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Summary
Despite the expression of antigens by tumor cells, spontaneous immune-mediated rejection of
cancer seems to be a rare event. T-cell receptor engagement by peptide/major histocompatibility
complexes constitutes the main signal for the activation of naive T cells but is not sufficient to
initiate a productive generation and maintenance of effector cells. Full activation of T cells
requires additional signals driven by costimulatory molecules present on activated antigen-
presenting cells but rarely on tumors. Following the discovery of B7-1 (CD80), several other
costimulatory molecules have been shown to contribute to T-cell activation and have relevance for
improving anti-tumor immunity. Moreover, increasing understanding of coinhibitory receptors has
highlighted key additional pathways that can dominantly inhibit anti-tumor T-cell function.
Improving positive costimulation, and interfering with negative regulation, continues to represent
an attractive immunotherapeutic approach for the treatment of cancer. This review focuses upon
those pathways with the highest potential for clinical application in human cancer patients.
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Introduction
The last two decades of research in the field of cancer immunology have revealed that the
majority of cancer cells express antigens that can be recognized by T cells of the host
immune system. However, despite the expression of antigens, spontaneous immune-
mediated rejection of cancer seems to be a rare event. Failure of spontaneous immune-
mediated tumor elimination could generally be explained by poor T-cell priming or
inadequate execution of the effector phase of the immune response. In each of these
contexts, a potential role of T-cell costimulatory and coinhibitory receptors has been
implicated. Most tumors lack the expression of positive costimulatory molecules such as
B7-1 (CD80) and B7-2 (CD86), and in some models the antigen-presenting cells from the
tumor microenvironment have been shown to be tolerogenic rather than immunostimulatory
(1). Several murine tumor systems have demonstrated abortive proliferation of tumor
antigen-specific T-cell receptor (TCR) transgenic T cells associated with subsequent T-cell
hyporesponsiveness (2), a situation that mirrors observations made in other models of
peripheral tolerance. However, in some mouse tumor models and human cancer patients,
brisk spontaneous T-cell responses against tumor antigens have been observed, which in
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some cases have been found to be associated with trafficking of effector cells into metastatic
tumor sites (3). However, ex vivo analysis of tumor-infiltrating lymphocytes has generally
demonstrated a dysfunctional state (4), which can be reversed upon culture in vitro (5, 6). At
the effector phase as well, lack of positive costimulatory ligands or presence of inhibitory
ligands, has been suggested to contribute to poor anti-tumor T-cell efficacy. Fortunately, the
characterization of these important ligand/receptor interactions has pointed towards
opportunity for therapeutic intervention to augment and/or restore the function of tumor
antigen-specific T cells in vivo. This review focuses upon costimulatory and coinhibitory
pathways with the highest current potential impact on clinical translation in human cancer
patients.

Positive costimulatory pathways and anti-tumor immunity
B7-1, B7-2/CD28, and the concept of anergy

T-cell activation occurs through the recognition of a specific peptide presented on the major
histocompatibility complex (MHC) I or II of antigen presenting cells (APCs), such as
dendritic cells (DCs), to the TCR of CD8+ or CD4+ T cells. TCR engagement constitutes the
main signal for the activation of naive T cells but is not sufficient to initiate an efficient
immune response. Full activation of T cells requires additional signals driven by
costimulatory molecules present on the APCs. In the late 1980s, the Schwartz laboratory (7)
characterized in vitro anergy using CD4+ T helper type 1 (Th1) cell clones showing that
TCR engagement was not sufficient for T-cell activation. They found that antigen presented
by fixed APCs induced a subsequent hyporesponsive state characterized by diminished
proliferation and interleukin-2 (IL-2) production by T cells compared to initial stimulation
with live APCs. Around the same time period, the CD28 receptor was cloned as a T-cell-
specific protein (8). B7-1 (CD80) was cloned as a B-cell activation antigen (9) and was
subsequently found to be the first identified ligand for CD28 in 1990 (10). The role played
in vitro by the engagement of CD28 by B7-1 as a costimulatory signal able to enhance
proliferation and IL-2 secretion by T cells was rapidly discovered (11–13). Anti-CD28
monoclonal antibodies (mAbs) were additionally observed to prevent the induction of
anergy in T-cell clones, thus linking the two phenomena of costimulation and anergy
prevention (14). The observation that APCs from B7-1-deficient mice retained costimulatory
function led to the identification of B7-2 (CD86), a second ligand for CD28 (15, 16).

The B7-1/B7-2/CD28 pathway has been shown to constitute the primary and strongest
costimulatory signal delivered by APCs to amplify T-cell activation (17). The biologic
consequences of CD28 costimulation include increased cytokine gene expression (11),
stabilization of cytokine messenger RNA (mRNA) (18), augmentation of glucose uptake and
utilization (19), promotion of T-cell survival (20), and maintenance of T-cell responsiveness
upon subsequent restimulation (21). The intracellular signals induced following CD28
ligation have been reviewed recently by Song and colleagues (22).

TCR engagement in the absence of costimulation can result in a hyporesponsive state
characterized as anergy (23). Signaling events based on in vitro anergy model systems
suggest that anergy arises upon the disproportionate overactivation of calcium/nuclear factor
of activated T cells (NFAT) signaling compared with other biochemical signaling
intermediates, such as the Ras/mitogen-activated protein (MAP) kinase (24). Recent
advances in the understanding of molecular regulation of T-cell anergy have confirmed a
crucial role for defective Ras activation in mediating this state (25, 26). This diminished Ras
activation is mediated, in part, by upregulated expression of diacylglycerol kinases (DGKs)
and of other negative regulators, including the transcription factors early growth response-2
(EGR-2) and EGR-3 and the E3 ubiquitin ligases gene related to anergy in lymphocytes
(GRAIL) and Casitas B-cell lymphoma-b (Cbl-b) (23, 25–27). The characterization of these
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inhibitory signaling molecules in anergic T cells has raised the possibility that
pharmacologic approaches might be developed in the future to counter inhibitory signaling
and improve or restore optimal T-cell function in settings of unwanted peripheral tolerance
in vivo.

Since many tumors lack expression of positive costimulatory molecules, in particular B7-1
and B7-2, but conserve the ability to present antigens on MHC I, it was hypothesized that T
cells in the tumor microenvironment may receive chronic TCR stimulation without
costimulation, and therefore lead to T-cell anergy rather than productive activation. To test
the hypothesis that forced B7 expression on tumor cells may enable better T-cell priming
and hence tumor rejection, tumor cell transfection experiments were performed. Introduction
of B7-1 on tumor cells was sufficient to induce CD8+ T-cell-mediated rejection in several
models, as well as a memory response able to protect the mice against rechallenge with the
wildtype tumor (28–31). It was also clear that B7 expression was not sufficient to mediate
the rejection of non-immunogenic tumors (32), arguing that expression of tumor antigens
and perhaps other biologic properties of the tumors were critical for this approach to be
effective. In some settings, B7-1 was found to be superior to B7-2 in promoting the greatest
tumor protection (33).

