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SUMMARY

TR6, also named DcR3, M68, is a recently identified soluble receptor belonging to the
TNFR superfamily. FasL, LIGHT and TL1 are 3 so-far identified ligands for TR6, and
they all belong to the TNF ligand superfamily. TR6 can interfere with FasL and Fas
interaction. It can also interfere with the interaction between LIGHT and HveA, and
between TL1 and DR3. Some tumors have high TR6 expression. It has been
hypothesized that TR6-secreting tumors use this molecule to evade immune surveillance

and gain survival advantage.

In this project, the role of TR6 in immune regulation was investigated. We demonstrated
that human TR6 could cross-react with mouse LIGHT. As the mouse counterpart of TR6
unlikely exists according to Genebank search, this finding allowed us to use human TR6
in the mouse system. In the mouse system, soluble human TR6 could suppress IL-2, IL-5
and GM-CSF secretion by mitogen-activated T cells, and downregulate cytotoxic T-cell
development in vitro. In vivo, soluble TR6 could suppress graft versus host disease and
allograft rejection. These effects of TR6 are probably achieved by its interference with

the interaction between LIGHT and HveA on T cells.

In human system, we found that solid phase TR6, in the presence of suboptimal solid
phase anti-CD3, could significantly costimulate T cells in terms of proliferation.
Blocking studies using soluble LIGHT and Fas indicated that LIGHT likely mediated the

costimulation. This has revealed a novel mechanism of TR6 triggered reverse signaling
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through a ligand, LIGHT. Base on this finding, it is likely that the suppressive effect of
soluble TR6 in the mouse system is due to its interference of the two-way costimulation
between HveA and LIGHT. Intriguingly, soluble TR6 could augment T-cell proliferation,
lymphokine production and cytotoxic T-cell activity in the human system. The opposite
effect of soluble TR6 in the human and mouse systems is probably due to different
affinity of TR6 to human and mouse LIGHT. The dimeric TR6-Fc might have higher
affinity to human LIGHT, hence capable of triggering strong reverse costimulation
through LIGHT. Although it might block the two-way costimulation between HveA and
LIGHT and abate the immune response, the overall effect is dominated by reverse
costimulation through LIGHT. In the mouse system, affinity of human TR6 to mouse
LIGHT might be lower, and cannot effectively trigger LIGHT reverse signaling; its
overall effect is thus biased to the blocking of the two-way interaction between HveA and

LIGHT, hence repressed immune responses.

We also found that human peripheral blood mononuclear cells could secrete TR6 and the
secretion was enhanced by T-cell activation. Interestingly, both soluble and solid phase
TR6 was able to suppress mitogen-induced T-cell aggregation. T cells pretreated with
TR6 had reduced actin polymerization and pseudopodium formation, which are both
important for the cell-cell interaction. These results suggest that TR6 might regulate the
duration of T-cell interaction with other cells, and allow T cells to disengage from

antigen presenting cells or fellow T cells once the interaction becomes unnecessary.
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This study has discovered three important functions of TR6 in immune regulation. Some
of the findings, such as the suppressive effect of soluble TR6 in immune response and
enhancing effect of solid phase TR6 could be exploited for clinical applications. Our

findings have also broadened our knowledge on TR6 in immune regulation.

Key words: TR6/DcR3; LIGHT; reverse signaling; costimulation
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Résumé

Récemment, TR6 aussi connu sous le nom de DcR3 ou M68, a été identifié comme un
récepteur soluble appartenant a la superfamille du récepteur TNF. Les ligands FASL,
LIGHT et TL1, qui font partie de la superfamille du ligand TNF, ont la capacité de lier le
récepteur TR6. TR6 peut interférer au niveau de l'interaction de Fas et FasL, de LIGHT et
HveA ou encore de TL1 et DR3. Puisque certaines tumeurs expriment fortement le
récepteur TR, il a été proposé que les tumeurs sécrétant TR6 pourraient échapper a la

surveillance du systéme immunitaire, par un avantage de croissance.

Ce projet explore le role du récepteur TR6 dans la régulation immunitaire. Nous avons
démontré que le récepteur TR6 humain peut interagir avec le ligand LIGHT de souris.
Cette observation nous a permis d'utiliser le récepteur TR6 humain dans un modéle de
souris, puisque 1'équivalent murin de TR6 n'existe pas selon les recherches effectuées a
partir de Genebank. Chez le modéle murin, le récepteur humain TR6 soluble peut inhiber
la sécrétion de IL-2, IL-5 et GM-CSF produite par les cellules T activées et régule
négativement le développement des cellules T cytotoxiques in vitro. In vivo, le récepteur
TR6 soluble peut supprimer la présence de greffes en favorisant le développement de
maladies auto-immunes et le rejet des allogreffes. Ces effets biologiques associés 8 TR6
sont probablement initiés par l'interférence de TR6 dans l'interaction de LIGHT et HveA
dans les cellules T.

Chez un modéle humain, nous avons trouvé qu'en présence d'une concentration

suboptimale de la phase solide d'un anti-CD3, la phase solide de TR6 costimule
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significativement la prolifération des cellules T. Des études d'inhibition impliquant le
ligand LIGHT soluble et Fas indiquent que LIGHT est responsable de la costimulation.
Ceci suggeére un nouveau mécanisme impliquant une inversion de la signalisation liée a
l'activation de TR6 par le ligand LIGHT. Basé sur cette observation, l'effet suppresseur
du récepteur TR6 soluble dans le modele de souris est dii & l'interférence de la
costimulation & deux sens entre HveA et LIGHT. Etonnamment, le récepteur TR6 soluble
peut augmenter la prolifération des cellules T, la production de lymphokine et 'activité
des cellules T cytotoxiques dans le modéle humain. L'effet opposé du récepteur soluble
TR6 dans le modele de souris et humain est probablement le résultat d'une différence
d'affinité¢ de TR6 pour le LIGHT humain et le LIGHT murin. Le dimére TR6-Fc pourrait
avoir une plus grande affinité pour le LIGHT humain, d'ou sa capacité a déclencher une
forte costimulation inversée induite par LIGHT. Dans le modéle de souris, l'affinité du
TR6 humain pour le LIGHT murin pourrait étre plus faible et, par conséquent, incapable
de déclencher efficacement la signalisation inversée. Cet effet est alors biaisé par
I'inhibition de l'interaction a deux sens de HveA et LIGHT, d'ou la répression de la

réponse immunitaire.

Nous avons également trouvé que les cellules mononucléaires du sang périphérique
peuvent sécreter le récepteur TR6, sécrétion qui serait augmentée aprés une activation des
cellules T. De fagon intéressante, les phases soluble et solide de TR6 sont capables
d'inhiber I'agrégation des cellules T activées. Les cellules T pré-traitées avec TR6 ont une
réduction de la polymérisation de l'actine ainsi qu'une diminution de la formation des

pseudopodes, toutes deux importantes pour les interactions cellules-cellules. Ces résultats
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suggerent que TR6 régule la durée des interactions des cellules T avec les autres cellules,
conduisant & un désengagement des cellules présentatrices d'antigénes ou des autres
cellules T, une fois les interactions devenues non essentielles. Cette étude a permis la
découverte de trois fonctions importantes du récepteur TR6 dans la régulation
immunitaire. Certaines de ces découvertes, telles que l'effet inhibiteur du récepteur TR6
soluble dans la réponse immunitaire ainsi qu'une augmentation de l'effet du TR6 de la
phase solide, pourraient étre exploitées pour des applications cliniques. Nos observations
ont également permis d'élargir nos connaissances sur le réle du récepteur TR6 dans la

régulation immunitaire.

Mots clé: TR6/DcR3; LIGHT; reverse signaling; costimulation
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I. INTRODUCTION

Cytokines are important glycoprotein messenger molecules capable of transmitting
signals from one cell to another. Most cytokines exist in secreted form but some are
either expressed at the cell surface or stored in the extra-cellular space. To date more than
200 cytokines have been identified including interleukins, growth factors, chemokines,
interferons, and a host of others (Callard et al., 1999; Locksley et al, 2001). Cytokines
need to interact with their receptors expressed on the surface of the target cells, thereby
triggering complex intercellular signaling cascades, which ultimately control gene
expression required for the cellular response. Under normal circumstances, the
production of cytokines and the expression of their receptors are under tight and complex
biological control, including negative and positive feedback by the cytokines themselves.

Cytokines can be divided into several groups such as the hematopoietins, the interferons,
the tumor necrosis factor (TNF)-related molecules, the immunoglobulin (Ig) superfamily
members, and the chemokines. Among these groups, the TNF superfamily is unique since
members of this superfamily are mainly concentrated in the immune system and display

crucial functional roles in regulating immune responses (Gruss and Dower, 1995; Gruss

et al., 1996).

L1. TNF and TNF receptor superfamilies
TNF ligand superfamily was originated from two proteins, TNF-alpha (TNF o) and
lymphotoxin o (LT a). These two structurally and functionally related but distinct

proteins, identified by the property of tumor cell lysis, were the prototypic members of
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the TNF superfamily (Carswell et al., 1975; Gray et al., 1984, Pennica et al., 1985). The
receptors of TNF a are TNFR-I (p55) and TNFR-II (p75) whereas the receptors for LTa
are TNFR-I, TNFR-II and HVEM/TR2 (Locksley et al., 2001). These receptors then
constituted a new TNF receptor (TNFR) related gene family (Gruss and Dower, 1995;
Locksley et al., 2001). Both TNFR and TNF ligand superfamilies have experienced rapid
expansion over the past decade and many molecules were identified as TNF or TNFR
superfamily proteins (SFPs) (Smith et al., 1994; Idriss and Naismith, 2000; Locksley et
al., 2001).

For the past decades there was no well-coordinated, systematic naming system and the
nomenclatures for SFPs in these two superfamilies were complicated and somewhat
redundant. It was common that some members had multiple names given by different
groups (as presented in Table 1 and Table 2). Based on this situation, a standard, official
designation system was formally introduced for both TNF ligand and TNFR SFPs while
some popular, well-accepted names are still being used in parallel (Locksley et al., 2001).

(Details refer to Table 1 for related receptors and Table 2 for related ligands).

I.2. TNFR family

Currently, this still growing family has incorporated more than 20 different membrane
proteins and several open viral reading frames encoding related molecules (Locksley et
al., 2001; Adams et al., 2002). As summarized in Table 1, the mammalian TNFR
superfamily now includes: TNFR-I, TNFR-II, Fas, 0X40, CD40, CD27, CD30, 4-1BB,
DcR1, DcR2, TR6 (DcR3), OPG, DR3, DR4, DR5, DR6, HVEM (TR2), RANK, TACI,

BAFFR, EDAR, BCM, RELT, SOBa, Tnfrhl, TAJ (Armitage, 1994; Smith, 1994;
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Anderson et al., 1997; Ashkenazi and Dixit, 1998; Gruss and Dower, 1995; Locksley et
al., 2001). Some most recent identified members such as BCM, RELT, SOBa, Tnfrhl
and TAJ are currently still not well defined (Locksley et al., 2001). The viral open
reading frames encoding soluble TNFRs such as crmB (Hu et al., 1994), Va53 (Smith et
al., 1990) G4RG (Howard et al., 1991), and SFV-T2 (Upton et al., 1987) were also

identified.

L.2.1. The structural features of the TNFR superfamily

The mammalian TNFR family members are type I membrane proteins, whose
extracellular N terminal part contains ligand-binding domain. A remarkable feature for
TNFR superfamily is the low degree of sequence homology in their extracellular ligand-
binding domain (20-25%) (Gruss and Dower, 1995). These SFPs are mostly trimeric
(Gruss and Dower, 1995; Armitage et al., 1994; Aggarwal et al., 1996; Bazzoni and
Beutler, 1996).

The definition of the TNFR superfamily is mainly based on the conserved motif of
“cysteine-rich repeats” in the extracellular N-terminal region. These common conserved
cysteine-rich domains are also termed as cysteine-rich motif or cysteine-rich domain
(CRD), which consists of multiple cysteine-rich repeats of approximately 30-40 amino
acids (Smith, 1994). In general, each member of this family contains varying numbers (2-
6) of CRDs as shown in Figure 1. Each CRD is featured by the presence of
approximately 6 cysteine residues that are interspersed within CRD domain. The
structure of CRD is supported by 3 intrachain disulfide bonds formed by these 6 highly

conserved cysteines (Smith et al., 1994). These multiple cysteine-rich domains in the
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Figure 1. Structural features of TNF receptors. There are two structural domains for
common TNF receptors. The cysteine rich domains (CRD) () ) are located in the extra-
cellular N-terminal portion. Several receptors also have a death domain (DD) ( m ).
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extracellular part have been shown to be involved in ligand binding (Locksley et al.,
2001).

The extracellular structure of TNFR SFPs can be best illustrated by TNFR and DRS.
These two receptors have been well studied for their crystal structure, which represents
common structural features of all TNFR SFPs (Naismith et al., 1996; Hymoowitz et al.,
1999). For example, DR5 forms an extended rod-like shape consisting of 3 CRDs which
form the interface to bind its cognate ligand(s). DR5 had a total of 7 disulfide bridges: 6
are in CRD 2 and CRD?3 (three for each) and 1 in C-terminal part. These disulfide bonds
form a structural scaffold and two patches formed are located there for ligand binding.
The combination of structural conservation and variable amino acid sequences in the
ligand contacting region confer the ligand-binding specificity. Notably, the structure of
TNFR is rather flexible and can be optimized for its interaction with ligand through a
series of hinging movements (Idriss and Naismith, 2000).

In addition to the membrane-bound form, many TNF receptors also exist in a soluble
form. These soluble molecules are, in many cases, generated by proteolytic cleavage of
cell surface receptors. Soluble TNFR-I, TNFR-II, CD27, CD30, CD40, and Fas are all
generated in this fashion (Gruss and Dower, 1995). The only exception is 4-1BB, whose
soluble form is generated by alternative splicing (Gruss and Dower, 1995). The necessity

of the soluble forms of these receptors is not fully understood.

L.2.2. The biological features of TNFR superfamily
The TNFR SFPs have emerged as prominent regulators of the immune system (Tracey

and Cerami, 1994). In the immune system, TNFR SFPs are well known for their critical
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roles in regulating immune responses such as cell activation, proliferation, differentiation,
apoptosis, immunoglobulin (Ig) class switching, immune evasion, and immune
suppression (Smith et al., 1994; Aggarwal et al., 1996; Tewari and Dixit, 1996; Baker et
al., 1996; Locksley et al., 2001). Some SFPs are also involved in the generation and
development of lymphoid organs (Matsumoto et al., 1997).

The primary feature of TNFR superfamily members is cell death induction including
tumor killing and this effect was observed several decades ago (Carswell et al., 1975).
Many, if not all, TNFR members are related to cell death induction. Members such as
TNF, LTa, CD30L, CD95L, 4-1BBL are all capable of inducing cytotoxic cell death
(Gruss et al., 1996; Gruss and Dower, 1995). Probably this ability to induce cell death is
one of the unique features with remarkable adaptive value that TNE/TNFR SFPs have
developed (Gruss and Dower, 1995; Locksley et al., 2001). As will be detailed in the
next section, several TNF receptors contain a structure called “death domain” which is
responsible for cell death induction and these receptors are termed “death receptors”
(DR). There are 8 receptors containing “death domain” in TNFR superfamily and at least
6 of them can induce apoptosis through activation of caspases (Screaton and Xu, 2000;
Raff, 1998). Meanwhile, other TNF/TNFR SFPs lacking death domains can potentially
modulate the response to DRs or directly influence cell death/survival. For instance,
TNFR-II markedly enhances TNFR-I induced T cell death and CD40 can augment Fas-
induced B cell death (Garrone et al., 1995; Chan et al., 2000Db).

In contrast to the death induction feature of TNFR SFPs, it is interesting that they are also
closely related to lymphocyte survival including T/B cell proliferation and differentiation

(Locksley et al., 2001). Indeed, the major documented function of TNFR SEPs is
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associated with lymphocyte survival. For instance, Blys (official symbol: TNFSF13B, or
THANK, BAFF, see Table 2) expressed on activated dendritic cells can interact with the
TACT and BCMA receptors (both are TNFR members, see Table 1) on B cells and
promote B cell survival (Laabi and Stresser, 2000, Moore ef al., 1999). Similarly, T cell
activation is also regulated by TNF/TNFR SFPs. For instance, LTPR enhances T cell
activation and promotes T cell clone expansion by engaging with its ligand LIGHT
(Tamada et al., 2002). Some other members such as CD40 and Fas may also stimulate T
cell survival and proliferation by engaging with their receptors (Cayabyab er al., 1994;
Suzuki et al., 1998).

In addition to modulating lymphocyte death/survival, SFPs of this superfamily are also
associated with antigen presenting cells (APC) survival and maturation. For instance,
dendritic cells (DCs) are potent APCs for antigen presentation but fully differentiated and
mature DCs will undergo rapid apoptosis. The life span of mature DCs can be prolonged
substantially by TNF SFPs such as CD40L, TNF, TRANCE (TNF related activation-
induced cytokine) and recently identified member LIGHT (Wong et al., 1997, Tamada et
al., 2002).

Some, if not most, TNFR SFPs are involved in T cell costimulation. For example, both
TNFR-I and Fas can co-stimulate T cell activation under different settings (Siegel et al.,
2000, Suzuki et al., 2000A, 2000B). In addition, the SFPs such as 0X40, CD27, and 4-
1BB regulate the activation and expansion of CD4+ and CD8+ T cells responding to
dendritic cells bearing their respective ligands. Costimulation effects were also observed
for LTBR/LIGHT pair. It was found most likely that this pair provides costimulation for

T cell activation and plays a critical role in T cell activation independent of B7/CD28
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costimulation pathway (Tamada et al., 2000; Wang et al., 2001). Thus, it is suggested
that TNFR SFPs might be critically important in negative selection and determine the
activation and/or apoptosis of T cells (Sebzda ez al., 1999; Wang et al., 2001).

Another well-documented function of TNFR superfamily is to orchestrate permanent
lymphoid organ structure. A remarkable example is LTBR that belongs to TNFR
superfamily and plays critical roles in the immune system. Several studies showed that
LTBR” mice lacked lymph nodes (LN) and Peyer’s patch (PP) and displayed severe
disorganization of splenic architecture, featured by the absence of T/B cell segregation,
marginal zones, follicular dendritic cell (FDC) networks, and germinal centers (GC) (De
Togni et al., 1994; Banks et al., 1995; Wu et al., 1999). Depletion of RANK or RANKL
lead to the disappearance of all peripheral and mesenteric lymph nodes while Peyer’s
patches remain intact and the splenic architecture is unaffected (Kim ez al., 2000; Kong et
al., 1999; Dougall et al, 1999). Studies demonstrated that the requirements for
RANK/RANKL and LTa1B2 or LTBR do not compensate for each other. All these data
suggest that SFPs of TNFR superfamily are necessary for the formation and development
of lymphoid immune organs, some of them being indispensable.

