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ABSTRACT

Co-stimulatory pathways are a prereq-
uisite for the regulation of T-cell acti-
vation and tolerance. After the engage-
ment of the T-cell receptor (TCR) to
the major histocompatibility complex
(MHC)/peptide complex, the co-stimu-
latory signals are critical to decide the
outcome of the immune response. While
positive co-stimulatory signals pro-
mote T-cell activation, negative signals
delivered through inducible co-inhibi-
tory receptors limit immune response,
thereby regulating tolerance and au-
toimmunity. This review is intended not
only to give an overview of the immu-
nobiology of co-stimulatory pathways
and their role in autoimmune diseases,
but will also highlight the complexities
and relevant issues one may have to
think through to translate the target-
ing of co-stimulatory pathways into
successful therapeutic interventions.

Introduction

The ability to discriminate self from
non-self is perhaps one of the most
crucial factors in immune regulation
(1, 2). While recognition of foreign
pathogens is vital to fight infections,
aberrant immune responses to self-
antigens can lead to autoimmune dis-
eases. T cells are key mediators in the
initiation and regulation of the adap-
tive immune response to both foreign
and self-antigen. Full activation of T
cells requires two signals. The first
signal, which confers antigen specifi-
city to the immune response, is pro-
vided by the T-cell receptor (TCR)
after interacting with the major his-
tocompatibility complex (MHC)/an-
tigenic peptide complex. The second,
or ‘co-stimulatory signal’ is provided
by interactions between specific re-
ceptors on the T cell and their respec-
tive ligands on antigen-presenting
cells (APCs) (3). Experimental data
suggest that TCR engagement in the

absence of effective co-stimulation
often results in T-cell anergy and/or
apoptosis (4).

Classically, positive co-stimulatory
pathways promote T-cell activation
— the prototype being the CD28:B7
pathway. Over the past decade this
concept has further evolved to include
negative or co-inhibitory pathways
that terminate the T-cell response. An
intricate balance between the positive
and negative co-stimulatory signals ul-
timately determines the fate of immune
responses (5, 6). Emerging data have
suggested that the novel co-stimulatory
molecules are expressed not only on T
cells and APCs but also on non-hemat-
opoietic tissues (Fig. 1). The expres-
sion of co-stimulatory molecules on
parenchymal tissue has been shown to
be important in regulating the immune
response in the target organ (7). Recent
work also suggests a role of the CD28:
B7 family in controlling the homeos-
tasis and function of T-regulatory cells
(Tregs) in mice. The expression of cy-
totoxic T-lymphocyte-associated anti-
gen (CTLA)-4, inducible co-stimulator
(ICOS), programmed death (PD)-1 and
PD ligand 1 (PDL1) by Tregs has been
observed, but the exact role of these
molecules still needs to be dissected
(8). This could provide further insight
into the immunoregulation and control
of autoimmune disease.

In this review, the co-stimulatory mol-
ecules are grouped broadly into the
CD28:B7 family and the tumor necro-
sis factor (TNF):TNF receptor (TNFR)
family, based on their structural char-
acteristics. The role of the new T-cell
immunoglobulin and mucin-domain
(TIM) family in regulating T-helper
(Th)1/Th2 responses, and their poten-
tial therapeutic role in autoimmunity
also are discussed. This review also
reflects on the clinical implications of
each pathway and how they could be
utilized as therapeutic targets.
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Fig. 1. Expression of co-stimulatory molecules on (A) T cells and antigen-presenting cells and (B)
non-hematopoietic tissues. TCR: T-cell receptor; ICOS: inducible co-stimulator.

The CD28:B7 family
CD28/CTLA-4:B7 pathway

The CD28:B7 pathway is one of the best
described positive co-stimulatory path-
ways. Stimulation of CD28 with TCR
signaling augments interleukin (IL)-2
production (9), a critical T-cell growth
factor, and facilitates T-cell survival by
inducing the upregulation of anti-apop-
totic bel-xL genes (10, 11). Its ligands,
B7-1 (CD80) and B7-2 (CD86), are
primarily expressed on activated APCs
such as dendritic cells (DCs), macro-
phages and B cells. B7-1 is expressed
in lower levels on resting cells and
is upregulated with prolonged T-cell
stimulation, while B7-2 is constitutive-
ly expressed and rapidly up-regulated
on APCs with an antigen-specific sig-
nal. Hence, these distinct differences in
expression indicate that B7-2 is chiefly
involved in mediating initial T-cell ac-
tivation, while B7-1 may play a signifi-
cant role in propagating the immune
response (12). After activation, T cells
express CTLA-4 (CD152), which has
a higher affinity for CD80 and CD86
compared with CD28; its engagement
delivers a negative signal into the T
cell, inhibiting/terminating T-cell re-
sponses. Hence CTLA-4 may function
as a master switch for peripheral T-cell
tolerance (13), and the outcome of an

immune response depends on the equi-
librium created between CD28-medi-
ated T-cell activation and CTLA-4 me-
diated inhibition.

