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Negative or inhibitory costimulatory pathways regulate T cell activation and play a role in peripheral tolerance. Targeting
these pathways harnesses the physiologic mechanisms of regulating autoimmunity and could prove beneficial for the
therapy of autoimmune diseases. However, attempts at targeting these pathways have been fraught with difficulties. In
this issue of the JCI, Fife et al. describe a creative approach for targeting CTL-associated antigen 4 (CTLA-4) on activated
T cells via genetically engineered B cells to prevent autoimmune diabetes in the NOD mouse (see the related article
beginning on page 2252). Novel “designer” strategies targeting negative costimulatory pathways provide reasons for
optimism in the search for a cure for devastating autoimmune diseases.
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lymphoid tissues, not to induce autophagy 
(reviewed in ref. 17). Indeed, Espert et al. 
noted  that  SDF-1  was  unable  to  trigger 
autophagy in their assays (4), indicating that 
the binding of HIV envelope glycoproteins to 
CXCR4 induces distinct intracellular signal-
ing events compared with the natural ligand 
(Figure 1). These findings raise the possibility 
that viral proteins may selectively transduce 
signals through chemokine receptors that 
redirect the target cell away from its normal 
function and toward a cell suicide program 
driven by autophagy activation.

Conclusion
Espert  et  al.  (4)  report  a  very  intrigu-
ing  observation,  namely  that  the  HIV 
envelope  glycoprotein  induces  CXCR4-
dependent autophagy of uninfected lym-
phocytes, which is required for both cas-
pase-dependent, apoptotic cell death and 
caspase-independent,  nonapoptotic  cell 
death. This work eloquently  establishes 
that  autophagy  can  function  upstream 
of apoptosis in cell death signaling, that 
a viral envelope glycoprotein can trigger 
autophagy-dependent bystander cell death 
by binding to a cell surface receptor, and 
that a chemokine receptor can activate an 

autophagy-dependent death program in 
response to engagement by a viral protein. 
Future studies will be needed to determine 
whether  the  HIV  envelope  glycoprotein 
mediates autophagy-dependent cell death 
in bystander CXCR4-expressing CD4+ lym-
phocytes in HIV-infected patients and the 
relative contribution of this process to the 
progressive decline in numbers of CD4+ T 
cells in patients with AIDS.
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Evolution of the concept  
of costimulation: positive and 
negative costimulatory signals
In the early 1970s, Bretscher and Cohn pro-
posed the 2-signal model for lymphocyte, 
specifically B cell, activation (1). Lafferty 
and colleagues later extended this model 

to T cell activation (2, 3). Realization that 
efficient T cell activation requires 2 signals 
(first, signal 1, an antigen-specific signal 
mediated via the TCR; second, signal 2, a 
noncognate costimulatory signal)  led to 
the search for the costimulatory signal and 
identification of the CD28-B7 pathway in 
the early 1990s (4, 5).

Soon after the discovery of the CD28-B7 
positive costimulatory pathway, it became 
apparent  that  CTL-associated  antigen  4 
(CTLA-4), a second inducible receptor that is 
homologous to CD28 and binds with higher 
affinity to B7-1 and B7-2, could function as 
a negative regulator of T cell activation (6, 
7). CTLA-4 is also constitutively expressed 
on Tregs (8) and is important for their func-
tion (9–11) and generation (12, 13) while 
CD28 signaling is critical for Treg homeo-
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stasis (14). In addition, CTLA-4–mediated 
negative signaling is required for establish-
ing peripheral tolerance (15–19).

Over  the  past  15  years,  studies  have 
focused on targeting the CD28-B7 path-
way to induce tolerance in autoimmunity 
(20) and transplantation (21). Recently, the 
fusion protein CTLA-4Ig, which binds B7-1 
and B7-2 and blocks CD28-B7 costimula-
tion, has been approved for the treatment 
of rheumatoid arthritis (22), and it is cur-
rently being tested in several other human 
autoimmune diseases. The second-genera-
tion fusion protein LEA29Y is in clinical 
development  for  organ  transplantation 
(23). However, indiscriminate blockade of 
both CD28 and CTLA-4 raises the poten-
tial concern that this strategy may inter-
fere with tolerance induction and restrict 
the therapeutic potential of CTLA-4Ig (14). 
Admittedly, selective targeting of CTLA-4 
and other negative T cell  costimulatory 
pathways to induce tolerance in vivo is not 
without difficulties (see below).

