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PREFACE

Tumor necrosis factor (TNF) superfamily is a rapidly growing family of
cytokines that interacts with a corresponding superfamily of receptors. Ligand-
receptor interactions of this superfamily are involved in numerous biological
processes ranging from hematopoiesis to pleiotropic cellular responses, including
activation, proliferation, differentiation, and apoptosis. The particular response
depends on the receptor, the cell type, and the concurrent signals received by the
cell. Worldwide interest in the TNF field surged dramatically early in 1984 with
the cloning and defining of the profound cellular effects of the first member of this
family, TNFa.. Subsequently, the major influence of TNFa on the development and
functioning of the immune system was established. Today, over 20 human TNF
ligands and their more than 30 corresponding receptors have been identified. Few
receptors still remain orphans. What has emerged over the years is that most TNF
ligands bind to one distinct receptor and some of the TNF ligands are able to bind
to multiple TNF receptors, explaining to some extent the apparent disparity in the
number of TNF receptors and ligands. Yet, in spite of some redundancy in TNF
ligand/receptor interactions, it is clear that in vivo spatial, temporal, and indeed
cell- and tissue-specific expression of both ligands and their receptors are important
factors in determining the precise nature of cellular, physiological and pathological
processes they control.

TNF superfamily has been the most highly investigated area of basic medical
research for over two decades. These investigations have benefited from the enormous
growth in our understanding of the principal functions of the immune system and
the explosion in the knowledge involved in regulation of normal and pathological
immune response. In addition, much has been learned about the molecular mecha-
nisms of programmed cell death and the escape of tumor cells from apoptotic demise
and from discovery of the key role played by TNF ligands in this process. As the
functioning of these superfamily members is very complex, understanding TNF
ligands and their receptor biology requires a mélange of research activities in many
different disciplines including organ development, molecular biology, experimental
pathology, and immunology. As a consequence of intensive studies in multiple areas
over many years, much has been learned. A key role of members of this superfamily
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vi Preface

in normal functioning of the immune system, autoimmunity, and other fundamental
cellular process by which tumor cells develop has been established. Many novel
mechanisms involving TNF superfamily members in the disease development process
have been defined, and a unified concept and new perspectives have also emerged.
For example, abrasions in the innate immune system, not always considered critical
in autoimmunity, have come under increasing attention. Additionaly, TNF-directed
and not antigen- directed therapy has emerged as the most impressive therapeutic
advance in managing autoimmunity in humans. These findings provide a foundation
for novel drug design efforts that are poised to utilize newly acquired knowledge.
Several of these strategies have already materialized into successful therapeutics such
as use of TNF for cancers and anti-TNFa antibodies and TNFR-Fc for autoimmune
diseases, and many have advanced to human clinical trials, while many more are
still being tested in preclinical settings.

As in other rapidly evolving fields, these advances are not necessarily congru-
ent and are often difficult to organize into a cogent whole. The aim of Therapeutic
Targets of the TNF Superfamily is to make readily available the major research
important in the exploitation of this family for developing therapeutic strategies
for human diseases, in a single volume. Under the auspices of Landes Bioscience,
I have undertaken the task to concisely consolidate current knowledge of key TNF
superfamily members focusing on both basic aspects and their clinical application.
In this volume, a number of leading scientists in the field cover many aspects of
biology of TNF superfamily members, ranging from the cloning and characterization
of TNF ligands and their receptors, through the use of animal models to study their
functions in vivo and their exploitation for human therapeutic use. Each chapter
also includes relevant background information and provides useful bibliography
for a more detailed analysis, making the study of TNF ligands/receptors accessible
at all levels of expertise.

I'would like to express my sincere thanks to all of my contributors for their excel-
lent effort and undertaking this project with such enthusiasm, to Cynthia Conomos
and Ronald G. Landes for commissioning me to edit this volume, and Megan Klein
and the staff of Landes Bioscience for help with publication coordination. This vol-
ume presents the state-of-the art account on the role of TNF superfamily members
in the pathogenesis and their use in current intervention of cancers and autoim-
mune disease. This text will be highly valuable for investigators to understand the
disease processes regulated by TNF superfamily members and to develop effective
therapeutics. A view into the future, inspired by the comprehensive work presented
in this volume, predicts that researchers studying TNF superfamily members will
continue to make rapid progress in identifying relevant components to the disease
process and new therapeutic strategies to target many human diseases including
cancers, autoimmune disease, and others.

Igbal S. Grewal, PhD
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CHAPTER 1

Overview of TNF Superfamily:
A Chest Full of Potential Therapeutic Targets

Igbal S. Grewal*

Abstract

ince the discovery of tumor necrosis factor TNFa about 25 years ago, TNF superfamily
S has grown to a large family of related proteins consisting of over 20 members that signal

through over 30 receptors. Members of this superfamily have wide tissue distribution and
play important roles ranging from regulation of the normal biological processes such as immune
responses, hematopoiesis and morphogenesis to their role in tumorigenesis, transplant rejection,
septic shock, viral replication, bone resorption and autoimmunity. Thus, many approaches to harness
the potency of TNF superfamily members to treat human diseases have been developed. Indeed,
TNF and TNF agonistic molecules have been approved for human use in the United States and
other countries. Many other TNF family members show promise for several therapeutic applica-
tions, including cancer, infectious disease, transplantation and autoimmunity. This chapter will
give overview of TNF superfamily for exploitation for therapeutic use in humans.

Introduction

In middle of the nineteenth century, a surprising observation was made that in some cancer
patients spontaneous regression of their tumors occurred if they were infected with bacterial
infections.! This landmark discovery led to the idea of existence of a tumor necrotizing molecule
and use of Coley’s toxins (bacterial extracts) for the treatment of human cancers.? A century later,
a factor from bacterial extracts, lipopolysaccharide (LPS), was isolated that was identified to be
responsible for anti-tumor effects.” This effect of LPS on tumor regression was later shown to be
due to induction of a factor in the serum. This factor was named as tumor-necrotizing factor® and
later designated as tumor-necrosis factor (TNF).’ Subsequently TNF was isolated® and its gene
was cloned” and TNF became the prototype of a rapidly growing family of related proteins now
called the TNF superfamily.

The TNF superfamily is now composed of over 20 TNF-related ligands all sharing many key
structural features. A majority of these ligands are synthesized as type II transmembrane proteins.
These ligands contain a relatively long extracellular domain and a short cytoplasmic region.® Their
extracellular domains can be cleaved by specific metalloproteinases to generate a soluble molecule.
In general, cleaved and noncleaved ligands are active as noncovalent homotrimers, although some
members can also exist as heterotrimers. Both membrane-bound and secreted ligands are expressed
by a variety of normal and malignant cell types.” Since most of TNF-superfamily members are
expressed as transmembrane cell surface proteins, it is believed they are acting at a local level.
Key members of this family include APRIL, BAFF, 4-1BBL, CD30L, CD40L, CD70, CD95L,
OX40L, LTa, LT, RANKL, NGE, TNFa and TRAIL (Fig. 1). More than 30 receptors for
the TNF ligands belonging to the TNF receptor (TNFR) superfamily have been identified in

*Igbal S. Grewal—Seattle Genetics, Inc., 21823 30th Drive SE, Bothell, WA 98021, USA.
Email: igrewal@seagen.com

Therapeutic Targets of the TNF Superfamily, edited by Igbal S. Grewal.
©2009 Landes Bioscience and Springer Science+Business Media.
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Figure 1. TNF superfamily ligands and their known receptors. Ligands and their receptors are
shown in a diagramatic form. Many ligands bind to more than one receptor as indicated by
arrows. Ligands for DR6, TROY and RELT have not yet been discovered. Red boxes shown in
the cytoplasmic part of the receptors indicate presence of a death domain. A color version
of this image is available at www.eurekah.com

humans and in mice. These receptors are type I membrane proteins characterized by the presence
of a distinctive cystein-rich domain in their extra-cellular portion.” Most of TNF ligands bind to
asingle receptor, but few of them bind to more than one receptor. For example, TRAIL is known
to bind five receptors (DR4, DRS, DcR1, DcR2 and OPG). TNF receptors exert their cellular
responses through signaling sequences in their cytoplasmic regions.

Based upon these cytoplasmic sequences and signaling properties, the TNF receptors can
be classified into three major groups.'® The first group includes receptors that contain a death
domain (DD) in their cytoplasmic tail. These receptors include CD95, TNFR1, DR3, DR4,
DRS5 and DRé. Binding of TNF superfamily ligands to their DD containing receptors causes
complex signaling through adaptor proteins, such as tumor necrosis factor receptor—associated
death domain (TRADD)), resulting in activation of the caspase cascade and apoptosis of the cell.!!
The second groups of receptors contain one or more TNF receptor-associated factors (TRAF)
interacting motifs (TIM) in their cytoplasmic tails. This group includes TNFR2, CD40, CD30,
CD27,LT-BR, 0X40, 4-1BB, BAFFR, BCMA, TACL, RANK, NGFR, HVEM, GITR, TROY,
EDAR, XEDAR, RELT and Fn14."” Ligand binding to TIM containing TNF receptors induces
recruitment of TRAF family members and activation of cellular signaling pathways including
activation of a nuclear factor-kB (NF-kB), Jun N-terminal kinase (JNK), p38, extracellular signal
regulated kinase (ERK) and phosphoinisitide-3 kinase.'> The third group of TNF receptor family
members does not contain functional intracellular signaling domains or motifs. These receptors
include DcR1, DcR2, DcR3 and OPG. Although this group of receptors lacks the ability to provide
intracellular signaling, they can effectively act as decoys to compete for ligand binding and block
the signaling through other two groups of receptors.”®

Signaling events induced by TNFR superfamily members regulate a very broad array of
developmental processes and play pivotal roles in numerous biological events in mammals includ-
ing induction of apoptosis, survival, differentiation and proliferation of cells. The majority of
TNF superfamily ligands are predominantly expressed on cells involved in the immune system
including B-cells, T-cells, NK cells, monocytes and dendritic cells. In contrast, TNF receptors
are expressed by a wide variety of cells that have both hematopoetic and nonhematopoeitic
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origins. Thus, numerous activities are assigned to TNF superfamily members, in particular, their
profound role in regulation of both normal and pathogenic immune responses.

The strong role played by TNF superfamily members in normal development is illustrated by
the identification of disease causing mutations in both ligands and receptors. Humans with muta-
tionsin TNFR1, CD95, CD95L, RANK, EDA and CD40L manifest profound abnormalities. For
example, mutations in TNFR1 are linked to periodic fever syndromes called TNFR1-associated
periodic syndromes, which is manifested as unexplained episodes of fever and severe localized
inflammation.'* Individuals who have mutations in CD95 and CD95L manifest autoimmune
lymphoproliferative syndrome (ALPS),"> a phenotype that is similar to those of Ipr and gld mice,
which also have mutations in CD95 and CD95L respectively.'® Because of lack of CD95 signals,
ALPS patients have defective lymphocyte apoptosis and have an increased risk of developing T- and
B-cell lymphomas.'’ Humans with mutations in CD40L gene, an X-linked hyper-IgM syndrome,
have severe defects in immunoglobulin isotype switching mechanisms. This is illustrated by the
accumulation of large amounts of IgM in the serum of patients with the CD40L gene mutation
and their susceptibility to opportunistic infections.”” Two mutations in RANK gene are linked
to familial expansile osteolysis, a rare autosomal dominant bone disorder which is characterized
by focal areas of increased bone remodeling. In this disease, an increased activity of osteoblasts
and osteoclasts causes the osteolytic lesions to develop in the long bones during early adulthood.
Both of these mutations have been linked to an increase in RANK-mediated NF-kB signaling
in vitro, consistent with observed phenotype in vivo in humans.'® Mutations in EDA results in
hypohydrotic ectodermal dysplasia, both in humans and mice, which is characterized by the loss
of hair, sweat glands and teeth.!” A similar phenotype is also seen with mutations in receptor for
EDA. EDA regulates the initiation and morphogenesis of hair and teeth by activating NF-kB in
the ectoderm. Additionally, mutations in death receptors such as CD95 and DR4 have been linked
to various carcinomas and lymphomas.??! A critical in vivo role for BR3 (receptor for BAFF) in
B-cell ontogeny is also illustrated by the finding of severe deficiency in B-cell development in mice
with mutations in 673 gene.”

Therapeutic Potential of TNF Superfamily for Anticancer Treatment

As mentioned carlier, a group of TNF superfamily receptors are death receptors and have the
unique ability to transmit an intracellular death signal and TNF ligands such as TNF, CD95L and
TRAIL are capable of inducing apoptosis in tumor cells. Because TNF receptors are expressed on
many tumor cells, TNF was exploited for its antitumor effects. Its use as an anti-cancer agent, how-
ever, is limited because of its systemic toxicity.”> Many approaches are being considered to improve
its toxicity profile. For example, inhibition of matrix metalloproteinases has been documented to
reduce the toxicity induced by TNE? Furthermore, TNF has been successfully used to treat limb
soft-tissue sarcomas and other large tumors when administered locally by isolated limb perfusion
to avoid its systemic effects.” Similar to the use of TNF, in vivo use of CD95L is also limited by its
lethal hepatotoxicity resulting from massive hepatocyte apoptosis. This led to testing of other TNF
ligands that may selectively affect tumor survival in humans without significant toxicity. When
TRAIL was investigated in this context, it was discovered that TRAIL can specifically kill cumor
cells without harming normal cells, suggesting it could be used for the treatment of cancer. This is
supported by a myriad of animal studies investigating the anticancer potential of TRAIL where
very promising results have been seen.?*?” In addition to TRAIL, agonistic antibodies specific for
its receptors DR4?® and DR5% are also being explored for their antitumor effects and are now in
clinical testing. Since a number of other TNF family members such as, CD30, CD40, CD70,
BR3, BCMA are also expressed on tumor cells, antibody based therapies are being developed
to target these molecules and are currently undergoing clinical trials. In addition, some of these
molecules are also being exploited as targets for antibody-drug conjugates (CD30 and CD70) and
for radioimmunotherapy (BLyS receptors TACI and BR3).%

As TNF superfamily members play a profound role in the activation of immune response,
therapeutic approaches to target TNF superfamily members to boost anti-tumor host responses
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have also been developed. Use of agonistic molecules to target TNF receptors for some members
of the family are being tested in the clinic. These include, agonistic anti-CD40 antibodies, soluble
CD40L and OX40L.*"* In cases, such as CD40, where the target is also expressed on tumor cells,
rationally designed antibody-based therapies combining the induction of tumor cell apoptosis and
activation of tumor-specific adaptive immunity can be considered. This will enable promotion of
antitumor host immune response and could help to eradicate large established and heterogeneous
tumors without requiring expression of tumor-specific antigens on all tumor cells.

Therapeutic Potential of TNF Superfamily for Autoimmune

and Inflammatory Disease

It is clear now that the immune system is regulated not only by cell proliferation and differen-
tiation but also by apoptosis and TNF superfamily members control and orchestrate the immune
response at multiple levels.* Thus, TNF superfamily members have been implicated in both innate
and adaptive immune responses such as defense against pathogens, inflammatory response and
autoimmunity, as well as the normal development of the immune system.*** TNF superfamily
members such as TNF, LTa, LT and RANKL provide crucial role in the development of sec-
ondary lymphoid organs. CD95 is important for the regulation of immune system for both the
development of T-cells in thymus and for the induction of apoptosis of activated T-cells important
for the downregulation the immune response.®® TNF superfamily members, such as TNF, CD95L
and TRAIL, also contribute to the cytotoxic effector cell response in the recognition and elimina-
tion of virus-infected cells. Some members of the family are also important for the integrity of the
host tissues. For example, the eye is maintained as an immune-privileged site by the expression of
CD95L by the corneal cells. CD95L kills the inflammatory cells and protects the eye from inflam-
matory attack.*® Similarly, TRAIL has also been shown to have an important role in regulation of
lymphocyte functions in the periphery by inhibiting cell-cycle progression by T-cells.”

Since most of the TNF ligands are expressed by the cells of the immune systems, their crucial
role in regulation and proliferation of B-cells, T-cells and monocytes as well as in homeostasis
has been well documented.?® Thus, importance of CD95L in peripheral T-cell homeostasis and
crucial role of 4-1BBL, CD27, CD30L, OX40 and CD40L in costimulation T-cells has been
well described.* As CD30, CD40 and receptors for TNF, LT, APRIL, BAFF and CD70 are ex-
pressed on B-cells these family members are implicated in the control of maturation and survival
of B-cells.""* Many TNF superfamily members are also important for the activation and devel-
opment of effector cells such as CD40L for B-cells; 4-1BBL, OX40L and CD70 for T-cells; and
CD40 and RANKL for dendritic cells.* In addition, several TNF ligands such as BAFF, CD30L,
CD40L, OX40L,4-1BBL and CD70 have been implicated in the development of autoimmunity.®
A potential role of TRAIL and other members of the TNF superfamily in organ transplantation
has also been documented.*’ A profound role of TNF superfamily members such as CD40L and
TNFo has been described for protective Thl-type host response against infection with bacteria.
TNFo has been also implicated in LPS-mediated septic shock. In addition to their profound role
in autoimmune and inflammatory response, members of the TNF superfamily have also been
implicated in chronic heart failure, bone resorption, AIDS, Alzheimer’s disease, transplant rejec-
tion and atherosolerosis.’

Accordingly, approaches to target many of TNF superfamily receptors and ligands for treat-
ment of autoimmunity and other inflammatory diseases are being exploited. Indeed, a number of
biologic TNF blocking therapies including humanized monoclonal antibodies (e.g., infliximab
or adalimumab) or recombinant fusion proteins of IgG and soluble receptors (e.g., etanercept)
have been developed and are being used in humans now to inhibit the inflammation associated
with Crohn’s disease and rheumatoid arthritis.* TNF receptor fusion proteins are also in de-
velopment for heart disease. In addition number of other therapies targeting TNF superfamily
including TACI-FC, BR3-Fc, anti-BLyS, anti-CD70, anti-OX40L and anti-CD40L are currently
in clinical testing.
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Challenges for Targeting TNF Superfamily Members

Although soluble TNF and anti-TNF agents have been approved for human therapies and
are being successfully used in human patients, there are number of toxicities associated with
these therapies. At the time of the discovery of TNF, the main role attributed to this cytokine
was in tumor killing, however, it is now evident that TNF can also play a much broader role in
tumorigenesis. The molecular mechanism of action of TNF is mediated through the activation of
NF-«B, which is known to regulate various molecules involved in invasion and metastasis of the
tumors. In addition, TNF use in humans leads to direct toxicity of the liver resulting in damage
of hepatocytes. Similar to the use of TNF, CD95L use also results in hepatotoxicity, suggesting
a similar mechanism of action of CD95L. The continued examination of signal transduction of
TNF superfamily members is needed to develop approaches for tissue specific interventions, which
could allow targeted therapies to have fewer side effects.

Three different antibodies against CD40L were tested in clinical trials for potential therapies
for autoimmune and inflammatory disease. However, thromboembolic complications were asso-
ciated with all three antibodies, which led to a complete stop in clinical testing of these antibod-
ies.” Mechanism underlying anti-CD40L antibody induced thromboembolism remains to be
elucidated. This issue is discussed in detail in reference 31, where alternative approaches to target
CDA40L are being considered.

Increased risk of development of tuberculosis and lymphoma is also seen with anti-TNF thera-
pies. This is consistent with the important role of TNF in regulation of many cellular processes
and in activation of macrophages which are key players in killing Mycobacterium tuberculosis.
Several of the harmful effects of TNF and its superfamily members are thought to be mediated
through the activation of NF-kB. As all TNF superfamily members have potential to activate
NF-kB and induce large numbers of genes, it is not surprising that their products are implicated
in a wide variety of toxicities. Thus the beneficial role of therapies targeting TNF family members
and their potential immunosuppressive or toxic effects must be critically examined in both animal
studies and in human trials.

Summary and Conclusions

It is clear that over 20 members of the TNF superfamily and their receptors have been identi-
fied and these molecules have a wide-ranging role in many cellular and physiological functions.
The key mechanism of the action of these molecules includes activation of NF-kB, JNK, p38
MAPK and ERK1/ERK2. Signals stemming from TNF-superfamily members promote multiple
cellular events including apoptosis, proliferation, survival and differentiation. These molecules
are also shown to mediate hematopoiesis, immune surveillance, tumor growth and protection
from infection. In addition TNF superfamily members are also implicated in inflammatory im-
mune response, autoimmunity, septic shock and osteoporosis. Based on the profound role the
TNF superfamily plays in multiple cellular events it is no surprise that many approaches to target
this family for therapeutic use are being developed. Indeed, TNF and its inhibitors have been
approved as therapeutics. These include TNF for human use in the treatment of sarcomas and
melanomas,?>* anti-TNF antibodies for rheumatoid arthritis and Crohn’s disease,”> Anti-TNF
therapy using soluble TNFR2 for rtheumatoid arthritis.* A number of new molecules targeting
TNF superfamily are also being exploited for the treatment of cancers and various autoimmune
diseases. How several members of the TNF superfamily are exploited for the therapeutic use is
discussed in detail in the following chapters.
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CHAPTER 2

Therapeutic Interventions Targeting

CD40L (CD154) and CD40:
The Opportunities and Challenges

Che-Leung Law* and Igbal S. Grewal

Abstract

D40 was originally identified as a receptor on B-cells that delivers contact-dependent

T helper signals to B-cells through interaction with CD40 ligand (CD40L, CD154).

The pivotal role played by CD40-CD40L interaction is illustrated by the defects in
B-lineage cell development and the altered structures of secondary lymphoid tissues in patients
and engineered mice deficient in CD40 or CD40L. CD40 signaling also provides critical func-
tions in stimulating antigen presentation, priming of helper and cytotoxic T-cells and a variety
of inflammatory reactions. As such, dysregulations in the CD40-CD40L costimulation pathway
are prominently featured in human diseases ranging from inflammatory conditions to systemic
autoimmunity and tissue-specific autoimmune diseases. Moreover, studies in CD40-expressing
cancers have provided convincing evidence that the CD40-CD40L pathway regulates survival of
neoplastic cells as well as presentation of tumor-associated antigens to the immune system. Extensive
research has been devoted to explore CD40 and CD40L as drug targets. A number of anti-CD40L
and anti-CD40 antibodies with diverse biological effects are in clinical development for treatment
of cancer and autoimmune diseases. This chapter reviews the role of CD40-CD40L costimulation
in disease pathogenesis, the characteristics of therapeutic agents targeting this pathway and status
of their clinical development.

Introduction

CD40 (TNFRSFS), a member of the tumor necrosis factor (TNF) receptor superfamily, is
a signaling cell surface receptor. Sequence motifs involved in CD40-mediated signal transduc-
tion have been identified in the CD40 cytoplasmic tail that interact with the TNFR-associated
factors (TRAFs) to trigger downstream signal cascades that in turn modulate the transcriptional
activities of a variety of survival and growth—rclatcd gcnes.l'3 CD40 is cxpressed on B-cells at
multiple stages of differentiation, monocytes, macrophages, platelets, follicular dendritic cells,
dendritic cells (DCs), eosinophils and activated CD8* T-cells.*¢ In non-hematopoietic tissues,
CD40 is expressed on thymus and kidney epithelial cells, keratinocytes, synovial membrane and
dermal fibroblasts and activated endothelium.”” The endogenous ligand for CD40 is CD40L
(CD154, TNEFSF5).%>710 Expression of CD40L on T-cells is tightly regulated; it is only tran-
siently expressed on activated CD4*, CD8* and v8 T-cells."" Besides activated T-cells, CD40L is
expressed by monocytes, activated B-cells, epithelial and vascular endothelial cells, smooth muscle
cells and DCs. The functional relevance of CD40L expression on these cell types remains to be
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fully understood.> However, expression of CD40L on activated platelets may participate in the
pathogenesis of thrombotic diseases.*'**?

The best characterized function of the CD40-CD40L interaction is in contact-dependent
reciprocal interaction between antigen-presenting cells (APCs) and T-cells.!*** On resting B-cells,
binding of CD40L to CD40 promotes B-cell survival and activation, drives rapid expansion of
antigen-activated B-cells and facilitates plasma cells and memory B-cell differentiation. CD40
signaling is required for germinal center formation, immunoglobulin (Ig) gene somatic hypermuta-
tion, affinity maturation and isotype switching. The physiological importance of CD40 signaling
is illustrated by patients suffering from the X-linked hyper-IgM (XHIGM) syndrome." In this
primary immunodeficiency, mutations in the CD40L locus abolish functional CD40-CD40L
interaction. Discase manifestations include over-representation of circulating IgM and the inability
to produce IgG, IgA and IgE. Consequently, patients have profoundly suppressed secondary hu-
moral immune responses, increased susceptibility to recurrent infections and a higher frequency
of developing cancer.!*2

Gencetic deletion of either the Cd40 or Cd40/ locus in mice reproduces the major defects
seen in XHIGM patients. The most prominent defect seen in the CD40~ mice is the failure
to form germinal centers. Thymus-independent IgG and IgM responses remain relatively
normal in these mice, but antibody responses to thymus-dependent antigens and antibody
class-switching are suppressed.**?* Similar to the CD40~~ mice, the primary defects in
CD40L""~ mice also reside in the B-cell compartment.?*?” Ineffective priming of T-cells to
the immunizing protein antigen appears to be the major culprit behind the reduced humoral
response in the CD40L" mice.”®

In the T-cell compartment, functional differentiation of CD4 and CD8 cells have different re-
quirements for CD40-CD40L costimulation compared to B-lineage cells. Helper Th-cell-mediated
functions includinglocal inflammatory reactions to lymphocytic choriomeningitis virus (LCM V)
infection and ability to clear secondary viral infection are minimally affected in CD40-" or
CD40L"- mice.” Likewise, CD40L"" mice can mount potent, primary virus-specific CD8 T-cell
responses against LCMV, Pichinde virus and vesicular stomatitis virus.”**! In contrast, the
memory Cytolic T-Lymphocyte (CTL) response in CD40L" mice is much less efficient than in
wild-type mice even though memory CTL activity is detectable in CD40L- mice.”** Inadequate
Th cell priming in these CD40L "~ mice is believed to be the main reason behind their diminished
memory CTL responses.””*"** Functional T-cell-macrophage interaction in CD40L~"~ mice is also
hampered, resulting in altered macrophage-mediated inflammatory responses, heightened sus-
ceptibility to infection by Leishmania amazonensis and failure to generate a protective secondary
immune response against the parasite.”

CD40 signaling to DCs is probably the most important requirement in T-cell priming. CD40 li-
gation on DCs up-regulates MHC class IT antigens, the costimulatory molecules CD80, CD86 and
CD70and adhesion molecules including CD54, thereby promoting antigen presentation, inducing
DC maturation and enhancing their costimulatory activity.>'® Mature DCs stimulate activated
T-cells to increase IL-2 production that facilitates Th and CTL expansion.?***3> CD40-stimulated
DCsalso secrete IL-12, TNFa, IL-8 and MIP-1a that favor Th1 cell differentiation and promote
Th cell migration to sites of inflammation.3** In addition, CD40-activated DC cells presenting
antigens in the context of MHC class I molecules are potent stimulators of CTL precursors, a
process known as cross-priming, which is critical for cell-mediated immunity against viral infec-
tion and transformed cells expressing tumor-associated antigens.>* The importance of CD40 in
CTL cross-priming is confirmed by the observation that administration of agonistic monoclonal
antibodies (mAbs) against CD40 is sufficient to substitute the need of Th-cells for the generation
of robust CTL responses.*!

In the reticuloendothelial system, CD40 ligation provides a pro-inflammatory signal. Triggering
CD40 up-regulates the adhesion molecules CD54, E-selectin and VCAM-1 on monocytes,
fibroblasts, keratinocytes, smooth muscle cells and activated endothelial cells.®1*%4 At the same
time, the pro-inflammatory cytokines IL-1, IL-6, IL-12, IFNy and TNFa are secreted by these
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CD40-activated cells.®1*%¢4 This activation ultimately contributes to cellular infiltrates into the
inflamed sites through extravasation and chemotaxis.

CD40L Expression in Autoimmune and Inflammatory Conditions

Increased serum or plasma levels of soluble CD40L (sCD40L) is found in patients suffering
from systemic lupus erythematosus (SLE),% Sjogren’s syndrome (SS),* inflammatory bowel dis-
ease (IBD)* and cardiovascular disease.””8 Plasma levels of sCD40L correlates with anti-dsDNA
titers and disease severity in lupus patients.**# In patients with cardiovascular disease increased
sCD40L indicates an increased risk of cardiovascular events?” and susceptibility for vascular
damage.®® Besides being a biomarker, sCD40L may directly promote disease progression. Soluble
CDA40L at biologically active concentrations has been detected in lupus patients.®>*% Indeed,
serum from lupus patients, but not normal donors, augment the expression of CD95 and ICAM-1
on B-cells,>* suggesting that sSCD40L in these patients may contribute to disease development
through non-specific activation of innocent, bystander CD40* cells.

CD40L* T-cells are also over-represented in patients suffering from autoimmune diseases,
including peripheral blood mononuclear cells (PBMCs) of SLE patients,***! rheumatoid arthritis
(RA) joints*® and synovial tissues****. In multiple sclerosis (MS) patients, CD40 and CD40L
transcripts are detected in PBMCs* while CD40L* Th cells colocalize with CD40* macrophages
and microglial cells in active lesions in brain tissues derived from these patients.”” Parallel with the
increased propensity to express CD40L, intrinsic functional defects, manifested as hyper-reactivity,
are detectable in T-cells derived from autoimmune patients. The polyclonal mitogens phorbol ester
and ionomycin induce higher levels of CD40L on T-cells derived from lupus and RA patients
over alonger period of time than those from normal donors.”*** Similar hyper-responsiveness has
been demonstrated in T-cells from psoriasis® IBD patients.”

Aberrant CD40L expression on non-T-lineage cells such as epithelial tissues of the salivary
gland and salivary duct of SS patients® and on B-cells® and monocytes®*® of SLE patients
has also been observed. These CD40L* non-T-lineage cells may provide the signal required for
auto-antigen presentation and inflammatory reactions. The accumulation of CD40* B-cells and
tissue macrophages with CD40L* T-cells in ileal lesions of Crohn’s disease patients,*** the orga-
nization of B and T-cells into follicular structures in RA synovium® and the expression of CD40
and CD40L on the mononuclear cells infiltrating the salivary glands of SS patients® substantiate
this idea.

CD40-Mediated Inflammatory Reaction

In SLE, ex vivo production of pathogenic anti-nuclear autoantibody production by patient
lymphocytes can be completely blocked by a neutralizing anti-CD40L.>° Activated T-cells from
lupus patients are more active in stimulating B-cells to express the costimulatory molecule CD80
compared to those from normal donors. In RA synovial tissues, CD40 is expressed by mono-
cytes and synovial cells, both are excellent sources of the inflammatory mediators TNFo and
IL-12. Ligation of CD40 on RA synovial tissue cells increased the production of TNFa,> while
anti-CD40L reduces spontaneous ex vivo IL-12 production by RA synovial cells, suggesting that
CD40 signaling can stimulate inflammatory cytokines secretion in RA synovium. Moreover, freshly
isolated peripheral blood and synovial T-cells express CD40L and they can stimulate B-cells to
secrete IgG and dendiritic cells to secrete IL-12 in a CD40L-dependent manner.

In inflammatory reactions, CD40-CD40L interaction is involved in atherosclerosis plaque
formation. In emerging atheroma CD40L* T-cells accumulate early on and persist as lesions
advance.”*¥ Ligation of CD40 on atheroma-associated cells in vitro promotes expression of
proinflammatory cytokines, matrix metalloproteinases and adhesion molecules which may en-
hance atherogenesis and plaque destabilization.!>*” Activated T-cells®” and CD40L" platelets'
can stimulate endothelial cells to express MCP-1a, IL-8, IL-6 and adhesion molecules while
CD40L-mediated microglial cell activation results in IL-12 secretion’*—all of these favor Thl
inflammatory responses and atherosclerosis.
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Immune-mediated neovascularization enables, at least in part, recruitment of inflammatory
infiltrates into sites of tissue damage. The angiogenic cytokine vascular endothelial growth factor
(VEGF) is produced by endothelial cells, fibroblast-like synovial (FLS) cells and intestinal fibro-
blasts. Stimulation of FLS cells with CD40L* L cells or CD40L*CD4* T-cells increases VEGF
production.”! As TNFa induces VEGF production by FLS cells,”” CD40L can also indirectly
stimulate FLS cells to secrete VEGF through induction of TNFa secretion by synoviocytes.*
CD40 signaling in human intestinal fibroblasts promotes IL-8, VEGF and hepatocyte growth
factor (HGF) secretion, which can in turn facilitate the migration and tubular formation of human
intestinal microvascular endothelial cells.”* As lamina propria T-cells can be a source of CD40L
in situ,/> CD40-CD40L interaction may partially be responsible for gut inflammation-driven
angiogenesis in IBD. Moreover, in endothelial cells CD40 signaling stimulates VEGF secretion,
potentially constituting an autocrine loop for angiogenesis.”

Genetic Evidence for the Contribution of CD40-CD40L Interaction

in Experimental Autoimmune and Inflammatory Diseases

Experiments in mice deficient in either CD40 or CD40L expression have provided strong evi-
dence that the CD40-CD40L pathway is involved in priming, the effector and inflammatory phases
of multiple diseases. CD40L" allogeneic CD4* T-cells are much less effective in inducing graft
versus host disease (GVHD) than wild type T-cells.”* In a dextran sulfate sodium (DSS)-induced
colitis model, DSS is administered to mice to induce intestinal mucosal injury and inflammation,
recruitment and activation of macrophages and T-cells, followed by the secretion of Th1 and Th2
cytokines and inflammatory mediators, resulting in severe colitis. CD40~- and CD40L""~ mice are
protected from DSS-induced colitis. Histopathological analysis reveals diminished inflammatory
infiltrates, tissue damage and angiogenesis.” Similarly, CD40L--CD45RB""CD4* T-cells induce
a milder form of colitis than wild-type CD45RB"8"CD4* T-cells when they are used to reconsti-
tute histocompatible B6 Ragl~~ hosts.” In a model of HgCl,-induced autoimmunity similar to
idiopathic lupus, CD40L"~ mice do not respond to HgCl, challenge. Serum Ig, anti-nucleolar,
or anti-chromatin antibody titers, C3 complex deposition in kidney glomeruli and spleens are
profoundly reduced. HgCl, also fails to up-regulate the activation markers CD44 and CTLA-4
on CD40L" T-cells.”®

CD40L mice have been back-crossed onto different mouse strains that are predisposed to
autoimmunity. In an experimental autoimmune encephalomyelitis (EAE) model, mice carryinga
transgenic T-cell receptor specific for myelin basic protein (MBP) in a CD40L-deficient genetic
background fail to develop EAE when challenged with MBP. Co-administration with mature
CD86* APCs restores disease development, suggesting that CD40L-induced in vivo maturation
of APCs is required for successful T-cell priming and to evoke autoimmunity.”” Back-crossing
CD40L mice onto the apolipoprotein E-deficient (ApoE~-) mice that are predisposed to hyperc-
holesterolemia and formation of atherosclerotic lesions markedly reduce atherogenesis.” Although
the onset of atherosclerotic plaque development is not affected in CD40L--ApoE~~ mice, the
plaque areas are much smaller than those found in CD40L**ApoE~"~ mice. Advanced plaques are
stabilized with increased collagen and reduced lipid contents. Inflammatory infiltrates of T-cells
and macrophages are also diminished in the CD40L-~ApoE~ mice.®® Likewise, mice resulted
from back-crossing of CD40L "~ mice onto the Fas-deficient MRL/Mpr-Ipr/lpr mice, a model for
human SLE, demonstrate suppressed lupus symptoms, including the lack of histological signs of
glomerulonephritis. Although antibody against small nuclear ribonucleoproteins is still detectable
in these mice, they do not produce anti-dsDNA antibodies or IgG rheumatoid factors.”

Mice harboringa CD40L transgene under the control of a Vi promoter spontaneously develop
severe transmural intestinal inflammation in the colon and ileum that is associated with the gen-
eration of autoantibodies against colon tissues and elevated IFNy secretion from lamina propria
T-cells.* Interestingly, these CD40L transgenic mice also produce anti-nuclear, anti-DNA and
anti-histone autoantibodies and demonstrate immune-complex-mediated glomerulonephritis typi-
cal of SLE.*! Back-crossing CD40L transgenic mice onto CD40~- mice completely reverses colitis
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development.® In a different transgenic mouse strain, the human keratin-14 promoter was used to
target CD40L expression to epidermal basal keratinocytes.** Mice heterozygous for this CD40L
transgene develop spontaneous dermatitis. Adoptive transfer of T-cells from CD40L transgenic
mice induces development of dermatis, suggesting priming and effector T-cell development in the
transgenic environment. Although ectopic expression of CD40L is restricted to keratinocytes,
transgenic mice develop systemic lesions similar to SLE.* Collectively, heightened CD40 signaling
appears to be responsible for wide-spread systematic and tissue-associated inflammatory reactions,
possibly by breaking immune tolerance.

Therapeutic Targeting of CD40L: Proof of Concept Preclinical
Animal Models of Autoimmunity and Inflammation

Transplantation

Anti-CDA40L suppresses both acute GVHD (aGVHD) and chronic GVHD (cGVHD). In
aGVHD, discase development is dependent on the interaction between CD40L* allo-reactive
T-cells and CD40" recipient APCs’* and can be induced even in the absence of the CD28 signals.*>
Treatment with anti-CD40L suppresses onset of aGVHD, *#3%* accompanied by reduced frequency
of host-reactive Th cells” and CTL.** Anti-CD40L blockade in vivo specifically prevents the prim-
ing of Th1 cells through the inhibition of IL-12 secretion® and is manifested through a decrease
in the frequency of effector cells expressing IL-2, IL-12 p40, IFNy and perforin transcripts.”* In
c¢GVHD, the interaction between allo-reactive Th cells and host B-cells results in production of
anti-DNA antibodies, splenomegaly, proteinuria and immune complex-mediated renal lesions.
Anti-CD40L treatment alleviates these symptoms.***¢ In order to achieve maximal therapeutic
efficacy anti-CD40L treatment needs to begin at disease induction. Delaying treatment until
disease onset renders anti-CD40L completely non-efficacious, strongly arguing that CD40L is
crucial for discase priming.®

Rejection of solid allografts is associated with strong transcriptional activation and protein
expression of CD40 and CD40L genes.*” Like its activity observed in GVHD, anti-CD40L
prolongs the survival of fully disparate murine cardiac allografts,®” allogeneic hepatocytes,®
islet allografts® and limb allografts.”® Again, prolonged allograft survival can be achievable only
when anti-CD40L is administered simultaneously at the time of allograft implantation. Delays
in administration invariably lead to graft rejection,®” confirming once again that anti-CD40L
treatment preferentially interferes with the priming phase of alloantigen recognition. Even if
anti-CD40L administration begins at time of transplant neither permanent protection against
rejection nor tolerance induction can be achieved.

Simultaneous blockade of the CD40-CD40L and CD80/CD86-CD28 pathways is a prom-
ising approach to enhance the efficacy of anti-CD40L. Synergism between anti-CD40L and
murine CTLA4-Ig to induce indefinite allograft survival has been observed for cardiac and skin
allografts.”"”* More interestingly, combined anti-CD40L and CTLA4-Ig treatment is efficacious
even in cardiac and skin xenografts.”> Combined CD40-CD40L and CD80/CD86-CD28 block-
ade profoundly inhibits proliferation of reactive T-cells,”"”* while induces apoptosis in T-cells that
have already entered cell division cycle.” In contrast to anti-CD40L monotherapy, anti-CD40L
mAb plus CTLA-4-Ig almost completely abrogate graft-induced expression of Th1 and Th2 cy-
tokines at the transcript and protein levels in allografts.”** Induction of CD80/B7-1 transcripts
is also reduced when compared to anti-CD40L mAb or CTLA-4-Ig monotherapy.”' In the xeno-
transplant models, xenoantibody titers in mice receiving both anti-CD40L and CTLA4-Ig are
much lower.”® These results suggest that blockade targeting simultaneously the CD40 and CD28
costimulatory pathways may promote graft survival by interfering with priming as well as effector
phases of the rejection process.

A second approach to improve the therapeutic activity of anti-CD40L is by donor-specific
transfusion in which the hosts are treated with donor cells in the presence of anti-CD40L mAbs
before allograft implantation. Mechanistically, this is very similar to the classical example of
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peripheral tolerance induction. In the absence of CD40L signal due to blockade by anti-CD40L
mAbs, allogeneic APCs within the transfused donor cell population fail to up-regulate CD80
and CD86. In this situation, host allo-reactive T-cells only receive the signal from allo-antigens
on donor cells without costimulatory signals. As a result, allo-reactive T-cells are either anergized
or deleted, rendering the host tolerant to future allografts derived from the same donor. This ap-
proach enables long-term survival of islet allografts™ and skin allografts® beyond that allowed by
anti-CD40L monotherapy.

Experimental Rbeumatoid Arthritis

In the collagen-induced arthritis mouse model, administration of anti-CD40L following im-
munization with type II collagen effectively blocks arthritis development as reflected by diminished
joint inflammation, anti-collagen antibody titers, recruitment of inflammatory infiltrates into
joint tissues, bone and cartilage erosion.” The KRN transgenic mouse (K/BxN) is a spontancous
arthritis model in which autoreactive T-cells expressing a transgenic T-cell receptor specific for
glucose-6-phosphate isomerase (G6PI) induce the production of arthritogenic autoantibodies
against. Although an anti-CD40L fails to alleviate disease symptoms when given in a therapeutic
setting, it prevents arthritis development and arthritogenic antibody production when adminis-
tered prophylactically before disease onset.” In AB29 transgenic mice, deletion of rheumatoid
factor-expressing B-cells induced by human IgG can be rescued in the presence of Th-cell activ-
ity”*! Anti-CD40L, but not antibodies against IL-15 or IL-4, can reverse the Th-cell effect,
leading to deletion of rheumatoid factor-expressing B-cells and ablation of rheumatoid factor
production®

Systemic Lupus Erythematosus

In the lupus prone (NZW x NZB)F1 and (SWR x NZB)F1 (SNF1) strains of mice, treatment
with anti-CD40L mAb can control disease development at multiple stages. Treatment before
disease delays onset, reduces the incidence of immune complex-mediated glomerulonephritis
and provides survival benefits.!”"* Although the frequency of auto-reactive T-cells appears to
remain unchanged, anti-DNA autoantibody production is profoundly suppressed, suggesting that
anti-CD40L likely acts through T-B-cell costimulation blockade.'”"'* Importantly, the effects
of anti-CD40L appear to be reversible in that mice are capable of responding to challenge of a
neo-antigen after completion of anti-CD40L treatment, suggesting that temporary CD40-CD40L
blockade may not lead to major changes in the immune repertoire.' In the (NZW x NZB)F1
mice delay in disease onset can be observed even if treatment started when mice are 20-26 weeks
old.!%

Administration of anti-CD40L in a therapeutic setting when lupus nephritis has been establish
in the SNF1 mice can still reduce proteinuria and diminishes inflammation, sclerosis/fibrosis and
vasculitis in the kidneys.'** However, long-term anti-CD40L dosing in nephritic mice is required
to maintain survival and inhibit mediators of renal fibrosis.!” To circumvent long-term general
immunosuppression, combined costimulatory blockade of CD28-CD80/86 and CD40-CD40L
has been studied. In (NZB x NZW )F1 mice, a brief simultaneous blockade of the CD28 and CD40
costimulation by CTLA4-Ig and anti-CD40L at disease onset can produce long lasting benefits
even after treatment has been terminated.!**!%" It is encouraging that a majority of mice developing
proteinuria after receiving CTLA4-Ig and anti-CD40L treatment can still benefit from a second
course of treatment,'” providing further evidence that combined CD28 and CD40 costimulation
blockade given in an intermittent basis may be able to provide long term therapeutic benefits with
limited general immunosuppression.

Multiple Sclerosis

In EAE models, treatment with anti-CD40L is efficacious in preventing discase onset,””!*
pathologic development of ongoing disease™ and relapse of established disease.'® While inhibition
of T-cell priming is the most probable mechanism that prevents disease onset,”””” the therapeutic
activity of anti-CD40L in the relapsing setting is likely exerted through blockade of Th1 effector
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function differentiation.'” In mice treated with anti-CD40L at the peak of EAE or during remission
IFNy production, delayed-type hypersensitivity response against the immunizing myelin peptide,
and the frequency of encephalitogenic effector T-cells are all profoundly reduced. Anti-CD40L
also alleviates clinical symptom development in mice adoptively implanted with encephalitogenic
T-cells, suggesting that CD40-CD40L blockade may prevent effector T-cell migration into the
CNS and/or down-modulate the ability of effector T-cells to activate macrophages and microglial
in the CNS.'” Moreover, co-administration of anti-CD40L and CTLA4-Ig provides additive
therapeutic effects in EAE as supported by a complete absence of mononuclear infiltrates into
the CNS and significant proliferation of primed, peripheral T-cells.!°

Inflammatory Bowel Disease

Colitis can be induced in mice by the hapten (2,4,6,-trinitrobenzene sulfonic acid, TNBS).
Anti-CD40L treatment in this model affects T-cell priming, since anti-CD40L mAb can com-
pletely prevent disease development when administered during the disease induction phase while it
is relatively inert if administered after disease establishment.®> Anti-CD40L demonstrates reciprocal
effects on the Th1 and Th2 cytokine profiles. While alleviation of disease symptom and pathology
is accompanied by a reduction of IFNy production by lamina propria T-cells, production of the
Th2 cytokine IL-4 is enhanced.®

Another commonly used approach to induce IBD in mice is by adoptive transfer of naive
CD45RB"$"CD4* T-cells from BALB/c mice into histocompatible SCID mice.!"! A second
comparable model involves reconstitution of B6 Ragl~~ mice with histocompatible naive
CD45RB"s"CD4* T-cells.” The third model utilizes CD4* T-cell lines established from C3H/
HeJBir mice that are highly susceptible to colitis due to their hypersensitivity toward intestinal
commensal enteric bacteria-derived antigens.!'? Reconstitution of SCID mice with these histo-
compatible CD4* T-cell lines induces colitis in the hosts, typical of Th1 responses, with increased
production of IL-12 and IFNy'*? and the ability of T-cell lines to induce disease is directly correlated
to the level of CD40L expressed on their cell surface.!® In all 3 disease models, discase onset can be
completely abrogated by anti-CD40L mAb treatment at the time of T-cell reconstitution.”>!!13
Similar to the TNBS-induced colitis model, anti-CD40L treatment eliminated symptoms of wast-
ingand is accompanied with prevention of intestinal inflammation, reduced levels of the cytokines
INFy, TNFa, IL-10 and IL-12, as well as reduced mucosal leukocyte infiltration and decreased
CD54 expression.”!!! Interestingly, delaying anti-CD40L treatment until disease onset in the
CD45RB"s"CD4* histocompatible T-cell adoptive transfer models can still lead to significant
clinical and histological improvements and down-regulated cytokine expression, suggesting once
again that CD40-CD40L blockade can affect the effector phase of certain pathologic immune

responses.”>'!!

Atherosclerosis

The efficacy of CD40-CD40L blockade in treating experimental atherosclerosis has been
evaluated in the low density lipoprotein receptor-deficient (LDLR-) mice. Markedly higher
serum levels of low and intermediate density lipoproteins are observed in LDLR™~ mice on a diet
with moderately elevated cholesterol contents, leading to atherosclerotic lesions similar to those
found in the CD40L--ApoE-- mice.” Treatment of LDLR~- with antibody against mouse CD40L
concomitant with the beginning of a 12-week high cholesterol diet significantly inhibits athero-
sclerosis development as measured by multiple parameters. Thus, in treated mice atherosclerotic
lesions are much reduced in sizes and lipid content while infiltration of macrophages and T-cells
into atheroma and VCAM-1 expression in atheroma is also markedly decreased.'® These results are
in line with a role of CD40-CD40L interaction in the initiation of atherogenesis. In a therapeutic
setting when anti-CD40L treatment administered during the last 13 weeks of a 26-week high
cholesterol diet in LDLR” mice further pathologic progression of established atherosclerotic
lesions is prevented. In addition, the composition of atheroma is altered in favor of improving
plaque stabilization, as indicated by the decreased recruitment of macrophages and reduced lipid
content that were accompanied by increased collagen and smooth muscle cells.!*
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Clinical Experience with Anti-CD40L

The mADb 5¢8 is the first anti-human CD40L reported in the literature.'”> Functional character-
ization of 5¢8 conclusively confirmed the role of the CD40-CD40L pathway in regulating human
lymphocyte functions."*!"” As 5¢8 recognizes non-human primate (NHP) CD40L, treatment with
5¢8 and/or CTLA4-Ig has been tested in rhesus monkey receiving MHC Class I and II disparate
renal allografts. While control animals reject the allografts in 5-8 days, CTLA4-Ig or 5¢8 alone
prolongs rejection-free survival to 20-98 days. Combining CTLA4-Ig and 5¢8 results in two of
four animals experienced extended (>150 days) rejection-free allograft survival without the need
of additional chronic immunosuppressive treatments.'* With these exciting preclinical data several
anti-CD40L mAbs have been developed for clinical testing in humans (Table 1).

Ruplizumab (BG9588, hu5c8)

Humanized 5¢8 (ruplizumab, huSc8, or BG9588) contains a human IgG1 backbone. In a phar-
macokinetics and pharmacodynamics study, ruplizumab produced a dose-dependent reduction in
anti-tetanus toxoid antibody titers; both primary and recall immune responses were suppressed. !
Ruplizumab effectively prevents acute rejection of MHC-mismatched renal allografts in rhesus
monkeys.'?? Graft survival of longer than 500 days can be achieved in some ruplizumab-treated
animals. Rhesus renal allograft recipients under conventional immunosuppressive regimens of
steroid, cyclosporine and mycophenolate mofetil have been successfully converted to ruplizumab
maintenance monotherapy, showing graft survival of over 300 days.'** Ruplizumab is also effective
in rescuing grafts undergoing acute rejection after completion of induction therapy.'* Besides
renal allografts, ruplizumab has demonstrated efficacy in intrahepatic islet allografts in rhesus
monkeys'”® and baboons,' cardiac allografts in cynomolgus monkeys'”” and skin allografts in
rhesus monkeys.’® Due to its cross-reactivity to canine CD40, ruplizumab has also been shown
to reduce the radiation dose needed to establish bone marrow mixed chimerism in a canine model
of donor-specific transfusions in DLA-identical marrow transplantation.'”

The strong preclinical data on ruplizumab propelled its evaluation in transplantation and
SLE patients in phase I and II clinical trials. In the phase II trial in lupus nephritis in which the
study was terminated prematurely due to the development of thromboses in some of the patients,
efficacy of ruplizumab was supported by the reduced symptoms associated with lupus nephritis.
Reductions in proteinuria, anti-double-stranded DNA antibodies and hematuria were observed in
some of the patients.”**"* Ruplizumab treatment was also correlated to a decrease in the frequency
of B-lymphocytes spontancously secreting immunoglobulin’® as well as IgD*CD38* germinal
center B-lymphocytes and CD38"" plasmacytes.!*

Table 1. Therapeutic antibodies targeting CD40L

Drug Name

Molecular
Characteristics

Mechanism(s)
of Action

Clinical Development Status

Ruplizumab, hu5c8,

BG9588, Antova

Toralizumab, hu24-31,

IDEC-131

ABI793

Humanized 1gG1

Humanized IgG1

Fully human 1gG1

* Costimulatory
blockade
* T-cell depletion

* Costimulatory
blockade

¢ Costimulatory
blockade

* Phase Il trial SLE
* Phase Il trial in kidney
transplantation

* Refractory immune
thrombocytopenic purpura
* SLE

* Preclinical
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Toralizumab (IDEC-131, hu24-31)

The humanized anti-CD40L antibody, toralizumab (also known as IDEC-131) of IgG1 isotype,
was derived from the murine anti-CD40L hybridoma 24-31." It blocks CD40L binding to CD40
and inhibits T-cell-dependent B-cell proliferation and differentiation, similar to ruplizumab. As the
Fab’ fragment of toralizumab shows activity similar to the intact IgG molecule, it is believed that
CD40-CD40L blockade is the principal behind the therapeutic activity seen in this antibody.'®

Toralizumab inhibits both primary and secondary antibody responses in cynomolgus mon-
keys challenged with ovalbumin'® or influenza vaccine." In a MHC-mismatched rhesus skin
allograft model, toralizumab prolonged graft survival when administered with rapamycin.'®
Similar to skin allograft transplantation, toralizumab prolonged heterotopic cardiac allografts in
cynomolgus monkeys, which was improved by co-treatment with anti-thymocyte globulin, but
without establising tolerance.!*® In contrast, in rhesus renal allograft transplant, toralizumab has
can facilitate tolerance when administered in combination with cyclosporine and donor-specific
transfusion, suggesting that tissue-specific factors may determine whether tolerance can be achieved
by CD40-CD40L blockade."”

In a phase I, dose-escalating trial of toralizumab in patients with refractory immune throm-
bocytopenic purpura, patients were given a single infusion of toralizumab. Increase in platelet
count was observed in a subset of patients treated at 10 mg/kg. The frequency of B-cells producing
anti-GPIIb/IIIa antibodies, GPIIb/IIa-induced T-cell proliferation and anti-GPIIb/IIIa antibody
production by antigen-dependent T-B-cell collaboration was all suppressed, while T-cell response
to irrelevant antigen was not affected.”® One of the patients was reported to potentially achieved
tolerance after toralizumab treatment.'® In the phase I trial in SLE patients, a single dose of to-
ralizamab up to 15 mg/kg was found to be well-tolerated and no treatment related lymphocyte
depletion was observed.' A subsequent randomized, double-blinded, placebo-controlled phase IT
study was conducted in SLE patients. Although toralizumab was found to be safe and well-tolerated,
no statistical significant improvement was observed in the treatment versus the placebo group.'*!
Multiple phase I and II trials were planned for toralizumab. Unfortunately, all clinical trials on
toralizumab were stopped due to a thromboembolic event in a Crohn’s disease patient.

ABI793

The third anti-CD40L developed is ABI793, a human IgG1 derived from the HuMAb mice
(Medarex Inc., Annandale, NJ)." ABI793 has similar properties to both ruplizumab and torali-
zumab with respect to blockade of CD40-CD40L-mediated costimulation and cross-reactivity
with NHP CD40, but it binds to an epitope on CD40L distinct from the one recognized by
ruplizumab and toralizumab.'* ABI-793 has demonstrated activity in prolonging renal allograft
survival in cynomolgus and rhesus monkeys.!**!* In a pig-to-baboon xenotransplantation model
involving the heart or hematopoietic progenitor cells ABI-793 was found to be effective in sup-
pressingantibody production by the recipients against the xenografts.'* Regrettably, thromboem-
bolism was also observed in both the cynomolgus and rhesus renal transplant models leading the
conclusion that thromboembolic complications may be a class effect of anti-CD40L antibodies
unrelated to epitope specificity.

Mechanism(s) of Action of Anti-CD40L mAbs:

Toxicity versus Efficacy

The thromboembolic complications observed in preclinical and clinical settings from three
different anti-CD40L mAbs have led to a complete halt in clinical development of anti-CD40L
mAbs antibodies.!>!* The mechanism underlying anti-CD40L-induced thromboembolism, how-
ever, remains to be elucidated. A plausible reason may be the co-expression of CD40L and the low
affinity activating Fc receptor FcyRIIA on platelets. Upon binding to CD40L on platelets the Fe
domains of anti-CD40L may interact with FcyRIIA expressed on the same platelet or neighboring
platelets leading to FeyRIIA cross-linking, which is a potent signal for platelet activation. Hence,
anti-CD40L has been hypothesized to induce platelet aggregation and thromboembolism through
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FcyRIIA-mediated platelet activation.' It is noteworthy that mice do not express an FeyRIIA
ortholog.'”” This could offer a reason why thromboembolism has never been observed in mouse
models when the efficacy of anti-CD40L mAbs is examined. In addition to Fe-FeyRIIA interac-
tion, a role of serum calcium may also contribute to anti-CD40L-induced thromboembolism.'*
Consistent with this hypothesis of anti-CD40L-mediated platelet activation, a combination of
the anti-coagulant heparin, prostaglandin E1 and the cyclooxygenase inhibitor ketorolac can
reduce the incidence of thromboembolism in cynomolgus renal allograft recipients receiving
anti-CD40L treatment.'”

With respect to the mechanism through which anti-CD40L mAbs achieve in vivo suppres-
sion of cell-mediated immune responses, anti-CD40L costimulation blockade only exerts modest
inhibition of T-cell responses in mixed lymphocyte reaction.”>'?* The primary defects in CD40L
knockout mice reside mainly in the B-cell compartment in germinal center formation and memory
B-cell differentiation #% while T-cell-mediated responses are by and large normal in these mice.
Acuteislet allograft rejection in mice still occurs even though the CD40-CD40L pathway has been
eliminated as demonstrated in CD40 knockout graft recipients.® Taken together, CD40-CD40L
costimulation blockade may not be the sole in vivo mechanism of action for anti-CD40L.

Recent reports support a role for Fe-mediated depletion of CD40* activated T-cells, through
complement fixation and interaction with FcyR expressed on immune effector cells in the thera-
peutic efficacy of anti-CD40L. Depletion activity of anti-CD40L mAbs appear to be especially
important in transplantation settings. In mice, anti-CD40L mAb did not prolong skin and islet al-
lograft survival in recipients defective in the complement activation cascade, e.g., in C37, cobra
venom factor-treated, or C5-deficient DBA/2 recipients.”®">! Anti-CD40L mAbs also failed to
prevent skin allograft rejection in recipients deficient in FeyRI and FeyRIII expression.’>! Moreover,
an aglycoslyated form of the anti-CD40L hu5c8, having reduced activity in complement fixation
and FeyR interaction, is ineffective in prolonging the survival of rhesus renal and islet allografts.'>*
These results strongly support the notion that therapeutic efficacy of anti-CD40L in transplanta-
tion settings critically depends on antibody effector functions and involves the depletion of reac-
tive, activated CD40L* T-cells.”® On the other hand, evidence is available to demonstrate that
anti-CD40L mAbs devoid of any effector function are still therapeutically active in modulating
certain immune responses. An effector function-deficient, aglycosylated form of an anti-CD40L
mAb was efficacious in reducing pathogenic autoantibody production in murine models of SLE'>*
and EAE." Similarly, aglycosylated huSc8 has retained its ability to suppress both primary and
secondary antibody responses against tetanus toxoid in cynomolgus monkeys, despite losing its
ability to prolong renal and islet allograft survival in rhesus monkeys.">* These observations strongly
argue that both depletion of CD40* activated T-cells and CD40-CD40L costimulation blockade

are important mechanisms underlying the therapeutic effects of anti-CD40L treatment.

Potential Alternative Therapeutic Approaches Targeting CD40L

If platelet activation through binding of anti-CD40L Fc domains to FeyRIIA is proven to be the
culprit behind thromboembolism complications in anti-CD40L therapies, engineered antibodies
to eliminate Fe-mediated functions may yield therapeutics fully capable of blocking CD40-CD40L
costimulation. These molecules may not be active in transplantation settings, but they may retain
sufficient efficacy in autoimmune diseases including SLE and MS, as predicted by murine mod-
els.!>>!5* To this end, a non-complement-activating human IgG4 derivative of ABI793, AFN746,
has been developed.' Since human IgG4 does not bind FeyRIIA,>¢ AFN746 may have reduced
capacity to activate platelets. Remarkably, in the 12th International Congress of Immunology
Abstract # 3117 reported that AFN746-treated animals did not show thromboembolic vascular
lesions, reduction in platelet counts and acute renal tubular necrosis previously reported for other
anti-CD40L mAb. Treatment with AFN746 prolonged renal allograft survival in cynomolgus
monkeys, albeit inferior to its parent ABI793."” The reduced activity of AFN746 to delay al-
lograft rejection is consistent with studies in both mice'**"*' and NHP'** demonstrating a critical
requirement of anti-CD40L-mediated activated T-cell depletion in transplant settings. It will be
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of particular interest to evaluate the efficacy of AFN746 in non-transplant experimental models
to further define its utility in costimulation blockade. It is possible that other IgG modifications
to selectively disable Fc-mediated effector functions may result in anti-CD40L antibodies with
the desired therapeutic efficacy but not the propensity for inducing thromboembolism.*!5?

Other alternatives to IgG engineering can also be conceived to leverage CD40-CD40L co-
stimulation blockade in treatment of autoimmunity without invoking the side effects of thrombo-
embolism. These include high affinity Fab’ or F(ab’), fragments derived from anti-CD40L mAb
or recombinant CD40. Such molecules may suffer from the disadvantage of accelerated clearance
from serum compared to typical IgG molecules, but with the appropriate formulatioin including
the use of pegylation technologies it is likely that the serum half lives of these molecules can be
increased to the extent that they can exert meaningful therapeutic effects.'®¢2 Other custom
designed molecules, in particular peptidomimetics, are being developed to block costimulation
pathways mediated by CD80/86-CD28 or CD40-CD40L interactions.'® The feasibility of this
approach is supported by studies reporting synthetic peptides that either mimick the biological
activity of trimeric CD40L"'** or block the binding of CD40L to CD40.'%*'®> The binding affinity
of these peptides is relatively low'®® and huge quantities are required to block binding in vitro.!®
Clearly, more efforts are needed to improve the binding affinity, in vivo pharmacokinetic proper-
ties, as well as stability against serum proteases and peptidases of these peptidomimetics before
they become suitable for clinical development. A class of non-agonistic anti-CD40 mAb has
been generated with the unique properties to block the binding of CD40L to CD40, as will be
discussed later on. They may provide yet another approach to circumvent issues associated with
anti-CD40L-mediated thromboembolism. At least two of these non-agonistic anti-CD40 mAb
have entered clinical trials.