In addition to critical functions in the immune system, other functions were also
identified for TNFR SFPs. For instance, Edar is a death domain containing protein and
recent studies indicate that this protein is important in the development of hair, teeth and

other ectodermal derivatives (Headon et al., 2001).

L.2.3. Subsets of TNFR superfamily
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Based on their structural and biological features, the TNFR superfamily SFPs can be
further divided into different groups according to the presence of featured domains in the
intracellular portion of the receptor. The SFPs in the first group featured by a TNFR-
associated factor (TRAF) binding domain that enables coupling to TRAFs, that in turn
activate a signaling cascade that results in the activation of NF-kB and initiation of
transcription (Rothe et al., 1995; Wallach et al., 1999). The second group of receptors is
featured by a 60- amino acid globular structure named “death domain” (DD) and these
death domain-containing receptors are termed as death receptors (DRs) (Tartaglia et al.,
1993; Itoh and Nagata 1993). The third group has drawn more attention recently and
members of this group are designated as decoy receptors (DcRs) that include DcR1,
DcR2, DcR3/TR6 and OPG (Ashkenazi and Dixit, 1999). All members in this group
except DcR2 do not have cytoplasmic domain and thus they may act as inhibitors and
compete with other signal-transducing receptors for ligand binding (Ashkenazi and Dixit,

1999; Ashkenazi, 2002).

1.2.3.1. TRAF associated subgroup

The TRAFs are adaptor proteins belonging to ring and zinc-finger proteins. The members
of this group are TNFRII, CD40, CD30, CD27, LTPR, 4-1BB, OX 40, NGFR, HVEM,
GITR and RANK (as presented in Table 1). They bind directly to the receptor’s
cytoplasmic tail. They also bind to one another in homotypic and/or heterotypic
interactions. They are believed to convey certain signals in proliferative and pro-
inflammatory responses. This is achieved, in large part, by activation of NF-«xB, a

transcription factor involved in numerous proliferative and pro-inflammatory events
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(Jabara et al., 2002; Wallach er al., 1999; Harrop et al., 1998). So far at least 6 TRAFs
have been found to associate with non-DD TNF receptors (Locksley et al., 2001). Most
TNFR SFPs have no death domains but contain a consensus motif which is capable of

binding to the TRAF proteins (Ye et al., 1999).

1.2.3.2. Death receptor subgroup

The above mentioned “death domain” was first coined from studies of deletion
mutagenesis involving TNFR-I mediated apoptotic cell death (Tartaglia et al, 1993).
The proteins harboring “death domains” were thus defined as death receptors (DRs) and
they form DR group within the TNFR superfamily (Ashkenazi and Dixit, 1999; Locksley
et al., 2001). This death-domain-containing receptor subgroup now includes up to 8
members: TNF-R1, Fas, and recently discovered DR3 (Chinnaiyan et al., 1996; Marsters
et al., 1996; Kitson et al., 1996, Bodmer et al., 1997; Screaton et al., 1997), DR4 (Pan et
al., 1997), DR5 (Pan et al., 1997) and DR6 (Pan et al., 1998), EDAR (Tucher et al.,
2000) and NGFR (Gruss, 1996). The typical conserved death domain (DD) is a 68 amino
acid segment located within the cytoplasmic region of the receptor. Upon ligation with
either cognate ligands or specific agonistic antibodies, death receptors can activate an
apoptotic signaling pathway (Nagata, 1997).

These death receptors have common structural features such as 2-6 CRDs in their
extracellular domains and an intracellular death domain. The death domain most likely
functions as a protein interaction domain and provides docking sites for signaling
molecules, therefore enabling each receptor to couple to the caspase cascades which are

critical for the induction of apoptosis.
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1.2.3.3. Decoy receptor subgroup

Another subgroup of the TNFR superfamily was termed “decoy molecule”. This decoy
receptor subgroup now includes DcR1 (decoy receptor 1, also known as TRID or TRAIL-
R3) (Pan et al., 1997; Degi-Esposti et al., 1997; Sheridan et al., 1997, Pitti et al., 1998),
DcR2 (decoy receptor 2, also known as TRUNDD or TRAIL-R4) (Pan et al., 1998;
Degli-Esposti et al., 1997), DcR3 (TR6) (Pitti et al., 1999) and osteoprotegerin (OPG)
(Simonet et al., 1997; Ashkenazi and Dixit, 1999). DcR1 and DcR2 are cell surface
proteins whereas DcR3 and OPG are soluble molecules. Both DcR1 and DcR2 bind to
TRAIL with a similar affinity (Pan et al., 1997A; Pan et al., 1997B; Sheridan et al.,
1997). DcR1 is a glycosylphosphatidylinositol (GPI)-linked protein without an
intracellular death domain whereas DcR2 is a transmembrane receptor but with a partially
deleted death domain and accordingly, both are incapable of transmitting apoptotic
signals (Ashkenazi and dixit 1999; Deli-Esposti et al., 1999). The product of OPG is a
secreted protein that also binds to TRAIL but with much weaker affinity compared with
other receptors. DcR3 (TR6), as will be described in details below, is closer to OPG and
exists as a secreted protein (Pitti e al., 1998).

Both DcR1 and DcR2 are believed mainly to function as anti-apoptotic decoy receptors
that compete with DR4 and DR5 for TRAIL binding and consequently protect those
receptor-bearing cells from TRAIL-induced apoptosis (Ashkenazi and dixit, 1998; Deli-
Esposti et al., 1999). DcR1 is a GPI-linked protein and its role in active signal
transduction has not been fully elucidated. Emerging evidence suggests that DcR2 may

be involved in activating signal transduction since it has been shown to activate NF-xB in

FACULTE DES ETUDES SUPERIEURES UNIVERSITE DE MONTREAL XIAOCHUN WAN 14



some systems (Degli-Esposti et al., 1997). In contrast, there are reports of failure of
DcR2 to activate NF-xB in certain systems (Meng, 2000). Thus more studies are
necessary to explore the role of DcR1 and DcR2 in anti-apoptosis signal transduction and

in apoptosis.

1.2.3.4. General characteristics of TR6

TR6 is a novel TNF decoy receptor with the official designation of TNFRSF6B (see
Table 1). By screening expressed sequence tagged (EST) database, Pitti (1998) identified
a previously unknown full-length cDNA from a human fetal lung library. This cDNA
showed homology to other TNFR superfamily members. The protein encoded by this
gene was then named decoy receptor 3 (DcR 3) (Pitti et al., 1998). This gene was also
independently identified by other groups and named TR6 (Yu et al., 1999) or M68 (Bai et
al., 2000), respectively. The human TR6 gene is mapped at position 20q13.3 (Pitti et al.,
1998), whilst its mouse counterpart might not exist since a BLAST search of the mouse
genome did not reveal sequences with any significant homology. Since the position of
20q 13 is also named “cancer amplicon” where genes responsible for many types of
tumors are located, TR6 may be a candidate gene associated with certain types of
malignancy (Korn et al., 1999; Medeiros et al., 1999; Stubbs et al., 1999; Savelieva et
al., 1997;Sonoda et al., 1997; Sakakura et al., 1999).

The full-length open reading frame of TR6 encodes 300 amino acid residues with the first
29 amino acid residues as signal sequence. The mature form of TR6 has 271 amino acid
residues with no transmembrane region. There is only one potential N-linked

glycosylation site at Asn-173. Like OPG, TR6 was regarded as a soluble secreted protein.
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TR6 shares remarkable amino acid sequence homology with OPG (31%) and TNFR-II
(29%) but less homology with Fas (17%) (Pitti et al., 1998). TR6 was reported to have
two complete and two incomplete cysteine-rich motifs, which is the hallmark of TNF
receptors.

The TR6 mRNA has prominent expression in lung and colon cancers, whereas it is
weakly detectable in several hematopoietic cell lines, and is hardly detectable in many
tissue samples (Pitti ez al., 1998). In the immune system, TR6 is highly expressed in both
lymph nodes and spleen, but the expression in thymus is weak (Pitti et al., 1998; Bai et
al., 2000). In addition, TR6 is expressed in an endothelial cell line and its expression is
inducible by phorbol 12-myristate 13-acetate (PMA) /ionomycin in Jurkat T leukemia
cells (Yu et al, 1999). Moreover, TR6 mRNA over-expression was reported in
gastrointestinal cancers but without gene amplification (Bai et al., 2000). Also, the
expression of TR6 can be detected in malignant glioma cells as well as in human
glioblastomas. In addition to human tumors, the TR6 gene is also over-expressed in
silicosis or systemic lupus patients (Otsuki et al., 2000).

Mild et al. investigated a large number of colorectal cancers and found nearly 63% (185
out of 294) of patients with DcR3 gene amplification (Mild et al., 2002). In another
study, it was found that TR6 was amplified and over expressed in EB virus- and human T
cell leukemia virus-I- associated lymphomas (Ohshima et al., 2000). This expression
trend is also true at the protein level of TR6. For instance, TR6 protein was found over-
expressed in human adenocarcinomas of the esophagus, stomach, colon, and rectum
while no gene amplification was detected (Bai ez al., 2000). It was reported recently that

up to 73% (163 out of 223 patients) of colorectal patients showed up-regulated TR6
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protein level (Mild et al., 2002). These data suggested that certain types of tumor as well
as EBV and human T cell leukemia virus-1 may use TR6 to escape from immune
surveillance during lymphomagenesis, or that virus infected lymphoma cells with TR6
expression might be selected during multi-step tumorigenesis (Ohshima et al., 2000).

Recent studies in our laboratory as well as in others suggested that TR6 over-expression
correlates with the grade of malignancy and could be used as diagnostic and prognostic

parameter (Wu et al., 2003; Roth et al., 2001).

1.2.3.5. The TR6 Ligands

The FasL (Fas ligand) was the first ligand identified for TR6 (Pitti et al., 1998). FasL is
one of the major effectors of cytotoxic T lymphocytes (CTL) and natural killer (NK) cells
and a major inducer of apoptosis. It is also involved in the establishment of peripheral
tolerance in the activation-induced cell death of lymphocytes (Zhang et al., 2000; Ju et
al., 1999). Moreover, the expression of FasL in non-lymphoid and tumor cells contributes
to their maintenance (Nagata, 1997). LIGHT (also termed HVEM-L) is another cognate
ligand for TR6 (Yu et al., 1999). Very recently, another novel member of TNF ligand
superfamily TL1A was found to be a third ligand for TR6 (Migone et al., 2002). TL1A is
considered as the longer variant of TL1 and this molecule was designated as VEGI when
it was identified in endothelial cell DNA libraries (Zhai et al., 1998; Yue et al., 1999).
Studies at the mRNA level show that TL1A is highly expressed in endothelial cells and is
inducible by TNF and IL-1. TL1A is the ligand for both DR3 and TR6 (Migone et al.,
2002). DR3 is a TNFR member and has the capability of inducing NF-xB activation and

apoptosis upon over-expression. DR3 shares another ligand TWEAK (or Apo3L) with a
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novel receptor TWEAK (Masters et al., 1998; Wiley et al., 2001). But the relationship
between these proteins and the significance of their interactions have yet to be fully

studied

1.2.3.6. The identified biological functions of TR6

It has been demonstrated that TR6 could neutralize the biological effects of FasL by
inhibiting Fas-FasL interaction (Pitti et al, 1998). This decoy receptor substantially
blocks the FasL-induced apoptosis in Jurkat cells as well as FasL-dependant NK cell
activity (Connolly et al., 2001). These results suggest that TR6 could interact with FasL
under certain conditions and modulate immune responses, especially apoptosis mediated
by the Fas/FasL pathway.

TR6 can suppress LIGHT binding to both LTBR and TR2 (Yu et al., 1999; Mauri ef al.,
1998), and it is conceivable that such interference can inhibit LTBR- and TR2-mediated
responses in immune cells. It was demonstrated that TR6 can interact with LIGHT and
thus inhibit LIGHT —mediated cytotoxicity of H29 cells. These results suggest that TR6
acts as a natural inhibitor of LIGHT mediated tumor cell killing.

In addition to modulation of immune responses, it was found in a recent study that TR6
profoundly modulates dendritic cells (DCs) differentiation and maturation from CD14"
monocytes (Hsu er al., 2002). Interestingly, it was reported that TR6 enhances
CD86/B7.2 expression, whereas CD80/B7.1, CD40, CD54/ICAM-1, CD1.a and HLA-
DR were all repressed. In addition, DcR3-treated DCs dramatically enhanced IL4
secretion by naive T cells (CD4 CD45RA"), thus favoring Th2 development.

The ligand TL1A can also function as a T cell costimulator. The T cell stimulation

induced by TL1A results in an increased responsiveness to IL-2 and other pro-
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inflammatory cytokines (Migone et al., 2002). TR6 competes with DR3 for TL1A
binding with similar affinity. Therefore, it is possible that TR6 may modulate the
duration and magnitude of immune responses mediated by DR3. Moreover, since DR3
can induce apoptosis, blocking the interaction between TL1A and DR3 by TR6 might

provide protection from apoptosis to certain types of tumors (Migone et al., 2002).

1.2.4. The other TNF receptors related with TR6

Obviously, TR6 may have important functions still to be elucidated in cancer
development and in the immune system. In the latter, TR6 might compete with other TNF
receptors for core common ligands such as LIGHT and FasL and thus interfere with their
biological functions. Among all the possible TNFR SFPs that share LIGHT and FasL
with TR6, TR2 and Fas are predominantly expressed in the immune system and are
critically important in regulating immune responses. As such, to decipher the nature of
TR, identify with which ligand TR6 interacts and the related receptor(s) such as TR2
and Fas will certainly help to better understand the underlying mechanisms of the

regulatory roles of TR6 both in vitro and in vivo.

1.2.4.1. HVEM/TR2

The receptor herpes virus entry mediator (HVEM or TR2) is a recently discovered TNFR
superfamily member with broad tissue and cell type expression especially in the immune
system (Montgomery et al., 1996; Kwon et al., 1997; Tan et al., 1997). This molecule
was also identified by screening expressed sequence tag (EST) cDNA database for

sequence homology with cysteine-rich motifs of the TNFR superfamily (Harrop et al.,
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1998). This molecule was discovered through its ability to mediate HSV infection. The
TR2 gene locates at chromosome 1p36, a position close to other TNFR members such as
CD30, 4-1BB, OX-40, and TNFR-II (Montgomery et al., 1996). Three ligands so far
have been defined for TR2: the HSV surface envelope glycoprotein gD, lymphotoxin o
(LT o) and the newly described TNF ligand family member LIGHT (Montgomery et al.,
1996; Mauri et al., 1998).

The TR2 mRNA can be readily detected in lung, spleen, thymus, monocytes, dendritic
cells, B and T lymphocytes, but not in liver, brain, and skeletal muscle (Morel et al.,
2000). Moreover, RNA analysis unveiled that most solid tumor lines do not express TR2.
On the other hand, some hematopoietic cell lines do express TR2 (Kwon et al., 1997).
The full-length TR2 encodes a 283 amino acid protein. It is a type I transmembrane
protein containing a 50-amino acid cytoplasmic region without a death domain (Harrop et
al., 1998). At the protein level, expression studies indicated that TR2 protein has wide
distribution and can be readily detected by flow cytometric analysis in peripheral blood T
and B lymphocytes, NK cells, and monocytes (Morel et al., 2000). Interestingly, it was
reported in a recent study that TR2 and one of its ligands LIGHT display reciprocal
expression at T cell surfaces as detected by flow cytometric analysis (Morel et al., 2000).
LIGHT is hardly detectable in resting T cells, but its expression was enhanced upon
activation (Morel et al., 2000). On the other hand, HVEM showed down-regulation upon
T cell activation. Data from confocal microscopy and intracellular staining by flow
cytometry showed the existence of intracellular LIGHT in unprimed T cells. After
activation, there is a pronounced induction of LIGHT both intracellularly and at the cell

surface. This suggests that de novo synthesis and redistribution of LIGHT both contribute

FACULTE DES ETUDES SUPERIEURES UNIVERSITE DE MONTREAL XIAOCHUN WAN 20



to the enhancement of LIGHT expression at cell surface. The detailed mechanism of
down-regulation of TR2 expression by LIGHT is still not well understood.

The biological function of TR2 was an active area of investigation in the past few years.
Current evidence suggests that TR2 is closely associated with T cell activation and a
number of T cell responses such as proliferation, cytokine production, and expression of
cell surface activation molecules (Harrop ef al.,, 1998). LIGHT, as its ligand, stimulates
the proliferation of activated T cells expressing TR2 (Harrop et al., 1998), stimulates NF-
kB activation, and induces apoptosis in cells expression both TR2 and LTBR (Zhai et al.,
1998; Harrop et al., 1998). Recently, studies show that LIGHT can costimulate T cell
responses by interacting with TR2 (Kwon et al., 1997; Tamada et al., 2000A; Tamada et
al., 2000B) and TR2 is critically important in T cell costimulation. T cell derived LIGHT
can readily deliver stimulation to TR2 on dendritic cells, that in turn up-regulate T cell
activity (Shaikh et al., 2001). Moreover, TR2 on T cells can also receive LIGHT

stimulation directly from LIGHT expressing T cells (Wang et al., 2001).

1.2.4.2. Fas

Fas (also named APO-1 or CD95) is the primary receptor for FasL and this molecule is a
type I membrane protein belonging to the TNFR family (Suda et al., 1993). Fas is
abundantly expressed in various tissues and cell types (Suda et al., 1993), especially
thymocytes, activated T cells and virus transformed T cells. Resting B cells do not
express Fas, but its expression can be induced by CD40 ligand or endotoxins (Briones et
al., 2002; Hahne et al., 1996). Fas has broad tissue distribution, but is most abundantly

expressed in the thymus, liver, heart and kidney (Itoh and Nagata, 1993). Cross-linking of
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Fas by an agonistic antibody or ligation by FasL will cause Fas clustering which is

necessary for receptor activation and death signal initiation (Kischkel, 1995).

1.3. TNF ligand superfamily

As listed in Table 2, the mammalian TNF ligand superfamily also exhibited rapid
expansion in recent years and it currently includes TNF @, LTA (lymphotoxin-o) or LTB
(Iymphotoxin—8), FasL, CD27L, CD30L, CD40L, 4-1BBL (Gruss e? al., 1995), TRAIL
(Wiley et al, 1995), TRANCE/RANKL/OPGL (Lacey et al., 1998), TWEAK
(Chicheportiche et al., 1997); APRIL/TALL-2 (Hahne et al., 1998; Shu et al., 1999),
AITRL (Kwon et al., 1999), VEGI (Zhai et al., 1999), BAFF/TALLI1 (Shu et al., 1999;
Schneider et al., 1999), LIGHT (Mauri et al.,1998), TRANCE (Wong et al., 1997),
TL1/VEGI (Zhai et al., 1999), TL1A(Migone et al., 2002), TL6/hGITRL (Kwon et al.,
1999). All these ligands share, to some extent, structural features, which might be
important for their functions. Meanwhile, these ligands, in a mechanism similar to other
cytokines and growth factors, exert their effects through receptor-ligand interactions that

induce downstream signal transduction events (Gruss and Dower, 1995).

