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Summary
Members of the CD28 family play important roles in regulating T cell functions and share a
common gene structure profile. We have identified VSTM3 as a protein whose gene structure
matches that of the other CD28 family members. This protein (also known as TIGIT and
WUCAM) has been previously shown to affect immune responses and is expressed on NK cells,
activated and memory T cells, and regulatory T cells. The nectin-family proteins CD155 and
CD112 serve as counter-structures for VSTM3 and CD155 and CD112 also bind to the activating
receptor CD226 on T cells and NK cells. Hence, this group of interacting proteins forms a network
of molecules similar to the well-characterized CD28-CTLA4-CD80-CD86 network. In the same
way that soluble CTLA4 can be used to block T cell responses, we show that soluble Vstm3
attenuates T cell responses in vitro and in vivo. Moreover, animals deficient in Vstm3 are more
sensitive to autoimmune challenges indicating that this new member of the CD28 family is an
important regulator of T cell responses.
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Introduction
Members of the B7 and CD28 family regulate T cell responses[1-3]. B7 family proteins
expressed on antigen presenting cells (APC) engage CD28 family proteins expressed on T
cells, triggering costimulatory or inhibitory signals. However, at least one member of the
CD28 family, BTLA, binds to the TNFR family member HVEM[4] indicating that
triggering of CD28 family proteins is not restricted to B7 family members.

Positive signaling members of the CD28 family include CD28 and ICOS[5]. Negative
signaling proteins from this group include CTLA4, PD1, and BTLA and these molecules
inhibit T cell activation by diverse and somewhat ill-defined means. BTLA functions by
recruiting protein tyrosine phosphatases such as Shp1[6-8], which counteract the effects of
protein tyrosine kinases (PTK) activated by antigen receptor engagement. The inhibitory
function of CTLA4 and PD1 is clear, but the precise mechanism remains enigmatic. This
network of positive and negative signaling molecules is thought to tightly regulate activation
of T cells thereby ensuring activation only under appropriate circumstances.

We have identified a novel member of the CD28 family using a bioinformatic algorithm that
utilizes gene structure as a basis for family assignment. This protein, given the HUGO
designation Vstm3, has been previously characterized by other groups as a transmembrane
protein with a single extra-cellular IgV domain[9-11]. Analysis of the cytoplasmic domain
revealed two immunoreceptor tyrosine-based inhibitory motifs (ITIM) suggesting it may be
an inhibitory protein and one previous report suggested this[10]. Yu and co-workers
suggested this molecule played an immunomodulatory role, but its effects were mediated by
engagement of CD155 on dendritic cells (DC) inducing production of IL-10[11]. Other
evidence suggested that this molecule may play a role in the adhesion of T follicular helper
cells (Tfh) to follicular DC[9]. We present experimental evidence suggesting Vstm3 delivers
a negative signal directly to T cells. Moreover, our data reveals that it is part of a network of
proteins that seem to contribute globally to T cell responses in a manner analogous to the
well-characterized CD28-CTLA4-CD80-CD86 network and that this network is an attractive
target for therapeutic intervention in human disease.

Results
Identification of Vstm3 as a Member of the CD28 Family and Characterization of its
Expression Pattern

We initiated a search for additional members of the CD28 family using bioinformatic
analysis. Among the immunoreceptor families, the known members of the CD28 family
have the most sequence diversity and hence sequence similarity is a poor predictor of family
membership. However, all known CD28 family members have a similar gene structure
based on predicted “motifs” (IgV and IgC domains, transmembrane and cytoplasmic
domains, signaling motifs), exon counts and sizes, intron phases, and intron locations
amongst domains[12]. We previously established that gene structure base on these criteria is
conserved as gene families evolve[13] emphasizing analysis of gene structure as an
important means of family classification. Examination of genes not previously assigned to
immunoreceptor families identified a gene with the HUGO designation VSTM3 that fits this
CD28 family profile ([12]; Supplemental Figure S1a). Two potential ITIM motifs in the
cytoplasmic domain suggested VSTM3 could be an inhibitory member of this family.
Similar analysis of the mouse genome identified a clear ortholog of human VSTM3
(Supplemental Figure S1b) and importantly one of the most highly conserved regions
between the two includes the putative ITIM motifs. Collectively, our analysis indicates that
VSTM3 represents a novel member of the CD28 family and conservation over the putative
ITIM motif suggests this sequence is functionally relevant.
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VSTM3 has been identified by other groups as a protein expressed on NK cells, activated
and memory T cells, and regulatory T cells (Tregs) and has been alternatively designated
VSTM3[10] , TIGIT[11] , and WUCAM[9] . We generated monoclonal antibodies (Mabs)
against both mouse and human proteins and confirmed their specificity on transfected cell
lines. Furthermore, soluble forms of Vstm3 could completely block staining of a transfected
cells when included in excess (data not shown). We confirmed expression patterns reported
by others[9-11] with specific Vstm3 staining primarily on activated and memory T cells, NK
cells and Foxp3+ Tregs from mice and humans (Supplemental Figures 2 and 3).