Finally, the therapeutic efficacy of anti-CD40L in transplantation settings may involve the
depletion of reactive, activated T-cells.”> It is therefore possible that depleting antibodies against
other T-cell activation markers co-expressed with CD40L, e.g., CD30, CD70, CD134/0X-40
and CD137/4-1BB, can eliminate at least a subset of CD40L* T-cells and may achieve the thera-
peutic efficacy seen with anti-CD40L in transplantation settings.!® A chimeric anti-CD70 mAb
has recently been reported to exert its antitumor activity in xenografts modeling lymphoma and
multiple myeloma through antibody effector functions of antibody dependent cellular cytotoxicity
ADCC, phagocytosis and complement fixation.!*” It will be of interest to evaluate the potential
of such antibody in activated T-cell depletion therapy. Alternatively, arming of antibodies with
cytotoxic drugs is a widely used approach for cancer treatment.'® The antibody drug conjugate
gemtuzumab ozogamicin'® and the IL-2 toxin denileukin diftitox'” are approved drugs for acute
myelogenous leukemia and cutaneous T-cell lymphoma, respectively. The utility of antibody drug
conjugates against other lymphocyte activation markers such as CD30'" and CD70'" in deple-
tion of CD40L* activated T-cells and hence their potential to down-modulate immune responses
warrant further investigation.

CD40 Signaling in Transformed Cells

Characteristic of the TNFR superfamily members, the physiologic consequences of CD40
signaling are highly pleiotropic, depending on the cell types involved, their differentiation and
activation status, as well as the nature of the signaling ligand. In contrast to normal B-cells in which
CD40 signaling usually promotes survival and stimulates proliferation, CD40 ligation induces
apoptosis in many types of transformed cells.!”*!”* Murine lymphoma B-cell lines respond to
anti-CD40 mAb treatment to undergo growth arrest.'”>"”” Similarly, CD40-mediated prolifera-
tion inhibitory effect is observed in lymphoma cell lines derived from patients with aggressive,
high grade B-cell lymphoma.'”®'¥! Furthermore, anti-CD40 treatment can suppress the in vivo
growth of xenografts established from these transformed cell lines,'”*'®! leading to the hypothesis
that CD40 may be a potential therapeutic target for lymphoma treatment.

The exact mechanism that accounts for sensitivity of high grade lymphoma B-cells to
CD40-mediated cell death is unknown. Certain transformed B-cells may be arrested at specific
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maturational stage(s) that are predisposed to CD40-induced apoptosis. Indeed, CD40 ligation
on normal resting B-cells readily induces Fas expression. As a result, CD40-activated B-cells
become sensitive to Fas-mediated apoptosis.'®* 34 B-cells from patients with acute lymphoblastic
leukemia, chronic lymphocytic leukemia (CLL) and non-Hodgkin’s lymphoma (NHL) have
been reported to undergo CD40-dependent Fas induction, predisposing them to Fas-mediated
apoptosis.'*>!% Besides Fas, CD40 triggering induces transcripts encoding FLICE, FADD and
TRADD." Similarly, anti-CD40- or CD40L-mediated apoptosis of Burkitt’s lymphoma cell lines
can be correlated to the upregulation of Bax transcripts and protein.'®! In addition, hydrolysis of
sphinogmyelin and formation of the pro-apoptotic metabolite ceramide'®® as well as activation of
the MAPK pathway'® have also been implicated to play a role in transducing the apoptotic signal
mediated by CD40 ligation. Interestingly, CD40 ligation can overcome p53 mutations in some
lymphoma B-cell lines to induce apoptosis.'”® The induction of p73, a member of the p53 family,
is a potential mechanism through which CD40 signaling restores the capability of stress-induced
cell cycle arrest.

Different from high grade lymphoma, CD40 signaling in low grade lymphoma B-cells, exempli-
fied by follicular lymphoma and CLL cells, usually promotes cellular activation and survival.'>1%¢
The anti-CD40 antibody G28-5 reduces fludarabine-induced apoptosis of B-CLL cells through
an NFkB/Rel-dependent pathway."”” Concomitant with survival enhancement, costimulatory
molecules including CD80, CD86 and ICAM-1/CD54 are induced which can enhance the
immuno-stimulatory effects of these lymphoma B-cells.'”#!%*% As such, significant interest has
been generated to explore the potential of CD40 signaling in promoting immune surveillance
against B-CLL. Viral transduction of the CD40L gene into autologous B-CLL cells to boost their
costimulatory activities of B-CLL has been clinically tested.****"! Unexpectedly, in these clinical
trials rapid reduction in circulating leukemia cell counts and lymph node size incompatible with the
kinetics of an adaptive immune response was observed,?**! suggesting alternative mechanism(s)
for leukemic cell clearance. While induction of pro-survival Bel-x(L), Al and Mcl-1 genes can
be readily detectable in B-CLL cells stimulated by CD40L and IL-4,> Bcl-2 has been shown to
be down-regulated in the same cells upon CD40 signaling.*>*** Interestingly, this is paralleled by
up-regulation of pro-apoptotic proteins including Bid, Noxa and Bel-x(S).2*** CD40 ligation on
B-CLL cells also upregulates members of the TNFR members, e.g., Fas, death receptor 5 (DRS),
TNFRI and TNFRIL?2% Co-culture with CD4" cytotoxic lymphocytes or transfectants express-
ingboth the DRS5 ligand TRAIL and Fas ligand effectively induces caspase-dependent apoptosis of
CD40-stimulated B-CLL cells.** The addition of an inhibitor against the apoptosis suppressing
protein XIAP® autocrine production of TNFa and IFNy,?” and IL-21 treatment®* all sensitize
CD40L-activated B-CLL cells toward apoptosis. Unlike culturing B-CLL cells simultaneously
with fludarabine and anti-CD40,"” pretreatment with CD40L-expressing transfectants actually
sensitizes B-CLL cells toward subsequent fludarabine-induced apoptosis.”® Induction of p73, a
transcription factor related to p53, is correlated to the CD40-mediated sensitization of B-CLL
cells toward fludarabine.”! Thus, the fate of B-CLL cells subsequent to CD40 triggering likely
depends on a multitude of factors that can tip the balance toward either survival or cell death.
Strategies in CD40 pre-activation combined with subsequent chemotherapy regimens may be
clinically beneficial to B-CLL patients.

In multiple myeloma (MM), the anti-CD40 mAb G28-5 increases the clonogenicity of
freshly isolated MM cells*” and stimulates proliferation of MM cell lines.?’* In contrast, other
anti-CD40 mAbs including 5C11** and B-B,,*'**!! induce cell cycle arrest and apoptosis in the
IL-6-dependent MM cell line XG2. A direct cytotoxic effect of CD40 signaling to MM cells has
not been clearly established. Nevertheless, the protein synthesis inhibitor cycloheximide?'? and
the immuno-modulatory drug lenalidomide®"? can sensitize MM cells toward CD40-mediated
apoptosis. At the same time, CD40-signaling can disrupt the IL-6 paracrine loop required by MM
cells for survival by down-regulating the p85 subunit of the IL-6 receptor.?'* Thus, the response of
MM cells to CD40 signaling may be dependent both on the maturational stage of the myeloma
cells in question as well as the epitopes on which anti-CD40 mAbs bind to.
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In contrast to malignant B-lineage cells, carcinoma cells exhibit more uniform response toward
CD40 stimulation. CD40L or anti-CD40 treatment of CD40* carcinoma cell lines derived from
bladder, pancreatic, ovarian, breast, cervical and skin carcinomas generally results in weak inhibi-
tion of proliferation.”*'**'7 CD40 ligation on carcinoma cell lines also enhances apoptosis induced
by agents including the cytotoxic drug cisplatin, TNFa, anti-Fas and ceramide,*'®*** suggesting
the potential utility of using anti-CD40 mAbs in combination with chemotherapeutic drugs in
the treatment of carcinomas.

CD40 and Cancer Immune Surveillance

Promoting immune surveillance may contribute to the antitumor activity of CD40 signaling.
The immuno-stimulatory effects of in vivo CD40 ligation by CD40L or anti-CD40 have been
correlated with immune responses against histocompatible tumors.*#2*#** A deficient immune
response against tumor cells may result from a combination of factors such as decreased expression
of MHC, poor expression of tumor-associated antigens, appropriate adhesion or costimulatory
molecules and the production of immunosuppressive proteins like TGFf by the tumor cells.”®
CDA40 ligation on transformed cells up-regulates adhesion proteins (e.g., CD54), costimulatory
molecules (e.g., CD86), MHC antigens, cytokines (e.g., IL-6, TNFa), as well as chemokines (IL-8,
MCP-1, RANTES), thereby enhancing the immunogenicity through augmented presentation of
tumor-associated antigens by the tumors and/or increasing recruitment of immune cells into tumor
sites. 78216226228 CDA40 signaling is required for DC maturation and mature DCs are responsible
for presenting tumor-derived antigens to CD8* CTL precursors through cross-priming.?4???
Activation and differentiation of CTL precursors by mature DCs into tumor-specific effectors
CTLs may enhance cell-mediated immune responses against tumor cells. Finally, the presence of
CD40 on the surface of carcinoma cell lines is also required for the generation of tumor-specific
T-cell responses.?'¢

Characteristics of Anti-CD40 Antibodies

Anti-CD40 mAbs differ significantly from each other with respect to their binding affin-
ity to CDA40, ability to block interaction between CD40L and CD40 and biological activities.
Deletional analysis on the extracellular domain of CD40 has suggested that the amino-terminus
constitutes the epitopes recognized by CD40L as well as anti-CD40 mAbs.** Cross-blocking
experiments demonstrate the possibility of at least three CD40 epitopes.”**** Antibodies against
the first can completely inhibit CD40L-CD40 binding while those against the second one are
partial inhibitors.?**? Antibody against the third, surprisingly, can promote binding between
CD40L and CD40.2*

Anti-CD40 mAbs also elicit distinct functional outcomes with respect to homotypic
adhesion,”? B-cell proliferation and apoptosis,?******* CD23 induction® and IgE synthesis.”*®
In general, a direct correlation between the ability of anti-CD40 mADb to activate B-cells and their
affinity™ or the location of CD40 epitope®*?** does not seem to exist. For example, whereas the
blocking mAb G28-5 activates resting B-cells and potently costimulates with anti-IgM to drive
B-cell proliferation,>?*#* a second blocking mAb 5D12 is a much weaker activator and does
not costimulate with anti-IgM.?**** The most intriguing aspect of CD40 epitopes is probably the
functional interplay observed when different epitopes are ligated by combining different anti-CD40
mADbs oranti-CD40 mAbs with CD40L. Several anti-CD40 mAbs whose epitopes are mapped out-
side of the CD40L binding site costimulate DNA synthesis with CD40L in resting B-cells, although
alone by themselves these mAbs only moderately activate resting B-cells.”*!232%¢ Similarly, strong
costimulation of resting B-cells can be elicited by combining two non-cross-blocking anti-CD40
mADb.?' Cooperativity between CD40 epitopes is observed in the induction of growth arrest and
cell death in transformed B-cells."® Distinct epitopes on CD40 relative to CD40L binding have
also been defined on mouse CD40%%2*%72% and functional cooperativity between anti-mCD40
mADb recognizing distinct epitopes similar to the situation with human CD40 has been detected.”®
Collectively, the biological effects resulting from CD40 ligation by CD40L or anti-CD40 mAb
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are likely contributed by both simple receptor cross-linking as well as conformational changes
imposed onto CD40 upon ligand binding.

The pleiotropic effects of CD40 signaling combined with the availability of different CD40
targeting molecules have provided a multitude of possibilities for therapeutic interventions (Table
2). In CD40* transformed cells a strong agonistic signaling ligand in the form of recombinant
CD40L or a fully agonistic antibody can directly induce apoptosis and activate presentation of
tumor-associated antigens to both helper and cytotoxic T-cells. On the opposite end of the spec-
trum, antibodies that block CD40L binding to CD40 but do not activate any signaling cascade may
have significant therapeutic values in suppressing autoimmune and inflammatory responses.

Clinical Experience in Therapeutic Targeting of CD40
Recombinant CD40L

A trimeric form of recombinant human CD40L (thuCD40L),?* using an isoleucine zipper as
the trimerization motif, enhances the expression of costimulatory molecules and proinflammatory
cytokines, delivers proliferation inhibitory signals to transformed cell lines and demonstrates anti-
tumor activity in ovarian carcinoma xenograft models.?!#2!¢!8 A phase I trial using huCD40L was
conducted in patients with solid tumors and intermediate or high grade NHL.*** The maximum
tolerated dose (MTD) was reached at a modest dose of 0.1 mg/kg/day for 5 daily doses. Partial
responses and stable disease have been observed in this clinical trial*** The ability of CD40L to
induce immune response against leukemia cells has been tested in a patient with plasma cell leukemia
(PCL). Leukemia cells from this patient were activated ex vivo by IL-4 plus CD40L-expressing
transfectants and used to stimulate autologous tumor-specific T-cells. This patient then received
autologous tumor-specific T-cells and vaccination with irradiated CD40-activated PCL cells. A
temporary decrease of PCL cells was observed after the first cycle of adoptive T-cell transfer.**!
In a separate clinical trial in CLL patients, autologous B-CLL cells were transduced with a
replication-defective adenovirus expressing CD40L. Re-infusion of CD40L* autologous B-CLL
cells was associated with in vivo expression of costimulatory molecules on bystander, non-infected
CLL cells, increased plasma levels of IL-12 and IFNy and increased blood CD4* counts containing
leukemia-specific T-cells.** Concerns have been raised to the possibility of selective survival of
CD40-mediated lymphoma cells,* but clinical data support the hypothesis that CD40 signaling
may be therapeutically efficacious.

SGN-40

SGN-40 is an IgG1 humanized form of S2C6 generated using a human bladder carcinoma
cell line as the immunogen.?**2% §2C6 exerts minimal stimulatory effects on normal B-cells but
has the unique activity to promote CD40L- and IL-4-stimulated B-cell proliferation.?*" It also
reduces the viability of lymphoma B-cell lines in vitro and prolongs the survival of mice harboring
human lymphoma xenografts."*! As murine IgG1 antibodies are devoid of effector functions,
the in vivo antitumor activity of S2C6 is likely a result of cytotoxic signaling. In the renal cell car-
cinoma (RCC) line ACHN, S2C6 induces MCP-1, IL-8 and GM-CSFE* Pulmonary metastases
subsequent to ACHN implantation can be substantially reduced by S2C6 treatment, suggesting
that S2C6-mediated release of chemokines and cytokines from the ACHN cells may augment
host innate antitumor immune responses.2"

Humanization of S2C6 to contain the human IgG1 backbone yielded SGN-40. SGN-40
mediates ADCC against transformed cell lines derived from NHL, Hodgkin’s lymphoma (HL),
(MM) and RCC .2 It also mediates phagocytosis of CD40* tumor cells by monocyte-derived
macrophages.® In addition to antibody effector functions, SGN-40 induces apoptosis in lym-
phoma B-cells.'®** Both apoptotic signaling and antibody effector functions are important for the
antitumor activity of SGN-40 against lymphoma B-cells.* Unlike NHL B-cells, MM cells are not
sensitive toward SGN-40-mediated cytotoxicity.*'? Instead, signals delivered by SGN-40 to MM
cells down-regulate the gp80 subunit of the IL-6 receptor that can suppress IL-6 driven autocrine
growth in MM cells.*'? Pretreatment with the immunomodulatory drug lenalidomide, however,
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Table 2. Biologics targeting CD40

Drug Name

Molecular
Characteristics

Mechanism(s) of Action

Clinical Development Status

Recombinant
CD40L

SGN-40

HCD122,
Chir-12.12

ch5D12

CP-870,893

Teneliximab,
Chi220,
BMS-224819

Chi Lob7/4

Trimerized by
an isoleucine
motif

Humanized
1gG1

Fully human
1gG1

Chimeric 1gG4

Fully human
1gG2

Chimeric IgG1

Chimeric

* Binds CD40

* Delivers agonistic signals

* Activates antigen presenta-
tion and immune surveillance
against neoplastic cells

* Antibody effector functions
(ADCC, ADCP)

* Partial agonist

* Apoptosis induction in
lymphoma B-cells

* Down-regulates IL-6 receptor
p85 expression

* Antibody effector functions
(ADCC, ADCP)

¢ Antagonist

* Blocks CD40L-mediated
signaling

¢ Inhibits CD40L-mediated
signal transduction, cell
proliferation and cytokine
secretion

¢ Antagonist

* Blocks CD40L-mediated
proliferation in normal B-cells

* Non-depleting

* Agonist

* Delivers agonistic signals

* Activates antigen presenta-
tion and immune surveillance
against neoplastic cells

* Partial agonist
* Blocks CD40L binding
* B-cell depleting

« Inhibits primary and secondary

antibody response

* Inhibits proliferation of CD40*

transformed epithelial and
B-lineage cells

* Mediates antibody effector
functions (ADCC, CDC)

* Solid tumors and immediate
or high grade lymphoma

* Gene therapy of
over-expressing CD40L in
CLL

e Phase | trials in NHL, MM
and CLL

¢ Phase | trials in MM and CLL

¢ Phase I/lla trial in moderate
to severe Crohn’s disease

¢ Phase | trial in advanced

solid tumors

* Preclinical

¢ Preclinical
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can sensitize MM cells against SGN-40-mediated cytotoxicity.*”® In addition, lenalidomide also
enhances SGN-40-mediated ADCC of CD40* target MM cells.?"® In the Ramos Burkitt’s lym-
phoma xenograft model, a combination of SGN-40 with CHOP (cyclophosphamide, adriamycin,
vincristine, prednisone) is significantly more active than either SGN-40 or CHOP alone,”" sug-
gesting potential utility of combining SGN-40 with chemotherapeutics in clinical settings.

A single-arm phase I trial of SGN-40 in MM patients has been conducted.* Pharmacokinetics
analysis revealed dose-dependent changes in Cmax and AUC similar to what have been reported
in NHPs.?* In an interim summary, SGN-40 was found to be well-tolerated and MTD was not
reached at the dose of 8 mg/kg. Although objective responses were not detected in this study, several
patients demonstrated either stable disease or reduction in their serum M-protein. Another phase
I study of SGN-40 was conducted in NHL patients with diffuse large B-cell (DLBCL), follicular
(FL), mantle cell (MCL), marginal zone (MZL) or small lymphocytic (SLL) lymphoma.®* Similar
to the phase | MM trial, SGN-40 was found to be well-tolerated at doses up to 8 mg/kg. Objective
responses have been observed in DLBCL, MCL and MZL patients in this trial > These phase I
clinical trials have provided encouraging data and the rationale for further clinical evaluation of

SGN-40 in NHL and MM.

HCDI22 (Chir-12.12)

HCD122, formerly known as Chir-12.12, is a fully human anti-CD40 IgG1 mAb generated
from the XenoMouse mice (Abgenix Inc.). HCD122 is characterized as an antagonist based on
its ability to block CD40-CD40L binding and compete off bound CD40L.>** As a consequence,
HCD122 inhibits CD40L-mediated signaling events*®®” as well as CD40L-mediated prolifera-
tion of normal B-cells.”*® In line with its antagonistic nature, this antibody alone does not initiate
biochemical pathways typical of CD40 ligation,” stimulate proliferation in normal B-cells®® or
primary lymphoma B-cells.?®

In ex vivo experimental systems, HCD122 blocks the pro-survival signal delivered by CD40L
to CLL and FL B-cells in a dose-dependent manner.”*** In a MM and bone marrow stromal cell
(BMSC) coculture system, CD40L promotes the secretion of IL-6 and VEGF as well as enhances
the adhesion of MM cells to fibronectin and BMSC. HCD122 inhibited these CD40L-mediated
responses.”® Besides blocking CD40L functions, HCD122 also engages Fc-dependent antibody
effector functions including ADCC and antibody-dependent cellular phagocytosis (ADCP).25525¢
Single and multiple dose toxicological studies on HCD122 have been conducted in cynomolgus
monkeys.**?! Consistent with its B-cell depletion activity, reductions of B-cells in the peripheral
blood and germinal centers in spleen and lymph node has been observed in HCD122-treated
monkeys.602¢!

Phase I clinical trials of HCD122 in CLL*2 and MM?® patients have been initiated. Transient
decline in leukemic cell counts after HCD122 infusion has been reported in the CLL trial*? and

one partial response has been recorded in the MM trial.*> Dose escalation is underway for both
of these trials.?¢2%

Chimeric SD12 (chSD12)

A second antagonistic anti-CD40 mAb is 5D12.2 5D12 demonstrates weak but detectable
activity to stimulate DNA synthesis in resting tonsillar B-cells,?® but it does not costimulate nor-
mal B-cell proliferation with anti-IgM, even in the presence of IL-2.%* On the other hand, 5D12
inhibits CD40L-mediated proliferation of normal B-cells®* and contact-dependent, activated
T-cell-mediated immunoglobulin secretion by B-cells.*® Because of its cross-reactivity to the
marmoset CD40 ortholog, 5SD12 was tested for its ability to intervene discase development in a
chronic demyelinating EAE model in outbred marmoset monkeys.*¢ SD12 delayed disease onset
when administered at time of discase initiation and suppressed disease progression even when it was
administered after T-cell priming had taken place.*® A chimeric 5SD12 (ch5D12) with human IgG4
isotype has been generated for clinical testing. % Repeat experiments using the marmoset EAE
model confirmed that chSD12 had retaind the therapeutic activity of its parent.?** Consistent
with the lack of Fe-FeyR-mediated functions with human IgG4, ch5D12 did not impart any
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significant changes to the frequency of circulating B-cells.?*” Instead, a marked reduction in the
number of germinal centers in lymph node associated with increased number of apoptotic cells was
observed in monkeys receiving 25 mg/kg of ch5D12,”° supporting CD40-CD40L costimulation
blockade to be the main action exerted by ch5D12.

A phase I/1la study on ¢ch5D12 was conducted in Crohn’s disease patients. Overall response
and remission rates were reported to be 72 and 22%, respectively. Intensity of the lamina propria
cell infiltrate was reduced with no evidence of global changes in the relative composition of cir-
culating T and B-cells.”" These data suggest that antagonizing CD40-CD40L interaction using a
non-depleting anti-CD40 mAb may be beneficial in some autoimmune and inflammatory disease
settings. ChSD12 is currently under humanization for further clinical studies.

CP-870,893

Agonistic anti-CD40 mAbs are expected to deliver stronger cytotoxic signals to transformed
cells. They should also promote immune surveillance against cancer cells through enhanced ex-
pression of key costimulatory molecules and inflammatory mediators, leading to tumor-associated
antigen presentation and ultimately reversal of tumor-induced immune tolerance. It is therefore
possible that agonistic anti-CD40 mAbs will be efficacious even against tumors that do not ex-
press CD40. CP-870,893 is a human IgG2 mAb has been generated in the Abgenix XenoMouse
and characterized as a potent agonist. Since human IgG2 does not have significant Fc-mediated
antibody effector functions, CP-870,893 is probably a non-depleting mAb. Instead, agonistic
signaling through CD40 to mediate direct tumor cell killing or enhancement of immune surveil-
lance are the likely mechanisms of action for CP-870,893.72 Consistent with its agonistic nature,
treatment of monocyte-derived DCs with CP-870,893 up-regulates CD80, CD86, CD83 and
MHC class II expression as well as secretion of IL-12 and MIP1a."

A phase I clinical trial has been conducted to evaluate the safety of CP-870,893 in patients with
advanced solid tumors. Pharmacodynamic observations indicative of agonistic CD40 signaling
included transient induction of the costimulatory molecule CD86 on circulating B-cells as well
as increases in circulating levels of IL-6 and TNFa. Side effects included elevations in serum liver
transaminases similar to previously observed with recombinant CD40L** and in mice treated
with agonistic anti-mouse CD40 mAbs.?’**”* Objective partial responses in melanoma patients
were observed, suggesting that agonistic signaling by CD40 may indeed activate antitumor im-
mune responses.

Teneliximab (Chi220, BMS-224819)

Teneliximab, also known as Chi220 or BMS-224819, is a chimeric antibody of IgG1 isotype.
This antibody blocks the CD40-CD40L interaction, but is characterized as a partial agonist as it
can costimulate with anti-IgM to induce low levels of normal B-cell proliferation.””” Teneliximab
depletes peripheral blood B-cells in NHPs,””>#¢ inhibits primary and secondary antibody re-
sponses against T-cell-dependent antigens.?”” Teneliximab alone prolonged renal allograft survival
in cynomolgus monkeys.?’”® In islet allotransplantation, teneliximab alone only gave short term,
transient graft survival benefit; a combination of teneliximab and CTLA4-Ig, however, resulted
in long-term graft survival.?”> Mechanistically, CD40-CD40L costimulation blockade rather
than B-cell depletion might be the key mechanism for teneliximab, as the potent B-cell depleting
agent rituximab did not provide the allograft survival benefit seen with teneliximab.?”” Clinical
development plan for teneliximab has not yet been disclosed.

Chi Lob7/4

Chi Lob7/4 is the latest chimeric anti-CD40 mAb reported in the literature. Chi Lob7/4 in-
hibits the proliferation of malignant epithelial and NHL cell lines. It also exhibits ADCC activity;
however, in contrast to SGN-40 and HCD122, Chi Lob7/4 also mediates CDC against NHL cell
line targets.””” Clinical development plan for Chi Lob7/4 also has not yet been disclosed.
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Considerations for Therapeutics Targeting CD40

As multiple clinical trials on various CD40 targeting molecules are still currently ongoing, it is
not possible to conclude what mechanism(s) will provide the most beneficial therapeutic effects.
At the same time, the molecular design necessary to maximally harness the potential clinical ben-
efits of targeting CD40 remains to be established. It is possible that multiple biologics targeting
CD40 will be developed, each exploiting different facets of the CD40 biology to achieve certain
desired therapeutic activities.

Fully agonistic anti-CD40 mAb and recombinant CD40L may be most suitable as adjuvants to
boost immune surveillance and reverse tumor-induced tolerance. This approach is very attractive
since it may be applicable even to CD40 cancers. Unfortunately, since CD40 is widely expressed
in normal tissues, strong agonists against CD40 may cause considerable inflammatory side effects
as observed in mice receiving agonistic anti-CD40 mAb.?”® This has been mirrored at least in part
by clinical findings obtained with recombinant CD40L** and the agonistic anti-CD40 mAb
CP-870,893.77® Further clinical studies with these molecules will require optimization in dosing
and administration schedules to maximize their immuno-stimulatory effects while minimizing their
toxic side effects. Co-administration with anti-inflammatory agents may mitigate some of the side
effects, but it is important to understand how this may negatively impact the immuno-stimulatory
activity of CD40 agonists. Localized administration could be another avenue to limit side effects
resulted from systemic delivery.

Conversely, antagonistic anti-CD40 mAb are not cxpcctcd to elicit the same side effects as the
agonists. The safety profiles established for the antagonists HCD122 and ch5D12 by and large agree
with this prediction. Both antibodies can be administered at higher doses and more frequently than
CP-870,893.26226327! The non-depleting, IgG4 mAb chSD12 is particularly interesting,*” since
it may provide a therapeutics with a mechanism of action similar to anti-CD40L but without its
side effect of causing thromboembolism. Further results from ongoing clinical trials from these
antagonistic anti-CD40 mAbs will surely shed more light on the relative role of target cell deple-
tion, survival blockade and costimulation blockade in cancer versus autoimmune indications.

The partial agonist SGN-40 is unique in that it induces apoptosis in neoplastic B-cells but does
not, by itself, deliver a strong proliferative signal to normal B-cells. Weekly doses of SGN-40 at
8 mg/kg appear to induce less inflammatory side effects than either thuCD40L or the agonistic
anti-CD40 mAb CP-870,893.2405225478 [t would be important to develop diagnostic tools for
identifying the lymphoma and leukemia subsets that are most susceptible to CD40-mediated
signalingin the clinical development of SGN-40. The apoptosis-inducing activity of SGN-40 also
provides the opportunities in clinical trials to evaluate the ability of SGN-40 to sensitize neoplastic
B-cells to currently available standard therapeutic regimens.

Conclusions

The CD40-CD40L pathway is definitely one of the most crucial pathways in the pathogenesis
and effector phase of many autoimmune diseases. CD40 signaling modulates proliferation, survival
and the immunogenicity of neoplastic cells. Compelling evidence has been generated from preclini-
cal animal models and early phase clinical trials to make both CD40 and CD40L promising drug
targets. However, an approved therapeutics targeting this pathway is yet to be developed. Because
of the diverse biological effects and functions mediated by the CD40-CD40L interaction, future
research to explore the therapeutic potential of interfering with this costimulation pathway should
include better elucidation of how distinct functions of this pathway contribute to the pathogenesis
of specific diseases. Likewise, pharmacogenomic investigations will enable the identification of
biomarkers associated with and/or predicative of responses to targeting the CD40-CD40L path-
way. With this knowledge it would be more likely that custom designed molecules with precise
targeting capability will be generated to achieve the therapeutic activities sought.
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Abstract

umor necrosis factor-o (TNF-a) was first isolated two decades ago as a macrophage-

produced protein that can effectively kill tumor cells. TNF-atis also an essential component

of the immune system and is required for hematopoiesis, for protection from bacterial
infection and for immune cell-mediated cytotoxicity. Extensive research, however, has revealed
that TNF-a is one of the major players in tumor initiation, proliferation, invasion, angiogenesis
and metastasis. The proinflammatory activities link TNF-a with a wide variety of autoimmune
diseases, including psoriasis, inflammatory bowel disease, rheumatoid arthritis, systemic sclerosis,
systemic lupus erythematosus, multiple sclerosis, diabetes and ankylosing spondylitis. Systemic
inhibitors of TNF such as etanercept (Enbrel) (a soluble TNF receptor) and infliximab (Remicade)
and adalimumab (Humira) (anti-TNF antibodies) have been approved for the treatment inflam-
matory bowel disease, psoriasis and rheumatoid arthritis. These drugs, however, exhibit severe
side effects and are expensive. Hence orally active blockers of TNF-a that are safe, efficacious
and inexpensive are urgently needed. Numerous products from fruits, vegetable and traditional
medicinal plants have been described which can suppress TNF expression and TNF signaling but
their clinical potential is yet uncertain.

Discovery of TNF

Tumor necrosis factor (TNF), an activity in the serum of endotoxin-injected animals, was first
identified in 1944, rediscovered in the mid-1970s and chemically isolated from macrophage-con-
ditioned medium as a cytokine that kills tumor cells in culture in 1984."* Two distinct factors were
identified in macrophages and lymphocytes: TNF-a and TNEF-B, respectively. The identification
of their primary amino acid sequences led to the cloning of their genes and the availability of large
amounts of pure cytokines for preclinical and clinical evaluation. Intravenous administration of
TNF to cancer patients produced numerous toxic reactions including fever. In animal studies,
TNF-a has been shown to mediate endotoxin-mediated septic shock.* Several reports over the
past years have indicated that dysregulation of TNF-a synthesis mediates a wide variety of auto-
immune diseases and cancer.?

Signaling Mechanism(s) by TNF-a
TNF-o mediates its effects through two different receptors: TNF receptor I (also known as p55
or p60) and TNF receptor II (also known as p75 or p80). Whereas TNF receptor I is expressed
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on all cell types in the body, TNF receptor II is expressed selectively on endothelial cells and on
cells of the immune system.?’ The cytoplasmic domain of the TNF receptor I has a death domain,
which has been shown to sequentially recruit TNF receptor-associated death domain (TRADD),
Fas-associated death domain (FADD) and FADD-like ICE (FLICE) (also called caspase-8) lead
to caspase-3 activation, which in turn induces apoptosis by inducing degradation of multiple
proteins.® TRADD also recruits TNF receptor-associated factor (TRAF2), which through
receptor-interacting protein (RIP) activates IkBa kinase (IKK) leading to IxBa phosphorylation,
ubiquitination and degradation, which finally leads to NF-kB activation. Through recruitment of
TRAF2, TNF also activates various mitogen-activated protein kinases (MAPK), including the
c-jun N-terminal kinases (JNK) p38 MAPK and p42/p44 MAPK. TRAF2 isalso essential for the
TNF-induced activation of AKT, another cell-survival signaling pathway. Thus TNFRI activates
both apoptosis and cell survival signaling pathways simultancously.””

Gene-deletion studies have shown that TNFR2 can also activate NF-kB, JNK, p38 MAPK and
p42/p44 MAPK."* TNFR2 can also mediate TNF-induced apoptosis.! Because TNFR2 cannot
recruit TRADD-FADD-FLICE, how TNFR2 mediates apoptosis is not understood. However,
the true physiological role of TNE, its receptors and associated proteins has been explored through
gene-deletion experiments. It was found that animals with homologous gene deletion are fully viable
but are more susceptible to infection'>?* (‘Table 1). Overall the deletion of TNF, its receptors and
associated proteins indicates the critical role of this cytokine in protection from microorganisms,
the formation of lymph nodes and the development of the immune system.

Role of TNF-o in Cancer

TNF-q, initially discovered as a result of its antitumor activity, has now been shown to mediate
all steps involved in tumorigenesis, including cellular transformation, promotion, survival, prolifera-
tion, invasion, angiogenesis and metastasis®® (Fig. 1). These are discussed in detail as follows.

TNF-o Can Induce Tumor Initiation and Promotion

A number of reports indicate that TNF-o induces tumor initiation and tumor promotion®?%?
Komori’s group reported that human TNF-a is 1000 times more effective than the chemical tumor
promoters okadaic acid and 12-O-tetradecanoylphorbol-13-acetate in inducing cancer. Once
initiated with these chemical carcinogens and exposed for 2 weeks to TNF-a, BALB/3T3 cells
underwent transformation and yielded tumors in nude mice.”® The essential role of TNF-otin tumor
promotion has also been demonstrated using TNF-a-deficient mice. Specifically, okadaic acid did
not show any tumor-promoting activity in TNF” mice after up to 19 weeks of tumor promotion,
whereas okadaicacid induced strong tumor-promoting activity in TNF** mice. Tumor develop-
ment in TPA-treated TNF”" mice was delayed and both the average number of tumors per mouse
and the tumor size were dramatically reduced compared with results for TNF** CD-1 mice.”
Similarly, in a model of chemically induced liver cancer, TNF-a production by hepatocytes was
implicated in tumor development.®® All these reports establish that TNF-a plays a critical role
in tumor promotion.

Tumor Cells Produce TNF- o and Mediate Proliferation

TNEF-o. is also produced by awide variety of tumor cells, including B-cell lymphorna, cu-
taneous T-cell lymphoma,?® megakaryoblastic leukemia,* adult T-cell leukemia, CLL,* ALL,”
breast carcinoma,® lung carcinoma,” pancreatic cancer,”’ ovarian carcinoma,*! cervical epithelial
cancer,” glioblastoma® and neuroblastoma.* In most of these cells, TNF-a acts as an autocrine
growth factor; however; in some cell types TNF-o induces the expression of other growth factors
that mediate proliferation of tumors. For instance, in cervical cells TNF-o induces amphiregulin,
which induces the proliferation of cells,* whereas in pancreatic cells TNF-o induces the expression
of epidermal growth factor receptor (EGFR) and transforming growth factor (TGF-c), which
mediate proliferation.®

31,32
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Table 1. Phenotype of mice with gene deletion for TNF, TNF receptor
and receptor-associated proteins

Gene Phenotype

Ref.

TNF ¢ Homozygous mutants viable
¢ Readily succumb to Listeria monocytogenes infection
¢ Show reduced contact hypersensitivity responses
e Resistant to lipopolysaccharide toxicity

e Lack splenic primary B-cell follicle follicular dendritic cell network

e Exhibit resistance to skin carcinogenesis
TNFR1 e Resistant to low levels of lipopolysaccharide
e Increased susceptibility to Listeria monocytogenes infection
TNFR2 ¢ Resistant to low levels of lipopolysaccharide
¢ Impaired T-cell development
¢ Reduced cytotoxic T-lymphocyte proliferation
e Increased resistance to TNF-induced necrotic cell death
TRAFI1 ¢ Exhibit stronger proliferation than wild-type T-cell to anti-CD3
e Respond to TNF-induced NF-kB and AP-1 signaling pathways
e Skin hypersensitive to TNF-induced necrosis
TRAF2 ¢ Defective Th-dependent antibody response
e CD40-mediated proliferation and NF-kB activation
e Thymus and spleen atrophied and B-cell precursors depleted
¢ Thymocytes and hematopoietic progenitors sensitive to
TNF-induced apoptosis
e Serum TNF levels elevated
e Reduced TNF-mediated JNK/SAPK activation
Mild effect on NF-kB activation
RIP1 e Appear normal at birth but fail to thrive
¢ Die at 1-3 days of age
¢ Extensive apoptosis in lymphoid and adipose tissue
e RIP* cells highly sensitive to TNFa-induced cell death
* No NF-xB activation
FADD e Do not survive beyond day 11.5 of embryogenesis
e Cardiac failure and abdominal hemorrhage
e Chimeric embryos showing a high contribution of FADD
null mutantcells to the heart reproduce the phenotype
of FADD™ mutants

¢ Activates rearrangement of the immunoglobulin and TCR genes

¢ Fas-induced apoptosis completely blocked

¢ Fas-mediated activation-induced proliferation impaired
Caspase-8 ¢ Embryos exhibit impaired heart muscle development

¢ Congested accumulation of erythrocytes in embryos

e TNF receptors, Fas/Apol and DR3 fail to induce cell death
IKKB ¢ Die at mid-gestation from uncontrolled liver apoptosis

o |KKB-deficientcells lack activation of IKK and NF-xB in

response to TNF-a or IL-1p

12-14

18, 19
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Figure 1. Pro-inflammatory effects of TNF are involved in tumorigenesis and in autoimmune
diseases.

TNF-a Can Induce Invasion and Angiogenesis of Tumor Cells

That TNF-o can induce invasion and angiogenesis of tumor cells is well documented. TNF-a
hasbeen shown to confer an invasive, transformed phenotype on mammary epithelial cells.*® TNF-a
has been reported to induce angiogenic factor upregulation in malignant glioma cells.® This up-
regulation in turn promotes angiogenesis and tumor progression. TNF-a also stimulates epithelial
tumor cell motility, which is a critical function in embryonic development, tissue repair and tumor
invasion.* TNF-o has been even reported to mediate macrophage-induced angiogenesis.”’

Role of TNF-ain Tumor Metastasis

TNEF-a also plays a role in the metastasis of cancer cells. In a model of experimental lung
metastasis of colon adenocarcinoma, injection of LPS into mice enhanced the development of
metastatic lesions. The increased metastasis was dependent on TNF-a production by host he-
matopoietic cells. This TNF-a activated NF-kB in the tumor cells, increasing their proliferation
and survival.®® Moreover, endogenous and exogenous TNF-a administration enhanced metastasis
in an experimental fibrosarcoma metastasis model.¥” Mice injected with fibrosarcoma cells showed
enhanced metastasis to the lungs in the presence of exogenous TNF Neutralization of endogenous
tumor-induced TNF led to a significant decrease of the number of pulmonary metastases. An es-
sential role of TNFR p55 has been found in liver metastases following intrasplenic administration
of colon 26 cells.’® Malik et al described found that overexpression of TNF-a conferred invasive
properties on xenograft tumors.’' Neutralization of endogenous TNF-a reversed the hepatic
metastases and prolonged survival in mouse models.**

Role of TNF-o in the Immune System

TNF-a is a critical component of effective immune surveillance and is required for proper
proliferation and function of natural killer cells (NK-cells), T-cells, B-cells, macrophages and
dendritic cells.> TNF-a can influence inflammation and innate immunity, lymphoid organization
and activation of APCsand can provide direct signals to T-cells.>**>> TNFR2 can augment T-cell
proliferation and thus may also provide a costimulatory signal for T-cells.*® Mice strains in which
the TNF-a gene orits p55 receptor has been deleted (TNF-KO or TNFR1-KO mice) have severe
defects in lymph node follicle and germinal center formation.”” TNF-a. acting through TNF
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receptor p55 is involved in the development/maturation of dendritic cells (DCs) in bone marrow
progenitor cultures.®” Moreover, the microenvironment in peripheral lymphoid organs is associated
with TNF-a signaling and chemokine production is critical for recruitment efficiency of DCs.©
Follicular DCs are specialized mesenchymal cells that collect antigens in draining lymph nodes,
interact with clonally expanding B-cells and form networks in the follicle under the influence of
TNF-ao.and TNF-B.%

TNFRI is a costimulator of T-cell activation and is expressed by activated T-cells. The initia-
tion of an immune response by dendritic cells originating in epithelial barriers and stimulating
naive T-cells in draining lymph nodes involves active involvement of TNF/TNFRI. Moreover,
TNF-a regulates the expansion and survival of CD4* and CD8* T-cells.”*>* T-cell-derived TNF-a.
isimportant for protection against high bacterial load, whereas mastcell-derived TNF-ais a critical
and early component of the allergic response.®!

TNF-a also plays a central role in initiating the inflammatory reactions of the innate immune
system. Bacterial pathogens and several other proinflammatory and environmental stimuli induce
TNF-a and NF-«B signaling cascade via Toll-like receptors and also enhance its translational effi-
ciency.®* Early production of TNF-a is prominent in the subsequent initiation of a highly complex
biological cascade involving chemokines, cytokines and endothelial adhesions that recruits and
activates neutrophils, macrophages and lymphocytes at the sites of infections. Release of preformed
TNF-o acts as a positive autocrine feedback signal to activate NF-kB and to induce further TNF-a.
and other cytokines such as granulocte-monocyte colony-stimulating factor (GM-CSF) and IL-8.¢!
Thus TNF-a exerts a global regulatory effect on the immune system.

Role of TNF-0 in Autoimmune Diseases

Dysregulation of TNF-o has been implicated in a wide variety of autoimmune diseases, includ-
ing rheumatoid arthritis, Crohn’s disease, multiple sclerosis, psoriasis, scleroderma, systemic lupus
erythromatosus, ankylosing spondylitis and diabetes (Fig. 1). How TNF-o. mediates disease-causing
effects is incompletely understood. The induction of proinflammatory genes by TNF-o has been
linked to most diseases. The proinflammatory effects of TNF-o are primarily due to its ability
to activate NF-kB.®* Almost all cell types, when exposed to TNF-a, activate NF-kB, leading to
the expression of inflammatory genes. The role of TNF-a in some of the autoimmune discases is
discussed in detail below.

Psoriasis

Psoriasis is a chronic inflammatory disease of the skin, affecting 2-3% of the world’s population.
Histopathologically, psoriasis is characterized by hyperproliferation of epidermal keratinocytes
and hyperkeratosis, as well as infiltration of immunocytes along with angiogenesis.* T-cells play
a major role in the initiation of psoriatic lesions. Activated T-cells in the region of the dermal
epidermal junction promote the hyperplastic proliferative response through increased produc-
tion of Th1 cytokines, among which TNF-a is the major player.®> In psoriatic lesions, levels of
TNF-a-induced genes, such as IL-1B, IL-8 and IL-6, are greatly increased.®®® Furthermore, in
psoriatic plaques, there is a significant upregulation of activated phosphorylated NF-kB compared
with normal epidermis and uninvolved epidermis from psoriasis patients.”” TNF blockers have
been shown to reverse the epidermal hyperplasia and cutancous inflammation characteristic of
psoriatic plaques.”® All these findings together suggest a major role for TNF-a in both initiation
and progression of psoriasis.

Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) is characterized by a chronic relapsing inflammation of
the gastrointestinal tract and is divided into two primary forms: Crohn’s disease and ulcerative
colitis.”" IBD is associated with the activation of local intestinal and systemic immune responses
and is caused by the loss of tolerance against intestinal antigens.” TNF-o levels are elevated in the
serum, mucosa and stool of IBD patients and 7NF”* mice show a marked reduction in chemically
induced intestinal inflammation.”>”® Increased nucleartranslocation of NF-«B has also been shown
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in lamina propria mononuclear cells derived from IBD patients.”” Hence TNF-a is considered to
be an attractive target for the treatment of IBD and several antiTNF reagents have been developed,
but most of them have not proven safe and efficacious in the treatment of IBD.

Arthritis

Asaproinflammatory cytokine, TNF-a has perhaps the most dominant role in the etiology of
rheumatoid arthritis.”® Patients with rtheumatoid arthritis have high concentrations of TNF-a in
the synovial fluid and at the cartilage-pannus junction, which leads to the erosion of bone.””* In
cultures of synovial cells from patients with rheumatoid arthritis, blocking TNF-a with antibodies
significantly reduced the production of IL-1p, IL-6, IL-8 and GM-CSE*' Hence, the inhibition of
TNEF-o has a more global effect on inflammation than the suppression of other cytokines present
in high concentrations in synovial fluids, such as IL-1f. The results of studies in animals provide
further evidence of the importance of TNF-a in theumatoid arthritis. In transgenic mice that ex-
pressed a deregulated human TNF-a gene, an inflammatory and destructive polyarthritis similar
to rtheumatoid arthritis spontaneously developed.®> AntiTNF-a therapies are being used for the
treatment of rtheumatoid arthritis, but these agents are associated with side effects, some of them
quite serious.*” Hence novel agents are needed for the management of rheumatoid arthritis.

Systemic Sclerosis (Scleroderma)

Systemic sclerosis (scleroderma) is a generalized connective tissue disorder, characterized by a
wide spectrum of microvascular and immunological abnormalities, leading to progressive thick-
ening and fibrosis of the skin and other visceral organs, such as the lungs, gastrointestinal tract,
heart and kidneys.?*® Compelling evidence indicates that the increased production of TNF-a is
involved in the pathogenesis of scleroderma.® Patients with systemic sclerosis exhibit a systemic
and local rise in TNF-a levels that leads to pulmonary fibrosis.*”” The serum levels of TNFR1 are
directly correlated to the severity of the disease.® TNF-o gene polymorphism is also associated with
scleroderma.® Thus dysregulation of TNF-a plays a critical role in the development of systemic
sclerosis in normal human subjects.

Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is a multifactorial autoimmune disease characterized by
the breakdown of self-tolerance, B-cell hyperactivity, autoantibody production, aberrant forma-
tion of immune complexes and inflammation of multiple organs.”® The TNF-a level is increased
and seems to be bioactive in the serum of patients with active SLE. The levels of TNF-a have been
shown to correlate with SLE disease activity.”"?> Various antiTNF-a agents are currently being
used for the treatment of SLE.

Ankylosing Spondylitis

Ankylosing spondylitis (AS) is an autoimmune disease characterized by prominent inflamma-
tion of the spinal joints and adjacent structures leading to progressive bony fusion of the spine.”®
Pathophysiologically, TNF-a appears to play a role in promoting the inflammatory pattern
associated with AS. Increased TNF-a protein is found in the sacroiliac joints’ and peripheral
synovium?’>* as well as the serum”® of patients with active AS. While disease activity cannot be
predicted from levels of TNF-a, blockade of this protein has been shown to have benefits in animal
models and human studies of AS. Considering the critical role of TNF-o in the pathogenesis of
AS, the molecules targeted at blocking the effects of TNF-a are likely to play a crucial role in the
management of this disease.

Diabetes Mellitus

Autoimmune diabetes, or insulin-dependent diabetes mellitus (IDDM), is characterized by
selective destruction of insulin-producing cells.”” The role of TNF-o.in the pathogenesis of autoim-
mune diabetes has received increasing attention recently.® It was shown that TNF-a in combina-
tion with IFN-y could induce the aberrant expression of class IT major histocompatibility complex
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(MHC) molecules on pancreatic beta cells, suggesting a role for these cytokines in the induction of
the autoimmune process in diabetes.'”" A different group of investigators has suggested that IL-1f
is toxic to pancreatic beta cells and that TNF-a significantly enhances this toxicity.'”” Transgenic
mice, expressing constitutively active IKK-p, a kinase required for activation of NF«B, exhibited
type 2 diabetes phenotype and increased hepatic production of TNF-a. Hepatic expression of the
IxBa super repressor reversed this diabetic phenotype in transgenic mice as well as wild-type mice
fed a high-fat diet.'” These findings indicate that lipid accumulation in the liver leads to subacute
hepatic ‘inflammation’ through NF-«B activation and downstream cytokine production. This causes
insulin resistance both locally in liver and systemically. Thus novel blockers of TNF-a have significant
implications for future new therapeutic strategies for insulin-dependent diabetes mellitus.

Multiple Sclerosis

Multiple sclerosis (MS) is an inflammatory disease of the central nervous system character-
ized by localized areas of demyelination.'® TNF-a plays an important role in the pathogenesis
of MS and its animal model, experimental autoimmune encephalomyelitis.'®'* TNF-o has been
detected in MS plaques'®”'*® and circulating levels of TNF-o and its receptor have been found in
cerebro-spinal fluid of MS patients.'®!"? All these findings support an enormous role for TNF-a
inhibitors in the treatment of multiple sclerosis.

TNF Inhibitors

On the basis of the above descriptions, TNF blockers have tremendous potential for the treat-
ment of various cancers and autoimmune diseases. Several classes of TNF-o.inhibitors are available
and these are discussed below.

TNF Antibodies

The best studied of the monoclonal TNF-a antibodies is infliximab (Remicade), originally
referred to as cA2. Infliximab binds with high specificity and affinity to free and membrane-bound
TNEF-a, which is expressed at the cell surface by activated T-cells and macrophages.'! Adalimumab
(Humira) is a human monoclonal IgG, antibody containing only human peptide sequences. It
binds with high specificity and aflinity to soluble and membrane-bound TNF-a and blocks its
interaction with the p55 and p75 cell surface TNF receptors, thereby neutralizing the biological
activities of this cytokine."'* However, these antibodies have demonstrated several potentially seri-
ous adverse effects that include greater predisposition towards infection, congestive heart failure,
neurologic changes (e.g., demyelination), lymphomas, re-exacerbation of latent tuberculosis and
problems related to autoimmunity, for example lupus-like syndrome.'*3

Soluble TNF Receptors

In the second approach to TNF-a inhibition, soluble TNF receptors have been engineered as
fusion proteins in which the extracellular ligand-binding portion of TNFRI or TNFR2 is coupled
to a human immunoglobulin-like molecule. Etanercept (Enbrel) is a recombinant human fusion
protein that consists of two soluble p75 TNF receptors and the F, portion of human IgG, '
Etanercept possesses a dimeric structure with high affinity to TNF-o and the linkage to the F,
portion of human IgG produces alonger half-life. Eranercept is better at neutralizing TNF-a than
is the monomeric soluble p75 receptor. The various side effects observed include lymphomas,
re-exacerbation of latent tuberculosis and problems related to autoimmunity.'”® Recent studies
indicate that administration of TNF-a inhibitors can even lead to psoriasis'®and contribute to
the severity of the disease in paracoccidioidomycosis.'*¢

Besides p75, TNF has been shown to bind to p55 receptor with an affinity either equal or even
greater than p75."” Although soluble p75 receptors clearly can sequester TNF, very little is known
about the ability of the soluble form of the p55 receptor to sequester TNF in vivo.
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Inhibitors of TNF Expression

Several compounds that can inhibit both TNF-a expression and synthesis are also available.
These include thalidomide ([ + ]-alpha-phthalimidoglutarimide), which is currently being used
for treatment of multiple myeloma''®!** and pentoxifylline, used to treat leg pain caused by poor
blood circulation.’®® Thus these agents may be useful for the treatment of various cancers and
autoimmune discases mediated by TNE

Inhibitors of TNF Oligomerization

Some inhibitors that can suppress oligomerization of TNF are also known. Steed and cowork-
ers'?! designed a novel dominant-negative variant TNF protein that rapidly forms heterotrimers
with native TNF to give complexes that neither bind to nor stimulate signaling through TNF
receptors and thus inactivate TNF by sequestration. He et al'*? identified another small-molecule
inhibitor that promotes subunit disassembly of trimeric TNF. This compound inhibited TNF
activity in biochemical and cell-based assays, with median inhibitory concentrations of 22 and
4.6 micromolar, respectively. Formation of an intermediate complex between the compound and
the intact trimer resulted in a 600-fold accelerated subunit dissociation rate that led to trimer
dissociation.

Inhibitors of TNF- a-Induced Signaling Pathways

TNEF-a activates cell survival signaling pathways, i.e., NF-kB, Akt and MAPK pathways, as well
as apoptotic pathways such as JNK, p38 and AP-1. Hence, inhibitors that target these pathways
also have potential against various proinflammatory conditions mediated by TNF-c. For example,
TNF-o activates NF-kB, which in turn regulates TNF-a production. Hence various NF-kB block-
ers (both synthetic and natural) are currently available on the market and effective against a wide
variety of inflammatory conditions.

Natural Products as Inhibitors of TNF

Numerous plant-derived products have been identified that can suppress TNF-a expression
from macrophages activated by numerous inflammatory stimuli (129-165, see Table 2). These
include curcumin, resveratrol, emodin, silymarin and others. Thus these products are likely to be
useful for the treatment of cancer and autoimmune diseases mediated by TNE

Table 2. A list of natural products that inhibit the expression of TNF

1"-acetoxychavicol acetate'®
1"-acetoxyeugenol acetate'
Allium sativum'®

Aloe vera'*

Aloe barbadensis'’

Asparagus cochinchinensis'*®
Bisdemethoxycurcumin'
Butein'*

Cardamomin®'

Curcumin®> 133

Dipheny!l dimethyl bicarboxylate'*
Emodin inhibits IL-1p and IL-6'%
Epigallocatechin gallate'®
F022'¥

Ginkgolide B 1
2’-Hydroxychalcone'® ™!
Hypoestoxide'*

Lonicera japonica™?
Neolignans and lignans'#*
Patridoids I, Il and 1A'*
Phthalide lactone'®
Phloroglucinol derivatives'
Platycodin D and D3'#
Phlebodium decumanum'®
Phyllanthus amarus'°
Resveratrol'!
14,15-Secopregnanederivatives argelosides's
Silymarin's

Tanacetum microphyllum'*
Taraxacum officinale'
A°-Tetrahydrocannabinoid'®
Theobroma cacao'’
Uncaria guianensis'*®
Zostera japonica'®
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Conclusion

TNF clearly plays a major role in cancer and in autoimmune diseases. Because TNF is also
needed for the proper functioning of the immune system, complete suppression of TNF over along
period is likely to prove harmful. The potential of TNF inhibitors in the treatment of autoimmune
discases as employed currently is just “the tip of the iceberg.” Any chronic inflammatory condition,
linked to majority of the inflammatory discases, could be a potential target for antiTNF therapy.
Thus the development of inhibitors that are orally active, safe and inexpensive would have major
potential. Because of long-term safety and cost, nutraceuticals derived from fruits and vegetables,
that can suppress TNF expression and TNF signaling, should be explored clinically for efficacy.
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CHAPTER 4

Targeting of BAFF and APRIL

for Autoimmunity and Oncology
Maureen C. Ryan*and Iqbal S. Grewal

Abstract

LySand APRIL are tumor necrosis factor superfamily members shown to be important for
B B-cell development, maturation and survival. Recent data also indicate that these cytokines

regulate the survival and maintenance of malignant B-cells in cancer patients. The key role of
BLyS/APRIL in the immune system and their potential role in cancers have attracted the attention
of basic scientists and biotechnology companies alike. As a result, the pathways regulated by BLyS
and APRIL have been quickly elevated as attractive targets for antibody-based and non-antibody
based therapeutics. Exploitation of these pathways has not only given us enormous insights into
the basic biology of the APRIL/BLyS system but it has also identified potential clinical candidates
for cancer and autoimmunity. As such, multiple biotechnology companies are currently testing
various therapeutic candidates in the clinic. This chapter will review BLyS and APRIL functions
and discuss alternative therapeutic approaches to target BLyS and APRIL pathways for human
malignancies and autoimmunity.

Introduction

B-cell activating factor (BAFF)'and a proliferation inducingligand (APRIL)® are TNF ligands
that regulate immune function, tolerance and malignancy. BAFF, also called BLyS,' TALL-1*and
THANK ?is a costimulatory factor for normal B-cells and plays a vital role in B-cell homeostasis.
BAFF’s closest relative amongst the TNF superfamily is APRIL. APRIL was originally noted for
its ability to stimulate proliferation of tumor cells.>® A functional relationship between BAFF
and APRIL became apparent when it was shown that APRIL regulates tumor cell proliferation®
and humoral immunity® by binding to some of the same TNF receptors as BAFFE. Thus, while
BAFF and APRIL act as essential regulators of normal T- and B-cell function, they also have
the potential to be permissive in autoimmunity and cancer. This chapter will review the biology
behind an emerging class of therapeutics aimed at targeting BAFF and APRIL for immunology
and oncology.

The BAFF and APRIL Receptor/Ligand System

BAFF and APRIL are type Il transmembrane proteins produced by monocytes,"® macrophages,*
neutrophils,” dendritic cells'® and T-cells.>” Elevated expression and release of these factors is
often stimulated by pro-inflammatory cytokines."*!! BAFF and APRIL can also be expressed by
nonhematopoietic cells in normal tissue!? and disease states.'*!# Remarkably, it is the constitutive
expression of BAFF by a radiation-resistant population of nonhematopoietic cells in bone marrow
that is essential for the maintenance of peripheral B-cells in mice."?
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BAFF and APRIL both contain a multibasic consensus motif that is proteolytically cleaved to
generate a soluble, active form of the ligand. Although APRIL and BAFF are typically expressed as
homotrimers, biologically active heterotrimers have been reported in the serum samples of patients
with systemic immune-based rheumatic diseases.'> APRIL is processed intracellularly by a furin
convertase and is solely active in a soluble form.!¢ A possible exception occurs when APRIL is
expressed as TWE-PRIL."* TWE-PRIL is a hybrid transcript that combinesa TWEAK intracel-
lular, transmembrane and stalk region with an APRIL receptor-binding domain. The function of
this unique hybrid transcript is unknown but it potentially enables the receptor-binding domain
of APRIL to be presented in a membrane-associated form. BAFF can exist as a membrane bound
or secreted form and is reported to have activity in either form.® BAFF activity can be modulated
by the production of ABAFE"” ABAFF is an alternative splice variant that is uncleavable and
leads to the formation of multimeric BAFF complexes with diminished biologic activity in vitro
an in vivo."”?

BAFF binds three distinct TNF receptors (see Fig. 1): B-cell maturation antigen (BCMA),?"?
transmembrane activator and calcium-modulator and cyclophilin ligand interactor (TACI)*
and BAFF receptor (BAFF-R),?? also known as BR3.% APRIL, in contrast, binds to TACI and
BCMA®?12728 bhut not BAFF-R.2 BAFF-R, TACI and BCMA each contain a limited number of
cysteine-rich domains (CRDs) when compared to other TNF receptors. The extracellular domain
of TNF receptors typically contains 4 CRD:s for ligand binding.” In contrast, BAFF-R, BCMA
and TACI contain 1/2, 1 and 2 CRDs, respectively. BAFF-R, BCMA and TACI also lack the
death domain that is prevalent in many TNF receptors and instead transduce signals through the
TRAF family of adaptor proteins.* Pro-survival signals proceed through NF«B using either the
canonical or alternative pathways.”’

APRIL BAFF ABAFF

Furin P> &5 b!% &5 ﬁ—/

cleavage

| @) .
BCMA  1ispG BR3/BAFF-R

APRIL-R ? TACI
B cells b
>

T cells

Figure 1. APRIL and BAFF bind to multiple receptors. Solid lines depict primary receptors
for APRIL and BAFF and doted lines indicate low affinity alternative receptors. Both APRIL
and BAFF exist in soluble and membrane expressed forms. ABAFF is a membrane expressed
without Furin Cleavage site. APRIL is also suspected to have a yet unknown receptor, which
is depicted as APRIL-R. All receptors are predominantly expressed on B- and T-cells as in-
dicated in the figure.
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Interestingly, APRIL was noted to support proliferation of tumor cells that lack expression
of either TACI or BCMA. This observation lead to the prediction that there is a third APRIL
receptor.® Recently, heparin sulphate proteoglycans (HSPGs) were identified as a nonTNF
binding moiety for APRIL.*"** The HSPG binding domain in APRIL occurs within a stretch of
basic amino acid residues that are not present in BAFF, conferring a unique binding interaction
between APRIL and HSPGs.*! Although HSPGs are prevalent on a wide variety of normal and
malignant cells, the biological significance of APRIL interaction with HSPGs remains unknown.
It is speculated, however, that HSPGs may augment APRIL function through oligomerization of
the ligand or by retaining the ligand in the bone marrow microenvironment.?'