CD28:B7 interactions are vital for
the expansion and maintenance of
CD4*CD25* Tregs (14). Both CD28-
/- and B7-1/B7-2-/-NOD mice have a
strikingly low number of CD4*CD25*
Tregs, although the function of these
regulatory cells is intact (15). Reverse
signaling into B7-expressing APCs may
occur after engagement of CTLA-4 via
the induction of indoleamine 2,3 dioxy-
genase (IDO), an enzyme that breaks
down tryptophan into byproducts which
inhibit T-cell proliferation and promote
tolerance (16, 17).

Experiments on NOD mice (a mouse
model of human type I diabetes) showed
that early blockade of co-stimulatory sig-
nals with anti-B7-2 or CTLA-4 immu-
noglobulin (Ig) prevented diabetes; how-
ever, these antibodies were ineffective
when administered after the progression
of insulitis (18). Collagen-induced ar-
thritis (CIA), a murine model of RA, has
been previously reported to be dependent
on the presence of the CD28 pathway.
CD28-deficient DBA/1 mice are resist-
ant to CIA, and combined treatment with
anti-B7-1 and anti-B7-2 monoclonal an-
tibody (mAb) ameliorated the disease,

pointing to a critical role of CD28 co-
stimulation in the development and per-
petuation of CIA in DBA/1 mice (19,
20). However, in a recent study in CD4-
dependent DQS8 transgenic, CD28-de-
ficient mice it was shown that CD28
is not an absolute requirement for the
initiation of CIA (21). CD28-deficient
mice developed a milder disease, with
delayed onset and lower incidence.
This illustrates the point that other co-
stimulatory molecules can lead to the
development of disease in the absence
of CD28 signaling due to the late pro-
duction of Thl and Th2 cytokines. In
experimental allergic (autoimmune)
encephalomyelitis (EAE), the mouse
model for multiple sclerosis, CD28:B7
co-stimulation blockade at the onset of
the disease resulted in the reduction of
EAE due to limited T-cell expansion in
vivo (22, 23). Studies in the MRL-Ipr/
Ipr mouse (a murine model for human
systemic lupus erythematosus [SLE])
have shown that anti-B7.2 Ab therapy
inhibited anti-dsDNA autoantibodies,
whereas anti-B7.1 Ab had no effect,
suggesting that each B7 co-stimulatory
signal may control unique pathological
events in the development of murine lu-
pus that may not be apparent by measur-
ing autoantibody titers alone (24, 25).
The crucial role of CTLA-4 in regulat-
ing T-cell tolerance is highlighted by
the observation that CTLA-4-/- mice
develop a fatal lymphoproliferative
disorder with multi-organ autoimmune
disease (26, 27). CTLA-4 is found to
have an important role in modulating
autoimmune T-cell responses and in
the maintenance of tolerance. Poly-
morphisms of the CTLA-4 gene have
been associated with a susceptibility to
autoimmune diseases such as diabetes
and thyroiditis (28, 29).

Abatacept, or CTLA-4Ig, is a fusion
protein of the extra-cellular binding
domain of human CTLA-4 with the
modified Fc region of human IgGl.
Abatacept specifically binds to B7-1/
B7-2, thereby blocking the engagement
of CD28 on T cells and downregulating
T-cell proliferation (30). Initial results
when used in patients with psoriasis vul-
garis revealed the efficacy and immu-
nosuppressive effects of CTLA-4Ig in
a T-cell mediated autoimmune disease.
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In Phase II and IIT trials of abatacept
in combination with methotrexate in
rheumatoid arthritis (RA) patients with
inadequate response to methotrexate,
statistically significant improvements
were noticed clinically, with reduced
levels of inflammatory mediators and
reduced progression of joint damage
when compared with the methotrexate
group (31-33). Abatacept has now been
approved for the treatment of adult pa-
tients with moderate to severe RA. It
has been shown to be useful in patients
with an inadequate response to meth-
otrexate or anti-TNF therapy. Clinical
trials are underway to examine the ef-
ficacy and safety of CTLA-4Ig in pa-
tients with multiple sclerosis and SLE.
Belatacept (LEA29Y) (34), which was
rationally designed from abatacept,
binds more avidly to CD86, hence pro-
viding more potent immunosuppres-
sion, and is currently in Phase III trials
in renal transplantation.