Although introduction of B7 molecules into tumors prior to their implantation in vivo often
led to spontaneous tumor rejection, integration of B7 costimulation into therapeutic settings
with pre-established tumors was less efficacious. For example, immunization with irradiated
B7-1 transfectants as a vaccine could protect against subsequent challenge with wildtype
P815 tumors but did not induce rejection of established tumors (34). These were some of the
first results to suggest that inadequate costimulation might not provide a complete picture of
the complex nature of immune resistance by pre-established tumors.

While the initial hypothesis was that expression of B7 on tumors cells would promote more
effective T-cell priming, the observation that activation of class I-restricted CD8+ T cells by
tumors occurred through cross-presentation by host APCs (rather than directly by tumor
cells) (33) called this hypothesis into question. Spontaneous rejection of immunogenic
tumors was found to depend upon B7 ligands of the host (35), supporting the notion that
costimulation via APCs was critical. Several experimental systems suggested that the major
beneficial effect of B7-1 expression by tumor cells was through improvement of the effector
phase of the anti-tumor immune response rather than via increased T-cell priming (36).
These careful observations have implications for how to optimally integrate improved B7
costimulation into clinical/translational studies of cancer immunotherapy.

The striking findings in early murine studies triggered rapid translation of B7 biology into
clinical studies in cancer patients. A phase I trial of vaccination with autologous tumor cells
engineered to express B7-1 in combination with systemic IL-2 was performed in metastatic
renal cell carcinoma patients. Two patients with a partial response (PR) and two with stable
disease (SD) were observed out of 15 treated subjects (37). A recent phase II trial extending
these results in 39 patients showed one patient with a complete response (CR), two with a
PR, and 24 with SD at 12 weeks. The overall response rate of 7.7% was not better than what
has been reported with IL-2 alone (38). In an independent phase I trial in non-small cell lung
cancer, 19 patients were vaccinated with a gene-modified allogeneic adenocarcinoma line
expressing B7-1 and human leukocyte antigen-A1 (HLA-A1) or A2. Following three sets of
immunizations, all but one patient had measurable induction of CD8+ T cells, and PR and 5
patients with SD were reported (39).

B7-1 was also integrated into other vaccination strategies with defined antigens. A non-
replicating canarypox virus vector constructed to express both B7-1 and human
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carcinoembryonic antigen (CEA) was used to vaccinate patients with CEA-expressing
adenocarcinomas. CEA-specific immune responses were induced and a few patients (three
out of 16 in the first study and eight out of 30 in the second) experienced a stabilization of
disease (40, 41). More recently, the same B7-1 and CEA-expressing ALVAC virus was
combined with chemotherapy in a phase-2 trial for metastatic colorectal cancer. An overall
objective response rate of 40.4% was observed (42), which is however similar to the
objective response rate reported for chemotherapy alone (43).

A next generation of vaccines utilizing a fowlpox-based viral vector encoding B7-1 as well
as 2 other costimulatory molecules [intercellular adhesion molecule 1 (ICAM-1) and
lymphocyte function-associated antigen 3 (LFA-3)] in combination with the antigens CEA,
Mucin 1 cell surface associated (MUC-1), or prostate-specific antigen (PSA) was
subsequently developed. This vector showed encouraging results in preclinical studies and
has been under evaluation in a series of early phase clinical trials (44). Overall, published
results have confirmed that these vaccines are safe and can generate significant specific
immune responses against the specific antigen with clinical benefit in some patients (45–49).

In order to provide augmented B7 costimulation at the effector phase of the anti-tumor
immune response, intratumoral injection of B7-encoding vectors has been pursued. A
recombinant vaccinia virus expressing B7-1 was tested in a phase I trial by injection into
accessible melanoma lesions. An increased frequency of specific T cells against gp100 and
melanoma-associated antigen recognized by T cells-1 (MART-1) antigen was observed by
enzyme-linked immunosorbent spot (ELISPOT). Although clinical response was not a
primary endpoint, two injected lesions (18%) underwent an objective partial response and
another three lesions (27.3%) were stable and were correlated to a prolonged survival (50).

Overall, the inclusion of B7-1 during the priming phase in various vaccine strategies has
consistently demonstrated improved induction of tumor antigen-specific T-cell responses.
However, clinical benefit has been limited, despite augmentation in systemic immunity. It is
likely that multiple layers of immune resistance at the level of the tumor microenvironment
contribute to tumor escape from anti-tumor T-cell responses, a concept which will be
addressed in more detail below and which has been recently reviewed (51).

4-1BB/4-1BBL
4-1BB (CD137) is another costimulatory receptor expressed on activated T cells (CD4+,
CD8+, and NKT, activated NK cells, DCs, eosinophils, and mast cells. 4-1BB is a member
of the tumor necrosis factor (TNF) receptor superfamily that is inducibly expressed on T
cells following stimulation through the TCR complex (52–54).

The ligand of 4-1BB (4-1BBL or CD137L), a member of the TNF family, is expressed on
activated macrophages, DCs, and B cells (55, 56). When coupled to a strong signal through
the TCR, engagement of 4-1BB can induce IL-2 production independently of CD28 ligation
(57). Early studies demonstrated also that ligation of 4-1BB by either cell surface 4-1BBL or
specific antibodies provide a costimulatory signal particularly to CD8+ T cells, enhancing
proliferation, cytokine production, and particularly survival (58–60). More recent data point
to the role of 4-1BB engagement in augmenting rather than initiating T-cell response and in
sustaining effector functions (61).

In vivo, the first use of anti-4-1BB antibodies as an anti-tumor therapy was reported by
Melero et al. (62), who demonstrated the therapeutic potential of this strategy to promote
rejection of P815 mastocytoma and Ag104A sarcoma tumors (62). Further studies using
either 4-1BB agonistic antibodies or gene-modified tumor cells expressing 4-1BBL
confirmed their efficacy to expand tumor-reactive T cells, suppress tumor growth, and in
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some cases induce regression of pre-established tumor in different tumor models (63–65).
CD8+ T cells constitute the main effector subset involved in tumor rejection following
treatment by 4-1BB mAb since CD4+ T cells, NK, and NKT cells were not required for the
antitumor effects (66). Interestingly, several reports in rodent models have shown synergistic
effects of agonistic anti-4-1BB mAb in combination with anti-tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) and CD40 mAbs (67), with intratumoral introduction of
the IL-12 gene (68), or with chemotherapy or radiotherapy (69, 70). These observations
provide a guide for developing combination studies in the clinic.

An unusual feature of anti-4-1BB mAb therapy is the almost paradoxical observation that,
while improved immunity is seen in tumor settings, diminished pathology has been observed
in autoimmune models. Fu and colleagues (71) showed that same agonist antibody to 4-1BB
used to promote anti-tumor immunity resulted in ameliorating both the incidence and the
severity of experimental autoimmune encephalomyelitis (EAE). Many other studies have
confirmed the beneficial effects of anti-4-1BB mAB in various autoimmune disease models
including rheumatoid arthritis, EAE and systemic lupus erythematosis (72). In a
transplantation model, anti-4-1BB also was shown to inhibit rejection of intestinal allografts
in mice (73). Although a complete understanding of these differential effects is lacking, the
promotion of regulatory T cells (Tregs) development and activity is believed to play a role
(74). Additional potential explanations for immune suppression in some settings include the
apparent ability to delete CD4+ T cells, retard B-cell function, and upregulate
indoleamine-2,3-dioxygenase (IDO) and interferon-γ (IFN-γ) (65, 72). Together these
results suggest that the possibility of both immune potentiating and immune suppressive
effects of 4-1BB engagement should be taken into consideration and monitored in clinical/
translational studies in patients.

