly produced by
antigen-presenting cells, whereas interleukin-4 is produced by
the differentiating T cell, and possibly by third-party cells (not
shown).! The graph, in the lower part of the figure, shows the
requirement for CD28 stimulation in the differentiation of type
2 helper T cells. In the absence of CD28 costimulation, interleu-
kin-4 production remains below the threshold required for the
expansion of interleukin-4—secreting clones. TCR denotes T-cell
receptor.
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counterpart of experimentally induced murine aller-
gic encephalomyelitis.

The Role of B7-1 and B7-2 Molecules

The transfection of B7-1 or B7-2 genes into cell
lines that lack costimulatory activity and the use of
these artificial antigen-presenting cells in assays of
T-cell activation have made possible the identifica-
tion of the T-cell populations that can respond to
B7-1 and B7-2 and the observation of the cellular
responses stimulated by these molecules.30-33 Thus,
B7-1 or B7-2 transfectants can costimulate the pro-
liferation of T cells,3%3! the production of interleu-
kin-2,30:31 and the expression of interleukin-2 recep-
tors on the cell surface.3435

Antagonists of B7-1 and B7-2 can block immune
responses both in vitro and in vivo. These antago-
nists consist of antibodies that act specifically against
either B7-1 or B7-2, or chimeric fusion proteins that
recognize both ligands. The most useful of these fu-
sion proteins has been CTLA-4-Ig, which consists
of the extracellular domain of CTLA-4 and the
hinge-C,2-C,3 region of IgGl. CTLA-4-Ig and
anti-B7-2 antibodies are potent inhibitors of T-cell
activation in vitro, and they are more effective than
anti-B7-1 antibodies in most assays.?6-3 When ad-
ministered in vivo, both CTLA-4-Ig and anti-B7-2
antibodies can block the production of antibod-
jes.3940

B7 transfectants can costimulate the production
of both interferon-y and interleukin-4.3341-43 This
strongly suggests that the B7:CD28 pathway can co-
stimulate both type 1 and type 2 effector CD4 T cells
(Fig. 3). The B7:CD28 pathway appears to be more
important in the generation of type 2 helper T cells
than in the generation of type 1 helper T cells, be-
cause mice lacking CD28 molecules have decreased
levels of IgGl.#* This may be explained by the re-
quirement of type 2 precursor CD4 T cells for strong
initial T-cell stimulation, because the magnitude of
the initial T-cell stimulation determines the amount
of interleukin-4 produced.! In the absence of CD28
costimulation, the production of interleukin-4 re-
mains below the threshold required for optimal de-
velopment of type 2 helper T cells (Fig. 3).1 Although
both B7-1 and B7-2 transfectants can costimulate the
production of interleukin-4 in vitro,3341-43 studies in
vivo indicate that the generation of type 2 helper
T cells depends mainly on the interaction of CD28
with B7-2.28 Presumably, B7-2 plays a dominant part
in the production of interleukin-4 because of its ear-
ly expression during T-cell priming.

By contrast, the need for B7 molecules in the gen-
eration of type 1 effector CD4 T cells is less clear.
The development of type 1 helper T cells is induced
by interleukin-12, a cytokine that is produced by
macrophages but not by T cells (Fig. 3). Moreover,
in the absence of CD28 costimulation, other costim-
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ulatory receptor-ligand pairs may compensate to fa-
cilitate the generation of type 1 effector T cells.#

The costimulatory potential of B7 molecules is
not limited to CD4 T lymphocytes. On the con-
trary, B7 molecules can costimulate CD8 T cells in
the absence of exogenous help from CD4 T cells.4®
This effect has been exploited to generate experi-
mental vaccines against melanoma in mice. %1 B7
molecules can also costimulate natural killer cells#
and y/8 T cells,*” further underscoring the possible
importance of the B7:CD28 pathway in antitumor
and antimicrobial immunity.*8:4°

It is likely that B7 molecules serve not only as lig-
ands but also as signal-transducing receptors. This
function as a receptor is made plausible by the mo-
lecular structure of the cytoplasmic domain of B7
molecules,!3 as well as by the observation that cer-
tain monoclonal anti-B7-1 antibodies can stimulate,
rather than block, inflammatory reactions if admin-
istered in vivo.2550

THE B7 COSTIMULATORY PATHWAY
AND DISEASE

B7 molecules are important in the pathogenesis of
graft rejection, graft-versus-host disease, infections,
and autoimmune diseases; in addition, they partici-
pate in immunity against tumors.S We will focus on
the role of B7-1 and B7-2 in infectious and autoim-
mune diseases.