Identification of the Counter-structure for Vstm3
To better understand a role for Vstm3 in T and NK cell activation we searched for cells that
bound to soluble Vstm3 protein. Two Vstm3 fusion proteins were generated for use as
FACS-binding reagents in these experiments. The first was a dimeric Fc-fusion protein and
the other was a tetramer., Both were directly conjugated to fluorochromes for FACS-based
binding experiments and used to screen a variety of cell types under different stimulation
conditions to identify those that specifically bound Vstm3. We noted specific binding of
both mouse Vstm3 proteins to mouse DC derived from bone marrow cultures grown in
Flt3L and activated with CD40L and IFNγ (Figures 1a and 1b). Binding was competed by
excess unlabeled Vstm3 protein, but not by other fusion proteins (Figure 1a, 1b, data not
shown). Since tetramer binding was better than dimeric Fc-fusion protein (Figures 1a and
1b) the tetramer was used to identify the activated DC binding activity.

An expression library was prepared from this activated DC population and screened by
fluorescence microscopy[14] with the Vstm3 tetramer. Consistent with results obtained by
other groups[9-11], a cDNA was identified that encoded the mouse homolog of the human
polio virus receptor (PVR) CD155[15]. This cDNA was identified from multiple pools of
library plasmids and expression of CD155 was sufficient to convey Vstm3 binding activity
to a number of cell lines that did not bind the protein in their untransfected state (Figure 1c
and 1d). Also, binding was blocked by excess unlabeled Vstm3 protein (Figure 1c), but not
by other proteins (data not shown). These experiments confirm that CD155 serves as a
counter-structure for Vstm3.

CD155 and CD112 Bind to Vstm3 and CD226
CD155 is a member of the Nectin family and has been characterized in a number of
contexts. The human protein serves as a receptor for polio virus[16] and has been suggested
to play roles in adhesion and transendothelial migration[17-19] . In the immune system, it is
best studied as a counter-structure for the activating T and NK cell receptor CD226 or
DNAM-1[20-23] . Moreover, despite its expression on activated DC, CD155 is more widely
expressed outside the hematopoietic system, and it has been suggested to play an important
role in T cell costimulation when T cells are activated by non-professional APC[24;25] .
Consistent with literature reports, we confirmed that soluble mouse CD226-Fc bound
HEK-293 cells transfected with mouse CD155 (Figure 1d) and that the human proteins
showed the same binding characteristics (Figure 2a; data not shown). Moreover, soluble
VSTM3 and CD226 were able to compete with each other for binding to CD155 indicating
that these two proteins bind overlapping if not identical regions of CD155 (Figure 2a).