A human anti-human 4-1BB mAB (BMS-663513) is currently under investigation by
Bristol-Myers Squibb in a number of phase I and II trials in patients with metastatic or
locally advanced solid tumors (64, 75).

OX-40/OX-4OL
OX40 also known as CD134 is another costimulatory molecule of the TNF receptor
superfamily that was identified in 1987 (76) and that is expressed mainly on activated CD4+

but also CD8+ T cells. Its ligand OX40L is mainly expressed on professional APCs such as
DCs, B cells, and macrophages, particularly after stimulation with TLR ligands or CD40L
(77–79). OX40L also has been observed on T cells and endothelial cells (80, 81). OX40
functions as a late costimulatory receptor and artificial engagement by OX40L stimulates
proliferation, cytokine secretion, and survival of T cells, in part by increasing the expression
of anti-apoptotic molecules of the Bcl-2 family (82). Several systems have shown that OX40
expression is not dependant of CD28 but that CD28 can augment the level of OX40
expression (82, 83), suggesting that the two molecules cooperate in a sequential manner.
Therefore, a model was proposed whereby OX40 signals act in a temporal manner after
CD28 signals, supporting continued survival and proliferation of effector (84). Interestingly,
recent data have also shown that OX40 ligation may suppress the function and generation of
CD4+Foxp3+ Tregs (85, 86).

In vivo, OX40L transduction of tumor cells and engagement of OX40 by an agonist Ab or an
OX40-immunoglobulin (Ig) chimeric protein has been shown to increase tumor immunity
against different murine tumor model including B16 melanoma and hepatic colon metastases
(63). Interestingly, it was shown that agonistic anti-OX40 mAb given in combination with
agonistic anti-4-1BB and intratumoral injection of an adenovirus expressing IL-12 showed a
synergistic effect to induce long-term survival of mice bearing large chemically-induced
colon carcinoma (87).
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The first phase I clinical trial using a murine anti-human OX40 mAb has been initiated in
patients with advanced cancer. This trial is essentially a proof of concept, as neutralizing
human anti-mouse antibodies are expected to be limiting, and a humanized or fully human
antibody should be pursued. A humanized OX40 agonist was recently developed that could
be tested in future clinical studies (88).

HVEM/LIGHT
The herpesvirus entry mediator (HVEM) is another member of the TNF receptor
superfamily member, but in contrast to others is expressed both by resting and by activated
T cells. The principal ligand for HVEM is the TNF superfamily member 14 (LIGHT/
TNFSF14), and ligation by LIGHT acts as a positive costimulatory signal. LIGHT
expression is induced on activated T cells themselves, but also by NK cells, monocytes, and
DCs (63). In addition to its binding to HVEM, LIGHT also can bind the lymphotoxin-β
receptor, which can be expressed by stromal cell populations in lymph nodes and other
tissues, including the tumor microenvironment. Evidence supporting the costimulatory effect
of LIGHT came from experiments showing that blocking of LIGHT inhibits early T-cell
proliferation and cytokine secretion in an allogeneic mixed lymphocyte reaction (89–91).
However, in vivo experiments suggest that a major impact of LIGHT is through induction of
chemokine production by stromal cells that results in recruitment of T cells and DCs,
leading to the generation of lymph node-like structures. Transgenic mice expressing LIGHT
driven by the CD2 promoter show increased number of activated T cells, higher proportions
of effector and memory T cells, and signs of autoimmunity (92, 93). Transgenic mice
expressing LIGHT driven by the rat insulin promoter develop autoimmune diabetes mellitus,
with pancreatic islets showing a lymph node-like morphology (94). LIGHT knockout mice
also have been generated. These mice show defective expansion of superantigen-reactive
CD8+ T cells and defective cytotoxic lymphocyte (CTL) generation after peptide priming in
vivo (95, 96), supporting a positive immunoregulatory role.

The attractive properties of LIGHT to serve as both a costimulatory ligand for T cells, and a
stromal cell activator to induce chemokine production and lymphoid recruitment, made it
attractive to consider for intratumoral application. Introduction of a LIGHT cDNA into P815
tumor cells induced regression of established tumors with the maximal therapeutic effect
requiring both CD4+ and CD8+ T cells. The anti-tumor effect of LIGHT was shown to be
CD28-independent in this model (97). Introduction of LIGHT in Ag104 sarcoma cells
expressing the alloantigen Ld has been shown to promote direct antigen presentation, in vivo
chemokine production, T-cell recruitment, and tumor rejection (98). LIGHT also appears to
promote recruitment of NK cells into tumor sites, which may participate in a bridge to
adaptive immunity (99).

There is growing interest to bring therapies involving LIGHT forward into the clinic. As the
maximal impact is expected to be at the level of altering the tumor microenvironment,
strategies for intratumoral targeting would be desirable. Along these lines, an adenoviral
vector encoding LIGHT injected intratumorally was shown to promote T cell recruitment,
control of the injected tumor, and elimination of non-injected metastases in mice (100).
Another potential strategy for clinical translation would be in vivo electoporation directly
into tumor metastases, as has recently been reported using an IL-12 cDNA in patients with
melanoma (101).

ICOS, GITR and CD27/CD70
Other receptors that have been described as having positive costimulatory functions and
could be attractive to consider for augmenting anti-tumor immunity include inducible
costimulator (ICOS), a member of the B7 family, and glucocorticoid-induced tumor necrosis
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factor receptor (GITR), and CD27, members of the TNF receptor superfamily. ICOS and
GITR are mainly expressed by activated CD4+ and CD8+ T cells, but constitutive expression
by CD25+CD4+Foxp3+ Tregs has also been demonstrated (102). CD27 is expressed on
naive CD4+ and CD8+ T cells, and also by NK cells. The ligands for these receptors, GITR
ligand (GITRL), CD27 ligand (CD70) and ICOS ligand (B7h or LICOS), are predominantly
expressed on populations of APCs (B cells, macrophages, and DCs) (63, 84). Interestingly,
recent studies have confirmed the critical role for CD70 expression on activated DCs to
promote optimal T-cell activation in vivo. Transgenic expression of CD70 on DCs enabled
T-cell priming in vivo in the absence of adjuvant (103), arguing that it is perhaps one of the
most critical of the costimulatory ligands for adaptive immunity.