B7 Molecules in Infectious Disease

The B7:CD28 costimulatory pathway participates
in the pathogenesis of several bacterial, parasitic, and
viral diseases. Certain bacteria or their products can
increase the expression of B7. One of these bacte-
rial products, lipopolysaccharide, increases the expres-
sion of B7-1 and B7-2 by antigen-presenting cells.3-3
The incubation of macrophages with heat-killed Lis-
teria monocytogenes also causes increased production
of B7.51 A series of proteins isolated from pathogenic
strains of neisseria, Neisseria meningitidisand N. gon-
orrhoeae, up-regulate the expression of B7-2, which
may explain the adjuvant effect of these neisserial
proteins in antibody production.?” In contrast, My-
cobacterium tuberculosis’? and the intracellular pro-
tozoan Leishmania donovani®! inhibit the expression
of B7-1 molecules after they infect macrophages in
vitro.

The toxic shock syndrome and food poisoning are
serious side effects of the immune system’s defense
against extracellular bacteria. These complications
are caused by a class of microbial products, called su-
perantigens, that can activate all T cells that express
a particular family of T-cell antigen-receptor genes.
The immune response to certain bacterial superanti-
gens, such as the staphylococcal enterotoxins and
the related toxic shock syndrome toxin (TSST-1),
also depends on costimulation by B7-1 and B7-2.53

Only a few studies have addressed the role of the
B7:CD28 pathway in viral infections. After infection
with the human immunodeficiency virus, the expres-
sion of CD28 is reduced in both CD4 and CD8
T cells.5+5 It is not known whether stimulation of
the remaining CD28 molecules promotess* or in-
hibits5¢ viral infection. In mice carrying a targeted
mutation in the CD28 gene, the response of helper
T cells to infection with vesicular-stomatitis virus is
diminished, but cytotoxic T-cell responses to infec-
tion with lymphocytic-choriomeningitis virus are
normal.* These findings suggest that the B7:CD28
pathway plays a more important part in viral infec-
tions in which viral clearance depends on antibody
responses. Infection with the hepatitis B virus may
be one of these, but this issue has not yet been ex-
amined.

Infection with Leishmania major perhaps best ex-
emplifies the consequences of the dominance of a
particular subgroup of helper T cells on the immune
response. Strains of mice that use type 1 helper T cells
to respond to L. major produce large amounts of in-
terferon-vy, and thus resist the parasite. By contrast,
strains of mice that use type 2 helper T cells, and
consequently produce interleukin-4 and interleukin-
10, succumb to the organism. CTLA-4-Ig, if ad-
ministered early after infection, reduces the produc-
tion of interleukin-4 and halts the progression of
disease in susceptible BALB/c mice but has no effect
in the genetically resistant C57BL/6 strain of mice.5
These different effects in susceptible and resistant
mice indicate that the priming of type 2 helper
T cells is more dependent on the B7:CD28 pathway
than is the priming of type 1 cells’” and provides ev-
idence for the interpretation of analogous results in
mice deficient in CD28.44

Infection with the trematode helminth Schistoso-
ma mansoni may be an instance in which the levels
of B7 expression on antigen-presenting cells corre-
late with, if they do not dictate, the severity of dis-
ease. S. mansoni antigens sensitize type 1 and type 2
helper T cells to form large granulomas in the liver
around eggs of the parasite. However, the response
of the type 1 helper T cells and the intensity of gran-
ulomatous inflammation spontaneously subside after
the acute stage of the infection. There is substantial
expression of B7-2 in cells of granulomas during the
acute schistosomal disease; it rapidly diminishes
thereafter.58 It is likely that the down-regulation of
B7 expression and of the granulomatous reaction are
precipitated by interleukin-10,5%° given that macro-
phages from egg granulomas secrete interleukin-10
and induce unresponsiveness in type 1 helper
T cells.?® Neutralization of interleukin-10 by specific
antibodies increases the expression of B7-2 by these
macrophages and thus restores costimulatory ac-
tivity.%® A similar process has been observed in hu-
mans infected with S. haematobium.6! Taken togeth-
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er, these findings suggest that the inhibition of B7
expression may permit therapeutic control of schis-
tosomal-egg granulomas. In fact, injection of inter-
leukin-10 at a time when its endogenous expression
is low or absent results in decreased formation of
granulomas and decreased cytokine production by
type 1 helper T cells.62

The observation that, as compared with type 2 ef-
tector CD4 T cells, type 1 effectors depend more on
costimulation and are more susceptible to anergy
has implications for chronic infections in which im-
mune defenses depend on type 1 helper T cells. In
tuberculosis, leprosy, schistosomiasis, filariasis, and
leishmaniasis, the waning of the B7:CD28 costimu-
latory pathway may change the clinical form of the
disease by depressing cell-mediated immunity and
inducing T-cell anergy. To what extent this down-
regulation of T-cell immunity is caused by the or-
ganisms themselves’?2 or mediated by cytokines® is
not known.