CD226 has also been reported to interact with another member of the Nectin family of
proteins, CD112 or Nectin-2[20-23] . We and others (data not shown; [10;11] ) have
confirmed that Vstm3 also interacts with CD112. This establishes CD226 and Vstm3 as
proteins that interact with the Nectin family members CD155 and CD112. Moreover, since
human and mouse forms of both proteins bound to CD155 and CD112 transfected cells, the
functional relationships between these molecules has been conserved between species.
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Functional Characterization of Soluble Vstm3 Proteins and Anti-Vstm3 Mabs
Expression of CD226 and Vstm3 ([9-11] ; Supplemental Figures 2 and 3; data not shown)
overlaps with both molecules expressed on T cells and NK cells. Moreover, CD226 has been
identified as a positive signaling molecule in these cells [22;23;26-28],, while the ITIM
motifs in Vstm3 suggest an inhibitory function. The observation that positive and negative
signaling receptors found on T cells bound to the same two counter-structures on APC is
reminiscent of the relationships between CD28, CTLA4, CD80 and CD86 (Figure 3).
Soluble forms of CTLA4 antagonize T cell activation by binding to CD80 and CD86
thereby interfering with engagement of CD28[29]. In contrast, blocking anti-CTLA4 Mabs
prevent the inhibitory function of CTLA4 leading to enhanced T cell activation[30] . Each of
these proteins is currently being used clinically, soluble CTLA4 to antagonize T cell
function in autoimmune disease and anti-CTLA4 to enhance T cell function for cancer
therapy. If the comparison of the CD226-Vstm3 and CD28-CTLA4 axis proposed in Figure
3 is valid and Vstm3 is in fact an inhibitory molecule opposing CD226-mediated
costimulatory signals, we hypothesized that a soluble form of Vstm3 could be used to
antagonize T cell function by interfering with costimulatory signals through CD226. Several
lines of evidence support the value of antagonizing CD226-mediated signals. First, a
polymorphism in the human CD226 gene has recently been associated with increased risk of
developing a number of autoimmune diseases including multiple sclerosis (M.S.), type I
diabetes, and Graves disease [31-34] . Secondly, a blocking anti-CD226 Mab could prevent
development of experimental autoimmune encephalomyelitis (EAE), a mouse model of
human M.S. [27]. Finally, CD226 has been established as an important costimulatory
molecule for T cells particularly when they are stimulated by non-professional APC[24;25],
a situation that pertains in autoimmune disease where T cells are attacking and damaging
non-hematopoietic cells in the tissues. Hence, there is rationale for development of a
therapeutic that targets CD226-mediated costimulation in human autoimmune disease.
Moreover, if Vstm3 is delivering inhibitory signals as hypothesized, a blocking anti-Vstm3
Mab could prevent this putative inhibitory signal and thereby enhance T cell activation, the
same way a blocking anti-CTLA4 Mab enhances T cell activation.

As shown in Figure 2a, soluble Vstm3 prevented binding of Vstm3 or CD226 to CD155
expressing cells. To further examine interplay of these molecules, we tested whether our
anti-Vstm3 Mabs could interfere with CD155 binding. P815 cells transfected with mouse or
human CD155 expression vectors were incubated with each anti-Vstm3 Mab plus
fluorochrome labeled Vstm3 and binding was assessed by FACS. None of the five Mabs
against human VSTM3 generated were capable of blocking the binding of soluble human
VSTM3 to cells expressing human CD155, although inclusion of excess human VSTM3
protein did prevent staining (data not shown). However, all of the anti-mouse Vstm3 Mabs
generated prevented binding of mouse Vstm3 to P815 expressing mouse CD155 (Figure 2b;
data not shown). We obtained the same results incubating fluorochrome labeled soluble
CD155 with P815 cells expressing Vstm3 – all mouse Vstm3 Mabs prevented binding, but
none of the human Mabs did (data not shown).

We next assessed effects of soluble Vstm3 or blocking Vstm3 antibodies on T cell responses
in vitro to dissect out the roles of CD226 and Vstm3 in T cell activation. Professional APC
express a large number of costimulatory and inhibitory proteins and T cells typically
integrate signals from all molecules engaged during an immune response. Since we were
interested in examining contributions of specific molecules, we developed an artificial APC-
T cell response assay that allowed examination of the effects of single costimulatory or
inhibitory molecules. BHK were transfected with mouse MHC class II molecules
(specifically, the α and β chains of the I-Ad molecule) plus CD80, B7H1 or CD155 to
generate artificial APC with limited costimulatory-inhibitory potential. BHK were loaded
with an ovalbumin peptide and assessed for their ability to stimulate an antigen specific
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response in purified CD4+ T cells from DO11.10 TCR transgenic mice. Cells lacking mouse
I-Ad did not appreciably stimulate mouse T cells in this assay, whereas cells transfected with
I-Ad alone induced a modest level of peptide-dependent (there was no proliferation in the
absence of peptide; data not shown) T cell activation as judged by CFSE dilution (Figure
4a). The level of response was diminished using BHK transfected with B7H1 due to the
inhibitory effects of B7H1 engagement of PD1 and enhanced using BHK that expressed
CD80, due to the costimulatory effect of CD28 engagement (Figure 4a). BHK transfected
with CD155 plus I-Ad consistently elicited an enhanced T cell response relative to I-Ad