BAFF and APRIL Regulate Immune Functions

Early studies on BAFF and APRIL showed that these ligands are key regulators of immune func-
tion.”?'%¢# The precise roles and dominant contributions of each ligand were discovered through
in vivo models that examined over-expression or deficiency of BAFF, APRIL and their receptors
(Table 1). Additionally, the contribution of individual receptor/ligand interactions has been resolved
through the use of targeting molecules that neutralize or antagonize ligand function (Table 2). These

Table 1. Mouse models to examine BlyS, APRIL, BAFF-R, TACI and BCMA function

Deficiency or Over-Expression of BAFF, APRIL and Their Receptors

Gene Symbol/
Protein Phenotype Ref.
BAFF(-/-) Severe | mature follicular and marginal zone 24
B-lymphocytes
Blockade at T1 to T2 cell transition
A/WySnJ | Mature follicular and marginal zone B cells 24,36
APRIL(-/-) Impaired IgA class switching 51,52
Normal immune system development
TACI(-/-) B-cell accumulation and splenomegaly 38
BCMA(-/-) Normal B-cell development and homeostasis 24,106
No defects in humoral immunity 40
Impaired long-term survival of plasma cells
BAFF B-cell hyperplasia 22,55
Transgenic Enlarged spleen, lymph nodes and Peyers patches
1 B220+ cells
| T-cells (Thy-1.2 positive, CD4 and CD8)
Hypergammaglobulinemia
Autoantibodies to nuclear antigens
Immune complexes in kidney
APRIL Transgenic  Enhanced survival of transgenic T-cells in vitro 7
Enhanced survival of staphylococcal enterotoxin B-reactive CD4t
T cells in vivo
Increased IgM but not IgG response to T-cell dependent antigens
BAFF-Tg in Autoimmunity with predisposition of B-cell lymphoma 64
TNF(-/-) back- Expansion of T2 and marginal zone B-cells
ground Enhanced T-independent immune responses

1 B-cell lymphomas
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studies clearly establish that BAFF regulates development and homeostasis of B-cells following
their exit from the bone marrow.?*** In particular, BAFF supports the survival of splenic immature
transitional B-cells and mature B-cells. Consistently, targeted disruption of BAFF in mice results in
impaired differentiation at the transitional type 1 stage and a substantial loss of follicular and marginal
zone B-cells.? Blockade at the T1 to T2 transition may be a direct effect on B-cell differentiation
or an indirect effect related to the survival function of BAFFE. Over-expression of Bcl-2 can partially
compensate for loss of BAFF signaling but does not rescue all B-cell defects, suggesting that B-cell
defects in BAFF-deficient mice are not exclusively due to loss of survival signals.** BAFF deficient
mice also have decreased serum immunoglobulin levels and an impaired antibody response to T-cell
dependent antigens.** Concordantly, neutralization of BAFF through the use of soluble receptor
decoys blocks the T1 to T2 transition of B-cells,** inhibits antigen-specific antibody production,*
abolishes splenic germinal center (GC) formation® and decreases the number of peripheral B-cells.?*
BAFF-R is the major receptor mediating BAFF-dependent survival of B-cells because A/WySn] mice,
which have a natural mutation in the BAFF-R locus, display a phenotype that is qualitatively similar
to BAFF-deficient mice.>* Interestingly, APRIL does not substitute for BAFF despite historic data
showing that APRIL can stimulate in vivo expansion of B-cells.” Likewise, the presence of TACI or
BCMA does not compensate for loss of BAFF-R during peripheral B-cell development. On the con-
trary, TACI acts as a negative regulator of B-cell expansion®** while BCMA appears to have aunique
role in regulating the survival of terminally differentiated plasma cells.*** The BCMA-dependent
survival of plasmablasts and plasma cells can be supported by either BAFF or APRIL. The varied
expression of BAFF-R, TACI and BCMA throughout B-cell ontogeny is consistent with the unique
functional roles of these receptors on B-cells.*#?

BAFF and its receptors are routinely highlighted for their dominant role in B-cell homeostasis.
However, BAFF-R* and TACI* are also expressed by activated T-cells and they can modulate
T-cell function. BAFF costimulation of activated CD4+ T-cells mediates allo-proliferation in
vivo through BAFF-R.#% Mice that are deficient for BAFF or BAFF-R show prolonged cardiac
allograft survival when compared to controls.* Moreover, BAFF transgenic mice show enhanced
Th1-mediated response,* suggesting that BAFF can directly or indirectly regulate T-cell function.
TACI may also modulate T-cell dependent function. In a mouse model for rheumatoid arthritis
(RA), an autoimmune disease that involves both B- and T-cell components, TACI-Fc treatment
substantially inhibited inflammation, and bone and cartilage destruction.””

Table 2. Potential contribution of individual receptors to B-cell biology
and candidate targeting molecules

Receptor Key Function Potential Targeting Molecule
BAFF-R/BR3 B-cell survival; Plasma cell survival; T-cell TACI-Ig
costimulation; T-dependent Ab production; BR3-Ig
Germinal center formation; Ig class switching  Anti-BAFF Ab
(IgG, IgE) Anti-BR3 Ab
TACI T-dependent Ab production TACI-Ig
Germinal center formation BR3-Ig
Ig class switching (IgG, IgE, 1gA) BCMA-Ig
T-independent responses Anti-BAFF Ab
B1 B-cell survival Anti-TACI Ab
BCMA Plasma cell survival TACI-Ig
BR3-Ig
BCMA-Ig
Anti-BLyS Ab
Anti-BCMA Ab

HGPS Unknown Anti-APRIL Ab
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Mice transgenic for APRIL under control of a T-cell-specific promoter display altered T- and
B-cell mediated functions” (Table 1). The heightened humoral response to T-cell dependent anti-
gens observed in APRIL transgenic mice agrees with recent in vitro data showing that APRIL can
promote antigen presentation in B-cells through BCMA.* APRIL transgenic mice also showed
enhanced T-cell survival in vitro and a significant increase in a rare population of T-cells that are
distinct from classically activated T-cells.” APRIL transgenic mice also develop lymphoid tumors
that originate from expansion of the peritoneal B-1 B-cell population.*” Overall, however, the in
vivo function of APRIL in normal tissues has remained a bit more elusive when compared to BAFE
The ambiguity is due in part to disparate results from APRIL () mice.”* ! The disparity may be
due to different background strains used to create APRIL deficient mice. One group reported
that APRIL () mice have typical T- and B-cell development and normal humoral response to
antigen challenge.’' A second group observed concurrent normal T- and B-cell development in
APRIL (") mice but also detected increased numbers of CD44high/CD62low effector memory
T-cells, increased IgG response to T-cell-dependent antibody responses and impaired IgA class
switching.>® In vitro studies on B-cells support a role for APRIL and BAFF in class switching.>
Class switching via APRIL is mediated by TACI whereas BAFF can promote class switch in
B-cells by either TACI or BAFF-R.>> Mutations in TACI that impair interactions with APRIL
have also been implicated in combined variable immunodeficiency (CVID) and selective IgA
deficiency in humans.”*>

BAFF and APRIL in Autoimmunity

B-cell numbers and humoral immunity can be heightened or dampened by modulating the levels
of available BAFF or APRIL. BAFF levels, in particular, must be carefully regulated to maintain
B-cell homeostasis. Systemic administration of soluble BAFF in mice causes B-cell expansion and
increased levels of serum IgM and IgA." A similar but augmented B-cell response occurs in BAFF
transgenic mice,”>>*¢ which is characterized by B-cell hyperplasia, hypergammaglobulinemia,
the presence of circulating autoantibodies and formation of immune complexes. As BAFF trans-
genic mice age, the hyperimmune phenotype culminates into a condition that resembles human
systemic lupus erythematosus (SLE)?***” and Sjégren’s syndrome.”” Similarly, NZB/W(F1) and
MRL-lpr/lpr mouse strains that are predisposed to SLE or mice with chemically-induced autoim-
munity show heightened levels of BAFF with the onset and progression of disease.”*® Treatment of
lupus-prone NZB/W(F1) mice with soluble receptor decoys, such as BR3-Fc or TACI-Ig, blocks
BAFF-dependent signaling,® attenuates disease® and prolongs survival of the animals.”

In the human population, BAFF and APRIL are frequently elevated in the serum and target
organs of patients with a variety of autimmune disorders.®* Increased BAFF levels are associated
with pathogenic antibodies in patients with SLE, suggesting that BAFF may contribute to loss of
B-cell tolerance in some autoimmune patients.®*¢"%* A role for BAFF in tolerance is supported by
in vivo studies showing that BAFF allows survival of immature, transitional type 2 cells in spleen
that would otherwise be removed by negative selection.* In agreement with this notion, escape
of marginal zone B-cells is observed in BAFF-transgenic mice where they home to salivary glands
and contribute to the autoimmune phenotype.”

Examination of APRIL levels in SLE patients has led to conflicting results.® One group
examined 40 patients with SLE and found a positive correlation between anti-DNA antibodies
and APRIL levels.” A second group examined 68 patients and found APRIL levels were inversely
correlated with disease activity in SLE.® Additional studies will be required to elucidate the
significance of APRIL in autoimmunity. However, a connection between APRIL and SLE has
been identified at the genetic level” with three polymorphisms in the gene for APRIL showing
association with autoimmunity.

BAFF and APRIL are elevated in rheumatoid arthritis (RA), with significantly higher levelsin
the synovial fluid than in the serum.**® Lymphocytes that infiltrate into the joints of RA patients
can remain diffuse or they can take on an architecture that is reminiscent of a lymphoid follicle.”’
Examination of APRIL and BAFF in the inflamed joints of RA patients showed expression of
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these ligands varied with distinct lymphoid architectures. APRIL was present at the highest levels
in germinal-centre-positive synovitis whereas BAFF was present at similar levels independent
of lymphoid architecture. Importantly, the authors found that inhibition of BAFF/APRIL by
TACI-Ig was most effective in mice transplanted with human tissues with germinal-center-positive
synovitis. It was noted that the differential effects they observed correlated with the presence of
TACI+ T-cells in the other two forms of synovitis.” In previous studies that used a mouse model
for rheumatoid arthritis (RA), treatment with TACI-Fc substantially inhibited inflammation, bone
and cartilage destruction and disease development.>*¥ Taken together, these studies suggest that
inhibition of BAFF and APRIL might have therapeutic benefits for autoimmune diseases, such
as RA, that involve both B- and T-cells.

APRIL and BAFF in Cancer

APRIL and BAFF are potential survival factors for B-cell malignancies including chronic
lymphocytic leukemia (B-CLL),”” Hodgkin’s lymphoma,” nonHodgkins lymphoma (NHL)7#7¢
and multiple myeloma (MM).”7® This hypothesis is supported by the expression of one or more
of the receptors for BAFF and APRIL on malignant B-cells, which generally correlates with the
developmental origin of the tumor cell.* Malignancies derived from mature B-cells typically show
prevalent expression of BAFF-R and TACI while plasma cell malignancies frequently express
BCMA. The pro-survival ligands, BAFF and APRIL, can be expressed by the tumor cell itself*””
or by a neighboring cell in the tumor microenvironment.*® Autocrine production of BAFF
and APRIL have been detected in B-CLL cells where it is believed to protect these cells against
spontaneous and drug-induced apoptosis.*”” Likewise, paracrine ligand production has been il-
lustrated in a subset of NHL patients where the major source of APRIL concentrated at the tumor
lesion is derived from neutrophils and correlates with decreased overall patient survival.®' Hence,
BAFF and APRIL can function as both autocrine and paracrine factors to promote tumor cell
survival, thereby protecting tumor cells from death. Numerous studies confirm that BAFF and
APRIL can also augment tumor cell growth by either stimulating proliferation,”’*** inhibiting
apoptosis,”>’>"® or protecting malignant cells against drug-induced apoptosis.” The pro-survival
role of BAFF and APRIL coupled with the prevalence of BAFF, APRIL and their receptors on
malignant B-cells suggested that blockade of this pathway is a plausible therapeutic strategy for
oncology. As predicted, in vitro studies consistently show that treatment of tumor cells with
soluble receptor decoys attenuates tumor cell survival in a variety of malignant B-cells.”!73767779:80
Alternatively, BAFF and APRIL receptors expressed on the surface of malignant B-cells can be
targeted for antibody directed cytotoxicity® or delivery of potent cytotoxic drugs.®#

Detection of APRIL in a variety of solid tumors®* suggests that this ligand may regulate prolif-
eration of solid tumors as well as B-cell malignancies. In agreement with this notion, transfection
of APRIL into NIH3T3 cells stimulates their proliferation in vivo and in vitro,’ showing that
APRIL can regulate proliferation of transformed cells.” Likewise, APRIL-mediated stimulation
of carcinoma cells in vivo is indicated by studies showing that blockade of APRIL binding by
BCMA-Fc inhibits growth of HT29 cells in nude mice.

Parallels between Autoimmunity and Cancer

Altered expression and function of BAFF and APRIL have identified connections between auto-
immunity and cancer. Compelling data from in vivo animal models shows that transgenic expression
of either BAFF or APRIL heightens immune response and predisposes mice to B-cell lymphomas.
APRIL transgenic mice develop lymphoid tumors with significant frequency by 9- to 12-months of
age. Tumors originate from expansion of the peritoneal B-1a B-cell population, reminiscent of human
B-CLL, thereby solidifying a connection to human biology.*” While aging BAFF transgenic mice
show only a slight increase in the incidence of B-cell lymphomas, the frequency becomes elevated in
the context of a TNF null background, escalating to an incidence of 33% by the first year.* Humans
with autoimmunity are also at increased risk of developing lymphomas,®” underscoring the need for
effective therapeutic strategies that target the BAFF and APRIL subfamily.
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New Therapeutics for Autoimmunity and Cancer

Several companies are developing therapeutics to target BAFF and APRIL (Table 3).
GlaxoSmithKline (Brentford, London, UK) and Human Genome Sciences (Rockville, MD,
USA) have developed LymphoStat-B®, also known as belimumab, which is a fully human IgG1
monoclonal antibody that targets BAFE® Belimumab binds with high affinity to BAFF and blocks
binding of BAFF to its receptors, BCMA, TACI and BAFF-R. Since belimumab binds specifi-
cally to the soluble, active form of BAFF rather than the membrane associated form, it should not
induce ADCC. Belimumab inhibits BAFF mediated proliferation of B-cells in vitro and blocks
the in vivo expansion of B-cells in mice following administration of recombinant human BAFE.*
Phase II clinical trials on belimumab for efficacy in SLE**** and RA”*% were completed in June of
2006. Belimumab showed statistically significant reduction in disease activity for RA patients and
it reduced disease activity in patients with serologically active SLE (www.hgsi.com/products/LSB.
html). In addition, Human Genome Science has a patent (US 7,189,820) claiming some antibodies
against APRIL, representing yet another potential strategy to target this TNF subfamily.

Genentech, Inc. (South San Francisco, CA, USA) and Biogen Idec (Cambridge, MA, USA)
are codeveloping BR3-Fc as a soluble BAFF antagonist®? for the treatment of RA and SLE. The
results of phase I clinical trials are yet to be reported. However, BR3-Fc was effective at significantly
reducing B-cells from peripheral blood and lymphoid tissue in nonhuman primates, including the
marginal zone B-cells.” The reduction of marginal zone B-cells has potential therapeutic signifi-
cance because the marginal zone B-cells have been implicated in human autoimmunity.* BR3-Fc
also has the potential to be synergistic with rituximab, Genentech’s anti-CD20 B-cell depleting
antibody. Rituximab is approved for treatment of theumatoid arthritis. In preclinical studies with
mice, blockade of BAFF signaling with BR3-Fc synergized with anti-CD20 antibodies resulting
in more complete B-cell depletion.”” Given that BAFF levels can be elevated in response to B-cell
depletion, neutralization of BAFF may be critical to block the survival of nondepleted B-cells. In
addition, Genentech and Biogen Idec are exploring the development of an antagonistic antibody
against BAFF-R or BR3.”® An antagonistic BR3 antibody would be dual functional, combining
blockade of BAFF signaling with B- cell depletion in a single therapeutic reagent. Recently, B-cell
depletion was compared in mice and nonhuman primates using the three prospective therapeutic
agents: anti-BR3, BR3-Fc and anti-CD20.”® While anti-BR3 achieved impressive B-cell depletion
in mice, these findings did not translate into nonhuman primates.”® Genentech has also created
a BCMA-Ig that binds APRIL but not BAFE” Although this potential therapeutic is not in

Table 3. Molecules in development to target BAFF/APRIL

Target Ligand/ Status and
Company Receptor Candidate ~ Mechanism of Action Indication
Human Geneome BAFF Anti-BAFF Blocking BAFF binding to  Phasell/Ill SLE
Sciences its receptors
Genentech BAFF BR3-Ig Blocking BAFF binding to  Phase |
its receptors
Amgen BAFF AMG 623 Blocking BAFF binding to  Phase Il SLE
its receptors
Genentech BR3 Anti-BR3 Ab  Blocking BAFF binding to  Phase |
BR3/BAFF-R CLL
Zymogenetics BAFF/APRIL TACI-Ig Blocking both BAFF and ~ Phase Il SLE
APRIL binding to their
receptors
Human Genome = BCMA/TACI/ BAFF-radio-  Inducing cytotoxicity in Phase |
Sciences BR3 conjugate cells positive for BAFF NHL

receptors
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clinical trials, it represents a novel strategy to target APRIL without impacting BAFF-dependent
signaling.

Zymogenetics, Inc. (Seattle, WA, USA) and Merck Serono International, S.A. (Geneva,
Switzerland) are codeveloping TACI-Ig, also called Atacicept, for autoimmunity and B-cell
malignancies. In contrast to BR3-Fc, which exclusively neutralizes BAFF, TACI-Ig can neutral-
ize both BAFF and APRIL.* In addition, TACI-Ig neutralizes BAFF/APRIL heterotrimers,
providing a potential advantage for systemic immune-based rheumatoid disease.” TACI-Ig is in
Phase I clinical trials for SLE,'® RA!" and B-CLL'* and thus far, appears to be well-tolerated
(www.zymogenetics.com/clinical/TACI-Ig.heml). RA patients treated with Atacicept showed a
reduction in circulating Igs, decreased peripheral B-cells and positive trends in scores for discase
activity, suggesting that Atacicept has the potential to improve disease in RA.

Finally, Amgen Inc. (Thousand Oaks, CA USA) has recently completed Phase I clinical studies
for AMG 623 in SLE patients. AMG 623 is an Fc-peptide fusion protein ora “peptibody” that has
the potential to inhibit B-cell maturation and survival by functioning as a BAFF antagonist.

Future Applications, New Research, Anticipated Developments

Rituximab, an anti-CD20 B-cell depleting monoclonal antibody, is efficacious for treatment
of NHL and is now approved for RA based on successful clinical trials. However, the incomplete
B-cell depletion observed with rituximab and an inability to modulate B-cell signaling intensifies
the need to improve B-cell-based therapies for oncology and immunology. BAFF, APRIL and
their receptors represent an alternative and potentially complementary path to target B-cells and
modulate immune function. Neutralizing BAFF and APRIL in preclinical studies bodes well for
the utility of targeting this TNF subfamily but efficacy in humans awaits the outcome of ongoing
clinical trials. Key issues that remain unresolved are the possible immunosuppressive effects caused
by prolonged depletion of vital B-cell subsets and safety concerns resulting from disruption of T-cell
mediated functions. Also unknown is the required level of selectivity or the best therapeutic moi-
ety to neutralize BAFF and APRIL function. TACI-Ig can neutralize BAFF and APRIL whereas
BAFF-R-Igoranti-BAFF will selectively target BAFF. All of these prospective therapeutic molecules
can impact cells that express BAFF-R, TACI or BCMA but the biological effects of antagonizing
BAFF, APRIL or a combination thereof, has yet to be studied within the context of the human
immune system. A comparison of BAFF-R-Ig and TACI-Ig in a mouse model of lupus showed
that both molecules can prolong the survival of SLE mice but only TACI-Ig resulted in depletion
of IgM-secreting plasma cells in the spleen and bone marrow.'” If this observation translates to
humans then TACI-Ig may be the desirable therapeutic for autoimmune indications when IgM
autoantibodies are present. Moreover, understanding which autoimmune patients will benefit
from a neutralizing agent may depend on whether the ligand is a facilitator or contributor to the
disease process® and whether the corresponding receptor is in the prebound state.!” Recent data
showing that BAFF-R on blood B-cells in SLE is consistently occupied suggests that therapeutic
strategies for SLE may require overcoming the persistent binding of BAFF to BAFF-R.!*

In summary, the pivotal role of BAFF and APRIL in cell survival and immune regulation
has drawn considerable interest in these molecules as prospective therapeutic targets.>'% As
strategies to modulate or deplete B-cells take center stage, BAFF- and APRIL-based targeting
molecules will remain a fertile area of development to address unmet clinical needs in oncology
and immunology.
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CHAPTER S

The Role of FasL and Fas in Health
and Disease

Martin Ehrenschwender* and Harald Wajant

Abstract

he FS7-associated cell surface antigen (Fas, also named CD95, APO-1 or TNFRSF6)

attracted considerable interest in the field of apoptosis research since its discovery in

1989. The groups of Shin Yonehara and Peter Krammer were the first reporting extensive
apoptotic cell death induction upon treating cells with Fas-specific monoclonal antibodies.'
Cloning of Fas® and its ligand,*” FasL (also known as CD178, CD95L or TNFSF6), laid the
cornerstone in establishing this receptor-ligand system as a central regulator of apoptosis in
mammals. Therapeutic exploitation of FasL-Fas-mediated cytotoxicity was soon an ambitous
goal and during the last decade numerous strategies have been developed for its realization. In this
chapter, we will briefly introduce essential general aspects of the FasL-Fas system before reviewing
its physiological and pathophysiological relevance. Finally, FasL-Fas-related therapeutic tools and
concepts will be addressed.

The FasL-Fas System

Structure of Fas

Fas is the prototypic representative of the death receptor subgroup of the tumor necrosis factor
receptor family. In the human genome, the Fas gene islocated on chromosome 10q24.1, containing
9 exons and spanning about 26 kb of DNA.¢ Consensus sequences for “TATA” and “CAAT” boxes
are missing in the 5" upstream sequence resulting in multiple transcription initiation sites.® Due
to alternative splicing seven variants of mRNA transcripts have to date been observed encoding
several soluble forms of Fas with negative regulatory effects in vitro,” e.g., a Fas molecule lacking
the transmembrane domain.® Mature Fas is a type I transmembrane protein of 319 aa, divided
into a 157 aa extracellular and a 145 aa intracellular domain (Fig. 1).

The extracellular domain of Fas contains three cysteine rich domains (CRDs), the structural
hallmark of the TNF receptor family.”*° Functionally all three CRDs of Fas are required for ligand
binding," but sites for direct contact are exclusively provided by CRD2 and CRD3."? Although
CRD1 has no ligand specifity,'! it is a prerequisite for efficient receptor-ligand interaction and
Fas signaling.’*!* As a major part of the so called preligand binding assembly domain (PLAD) it
mediates formation of signaling incompetent Fas complexes which in contrast to Fas monomers
have high affinity for FasL.

The C-terminal half of the intracellular domain of Fas comprises the death domain (DD)
(Fig. 1), which is essential for apoptosis induction'® and characteristic for the subgroup of death
receptors.'® The death domain is not limited to death receptors, but can also be found in cytoplasmic
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Figure 1. Domain architecture of FasL and Fas. Numbers indicate amino acid position.
TM = transmembrane domain, PRD = proline rich domain, CRD = cysteine rich domain,
THD = TNF homology domain.

adaptor proteins and kinases.”” Serving as a homophilic interaction domain, the death domain
mediates homo- or heteromerization of DD proteins, presumably facilitated through charged
residues on the DD surface.”” Expression of Fas has been reported for many types of cells, including
fibroblasts, epithelial cells and cells of the hematopoetic system. In the latter, a correlation between
Fas expression and maturation status has been observed.'®

Structure of FasL

The gene of human FasL is located on chromosome 1q23, spanning about 8 kb of DNA and
consisting of 4 exons.” Like the majority of ligands of the TNF family, mature FasL is a 40 kDa
type II transmembrane glyco-protein.

The extracellular portion (179 aa) of FasL has three potential N-glycosylation sites' and contains
two antiparallel £-sheets forminga “jelly roll” known as the TNF homology domain (THD),* the
characteristic structural feature of the TNF ligand family (Fig. 1).2' Although sequence homology
between THD:s from different TNF family ligands does not exceed 35% the tertiary structure is
essentially similar and mediates ligand homotrimerization and receptor binding.?*
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The intracellular portion of FasL (80 aa) contains an extended polyproline region (aa 45-65)
enabling interaction with proteins having proline-binding motifs, such as Src homology 3 (SH3)
and WW domains.?*** Furthermore, several tyrosine phosphorylation sites and a “double” ca-
sein kinase phosphorylation motif (aa 17-21) are present (Fig. 1).2* Functionally these domains
have been implicated in FasL sorting and reverse signaling.*** FasL occurs in two forms, either
membrane-bound or soluble. The soluble form is generated by alternative splicing or proteolytic
processing of the membrane-bound form. Metalloproteinase-3 and metalloproteinase-7 are known
to contribute to FasL shedding?>*” through cleavage between K129 and Q130.2* Although receptor
binding was demonstrated for both forms of FasL only membrane-bound or immobilized FasL
exerts robust Fas activation.”* Soluble FasL may on the one hand compete with membrane-bound
FasL for receptor binding and thus act antagonistically,®®* on the other hand it might convert to
an agonist through binding to extracellular matrix components.*' Furthermore, soluble FasL is a
chemoattractant and increases migration of neutrophils and phagocytes in inflammed tissue.?**

Pathways in Fas Signaling

Mechanisms of Fas Activation

Recently, a model of Fas activation has been proposed distinguishing five stages:** (1) ligand-in-
duced conversion of preassociated, signaling-incompetent Fas complexes into stable Fas microag-
gregates and incipient death inducing signaling complex (DISC) assembly, (2) Fas association with
lipid rafts forming signaling protein oligomeric transduction structures (SPOTS), (3) clustering
and coalescence of Fas-containing lipid raft to large platforms, (4) receptor internalization and
(5) high level DISC formation in the endosomal compartement. Inactive Fas complexes formed
via the PLAD crucially depend on formation of high molecular weight ligand-receptor clusters,
induced by membrane FasL, agonistic antibodies, immobilized soluble FasL,*** synergistically
acting mixtures of soluble FasL and non-agonistic Fas antibodies or oligomerized soluble FasL
(see Fig. 2). Cluster formation is assisted by constitutive and induced association of Fas with lipid
rafts** where further oligomerization of ligated Fas complexes arises (a conglomerate also referred
to as SPOTS)* and facilitates recruitment of cytoplasmic signaling molecules. Although DISC
formation starts at plasma membrane level, mounting of components predominantly occurs after
receptor internalization in an endosomal compartment.* Beside FasL and Fas the DISC contains
the Fas-associated death domain protein (FADD) and procaspase-8.© FADD binds directly to the
DD of Fas by virtue of its own C-terminal DD and furthermore mediates procaspase-8 recruitment
via its N-terminal death effector domain.*** In context of supramolecular DISC pro-caspase-8 is
initially activated by dimerization, but is readily converted into mature heterotetrameric caspase-8
by two-step autoproteolytic maturation.*** Formation of procaspase-8 dimers and processing
are impaired in the presence of the short isoform of cellular FLICE-inhibitory protein (FLIP).”
Processing of procaspase-8 is blocked in addition by the long isoform of FLIP at an intermediate
step. Active heterotetrameric caspase-8 is generated and released from the DISC. Subsequently,
activation of downstream effector caspases (in particular caspase-3) by caspase-8 heralds the ex-
ecution phase of apoptosis, whereby molecular mechanisms utilized in this phase depend on the
cell type. In type I cells, direct activation of effector caspases by caspase-8 is sufficient for robustly
triggering the cell death machinery and completing the apoptotic programm.*# In sharp contrast,
type II cells exhibit insufficient caspase activation due to low caspase-8 expression levels and/or
presence of caspase inhibitory molecules. These cells require an amplification loop emanating from
caspase-8 mediated cleavage of the BH3-only protein Bid. tBid, the caspase-8-processed from of
Bid, translocates to the outer mitochondrial membrane (OMM) and activates Bak allosterically.
Subsequently, Bak oligomerizes and forms pores in the OMM allowing proapoptotic proteins to
leave the mitochondrial intermembrane space and enter the cytoplasm.®¢ These proapoptotic
proteins include cytochrome c, the second mitochondria-derived activator of caspase/direct IAP
binding protein with low pI (SMAC/DIABLO) and HerA2/Omi.# Once released, cytochrome
¢ together with cytosolic ATP binds to the scaffold protein apoptosis promoting factor-1
(Apaf-1), forming the apoptosome which mediates caspase-9 activation. Caspase-9 is like
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Figure 2. Mechanisms of Fas activation. Ligation of preassociated Fas complexes by membrane
FasL or soluble FasL results in either case in “signaling”-incompetent trimeric FasL-Fas com-
plexes. Initially formed membrane FasL-bound Fas complexes are capable of spontaneously
inducing “signaling”-competent high molecular weight FasL-Fas clusters and DISC formation,
whereas primary FaslL-Fas complexes require exogenous oligomerization, e.g., by FasL- or
Fas-antibodies to reach high activity. Immobilization of FasL by extracellular matrix compo-
nents converts poorly active soluble FasL into highly active membrane Fasl-like molecules.
ECM = extracellular matrix.
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caspase-8 an initiator caspase, which when activated in the apoptosome processes the effector
caspase-3.¥ SMAC/DIABLO and HtrA2/Omi also contribute apoptosis by frecing effector
caspases from the inhibitory molecules of the IAP family.” Fas can not only trigger apoptosis,
but also necrosis, a form of caspase-independent programmed cell death.’** Critically involved
in the latter pathway are the serine/threonine kinase receptor interacting protein-1 (RIP1) and
FADD,* but the mechanisms how these Fas-associated proteins generate reactive oxygen species
and activate other effectors of necrotic cell death remain unresolved.® As caspase-8 cleaves and
inactivates RIP necrosis takes place especially when caspase-8 is inhibited or absent.

Fas-Induced NFxB Activation

Cell death is not the only cellular response emanating from Fas activation. Fas is also capable
to induce NF«B signaling. As caspases activated in the course of apoptosis inhibit NF«B signal-
ing, stimulation of the latter is especially relevant in resistant cells. In Fas-mediated NF«B activa-
tion involving RIP, FADD and caspase-8 the enzymatic activity of the latter is dispensable.”**”
In context of Fas-mediated NF«B activation, FLIP isoformes have a strong inhibitory effec
Notably, FLIP; and caspase-8 have a positive role in NFkB activation via the T-cell receptor and
the B-cell receptor.

Fas-Induced JNK Signaling

Initially, Fas-induced cJun N-terminal kinase (JNK) activation was recognized to be apop-
tosis-associated and cither dependent or independent of caspase activation. In the first scenario,
caspases cleave and activate components of the JNK pathway, e.g., the MAP3K MEKK1,*% or
cleave and inactivate regulators of JNK, e.g., p21**/<P! ! Interfering with caspase activity results
in abrogation of both JNK signaling and apoptosis, but exclusive blockade of JNK fails to prevent
Fas-mediated cell death.* Therefore, JNK activation cannot be considered as a conditio sine qua
non in Fas-mediated apoptosis, but might potentially act as an enhancer. In the second scenario,
Fas-induced JNK activation occurs via a caspase-independent pathway by recruitment of death
domain-associated protein 6 (DAXX) and the apoptosis signaling kinase-1 (ASK1, MAP3KS5).
DAXX binds directly to activated Fas at a site preceding the DD and additionally recruits ASK1,
aMAP3K capable to activate JNK signaling. Fas-mediated JNK activation has also been observed
under nonapoptotic conditions. In cardiac hypertrophy JNK activation plays a crucial role®*®
as an initially protective mechanism that is blunted in vitro and in vivo when functional Fas is
lacking.®¢” A simplified overview of Fas signaling pathways in given in Figure 3.

t.54

FasL and Fas in Proliferation, Differentiation and Inflammation

Fas enhances proliferation of TCR-stimulated T-cells and thymocytes® and has costimulatory
effects in thymocyte activation during positive selection.”” Notably, FasL has also been impli-
cated in T-cell activation through reverse signaling resulting in proliferation or cell cycle arrest.”
Additionally, Fas exerts proliferative, but also apoptotic effects in human diploid fibroblasts” "
and Fas activation accelerates liver regeneration after partial hepatectomy.” Conversely, in healthy
mice Fas activation results in massive apoptosis of hepatocytes. Fas can induce proinflammatory
chemokine production by directly activating the NFkB pathway and might in addition enhance
LPS-and IL-1-induced NFkB activation in macrophages and dendritic cells” and thus might have
a supporting role in distinct inflammatory scenarios irrespective from its apoptotic functions.

FasL-induced T-cell killing has been proposed to be of special importance in immune priv-
iledged sites such as the eye,”® brain,”””® lung,” placenta and pregnant uterus.*® Inflammation in
these tissues is physiologically suppressed to avoid tissue destruction (see below). Bearing this
concept in mind, exploitation of FasL as a tool of immunosuppression and generation of immune
tolerance has been a promising attempt,® which, however, failed in many cases.®>%

The FasL-Fas System in Health and Disease

Investigations of the in vivo function of the FasL-Fas system rely mainly on mice bearing gen-
eralized lymphoproliferative disease (gld) and lymphoproliferation (Ipr) mutations resulting in
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impaired FasL and Fas function, respectively.’* FasL dysfunction in the gld phenotype is caused by
a point mutation in the FasL gene. The Fas mutation in the Ipr phenotype can cither result from
retroviral insertion and subsequent premature termination of transcription or a point mutation
in the Fas death domain (the latter termed Ipr-cg).®

Role of FasL and Fas in Immunobiology
FasL-Fas in T-Cell Activation and T-Cell Death

The T-cell immune response following antigen exposure can be subsectioned in three distinct
events: clonal expansion of antigen specific T-cells, clearance of antigen and finally the contraction
phase (peripheral deletion). In the beginning of an immune response, antigen specific T-cells are
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activated and proliferate, the number of reactive T-cells therefore spurts upwards. Fas signaling
enhances T-cell receptor (TCR) driven proliferation of primary T-cells in vitro.®®* Interestingly,
this effect disappeared after highdose anti-CD3 administration. As Ipr or gld mice do not display
major defects in T-cell activation in vitro and in vivo, the role of the FasL-Fas system seems to be
nonessential and if at all of supportive nature. Although Fas itself is dispensable for T-cell activa-
tion, the opposite is true for Fas associated proteins. Absence of FADD or caspase-8 as well as
presence of caspase inhibitors impede T-cell activation.””** In these cases, even high-dose anti-CD3
stimulation is insufficient to overcome the activation blockade. In fact, there is increasing evidence
that FADD and caspase-8 fulfill a Fas-independent function in T-cell signaling.

After antigen clearing, T-cell numbers quickly decline due to apoptosis, leaving a small number
of memory T-cells. Early models suggested contributions of Fas and FasL in this process (for a
review see ref. 91). Initially, several findings secemed to support this idea: Firstly, Fas or FasL de-
fects cause marked lymphoaccumulation and often accelerated autoimmune disease;” secondly,
activation induced cell death in T-cells after restimulation can be due to FasL-Fas interaction® and
thirdly, aggravated lymphoaccumulation occurs in Bcl-2 transgenic mice.”> However, these carly
findings were challenged by subsequent studies. Bcl-2 was shown to have no or an insignificant role
in Fas-mediated T-cell death in another study.’* In addition, accumulating T-cells in Fas or FasL
deficient humans or mice are predominantly CD4-CD8- T-cells that do not arise during normal
immune responses. Most importantly, not Fas, but the proapoptotic protein Bim was reported
to be essential for peripheral deletion of T-cells.” Thus, two models of apoptosis induction in
activated T-cells during the contraction phase arose: activation induced cell death (AICD) and
activated T-cell autonomous cell death (ACAD) (for review see ref. 96). Briefly, in the former
TCR restimulation results in Fas-mediated apoptosis, whereas in the latter lack of survival signals
triggers apoptosis.

Recently, three studies suggested that Fas and Bim cooperate in peripheral deletion of T-cells.
Hughes et al reported that Bim alone shuts down T-cell response after acute infection, but termi-
nation after more chronic infections requires both Fas and Bim.” It is tempting to speculate that
controlling antigen presentation is the clue to the differences in Fas involvment.'® After clearing
an infection, antigen on antigen presenting cells (APCs) may either quickly become limited or
persist. Limitation of antigen represents a withdrawal of survival factors for T-cells and might
cause Bim accumulation and finally Bim-induced death. If antigen persists on APCs, T-cells might
receive successive activation preventing Bim accumulation. But T-cells also express FasL, capable
of killing either adjacent T-cells or APCs. This might again result in antigen limitation, survival
factor withdrawal and thus in Fas-licensed Bim-dependent cell death (see Fig. 4).

Lpr (defective Fas) and gld (defective FasL) mice are prone to autoimmune disease displaying
symptoms such as lymphadenopathy, production of autoantibodies, hypergammaglobulinemia
and accumulation of CD4-CD8- T-cells.?* Development of a lupus-like autoimmune disease
including glomerulonephritis, vasculitis and arthritis can also occur depending on the genetic
background.®*#1%! Furthermore, a role for the FasL-Fas system has been suggested in autoimmune
thyroiditis, multiple sclerosis, experimental allergic encephalomyelitis (discussed in more detail
below) and the pathogenesis of type-1 and -2 diabetes.!*1%

Taken together, the pathologies listed above point to a lack in tolerance induction in B- and
T-cells. Therefore, the FasL-Fas system is likely to hold a role in apoptosis and/or anergy induc-
tion in autoreactive cells. With respect to T-cell development, FasL-Fas have been reported to
participate in thymic selection as well as in peripheral T-cell homeostasis. Observation of massive
apoptosis during negative thymic selection was first attributed to Fas-mediated killing,'**!*” but
lpr mice show normal thymic deletion of T-cells'® thus arguing against a obligate involvement
of Fas signaling.

The human equivalent to the gld and Ipr phenotype is known as autoimmune lymphoprolifera-
tive syndrome (ALPS).'* At least three major categories of ALPS can be distinguished according to
the underlying molecular defects. Patients suffering from mutation in the Fas or FasL gene are clas-
sified as ALPS Iaand ALPS Ib, respectively. ALPS I1 s related to mutations in caspase-10 whereas
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ALPS III is molecularly undefined.’®” Diagnostic criteria for ALPS necessarily include chronic
nonmalignant lymphadenopathy and/or splenomegaly, peripheral expansion of CD4-CD8- T-cells
and impaired lymphocyte apoptosis.''° Frequently associated and supportive of ALPS is presenta-
tion of family history, autoimmune disease and characteristic histopathology."?

Another pathology associated with the FasL-Fas system is toxic epidermal necrolysis (TEN).
TEN is almost exclusively caused by adverse drug reactions and associated with a mortality of
30%. Clinical signs on the skin include among others separation of large sheets of epidermis from
the dermis, bullae and generalized erythematous rash."! Hallmark of TEN is massive keratinocyte
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apoptosis mainly mediated by cytotoxic T-cells via the perforin/granzyme pathway and the
FasL-Fas pathway.'"! In addition, keratinocytes from patients suffering from TEN express beside
Fas lytically active FasL which is absent under normal conditions, thereby enabling Fas activation
and apoptosis induction.'* In this setting it becomes obvious that interfering with FasL-Fas inter-
actions is a potential treatment strategy. Blocking of Fas by anti-Fas IgG contained in intravenous
immune globulin (IVIG) abrogates FasL-mediated apoptosis in human keratinocytes in vitro'!2
and administration of IVIG in TEN patients rapidly reverses disease progression and results in
favorable outcome.!!*!1

Role of the FasL-Fas System in Immune Privilege

In certain organs and tissues the physiological immune response is suppressed since even minor
inflammatory episodes might endanger their integrity and function. Beside brain, testis, ovary,
pregnant uterus and placenta, the eye was the first established and is currently the best studied
immune privileged site. This site-restricted immunosuppressed state allows, for example, corneal
transplantation with success rates of 80-90% in the absence of systemic immunosuppressive therapy
or tissue matching.'# Recent studies revealed some of the complex mechanisms underlying the
phenomena of immune privilege including physical mechanisms such as the blood-occular barrier
as well as locally produced immunosuppressive cytokines, neuropeptides, NK-cell inhibitors, tight
regulation of complement activation and limited expression of major histocompatibility class I
and IL."* In particular, FasL expression has been shown to play a key role by inducing apoptosis
in Fas-sensitive inflammatory cells invading an immune privileged site. Contribution of FasL
expression in preventing corneal transplant rejection and inflammation has been demonstrated
in studies reporting (1) Fas-sensitive cells die from apoptosis induced by Fas on cultured corneas;
76115 (2) intra-occular injection of wt or Ipr T-cells in mice results in apoptosis versus survival;'1¢
(3) gld mice exhibit more severe occular inflammation after injection of herpes simplex virus or
toxoplasma gondii than wt mice;*!"” (4) significantly enhanced graft failure of allogeneic corneal
transplants form FasL-defective mice compared to wt mice.!®

FasL and Fas in the Cardiovascular System

Functions of FasL and Fas in the Heart

Within the last years there is accumulating evidence of Fas signaling in the heart under physi-
ological and pathophysiological conditions. Chronic excessive afterload results in hypertrophy of
the myocardium due to an initially beneficial adaptive response. However, persistent hypertrophy
can ultimately lead to heart failure. In contrast to wt mice Ipr mice present a blunted hypertrophic
response to pressure overload induced by aortic banding.* In cultured cardiomyocytes FasL aug-
ments total protein synthesis and increases production of angiotensin I, endothelkin-I and atrial
natriuretic factor all of which can be considered as molecular criteria of hypertrophic response.*
Furthermore, biopsies of failing human hearts show Fas upregulation after volume overload.'”

Increased mRNA levels of Fas and FasL are detected in human cardiac allografts during rejec-
tion.'” Additionally, displaying a chimeric streptavidin-FasL (SA-FasL) protein artificially on
cardiac vasculature prolongs graft survival in mice by selective deletion of alloreactive immune
cells, predominantely CD4* and CD8* T-cells." In sharp contrast to another study demonstrat-
ing accelerated graft rejection and polymorphonuclear infiltrates upon FasL overexpression in
cardiac myocytes,® none of these features was present after immobilization of chimeric SA-FasL
on cardiac vasculature endothelium.'!

Further on, overexpression of FasL in endothelial cells attenuates ischemia-reperfusion injury
in the heart'*? and results in a significant reduction in myocardial infarct size and neutrophil in-
filtration.'?? Recently, alink between the renin-angiotensin and FasL-Fas system in postinfarction
hearts has been proposed.'® Blockade of angiotensin II type I receptor (AT1) after myocardial
infarction suppressed apoptosis in granulation tissue thereby attenuating left ventricular dilatation
and dysfunction resulting in improved survival. Application of the AT 1-blocker olmesartan reduced
expression of DAXX and JNK activity in granulation tissue, whereas caspase-8 activity and FADD
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levels remained unaffected.'” Thus, the negative regulatory effect of AT1 blockade on apoptosis
might be due to interference with Fas-DAXX-ASK1 induced JNK activation.'?

FasL has also been shown to regulate acute myocarditis induced by Trypanosoma cruzi infection
(Chagas’ disease). Chronic cardiopathic infection is associated with persistent inflammatory reac-
tion of the myocardium, loss of cardiomyocytes and development of fibrosis.?#!2 In FasL-deficient
mice, cardiac infiltration and cardiomyocyte destruction were significantly reduced'?® and in vivo
blocking with a FasL-specific antibody elicited a similar effect.'” Thus, parasitic activation of the
host FasL-Fas system contributes to chagasic cardiomyopathy.

In a lipopolysacharide induced mouse model of sepsis blocking FasL with a soluble form of
Fas showed significant cardioprotective effect. Transgenic mice with cardiac specific expression of
soluble Fas revealed attenuated myocardial transcript levels of proinflammatory cytokines such as
TNFa, interleukin-18 (IL-1£) and IL-6 after LPS-treatment compared to wt mice.'?

The FasL-Fas System in Angiogenesis

A role of the FasL-Fas system in regulation of angiogenesis is becoming more and more ap-
parent. Several inhibitors of angiogenesis including 2-methoxyestradiol, angiostatin, endostatin,
thrombospondin-1 (TSP1) and pigment epithelium-derived factor (PEDF) function through FasL
upregulation and Fas-mediated apoptosis in endothelial cells.'” '3 Interestingly, inducers of neo-
vascularization (e.g., IL-8, bFGF and VEGF) enhance cell surface trafficking of Fas and facilitates
TSP1- and PEDF-induced apoptosis.'” In fact, TSP1- or PEDF-mediated inhibition of bFGF
induced corneal neovascularization is reduced in Ipr mice. Beside Fas, inducers of neovasculariza-
tion also upregulate the antiapoptotic protein FLIP. This mechanism can be in turn opposed by
inhibitors of angiogenesis by interfering with the Akt pathway.'*'*> Taken together, these dataare
supportive of a FasL-Fas regulated model of angiogenesis whereupon the extent of angiogenesis is
determined by the interplay of angiogenesis inhibitor driven FasL expression on the one hand and
angiogenesis inducer-mediated upregulation of Fas and FLIP on the other hand.

FasL and Fas Functions in Differentiation and Regeneration

Physiology and Pathophysiology of FasL and Fas in the Neurosystem

In the neurosystem the FasL-Fas system holds crucial roles in both physiological and pathophysi-
ological settings. Fas and/or FasL expression has been demonstrated in neurons and glia cells (oli-
godendrocytes, astrocytes, microglia and Schwann cells),*¢ particularly during development.'¥13
Although certain populations such as motoneurons are remarkably sensitive to Fas-mediated
apoptosis,’”'* physiological neuronal cell death does not appear to be usually mediated by the
FasL-Fas system. Conversely, Fas engagement stimulates neurite outgrowth in vitro and enhances
peripheral nerve regeneration in vivo by activation of ERK.""'*2 Furthermore, Ipr mice display
cognitive and sensomotoric defects, stria vascularis dysfunction, progressive atrophy of pyramidal
neuron dendrites and delayed neurite regeneration.* Most neurological symptoms observed in
lpr mice have been attributed to emerging autoimmune disease, but treatment with immunosup-
pressive drugs does not change the neurological phenotype which can even occur before onset of
autoimmunity."**!* Thus, some of the neurological defects found in lpr mice might reflect loss
of survival and regenerative functions of the FasL-Fas system. A prerequisite for a protective role
of Fas signaling in neuronal homeostasis is circumvention of Fas-induced apoptosis. In addition
to well known antiapoptotic proteins such as FLIP and Bcl-2 family proteins, the nervous system
comes up with further remarkable death receptor regulatory molecules such as Lifeguard (LFG),
phosphoprotein enriched in astrocytes-15kD (PEA-15) and Fas apoptotic inhibitory molecule
(FAIM).*!471% The latter exists in a long and a short isoform, FAIM; and FAIMj, respectively.
Whereas FAIMj is widely expressed and promotes neuronal differentiation and regeneration in
the neurosystem, FAIM; is specifically found in neurons and can inhibit Fas-induced caspase-8
activation.!¥

Upregulation of Fas and FasL has further been implicated in spinal cord injury (SCI),
axotomy-induced motoneuron death!®* and brain damage caused by ischemia.”®>'>” Two
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distinct signaling cascades are involved in Fas-mediated cell death in vitro:"**!% Firstly, the
DAXX-ASK1-p38-nNOS pathway and secondly the classical Fas-FADD-caspase-8 pathway."** Both
branches seem to function in parallel. Trophic deprivation-induced Fas-mediated cell death is delayed
in gld and Ipr mice as well as in mice expressing dominant-negative FADD. However, it is unaltered
in DAXX-DN transgenic mice."® Vice versa, neuronal NOS upregulation and NO production are
abrogated in DAXX-DN mice, but are unchanged in FADD-DN transgenic mice.'®

Fas-mediated apoptosis is a major determinant of secondary damage after SCL'** Moreover,
in this setting, FasL neutralization promotes axonal regeneration and functional recovery.”
Additionally, posttraumatic apoptosis was decreased in Fas-deficient mice and lack of Fas was
associated with improved locomotor recovery.” Analyzing axotomy-induced apoptosis in facial
and spinal motoneurons further confirms their sensitivity to Fas. Mouse strains defective in Fas
signaling or transgenic mice expressing dominant-negative FADD display an increased number of
surviving motoneurons after facial nerve transection compared to wt mice."* Remarkably, defec-
tive Fas signaling alone was insufficient for providing complete rescue, indicating involvement of
further, independent pathways in apoptosis of motoneurons. Notably, stereotactical transplantation
of human umbilical cord blood stem cells into the injury epicenter of rats after SCI has recently
been reported to improve functional recovery by downregulation of Fas." Fas and FasL are also
key players in ischemic and traumatic brain injury where they are involved in tissue damage (for
review see ref. 136 and refs. therein). Therapeutic neutralization of FasL attenuates brain damage in
stroke by reducing recruitment of inflammatory cells in the penumbra.>® Additionally, Fas deficient
neonatal mice are resistant to hypoxic-ischemic brain damage."” Multiple sclerosis (MS) and the
correspondinganimal disease model experimental allergic encephalomyelitis (EAE) are characterized
by organ-specific T-cell mediated tissue damage.'*'®> Herein, oligodendrocytes in inflammatory
foci are destroyed by FasL expressing cytotoxic T-cells thereby rendering insulating myelin sheaths
inoperative and impairing saltatory conduction along the axon.'®® Accordingly, disturbing the
FasL-Fas system results in improved clinical signs of EAE.!* As the FasL-Fas system is involved in
both, T-cell fate and tissue damage, not only destructive, but also protective effects are observable.'4
Since recovery of EAE is associated with FasL-mediated T-cell apoptosis and/or AICD in the CNS,
injection of antibodies raised against FasL impedes spontaneous remission'®>% whereas injection
of FasL improves clinical signs.'¢”1* Thus, FasL dampens an augmented immune response against
self antigens and therefore also constitutes a beneficial mechanism in EAE.

In conclusion, the FasL-Fas system acts as a double-edged sword in the neurosystem qualified
to perform destructive and tutelary effects.

FasL and Fas in Homeostasis, Regeneration and Diseases of the Liver
Constitutive Fas expression is observed in almost all liver cell types, including hepatocytes,
cholangiocytes,””! sinusoidal endothelial cells,'” hepatic stellate cells'” and Kupffer cells.'”* As
all these cells are also susceptible to Fas-mediated apoptosis, the need for tight regulation of Fas
and its ligand becomes obvious. Normally, only a small fraction of Fas can be found at the plasma
membrane of liver cells, whereas the majority localizes to the Golgi complex and the trans Golgi
network.!”>7¢ Upon stimulation, outward trafhic of Fas-containing vesicles and subsequent fu-
sion with the plasma membrane increases the initially low receptor densitiy at the cell surface.'”®
Analogous to other cell types, Fas regulation by glycosylation and modulation at the transcrip-
tional level has also been observed."”'”® Logically, FasL expression is subjected to regulation, too.
Healthy hepatocytes do not display FasL on their surface, although under pathological conditions
such as alcoholic hepatitis and Wilson’s disease it can be detected.””® Furthermore, functional
FasL expression has been observed in Kupffer cells.'”” The FasL-Fas system is critically involved in
liver homeostasis and regeneration. Complete absence of Fas in mice results in liver hyperplasia,
emphasizinga role of FasL-Fas in homeostasis of nonlymphoid tissue.'® In patricular, Fas-deficient
mice have a higher number of senescent hepatocytes pointing towards a key role of Fas in their
removal.'® Whereas proapoptotic effects of Fas seem to be mainly responsible for its role in liver
homeostasis, the opposite counts for liver regeneration. After partial hepatectomy Fas engagement
accelerates liver regeneration by enhancing cell proliferation via the ERK and NFkB pathway.”#!
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In this scenario, hepatocytes switch the outcome of Fas signaling by augmented expression of
antiapoptotic proteins (e.g., FLIP and Bcl-2) form apoptosis to proliferation.”* Consequently,
absence of Fas as seen in lpr mice results in delayed liver regeneration.” In liver pathophysiology,
FasL-Fas-dependent regulation of hepatocyte cell death often goes awry. Both, excessive liver cell
death as well as downregulation of apoptosis may result in liver disease (see Table 1). Increased
or excessive hepatocyte apoptosis has not only instantaneous effects. Independent of its etiology,
unbalanced hepatocyte cell death results in the long term in liver fibrosis and may subsequently
progress to liver cirrhosis. Mechanistically, excessive apoptotic cell death overwhelms the clearance
capacity of Kupffer and hepatic stellate cells.'* Insufficient clearing of apoptotic bodies results in
autolysis of the latter and release of pro-inflammatory molecules, '$*'% thereby recruiting mononu-
clear cells, exacerbating the inflammatory response and resulting in tissue damage.'® Furthermore,
activation of Kupffer cells and hepatic stellate cells enhances their expression of pro-fibrogenic
genes and death ligands such as FasL,"®* thus again boosting hepatocyte cell death and mounting
a feed-forward amplification loop.'*? Therefore, apoptosis can be considered as the nexus of liver
injury and fibrosis.

The FasL-Fas System in Tumor Biology

Undermining the immune system and suppressing the anti-tumor response are essential events
during carcinogenesis allowing tumor formation. In this context, the FasL-Fas system can elicit
both tumorigenic and tumor suppressing roles in the pathogenesis of cancer.!®

FasL and Fas in Tumor Immunosurveillance and Cancer Immunoediting

The immune system is capable of preventing development of tumors, a concept designated
tumor immunosurveillance.'”'® Mouse models and clinical data from patient established immu-
nosurveillance as a effective tumor suppressor system mainly mediated by T-cells and NK-cells.'®?
These cells use two independent mechanisms of tumor cell destruction: firstly, release of perforin
and granzymes from granules and secondly apoptosis induction via FasL and TRAIL.”*"! Beside
cell death induction, both ligands also exert proinflammatory effects. Furthermore, not only T- or

Table 1. Fasl-Fas in human liver disease

Liver Disease References

Enhanced Autoimmune hepatitis Hiraide A et al. Am ] Gastroenterol 2005; 100:1322-1329

Apoptosis Fox CK et al. Liver 2001; 21:272-279
Acute and chronic Kiyici M et al. Eur J Gastroenterol Hepatol 2003; 15:1079-1084.
viral hepatitis Rivero M et al. ] Viral Hepat 2002; 9:107-113

Oksuz M et al. Eur J Gastroenterol Hepatol 2004; 16:341-345

Acute hepatic failure  Leifeld L et al. Liver Int 2006; 26:872-879.
Ryo K et al. Am ] Gastroenterol 2000; 95:2047-2055

Cholestatic disease Miyoshi H et al. Gastroenterology 1999; 117:669-677

Alcoholic hepatitis Ribeiro PS et al. Am ] Gastroenterol 2004; 99:1708-1717.
Natori S et al. ] Hepatol 2001; 34:248-253

Non alcoholic Ribeiro PS et al. Am J Gastroenterol 2004; 99:1708-1717.

steatohepatitis Feldstein AE et al. Gastroenterology 2003; 125:437-443

Wilson’s disease Strand S et al. Nat Med 1998; 4:588-593

Graft rejection Rivero M et al. Am ] Gastroenterol 2002; 97:1501-1506
Reduced Hepatocarcinoma Lee SH et al. Human Pathology 2001; 32:250-256
Apoptosis Nagao M et al. Hepatology 1999; 30:413-421.

Okano H et al. Lab Invest 2003; 83:1033-1043
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NK-cells might express FasL, but also tumor cells themselves. This, in effect, raises a secondary,
site-restricted antitumoral immune response cooperatively mounted by the immune system and the
tumor. Involvement of the FasL-Fas system in tumor surveillance becomes evident as occurrence of
plasmacytoid tumors in older Ipr and gld mice is increased.””> Additionally, cross-breading of Fas
or FasL deficient mice with tumor susceptible mice significantly boosted tumor development.!*'%4
Finally, genetic polymorphisms of Fas and FasL have been implicated in cervical carcinogenesis'®
and increased risk of breast cancer.!” Obviously tumor surveillance by the immune system deliv-
ers selection pressure upon the developing tumor, thereby actively determining tumor shape and
dignity."¥” This dynamic process, known as immunoediting, consists of three stages: elimination,
equilibrium and escape.'*® Elimination describes destruction of premalignant or early stage malig-
nant cells by immune-mediated tumor surveillance, equilibrium denotes latency after incomplete
removal of transformed cells and escape refers to the final breakthrough of tumor growth.'s”

Tumor Immune Privilege, Fas Counterattack and Pro-Inflammatory Properties
of the FasL-Fas System

Evasion of the hosts immune system and establishing an “immune privileged” tumor environ-
ment is a vital achievement of cancer cells. The FasL-Fas system has been identified among others
as a major player in creating immune privilege (for review see 197 and refs. therein). Initially,
FasL expression on SW620 cells was reported to induce apoptosis in Fas-sensitive lymphoid cells
in vitro."”® To date, functional FasL expression has been verified in various tumors of different
origins'**!*2% and apoptosis of tumor-infiltrating lymphocytes (TIL) in FasL expressing tumors
has been observed in situ.2*2” Consequently, FasL expressing tumor cells might undermine host
tumor surveillance by apoptosis induction in TILs, a concept often termed “Fas counterattack”
Beside cytotoxicity for tumor infiltrating T-cells, expression of FasL offers further benefits for the
tumor. FasL impairs antibody production in B-cells*® and negatively affects T-cell activation.?®”
Considering co-expression of Fas and FasL in many tumors, autocrine or juxtacrine interactions
may confer in addition to immunoprotection proliferation signals.2*2!!

Asalready discussed in context with protective roles of FasL-Fas in the neurosystem, FasL expres-
sion of cancer cells requires their protection from Fas-mediated cell death.”? Molecular mechanisms
rendering tumor cells relatively resistant to Fas-mediated apoptosis occur at various stages of Fas
signaling including secretion of soluble decoy receptors,?' regulation of Fas surface expression®'#*!*
and signal modulation at the DISC level or downstream by modulating the expression of e.g., FLIP,
FADD, XIAP and caspase-8.2'“?*° However, the concept of Fas counterattack remains controversial
as some ambiguous results were observed in animal models.?*'**> Curiously, tumor survival was
negatively affected in some studies by ectopic overexpression of FasL.?**?* Recently, a proinflam-
matory rather than counterattack role of FasL in a tumor prone mouse model lacking functional
FasL was suggested.”” Although tumor number was higher in these animals, tumor infiltrating
T-cell count was comparable to controls expressing functional FasL.??” Unexpectedly, a decreased
number of neutrophils in the tumor was observed in absence of functional FasL. Additionally, in
these mice decreased neutrophil recruitment correlated with higher tumor multiplicity.*”” Thus,
in this setting, ncutrophils recruited by direct or indirect chemotactic activity of FasL secmingly
exert tumor suppressive effects. These findings are in sharp contrast to the tumorigenic role at-
tributed to inflammatory cells. However, tumors investigated in this study were early stage whereas
the majority of studies supporting inflammation-mediated tumor progression were conducted
in full-blown malignant diseases.””” It is tempting to speculate that this discrepancy is due to the
acquired ability of late stage tumors to transform the host immune response into tumor growth,
whereupon early state tumors or premalignant cells lack this feature.”’

As already insinuated above, the FasL-Fas system also holds pro-inflammatory properites, but
the exact role of FasL in leukocyte recruitment remains to be resolved. Multiple in vivo and in vitro
studies confirmed association of FasL expression and inflammatory influx,*** raising the question
if FasL itself presents the chemotactic stimulus or if leukycote migration depends on secretion of
chemotactic factors from dying cells. On the one hand, chemotaxis of leukocytes in response to
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increasing gradients of soluble FasL in vitro points towards a direct chemotactic effect of FasL.>**

On the other hand, membrane-bound FasL is capable of inducing apoptosis, pro-inflammatory
cytokine production in monocytes and macrophages***' and a more robust inflammatory influx
which was diminished by proteolytically shed soluble FasL.?’ Thus, inflammation and neutrophil
recruitment observed in systems ectopically overexpressing FasL might result from triggering exces-
sive apoptosis and subsequent release of chemotactic factors®* which tumors probably circumvent
by expressing both, membrane FasL and soluble FasL.>** Despite accumulating evidence of FasL-Fas
in immune privilege, Fas counterattack and inflammation, the molecular conditions determining
the balance between these responses remain to be identified.

Therapeutic Concepts Targeting the FasL-Fas System

Therapeutic modulation of the FasL-Fas system can have two fundamentally different goals:
Firstly, in cases where the activity of the FasL-Fas system contributes to the pathology of a discase,
inhibition of the FasL-Fas interaction might be beneficial. In contrast, exogenous stimulation of Fas
can offer a promising treatment option if the activity of the FasL-Fas system is expected to antago-
nize the devastating effects of a particular disease. Therapeutic inhibition of the FasL-Fas system
can be achieved straight forward in a classical way by blocking with FasL- or Fas-specific antibodies
or neutralizing soluble receptors. On the contrary, concepts aiming to therapeutically exploit Fas
activation are more challenging as they have to circumvent the severe side effects associated with
systemic Fas activation. Functional modulation of the FasL-Fas system can be achieved by directly
targeting the conveniently accessible extracellular domains of these molecules, but might also be
realized in an indirect, less specific manner by interference with Fas-associated signaling pathways
or FasL-Fas expression. In fact, the antitumoral effect of some chemotherapeutic drugs relies in
part on upregulation of Fas and/or FasL and subsequent apoptosis induction.**¢ Inhibition of
components of the extrinsic apoptotic signaling pathway also blocks Fas-induced effects.*”** In
the following, we focus on reagents and concepts directly targeting FasL or Fas.

Soluble Fas Variants

To obrtain soluble decoy receptors of members of the TNF receptor superfamily, it is an es-
tablished strategy to link the extracellular domain of a particular TNF receptor to the constant
region ofimmunoglobulin G (Fc). In case of TNFR2 the resulting dimeric fusion protein is of high
clinical importance for the treatment of TNF-driven autoimmune diseases, such as rheumatoid
arthritis. Corresponding Fc fusion proteins of RANK and TACI are in phase I and III clinical
trials.?**%%2 The Fc fusion proteins of murine and human Fas have, compared to the TNF-TNFR2
interaction, a relatively low affinity for their cognate ligand, FasL and are accordingly significantly
less efficient in inhibiting of FasL-induced cell death than neutralizing anti-Fas antibodies.2¢*324
Nevertheless Fas-Fc fusion proteins have been successfully used in experimental in vivo models
to antagonize the deleterious Fas-mediated effects in hepatitis, graft versus host disease and
cyclophosphamide-induced diabetes.