Recently, novel ‘designer’ approaches
have been used to target CTLA-4 on
activated T cells via genetically en-
gineered B cells, to prevent autoim-
mune diabetes in the NOD mouse. The
mechanism of regulation is thought to
be the prevention of autoreactive T-
cell expansion and the development
of effector function in the pancreatic
lymph nodes (35, 36). This is a new
immunomodulation strategy designed
to prevent or cure autoimmune dis-
eases. Another approach to up-regulate
CTLA-4 would be to target CD45RB,
thus increasing the natural expression
of CTLA-4 in addition to other mecha-
nisms that promote tolerance (37).
Anti-CD45RB mAb has been shown to
prolong renal allografts in cynomolo-
gous monkeys, and is currently in prep-
aration for a Phase I trial with human
renal transplant recipients (36, 38).

ICOS:ICOSL pathway

ICOS is distinct from CD28 in that it is
not constitutively expressed on naive T
cells; however, itis rapidly up-regulated
on T-cell activation, and is found on ef-
fector and memory T cells. ICOS lacks
the MYPPPY motif, and hence does
not bind to B7-1 and B7-2 ligands (39,
40). ICOSL (also called B7h, B7RP-1)
is present on certain APCs (such as B

cells, DCs and macrophages), and can
be induced on non-lymphoid cells (such
as renal tubular epithelial cells, pros-
tate epithelial cells and brain tissue) by
inflammatory signals (41). The role of
ICOS on initial T-cell proliferation and
IL-2 production is minimal, as it does
not possess an SH3-kinase binding
site (PYAP) (42, 43). While the CD28
pathway is involved in these functions,
ICOS signaling is vital for regulating
effector Th2 responses, especially IL-4
expression through a c-Maf (transcrip-
tion factor)-dependent mechanism.
Blockade of ICOS during initial stim-
ulation of naive T cells enhances Thl
differentiation. ICOS has an important
task in enhancing T-cell dependent B-
cell function. This is evidenced by de-
fects in immunoglobulin isotype class
switching and germinal center forma-
tion in the spleens of ICOS-deficient
mice (44-46). This shortcoming can
be overcome by CD40 co-stimulation,
thus suggesting critical interactions
with the CD40:CD40L pathway (47).
The timing of ICOS blockade makes a
significant difference to the course of
an autoimmune disease. In the EAE
model using SJL mice with proteoli-
pid protein, ICOS blockade during the
efferent immune response (9-20 days
after immunization) abrogated disease,
while early blockade during antigen
priming (1-10 days after immuniza-
tion) exacerbated disease (48). It has
been further shown that ICOS block-
ade during antigen priming leads to ex-
cessive PLP-specific splenocyte prolif-
eration and interferon (IFN)-y produc-
tion, resulting in polarization to a Thl
response (49). Recent evidence from
the BDC2.5 transgenic mouse, which
expresses a TCR derived from a diabe-
togenic CD4+T-cell clone, suggest that
ICOS is expressed by IL-10 producing
CD4*CD25" Tregs in the pancreas. This
study showed that the loss of immu-
noregulatory capacity by CD4*CD25*
Tregs is actually the mechanism by
which ICOS blockade functions early
on to accelerate autoimmunity (50).

In stark contrast to EAE, which is ex-
acerbated in ICOS-deficient mice, it has
been shown that ICOS-deficient mice
on DBA/1 background are complete-
ly resistant to CIA (51). These mice

exhibited reduced B-cell responses in
anti-collagen II antibody production. In
addition, ICOS regulates IL-17 expres-
sion, which contributes to the absence
of joint inflammation in the knockout
animals (52, 53). Therefore, anti-ICOS
approaches may provide novel means of
treating patients with RA (54). Howev-
er, the differential roles of ICOS in EAE
and CIA have not yet been elucidated.
In SLE models, ICOS is one of the
forces driving the formation of mem-
ory B cells and plasma cells (55). It
has been shown that the administra-
tion of anti-ICOSL mAb after the on-
set of proteinuria in murine lupus ne-
phritis prevented disease progression
and improved renal pathology by ef-
fectively inhibiting IgG autoantibody
production (56). Though interactions
with ICOS and its ligand are not ab-
solutely essential in the development
of colitis, in collaboration with CD28
Th1l inflammatory cells could be gen-
erated. Treatment with anti-ICOS mAb
has been shown to prevent and reverse
intestinal inflammation by inducing
apoptosis of ICOS-expressing T lym-
phocytes (57, 58). Thus, harnessing
the ICOS pathway, especially in com-
bination therapies, could prove to be a
promising therapeutic target in various
autoimmune diseases.