1.3.1. The structural features of TNF ligands

The members of TNF ligand superfamily are highly diverse in sequence and have an
average of 20% (range from 12% to 36%) sequence homology in their extracellular
domain. These ligands exist mainly in membrane-bound forms and their biologically
active forms are trimeric/multimeric complexes (Gruss and Dower, 1995). Their

monomers are composed of two stranded beta pleated sheets (Armitage ef al., 1994; Lotz
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et al., 1996). TNF ligands are synthesized as type II transmembrane proteins
characterized by their extracellular C-terminus. The typical TNF ligand structure consists
of a short cytoplasmic segment (10-80 amino acid residues) and a relatively long
extracellular region (140-215 amino acid residues). Several members of this superfamily
have moderate-sized cytoplasmic regions. The cytoplasmic regions of TNF ligands are
not conserved among family members, but highly conserved across species. This cross-
species conservation implicates some important biological functions such as signal
transduction for the cytoplasmic region (Smith, 1993), as also demonstrated for OX40L

and CD40L (Stuber ef al., 1995; van Essen et al., 1995).

L3.2. The Soluble Form of TNF Ligands
Although members of the TNF ligand superfamily normally exist as trimeric or
multimeric membrane bound proteins, many of them are also expressed and functional in

a soluble form. For example, Fas ligand (Suda et al., 1993; Tanaka et al., 1995), TNF a
(Kriegler et al., 1988), CD40L (Graf et al., 1995), OX 40L (Stuber and Strober, 1996),

CD27L (Lens et al., 1998), 4-1BBL (Salih et al., 2001), LIGHT (Harrop et al., 1998),
TRAIL (Wajant et al., 1995) were all found to exist in soluble forms that are biologically
active. The release of soluble ligands from the cell surface is mediated by proteolytic
cleavage and likely regulates receptor/ligand interactions between cells. Cleavage of
membrane-bound ligand to an active soluble form would alter both proximal and distal
cellular responses, including cell survival and costimulatory or inflammatory responses.
Currently the mechanism of coexistence of both forms is not fully understood.

Interestingly, studies on TNFa discovered that while membrane-bound and soluble forms
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are both biologically active, soluble TNFa is more potent than the membrane-bound form
(Decoster et al., 1995).

Lymphotoxin-beta (LT-B) is an exception to this feature. It only exists as a membrane-
bound form (Browning et al., 1996). Human LT-B (also named as p33) is a 33 kDa
glycoprotein cloned from T cell hybridoma cell line. On the cell surface, LTB forms a
trimeric complex with TNF B in either LT a2p1 (major form) or LT a.1B2 (minor form)

ratio (Hochman et al., 1995).

1.3.3. The biological features of TNF ligands

The TNF ligand SFPs play multiple roles in both innate and adoptive immune responses
(Smith et al., 1994), obviously through their interaction with TNFR SFPs. One
fundamental feature of TNF ligand superfamily is the biological activity related to T-cell-
mediated immunity (Suda et al., 1993; Armitage et al., 1993)

The ability to induce cell death (either necrosis or apoptosis) is the most thoroughly
investigated feature of TNF ligands as established for TNF, LTa, CD30L, 4-1BBL and
FasL (Gray et al., 1984; Smith et al., 1993; Alderson et al., 1994; Suda et al., 1993; Liu
et al., 1989; Gruss et al., 1994). TNF ligands are also directly involved in lymphoid organ
generation and development. For instance, mice genetically deficient for LTa1B2 do not
develop secondary organs such as lymph nodes, or Peyer’s patches, and have defective
spleen structure and humoral immunity (Fu and Chaplin, 1999). Among these TNF
ligands, LIGHT and FasL will be discussed in details for their biological functions.
Interestingly, these two ligands also have the capability of reverse signaling and receptor

function.
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1.3.4. Reverse signaling

The reverse signaling phenomenon had been observed several years ago and recent
studies have provided more evidence for TNFR family members’ reverse signaling
capability (Hsu et al., 2002; Suzuki et al., 1998). Members such as CD30L, CD40L,
TRANCE, TRAIL and DR4 are reported to transmit reverse signals into ligand bearing
cells. The reverse signaling of these ligands has important biological functions. For
instance, reverse signaling through CD40L is associated with different immune responses
such as T cell costimulation and germinal center formation (Rooney et al., 2000).
Moreover, CD40L is able to trigger brief CD4 T cell activation as well as regulatory
cytokine product secretion and apoptosis (Blair et al., 2000). Cross-linking OX-40L on
CD40L-stimulated B cells results in enhanced B cell proliferation and down-regulation of
the transcription factor B cell lineage-specific activator protein (BSAP) (Stuber ef al.,
1995). More studies showed that CD40L reverse signaling leads to T cell costimulation
(van Essen et al., 1995). In addition, CD40L reverse signaling was associated with
protein tyrosine phosphorylation, Ca ** influx, and activation of Lck, protein kinase C, c-
jun N terminal kinase, and p38 mitogen-activated protein kinase activation in EL-4
thymoma cells (Brenner et al., 1997a, Brenner et al., 1997b). In a recent report, it was
further demonstrated that maximal proliferation of CTL requires reverse signaling via
Fas-L (Suzuki and Fink, 1998). In addition, reverse signaling through CD27/CD70 has
been demonstrated to induce pronounced proliferation of a subset of leukemic B cells, an
effect that is synergistically enhanced by ligation of CD40 (Lens ef al., 1999). In a more

recent report, Chen demonstrated that TRANCE enhanced IFN vy production in activated
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Thl cells (Chen et al., 2001). CD30L cross-linking activates neutrophils (Wily et al.,
1996) and inhibits Ig class switching in B cells (Cerutti et al., 2000). Crosslinking of
TRANCE enhances IFN v secretion by Thl cells (Chen et al., 2001). Crosslinking of
TRAIL induces p38 mitogen activated protein kinase activation (Chou et al., 2001).
Studies on CD40L reveal that reverse signaling associated with TRAIL cross-linking also
induces p38 mitogen activated protein kinase activation (Brenner et al., 1997A). Taken
together, these findings illustrate the importance of reverse signaling in immune system
activation. It would be interesting to know whether bi-directional signaling also exists
with other members of the TNF superfamily. For example, we investigated the reverse

signaling properties of TR6 via its ligands.

L.3.5. Fas ligand

The Fas ligand (FasL or CD95L) belongs to TNF ligand superfamily (Suda et al., 1993).
FasL is expressed as a trimeric molecule either in membrane-bound or soluble form. FasL
is predominantly expressed in activated T cells and natural killer (NK) cells and also
expressed constitutively at immune privileged sites (Nagata, 1997; Oshimi ez al., 1996;
Suda et al., 1993). It is a type Il membrane protein and its extracellular region consists of
a 150 amino acid stretch displaying remarkably low homologies (20-25%) with other
members of this family. The cytoplasmic region of FasL has 77 amino acid residues.
FasL-triggered apoptosis is the fundamental regulatory factor for cell survival and
maintenance of normal immune functions, and dysregulation of this system has been
shown to result in many human pathological conditions such as SLE (Wu et al., 1996).

Recently it was reported that DcR3 competitively bind to FasL, and therefore block the
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Fas/FasL engagement which ultimately resulted in the blockage of apoptosis (Pitti et al.,
1998).

The interaction of Fas-L with the extracellular ligand-binding domain of the Fas receptor
can induce Fas trimerization and activate of the apoptotic cell death pathway. In addition,
the Fas/Fas-L system plays a critical role in CTL activity and regulation of immune
response amplitude (Nagata, 1997). This Fas-L induced cell death utilized by CTL
system could be involved in the immune response against tumor cells and other cytotoxic
activities. The expression of FasL in the plasma membrane of numerous tumor cells
allows them to kill Fas bearing immune cells in vitro (Nagata, 1997). These observations
have suggested that tumor cells may use FasL to induce a specific immune tolerance.
However, in the in vivo setting, FasL expression rather induces tumor cell rejection. The
quantity and the environment of FasL expressed on tumor cells could determine whether

tumor cells are tolerated or rejected (Suzuki et al., 2000)

1.3.6. LIGHT

LIGHT is a recently identified and characterized core member of TNF ligand
superfamily. The term “LIGHT” stands for “homologous to lymphotoxins, showing
inducible expression, and competing with HSV glycoprotein D for herpes virus entry
mediator, a receptor expressed by T lymphocytes” (Mauri et al., 1998; Harrop et al.,
1998). The standardized symbol of LIGHT is TNFSF14 (refer to Table 2 and Lockslay et
al., 2001). Since LIGHT can competitively block the engagement of HSV glycoprotein D

to HVEM, it was also named HVEM ligand (HVEM-L) (Harrop e al., 1998).
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The LIGHT gene maps on human chromosome 19, adjacent to other TNF ligands such as
CD27L, 4-1BBL (Granger ef al., 2001). The primary structure of LIGHT as predicted
from the cDNA sequence contains 240 amino acid residues, no predicted signal cleavage
site, and a stretch of 22 hydrophobic residues as a transmembrane region, characteristic
of a type 2 transmembrane protein. The extracellular domain of LIGHT consists of a
short membrane extension of 39 amino acid residues close to the receptor-binding
domain. There is only one N-linked glycosylation site identified for LIGHT that lies
within the major receptor-binding loop (A-A’p strand) (Harrop et al., 1998).

LIGHT is closely related to LTa and LTP according to amino acid sequence homologies
and shares receptor specificity but is genetically different. The similarity of LIGHT to
lymphotoxins outside the scaffold regions is reflected in the conservation of tyrosine 173
located in the D-E loop, a contacting region of LTo for TNFR (Banner, 1993). Structural
study indicates that LIGHT has a secondary structure of anti-parallel B sandwich
conformation that favors the formation of a homotrimer structure.

This is also suggested by sequence homology studies in the TNF ligand family (Rooney
et al., 2000B). Species conservation between human and mouse LIGHT is 76% (Mauri et
al., 1998). LIGHT exhibits significant sequence homology with the C-terminal receptor-
binding domains of LTP (34% identity), Fas ligand (30%), 4-1BB ligand (29%), TRAIL
(28%), LTa (27%), TNF (27%), and CD40L (26%). No sequence homology is found
with HSV-1 envelope glycoprotein D. Sequence homology is mainly limited to residues

forming the  sandwich structure and assembling as a trimer.
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1.3.6.1. LIGHT expression and distribution

It was found that LIGHT mRNA was abundantly expressed in spleen and lymph nodes,
but weakly in peripheral blood, thymus, appendix, and in bone marrow as well. Visceral
organs, heart, colon, small intestine, lung, and liver also exhibit weak expression. Reports
about LIGHT expression in the brain are conflicting (Harrop et al., 1998; Mauri et al.,
1998). LIGHT expression in T cells requires activation stimuli similar to those for LTa
and LTP. Monocytes and granulocytes may also express LIGHT (Zhai et al., 1998). But
these results have not been well confirmed at protein level (Harrop er al., 1998).
Mitogen-activated CD4" and CD8" T cell subpopulations from peripheral blood have
readily detectable LIGHT mRNA. LIGHT can be detected on the surface of activated T
cells (Mauri et al., 1998), macrophages and immature dendritic cells (Tamada et al.,
2000). Also, activated T cells do not appear to produce soluble LIGHT. However, while
LIGHT was expressed by HEK 293 cells, its observed molecular mass was 28-29 kDa
while the molecular mass of LIGHT from activated II-23 T cell line was 30 kDa. The
analysis of a truncated form of LIGHT (at position G85) suggests that a soluble form of

LIGHT protein retains receptor-binding activity (Harrop et al., 1998). In contrast to LTa.

or LTB, LIGHT is also expressed by the monocytic cell line THP-1 following activation
by phorbol ester (Zhai et al., 1998).

For the II-23 T cell hybridoma (CD4" T cells), both phorbol ester (PMA) and ionomycin
are required for the enhanced expression of LIGHT, while PMA is sufficient for LTap
complex (Yu et al., 1999; Kuprash et al., 1996; Zhai et al., 1998). Other reagents that
activate T cells, such as PHA or anti-CD3, or specific antigens, induce the expression of

LIGHT.
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These results suggested that LIGHT had a broader tissue expression pattern than LTo and

LTP which are limited to activated T and B lymphocytes and NK cells. Although it is
well accepted that activated T cell and dendritic cell have cell surface LIGHT expression,
recent findings in our laboratory suggested that LIGHT indeed can be detected at resting

T cell surface without activation (Shi et al., 2002).

1.3.6.2. The receptors of LIGHT
Three receptors from TNFR superfamily have been identified for LIGHT: LTP R on

stromal cells, HVEM (herpes virus entry mediator, also know as HveA) on T cells (Mauri

et al., 1998), and the soluble receptor TR6/DcR3 (Pitti et al., 1998;Yu et al., 1999).

1.3.6.3. The biological functions of LIGHT

LIGHT has been intensively studied for its functions. Accumulating evidence suggests
that LIGHT plays critical roles in regulating immune responses by interacting with
HVEM, LTPR and possibly with TR6 as well.

First, LIGHT is demonstrated as a novel costimulatory molecule for T cell activation,
which directly results in increased T cell proliferation, enhanced Thl type cytokine
production, and NF-kB translocation. Moreover, the LIGHT triggered T cell activation
was found independent of the B7/CD28 pathway (Tamada ef al., 2000A; Tamada et al.,
2000B).

In addition to induction of T cell activation, LIGHT also regulates antigen presenting cell
(APC) development. For instance, DCs are APCs most potent in initiating primary T cell

responses. It was found that blockade of LIGHT can inhibit the optimal induction of
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primary T cell responses by allogeneic DCs, suggesting that LIGHT is a pivotal
costimulator for DC triggered stimulation of primary T cell responses and the
costimulation is most likely through HVEM (TR2) (Tamada et al., 2000) on DCs. In one
report, it was found that LIGHT signaling via HVEM was in cooperation with CD40
signaling for DC maturation. The DCs then achieves activation and thus are able to elicit
an enhanced anti-tumoral CTL response (Morel ef al., 2001).

LTPBR is one of the receptor of LIGHT that plays a major role in the formation of
secondary lymphoid tissue during embryogenesis (Futterer, 1998). Both LTo” and
LTBR" mice showed disappearance of lymph nodes (LN) and Peyer’s patches (PP) and a
severe disorganization of splenic structure (Fu et al., 1999; De Togni et al., 1994). To
study whether T cell derived LIGHT and its interaction with LTBR are sufficient to
support the formation of lymphoid tissues, LIGHT transgenic (LIGHT Tg) mice were
developed and backcrossed with either LTo” or LTBR” mice (Wang et al., 2002). The
results showed that LIGHT-complemented LTo”™ mice (LIGHT Tg/LTa™) display
recovery of secondary lymphoid tissues and restoration of splenic architecture. In
addition, blockade of endogenous LIGHT activity in LTBR”" mice give rise to more
severe disturbed splenic structure, suggesting the importance of LIGHT in the
development and maintenance of the lymphoid organs and tissues (Wang et al., 2002).
LIGHT could trigger apoptosis in some types of tumors both in vitro and in vivo. One
important supporting experiment is that LIGHT gene transfected into a human breast
carcinoma line resulted in the complete inhibition of tumor development in T cell
deficient athymic nude mice (Zhai, et al., 1998; Harrop et al., 1998). It was found that

gene transfection of LIGHT mediates tumor rejection through the generation of tumor
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specific CTL. This was supported by data showing that blockade of LIGHT ameliorates
acute graft-versus host disease (GVHD) by anergizing host-specific CTL (Tamada et al.,
2000). However, the in vivo effects of LIGHT, particularly on T cells, can only be well

understood by using LIGHT transgenic (LIGHT Tg) and/or knockout (KO) animals.

1.3.6.4. LIGHT transgenic and knockout mouse models

Shaikh et al., generated T cell LIGHT transgenic (Tg) mice and found that LIGHT Tg
mice displayed abnormal lymphoid organ structure, chaotic lymphocyte distribution in
addition to organ inflammation and destruction (Shaikh et al., 2001). T cells from LIGHT
Tg mice exhibit an abnormally activated phenotype and elevated Thl cytokine activity
(Wang et al., 2001). Wang et al., also found that LIGHT Tg mice exhibited an unusually
enlarged T cell compartment and a hyper-activated peripheral T cell population. In
addition, LIGHT Tg mice spontaneously develop severe autoimmune disease
characterized by lymphadenopathy, glomerulonephritis, splenomegaly, enhanced levels
of autoantibodies and severe lymphocytes infiltration of different peripheral tissues.
Blockade of LIGHT activity by HVEM-Ig decreases the severity of T cell-mediated
disease. Using the same model, it was found that LIGHT might be one of the important
costimulatory molecules functioning in the T-T cells interaction and activation required
for the complete expansion of peripheral T cells. The dysregulation or over-expression of
LIGHT may play an important role in the pathogenesis of T cell mediated chronic
inflammation and autoimmunity. Moreover, the in vivo data showed that LIGHT is
sufficient to cause the activation and expansion of peripheral T cells that subsequently

lead to the breakdown of peripheral tolerance (Wang ef al., 2001).
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These findings together suggested a profound role for endogenous LIGHT in regulating
T cell activation, presumably through costimulation to TR2 on T cells. Moreover, these
findings also indicated a critical role for LIGHT as an important T cell costimulatory
TNF ligand in T cell activation and expansion, the dysregulation of LIGHT leading to
altered T cell homeostasis, breakdown of peripheral tolerance and autoimmune diseases.
A logical question: what are the consequences of LIGHT knockout in animals? One
study from LIGHT deficient (LIGHT™) mice showed that lymphoid organs are largely
intact and function normally as T cells and APCs do. But CTL (CD8") induction and
cytokines related to CTL development were reduced from LIGHT” mice (Tamada et al.,
2002). By using LIGHT™ mice in an allograft rejection study, it was found that the mean
allograft survival time of LIGHT"™ mice is only slightly prolonged whilst in combination
with CsA, the survival time is significantly enhanced compared with normal LIGHT"*
mice (Ye et al., 2002). Scheu et al., found that LIGHT” mice actually develop intact
lymphoid organs whereas LIGHT" LTB™" double deficient mice have low percentage of
mesenteric lymph nodes. Interestingly, in the LIGHT”, CD28™ allogeneic skin graft
rejection mice model, it was found that LIGHT"CD28" showed a skin survival of 19 d,
i.e. 6 days (d) longer than single deficient or WT mice. This suggested that LIGHT
together with CD28 plays important role in allo-graft rejection. The reason could be the
reduced development of cytotoxic T Iymphocytes as shown in the followup MLR study
on LIGHT " mice (Schew ef al., 2002).