Based on the X-ray crystal structure of several ligand-bound receptors of the TNF receptor
superfamily and homology considerations, it is commonly accepted that a FasL trimer interacts with
three molecules of Fas, each of them binding to the interface of two subunits of the ligand trimer.”
As the Fas-Fc fusion protein only occupies two of the three binding sites of FasL, it appears possible
to obtain soluble Fas variants with higher neutralization capacity by increasing the number of the
receptor domains within the neutralizing molecule. In fact, oligomerizaton of Fas-Fc using Protein
A results in more efficient FasL inhibition and trimeric as well as pentameric Fas variants that have
been generated by genetic fusion with heterologous trimerization and pentamerization domains
from Tenascin-C and the cartilage oligomeric matrix protein (COMP) also showed significantly
enhanced inhibition of the FasL.2$%% With respect to the in vivo neutralization capacity of the
various Fas variants, however, one should also take into consideration that the effect of Fas-Fc
not only relies on simple neutralization of FasL, but might also require recruitment of effector
cells to FasL expressing cells by the Fc part of the molecule. Furthermore, there is evidence that
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membrane FasL engages in intracellular signaling pathways (retrograde signaling) upon binding
of oligomerized Fas.” It is therefore tempting to speculate that in an in vivo situation soluble
variants of FasL differ in their capability to stimulate retrograde FasL signaling depending on the
degree of oligomerization. In fact, there is evidence that a naturally appearing soluble Fas variant
lacking the transmembrane domain of the molecule induces cell death in FasL expressing cells.?”
Another naturally occurring inhibitory receptor for FasL is decoy receptor-3 (DcR3), a soluble
member of the TNF receptor family. Beside FasL DcR3 also binds also the immunostimulatory
TNF ligands LIGHT and TL10.2!32%2® Notably, this decoy receptor looses its ability to inhibit
FasL, but not LIGHT and TL1a, by thrombin mediated cleavage between the cysteine rich
domains of the molecule and an extended C-terminal domain of yet poorly understood func-
tion.”*®! Recombinant, noncleavable variants of DcR3 have, in fact, been used successfully in
an in vivo model to attenuate FasL-driven lung damage.®! The activity of the FasL-Fas system
might also be inhibited by blocking FasL-specific antibodies or treatment with antagonistic Fas
specific antibodies. Several of such antibodies have been described.?#2#25%2% Long term treatment
with antagonizing Fas specific antibodies has to be carefully reviewed as it triggers host immune
response and antibody production. Thus, producing cross-linking antibodies could convert ini-
tially antagonistic antibodies towards agonistic reagents. This is illustrated by the finding that the
Fas-specific antibody ZB4, which is a potent antagonist without cross-linking, strongly induces
cell death upon oligomerization. Notably, some Fas-specific antibodies elicit agonistic as well as
antagonistic effects depending on which particular cell type is regarded. For example, the human
Fas-specific IgM antibody CH11, a popular experimental tool for Fas activation, antagonizes the
action of FasL in peripheral T-cells.”® Further on, Fas activation may also be mediated by synergistic
action of non-agonistic antibodies and soluble FasL trimers.**

Systemic Fas activation rapidly results in hepatocyte apoptosis and deadly liver failure.
Therapeutic concepts based on exogenous activation of Fas must therefore allow cell type, tissue
or organ restricted Fas activation in vivo. One might expect that this requirement forbids the
systemic application of agonistic Fas antibodies. However, there is experimental evidence that
Fas-sensitive cell types respond quite different to agonistic antibodies. The hamster anti-mouse
Fas monoclonal antibodies (mAb) Jo2 and RK-8 both strongly induce cell death in vitro in thy-
mocytes, but only Jo2 is toxic on cultured primary hepatocytes.””? The surprisingly different
activities of Jo2 and RK-8 also translate in different in vivo effects. While Jo2 triggers severe liver
damage, RK-8 application is free of this adverse response, but is still able to induce apoptosis in
thymocytes leading to thymic atrophy.””*’ In fact, administration of RK-8 can be used to an-
tagonize the lymphadenopathy and splenomegaly occuring in FasL-deficient gld mice. Moreover,
a therapeutic effect related to the RK-8-mediated depletion of autoreactive T-cells has been
demonstrated in a collagen-induced type IT arthritis model.»** Thymocytes have been classified
as type I cells, whereas the hepatocytes have been assigned to the type II cell category.“ Thus, the
distinct molecular mechanisms of Fas activation proposed to work in type I and type II cells might
be differently engaged by some agonistic Fas antibodies. This in turn leads to selective bioactivity
as observed for the RK-8 antibody. By immunizing Fas-deficient mice with human Fas a anti-Fas
monoclonal antibody has been generated recognizing Fas from different species including men
and mice.**! This antibody as well as a humanized variant derived thereof show similar proper-
ties as the RK-8 antibody.?* Accordingly, these antibodies have been successfully used to trigger
apoptosis in melanoma xenotransplants and to prevent graft versus host disease in a SCID mouse
model with human Fas transgenic splenocytes.?32%4

Cell Surface Antigen-Restricted Activation of Fas

It has been shown that soluble, poorly active FasL trimers gain high activity upon binding to
fibronectin, a compound of the extracellular matrix via a motif immediately preceding the THD
of the molecule.’" This observation gave first evidence for the idea that spatial fixation of soluble
FasL trimers is sufficient to convert them into molecules displaying membrane FasL-like activity.
In accordance with this hypothesis, we and others showed that fusion proteins composed of an
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N-terminal cell surface antigen-recognizing single chain fragment (scFv) and soluble FasL exert
on antigen positive cells a several order of magnitude higher activity than on antigen negative
cells.2>2¢7 Thus, cell surface retention of scFv-FasL fusion proteins by interaction with their cog-
nate cell surface antigens constitutes pseudo-membrane FasL (see Fig. 5). It is obvious that the use
of scFv recognizing appropriate tumor markers allows construction of Fas agonists with tumor
localized action. The feasibility of this principle has been demonstrated with a scFv-FasL fusion
protein recognizing FAP (fibroblast activation protein; anti-FAP-FasL). FAP is a transmembrane
protein and is restrictedly expressed during angiogenesis and on activated fibroblasts occurring
in wound healing or in the stroma of epithelial cancer.?®** In vitro this anti-FAP-FasL fusion
protein showed on transfectants stably expressing FAP a comparable or even higher activity than
oligomerized soluble FasL, but required in the corresponding FAP-negative cell line a one thousand
fold higher concentration to induce cell death.*® In accordance with the proposed mode of action,
antibodies that interfere with the binding of the anti-FAP-FasL fusion protein to FAP rescued
FAP-expressing cells from apoptosis induction.® More important, administration of even high
amounts of the anti-FAP-FasL fusion protein was nontoxic in mice and prevented the develop-
ment of FAP-positive, but not of FAP-negative xenotransplants.*®® Cell surface antigen-dependent
enhancement of Fas activation has also been demonstrated for scFv-FasL fusion proteins recognizing
CD7*” and CD20.¢ Notably, cell surface retention-dependent activation of Fas not only works
with single chain-FasL fusion proteins, but also with other types of FasL variants, provided they
interact with a cell associated structure. Especially, this allows the construction of bifunctional
molecules containing besides FasL a second domain with a potentially anti-tumoral effect. For
example, a fusion protein consisting of the N-terminal extracellular domain of CD40 and the
C-terminal THD of FasL not only robustly activates Fas after binding to membrane CD40L, but
also concomitantly interrupts autocrine antiapoptotic CD40-CD40L signaling in T47D breast
cancer cells.”® Accordingly, the CD40-FasL fusion protein displayed much higher apoptotic
activity on these tumor cells than oligomerized FasL which only activates Fas. Notably, bispecific
antibodies composed of a non-agonistic Fas specific antibody fragment and a second antibody
fragment recognizing a tumor marker displayed a similar antigen-dependent mode of Fas activa-
tion as described for the genetically engineered FasL fusion proteins.””"*”* With respect to the
safeness of the various FasL fusion proteins, one has to take into consideration that their repeated
administration might lead to an immune response generating antibodies leading to oligomeriziation
of the corresponding fusion protein and thus its antigen-independent activation. As secondary
oligomerization of FasL trimers results in high activity, targeting domains that trigger the forma-
tion of higher order FasL oligomers are also not useful for cell surface immobilization-dependent
Fas activation. Antigen-dependent activation of TNFR2, TRAILR2 and OX40 have also been
described for scFv fusion proteins of their corresponding ligands (TNE, TRAIL, OX40L) indi-
cating that receptor activation by cell surface retention of appropriately designed ligand fusion
proteins is a broadly applicable mechanism in the TNF ligand family. >

FasL Prodrugs

It has been recently shown that in principle it is possible to generate FasL prodrugs that are
only activated after antibody-directed retention on tumor cells and subsequent processing by
tumor-associated proteases, e.g., matrix metalloproteases (MMPs) and urokinase plasminogen
activator (uPA).*¢ Besides the THD of FasL, the FasL prodrug contains three functional relevant
parts: Firstly, the extracellular domain of Fas, for intra- and/or intermolecular inhibition of the
FasL part of the prodrug. Secondly, a scFv mediating cell surface retention of the prodrug and
thirdly a linker containing recognition sites for tumor-associated proteases that separates the
inhibitory Fas domain from the scFv-FasL part of the molecule (see Fig. 6).%¢ In vitro, the FasL
prodrug was practically inactive and remained intact when applied to antigen-negative, MMP-
and uPA-expressing tumor cells whereas antigen-positive tumor cells were readily killed. Notably,
prodrug processing preceded antigen-dependent Fas activation by the FasL prodrug. Thus, the FasL
prodrug is first retained on the cell surface by antigen binding via its scFv domain. Cell surface
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Figure 5. Cell surface antigen-restricted activation of Fas. A) Schematic representation of
scFv-FasL. B) Fas binding of scFv-FasL on antigen negative does not result in Fas activation.
Thus, scFv-FasL acts like soluble FasL. C) Binding of the single chain domain of scFv-FasL to
antigen positive Fas expressing cells enables autocrine Fas activation. D) scFv-FasL binding to
antigen positive cells also induces paracrine Fas activation. For details see text. scFv = single
chain fragment.

retention is a prerequisite for subsequent processing by cell-associated proteases.?® After release of
the inhibitory Fas domain the FasL part of the prodrug is now able to activate Fas. So, Fas triggering
by the FasL prodrug needs FAP expression as well as the action of appropriate tumor-associated
proteases. First in vivo proof of principle for the feasibility of the FasL prodrug concept has been
demonstrated in a xenotransplantation model in which a FasL prodrug only reduced the growth
of FAP-expressing but not FAP-negative HT1080 tumor cells.?* Due to the autoinhibitory Fas
domain of the FasL prodrug, cell surface binding alone does not lead to activation of the prodrug.
Thus, in this approach it appears possible to use immobilization domains targeting structures that
are not selectively expressed on tumor cells.
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Figure 6. Tumor associated protease-licensed Fas activation. A) Domain architecture of a
FasL prodrug (above) and spontaneous head-to-tail assembly of prodrug molecules (below).
B) Prodrug activation requires antigen binding and subsequent processing by tumor associ-
ated proteases (step 1). After removal of the inhibitory Fas domain the remaining cell surface
antigen-bound scFv-FasL part of the molecule acts like membrane FasL (step 2).

FasL in Gene Therapy

Therapeutic approaches using FasL gene therapy reflect the function of this molecule in tumor
surveillance and immune privilege. There are attempts to use FasL expression to protect transplants
from rejection by the immune system, but there are also concepts employing FasL encoding viral vec-
tors to induce apoptosis in tumor cells. Early on after the realization that activated T-cells are highly
susceptible towards Fas-induced apoptosis, there were attempts to utilize ectopic FasL expression
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to confer immune privilege to transplants. Although in some studies FasL-transfected transplants
showed lower rejection due to killing of infiltrating T-cells, there were also studies coming up
with the surprising observation that FasL expression accelerates graft rejection.” FasL-dependent
graft rejection was found to be caused by recruitment of immune cells, especially neutrophils.””!
In accordance, mice deficient for MIP1a, an important chemoattractant for neutrophils, show
strongly reduced rejection of FasL-expressing tumor cells.”” Several mechanisms that might be
responsible for the production of neutrophil chemoattractants have been identified and might
act in a redundant fashion. Fas can activate pro-inflammatory signaling pathways resulting in the
activation of NFkB and MAP kinases and accordingly upregulate inflammation related cytokines
and chemokines, including IL-8 and MIP1a.”""! In particular, Fas can upregulate IL-1a, which in
turn again induces chemoattractant proteins.”®* Further on, some studies found that soluble FasL
itself can act as a chemoattractant factor for neutrophils,*** but other studies failed to reconcile
this observation. 3?1282 [nstead, they demonstrated that membrane FasL in contrast to soluble
FasL is sufficient to trigger neutrophil infiltration. As caspases activated in course of apoptosis
inhibit NFkB activation and protein translation, pro-inflammatory Fas signaling barely takes place
in Fas-sensitive cells, but is instead readily induced in some Fas-resistant cell types.”*”! Notably,
studies in recent years gave evidence that the mechanism conferring Fas resistance is of crucial
relevance for the question whether Fas activation results in pro-inflammatory signaling. The long
and short isoform of FLIP not only inhibit Fas-induced apoptosis, but also prevent NFkB activa-
tion.”**! In contrast, cells gaining Fas resistance by expression of Bcl-2 or BelxL exhibit a strongly
increased capability to activate NF«B and to produce pro-inflammatory factors. It is therefore
tempting to speculate that the mechanisms protecting FasL positive transplants and/or its neigh-
boring cells are a major parameter deciding between graft acceptance and graft rejection. How the
aforementioned mechanisms play together in making this decision warrants further experimental
verification. Thus, it is still not possible to reliably predict the overall consequences of FasL gene
transfer approaches. In fact, even closely related FasL gene therapy experiments came up with op-
posite results. For example several reports investigated in mouse models the engraftment of islets
of Langerhans expressing wild type FasL under the control of the insulin promoter. In these studies
arapid onset of diabetes was observed and FasL-positive islets grafts from nondiabetic and NOD
mice elicited a strong immune reaction.*>*¥%% In contrast, islets grafts cotransplanted with FasL
expressing myoblasts or FasL-decorated splenocytes showed durable protection against graft rejec-
tion.?**” Noteworthy, a cleavage resistant FasL isoform sustained islets allograft survival in this
model pointing to a crucial role of the chemoattractant function of soluble FasL in this setting.”®
Furthermore, long term acceptance of allogeneic islets has been achieved by cotransplantation of
FasL expressing testicular cell aggregates suggesting that ectopic FasL expression can lead to im-
mune hyporesponsiveness in an antigen dependent fashion.”® The major benefit of the protection
of grafts by artificial FasL expression lies in the alloantigen specificity of the immunosuppressive
effect leaving the immune competence for other antigens intact.

Systemic effects of FasL, especially liver toxicity might be no major problem in transplantation
setting to distant locations, but have to be taken into account when FasL encodingviral vectors are
used. Indeed, intravenous administration of adenovirus encoding membrane FasL under the control
of a constitutive active promoter induces the characteristic signs of liver damage that can also be
observed after intravenous injection of agonistic Fas antibodies or oligomerized FasL. However, it
is possible to restrict FasL expression by injection of replication defective viral vectors locally, for
example in arthritic joints or salivary glands. In fact, FasL gene transfer into arthritic joints results
in apoptosis of synovial cells in collagen induced arthritis without eliciting systemic toxicity.***!
Likewise, local FasL gene transfer into salivary glands reduces the number of infiltrating immune
cells in a murine model of chronic sialadenitis, again without adverse systemic side effects.””? Local
activity of FasL in gene therapy has also been achieved with cell type-specific promoters as well as
with a tetracycline regulated promoter.?**”
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CHAPTER 6

0X40 (CD134) and OX40L

Michael J. Gough and Andrew D. Weinberg*

Abstract

he interaction between OX40 and OX40L plays an important role in antigen-specific

T-cell expansion and survival. While OX40 is expressed predominantly on T-lymphocytes

carly after antigen activation, OX40L is expressed on activated antigen presenting cells
and endothelial cells within acute inflammatory environments. We discuss here how ligation of
OX40 by OX40L leads to enhanced T-cell survival, along with local inflammatory responses that
appear critical for both effective T-cell mediated responses and chronic immune pathologies. We
describe how interventions that block or mimic the OX40-OX40L interaction can be applied
to treat autoimmune diseases or enhance anti-tumor immune responses. The clinically relevant
properties of these agents emphasize the importance of this particular TNFSF-TNEFSF in health
and disease.

Expression of OX40 and OX40L

The TNF family member OX40 was initially identified as a 50 kDa protein expressed on acti-
vated CD4 T-cell blasts, recognized by the OX40 antibody (thus the receptor was termed OX40).!
Addition of the OX40 antibody to activated T-cells enhanced the T-cell proliferation late in the
response.’ Subsequent cloning of the cDNA encoding OX40 identified significant similarities
to CD40 and nerve growth factor receptor,” placing OX40 as an carly member of the now large
TNF receptor superfamily (TNFRSF). Baum et al developed a murine cDNA library to clone
the murine ligand for OX40 (OX40L).> The murine OX40L protein showed close homology and
genetic linkage to the previously identified human protein gp34, which was elevated in T-cells
following HTLV infection. Human gp34 was then shown to be the ligand for human OX40 and
both human and mouse OX40L had similar functional properties in costimulating proliferation
of CD4 T-cells.

The initial description identified activated rat CD4 T-cells as expressing OX40 exclusively.'
al-Shamkhani et al confirmed that the original anti-rat OX40 antibody and OX40L-Ig recognized
the same protein and generated a new antibody to recombinant mouse OX40 that similarly iden-
tified OX40 expression on activated CD4 and CD8 T-cells in mice.” OX40 is not immediately
induced on T-cells following T-cell receptor ligation, but is first detected 12-24 hours following
stimulation and downregulated 48-96 later.® This in vitro data correlates well with in vivo functional
responses, since OX40 agonistic antibodies must be administered within 24-48 hours of antigen
administration to enhance T-cell proliferation.” The regulation of OX40 expression in T-cells
has not been fully elucidated, but a combination of genetic and phenotypic studies has provided
valuable information regarding the induction of OX40 expression in T-cells. Early papers demon-
strated that like OX40L, OX40 is upregulated by HTLV tax expression in T-cells.*s The OX40
promoter region was cloned by Pankow et al and tax-dependent promoter activity was localized
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to a region containing predicted NF-kB binding sites.” These NF-kB sites bind p65 and c-rel after
tax expression, resembling a CD28-responsive enhancer region of the CD40L gene.! Similar
CD28-responsive elements were first identified in the IL-2 promoter and have been functionally
identified within the promoter regions of CD40L" and CD95L." Using fibroblasts or activated
B cells as antigen presenting cells, it was demonstrated that OX40 could be induced in the absence
of CD28 stimulation.®”* However, titration of T-cell receptor stimulation using plate-bound
anti-CD?3 antibodies demonstrated dependence on CD28 signals for OX40 expression with low
dose T-cell receptor stimulation and CD28 independence for OX40 expression was observed at
higher doses of T-cell receptor signals.'* Interestingly, OX40 expression can also be upregulated
by administration of TNFa," which can also activate NF-kB signal transduction. These data sug-
gest that this integration of T-cell receptor and CD28 signaling occurs via activation of NF-kB
and can act through NF-kB sites within the OX40 promoter. The majority of T-cell responses
in vivo, which do not involve large numbers of transgenic T-cells or high doses of antigen, will
most likely require additional costimulatory signals for effective upregulation of OX40. Thus, the
relative levels of OX40 expressed on T-cells can be greatly influenced by the local environment
via contact with mature antigen presenting cells expressing CD80 or CD86, or via a milieu rich
in TNFo or similar cytokines.

Expression of OX40L is also tightly controlled. The initial cloning of OX40L used a T-cell
lymphoma cDNA library * and human OX40L was first identified asa HTLV tax-regulated gene
in lymphoma cell lines.* A cloned murine OX40-Ig fusion protein identified binding activity on
activated murine B-cells in vitro and in vivo'® and a critical role for the B cell-T-cell 0X40-OX40L
interaction in antibody responses.”” An antibody to cloned rat OX40L confirmed expression of
OXA40L on activated T-cells, B-cells and dendritic cells.'® This antibody blocked OX40-OX40L
interactions and inhibited the costimulatory activity of dendritic cells on activated T-cells,'®
emphasizing the importance of OX40-OX40L interactions on endogenous T-cell responses.
OX40L has been identified on freshly isolated human natural killer (NK) cells'® and expression
is upregulated by ligation of the NK receptors.?® The NK expression of OX40L is functional as it
has been shown to costimulate autologous CD4 T-cell proliferation and increase IFNy produc-
tion.” Low-level expression of OX40L has also been found on activated murine CD4 and CD8
T-cells,* however the majority of reports have studied OX40L expression and function on activated
antigen-presenting cells. OX40L was identified on endothelial cells through a search for molecules
mediating adhesion between leukemia T-cell lines and endothelial cells.” Expression cloning
identified the adhesion ligand-receptor pair as OX40 on the T-cells and OX40L on endothelial
cell lines.? There is strong association between expression of OX40L on endothelial cells and
inflammation at the site in vivo.” Interestingly, OX40L expression appeared to be restricted to
the basal rather than the lumenal surfaces of the endothelial structures and the authors suggest
that the interaction is thus not likely to be involved in the first rolling step of extravasation.”
Microglia, as well as endothelial cells, within the inflammatory site of actively induced models
of experimental allergic encephalomyelitis, were shown to express OX40L.*?** Microglial cells
isolated from the CNS of mice with EAE drove antigen-specific proliferation of myelin-reactive
T-cells that was significantly inhibited by blocking the OX40-OX40L interaction.® In summary,
OX40L expression is found primarily at sites of inflammation. Thus, T-cells activated through the
T-cell receptor that express OX40 are most likely to receive costimulation by activated antigen
presenting cells, endothelia or NK cells once within the site of inflammation. This geographic
restriction adds a layer of specificity to costimulation via OX40 that is analogous to situations of
immunological ‘danger’ in vivo.?®

Biologic Function of OX40-OX40L Interactions

TNESF receptors and ligands show relatively consistent structural motifs, with the TNFSF
ligands forming a homotrimer as membrane-bound proteins, which are often released as soluble
trimeric proteins following proteolytic cleavage.?* OX40L is one of the more divergent members
of the TNF family, while OX40 is structurally relatively similar to the other family members.” The
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stoichiometry of interaction between OX40 and OX40L trimers was initially determined to be
3:1,% suggesting that three OX40 molecules bind one trimeric OX40L complex, similar to other
TNF family members. This hypothesis is supported by data showing that soluble monomeric OX40
binds trimeric OX40L with low affinity and dissociates rapidly.?*** The crystal structure of OX40
binding to OX40L was recently solved and showed that, within the trimer-trimer interaction, each
0X40 molecule bound individually to one OX40L molecule.”

Most TNEFR family members, including OX40, signal through the TNF receptor associated
factor (TRAF) family of adaptor molecules.*» TRAF molecules consist of a highly conserved
C-terminal domain, which elicits trimer assembly and receptor interaction and the less-conserved
N-terminal domain that s critical for downstream signal transduction.?> OX40 signal transduction
has been linked to T-cell function in vivo through TRAF2 and TRAF5,**** along with TRAF]1,
TRAF3 and TRAFS in vitro.*¥ TRAF3 can function as a negative regulator of signal transduc-
tion following OX40 ligation,”*” though OX40 displayed the lowest TRAF3 binding capacity
of all TNFRs tested thus far.> Using a dominant negative TRAF2 transgenic mouse bred to a
TCR-transgenic mouse strain, TRAF2 was shown to be required for the enhancement in CD4
T-cell expansion and survival elicited by the OX40 agonist antibody in vivo.*® In the absence of
TRAFS, OX40 ligation resulted in an enhanced Th2 phenotype in vitro and in vivo.* OX40 liga-
tion has been shown to enhance both Th1 and Th2-type responses.®® Since the choice between Th1
and Th2 differentiation by CD4 T-cells is determined in part by the antigen dose and strongly by
the cytokine environment, it is possible that environmental factors influence the TRAF molecules
interacting with OX40 following initial TCR ligation.

The crystal structure of the TRAF molecules indicates that like OX40 and OX40L, the
TRAF molecules form a trimer, arranged such that each TRAF monomer binds to an OX40
monomer.”* The downstream consequences of OX40 ligation are NF-kB,* PI-3K*! and protein
kinase B (also known as Ake) activation.*#? Akt is activated by a number of signal transduction
pathways, including TCR ligation and IL-2 signal transduction, each via PI3-kinase*> and can
enhance T-cell proliferation and survival.» OX40 ligation in wild-type cells results in enhanced
activation of Akt, and OX40 deficient T-cells that constitutively express active Akt have restored
survival,”? presumably through sustained expression of the anti-apoptotic molecule Bel-xL.# In
vitro stimulated CD4 T-cells express Bcl2 and Bel-xL over the critical day 4-8 time period follow-
ing antigen stimulation, while the expression of these genes is not sustained over this time period
in OX407~ cells.* This OX40-sustained Bcl-xL expression is similarly critical for survival of in
vitro-activated CD8 T-cells.®®

Downstream of these proximal signaling events, many changes occur in T-cells following OX40
ligation. Gene expression studies have identified a number of candidate genes that are regulated
by OX40 ligation in vitro and in vivo. Ligation of OX40 has been shown to upregulate CD25,
CD127 (IL-7Ra), CD212 (IL12RB2), IL15R0 and IFNy mRNA in CD4 T-cells in vivo**# and
simultaneously to downregulate mRNA for CD152 (CTLA-4), IL-4 and Mad4.* Mad4 is of
interest, since this protein can heterodimerize with Max, competing with Myc and thus inhibit-
ing proliferation.”” Decreased levels of Mad4 would thus indicate enhanced proliferative capacity
following OX40 ligation. The combined effect of enhanced cytokine receptors and decreased
CD152 suggests OX40 ligation shifts T-cells towards a more permissive proliferative and survival
phenotype.

These data fit nicely with the observed cellular effect of T-cell-specific OX40 ligation. As
described earlier, initial studies identified that antibody ligation of OX40 enhanced CD4 T-cell
proliferation.! Administration of OX40 agonists in vivo to mice treated with soluble antigen in the
absence of adjuvant resulted in an enhanced expansion of the CD4 T-cells, along with increased
survival and the formation of long-term memory populations.”*° Recently OX40 ligation has also
been shown to enhance expansion and survival of antigen-stimulated CD8 T-cells in vivo.®>3
Moreover, OX40 ligation of CD4 T-cells indirectly enhances CD8 expansion and survival through
CD4 ‘help?>»*5¢ OX40 ligation does not appear to direct differentiation to either Th1 or Th2
phenotypes exclusively, since separate models demonstrate that each differentiation pathway can be
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Figure 1. Specific recognition of a peptide-MHC complex on an antigen-presenting cell by
the T-cell receptor combines with CD28 costimulation to upregulate first CD40L and then
OX40 on the T cell. Ligation of CD40 on the antigen-presenting cell leads to expression of
OX40L and costimulation of the T-cell. This reciprocal interaction will be further enhanced
by environmental cytokines, such as TNFa.

enhanced by OX40 costimulation.’*>¢! OX40 agonists have potent biologic function in OX40L
sufficient hosts, suggesting that the availability of OX40L is limiting in vivo. This point is of critical
importance in later discussions concerning therapeutic use of OX40 agonists and antagonists in
cancer and autoimmune diseases, respectively.

Investigators have demonstrated, using in vivo vaccination models, that survival of antigen-
specific OX40~- CD4 T-cells is significantly impaired compared to wild-type CD4 T-cells.®* This
effect is particularly noticeable when the antigen challenge is provided along with adjuvant or as
part of an immunogenic viral challenge.®*® In models where mice are immunized with antigen
containing no adjuvant, CD4 T-cell survival is extremely poor even with functional OX40 expres-
sion,”®* suggesting a deficit in OX40L expression. In agreement with this analysis, administration
of agonistic OX40 antibodies significantly enhances the CD4 T-cell response to soluble antigen”
and importantly this effect is increased when given in conjunction with a strong adjuvant, such
as LPS.7% Adjuvants can increase expression of both OX40L on antigen-presenting cells'*¢* and
0X40 on the T-cells. T-cells can also respond to several other costimulatory molecules, thus,
T-cell proliferation is less dependent on the presence of functional OX40 on T-cells, particularly
in the presence of strong adjuvants. Interestingly, this redundancy is particularly noticeable in
CD8 compared to CD4 T-cells. For example, in response to the highly immunogenic LCMV



98 Therapeutic Targers of the TNF Superfamily

and influenza virus challenge, the CD8 T-cell response is normal and fully functional,¢¢” while

the CD4 T-cell response is diminished.*¢” Nevertheless, even in those models where CD8 T-cells
display full expansion and functional pathogen clearance, there is evidence of diminished CD8
recall responses and long-term survival.>* This may be a consequence of defective CD4-mediated
help to CD8 T-cells, or alack of the necessary cytokine environment generated by OX40-OX40L
interaction, to support T-cell differentiation into memory cells.

Interestingly, OX40 has been shown to provide a signal to OX40L-expressing cells. Ohshima et
al demonstrated that human dendritic cells, activated through CD40 ligation, expressed OX40L.%
Cross-linking OX40L with antibodies significantly increased the activated phenotype of these
antigen presenting cells, as evidenced by production of the cytokines IL-12 and IL-1B and expres-
sion of the costimulatory molecules CD80 and CD86.% Activated B-cells also express OX40L and
engagement via OX40 enhances immunoglobulin production in the presence of CD40 stimula-
tion or cytokines.®* Epithelial cells transfected with OX40L increased expression of c-jun and
c-fos mRNA following crosslinking with agonist OX40.” In vascular endothelial cell lines that
constitutively express OX40L, provision of OX40 also elevated c-jun mRNA’® and resulted in an
increase in CCLS5 secretion.” Thus, OX40 and OX40L provide bi-directional signals between
antigen-presenting cells and T-cells. Such bi-directional signaling has been described for other
members of the TNF receptor family.”» CD137-CD137L interactions produce similar effects to
OX40-OX40L in costimulating T-cell proliferation, though the main target appears to be CD8
T-cells. Provision of CD137 has been shown to activate macrophages expressing CD137L.7
CD30L is expressed on activated T-cells and neutrophils and cross-linking CD30L using anti-
bodies or recombinant CD30-Ig also results in activation.™ Similarly, CD9SL has been shown
to costimulate proliferation of CD8 T-cells.”>”® Finally, CD40L-deficient T-cells are deficient in
antigen-specific expansion in wild-type hosts”” and are unable to provide proper help to normal
B-cells.” These data from a collection of TNFSF/TNFRSF members suggest that the observed
0X40-OX40L bi-directional signaling is most likely a real class-specific effect and a biologically
relevant event.

Expression and Role of 0X40 and OX40L in Disease

Immunohistochemistry and flow cytometry have identified OX40-expressing cells within sites
ofinflammation in vivo. These OX40-expressing cells are associated with the transient inflammation
seen in response to vaccination or pathogen challenge, but also at sites of chronic inflammation in
various disease states.””*? For example, Matsumura et al demonstrated that OX40 was expressed
on T-cells in all psoriatic skin sites tested, but not in nonlesional skin from the same individual.”
Importantly, a range of experiments have demonstrated that OX40 expression was found particu-
larly on the reccntly activated autoantigcn—spcciﬁc T-cells at the inﬂammatory site,30833¢ which is
in agreement with in vitro and in vivo experiments demonstrating that expression of OX40 only
occurs following T-cell receptor engagement. Thus adoptive transfer of myelin basic protein-spe-
cific T-cells into animals caused experimental autoimmune encephalomyelitis, accompanied by
enhanced expression of OX40 on antigen-specific T-cells at the site of inflammation and not on
nonspecific host T-cells, or autoantigen-specific T-cells found at other sites.””

Immunohistochemistry of specimens from growing tumors of various histological types in
patients has revealed the presence of OX40 on CD4 T-cells.*** In two such instances, the pres-
ence of OX40 on CD4 T-cells was associated with prolonged patient survival > T regulatory
cells, defined as CD4*CD25* cells expressing FoxP3, can also express OX40 in mice.”*** These
cells are known to accumulate at the tumor site and their presence is mainly associated with poor
prognosis,”**® though there is a conflicting report.” In our experience in studying murine tumors,
a large number of the OX40-expressing cells that infiltrate tumor sites are CD4*CD25*FoxP3*
cells. Human T regulatory cells can have a different phenotype to murine T regulatory cells and
0X40 has currently not been reported on human T regulatory cells. Thus, it is unclear in human
immunohistochemical tumor studies whether expression of OX40 represents an accumulation of
T regulatory cells or a distinct population of antigen-responsive activated effector CD4 T-cells,
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Figure 2. Within inflamed tissue sites, multiple cells provide OX40L for infiltrating T-cells.
In this representation of a perivscular cuff, endothelial cells may express OX40L on their
basolateral surface to infiltrating T-cells. Activated macrophages and tissue dendritic cells
can also express OX40L in inflammatory sites. In addition, NK cells can upregulate OX40L
following recognition of their target cells. T-cells recognizing specific antigen on stromal cells
or cross-presented on dendritic cells and macrophages will upregulate OX40 and thus receive
local costimulation. Neutrophils can also express OX40 and ligation by OX40L improves their
survival. Thus, an inflammatory site has multiple opportunities for OX40-OX40L interaction
that will sustain the local inflammatory response and these opportunities are not available at
non-inflammatory tissue sites.

or both. This is relevant since it may help us to understand the consequences of OX40-directed
therapies in vivo, since while agonistic antibodies to OX40 enhance the expansion and survival
of CD4 and CD8 T-cells in vitro and in vivo,”*#* they also block the inhibitory action of T
regulatory cells in vitro. 211!

Importantly, while OX40 is commonly detectable on T-cells in both sites of chronic inflamma-
tion”* and tumors,**” cells expressing OX40L are only found at sites of inflammation®**** and not
on cells invading tumors or on tumor cells themselves. Thus, the immune balance at the tumor site
does notlead to a functional OX40-OX40L interaction despite the presence of OX40-expressing
T-cells. These data establish a powerful rationale for intervention in the OX40-OX40L interaction
for immunological therapy. In circumstances where chronic inflammation causes disease, such as
rtheumatoid arthritis, psoriasis or multiple sclerosis, there is combined expression of OX40 and
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OX40L and this interaction plays a role in sustaining the unwanted autoimmune response. In
contrast, in circumstances of insufficient ‘danger signals’ such as vaccination without adjuvant or
chronic tumor growth, insufficient ligation of OX40 could be a limiting factor for immune-me-
diated destruction of tumor cells.

Intervention in 0X40-OX40L Interaction for Therapy

As described earlier, in models of acute viral infection the absence or blockade of OX40-OX40L
interactions allows pathogen clearance to proceed while secondary inflammation is reduced.!*>'®
Though reduction in secondary inflammation may be desired in preclinical models of acute viral
infection, these data provide some insight into the role of OX40-OX40L in both chronic and
acute autoimmune disorders. Administration of depleting OX40 antibodies to animals exhibiting
clinical signs of experimental allergic encephalomyelitis ameliorated disease by depleting the anti-
gen-specific cells at the autoimmune site.* Administration of an agent that blocks OX40-OX40L
interaction also reduced the severity and duration of experimental allergic encephalomyelitis in
vivo.? In the non-obese diabetic model of autoimmune diabetes, OX40 was identified on both
CD4 and CD8 T-cells along with OX40L on dendritic cells in the pancreatic-draining lymph
nodes at the prediabetic 11-13 week time-point.'** Administration of blocking OX40L antibod-
ies at this time-point significantly reduced the incidence of diabetes. Blocking OX40L antibodies
also significantly reduced intestinal inflammation in a dextran sulphate sodium-induced model of
inflammatory bowel disease ' and blocked development of disease in an adoptive transfer model
of inflammatory colitis.'® In rheumatoid arthritis patients, OX40 was detectable on T-cells in the
synovial fluid and synovium and OX40L was present on cells within the synovium.'”” In mouse
collagen-induced models of rheumatoid arthritis, administration of blocking OX40L antibodies
significantly reduced the inflammation and thus the severity of the discase.!”” In cach of these
models, reducing inflammation within the target organ, for example through anti-inflammatory
drug treatments, has also been shown to provide therapeutic benefit in animal models and humans.
These data provide strong supportive evidence that in addition to their role in CD4 and CD8
T-cell survival and effector function, OX40-OX40L interaction may be important in sustaining
a chronic site of immune reactivity both in pathogenic infection and in autoimmune patho-
genesis.3$4102103.105107 Notably, blockade of the OX40-OX40L interaction may have significant
advantages over systemic anti-inflammatory drug treatments: OX40 and OX40L expression is
highly restricted to the inflammatory site and therefore blockade of this pathway is not predicted
to have systemic immunosuppressive side effects that are seen with conventional treatments, such
as corticosteroids. Such a blockade could however, interfere with developing immune responses,
such as concurrent infections.

We and others have hypothesized that observations made in chronic inflammatory models
could have powerful implications for cancer therapy. The tumor site is characterized by a mixed
inflammatory status. Pro-inflammatory cytokines such as TNFa are commonly present, as are a
range of inflammatory chemokines.'®®'!* Reports have also shown anti-inflammatory cytokines
such as TGFB and IL-10'"? and the chemokines that encourage infiltration of T-regulatory
cells ratcher than effector T-cells have been identified at the tumor site.?*'!! As discussed earlier,
there is usually limited expression of OX40L, which based on the autoimmune literature would
predict that the tumor site would be unable to sustain a long-term immune response, despite the
presence of T-cells expressing OX40. Therefore, we infused OX40 agonists into tumor-bearing
hosts and observed enhanced tumor immunity, leading to increased survival of animals chal-
lenged with many tumor types.!'*!" This survival benefit was dependent on both CD4 and CD8
T-cells.">"* It is important to note that while agonistic OX40 antibodies were effective when
administered systemically, expression of OX40L within the tumor site alone is able to enhance
effective anti-tumor immune responses.'> Andarini et al demonstrated that intratumoral admin-
istration of an adenoviral vector expressing OX40L enhanced survival of treated mice.'” These
were striking results because using adenoviral-mediated gene therapy only a small proportion of
the tumor cell mass will productively express the ligand. The anti-tumor response in this model was
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Figure 3. A) During antigen-specific activation, administration of agonistic antibodies to OX40
enhances the expansion and long-term survival of both CD4 and CD8 T-cells. In addition,
these activated CD4 T-cells provide help to CD8 T-cells that further supports their activation
and long-term survival. T regulatory cells can inhibit antigen-specific expansion of CD4 and
CD8 T-cells, but this inhibition can be blocked by administration of agonistic antibodies to
OX40. B) The environment of the growing tumor includes a mix of macrophages, anergic
CD8 T-cells and T regulatory cells. Administration of agonistic antibodies to OX40 has been
shown to inhibit T regulatory cells and overcome CD8 T-cell anergy, thus may dramatically

alter the intratumoral environment.

also dependent on both CD4 and CD8 T-cells and generated increased T-cell infiltrates within
the tumor. Current dogma concludes that the majority of tumor antigen-specific priming occurs
within the lymph node draining the site of the tumor, where naive T-cells can find simultaneous
antigen presentation, costimulation, CD4 T-cell help and antigen presenting cell licensing. In
such a scenario, OX40L expression exclusively at the tumor site would not be expected to enhance
priming of draining lymph node cells, but could stimulate the effector cells which most likely up-
regulate OX40 upon interaction with their target antigen at the tumor site. Thus, it is interesting to
observe that adenoviral delivery of OX40L to tumors, while increasing survival of treated animals,
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was not able to cure any animals of their tumors.'> The lack of long-term tumor-free survival was
probably not due to the low level of gene expression achievable by in vivo gene therapy, since oth-
ers have shown that stable, ex vivo-transduced tumor cells uniformly expressing OX40L provide
only a small delay in tumor growth.!¢ This is in direct contrast to delivery of agonistic antibodies
to OX40, which provide a potent systemic tumor survival effect.!”*!* It is possible that systemic
antibody delivery is more effective because it can ligate OX40 at multiple locations, including the
tumor site and the tumor draining lymph nodes. Inmunotherapies that ignore either location
may be significantly less effective.

We hypothesize that OX40-OX40L interactions enhance immune responses in two ways.
First, OX40 ligation significantly enhances the expansion, survival and effector differentiation
of antigen-specific T-cells. This effect is likely to occur within the tumor draining lymph node,
where provision of agonistic OX40 antibodies can overcome a lack of an immunological danger
signal that results in inadequate OX40L to achieve tumor antigen priming. In acute viral challenge
models or vaccination models with sufficient adjuvant activity, the OX40L expression is probably
sufficient to provide OX40 costimulation. The second role of OX40-OX40L interactions occurs at
the site of inflammation. Where both OX40 and OX40L are expressed, the ligation of OX40 on
antigen-specific T-cells can enhance the local release of pro-inflammatory cytokines and ligation
of OX40 on T-regulatory cells may reduce their inhibitory effects. In addition, ligation of OX40L
on local antigen-presenting cells can enhance their maturation to full antigen presenting function
and further increase the release of cytokines such as IL-12. With continued presence of antigen,
the combination of pro-inflammatory cytokines and mature antigen presenting cells permits a
prolonged site-specific inflammation that is critical for immune pathology. In chronic models,
interruption of OX40-OX40L interactions at the site of inflammation is sufficient to reduce
inflammation and thus disease severity, even where long-lived antigen-specific cells persist.

However, there is another mechanism by which agonistic OX40 antibodies may exact their
effect, particularly in tumor models. Lathrop et al demonstrated that adoptive transfer of CD4
T-cells specific for a peptide expressed on all MHC class II-expressing cells, resulted initially in
T-cell expansion, which was followed by development of an anergic phenotype.'"” In vivo admin-
istration of agonistic OX40 antibodies resulted in the reversal of anergy and activation of T-cells
that proved fatal to the host."”” Defective T-cell activation has commonly been reported in tumor
models and can be reversed by strong ex vivo stimulation or provision of costimulation in vivo.
It is not clear from these models whether the OX40 agonist antibodies directly reverses anergy,
or whether OX40 acts indirectly by its effects on T regulatory cells,*!°*!%! which can maintain a
state of T-cell anergy in vivo.""®"? Nevertheless, overcoming anergic or tolerance in tumor-specific
T-cells is likely to contribute strongly to the efficacy of OX40-mediated immunotherapy in pa-
tients with cancer.

These data provide a compelling rationale for clinical development of OX40 agonist antibodies
for cancer therapy. Our laboratory has prepared a GMP clinical grade murine anti-human OX40
agonist antibody that has been FDA-approved for a phase I clinical trial. When injected into non-
human primates, this agent demonstrated no acute toxicity, but did show immune enhancement
as ascertained by increased T-and B-cell responses and transient enlargement of gut-associated
lymph nodes and splenomegaly.'?® The OX40 agonist is currently being tested in a phase I clinical
trial in cancer patients.

Conclusion

0X40isa TNESF receptor expressed early after T-cell receptor engagement on CD4 and CD8
T-cells while it’s cognate ligand (OX40L) is expressed mainly on activated antigen presenting cells
present at sites of inflammation in vivo. Effective antigen-specific CD4 and CD8 T-cell expansion
and survival can be dependent on ligation of OX40, though the dependence on OX40 is most
evident in CD4 T-cells. Co-expression of this receptor-ligand pair is found mainly at sites of acute
and chronic inflammation in vivo and interventions that block the OX40-OX40L interaction
reduce the pathologic effect of chronic inflammation in vivo. Conversely, a deficiency of OX40L
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within tumor sites results in inadequate anti-tumor immunity that can be enhanced significantly
by in vivo administration of OX40 agonists. These data provide a strong rationale for therapeutic
use of OX40 agonists in cancer patients and such a clinical trial is ongoing.

References

1.

2.

3.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18

19.

20.

21.

22.

23.

24.

25.

Paterson D], Jefferies WA, Green JR et al. Antigens of activated rat T lymphocytes including a molecule
of 50,000 Mr detected only on CD4 positive T blasts. Mol Immunol 1987; 24(12):1281-1290.
Mallett S, Fossum S, Barclay AN. Characterization of the MRC OX40 antigen of activated CD4 positive
T lymphocytes—a molecule related to nerve growth factor receptor. EMBO J 1990; 9(4):1063-1068.
Baum PR, Gayle RB, 3rd, Ramsdell F et al. Molecular characterization of murine and human
0X40/0X40 ligand systems: identification of a human OX40 ligand as the HTLV-1-regulated protein
gp.34 EMBO ] 1994; 13(17):3992-4001.

. Baum PR, Gayle RBd, Ramsdell F et al. Identification of OX40 ligand and preliminary characterization

of its activities on OX40 receptor. Circ Shock 1994; 44(1):30-34.

. al-Shamkhani A, Birkeland ML, Puklavec M et al. OX40 is differentially expressed on activated rat and

mouse T-cells and is the sole receptor for the OX40 ligand. Eur J Immunol 1996; 26(8):1695-1699.

. Gramaglia I, Weinberg AD, Lemon M et al. Ox-40 ligand: a potent costimulatory molecule for sustain-

ing primary CD4 T-cell responses. ] Immunol 1998; 161(12):6510-6517.

. Evans DE, Prell RA, Thalhofer CJ et al. Engagement of OX40 enhances antigen-specific CD4(+)

T-cell mobilization/memory development and humoral immunity: comparison of alphaOX-40 with
alphaCTLA-4. ] Immunol 15 2001; 167(12):6804-6811.

. Higashimura N, Takasawa N, Tanaka Y et al. Induction of OX40, a receptor of gp,34 on T-cells by

trans-acting transcriptional activator, Tax, of human T-cell leukemia virus type I. Jpn J Cancer Res 1996;
87(3):227-231.

Pankow R, Durkop H, Latza U et al. The HTLV-I tax protein transcriptionally modulates OX40 antigen
expression. ] Immunol 2000; 165(1):263-270.

Schubert LA, Cron RQ, Cleary AM et al. A T-cell-specific enhancer of the human CD40 ligand gene.
J Biol Chem 2002; 277(9):7386-7395.

Parra E, Mustelin T, Dohlsten M et al. Identification of a CD28 response element in the CD40 ligand
promoter. ] Immunol 2001; 166(4):2437-2443.

Crist SA, Griffith TS, Ratliff TL. Structure/function analysis of the murine CD95L promoter reveals
the identification of a novel transcriptional repressor and functional CD28 response element. J Biol
Chem 2003; 278(38):35950-35958.

Akiba H, Oshima H, Takeda K et al. CD28-independent costimulation of T-cells by OX40 ligand and
CD70 on activated B-cells. ] Immunol 1999; 162(12):7058-7066.

Toennies HM, Green JM, Arch RH. Expression of CD30 and Ox40 on T lymphocyte subsets is con-
trolled by distinct regulatory mechanisms. J Leukoc Biol 2004; 75(2):350-357.

Horai R, Nakajima A, Habiro K et al. TNF-alpha is crucial for the development of autoimmune arthritis
in IL-1 receptor antagonist-deficient mice. J Clin Invest 2004; 114(11):1603-1611.

Calderhead DM, Buhlmann JE, van den Eertwegh AJ et al. Cloning of mouse Ox:40 a T-cell activation
marker that may mediate T-B-cell interactions. ] Immunol 1993; 151(10):5261-5271.

Stuber E, Strober W. The T-cell-B-cell interaction via OX40-OX40L is necessary for the T-cell-dependent
humoral immune response. ] Exp Med 1996; 183(3):979-989.

. Satake Y, Akiba H, Takeda K et al. Characterization of rat OX40 ligand by monoclonal antibody.

Biochem Biophys Res Commun 2000; 270(3):1041-1048.

Kashii Y, Giorda R, Herberman RB et al. Constitutive expression and role of the TNF family ligands
in apoptotic killing of tumor cells by human NK cells. ] Immunol 1999; 163(10):5358-5366.

Zingoni A, Sornasse T, Cocks BG et al. Cross-talk between activated human NXK cells and CD4+ T-cells
via OX40-OX40 ligand interactions. ] Immunol 2004; 173(6):3716-3724.

Imura A, Hori T, Imada K et al. The human OX40/gp34 system directly mediates adhesion of activated
T-cells to vascular endothelial cells. ] Exp Med 1996; 183(5):2185-2195.

Matsumura Y, Imura A, Hori T et al. Localization of OX40/gp34 in inflammatory skin diseases: a clue
to elucidate the interaction between activated T-cells and endothelial cells in infiltration. Arch Dermatol
Res 1997; 289(11):653-656.

Weinberg AD, Wegmann KW, Funatake C et al. Blocking OX-40/0OX-40 ligand interaction in vitro and
in vivo leads to decreased T-cell function and amelioration of experimental allergic encephalomyelitis.
J Immunol 1999; 162(3):1818-1826.

Nohara C, Akiba H, Nakajima A et al. Amelioration of experimental autoimmune encephalomyelitis
with anti-OX40 ligand monoclonal antibody: a critical role for OX40 ligand in migration, but not
development, of pathogenic T-cells. ] Immunol 2001; 166(3):2108-2115.

Matzinger P. Tolerance, danger and the extended family. Ann Rev Immunol 1994; 12:991-1045.



104

Therapeutic Targers of the TNF Superfamily

26

27.
28.
29.

30.

31.
32.
33.
34.

35.

36.

37.

38.
39.
40.
41.
42.
43.
44.
45.
46.

47.

48.
49.
50.
SIL.
52.

53.

. Armitage RJ. Tumor necrosis factor receptor superfamily members and their ligands. Curr Opin
Immunol 1994; 6(3):407-413.

Zhang G. Tumor necrosis factor family ligand-receptor binding. Curr Opin Struct Biol 2004;
14(2):154-160.

Bodmer JL, Schneider P, Tschopp J. The molecular architecture of the TNF superfamily. Trends Biochem
Sci 2002; 27(1):19-26.

Compaan DM, Hymowitz SG. The crystal structure of the costimulatory OX40-OX40L complex.
Structure 2006; 14(8):1321-1330.

Al-Shamkhani A, Mallett S, Brown MH et al. Affinity and kinetics of the interaction between soluble
trimeric OX40 ligand, a member of the tumor necrosis factor superfamily and its receptor OX40 on
activated T-cells. ] Biol Chem 1997; 272(8):5275-5282.

Whajant H, Henkler F, Scheurich P. The TNF-receptor-associated factor family: scaffold molecules for
cytokine. Cell Signal 2001; 13(6):389-400.

Chung JY, Park YC, Ye H et al. All TRAFs are not created equal: common and distinct molecular
mechanisms of TRAF-mediated signal transduction. J Cell Sci 2002; 115(Pt 4):679-688.

Prell RA, Evans DE, Thalhofer C et al. OX40-mediated memory T-cell generation is TNF receptor-
associated factor 2 dependent. ] Immunol 2003; 171(11):5997-6005.

So T, Salek-Ardakani S, Nakano H et al. TNF receptor-associated factor 5 limits the induction of Th2
immune responses. ] Immunol 2004; 172(7):4292-4297.

Hauer J, Puschner S, Ramakrishnan P et al. TNF receptor (TNFR)-associated factor (TRAF) 3 serves as
an inhibitor of TRAF2/5-mediated activation of the noncanonical NF-kappaB pathway by TRAF-binding
TNFRs. Proc Natl Acad Sci USA 2005; 102(8):2874-2879.

Kawamata S, Hori T, Imura A et al. Activation of OX40 signal transduction pathways leads to tumor
necrosis factor receptor-associated factor (TRAF) 2- and TRAFS-mediated NF-kappaB activation.
J Biol Chem 1998; 273(10):5808-5814.

Arch RH, Thompson CB. 4-1BB and Ox40 are members of a tumor necrosis factor (TNF)-nerve growth
factor receptor subfamily that bind TNF receptor-associated factors and activate nuclear factor kappaB.
Mol Cell Biol 1998; 18(1):558-565.

Rogers PR, Croft M. CD28, Ox-40, LFA-1 and CD4 modulation of Th1/Th2 differentiation is directly
dependent on the dose of antigen. ] Immunol 2000; 164(6):2955-2963.

Park YC, Burkitt V, Villa AR et al. Structural basis for sclf-association and receptor recognition of
human TRAF2. Nature 1999; 398(6727):533-538.

McWhirter SM, Pullen SS, Holton JM et al. Crystallographic analysis of CD40 recognition and signal-
ing by human TRAF2. Proc Natl Acad Sci USA 1999; 96(15):8408-8413.

Mestas J, Crampton SP, Hori T et al. Endothelial cell costimulation through OX40 augments and prolongs
T-cell cytokine synthesis by stabilization of cytokine mRNA. Int Immunol 2005; 17(6):737-747.
Song J, Salek-Ardakani S, Rogers PR et al. The costimulation-regulated duration of PKB activation
controls T-cell longevity. Nat Immunol 2004; 5(2):150-158.

Jones RG, Parsons M, Bonnard M et al. Protein kinase B regulates T lymphocyte survival, nuclear factor
kappaB activation and Bcl-X(L) levels in vivo. ] Exp Med 2000; 191(10):1721-1734.

Rogers PR, Song J, Gramaglia I et al. OX40 promotes Bcl-xL and Bcl-2 expression and is essential for
long-term survival of CD4 T-cells. Immunity 2001; 15(3):445-455.

Song A, Tang X, Harms KM, Croft M. OX40 and Bcl-xL Promote the Persistence of CD8 T-cells to
Recall Tumor-Associated Antigen. ] Immunol 2005; 175(6):3534-3541.

Huddleston CA, Weinberg AD, Parker DC. OX40 (CD134) engagement drives differentiation of CD4+
T-cells to effector cells. Eur ] Immunol 2006; 36(5):1093-1103.

Hurlin PJ, Queva C, Koskinen PJ et al. Mad3 and Mad:4 novel Max-interacting transcriptional repres-
sors that suppress c-myc dependent transformation and are expressed during neural and epidermal
differentiation. EMBO J 1996; 15(8):2030.

Maxwell JR, Weinberg A, Prell RA et al. Danger and OX40 receptor signaling synergize to enhance
memory T-cell survival by inhibiting peripheral deletion. ] Immunol 2000; 164(1):107-112.
Gramaglia I, Jember A, Pippig SD et al. The OX40 costimulatory receptor determines the development
of CD4 memory by regulating primary clonal expansion. ] Immunol 2000; 165(6):3043-3050.
Weatherill AR, Maxwell JR, Takahashi C et al. OX40 ligation enhances cell cycle turnover of Ag-activated
CD4 T-cells in vivo. Cell Immunol 2001; 209(1):63-75.

Ruby CE, Redmond WL, Haley D et al. Anti-OX40 stimulation in vivo enhances CD8(+) memory
T-cell survival and significantly increases recall responses. Eur ] Immunol 2007; 37(1):157-166.

Lee SW, Park Y, Song A ct al. Functional dichotomy between OX40 and 4-1BB in modulating effector
CD8 T-cell responses. J Immunol 2006; 177(7):4464-4472.

Fujita T, Ukyo N, Hori T et al. Functional characterization of OX40 expressed on human CD8+ T-cells.
Immunol Lett 2006; 106(1):27-33.



0X40 (CD134) and OX40L 105

54.

55.

56.
57.

58.

59.

60.

61.
62.
63.
64.
65.
66.
67.

68.

69.

70.

71.

72.

73.
74.
75.
76.
77.
78.

79.

Serghides L, Bukczynski J, Wen T et al. Evaluation of OX40 ligand as a costimulator of human
antiviral memory CD8 T-cell responses: comparison with B7.1 and 4-1BBL. J Immunol 2005;
175(10):6368-6377.

Hendriks J, Xiao Y, Rossen JW et al. During viral infection of the respiratory tract, CD27, 4-1BB and
0OX40 collectively determine formation of CD8+ memory T-cells and their capacity for secondary
expansion. ] Immunol 2005; 175(3):1665-1676.

Chen AL, McAdam AJ, Buhlmann JE et al. Ox40-ligand has a critical costimulatory role in dendritic
cell: T-cell interactions. Immunity 1999; 11(6):689-698.

Akiba H, Miyahira Y, Atsuta M et al. Critical contribution of OX40 ligand to T-helper cell type 2
differentiation in experimental leishmaniasis. ] Exp Med 2000; 191(2):375-380.

Flynn S, Toellner KM, Raykundalia C et al. CD4 T-cell cytokine differentiation: the B-cell activation
molecule, OX40 ligand, instructs CD4 T-cells to express interleukin 4 and upregulates expression of
the chemokine receptor, Blr-1. ] Exp Med 1998; 188(2):297-304.

Ohshima Y, Yang LP, Uchiyama T et al. OX40 costimulation enhances interleukin-4 (IL-4) expression
at priming and promotes the differentiation of naive human CD4(+) T-cells into high IL-4-producing
effectors. Blood 1998; 92(9):3338-3345.

Linton PJ, Bautista B, Biederman E et al. Costimulation via OX40L expressed by B-cells is sufficient
to determine the extent of primary CD4 cell expansion and Th2 cytokine secretion in vivo. ] Exp Med
2003; 197(7):875-883.

Murata K, Ishii N, Takano H et al. Impairment of antigen-presenting cell function in mice lacking
expression of OX40 ligand. J Exp Med. 2000; 191(2):365-374.

Gramaglia [, Jember A, Pippig SD et al. The OX40 costimulatory receptor determines the development
of CD4 memory by regulating primary clonal expansion. ] Immunol 2000; 165(6):3043-3050.

Kopf M, Ruedl C, Schmitz N et al. OX40-deficient mice are defective in Th cell proliferation but are com-
petent in generating B-cell and CTL Responses after virus infection. Immunity 1999; 11(6):699-708.

Croft M, Duncan DD, Swain SL. Response of naive antigen-specific CD4+ T-cells in vitro: characteristics
and antigen-presenting cell requirements. ] Exp Med 1992; 176(5):1431-1437.

Ohshima Y, Tanaka Y, Tozawa H et al. Expression and function of OX40 ligand on human dendritic
cells. J Immunol 1997; 159(8):3838-3848.

Pippig SD, Pena-Rossi C, Long J et al. Robust B-cell immunity but impaired T-cell proliferation in the
absence of CD134 (0X40). ] Immunol 1999; 163(12):6520-6529.

Dawicki W, Bertram EM, Sharpe AH, Watts TH. 4-1BB and OX40 act independently to facilitate
robust CD8 and CD#4 recall responses. ] Immunol 2004; 173(10):5944-5951.

Stuber E, Neurath M, Calderhead D et al. Cross-linking of OX40 ligand, a member of the TNF/NGF
cytokine family, induces proliferation and differentiation in murine splenic B-cells. Immunity 1995;
2(5):507-521.

Morimoto S, Kanno Y, Tanaka Y et al. CD134L engagement enhances human B cell Ig production:
CD154/CD40, CD70/CD27 and CD134/CD134L interactions coordinately regulate T-cell-dependent
B-cell responses. ] Immunol 2000; 164(8):4097-4104.

Matsumura Y, Hori T, Kawamata S et al. Intracellular signaling of gp,34 the OX40 ligand: induction of
c-jun and c-fos mRNA expression through gp34 upon binding of its receptor, OX40. ] Immunol 1999;
163(6):3007-3011.

Kotani A, Hori T, Matsumura Y et al. Signaling of gp34, (OX40 ligand) induces vascular endothelial
cells to produce a CC chemokine RANTES/CCLS. Immunol Lett 2002; 84(1):1-7.

Eissner G, Kolch W, Scheurich P. Ligands working as receptors: reverse signaling by members of the
TNF superfamily enhance the plasticity of the immune system. Cytokine Growth Factor Rev 2004;
15(5):353-366.

Langstein J, Michel J, Fritsche J et al. CD137 (ILA/4-1BB), a member of the TNF receptor family,
induces monocyte activation via bidirectional signaling. J Immunol 1998; 160(5):2488-2494.

Wiley SR, Goodwin RG, Smith CA. Reverse signaling via CD30 ligand. J Immunol 1996;
157(8):3635-3639.

Suzuki I, Martin S, Boursalian et al. Fas ligand costimulates the in vivo proliferation of CD8+ T-cells.
J Immunol 2000; 165(10):5537-5543.

Sun M, Ames KT, Suzuki I et al. The cytoplasmic domain of Fas ligand costimulates TCR signals.
J Immunol 2006; 177(3):1481-1491.

Grewal IS, Xu J, Flavell RA. Impairment of antigen-specific T-cell priming in mice lacking CD40 ligand.
Nature 1995; 378(6557):617-620.

van Essen D, Kikutani H, Gray D. CD40 ligand-transduced costimulation of T-cells in the development
of helper function. Nature 1995; 378(6557):620-623.

Matsumura Y, Hori T, Nishigori C et al. Expression of CD134 and CD134 ligand in lesional and
nonlesional psoriatic skin. Arch Dermatol Res 2003; 294(12):563-566.



106

Therapeutic Targers of the TNF Superfamily

80

81.

82.
83.
84.
85.

86.

87.

88.

89.
90.

9L

92.

93.

94.

95.

96.

97.

98.

99.
100.
101.

102.

. Weinberg AD, Wallin JJ, Jones RE et al. Target organ-specific up-regulation of the MRC OX-40 marker
and selective production of Thl lymphokine mRNA by encephalitogenic T-helper cells isolated from
the spinal cord of rats with experimental autoimmune enciphalomyelitis. Journal of Immunology 1994;
152:4712-4721.

Souza HS, Elia CC, Spencer J et al. Expression of lymphocyte-endothelial receptor-ligand pairs, alpha-
4beta7/MAdCAM-1 and OX40/0X40 ligand in the colon and jejunum of patients with inflammatory
bowel disease. Gut 1999; 45(6):856-863.

Aten J, Roos A, Claessen N et al. Strong and selective glomerular localization of CD134 ligand and
TNF receptor-1 in proliferative lupus nephritis. ] Am Soc Nephrol 2000; 11(8):1426-1438.