The B7:CD28/CTLA-4 Pathway in Autoimmunity

The expression and function of B7-1 and B7-2
have been studied in mice with systemic lupus
erythematosus, diabetes mellitus, and experimentally
induced allergic encephalomyelitis. Systemic lupus
erythematosus, the prototype of a multisystem auto-
immune disorder, occurs spontaneously in several
strains of inbred or cross-bred mice. NZB/W F1
mice have not only chronic glomerulonephritis,
caused by the deposition of immunoglobulin mole-
cules in the kidney, but also anti-DNA antibodies in
the serum. Injection of NZB/W Fl mice with
CTLA-4-Ig, which neutralizes both B7-1 and B7-2,
blocked the production of anti-DNA antibodies and
prolonged life, even when the treatment was delayed
until the most advanced stage of the illness.* To ex-
amine the individual roles of B7-1 and B7-2, mice
were injected with specific antibodies against B7-1 or
B7-2.93 Injection of anti-B7-1 antibodies alone had
little effect on the serum levels of anti-DNA antibod-
ies or on the development of nephritis. By contrast,
the injection of anti-B7-2 antibodies inhibited the
production of anti-DNA antibodies, especially those
of the IgG1 subclass, but did not affect nephritis. In-
jections of both anti-B7-1 and anti-B7-2 antibodies
prevented the production of anti-DNA antibodies of
all subclasses as well as the development of nephritis,
and resulted in prolonged survival.s3

B7 antagonists inhibit the development of insulitis
and diabetes mellitus in nonobese diabetic mice,>°
an animal model of insulin-dependent diabetes mel-
litus. In these mice, islet-cell lesions appear as early
as three to four weeks after birth. Both CD8 T cells
and CD4 type 1 helper T cells infiltrate the pancreas
and participate in the destruction of the insulin-pro-
ducing beta cells.®* Both CTLA-4-Ig and anti-B7-2
antibodies blocked the development of diabetes
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when administered in mice two to four weeks of age,
whereas anti-B7-1 antibodies had no protective ef-
fect.50

These studies suggest that B7-2 is more important
than B7-1 in the pathogenesis of autoimmune and
inflammatory disorders. By contrast, in experimen-
tally induced murine allergic encephalomyelitis, B7-1
seems more important than B7-2. Allergic encepha-
lomyelitis can be induced in susceptible strains of
mice by active immunization with the dominant en-
cephalitogenic epitope of myelin proteolipid protein.
The disease is characterized by an initial acute phase
of paralysis followed by recovery and subsequent re-
currences. During these recurrences, T cells emerge
that are reactive with epitopes of myelin proteolipid
protein other than the one used in the initial immu-
nization, a phenomenon called epitope spreading.
Injections with anti-B7-1 antibodies, but not with
anti-B7-2 antibodies, reduced the severity of dis-
ease.282 Blockade of the B7-1:CD28 interaction
also prevents epitope spreading.?? These two studies
of mice therefore suggest that B7-1 plays a major
part in the pathogenesis of experimentally induced
allergic encephalomyelitis.

The effects of B7 antagonists on autoimmune dis-
orders may be explained in two ways. In one model,
the interaction of B7-1 and B7-2 with the same re-
ceptor on a precursor helper T cell results in the gen-
eration of different subgroups of helper T cells. Ac-
cording to this model, B7-1 preferentially acts as a
costimulator for type 1 helper T cells and B7-2 induc-
es the production of type 2 helper T cells.28 The dif-
ficulty with this explanation is that studies of transfec-
tion have not established a clear difference between
B7-1 and B7-2 in their capacity to induce the produc-
tion of cytokines or second messengers.33#143 Fur-
thermore, hapten-induced contact-sensitivity reac-
tions and the development of diabetes in nonobese
diabetic mice (both of which appear to be mediated
by CD4 type 1 helper T cells and CD8 T cells6+65)
are inhibited by the administration of anti-B7-2 anti-
bodies but not anti-B7-1 antibodies.2550 We prefer
the second model, according to which B7-1 and B7-2
induce similar signals in precursor helper T cells but
can have distinct roles in immune responses because
of their different patterns of expression. As discussed
above, B7-2 is typically expressed earlier than B7-1,
and at higher levels, during an immune response. One
would therefore predict that anti-B7-1 antibodies
would inhibit only cytokines, such as interferon-vy, as-
sociated with type 1 helper T cells, whereas anti—
B7-2 antibodies would block the production of in-
terleukin-4 as well as of interferon-y. In fact, this
pattern was reported in one study.%® Furthermore, in
the case of experimentally induced encephalomyeli-
tis, in which anti—-B7-1 but not anti—-B7-2 antibodies
can block the progression of discase, B7-1 is ex-
pressed at higher levels than B7-2.29
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Figure 4. Possible Role of B7 Costimulatory Molecules in the
Pathogenesis of Inflammatory Diseases.