These results suggested that LIGHT is necessary for activation of CD8" but not CD4" T
lymphocytes (Tamada et al., 2002). This may be further implicated in the decrease of

allogeneic CTL activities and the delay of allogeneic graft rejection. Together, these
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results suggested that LIGHT and its receptor TR2 may contribute to the organogenesis
of secondary lymphoid tissues and the important involvement of T cell costimulation in T

cell mediated immune responses.

L.4. Interaction of TNF SFP ligands with their receptors

The biological function of TNFR/TNF ligand SFPs as well as their associated diseases
are dependent on an essential signaling stoichiometry. Signaling is assumed to be
achieved by ligand-induced trimerization of the monomeric receptor chains. This was
demonstrated by crystallography of the extracellular ligand binding domain bound to LT
a (TNF B) which showed a three to three symmetry of the ligand-receptor complex
(Banner et al., 1993). The X-ray structure for both TNF o and TNF B unveiled that both
proteins exist as a “triangular cone” trimer (Eck ef al., 1992) and the ligand trimer binds
three receptor molecules, one at each of three TNF monomer-monomer interfaces
(Banner et al., 1993). The trimeric ligand makes contacts within the CRD 2-CRD 3
region and thus forms a hexameric complex unit containing three receptors and a ligand
trimer. Substantial data indicates that other TNF cytokine-receptor interact similarly to
this typical, obligatory 3:3 symmetry and lead to receptor activation (Idriss and Naismith,

2000).

LS. TNFR SFP signaling
The last few years have witnessed a proliferation in the knowledge of the proteins
participating in the signaling of the TNF system. TNF receptors are activated by

interacting with their specific ligands followed by receptor trimerization or
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oligomerization and ultimately lead to either apoptosis or survival of receptor-bearing
cells according to different stimuli. The general death/survival signaling pathways can be
best illustrated by TNF o and LT o which were intensively studied in the past several
years for their signaling events.

TNF o and LT a mediate their effects via two receptors: TNFR-I and TNFR-II. These
ligands interact with both receptors as homo-trimers and induce receptor trimerization
which is pivotal for receptor activation (Nagata, 1997; Ashkenazi and Dixit, 1999).
TNFR-II has no intracellular death domain and is generally not implicated in apoptotic
signals. Therefore, TNFR-I is the main receptor responsible for mediating the apoptotic
signals of TNF receptor-ligand system (Nagata, 1997; Ashkenazi and Dixit, 1999). Upon
activation, TNFR-I recruits the intracellular adaptor molecule termed “TNFR-associated
death domain protein” (TRADD). TRADD is a death domain containing adaptor
molecule which further recruits another death domain containing protein named FADD
(Fas —associated death domain protein) (Chinnaiyan et al., 1995; Boldin et al., 1996). The
interactions among these adaptor molecules and TNFR-I occur through their respective
death domains, leaving the N-terminal death effector domain of FADD free to further
interact with the domain of proximal pro-caspase 8 or 10. Recruitment of proximal pro-
caspase at the receptor site induces its oligomerization-mediated activation (Ashkenazi
and Dixit, 1999). Upon activation, the proximal caspases further activate the downstream
caspases such as caspase 3, 6 and 7, also termed the executioner caspases. Once the
executioner caspases are activated, the apoptotic signal flows further downstream leading

to the cleavage of death substrates and eventually cell demise (as shown in Figure 2).
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As presented in Figure 2, in addition to the apoptotic direction, TNFR-I also relays
signals that impinge upon cell survival. For instance, TRADD also recruits TRAF1 and
TRAF?2, the adaptor molecules that lead to activation of JNK (Jun N-terminal kinase) and
NF-«xB (Ashkenazi and Dixit, 1999). These TRAFs have been shown to bind to TNFR-I
and prevent TNFa induced activation of caspase 8 at the receptor site. TRAFs also serve
to function in a positive feedback loop to further promote NF-kB activation and generate
survival signals. Recruitment of TRADD and FADD at the receptor site also promotes
interaction with another death domain containing molecule RIP. RIP has been shown to
interact with RAIDD to activate caspase 2 in order to mediate apoptotic signals (Wang et
al., 1999). Thus TNFR-I activation involves a complex series of interactions with
intracellular molecules to mediate apoptotic and survival signals.

All the other cytokine-receptor pairs of the TNF superfamily have similar signaling
events of TNF/TNFR pairs as illustrated in Figure 2 and the signaling is very rapid and
highly specific. For instance, Fas is activated by interaction with its ligand Fas-L. Just
like any other ligand in this family, FasL binds to Fas as a homotrimer and activates its
cognate receptor Fas (Nagata, 1997; Ashkenazi and Dixit, 1999). The basic paradigm of
Fas activation is similar to that of TNFR-I except that Fas does not bind with TRADD but
directly recruit FADD.

It is worth to mention that mitochondria have an important role in apoptotic-signaling
pathway initiated by TNF receptors. The apoptotic signaling can trigger the release of
apoptotic factors from the mitochondrial intermembrane space (Gurp et al., 2003). These
apoptotic factors include cytochrome C (Li et al., 2000), AIF (Wang et al., 2002),

endonuclease G (Li et al., 2001; Ohsato et al., 2002), Smac/DIALO (Verhagen et al.,
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Figure 2. Signaling pathways of TNF and TNF-RI
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2000; Du et al., 2000), Omi/HtrA2 (Faccio et al., 2000), and ACBP (Melloni et al.,
2000). Cytochrome C induces caspase activation by binding to Apaf-1 whereas
Smac/DIABLO and Omi/HtrA can neutralize IAP’s inhibition of caspases. AIF and
endonuclease G are mainly involved in caspase-independent nuclear DNA degradation
(Zamzami et al., 2001).

The release of cytochrome C leads to the formation of apoptosome which include Apaf-1
and caspase 9. Apoptosome is closely associated to the downstream activation of
caspases 3, 6 and 7 (Creagh et al., 2003). It is believed that the cytochrome C dependent-
apoptosome formation is not an essential trigger for apoptosis but rather an amplifier of

the caspase activation cascade (Joza et al., 2001; Green, 2003).

I.6. Hypotheses

As described in the above sections, a complex picture of TR6 receptor-ligand interactions
emerged as illustrated in Figure 3. TR6 recognizes three confirmed ligands: LIGHT,
FasL, and TL1 and each of these has more than one receptor as well. The first ligand
FasL has two receptors: Fas and TR6. Another ligand LIGHT has 3 confirmed receptors:
LTBR, HVEM (TR2) and TR6. LTBR can interact with its ligands: TNF o and LT a.
TL1 is the third ligand of TR6 and it has two receptors: TR6 and DR3. DR3 also binds to
TRAIL. Consequently, the resulting complex pattern suggests a highly sophisticated

cytokine-receptor system.
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The focus of our study is the role of TR6 in immune regulation. Since LTBR and TL1 are

not expressed in the immune system, our study focuses on the interaction among TR,

LIGHT, Fas, FasL and HVEM. We formulated the following hypotheses.

(1). TR6 modulates immune responses such as T cell costimulation by interrupting

several pairs of TNFSF and TNFRSF interactions

It has been confirmed that both LIGHT and FasL are involved in T cell costimulation.
For LIGHT, the costimulation is achieved by interaction with TR2 (Tamada et al., 2000);
for Fas-L, costimulation is achieved through interaction with Fas (Suzuki et al., 2000).
Therefore, we speculate that TR6 (in soluble form) might be able to modulate T cell

activation by interfering with these two TNF ligand-receptor pairs.

(2). TR6 on solid phase might trigger reverse signaling through the ligand(s)

As mentioned before, some TNF ligands might have reverse signaling properties. Since
TR6 binds to FasL and LIGHT, it is possible that solid phase TR6 might act on these

ligands to costimulate T cells through reverse signaling.
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Modulation of T-cell responses to alloantigens by TR6/DcR3
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Note: In this paper, as co-first authors, Jun Zhang and Theodora W. Salcedo contributed
in recombinant proteins and other related reagents preparation. In addition, they also
performed some important experiments as shown Figure 1, 2 and 3 and Table 1 and 2.
The remaining works such as results shown in Figure 4, 5 and 6 were performed by
Xiaochun Wan.
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TR6 (DcR3) is a new member of the TNF receptor (TNFR) family that lacks a transmembrane domain
in its sequence, indicating that itis a secreted molecule. TR6 can bind to FasL and prevent FasL-
induced apoptosis; it can also associate with LIGHT, another TNF family member. The role of TR6
in immune responses was investigated in this study. According to flow cytometry, recombinant
human TR6-Fc binds to human LIGHT expressed on 293 cells or on activated human T cells and
competes with the LIGHT receptor TR2 for the binding to LIGHT on these cells. Human TR6 could
cross-react with mouse LIGHT in immunoprecipitation. TR6-Fc also downregulates cytotoxic T lym-
phocyte activity in vitro and graft-versus-host responses in mice. Moreover, TR6-Fc modulates lym-
phokine production by alloantigen-stimulated mouse T cells. TR6-Fc ameliorated rejection response
to mouse heart allograft. These results indicate that TR6 can dampen T-cell responses to alloanti-
gens. Such regulatory effects of TR6 probably occur via interference with interaction between pairs
of related TNF and TNFR family members, LIGHT/TR2 being one of the possible candidate pairs.

J. Clin. Invest. 107:1459-1468 (2001).

Introduction raised doubt about this conclusion by showing that

TRG (also called DcR3) is a new member of the TNF
receptor (TNFR) family. TR6 lacks an apparent trans-
membrane domain in its sequence and is likely a secret-
ed protein (1). The mRNA of TR6 is expressed art high
levels in several normal human tissues such as the
stomach, spinal cord, colon, lymph node, and spleen (1,
2), whereas its mRNA expression in the thymus is weak,
and in peripheral blood lymphocytes is undetectable.
Recombinant TR6 fused with an IgG; Fc domain can
inhibit the interaction between Fas and FasL and pre-
vent FasL-induced apoptosis in lymphocytes and sev-
eral tumor cell lines (1). The latter suggests that certain
tumors may escape FasL-dependent immunocytotoxic
atrack by overexpressing TR6.

TR6 can also bind to LIGHT, which isa member of
the TNF family (3). LIGHT is a type II transmembrane
protein, and its protein is expressed on activared T cells
(4) and immature dendritic cells (5). It is a ligand for
both TR2/HVEM and LTPR (4). LIGHT was found to
induce apoptosis in cells expressing both TR2 and
LTPR, but not in cells expressing only TR2 or only

LTQR (6). However, a recent report by Rooney et al.(7)

:onl Tauactication \

. e

LTBR is necessary and sufficient for LIGHT-mediated
apoptosis of tumor cells. In any case, as LTPR is not
expressed on lymphocytes (8), LIGHT has no demon-
strated or perceived apoptotic effect on these cells.
Recent studies show that LIGHT can modulate T-cell
responses via TRZ, which is constitutively expressed at
both protein and mRNA levels in most lymphocyte
subpopulations including CD4 and CD8 T cells (9, 10).
Soluble LIGHT enhances a three-way MLR (11).
LIGHT expressed on COS cells or anchored on solid
phase augments T-cell proliferation and lymphokine
production (5, 12). Molecules that can presumably
interfere with the interaction between LIGHT and TR2
were found to downregulate T-cell responses. For
example, an antagonistic mADb against TR2 represses
proliferation and lymphokine production by CD4
T cells (9); soluble recombinant TR2-Fc inhibits a
three-way MLR (9, 10) or dendritic cell-stimulated
alloresponse of the T cells (5); soluble LTBR-Fc inhibits
solid-phase LIGHT-augmented T-cell proliferation

(12); and in vivo administration of LTRR-Fc leads to

amelioration of mouse graft-versus-host disease (12).
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Article 2:

A TNF Family Member LIGHT Transduces Costimulatory Signals into Human T
Cells

Xiaochun Wan, Jun Zhang, HongYu Luo, GuiXiu Shi, Kapnik E, Kim Sonhoo,
Kanakaraj P, Jiangping Wu.

Journal of Immunology 2002 Dec 15;169(12):6813-6821

Note: In this paper, as co-first author, Jun Zhang was responsible for experiments
involving Th1 and Th2 cell surface staining and cytokine tests as shown in Figure 3 and
Figure 4. All the remaining works were performed Xiaochun Wan.
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A TNF Family Member LIGHT Transduces Costimulatory
Signals into Human T Cells’

Xiaochun Wan,** Jun Zhang,”* Hongyu Luo,* Guixiu Shi,* Elena Kapnik,* Sunghee Kim,*
Palanisamy Kanakaraj,* and Jiangping Wu>**

DcR3/TR6 is a secreted protein belonging to the TNFR family. It binds to Fas ligand, LIGHT, and TL1A, all of which are TNF
family members. LIGHT is expressed on activated T cells. Its known receptors are TR2 and LTSR on the cell surface, and TR6
in solution. In the present study, we report soluble TR6-Fc or solid-phase TR6-Fec costimulated proliferation, lymphokine pro-
duction, and cytotoxicity of human T cells in the presence of TCR ligation. These costimulating effects were blocked by soluble
LIGHT but not by soluble Fas-Fc. TR6-Fc could also cffectively costimulate gld/gld mouse T cells. We further demonstrated that
TR6 bound to both Th1 and Th2 cells, according to flow cytometry, and that the association was inhibited by soluble LIGHT.
Cross-linking Thl and Th2 cells with solid-phase TR6-Fc along with a suboptimal concentration of anti~-CD3 enhanced prolifer-
ation of both Thl and Th2 cells, and augmented Th1 but not Th2 lymphokine production. These data suggest that TR6 delivers
costimulation through its ligand(s) on the T cell surface, and at least the major part of such costimulation is via LIGHT. 7The

Journal of Immunology, 2002, 169: 6813—6821.

embers of the TNF family play important roles in di-
M verse cellular functions, such as proliferation, differ-

entiation, cytokine production, apoptosis, Ig class
switching, and T cell costimulation (1-3). Most of them (except
lymphotoxin @, which is entirely secreted) are type Il membrane
proteins, and can exert their effect through cell-cell contact (1.
Many members, such as TNF-« (4), CD40 ligand (CD40L)* (4),
Fas ligand (FasL) (5), and TNF-related activation-induced cyto-
kine (TRANCE) (6) can be cleaved from cell surfaces. The cleaved
parts of these members have demonstrated (as in the case of
TNF-a) or conceivable biological functions that involve interac-
tion with their respective receptors.

LIGHT/TLS5 is a new member of the TNF family (7), with its
protein expressed on activated T cells (7) and immature dendritic
cells (8). Cell surface LIGHT can be cleaved by matrix metallo-
proteinase (9). It is a ligand for TR2/Herpesvirus entry mediator,
lymphotoxin B receptor (LTSR), and DcR3/TR6, all of which are
TNFR family members (7, 10, 11). Recent studies show that
LIGHT can costimulate T cell responses via TR2, which is con-
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stitutively expressed at both protein and mRNA levels in most
lymphocyte subpopulations, including CD4 and CDS8 T cells (12,
13). LIGHT, expressed on COS cells or anchored on a solid phase,
augments T cell proliferation as well as lymphokine production (3,
8). Molecules that presumably interfere with the interaction be-
tween LIGHT and TR2 can down-regulate T cell responses: sol-
uble recombinant TR2-Fc inhibits a three-way MLR (13) or den-
dritic cell-stimulated alloresponse of T cells (8), an antagonistic
mADb against TR2 represses proliferation and lymphokine produc-
tion by CD4 T cells {12), soluble LTBR-Fc suppresses solid-phase
LIGHT-augmented T cell proliferation (3), and in vivo adminis-
tration of LTBR-Fc leads to amelioration of mouse grafi-vs-host
disease (3). Taken together, these pieces of evidence show that
LIGHT acts on TR2 as a costimulator of T cell activation. More-
over, LIGHT can induce apoptosis in cells expressing both TR2
and LTBR (14), although Rooney et al. (15) reported that LTBR is
necessary and sufficient for LIGHT-mediated apoptosis in tumor
cells. Because LTBR is not expressed on lymphocytes (16),
LIGHT is unlikely to cause apoptosis in these cells.

TR6 is a new member of the TNFR family. Human TR6 lacks
an apparent transmembrane domain in its sequence, and is a se-
creted protein (10, 17). In the immune system, TR6 mRNA is
expressed at high levels in lymph nodes and the spleen (17, 18),
while its expression in the thymus and PBLs is weak or undetect-
able, respectively. TR6 has three known ligands, i.e., FasL,
LIGHT, and TL1A. TR6 can bind to FasL and inhibit the interac-
tion between Fas and FasL. Consequently, FasL-induced apoptosis
of lymphocytes and of several tumor cell lines can be repressed by
TR6 (17). TR6 can also bind to LIGHT (10, 11). We have recently
reported that human TR6-Fc can compete with TR2 for binding to
LIGHT on human T cells, suppress CTL and lymphokine produc-
tion in mouse lymphocytes, and inhibit mouse heart allograft re-
jection (10). These findings have raised the possibility that TR6
inhibits LIGHT-triggered costimulation via TR2 in T cells. The
third known ligand of TR6 is TL.1A, which is a new member of the
TNF family, and is predominantly expressed on endothelial cells
(19). TR6 can repress TL1A-augmented lymphokine secretion and
the graft-vs-host response (19).

0022-1767/02/$02.00
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Our current study has revealed another layer of complexity in
the interactions between TR2, TR6, and LIGHT. We present evi-
dence in this study that TR6 ligand on the cell surface actually
transduces costimulating signals into T cells, and enhances T cell
responses to mitogens and alloantigens. At least a part of such
reverse signaling was mediated by LIGHT. Thus, although a li-
gand, LIGHT can function as a receptor as well. The biological
significance of this finding is discussed.

Materials and Methods

Recombinant proteins and mAbs

Recombinant TR6-Fc, TR6, TR11-Fc, LIGHT, and FasL were prepared as
described in our previous publications (10, 20).

mAbs (clones 17B07 and SK9E2) against TR6 were prepared as fol-
lows. BALB/c mice were immunized i.p. with 50 pg/100 ul of TR6 emul-
sified in 100 pl of CFA. Three additional s.c. injections of 25 ug of TR6
in IFA were given at 2-wk intervals. The animals were rested for a month
before recciving the final i.p. boost of 25 ug of TRG in PBS. Four days
later, splenocytes from one of the immunized mice were fused with 2 X
107 P3 X 63Ag8.653 plasmacytoma cells using polyethylene glycol 1500
(Roche Applied Sciences, Indianapolis, IN) according to the manufactur-
cr’s instructions. After fusion, the cells were resuspended in 400 mi of
hypoxanthine/aminopterin/thymidine medium supplemented with 20%
FCS and 4% of hybridoma supplement (Roche Applied Sciences), and
distributed into 96-well plates (200 pl/well). Hybridomas were screened
for specific Ab production by ELISA using TR6-coated plates. Positive
hybridoma supernatants were checked for Ig isotypes using mouse Iso-strip
kit (Roche Applied Sciences). mAb affinity was ranked by ELISA accord-
ing to an approach described earlier (21). Hybridomas producing high-
affinity mAbs were cloned by limiting dilution. Cloned hybridoma cells
were injected in pristine-primed BALB/c mice (3 X 10%cells/mouse) for
ascites production. The Abs were purified from the ascites by protein G
affinity chromatography using the Acta fast prolein liquid chromatography
system (Amersham Pharmacia Biotech, Piscataway, NJ).