Animal models targeting these additional costimulatory pathways in the tumor context are
under evaluation but earlier in their development. B7h expression on tumor cells was
demonstrated to promote regression in the Sa1/N fibrosarcoma and J558 plasmocytoma
models via a CD8-dependent mechanism (104, 105). Like for B7-1 and B7-2, this strategy
was ineffective when weakly immunogenic tumors were investigated (106). Other studies
have shown that CD27/CD70 can enhance tumor rejection, with CD70 transfection
enhancing both NK-dependent and T cell-dependent mechanisms of tumor elimination
(107–109). The administration of an anti-GITR agonistic antibody (clone DTA-1) also has
been shown to induce the rejection of several murine syngeneic tumors through an IFN-γ-
dependant mechanism and without obvious autoimmune manifestations (110, 111). Anti-
GITR mAb promoted the activation of effector CD4+ and CD8+ T cells, and altered the
intratumoral ratio of Tregs/T effectors. More recently, observations made by Zhou et al.
(112) suggested that the anti-tumor effects of anti-GITR antibody were mainly driven by its
positive costimulatory signal in effector CD4+ T cells rather than by its possible effect to
abrogate the suppressive functions of Tregs.

Costimulation of APCs: CD40/CD40L
In addition to providing costimulatory signals directly to T cells, it also is attractive to
promote activation of APCs that are likely cross-presenting tumor antigen so that increased
costimulatory ligand expression is achieved in situ. The most attractive of these strategies is
arguably through CD40 engagement. CD40 belongs to the TNF receptor superfamily and is
crucial for the function of B cells and of DCs that express it constitutively. CD40 ligand
(CD40L or CD154) is principally expressed on activated T helper cells but can also be found
on NK cells, platelets and plasmacytoid DCs (113). Ligation of CD40 has been shown to
license APCs and enable them to drive effector CTL responses, in part through the induction
of IL-12 secretion but also through upregulation of B7 family members (114, 115). CD40/
CD40L costimulation has been shown to be important for induction effective anti-tumor T-
cell responses, since blocking CD40L with a neutralizing mAb blocked the generation of a
protective anti-tumor immune response following vaccination with granulocyte-macrophage
colony-stimulating factor (GM-CSF)-expressing B16 melanoma cells (116). Moreover,
incorporation of CD40L into tumor cell-based vaccines was shown to significantly enhance
immune responses to poorly immunogenic tumors in mice (117). The combination of
CD40L expression with other immunomodulators such as GM-CSF, IFN-γ or IL-2 has also
shown improved immunity in several tumor models (118).

Perhaps the most straightforward approach for CD40 engagement that is translatable to the
clinic is through the use of agonistic anti-CD40 mAbs. While anti-CD40 mAb has been
explored as a direct cancer therapeutic for CD40-expressing malignancies (119), it also has
been investigated as an APC activator to promote anti-tumor T-cell responses (120). In the
latter case, the anti-tumor effect of anti-CD40 mAb clearly requires a functional immune
system and therefore acts indirectly via the host (121).
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A fully human agonistic anti-CD40 mAb has been developed for clinical investigation by
Pfizer (CP-870,893). A phase I clinical trial was completed in patients with advanced solid
tumors. Of the 29 patients enrolled, four patients with melanoma (14% of all and 27% of
melanoma patients) had objective partial response (122). Other strategies to target CD40
clinically have included the administration of soluble CD40L (123), the expression of
CD40L and GM-CSF by tumor cells as a vaccine (124), and the use of CD40L to prime DCs
ex vivo prior to administration as a vaccine in vivo. The encouraging results seen with many
of these studies have prompted continued exploration of modulation of the CD40 pathway as
a cancer therapeutic.

Coinhibitory pathways and anti-tumor immunity
While a significant amount of effort has been invested studying the provision of
costimulatory ligands to augment anti-tumor immune responses and promote better immune-
mediated tumor elimination, more recent evidence has argued that negative regulatory
pathways that serve to impede ongoing immune responses may dominate in the tumor
context. Thus, interfering with these immune inhibitory checkpoints has gained in interest as
a complementary strategy for cancer therapy. Several of these inhibitory mechanisms
involve coinhibitory receptors and ligands related to the CD28/B7 system and will be
discussed here.

CTLA-4
CTLA-4 (cytotoxic T lymphocyte antigen-4, CD152), a CD28 homologue and member of
the immunoglobulin superfamily, was discovered in 1987 through differential screening of a
murine cyotixic T cell cDNA library (125). Sequence homology between the human CD28
and CTLA-4 proteins was demonstrated, particularly in the juxtamembrane and cytoplasmic
regions (126), suggesting a possible functional overlap of these two molecules. In contrast to
CD28 that is constitutively expressed on the cell surface of T cells, CTLA-4 is inducibly
expressed, both via new transcription and through regulated trafficking to the cell surface
(127) with maximal expression occurring two to three days following T-cell activation(128,
129). CTLA-4 was subsequently shown to bind to B7.1 and B7.2 with an approximately 10–
20-fold higher affinity than CD28 (16, 130). The development of anti-CTLA-4 antibodies
made a functional analysis of the CTLA-4 protein possible (128, 129, 131). In contrast to the
costimulatory signal provided by binding of CD28 to B7.1 and B7.2, several lines of
evidence pointed to a negative regulatory effect of CTLA-4 on T-cell function, both in vitro
and in vivo (128, 129, 132).

The definitive role of CTLA-4 as a major negative regulator of T-cell activation was
established with the description of CTLA-4−/− mice in 1995 (133, 134). CTLA-4−/− mice
succumbed at three-to-four weeks of age from massive lymphoproliferation within the
spleen and lymph nodes and end-organ infiltration by activated lymphocytes. The phenotype
of CTLA-4−/− mice was completely dependent on CD4+ T cells (135). The development
CTLA-4−/− mice both clarified the inhibitory function of CTLA-4 and suggested an
important role in the regulation of peripheral tolerance to self.

In addition to a direct inhibitory function on effector T cells, a second potential negative
regulatory role of CTLA-4 was suggested when it was shown that natural Tregs
constitutively expressed high levels of CTLA-4 on the cell surface in a Foxp3-dependent
manner (136, 137). As Tregs are capable of suppressing anti-tumor T-cell responses (138), it
was speculated that Treg-mediated suppression might in part be regulated through CTLA-4.
This was definitively shown to be the case following the development of mice with a
conditional deletion of CTLA-4 in Tregs (CKO mice) (139). CKO mice developed a
spontaneous lymphoproliferation syndrome reminiscent to that seen in CTLA-4−/− mice,
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although delayed in onset and of milder severity. Thus, part of the inhibitory function of
CTLA-4 is through modulation of Tregs. CTLA-4 on Tregs was also shown to be relevant
for suppressing anti-tumor immune responses in this study.