PD:PDLI pathway

PD-1 is a transmembrane protein of
the Ig superfamily that possesses two
tyrosine residues within its cytoplas-
mic domain. Though the presence of
the immunoreceptor tyrosine-based
inhibition motif (ITIM) indicates that
it should serve to inhibit immune re-
sponses, mutagenesis studies suggest
that the tyrosine within the immunore-
ceptor tyrosine-based switch motif
(ITSM) is required for the inhibitory
activity of PD-1 (59-61). PD-1 also
lacks the MYPPPY motif required for
B7-1 and B7-1 binding.

PD-1 is expressed during thymic de-
velopment on double-negative (CD4
CDS8") thymocytes. Peripherally, PD-1
is upregulated on activated CD4* and
CD8* T cells, B cells and monocytes.
PD-1 engages with PDL1 and PDL2
ligands, which have distinct patterns
of expression. PDL1 is expressed on



resting, activated T cells, B cells and
DCs, and on non-lymphoid organs such
as endothelium, heart, placenta, pan-
creas and lungs. The presence of PDL1
within non-lymphoid tissues suggests
that PDL1 regulates self-reactive T or
B cells in peripheral tissues, and may
regulate inflammatory responses in the
target organs (7). In contrast, PDL2 is
induced by cytokine only on macro-
phages and DCs (62). PD-1 functions
as a co-inhibitory receptor; depending
on their genetic background, strains
of the knockout mice exhibit vari-
ous autoimmune disorders (63). PD-1
deficient mice on a C57BL/6 back-
ground develop lupus-like arthritis
and glomerulonephritis, while on the
BALB/c background they show fatal
dilated cardiomyopathy (41, 64).

In the spontaneous autoimmune diabe-
tes model (NOD mice), PD-1 and PDL1
blockade (but not PDL2 blockade)
strikingly accelerated the time-of-onset
of disease (65). PDL1 expression was
found on the inflamed islets and more
recently, with our collaborators we
have demonstrated that it is the PDL1
expression on parenchymal cells rather
than hematopoietic cells that protect
mice against diabetes (7). In this mod-
el, our experiments also indicated that
CTLA-4 regulation is restricted to the
initial phase of the disease, while the
PD-1:PDLI1 pathway plays a major role
in both the initiation and the progres-
sion of disease. In keeping with these
findings, PDL1 knockout mice on the
NOD background developed diabetes
rapidly at 4-6 weeks, as opposed to
wild-type NOD mice, which typically
show diabetes at 12—-14 weeks of age
(7, 66). Interestingly, PDL2 but not
PDL1 blockade augmented EAE in
C57BL/6 mice, with minimal and de-
layed expression of PDL2 in the central
nervous system (CNS) (67). Recently,
there has been evidence from our group
that PDL1 and PDL2 differentially
regulate the susceptibility and chronic
progression of EAE in a strain-specif-
ic manner; as in the case for BALB/c
mice immunized with MOG peptide,
PDL1 but not PDL2 blockade signifi-
cantly increased the incidence of EAE
(68). It has also been shown that in
mice with EAE, PDL1 is upregulated
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on endothelium in the brain (69). Re-
cent studies of patients with SLE and
type 1 diabetes have revealed the asso-
ciation of an intronic single nucleotide
polymorphism of PD-1 with increased
risk of the disease (70, 71).

B7-H3 (B7RP-2)

B7-H3, a new member of the B7 fam-
ily, is broadly expressed in lymphoid
and non-lymphoid organs (72). Though
B7-H3 mRNA is not detectable in hu-
man peripheral blood mononuclear
cells, its expression can be induced
by inflammatory cytokines on T cells,
B cells, natural killer (NK) cells,
monocytes and DCs (73, 74). Solu-
ble B7-H3 protein binds a putative, as
yet unidentified receptor on activated
T cells, which is distinct from known
CD28 family members.