Preparation and culture of PBMCs, T cells, Thi cells, Th2 cells,
and mouse spleen cells

Adult PBMCs were prepared by Lymplioprep gradient (Nycomed, Olso,
Norway), and T cells were prepared from PBMC by sheep RBC rosetting
as described elsewhere (22), or by negative selection (deletion of cells
positive for CD11b, CD16, CD19, CD36. and CD56) with magnetic beads
(Miltenyi Biotec, Auburn, CA) according to the manufacturer’s instruc-
tions. The mouse mononuclear spleen cells were prepared by lysing RBCs
in the total spleen cells with 0.84% NH,CI. The cells were cultured in
RPMI 1640 supplemented with 10% FCS, L-glutamine, and antibiotics.
RPMI 1640, FCS, penicillin-streptomycin, and L-glutamine were pur-
chased from Life Technologies (Burlington, Ontario, Canada). [*H]Thy-
midine uptake was measured as described previously (22, 23).

For Th1 and Th2 cell generation, cord blood mononuclear cells were
isolated by density gradient on Histopaque-1077 (Sigma-Aldrich, St.
Louis, MO). Monocytes from cord blood mononuclear cells were deleted
by culture dish adhesion for 1 h at 37°C, and the resulting lymphocyte
fraction was cultured with 2 pg/ml PHA (Sigma-Aldrich) in the presence
of Th1/Th2 polarizing Abs and cytokines. Thl differentiation was triggered
by addition of 5 ng/ml IL-12 and 5 wg/ml anti-IL-4; Th2 differentiation was
initiated by addition of 5 ng/ml IL-4, 5 ug/ml anti-IL-12, and 5 ug/mi
anti-IFN-v. After 72 h, cells were cultured in medium containing 5 ng/ml
IL-2. After an additional 11-14 days of culture, >99% of the cells were
CD3* T cells according to flow cytometry analysis; their Thl and Th2
phenotype was confirmed by their lymphokine production profile. These
cells were washed once with serum-free RPMI medium and starved in
IL-2-free medium for 3 h. They were then cultured at 1-2 X 10° cells/well
in 96-well plates, which were coated with anti-TCRaf (3 wg/ml) in com-
bination with various amounts of solid-phase TR6-Fc. Proliferation of
these cells was measured by [*H]thymidine uptake 2-3 days later. The
mAbs used in this section were from BD PharMingen (San Diego, CA),
and ILs were from R&D Systems (Minneapolis, MN).

Lymphokine assays

IL-2, IL-5, IL-6, IL-10, IFN-y, TNF-a, and GM-CSF in culture superna-
tants were measured by commercial ELISA kits from R&D Systems.

REVERSE SIGNALING THROUGH LIGHT INTO T CELLS

Flow cytometry

Th1 or Th2 cells (1 X 10%) without further stimulation, or stimulated with
solid-phase CD3, were stained with TR6-Fc (15 ng/sample) followed by
goat F(ab’), anti-human IgG-PE (Southern Biotechnology Associates, Bir-
mingham, AL). In some samples, TR6 without the Fc¢ tag, LIGHT, or
anti-TR6 mAb was present as an inhibitor (5 pug/sample) during the stain-
ing process. The cells were washed and resuspended in buffer containing
0.5 pg/ml propidium iodide; propidium iodide-negative live cells were
gated and analyzed by flow cytometry.

Cytotoxic T cell assay

CTL activity of ¥ T cells was assayed as follows. Human PBMC (4 X 10°
cells/200 pl/well) were stimulated with mitomycin C-treated Daudi cells
(0.7 X 10° cells/well) in round-bottom 96-well plates in the presence of 10
U/ml IL-2 for 6 days. Normal human IgG (20 pg/ml), TR6-Fc (20 pg/ml),
or LIGHT (10 pg/ml) was added to the culture in the beginning. On day 6,
cells given the same treatment in the 96-well plate were pooled and
counted, and their CTL activity was measured by a standard 4-h *'Cr-
release assay using *'Cr-labeled Daudi cells (1.5 X 10° celis/well) as tar-
gets at different E:T ratios. To test the effect of solid-phase TR6-Fc, the
round-bottom wells were precoated with TR6-Fc (0.5 ug/50 wliwell) at
4°C overnight and washed with PBS. PBMC (4 X 10° cells/250 pl/well)
and mitomycin C-treated stimulator Daudi cells (0.7 X 103 cells/well) were
cultured in these wells with IL-2 (10 U/ml) in the absence or presence of
soluble LIGHT (20 pg/ml). On day 3. 70 ul culture supernatant/well was
replaced with fresh regular medium. All the other procedures of the CTL
assay were the same as described above, except that the *'Cr-release assay
was conducted on day 5 instead of day 6.
The lysis percentage of the test samples was calculated as follows:

cpm of the test sample — cpm of spontaneous release

% lysis = -
cpm of maximal release — cpm of spontaneous release

For a8 T cell CTL activity, PBMCs from donor A were used as responder
cells, and mitomycin C-treated PBMCs from donor B were used as stim-
ulators. PBMCs from donor B without mitomycin C treatment were stim-
ulated with solid-phase anti-CD3 and anti-CD28, and used as target cells
on day 6 for the 4-h >'Cr-release assay. All the other procedures were the
same as described above.

Results
TR6-Fc enhanced proliferation of PBMC stimulated by
suboptimal concentrations of mitogens

We made an intriguing discovery in the course of our study on the
role of TR6 in immune regulation: soluble TR6-Fc augmented re-
sponse of human PBMC stimulated with different concentrations
of PHA (0.05, 0.1, 0.5, and 1 ug/ml) in the presence of TR6-Fc (20
pg/ml) (Fig. 14). TR6-Fc greatly enhanced the PBMC prolifera-
tion when PHA was at suboptimal concentrations (0.1 and 0.5
pg/ml). Using a suboptimal concentration of PHA (0.2 pg/ml), we
further demonstrated that soluble TR6-Fc could enhance PBMC
proliferation in a dose-dependent manner from 0.3-30 ug/ml (Fig.
1B). To ensure that the effect of TR6-Fc plus PHA was not due to
a shift in proliferation kinetics compared with that of PHA or
TR6-Fc stimulation alone, PBMC stimulated with PHA (0.2 pg/
ml), TR6-Fc (10 pg/ml), or both were harvested at 48, 72, and
96 h. The result (Fig. 1C) showed that at no time points did
TR6-Fc or suboptimal PHA alone lead to significant proliferation,
unlike PHA plus TR6-Fc, ruling out a possible kinetic shift. Sol-
uble TR6-Fc (10 pg/ml) also augmented suboptimal soluble anti-
CD3 (100 ng/ml)-stimulated proliferation, as shown in Fig. 1D.
The results of this section demonstrate that TR6-Fc can stimulate
PBMC and T cells, likely via its cell surface ligand(s).

TR6 can interact with two ligands on the T cell surface, LIGHT
and FasL (11, 17). The third TR6 ligand, TLI1A, has little expres-
sion in T cells (19), and thus is not relevant in our system. To
identify whether LIGHT or FasL was responsible for receiving
TR6 stimulation, we added soluble LIGHT (10 ug/ml) or Fas-Fc
(10 pg/ml) to T cells stimulated with a suboptimal concentration
of PHA (0.2 wg/ml) in combination with solid-phase TR6-Fc (Fig.
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FIGURE 1. TRé6-Fc strongly promoted proliferation of PHA- or anti-CD3-stimulated PBMC and T cells. Human PBMC or T cells, or mouse spleen cells,
were stimulated with suboptimal concentrations of PHA or anti-CD3. Soluble or solid-phase TRG-Fc was used for costimulation. Cell proliferation was
measured by [*H]thymidine uptake at the times indicated. Mean = SD of the cpm from triplicate samples are shown. The experiments were performed more
than three times, and a representative set of data is presented. A, Effect of TR6-Fc on PBMC stimulated with various doses of PHA. PHA was used at 0.05,
0.1, 0.5, and | pg/ml, and TR6-Fc in solution was used at 10 pg/ml. [*H]Thymidine uptake by the cells between 48 and 64 h afier initiation of culture
was measured. B, Effect of various doses of TR6-Fc on PBMC stimulated with a suboptimal dose of PHA. TR6-Fc in solution was used at 0.3,1,3,10,
and 30 pug/ml, while PHA was used at a suboptimal dose of 0.2 pg/ml. [*H]Thymidine uptake by the cells was measured at 48 and 72 h. C, Proliferation
kinetics of PBMC stimulated by TR6-Fc and a suboptimal dose of PHA. PBMC were stimulated with 10 pg/ml TR6-Fc in solution along with 0.2 pg/ml
PHA. The proliferation of these cells was measured at 48, 72, and 96 h. D, Effect of TR6-Fc on PBMC stimulated with a suboptimal concentration of
anti-CD3. PBMC were stimulated with TR6-Fe (10 ug/ml) in solution and a suboptimal concentration of soluble anti-CD3 (50 ng/ml). Cell proliferation
was measured at 48, 72, and 96 h. E, Soluble LIGHT inhibited solid-phase TR6-promoted proliferation of PHA-stimulated T cells. Human T cells were
cultured in the presence of a suboptimal PHA concentration (0.2 wg/ml), solid-phase TRG, or both as shown, To prepare solid-phase TR6, the wells were
precoated overnight at 4°C with nonneutralizing anti-TR6 mAb (clone 17B07, 250 ng/50 pl) in PBS, followed by TR6-Fc (1 pg/50 wl) at room temperature
for 6 h. Soluble LIGHT was added as indicated to certain samples at [0 wg/ml. [*H]Thymidine uptake between 48 and 64 h after initiation of culture was
measured. F, Effect of solid-phase TR6 on anti-CD3 stimulated gld/gld mouse spleen cells. Solid-phase TR6-Fc and anti-CD3 were prepared by coating
NUNC wells with 5 wg/ml goat anti-human IgG (Southern Biotechnology Associates) along with various concentrations (0.1-0.5 wug/ml) of anti-CD3 in
PBS as indicated overnight at 4°C. After washing, the wells were incubated with TR6-Fc (10 pg/ml) or buffer (PBS) at 37°C for 2 h. The coated wells
were then used for culture. Spleen cells of C57BL/6 or gld/gld mice in B6 background were cultured in the coated wells and [*H]thymidine uptake between
48 and 64 h after initiation of culture was measured. C57-TR6-Fc or GLD-TR6-Fc: C57BL/6 or gld/gld spleen cells, respectively, cultured in wells coated
with anti-CD3 and TR6-Fc; C57-buffer or GLD-buffer: C57BL/6 or gld/gld spleen cells, respectively, cultured in wells coated with anti-CD3 alone followed
by incubation of buffer during the second coating period. G. Effect of TR2 on anti-CD3-stimulated BALB/c mouse spleen cells. Solid-phase TR2-F¢ and
anti-CD3 was prepared as described in F, except 10 pg/m! TR2-Fc was used in the place of TR6-Fc. Buffer: wells coated with anti-CD3 in the first coating
and buffer in the second coating; TR2-Fc: wells coated with anti-CD3 in the first coating and TR2-Fc in the second coating. [*H]Thymidine uptake between
48 and 64 h after initiation of culture was measured. A, Comparison of solid-phase TR6-Fc vs TR6 without Fc for their stimulation cfficacy of T cell
proliferation. TR6-Fc, TR6, or a control fusion protein TR11-Fc was directly coated on wells (1 ug/50 ul/well during coating). PBMC were cultured in
these wells in the absence or presence of a suboptimal concentration of PHA (0.2 pg/ml). PH]thymidine uptake between 56 and 72 h after initiation of
culture was measured.
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1E). The solid-phase TR6-Fc in this experiment was prepared by
coating the culture wells with nonneutralizing anti-TR6 mAb
(clone 17B07) followed by TR6-Fc. [*H]Thymidine uptake was
measured 72 h later. Solid-phase TR6 enhanced T cell proliferation
in the presence of suboptimal PHA concentration, indicating that it
delivers a costimulation signal through its binding partners on T
cells. TR6 has two known ligands on T cell surface, LIGHT and
FasL. Ideally, to identify which ligand was involved in the process,
soluble LIGHT and FasL should be used as blockers in the culture.
The former was used for this purpose. However, becausc exoge-
nous FasL in solution might lead to apoptosis of activated T cells,
it could not be used as a blocker for this purpose. Thus, we used
soluble Fas-Fc, which would bind to FasL and block the interac-
tion between FasL and TR6. The result showed that LIGHT but not
Fas-Fc inhibited the proliferation, suggesting that LIGHT is a
likely molecule through which TR6 induces activation of T cells.

One could argue that soluble LIGHT might block the binding of
TR6 to FasL, and soluble Fas might have lower affinity than TR6
in FasL binding (although there is no evidence for this assumption)
and thus cannot effectively compete with TR6 for binding to FasL.
With such assumptions, whether it is the LIGHT that transduced
signals into the cells remains in doubt. To gain additional evidence
for LIGHT-mediated reverse signaling, solid-phase TR6 was used
to stimulate gld/gld mouse spleen cells, which have nonfunctional
FasL. Human TR6 can cffectively bind to mouse FasL (data not
shown) and LIGHT (10). gld/gld splecn cells responded well to
solid-phase TR6 stimulation (Fig. 1F), suggesting that the major
part of the reverse signaling is not via FasL. Solid-phase TR2,
which binds to LIGHT but not FasL, costimulated mouse T cell
proliferation when they were triggered by suboptimal solid-phasc
anti-CD3 (Fig. 1G). Taken together, these data further indicate that
LIGHT is the main molecule mediating the TR6-triggered reverse
signaling.

To compare the efficacy of dimeric TR6-Fc vs monomeric TR6
without Fc on T cell stimulation, and to test the hypothesis whether
the observed stimulatory effect of TR6-Fc was due to blocking of
a putative negative regulatory autocrine loop by TR6-Fc or TR6
leaked into solution (see Discussion for further elaboration), we
coated these molecules directly on wells (1 pg/50 ul/well during
coating). PBMCs were cultured in these wells in the presence of a
suboptimal concentration of PHA (0.2 pg/ml) for 72 h, and thy-
midine uptake was measured. As shown in Fig. 1H, TR6-Fc but
not TR6 could enhance T cell proliferation. This showed that the
power of cross-linking is correlated to the efficacy of TR6 stimu-
lation. Moreover, this indicates that the existence of a negative
regulatory loop is unlikely, because if so, monomeric TR6 without
Fc leaked into solution should more effectively enhance T cell
proliferation than dimeric TR6-Fc.

TR6-Fc costimulation led to augmentation of lymphokine
production by PBMC

Human PBMCs were cultured in the presence of a suboptimal
concentration of PHA (0.2 pg/ml), PHA plus TR6-Fc (20 pg/ml),
or PHA plus contro] recombinant protein TR11-Fe (20 pg/ml).
The cytokines secreted into the supernatants at 24, 48, and 72 h
were tested with ELISA and the results are presented in Fig. 24.
Because PHA was used at a suboptimal concentration, it induced
minimal cytokine production. When TR6-Fc was added to the cul-
ture, it drastically induced production of cytokines such as IL-2,
IL-6, IL-10, GM-CSF, IFN-v, and TNF-a. In contrast, control pro-
tein TR11-Fc in combination with PHA did not augment cytokine
production. Some Th2-type cytokines, such as IL-4 and IL-5, were
of very low levels in this system, and no changes were detected
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(data not shown). Thus, costimulation from TR6-Fc led to aug-
mented cytokine production in PBMC.

To assess whether the effect of TR6 was directly on T cells,
TR6-enhanced lymphokine production was tested in purified T
cells, which were stimulated with a suboptimal concentration of
solid-phase anti-CD3 along with solid-phase TR6-Fc anchored in-
directly via anti-human IgG. Solid-phase TRG significantly en-
hanced the TNF-a and IFN-y production at 48 h by T cells (Fig.
2B, top two panels), as with total PBMC. Soluble LIGHT, but not
a control protein, TR11-Fc, prevented the augmentation of lym-
phokine production. This suggests that costimulation of TRé is
delivered to the T cells through a cell surface TR6 ligand, with
LIGHT being a likely candidate. When stimulated with a subop-
timal concentration of PHA in solution and solid-phase TR6, these
T cells also augmented IL-2 and GM-CSF production, compared
with PHA stimulation alone (Fig. 2B, bottom two panels).

TR6 bound to LIGHT expressed on Thl and Th2 cells

LIGHT expression is up-regulated on activated T cells (7); we
showed previously that TR6 specifically bound to LIGHT ex-
pressed on those cells (10). In this study, we examined LIGHT
expression and association of TR6 with LIGHT on Thl and Th2
cells. These cells were stimulated with solid-phase anti-CD3 over-
night. As shown in Fig. 3, row I, TR6-Fc bound to anti-CD3-
activated Th1 and Th2 cclls (shaded areas), but not to ones without
activation (solid lines). Unlabeled soluble TR6 (Fig. 3, row 2 with-
out the Fc tag) and anti-TR6-mAb (Fig. 3, bottom row) inhibited
the TR6 staining, indicating that the binding was not nonspecific.
Soluble LIGHT (Fig. 3, row 3) effectively blocked the staining of
TR6-Fc. These results suggest that the ligand of TR6 (likely
LIGHT) is expressed on activated Thl and Th2 cells.

TR6 costimulation on Thi and Th2 cell proliferation and
lymphokine production

We next assessed whether TR6 differentially promoted Th1 or Th2
function. In the presence of suboptimal solid-phase anti-TCRap,
solid-phase TR6 stimulated proliferation of both Th1 and Th2 cells
similarly and dose-dependently (Fig. 4, 4 and B); TR6-Fc alone
without anti-TCR signaling had no effect on thesc cells (data not
shown). As these Thl and Th2 cells were >99% pure T cells, this
experiment excluded the possibility that the effect of TR6 was
indirect via dendritic cells or monocytes/macrophages. TR6 neu-
tralizing mAb (clone SK9E2) suppressed TR6-enhanced Th1 and
Th2 proliferation in a dose-dependent manner, while control
mouse 1gG had no effect (Fig. 4, C and D), indicating that the effect
of TRé is specific.