alone (Figure 4a and 4b) suggesting the net effect of CD155-T cell interaction is
costimulatory. To confirm this costimulation was attributable to CD155 expression, we used
soluble Vstm3 to block the interaction of CD155 with T cells and this blocked the
costimulatory properties of the CD155-transfected BHK (Figure 4b). However, as discussed
above, CD155 engages both Vstm3 and CD226 and soluble Vstm3 inhibits binding of both
molecules to CD155. To examine the nature of their respective signals, a blocking anti-
Vstm3 Mab was included in the cultures. This Mab only interferes with CD155–Vstm3
interaction (Figure 2b) so this experiment should reveal the contribution of Vstm3
engagement. Inclusion of the blocking Mab led to a consistent increase in T cell responses in
repeated experiments (Figure 4b) suggesting that the net signaling effect of Vstm3
engagement was inhibitory despite the overall costimulatory effect observed with cells
expressing CD155. These results are analogous to results with CD80 transfected BHK where
CD80 engages both the activating CD28 and the inhibitory CTLA4 proteins and yet the net
effect is a costimulation of T cell responses (Figure 4a). Similarly, soluble CTLA4 blocks T
cell activation whereas a blocking anti-CTLA4 antibody augments responses.

Treatment of Mice with Soluble Vstm3 Inhibits Development of Autoimmune Diseases
CTLA4-Ig suppresses T cell mediated disease in a number of mouse models of human
autoimmune disease including CIA[35] and EAE[36;37] . Because soluble Vstm3 blocked T
cell activation in vitro (Figure 4), we hypothesized that a soluble form of Vstm3 would
inhibit disease development in the same models. We first tested soluble Vstm3 in a CIA
model and found that administration of either the mouse Vstm3 tetramer or the Fc-fusion
protein significantly inhibited the severity of disease (Figure 5a), with the tetramer showing
better efficacy than the dimeric Fc-fusion protein. This is consistent with in vitro
experiments showing inhibition of T cell responses by soluble Vstm3 (Figure 4). In contrast,
administration of a blocking anti-Vstm3 antibody resulted in more rapid disease onset,
consistent with blocking the function of an inhibitory molecule (Figure 5b).

To better understand the mechanism by which soluble Vstm3 was attenuating disease, levels
of serum cytokines were assessed at the end of each experiment and the numbers and
phenotypes of T cells in the draining lymph nodes (DLN) and spleens of individual animals
were monitored. The inhibition of disease development correlated with a reduction in the
serum levels of the pro-inflammatory cytokine IL-6 (Figure 5c) in treated mice relative to
untreated. While both the tetrameric and dimeric proteins produced these effects, the
tetramer was more effective. However, inhibition of disease was also associated with a
reduction in the serum levels of the anti-inflammatory cytokine IL-10 (Figure 5d). This was
somewhat surprising because IL-10 is protective in this challenge model and a previous
report suggested that soluble Vstm3 induced IL-10 production in a mouse delayed type
hypersensitivity (DTH) challenge model [11] .

To further investigate the effects of soluble Vstm3 in CIA, intracellular cytokine staining
was performed after re-stimulation of cells from the DLN of challenged mice. T cells
producing the pro-inflammatory cytokines IL-17A and TNFα are involved in pathology in
this model and the percentage of CD4+ T cells producing these cytokines was elevated in
untreated mice compared to unimmunized control animals (Figures 6a and 6b). However,
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animals treated with soluble Vstm3 had significantly fewer CD4+ T cells expressing these
cytokines in DLN (Figures 6a and 6b). Moreover, mice treated with soluble Vstm3 had
significantly fewer cells with a memory phenotype in DLN (Figure 6c) and fewer
lymphocytes infiltrating the paws (Figure 6d). Surprisingly, Vstm3 treated animals also
showed reductions in the percentage of cells producing IL-10 and IFNγ (Figure 6e and 6f),
both of which are protective in CIA. Although the decrease in IL-10+ cells did not attain
statistical significance like the percentage of other cytokine producing cells, the result was
seen in multiple experiments (Figure 6f, data not shown). Taken together, this data suggests
that soluble Vstm3 attenuates disease in CIA through a general dampening of CD4+ T cell
responses most likely by interfering with CD226-mediated costimulation.

We also tested soluble Vstm3 and a blocking anti-Vstm3 Mab for their effects in EAE
induced with MOG peptide. Pathology in this disease model is primarily a consequence of
CD4+ T cell responses to components of the myelin sheath. Mice were immunized with
MOG peptide and then treated every other day as indicated with vehicle control (PBS) or the
Vstm3-tetramer and disease symptoms were assessed daily for 15 days. As in the CIA
model, soluble Vstm3 significantly attenuated disease development (Supplemental Figure
4). Moreover, treatment with blocking anti-Vstm3 Mab resulted in an exacerbation of
disease (data not shown) consistent with what was seen in CIA studies. Collectively, these
data indicate that treatment of mice undergoing autoimmune challenge with soluble Vstm3
can ameliorate disease progression while a blocking anti-Vstm3 Mab exacerbates disease.