There is still uncertainty regarding the
stimulatory/inhibiting function of B7-
H3. Initial studies have shown that hu-
man B7-H3Ig fusion protein co-stimu-
lated CD4* and CD8* T-cell prolifera-
tion and enhanced IFN-y production
and the cytotoxic activity of CD8* cells
(72). Recent studies on B7-H3-/- mice
have supported a co-inhibitory func-
tion, as these mice have an earlier on-
set of EAE and developed anti-DNA
autoantibodies (75). B7-H3-/- mice,
under Thl- but not Th2-polarizing
conditions, developed severe airway
inflammation as opposed to wild-type
control mice, and showed increased
T-cell responses. Overall, these stud-
ies indicate that B7-H3 negatively
regulates the T-cell responses that oc-
cur under Thl-polarizing conditions.
Further studies are needed to resolve
this controversy, but such inhibitory
and stimulatory functions of B7-H3
could be explained by the existence of
two receptors with opposing functions,
such as CD28 and CTLA. On the other
hand, this discrepancy could also be
a result of B7-H3 mediated signals in
different cell types.

B7-H4 (B7x/B7S1)

B7-H4, a novel addition to the B7 fam-
ily, is anchored to the cell membrane
via a glycosyl phosphatidylinositol
(GPI) linkage and works as a nega-
tive regulator of CD4*, CD8* T cells,
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and B cells (76). It can be induced on
human T and B cells, DCs and mono-
cytes after in vitro stimulation (77, 78).
Immunohistochemical staining shows
that B7-H4 is highly expressed in lung
and ovarian tumors, suggesting its
potential role in the evasion of tumor
immunity (77). Its receptor, which is
likely to be on activated T cells, has
not yet been identified. B7-H4 ligation
of T cells has a profound inhibitory ef-
fect on T-cell proliferation, cytokine
secretion and the development of cyto-
toxicity. Functional studies with B7-
H4 Ig demonstrate arrest in the GO/G1
phase of the cell cycle with inhibition
of IL-2 production, while anti-B7-H4
blocking mAb has opposing effects
(79). Anti-B7-H4 blocking mAb mark-
edly accelerated the onset and severity
of EAE and increased CD4*, CD8* T
cells and CD11b+ macrophages in the
brains of the treated mice (41). Recent
studies have shown that ectopic ex-
pression of B7-H4 can render macro-
phages suppressive (80, 81). IL-6 and
IL-10 are found in high concentrations
in the tumor microenvironment, and
stimulate macrophage B7-H4 expres-
sion, while IL-4 and granulocyte-
macrophage colony-stimulating factor
(GM-CSF) strongly suppress it. These
tumor macrophages strongly express
B7-H4, and inhibit tumor-associated
antigen (TAA)-specific T-cell immu-
nity. This group also showed that Tregs
trigger high levels of IL-10 production
by APCs, stimulate APC B7-H4 ex-
pression, and render APCs immuno-
suppressive (80). Therefore, one can
expect that targeting B7-H4 may be a
novel strategy to inhibit Treg-mediated
suppression in vivo.

BTLA

B- and T-lymphocyte attenuator (BTLA)
is induced on T cells upon activation
and remains predominantly expressed
on Th1 cells, in contrast to ICOS, which
is upregulated on Th2 cells. BTLA is
also expressed on resting and acti-
vated B cells, macrophages and bone
marrow-derived myeloid DCs (82).
Recently, herpes virus entry mediator
(HVEM) has been demonstrated to be
the ligand for BTLA (83, 84). This in-
teraction reveals the existence of cross-
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talk between BTLA (which belongs to
the CD28 family) and HVEM (which is
from the TNFR family) that culminates
in the termination of T-cell responses
(85-87). HVEM is detected on resting
T cells and immature DCs. BTLA-
deficient T cells proliferate more than
wild-type T cells when stimulated by
anti-CD3 mAb. BTLA-deficient mice
have an increased susceptibility to
MOG peptide-induced EAE, which
further illustrates its inhibitory nature.
BTLA may specifically downregulate
Thl-mediated inflammatory responses
(82). Of the three inhibitory receptors
(CTLA-4, PD-1, and BTLA) CTLA-4
deficient mice show the most striking
lymphoproliferative phenotype, while
BTLA deficiency shows a subtle phe-
notype characterized by an increased
predisposition to autoimmunity. PD-1
deficiency, depending on the genetic
background of the mouse, results in or-
gan-specific autoimmunity. These data
suggest a non-redundant hierarchical
regulation of autoimmune responses by
T-cell co-inhibitory pathways.