As TR6 showed no differential effect on proliferation of Thl and
Th2, we next examined its effect on lymphokine production by
these cells 48 h after restimulation (Fig. 4, E and F). As controls,
anti-CD28 and suboptimal anti-TCRa on the solid phase resulted
in dramatic IFN-vy production by Th1 but not Th2 cells (74,936 +
56 vs 72 * 23 pg/ml), and marked IL-5 production by Th2 but not
Thi cells (586.9 + 16.5 vs 1.1 * 0.14 pg/ml), confirming the Th1
and Th2 phenotype of the cells. When solid-phase TR6-Fc was
used along with anti-TCRaf, it significantly increased IFN-y pro-
duction by Thl cells (42,587 + 4,535.2 pg/ml), compared with
anti-TCRaf stimulation alone (8,064.5 + 223 pg/ml); this aug-
mentation was blocked by anti-TR6 mAb in a dose-dependent
manner, showing the specificity of the TR6 stimulation (Fig. 4E).
IL-5 production by the Thl cells was negligible (<5-10 pg/ml)
with such stimulation, as expected, since IL-5 is a Th2 lympho-
kine. Th2 cells stimulated with TR6-Fc and anti-TCRaf produced
little [FN-y (<30 pg/ml), as expected, since IFN-y is a Thl lym-
phokine; however, they also failed to produce Th2 lymphokine
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FIGURE 2. TR6-Fc strongly augmented cytokine production by PHA-
stimulated PBMC and anti-CD3-stimulated T cells. .4, Human PBMC were
cultured in the presence of a suboptimal concentration of PHA (0.2 pg/mli),
PHA plus soluble TR6-Fc (20 ug/ml), or PHA plus control recombinant
protein TR11-Fe (20 pg/ml). The cytokines secreted into the supernatants
at 24, 48, and 72 h were tested with ELISA. Samples were in duplicate, and
the means * SD of lymphokine levels are shown. The experiments were
conducted at least twice with similar results. A representative set of data is
presented. B, Peripheral blood T cells were cultured in wells coated with
TR6-Fc and a suboptimal concentration of anti-CD3 (fop panels). In some
culture, the T cells were cuitured in the presence of a suboptimal concen-
tration of PHA (0.2 ug/ml) in wells coated with TR6-Fc (borom panels).
To prepare solid-phase anti-CD3, the wells of 96-well plates were coated
overnight at 4°C with 2.5 ng/50 wpliwell anti-CD3 (OKT3) in PBS. To
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FIGURE 3. LIGHT was the major TR6-Fc ligand on activated Thl and
Th2 cells. Human Thl and Th2 cells were polarized for 13 days, and
reactivated with solid-phase anti-CD3 (clone UCHTI, | pg/ml for coating)
overnight. Binding of TR6-Fc (15 ng/sample) with these cells (1 X 10°
cells/sample) was detected by flow cytometry using PE-conjugated goat
anti-human IgG. Soluble TR6 without the Fc tag and LIGHT was used as
inhibitors (5 pg/sample) during the staining, as indicated. Solid lines: cells
without anti-CD3 reactivation; shaded area: cells reactivated with solid-
phase anti-CD3 overnight.

IL-5 (Fig. 4F). The results of this section show that TR6 costimu-
lation preferentially augments Thl but not Th2 cell function in
terms of production of certain lymphokines, although it stimulated
similar proliferation responses of both cell types.

TR6 and LIGHT on CTL development

To further assess the functional consequence of TR6 costimula-
tion, we examined the CTL development of PBMC in the presence
of soluble TR6-Fc. As TR6 expresses in many gastrointestinal tu-
mors (Ref. 17 and our unpublished observations), and ~10% of
human intestinal intraepithelial T cells are 8 T cells, we decided
to examine the effect of TR6 on CTL activity of y8 T cells. For this
purpose, Daudi cells, which are known to elicit massive expansion
of VYOV82 T cells and are recognized in a TCR-dependent fashion
by these T cells (24-26), were used as both stimulators and targets.
As shown in Fig. 54, y8 CTL activity was enhanced by soluble
TR6-Fc but not normal IgG, in agreement with the proliferation
and cytokine studies shown in Figs. | and 2. We further demon-
strated that soluble LIGHT significantly inhibited unmanipulated
(without involvement of TR6) CTL activity (Fig. 5B), suggesting
the importance of LIGHT reverse signaling in a y8 CTL response.

prepare solid-phase TR6, the wells were first coated overnight at 4°C with
anti-human 1gG (250 ng/50 pl/well) in PBS, followed by TR6-Fc (250
ng/50 pliwell) in PBS at room temperature for 6 h. Soluble LIGHT or
control recombinant protein TR11-Fc (10 ug/ml for both) was added to
some cultures, as indicated. The culture supcrnatants were harvested at
48 h and assayed for TNF-a and IFN-y (top panels), or harvested at 24, 48,
and 72 h for IL-2 and GM-CSF (bottom panels). Samples were in dupli-
cate. The experiments were performed more than twice, and means + SD
of a representative experiment are shown.
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FIGURE 4. Effects of TR6 costimulation on pro-
liferation and lymphokine production of Thl and Th2
cells. Thl and Th2 cells were cultured in the presence
of suboptimal solid-phase anti-TCRaf3 and various
amounts of solid-phase TR6. To prepare solid-phase
anti-TCRef3 and TR6, the wells of 96-well plates
were first coated overnight at 4°C with 50 pl/well
PBS containing 250 ng goat anti-human IgG and 250
ng goat anti-mouse IgG. Afier washing, the wells
were incubated with 50 ul PBS containing 3 pg/ml
anti-TCRaf and various concentrations of TR6-Fc,
as indicated. In some wells, human IgG was used in
place of TR6-Fc as a control. A and B, Solid-phase
TR6 enhanced Thl and Th2 proliferation dose-depen-
dently. Cell proliferation was measured by [*H]thy-
midine uptake 2 days after initiation of culture.
Means * SD of triplicate are shown. Similar results
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by ELISA.

Morcover, solid-phase TR6-Fc similarly enhanced v8 CTL activ-
ity, like soluble TR6-Fc, and such enhancement could be neutral-
ized by soluble LIGHT (Fig. 5C), suggesting that LIGHT is the
likely molecule that TR6 interacts with, and that cross-linking
LIGHT costimulates T cells in vy CTL development. We also
demonstrated that solid-phase TR6 could augment af T cell CTL,
using T cell blasts as target cells (Fig. 5D). The revelation of such
effect of TR6 under physiological conditions is discussed later.

Discussion

In this study, we report that soluble TR6-Fec enhanced T cell pro-
liferation, cytokine production, and CTL development, which
could be blocked by soluble LIGHT. Moreover, TR6-Fc-enhanced
proliferation could also be observed in gld/gld T cells. Such co-
stimulation preferentially promoted Th1 but not Th2 cells in their
lymphokine production. Binding studies showed that the associa-
tion between TR6 and both Th1 and Th2 cells could be inhibited
by LIGHT. Taken together, these results indicate that the ligand of
TR6 on T cells actually receives costimulating signals, and LIGHT
1s likely involved in the process.

We were initially perplexed by the finding that soluble TR6-Fc
enhanced proliferation and cytokine production in suboptimally
mitogen-stimulated PBMC. Is this because TR6 cross-reacts with
other members of the TNF family and thus blocks their putative
negative effect on T cells via their receptors? So far, no TNFR
members, including Fas and TR2, are known to transduce negative

Anti-TR6 mADb or control mipG (pg/mlb)

signals into T cells to inhibit their activation. Therefore, no matter
how well TR6-Fc¢ cross-reacts with other TNF members, no pos-
itive signals will be generated. Thus, we are left with a more plau-
sible mechanism: TR6-Fc cross-links its ligand on the T cell sur-
face, and the ligand reversely transduces costimulating signals into
T cells. In this model, soluble TR, although a TNFR member
functions as a ligand, while its ligand functions as a receptor. How
plausible is this reverse signaling hypothesis? We established a
more clear-cut system by putting TR6 on the solid phase to see
whether it could trigger T cell activation. In this system, the pos-
sibility that TR6 functioned as a blocker to repress the putative
inhibitory interactions between any TNF members and TNFR
members was excluded, as TR6 was not in solution, and its total
amount was minute. In the presence of TCR cross-linking (e.g.,
PHA in Fig. 1E, anti-CD3 in Fig. 2B, anti-TCReap in Fig. 4, or
alloantigens in Fig. 5, C and D), solid-phase TR6-Fc augmented T
cell proliferation, lymphokine production, and CTL development,
confirming that TR6 can reversely and directly costimulate T cells.
Soluble LIGHT inhibited TR6-enhanced proliferation (Fig. 1E)
and lymphokine production (Fig. 28), and repressed CTL devel-
opment (Fig. 5, C and D). Moreover, LIGHT inhibited the binding
between TR6 and activated Thl or Th2 cells (Fig. 3). It is ac-
knowledged that the use of soluble LIGHT as a blocker cannot
prove convincingly that LIGHT mediates the reverse signaling,
because one could reasonably argue that soluble LIGHT has
blocked the binding site of TR6 to FasL, which is also capable of
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FIGURE S. Effect of LIGHT reverse signaling on CTL development. 4, Soluble TR6-Fc enhanced y8 CTL development. Human PBMCs were
stimulated with mitomycin C-treated Daudi cells (a B cell lymphoma cell line) for 6 days. TR6-Fc (20 ug/ml) or normal human 1gG (NH IgG, as a control,
20 pg/ml) was added to the culture in the beginning. CTL activity in the stimulated cells was measured on day 6 by a standard 4-h *'Cr-release assay, using
Daudi cells as targets on day 6. Percentage of target cell lysis is shown. The experiments were performed twice with similar results, and the data of a
represcntative experiment are presented. 8, Soluble LIGHT inhibited y§ CTL development. The experiment was performed as described above, but in the
absence of soluble TR6-Fc. Soluble LIGHT (10 pg/ml) was added in the beginning of the culture. C, Solid-phase TR6-enhanced y8 CTL activity and
soluble LIGHT neutralized such enhancement. The experiment was performed as described in A, with following modifications. The round-bottom wells
were precoated with TR6-Fc (0.5 pg/50 pl/well) overnight at 4°C and then washed with PBS. Cells were cultured in these wells containing 250 pl medium

in the absence or presence of 20 wg/ml soluble LIGHT. On day 3 of the culture, 70 ul of supernatants per well were replaced with fresh complete medium.
The *'Cr-release assay was conducted on day 6. D, Solid-phase TR6 enhanced a8 CTL activity. The experiment was performed as described in A, except
that mitomycin C-treated PBMC from a second individual was used as stimulators. These PBMCs without mitomycin C-treatment were stimulated with
solid-phase anti-CD3 and anti-CD28§ for 6 days, and were then used as target cells in the standard 4-h *'Cr-release assay.

reverse signaling (27-29). To address this concern, we used solid-
phase TR6 to costimulate gld/gld mouse T cells, which have mu-
tated nonfunctional FasL, in the presence of solid-phase anti-CD3.
At 0.5 pug/ml of anti-CD3, wild-type and g/d/gld spleen cells sim-
ilarly augmented proliferation in the presence of TR6; although at
lower anti-CD3 concentrations, gld/gld spleen cells responded
somewhat less well. We are not sure whether such a difference is
due to the involvement of FasL, but it is obvious that TR6 could
significantly costimulate T cells in the absence of functional FasL.
Moreover, TR2, which binds LIGHT but not FasL, could also co-
stimulate mouse T cells in the presence of suboptimal anti-CD3,
Our most recent study revealed that the major cell surface ligand
that TR6 binds was LIGHT, because TR6 bound well to wild-type
T cells but lost most of such binding in LIGHT gene knockout T
cells (data not shown). Taken together, these data suggest that a
TR6 ligand on the T cell surface can reversely receive costimula-
tion signals from its receptors, and that at least a major portion of
such costimulation is via LIGHT. With that said, we cannot rule
out the possibility that a small fraction of the reverse costimulation
might also be mediated by FasL, or other so far uncharacterized
TR6 ligand(s) on the T cell surface. As TLIA, the most recently

discovered ligand of TR, is not expressed on lymphocytes (19), it
is thus unlikely to be involved in such reverse signaling,
Reverse signaling through ligands is not a far-fetched concept.
Several TNF members on cell surfaces can reversely transduce
signals into cells as with LIGHT. Lanier and colleagues (30) and
Gray and colleagues (31) showed that CD40L transduces costimu-
lation signals into T cells. Wiley et al. (32) reported that CD30
ligand cross-linking activates neutrophils, and Cerutti et al. 33)
showed that such reverse signaling inhibits Ig class switch in B
cells. Reverse signaling through membrane TNF-a confers resis-
tance of monocytes and macrophages to LPS (34). Cross-linking of
TRANCE enhances IFN-v secretion by activated Thi cells (35).
Reverse signaling through FasL can promote maximal prolifera-
tion of CD8 cytotoxic T cells (27-29). Cross-linking of TRAIL by
its solid-phase death receptor 4 increases IFN-y production and T
cell proliferation (36). In the case of CD40L, its ligation results in
general protein tyrosine phosphorylation, Ca®* influx, and activa-
tion of Lck, protein kinase C, c-Jun N-terminal kinase, and p38
mitogen-activated protein kinase in EL4 thyoma cells (37, 38).
TRAIL cross-linking also induces p38 mitogen-activated protein
kinase activation (36). Therefore, it should not be surprising that
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LIGHT can also receive signals from its receptors. The mechanism
of signal transduction via LIGHT is unknown at this time. LIGHT
has a short and featureless cytoplasmic tail (7). Therefore, the sig-
naling will most likely depend on molecules it associates with.

We recently reported that human TR6-Fc could bind to mouse
LIGHT, and that human TR6-Fc inhibited CTL in vitro and allo-
graft rejection in vivo in mice (10). In that paper, the proposed
mechanisms of those observations were that TR6 blocked the co-
stimulation from TR6 to TR2, or reversely from TR2 to LIGHT
(10), or both, although at that time, solid evidence of reverse sig-
naling through LIGHT was not available. Our current findings
have fulfilled one of our initial predictions that the inhibitory effect
of human TR6 in the mouse system should be attributed to TR6’s
interference with the bidirectional costimulation between TR2 and
LIGHT. However, how can we explain the seemingly opposite
effects of soluble human TR6-Fc on human and mouse T cell re-
sponses? The Fc portion used in TR6-Fc and TR11-F¢c was mu-
tated to eliminate FcyR binding, and TR6-Fc does not bind to
either human or mouse FcyR-bearing cells (data not shown).
Therefore, the opposite effects of TR6-Fc cannot be explained by
its effective anchoring, or the lack of it, on FcyR in the human vs
mouse systems, respectively. Rather, this might be a result of dif-
ferent affinity of human TR6 for human and mouse LIGHT. Be-
cause TR6-Fc 1s a dimer (data not shown), in theory it can play
dual roles when added into solution: as an inhibitor blocking the
bidirectional interaction between TR2 and LIGHT, or as a co-
stimulator cross-linking LIGHT. The former inhibits T cell re-
sponse while the latter enhances it. Its final effect should be the
sum of these two opposite functions, which might have different
affinity requirements. In the human system, we believe that higher
affinity between TR6 and LIGHT tips the balance toward costimu-
lation; in the mousc system, putative lower affinity between human
TR6 and mouse LIGHT does not result in sufficient LIGHT cross-
linking, but might be enough for TR6 to interfere with the binding
between TR2 and LIGHT. Further studies are needed to examine
this hypothesis.

When a stimulatory effect of a molecule is found, we always
have to distinguish between two possibilities: the said molecule
indeed has a positive effect, or inhibits an existing negative regu-
latory loop. Does TR6 block an existing negative autocrine loop in
which LIGHT acts as a receptor? This possibility is best argued
against by the fact that in our model, solid-phase TR6-Fc could
stimulate T cells. When TR6-Fc was used to coat the plate, al-
though a concentration of 1-2 pg/100 pl/well was used, only a
very small fraction of it actually went onto the plate, and >99.9%
of the protein was washed away after the coating process. Thus,
not >2 ng of TR6-Fc was actually coated on a well. If we consider
how small a fraction of this will leak into solution, it is unlikely
such a minute amount of soluble TR6-Fc could interfere with an
autocrine loop. Can TR6-Fc on the solid phase block an autocrine
loop? We are not aware of any example in an experimental system
that this can be achieved. Because a cell is a three-dimensional
entity, solid-phase TR6-Fc can only interfere with a part of the cell
surface that has contact with the well. Therefore, the solid-phase
TR6-Fc cannot prevent the interaction between a putative soluble
suppressive autocrine and LIGHT on most parts of the cell surface
that are not in contact with TR6-Fc. Consequently, most LIGHT
molecules on a cell surface should still receive negative signals
from the putative suppressive autocrine, if there is one. Therefore,
it is very difficult to explain the positive effect of solid-phase TR6-
Fe. In addition, if solid phase TR6-Fc were to interfere with the
negative regulatory loop by leaking itself into solution, TR6 with-
out Fc (likely monomers) should be more efficient to do so, and
consequently enhance T cell proliferation better than TR6-Fc. This
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was obviously not the case, because we showed that TR6 without
Fc on solid phase even failed to effectively augment T cell prolif-
eration (Fig. 1H). The low efficiency of TR6 without Fc in this
experiment might be due to its monomer format, which is less
potent in cross-linking LIGHT than the dimeric format of TR6-Fc.
Data from literature do not support the negative loop theory. It has
been shown that LIGHT transgenic mice overexpressing LIGHT
on T cells have enhanced immune response (39, 40, to be detailed
in the next paragraph). This result does not fit to the model in
which LIGHT transduces negative signals into T cells, because if
so, the LIGHT transgenic mice should have suppressed immune
response instead. Lastly, there are ~4-5 TNF family members
capable of transducing signals into cells, but none of them trans-
duces a negative one. Based on these arguments, it is concluded
that TR6 exerts its effect by stimulating T cells via LIGHT, but not
by interfering with a putative negative autocrine loop.

As mentioned above, LIGHT overexpression in the T cell com-
partment in LIGHT transgenic mice results in profound inflamma-
tion and development of autoimmune syndromes (39, 40); T cells
overexpressing LIGHT have an activated phenotype (39). Proba-
bly, such up-regulated immune response of T cells is due to stim-
ulation of TR2/Herpesvirus entry mediator on dendritic cells by T
cell-derived LIGHT, and the dendritic cells in turn augment T cell
activity; TR2 on T cells can also receive LIGHT stimulation di-
rectly from their fellow T cclls (40). However, it is entirely pos-
sible that overexpressed LIGHT on the T cells receives stimulation
reversely from TR2 expressed on other T cells, and such stimula-
tion augments their responsiveness to TCR ligation.