Because of the contribution of CTLA-4 to the maintenance of peripheral T-cell tolerance, it
was hypothesized that blockade of CTLA-4 might augment anti-tumor effector T-cell
responses and promote improved tumor control in vivo. The laboratory of James Allison
(140) showed that wildtype mice challenged with syngenic colon carcinoma or fiborsarcoma
cells and treated with several doses of anti-CTLA-4 antibody demonstrated markedly
improved tumor rejection compared to mice treated with an isotype control antibody. The
CTLA-4 effect was seen in both the prophylactic and therapeutic tumor settings, and was
accompanied with a long-lived memory response in which cured mice were frequently
protected from a second tumor challenge. The efficacy of CTLA-4 blockade in tumor
immunity was confirmed by other groups (141), and its efficacy correlated directly with the
stage of the tumor prior to the initiation of anti-CLTA-4 antibody administration (142), as
well as with the inherent immunogenicity of the tumor cells (143). Whereas CTLA-4
blockade was quite effective when given when tumors were small (144), it could not reverse
tumor-induced T-cell tolerance in the setting of more advanced tumors (145).

While the efficacy of CTLA-4 blockade alone was impressive, it was usually insufficient to
cure large, established, and poorly immunogenic tumors. Thus, several groups tested anti-
CTLA-4 mAb in combination with other immunotherapeutic approaches (143, 146–148).
For example, anti-CTLA-4 was combined with a vaccine consisting of granulocyte-
macrophage colony-stimulating factor (GM-CSF)-expressing irradiated SM1 tumor cells.
Growth of SM1, a poorly immunogenic mammary cancer cell line, was completely resistant
to CTLA-4 blockade alone (140, 143). However, the combination of CLTA-4 blockade and
active immunization with the irradiated cellular vaccine led to rejection of short-term, pre-
established SM1 tumors in wildtype mice. Similar results were observed in the B16
melanoma model (147). The same group later reported improved rejection of B16 melanoma
when CD25+ T-cell depletion was combined with both anti-CTLA-4 therapy and
vaccination. Depletion of Tregs in combination with CTLA-4 blockade and vaccination was
associated with a greater expansion of functional tyrosinase-related protein-2 (TRP-2)-
specific CD8+ T cells when compared to cohorts treated with CTLA-4 blockade and
vaccination alone (148).

These exciting preclinical results led to the simultaneous development of two fully human
anti-CTLA-4 antibodies, ipilimumab (MDX-101; Medarex/Bristol-Myers Squibb) and
tremelimumab (CP-675,206; Pfizer), which are currently being investigated in clinical trials.
In phase I studies in patients with metastatic melanoma and ovarian cancer, ipilimumab
treatment was associated with several PRs, and tumor necrosis was seen in a larger number
of patients (149). Ipilimumab was subsequently tested in several phase II studies for patients
with metastatic melanoma either alone or in combination with peptide vaccination, and
objective response rates varied between 6% and 21%, and disease-control rates were in the
30% range (150–154). Toxicity following ipilimumab treatment in phase II studies included
occasionally severe autoimmune colitis, dermatitis, uveitis, hypophysitis, and hepatitis.
Development of autoimmunity appeared to correlate with response (152). Phase III clinical
trials of Dacarbazine (DTIC) alone versus DTIC plus ipilimumab have been completed in
patients with metastatic melanoma and mature results should be reported in the near future.

Tremelimumab has also demonstrated activity in metastatic melanoma. In a phase I, dose-
escalation study, tremelimumab treatment led to two CR, two PR, while four patients
experienced SD in 34 patients with melanoma (155). Another phase I/II study confirmed
objective response rates of approximately 10% with SD occurring in approximately 30% of
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melanoma patients (156, 157). Autoimmune-like sequelae were also seen in patients treated
with tremelimumab. A phase III study of tremelimumab in which untreated patients with
advanced melanoma were randomized to receive the anti-CTLA-4 antibody either alone or
in combination with DTIC or temozolomide chemotherapy, was recently discontinued as
overall survival in both patient cohorts was similar (158).

Clearly, anti-CTLA-4 mAbs are active in patients with melanoma. As the overall response
rates are around 10%, emphasis is being placed on biomarker discovery in an attempt to
enrich for the patient population most likely to benefit from this treatment. Rationally
designed combination therapies also should be considered. Perhaps most importantly, these
Abs have established blockade of negative immunoregulatory pathways as an important
paradigm for immune potentiation and cancer therapeutics.

PD-1
Originally isolated from activated T cells undergoing apoptosis (159), Programmed cell
death-1 (PD-1; CD279) is a negative costimulatory receptor of the immunoglobulin gene
superfamily. PD-1 can be expressed on the cell surface of activated T cells, B cells NKT
cells, activated monocytes, and DCs. T cells, in particular, do not express PD-1 on their cell
surface at rest, but can do so following activation (160). Upon binding to its ligands PD-L1
(also called B7-H1 and CD274) and PD-L2 (also called B7-DC and CD273), PD-1 becomes
phosphorylated on intracellular tyrosine residues within its immunoreceptor tyrosine-based
inhibitory motif (ITIM) and immunoreceptor tyrosine-based switch motif (ITSM) (161).
Subsequently, protein phosphatases, such as SHP-2 are recruited to bind to the ITSM,
become activated and inhibit proximal TCR signaling events (162).

The role of PD-1 in regulation of peripheral self-tolerance became evident following the
discovery that PD-1−/− mice developed strain-specific autoimmunity. PD-1−/− mice on the
C57BL/6 background develop a lupus-like arthritis, while BALB/c mice develop a
cardiomyopathy secondary to production of an autoantibody directed against cardiac
troponin (163, 164). The introduction of a PD-1 null mutation into the 2C TCR transgenic
strain resulted in a disorder resembling graft-versus-host disease in mice bred onto the
H-2b/d background (164).

The PD-1 receptor has two known ligands, PD-L1/B7-H1 and PD-L2/B7-DC. PD-L1 was
originally discovered in 1999 as B7-H1 (165), and subsequently in 2000 as PD-L1 (166) by
two separate groups. PD-L1 is an inhibitory B7 family member with significant amino acid
sequence homology to B7-1 and B7-2 (165). PD-L1 mRNA expression is present in multiple
peripheral tissues, while PD-L1 protein can be expressed on the cell surface of activated T
cells, B cells, monocytes, DCs, and vascular endothelial cells (165–167). PD-L1 expression
can be augmented following exposure to type I or type II interferons (166, 168, 169). Initial
reports were conflicting with respect to the costimulatory role of PD-L1. One group
demonstrated that stimulation of purified human T cells with anti-CD3 in the presence of a
B7-H1-Ig fusion protein resulted in increased cellular proliferation and secretion of IL-10,
and to a lesser extent, IFN-γ (165). On the other hand, opposite results were seen in similar
experiments using a PD-L1-Ig fusion protein (166). Blocking DC-expressed PD-L1 with
mAb resulted in enhanced T-cell proliferation and cytokine secretion. Taken together, these
results suggested that PD-1/PD-L1 interactions generally result in inhibition of T-cell
function.

PD-L1 is also expressed on many tumors, including glioblastoma and melanoma, as well as
cancers of the head and neck, lung, ovary, colon, stomach, kidney, and breast (170, 171). In
renal cell cancer, a high expression level of PD-L1 on tumor cells, tumor infiltrating
lymphocytes or both correlated with aggressive tumor behavior and was associated with a
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4.5-fold higher risk of cancer-related death (172). PD-L1 expression on ovarian epithelial
tumor cells also correlated with a decreased overall patient survival (173). Interestingly,
expression level of PD-L1 on tumor cells was found to correlate inversely with numbers of
ovarian intraepithelial CD8+ T cells, the presence of which was associated with improved
patient outcomes. (173).

