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B Abstract

T cell activation is a complex process that requires a multi-
tude of interactions between antigen-presenting cells (APC)
and T cells. The primary signal is provided via the binding
of the antigen (Ag) presented by the major histocompatibil-
ity complex (MHC) on an APC and the T cell receptor
(TCR). This signal determines the specificity of the immune
response but it is not sufficient to mount an effective anti-
gen-specific immune response; co-signals are additionally
required for that purpose. These co-signals are costimulatory
pathways that can be either positive or negative and conse-
quently determine the nature of the immune response. The
B7-1/2/CD28 costimulatory axis is one of the most exten-
sively studied positive signaling pathways, and it has been

shown that this signal leads to a robust T cell activation,
proliferation and survival. In this article we discuss the re-
cently described PD-1/PD-L1/PD-L.2 costimulatory axis,
whose role in pancreatic autoimmunity is only just becoming
more deeply understood. The blockade or deficiency of PD-
1 leads to an exacerbation of diabetes, signifying that the
role of PD-1 is to provide negative signals to T cells. On the
other hand, the PD-1 ligand, PD-L1, has been shown to
provide both positive and negative signals. The prediction of
the existence of a non-PD-1 receptor on T cells capable of
transmitting positive signals further adds to the complex na-
ture of this costimulatory pathway.
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Basic properties of PD-1 and PD ligands
g) D-1 (programmed death-1) is a type 1 transmem-

brane protein and its extracellular region contains
a single immunoglobulin V (IgV) domain. Its cyto-
plasmic region has two tyrosines, each of which consti-
tute an immunoreceptor tyrosine-based inhibition mo-
tif (ITIM) and an immunoreceptor tyrosine-based
switch motif ITSM) [1]. It is the ITSM that is required
for the inhibitory activity of PD-1. PD-1 exists as a
monomer on cell surfaces due to the lack of mem-
brane proximal cysteine [2]. Co-localization of PD-1
with TCR/CD28 on T cells is essential for its inhibi-
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tory function that involves the CD28-mediated activa-
tion of phosphatidylinositol-3-kinase (PI3K) [3]. PD-1
can be induced, not only on CD4 and CD8 T cells, but
also on B cells and myeloid cells. NK-T cells have also
been shown to express low levels of PD-1. During
thymic development, PD-1 is predominantly expressed
on CD4-CD8- T cells and also on double negative y8 T
cells [4]. On the other hand, there is also some evi-
dence in support of the role of PD-1 as a regulator of
positive selection [5]. PD-1-deficient mice exhibit an
overactivation of immune responses and thus supports
the development of autoimmune diseases in depend-
ence of the genetic background [6-8]. Also, PD-1
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knock-out mice display a more vigorous T cell re-
sponse as compared to normal controls [9]. These
findings suggest that the engagement of PD-1 on T
cells predominantly leads to the generation of negative
signals.

PD-1 has two ligands, namely PD-L1 (B7-
H1) and PD-L2 (B7-DC), and their similarity
with B7 molecules prompted their identification
using databased search [10-12]. PD ligands are
type 1 transmembrane proteins with IgV and
IgC domains in their extracellular region. PD-1.2
has been shown to have an affinity for PD-1
that is two to six times higher than that of PD-
L1 [2]. These PD ligands show a distinct pattern
of expression; PD-L1 is more widely expressed
than PD-L2 [10-13]. PD-L1 is expressed on T
and B cells, dendritic cells and macrophages and
also becomes upregulated upon activation [14-
16]. Interestingly, PD-L1 has also been shown
to be expressed by non-hematopoietic cells in-
cluding endothelial cells in the heart, B-cells in
the pancreas, and also in non-lymphoid organs
namely lung, muscle and placenta [14, 16-19].
The expression of PD-L1 in non-lymphoid tis-
sues suggests a potential regulatory role of PD-

response develops, depending on which receptor they
bind to. Via PD-1 the PD ligands provide negative
signals and, upon binding to the yet unidentified recep-
tor(s), may provide the positive signals to T cells (Fig-
ure 1).

/ N\

PD-L1 PD-L1

L1 in regulating autoreactive T and B cells in
target organs. On the other hand, PD-L2 is
more restricted and its expression can be ob-
served in dendritic cells and macrophages [14-
16]. There is also evidence that the expression
of PD-L1 and PD-L2 can be influenced by Thl
and Th2 cytokines, such as IFN-y and IL-4,
which have been shown to upregulate PD-L1
and PD-L2, respectively [20].