What is the biological significance of reverse signaling through
LIGHT? We found that the reverse signaling through LIGHT pref-
erentially promotes Th1 but not Th2 cell cytokine production. In
agreement with this finding, a recent report demonstrated that mu-
cosal T cclls overexpressing LIGHT show enhanced Th1 cytokine
production (39). Because CTL differentiation depends on Thl cy-
tokines, it is not surprising that CTL activity was augmented after
costimulation through LIGHT by TR6-Fe. It is worth mentioning
that soluble LIGHT inhibited CTL activity (without TR6-Fc stim-
ulation) (Fig. 5C). This finding underscores the importance of
LIGHT costimulation in CTL development. Harrop et al. (41) no-
ticed that at an intermediate concentration LIGHT promotes MLR,
but it fails to do so at a higher concentration (10 pg/ml). Such a
biphased response probably reflects a shift from costimulation
through TR2 by soluble LIGHT to inhibition of TR2-LIGHT
bidirectional costimulation, depending on the concentration of
LIGHT. This result is consistent with our reverse signaling theory
and findings. We speculate that in vivo, the biological function of
endogenous soluble LIGHT, which comes from cell surfaces after
shedding (9), might be stimulatory or inhibitory, depending on its
local concentration and status of aggregation. Because dendritic
cells also express LIGHT, TR2 on the T cell surface might activate
dendritic cells through LIGHT to modulate their APC function. If
so, this will represent a new mechanism for T cell and dendritic
cell interaction and cooperation. In this study, we used recombi-
nant TR6-Fc as an artificial binding partner for LIGHT. In vivo,
molecules that can trigger LIGHT signaling are probably cell
surface TR2 or LTBR. The endogenous TR6 might act as an
inhibitor to the bidirectional costimulation between TR2 and
LIGHT, or function as a costimulating factor to LIGHT, depending
on whether it exists as monomers, or as trimers like other cell
surface TNFR family members. This aspect is worth further
investigation. If the endogenous TR6 functions as an inhibitor,
then gastrointestinal tumors sccreting TR6 will certainly gain
survival advantage by interfering with y8 as well as aff T cell
CTL activities.
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Our study revealed a novel phenomenon of reverse signaling

through a cell surface TR6 ligand, most likely LIGHT. Increasing
cases of such bidirectional signal transduction between receptors
and ligands have been found in biological systems. We can take
advantage of such a phenomenon by using a soluble ligand (or
receptor) to block signaling in both directions and thus modulate
biological responses. However, we must be aware that soluble li-
gands (or receptors) will nced to be monomer without aggregation
or cell surface anchoring capabilities to be reliable antagonists, or
else they will become agonists for one of the directions.
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Abstract DcR3/TR6, a secreted protein, is a member of TNF receptor family. Its ligands include FasL, LIGHT, and
TL1A, all TNF family members. TR6 can interfere with FasL- or LTBR-mediated apoptosis; it can also inhibit T-cell
costimulation by blocking the two-way signaling between TR2 and LIGHT, and the one-way signaling from TL1A to DR3.
In this study, we discovered that TR6 was secreted by peripheral blood mononuclear cells (PBMC) stimulated by T-cell
mitogens. It inhibited actin polymerization of T cells upon mitogen stimulation, and repress T-cell pseudopodium
formation, which is known to be important for cell—cell interaction. As a consequence, T-cell aggregation stimulated by
alloantigens, anti-CD3 or PHA was suppressed by either soluble or solid phase TR6-Fc. This result suggests that TR6 might
regulate T-cell interaction with other cells such as antigen-presenting cells (APC) or their fellow T cells by preventing them
from forming inseparable cell clusters, which are undesirable for the progression of immune responses. J. Cell. Biochem.

89:603-612, 2003. © 2003 Wiley-Liss, Inc.
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DcR3/TRS, a soluble factor due to its lack of
the transmembrane domain, belongs to the
TNFR family. TR6 can bind to TNF family
members FasL [Pitti et al., 1998], LIGHT [Yu
et al.,, 1999], and TL1A [Migone et al., 2002].
Binding of TR6 to FasL blocks Fas-mediat-
ed apoptosis. Moreover, since LIGHT and its
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receptor HveA trigger bi-directional costimula-
tion of T cells [Zhang et al., 2001; Shi et al.,
2002], LIGHT binding by TR6 can interfere with
such costimulation and consequently inhibit
T-cell activation [Zhang et al., 2001]. Similarly,
the interaction between TR6 and TL1A disrupts
T-cell costimulation by TL1A through its recep-
tor DR3 [Migone et al., 2002], and results in
abated T-cell responses [Migone et al., 2002).
Due to probably a combination of these mechani-
sms, in vivo administration of TR6 reduces
graft-versus-host diseases, and inhibits heart
allograft rejection (Zhang et al., 2001]. It is
conceivable that TR6-secreting tumors utilize
these mechanisms to avoid apoptosis, and
that TR6 plays an importance regulatory role
in normal immune responses.

In the course of our study on the immune
regulatory role of TR6, we found that TR6
secretion by leukocytes was significantly en-
hanced during mitogen activation of T cells. In
the presence of soluble or solid phase TR6, T
cells could no longer form typical clumps upon
mitogen stimulation, and their pseudopodium
formation was inhibited. These findings re-
vealed a so-far undocumented TR6 function on
T cells.
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MATERIALS AND METHODS
Recombinant Proteins

The preparation of recombinant proteins
TR6-Fc, TR6, and TR11-Fc was described in
our previous publication [Zhang et al., 2001).
TR11 (GITR) [Ronchetti et al., 2002] and Fc¢
fusion protein TR11-Fc¢ had no effect on T-cell
aggregation, compared with PBS or normal
human IgG, and was thus used as a control
protein for TR6-Fc.

Lymphocyte Preparation and Culture

Peripheral blood mononuclear cells (PBMC)
were prepared by Lymphoprep gradient
(NYCOMED, Oslo, Norway), and T cells were
obtained from PBMC by sheep red blood cell
rosetting [Luo et al., 1993], or by negative select-
ion (deletion of cells positive for CD11b, CD186,
CD19, CD36, and CD56) with magnetic beads
according to the manufacturer’s instructions
(Miltenyi, Auburn, CA).

Mouse spleen cells were prepared by lysing
red blood cells flushed out of the spleen [Luo
et al.,, 2001]. Spleen T cells were purified by
deleting Ig-positive and adhesion cells with T-
cell columns according to the manufacturer’s in-
structions (Cedarlane, Hornby, Ont., Canada).

All cells were cultured in RPMI 1640 sup-
plemented with 10% FCS, L-glutamine, and
antibiotics. RPMI 1640, FCS, penicillin—strep-
tomycin, and L-glutamine were purchased
from Life Technologies, Inc. (Burlington, Ont.,
Canada). ®H-thymidine uptake was measured
as described previously [Luo et al., 1993; Luo
et al., 2001].

Mixed Lymphocyte Reaction (MLR)

For human MLR, PBMC were isolated from
two healthy volunteer donors (donors A and B).
PBMC from donor B were pre-treated with
mitomycin C, and were used as stimulators.
The cells from donors A and B were then mixed
at 1:1 ratio and cultured at a final concentration
of 8x10° cells/2 ml/well in 24-well plates.
Cells from donors A and B were also incubated
alone as controls. For mouse MLR, BALB/c
spleen cells were pre-treated with mitomycin C,
and were used as stimulators. C57BL/6 and
BALB/c spleen cell were then mixed at 1:1 ratio,
and cultured in 24-well plates at 8 x 108 cells/
2 ml/well.

TR6 ELISA

Anti-TR6 mAb (clone 17B07) was described in
our previous publication [Zhang et al., 2001].
The TR6 polyclonal antibody was purified from
antisera generated from rabbits immunized
with four synthetic peptides that spanned the
TR6 protein sequence: V30-R46, R64-Q89,
E240-R258, and R284-L297 (amino acid posi-
tions were relative to the start methionine).
Rabbit antisera were purified on a TR6-coupled
Affi-Gell0 column. The specificity of the TR6
polyclonal antibody was demonstrated in the
ELISA by testing cross-reactivity to recombi-
nant OPG and HveA, the two TNF receptor
family members most closely related to TR6.
Neither OPG nor HveA was detectable in the
TR6 ELISA. The preparation of recombinant
'TR6 was described in detail previously [Zhang
et al., 2001]. The protocol of TR6 ELISA is as
follows. Ninety-six-well Nunc Maxisorb plates
were coated overnight with anti-TR6 mAb in
0.05 M NaHCOj3 buffer (3 ug/ml, 100 ul/well) at
4°C. After washing with buffer A (PBS contain-
ing 0.1% Tween-20), the plates were blocked
with 3% BSA in PBS (250 pl/well) for 1 h at
room temperature. Serum samples were diluted
when necessary in buffer B (PBS containing
0.1% Tween-20 and 1% BSA), and incubated
overnight in the mAb coated plates at 4°C. The
plates were washed and reacted with biotiny-
lated rabbit anti-TR6 Ab (0.125 pg/ml in buffer
B, 100 ul/well) at room temperature for 2 h. They
were then washed and reacted with streptavi-
din-peroxidase (1:2,000 v/v in buffer B, Vector
Laboratories, Burlingame, CA). After additional
washes, a freshly prepared color development
mixture (1:1 v/v mixture of tetramethyl benzi-
dine solution and Hy0; solution, TMB Micro-
well Peroxidase Substrate System, Kirkegard &
Perry, Gaithersburg, MD) was added to the
plates (100 pl/well). The reaction was stopped
after 20 min at room temperature with 0.1 N
H5S04 (100 pl/well), and ODys50 nm Was subse-
quently measured. Recombinant human TR6
was used as standards. ELISA sensitivity was
below 10 pg/ml.

Flow Cytometry and Confocal Microscopy

Human T cells were cultured overnight in the
presence of TR6-Fc. They were reacted with 1 g
anti-CD3 in 100 pl cold PBS for 30 min on ice,
and after washing, with 0.5 pg of goat anti-
human IgG for another 30 min. The cells were
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then washed with cold PBS, and transferred to
warm PBS at 37°C for 5 min. For F-actin
staining, 1 x 10° of the CD3-crosslinked T cells
were fixed with 3.7% formalin for 30 min at rocom
temperature and stained with Alexa Fluor-488-
conjugated phalloidin (Molecular Probes,
Eugene, OR). The cells were analyzed with a
Coulter Epics-XL flow cytometer and a confocal
microscope. Digital images were processed with
Photoshop (Adobe, Seattle, WA).

RESULTS

Human PBMC Secrete TR6 After
Mitogen Activation

Although TR6 is produced by some tumors, its
possible secretion by leukocytes has not been
investigated. As our recent study showed that
TR6 could regulate T-cell activation and in vivo
immune responses [Zhang et al.,, 2001], it is
logical to ask whether leukocyte could secrete
TR6. We developed sensitive ELISA for this
purpose. Human PBMC were cultured in the
absence or presence of a mitogen, PHA, and TR6
was measured in the supernatants after 48 h.
TR6 was detectable in unstimulated culture at
about 100 pg/ml. With PHA (2 pug/ml) stimula-
tion, the TR6 level showed a sixfold increment,
and reached 620 pg/ml (Fig. 1), suggesting that
leukocyte-secreted TR6 might participate in
immune regulation.

TR6 Inhibits Leukocyte Aggregations in MLR

During our study of TR6’s effect on T-cell
activation, we noticed, unexpectedly, that solu-

700
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Medium PHA

Fig. 1. TR is secreted by activated T cells. Human peripheral
bleod mononuclear cells (PBMC) were cultured for 48 h in 24-
well plates at 4 x 10%2 mljwell in the presence of PHA (2 pg/ml).
The culture supernatants were harvested and tested for TR6 levels
by ELISA. The means + SD of duplicate samples are shown. The
experiments were performed more than twice, and results from a
representative one are shown.

TR6 (pg/ml)

ble TR6 strongly inhibited cell aggregation in
the MLR. As illustrated in Figure 2A, human
PBMC from donors A or B alone showed no
apparent aggregation in culture. In MLR, the
cells formed clumps, starting from 6 h and last-
ing for up to 6 days. Soluble TR6-Fc (10 pg/ml)
completely suppressed clump formation at 16 h.
The suppression was obvious at about 6 h after
the initiation of culture when untreated MLR or
a control recombinant protein TR11-Fe-treated
MLR started displaying clumps and lasted for at
least 72 h (data not shown).

Human TR6-Fc was also effective in inhibit-
ing clump formation of mouse MLR, as depicted
in Figure 2B. This was not surprising because
human TR6 binds mouse LIGHT and FasL
[Zhang et al., 2001].

TR6 Directly Prevents T Cells From
Aggregation Formation

We next tested whether TR6 could inhibit
clump formation when T cells were activated by
mitogens other than alloantigens. When PBMC
were stimulated by PHA (0.2 pg/ml) or anti-CD3
(0.5 pg/ml), they readily formed clumps in 4 h,
and the clumps lasted for 3—5 days. Figure 3A
documents clumping at 16 h. Clump formation
was significantly inhibited in the presence of
TR6-Fec (10 pg/ml), but a control fusion protein,
TR11-Fe, had no such outcome. To prove that
the effect occurred directly on T cells but not via
other cell populations in PBMC, purified T cells
were similarly treated with PHA in the presence
or absence of TR6-Fc (Fig. 3B). Again, TR6-Fc
but not TR11-Fc drastically suppressed the cell
clustering, suggesting that TR6 acts directly on
T cells to prevent their aggregation upon
mitogen stimulation.

Anti-Aggregation Effect Can be Achieved by Solid
Phase TR6, and is Likely Mediated by LIGHT

TR6 can bind to FasL and LIGHT, both of
which are capable of reverse signaling [Suzuki
and Fink, 1998; Shi et al., 2002]. To identify
which of the two was involved in mediating the
inhibitory effect on T-cell aggregation, soluble
LIGHT and Fas were tested as blocking
reagents. Like soluble TR6-Fc, TR6-Fc on solid
phase via plate-bound goat anti-human IgG
inhibited T-cell aggregation (Fig. 4). Soluble
LIGHT (10 pg/ml) but not Fas (10 pg/ml)
potently neutralized the inhibitory effect of
solid phase TR6, while LIGHT by itself had
no influence on cell aggregation. These data
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Fig. 4. Effect of solid phase TR6-Fc, soluble Fas and soluble
LIGHT on T-cell aggregation. To prepare solid phase TR6-Fc,
NUNC 96-well-plates were coated overnight at 4°C with 5 pg/m|
goatanti-human IgG (Southern Biotechnology, Birmingham, AL)
in PBS at 50 pl/well. After washing, the plates were incubated
with TR6-Fc or TR11-Fc (both at 10 pg/ml) in PBS at 37°C for 2 h.
T cells were cultured in these wells in the presence of PHA
(0.2 pg/ml), soluble Fas (5 ug/mi), or soluble LIGHT (5 ug/ml), as
indicated. Photos were taken 48 h after culture. Uncoated: wells
were not coated with any reagents; TR6-Fc-coated: wells were

T R6 Pc coated

coated with goat anti-human IgG followed by TRé-Fc; uncoa-
ted — LIGHT: T cells were cultured in uncoated wells in the
presence of soluble LIGHT; uncoated — PHA: T cells were
cultured in uncoated wells in the presence of PHA; TR6-Fc-
coated — PHA: cells were cultured in TR6-Fc-coated wells in the
presence of PHA; TR6-Fc-coated — PHA +Fas: cells were
cultured in TR6-Fc-coated wells in the presence of PHA and
Fas; TR6-Fc-coated — PHA + LIGHT: cells were cultured in TR6-
Fc-coated wells in the presence of PHA and LIGHT.
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suggest that LIGHT mediates the effect of TR6
in preventing T-cell aggregation.

TR6 Inhibits Actin Polymerization and
Pseudopodium Formation of T Cells Upon
T-Cell Receptor (TCR) Ligation

T-cell aggregation upon mitogen stimulation
is a process requiring cytoskeleton reorganiza-
tion followed by cellular morphological changes.
We examined the actin polymerization of T cells
with TR6 pre-treatment. T cells were cultured
overnight in the presence of TR6-Fc or TR11-Fc
(both at 10 pg/ml) in serum-free medium, and
then crosslinked with anti-CD3. The actin
polymerization of these cells was analyzed by
phalloidin staining using flow cytometry, and
cell morphology was examined under a confocal
microscope. The actin in T cells activated by
CD3 crosslinking rapidly underwent polymer-
ization as evidenced by a significant increase in
the intensity of phalloidin staining accompa-
nied by protrusion of pseudopodia within 5 min
(Fig. 5). TR6 pretreatment strongly inhibited
the increment of phalloidin staining (Fig. 5A,B),
and pseudopodium formation also was re-
pressed (Fig. 5B,C). Thus, TR6 pre-treatment
likely affected an event upstream of actin
polymerization, and this might be responsible
for the observed inhibition of T-cell aggregation.

DISCUSSION

In this study, we reported, for the first time,
that TR6 was secreted by leukocytes after T-cell
activation, and revealed a previously undocu-
mented function of TR6 in regulating T-cell
interaction with other leukocytes.

Cell aggregation during T-cell activation was
inhibited by soluble and solid phase TR6.
However, T-cell proliferation was enhanced in
the presence of solid phase TR6 in combination
with suboptimal TCR ligation [Zhang et al.,
2001], indicating adequate T-cell activation
under such conditions. During T-cell activation,
essential signals are transduced into cells
within several minutes [Gil et al., 2002]. The
inhibition of T-cell aggregation several hours
after their activation did not interfere with
their proliferation, implying that the normally
observed T-cell aggregation after mitogen sti-
mulation in in vitro culture is not an essential
part of the activation program.

The likely mechanism of TR6’s inhibitory
effect on T-cell aggregation is reverse signaling

through LIGHT. Cell surface LIGHT, and
several other TNF family members, such as
CD40L [Van Essen et al., 1995], CD30L [Wiley
et al., 1996; Cerutti et al., 2000], TNF-« [Eissner
et al., 2000], TRANCE [Chen et al., 2001], FasL
[Suzuki and Fink, 2000; Suzuki et al., 2000],
and TRAIL [Chou et al., 2001], can transduce
signals into T cells [Serrador et al., 1998]. We
recently found that crosslinking of LIGHT leads
to inhibition of p38 MAPK activation and actin
polymerization in T cells upon chemokine
stimulation (data not shown). This is in keeping
with the inhibitory impact of TR6 on T-cell
aggregation, since such an effect also depends
on actin polymerization. Currently, there are
three known TR6 ligands, i.e., LIGHT, FasL,
and TL1A. Since TL1A is mainly expressed
on endothelial cells [Migone et al., 2002], but not
on T cells, it is not relevant to this study. We
tested soluble Fas and LIGHT as competitors to
solid phase TR6 to assess their involvement.
Soluble FasL was not used for this purpose
because of its potential apoptosis-inducing
effect on activated T cells. LIGHT but not Fas
reversed the TR6 effect, suggesting that TR6
inhibits T-cell aggregation via LIGHT reverse
signaling. We cannot totally exclude the possi-
bility that a so-far uncharacterized TR6 ligand
X on T-cell surface also mediates the anti-
aggression effect of TR6, but this ligand X and
LIGHT must have an identical binding site to
TR6, and consequently LIGHT can competi-
tively inhibit ligand X’s binding to TR6. How-
ever, evidence for the existence of such a ligand
is lacking.