The TNF:TNFR family
CD40:CD40L (CD154) pathway

The CD40:CD154 pathway represents
a prototype within the TNF:TNFR fam-
ily of co-stimulatory molecules. CD40
is expressed on APCs and binds to its
ligand CD154, which is upregulated on
T cells upon antigen recognition. CD40
plays an important role in the activa-
tion and maturation of B cells and DCs
(88, 89). CD40:CD154 interactions en-
hance the ability of APCs to present
antigen and activate the T cell. Hence,
in the absence of this interaction there
is impairment of CD4* effector cells,
a lack of Ig switching, and inhibition
of IL-12 and Thl cytokine expres-
sion (90). Presently it is believed that
CDA40L engagement of CD40 on APCs
increases the expression of B7 mole-
cules on APCs, thereby amplifying the
T-cell response (91).

Blocking CD40L has been shown to
prevent autoimmune diseases in sev-
eral experimental models (92). In the
CIA model, anti-CD154 blocks the
development of joint inflammation, se-
rum antibody titers to collagen, and the
infiltration of inflammatory cells into

the sub-synovial tissue. Subsequently,
it was demonstrated that there is en-
hanced expression of CD40L on lym-
phoid cells within human rheumatoid
joints and synovial fibroblasts, which
stimulates the production of TNF-a
to induce articular erosion (93). Anti-
CD40L mAb, which blocks the CD40:
CD154 pathway, was found to delay
murine lupus nephritis when given ear-
ly (94). However, when CTLA-4Ig was
combined with blocking anti-CD40L
mAb, there was long-lasting inhibition
of autoantibody production and renal
disease (95).

In the autoimmune diabetes (NOD)
mouse model, anti-CD40L was found
to be effective only when given early in
the development of insulitis (96). How-
ever, the recurrence of autoimmunity (in
transplanted isografts) was diminished
after treatment with anti-CD154 anti-
body, with the effect being more pro-
nounced in rats than in mice (97, 98).
There is a reduced frequency of inflam-
matory, encephalitogenic T cells in the
absence of CDI154 in the EAE model
(99). There is also in vivo evidence that
CDA40 expression in CNS endogenous
cells is responsible for the migration and
retention of effector T cells in the CNS
of mice during EAE. Despite promising
results using anti-CD154 mAb (hu5C8)
in rodent models of autoimmunity and
transplantation, therapy with human-
ized anti-CD154 mAb in humans pro-
duced thromboembolic complications.
It has been shown that platelets express
CD154 both on the surface and in a sol-
uble form, which on activation plays a
potential role in thrombus formation and
the stabilization of arterial thrombi (100,
101). Anti-CD40 mAb, which may not
show these complications, are currently
in preclinical development (102).

0X40 (CD134):0X40L (CD134L)
pathway

Expression of OX40 is typically re-
stricted to activated T cells, largely on
CD4* T cells, but upon strong antigenic
stimulation OX40 can also be induced
on CD8* T cells (103, 104). CD28 aug-
ments OX40 expression on T cells,
which typically peaks 48 hours after in
vitro activation and wanes after 72-96
hours (105). OX40L is expressed on
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activated B cells, DCs and vascular
endothelial cells. OX40 and its ligand
have also been detected in the inflamed
tissues of autoimmune disorders such
as EAE, ulcerative colitis and RA
(106). The engagement of OX40 to its
ligand signals the T cells to proliferate
and enhance cytokine production, and
increases the formation of memory
T cells (107, 108). It improves T-cell
survival by sustaining the gene ex-
pression of anti-apoptotic Bcl-2 fam-
ily members (109). The OX40 and
OX40L interaction is needed for the
induction of EAE in mice; blocking
this interaction reduces the disease,
especially in CD28-deficient mice
or when combined with CTLA-4Ig
(110, 111). Blockade of the OX40:
OX40L interaction also reduces the
severity of CIA and models of colitis
(112, 113). OX40L-deficient mice on
a NOD background did not develop
diabetes (114). This study found that
the OX40:0X40L axis may be instru-
mental in orchestrating the late phases
of autoimmune infiltration, allowing
for the long-term establishment of an
insulitic lesion.

Recent studies have shown the expres-
sion of OX40 on naive and activated
CD4+*CD25* Tregs; stimulation of
0X40 on CD4*CD25* T cells using an
agonistic antibody abrogated the sup-
pressive function of these cells (115).
OX40L strongly inhibited the produc-
tion and functioning of IL-10 produc-
ing Trl cells induced by ICOSL and
immature DCs (116). Cumulatively,
these findings suggest that in addi-
tion to controlling effector/memory
T-cell numbers, OX40 directly controls
Treg-mediated suppression of immune
responses. Thus, timing and dosing
needs to be carefully considered when
planning future clinical trials with hu-
man OX40L mAb and human OX40 Ig
fusion protein.