Endres R, Luz A, Schulze H et al. Listeriosis in p47(phox-/-) and TRp55~/~- mice: protection despite
absence of ROI and susceptibility despite presence of RNL Immunity 1997; 7(3):419-432.

Weinberg AD. Antibodies to OX-40 (CD134) can identify and eliminate autoreactive T-cells: implica-
tions for human autoimmune disease. Mol Med Today 1998; 4(2):76-83.

Weinberg AD, Bourdette DN, Sullivan TJ et al. Selective depletion of myelin-reactive T-cells with the
anti-OX-40 antibody ameliorates autoimmune encephalomyelitis. Nat Med 1996; 2(2):183-189.
Weinberg AD, Lemon M, Jones AJ et al. OX-40 antibody enhances for autoantigen specific V beta 8.2+
T-cells within the spinal cord of Lewis rats with autoimmune encephalomyelitis. ] Neurosci Res 1996;
43(1):42-49.

Weinberg AD, Wallin JJ, Jones RE et al. Target organ-specific up-regulation of the MRC OX-40
marker and sclective production of Thl lymphokine mRNA by encephalitogenic T-helper cells iso-
lated from the spinal cord of rats with experimental autoimmune encephalomyelitis. ] Immunol 1994;
152(9):4712-4721.

Vetto JT, Lum S, Morris A et al. Presence of the T-cell activation marker OX-40 on tumor infiltrating
lymphocytes and draining lymph node cells from patients with melanoma and head and neck cancers.
Am J Surg 1997; 174(3):258-265.

Durkop H, Latza U, Himmelreich P et al. Expression of the human OX40 (hOX40) antigen in normal
and neoplastic tissues. Br ] Haematol 1995; 91(4):927-931.

Ladanyi A, Somlai B, Gilde K et al. T-cell activation marker expression on tumor-infiltrating lymphocytes
as prognostic factor in cutaneous malignant melanoma. Clin Cancer Res 2004; 10(2):521-530.
Ramstad T, Lawnicki L, Vetto J et al. Inmunohistochemical analysis of primary breast tumors and
tumor-draining lymph nodes by means of the T-cell costimulatory molecule OX-40. Am J Surg 2000;
179(5):400-406.

Petty JK, He K, Corless CL et al. Survival in human colorectal cancer correlates with expression of the
T-cell costimulatory molecule OX-40 (CD134). Am J Surg 2002; 183(5):512-518.

Mottonen M, Heikkinen J, Mustonen L et al. CD4+ CD25+ T-cells with the phenotypic and func-
tional characteristics of regulatory T-cells are enriched in the synovial fluid of patients with rheumatoid
arthritis. Clin Exp Immunol 2005; 140(2):360-367.

Valzasina B, Guiducci C, Dislich H et al. Triggering of OX40 (CD134) on CD4(+)CD25+ T-cells
blocks their inhibitory activity: a novel regulatory role for OX40 and its comparison with GITR. Blood
2005; 105(7):2845-2851.

Nolte-t Hoen EN, Wagenaar-Hilbers JP, Boot EP et al. Identification of a CD4+CD25+ T-cell subset
committed in vivo to suppress antigen-specific T-cell responses without additional stimulation. Eur J
Immunol 2004; 34(11):3016-3027.

Curiel TJ, Coukos G, Zou L et al. Specific recruitment of regulatory T-cells in ovarian carcinoma fosters
immune privilege and predicts reduced survival. Nat Med 2004; 10(9):942-949.

Sato E, Olson SH, Ahn J et al. Intracpithelial CD8+ tumor-infiltrating lymphocytes and a high
CD8+/regulatory T-cell ratio are associated with favorable prognosis in ovarian cancer. Proc Natl Acad
Sci USA 2005; 102(51):18538-18543.

Wolf D, Wolf AM, Rumpold H et al. The expression of the regulatory T-cell-specific forkhead box
transcription factor FoxP3 is associated with poor prognosis in ovarian cancer. Clin Cancer Res 2005;
11(23):8326-8331.

Badoual C, Hans S, Rodriguez J et al. Prognostic value of tumor-infiltrating CD4+ T-cell subpopula-
tions in head and neck cancers. Clin Cancer Res 2006; 12(2):465-472.

Takeda I, Ine S, Killeen N et al. Distinct roles for the OX40-OX40 ligand interaction in regulatory
and nonregulatory T-cells. ] Immunol 2004; 172(6):3580-3589.

Ito T, Wang YH, Duramad O et al. OX40 ligand shuts down IL-10-producing regulatory T-cells. Proc
Natl Acad Sci USA 2006; 103(35):13138-13143.

Humpbhreys IR, Walzl G, Edwards L et al. A critical role for OX40 in T-cell-mediated immunopathology
during lung viral infection. J Exp Med 2003; 198(8):1237-1242.



0X40 (CD134) and OX40L 107

103.

104.

105.

106.

107.

108.

109.

110.
111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Humphreys IR, Edwards L, Walzl G et al. OX40 ligation on activated T-cells enhances the
control of Cryptococcus neoformans and reduces pulmonary cosinophilia. ] Immunol 2003;
170(12):6125-6132.

Pakala SV, Bansal-Pakala P, Halteman BS ct al. Prevention of diabetes in NOD mice at a late stage by
targeting OX40/0X40 ligand interactions. Eur ] Immunol 2004; 34(11):3039-3046.

Obermeier F, Schwarz H, Dunger N et al. 0X40/OX40L interaction induces the expression of CXCRS
and contributes to chronic colitis induced by dextran sulfate sodium in mice. Eur J Immunol 2003;
33(12):3265-3274.

Malmstrom V, Shipton D, Singh B et al. Cd134l expression on dendritic cells in the mesenteric lymph
nodes drives colitis in T-cell-restored scid mice. ] Immunol 2001; 166(11):6972-6981.

Yoshioka T, Nakajima A, Akiba H et al. Contribution of OX40/0X40 ligand interaction to the patho-
genesis of rheumatoid arthritis. Eur ] Immunol 2000; 30(10):2815-2823.

Kulbe H, Thompson R, Wilson JL et al. The inflammatory cytokine tumor necrosis factor-alpha
generates an autocrine tumor-promoting network in epithelial ovarian cancer cells. Cancer Res 2007;
67(2):585-592.

de Visser KE, Eichten A, Coussens LM. Paradoxical roles of the immune system during cancer develop-
ment. Nat Rev Cancer 2006; 6(1):24-37.

Coussens LM, Werb Z. Inflammation and cancer. Nature 2002; 420(6917):860-867.

Gough M, Crittenden M, Thanarajasingam U et al. Gene therapy to manipulate effector T-cell traffick-
ing to tumors for immunotherapy. ] Immunol 2005; 174(9):5766-5773.

Morris A, Vetto JT, Ramstad T et al. Induction of anti-mammary cancer immunity by engaging the
OX-40 receptor in vivo. Breast Cancer Res Treat 2001; 67(1):71-80.

Kjaergaard J, Peng L, Cohen PA et al. Augmentation versus inhibition: effects of conjunctional OX-40
receptor monoclonal antibody and IL-2 treatment on adoptive immunotherapy of advanced tumor.
J Immunol 2001; 167(11):6669-6677.

Weinberg AD, Rivera MM, Prell R et al. Engagement of the OX-40 receptor in vivo enhances antitumor
immunity. ] Immunol 2000; 164(4):2160-2169.

Andarini S, Kikuchi T, Nukiwa M et al. Adenovirus vector-mediated in vivo gene transfer of OX40
ligand to tumor cells enhances antitumor immunity of tumor-bearing hosts. Cancer Res 2004;
64(9):3281-3287.

Gri G, Gallo E, Di Carlo E ct al. 0X40 ligand-transduced tumor cell vaccine synergizes with GM-CSF
and requires CD40-Apc signaling to boost the host T-cell antitumor response. J Immunol 2003;
170(1):99-106.

Lathrop SK, Huddleston CA, Dullforce PA et al. A signal through OX40 (CD134) allows anergic,
autoreactive T-cells to acquire effector cell functions. J Immunol 2004; 172:6735-6743.

Kuniyasu Y, Takahashi T, Itoh M et al. Naturally anergic and suppressive CD25(+)CD4(+) T-cells as
a functionally and phenotypically distinct immunoregulatory T-cell subpopulation. Int Immunol 2000;
12(8):1145-1155.

Sakaguchi S, Sakaguchi N, Shimizu J et al. Inmunologic tolerance maintained by CD25+ CD4+ regu-
latory T-cells: their common role in controlling autoimmunity, tumor immunity and transplantation
tolerance. Immunol Rev 2001; 182:18-32.

Weinberg AD, Thalhofer C, Morris N et al. Anti-OX40 (CD134) administration to nonhuman primates:
immunostimulatory effects and toxicokinetic study. ] Immunother 2006; 29(6):575-585.



CHAPTER 7

Targeting CD70 for Human
Therapeutic Use

Tamar E. Boursalian, Julie A. McEarchern, Che-Leung Law
and Igbal S. Grewal*

Abstract

xpression of CD70, a member of the tumor necrosis factor superfamily, is restricted to ac-
Etivated T- and B-lymphocytes and mature dendritic cells. Binding of CD70 to its receptor,

CD27, is important in priming, effector functions, differentiation and memory formation
of T-cells as well as plasma and memory B-cell generation. Antibody blockade of CD70-CD27
interaction inhibits the onset of experimental autoimmune encephalomyelits and cardiac allograft
rejection in mice. CD70 has been also detected on hematological tumors and on carcinomas. The
highly restricted expression pattern of CD70 in normal tissues and its widespread expression in
various malignancies as well as its potential role in autoimmune and inflammatory conditions
makes it an attractive target for antibody-based therapeutics. This chapter provides an overview
of the physiological role of CD70-CD27 interactions and discusses various approaches to target
this pathway for therapeutic use in cancers and autoimmunity.

Introduction

Interactions between members of the tumor necrosis factor (TNF) and the tumor necrosis
factor receptor (TNFR) superfamily of ligands/receptors control multiple cellular pathways,
including lymphocyte proliferation, differentiation and cell death."” While these receptors and
ligands are expressed on both normal and malignant cell types, the majority of these molecules
are expressed on cells of hematopoietic origin involved in the immune system.® They are known to
play important roles in multiple cellular processes, from the development of the immune system
to the regulation of both normal and pathogenic immune responses. Their effects are seen in
both innate and adaptive immune responses, including defense against pathogens, inflammatory
responses, autoimmunity and tumorigenesis."* The importance of TNF and TNFR superfamily
members in vivo is evident in the increased risk of malignancies and development of autoimmunity
observed in mice and humans carrying mutations that affect these ligands/receptors.>” Thus, ap-
proaches for targeting many of these receptors are increasingly being investigated and developed
for use in clinical settings.

CD70, also known as CD27L, is a member of the TNF superfamily, a family of molecules
made up of over 20 proteins, some membrane-bound and others secreted.? The primary amino acid
sequence of CD70 predicts that, like other TNF family members, it is a type II transmembrane
glycoprotein.*” It shares sequence homology to other TNF family members in its extracellular
region, suggesting close structural similarity between it and other TNF superfamily members, which
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include TNFa, the lymphotoxins, CD30L, CD40L, FasL, OX40L, 4-1BBL, receptor activator
of NF-kB ligand (RANKL), a proliferation-inducing ligand (APRIL), B lymphocyte stimulator
(BLyS), nerve growth factor (NGF) and TNF-related apoptosis-inducingligand (TRAIL). CD70
is predominantly expressed on activated T- and B-lymphocytes and plays an important role in
lymphocyte effector function. Human CD70 is comprised of 193 amino acids with an apparent
molecular mass of 50 kDa. It is made up of an extracellular binding domain, a transmembrane
segment and two potential N-linked glycosylation sites.*” Because of its structural homology to
TNFa, CD70is predicted to exist as a homotrimer.*!* Only a membrane-bound form of CD70 has
been observed, with no recognizable motifs for cleavage from the cell surface reported to date.

CD70 is known to bind to a unique receptor, CD27. This ligand-receptor pair is cross-reactive
between human and mouse.! CD27 is a member of the TNFR superfamily, whose members are
type I membrane proteins characterized by the presence of a cysteine-rich domain in the extracel-
lular portion of the receptor.’ CD27 is a type I transmembrane glycoprotein of about 55 kDa. It
is expressed as a homodimer on the cell surface with a disulfide bridge that links two monomer
chains.!*** The existence of CD27 as a homodimer suggests that interaction of CD70 with CD27
may involve three CD27 homodimers.'* Unlike CD70, CD27 has been shown to exist in a soluble
form as well (sCD27), being cleaved from the cell surface by proteases. This soluble form of CD27
is detectable in healthy individuals, but is highly upregulated in many disease situations.’* CD27
binds to TNF-receptor associated factor (TRAF-2) and TRAF-5 adaptor proteins through a
conserved motif in its cytoplasmic tail which in turn activates Nuclear factor-kappaB (NF-kB)
and the c-Jun kinase pathways.'* Additional studies show that CD27 can activate both canonical
as well as alternate NF-kB pathways through the NF-kB-inducing kinase (NIK), suggesting a
role for CD27 in cell proliferation, differentiation and survival.'”> While CD27 itself contains no
recognizable death domain motifs in its cytoplasmic region, a limited number of studies suggests
a role for CD27 in apoptosis through the receptor-associated death domain-containing adaptor
protein Siva.'® However, despite CD27 binding to the Siva adaptor molecule, concrete evidence is
lacking to support Siva involvement in CD27 signaling. Thus, as CD27 has been shown convine-
ingly to mediate conventional survival of T-cells, to date it appears that interaction between CD70
and CD27 primarily serves to deliver signals of activation rather than apoptosis (Fig. 1).

Based on its biology, CD70 makes an attractive target for antibody-based immunotherapy for
autoimmune and inflammatory indications. Additionally, with its expression on multiple hema-
tological tumor types and carcinomas, CD70 is also a viable target in oncology.

CD70 Expression and Biology

Early histological studies reported limited expression of CD70 on B- and T-lymphocytes, mainly
observed in germinal center B-cells and rare T-cells in tonsils, skin and the gut.!” Subsequently,
CD70 expression has been shown on recently activated T- and B-cells, with expression waning
following the removal of antigenic stimulus.'®'” In nonlymphoid lineages, CD70 expression is
induced on mature dendritic cells (DCs) through triggering of CD40 or Toll-like receptors®*** and
alow level of CD70 expression has been observed on thymic medullar epithelial cells.'”* Surface
expression of CD70 on activated T- and B-cells is transient, persisting for several days and is mainly
observed in primed effector lymphocytes.'”'” For example, the majority of IFN-y producing T-cells
are CD70+ , as are B-cells producing immunoglobulin in response to T-dependent antigens.?*
This highly restricted and temporally regulated expression pattern for CD70 is carefully mediated
by cellular activation signals, stimulation by antigens, costimulatory signals and cytokines, thus
ensuring only transient opportunity for this ligand to exert its biological functions.'”"?

CD27 is predominantly expressed on mature T-cells, memory B-cells, germinal center B-cells
and natural killer (NK) cells.** CD27 is constitutively expressed on resting T-cells; however,
a marked increase in CD27 expression is observed following T-cell activation, particularly in
CD45RA+ T-cells***° and can result in shedding of sCD27 from the cell surface.”* CD27
expression on effector T-cells is transiently upregulated, subsequently diminishes and is highly
correlated with the effector functions of the T-cells.?! In contrast to T-cells, resting naive B-cells
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Figure 1. Signaling pathways mediated by CD70-CD27 interactions. Binding of CD70 to CD27
recruits the adaptor proteins TRAF2 and TRAF5, which activate kinases and provide a link to
common signaling pathways for canonical and alternate NF-kB and JNK activation. Signals
through the CD27 receptor mediate differentiation, proliferation, survival and cytokine produc-
tion. Although CD27 has been shown to bind Siva and induce apoptosis, conclusive evidence
for this pathway awaits further investigation (indicated by dashed arrow).

do not express CD27; however, CD27 expression can be induced by B-cell receptor triggering
and is maintained over a long period of time.***> Memory B-cells uniformly express CD27.34
Neither CD27 nor CD70 expression is generally observed in nonlymphoid normal, healthy tis-
sues, including the vital organs.

Many studies have established a requirement for CD70-CD27 interactions in efficient coop-
eration between activated lymphocytes during the generation of an immune response. A model
depicting the role of CD70 in various facets of the immune system is illustrated in Figure 2. For
T-cells, one of the key biological roles of these interactions is in the efficient priming of T-cells
and the subsequent promotion of their survival, leading to the formation of effector and memory
T-cells. Triggering of CD27 signals, either through interaction with CD70 or ligation through
agonistic anti-CD27 antibodies, has been reported to induce proliferation and cytokine secretion
by both CD4 and CD8 T-cells.” In addition, these signals promote the development of cytotoxic
T-lymphocyte (CTL) responses by CD8 T-cells,"” increase the survival of CD27-expressing cells*?¢
and induce TNFa production by effector T-cells.”” In B-cells, the interaction of CD70-CD27
is important in B-cell differentiation and in the generation of plasma cells.”>*® Additionally,
CD70-CD27 interactions play several roles in T-dependent antibody production by promoting
B-cell activation, germinal center formation, expansion and differentiation into plasma cells* and
by enhancingimmunoglobulin secretion.?® In NK cells, direct cross-linking of CD27 results in the
enhancement of NK cell cytolytic activity, proliferation and IFNy production.®# CD27 signaling
also promotes NK cell activity in conjunction with interleukin-2 (IL-2) costimulation.”

A role for CD70 in cellular immune responses in vivo has been demonstrated in several stud-
ies. CD70 trangenic mice exhibit an accumulation of T-cells with an effector phenotype® and
display increased CD8 T-cell response to influenza virus as well as enhanced tumor clearance.** In
contrast, mice deficient in CD27 have reduced T-cell numbers in their lungs and spleens following
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Figure 2. A model for CD70 mediated activation of lymphocytes. CD70-CD27 interactions
are known to regulate multiple steps in lymphocyte activation including proliferation and
generation of effector and memory T-cells, activation of NK cells and generation of plasma
cells and immunoglobulin production from B cells. A model of various steps regulated by
CD70-CD27 interactions are shown. DC, dendritic cell; Teff, T effector cell; PB, plasmablast;
PC, plasma cell; Mac, macrophage; Act. B, Activated B cell; Act. T, activated T-cell; Tmem,
T memory cell; NK, natural killer cell.

primary or secondary infection with influenza virus.* In vivo studies using T-cells with receptors
specific for influenza but lacking CD27 expression suggest a role for CD27-CD70 interactions
in the survival of T-cells in secondary and memory T-cell responses.* Additional in vivo studies
using CD70 transfection have shown enhanced NK- as well as T-cell-dependent mechanisms of
tumor clearance.#¢ Studies with antibodies that block the interaction of CD70 and CD27 have
shown efficacy in models of experimental autoimmune encephalitis (EAE)* and cardiac allograft
rejection.”® In the EAE model, CD70 blockade did not affect T-cell priming, immunoglobulin
production or alter the balance of T-helper type 1 (Ty1) and T2 cells. However, it did inhibit
antigen-induced TNFa production, suggesting that CD70-CD27 interaction may play a role in
the enhancement of Ty 1 mediated immune responses. In addition, it has been reported that CD70
expression on T-cells is enhanced by TNFa and IL-12, but is downregulated by IL-4, further
supporting a role for CD70 in Ty1 responses over Ty2 responses.'>*

In a recent study, a novel population of CD70 expressing antigen presenting cells (APCs) was
described, residing exclusively in the gut lamina propria of the mouse.* These cells express CD70
constitutively and are capable of presenting antigens. They were shown to mediate the expansion
and differentiation of antigen-specific T-cells in the gut mucosa via CD70-dependent mechanisms.
These data establish an additional role for CD70 in antigen presentation; however, these specialized
tissue-specific APCs that utilize CD70 have only been observed in the mouse thus far.

In addition to delivering signals through CD27, a limited number of studies have revealed
that CD70 itself possesses signaling properties. These studies report that signals delivered through
CD70 activate the phosphatidylinositol-3 (PI3) kinase and MAP kinase pathways.">*> CD70
signals were shown to regulate cell cycle entry by primary B-cells,’! while triggering cytotoxicity
in NK, T-cell receptor (TCR) y0+ and some TCRof + T-cell clones.” The signaling capabilities
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of CD70 were uncovered in these studies either under conditions where CD27 was not present,
using mice whose lymphocytes constitutively express CD70 while lacking CD27," or by using
cells transfected with CD70.>* As such, it remains to be seen what the biological consequence of
CD70 signaling is under physiological conditions.

CD70 in Autoimmunity

Several lines of evidence implicate a role for CD70 in autoimmunity and conditions of chronic
inflammation. In humans, CD70 expression has been observed on CD4 T-cells isolated from the
synovium of theumatoid arthritis (RA) and psoriatic arthritis patients.*® Further studies also report
an increased prevalence of circulating CD70+ CD4 T-cells in RA patients™ and also in patients
suffering from systemic lupus erythematosis (SLE),>>*® when compared to healthy individuals. In
the case of SLE, this increased frequency of CD70+ CD4 T-cells correlates with disease severity as
measured by the SLE Disease Activity Index (SLEDAI)* score or with disease duration.* T-cells
from SLE patients cocultured with B-cells elicited enhanced Ig secretion by the B-cells in com-
parison with normal individuals. This augmented Ig production was abrogated when the T-cells
were pretreated with a blocking anti-CD70 antibody, further implicating a role for CD70 in the
pathogenesis of this disease.” These authors and others suggest that CD70 overexpression in SLE
patients results from hypomethylation of DNA sequences that flank the CD70 promotor.>>” DNA
demethylation has been implicated in both drug-induced lupus and lupus of unknown origin.®
Similar demethylation patterns have not been observed in RA patients. The overexpression of CD70
in CD4+ CD28- T-cells in these patients is instead attributed to an inability to downregulate
CD70 expression once its expression is induced by activation of the T-cells.”*

The role of CD70 has also been investigated in murine models of autoimmunity and inflam-
mation. Similar to what is observed in the peripheral blood of human SLE patients, an increase in
splenic CD70+ CD4 T-cells has also been observed in the lupus-prone MRL/lpr strain of mice.”
The authors propose that this is a result of defective DNA methylation of the 77sf7 (CD70) gene
caused by a decrease in Dnmt1 (DNA methyltransferase 1) expression, leading to upregulation of
CD70 expression which correlates with age-dependent autoimmunity in these mice. In line with
these observations, CD4 T-cells treated with DNA methylation inhibitors become autoreactive
and will induce a lupus-like disease when adoptively transferred to syngeneic mice.®*¢!

Asmentioned in the previous section, CD70 also appears to play a role in EAE, a Ti;1-mediated
disease, as shown by the reduction of TNF-a production following treatment with anti-CD70
antibody.” However, while treatment with blocking anti-CD70 was able to suppress the onset
of disease, this treatment had little efficacy in established EAE. Anti-CD70 treatment was also
effective at inhibiting inflammatory bowel disease (IBD) using the CD45RBhi transfer model
in mice, another Ty;1-mediated disease.”? Anti-CD70 treatment resulted in either prevention or
reversal of colitis as well as a reduction in key Tyl cytokincs associated with colitis. In contrast,
anti-CD70 was not effective in modulation of disease in experimental Leishmania major infection
in susceptible Balb/c mice which is predominantly a Ty;2-mediated response, again supporting a
role for CD70 in Ty1 over T2 responses.

The Ty;1/ T2 paradigm has recently been reevaluated to include a third population of T-helper
cells, T1;17, named for its production of the cytokine IL-17. This subset of CD4 T-cells plays specific
roles in both host defense against certain pathogens and in organ-specific autoimmunity (reviewed
in ref. 63). A recent study illustrates CD70 involvement in Ty17 biology, showing that TNFa.
priming of monocytes generates CD70+ DCs that elicit both Ty;1 and T}17 responses.* Thus,
this emerging area of investigation may prove to be an additional arena for CD70 targeting.

CD70 represents a promising target for antibody-directed immunotherapy given the overexpres-
sion observed in such diseases as theumatoid and psoriatic arthritis and lupus, as well as its restricted
expression pattern in normal cells. As discussed above, expression of CD70 is mostly restricted to
activated lymphocytes and dendritic cells under physiological conditions and is transient in nature,
waning with the removal of antigenic stimulus. Thus, in contrast to many immunosuppressive
agents currently used to treat autoimmune and inflammatory conditions, targeted therapy against
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CD70, whether by depletion or by blocking of CD70-CD27 interactions, is not likely to cause
generalized immunosuppression, instead targeting only the activated cells of the immune system.
However, a possible shortcomingof this approach presents itself in that CD70-CD27 interactions
represent one of several costimulatory pathways involved in normal immune cell activation and
disease, such as the CD28/CD80/CD86 pathway. Targeting only one costimulatory pathway may
not be sufficient to impact disease progression. This notion is supported by the fact that anti-CD70
antibodies will only partially inhibit T-cell allogeneic responses in vitro® and that anti-CD70
antibody treatment does not impact EAE that is already established.”

CD70 in Oncology

In addition to its expression on normal lymphocytes in an ongoing immune response, CD70
expression has been documented in many different types of lymphomas and carcinomas, including
tumors of neural origin.

In hematological malignancies, CD70 is expressed in tumors of both B- and T-cell origin.
CD70is expressed on malignant Hodgkin and Reed-Sternberg cells of Hodgkin lymphoma (HL).
CD70 is also abundantly expressed in other B-cell derived lymphomas, including non-Hodgkin
lymphomas (NHL) such as diffuse large B-cell lymphoma, follicular lymphoma, B-cell lymphocytic
leukemia, Burkitt’s and mantle cell lymphomas,® as well as multiple myeloma® and Waldenstrom’s
macroglobulinemia.®® The functional role of CD70 expression on these lymphomas and leukemias
is not clear, but given the fact that CD70 expression is known to be induced on activated B-cells,*¢’
it may reflect differentiation arrest and oncogenic transformation of these cells. Alternatively, the
sustained presence of CD70 on their surface may be the result of a sustained state of stimulation in
tumor cells. In support of this notion, follicular NHL cells routinely undergo continuous somatic
hypermutation which is a hallmark of sustained antigenic B-cell stimulation.”®”!

Studies suggest that expression of CD70 in B-cell malignancies may play a role in immune
escape as well as enhancing tumor survival and growth. In NHL, CD70+ B-cells have been re-
ported to induce the expression of forkhead-box protein 3 (Foxp3) in tumor infiltrating CD4+
CD25- T-cells that possess immunosuppressive activity.”> This NHL-mediated upregulation of
Foxp3 can be significantly inhibited by blockade of CD70, implicating CD70 in the induction of
the immune suppression. In Waldenstrom’s macroglobulinemia, studies indicate that the mast cells
in these patients use a CD70-dependant mechanism to upregulate CD40L and APRIL,% both
of which (among other TNF members) have been have been reported to promote the growth of
tumor cells expressing their receptors.®” Thus, constitutive expression of CD70 within the tumor
microenvironment or expression on the tumors themselves has the potential to promote tumor
growth as well as to facilitate immune evasion.

In addition to expression of CD70, many NHLs and leukemias also express its ligand, CD27.
The significance of this co-expression is not clear at this time; however, one could envision that
expression of both ligand and receptor on the same tumor cell could serve to create an autocrine
loop whereby the delivery of proliferative signals delivered through CD27 via its interaction with
CD70 would provide growth potential to the malignant cells.® Indeed in studies of childhood acute
lymphoblastic leukemia (ALL), upregulation of both CD70 and CD27 expression was observed
in CD19+ ALL cells of the bone marrow and was shown to be important for the proliferation of
the leukemic cells. Proliferation of the ALL cells in vitro was greatly reduced when the cells were
treated with an anti-human CD70 antibody that blocked its interaction with CD27.74

With regard to nonlymphoid tumors, early studies reported CD70 expression only on undif-
ferentiated nasopharyngeal carcinoma and embryonic carcinoma.” In the case of nasopharyngeal
carcinoma, CD70 expression was thought to be related to Epstein-Barr virus (EBV) infection. Both
nasopharyngeal carcinoma and HL are usually associated with EBV and both express CD70.7
Transforming viruses like EBV and also the human T leukemia virus-1 (HTLV-1) are known to
induce expression of CD70 on cells of epithelial origin, which do not normally express CD70.”
In more recent studies, CD70 has also been detected on EBV-negative thymic carcinoma,” renal

cell carcinoma (RCC),’¢7® glioblastoma,”® astrocytoma’* and ovarian cancer.”
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The significance of CD70 expression on carcinomas is unclear. However, it may contribute
to immune escape mechanisms by tumor cells. Studies investigating the potential role of CD70
expression in clear cell RCC and glioblastoma suggest that CD70 expressed on tumor cells may
contribute to impaired T-cell function often observed within the tumor microenvironment, thus
facilitating immune evasion by the tumor cells.**** In support of this theory, expression of CD70
on glioma cells can mediate apoptosis of lymphocytes, implicating CD70 in the induction of im-
mune suppression.” Similar mechanisms may come into play in the case of RCC as there are several
indications that RCC is an immunological tumor: the presence of tumor infiltrating lymphocytes
(TIL); response to TIL-directed therapy; response to [FN o and IL-2 therapy; and the incidence of
afew known cases of complete spontaneous remission.* Other mediators of immunosuppression in
lymphocytes are also induced by RCC, such as protaglandin E2 (PGE2).* Suchimmunomodula-
tory mechanisms coupled with constitutive expression of CD70 may provide a distinct advantage
to RCC for immune escape as well as actively inducing immune inhibition.

In contrast to the above-mentioned in vitro studies supporting a role for CD70 in immune
escape mechanisms by tumors, a limited number of in vivo studies indicate a role for CD70 in the
generation of anti-tumor immunity.®> These studies suggest that expression of CD70 on tumor
cells provides an immunostimulatory effect that overrides CD70-mediated immune cell apoptosis,
leading to long-lasting anti-tumor immunity. This is consistent with the fact that CD70-CD27
interactions are known to support the survival of conventional T-cells. Given the contrasting
roles of immune escape versus anti-tumor immunity indicated by the above studies, clearly more
investigation is warranted to determine the significance of CD70 expression on carcinomas.

In considering treatments for hematological malignancies, antibody-based immunotherapies are
emergingas an important class of drugs yielding promising results in the clinic. Many monoclonal
antibodies have been useful in treating B-cell-derived malignancies. Targets for these antibodies
include CD20,% CD22,¥ CD52,% CD40* and B-cell idiotype.”® While these targets are ex-
pressed on the surface of tumor cells, they are also expressed on the majority normal B-cells and/
or B-cell precursors and thus pose the threat that monoclonal antibodies against these molecules
will also target normal B-cells. For example, rituximab, a monoclonal antibody directed against
CD20 that has been successful in treating lymphomas and other indications, has been shown to
deplete memory B-cells. This results in a decrease in antibody production during the course of a
recall response to antigen.”** The long-term consequence of the loss of memory B-cells caused by
rituxan treatment s as yet unknown.

In order to mitigate the generalized immune suppression potentially caused by the targeting
of pan-B-cell markers, an alternative approach is to target molecules that are transiently expressed
on normal B-cells, such as activation markers. With this in mind, CD70 is an attractive target for
antibody-based therapy. As discussed above, the expression pattern of CD70 is highly restricted
under normal physiological conditions. It is induced upon activation of lymphocytes, expression
is transient and is downregulated once antigenic stimulation subsides. While expression on normal
cells is transient, CD70 is abundantly expressed on multiple tumors of hematopoietic origin, which
is strong rationale for targeting this molecule using antibody-directed immunotherapy to deplete
CD70-expressing tumor cells or to inhibit their growth.

In preclinical models, studies using two different mouse anti-human CD70 antibodies, LD6
(IgG2b) and Ki-24 (IgG3), have served to validate CD70 as a potential target for immunotherapy
in EBV+ Burkitt’s lymphoma.”® Both antibodies exhibited efficient complement dependent cyto-
toxicity (CDC) activity in vitro against the EBV+ Burkitt’s lymphoma cell lines, Raji and Jijoye.
Moreover, these antibodies demonstrated in vivo efficacy in xenograft models of Burkitt’s lymphoma
in severe combined immunodeficient (SCID) mice. Additional data indicated a mechanism of ac-
tion independent of inflammatory response or induction of lytic EBV, suggesting that the efficacy
of the anti-CD70 antibody treatment may have stemmed at least partially from the CDC activity
observed for these antibodies in vitro. Rituxan, which is effective in treating NHL, also exhibits
CDC activity in vitro and is known to depend on CDC activity in vivo.”*
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The most clinically useful therapeutic antibodies are those that provide eflicacy through
multiple modes of action exerting cytotoxic effects on tumor cells. An example of an anti-CD70
antibody being developed for clinical use is SGN-70, a humanized anti-CD70 antibody of
IgG1 isotype.”” This antibody blocks binding of CD70 to CD27 and mediates Fc-dependent
antibody effector functions including CDC, antibody dependent cellular cytotoxicity (ADCC)
and antibody-dependent cellular phagocytosis (ADCP) of CD70+ tumor cells by macrophages.
Removal of antibody-coated target cells by the reticuloendothelial system is emerging as an
important component of the therapeutic activity of antibodies targeting CD20,7*%” suggesting a
role for FeyR-mediated phagocytosis in the elimination of target cells. In addition to its in vitro
activities, SGN-70 treatment in vivo results in the regression of tumors and prolonged survival of
mice in disseminated lymphoma and multiple myeloma xenograft models that use CD70+ tumor
lines.”*> Additionally, in the multiple myeloma model, the prevalence of myeloma cells in the bone
marrow and A light chain levels in the sera were significantly reduced with SGN-70 treatment,
both of which are measures of tumor burden.

Antibody therapies are also being considered for targeting proteins expressed on solid tumors.
However, solid tumors may pose a challenge to antibody therapy by virtue of their relative impen-
etrability in comparison to hematoligcal malignancies, where therapeutic benefit can be achieved
at low doses. Thus, alternative strategies are being pursued that build on the utility of monoclonal
antibodies. Examples include radiolabeled antibodies combined with chemotherapy (which are
associated with undesirable side affects) or antibody-drug conjugates (ADCs) where a cytotoxic
drug is linked to the antibody, thus delivering a lethal payload within the tumor cell bearing the
target. CD70 is a good candidate for this approach due to the fact that it is rapidly internalized
following antibody binding,” ensuring the delivery of the druginside the cell. This, combined with
the fact that CD70 is constitutively expressed on multiple carcinoma types while its expression is
restricted on normal tissues, makes CD70 a viable target for this type of antibody-based therapy
against solid tumors. Anti-CD70 ADCs consisting of the tubulin-binding agent monomethyl
auristatin F (MMAF) conjugated through either a peptide or glucuronide linker have recently been
evaluated for their preclinical therapeutic utilities.”*?** These ADCs have demonstrated potent,
antigen-specific cytotoxic activity against CD70 expressing carcinomas in vitro and this activity was
confirmed in vivo in xenograft models established with CD70+ tumor cell lines.”**” Most recently,
another set of anti-CD70-MMAF ADCs that does not contain any enzyme-cleavable linker has
also demonstrated therapeutic efficacy against CD70+ tumors in preclinical experiments.'®

As mentioned above, there may be a relationship between CD70 expressed on inflammatory
cells of the tumor microenvironment and growth and survival advantage for the tumor cells.
Further investigation of this notion may support a rationale for anti-CD70 treatment regardless
of CD70 expression on the tumors themselves. Upstream signals to infiltrating lymphocytes could
be blocked to result in the inhibition of paracrine growth signals to the malignant cells. Thus
in addition to direct targeting of CD70 on malignant cells themselves, blocking CD70-CD27
interaction may also impart therapeutic benefit by restricting growth signals and/or escape from
immune surveillance.

Conclusions and Future Directions

Itis now evident that CD70-CD27 interactions play a role in the activation and differentiation
of different cell types in both the adaptive and innate immune systems. In particular, CD70-CD27
interactions regulate the later phases of the effector immune response. Thus, therapeutic strategies
designed to perturb this interaction may provide a useful means to treat autoimmune diseases and
additionally to prevent graft rejection. These strategies may include the use of anti-CD70 antibod-
ies, development of small molecule antagonists, or recombinant soluble proteins that can block
binding of CD70 to CD27. An alternative approach lies in targeting at the level of intracellular
pathways of CD70-mediated signaling that include inactivation of proteins associated with the
CD27 cytoplasmic tail such as TRAF2 and TRAF6. Although some of these approaches have been
successful in experimental models, potential side effects must be weighed before they are applied
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to humans. CD70 could also be potentially exploited for beneficial roles in cancer therapy. Since it
is broadly expressed on multiple tumor types of both hematological and carcinoma origin and has
relative limited expression on normal tissues, the CD70 antigen offers an excellent opportunity as
a tumor target for antibody-based immunotherapy. Defining the significance of CD70 expression
on tumor cells remains a largely unexplored area of investigation. Although some preliminary
evidence suggests an intriguing role for CD70 in immune escape mechanisms, the exact nature of
CD70 involvement in this phenomenon remains to be elucidated. Further studies investigating
CD70 and its relationship to immune escape may provide insights into the development of new
therapeutic interventions for cancers. Since CD70-CD27 interactions regulate multiple phases
of the immune response and CD70 expression is linked with malignancies, CD70 is likely to re-
main the subject of intense investigation, particularly in the development of beneficial therapeutic
approaches.
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CHAPTER 8§

4-1BB as a Therapeutic Target

for Human Disease
Seung-Woo Lee and Michael Croft*

Abstract
-1BB (CD137) is being thought of as an attractive target for immunotherapy of many
human immune diseases based on encouraging results with 4-1BB agonistic antibody
treatment in mouse models of cancer, autoimmune disease, asthma and additionally as a
means to improve vaccination. In this review, we will summarize the results of basic research on
4-1BB and 4-1BB immunotherapy of disease and provide some potential mechanistic insights into
the many stimulatory and regulatory functions of 4-1BB.

Introduction to Basic Research

4-1BB (CD137, ILA, TNFRSF9), a member of the tumor-necrosis factor receptor (TNFR)
superfamily, was originally identified as an inducible costimulatory molecule on activated T-cells.*
The ligand of 4-1BB (4-1BBL, TNFSF9), a member of the TNF super-family, was later found
expressed on activated antigen-presenting cells (APC) such as B-cells, macrophages and dendritic
cells (DC).>>7 Based on these expression characteristics and early functional data, it was thought
that 4-1BBL expressed on activated APC binds to 4-1BB that is induced on T-cells, generating
positive signals inside T-cells to help them function and to augment various aspects of immunity.
Many in vitro studies have supported this concept showing that ligation of 4-1BB by cither agonistic
antibody, a soluble 4-1BBL molecule, or 4-1BBL-expressed on fibroblast cells can costimulate both
CD4and CD8 T-cells, leading to enhanced proliferation and cytokine secretion.”! In line with this
positive regulation of T-cells, similar to other members of the TNER family, the ligation of 4-1BB
can recruit TNFR-associated factor (TRAF) adaptor molecules,''# and activate pro-inflammatory
signaling pathways involving phosphatidylinositol-3-kinase (PI3K), protein kinase B (PKB, also
known as Akt) and nuclear factor kB (NF-kB) pathways, as well as up-regulate expression of
anti-apoptotic Bcl-2 family molecules that aid in survival.'>'¢

4-1BB”-and 4-1BBL " mice show no obvious defects in the development of lymphocytes and
lymphoid organs.””*® The in vivo role of 4-1BB and 4-1BBL in T-cell immunity has largely been
addressed in 4-1BBL”" mice in various infectious model systems such as monitoring response to
Listeria,”” LCMV,? and influenza virus.*"** Overall, 4-1BBL”" mice were observed to generate
decreased CD8 T-cell responses, although some variations in the deficiency were seen between
models, ranging from moderate to pronounced, with the deficiency tending to manifest late after
infection. On the other hand, 4-1BBL” mice have been observed to generate normal CD4 T-cell
responses to viruses, prompting the suggestion that 4-1BB/4-1BBL preferentially influences CD8
T-cell responses. Arguing against this strict dichotomy are the in vitro results demonstrating
costimulation of CD#4 cells,* and adoptive transfer experiments with CD4 T-cells showing
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normal expansion to protein Agin LPS in 4-1BBL” mice, but defects in the late primary phase
and in secondary responses.”

In contrast to these results, other data suggest the biology of 4-1BB is much more complicated
than positively regulating the interactions between T-cellsand APC. A number of studies that will
be described in more detail below have shown apparent negative effects of agonistic antibodies
to 4-1BB when administered in vivo, particularly in autoimmune situations and other inflamma-
tory responses where these reagents surprisingly suppressed T-cell responsiveness and inflamma-
tion. Furthermore, splenocytes from 4-1BB” mice displayed hyper-, not hypo-, proliferation to
mitogens'” and adoptive transfer experiments with antigen-specific T-cells that could not express
4-1BB clearly showed enhanced rather than suppressed initial CD4 and CD8 T-cell responses
in vivo.*>> These results have promoted the idea that in the physiological setting, 4-1BB can play
both a negative regulatory role in immunity in addition to its apparent positive role. Here, we will
review some of the more recent literature on 4-1BB and discuss the implications of these findings
with regard to potential targeting of 4-1BB and 4-1BBL for therapy of immune disease.

Expression of 4-1BB and 4-1BBL

The duration of 4-1BB expression on activated CD4 and CD8 T-cells is variable depending on
experimental conditions. It can be seen several hours after T-cell activation and peak within 2 days,*
but can be long-lasting in some cases and be expressed for aslongas a7 day period following antigen
challenge.? Exceptions to inducible expression of 4-1BB on T-cell subsets are now recognized, with
CD4+CD25+ regulatory T-cells (Treg)*** and natural killer T-cells (NKT), including invariant
Val4 NKT (Lee, S.-W. and Croft, M. unpublished results), showing constitutive expression of
4-1BB without further stimulation. Some T-lymphoma cell lines express 4-1BBL® but so far there
are no reports of 4-1BBL being expressed on primary T-cells.

Although originally thought to be exclusive to T-cells, recent studies have shown that the
expression of 4-1BB in vivo is very promiscuous. Natural killer (NK) cells express 4-1BB whose
ligation can induce proliferation and secretion of IFN-y.** Some NK-cells express 4-1BB
constitutively and others might up-regulate it after stimulation. It is interesting that some myeloid
lineage cells, such as DC,**3? granulocytes® and mast cells,** also express 4-1BB. DC express
both 4-1BB and 4-1BBL upon activation. So far it has been reported that follicular DC,*' spleen
DC,%*? and GM-CSF-induced bone marrow (BM) DC?? express 4-1BB and 4-1BBL. It is not
clear why DC express both molecules, possibly at the same time, but the cross-linking of 4-1BB or
4-1BBL on these cells can induce cytokines such as IL-12 and IL-6.4%"%> 4-1BB and 4-1BBL can
also be expressed on BM-derived mast cells after stimulation through the high-affinity receptor
for IgE (FceRI).> Both 4-1BB~ and 4-1BBL”" mast cells have defects in cellular function such as
degranulation and cytokine production upon FeeRI stimulation, suggesting that 4-1BB/4-1BBL
interactions can costimulate mast cells perhaps analogous to the action on T-cells. Collectively, the
expression profiles of 4-1BB and 4-1BBL on various subsets of immune cells raise the interesting
notion that both molecules might control innate and adaptive immunity by bridging multiple
cell-to-cell interactions.

Therapeutic Effects of Targeting 4-1BB or 4-1BBL

Cancer Immunology

Following the initial observation that the ligation of 4-1BB with agonistic antibody augmented
the activity of T-cells, 4-1BB has been thought of as an attractive target for many diseases in
which augmentation of the numbers and reactivity of antigen-specific T-cells might be desirable.
In particular, the efficacy of targeting 4-1BB has been investigated in many murine tumor models
(Table 1). Ligation of 4-1BB by cither agonistic antibody treatment in vivo, or by transfecting
tumor cells directly with 4-1BBL, can lead to expansion of tumor-reactive T-cells and suppression
of tumor growth and in some cases regression of established tumors.**** Moreover, anti-4-1BB
has also been found effective for regression of poorly immunogenic tumors, such as C3 and
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Table 1. Immunotherapy of tumors in mice through targeting 4-1BB

Immune Cells

Method Tumor Type Involved Ref.
Agonist 4-1BB-specific antibody Sarcoma, mastocytoma CD8 and CD4 36
Tumor transfected with 4-1BBL Sarcoma, mastocytoma CD8 37
Tumor transfected with 4-1BBL Lymphoma CD8 38
Agonist 4-1BB-specific antibody Fibrosarcoma CD8 62
Agonist 4-1BB-specific antibody Lung carcinoma, CD8 39
Tumor transfection with Fv melanoma

of 4-1BB-specific antibody Melanoma CD4 and NK 41
Agonist 4-1BB-specific antibody

with adenovirus expressing IL-12 Colon carcinoma CD8 and NK 43
Agonist 4-1BB-specific antibody

with dendritic cell vaccine Fibrosarcoma CD8, NK, CD4 42
Adenovirus expressing Ig-4-1BBL Hepatic colon carcinoma ~ CD8 44

melanoma, when given in combination with peptide immunization.”” Similarly, anti-4-1BB was
also shown to be capable of breaking tolerance of CD4 T-cells in more experimental settings and
reversing poor T-cell responsiveness that is characteristic of growing old.** These results suggest
that the strong costimulatory signal imparted by agonistic antibody can transform the immune
status of T-cells from being inert (i.c., where ignorance and tolerance are operative) into being
active. The majority of tumor studies have shown that antigen-specific CD8 cells are crucial for
tumor immunotherapy mediated by anti-4-1BB, with the assumption that the T-cell is the direct
recipient of 4-1BB signals. However, roles for CD4 and NK-cells in these processes have been
highlighted,** implying multiple targets of action. Furthermore, another approach was recently
developed for systemic delivery of 4-1BBL through recombinant adenovirus, which could be easily
translated into immunotherapy of human cancer with human 4-1BBL.#

Viral Immunology

Based partially on results showing that 4-1BBL”" mice generate reduced CD8 T-cell responses
against certain viruses, 4-1BB stimulation has also been exploited for boosting anti-viral immunity.
4-1BB agonistic antibody was shown to enhance the numbers and reactivity of viral antigen-specific
CDB8 cells following intranasal infection with influenza and interestingly, it was shown to result in
strongly enhanced CDS8 cell responses to subdominant peptide epitopes of influenza that might
also be useful for protection. More recently, several groups have additionally used anti-4-1BB
to boost immune responses following vaccination. Codelivery of an agonistic antibody with
DNA* or recombinant adenovirus? vaccination strategies augmented T-cell immunity to human
immunodeficiency virus (HIV) and hepatitis C virus (HCV) proteins, respectively. Another
protocol used a recombinant poxvirus encoding 4-1BBL and viral antigen to enhance anti-viral
immunity.*® Although more studies are needed to evaluate 4-1BB as a realistic target for augment-
ing the efficacy of anti-viral vaccination, these studies do suggest that 4-1BB may be a promising
candidate as an adjuvant for developing vaccines against human viruses.

Autoimmunity

Another avenue of immunotherapy that has recently emerged as a potential application of
targeting 4-1BB is in autoimmune disease. The most logical route to therapy of these diseases,
based on the idea that 4-1BB binding to 4-1BBL augments T-cell and APC activity, would be to
suppress these interactions using blocking reagents to 4-1BBL. This has been examined in some
animal models but with largely unimpressive results. Treatment with anti-4-1BBL blocking
antibody reduced the development of collagen-induced arthritis (CIA) only moderately with no
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evident suppressive action against established CIA.* Furthermore, anti-4-1BBL could not inhibit
the induction of experimental allergic conjunctivitis (EAC).”

In contrast to these results, it was very surprising when the group of Fu and colleagues found
that the same agonistic 4-1BB antibody used to promote anti-tumor immunity also resulted in
ameliorating both the incidence and severity of experimental autoimmune encephalomyelitis
(EAE), a mouse model of multiple sclerosis (MS). Interestingly, anti-4-1BB also inhibited the
relapse that occurs in EAE that is characteristic of the human disease.> Since this result was pub-
lished, many other studies have followed and also injected anti-4-1BB into various autoimmune
discase models with the majority of data demonstrating strong inhibition of the development and
progression of these diseases (Table 2).

Agonistic 4-1BB antibody successfully ameliorated acute and established lupus-like symptoms
in MRL/Ipr** and NZB x NZW F1** mouse strains that develop spontaneous disease resembling
human systemic lupus erythematosus (SLE). In both animal strains, 4-1BB targeting reduced
autoantibody production and renal disease, which suggests that anti-4-1BB ultimately inhibited
pathogenic B-cell responses. In MRL/Ipr mice, anti-4-1BB depleted B-cells in the periphery
through an unclear mechanism involving apoptosis and IFN-y.>* In contrast, B-cell loss was not seen
in the NZB x NZW F1I strain, however, germinal center (GC) formation, which is central to the
development of functional class-switched B-cells, was abolished.> Correlating with these studies,
a recent report also showed that anti-4-1BB inhibited GC formation apparently by diminishing
FDC networks in B-cell follicles.**

Agonistic 4-1BB antibody also inhibited the development of CIA in DBA/1 mice which
is a common animal model reminiscent of human rheumatoid arthritis.*’ Similar to the EAE
study, anti-4-1BB suppressed antigen (collagen)-specific CD4 T-cell responses. In this case,
it was proposed that IFN-y secretion was also involved in the suppressive activity along with
indoleamine-2,3-dioxygenase (IDO), an enzyme that regulates tryptophan metabolism.>> The
source of these molecules was not clear but anti-4-1BB treatment resulted in expansion of a
novel population of cells expressing CD8 and CD11c¢ that were proposed to directly or indirectly
mediate the suppression.”” More recently, anti-4-1BB immunotherapy was also applied to Type-I
diabetes that arises spontaneously in non-obese diabetic (NOD) mice. 4-1BB is a candidate gene
thought to be involved in autoimmune diabetes and was mapped in the Idd (insulin dependent
diabetes) loci known to be associated with susceptibility to this disease.* Similar to the other au-
toimmune studies, anti-4-1BB treatment in NOD mice strongly prevented diabetes.” Although
the mechanism of action was again not clear, of note antibody treatment significantly increased
the numbers of CD4+CD25+FOXP-3+ regulatory T-cells (Treg), which may aid in dampening
the action of pathogenic T-cells.

Inflammation and Transplantation

Anti-4-1BB treatment has also been used in other disease scenarios in mice, such as in models
of allergic asthma®*® and chronic graft-versus-host disease (¢<GVHD).”” Quite remarkably, this
antibody was again shown to prevent the development of the symptoms associated with these
immune reactions and also reversed established disease. Anti-4-1BB in these cases was described
to down-regulate the activity of CD4 T-cells, although suggested mechanisms of action varied
between the reports. In the asthma model, CD4 T-cells from 4-1BB antibody-treated mice did
not proliferate when restimulated with antigen in vitro, but did proliferate to IL-2, leading to
the suggestion that targeting 4-1BB induced an anergic state in CD4 T-cells.”” In contrast, in
the cGVHD model, it was suggested that the antibody accelerated activation-induced cell death
(AICD) of donor CD4 T-cells, whose expansion and survival was critical for inducing disease.”
Furthermore, the therapeutic effect of anti-4-1BB in the asthma model was partly dependent on
CD8 T-cells and IFN-y but in the cGVHD model CDS8 cells and IFN-y had no apparent roles.

Thus, although a common theme has been that anti-4-1BB suppresses immune disease, the
mechanism by which it has done so has not been clear in many cases and might have involved
both similar and dissimilar processes depending on the target disease.
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Possible Mechanisms of Action of 4-1BB Agonistic Antibodies

A challenging feature of agonistic 4-1BB antibody-mediated therapy, particularly if this type of
reagent is to be considered for the clinic, is how it modulates immune responses in completely con-
trasting disease situations. The same agonistic antibody operates positively to augment immunity
against tumors and infectious pathogens, while it functions negatively to suppress immunity and
reduce pathology in autoimmune diseases and inflammatory situations. One of the reasons might
be the promiscuous expression of 4-1BB on many kinds of immune cells that have specific and
perhaps opposing roles in various patho-physiological circumstances. As discussed earlier 4-1BB
is expressed on T-cells including Treg and NKT, as well as NK-cells, DC, granulocytes and mast
cells, leading to one hypothesis that the cellular target of anti-4-1BB dictates whether its action
becomes stimulatory or suppressive. Whether this is truly a factor is not clear, as the expression
of 4-1BB in most disease situations has not been characterized.

A positive role of anti-4-1BB in vivo is perhaps straightforward in that the antibody most likely
directly stimulates T-cells, NK-cells, or mast cells, leading to augmented activities of these cell types
that could participate in anti-tumor or anti-viral activity (Fig. 1). The majority of in vitro data clearly
support this especially in T-cells, showing biochemical changes in pro-inflammatory intracellular
signaling pathways after 4-1BB stimulation.** On the other hand, a regulatory role, or resultant
suppressive activity, of anti-4-1BB is likely quite complicated. For example, it has been suggested
that the negative effects of administering anti-4-1BB could be due to promoting apoptosis of
CD4 cells” or inducing a state of unresponsiveness or anergy in CD4 cells.”” Alternatively, 4-1BB
antibody treatment has been proposed to directly induce regulatory cells in the CD8 lineage. In
one study, such regulatory CD8 cells were suggested to suppress other T-cells through TGF-f in
an IFN-y dependent manner. Whereas in another study, a population of CDS8 cells expressing
CD11c were found to expand after targeting 4-1BB. Through secretion of IFN-y these CD8
cells directly or indirectly were reported to regulate IDO production, a powerful suppressor of
T-cell proliferation, from macrophages and/or DC.* Interestingly in these settings, it can still be
argued that the action of anti-4-1BB was again positive and stimulatory, even though the ultimate
outcome was negative and suppressive for the immune response. In terms of augmenting CD8
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Figure 1. Possible mechanisms underlying the dual function of anti-41BB in augmenting or
suppressing immunity.
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activity associated with anti-tumor immunity or anti-viral responses, as opposed to augmenting
CDB8 regulatory activity, the issue then becomes whether the CD8 cells in each individual situation
were really different. The CD8 populations that were characterized to be regulatory appeared to
represent alternate subsets of cells, since one population expressed CD11c and did not produce
TGEF-B, whereas the other did not express CD11c but did produce TGF-p. Despite these apparent
differences, both populations exerted suppressive activity that was dependent on IFN-y, a feature
that was shared with CD8 cells elicited by anti-4-1BB that protected against tumor growth and
viral replication. Further studies will be required to understand whether 4-1BB signaling can
differentially induce alternate subsets of T-cells and if so what will dictate whether they become
regulatory or nonregulatory.

Possibly related to the latter point, but relevant to potential effects on CD4 cells as opposed
to CD8 cells, is the finding that 4-1BB is also constitutively expressed on CD4+CD25+Treg
cells. In one report, agonistic 4-1BB antibody had no effect on expansion of these Treg cells but
it did neutralize their suppressive function.?” In contrast, 4-1BB ligation by 4-1BBL was shown
to expand Treg cell numbers in vitro and in vivo without a loss in their suppressive activity.®
Furthermore, anti-4-1BB enhanced the number of CD4+CD25+ Treg in NOD mice® and in
mice undergoing colitis,*" situations in which the antibody suppressed these diseases. These data
then also raise the possibility that 4-1BB stimulation may preferentially modulate the number
and/or function of several types of Treg and the nature of these regulatory populations could vary
in specific disease situations.

Another possible target of anti-4-1BB was highlighted in the lupus studies with NZB x
NZW F1 mice. Here, anti-4-1BB mediated suppression of discase was abolished after adoptive
transfer of autoantigen-primed CD4 T-cells or bone marrow derived DC.>® This suggested that
the regulatory function of the agonistic antibody might have been transmitted in this case through
DC. It is certainly plausible that 4-1BB antibodies target DC directly as many activated DC can
express 4-1BB and DC are known to be capable of both stimulatory or suppressive activity, e.g.,
through production of pro-inflammatory cytokines such as IL-6 and IL-12, or secreting inhibitory
cytokines such as IL-10 and TGE-f. As before, more studies are needed to test the hypothesis that
signals to DC from 4-1BB can impact immune disease and explain some of the dramatic effects
of anti-4-1BB therapy.

Concluding Remarks

Based on very promising results from many different disease models, 4-1BB agonistic antibody
immunotherapy is indeed a candidate for clinical modulation of human diseases. One important
issue will be potential side effects. For example, anti-4-1BB treatment dramatically reduces
pathogenic T- and B-cell responses in many autoimmune disease situations (Table 2), however, it
seems to globally influence nonpathogenic immune responses. The repeated injection of anti-4-1BB
in naive mice leads to development of severe immunological anomalies, including splenomegaly,
lymphadenopathy, hepatomegaly, multi-focal hepatitis and anemia.® These adverse effects are
again apparently dependent on activation of CD8 T-cells and involve production of several
cytokines such as IFN-y, TNF and Type I IFN. More studies will then be needed to determine
any unwanted immunopathological consequences of administering anti-4-1BB in disease models,
as well as to understand any dosage effects of the antibody in terms of pro- or anti-inflammatory
activities. It does not need to be stressed that testing in preclinical animal models of disease and
in nonhuman primates is essential before contemplating human clinical trials. Recent approaches
with systemic delivery of soluble 4-1BBL by recombinant viruses is an alternative to the use of
anti-4-1BB, although at present there is no information on whether 4-1BBL will replicate the
therapeutic activity of the antibody or lead to similar side effects.
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CHAPTER 9

RANK(L) as a Key Target

for Controlling Bone Loss
Andreas Leibbrandt and Josef M. Penninger*

Abstract

one-related diseases, such as osteoporosis or theumatoid arthritis, affect hundreds of millions
B of people worldwide and pose a tremendous burden to health care. By deepening our under-

standing of the molecular mechanisms of bone metabolism and bone turnover, it became
possible over the past years to devise new and promising strategies for treating such diseases. In
particular, three molecules, the receptor activator of NF-kB (RANK), its ligand RANKL and
the decoy receptor of RANKL, osteoprotegerin (OPG), attracted the attention of scientists and
pharmaceutical companies alike. Genetic experiments evolving around these molecules established
their pivotal role as central regulators of osteoclast function. RANK-RANKL signaling not only
activates a variety of downstream signaling pathways required for osteoclast development, but
crosstalk with other signaling pathways also fine-tunes bone homeostasis both in normal physiology
and disease. Consequently, novel drugs specifically targeting RANK-RANKL and their signaling
pathways in osteoclasts are expected to revolutionize the treatment of various ailments associated
with bone loss, such as arthritis, cancer metastases, or 0steoporosis.

Overview

During life, bone is constantly being remodeled, involving the resorption of bone by osteo-
clasts and the synthesis of bone matrix by osteoblasts. Disturbing this intricate balance between
resorption and synthesis of bone ultimately leads to the development of skeletal abnormalities,
such as osteoporosis and osteopetrosis.!# Osteoporosis is a disease characterized by a decline in
bone mineral density and structural deterioration of bone tissue, leading to bone fragility and an
increased susceptibility to fractures especially of the hip, spine and wrist. In the US, 10 million
peopleare estimated to already have osteoporosis, while 34 million are predicted to be osteopenic,
increasing their risk for osteoporosis. Osteoporosis becomes manifest predominantly in older
people aged 50 and over, in particular women (80% of those affected by osteoporosis) and accounts
for more than 1.5 million fractures annually. By contrast, osteopetrosis is a heterogeneous group
of rare heritable conditions, primarily based on a defect in bone resorption by osteoclasts and is
associated with an increased skeletal mass due to abnormally dense bones.

The landmark discoveries of three essential factors for the control of osteoclast function and
hence osteoporosis and other bone diseases, respectively, has moved bone research into a new era.
These factors are the receptor activator of NF-kB (RANK),’ its ligand RANKL,*’ and the decoy
receptor for RANKL, osteoprotegerin (OPG).!*!? Importantly, although various calciotropic
hormones and cytokines, such as PTHrP, Vitamin D3, IL-1f, or TNF-a, have all been shown
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to affect osteoclastogenesis at distinct stages of development,* only RANK(L) has proven to be
absolutely required for osteoclast development in vivo as evidenced by the complete absence of
osteoclasts in RANKL and RANK knockout mice, respectively.'>*>

While binding of RANKL to its receptor RANK is crucial for osteoclast development from
haematopoietic progenitor cells and activation of mature osteoclasts, binding of OPG to RANKL
prevents binding to RANK and signaling and therefore inhibits bone turnover by osteoclasts.
Since patients with discases such as osteoporosis, metastases, or rheumatoid arthritis all show an
increased activity of osteoclasts, it seems as if the RANKL-RANK-OPG axis is the most relevant
therapeutic target for osteoclast-regulated bone discases. Here we discuss the importance of the
RANKL-RANK-OPG axis in bone metabolism and how this knowledge is translated into novel
therapeutic approaches to treat diseases of the bone, such as arthritis, osteoporosis and bone
metastases.