We showed that, like solid phase TR6-Fe,
soluble TR6-Fc was also capable of preventing
T-cell aggregation. It is possible that only low-
degree crosslinking of TR6 ligands by dimeric
TR6-Fc or the aggregated form of TR6-Fc in
solution is sufficient to trigger such an effect.

T-cell actin polymerization was inhibited
downstream of ligand engagement by TR6-Fc.
Such inhibition was probably a cause of repres-
sed T-cell pseudopodium formation. The signal-
ing pathway through which TR6 affects actin
polymerization is currently under investiga-
tion. It has been reported that the formation of
uropods, which are rear-end pseudopodia, is
essential for T-cell aggregation after mitogen
stimulation [Serrador et al., 1998]. Thus, the
reduced formation of pseudopodia in TR6-
treated T cells likely contributes to poor forma-
tion of T-cell aggregation.
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Fig. 5. TR6-Fc inhibits anti-CD3-induced T-cell actin poly-
merization and pseudopodium formation. T cells were cultured
overnight in medium in the absence (Med ON), or presence of
TR11-Fc (TR11, ON; 10 pg/ml) or TR6-Fc (TR6, ON; 10 pg/ml).
After washing, the cells were crosslinked with anti-CD3 for 5 min,
as indicated. All the experiments were performed more than
twice, and results from a representative one are shown. A: Flow
cytometry analysis of F-actin. F-actin staining of T cells cultured
overnight in medium without anti-CD3 simulation was used as a
negative control, with its F-actin intensity (shaded area) set at 0%.
F-actin staining (solid lines) of cells receiving different pre-

treatments followed by anti-CD3 crosslinking is shown. Percen-
tage of cells positive for F-actin staining above the control
staining is shown. All three panels are in log scale. B: Confocal
microscopy of T-cell morphology. The same set of T cells, as
described in (A), was examined by confocal microscopy.
C: Quantitative assessment of T-cell pseudopodium formation.
The cells in (B) were quantified for pseudopodium formation.
Three randomly selected view fields (containing about 80100
cells per field) per sample were examined, and the means + SD of
the percentages of pseudopodium-positive cells among total
cells of the three fields are shown.
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What is the physiological significance of TR6
inhibiting T-cell aggregation? When T-cell activ-
ation is initiated, T cells in lymphoid organs
need to interact with antigen-presenting cells
(APC). In addition, close T cell-T cell coopera-
tion is also required for optimal CD4 responses
and for CD4 cells to help CD8 cells through local
lymphokine secretions. Such T cell-T cell co-
operation has been reported in the case of
LIGHT and HveA [Tamada et al., 2000],
members of TNF and TNFR families, respec-
tively, which are both expressed on T cells, and
their interaction leads to optimal T-cell
responses. A recent study has shown that T
cells recognizing the self-MHC present
increased response to foreign antigens [Wulfing
et al., 2002], and obviously, the self-MHC could
be ones from a fellow T cell. This validates the
concept of T cell-T cell collaboration. However,
the T cell-APC and T cell-T cell interactions
need to be terminated once their purposes are
served. Probably, TR6 secreted by T cells helps
to dislodge, or prevent T cells from having
prolonged engagement with APC and/or other
T cells. In in vitro culture, endogenous TR6 in
the supernatant reached 620 pg/ml, but cell
aggregation was not inhibited. It is possible
that a higher TR6 concentration is required,
because exogenous TR6 at 10 pg/ml was needed
for such an effect. In lymphoid organs in vivo,
T cells are tightly packed at a density much
higher than in in vitro culture. Therefore, TR6
concentration high enough to dislodge T cells
from APC or other T cells is probably achievable
locally.
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II1. Discussion

In this project, the role of TR6 in immune regulation was investigated. In the mouse system,
soluble TR6 suppressed IL-2, IL-5 and GM-CSF secretion by mitogen-activated T cells, and
downregulated cytotoxic T-cell activity in vitro. In vivo, soluble TR6 could suppress the
graft versus host disease (GVHD) and allograft rejection. In the human system, solid phase
TR6, in the presence of suboptimal solid phase anti-CD3, significantly costimulated T cells
in terms of proliferation and cytokine production. Blocking studies using soluble LIGHT and
Fas indicated that LIGHT likely mediated the costimulation. This has revealed a novel
mechanism of TR6 in triggering reverse signaling through a ligand, LIGHT. Based on this
finding, it is likely that the suppressive effect of soluble TR6 in the mouse system is, in part,
due to its interference with the two-way costimulation between HveA and LIGHT.
Intriguingly, soluble TR6 augmented T-cell proliferation, lymphokine production and
cytotoxic T-cell activity in the human system. The opposite effects of soluble TR6 in the
human and mouse systems are probably due to different affinity of TR6 to human and mouse
LIGHT (to be elaborated below). We also found after T-cell activation, T cells augmented
their TR6 secretion. Interestingly, both soluble and solid-phase TR6 were able to suppress
mitogen-induced T-cell aggregation. T cells pretreated with TR6 had reduced actin
polymerization and pseudopodium formation, which are both important for the cell-cell
interaction. These results suggest that TR6 might regulate the duration of T-cell interaction
with other cells, and allow T cells to disengage from antigen presenting cells or neighboring

T cells once the interaction becomes unnecessary.

FACULTE DES ETUDES SUPERIEURES UNIVERSITE DE MONTREAL XIAOCHUN WAN 75



T11.1. Monomer TR6 without aggregation is required to inhibit human T-cell responses

Our findings have confirmed one of our hypotheses that the inhibitory effect of human TR6
in the mouse system should be attributed to TR6's interference with the bi-directional
costimulation between HveA and LIGHT. However, how do we explain the seemingly
opposite effects of soluble human TR6-Fc on human and mouse T-cell responses? In the
mouse system, soluble TR6-Fc inhibited CTL in vitro and allograft rejection in vivo. In
contrast, in the human system, soluble TR6-Fc actually enhanced T-cells proliferation,
cytokine production, and CTL activity. Theoretically, such a difference might be caused by
the Fe tail of the recombinant protein. As the Fc tail used is of human IgG origin, it can bind
human FcyR on B cells and monocytes/macrophages. Consequentiy, the soluble TR6-Fc in
the human system might become membrane-bound, and costimulate T cells via the reverse
signaling through LIGHT. On the other hand, human IgG; does not bind well to mouse FcyR,
and remains in solution. This allows it to block the two-way costimulation between LIGHT
and HveA. However, the Fc portion of TR6-Fc and other Fc-containing recombinant proteins
(including the control recombinant proteins) used in our study was mutated to eliminate its
FcyR binding capability. We confirmed that TR6-Fc did not bind to human or mouse FcyR-
bearing cells (data not shown). Therefore, there has to be another explanation for the opposite
effects of TR6-Fc in the human and mouse system. As TR6-Fc is a dimer, and it might also
form aggregates in solution like any other proteins, it may play a dual role in solution: as an
inhibitor blocking the bi-directional interaction between HveA and LIGHT, or as a co-
stimulator cross-linking LIGHT. The former inhibits T-cell responses and the latter enhances
it. The end-result should be the sum of these two opposite effects, which may have different

affinity requirements. In the human system, the higher affinity between TR6-Fc (dimers, and
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possibly some aggregated form) and LIGHT might result in sufficient LIGHT cross-linking
and consequently costimulation, and this effect might overwhelm the possible TR6 effect on
the interference of the LIGHT and HveA interaction. In the mouse system, the putative lower
affinity between human TR6 and mouse LIGHT might not be sufficient for LIGHT cross-
linking, but TR6-Fc can still interfere with the interaction between HveA and LIGHT. In this
case, the blocking effect overwhelms the effect of crosslinking, hence downregulating the T-
cell response. Further studies are needed to examine this hypothesis. If this is true, we have
to use only the soluble monomer form of TR6 without aggregation for the purpose of

downregulating human T-cell responses in therapeutic applications.

II1.2. The biological significance of TR6’s inhibition on T-cell aggregation

We have shown that TR6 strongly inhibited T-cell aggregation. This inhibition was
accompanied by suppression of actin polymerization, and T-cell pseudopodium formation.
Interestingly, we found that while T-cell-T-cell interaction was inhibited, T-cell proliferation
was not. This suggests that the T-cell aggregation we observe in vitro during mitogen
stimulation is not a necessity, at least not a necessity for the later part of T-cell activation. In
vivo, after T-cell activation, which might only require several minutes (Gil et al., 2002), the
activated T cells need to dissociate from APC or neighboring T cells to disseminate into
circulation for their effector function; TR6 secreted locally by activated T cells might serve

this purpose.

II1.3. The in vivo role of TR6 in immune responses
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We have shown that activated lymphocytes secreted TR6. What is the function of such
endogenous TR6 in immune responses in addition to terminating T-cell aggregation as
discussed above? The answer is highly dependent on the format of the secreted TR, i.e.,
monomers, or trimers as other surface TNFR family members, or aggregates. If it is in the
form of monomers, then the overall effect of TR6 should be suppressive to immune
responses, because it can conceivably inhibit the two-way costimulation between FasL and
Fas (Suzuki et al., 2000), and between LIGHT and HveA; it might also repress the
stimulatory effect of TL1A to DR3 on T cells. We believe this is the likely scenario, because
it fits to our perception that TR6-secreting tumors use this molecule to downregulate tumor
surveillance, and it is compatible with our results with tHe mouse system. Such
downregulation by TR6, which is secreted after the activation is achieved, in an immune
response might be one of the built-in check-and-balance mechanisms in the immune system
to reign in or to terminate on-going immune responses. On the other hand, if the endogenous
TR is a trimer or easily forms aggregates which are capable of crosslinking LIGHT or FasL
and trigger their reverse signaling, it might have an enhancing role in the immune response.
Obviously, our next task is to determine the format of endogenous TR6 to fully understand
its role in immune regulation.

In the mouse model, in vivo administration of human TR6 led to downregulation of GVHD
and allograft rejection. We initially attributed these effects mainly to the blocking of
stimulation from LIGHT to HveA. Our subsequent finding of the reverse costimulation
through LIGHT suggests that TR6 could block the two-way costimulation between LIGHT
and HveA. However, these are not the only mechanisms involved. Recent study by Migone

et al., has shown that TL1A, which is mainly produced by endothelial cells, can bind to DR3
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and enhance T-cell response to IL-2 (Migone et al., 2002); TR6 can bind to TL1A and
repress the enhanced T-cell response. It is possible that during allograft rejection, local
inflammation stimulates TL1A secretion by endothelial cells, and the administered TR6
blocks the effect of TL1A in enhancing T-cell responses. This could be an additional
mechanism for the observed effect of TR6 in vivo (Shi et al., 2003, in press). Moreover, we
recently discovered that TR6 could also inhibit T-cell chemotaxis in vitro and in vivo. Such
an effect could also play a role to prevent T cells migration to the alloantigen site in the
activation and effector phases. In addition, blocking of FasL and Fas interaction by TR6
could in theory inhibit T-cell costimulation via Fas (Suzuki et al., 1998), or reversely via
FasL (Suzuki et al., 2000); it might protect vascular endothelial cells from Fas-mediated
apoptosis during graft rejection (Akyurek et al., 1998). Therefore, the in vivo beneficial
effects of TR6 during allograft rejection are multifaceted.

In spite of the possible multiple effects of TR6 on T-cell function, prolongation of allograft
survival with in vivo administration of TR6 in mice was moderate. Several factors might be
responsible for this. First, the half-life of the TR6-Fc used was only about 20 min (data not
shown). Such a short half-life is mainly due to the insect cell origin of the recombinant TR6-
Fc, with an unusually high content of mannose. According to our calculation, within 4 h (12
half-lives) after TR6 administration, the serum TR6 level is below the effective in vitro
concentration (10 pg/ml). Therefore, for most part of the day, the recipient is under no
protection from this immune modulator. Secondly, LIGHT and HveA two-way costimulation
is only one of the costimulation pathways T cells use to achieve full activation. Many other
costimulation pathways such as CD28 (Chen et al., 1992), OX-40 (Godfrey et al., 1994),

CD40 (Durie et al., 1994), 4-1BB (Shuford et al., 1997), are not blocked. Moreover, strong
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TCR stimulation, such as that triggered by alloantigens is probably less dependent on
costimulation (Wang et al., 2000). Conceivably, a combination of these factors led to the
moderate prolongation of graft survival. In the future, TR6 with a longer half life will be
better in a drug combination rather than as a stand-alone medication to achieve
immunosuppression. TR6’s effect on inhibiting Fas-mediated apoptosis suggests that it might
be more useful in treating chronic rejection, in which vasculopathy caused by Fas-mediated
apoptosis of endothelial cells and vascular smooth muscle cells plays a major role (Akyurek

et al., 1998).

II1.4. TR6 in tumorigenesis

Tumor cells might produce many immunosuppressive factors, such as TGF-$, IL-10,
DF3/MUCI, in order to obtain survival advantages (Gimmi et al., 1996). TR6 could be
another immune modulator, as this gene has increased expression in some malignant tissues
(Pitti et al., 1998) and its protein product is over-expressed in human adenocarcinomas of the
esophagus, stomach, colon, and rectum (Bai et al., 2000).

Is the overexpression of TR6 in tumors a consequence of malignancy, in which chaotic gene
amplification occurs, or causative of tumorigenesis? It is evident that some tumor cells have
TR6 gene amplification (Oshima et al., 2000; Mild et al., 2002). But another report has
shown that tumors overexpress TR6 without gene amplification (Bai et al., 2000). Recent
studies in our laboratory have shown that TR6 gene amplification could be observed in about
40% of liver carcinomas but not in gastric carcinomas (Wu et al., 2003), in spite of TR6
overexpression in 70-80% of these tumors. This indicates that different types of tumors have

different mechanisms to upregulate TR6 expression, and in most cases, upregulation is not
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the consequence of gene amplification, hence unlikely the consequence of malignancy. Then,
does TR6 have a causative role in tumorigenesis?

TR6 interacts with FasL, LIGHT, and TL1A and can block Fas-, LTBR- and/or DR3-
mediated apoptosis (Zhang et al., 2001, Shi et al., 2002; Migone et al., 2002). Thus, TR6
might protect tumor cells from apoptosis mediated by these molecules. As DR3 is mainly
expressed in lymphoid cells and some other cells of hematopoietic origin (Migone et al.,
2002), TR6’s effect on DR3 in relation to tumorigenesis might be restricted to some
leukemia. In our study, we have demonstrated that TR6 interferes with the interaction
between LIGHT and HveA, and inhibits their bi-directional costimulation of T cells.
Additionally, Hsu (2002) reported that soluble TR6 regulates dendritic cell differentiation,
which, in return, drives T cells into the Th2 phenotype. Moreover, a recent study from our
laboratory has demonstrated a novel function for TR6 in inhibiting T-cell chemotaxis in vitro
and in vivo in mice (Shi et al., 2003, in press). The relevance of such an effect in
tumorigenesis is evidenced by our finding that gastric tumor patients with high serum TR6
levels had lower levels of infiltrating lymphocytes in the tumor mass (Wu et al., 2003). It is
conceivable that such an effect will reduce the chance of T cells to interact with tumors both
during activation and effector phases. These TR6 effects on T cells might collectively
dampen the immune surveillance in vivo. We propose the following model for the role of
TR6 in tumorigenesis: fast proliferating cells, such as epithelial cells or hepatocytes in liver
cirrhosis, undergo malignant mutation by chance, and at the same time upregulate their TR6
expression by an as yet non-elucidated mechanism; TR6 secreted by these malignant cells
protect them from apoptosis and help them to evade immune surveillance; these cells gain

survival advantages and eventually develop into tumors. In this scenario, TR6 by itself does
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not cause the tumor, but functions as a tumor facilitator. Additional study is warranted to

prove this hypothesis.

II1.5. The significance of our study

We explored the biological function of TR6 and revealed previously undocumented features
of this molecule in the immune system. We are the first to demonstrate the reverse signaling
property of TR6 through its ligand(s). In this case, its ligand LIGHT functions like a receptor
and transduces signals into LIGHT-expressing T cells upon TR6 ligation. Reverse signaling
through LIGHT allows HveA-expressing T cells to stimulate LIGHT-expressing T cells, and
such two-way stimulation provides a theoretical base for T-céll-T-cell cooperation, which is
not a well-studied aspect of T-cell biology. The application value of this finding is to use
soluble monomer TR6 to downregulate undesirable immune responses by blocking the two-
way costimulation between HveA and LIGHT. We have indeed demonstrated that this can be
achieved in the in vivo mouse model of GVHD and allograft rejection, although other

mechanisms might also contribute to the observed immune downregulation.

II1.6. Future perspectives

Several points are worth exploring further in TR6 studies. Using blocking studies, we have
demonstrated that the reverse signaling triggered by TR6 was mainly mediated by LIGHT,
although we cannot absolutely rule out the involvement of FasL, which is also able to
reverse-signal, or other so-far unidentified ligands of TR6 in this process. Using LIGHT and

FasL knockout mice will convincingly resolve this issue.
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The fact that TR6 is upregulated in some types of tumor cells indicates the roles of TR6 in
facilitating tumorigenesis. Using the sensitive TR6 ELISA as described in the third article,
we have found that serum TR is a very reliable parameter for tumor diagnosis, according to
a 194-patient clinical study. Currently, additional multicentre trials are under way to further
validate this test for routine clinical use. Using TR6 transgenic mice, we are in the process of
confirming the facilitator role of TR6 in tumorigenesis.

We have found that soluble TR6 in the mouse system can reduce GVHD and graft rejection,
but the effect was moderate. This might be due to the short half-life of the TR6 (produced in
insect cells) used, and due to the existence of other costimulating pathways. Stable
monomeric TR6 in combination with other immunosuppressants might be more effective in
treating undesirable immune responses.

These additional basic and clinical investigations will enhance our understanding of the
intricate interactions between TR6, LIGHT, HveA, FasL, Fas, DR3 and TL1A, and make the

“bad” molecule TR6 work for a good cause.
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Figure 1. Mutated Fc does not bind to human PBMC. Both TR6 and TR6-Fc were biotinylated before cell
surface staining. Human PBMCs were first stained with biotinylated TR6 ( panel A) and TR6-Fc (panel B), followed
by streptavidin-PE. These results indicate that mutated Fc portion of TR6-Fc has no binding with Fcy receptor.
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Figure 2. Gastric cancer lymphocyte infiltration is inversely correlated to serum
TR levels. Human gastric cancer samples were stained with HE, and lymphocyte
infiltration was semi-quantified from grade 1 to 4.
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