Vstm3-Deficient Mice Are More Susceptible to Autoimmune Challenge
To further understand the role of Vstm3 in regulation of immune responses, we generated
Vstm3-deficient mice and transgenic mice that over-expressed Vstm3 in T and B cells. As
expected, splenocytes from Vstm3-deficient mice failed to stain with anti-Vstm3 antibody
(Figure 7a). In the transgenic mice, expression of full-length Vstm3 was regulated by the
Lck proximal promoter and the μ-heavy chain enhancer element and over-expression could
be detected on splenocytes including all T cells and most B cells (Figure 7a, data not
shown). Preliminary analysis of both Vstm3-deficient and transgenic mice showed no
developmental defects in hematopoietic cell populations and analysis of T cell responses in
vitro showed no evidence of functional defects in terms of proliferation or upregulation of
activation antigens in response to T cell stimulation (data not shown). To assess T cell
function in vivo in these mice, they were challenged in a MOG peptide-induced EAE model.
Consistent with the proposed inhibitory role of Vstm3 in T cell function, the Vstm3-
deficient mice developed more severe EAE relative to wild-type mice while the transgenic
mice were protected from disease (Figure 7b). Although we believe the protective effect of
transgene expression in this disease model is due to the enforced over-expression on T cells,
it’s possible that expression on B cells could also play a role. In any case, these data are
consistent with what would be expected when deleting or over-expressing a molecule that
serves an inhibitory role in the regulation of T cell responses.

To further demonstrate that the enhanced disease noted in the knockout mice was a T cell
intrinsic effect, we extended our findings in MOG EAE to a model of graft-versus-host
disease (GVHD). Purified T cells from either Vstm3 deficient or wild type mice were
transferred into lethally irradiated B10.BR mice in a GVHD model. Mice that received the
Vstm3 deficient T cells succumbed to GVHD significantly faster than mice that received
wild type cells (Figure 7c). Moreover, administration of a blocking anti-Vstm3 antibody to
mice that had received wild type cells accelerated mortality (Figure 7c) suggesting that
engagement of Vstm3 by its counter-structures contributed to the extended survival of mice
receiving wild type cells. Together, these data are consistent with the MOG EAE studies and
suggest that the engagement of Vstm3 provides an inhibitory signal to the immune system
whereas blockade or absence of Vstm3 leads to accelerated GVHD.
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Agonistic Anti-VSTM3 Antibodies Inhibit T cell Responses
The experiments described above suggest that engagement of Vstm3 triggers an inhibitory
signal directly to T cells. However, because CD155 engages both CD226 and Vstm3, we
sought to examine consequences of specifically engaging only Vstm3. It is widely
appreciated that Mabs with agonistic activity (including Mabs to CD3) more readily induce
signaling when they are cross-linked, although it is also clear that not all antibodies against
immunoreceptors possess agonistic activity. Moreover the properties of agonistic versus
non-agonistic antibodies are currently undefined and this makes prediction of an antibody’s
behavior difficult. Therefore, we tested the properties of the anti-Vstm3 Mabs we generated
directly in T cell proliferation assays. To do this we coupled anti-CD3 Mabs at sub-optimal
levels to beads and co-coupled either anti-Vstm3 Mabs or isotype controls to the same
beads. Antibody coated beads were then used to stimulate purified mouse or human T cells.
Proliferation was monitored by CFSE dilution and activation was assessed by measuring
cytokine secretion or upregulation of the activation antigens CD25 and CD69. Beads coated
with anti-CD3 Mabs and an irrelevant antibody or isotype control induced a reasonable level
of activation and proliferation (Figure 8). Examining responses of mouse T cells, none of the
five anti-Vstm3 Mabs generated affected responses relative to isotype control coated beads
even though all of these Mabs blocked Vstm3 binding to CD155 (Figure 2; data not shown).
Moreover, three out of the five anti-human VSTM3 Mabs also had no effect on human T
cell responses when co-coupled to beads with anti-CD3 Mabs (data not shown). However,
two of five anti-human VSTM3 Mabs significantly inhibited T cell responses as judged by
CFSE dilution, upregulation of CD25 and CD69, and secretion of the cytokines IL-2 and
IFNγ (Figure 8; data not shown). These Mabs do not block binding of Vstm3 to CD155, so
they could not be functioning in this way, and they did not affect T cell responses when
presented in soluble form to T cells, but only showed the inhibitory effect when cross-
linked. The simplest explanation for this inhibitory effect is that these Mabs have unique
agonistic properties that the other Mabs generated lack. This suggests that engaging VSTM3
can trigger an inhibitory signal in T cells but not all Mabs that bind to VSTM3 exhibit this
effect. This inhibition was apparent when analyzing responses of both CD4+ and CD8+ T
cells (Figure 8, data not shown) and seemed to represent a general inhibition of activation
since induction of the early activation markers CD25 (Figure 8) and CD69 (data not shown)
was inhibited as was the release of the cytokines IL-2 and IFNγ (data not shown). Inhibition
is most evident at lower concentrations of anti-CD3 Mab whereas increasing anti-CD3
concentrations overcame the anti-VSTM3 effects to some extent. Collectively, these data
and data in the preceding section support the idea that VSTM3 functions as an inhibitory
receptor in the responses of T cells in both mice and humans.