The mechanism underlying PD-L1 upregulation by tumor cells in vivo is not known. In
vitro, PD-L1 expression is upregulated by exposure to type I and II interferons, and to a
lesser extent, by TNF-α. Our data and those of others suggest that PD-L1 expression is
greater on tumor cells freshly analyzed ex vivo than on in vitro cultured cell lines (170, 174)
(J. K., unpublished observations), suggesting that the cytokine milieu within the tumor
microenvironment may be contribute to PD-L1 expression. It is also interesting to speculate
that cytokines, such as IFN-γ and TNF-α generally thought of as promoting tumor immunity
by causing upregulation of MHC-expression and DC maturation, might at the same time
hinder anti-tumor T-cell responses via upregulation of PD-L1. Whether PD-L1 upregulation
is a driving force of tumor aggressiveness or simply a marker of it remains to be
demonstrated.

The immunohistochemical analyses of PD-L1 expression led to investigation of PD-L1
blockade as cancer immunotherapy. To test whether forced expression of PD-L1 on tumor
cells impaired anti-tumor immunity, murine immunogenic P815 cells were tansfected to
express PD-L1. P815.PD-L1-expressing tumor cells were relatively resistant to in vitro
cytolysis and compared to control P815 cells, and failed to be rejected when inoculated into
wildtype, syngeneic mice (175). When mice were challenged with P815.PD-L1 cells,
treatment with anti-PD-L1 mAb led to markedly improved tumor control compared to
treatment with control antibody. The effect of PD-L1 expression appeared to be dependent
on T cells, as growth rates of control and PD-L1-expressing P815 cells were similarly rapid
in nude mice. In a different model, the effect of forced expression of PD-L1 on the murine
squamous cell cancer cell line SCCVII resulted in diminished immune-mediated control that
was restored upon PD-L1 blockade (169). Tumor outgrowth of the naturally PD-L1-
expressing J558L myeloma cell line was controlled in syngeneic PD-1−/− mice and in
wildtype mice treated with anti-PD-L1 mAb (175). However, poorly immunogenic tumors
not expressing PD-L1, such as B16 melanoma, grew similarly in PD-1+/+ and PD-1−/− mice
(175). Adoptive transfer of PD-1−/− 2C TCR transgenic T cells also showed superior
rejection of P1.HTR tumors in vivo compared to either wildtype or CTLA-4−/− 2C T cells
(174).

In addition to a direct effect by PD-L1 expressed on tumor cells, PD-L1 expressed on DCs
may also inhibit anti-tumor T-cell responses. Myeloid DCs (MDCs) generated from
peripheral blood of ovarian cancer patients expressed high levels of PD-L1, which could be
augmented following exposure to IL-10 and vascular endothelial growth factor (VEGF) in
vitro (176). MDCs expressing PD-L1 were poor stimulators of allogeneic T cells, and
promoted increased T-cell expression of IL-10. When human ovarian carcinomas were
established in non-obese diabetic (NOD)/severe combined immunodeficiency (SCID) mice,
T cells stimulated in the presence of autologous tumor MDCs and anti-PD-L1 mAb
generated augmented T-cell effector function and led to improved control of tumor growth
(176). Studies in renal cell carcinoma also have suggested that PD-L1 blockade can improve
anti-tumor T-cell responses in vitro (177).

PD-L1 expression may form a `molecular shield' preventing T-cell-mediated lysis of tumor
cells (138, 178). Control P815 cells or those expressing PD-L1 were combined with
activated tumor-specific P1A CTL. After a 12 hour incubation, P1A-specific T cells lysed
control P815 cells normally, but were less able to lyse PD-L1-expressing P815 cells,
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suggesting rather than inducing T-cell anergy or tolerance, expression of PD-L1 on tumor
cells simply rendered them resistant to killing by activated T cells (178).

There is also evidence to suggest that in animals with chronic viral infections, PD-1 is
expressed by `exhausted' viral antigen-specific T cells. The functional impairment of such
cells can be reversed through PD-L1 blockade (179). While there is no clear evidence that
exhaustion of T-cells expressing PD-1 is a potential mechanism of T-cell inhibition by PD-
L1 in the tumor setting, it is interesting to hypothesize that a similar inflammatory state
similar to that seen in chronic viral infections may also be operational in at least a subset of
patients with cancer.

Based on these preclinical observations, two humanized anti-PD-1 antibodies have been
developed for clinical investigation (CT-011, Cure Tech and MDX-1106, Medarex). In a
single-dose phase I study of CT-011, 17 patients with advanced hematological malignancies
were treated with CT-011 at doses ranging from 0.2 to 6.0 mg/kg. No serious adverse events
were described, and no maximum tolerated dose (MTD) of CT-011 was defined. Clinical
benefit was documented in 33% of patients, including one CR. Development of
autoimmunity was not reported (180). Brahmer (181) conducted a single-dose phase I study
of MDX-1106 in patients with advanced solid cancers. Thirty nine patients received doses of
MDX-1106 of 0.3 to 10mg/kg. Administration of MDX-1106 was safe, and one partial
tumor responses was seen in 36 evaluable patients. One patient developed severe colitis, and
two experienced polyarthritis, all requiring treatment with corticosteroids (181). Currently,
the efficacy of PD-1 antibodies is currently being tested in phase II trials for various tumor
subtypes.

PD-L2 (B7-DC) was discovered as a second ligand for PD-1 simultaneously by two groups
in 2001 (182, 183). PD-L2 mRNA expression is confined largely to DCs, but in humans,
PD-L2 mRNA expression can also be seen in heart, placenta, liver, and pancreas (182, 183).
Murine PD-L2 mRNA expression on normal tissues is more tightly regulated. PD-L2
expression was also found in several murine tumor cell lines (182). Whether expression of
PD-L2 at the protein level occurs commonly in tumors is not known. Using a PD-L2-Ig
fusion protein, the ability of PD-L2 to costimulate T cells was examined. One group
demonstrated a T-cell inhibitory effect for PD-L2 (182), while PD-L2 was found to
stimulate T cells by another (183). These conflicting results with regard to ability of PD-L2
to costimulate and/or inhibit T-cell responses may be explained by the existence of a
putative second receptor distinct from PD-1 that may have a positive costimulatory function
analogous to CD28 (184, 185).

The in vivo role of PD-L2 was examined more definitively using PD-L2−/− mice (186). In
vivo responses of adoptively-transferred OVA peptide-specific CD4+ T cells were
diminished in PD-L2−/− mice following vaccination with OVA peptide-pulsed bone marrow
derived DCs (BMDCs) (186). Following establishment of hepatic metastases in wildtype or
PD-L2−/− mice by splenic injection of CT26 murine colon cancer cells, tumors grew more
rapidly, and survival was decreased, in PD-L2−/− mice. Collectively, these data suggest that
a significant component of the function of PD-L2 in vivo is likely stimulatory. In contrast to
PD-L1, it seems unlikely that neutralizing anti-PD-L2 mAbs would lead to improvement of
anti-tumor immunity.