A new designer approach  
for targeting CTLA-4
In this issue of the JCI, Fife et al. describe 
a novel approach for targeting CTLA-4 on 
activated T cells in order to inhibit auto-
immune  responses  in  the  NOD  mouse 
(24). They accomplished this by selectively 
expressing  a  single-chain,  membrane-
bound anti–CTLA-4 antibody (scFv) on B 
cells. B cells from scFv transgenic mice not 
only inhibited T cell responses to antigen 
presented by these B cells in vitro and in 
vivo but also conferred significant protec-
tion against disease  in  the NOD mouse 
model  of  autoimmune  diabetes.  The 
mechanism of regulation is thought to be 
the prevention of autoreactive T cell expan-
sion and development of effector function 
in the pancreatic lymph nodes. This system 
takes advantage of CTLA-4 engagement by 
transgenic B cells in the lymph node, where 
CTLA-4 is thought to exert its effects on 
activated T cells (25). The protection was 
seen even in a system relatively deficient of 
regulatory cells and in which there was no 
restoration of these cells upon expression 
of scFv on B cells of NOD.B7 DKO mice, 
indicating the independence of this mecha-
nism from Tregs. On the other hand, the 
superior protection of standard NOD mice 
from  diabetes  compared  with  the  Treg-
deficient NOD.B7 DKO model may sug-
gest that transgenic B cells mediate some 
of  the  protective  effect  by  engagement 
of CTLA-4 on Tregs and enhancement of 

their function. The incomplete protection 
from diabetes may be due to interaction 
of autoreactive T cells with other APCs. 
Nevertheless, this strategy presents a novel 
designer approach to specifically immu-
nomodulating an autoimmune response. 
Whether this strategy will be successful in 
restoring tolerance to autoantigens after 
the establishment of overt autoimmunity 
remains to be seen.

Challenges to targeting negative 
costimulatory pathways
Location is important. Recently, novel CD28 
family  members,  including  ICOS,  pro-
grammed  death-1  (PD-1),  and  B  and  T 
lymphocyte attenuator (BTLA), and new 
B7 family members, including ICOS ligand 
(ICOSL)  (also  known  as  B7-H),  PD-1  
ligand  (PD-L1)  (also  known  as  B7-H1), 
PD-L2 (B7-DC), B7-H3, and B7-H4, hav-
ing varied expression patterns among both 
lymphoid and nonlymphoid  (parenchy-
mal) tissues, have been described, provid-
ing further insight into the complexity of 
the functions of T cell costimulatory path-
ways (26, 27). Until recently, the regulation 
of the immune response by costimulatory 
molecules was thought to occur exclusive-
ly in the lymphoid organs at the time of 
the priming of the T cells by APCs and/or 
in the target organs by the interaction of 
infiltrating T cells with APCs. The expres-
sion of B7-1 and B7-2 is largely restricted 
to professional APCs while the novel B7 
family members, including ICOS ligand, 
PD-L1,  and  PD-L2,  have  a  much  wider 
expression pattern,  including parenchy-
mal tissue of the islets, heart, brain, and 
placenta (28–30). We have recently demon-
strated that tissue expression of the inhibi-
tory molecule PD-L1 on islet cells mediates 
T cell tolerance by regulating the autoim-
mune response in the target tissue and at 
sites of inflammation (31).

Timing is important. Another complicating 
factor in targeting costimulatory pathways 
for the prevention or cure of autoimmune 
diseases is the differential response of the 
disease to the same intervention at different 
stages of disease. For example, in a NOD 
mouse  model  of  autoimmune  diabetes, 
CTLA-4 blockade precipitated disease only 
when administered prior to the onset of 
insulitis, indicating that this pathway may 
be operative only in the induction phase of 
the disease (25, 28). Conversely, one might 
speculate that, while strategies targeting 
the CTLA-4 pathway during the induction 
phase of the disease may be effective, later 

administration, especially after the estab-
lishment of overt diabetes, may not be able 
to restore T cell tolerance to the islet anti-
gens. However, this requires further inves-
tigation since it  is possible that CTLA-4 
negative  regulation  may  continue  to  be 
operative within the target organ through 
its function in Tregs. In contrast to CTLA-4,  
PD-1 pathway blockade precipitated diabe-
tes when an anti–PD-L1 mAb was admin-
istered at any time point throughout the 
lifespan  of  the  NOD  mouse,  indicating 
that  this  pathway  is  operative  during 
induction and progression of the autoim-
mune response (28). Therefore, it is impor-
tant to choose to target the appropriate 
pathway at  the appropriate stage of  the 
autoimmune  response  and  disease  pro-
cess in order to obtain the desired optimal 
outcome. In this regard, studies to address 
interactions among the negative pathways, 
such as those involving CTLA-4:B7 versus 
PD-1:PDL1/2, vis-à-vis timing and locale of 
intervention will be valuable in the devel-
opment  of  novel  approaches  to  obtain 
optimal  results  from  targeting  negative 
costimulatory molecules.