Discussion
Vstm3 was recently described by other groups and alternatively designated Vstm3, TIGIT,
or WUCAM[9-11] . These three groups differ regarding the proposed function of Vstm3.
Stanietsky et al suggest it is an inhibitory receptor and that the ITIMs are important in
function[10] , whereas Boles and co-workers[9] suggest it facilitates adhesion of follicular
helper T cells (Tfh) to follicular DC. Yu et al[11] suggest it has an inhibitory function, but
that the inhibitory effect is due to Vstm3 signaling to DC to induce IL-10 production, which
then inhibits immune cell responses. We identified Vstm3 as a member of the CD28 family
based on intron-exon patterning and the predicted domain structure of the encoded protein.
Two predicted ITIM motifs in the cytoplasmic domain suggested it could serve a direct
inhibitory role in T cell function. The conservation of amino acids around and comprising
the putative ITIMs further supports their role in Vstm3 activity. Thus far, we have been
unable to generate evidence that the ITIMs are required or that they recruit phosphatases.
Stanietsky et al[10] demonstrated that the ITIM was important, but similarly could not see
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evidence of SHP recruitment. Regardless of the specific mechanism, our data suggests that
Vstm3 does serve a T cell intrinsic inhibitory function. Among the members of the CD28
family associated with inhibitory function, only BTLA has been clearly shown to recruit
SHP1/2 to the phosphorylated ITIMs[8] . PD1 inhibitory signals involve SHP1/2 but the
ITIM motif appears dispensable [6]. The inhibitory nature of CTLA4 is clear, but the means
by which it exerts these effects is incompletely understood. Similarly, although the
mechanism whereby Vstm3 exerts its effects is unclear, several lines of evidence indicate it
functions as an inhibitory receptor in T cells. First, blocking Mabs against mouse Vstm3
enhance T cell activation in vitro (Figure 4) and in vivo (Figures 5b and 7c). Secondly,
Vstm3 deficient mice develop exacerbated disease in a MOG EAE model. Thirdly, transfer
of Vstm3 deficient T cells results in accelerated GVHD compared to transfer of wild type
cells (Figure 7). Finally, a subset of (but not all) anti-human VSTM3 Mabs inhibit T cell
responses when co-crosslinked with anti-CD3 Mabs on beads, but not when presented in
soluble form. Such behavior is typically attributed to Mabs exhibiting agonistic activity and
hence engagement of VSTM3 by these Mabs appears to trigger its inhibitory activity. As
discussed above, literature reports make clear that not all antibodies against inhibitory
receptors can trigger the inhibitory activity of their receptors and the properties that allow
this activity have not been defined. However, it is likely that the anti-human VSTM3 Mabs
that do apparently trigger inhibitory function recognize a unique epitope or set of epitopes
that allow induction of an appropriate conformational change that mimics the effects of
CD155 or CD112 engagement. Additional experimentation will be required to address these
properties.