Basic Characteristics of the RANKL-RANK-OPG Axis

RANKL

RANKL (also known as osteoprotegerin ligand OPGL, osteoclast differentiation factor ODF,
TNEFSF11, TRANCE, CD254) was independently cloned by four groups.®® Human RANKL is
a member of the tumor necrosis factor (ligand) superfamily (for an overview of the TNF super-
family, see http://www.gene.ucl.ac.uk/nomenclature/genefamily/tnfsf.php) and encodes a type I
transmembrane glycoprotein of 317 amino acids. RANKL exists in two biologically active forms, a
cellular, membrane-bound form (40-45 kDa) and a soluble form (31 kDa) derived from alternative
splicing or proteolytical cleavage either by ADAM metallopeptidase domain family members or
matrix metalloproteases (MMPs).!*? In its active form, RANKL assembles into homotrimers as
evidenced by the crystal structure of the extracellular domain of murine RANKL.?"? RANKL
is most highly expressed in skeletal and lymphoid tissues that are active in mediating the immune
response, but RANKL expression can also be detected in heart, skeletal muscle, lung, stomach,
placenta, thyroid gland and brain.>#*

RANK

The receptor for RANKL is RANK (receptor activator of NF-kB, also known as TNFRSF11A,
OFE, ODFR, TRANCE-R, ODAR, CD265), a member of the TNF receptor superfamily (see
heep://www.gene.uclac.uk/nomenclature/genefamily/enfrsf.php). Human RANK cDNA encodes
atype I transmembrane glycoprotein of 616 amino acids with a 29 amino acid signal peptide, an
extracellular domain of 183 amino acids, a transmembrane domain of 21 amino acids and a large
cytoplasmic domain of 383 amino acids. In the style of TNF receptors Fas, TNFR1, or TNFR2,
itis believed that RANK preassembles into trimeric complexes on the cell surface prior to ligand
binding, a prerequisite for RANKL binding and signal transmission.***” RANK is ubiquitously
expressed, with highest levels in skeletal muscle, thymus, liver, colon, small intestine and adrenal

gland.*¢

orPG

OPG (also called TNFRSF11B, osteoprotegerin, OCIF, TR1, or FDRC1) is a member of
the TNFR superfamily and binds to RANKL. Human OPG is synthesized as a 401 amino acid
precursor protein, of which a 21 amino acid signal peptide is cleaved off to give rise to the mature
peptide. Unlike other TNFR family members, OPG lacks a hydrophobic transmembrane-spanning
domain and is thus secreted as a soluble protein. OPG is synthesized as a monomer (55-62 kDa)
and is finally secreted as a homodimeric glycoprotein of ~110 kDa. OPG is expressed at highest
levels in the lung, heart, kidney and placenta.!*'2282

Bone Remodeling and the RANKL-RANK-OPG Axis
The first molecule identified in the RANK-RANKL-OPG axis was OPG, which was initially
cloned as a potential inhibitor of osteoclastogenesis.'*** In line with this, transgenic mice bearing
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high levels of OPG in their circulation or mice treated with recombinant OPG both exhibited a
marked increase in bone density and osteopetrosis, respectively.” Conversely, ablation of OPG in
mice by targeted deletion resulted in early-onset osteoporosis.***! Taken together, these landmark
studies demonstrated for the first time a critical requirement for endogenous OPG in the nor-
mal development of skeletal architecture and maintenance of postnatal bone mass, respectively.
Moreover, those studies implied that OPG might neutralize a TNF-related factor that would
stimulate osteoclast development, thus inhibiting osteoclast maturation.

That factor was soon to be found in RANKL by expression cloning and met the expectations:
RANKTL specifically bound to OPG, enhanced differentiation of bone marrow cells into osteo-
clasts in an in vitro osteoclast coculture system which could be blocked by OPG and could activate
mature osteoclasts to resorb bone both in vitro and in vivo.®? Thus, RANKL plays a pivotal role
in regulating osteoclast function and, indirectly, bone mass. The definite proof of the essential
function of RANKL in osteoclastogenesis was delivered shortly thereafter by the generation of
Rankl-deficient mice. In a breakthrough study, it was shown that mice with a targeted deletion of
RANKL show severe osteopetrosis and defective tooth eruption resulting from a complete lack
of osteoclasts.' These findings were complemented by showing that the receptor for RANKL,
RANK, which was known from previous studies albeit in a cellular context initially not related to
osteoclastogenesis (see below),%” is essential for osteoclast differentiation and activation induced
by RANKL.*** Most importantly, Rank knockout mice are exact phenocopies of Rank/’ mice,
i.e., they are osteopetrotic, have a defect in tooth eruption and lack osteoclasts.'*> Taken together,
these findings unambiguously established the pivotal role of RANKL-RANK interactions in
positively regulating osteoclastogenesis, counteracted and balanced by OPG which functions as
a decoy receptor for RANKL (Fig. 1).

Intriguingly, essentially all factors that inhibit or enhance bone resorption by osteoclasts also
positively or negatively influence RANKL and OPG mRNA/protein levels (summarized in Table
1). Since genetic ablation experiments of those factors have shown that these factors are not essential
for osteoclast development in vivo,” the surprising conclusion has to be drawn that the complex
process of osteoclast-mediated bone remodeling converges at the RANKL-RANK-OPG axis.

Mutations in RANK and OPG have also been found in patients with bone disorders. Familial
expansile osteolysis (FEO, OMIM #174810) and Paget disease of the bone (PDB, OMIM
#602080) are rare autosomal dominant bone dysplasia characterized by focal areas of increased
bone remodeling, but distinguished clinically by the distribution of osteolytic lesions (focal skeletal
lesions mainly affect the appendicular skeleton in FEO and the axial skeleton in PDB, respectively).
In four families with FEO and PDB, two heterozygous insertion mutations—a 18 base pair and
a 27 base pair tandem duplication—in exon 1 of RANK have been identified. Both insertion
mutations affect the signal peptide region of RANK and result in reduced expression levels and
increased RANK-mediated NF-kB signaling in vitro.’* An insertion of 15 base pairs in exon 1 of
RANK—remarkably similar to the FEO mutation—was also identified as the cause of expansile
skeletal hyperphosphatasia (ESH), a familial metabolic bone disease characterized by expanding
hyperostotic long bones, early onset deafness, premature tooth loss and episodic hypercalcemia. >3
In contrast, Juvenile Paget disease (JPD, OMIM #239000) is an autosomal recessive osteopathy
characterized by rapidly remodeling woven bone, osteopenia, fractures and progressive skeletal
deformity which can be ascribed to several mutations in OPG, frequently affecting the ligand
binding domain of OPG.3¢%

Thus, the functions of the RANKL-RANK-OPG axis in bone remodeling, initially unraveled
by different mouse models, have direct relevance to human bone diseases and opened the door for
the development of new drugs targeting those molecules.

RANK(L) Signaling Pathways

Binding of RANKL to RANK results in the activation of signaling cascades that control lineage
commitment and activation of osteoclasts. Here, we only provide an overview of the signaling
cascades downstream of RANKL-RANK, but the reader is referred to recent reviews for further
details and crosstalks with other signaling pathways, respectively.*?
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Figure 1. Regulation of osteoclastogenesis in bone tissues. Calciotropic factors such as vitamin
D3, prostaglandin E2 (PGE2), cytokines, or dexamethasone (Dex) induce RANKL expression
on osteoblasts. RANKL binding to RANK on osteoclastic progenitors results in the activation
of signaling cascades leading to maturation and activation of osteoclasts in the presence of
Csf-1. Csf-1 is a survival factor for osteoclasts, but is not essential for the commitment to
osteoclast lineage, since it can be replaced by Bcl-2 overexpression. RANKL also stimulates
bone resorption in mature osteoclasts via RANK. OPG is secreted from osteoblasts and
acts as a decoy receptor for RANKL and inhibits osteoclastogenesis by binding to RANKL.
TGF-B, which is released from bone during active bone resorption, has been suggested as a
feedback mechanism upregulating OPG in osteoblasts. Importantly, estrogen (17-p-estradiol)
also enhances OPG expression in osteoblasts and thus provides one explanation for the
susceptibility of postmenopausal women to osteoporosis and gender bias in osteoporosis,
respectively. Reduced ovarian function leads to reduced estrogen levels and thus fewer os-
teoblasts are stimulated to produce OPG. Lower OPG levels result in higher levels of active
RANKL thereby shifting the intricate balance of bone synthesis and resorption towards the
latter and osteoporosis, respectively.

In its 383-amino acid cytoplasmic domain, RANK contains binding sites for TNF recep-
tor-associated factors (TRAFs), adaptor proteins that recruit and activate downstream signaling
transducers.”” RANK interacts with TRAFs 1, 2, 3, 5 and 6 in vitro and in cells. TRAF binding
sites were shown to cluster in two distinct domains within the cytoplasmic tail of RANK, a
C-terminal region (amino acids 544-616) affecting multiple TRAF binding (TRAFs 1,2,3,5,6)
and a membrane-proximal (amino acids 340-421), which binds TRAF6 exclusively. These TRAF
binding domains were shown to be functionally important for NF-kB and c-Jun NH2-terminal
kinase (JNK) activities in response to RANK stimulation. When the membrane-proximal TRAF6
interaction domain is deleted, RANK-mediated NF-«B signaling is completely inhibited while
residual JNK activation is still possible, suggesting that interactions with TRAFs are necessary for
NF-«B activation but not essential for JNK pathway activation.*

The importance of TRAF6 downstream of RANK(L) has been substantiated in 774f6 mutant
mice that exhibit bone phenotypes similar to Rankl’”- and Rank”’ mice due to a partial block in
osteoclastogenesis and defective activation of mature osteoclasts.”>* However, T74/6" mice still
have TRAP* osteoclasts,” whereas NF-kB1/NF-kB2 double mutant mice lack TRAP* osteo-
clasts.®*° Thus, TRAF6 is an important transducer of RANKL-RANK signals through NF-xB
for the activation of mature osteoclasts, but other TRAFs (and possibly other molecules) seem to
at least partially compensate for T74f6-deficiency during osteoclast development.
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Table 1. Factors that modulate expression of RANKL and OPG

RANKL OoPG References

Hormones

Vitamin D3 1 1 9,111

PTH 1 I 9

Estradiol 1 112
Cytokines

TNF-o 1 1 11, 113, 114

TNF-B 1 113

I-To 1 115

IL-1B 1 ? 111, 114

IL-6* 1 ? 116

111 1 9

IL-17 1 104

CD40L 1 60
Growth factors

TGF-B | 1 17

BMP-2 1 m

LIF 1 1 116

IGF-1 1 | 118
Glucocorticoids

Dexamethasone 1 ! 9, 119, 120

Hydrocortisone | 119
Immunosuppressants

Rapamycin 1 | 121

Cyclosporine A 1 | 121

FK-506 1 | 121
Others

Prostaglandin E2 i | 9,122,123

Calcium 1 1 124

LPS 1 125

*In different studies, IL-6 did not influence OPG and RANKL levels, respectively."#">

RANKL also activates the anti-apoptotic serine/threonine kinase Akt/PKB through a signal-
ing complex involving c-Src and TRAF6.%! ¢-Src and TRAF6 interact with each other and with
RANK following receptor engagement and a deficiency in ¢c-Stc or addition of Src family kinase
inhibitors blocks RANKL-mediated Akt/PKB activation in osteoclasts. TRAFG, in turn, enhances
the kinase activity of c-Src leading to tyrosine phosphorylation of downstream signaling molecules
such as c-Cbl.>' Moreover, RANK can recruit TRAF6, Cbl family scaffolding proteins and the
phospholipid kinase PI3-K in a ligand- and Src-dependent manner. RANKL mediated Ake/PKB
activation is defective in ¢b/-b”" dendritic cells.’* These findings implicate Cbl family proteins as posi-
tive as well as negative modulators of TNFR superfamily signaling. Moreover, these data provided
the first evidence of a cross-talk between TRAF proteins and Src family kinases. Importantly, the
targeted deletion of c-Src results in an osteopetrotic phenotype in mice confirming its positioning
in the RANK(L) signaling cascade inferred from biochemical studies in vitro.”

Recently, another molecular adapter was found to be important for RANK signaling. Grb2
associated binder 2 (Gab2) associates with RANK and mediates RANK-induced NF-xB, Akt
and JNK activation. Genetic inactivation of Gzb2 in mice results in osteopetrosis and decreased
bone resorption due to defective osteoclast differentiation.>* Importantly, the contribution of
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Gab2 to osteoclastogenesis is relevant not only to mice but also to humans, since siRNA-mediated
inactivation of Gab2 in human peripheral blood derived progenitor cells likewise prohibited
osteoclastogenesis (Fig. 2).*

RANK(L) Signaling in the Immune System

Initially, RANKL was identified as a molecule which became strongly upregulated on activated
T-cells shortly after stimulation,” while the receptor RANK was cloned from a dendritic cell (DC)
cDNA library,® pointing towards a crucial function of RANKL-RANK signaling in T-cell—DC
interactions.

It turned out that RANKL-RANK signaling from stimulated T-cells to DCs can induce
cluster formation, DC survival by upregulating the anti-apoptotic molecule Bel-x;, DC-mediated
T-cell proliferation, cytokine production in DCs and CD40 upregulation.®*>*® Interestingly,
OPG can also be found on the cell surface of DCs and was furthermore shown to bind to the
TNF-family molecule TRAIL, which is produced by activated T-cells to induce apoptosis of
DCs.*% Thus, it seems as if the balance between RANKL and TRAIL—both produced from
activated T-cells—could influence DC survival and OPG might modulate that regulatory loop.
However, since the binding affinity of OPG to TRAIL is rather low (~10000 times less binding
to TRAIL than to RANKL),® it is still unclear whether OPG-TRAIL interactions have any
functional relevance in vivo. Although dispensable for T-cells and DC development in vivo, as
judged by the analysis of knockout mice,'*>¢'¢* the RANK-RANKL signal from the DC to the
T-cell still seems to be critical for the optimum activation of T-cells. Therefore, it is tempting to
speculate that controlling DC fate specifically via the RANKL-RANK-OPG axis might be use-
ful to modulate immune responses in vivo and efficacy of DC-based antitumor vaccinations or of
treating autoimmune discases (Fig. 3).

In fact, it was recently shown that RANKL expression in the skin is also important in regulat-
ing the number of regulatory T-cells (Tregs). Tregs, in particular CD4* CD25" Tregs expressing
the transcription factor Foxp3, are a functionally distinct T-cell subpopulation and function by
suppressing autoaggressive T-cells. Thereby, Tregs maintain immunological self-tolerance and sup-
press excessive immune responses to self-antigens, such as in autoimmune diseases or allergies.®>
Despite the importance of DCs in inducing immunity to infections, it has been shown that DCs
can also induce expansion of CD4* CD25" Tregs and thereby induce T-cell tolerance.** Given
that activation of epidermal Langerhans cells (LCs; dendritic cells of the skin) by CD40L, a TNF
family member closely related to RANKL, can induce severe systemic autoimmunity® and the
aforementioned importance of RANKL signaling in T-cell-DC interactions, it was tempting to
ask if RANK(L) signals might also be important for immune homeostasis in the skin. RANKL
expression is evident in keratinocytes of the skin and strongly upregulated following inflammation,
e.g., by UV irradiation of the skin. However, in contrast to transgenic overexpression of CD40L,
RANKL overexpression in keratinocytes inhibited cutaneous contact hypersensitivity responses
and concomitantly resulted in a marked increase of Tregs.® The RANKL receptor RANK is
expressed in LCs and enhanced signaling between RANKL-overexpressing keratinocytes and
RANK-expressing LCs increased their survival and rendered LCs more effective in enhancing Treg
proliferation.® To this end, RANKL overexpression in keratinocytes could fully rescue the autoim-
munity phenotype caused by CD40L overexpression in K14-RANKL/CD40L double transgenic
mice.* Taken together, these findings provide a rationale for the long known immunosuppressive
effect of ultraviolet exposure: UV irradiation upregulates RANKL in keratinocytes which in turn
activate LCs through RANKL-RANK interactions. RANKL-activated LCs preferentially trigger
expansion of Tregs and thus suppress immune reactions in the skin and other tissues. To geneti-
cally test this hypothesis, mice harboringa conditional allele of Raznk have recently been generated
and will be used to ablate RANK specifically in LCs (A. Leibbrandt, J. Penninger, unpublished).
These findings also have several clinical implications: local induction of RANKL-RANK in the
skin could be used as a new therapeutic approach for allergies as well as for systemic autoimmunity
through increasing Tregs while avoiding systemic side effects.®
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Figure 2. RANKL-RANK signaling pathways. Either membrane-bound RANKL or soluble RANKL
produced by alternative splicing or cleavage by MMPs or ADAMs binds and activates the re-
ceptor RANK. RANK activation leads to the cellular context-dependent association of adaptor
molecules such as TRAFs and Gab2 or Cbl proteins and consequently results in the activation
and/or modulation of the NF-kB, MAPK, PI3 kinase and Calcineurin/NFATc1 pathways. In turn,
activation of these pathways regulates bone resorption, activation, survival and differentiation
of osteoclasts and dendritic cells. The pivotal role of RANKL in inducing osteoclastogenesis
and hence bone resorption puts RANKL into the limelight as a prime drug target for bone
diseases. Interference with RANKL through administration of a specific antiRANKL antibody
is currently being evaluated in clinical trials and seems to be a very promising therapeutic
approach to stall bone loss in osteoporosis, bone metastases, periodontitis, or RA.

Activation

Asmentioned above, bone remodelingand boneloss are controlled by the RANKL-RANK-OPG
axis. Moreover, RANKL is also induced in T-cells following antigen receptor engagement. Piecing
these findings together, it was intriguing to ask if T-cell-derived RANKL could also regulate the
development and activation of osteoclasts, i.c., would activated T-cells modulate bone turnover
via RANKL? In an in vitro cell culture system of haematopoietic bone marrow precursors, acti-
vated CD4* T-cells induced osteoclastogenesis. Conversely, osteoclastogenesis could be blocked
by addition of the physiological decoy receptor of RANKL, OPG, and was not dependent on
T-cell-derived cytokines such as IL-1 or TNF-a, which could also upregulate RANKL expression
in stromal cells (see Table 1). Activated T-cells can also affect bone physiology in vivo, as judged
by the severe osteoporotic phenotype of Ctla4 knockout mice, in which T-cells are spontancously
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Figure 3. RANKL-RANK interactions and osteoimmunology. DCs are professional antigen-
presenting cells required for T-cell-mediated immunity. DCs capture and process antigens
and present them to naive T-cells. T-cells activate DCs through CD40L and in turn receive
activatingand costimulatory signals through TCR:MHC and CD80:CD28 interactions. Activated
T-cells express RANKL which binds to RANK on DCs and enhances activation and survival of
DCs by upregulation of Bcl-xL. However, activated T-cells also express TRAIL, a TNF-family
molecule which induces apoptosis of DCs to avoid excessive immune responses. OPG, which
is produced by DCs and binds to RANKL and TRAIL, might negatively modulate and balance
the T-cell-DC interaction, respectively. Activated T-cells produce inflammatory cytokines (IL-
1, TNF-a, etc.), which together with calciotropic factors (Vitamin D3, PGE2, etc.), stimulate
RANKL expression in osteoblasts (OBs). Activated T-cells and OBs induce OC differentiation
from progenitors via RANKL-RANK signaling, which results in bone resorption by mature
osteoclasts. OC differentiation is balanced by OPG secreted from OBs and also by cytokines
IL-4 and IFN-y produced by activated T-cells.
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activated. Likewise, transferred Crla4’~ T-cells led to a decrease in bone mineral density in
lymphocyte-deficient Ragl” mice and continued OPG administration to C#/a4" mice diminished
their osteoporotic phenotype.*”

These results unequivocally established the pivotal role of systemically activated T-cells in
resorbing bone through upregulation of RANKL, thereby stressing the importance of T-cells as
crucial mediators of bone loss in vivo. The results provided a novel paradigm for immune cells as
regulators of bone physiology and gave birth to the field of ostcoimmunology to account for the
interplay between the adaptive immune system and bone metabolism. It also gave a new perspective
to certain inflammatory or autoimmune diseases, such as rtheumatoid arthritis.

RANKL and Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a common human autoimmune disease with 1% people affected.
RA is characterized by chronic inflammation of synovial joints, progressive destruction of cartilage
and bone, severe joint pain and ultimately life-long crippling.®’ Since osteoclasts are found at areas
of bone erosion in RA patients,” it was tempting to speculate that RANKL might be a key mediator
of bone erosion in RA patients. Moreover, in an adjuvant-induced arthritis model (Ad A), activated
T-cells (which express RANKL, Fig. 3) specific for the eliciting antigen can transfer the disease.”
Consequently, the contribution of RANKL to RA was analyzed in an AdA model in Lewis rats.
The AdA condition in rats mimics many of the clinical and pathological features of human RA,
i.e., severe inflammation in the bone marrow and soft tissues surrounding joints, accompanied
by extensive local bone and cartilage destruction, loss of bone mineral density and crippling,”
and T-cells in the inflamed joints and draining lymph nodes produce many pro-inflammatory
cytokines.”> AdA rats expressed RANKL on the surface of activated T-cells isolated from synovial
joints at the onset of disease.” Although inhibition of RANKL through OPG did not influence
the severity of inflammation, OPG treatment abolished the loss of mineral bone in inflamed joints
of arthritic rats in a dose-dependent manner. Bone destruction in untreated arthritic animals cor-
related with a dramatic increase in osteoclast numbers, which was not observed in OPG-treated
rats.” As a consequence, OPG-treated arthritic rats exhibited minimal loss of cortical and tra-
becular bone, whereas untreated AdA animals developed severe bone lesions characterized by
partial to complete destruction of cortical and trabecular bone and positively affected erosion of
the articular cartilages. These results unequivocally demonstrated the importance of RANKL in
mediating joint destruction and bone loss in AdA arthritis.

An important step in the etiology of arthritis is the alteration of cartilage structures leading to
cartilage collapse in the joints. It is unclear whether cartilage destruction occurs independently of
bone loss, or whether damage to the subchondral bone indirectly causes cartilage deterioration.”
In AdA rats, partial or complete erosion of cartilage in the central and peripheral regions of joint
surfaces is observed, which can be preserved in AdA rats treated with OPG. Neither cartilage ero-
sion nor matrix degeneration in the centers of joint surfaces occurred in OPG-treated animals.®”
OPG could protect the cartilage by maintaining the underlying subchondral bone and insulat-
ing the overlying cartilage from the inflammatory cell infiltrates in the bone marrow. Since both
RANKL and RANK are expressed on chondrocytes,*** and Rankl as well as Rank mutant mice
exhibit significant changes in the columnar alignment of chondrocytes at the growth plate,'*" it
is possible that RANKL/RANK play a direct role in cartilage growth and cartilage homeostasis.
These data provided the first evidence that inhibition of RANKL activity by OPG can also prevent
cartilage destruction, a critical, irreversible step in the pathogenesis of arthritis.

Noteworthy, arthritis can also develop in the absence of activated T-cells, as shown by the
K/BxN serum transfer model of spontaneous autoimmunity.”>”¢ RANKL-deficient mice still
develop inflammation in the K/BxN serum transfer arthritic model, but showed a dramatic
reduction in bone erosion in line with the absolute requirement of RANKL in osteoclast devel-
opment.”” However, cartilage damage was still observed in both arthritic Rankl knockout mice
and arthritic control mice, but a trend toward milder cartilage damage in the Rank/ KO mice was
noted. Thus, it appears that RANKL is not essential for cartilage destruction, but clearly plays an
as yet unidentified modulatory role.”
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In several other rodent arthritis models, such as in TNF-a- or collagen-induced arthritis,”®”

OPG application also prevented bone erosion.***? Thus, RANKL is the trigger of bone loss and
crippling in all animal models of arthritis studied so far, making RANKL a prime drug candidate
for therapeutic intervention in different forms of arthritis.

Importantly, RANKL expression could be detected in inﬂammatory cells isolated from the
synovial fluid of patients with adult or juvenile RA and patients with osteoarthritis, while OPG
was not detectable.”” Thus, the correlation between RANKL expression in inflamed joints and
arthritis appears to be absolute. To distinguish which cells were producing RANKL, inflamma-
tory synovial fluids were separated into T- and nonT-cell populations. Consistent with results
in rats, both synovial T- and nonT-cell populations from RA patients expressed RANKL, but
not OPG. In line with this, the capacity of human T-cells expressing RANKL to directly induce
osteoclastogenesis from human monocytes has been confirmed.® Moreover, RANKL expres-
sion is also upregulated in rheumatoid synovial fibroblasts which in turn can efficiently induce
osteoclastogenesis in vitro.* These data confirm the findings in rodent adjuvant arthritis and
suggest that RANKL signals from T-cells and synoviocytes are the principal mediators of bone
destruction in human arthritis.

RANK(L), T-Cells and More

These findings also provide a molecular explanation for the observed bone loss in many other
humans diseases leading to chronic systemic T-cell activation, such as adult and childhood leu-
kemia,® chronic infections such as hepatitis C or HIV,* autoimmune disorders such as diabetes
mellitus and lupus erythematosus,*”* allergic diseases such as asthma,” and Iytic bone metastases
in multiple cancers such as breast cancer.” These bone disorders can all cause irreversible crippling
and thereby severely affect the quality of life of a high number of patients. For example, many pa-
tients with lupus require hip replacement surgery and essentially all children that survive leukemia
experience severe bone loss and growth retardation. In addition, T-cell-derived RANKL contributes
to alveolar bone resorption and tooth loss in an animal model that mimics human periodontal
disease. Human peripheral blood lymphocytes from periodontitis patients were transplanted into
immune-compromised NOD/SCID mice and challenged with a bacterial strain (Actinobacillus
actinomycetemcomitans) that can cause periodontitis in humans. In response to stimulation by that
microorganism, CD4" T-cells upregulate RANKL and as a consequence induce osteoclastogenesis
and bone destruction, respectively. Most importantly, inhibition of RANKL by the decoy receptor
OPG significantly reduced alveolar bone resorption around the teeth.”” Building on those results,
arecent study suggests that targeting RANKL might also help to prevent periodontitis in diabetic
patients which are at high risk of developing that disease.” Nonobese diabetic (NOD) mice—the
analogof human type 1 diabetes—were orally infected with A. actinomycetemcomitans and it turned
out that diabetic NOD mice manifested significantly higher alveolar bone loss than nondia-
betic control mice. The observed bone loss was correlated with pathogen-specific proliferation
and RANKL expression in local CD4* T-cells and could be reduced to baseline levels by OPG
administration.”” Taken together, these findings suggest that specific interference with RANKL
signaling pathways might be of great therapeutic value for treating inflammatory bone disorders,
such as human periodontitis, or even bone loss in diabetic patients at high risk.

Since disease pathogenesis correlates with the activation of T-cells in many osteopenic dis-
orders, the obvious question arises why the T-cells in our body, of which a certain proportion
is activated at any time since they are constantly engaged in fighting off the universe of foreign
antigens to which we are permanently exposed, do not cause extensive bone loss? Also, in some
chronic T-cell and TNF-o-mediated diseases such as ankylosis spondylitis,” T-cell activation does
not result in bone loss. One mechanism that counteracts RANKL-mediated bone resorption of
activated T-cells seems to be the upregulation of interferon-y (IFN-y) in these cells. IFN-y blocks
RANKL-induced osteoclastogenesis in vitro and mice that lack IFN-y receptor are more prone
to osteoclast formation in a model of endotoxin-induced bone resorption than their wildeype
littermates.” In line with this study, IFN-y receptor knockout mice show also enhanced severity
in the collagen-induced model of T-cell-mediated autoimmune arthritis.”*
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Mechanistically, IFN-y activates the ubiquitin-proteasome pathway in osteoclasts, which results
in TRAF6 degradation and therefore blocks RANK signaling. Thus, it appears that IFN-y can
prevent uncontrolled bone loss during inflammatory T-cell responses. Moreover, T-cell-derived
IL-12 alone and IL-12 in synergy with IL-18 inhibits osteoclast formation in vitro,”” and IL-4
can abrogate osteoclastogenesis through STAT6-dependent inhibition of NF-kB signaling.”®%
Thus, multiple T-cell-derived cytokines might be able to interfere with RANK(L) signaling
and therefore osteoclastogenesis and osteoclast functions. It will be interesting to determine the
precise mechanism that controls the balance between T-cell-mediated bone loss and inhibition
of osteoclastogenesis

A recent report suggests that a certain subset of CD4* T helper cells, namely Th17, function
as osteoclastogenic helper T-cells.!® Th17 cells, which are derived from naive T-cells through a
mechanism distinct from Th1 and Th2 development, ' produce IL-17 and are thus responsible
for a variety of autoimmune inflammatory effects.’® Since IL-17 is also a potent inducer of RANKL
expression and osteoclastogenesis, respectively and found in the synovial fluid from RA patients,'*
Th17 cells seem to be the prime candidate for the osteoclastogenic Th cell subset. Indeed, Th17
cells, but not Th1, Th2, or Treg cells, could stimulate osteoclastogenesis in vitro.'® From this study,
amodel emerges which implies Th17 cells as key mediators of bone destruction in RA patients by
stimulating local inflammation through IL-17, expressing RANKL on themselves and inducing
RANKL on osteoblast or synovial fibroblasts, thereby contributing to accelerated bone erosin.
That positive Th17 effect on osteoclastogenesis is counterbalanced by Th1 and Th2 cells mainly
through their production of the cytokines IFN-y and IL-4, respectively.'® Thus, targeting Th17
might also be a powerful approach to prevent bone destruction associated with T-cell activation in
RA and other inflammatory bone diseases. Further studies will have to clarify the precise relation-
ship and regulatory crosstalk of Th1, Th2 and Th17 subsets, respectively.

RANKL Inhibition—From Bench to Bedside

A fully human monoclonal IgG, antibody to human RANKL, denosumab (AMG 162),
has been developed and is currently in late-stage clinical trials for postmenopausal osteoporosis,
cancer-induced bone diseases and RA. Binding of denosumab to RANKL is selective and does
not cross-react with TNF-a, TNF-B, CD40L, or TRAIL.' In a randomized, placebo-controlled,
dose-ranging phase 2 study of 412 postmenopausal women with low bone mineral density (BMD),
subcutaneous application of denosumab at 3-month or 6-month intervals over a period of 12
months resulted in a sustained decrease in bone turnover and a rapid increase in BMD.!* In a similar
study in patients with breast cancer (n = 29) or multiple myeloma (n = 25) with radiologically
confirmed bone lesions, a single dose of denosumab resulted in the rapid and sustained decrease
through 84 days of markers indicative for bone resorption.'”” Lastly, in an ongoing study with 227
patients with mild or moderately active RA, RANKL inhibition by denosumab also increased
BMD."%¥!1In all cases, denosumab administration was well tolerated and at least as good or su-
perior to current standard medication, but further clinical trials will be required to substantiate
the indicative benefits of RANKL inhibition on suppressing bone destruction.

Conclusions

Identifying RANKL, its receptor RANK and the decoy receptor OPG as the key regulators
for osteoclast development and the activation of mature osteoclasts, respectively, has opened the
doors for the development of highly effective and rational drugs to treat bone loss in millions of
patients. The finding that RANKL is produced by activated T-cells and that these cells in turn
can directly induce osteoclastogenesis, provided a molecular explanation for the bone loss associ-
ated with diseases having immune system involvement, such as T-cell leukemias, autoimmunity,
various viral infections, RA, or periodontitis. Inhibition of RANKL function e.g., via a specific
antibody such as denosumab might therefore ameliorate many osteopenic conditions and prevent
bone destruction and cartilage damage, e.g., in osteoporosis and arthritis, thereby dramatically
enhancing the patients’ quality of life.
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CHAPTER 10

Targeting the LIGHT-HVEM Pathway

Carl F. Ware*

Abstract

umor necrosis factor (TNF)-related cytokines function as key communication systems

between cells of the immune system and mediate inflammation and tissue destruction.

LIGHT (TNEFSF14) is a key component of the communication system that controls the
responses of T-Cells. LIGHT activates two cell surface receptors, the Herpesvirus Entry Mediator
(HVEM) and the Lymphotoxin-f Receptor and is inhibited by soluble decoy receptor-3. The
LIGHT-HVEM pathway is an important cosignaling pathway for T-Cells, whereas LIGHT-LTBR
modifies the functions of dendritic cells and stromal cells by creating tissue microenvironments,
which promote immune responses. HVEM also binds an Ig superfamily member, B and T lym-
phocyte attenuator (BTLA) that inhibits T-Cell activation. Thus, HVEM serves as a molecular
switch between stimulatory and inhibitory signaling. Studies in humans and experimental animal
models reveal that LIGHT contributes to inflammation and pathogenesis in mucosal, hepatic,
joint and vascular tissues. LIGHT is accessible to biologic-based therapeutics, which can be used
to target this molecule during inflammation-driven diseases.

Introduction

Signals mediated through tumor necrosis factor (TNF)-related cytokines and their receptors
modulate immune and inflammatory responses,' thus blockade of signaling may suppress symp-
toms associated with inflammatory and immune mediated diseases. This concept was validated by
the clinical impact of TNF inhibitors (Remicade™, an anti-TNF antibody and Enbrel™, a decoy
receptor-Ig fusion protein) in patients with autoimmune diseases, such as rheumatoid arthritis,
psoriasis and inflammatory bowel syndrome.* However, successtul responses were limited to a subset
of the patients and in other autoimmune diseases TNF inhibitors failed to alleviate symptoms. These
clinical results and support from experimental animal models, indicate that other members of the
TNF superfamily may be operative in immune mechanisms underlying pathogenic processes.

Several members of the TNF superfamily are involved in regulating T-Cell homeostasis by
orchestrating the balance of proliferation and elimination of antigen-activated T lymphocytes.
The genes encoding TNF-related cytokines modulating T-Cell homeostasis are clustered in four
regions of the genome paralogous with the major histocompatibility complex (MHC)(Fig. 1).?
The TNF gene is located on chromosome 6p21 within the MHC in a closely linked tripartite
locus with genes for Lymphotoxin (LT )o and LT sandwiched between class I and II antigen
presenting molecules. The conservation of the TNF related MHC paralogs is reflected in their
exon-intron organization, transcriptional orientation and functional activity. The cellular recep-
tors that bind these ligands belong to a corresponding superfamily (TNFR superfamily) defined
by an extracellular ligand binding region comprised of several cysteine-rich domains (CRD). The
receptors that bind these TNF related ligands are genetically linked in two clusters: TNFR-1,

*Carl F. Ware—Division of Molecular Immunology, La Jolla Institute for Allergy and
Immunology 9420 Athena Circle, La Jolla, California 92037, USA. Email: cware@liai.org
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Figure 1. Organization of the TNF superfamily genes within the MHC paralogous regions
present on chromosomes 1, 9, 6 and 19. Arrows indicate gene transcriptional orientation
and solid blocks represent exons. LIGHT is 7.78kb from C3 and ~79kb from CD27L. CD27L
is ~235 kb from 4-1BBL. Fasl is separated from GITRL by 374kb, while GITRL and OX40L are
134k apart. TNF is 2.9 kb from LTg and 1.3kb from LTa.

LTBR, CD27 reside on Chr12p13 and the others, 41BB, GITR, Ox40, TNFR-2, DR3 and her-
pesvirus entry mediator (HVEM) on Chr 1p36 (Fas is an exception and resides on Chr10q24).
The paralogous TNFR superfamily members such CD27, 41BB and OX40 (sce for example*®),
either function as costimulatory molecules enhancing T-lymphocyte activation and survival, or
else they induce elimination of activated T-Cells, e.g., TNFR1 and Fas. Receptor signaling is me-
diated through two distinct types of cytoplasmic modules: the death domain module (TNFR1,
Fas and DR3), which activate caspases and the TRAF binding motif, which activates cell survival

A ector cell

N

TNFR2 TNFR1

Target cell

Figure 2. The Members of the immediate TNF/LT family. Arrows indicate binding interac-
tions. Each ligand receptor interaction defines a system and these shared systems create a
signaling circuit.
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Figure 3. Molecular model of LIGHT. The theoretical LIGHT model was generated by SwissModel
and encompasses amino acids Ser103 to Val240 and based on the templates for LTa and TNF
(2TUN.pdb and 1TNR.pdb)."" The domain structure of LIGHT is depicted on the left and the
assembled trimeric form of the TNF homology domain is shown in space filling mode. Each
subunit is shown in a different color with atoms colored red and blue have been identified
as contact residues for LTBR and HVEM binding.

genes controlled by NFkB. The evolutionary conservation of the TNF-related ligands dedicated
to T-Cell homeostasis and linkage to antigen recognition molecules mirrors their importance in
fine-tuning antigen recognition and immune tolerance.

A broader functional link between several members of the TNF superfamily is revealed in
shared ligand-receptor binding interactions. TNF, LTay and LIGHT overlap in binding to several
cognate receptors (Fig. 2). This group, often referred to as the immediate TNF family, is viewed
as an integrated signaling circuit that controls T-Cell homeostasis and a variety of other immune
processes.’ The TNF-TNFR-1 system is an important sentinel signaling system that orchestrates
inflammation induced by innate recognition systems as well as by T-Cells. The LTa-LTBR system
controls lymphoid tissue development and structure, but is also involved in regulating cellular im-
mune processes by differentiation of stromal cells, which create microenvironments that promote
cellular interactions.””

LIGHT (TNFSF14, homologous to Lymphotoxins exhibits inducible expression and com-
petes with HSV glycoprotein D for HVEM, a receptor expressed by T-lymphocytes) displays a
unique receptor binding profile that imparts its physiological functions. LIGHT has emerged as
a key factor controlling T-Cell immune responses and thus is a candidate to target in different
immune-mediated diseases.

LIGHT and HVEM

LIGHT follows the canonical paradigm of a TNF superfamily member configured asa type II
transmembrane protein containinga C-terminal TNF homology domain that folds into a B-sheet
sandwich, which assembles into a functional homotrimer'®!! (Fig. 3). LIGHT engages two specific
cellular receptors, the LTPR and HVEM. These TNER are type I membrane glycoproteins that



Targeting the LIGHT-HVEM Pathway 149
Sup'nt Cell
————, F
HVEM-Fc * - . E 5 & ATM mock sLIGHT fILIGHT
TNFRi-Fe + + > 3 3 " i i 5 L
PNGase F - +"- - +"- - +' 5 [- - +I
81 T
| endo H B e + -
415 o
l ur
353 - 3 - -
—— #—’
288 . v
— 2 _ - . -,
= 1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 4. Processing pathway and isoforms of LIGHT Left panel, 293T-Cells were transiently
transfected with plasmids encoding either membrane LIGHT orempty pCDNA3.1(+). HVEM-Fc
was used to precipitate LIGHT from the tissue culture supernatant (lane 1) or cell lysate (lane
3) of full length LIGHT transfected 293T-Cells. The precipitates were resolved by SDS-PAGE
and Western blot analysis using a rat anti-LIGHT polyclonal serum as a probe. TNFR1-Fc was
used to control for nonspecific binding to membrane LIGHT (lane 2) or supernatants (lane 4).
An equivalent amount (5x10* cell equivalents) from each transfected cell lysate was loaded in
lanes 5 and 7. Purified recombinant soluble LIGHTt66 (10 ng)(lane 6) used as a molecular mass
marker. Right panel, LIGHTATM is not glycosylated. Immunoprecipitates from the NP40 cell
lysates of 293T-Cells transfected with soluble LIGHTATM (lanes 1-3), pPCDNA3.1(+) alone (lane
4-6), LIGHTt66 (lanes 7-9) or full length LIGHT (lanes 11-13) encoding plasmids are shown.
Detergent lysates were precleared with an isotype control and then immunoprecipitated with
mouse anti-human LIGHT antibody and protein G. The immunoprecipitates were digested
with either endoglycosidase H (lanes 2, 5, 8,12), PNGaseF (lanes 3, 6, 9,13) or left untreated
(lanes 1,4, 7,11); purified soluble LIGHT (lane 10). The cartoon depicts the alternate spliced
forms of LIGHT and LIGHT shedding from the membrane. Reproduced with permission from:
Granger SW, Butrovich KD, Houshmand P et al. J Immunol. 2001;167:5122-5128.

have an extracellular domain comprised of four CRD. LIGHT is also bound by a soluble decoy
receptor (DcR3) providing a posttranslational control mechanism to turn off signaling'(DcR3)
also binds TL1A and FasL reemphasizing the common functional links of these ligands. LIGHT
can also be proteolytically cleaved (shed) into a soluble form that retains receptor-binding activity.
Interestingly, an alternate transcript of LIGHT encodes a deletion of the transmembrane region,
which is directed into the cytosol in a nonglycosylated form of unknown function (Fig. 4).

The LIGHT-HVEM-BTLA Switch

A new paradigm emerged with the discovery that HVEM is an activating signal for an inhibitory
coreceptor known as B and T-lymphocyte attenuator (BTLA)"*(Fig. 5). BTLA has an intermedi-
ate type Ig fold"* making it structurally diverse from other cosignaling molecules such as CD28,
CTLA4, ICOS, or PD1"%¢ and providing the basis for specific interaction with HVEM. The
cytoplasmic domain of BT LA contains an inhibitory tyrosine-based motif (ITIM) that counteracts
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Figure 5. The LIGHT-HVEM-BTLA system. The arrows indicate the ligand-receptor binding
interactions. LIGHT-HVEM activates NFxB as part of its positive signaling activity, where as
HVEM activates BTLA to recruit tyrosine phosphatase SHP2, which attenuates signaling in
T- and B-cells. Decoy receptor-3 binds LIGHT and can inhibit signaling.

kinases via recruitment of tyrosine phosphatases (SHP-1 and SHP-2) attenuating proliferation
signals in antigen activated lymphocytes.'”"” BTLA engages the N-terminal, first CRD of HVEM
in the same topographical site occupied by Herpes Simplex virus glycoprotein D.*** In contrast,
LIGHT occupies a topographically distinct site in CRD2 and 3 on the opposite face of HVEM
from where BTLA binds. Thus, HVEM can mediate both positive and negative signaling though
different mechanisms. BTLA has a strong inhibitory effect on T- and B- cells, which is thought
to function as a control for tolerance to self tissues and homeostasis.

LIGHT-Mechanism of Action

LIGHT is a key factor in the HVEM-BTLA switch between positive and inhibitory signal-
ing.?*** Studies indicate that LIGHT in its membrane-anchored position disrupts the binding
interaction between HVEM and BTLA . This feature provides LIGHT with three functional at-
tributes: (1) activation of LTBR, (2) activation of HVEM and (3) disruption of the HVEM-BTLA
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Table 1. LIGHT in experimental pathogenesis models
Model Result References
Transgenic LIGHT
LIGHT Tg in T-Cells Acute onset, autoimmune like disease. 48,49
Inflamed intestines, reproductive organs,
skin and liver; abnormal lymphoid tissues
LIGHT-Tg T-Cell transfer Atherosclerosis 46
LIGHT-Tg T-Cell transfer Inflammatory bowel disease 50
LIGHT tumor transgene LIGHT induced tumor rejection by CD8 T-Cells 51
Decoy Receptor
MHC Il disparte GVHD HVEM-Fc or LTBR-Fc decreased inflammation 52,53
EAE experimental LTBR-Fc suppressed paralysis 54
autoimmune encephalitis
Cuperizone-induced LTBR-Fc decreased demyelination 55
demyelination and enhanced remyelination
CIA collagen-induced LTBR-Fc suppressed 56
arthritis
LIGHT-/- mice
Cardiac allograft rejection Rejection was minimized 57
Graft vs host disease Reduced inflammation 58
Superantigen CD8 T-Cell proliferation defect 25
Mitogen induced hepatitis  increased survival and decreased hepatic 30

inflammation mediated by CD4 T or NK cells

complex, all of which act to promote immune and inflammatory processes.® Thus, targeting
LIGHT may block signaling via its two receptors, HVEM and LTBR and leave intact the inhibitory
HVEM-BTLA pathway. Interestingly, supportive evidence for this mechanism is found in a viral
pathogen. A BTLA binding protein encoded by human cytomegalovirus (UL144 orf) competes
with HVEM for binding BTLA and effectively inhibits human T-Cell proliferation.*

Expression patterns of the ligand and receptor determine the physiological cellular response.
LIGHT is expressed transiently in activated T- and B-cells, but constitutively in [ymphoid tissue
resident dendritic cells. HVEM is expressed on T- and B-lymphocytes and other hematopoietic
cells and on mucosal epithelium, whereas LTBR is broadly distributed on stroma and parenchyma
cells of most organs, dendritic cells and tissue macrophages, but is conspicuously absent on T and
B-lymphocytes. BTLA is also broadly expressed in all hematopoietic cells. This complex expres-
sion pattern suggests that intercellular interactions between multiple cell types will be involved in
determining whether the response is ultimately stimulatory and/or inhibitory.

Asa cosignaling system, LIGHT expression on antigen presenting dendritic cells is thought to
engage HVEM on the surface of naive T-Cells, enhancing proliferation and differentiation into
effector cells following antigen recognition. Both HVEM and BTLA are constitutively expressed
on naive DC, B and T-Cells, thus the action of HVEM-BTLA pathway may keep naive cells in
a resting state by controlling the extent of kinase activity emanating spontancously from antigen
receptor complex on T- and B-cells. As part of the cosignaling process, the LTBR controls the
proliferation of dendritic cells within lymphoid organs after binding LTaf or LIGHT expressed
onactivated cells.?? Thus, blockade of LT or LIGHT may decrease the numbers of DC involved
in activating T-Cells, thus dampening inflammation.
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Immunobiology of LIGHT

In vivo analyses of transgenic, knockout and pharmacological models in mice indicate that
LIGHT and LTap play a crucial role in immune regulation and targeting these molecules may
impact disease processes (Table 1). An inflammatory role for LIGHT has emerged from studies
of transgenic mice with constitutive LIGHT expression in the T-Cell lineage. T-Cells that express
human or mouse LIGHT displayed a profound multi-organ inflammatory phenotype. LIGHT is
normally transiently expressed and highly regulated at multiple steps during transcriptional and
posteranslational (sheddingand DcR3) stages of its expression. Although enforced expression might
not replicate the physiological action of LIGHT, the model clearly demonstrates the potential
of LIGHT as a potent inducer of tissue damaging inflammation. The proinflammatory action of
LIGHT to induce an immune response is further underscored by the rejection of tumors engi-
neered to express LIGHT. Additionally, some of the phenotypes within these LIGHT transgenic
mice may mimic the action normally provided by LTap-LTBR system, or the nonphysiological
disruption of inhibitory signals mediated by the HVEM-BTLA pathway needed to maintain
immune homeostasis.

The use of purified receptor-Fe fusion proteins (LTBR-Fc or HVEM-Fc) as decoys to pharma-
cologically block the interactions of LIGHT or LT ot with cellular receptors has provided comple-
mentary results to the genetic models (Table 1). Delineating the role of LIGHT by pharmacologic
methods alone is complicated by the multiple ligand specificities of these decoy receptors.

Alternately, mice deficient in LIGHT provide a genetic model for understanding more directly
the physiological role of this cytokine.**** LIGHT deficient mice are developmentally normal, with
wild type lymphoid subsets and tissues, unlike animals deficient in components of the LTaf-LTBR
pathway or the offspring of pregnant mice treated in utero with LTBR-Fc, which lack most of
their secondary lymphoid tissues (intestinal Peyer’s patches and lymph nodes).” Although both
LTap and LIGHT can signal via the LTBR, the difference in phenotype is due in part to prefer-
ential expression of LT af during embryogenesis by lymphoid tissue inducer cells.”® Deficiency in
LIGHT enhanced cardiac allograft survival and decreased tissue damage in graft vs host disease,
both CD8 T-Cell effector models (Table 1). CD4 T-Cells may also use LIGHT as a mediator of
inflammation. LTBR-Fc blocked intestinal inflammation in the CD4 T-Cell transfer model® and
in a hepatitis model mediated by CD4 T and NK cells, LIGHT-/- mice had significantly increased
survival and decreased hepatic inflammation.®

Evolutionary pressures have guided multiple viral families (pox, herpes, adeno) to target the
immediate TNF family as part of the pathogen’s strategy to modulate host defenses.*' For instance,
poxviruses utilize soluble TNF receptors as virulence factors in controlling host defenses,* provid-
ing a prototype of TNFR2-Fc (etanercept). Two distinct human herpesviruses, Herpes Simplex
and Cytomegalovirus, target the LIGHT-HVEM-BTLA switch, which strengthens the notion
that this pathway is an important control point for regulating immunity.”** Thus, viruses provide
additional hints at potential pathways for controlling unwanted immune responses. Interestingly,
LIGHT is dispensable for host defense to some viral pathogens indicating that genetic inactivation
of LIGHT was not overwhelmingly immunosuppressive.***>

Clinical Indications for LIGHT

The concept that LIGHT provides a critical proinflammatory signal during cellular immune
responses is reinforced by the studies of patients with inflammatory bowel disease (IBD).?** Cell
surface LIGHT is expressed on human mucosal T-Cells and NK cells and a subpopulation of
gut-homing CD4* T-Cells in the periphery, but not by naive T-Cells in blood. Quantitative analysis
of LIGHT mRNA in a cohort of inflammatory bowel disease patients indicated elevated expression
in biopsies from small bowel and from inflamed sites, implicating LIGHT as a mediator of mucosal
inflammation. In addition, CD2-mediated stimulation induced LIGHT expression on intestinal
CD4* T-Cells, but not on peripheral blood T-Cells, suggesting a gut-specific, Ag-independent
mechanism can regulate LIGHT expression. A susceptibility locus for IBD (IBD6) is found on
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Chr19p13,”*% although this region is gene dense, the status of LIGHT as disease candidate is
significant and is consistent with observations in experimental animal models.

LIGHT has been implicated as a key mediator in atherosclerosis and rheumatoid arthritis. In
atherosclerosis, oxidized HDL induced LIGHT in vitro and LIGHT expression was detected in
atherosclerotic plaques with elevated serum levels in patients with angina.*! In a mouse model of
allograft arterial disease (class II mismatch), blockade of the LIGHT pathway with HVEM-Fc
attenuated luminal occlusion, decreased intragraft cytokine expression and reduced smooth muscle
cell proliferation.” In a potentially related observation, an allelic variant of LTa (252 A—>G) is
linked to dislipidemia® and risk for myocardial infarction* although the latter observation was
not replicated in all populations.® The shared binding of LIGHT and LT to HVEM provides
a potential mechanistic link, however LTa is a low affinity ligand for HVEM™ (high afhnity for
TNFRI1 and TNFR2) and LT is also part of the LTaB-LTPR signaling pathway. Recent studies
in mice support a role for LIGHT and LTa in regulating lipid metabolism during inflamma-
tion.* Moreover, LTBR-Fc reduced the dyslipidemia in mice deficient in low-density lipoprotein
receptor, which lack the ability to control lipid levels in the blood, an important risk factor for
coronary heart disease. Additionally, LIGHT is expressed in inflamed joints and patients with
rheumatoid arthritis accumulated elevated serum levels, consistent with a role of LIGHT in bone
resorption.”

Together, the genetic evidence, animal models, pathogen targeting and expression patterns in
human disease provides evidence that therapy directed at antagonizing LIGHT or LTaf may be
effective in inflammation driven mucosal and arterial diseases and similar autoimmune disorders.
Early clinical trials of LTBR-Fc in rheumatoid arthritis revealed promising results at low doses,
reinforcing the idea that LIGHT and LTof may play a role in joint disease.

Directed Therapeutics

The discovery of the LIGHT-HVEM-BTLA switch provides three novel targets for modu-
lating immunity that may be useful in treatment of autoimmune diseases, cancer and infections.
The extracellular position of the ligands and receptors in the TNF family provides a direct route
to biologic-based therapeutics. Antibodies or decoy receptors antagonize the ligand-receptor
interaction, thus interfering in cellular communication. However, antibodies may have secondary
effects, such as activating effector systems like complement and cellular cytotoxicity, which may
eliminate disease causing cells that express LIGHT or LT af on their surface. By contrast, antibody
based agonists to individual receptors may be useful in activating specific receptors, in contrast
to polygamous ligands, thus selectively enhancing cellular responses required to help resolve per-
sistent infections or eliminate tumors. Blockade of LIGHT and LTap may be useful in limiting
inflammation in autoimmune discases. Agonists directed at BTLA may be useful in preventing
activation of initial immune responses for instance in allograft rejection or graft vs host disease.
By contrast, agonists directed at LTBR or HVEM may be useful in promoting immune responses
against tumors and pathogens causing persistent infections.

Historically, no single criterion stood out as a predictor of the relevant clinical indication to
apply TNF modulators. Presently, integration of the all available data including experimental
animal models and human studies coupled with a mechanistic understanding is required to identify
the relevant clinical situation to apply a given inhibitor.
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CHAPTER 11

GITR:

A Modulator of Immune Response and Inflammation

Giuseppe Nocentini and Carlo Riccardi*

Abstract

lucocorticoid-Induced TNFR-Related (GITR) protein belongs to Tumor Necrosis Factor
G Receptor Superfamily (TNFRSF) and stimulates both the acquired and innate immunity.

Itis expressed in several cells and tissues, including T and Natural Killer (NK) cells and is
activated by its ligand, GITRL, mainly expressed on Antigen Presenting Cells (APCs) and endo-
thelial cells. GITR/GITRL system participates in the development of autoimmune/inflammatory
responses and graft vs. host disease and potentiates response to infection and tumors. These effects
are due to several concurrent mechanisms including: co-activation of effector T-cells, inhibition
of regulatory T (Treg) cells, NK-cell co-activation, activation of macrophages, modulation of
DC function and regulation of the extravasation process. In this chapter we describe: 1) the main
structural features of GITR and GITRL, 2) the transduction pathways activated by GITR trig-
gering, 3) the effects derived from GITR/GITRL system interaction, considering the interplay
between the different cells of the immune system. Moreover, the potential use of GITR/GITRL
modulators in disease treatment is discussed.

Introduction

The immune system is the main player in protection against pathogens and against transformed
cells. Thus, immunodepression is an important cause of infection (peculiar of chronic infections)
and probably plays a role in the development of tumors. On the other hand, exaggerated immune
responses are responsible for autoimmune diseases, lesions deriving from chronic inflammation
(e.g., fibrosis) or even death (e.g., shock). Modulation of the immune system response is useful in
the treatment and/or prevention of several pathological conditions, including persistent infections,
chronic inflammation, graft vs. host disease, transplant rejection and tumors. However, current
treatments are not completely satisfactory and new therapeutic approaches should be developed
to reach cure for disease.

The immune response derives from a complex interplay between the cells of innate immunity
including monocytes/macrophages, neutrophils (PMNs), natural killer (NK) cells and dendritic
cells (DCs), the vascular system actively participating in recruitment of inflammatory cellsand the
cells of acquired immunity including T- and B-lymphocytes. T-cell response is due to activation
of effector T-cells (CD4* and CD8*) following triggering by an antigen, associated to antigen
presenting cells (APCs) and costimulatory signals (e.g., through activation of CD28 receptor) that
allows an efficient and potent activation. The expansion of activated effector T-cells is controlled
by some specialized subsets of T-lymphocytes with suppressor activity. The naturally occurring
thymus-derived regulatory T-cells ( Treg cells, CD4*CD25*) are the most studied cells' but other
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suppressor cells such as CD8*CD25*, CD8+*CD28 or CD4 CD8 CD3* T-cells, have been shown
to play an important role.? A sophisticated interplay among effector T-cells, suppressor T-cells
and APCs (either immmunogenic and/or tolerogenic) determines the final outcome of the im-
mune response.

Proteins belonging to the tumor necrosis factor receptor superfamily (TNFRSF), characterized
by the presence of cysteine pseudo-repeats in the extracellular region, are deeply involved in the
activation, differentiation and survival of cells of the immune system.? Their ligands, belonging to
the tumor necrosis factor superfamily (TNFSF), are type II transmembrane proteins that are not
only able to specifically stimulate the respective receptors but can also signal inside the cells where
they are expressed. This chapter describes the role of Glucocorticoid-Induced TNFR-Related
(GITR) protein, in the development of acquired and innate response. Recent data, outlining a
potential role of GITR in the homeostasis of other systems, will be briefly considered.

GITR: Structure, Transduction Pathway and Tissue Distribution
GITR Gene and GITR Splicing Variants

GITR s a type I transmembrane glycoprotein, cloned in 1997 and selectively activated by its
ligand (GITRL).>"! GITR gene comprises 5 exons, the first 3 encoding the extracellular domain;
exon 4 encoding a small part of the extracellular domain, the transmembrane domain and part of
the cytoplasmic domain and exon 5 encoding the cytoplasmic domain.'* Both murine and human
GITR genes originate alternatively spliced products.’> Among them, soluble spliced products of
the GITR gene: mGITRD, mGITRD2 and hGITR variant 2. These soluble proteins may func-
tion as a decoy receptor, inhibiting GITR-GITRL interaction, and if they are expressed at high
levels in physiological or pathological conditions, it becomes difficult to predict the in vivo effect
of administering anti-GITR Abs and other GITR or GITRL soluble proteins.

The extracellular domain of GITR is formed by 3 cysteine-rich domains (CRDs) that appear
to be noncanonical. However, the first CRD of GITR is incomplete and badly conserved among
mammalian species, suggesting it may have a low functional meaning (Krautz et al submitted).
The cytoplasmic domain of GITR shows good homology with the cytoplasmic domains of
0X40, 4-1BB and CD27 (similarity between 45 and 50%). The homologies span the complete
cytoplasmic domain but are centered in 2 segments called domain 1 and 2."* Domain 1 (R-[KR]
x(0,2)-[KHR]-x(0,2)-[PY]) is next to transmembrane region. Domain 2 (S-[CF]x(0,2)-P-x(0,1)-
[QE]-E-Ex(2,7)-[ED]) is close to the ~-COOH terminus of the proteins and we have proposed
to call it “life domain” opposite to the “death domain” present in other TNFRSF members whose
triggering activates apoptosis.*' In conclusion, the good homology in the cytoplasmic domain
between GITR, CD27, OX40 and 4-1BB and a quite good homology with CD40,' together

with some functional similarity, led us to define a new subfamily inside TNFRSE#*2

GITR Transduction Pathways

There is clear evidence that, following activation, GITR binds and activates several TNF
Receptor Associated Factors (TRAFs)®”!> and that the domain responsible for TRAF binding is
the PEEE motif, present in the domain 2. GITR triggering activates Nuclear Factor kB (NF-«B),
but the correlation among NF-kB activation (through both canonical and noncanonical pathways),
TRAFs and GITR s still under investigation (Krautz et al submitted). In particular, some studies
have described TRAF2-induced NF-kB activation following GITR activation, while another study
described TRAF2-induced NF-kB inactivation.®¢

GITR has no death domain in its structure. However, it can induce apoptosis by binding
a protein, that has a death domain homology region in its central region, called Siva.'#!” Siva
modulates Bel-2 family members and caspase activation.'® In vitro binding studies and sequence
alignment support the conclusion that P-[IE]-[QE]-E (inside domain 2) is the main binding motif
for Siva.' This domain is also capable of TRAF2 binding. Thus, it is possible that, depending on
the functional status of the cell, GITR triggering may lead to different effects. Indeed, a Casein
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Kinase IT phosphorilation (CKII) site is present in GITR and we have evidence that phosphorila-
tion modulates TRAF2 and Siva binding in an opposite way (Nocentini et al unpublished).

In vitro data suggest that GITR also binds the protein arginine N-methyltransferase (PRMT1)
in analogy with BTG2," a cytoplasmic protein with antiproliferative activity showing homol-
ogy with GITR (Krautz et al submitted). PRMT1, the enzyme that catalyses most of the type-I
methylation reactions, is involved in protein trafficking, signal transduction and transcriptional
regulation® and is able to activate NF-kB.”! The functional meaning of the GITR/PRMTT1 in-
teraction is at present unknown.

GITR Tissue distribution

GITR mRNA is mainly expressed in naive and activated T- and NK-cells, where it is upregulated
for several days following cell activation (Table 1). On the contrary, immature thymic CD4*CD8*
cells do not express mGITR.>

CD4*CD25" Treg cells and other regulatory cells such as CD4*CD25, CD8*CD25* and
CD8*CD28 express GITR at high levels (Table 1). This observation has suggested that GITR
is a marker of suppressor cells. However, activated effector T-cells express similar high levels of
GITR.

GITR s also expressed in hematological cells, other than T- or NK-cells, including mast cells,
PMN:s, B-cells, macrophages and other APCs (Table 1). Moreover, GITR expression has also
been detected on osteoclast precursor cells, keratinocytes and retinal pigment epithelial cells

(RPE)(Table 1).3638%°

Table 1. GITR expression in mouse and human cells

Level of GITR

Cell Type Expression Ref.

Naive CD4+*CD25- T-cells (effector function)
Naive CD8* T-cells (effector function)

Intermediate 11, 22-26
Intermediate/low 11, 24, 25, 27

T-cells with suppressor function, including Treg cells ~ High 11, 22-24, 26, 28-30
Natural killer (NK) cells Intermediate 31

B-cells Low 27
Monocytes/macrophages Low 27,32-34
Plasmacytoid dendritic cells (DCs) No expression 32
Mature DCs No expression 32

Mast cells Intermediate 35
Polymorphonucleated leukocytes (PMNs) Intermediate 32, 34
Eosinophils Intermediate/low 32
Basophils Intermediate/low 32
Activated T-cells with effector function High/very high 22-24, 26
Activated T-cells with suppressor function Very high 22-24, 26,27, 29
Activated NK-cells High 31
Activated B-cells Intermediate/low 27
Activated monocytes/macrophages Intermediate/low 27, 33, 34
Activated plasmacytoid DCs Intermediate 32
Activated DCs Intermediate 32
Activated mast cells Intermediate 35
Activated PMNs High 34
Endothelial cells (ECs) No expression 33
Activated ECs Intermediate/low 33
Keratinocytes Intermediate 36
Osteoclasts Low 37
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Table 2. GITRL expression in mouse and human cells

Cell Type Level of GITRL Expression Ref.