B7-H4/B7.x
The discovery of this negative costimulatory ligand was simultaneously reported by three
groups in 2003 (187–189). B7-H4 (B7S1, B7x) was found to be 20–30% homologous to
other B7 family members at the amino acid level, but was unique as it is believed to be
anchored to the cell membrane via a glycosyl phosphatidylinositol (GPI) linkage (187), as
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opposed to other B7 family members which are all type I transmembrane proteins. B7-H4 is
expressed broadly in peripheral tissues at the mRNA level, but protein expression of B7-H4
was seen only on activated B cells, T cells, and monocytes (187, 188). A B7-H4-Ig fusion
protein potently inhibited T-cell responses, and blockade with anti-B7-H4 mAb augmented
in vitro T-cell responses and exacerbated EAE in vivo (187–189). Thus, B7-H4 was defined
as a negative costimulatory ligand. Consistent with in vitro data, Th1 responses were slightly
augmented and Leishmania major infection was better controlled in B7-H4−/− mice (190).
However, other immune responses remained intact. Thus, B7-H4 likely plays a negative, but
minor role in vivo, and may serve along with other costimulatory/coinhibitory ligands to
finely tune T-cell responses against cognate antigens.

The identity of the cognate receptor on T cells for B7-H4 remains controversial, although it
was reported that BTLA-4, a recently described CD28 family, may be a receptor (189, 191).
B7-H4 mRNA has been detected in murine tumor cell lines, including those of originating
from prostate, colon, breast, ovarian, and lung (189). Immunohistochemically, B7-H4 could
be detected with regularity on freshly isolated ovarian and lung cancer (192) specimens.
Simon and colleagues identified B7-H4 cDNA to be highly overexpressed in breast and
ovarian cancer tissues compared with healthy breast and ovarian tissue (193). Using novel
B7-H4 antibodies, they confirmed overexpression of B7-H4 in lysates of human ovarian
cancer cell lines and in cancer tissues. An enzyme-linked immunosorbent assay (ELISA)
technique was developed to analyze serum, ascites, and tumor lysates from ovarian cancer
patients, and B7-H4 was found to be expressed almost uniquely in ovarian tumor tissues.
B7-H4 levels were also elevated in the serum of ovarian cancer patients, and B7-H4 was
similarly useful to identify ovarian cancer as was CA-125, a standard marker of ovarian
cancer. When used in combination, B7-H4 and CA-125 improved the sensitivity and
specificity of detection compared with either marker alone (193). These results confirmed
that B7-H4 was expressed by ovarian tumor tissue, and that it may be useful in the future as
a screening or monitoring marker, although larger, confirmatory studies are needed to
substantiate these findings. B7-H4 is also expressed on approximately 60% of renal cancers
as well as on adjacent endothelial tissue (194). B7-H4 expression was associated with
advanced tumor stage and grade. Patients with B7-H4-expressing tumors were three times
more likely to die from their cancer (194). In our own laboratory, we have not detected B7-
H4 in metastatic melanomas (Gajewski et al., unpublished observations).

The suppressive mechanism through which B7-H4 operates has been clarified recently when
it was demonstrated in the setting of ovarian cancer, a subset of cell surface B7-H4-
expressing tumor associated macrophages (TAM), but not its intracellular expression on
purified ovarian cancer cells, could suppress tumor-antigen specific T-cell responses (195).
B7-H4 expression in TAM was positively upregulated by high concentrations of IL-6 and
IL-10 present in the tumor microenvironment, while its expression was inhibited by GM-
CSF and IL-4 (195). Blockade of B7-H4 expression with antisense oligonucleotides
reversed the suppressive effects of TAM and restored T cell-mediated tumor immunity in
vivo. Induced expression of B7-H4 on TAM restored their suppressive capabilities (195).
Treg-stimulated production of IL-10 by APCs was also shown to contribute to upregulation
of B7-H4, conferring a suppressive phenotype (196). Thus, a model has emerged in which
APCs present in the ovarian cancer microenvironment are licensed to produce IL-6 and
IL-10 by Tregs, which in turn leads to B7-H4 upregulation in an autocrine fashion.
Consequently, B7-H4-expressing APCs are capable of inhibiting effective anti-tumor T-cell
responses in ovarian cancer patients (197). Development of reagents to block of the B7-H4/
B7.x pathway is thus attractive to consider for a subset of human malignancies.
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LAG-3
The lymphocyte activation gene 3 (LAG-3, CD223) was characterized from activated T cell
and NK cells in 1990 (198). The LAG-3 protein is a member of the Ig superfamily
containing four extracellular Ig domains, and is closely related to CD4. The ligand for the
LAG-3 receptor was subsequently determined to be MHC class II (199) with higher affinity
than CD4 itself (200). LAG-3 is not expressed in resting T cells, but is upregulated
following T-cell stimulation and appears to be associated with the CD3/TCR complex (201,
202). When LAG-3 on activated T cells crosslinked with a specific mAb, potent inhibition
of T-cell proliferation and cytokine production was seen that was reversed by exogenous
IL-2. LAG-3 crosslinking also led to downmodulation of the CD3/TCR complex and CD3-
mediated calcium flux in activated T cells in vitro (202).

In vivo, DNA-based vaccination of Balb-neuT mice, which develop spontaneous mammary
cancers, along with administration of a LAG-3-Ig fusion protein protected the majority of
mice from tumor development, and was associated with augmented B- and T-cell responses
when compared with vaccination alone (203). Furthermore, when PBMC from melanoma
patients stimulated in vitro in the presence of LAG-3-Ig resulted in sustained generation and
expansion of tumor antigen-specific CD8+ T cells (204).

Additional evidence for an immune inhibitory function comes from the analysis of
LAG-3−/− mice. CD8+ T cells from LAG-3−/− mice proliferated more rapidly than those
from wildtype mice when transferred into lymphopenic hosts (205). This effect could be
abrogated upon forced expression of a wildtype form, but not a signaling-deficient form, of
the LAG-3 gene. Furthermore, blockade of LAG-3 with mAb or adoptive transfer of
LAG-3−/− hemagglutinin (HA)-specific CD8+ T cells led to augmented anti-tumor immune
responses against HA-expressing tumors in TRAMP (Trf4p, Air1p or Air2p, and Mtr4p
complex) mice (206).

LAG-3 may also play an important role in the suppressive capabilities of Tregs. Using a
differential gene array analysis in TCR transgenic CD4+ T cells, it was shown that LAG-3
was expressed at higher levels in induced Tregs responding to a self-expressed transgene
(HA) (207). When LAG-3 was blocked in vitro or in vivo, Treg-mediated suppression was
significantly diminished, and ectopic expression of LAG-3 was sufficient to induce
regulatory properties upon conventional CD4+ transgenic T cells. In tumor samples from
patients with Hodgkin's Disease (HD), LAG-3 expression was induced on tumor-infiltrating
lymphocytes, and LAG-3 was highly expressed on circulating Tregs in patients with active
HD but not on those in remission (208). Endogenous CD8+ T cells from HD patients
specific for Epstein-Barr virus epitopes were hyporesponsive, and function correlated with
the level of LAG-3 expression present in tumor-infiltrating lymphocytes (208). Together,
these data suggest that in vivo expression of LAG-3 on conventional T cells and Treg
confers a hyporesponsive or suppressive phenotype, and that LAG-3 is a negative regulatory
T-cell receptor which could be targeted using a mAb approach in cancer patients, both to
inhibit Treg-mediated suppression and to restore the function of tumor antigen-specific
effector T cells.