The left-hand side of the figure shows one end of a spectrum
of immune response, characterized by the overstimulation of
type 1 helper T cells (Ty,) relative to type 2 helper T cells (T,).
This leads to pronounced cell-mediated immunity, which may
be associated with granuloma formation or destructive inflam-
mation, including that leading to autoimmune diseases. In an-
imals, the progression of disease can be slowed with B7-1 or
B7-2 antagonists, although it remains to be determined to what
extent the timing of administration influences the development
of helper T-cell subgroups and disease outcome. The right-
hand side of the figure illustrates the opposite end of the spec-
trum, characterized by a reduced ratio of T, to T, cells. Sev-
eral chronic infectious diseases, such as lepromatous leprosy,
microfilaremic filariasis, anergic leishmaniasis, exudative tu-
berculosis, and mucocutaneous candidiasis, may belong in this
category. In some of these diseases, the clinical outcome may
be improved by an enhancement of costimulation.

To what extent B7-1 and B7-2 molecules have a
role in the pathogenesis of other autoimmune and
inflammatory diseases is not known. CTLA-4-Ig
can prevent the onset of collagen-induced arthritis
in BB rats, but the relative roles of B7-1 and B7-2 in
these animals have not yet been explored.s® Recent-
ly, inflammatory bowel disecase was identified in sev-
eral strains of mice.” T cells from one of these
strains, interleukin-2—deficient mice, are costimulat-
ed by B7-1 or B7-2 transfectants3> — a finding that
raises the possibility that B7 antagonists could be used
in the prevention or treatment of inflammatory
bowel disease.

The role of the CTLA-4 receptor in the patho-
genesis of autoimmunity is not known. A lethal lym-
phoproliferative disease develops in CTLA-4-defi-
cient mice that is characterized by T-lymphocytic
infiltration of multiple organs and destruction of tis-
sue.181? This phenotype is evidence of a suppressive

role for the CTLA-4 receptor and raises the possibil-
ity that mutations in the CTLA-4 gene can lead to
autoimmune disease in humans.

CONCLUSIONS

The role of the B7:CD28/CTLA-4 costimulatory
pathway in the pathogenesis of chronic diseases de-
scribed in this article may be understood by consid-
ering these disorders as lying along a spectrum of
immune response (Fig. 4). At one end are autoim-
mune and granuloma-forming diseases in which the
predominant stimulation of type 1 helper T cells is
a key mechanism. Under these conditions, B7 mol-
ecules might induce or sustain the generation of
pathogenic type 1 helper T cells, even if the up-reg-
ulation of B7 in inflammatory tissues is a secondary
event. At the other end of the spectrum are in-
fectious diseases such as lepromatous leprosy® and
microfilaremic filariasis.®® In these diseases, reduced
ratios of type 1 to type 2 helper T cells can impair
cell-mediated immunity, which may result in anergy.
However, to what extent these conditions coexist
with an overall reduction in costimulation, due ei-
ther to reduced expression or function of B7 or
CD28 molecules or to increased expression or func-
tion of the CTLA-4 receptor, remains to be estab-
lished.

During the past decade, the study of T-cell co-
stimulation has emerged as one of the most exciting
areas of immunology. The functional characteriza-
tion of the B7:CD28/CTLA-4 pathway has greatly
enhanced our understanding of the pathogenesis of
infectious and autoimmune diseases. Further inves-
tigations of this pathway should lead to the design
of novel immunosuppressive compounds and to the
generation of new vaccines. However, not every con-
dition at the ends of this spectrum of immune re-
sponse will require the therapeutic modification of
T-cell costimulation, because the state of anergy may
have advantages or disadvantages that vary from dis-
ease to disease.
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