4-1BB:4-1BBL pathway

4-1BB is an inducible member of the
TNFR superfamily, and is chiefly ex-
pressed on activated T cells, NK cells
and DCs. Its ligand, 4-1BBL, has been
detected on activated T and B cells,
macrophages and mature DCs (103).
This pathway, similar to ICOS and



0X40, is important for the mainte-
nance of T-cell responses rather than
for initiating T-cell expansion, espe-
cially for CD8* T cells. 4-1BB ligand
knockout mice have deficient CD8 T-
cell responses to viral infections, sug-
gesting that this pathway is required
for optimal CDS8 T-cell responses and
survival (117). 4-1BB:4-1BBL inter-
actions have been noted to control
the survival of CD8 effector memory
cells through IL-15. Indeed, IL-15, a
cytokine involved in the regulation of
CD8* memory T-cell survival, induces
the expression of 4-1BB on memory
CDS8 cells (118). Anti-4-1BB therapy
in a mouse lupus model has been found
to inhibit dsDNA antibody and con-
sequently to block immune complex
formation in kidneys. These data also
indicated that 4-1BB engagement in
lupus-prone mice alters DC function,
leading to anergy of CD4*T cells that,
in turn, reduce autoantibody produc-
tion. These mice, with a few injections
of the antibody, remained lupus free for
about 1 year post-treatment (119).
Administration of agonistic anti-4-1BB
antibodies is known to enhance tumor
immunity and allergenic responses. In
contrast, when administered in EAE,
these antibodies remarkably reduce the
incidence and severity of the disease
(120). This result has been explained by
the observation that anti-4-1BB treat-
ment initially promotes CD4* T-cell
proliferation, but subsequently acceler-
ates their activation-induced cell death
(AICD) (121). Therefore, the engage-
ment of 4-1BB by an agonistic Ab may
provide a novel approach to effectively
deplete autoreactive T cells, especially
CD8* T cells.

CD27:CD70 pathway

CD27 is present on NK cells, B cells
and naive T cells. CD27 expression
on activated T cells is lost after many
rounds of cell division, and this loss
of CD27 correlates with high levels of
effector function. Its ligand, CD70, is
found on activated T and B cells and
DCs (5). CD27 interacts with its lig-
and to induce TNF-a production and
cytotoxic T-lymphocyte effectors, and
enhance T-cell survival. While CD28
promotes cell division, CD27 helps
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T-cell expansion by allowing the T
cells to survive through successive
divisions. Transgenic mice expressing
CD70 show elevated numbers of CD4
and CDS8 effector T cells, enhanced
CD8 T-cell responses to influenza vir-
us, and increased IFN-y secretion by
T cells (123). CD27-deficient mice
have demonstrated defective memory
T-cell responses, as reflected in an
impaired response to influenza virus
(122). Treatment with anti-CD70 an-
tibody prevents EAE in SJL/J mice,
mainly by suppressing the generation
of TNF-a (124). In transplant models,
CD70 prevented CD8* T-cell mediated
rejection by inhibiting the prolifera-
tion, activation and expansion of CD8*
effector/memory cells. Hence, like the
4-1BB pathway, CD27:CD70 may be
a potential target for the development
of improved strategies to overcome re-
sistance to tolerance mediated via CD8
T cells.

CD30 /CD30L pathway

Although CD30 was originally found on
Reed-Sternberg cells in Hodgkin’s lym-
phoma, it is also expressed on activated
T cells, B cells and NK cells, as well as
eosinophils (125). CD30L is found on
resting B cells, activated T cells, eosi-
nophils, neutrophils and inflamed tis-
sues (103). In vitro studies have shown
that engagement of CD30 by its lig-
and enhances T-cell proliferation and
cytokine production. CD30 has been
implicated as a possible candidate for
1dd9.2, a gene controlling diabetes pro-
gression (126, 127). Anti-CD30L mAb
markedly inhibited the development of
spontaneous diabetes in NOD mice, and
prevented islet-specific T-cell prolifera-
tion (128). Further studies are required
to scrutinize the defects in CD30 knock-
out mice, and to plan the development
of therapy with antibodies in humans.