The predominance of Vstm3 expression on activated T cells led us to functionally clone a
counter-structure from an activated DC expression library. The cDNA we identified encoded
the same Nectin family protein (CD155) previously identified by other groups[9-11]. CD155
also interacts with the activating receptor CD226 and CD226 binds another member of the
nectin family, CD112. Vstm3 also bound to CD112 and we have demonstrated that Vstm3
and CD226 cross-compete for binding to CD155 and CD112. The activating properties of
CD226, the apparent inhibitory nature of Vstm3, plus the identification of two counter-
structures for each was reminiscent of the network of interactions noted for the activating
receptor CD28, its inhibitory counterpart CTLA4 and their two ligands, CD80 and CD86.
Therefore, we postulated that Vstm3, CD226, CD155, and CD112 formed a network of
proteins that have the potential to regulate T cell responses in much the same way as CD28,
CTLA4, CD80, and CD86 do (Figure 3). The analogy of Vstm3-CD226-CD155-CD112
with the CTLA4-CD28-CD80-CD86 co-stimulatory/inhibitory network led us to
hypothesize that soluble Vstm3 may inhibit T cell responses in the same way that soluble
CTLA4 does. Previous work confirmed that soluble Vstm3 could inhibit immune responses
(specifically DTH), but the mechanism was proposed to involve Vstm3 engagement of
CD155 on DC inducing IL-10 production by the DC[11]. We also demonstrated that soluble
Vstm3 blocked T cell responses in vitro (Figure 4) and in vivo (Figure 5, Supplemental
Figure 4), but our data suggests that these effects are through prevention of CD226
costimulation. CD226 has recently become an attractive target for therapeutic intervention in
autoimmune disease because of its linkage to increased risk of developing multiple
autoimmune syndromes[31-34] . Moreover, CD226-mediated costimulation has been shown
to be important under conditions where T cells are being activated by non-professional
APC[24;25] , which can be the case for T cells infiltrating tissues in auto-inflammatory
conditions, and therefore soluble Vstm3 has the potential to be an effective therapeutic agent
in the treatment of autoimmune diseases.

Collectively, available information suggests that the Vstm3 network of proteins forms a
regulatory axis functionally similar to the CD28-CTLA4-CD80-CD86 axis. However, it is
also worth noting that CD96 has also been reported to bind to CD155[38;39] . CD96
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includes two putative ITIM in its cytoplasmic domain as well and yet is reported to deliver a
positive signal when engaged[38]. This observation emphasized the need to confirm the
inhibitory nature of Vstm3. The potential contribution of CD96 in this axis of receptors
remains to be elucidated.

Although we do not yet know the extent of Vstm3′s function(s) in vivo, it is likely to play a
role unique from other members of the CD28 family. This suggestion is based on the
observation that even though the expression pattern of PD1 and BTLA overlap, the ability of
each of these molecules to regulate immune responses varies because of the differential
expression of their counter-structures[40] . In this respect, it is of interest that CD155 has
been reported to be expressed at high levels on a variety of tumor cells[41-43]. While it has
been reported that this facilitates rejection by immune-mediated mechanisms through
CD226-dependent signals, this does not explain the high propensity of tumor cells to express
CD155. Transformed cells tend to acquire ways to subvert the immune system, and it is
possible that the acquisition of high level expression of CD155 can actually have an
inhibitory effect on T or NK cell activation through Vstm3 engagement. Moreover, CD155
is much more widely expressed outside of the immune system than CD80/CD86 indicating it
could also have functions apart from its expression on activated DC. In particular, it could
have more significant effects on regulating inflammation and consequent damage to tissues
where non-professional APC play a significant role.

Our data indicate that Vstm3 is an inhibitory component of a network of proteins that plays
a significant role in regulating the activation and function of T cells. Current understanding
indicates that there could be therapeutic benefit in interfering with this axis, but the specific
point of intervention would depend upon the indication being targeted. For example,
oncology may benefit most by specific intervention in Vstm3 signaling while leaving
CD226 signaling intact. On the other hand, autoimmune or alloimmune diseases may benefit
from antagonizing CD226 activation or by specifically triggering the inhibitory properties of
Vstm3. In particular, there may be benefit in specifically targeting T cell responses in tissues
containing activated, pathogenic T cells as opposed to global T cell inhibition induced by
therapeutic agents such as CTLA4-Ig. Such targeted intervention may lead to tissue-specific
inhibition of immune reactions while leaving global immune responses relatively unaltered.

Materials and Methods
Expression and purification of Vstm3 fusion proteins

An in-frame fusion of the extra-cellular domain of mouse Vstm3 (amino acids 1-138) and an
effector negative version of the mouse IgG2a Fc region (aa 216 through the C-terminal
lysine) was constructed in a mammalian expression vector. This plasmid was introduced into
CHO cells and secreted Fc-fusion protein was purified by affinity chromatography on
Protein A Sepharose FF (GE Healthcare). A similar approach was used to generate the
human Fc-fusion protein.