Evidence for an additional costimulatory
receptor for PD-L1 and PD-L2

A growing quantity of data suggests that at

Figure 1. The positive or negative costimulatory behavior of
PD-L1 may be governed by the relative availability of PD-1 and
non PD-1 receptors on T cells. (A) Although the exact immune
nature of the non-PD-1 receptor is not known, it is tempting to
speculate that, at an early stage of immune response, PD-L1 (in
conjunction with other costimulatory molecules like B7-2 etc.)
may help deliver positive activating signals via non PD-1. (B) As
the T cells become activated, PD-1 is upregulated, which in turn
can bind to PD-L1 and transmit negative deactivating signals
into the T cells. Furthermore, the interplay between PD-1/non-
PD-1/PD-L1 may be guided by the activation status of T cells,
the type of immune cells involved and the nature/stage of the
disease.

least one additional receptor for both PD-L1

and PD-L2 exists and significant observations have
been made which strongly support this notion. In PD-
1-deficient mice, neither PD-L1- nor PD-I.2-associated
costimulatory activity is affected [21, 22]. In a tumor
model, Liu ¢/ a/. have shown that PD-1.2 can bind to
PD-1-deficient T cells and target cells are killed in the
absence of PD-1 [23]. This seems to explain the obser-
vations made by several groups reporting that positive
costimulation may be delivered to T cells by PD-L1
and PD-L2 [12, 13, 24]. The existence of another posi-
tive costimulatory molecule makes the PD-1/PD
ligand axis more versatile. Therefore, it is tempting to
speculate that PD ligands control the way the immune
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The manipulation of the PD-1/PD-L pathway
as a potential therapy against autoimmunity

Although the exact roles played by the individual
members of the PD-1/PD-L pathway are not clear,
emerging data nevertheless provide interesting clues as
to how the PD-1/PD-L pathway can be manipulated
for a wide variety of disease conditions besides auto-
immunity, including infectious diseases, asthma, cancer
and transplantation. However, this article is constricted
to discussing existing data, in the field of autoimmunity
and type 1 diabetes in particular.

Rev Diabetic Stud (2006) 3:6-10
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PD-1 and type 1 diabetes

The negative costimulatory function of PD-1 in
type 1 diabetes models was first examined by Ansari e
al. who reported that a blockade of PD-1 exacerbates
diabetes in prediabetic non-obese diabetic (INOD)
mice (1 to 10 weeks of age), which was also associated
with increased IFN-y producing GAD-reactive spleno-
cytes [25]. In addition, Ansari and colleagues also
showed that, in mice treated with CTLA-4, exacerba-
tion was prevented only in neonates. This means that,
contrary to CTLA-4, PD-1 regulates not only the initial
phase of the disease, but also controls it at the effector
phase. Recently, Wang e a4/ investigated PD-1-
deficiency in mice with a NOD background and con-
firmed eatlier studies involving the PD-1 blockade,
also reporting the strong Th1 polarization of cells infil-
trating islets [20]. Furthermore, this new study by
Wang and co-workers takes a deeper look at the role
of PD-1 in type 1 diabetes. It proposed that PD-1KO
mice might be an efficient model to study type 1 diabe-
tes, owing to a 100% penetrance of the disease in these
mice. This, in turn, makes it easier to identify the re-
sponsible genes and/or the analyses of the immu-
nological function of each diabetes-susceptible locus,
which otherwise is more difficult owing to the incom-
plete penetrance of diabetes in the NOD mouse
model. Consequently, they have identified two previ-
ously unrecognized dominant susceptible loci, Iddp?
and Iddp2 (i.e. Idd under PD-1 deficiency). The authors
also proposed the notion that autoimmune disease in
different genetic backgrounds, together with PD-1-
deficiency, can have the consequence that PD-1-
deficiency may exaggerate the genetic predisposition of
autoimmune diseases, such as diabetes in NOD mice.