Dendritic cells (DCs) Medium/low 6, 8-10, 32, 42
Activated plasmacytoid DCs (2-48 h) Very high 32
Monocytes/macrophages Medium/low 6, 8-10, 32, 42
Activated monocytes/macrophages (2-48 h) High 43, 44

B-cells Medium/low 6, 8-10, 32, 42
Naive T-cells No expression/low 9, 32, 45
Activated T-cells (3-24 h) Medium/low 25,32
Glucocorticoid treated T-cells (3 h) Medium/low Krautz et al submitted
Eosinophils Low 32

Basophils Low 32

Endothelial cells (ECs) High 7, 46
IFN-activated ECs Very high 46

GITRL: Tissue Distribution and Function

GITRL is a recently cloned type II glycoprotein, belonging to the TNF superfamily
(TNESE).“!! This protein is formed by an N-terminal cytoplasmic domain, a transmembrane
domain anda—~COOH terminal extracellular domain.® The cytoplasmic domain of GITRL shows
ahigh homology with OX40L* and, despite its shortness (21 amino acidic residues), may activate
an intracellular signal following GITR/GITRL binding.*** This possibility is further suggested
by the high similarity among GITRL cytoplasmic domains of mammals, showing the conserved
motif E-x-M-P-L-x(2)-S-x(2)-Q-x-A-x-R-x(2)-K-x-W-L.

GITRL is expressed in professional and nonprofessional APCs, including unstimulated myeloid
DC subsets, plasmacytoid DC precursors (pDC), B-cells and monocytes (Table 2).4%1%32% High
levels of GITRL expression have been detected in endothelial cells (ECs) and in particular in
microvascular-derived ECs.* Other cells, reported in Table 2, express GITRL at lower levels,
but it must still be ascertained if the low mRNA level observed determines sufficient protein
expression to have a functional meaning.

In response to pro-inflammatory stimuli, GITRL is rapidly upregulated in APCs and ECs and
declines in 1-2 days to the initial or even lower levels (Table 2). However, not all pro-inflammatory
stimuli promote GITRL upregulation. For example, in ECs, GITRL is upregulated by IFNa and
IFNB and not by proinflammatory cytokines and LPS.% In addition, GITRL is upregulated in
T-cells after activation® or glucocorticoid treatment (Krautz et al submitted).

GITR/GITRL System Modulates T-Lymphocyte Activation

GITR modulates effector T-cell activation. In fact, several studies using mice in which GITR
expression was deleted (GITR”) or mice treated with agonist anti-GITR antibody, demonstrate
that GITR participates in the activation of the immune response. As detailed in Table 3, physiologi-
cal or pharmacological GITR triggering exacerbates autoimmune diseases, graft vs. host reaction
and potentiates anti-tumor and antiviral responses. Moreover, inhibiting GITR triggering by using
GITR-Fc fusion protein (the extracellular domain of GITR fused with Fc fragment) ameliorates
autoimmune and inflammatory diseases (Table 4).

How GITR triggering modulates activation of effector T-cells is reported in the paragraphs
below and summarized in Figure 1. This aspect has recently been summarized in some review
papers 566
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Figure 1. Effects of GITR/GITRL system activation in the modulation of responder T-cell activa-
tion. During antigen (Ag) presentation GITR is triggered in responder and regulatory T-cells
(e.g., Treg). Triggering of GITRL modulates APC (e.g., dendritic cell) function.

Co-Activating Function on Effector T-Lymphocytes

GITR is a co-activating molecule. In fact, GITR costimulation increases activation and
proliferation of TCR-triggered CD4" and CD8" T-cells.*!"1524% This effect is evident when
GITR is triggered by agonist anti-GITR Abs, soluble GITRL or GITRL-transfected cells.”!"**%
It is also evident when T-cells from wild type and GITR” mice are compared. Among several
activation-related effects, anti-GITR and anti-CD3 Ab cotreatment caused higher IL-2 and IFNy
production and induced higher expression of T-cell activation markers, compared to treatment
with anti-CD3 Ab alone."

The costimulatory power of GITR seems to be lower than that of CD28 but qualitatively dif-
ferent.!'2427¢ In fact, studies on total lymph node cell populations of GITR”- and CD28" mice
demonstrated that in the presence of weak CD3 triggering (soluble anti-CD3 in the absence of
feeder) and IL-2, the lack of CD28 impaired only in part T-cell activation, while the lack of GITR
completely abolished T-cell activation.> Moreover, studying the effect of RPE cells on T-cell
proliferation, it was demonstrated that GITR triggering abrogated RPE-mediated immunosup-
pression, while a weaker effect was seen with CD28 triggering,”” confirming the different effects
of CD28 and GITR.

Some studies suggest a specific role for GITR in CD4* and CD8" cells in relation to CD28.
During the activation process of CD4*CD25" cells, GITR upregulation is mainly dependent on
CD28 stimulation, as demonstrated by an increased expression of GITR after CD28 triggering
and a substantial inhibition of GITR upregulation when physiological CD28 engagement was
inhibited by anti-CD80/86 Abs.?>* Thus, in CD4* cells, GITR should be regarded as one of the
pathways activated by CD28 triggering. In CD8* T-cells, the relation GITR/CD28 is somewhat
different. In fact, our unpublished studies indicate that in the absence of GITR, CD8* cells cannot
be stimulated by CD28 when suboptimal doses of anti-CD3 Ab are used while in the absence of
CD28, GITR can normally exert its co-activating functions (Fig. 2) (Ronchetti et al manuscript in
preparation). Thus, in CD8" cells, GITR seems to be a molecule necessary for CD28 costimulatory
activity. These findings may explain why GITR activation potentiates more the response of CD8*
cells than that of CD4" effector cells in some in vivo studies.”"*
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Anti-CD3

Wild type | anti-CD28
CD8* _/ L:> Co-stimulation

T cell anti-GITR =~

CD28
CD8*
T cell anti-GITR =X

GITR* anti-CD28
CD8*
T cell

l:."'..> Lack of co-stimulation

Figure 2. GITR triggering is necessary for costimulation of CD8* responder T-cells, while CD28
triggering is dispensable, as demonstrated in GITR" mice (unpublished data).

Modulation of the Interplay Regulatory/Effector T-Cells

GITR triggering enhances T-cell activation also through mechanisms different from co-
stimulation of effector T-cells. One of these mechanisms is inhibition of regulatory T-cell activity
(including Treg cells). In fact, two studies, aimed at evaluating the possible effect of agonist Abs
directed towards several TNFRSF members, demonstrated that anti-GITR Ab was the only one
capable of reverting the suppressor effect of Treg cells.”?” Other studies have demonstrated the
same effect when GITR triggering was exerted by GITRL expressed on APCs.37'+¢ GITR trig-
gering is also effective in abolishing the activity of other suppressor cells such as RPE cells,*” or
CD4*CD25 T-cells present in aged mice” and in old human donors.”* The most obvious mecha-
nism explaining the lower suppressor activity of Treg cells is that GITR engagement in Treg cells
inhibits their activity.® However, it is also possible that GITR triggering in effector T-cells makes
them more resistant to Treg cell suppression.”® Our current opinion is that both mechanisms are
effective. In fact, two studies suggest that in effector T-cells GITR triggering activates a pathway
(still undisclosed) distinct from that activated by CD28, specifically antagonizing the immuno-
suppression.”¢” Others studies demonstrate that GITR triggering activates a signaling pathway
in Treg cells, as directly demonstrated by modulation of granzyme B in GITR-cotriggered Treg
cells” or by in vitro and in vivo experiments, demonstrating that triggering of GITR expressed in
Treg cells is responsible for the increased activation of effector T-cells.!"*#7

After GITR triggering, the inhibition of Treg cell suppressor activity (and of other T subsets
with suppressor activity) is transient. Moreover, GITR-cotriggered Treg cells lose their anergic state
and proliferate.'*** The physiological role of GITR for Treg cell expansion is also suggested by
a decreased amount of Treg cells in GITR” mice.'"* Thus, the transient inhibition of suppressor
activity could be countered by an increased Treg cell proliferation and could explain why in vivo
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Table 4. Effect of GITR inhibition and/or GITRL activation in mouse disease models

Inhibition

of GITR
Stimulation
or GITRL
Disease Model Triggering* Effect Ref.
Carrageenan-  GITR-Fc Cotreatment with carrageenan and GITR-Fc fusion 33
induced lung protein decreased pleurisy severity as suggested by:
inflammation e decreased number of inflammatory cells in pleural space
(pleurisy) * decreased PMN lung infiltration
Bleomycin- GITR-Fc Continuous infusion of GITR-Fc fusion protein in 49
induced bleomycin-treated mice decreased chronic lung injury
chronic lung severity as suggested by:
injury e increased survival
* body weight gain
¢ reduction of edema formation
e reduction of lung injury
¢ reduction of PMN infiltration
e reduction of cytokine production
TNBS-induced  GITR-Fc Repeated treatment with GITR-Fc fusion protein in 34
inflammatory TNBS-treated mice weakened IBD in normal mice and in
bowel lymphocyte-deficient SCID mice as suggested by:
diseases (IBD) ¢ body weight gain
e amelioration of clinical and histological score
e reduction of PMN infiltration
e lower level of IFNy
Normal Soluble Pharmacological treatment caused: 42
mouse GITR ¢ enlarged spleen

e increased percentage of PMNs and monocytes in
peripheral blood

*By using the extracellular domain of GITR (in dimeric form, GITR-Fc; as a monomer, soluble GITR)
two effects can be obtained: (1) inhibition of physiologic GITR stimulation by endogenous ligand, (2)
GITRL triggering. Data do not clarify which is the prominent effect.

GITR stimulation does not cause overt autoimmunity,*’4

ological role in the control of inflammation.

In conclusion, GITR triggering has 3 effects on Treg/effector cell interplay: (1) transient inhibi-
tion of Treg cell suppressor activity, (2) decreased sensitivity of effector T-cells to Treg suppression,
(3) promotion of proliferation and expansion of the Treg cell compartment.

Modulation of the Interplay DCs/Regulatory/Effector T-Cells

Evidence for modulation of DC function by the GITR/GITRL system was first obtained
studying C. albicans infection in GITR” mice.”’ In particular, a higher level of IL-12 in DCs of
GITR” mice due to the lack of GITR and the consequent activation of GITRL has been detected.
Thus, GITRL can modulate the immune response not only by triggering GITR expressed by effector
and Treg cells, but also by modulating DC activity through reverse signaling.

suggesting that it may have a physi-
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GITR/GITRL System Modulates Innate Immune Response

Physiological or pharmacological GITR triggering exacerbates acute and chronic inflammatory
response and shock in mouse models (Table 3). Moreover, inhibiting GITR triggering by using
GITR-Fc fusion protein ameliorates inflammation (Table 4). These effects are due not only to
modulation of T-cell activation but also to modulation of extravasation and innate immunity, as
summarized in Table 5.

GITR-GITRL System in Leukocyte Extravasation and Edema

In GITR” mice, the extravasation process following pro-inflammatory stimuli is hampered and
the presence of pro-inflammatory cells, including macrophages and PMNG, is decreased compared
to wild type mice.?*** Moreover, in wild type mice, the co-administration of GITR-Fc which blocks
GITR triggering by GITRL, decreases the extravasation process following pro-inflammatory
treatments.>® Adhesion molecules ICAM-1, P-selectin and E-selectin are upregulated in ECs
following inflammation, but in GITR” mice their upregulation is almost completely abolished.>¢*
Since during the inflammatory response both GITR and GITRL are expressed in ECs, the mecha-
nisms potentially responsible for the results observed are more than one, including GITR and/
or GITRL signaling. Since a recent study demonstrated that GITR-activated signals are able to
modulate expression of P-selectin and E-selectin in T-cells,” the more likely mechanism is that GITR

Table 5. Effect of GITR/GITRL activation on cells of innate immunity and endothelial

cells
Cell Type Mechanism Underlined  Effect Ref.
Macrophages GITRL activation Increased expression of COX-2 and 37,75
increased production of PGE,
GITR (and/or GITRL) Increased expression of COX-2 and 33,47
activation* increased production of PGE,
GITRL activation Increased expression of iNOS and 75,76
increased production of NO
GITR (and/or GITRL) Increased expression of iNOS and 33,47
activation* increased production of NO
GITRL activation Increased production of MMP-2, -9, 44,77,78
-13
GITR activation Decreased production of MMP-9 44
GITR activation Increased production of MMP-9 79
GITR (and/or GITRL) Increased production of TNFa, IFNy,  33,47,49,64
activation* IL-1B, 1L-6, 1L-12, MIP-1, MIP-2
GITR activation Increased production of TNFa,, IL-8, 79
MCP-1
NK-cells GITR activation Increased production of IFNy 32
NKT-cells GITR activation Increased production of 1L-4, IL-10, 31
IL-13, IFNy
Endothelial cells GITR (and/or GITRL) Increased expression of adhesion 33,64

activation*

molecules (ICAM-1, P-selectin,
E-selectin)

*These studies were performed using GITR” mice. Therefore, both GITR and GITRL triggering lack.
However, results obtained treating GITR** mice with GITR-Fc suggest that GITR more than GITRL
triggering is involved.
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(expressed on ECs), triggered by GITRL (expressed on PMNs and monocytes), participates in
the upregulation of adhesion molecules.

Another feature regulated by ECs is edema, an event due to several mechanisms, including tight
junction changes. In some inflammatory models, there were less edema and exudate formation in
GITR" mice than in GITR"* mice.®## Staining of ZO-1, a marker of tight junction integrity,
showed much higher degree of immunostaining disruption in lungs of carrageenan-treated GITR**
mice compared to carrageenan-treated GITR” mice, suggesting a role of GITR/GITRL system
in tight junction integrity.”

GITR-GITRL System and Activation of Innate Immunity

GITR triggering plays a role in NK and NKT-cell activation. Mouse NK T-cells are costimulated
by GITR atalevel comparable to that obtained with CD28 cotriggering, both in vitro and in vivo,
asassessed by cytokine production.’ GITR triggering in NK-cells promotes NK-cell cytotoxicity
and IFNy production.” Moreover, NK lytic activity induced by activated DCs is decreased by
neutralizing anti-GITRL Abs suggesting that GITRL expressed in DCs has a physiologic role in
activating NK-cells.

The activation level of macrophages is higher in wild type mice than in GITR” mice.**¥ This
phenomenon could be due to several mechanisms including higher density of inflammatory cells
and higher concentration of pro-inflammatory cytokines in the inflammatory site of wild type mice
due to a more efficient extravasation process. However, it is possible that GITR/GITRL system
participates in macrophage activation. For example, it favors production of the inducible isoform
of cyclo-oxigenase (COX-2) as suggested by lower COX-2 levels in the joints of GITR” mice
following collagen-induced arthritis”” or in the lungs following carrageenan-induced pleurisy.*®
This effect may be due to GITRL triggering as suggested by in vitro studies, where GITRL was
stimulated by sGITR (the extracellular domain of GITR produced in E. co/i as a monomer) or
GITR-Fc (produced in eukaryotic cells as a dimer) and induced COX-2 and PGE, production
in bone-marrow stromal cells, peritoneal macrophages and RAW 264,7 cell line.”””> Similar in
vitro and in vivo results were obtained with the pro-inflammatory molecule NO produced by the
inducible isoform nitric oxide synthase (INOS).33#77680

Matrix metalloproteinases (MMPs) are synthesized in response to diverse stimuli including
cytokines, growth factors, hormones and oxidative stress and are involved in the development of
several diseases, including inflammatory and vascular diseases. GITR/GITRL interaction causes
modulation of some MMPs but contrasting data have been published so that it is not clear if either
an increase or decrease of MMPs is induced. In fact, Kim et al showed that GITR stimulation
by anti-GITR Ab induces MMP-9 in mouse and human macrophages from different tissues and
monocyte/macrophage cell lines” while other studies have demonstrated that GITRL triggering
by sGITR upregulates MMP-9 and MMP-2 in murine peritoneal macrophages’ and anti-GITRL
Ab upregulates MMP-9 secretion in CD11b* cells isolated from virus-infected corneas.* It has
been suggested that this could be due to the block of GITR/GITRL interaction instead of GITRL
triggering. In fact, anti-GITR treatment negatively modulated MMP-9 expression both in vitro
(CD11* cells) and in vivo (corneal extract of mice with herpes simplex virus infection). Finally,
human GITRL triggering (shGITR) induces MMP-13 secretion in fibroblast-like synovial cells
and may promote tissue destruction in rheumatoid arthritis.””

Cytokine production is also modulated by GITR/GITRL system. For example, in GITR” mice,
the partial resistance to CIA, is accompanied by less IFNy, IL-6, TNFa, macrophage inflamma-
tory protein-1 (MIP-1) and MIP-2 secretion? and the partial resistance to TNBS-induced colitis
is correlated with less IL-12, TNF-a and IL-6 produced by lamina propria mononuclear cells.
Moreover, CD4* lamina propria lymphocytes released less IL-2 and more IL-10 and TGF-f than
GITR** controls. SAO shock is less aggressive and carrageenan- and bleomycin-induced lung injury
are less damaging in GITR” mice and this correlates with lower TNFa and IL-1f production as
compared to GITR** controls.%¢
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Concluding Remarks

Presented data clearly indicate that autoimmune/inflammatory diseases and reaction towards
antigens are modulated through GITR/GITRL system interfering with acquired immunity
(including effector T-lymphocytes, Treg cells and APCs), innate immunity (including NK-cells
and macrophages) and ECs. The relevance of GITR- and GITRL-mediated signals in different
cells of the immune system determines the final outcome of response and varies depending on the
experimental model analyzed. However, the implementation of biological tools able to modulate
the GITR/GITRL system deserves effort and appears to be potentially useful.

In this context, the relevance of GITRL requires further investigations. In fact, GITRL can
function as a stimulus for GITR and can also signal in the cells. This potential double role is a
confusing factor because several cells, including macrophages, PMNs, DCs and activated T-cells
express both GITR and GITRL and every time an antibody or a fusion protein, specific for GITR
or GITRL, is used it can elicit opposite effects on GITR and GITRL. For example, when an ago-
nistic GITR-Fc is used, 2 effects are possible: (1) inhibition of GITR activation by endogenous
GITRL, (2) activation of GITRL. In GITR” mice, cells lack both GITR and GITRL signaling,
since GITRL, present in GITR” mice, is not activated by GITR. Therefore, in order to approach
modulation of GITR and GITRL in clinical settings it is of utmost interest to understand the
specific role of GITR and its ligand in disease models. A better characterization of the agonistic
and antagonistic properties of antibodies and fusion proteins is required. Moreover, preparation
and study of GITRL” mice would be of help.

Apart from their role in immunity, recent data suggest that GITR and GITRL play a role in
other systems. For example, they participate in protection of the skin from the pro-apoptotic effects
of UVB light and in osteoclast differentiation.’** The expression of GITR in other tissues, such
as lung, kidney and brain, suggest that GITR may play further undisclosed roles. These findings,
while open a way to new therapeutic approaches, also raise the possibility that in vivo modula-
tion of GITR-GITRL system could lack sufficient specificity and favor adverse events. Therefore,
modulators of GITR-GITRL system have to be tested also from this point of view, before planning
their use in humans for the treatment of inflammatory/autoimmune diseases, transplant rejection,
persistent infection and tumors.
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CHAPTER 12

Targeting CD30/CD30L in Oncology
and Autoimmune and Inflammatory

Diseases
Ezogelin Oflazoglu, Igbal S. Grewal and Hanspeter Gerber*

Abstract

he transmembrane receptor CD30 (TNFRSF8) and its ligand CD30L (CD153,

TNFSF8) are members of the tumor necrosis factor (TNF) superfamily and display

restricted expression in subpopulations of activated T-and B-cells in nonpathologic
conditions. CD30 expression is upregulated in various hematological malignancies, including
Reed-Sternberg cells in Hodgkin’s disease (HD), anaplastic large cell lymphoma (ALCL) and
subsets of Non-Hodgkin’s lymphomas (NHLs). Increased CD30L expression was found on mast
cells within HD tumors and preclinical and clinical studies with compounds targeting the CD30/
CD30L system in HD and ALCL demonstrated therapeutic benefit. Upregulation of CD30 and
CD30L is also linked to leukocytes in patients with chronic inflammatory diseases, including
lupus erythematosus, asthma, rheumatoid arthritis and atopic dermatitis (AD). Preclinical studies
conducted with transgenic mice or biologic compounds suggested important regulatory functions
of the CD30-CD30L system in various aspects of the immune system. Such key regulatory roles
and their low expression in normal conditions combined with increased expression in malignant
tissues provided a strong rationale to investigate CD30 and CD30L as therapeutic targets in
hematologic malignancies, autoimmune and inflammatory diseases. In this report, we review the
pharmacodynamic effects of specific therapeutic compounds targeting the CD30/CD30L system
in preclinical- and clinical studies.

Gene Structure and Expression of CD30

CD30 is a member of the tumor necrosis factor receptor (TNFR) superfamily that includes
TNFR, CD40, Fas (CD95) and OX-40 (CD134), among others (reviewed in).! Human CD30
isatype 1 glycoprotein, containing both N- and O-linked sugars, with a molecular weight ranging
from 105-120 kDa.? The intracellular portion of the protein contains several serine/threonine
phosphorylation sites, which regulate cell signaling following receptor ligation. Mature human
CD30 is comprised of 577 amino acids, including a 365 amino acid residue extracellular region, a
24 amino acid transmembrane segment and a 188 amino acid cytoplasmic domain.> The prepro-
cessed form of the transmembrane protein includes an additional 18 amino acid signal sequence.
Structurally, human CD30 is composed of six cysteine-rich repeats in the extracellular domain,
characteristic of this family, interposed with a 60 amino acid partial repeat.’> An 85 kDa form of
CD30, a product of proteolytic cleavage (sCD30) can be found in the blood of patients with CD30
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positive lymphomas or autoimmune diseases.* An alternatively spliced transcript (isoform 2) was
described, encoding a 132 amino acid N-terminal fragment located in the cytoplasm. Between
species, the CD30 coding regions are relatively well conserved, with 64%, 58% and 97% sequence
identity between human and mouse, rat and chimpanzee, respectively.

In nonpathological conditions, CD30 expression is generally limited to activated B and
T-lymphocytes and NK cells and generally lower levels of expression were reported for activated
monocytes and eosinophils.’ In addition, CD30 is found on a small percentage of CD8 positive
T-cells and negligible expression on naive or resting lymphocytes was described (‘Table 1). CD30
expression is induced on T-cells following mitogen activation, antigen receptor cross-linking or
as a result of viral infection.” Histological examination of CD30 expression in normal tissues

Table 1. Cells expressing CD30 and/or CD30L

CD30 Expressing Cells CD30L Expressing Cells
Activated T-cells T-cells

Activated B-cells B-cells

NK-cells Mast cells

Activated monocytes Neutrophils
Macrophages

Eosinophils

Table 2. Tumor cells expressing CD30 and/or CD30L

CD30 Expressing Cells CD30L Expressing Cells
R-S cells in HD B-cell lymphoma
ALCL

Subset of NHL
Embryonal carcinoma
Seminoma

Table 3. Reported CD30 expression in immunologic diseases

CD30~ Cells CD30~ Cells
Disease sCD30 in Blood in Tissues
Atopic dermatitis + + +
Atopic asthma + + +
Allergic rhinitis + mRNA +
Scleroderma + - +
SLE + - +
Sjogren’s syndrome + - +
Rheumatoid arthritis + - +
Hashimoto thyroiditis + - -
Wegener’s granulomatosis + - -
Primary biliary cirrhosis + - +
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Figure 1. Immunohistochemical analysis of tumor sections from HD patient for CD30 expres-
sion. Tumor sample derived from the lymph node of a patient with HD were stained with an
anti-hCD30 antibody (Clone HRS4). CD30 staining is restricted to Reed Sternberg cells and
is not present on tumor stroma as indicated by arrows.

identified a rare population of large lymphoid cells in sections of lymph node, tonsil, thymus and
endometrial cells with decidual changes.® Importantly, CD30 expression is absent on most cells
outside the immune system (Table 1).

CD30 was originally identified based on its strong cell surface expression on Reed-Sternberg
(R-S) cells (Fig. 1), the malignant cell-type in HD and CD30 is now used as a diagnostic marker
for this disease.” CD30 is also expressed on ALCL tumor cells, on subsets of Non-Hodgkins
Lymphomas (NHL) and on some rare solid tumors, including embryonal carcinomas and semi-
nomas' (reviewed in Table 2).!""* A correlation between the elevated levels of sSCD30 in the sera
of patients with ALCL! or HD*" and poor disease prognosis was also reported.

In autoimmune diseases, CD30 is expressed at high levels on activated lymphocytes in mul-
tiple sclerosis and systemic sclerosis patients. Similar to the findings in hematologic malignancies,
clevated levels of the soluble form (sCD30) were detectable in their sera and the levels frequently
correlated with disease severity (Table 3).'%'7 Increased serum levels of sCD30 were also found
in individuals infected with one of several different viruses, including hepatitis B and C, human
immunodeficiency virus (HIV) and Epstein-Barr virus (EBV). Finally, increased levels of sCD30
were detectable in sera of individuals with chronic inflammatory diseases such as systemic lupus
erythematosis or theumatoid arthritis,'®** atopic dermatitis (AD),”? asthma,?>* allergic rhinitis*!
and scleroderma.’ In conclusion, high serum levels of sSCD30 represent an independent predictor
of disease progression and poor prognosis for patients with CD30-positive lymphomas, autoim-
mune diseases or viral infections.

Gene Structure and Expression of CD30L

CD30L is a 234-amino-acid type I, single pass transmembrane protein with a calculated mo-
lecular weight of 26 kDa. CD30L belongs to the TNF family® and is the only known ligand for
CD30. The human CD30L gene has been mapped to chromosome 9933.% CD30L has significant
structural similarities to TNF-o, TNF-8, CD40 ligand (CD40L) and Fas ligand (FasL).! RNA
transcripts encoding CD30L are detected in B-cells, activated T-cells, macrophages, granulocytes,
eosinophils and some HTLV-1-positive T-cell lines.”*** At the protein level, CD30L is expressed
on activated peripheral blood T-cells, B-cells, neutrophils, mast cells, monocytes and macrophages
(Table 1).* Interspecies sequence comparison of CD30L genes revealed a high level of sequence
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identity of, with 86, 99.5 and 78% identity between human and dog, chimpanzee and mouse
orthologs, respectively. Only one isoform has been described for CD30L and this sequence lacks
the consensus proteolytic cleavage motif found in many TNF family members.

Signaling and Biological Functions of the CD30/CD30L System

Activation of the CD30 receptor in response to ligand stimulation or cross-linking by im-
mobilized antibodies induces trimerization and recruitment of signaling proteins. Due to the
lack of an intrinsic enzymatic domain within the cytoplasmic tail of CD30, signal transduction
is exclusively mediated by members of the TNFR-associated factor (TRAF) family and various
TRAF-binding proteins. The intracellular levels and sub-cellular localization of TRAF2 is altered
upon binding of CD30 to its ligand.** CD30-mediated signaling engages multiple pathways,
including MAP kinases and NF-kB.*% Depending on the cell types and costimulatory signals
involved, CD30 mediated signal transduction events are capable of promoting cell proliferation,
cell survival or anti-proliferative effects and cell death. For example, induction of CD30 signaling
in ALCL cells by an anti-CD30 antibody leads to apoptotic cell death with selective reduction of
TRAF2 and an impaired ability to activate NF-kB.* In contrast, the same anti-CD30 antibody
induced proliferation of HD and other tumor cell lines.* The molecular mechanism underlying
such differential responses of different tumor cell types to anti-CD30 antibodies is not completely
understood. However, constitutive activation of the NF-kB signaling pathway present in some
tumor cell lines was suggested to dictate the outcome of the response.“ In support of this model,
stimulation of CD30 on HD target cells and concomitant inhibition of NF-kB by bortezomib
resulted in enhanced therapeutic effects in both, in vitro and in vivo systems.””

In the immune system, ligation of CD30 by CD30L has been associated with 4 basic biological
functions: a) CD30 can act as a costimulatory molecule in synergism with the CD3/TCR com-
plex;*##b) CD30 is involved in the regulation of immune cell memory functions as demonstrated
by experiments conducted with CD30-deficient mice. CD30 deficiency was associated with
impaired capacity to sustain follicular germinal center responses and substantially reduced recall
memory antibody responses in mice;***! ¢) down-regulation of the cellular immune response on
activated T- and B-cells and activation-induced cell death of thymocytes in the negative selection
process of autoreactive T-cells;!**## and d) although reverse signaling via TNF family ligands is
not well established, a few examples in the literature provided evidence to suggest the possibility
for reverse signaling via CD30L. For example, cross-linking of CD30L on neutrophils resulted
in an oxidative burst and the production of the pro-inflammatory chemokine IL-8 by these cells.
Similarly, peripheral T-cells activated to express CD30L responded to cross-linking by ligand with
increased proliferation and secretion of IL-6.% In another report, triggering of CD30L on mast cells
via CD30 was shown to result in degranulation-independent secretion of chemokines, including
IL-8, macrophage inflammatory protein-lalpha (MIP-1alpha) and MIP-1beta.”

Combined, these findings suggest that CD30 signaling induces pleiotropic responses, which
in addition to the cell type, are dependent on the activation- and/or transformation status.
Furthermore, CD30 signaling is context dependent and can be affected by extracellular factors
such as extracellular matrix composition at the sites where CD30 and/or CD30L positive cells
are interacting (reviewed in 53). Finally, the signaling mechanisms described above were found to
be associated with paracrine, juxtacrine and autocrine regulatory loops™ between cells expressing
the respective ligand/receptors (Table 1).

Development of Therapeutic Compounds Targeting CD30/CD30L
Antibodies targeting TNF family members can exert antagonist or agonistic signaling ef-
fects, depending on their ability to induced receptor/ligand oligomerization and/or blocking
of ligand-receptor interactions. In addition to such direct effects on cell signaling, therapeutic
antibodies can induce cell death of target antigen expressing cells by engaging effector cells via
antigen dependent cellular cytotoxicity (ADCC), complement dependent cytotoxicity (CDC) or
antigen dependent cellular phagocytosis (ADCP). Based on the differing abilities of antibodies to
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interfere with cell signalingand to engage effector cell functions, it is likely that different therapeutic
compounds will induce unique sets of pharmacodynamic responses, which may additionally be
influenced by intrinsic characteristics of the experimental models employed. These circumstances
may help to better understand some of the controversial findings regarding the therapeutic effects
of antibodies acting on the CD30/CD30L pathway in oncology,* as reviewed below. Some of
the variability in the pharmacodynamic properties of compounds may be additionally explained
by differences in their epitope recognition and binding affinities.

Preclinical Development of Therapeutic Antibodies Targeting

CD30 or CD30L in Hematological Malignancies

In 1994, Gruss et al generated a monoclonal anti-CD30 antibody (M67) that inhibited growth
of ALCL tumor cells. However, this antibody stimulated the growth of HD cell lines in vitro and
had no effects on the growth of human HD cell lines implanted in mice.*** While most of the
therapeutic compounds targeting CD30 were active in models of ALCL, some of them failed
to induce cell death when tested on human HD tumor cell lines.* A correlation between the
antitumor effects of the M67 antibody and the differences in the constitutive NF-«B signaling in
ALCL and HD cell lines was proposed as the basis of the difference in the outcome.* Data from
in vitro studies suggested that ALCL cells undergo apoptosis following exposure to immobilized
M67, a finding that was attributed to the inability of these cells to activate the transcription factor
NF-«B. In contrast, HD cell lines (L428, KM-H2, L591), which constitutively expressed NF-kB,
were not sensitive to M67 treatment.

A chimeric anti-CD30 antibody cAC10 (also called SGN-30), a derivative of the mouse mono-
clonal antibody AC10, was tested for its ability to target CD30 positive tumor cells. The SGN-30
prolonged survival of mice bearing chemotherapy resistant human CD30 positive ALCL tumor
cells.>>* Furthermore, the pharmacological effects of SGN-30 were evaluated in disseminated and
subcutaneous models of HD disease. Treatment with SGN-30 resulted in significantly improved
survival rates of mice or in the inhibition of tumor growth in these models.”” In addition, synergis-
tic antitumor activities were achieved when SGN-30 was combined with conventional cytotoxic
drugs such as bleomycin. In vitro, doxorubicin, vinblastin, etoposide, cisplatin, cytarabine and
chlorambucil increased antitumor activity when combined with SGN-30.%

In addition to SGN-30, an antibody drug conjugate consisting of monomethyl auristatin E
(MMAE) conjugated to the anti-CD30 monoclonal antibody cAC10 (SGN-35), was tested in
preclinical models of HD and ALCL in SCID mice and showed promising initial resules.>¢! The
mechanism of action employed by naked antibodies is different from antibody drug conjugates
which can destroy tumor cells by delivering a toxic compound into the cells via target mediated
cellular internalization. Improved efficacy of SGN-35 relative to the unconjugated antibody
(cAC10/SGN-30) was demonstrated and complete tumor regressions were obtained at doses as
low as 1 mg/kg.®>¢

Clinical Studies Conducted with Compounds Targeting CD30

in Hematological Malignancies

In 1992, Falini et al tested the murine anti-CD30 mAb Ber-H2 clinically in HD patients.®
Despite the successful in vivo targeting of malignant tumor cells as assessed by immunohistological
analysis of tumor biopsies and immunoscintigraphy, there was no evidence of tumor regression.
To enhance the efficacy in HD and ALCL, modified murine anti-CD30 mAbs were developed
with improved potency to kill tumor cells. These approaches included the covalent conjugation
of saporin (SOG6), a type-1 ribosome-inactivating protein, to Ber-H2,%' Ki-4.dgA,* or bispecific
constructs HRS-3/A9%¢ and H22xKi-4.%® Alternatively, murine MAbs were conjugated with
radionucleotides to generate radioimmunoconjugates such as'*'I-Ki-4 and tested clinically in HD
patients.”” The pharmacological effects of these compounds were only transient (<2 months) and no
objective responses were reported. These early trials were conducted using murine antibodies and
high levels of human anti-mouse antibodies (HAMA) were identified in the sera of most patients.
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Bi-specific antibodies targeting two cell surface antigens (anti-CD16 / anti-CD30) were also tested
clinically in early stage trials involving 15 patients with HD. Four out of nine patients displayed
a clinical response, among them, one complete response, one partial response and two patients
with stable disease were reported. However 9 out of 15 patient sera were positive for HAMA.970
Opverall, these early attempts to target CD30 positive hematologic-malignancies in clinical trials
failed, possibly due the induction of neutralizing HAMA antibodies.

Safety and tolerability of this chimeric anti-CD30 antibody of SGN-30 was assessed in phase I
and phase I/1I dose escalation studies in patients with refractory or relapsed CD30+ hematologic
malignancies, including HD and NHL."* SGN-30 was tested at doses of up to 15 mg/kg (single
dose) and up to 12 mg/kg (multiple dose) and both regiments were well tolerated in most patients
and a maximum tolerated dose was not reached.” SGN-30 was also tested in a single agent phase
II study in patients with HD’*and ALCL.” Encouraging response rates were achieved in patients
with CD30 positive ALCL, particularly in patients with cutancous ALCL. Four of five patients
with cutaneous ALCL responded to therapy with SGN-30 and four out of 20 systemic ALCL
patients achieved tumor remissions.” Phase II studies combining SGN-30 with chemotherapy
have been initiated in HD and systemic ALCL. The National Cancer Institute (NCI) is currently
sponsoring a phase II trial of SGN-30 in combination with GVD chemotherapy (gemcitabine,
vinorelbine and doxil) in relapsed/refractory HD patients. The NCI is also sponsoring a phase
11 trial of SGN-30 plus CHOP (cyclophosphamide, doxorubicin, vincristine and prednisone) in
newly diagnosed patients with systemic ALCL.”

A phase I dose-escalation trial of SGN-35 for relapsed or refractory Hodgkin’s disease and other
CD30-positive hematologic malignancies is currently ongoing. The study is designed to evaluate
the safety, pharmacokinetic profile and antitumor activity of SGN-35.

Therapeutic Effects of Targeting CD30/CD30L in Preclinical Models

of Autoimmune and Inflammatory Diseases

The pharmacodynamic effects of a rat anti-mouse CD30L mAb (clone RM153;” were evalu-
ated in models of diabetes,” skin allograft rejection,” infectious disease setting® and graft versus
host disease (GVHD).*! RM153 was shown to not only block CD30/CD30L interaction but
also to induce ablation of CD30L positive cells in mice.”” In NOD mice, prevention or delayed
onset of diabetes was observed following RM153 treatment, which was explained by the failure
of NOD splenocytes to transfer diabetes into NOD-SCID mice. Positive therapeutic effects
were also reported when RM153 was tested in a model of graft versus host discase (GVHD),
where prolonged survival of allografted mice was observed.® In this model, RM153 treatment
blocked the ability of antigen-induced, adoptively transferred T-regulatory cells (Tregs) to delay
skin allograft rejection. When tested in an infectious disease model, RM 153 treatment increased
bacterial burden in rodents,*® suggesting anti-inflammatory activities. Interestingly, experiments
conducted with mice lacking CD30 (CD30") mice) revealed impaired thymic negative selection
and augmented T-cell autoreactivity. However, these effects were shown to be strain specific. Tregs
derived from CD30"” knock-out mice were significantly less effective in preventing lethality in
an experimental model of graft versus host disease (GVHD). In the same model, blockade of the
CD30/CD30L pathway with the neutralizing anti-CD30L mAb RM153 induced a reduction of
Treg mediated protection from pro-inflammatory cytokine accumulation and donor-type T-cell
apoptosis. Combined, these data demonstrate that early CD30 signaling is critical for Treg medi-
ated GVHD protection after major-MHC mismatch bone marrow transplantation.®

The role of CD30 in a murine asthma model was investigated by using CD30-deficient mice,
which were immunized with ovalbumin (OVA) to induce an asthma-like phenotype. The results
from the genetic experiments were similar to the pharmacological effects observed when testing
mAbs blocking either CD30 receptor or its ligand, CD30L/CD153. All three approaches resulted
in significantly reduced airway inflammation, serum IgE levels and Th2 cytokine levels, demonstrat-
ing that CD30/CD30L interactions play important roles in the induction of Th2 cell-mediated
allergic asthma.®® For autoimmune indications, it is worth noting that the key findings regarding
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the biological role of the CD30/CD30L system, as determined by pharmacological intervention
studies with monoclonal antibodies, are supported by recent findings from gene ablation experi-
ments involving CD30- knock-out mice®** or from CD30-transgenic mice (reviewed in ref. 85).
In conclusion, targeting the CD30/CD30L system in experimental models of autoimmune diseases
induced positive therapeutic effects. However, at this time, it remains unclear whether this activity
can be attributed to interference with ligand-receptor interaction, depletion of CD30L positive
cells or a combination of both.

Additional evidence in support of a potential role of the CD30/CD30L system in inflam-
matory diseases is provided by studies conducted with atopic dermatitis (AD) patients. AD is a
chronic relapsing skin disease most commonly found in young children with a lifetime prevalence
0f 10-20% in developed countries but is also affecting 1-3% of adults.** AD is a complex disorder
and in the most common “extrinsic” form, it is associated with increased IgE levels which have
specificity for common environmental allergens (reviewed by ref. 87).

In a study investigating the expression of CD30 by infiltrating T-cells in lesional skin of patients
with active, acute AD, a significant proportion of T-cells was identified to strongly expressed CD30.
In contrast, CD30 was undetectable in patients with acute contact dermatitis.” The predominance
of CD30+ lymphocytes in the skin of patients with AD and their ability to produce cytokines
such as IL-3, IL-4 and IL-5 suggested that these cell may play a role in the pathogenesis of this
disease.” Interestingly, sCD30 is released into the blood after chronic lymphocyte activation and
clevated levels of sCD30 have been reported in patients with AD,? but not in healthy controls or
in patients with acute contact dermatitis or respiratory atopic disorders.””> Soluble CD30 plasma
concentrations have been shown to correlate with disease severity of AD patients. In support of
potential utility of sSCD30 to monitor AD disease progression, sCD30 plasma levels were dimin-
ished following topical steroid treatment to reduce disease activity scores.® In this study with
patients suffering from severe refractory AD and treated with cyclosporine, all patients displayed
elevated sCD30 at baseline which became significantly reduced after 6 weeks of treatment and a
correlation with diminished disease activity was noted.”” Similar results were obtained in a study
wherein severe AD patients were treated with cyclosporine for 12 weeks and the improvements
in clinical symptoms correlated with reduction of serum IL-4 and sCD30 levels.”

The presence of activated CD30+ lymphocytes in the skin and elevated serum levels of sSCD30 in
the serum of patients with AD indirectly suggested potential regulatory functions of CD30 positive
cells in disease pathogenesis and potential utility of compounds interfering with CD30 functions.
The presence of high levels of sSCD30 in patients with active disease renders further support for an
important role of CD30 as an activation marker, useful for evaluation of a T-cell driven immune
responses. However, despite encouraging evidence for therapeutic benefit in preclinical studies
and correlative expression studies with patient samples, clinical trials with compounds targeting
CD30/CD30L in inflammatory disease indication have not been reported.

Diagnostic Utility of sCD30 Level in Serum of Patients

with Inflammatory Diseases

Several studies identified positive correlations between CD30 expression in tissue samples
and/or serum levels of soluble CD30 and the severity of allergic diseases. In patients with systemic
lupus erythematosus (SLE), the serum levels of sCD30 were compared with the classic parameters
used to determine SLE activity. In patients with active disease, the serum levels of sCD30 were
increased approximately 2 fold when compared to healthy controls and significant correlations
between the levels of sSCD30 and the SLE disease activity index, the C4 component of the comple-
ment system and anti-C1q antibodies, were identified. These findings suggested potential utility
for sCD30 levels to determine and monitor SLE discase activity during treatment.

Soluble CD30 levels were also assessed in patients with localized scleroderma and a significant
increase was identified when compared to healthy controls. The sCD30 serum concentrations cor-
related with the number of sclerotic lesions, the number of involved areas, levels of anti-histone
antibody IgM and levels of interleukin 6. These results indicated that serum sCD30 levels may be
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helpful to assess disease stage of scleroderma and the response to treatment.'® Additional studies
looking at sSCD30 serum levels were conducted with children suffering from atopic dermatitis (AD)
or bronchial asthma and their relation to disease severity was investigated. In these patients, serum
sCD30 levels correlated with the severity of AD and bronchial asthma, suggesting potential utility
for sCD30 as an objective biomarker for the management of this autoimmune disease.”

In RA patients, high levels of sCD30 were found in peripheral blood and synovial fluids. In
addition, CD30 /CD3 double positive cells were present at significantly increased levels in synovial
fluids, but not in peripheral blood of these patients. Serum values of sCD30 were higher in active
than inactive RA patients and directly correlated with rheumatoid factor serum titers. Combined,
these data strongly support an involvement of CD30+ T-cells in the immune processes of rheu-
matoid synovitis.” A counter regulatory role for CD30 on CD4+ T-cells has been suggested at
sites of inflammation in Th1-mediated conditions, such as rheumatoid arthritis.”**> The correla-
tion between disease severity and CD30/30L expression levels provided indirect evidence for
potential therapeutic benefit when using compounds interfering with the CD30/CD30L system
in several autoimmune diseases. However, a more comprehensive validation of the diagnostic value
of sCD30 levels in patients with autoimmune disease, including direct comparison with standard
diagnostic methods, is required %

Future Directions

Analysis of human tissues or blood samples revealed a correlation between CD30 or sCD30
expression levels and disease progression in patients with rheumatoid arthritis,” multiple sclerosis,
systemic sclerosis,'*"” systemic lupus erythematosis and in CD30 positive, lymphoproliferative dis-
eases such as HD and ALCL.” The correlations between disease stages and sCD30 levels suggested
utility of CD30 as diagnostic tool and provided correlative evidence for a potential causative role
for CD30 in disease progression.

While CD30 and CD30L represent only two components out of the many factors known
to contribute to disease pathology of hematological and autoimmune disorders, preclinical and
clinical data suggest that therapeutic intervention strategies targeting this pathway can achieve
significant improvements. Preclinical experiments testing therapeutic compounds targeting
the CD30/CD30L signaling pathway demonstrated beneficial therapeutic effects when tested
in models of hematopoictic malignancies, autoimmune and inflammatory diseases. Data from
early clinical trials demonstrated therapeutic benefit when targeting CD30 in sSALCL and HD
with therapeutic antibodies in single agent settings. Dose escalation studies in humans showed
anti-CD30 mAbs to be safe and well tolerated, as dose limiting toxicities have not been reported.
Dose escalation studies of the anti-CD30 ADC SGN-35 is currently ongoing and holds great
promise for the improvement of therapeutic options in single agent settings or in combination
with standard of care chemotherapy. Future development of anti-CD30 compounds in oncology
indications will likely include combination of targeted therapeutic compounds with standard of
care or combinations with other experimental anti-cancer compounds. Better understanding of
the biological functions of the CD30/30L pathway and the mechanism of action by which these
therapeutic compounds induce antitumor activity may help to identify the most effective combi-
nation treatments or to identify the patients that benefit most.

The preclinical data generated using anti-CD30 antibodies demonstrated therapeutic ben-
efit in autoimmune indications. The immune-suppressive effects observed when targeting the
CD30/CD30L system with therapeutic antibodies were supported by more recent experiments
conducted in knock-out or transgenic mice, respectively. However, despite the strong preclinical
data demonstrating therapeutic benefit, clinical trials in autoimmune indications have yet to be
initiated to validate these preclinical observations in human diseases.

The search for predictive markers for response to treatment to anti-CD30 or CD30L com-
pounds may help to accelerate their clinical development in oncology and autoimmune indica-
tions. Analysis of patient samples identified several correlations between disease severity and
serum sCD30 levels in oncology and autoimmune diseases. Further validation of sCD30 levels as
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prognostic marker for disease severity in humans and their utility as potential surrogate markers for
response to treatment in clinical trials is of highest value. Better understanding of the mechanism
of action of therapeutic compounds targeting CD30 will be helpful in the rational design of future
therapeutics and in the selection of combination treatments with the goal to improve efficacy and
therapeutic benefit. From preclinical experiments, a role for NF-kB signaling in hematologic ma-
lignancies was suggested. Therefore, combination studies of anti-CD30 compounds with agents
affecting NF-«B signaling in HD represent a promising combination treatment strategy. In this
respect, CD30-CD30L is likely to remain the focus of intense preclinical and clinical investigation
over the next several years.
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CHAPTER 13

Tumor Necrosis Factor Receptor

Superfamily Member 21:
TNFR-Related Death Receptor-6, DR6

Robert Benschop, Tao Wei and Songqing Na*

Abstract

NFRSF21 (death receptor-6, DRG) is an orphan TNF receptor superfamily member and

belongs to a subgroup of receptors called death receptors. DR6 is expressed ubiquitously

with high expression in lymphoid organs, heart, brain and pancreas. Ectopic expression of
DRG6 in some cell lines leads to apoptosis and activation of the JNK and NF-kB pathways. Some
tumor cells overexpress DR, typically in conjunction with elevated anti-apoptosis molecules. DR6
deficient mice (DR67") show normal development with no gross pathology in any major organs. In
the absence of DR, ligation of the TCR results in enhanced T-cell proliferation, activation and
skewed Th2 cytokine production. Similarly, B-cells lacking DR6 show increased proliferation, cell
division and cell survival upon mitogenic stimulation (anti-CD40 and LPS) or BCR ligation. Asa
result, DR67 mice show increased Th2 immune responses to both T-dependent and -independent
antigens. All those data indicate that DR6 plays an important regulatory role for the generation
of adaptive immunity. More importantly, DR6”" mice are resistant to EAE and allergic airway
hypersensitivity, possibly as a result of a deficiency in the migration of antigen specific T-cells.
Therefore, DR6 is a potential therapeutic target for treating inflammatory and autoimmune
disease by means of biological intervention. In addition, DR6 is highly expressed in many tumor
cell lines and tumor samples. Interestingly, both of its transcriptional and cell surface expression
are regulated by the NF-kB pathway and metalloproteinase in some tumor cell lines, respectively.
The role of DR6 as an apoptosis-inducing receptor is less clear and perhaps cell type dependent.
Therefore, in addition to its roles in regulating immune responses, DR6 may also be involved in
tumor cell survival and immune evasion, which is subject to future investigations.

Introduction

Tumor necrosis factor (TNF) family members and their receptors have been recognized as
the key players in normal cellular functions in mediating the growth, differentiation, apoptosis
and survival in both immune and non-immune cell types. The abnormal expression, activation or
functional changes of many of the family members hasled to diseases such as rheumatoid arthritis,!
inflammatory bowel disease,? osteoporosis®and cancer.*> Understanding the interaction between
ligand and receptor and the signal transduction pathway is the key to reveal their physiological
functions and provide for potential therapeutic applications.

The TNF receptor family members are characterized by several extracellular, cysteine-rich
motifs which contains the ligand-binding domain.® Compared with their extracellular domains,
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the intracellular domains of the receptors show more diversity. Among them, there is a subgroup
which has a cytoplasmic death domain and activation of those receptors by their ligand leads to
receptor-mediated Caspase activation and cellular apoptosis. In 1998, Pan et al’” identified a new
family member that they named death receptor-6 (DR6) by searching the EST database using the
protein sequence of the extracellular, cysteine-rich ligand binding domain of TNFR2. During the
same period time, we used a similar approach by taking the extracellular cysteine-rich domain of
osteoprotegerin (OPG) and identified the same molecule. In the recent nomenclature, DR6 has
been designated as tumor necrosis factor receptor superfamily member 21 (TNFRSF21) and is just
one of the few orphan receptors in the family. Extensive efforts to identify the ligand for DR6 have
been without success. As a result, our ability to study the physiological function of DR6 has been
limited. Using the genetic approach by deleting the DR6 gene in the mouse genome has proved
fruitful and revealed several functions for DR6 in cancer and especially in immune regulation. In
this chapter, we will discuss the DR6 sequence and structure, expression, signaling pathway and
regulatory roles in immune modulation and its possible role in cancer.

DR6: Sequence, Structure and Expression

Human DRé6 is a type I transmembrane protein and has a total of 655 amino acids and similar
to other TNFR family members has a common structural framework defined by the presence of
cysteine residues in highly conserved locations within the extracellular cysteine-rich domains.
DRG has a putative signal sequence at its N-terminus (amino acids 1-41). Unlike DR4 and DRS,
DR has four extracellular cysteine-rich domains that are most related to those of osteoprote-
gerin (OPG) and TNFR2 with 36% and 42% amino acid identities, respectively. Within its
cytoplasmic domain, DR6 contains a death domain which is related to those of all known death
domain-containing TNFR family members. Based on its amino sequence, the death domain of
DR6is most related to that of TNFRI (27.2% identity) and least to that of DRS (19.7% identity).
Interestingly, the position of the DR6 death domain differs from the other family members and
is directly adjacent to the transmembrane domain followed by a 150 amino acid tail. In addition,
following the death domain is a putative leucine zipper sequence overlapping with a proline-rich
domain.” We searched several major genome databases and identified DR6 genes from 17 differ-
ent species including fish, chicken, rodent to monkey and human (Table 1). Based on sequence
similarity (Fig. 1) and phylogenetic analysis, the known DR6 genes appear to be divided into two
main clusters: mammals and fishes (Fig. 2). Within each cluster, the DR6 sequences share 73-99%
and 51-68% identity, respectively; DR6 of human, monkey and mouse are highly homologous
and share 89-99% sequence identity. The DR6 sequence of Chicken and frog is closer to the
mammals than to the fishers, but the paucity of data regarding DR6 sequence in additional avians
and amphibians/reptiles prevents assignment of these sequences to cither of the well represented
clusters or the identification of a different cluster. The DR6 sequences between the mammal and
fish clusters exhibit only 44-54% sequence identity.

Based on mRNA expression, DR6 has been found in most tissues and the transcript is es-
pecially abundant in heart, brain, placenta, pancreas and immune lymphoid organs including
spleen, thymus, lymph nodes and bone marrow. The expression of DR6 in mouse shows a similar
pattern to that in human tissues except that DR6 expression in kidney is higher in mouse than
in human.” Interestingly, DR6 transcripts are also found at high levels in some cancer cell lines
including colorectal adenocarcinoma (SW480,HA 1233, HT-29), nonsmall lung carcinoma (A549,
HA188), melanoma (G361), breast cancer (MDA-MB-231) and prostate tumor cell lines includ-
ing DU145 and PC3.® Furthermore, these authors found that the expression of DR6 is increased
in cancerous tissue biopsies from patients with late stage prostate or breast cancer compared with
levels in normal tissue. Expression is particularly high in prostate tumors with Gleason score of 9
to 10 compared with prostate tumor score obtained from early stage disease.

There is some evidence suggesting that expression of DR6 is regulated in activation and
differentiation processes. We showed that the activation of mature B lymphocytes by BCR or
anti-CD40 Ab or LPS leads to a profound downregulation of cell surface DR6 expression.'® In
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Table 1. DR6 family proteins from different species used for phylogenetic tree (Fig. 1)
and multiple sequence alignment (Fig. 2)

Species Name Common Name Ensembl ID Refseq ID
Bos taurus cow ENSBTAP00000026719
Homo sapiens human ENSP00000296861 NP_055267
Canis familiaris dog ENSCAFP00000003059
Mus musculus house mouse ENSMUSP00000024708 NP_848704
Rattus norvegicus Norway rat ENSRNOP00000015918 XP_236992
Echinops telfairi small Madagascar ENSETEPO0000006116
hedgehog
Gasterosteus aculeatus three spined stickleback  ENSGACP00000005616
Danio rerio zebrafish ENSDARP00000036002
Macaca mulatta rhesus monkey ENSMMUP00000015624
Monodelphis domestica gray short-tailed opossum ENSMODP00000030255
Oryctolagus cuniculus  rabbit ENSOCUP00000014212
Oryzias latipes Japanese medaka ENSORLP00000019568
Pan troglodytes chimpanzee ENSPTRP00000031175 XP_001145645
Takifugu rubripes torafugu NEWSINFRUP00000153994
Xenopus tropicalis western clawed frog ENSXETP00000024705
Tetraodon nigroviridis  bony fishes 2 GSTENP00035511001
Gallus gallus chicken ENSCGALP00000026931

T lymphocytes, the differentiation of T-cells also affects DR6 expression: naive ThO T-cells have
higher levels of DR6 transcript which is decreased after T-cells are committed to either Th1 or
Th2 differentiation.!" In tumor cells, the expression of DR6 seems to be regulated by TNF-at in-
duced NF-kB activation pathway. Upon treatment with TNF-a, DR6 expression is increased in
a time dependent fashion in LnCAP cells. TNF-a also moderately increases DR6 expression in
endothelial cells. The increased DR6 expression induced by TNF-a stimulation is dependent on
NF-«B activation, since both the NF-kB nuclear translocation inhibitory peptide and nonsteroi-
dal anti-inflammatory drugs (NSAIDs) inhibited the effect of TNF-a on the induction of DR6
expression.® Interestingly, high DR6 expression in tumor cells also correlates with constitutive
high basal level of NF-kB activation,® suggesting that the expression of DR6 is dependent on the
NF-xB pathway activation mediated by cither external stimuli such as extrinsic TNF-o stimulation
or intrinsic constitutive activation in those cancer cells.

Signaling of DR6

Ectopic overexpression of TNFR members can mimic ligand activation and triggers
ligand-independent receptor activation and downstream signaling events. Using this system,
Pan et al demonstrated that overexpression of DR6 in Hela cells induces apoptosis, although the
apoptosis induced by DR6 is about 50% less effective than other death receptors such as DR4.
In a coexpression system it was found that DR6 does not form protein-protein complexes with
the adaptor molecule FADD.” However, DR6 expression together with another adaptor protein,
TRADD, does lead to the formation of DR6-TRADD complexes. The interaction between
DR6 and TRADD seems to be specific, since other adaptor molecules such as RAIDD and RIP,
which are involved in binding to other TNFR family members, do not interact with DR6 in this
cell assay system.” Not surprisingly, overexpression of DR6 in HEK293 cells also induces NF-xB
activation, which requires the cytoplasmic domain of DR6 and presumably adaptor proteins
such as TRADD, since deletion of the cytoplasmic domain of DR6 completely abolishes NF-xB
activation and apoptosis. Interestingly, high basal level of NF-xB activation in tumor cells leads
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Figure 2. An unrooted distance tree of DR6 family proteins, displaying the number of rep-
lications in 1000 bootstrappings. Phylogenetic analysis based on the multiple sequence
alignment in Figure T was carried out in PHYLIP package. Sequence ID of each species are
listed in Table 1.

to the increased DR6 expression,® suggesting that DR6 is a potential target gene regulated by
NF-kB. Whether the regulation of DR6 expression is controlled by an autocrine mechanism is
subject to further investigation. In addition, overexpression of DR6 also leads to JNK activation
as evidenced in vitro by cytoplasmic JNK kinase-mediated c-Jun phosphorylation. Clearly, the
definitive signaling components from DRG6 to either NF-kB or JNK are still missing and need to
be further explored.

Another approach to explore the signaling pathway of DRé in the absence of a known DR6
ligand comes from studying cell signaling from DR6” mice. In the absence of DR6, activation of
CD4"* T-cells by TCR ligation leads to rapidly increased nuclear accumulation of the transcriptional
factor, NF-ATc.’ As a result, the nuclear NF-ATc from DR6 deficient T-cells demonstrates higher
specific DNA binding activity. Interestingly, another family member, NF-ATp, is not affected by
the lack of DR6 in T-cells. Furthermore, in contrast to NF-ATc activation and NF-kB activation
in HEK293 cells shown previously by Pan et al,” NF-kB activation upon TCR ligation is identical
in CD4* T-cells from both WT and DR6” mice as evidenced by similar nuclear translocation of
NF-«B p50."* Together, these data suggest that DR6 specifically modulates NF-ATc transcription
activity. Consistent with the activation of the JNK pathway by DR6 overexpression in HEK293
cells, INK activation is decreased in CD4* T-cells of DR6”" mice upon TCR ligation." Both the
increased NF-ATc nuclear translocation and decreased JNK activation in DR6 deficient CD4*
T-cells are consistent with the fact that the phosphorylation of NF-ATc regulates its nuclear
translocation and JNK has been demonstrated to inhibit targeting of the protein phosphatase
calcineurin to NF-ATc."* Therefore, the absence of DR6 may, to some extent, reverse the inhibitory
effect of JNK on calcineurin to NF-ATc and promote its nuclear translocation.
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In contrast to T-cells, DR6 is involved in regulating the NF-kB signaling pathway in mouse
B-cells." In the absence of DR6, stimulation of B-cells with anti-CD40 Ab or IgM leads to the rapid
and marked increase of the nuclear accumulation of NF-kB transcription factor, c-Rel. Consistent
with those observations, the increased nuclear translocation of c-Rel also correlates with increased
c-Rel DNA binding capacity as evidenced by gel mobility shift assays. Furthermore, the increased
c-Rel transcriptional activity in the absence of DR6 leads to the increased expression of its target
gene, Bel-X; and reduces cell apoptosis upon treatment with anti-CD40 and IgM in B-cells,"
suggesting that DR6 is involved in activating the NF-kB pathway. Together, the current evidence
suggests that the modulation of NF-kB activation by DR is cell type- and stimulus-dependent,
which could be explained by the differential expression of cofactors involved in DR6 signaling in
different lymphocytes.

Biological Functions of DR6

Most of our knowledge around the functions of DR is derived from studying the effects
of DR6 gene ablation in mice. Both V. Dixit, et al and our group independently generated
DR6-deficient (DR67") mice with largely similar initial findings.”!" DR6” mice are viable, fertile
and no gross pathology is observed in any of the major organs. Also no differences are observed in
immunoglobulin levels, numbers of neutrophils, monocytes/macrophages, NK cells, or B-cells in
the major lymphoid organs. A slight elevation is observed in the number of T-cells in the thymus
and peripheral blood of DR6” mice, but T-cell numbers in the spleen and lymph nodes are com-
parable between WT and KO mice. Therefore, DR6 does not seem to be required for embryonic
or immune lineage development.

DRG6 Regulates CD4* T-Cell Proliferation and Th Cell Differentiation

Although DR6 does not appear to affect development, DR6 exhibits multiple levels of im-
mune modulatory effects as demonstrated in DR6” mice. These differences between DR67 and
WT littermates become apparent only upon stimulation of the immune system. In the absence
of DR, T-cell proliferation in vitro is greatly enhanced in response to mitogenic stimulation
including TCR and costimulatory factors. Furthermore, the cytokine secretion profile is skewed,
favoring production of Th2-type cytokines (IL-4, IL-5, IL-10, IL-13). Interestingly, there is no
distinction of CD4" T-cells in their ability to produce the Th1 cytokine, IFN-y, between WT and
DR6” mice. Subsequent experiments inducing Th differentiation in vitro clearly demonstrated
enhanced Th2 differentiation in T-cells lacking DRé. It should be noted that Th1 differentiation
was equally successful in CD4* T-cells of WT and DR6” mice. In addition, the enhanced T-cell
proliferation and Th2 cytokine production in T-cells of DR6” mice are recapitulated ex vivo us-
ing T-cells from mice immunized with the T-cell dependent antigen, keyhole limpet hemocyanin
(KLH). Production of Th1 cytokines (IL-2 and IFN-y) is also slightly higher compared to W'T
mice, but this difference was not nearly as pronounced as observed for the Th2 cytokines.”!! Taken
together, these studies demonstrate that DR6 plays important roles in regulating T-cell activation
responses as well as Th cell differentiation.

DRG6 Regulates B-Cell Expansion, Survival and Humoral Response

In addition to its function in T-cell proliferation and differentiation, DR6 also affects B-cellular
functions including cell expansion and humoral responses.'*! Upon BCR and B-cell mitogenic
(LPS, anti-CD40) stimulations in vitro, B-cells from DRG”" mice exhibit dramatically increased
proliferation primarily due to a combination of increased cell division and reduced apoptosis. In ad-
dition, the B7 family costimulatory molecules, CD80 and CD86, arc also significantly upregulated
in B-cells from DR6™ after stimulation compared to DR6 WT cells. This might have important
consequences for the efficacy with which T- and B-cells interact. Indeed, germinal center formation
is greatly enhanced in DR6” mice upon immunization. As a result, T-cell-dependent antigen-spe-
cific immunoglobulin titers in vivo are significantly elevated in DR6”" mice after immunization.
In addition, the immunoglobulin production in response to T-independent antigens was also
enhanced in DR6” mice, demonstrating that the lack of DR6 affects intrinsic B-cell responses.'