Complex network of negative regulation in the tumor microenvironment—
While engagement of inhibitory receptors expressed on T cells represents one category of
negative regulation of anti-tumor immune responses, recent work has established that the
tumor microenvironment is more complex and contains a network of suppressive
mechanisms that may act in concert to prevent immune-mediated destruction and ultimately
allow tumor outgrowth. We have observed in melanoma metastases that PDL1 is usually
coexpressed with the tryptophan-catabolizing enzyme indoleamine-2,3-dioxygenase (IDO)
and also with Foxp3+ Tregs (unpublished data). These tumors are also deficient in
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expression of B7-1 and B7-2, arguing for an anergy-promoting environment as well.
Additional support for T-cell anergy has come from evidence that T-cell hyporesponsiveness
in the tumor microenvironment can in some cases be restricted to anti-tumor T cells while
sparing viral antigen-specific T cells in the same tumor site (209). Together, observations
such as these suggest the possibility that interference with multiple negative regulatory
influences simultaneously may ultimately be necessary for optimal therapeutic benefit.
Preclinical studies of combination therapy approaches are beginning to shed light on the
most synergistic permutations. Using homeostatic proliferation in lymphopenic recipients as
a strategy to reverse T-cell anergy (210) combined with depletion of Tregs using anti-CD25
mAb, we recently have observed powerful rejection of B16 melanoma tumors in vivo (211).
Uncoupling PD-L1/PD-1 interactions using PD-1−/− T cells in combination with
homeostatic proliferation also appears to be synergistic (unpublished observations).
Continued evaluation of logical combinations in preclinical models will provide necessary
preparation for when combination treatments become possible with clinical-grade reagents
in patients.

Concluding remarks
There are multiple levels at which manipulation of costimulatory and coinhibitory receptors
may improve the ability of tumor antigen-specific T cells to control tumor growth in vivo.
Such manipulations may potentially improve both the priming phase and the effector phase
of the anti-tumor immune response, but the need for augmentation of each of these phases in
individual cases may vary. When considering translation to the clinic, it is critical to keep in
mind that some individual patients may have already generated a spontaneous anti-tumor T-
cell response as detected using functional assays in the blood, and a subset of those may
have evidence of migration of activated T cells into tumor sites. However, local negative
regulatory pathways may dominate, thus allowing tumor escape from immune destruction.
In those instances, vaccination and other manipulations to augment the priming phase may
be less critical than uncoupling critical negative regulatory pathways in the tumor site (e.g.
PD-L1-PD-1 interactions, T cell anergy, etc). However, other individual patients may have
developed systemic peripheral tolerance to dominant tumor antigens, and in those instances,
interventions to recruit T cells against subdominant antigens through vaccination, increased
B7 costimulation, CTLA-4 blockade, etc. may be the most crucial. On the other hand, some
patients may have tumors that completely lack the ability to recruit activated T cells into the
tumor microenvironment, and as such even superior induction of circulating functional
tumor antigen-specific T cells may be totally ineffective because of a local barrier to T-cell
homing. In those instances, promoting improved T-cell migration (e.g. via local application
of LIGHT) may represent the highest priority intervention. Therefore, maximally effective
clinical/translational development of novel immunotherapeutics will require the
development and application of assay systems to appraise the details of the anti-tumor
immune response both in the blood and in tumor sites, both to determine the frequency of
each type of mechanistic block in the anti-tumor T-cell response, and also to determine the
most critical pathways to manipulate towards improved clinical outcome. Such detailed
analyses will ultimately identify biomarkers that should facilitate the selection of patients
likely to benefit from specific immunotherapeutic interventions.

In addition to inter-patient heterogeneity, a second variable when considering clinical
translation is the potential differences in dominant tumor escape mechanisms in different
subtypes of cancer. For example, PD-L1 has been observed to be widely expressed in
metastatic melanomas, whereas B7-H4/B7.x has not been detected in melanoma but
frequently observed in ovarian cancers. In addition, a high percentage of infiltrating γδTCR-
expressing T cells with apparent immune suppressive properties has been observed in breast
cancer tumors but not melanomas. Thus, one can envision the application of selected
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immunotherapeutic interventions dictated by the biologic characteristics of the cancer type
being targeted.

A final important point is to emphasize the apparent complexity and multiple layers of
barriers to the anti-tumor immune response that seem to coexist in patients. For example,
metastatic melanomas frequently express PD-L1, but also are B7-poor and contain IDO-
expressing APCs and CD4+FoxP3+ Tregs. As such, manipulating one pathway may not be
sufficient to restore maximal anti-tumor efficacy, raising the likelihood that combination
immunotherapies may be required. Once could imagine providing local expression of B7-1
in the tumor microenvironment to prevent induction of T-cell anergy, but also having to
eliminate Tregs, block IDO activity, and/or interfere with PD-L1/PD-1 interactions in a
combinatorial fashion in order for tumor regression to occur in the largest fraction of
patients. Carefully designed preclinical models and continued analysis of individual cancer
patients should enable generation of a prioritized list of combination immunotherapies,
including those that modulate costimulatory and coinhibitory receptors, to develop for
clinical trial testing. Such studies may demand an unprecedented level of collaboration
between academic scientists, multiple pharmaceutical companies, government funding
institutes, and regulatory agencies. Inasmuch as several immunotherapy combinations
already are supported by sound preclinical data, it is envisioned that clinical translation of
these approaches will gain sufficient momentum in the near future.
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Fig. 1. Schematic of positive costimulatory pathways that could regulate specific stages in an
anti-tumor immune response
Depicted are representations of the priming phase in secondary lymphoid organs, and the
effector phase within the tumor microenvironment. Most costimulatory signals can be
envisioned to improve aspects of the immune response in both compartments, to improve
productive cross-priming by APCs and to help maintain the desired functional properties of
effector cell subsets. Specific receptor/ligand interactions are defined in the lower right
section.
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Fig. 2. Schematic of coinhibitory pathways that can be active within tumor-draining lymph
nodes and the tumor microenvironment
Depicted are representations of the priming phase in secondary lymphoid organs, and the
effector phase within the tumor microenvironment, along with key coinhibitory pathways
that could dampen anti-tumor T-cell responses at each level. Several inhibitory signals, such
as PD-L1/PD-1 interactions, can regulate both the effectiveness of tumor antigen cross-
priming and the function of effector cells at tumor sites. Not all pathways are necessarily
relevant for each subtype of cancer and do not necessarily coexist in all individual tumors.
Specific receptor/ligand interactions are defined in the lower right section.
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