The T-cell immunoglobulin and
mucin-domain family

The TIM family of genes, which con-
sists of TIM 1-8 on mouse chromo-
some 11B1.1 and TIM 1, 3 and 4 on hu-
man chromosome 5q33.2, is a group of
cell-surface proteins that have recently
been shown to play an important role in
regulating immune-mediated diseases,

S-17

especially autoimmunity and asthma/
allergy (129, 130). TIM-3, the first iden-
tified molecule of the TIM family, is ex-
pressed on terminally differentiated Th1
cells (131) and its ligation with galec-
tin-9 serves to dampen Thl immunity
by eliminating Th1 effector cells (132,
133). Initial studies with anti-TIM-3
antibody treatment exacerbated EAE
(131). Interestingly, Th-17 cells (IL-17
expressing pathogenic cells) express
low levels of TIM-3, and are thought to
be less susceptible to the negative regu-
lation of the TIM-3—galectin-9 pathway
(134). Recent data, which await further
exploration, have proposed the TIM-
3 dependent upregulation of B7-1 on
APCs and CTLA-4 on T cells (135). In
contrast to TIM-3, murine TIM-2, an
ortholog of human TIM-1, is preferen-
tially expressed on differentiated Th2
cells and regulates Th2 responses dur-
ing autoimmune inflammation (136).
Human TIM-1 originally was identified
as a hepatitis A viral cellular receptor,
and epidemiologic studies have linked
protection against atopy and asthma
to hepatitis A virus infection (137).
TIM-4, which is predominantly ex-
pressed on mature DCs, is the natural
ligand for TIM-1 (138). Studies with
TIM-4.Ig have shown that the TIM-4:
TIM-1 interaction could potentially
co-stimulate T-cell proliferation, espe-
cially Th2 (129). Thus, close scrutiny
of the TIM pathway, along with further
understanding of the mechanisms by
which they regulate Th1 and Th2 effec-
tor functions, and possibly Tregs, could
indicate a potential therapeutic target in
chronic autoimmune diseases (130).

Conclusions

The last decade has witnessed tremen-
dous progress in the discovery and
characterization of novel T-cell co-
stimulatory pathways, in addition to
the increased understanding of conven-
tional pathways. Inhibition of the CD28
co-stimulatory pathway has emerged
as a rational therapeutic strategy for se-
lectively modulating full T-cell activa-
tion. Innovative technology in protein
engineering has enabled the creation
of abatacept (CTLA-4Ig), which has
now been approved for the treatment of
moderate to severe RA, and could have
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a potential role in the treatment of other
T-cell mediated autoimmune diseases.
However, complex but balanced inter-
actions between positive (co-stimula-
tory) and negative (co-inhibitory) path-
ways are required for the maintenance
of self tolerance. This issue becomes
further complicated by the parenchy-
mal expression of several co-stimulato-
ry molecules and the intricate interac-
tions between different pathways in the
inflammation of target organs. While
the CD28/CTLA-4 pathway appears to
be dominant, the question of redundan-
cy versus hierarchy among the many
other co-stimulatory pathways needs to
be further clarified. Although emerging
data suggest that a pecking order does
exist for the different pathways at vari-
ous stages of the immune response and
at distinct tissue sites, these points need
to further explored.

Despite these complexities, the precise
tailoring of agents to block the positive
co-stimulatory pathway while harness-
ing the negative pathways at appropri-
ate time points in the disease process
may provide unique opportunities for
the treatment of autoimmune disease.
Further studies are needed to pin down
the key players at the crucial time
points of pathogenesis in order to trans-
late these agents into more successful
clinical therapies.

Key points box

T cells require both antigen-spec-
ific and co-stimulatory signals for
their full activation

e The CD28/CTLA-4:B7 pathway is
one of the best characterized and
most critical pathways for T-cell
activation. Manipulation of this
pathway using CTLA-4Ig (abata-
cept) has already been shown to be
effective in rheumatoid arthritis

* Members of the TNF/TNFR family
— CD40:CD40L being the classic
prototype — are emerging as key
mediators of survival signaling in
T cells after initial CD28-depend-
ent T-cell activation

* The role of co-inhibitory pathways
such as PD-1, B7H3, B7H4 and
BTLA have been shown to attenu-
ate T-cell responses and promote
T-cell tolerance. Their parenchy-
mal expression may regulate key
immune responses in peripheral
target tissues

* A complex but intricate balance
between the co-stimulatory and
co-inhibitory pathways is required
to maintain self tolerance

* The precise tailoring of agents to
block the positive co-stimulatory
signal while exploiting the co-in-
hibitory pathway may prove useful
in treating autoimmune diseases
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