192 Therapeutic Targers of the TNF Superfamily

Role for DR6 in Inflammatory and Autoimmune Diseases

The in vitro studies of both T- and B-cells using DR6” mice clearly demonstrate that DRG is a
critical regulator for adaptive immunity. To further test this, a number of pathologically relevant
disease models have been tested using DR6” mice. Transferring T-cells from DR67 mice in a model
for acute graft-versus-host disease (GVHD) results in a more rapid onset and severe pathology
than when WT T-cells are transferred. Mice receiving T-cells from DR6” mice exhibit a more
rapid weight loss and earlier organ damage in the thymus, spleen and intestines. Subsequently,
this accelerated course of GVHD leads to the earlier mortality."* The severe GVHD symptoms
following transfer of T-cells from DR6”" mice is primarily due to the enhanced activation and
expansion of CD4* and CD8* T-cells from DR6” mice in vivo." This result is in line with the
hyper-proliferation of T-cells from DR6” mice to stimuli observed in vitro and further support
the idea of DR as a negative regulator of immune activation.

Multiple sclerosis is an autoimmune demyelinating disease characterized by inappropriate host
immune response to self central nervous system (CNS) antigens. Although no true preclinical
model of MS exists, experimental autoimmune encephalomyelitis (EAE) is a widely used animal
model of antigen-driven T-cell autoimmunity that is targeted at CNS. Upon immunization with
myelin oligodendrocyte glycoprotein (MOG) peptide, the mouse myelin-specific T-cells infiltrate
into the CNS and the resulting damage causes paralysis. After immunization with MOG peptide,
WT mice exhibit a high grade of paralysis as expected in this model. In contrast, DR6”" mice are
highly resistant to both onset and progression of disease.!* Interestingly, antigen recall responses
show increased proliferation of splenic CD4* T-cells from DR6” mice ex vivo. Also in line with
the previous studies, Th2 cytokine responses are elevated in CD4* T-cells of DR6” mice without
any difference in their ability to produce Th1 cytokines. In contrast, mononuclear cell (including
CD4" T-cells) infiltration in the CNS is markedly reduced in DR6”- mice immunized with MOG.
Transfer of myelin-specific T-cells from DR6”" mice into WT does not result in disease, but DR6™”
mice receiving myelin-specific WT T-cells do develop EAE symptoms.** This demonstrates that
despite immune recognition of the antigen, there is an intrinsic inability of DR6 7 T-cells to induce
disease. Recent studies have revealed that an IL-23 —induced subset of CD4 T-cells, Th17 cells,
are critical pathogenic cells in inducing EAE (see reviews in refs. 15-17). Therefore, it would be
interesting to study whether DR6 plays a role in Th17 cell differentiation and IL-17 production
in CD4" T helper cells. In additional studies, we found a reduced induction of the key integrin
VLA-4 upon activation of T-cells from DR67 mice. It is known that VLA-4 is critical for T-cell
infiltration into the CNS and this suggests a mechanism for the apparent resistance of DR6” mice
to EAE induction. Therefore, blocking DR6 can be a potential strategy for modulating the migra-
tion of pathogenic T-cells in patients with multiple sclerosis.

In the allergic airway hypersensitivity model for asthma, mice are immunized first and
then challenged in the lungs with antigen (typically ovalbumin)."® Hallmarks of the disease are
broncho-constriction and hyper eosinophilia with Th2 cytokine production. Surprisingly, airway
lung inflammation was attenuated in DR6” mice, as evidenced by reduced numbers of cosinophils
and lower IL-5 and IL-13 in the broncho-alveolar lavage fluids.!” Histological examination dem-
onstrates a reduction in the number of inflammatory cells in the lung of DR6”" mice compared
to WT mice. These results are somewhat unexpected since the previous studies demonstrated a
hyper-activation profile and Th2 skewing following stimulation in DR6” mice.”!! Differences in
the immunization protocol and method of challenge might account for this. Alternatively, cells
lacking DR6 could have a relative defect in their ability to travel to the site of antigen (i.c., the
lung). This hypothesis is supported by the observations in the EAE model where T-cell activation
takes place in DR6” mice, but cells do not infiltrate into the area where the antigen is expressed
(i.e., the CNS). Therefore, additional research seems warranted to investigate the effects of DR6
on expression of adhesion molecules and chemokine receptors on T-cells.
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Is DR6 a Death Receptor?

DRG6 belongs to a subgroup of TNFR called death receptors due to the presence of a death
domain within its cytoplasmic portion. Since the ligand for DR6 is unknown, experimental con-
firmation of a direct role for DR6 in the induction of apoptosis is difficult. Nevertheless, mimick-
ing ligand-induced receptor activation by overexpressing DR6 in certain cells such as Hela cells
provided evidence that DR6 can induce apoptosis, albeit with relative impotency.” This depends
on the full intracellular domain (including the death domain)” and can be inhibited by the caspase
inhibitor Z-VAD and intracellular expression of anti-apoptotic genes such as Bcl-X; and survivin.®
Interestingly, the DR6-induced apoptosis also seems to be cell type dependent. For example, ex-
pression of DR6 in LnCAP induces significant apoptosis, but expression of DR6 does not induce
apoptosis in PC3 and DU145. This differential apoptosis-inducing ability of DR6 appears to be
related to the cellular expression level of anti-apoptotic genes.* However, gene ablation of DR6 did
not result in pathology or tissue abnormality in vivo, suggestinga minor role for DR6 in apoptosis
at best in vitro. Furthermore, no evidence for altered apoptosis has been found in CD4* T-cells
of DR6” mice, which could be due to the redundancy by other death receptors.”" On the other
hand, B-cells from DR6” mice have a significantly lower percentage of apoptotic cells following
stimulation,'” suggesting that at least in B-cells DR6 may enhance the apoptosis process. Taken
together, with the possible exception of B-cells, there does not appear to be a major role for DR6
in regulation of apoptotic processes in normal cells. Cancer cells in which DR6 is upregulated can
escape apoptosis by increasing expression of anti-apoptotic proteins.

Alternative Function of DR6

A number of tumor cell lines are found to express DR6 on their cell surface.® If overexpression
of DR6 on tumor cells can potentially induce apoptosis, then why do some tumor cells overexpress
DR6 on their cell surface? Recently, it has been shown that DR6 is a substrate of the membrane
associated matrix metalloproteinase 14 (MMP-14).% In fact, MMP-14 mediated cleavage leads to
the release of the full extracellular domain of DR6 in the supernatant (Bcnschop etal, unpublished
observations). The extracellular domain of DR6 inhibits cytokine-driven monocyte differentiation
into dendritic cells in vitro. Furthermore, the extracellular domain of DR6 can lead to cell death in
differentiating monocytes (Benschop et al, unpublished observations). We hypothesize that this
is one of the tumor evasion mechanisms by which emerging tumors inhibit the development of
local immunity. This data also implies that monocytes express a potential counterpart for DR,
by which the soluble extracellular portion of DR6 binds and triggers signaling events that lead to
the increased cell death and impaired dendritic cell differentiation.

Conclusion

Upon ligand binding and activation, the TNF receptor superfamily members trigger cell sig-
naling and mediate cell proliferation, survival, apoptosis and differentiation. DR6 (TNFRSF21)
belongs to a subgroup of this family called death receptors, based on a cytoplasmic death domain
sequence. Despite extensive efforts to identify the ligand for DR6, DR6 still remains as an orphan
TNF receptor superfamily member. The lack of a known ligand for DR6 has hampered the ability
to fully understand the functions and the mechanism of action of DR6. The limited numbers of
studies, but notably those using DR6”" mice, have revealed potentially significant regulatory roles
for DR6 in adaptive immunity and provided impetus for a continued search for its ligand and
additional physiological functions of DR6 in the future. Understanding the effects of modulating
DRG6 expression and function could provide a potential new pathway for therapeutic applications
for treating inflammatory and autoimmune diseases and cancer.
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CHAPTER 14

TRAIL and Other TRAIL Receptor

Agonists as Novel Cancer Therapeutics
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and Henning Walczak*

Abstract

umor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), also known as

Apo2L,isa member of the TNF superfamily (TNFSF) of cytokines. TRAIL gained much

attention during the past decade due to the demonstration of its therapeutic potential as a
tumor-specific apoptosis inducer. TRAIL was identified as a protein with high homology to other
members of the TNF cytokine family, especially to the ligand of Fas/Apo-1 (CD95), CD95L
(FasL/APO-1L). TRAIL has been shown to induce apoptosis selectively in many tumor cell lines
without affecting normal cells and tissues, making TRAIL itself as well as agonists of the two human
receptors of TRAIL which can submit an apoptotic signal, TRAIL-R1 (DR4) and TRAIL-R2
(DRS), promising novel biotherapeutics for cancer therapy. An increasing number of publications
now shows that TRAIL resistance in primary human tumor cells will have to be overcome and
that sensitization to TRAIL-induced apoptosis will be required in many cases. Therefore, it will
also be instrumental to develop suitable diagnostic tests to identify patients who will benefit from
TRAIL-based novel anticancer therapeutics and those who will not. Interestingly, the first clinical
results even in monotherapy with TRAIL as well as various agonistic TRAIL receptor-specific
antibodies have shown encouraging results. This chapter provides a compact overview on the
biochemistry of the TRAIL/TRAIL-R system, the physiological role of TRAIL and its receptors
and the results of clinical trials with TRAIL and various TRAIL-R agonistic antibodies.

The TRAIL/TRAIL-R System

The TNF-related apoptosis inducing ligand (TRAIL) can bind two apoptosis-inducing recep-
tors, TRAIL-R1 (DR4) and TRAIL-R2 (DRS), two additional cell-bound receptors incapable of
transmitting an apoptotic signal, TRAIL-R3 (LIT, DcR1) and TRAIL-R4 (TRUNDD, DcR2),
also called decoy receptors and lastly, a soluble receptor called osteoprotegerin (OPG) (Fig. 1).

TRAIL-RI and TRAIL-R2 were both identified in 1997.4 Both receptors share a sequence
homology of 58% and so far clearly distinct functions were not shown. The cytoplasmic domains
of the death-inducing TRAIL receptors share significant homology to a cytoplasmic domain
found in CD95 and TNF-R1. This domain is characteristic for all apoptosis-inducing members
of the TNFR superfamily (SF) and is called the death domain (DD). The extracellular part of all
TNFRSF members is characterized by the presence of cysteine-rich domains (CRD). TRAIL-R1
and TRAIL-R2 contain two complete CRDs which are important for ligand binding. TRAIL-R2
can be expressed in two different splice variants that differ by presence or absence of 23 amino
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TRAIL-R1 TRAIL-R2a TRAIL-R2b TRAIL-R3 TRAIL-R4

CRD2 X CRD1

=

Figure 1. Structure of human TRAIL receptors 1-4. CRD = cysteine rich domain, * = pseudo-repeat,
TM = transmembrane domain, GPI = Glycosylphosphatidylinositol anchor, DD = death do-
main, tDD = truncated death domain.

acids in the extracellular domain located between the CRDs and the transmembrane domain. A
distinct role for these two variants has so far not been identified.

Almost all tissues express mRNA for all four TRAIL receptors. However mRNA expression
levels do not correspond to cell surface expression of these proteins which is thought to be necessary
for their function. It has also been shown that the expression pattern of TRAIL and its receptors
differs between normal and tumor tissue.’ A polymorphism within the ligand-binding domain has
been associated with a higher incidence of bladder cancer and other mutations within TRAIL-R1
have been linked to several cancers.®

Apoptosis Signaling via TRAIL-R1 and TRAIL-R2

TRAIL signaling for induction of cell death by apoptosis occurs via the DD-containing
TRAIL receptors TRAIL-R1 and TRAIL R2. On binding of TRAIL, the so called death inducing
signalling complex, the DISC, is formed. Thereby, the so-called “extrinsic” pathway of apoptosis
induction is triggered. The trimerization of the receptor leads to recruitment of FADD (Mort1),
another DD-containing molecule. The interaction between FADD and the receptor results in a
conformational change in FADD which allows its second functional domain, the death effector
domain (DED), to interact with other DED-containing proteins. These are Caspase-8, Caspase-
10, cFLIP (cellular FLICE-like inhibitory protein; FLICE is the old name for Caspase-8) and
PED/PEA-15.71

Caspases are cysteine-dependent, aspartate-specific proteases which are able to cleave several
distinct substrates once they are activated. Initiator caspases are present in the cell as inactive proen-
zymes to ensure that they are only activated when appropriately stimulated. Inactive pro-caspases
consist of along prodomain, a small subunit and a large subunit. Once recruited to their activation
platforms, the DISC (in case of Caspase -8 and -10) or the apoptosome (in case of Caspase-9),
these initiator caspases are autocatalytically activated and a caspase cascade is started.!* However,
effective transmission of apoptosis signaling depends on the proper expression of all necessary
constituents of the apoptotic pathway and the concomitant absence of inhibitors of this pathway.
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Hence, the decision between life and death of a cell crucially depends on its receptiveness for the
apoptosis-inducing stimulus which can but does not have to be triggered when TRAIL-R1 and/
or TRAIL-R2 are agonistically targeted.

Depending on whether mitochondrial apoptotic events are needed for apoptosis to occur fol-
lowing the triggering of CD95 or the TRAIL death receptors cells can be classified as belonging
to one of two different classes. In so-called type I cells, the caspase cascade initiated at the DISC
is sufhicient to kill the cells independent of a mitochondrial pro-apoptotic stimulus. In contrast,
type I cells need the apoptotic activation of mitochondria.

The mitochondrial apoptosis gateway is controlled by interaction of proteins belonging to dif-
ferent subgroups of the Bcl-2 superfamily.'> All members of this superfamily share one or more of
the so called Bcl-2 homology (BH) domains, BHI to BH4 and can be divided in pro-apoptotic
and pro-survival proteins. The pro-survival members, e.g., Bcl-2, Bel-X; and Mcl-1, contain all
four BH domains. These proteins are associated with the mitochondrial outer membrane and
prevent apoptosis. The pro-apoptotic members like Bax, Bak and Bok, associate with the outer
mitochondrial membrane during apoptosis, thereby destabilising its integrity leading to release of
pro-apoptotic factors from the mitochondrial inter-membrane space. They in turn are activated
by members of the “BH3-only” Bcl-2 subfamily. BH3-only proteins, e.g., Bid, Bim, Bmf, Puma
and Noxa, are characterized by the fact that they only contain the third BH domain. BH3-only
proteins are activated in a number of different ways including triggering of CD95 or TRAIL
death receptors, DNA damage or different cellular stresses.'*'¢ Following ligand or agonistic
antibody-mediated crosslinking of TRAIL-R1, TRAIL-R2 or CD95, Bid is cleaved to truncated
Bid (tBid) by DISC-activated Caspase-8 and -10 connecting the extrinsic and the intrinsic,
mitochondria-dependent apoptosis pathway (Fig. 2). Binding of tBid to mitochondria initiates
mitochondrial apoptotic events which result in the release of cytochrome C, Smac/DIABLO
and other pro-apoptotic factors from the mitochondrial inter-membrane space.'”® Upon release
of cytochrome C and association with Apaf-1, the “apoptosome” is formed which serves as an
activation platform of Caspase-9."” Smac/DIABLO in turn inhibits the action of inhibitor of
apoptosis proteins (IAPs). DISC-activation also results in cleavage of Caspase-3. However, cleavage
of Caspase-3 by Caspase-8 or -10 does not lead to its full activation. Therefore, an autocatalytic
step has to occur which can be inhibited by IAPs.*” The X-linked inhibitor of apoptosis protein
(XIAP) has been shown to be the most potent inhibitor of activated caspases 3, 7 and 9.2! Type
II cells often express high levels of IAPs which can be counteracted by Smac/DIABLO. This high
expression of IAPs in type II cells, rather than (or in addition to) the suggested stronger initiator
caspase activation in type I versus type II cells, may explain the need for mitochondrial apoptotic
events in type I but not in type I cells.

Physiological Role of the TRAIL/TRAIL-R System

To date, knockout mice for both, TRAIL and TRAIL-R (MK, mDRS5), the only apoptosis-
inducing receptor in mice, have been generated. These mice do not show an overt phenotype.””*
However, arole of the TRAIL/TRAIL-R system in tumor suppression was identified. When dif-
ferent syngeneic TRAIL sensitive tumor lines were transferred into TRAIL” mice increased tumor
growth and increased formation of experimental metastasis could be observed.?””® In addition,
fibrosarcomas induced by the carcinogen MCA grew more rapidly in the absence of TRAIL.*
However, in autochthonous tumor models, the role of the TRAIL/TRAIL-R system is less clear.
In several tumor-prone mice, e.g., in APC™" mice, p53” mice* and Her2/neu transgenic mice,”’
tumor development was not affected by absence or presence of TRAIL or TRAIL-R. By contrast,
aged TRAIL-deficient mice spontancously develop lymphomas, which is also accelerated in
TRAIL" p53* mice.”” Thus, further studies are needed to clarify the role of the TRAIL/TRAIL-
R system in tumorigenesis. It will be especially interesting to use autochthonous tumor models
in which tumorigenesis can be followed through all stages up to the ultimate level which is the
formation of metastasis.
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Figure 2. Interplay between intrinsic and extrinsic apoptosis signalling.

Expression of TRAIL is mainly found on different cells of both, the innate and adaptive im-
mune response. TRAIL expression can be induced by appropriate stimulatory agents on NK cells,
cytotoxic T-cells (CTLs) and dendritic cells (DCs).** Interestingly, liver NK cells constitutively
express TRAIL.* TRAIL-deficient mice are not autoimmune-prone, even when aged.> However,
in several models of autoimmune diseases the TRAIL/TRAIL-R system has been shown to be
involved in the regulation of auto-reactive T-cells. When TRAIL is absent, collagen-induced
arthritis, streptozotocin-induced diabetes,”* experimental thyroiditis* and experimental autoim-
mune encephalitis (EAE)* were increased. In contrast, when TRAIL blocking reagents were not
administered systemically but directly into the CNS, the disease was nearly blocked.*® Thus, in
EAE the killing of cells by TRAIL in the central nervous system exacerbates the disease whereas
TRAIL-mediated effects in the periphery are involved in its prevention. In this context it is note-
worthy that TRAIL has been implicated in the regulation of memory CTLs. CD8* T-cells which
have been primed in the absence of CD4* T-cell help, so called “helpless” CD8* T-cells, can only
undergo a second round of clonal expansion when TRAIL is blocked or when TRAIL is absent
as is the case in T-cells obtained from TRAIL-deficient mice.”** In addition, it has recently been
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shown in a provocative study that TRAIL derived from helpless CD8* T-cells can suppress the
activity of CD4* T-cells, hence eliminating help.”

TRAIL Receptor Agonists as Novel Biotherapeutics in Cancer Therapy

As shown in many preclinical studies, TRAIL as well as agonistic antibodies to TRAIL-R1 and
TRAIL-R2 can efficiently induce apoptosis in numerous tumor cell lines but not in the majority
of normal cells. Currently, an untagged recombinant form of TRAIL (Apo2L/TRAIL.0) and
agonistic antibodies against TRAIL-R1 and TRAIL-R2 are in clinical trials for tumor therapy.
W first summarize in vitro data on efficacy and toxicity of TRAIL, either alone or in combination
with chemotherapeutic drugs, to kill primary cancer versus normal cells and then we provide an
overview of the clinical studies performed so far with TRAIL receptor agonists.

Efficacy of TRAIL in Primary Tumor Cells versus Toxicity in Normal Cells

In contrast to the vast amount of preclinical data on apoptosis induction by TRAIL in cancer
celllines, little is known about the therapeutic potential of recombinant TRAIL in primary human
tumor cells. TRAIL induces apoptosis in otherwise chemotherapy-resistant freshly isolated human
multiple myeloma cells**#! but neither in primary B-cell acute or chronic lymphoblastic leukemia
cells*** nor in most of the investigated acute lymphoblastic leukemia, acute myelogenous leukemia,
acute promyelocytic leukemia, or chronic lymphocytic leukemia cells. Three of 6 isolated primary
glioblastoma multiforme specimens,® all 13 analyzed astrocytoma and oligoastrocytoma cells
of all 4 WHO grades of malignancy, isolated tumor cells from medulloblastoma, meningeoma,
esthesioneuroblastoma® and soft tissue sarcoma patients” were also resistant to TRAIL.

Thus, an increasing number of studies demonstrates TRAIL resistance in primary human tumor
cells especially in those of solid tumor entities which may dampen the expectations of clinical
trials which are currently performed with TRAIL as a monotherapeutic agent.®®** Considering
that TRAIL treatment of TRAIL-resistant pancreatic cancer and cholangiocarcinoma cells even
increased tumor cell migration and metastatic spread in vitro and in vivo,>*' the unselected treat-
ment of tumor patients with TRAIL may not only result in the lack of a clinical benefit but may
even harm cancer patients. Consequently, there is a need for an in vitro sensitivity test of isolated
tumor cells from individual patients and/or a set of predictive diagnostic markers which could
differentiate between patients who would and patients who would not benefit from TRAIL-based
(mono-)therapies. Independently, however, it seems that in most cases of primary tumors sensitizing
regimens, i.c., via combinations with other bio- or chemotherapeutics and/or radiation therapy
are needed for a broad and successful application of TRAIL in cancer patients.

As shown in Table 1, primary tumor cells from numerous different tumor entities could be
sensitized to TRAIL-induced apoptosis by a plethora of chemotherapeutic drugs. Importantly,
most of these combinatorial regiments lacked in vitro toxicity on normal tissues (Table 2).

Revealing the mechanism of TRAIL sensitization of tumor cells versus normal cells by these
different chemotherapeutics will provide criteria to select the appropriate sensitizing protocol for
agiven kind of tumor in individual cancer patients. Examples of sensitizing mechanisms in tumor
cells are provided in Table 1.

Clinically Used TRAIL-Based Therapies

TRAIL-receptor-targeted therapies currently pursued in Phase I and Phase II clinical studies
include application of the untagged recombinant Apo2L/TRAIL as well as different humanized
or human agonistic monoclonal antibodies (mAbs) targeting TRAIL-R1 and TRAIL-R2, either
alone or in combination with chemotherapeutics. Table 3 summarizes the TRAIL receptor agonists
currently investigated in clinical trials.

On basis of the identification and cloning of TRAIL-R2 and its ligand,**>** Apo2L/TRAIL
is being codeveloped by Genentech and Amgen as a targeted therapy for solid tumors and hema-
tological malignancies. The phase IB safety and pharmacokinetic study of recombinant human
Apo2L/TRAIL alone and in combination with rituximab in patients with low-grade nonHodgkin’s
lymphoma (NHL) showed that administration of Apo2/TRAIL (8 mg/kg) and Rituximab (375
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Table 1. Preclinical studies of sensitization of primary tumor cells for TRAIL-induced

apoptosis
Primary Tumor TRAIL in Proposed
Cells Combination With Mechanism Reference
AML HDAC inhibitors 56
CLL HDAC inhibitors signal via TRAIL-R1 57,58
(Depsipeptide, valproic acid)
B-CLL Cycloheximide cFLIP, downregulation 59
MM NF-xB inhibitor SN50 downregulation of Bcl-2, 60
Bfl-1, IAPs
upregulation of Bax
Erythroleukemic cells irradiation TRAIL-R1 upregulation 61
Colon cancer irinotecan, 5-FU TRAIL-R2 upregulation 62
Pancreatic cancer gemcitabine 63
Renal cell carcinoma doxorubicin (in combination with 75
Lexatumumab)
Soft tissue sarcoma doxorubicine, cisplatin, 47
etoposide, methotrexat,
cyclophosphamid
Melanoma tunicamycin TRAIL-R1/R2 upregulation 76
Astrocytoma, Bortezomib TRAIL-R1/R2 upregulation, 46
Oligoastrocytoma cFLIP, downregulation,

Bax/Bak upregulation

mg/m”) intravenously over 1 hour for S consecutive days every three weeks up to 4 cycles is safe
and shows evidence of activity. So far, five patients have undergone tumor response assessment
whereby two showed complete response, one a partial response and two did not respond to the
therapy. Thus, although in vitro the apoptosis-inducing capacity of TRAIL on primary tumor
cells appeared to be limited, the in vivo response of monotherapy with Apo2L/TRAIL at least in
patients with low-grade nonHodgkin lymphoma looks quite promising. It will be very interesting
to see the results of future studies which will include more patients. Importantly, this study clearly
showed that no dose-limiting toxicity (DLT) or severe adverse effects (SAEs) were observed.
Currently these studies are continued to test Apo2L/TRAIL and rituximab for expanded safety
data and further dose optimization.

Human Genome Sciences (HGS) was the first company to test TRAIL receptor agonists in
clinical trials. HGS is currently investigating fully humanized agonistic antibodies against TRAIL-
R1 (HGS-ETR1/Mapatumab) and TRAIL-R2 (HGS-ETR2/Lexatumumab) as a therapy for
NHL, colorectal cancer, nonsmall cell lung cancer (NSCLC) and advanced solid tumors. HGS
has already completed three Phase II clinical trials of HGS-ETRI as monotherapy in heavily pre-
treated patients with NHL, colorectal cancer and NSCLC. The results of these trials show that
HGS-ETRI is well tolerated and HGS-ETR1 could be administered safely and repetitively. No
dose-limiting toxicities up to the highest dose tested (10 mg/kg) were observed. Stable discase
was observed in 29% of the patients that participated in the NSCLC study and in 32% of the
patients that participated in the colorectal cancer study. Clinical response or stable disease could
be observed in 14/17 patients with NHL diagnosed with follicular lymphomas.

HGS has currently initiated two Phase Ib trials evaluating the safety and tolerability of HGS-
ETR1 in combination with chemotherapeutic agents (Paclitaxel + Carboplatin and Gemcitabine +
Cisplatin) in the treatment of patients with advanced solid tumors including NSCLC, pancreatic
cancer, cancer of unknown primary (CUP), biliary tract cancer and head and neck cancer.



TRAIL and Other TRAIL Receptor Agonists as Novel Cancer Therapentics 201

Table 2. Preclinical toxicity studies of combinatorial TRAIL therapies in normal cells

Normal Tissue TRAIL in Combination With Outcome  Reference

Hepatocytes 5-FU, gemcitabine, irinotecan, not toxic 64,65
oxaliplatin, Bortezomib (low dose)

Hepatocytes Cisplatin, Bortezomib (high dose) toxic 65,66

Hepatocytes HDAC inhibitors (valproic acid, ITF2357) not toxic 67

Hepatocytes Steatosis hepatis, Hepatisis C infection toxic 77

Keratinocytes Proteasome inhibtor (MG115) toxic 68

Peripheral blood HDAC inhibitors not toxic 57,69

Resting lymphocytes Cisplatin toxic 78

mononuclear cells

CD34(+) HDAC inhibitor not toxic 56

Progenitor cells

Erythroblasts irradiation not toxic 61

Osteoblasts etoposide, cisplatin, doxorubicin, not toxic 70%*
methotrexat*, cyclophosphamid*

Osteoblasts etoposide not toxic 71

Osteoblasts cisplatin, doxorubicin toxic 71

Prostate stromal cells doxorubicin not toxic 72

First results of the Phase Ib studies demonstrate that the combination of HGS-ETR1 + che-
motherapeutics was well tolerated and HGS-ETRI can be administered safely and repetitively at
doses up to 20 mg/kg intravenously. The maximum tolerated dose of HGS-ETR1 has, however,
still not been reached. As the best overall response to HGS-ETR1 + gemcitabine + cisplatin 9/32
patients showed a partial response and 14/32 stable disease. Most of the observed adverse effects
of the combinatorial regimens most likely reflect the toxicity profile of the used concomitant
chemotherapeutics. In the phase Ib study of HGS-ETRI1 + paclitaxel + carboplatin 4/20 patients
showed partial response and 10/20 stable disease. However, combinatorial treatment with HGS-
ETRI1 + carboplatin + paclitaxel was not superior to HGS-ETR1 or paclitaxel + carboplatin
alone. One patient showed dose-limiting toxicity due to HGS-ETRI. Furthermore HGS is
currently performing a clinical phase II trial with advanced multiple myeloma (MM) to evaluate
the efficacy and safety of HGS-ETRI in combination with the proteasome inhibitor bortezomib
(study number: HGS1012-C1055).

The safety of the TRAIL-R2-targeting fully humanized mAb HGS-ETR2 (Lexatumumab) in
combination with gemcitabine, pemetrexed, doxorubicin or FOLFIRI has been investigated in a
phase Ib study. Patients received one of the full-dose chemotherapy regimens and lexatumumab (5
mg/kg) every two weeks (for gemcitabine and FOLFIRI) or every three weeks (for pemetrexed and
doxorubicin). Four to 6 patients were treated with 5 mg/kg lexatumumab in each chemotherapy
cohort prior to dose escalation to 10 mg/kg. So far, 41 patients with a wide range of cancer types have
received 164 courses of lexatumumab over the 2 dose levels. As lexacumumab was well-tolerated, no
dose reductions of lexatumumab were required. Severe adverse events considered at least possibly
related to lexatumumab included anemia, fatigue and dehydration. Tumor shrinkage has been
observed, including confirmed partial responses (PRs) in the FOLFIRI and doxorubicin arms.

Daiichi Sankyo is developing TRA-8 (CS-1008), a humanized antiTRAIL-R2 monoclonal
antibody for the treatment of advanced solid tumors and lymphomas. Preclinical studies showed
an anti-cancer effect against human cancer cell lines in vitro and in tumor-bearing mice in vivo.

Apomab, a fully human affinity-matured IgG1 monoclonal antibody targeting TRAIL-R2
developed by Genentech is currently evaluated in phase I and I clinical trials.
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Table 3. Therapeutic approaches targeting the TRAIL receptors in cancer therapy

Single Agent
HGS-ETR1 Human Genome  humanized anti-TRAIL-R1 Phase Il completed:
(Mapatumumab)  Sciences agonistic mAb colorectal cancer,
NHL, NSCLC
HGS-ETR2 Human Genome  humanized anti-TRAIL-R2 Phase I:
(Lexatumumab) Sciences agonistic mAb advanced solid tumors
HGS-TR2) Human Genome  humanized anti-TRAIL-R2 Phase I:
Sciences agonistic mAb advanced solid tumors
TRA-8 Daiichi humanized anti-TRAIL-R2 Phase I:
(CS-1008) Sankyo Inc. mAb advanced solid tumors
and lymphomas
(not yet recruiting)
Apo2L/TRAIL Genentech/ soluble TRAIL, activates Phase Ib
(AMG 951) Amgen TRAIL-RT and TRAIL-R2
Apomab Genentech humanized anti-TRAIL-R2 Phase I/1:
mAb advanced solid tumors
AMG 655 Amgen humanized anti-TRAIL-R2 Phase I:
agonistic mAb (initiated in 2005)
LBY135 Novartis chimeric anti-TRAIL-R2 Phase I/1l:

agonistic antibody

advanced solid tumors

Combination with Chemotherapy

HGS-ETR1 Human humanized anti-TRAIL-R1 Phase Ib:
+ Paclitaxel Genome agonistic mAb + advanced solid
+ Carboplatin Sciences chemotherapy tumors
HGS-ETR1 Human humanized anti-TRAIL-R1 Phase Ib:
+ Gemcitabine Genome agonistic mAb + advanced solid tumors
+ Cisplatin Sciences chemotherapy
HGS-ETR1 Human humanized anti-TRAIL-R1 Phase II:
+ Bortezombib ~ Genome mADb + proteasomeinhibitor  advanced MM
(Velcade®) Sciences (recruiting since
Oct. 2006)
HGS-ETR2 Human humanized anti-TRAIL-R2 Phase Ib:
+ Gemcitabine ~ Genome agonistic mAb + advanced solid
+ Pemetrexed Sciences chemotherapy tumors
+ Doxorubicin
+ FOLFIRI
Apo2L/TRAIL Genentech/ soluble TRAIL that activates ~ Phase Ib/Il:
+ Rituximab Amgen TRAIL-R1 and TRAIL-R2 + NHL (recruiting since
anti-C20 June 2006)
Apomab + Genentech humanized anti-TRAIL-R2 Phase II:
Avastin agonistic mAb + anti-VEGF  advanced solid tumors
(initiated Q2 2007)
LBY135 + Novartis chimeric anti-TRAIL-R2 Phase I/1I:

capecitabine

agonistic mAb

advanced solid tumors,
(recruiting since 2006)
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First pharmacokinetics studies showed that Apomab was well tolerated in patients treated with
doses up to 20 mg/kg (<33% dose limiting (Grade 3 drug-related) toxicities in the first 2 doses +
24 hours). However, 2 disparate DLTs occurred among 11 patients treated at 10 mg/kg including
asymptomatic transaminitis and pulmonary embolism C1D4. One patient out of six who received
atleast 4 cycles of Apomab showed 28% shrinkage of target lesions and symptomatic improvement
after 4 cycles.” Phase II studies with Apomab in first-line nonsmall cell lung cancer in combination
with Avastin and in sarcoma as a single agent were initiated in 2007. Furthermore, a Phase II study
in indolent nonHodgkin’s lymphoma in combination with Rituxan is planned.

AMGS655, a fully human mAB targeting TRAIL-R2 developed by Amgen, is currently inves-
tigated in a phase Ib clinical study in adult patients with advanced solid tumors.

Three to nine patients were enrolled into 1 of 5 sequential dose cohorts (0.3, 1, 3, 10, or 20 mg/
kg) of AMG655 administered intravenously every two weeks (Q2W). AMG655 administered
up at doses of up to 20 mg/kg Q2W appears to be well tolerated in these patients. No DLTs or
SAE:s related to AMG655 treatment have been reported. No anti-AMG655 antibodies have been
detected. However, nine patients reported adverse effects after AMG655 administration including
pyrexia, fatigue and hypomagnesaemia. AMG655 demonstrated dose-linear kinetics with a half-
life of ~10 days. The anti-tumor activity of AMG655 was confirmed with observation of a partial
response in NSCLC and a metabolic partial response in colorectal cancer.

LBY135, an agonistic chimeric monoclonal antibody against TRAIL-R2, is developed by
Novartis. In first in vitro studies, 50% of a panel of 40 human colon cancer cell lines were killed
by LBY135 with an IC50 of 10 nM or less. This result is in line with the observed effects of other
TRAIL receptor agonists. The in vivo anti-tumor efficacy of LBY135 was evaluated in human
colorectal tumor xenograft models in mice.> Since 2006, Novartis is recruiting patients for an open-
label, multi-center, 2-arm Phase I/11 trial of LBY135 alone and in combination with capecitabine
in advanced solid tumors (Nevada Cancer Institute).

In summary, the clinical trials performed so far demonstrate that Apo2L/TRAIL as well as
mADbs against TRAIL-R1 or TRAIL-R2 are well tolerated when applied in humans and induce
partial response and stable disease in a high percentage of patients. Considering that most if not
all of the tumor patients enrolled in these clinical studies had been heavily pretreated and were
mostly chemo-refractory at the time when TRAIL receptor agonists were given for the first time,
it now seems safe to state that the clinical results obtained so far suggest that the concept of us-
ing TRAIL receptor agonists in cancer therapy’>*® represents a promising therapeutic option for
cancer patients.
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CHAPTER 15

Therapeutic Potential of VEGI/TL1A

in Autoimmunity and Cancer
Gautam Sethi, Bokyung Sung and Bharat B. Aggarwal*

Abstract
ascular endothelial growth inhibitor (VEGI, TNESE-15) is a novel member of the tumor
s / necrosis factor (TNF) superfamily that consists of 174 amino acids and exhibits 2 20% to
30% sequence homology to other members of the TNF superfamily. The VEGI gene is
expressed as a transmembrane protein predominantly in endothelial cells and induced generally in
response to inflammatory stimuli. It mediates most of its cellular responses through the interaction
of the death receptor-3. VEGI activates multiple cell signaling pathways including NF-«B, STAT3,
JNK, p38 MAPK and p42/p44 MAPK. VEGI suppresses the proliferation of endothelial cells
and tumor cells, induces maturation of dendritic cells and induces osteoclastogenesis. How VEGI
mediates its effects in autoimmune diseases and tumorigenesis is the focus of this review.

Introduction

The TNF family of cytokines consists of type II transmembrane proteins (except TNF)
and includes TNF, FasL, CD40L, CD30L, CD27L, 4-1BBL, OX40L,"* TRAIL/APO-2L,}
TRANCE,* TWEAK/DR3L,” APRIL,* LIGHT” and THANK.® These proteins have roles in
diverse biological functions such as proliferation, differentiation and gene activation.?® Binding
to their cognate receptors initiates several signal transduction pathways that activate NF-xB'° and
c-jun N-terminal protein kinase, a member of the mitogen-activated protein kinase family.!* Also
activated is a cascade of caspases, ultimately resulting in apoptosis.’? Recently a new member of the
TNF family was identified and named as vascular endothelial cell growth inhibitor (VEGI).!> ¢
VEGI has recently received the HGMW-approved designation of TNF super family member 15
(TNEFSF15). Although its transcript was found in many human tissues, including placenta, lung,
kidney, skeletal muscle, pancreas, spleen, prostate, small intestine and colon, VEGI was expressed
most abundantly in endocthelial cells.’*" It was established that the VEGI gene encodes a type
II transmembrane protein with a molecular mass of 13 kD and that it exhibits a 20-30% overall
sequence homology to human TNF and the Fas ligand.

The human VEGI gene spans about 17 kb and consists of four exons. Multiple VEGI transcripts
generated by the use of cryptic splice sites and alternate exons have been described.’® All known
VEG1 isoforms exhibit a carboxyl terminal domain of 151 amino acid residues, which is encoded
by part of the fourth exon, termed IVb. The initially characterized VEGI isoform, designated
VEGI-174, is encoded by the fourth exon (parts IVa and IVb) alone, which includes both the
putative transmembrane domain and the conserved extracellular domain. Two new isoforms,
VEGI-251 and VEGI-192, were identified subsequently.'® The VEGI-251 isoform is also known
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as TNF-like ligand 1 (TLIA)."” The VEGI-251 and 192 isoforms differ in their amino terminal
regions, but share the conserved 151-amino acid residue carboxyl terminal domain. VEGI-251
possesses a putative secretory signal peptide and its overexpression causes apoptosis of endothelial
cells and inhibition of tumor growth."” The salient features and functions of this cytokine are
summarized in Table 1.

Signaling Mechanism(s) of VEGI/TL1A

VEGI/TLIA has been shown to exert its effects through activation of multiple signaling
pathways including NF-«xB, JNK, p38 MAPK and p42/p44 MAPK (Fig. 1). Our group showed
for the first time that VEGI activated the transcription factor NF-kB as determined by the elec-
trophoretic mobility shift assay, induced degradation of IkBa and nuclear translocation of p65
subunit of NF-kB. In addition, VEGI activated c-Jun N-terminal kinase.' Yu et al reported that
VEGI mediates two distinct activities in endothelial cells: early G, arrest in Go/G; cells responding
to growth stimuli and programmed death in proliferating cells. When the cells were stimulated
with growth conditions but treated simultancously with VEGI, a reversible, early-G, growth arrest
occurred, as evident by the lack of late G, markers such as hyperphosphorylation of the retino-
blastoma gene product and upregulation of the c-2yc gene. Additionally, VEGI treatment led to
inhibition of the activities of cyclin-dependent kinases CDK2, CDK4 and CDKG6. In contrast,
VEGI treatment of cells that had entered the growth cycle resulted in apoptotic cell death, but
not in nonproliferating cells treated with this cytokine. Additionally, stress-signaling proteins
p38 and JNK were not as fully activated by VEGI in quiescent as compared with proliferating
populations. These findings suggest a dual role for VEGI, the maintenance of growth arrest and
induction of apoptosis, in the modulation of the endothelial cell cycle.”” Migone and coworkers
reported that TL1A, is a ligand for DR3 and decoy receptor TR6/DcR3 and that its expression is
inducible by TNF and IL-1a. TL1A induced NF-kB activation and apoptosis in DR3-expressing
celllines, while TR6-Fc protein antagonizes these signaling events. This data suggests that interac-
tion of TL1A with DR3 promotes T-cell expansion during an immune response, whereas TR6
has an opposing effect.”” Yue and colleagues further examined whether TL1 induces apoptosis
in endothelial cells and, its mechanism of action. Cultured bovine pulmonary artery endothelial
cells (BPAEC) exposed to TL1A showed morphological and biochemical features characteristic of
apoptosis. TL1A-induced apoptosis in BPAEC was a time- and concentration-dependent process.
TL1A increased Fas expression in BPAEC and significantly activated stress-activated protein kinase
(SAPK) and p38 mitogen-activated protein kinase (p38 MAPK). This cytokine also activated
caspases in BPAEC and TL1A-induced apoptosis in BPAEC was significantly attenuated by the
caspase inhibitor. The major component activated by TL1A in BPAEC was caspase-3, which was
based on substrate specificity and immunocytochemical analysis. These findings suggested that
TL1A may act as an autocrine factor to induce apoptosis in endothelial cells via activation of
multiple signaling pathways, including stress protein kinases as well as certain caspases.!” Wen and
coworkers investigated the effect of TL1A and an agonistic DR3 monoclonal antibody in human
erythroleukemic TF-1 cells, which express DR3 endogenously. TL1A induced the formation of a
DR3 signaling complex containing TRADD, TRAF2 and RIP and activated the NF-kB and the
ERK,JNK and p38 MAPK pathways. However, TL1A or an agonistic DR3 monoclonal antibody
did not induce apoptosis in these cells nor were there detectable levels of FADD or procaspase-8
seen in the signaling complex. Interestingly, DR3-mediated apoptosis was induced in TF-1 cells in
the presence of a NF-kB pathway-specific inhibitor but not in the presence of mitogen-activated
protein kinase inhibitors, cither alone or in combination, suggesting that DR3-induced NF-xkB
activation was responsible for resistance to apoptosis in these cells. Consistent with this, it was
found that TL1A significantly increased the production of c-IAP2, a known NF-kB -dependent
anti-apoptotic protein and that the NF-kB inhibitor or cycloheximide prevented its synthesis.
Furthermore, inhibition of c-IAP2 production by RNA interference significantly sensitized TF-1
cells to TL1A-induced apoptosis.”
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Table 1. A list of salient features of VEGI

e VEGI is a type Il transmembrane protein with a molecular mass of 22kD.

e The amino acid sequence has 20-30% sequence homology to other members of TNF
superfamily.

e Residues 26-174 constitute an extracellular domain analogous to domains found in other
members of TNF superfamily.

e The human VEGI gene spans about 17kb and consists of four exons.

e All known VEGT1 isoforms exhibit a carboxyl terminal domain of 151 amino acid residues,
which is encoded by part of the fourth exon, termed IVb.

e Three different isoforms of VEGI has been characterized so far.

e The initially characterized VEGI isoform, designated VEGI-174, is encoded by the fourth exon
(parts IVa and 1Vb) alone, which includes both the putative transmembrane domain and the
conserved extracellular domain.

¢ Two new isoforms, VEGI-251 and VEGI-192, were identified subsequently.

e The VEGI-251 isoform is also known as TNF-like ligand 1 (TLIA).

e The VEGI-251 and 192 isoforms differ in their amino terminal regions, but share the con-
served 15T-amino acid residue carboxyl terminal domain.

e VEGI-251 also possesses a putative secretory signal peptide.

e TL1A exerts its effect by binding to death domain-containing receptor-3 (DR3, TNFRSF12,
TNFRSF25).

e Isalso found in many adult human tissues and foam cells in atherosclerotic plaques.

® FcyR stimulation induces TL1TA mRNA in both monocytes and dendritic cells.

¢ Inhibits the proliferation of endothelial and tumor cells.

* Antiangiogenic.

¢ Induces dendritic cell maturation.

e Induces activation of transcription factors such as NF-kB and STAT3.

e Induces activation of p38, JNK and ERK MAP kinases.

¢ Induces the expression of TNF, MMPs, MCP-1 and IL-8.

* TL1A up-regulates OX40L on neonatal CD4+ CD3-cells.

¢ DcR3 induces osteoclastogenesis from the cultures of monocyte, macrophage and bone
marrow cells.

e TL1A/DR3 pathway plays a dominant role in the ultimate level of IL-12/IL-18-induced IFN-y
production by CCR9+ mucosal and gut-homing T-cells.

e Recombinant VEGI 192 suppresses the growth of Lewis lung cancer tumor model.

e Recombinant VEGI 251 suppresses the growth of xenograft breast and colon cancer tumors.

e TL1A is expressed in either synovial fluids or synovial tissue of rheumatoid factor (RF)-
seropositive RA patients, but not RF-/RA patients.

¢ TL1A-DR3 interaction is of particular importance in Th1-mediated intestinal diseases, such as
ulcerative colitis and Crohn’s disease.

e Up-regulation of mRNA and protein levels of TL1A has been found in macrophages and
CD4+/CD8* lymphocytes of the intestinal lamina propria of patients with Crohn’s disease.

¢ Single gene polymorphisms in TL1A also confer susceptibility to Crohn’s disease.

e VEGI displays prognostic relevance as breast cancer patients with an overall poor prognosis
express significantly lower levels of this cytokine as compared to those with a favorable
prognosis.
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Figure 1. Signaling pathways activated by VEGI.

Role of VEGI/TLIA in Autoimmunity

Following identification of the VEGI isoform, it was found that it could bind to and activate
TNF receptor family member known as Death Receptor 3 (DR3). Since DR3 is upregulated in
activated T-cells, this group analyzed TLIA activity on T-cells. While TL1A alone or with anti-CD3
aor anti-CD28 costimulation did not induce proliferation of T-cells, it was found that pretreatment
with TL1A enhances T-cell proliferation in response to IL-2, elevates expression of IL2Ra.and f and
induces secretion of both interferon-y (IFN-y) and granulocyte-macrophage colony stimulating factor
(GM-CSEF). They also showed that while resting T-cells, B-cells, NK cells, DC and monocytes did
not express TL1A mRNA, transcript was induced by TNF, IL-1a, or PMA in human umbilical vein
endothelial cells (HUVEC). Moreover, using a graft-versus-host-response (GVHR) model in which
C57BL/6 splenocytes were injected intravencously into BALB/c X C57BL/6 mice, it was found that
TLIA could increase GVHR in vivo, suggesting a role for this cytokine in immune response.'”!

Papadakis et al showed that TL1A or an agonistic anti-DR3 mAb can synergize with IL-12/
IL-18 to augment IFN-y production in human peripheral blood T-cells and NK cells. TL1A also
enhanced IFN-y production by IL-12/IL-18 stimulated CD56* T-cells. When expressed as fold
change, the synergistic effect of TL1A on cytokine-induced IFN- production was more pronounced
on CD4* and CD8* T-cells than on CD56* T-cells or NK cells. Intracellular cytokine staining
showed that TL1A significantly enhanced both the percentage and the mean fluorescence intensity
of IFN-y producing T-cells in response to IL-12/IL-18. The combination of IL-12 and IL-18 mark-
edly up-regulated DR3 expression in NK cells, whereas it had minimal effect in T-cells.”* Thus,
TLI1A could be involved in initiating or promoting Th1 responses because—its receptor (DR3) is
induced on most T-cells by activation;* TL1A, induced on T-cells or other immune system cells,
could act by direct cell-to-cell surface ligand—receptor interaction, or more widely after release
in a soluble form;® the TL1A/DR3 interaction potently costimulates IFN-y production by DR3+
T-cells and is anti-apoptotic.

Kim and coworkers® recently showed that both neonatal and adult CD4+ CD3- cells express
the TNF family member, death receptor 3 (TNFRSF25) and that addition of TL1A the ligand for
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death receptor 3, up-regulates OX40L on neonatal CD4+ CD3- cells. They further demonstrated
that this differentiation occurs in vivo: neonatal CD4+ CD3- cells up-regulate both CD30L and
OX40L after adoptive transfer into an adult recipient. Prehn et al** recently investigated TL1A
expression by antigen presenting cells (APCs), such as blood monocytes and in vitro-derived
dendritic cells (DC) following activation of several types of known activating pathways, including
TLR ligands, IFN-y and FeyR activation. They demonstrated that FeyR activation induces a strong
up-regulation of TL1IA mRNA in monocytes as well as DC and that FeyR activation resulted in
the appearance of TLIA in supernatants and on the surface of a fraction of monocytes and DC.
In contrast, TLR ligands did not up-regulate TL1A substantially while inducing strong TNF-a
and IL-6 secretion in monocytes and DC. Furthermore, in monocyte-T-cell cocultures, FeyR
activation resulted in enhanced IFN-y production by T-cells that could be blocked by anti-TL1A
Abs. Substantial TL1A production following FcyR activation, perhaps by contact with opsonized
bacteria, defines a new mechanism by which monocytes and DC, by producing TL1A, can drive
DR3* cells, such as NK and activated T-cells, to very highly activated functional states by either
direct contact of APCs with T-cells or via soluble TL1A.

Tian et al®® reported that VEGI induces DCs maturation, a critical event in inflammation-ini-
tiated immunity. VEGI-stimulated bone marrow-derived immature DCs display early activation
of maturation signaling molecules NF-kB, STAT?3, p38 and JNK and cytoskeleton reorganization
and dendrite formation. The activation signals were partially inhibited by using a neutralizing Ab
against death domain-containing receptor-3 (DR3) or a truncated form of DR3 consisting of the
extracellular domain, indicating an involvement of DR3 in the transmission of VEGI activity. A
VEGI isoform, TL1A, did not induce similar activities under otherwise identical experimental
conditions. Additionally, the cells reveal significantly enhanced expression of mature DC-specific
marker CD83, secondary lymphoid tissue-directing chemokine receptor CCR7, the MHC class-11
protein (MHC-II) and costimulatory molecules CD40, CD80 and CD86. Functionally, the cells
exhibit decreased Ag endocytosis, increased cell surface distribution of MHC-II and increased
secretion of IL-12 and TNE. Moreover, VEGI-stimulated DCs were able to facilitate the differ-
entiation of CD4* naive T-cells in cocultures.

Furthermore, TL1A expression has been detected in T-cells in intestinal lamina propria of
inflammatory bowel disease (IBD), such as Crohn’s disease (CD) and ulcerative colitis, thus in-
dicating that TL1A might play a role in IBD acting as a Th1 polarizing cytokine.?**” Bamias and
colleagues® investigated the role of TL1A in IBD by functioning as a Th1-polarizing cytokine.
The expression, cellular localization and functional activity of TLIA and DR3 were studied in
intestinal tissue specimens as well as isolated lamina propria mononuclear cells from IBD patients
and controls. TLIA mRNA and protein expression was up-regulated in IBD, particularly in in-
volved areas of Crohn’s disease. TL1A production was localized to the intestinal lamina propria
in macrophages and CD4* and CD8* lymphocytes from CD patients as well as in plasma cells
from ulcerative colitis patients. The amount of TL1A protein and the number of TL1A-positive
cells correlated with the severity of inflammation, most significantly in CD. Increased numbers
of immunoreactive DR3-positive T-lymphocytes were detected in the intestinal lamina propria
from IBD patients. Addition of recombinant human TL1A to cultures of PHA-stimulated lamina
propria mononuclear from CD patients significantly augmented IFN-gamma production by
4-fold, whereas a minimal effect was observed in control patients. While resting peripheral blood
(PB) T-cells did not express TL1A, activating stimuli induced cell membrane-associated TL1A
(mb-TL1A) on some T-cells. In contrast, a fraction LP T-cells, especially CD4+, constitutively
expressed mb-TL1A and DR3, with higher fractions detected in ulcerative colitis and Crohn’s
disease.?" Thus, TLIA could be involved as co-initiator and/or amplifier of a dysregulated Thl
response in Crohn’s disease. A recent study has provided a genetic perspective on the role of TL1A
in the human Th1 mucosal response in Crohn’s disease. This genome-wide association study re-
vealed a highly significant association of single nucleotide polymorphism haplotypes of the #/1a
gene with Crohn’s disease in a large cohort of Japanese patients as well as in two separate, smaller
European cohorts.?? Recently, Bamias et al** demonstrated that TL1A and its receptor DR3 are
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up-regulated in inflamed gut mucosa in two distinct murine models of ileal inflammation. TL1A
seems to be primarily expressed by lamina propria dendritic cells (DC).

Cassatella and coworkers* reported that mononuclear phagocytes appear to be a major source
of TL1A in rheumatoid arthritis (RA), as revealed by their strong TL1A expression in either
synovial fluids or synovial tissue of rheumatoid factor (RF)-seropositive RA patients, but not
RF-/RA patients. Accordingly, in vitro experiments revealed that human monocytes express and
release significant amounts of soluble TL1A when stimulated with insoluble immune complexes
(IC), polyethylene glycol precipitates from the serum of RF+/RA patients, or with insoluble ICs
purified from RA synovial fluids. Monocyte-derived soluble TL1A was biologically active as
determined by its capacity to induce apoptosis of the human erythroleukemic cell line TF-1, as
well as to cooperate with IL-12 and IL-18 in inducing the production of IFN-gamma by CD4*
T-cells. Because RA is a chronic inflammatory disease with autoimmune etiology, in which ICs,
autoantibodies (including RF) and various cytokines contribute to its pathology, this report in-
dicates TL1A could be involved in its pathogenesis and contribute to the severity of RA discase
that is typical of RF+/RA patients.

Yang et al** showed that DcR3 could induce osteoclast formation from human monocytes,
murine RAW264.7 macrophages and bone marrow cells. DcR3-differentiated cells exhibit
characteristics unique for osteoclasts, including polynuclear giant morphology, bone resorption,
TRAP, CD51/61 and MMP-9 expression. Consistent with the abrogation of osteoclastogenic
effect of DcR3 by TNFR-Fc, DcR3 treatment can induce osteoclastogenic cytokine TNF-a release
through ERK and p38 MAPK signaling pathways. This report indicated that DcR3 via coupling
reverse signaling of ERK and p38 MAPK and stimulating TNF-a synthesis is a critical regulator
of osteoclast formation. Tang and coworkers recently found that DcR3 transgenic mice show a
decrease of bone mineral density (BMD), bone mineral content (BMC) and bone volume, ac-
companied by an increase of osteoclast formation, thereby establishing that in vivo effect of DcR3
may play an important role in osteolytic bone diseases.*

Role of VEGI/TLI1A as Negative Regulator of Angiogenesis

Several lines of evidence indicate that VEGI acts as a negative regulator of angiogenesis.
VEGlI is differentially expressed in proliferating and quiescent endothelial cells. When examined
by Northern blot using total RNA preparations from cultured HUVEC, VEGI mRNA levels
increases in cell number.”” Low levels of VEGI mRNA were detected in newly seeded cells and the
levels of VEGI increased with increasing cell number until a plateau was reached as the cultures
became confluent. Moreover, the up-regulation of VEGI in endothelial cells following treatment
with anti-angiogenic doses of TNF-a emphasizes the potential role of VEGI in inhibiting angio-
genesis. TNF-o modulates angiogenesis in a dose-dependent manner, with low levels stimulating,
but high levels inhibiting endothelial cell growth in vitro.”” Yu et al reported that high, inhibi-
tory doses of TNF-a resulted in up-regulation of VEGI in a variety of endothelial cell types.”
Interestingly, all three isoforms were coordinately upregulated in a dose- and time-dependent
manner.'® The cytostatic profile of VEGI, along with its upregulation by TNF-a, suggests that
VEGI may mediate some of the effects of TNF-o on endothelial cells. Indeed, TNF-a inhibits
both VEGF and bFGF-induced endothelial proliferation®®* and induces regression of tumors in
mice.” Interestingly, TL1A can also be transiently up-regulated by IL-1a, PMA and bFGF"” and
down-regulated by IFN-y.1¢

DcR3 has been used experimentally to establish that VEGI acts as an endogenous negative regula-
tor of angiogenesis. TLIA can bind to DcR3, which results in neutralization of VEGI activity.”” A
recent study suggests that overexpression of DcR3 augments in vitro HUVEC proliferation, migra-
tion and tube formation on Matrigel, whereas DcR3 did not affect these activities in human aortic
endothelial cells (HAEC), which do not express VEGL. In addition, DcR3 accelerates vessel forma-
tion in vivo in the Matrigel plug assay and the CAM assay.* These activities result from inhibition of
endogenous VEGI-251, as the other known ligands of DcR3, FasL and LIGHT, are not expressed by
HUVEC.* DcR3 is often upregulated in cancer and its levels are elevated in sera of cancer patients.
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Opverexpression of DcR3 may allow cancers to escape immune detection and neutralize an important
endogenous negative regulator of angiogenesis,*! thereby facilitating the angiogenic switch.

Role of VEGI/TLI1A in Cancer

The anticancer activity of VEGI has been investigated using several models both in vitro as well
as in vivo. Our group reported for the first time that VEGI could inhibit the proliferation of breast
carcinoma, epithelial and myeloid tumor cells; and activated caspase-3 leading to PARP cleavage.
The activity of VEGI could neither be neutralized by antibodies against TNF, nor could it compete
with TNF binding, indicating that the activity of VEGI is not due to TNF and it binds to a distinct
receptor.'® In a sygenic mouse colon cancer model, murine colon carcinoma cells (MC-38) were stably
transfected with either the VEGI-174 or sVEGI, where the transmembrane domain was replaced by
asecretion signal. VEGI overexpression did not affect T-cell growth in culture. The cells were intra-
dermally implanted in syngeneic C57BL6 mice. Vector-transfected and VEGI-174 transfected cells
grew into tumors at a rate comparable to wild type MC38 cells. In contrast, overexpressing sVEGI
suppressed the growth of the implanted cells accompanied by decreased vascularization.”

The anticancer potential of VEGI was also examined in a breast cancer xenograft tumor model
in which the cancer cells were co-injected with Chinese hamster ovary cells (CHO) overexpressing
a secreted form of the VEGI protein. The co-injection resulted in potent inhibition of xenograft
tumor growth.” Since VEGI did not inhibit the growth of breast cancer cells in culture in this study,
the anticancer activity of the cytokine most likely arises from its antiangiogenic activity. Zhai et
al*? also examined the anticancer activity of VEGI-overexpressing CHO cells in a prostate cancer
animal model. The CHO cells were mixed with prostate cancer cells (PC3) at various different
ratios. The cell mixtures were then injected subcutancously in athymic nude mice and the growth
of the xenograft tumors was monitored. The tumors initially grew, but in a few weeks almost all
of the tumors disappeared in groups with higher CHO: PC3 ratios. PC3 cells implanted alone
exhibited progressive tumor growth. These results indicate that high levels of VEGI may cause
the eradication of established tumors. In a different approach, Pan and coworkers constructed an
adenovirus expressing a fusion protein composed of endostatin and a VEGI protein containing the
C-terminal 151 residues, which was termed as AdhRENDO-VEGI151. Subcutanocous injection
of this fusion protein inhibited tumor growth by 88% in a liver xenograft model that was associ-
ated with decreased microvessel density.* Hou and colleagues examined the anticancer activity of
VEGI-192 with a Lewis lung cancer murine tumor model. Systemic administration of VEGI-192
gave rise to a marked inhibition of tumor growth. As much as 50% inhibition of the tumor growth
rate was achieved with treatment initiated when the tumor volumes reached nearly 5% of the body
weight. Inhibition of tumor formation was also observed when VEGI-192 was given at the time
of tumor inoculation. Consistently, an increase in survival time of the treated animals was found.
The VEGI-192-treated animals showed no liver or kidney toxicity.*

Chew etal found that overexpression of full-length VEGI-174 by cancer cells had little effect on
the growth of the xenograft breast cumors. However, an overexpression of the intact VEGI-251, as
well as the SVEGI fusion protein, retarded tumor growth significantly.'¢ Parr and coworkers recently
analyzed the VEGI expression in relation to breast cancer patient clinical parameters. The VEGI ex-
pression profile was assessed qualitatively (RT-PCR), quantitatively (real-time Q uantitative-PCR)
and immuno-histochemically (IHC), in a panel of 24 human normal and cancer cell linesand ina
cohort of 151 mammary tissue samples with a 6-year median follow-up. Patients who had died of
breast cancer or had local recurrence of the disease expressed significantly lower levels of VEGI in
comparison to the elevated levels in the disease free patients. High levels of VEGI were associated
with an increased chance of patient survival. Importantly, patients with breast tumors expressing
reduced levels of VEGI had a poorer prognosis than those patients expressing high levels of VEGL
However, no significant correlations were observed between VEGI expression and tumor grade,
TNM classification, or nodal involvement. This report confirmed that VEGI displays prognostic
relevance as breast cancer patients with an overall poor prognosis express significantly lower levels
of VEGI compared to those with a favorable prognosis.®
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Conclusion

VEGI/TLIA is one of the primitive members of the TNFR superfamily. TNF itself has not
been found in chickens, but recently the cloning of TL1A from chickens has been reported.* The
finding implies that TL1A is a part of the early immune system and raises the question of what
are the endogenous triggers of TL1A expression. Although it has been reported that TNF and
IL-1p can induce TL1A expression, whether it is through the nucleotide-binding oligomerization
domain (NOD) pathway, is not clear. TLIA expression is tightly regulated under physiological
conditions and it will be of importance to understand the ways by which TL1A expression is trig-
gered and whether differences in TL1A expression between individuals can account for increased
susceptibility to development of various autoimmune disorders. Targeting TL1A now constitutes
an important therapy for patients suffering with Crohn’s disease and RA. Many approaches includ-
ing the use of blocking antibodies to DR3, soluble DcR3 receptor, or neutralizing monoclonal
antibodies specific for TL1A are being employed. The outcome of clinical trials using these agents
could revolutionize the treatment modalities associated with these discases.
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