The role of PD-1.1 and PD-1.2 in modulating anti-islet innn-
ne responses

The negative costimulatory role of PD-1 in the
context of type 1 diabetes is clearer than the role of its
ligands. A blockade of PD-L1 in NOD mice exacet-
bates the disease, leading to increased insulitis, overt
diabetes, and higher frequencies of GAD-reactive T
cells than with a PD-1 blockade. Interestingly, this ef-
fect was also observed in otherwise resistant male
NOD mice, suggesting a strong immunomodulatory
role of the PD-1/PD-L1 pathway. Thus it suggests
that PD-1/PD-L1 interactions may provide critical
negative signals which in turn dampen the anti-islet
immune response [25] and, in its absence, self-reactive
T cells may acquire a more pathogenic phenotype.
Moreover, the expression of PD-L1 has been seen on
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islet-infiltrating inflammatory cells and also on islet
cells in diabetic NOD mice [14, 25]. This means that
PD-L1 may play an important role in the regulation of
autoreactive T' cell responses at the level of the target
organ.

The role of islet-associated PD-L1 expression is
becoming more widely understood, and it appears to
be complex. This aspect can be exemplified by the
study conducted by Subudhi e a/. [27]. Contrary to the
belief that PD-L1 provides negative stimulation, this
study came along with an unexpected finding showing
that PD-L1 may be a potential positive costimulator.
Upon expression of PD-L1 on islet cells under the
control of insulin promoter (RIP-PD-L1), mice exhib-
ited spontaneous autoimmune diabetes associated with
marked insulitis and efficient priming of CD8 T cells.
These data are thought-provoking and indicate that
target organ expression of PD-L1 can initiate anti-islet
T cell responses. The susceptibility of islets expressing
PD-1.1 to autoimmune attacks was not found to be
due to a possible vulnerability of islets for apoptosis
and loss of function as the islet structure, morphology
and long term function 7z vivo were not found to be
significantly affected compared to controls. The exac-
erbation of autoimmunity due to PD-L1 expression in
islets was not prevented by anti-PD-1 treatment, sug-
gesting that PD-L1-mediated enhancement of T cell
responses is independent of PD-1.

Several possibilities have been suggested as to
whether PD-L1 is a positive or a negative costimulator.
Indeed, the PD-L1 blocking model is quite different
from the islet PD-L1 expression model in the sense
that the former systemically blocks PD-L1 from inter-
acting with its ligand and the latter has a more reduc-
tionist approach, concentrating on the target organ it-
self. The timing and location of PD-L1 expression may
be important, along with a potential bi-directional sig-
naling associated with PD-L1. It is also tempting to
speculate that PD-L1 may bind to the yet unidentified
receptor (as described above), thereby leading to the
generation of potentially pathogenic signals. It is still
an open question and needs further investigation.

Data describing the role of PD-L2 in influencing
the generation of anti-islet immune responses are still
at a very eatly stage. PD-L2 blockade in female NOD
mice did not significantly affect the incidence of diabe-
tes and no PD-L2 staining was observed in NOD islets
[25], suggesting that endogenous PD-L2 may not have
a large role to play. However, the generation of PD-
L2-deficient NOD mice may shed more light on the
role of PD-L2 from the perspective of both central
and peripheral tolerance.

Copyright © by the SBDR
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Conclusion

One of the central issues to be addressed regarding
the role of PD-1/PD ligands in regulating T' cell re-
sponses in general, and pancreatic autoimmunity in
particular, is the identification of the non-PD-1 recep-
tor, which has been predicted to transmit positive sig-
nals to T cells. PD-1, on the other hand, has been
widely recognized as a negative costimulator. Further-
more, the dual nature of PD-L1 in providing both
positive and negative signals and its exact role in auto-
immunity may depend upon the nature of the disease,
the type of immune cells involved, the activation status
of the T cells, relative levels of PD-1 and non-PD-1
molecules on T cells (Figure 1), and the genetic back-
ground of the mice. Recently, PD-L1 and PD-L2 have
been shown to differentially regulate the susceptibility
and chronic progression of experimental autoimmune
encephalomyelitis in a strain-specific manner [28]. The
identification of the PD-1/PD ligand costimulatory

axis underlines the dynamism and complexity associ-
ated with the regulation of T cell immune responses.
There appears to be an interesting parallel between the
frequently studied B7/CD28 family of costimulatory
molecules and the PD-1/PDL axis. The PD-1 and
non-PD-1 pair of negative and positive costimulators
mitrors the CD28 and CTLA-4 pair of molecules.
Thus any particular costimulatory axis comes with its
own checks and balances, where one molecule helps
ptiming and/or activation and the other controls the
unrequested hyper-activation of immune response. In-
deed, much work has still to be done to fully elucidate
the individual roles played by PD-1/PD ligands in
controlling autoimmunity, which might pave the way
for the identification of new therapeutic strategies.
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