Potential novel approaches  
to harnessing negative regulatory 
pathways to prevent or cure 
autoimmune diseases
First, an ideal therapeutic approach from 
the standpoint of ease of use in a clinical 
setting  would  be  to  develop  biologicals 
(e.g.,  antibodies/fusion  proteins)  that 
deliver a negative  signal via  the various 
inhibitory costimulatory pathways (Figure 
1). However, this approach has proven to 
be difficult, as researchers have not been 
able to develop a reliable signaling biologi-
cal reagent, particularly for in vivo systems.  
T  cell  costimulatory  molecules  deliver 
either a positive or a negative signal only in 
conjunction with a TCR-mediated signal 
that is enhanced or dampened, respective-
ly. Thus, CTLA-4 signaling requires cross-
linking of CTLA-4 with its ligands, B7-1 
or B7-2, in conjunction with TCR engage-
ment (32, 33). Accordingly, to be able to 
deliver the appropriate physiological sig-
nal by a biological, the agent must be able 
to cross-link its target receptor together 
with the TCR signal both temporally and 
spatially. Bluestone and colleagues have 
previously reported that coordinate liga-
tion of CTLA-4, with cell surface–linked, 
single-chain anti–CTLA-4 antibody, and 
TCR on the same APC (in cis) is essential 
for signal attenuation (34).
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One  potential  approach  would  be  to 
develop a bispecific antibody to simulta-
neously engage the relevant antigen and 
an inhibitory receptor (35). This approach 
has been demonstrated to be effective in 
an experimental mouse model of thyroid-
itis utilizing bispecific antibodies against 
thyroid-stimulating hormone and CTLA-4  
(36). A major limitation of this strategy, 
however, is the need to identify immuno-
dominant antigens for each disease and 
then  generate  disease-specific  reagents 
targeting that particular antigen and an 
inhibitory receptor simultaneously. A sec-
ond  approach  would  be  to  target  other 
molecules,  such  as  CD45RB,  which  has 
been shown to promote tolerance by actu-
ally  augmenting  natural  expression  of 
inhibitory receptors (e.g., CTLA-4 in the 
case of anti-CD45RB) that in turn mediate 
tolerance in vivo (37–39).

A third approach is related to the dis-
covery  of  a  novel  isoform  of  CTLA-4, 
ligand-independent CTLA-4 (liCTLA-4), 
which lacks the B7-binding domains. This 
isoform is highly expressed on memory/
regulatory T cells and has been described 
as inhibiting T cell responses. Recent evi-
dence suggests that genetic variations of 
the expression of alternative spliced forms 
of CTLA-4 may contribute to susceptibil-
ity to autoimmunity (40). This discovery 
may provide the rationale to develop new 
immunomodulatory therapies for autoim-
munity and other immune-mediated dis-
eases. In addition, better understanding of 

Figure 1
Schematic of potential approaches to har-
nessing negative regulatory pathways for the 
prevention or cure of autoimmune diseases. 
(A) Potential strategies operating within the 
lymphoid organs include the following: bio-
logicals delivering a negative signal through 
the inhibitory receptors (IRs) on activated T 
cells (i); antibodies targeting other molecules 
(ii), which in turn enhance expression and 
function of negative costimulatory receptors 
on activated T cells; bispecific antibodies (iii) 
targeting TCR and inhibitory receptors simul-
taneously, thereby delivering a negative sig-
nal; gene therapy (iv) or “coating” (v) of APCs 
using ligands or antibodies targeting inhibi-
tory receptors. (B) Potential strategies oper-
ating within the parenchyma of target organs 
include the following: gene therapy of target 
tissue (e.g., islets) and passenger APCs, 
with ligands or antibodies targeting inhibitory 
receptors (i); coating or “decoration” of target 
tissue (e.g., islets) and passenger APCs with 
ligands of inhibitory receptors (ii).
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the intracellular signaling pathways uti-
lized by negative costimulatory molecules 
(ligand dependent or independent) may 
allow the development of small molecules 
that effectively target these pathways for 
therapeutic purposes.

A fourth approach would be to utilize 
gene therapy to target expression of the 
construct described by Fife et al. (24) or 
ligands  of  other  inhibitory  receptors, 
such as PD-1, on APCs, including macro-
phages, dendritic cells, and B cells. This 
approach could perhaps even be extended 
to parenchymal tissue, for example, the 
islets,  in the context of  islet  transplan-
tation for autoimmune diabetes. A fifth 
approach  would  be  to  “decorate”  the 
membrane of APCs or graft tissue with 
inhibitory molecules utilizing a method 
for biotinylation of cell membranes and 
“coat” the membrane with chimeric pro-
teins comprised of streptavidin and an 
inhibitory molecule. This seems to be a 
promising strategy, and as proof of prin-
ciple, such an approach has been demon-
strated to be effective in the prevention of 
islet allograft rejection by targeting the 
Fas/Fas ligand pathway (41).

Conclusion
Over the past 2 decades, the concept of T 
cell  costimulation has evolved  from the 
basic principle that T cells require a second 
costimulatory signal for full activation to 
the knowledge that costimulatory signals 
can both enhance  (positive) and  inhibit 
(negative) T cell activation and that some 
of the costimulatory receptor ligands are 
expressed not only on APCs but also on 
parenchymal cells that may be important 
in  regulating  immune  responses  in  the 
target organ (26). As a result of these com-
plexities, targeting negative costimulatory 
pathways to inhibit immune responses has 
proven to be tricky and challenging but at 
the same time has opened new opportu-
nities for developing novel approaches of 
immunomodulation  to  prevent  or  cure 
autoimmune diseases.
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