Tetrameric protein was generated by fusing the extracellular domain of Vstm3 in frame with
amino acids 343 to 375 from the human Vasodilator-stimulated phosphoprotein protein
(VASP) and a C-terminal histidine tag to facilitate purification. The peptide from the VASP
protein mediates tetramerization. This construct was transfected into CHO cells and secreted
tetramer was purified using NiNTA Agarose (Novagen / EMD Biosciences) and size
exclusion chromatography on Superdex 200 (GE Healthcare). A similar approach was used
to generate the human tetrameric protein.
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Anti-Vstm3 Monoclonal Antibodies
Sprague-Dawley rats (Charles River Laboratories) were immunized with recombinant
mouse Vstm3 protein and B cells from the rat showing the greatest anti-Vstm3 titer were
fused to the P3-X63-Ag8.653 mouse myeloma cell line (ATCC CRL1580). Master wells
were screened for antibodies that bound to Vstm3-Fc protein by ELISA and were positive
by FACS on BHK cells expressing Vstm3. A total of five different monoclonal antibodies
(Mabs) were generated that were specific for mouse Vstm3.

Antibodies to human VSTM3 were generated by immunizing BALB/C mice with soluble
human VSTM3 protein and fusions were performed and screened as described above using
human VSTM3-Fc protein. A total of five different Mabs were generated that were specific
for human VSTM3.

Generation and Screening of an Expression Library from Activated Mouse Bone Marrow
DC

Bone marrow cells from the femurs of 6 week old BALB/C mice were cultured 7 days in
100 ng/ml Flt3L (R&D Systems). Cells were then stimulated with 1μg/ml CD40L (R&D
Systems) and 10ng/ml IFNγ (R&D Systems). Analysis of Vstm3 binding activity was done
using Alexa-647 conjugated Vstm3-Fc fusion protein or Vstm3-tetramer. For generation of
an expression library, cells were collected at 4h and 8h post stimulation and pooled for RNA
isolation. PolyA+ RNA was purified using RNeasy (Qiagen) and Dynabead mRNA (Dynal)
kits according to manufacturer’s recommendations. A cDNA expression library was
constructed using mammalian expression vectors as previously described ([44]).

The expression library was split into pools of 200 clones, pools were transiently transfected
into COS7 cells and screened as described [14;44] with biotinylated Vstm3-tetramer at 2 μg/
ml. Pools showing positive binding were broken down sequentially until single cDNA
clones could be identified that conveyed Vstm3-specific binding activity.

Assessment of T cell responses using engineered APC
Baby Hamster Kidney cells (BHK) were transfected with a plasmid encoding the α and β
chains of the murine MHC class II allele I-Ad. Stably transfected cells were drug selected
and expression was confirmed by FACS. These cells were then transfected with a plasmid
encoding mouse CD155, B7H1, or CD80 and stable lines expressing both I-Ad and each
coreceptor were generated. B7H1 and CD80 expression was verified by antibody staining
and CD155 expression was confirmed by FACS analysis using recombinant Vstm3 protein.

For T cell assays BHK transfectants were seeded in 96-well flat-bottom plates (25,000 cells/
well) and allowed to adhere for four hours. Cells were loaded with DO11.10 specific OVA
peptide. Purified CD4+ T cells from DO11.10 TCR transgenic mice were CFSE-labeled
(Invitrogen) according to manufacturer’s instructions. T cells (105/well) were added to
peptide loaded BHK transfectants and incubated three days at 37°C. For some experiments
Vstm3-tetramer or a blocking anti-Vstm3 Mab were included at 1 μg/ml. After three days,
cells were harvested, stained for CD4, CD25, and CD69, and analyzed by FACS.
Proliferation was assessed by CFSE dilution and expression of CD25 and CD69 was
quantified.

Coupling Antibodies to Beads
Antibodies were coupled to Dynabeads (M-450 Tosyl-activated; Dynal Biotech) following
manufacturer’s protocol. Anti-CD3 Mabs (B-D Biosciences) were used at the indicated
percentage of bead capacity and were allowed to bind at room temperature for 30 min. A
second Mab (e.g. anti-VSTM3) or control IgG was then added at 80% of bead capacity and
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beads were incubated overnight at 37°C. Beads were washed and used at a 1:1 ratio of beads
to CFSE labeled purified T cells. After 3 days in culture, cells were harvested and stained
for surface markers as indicated and proliferation was assessed by CFSE dilution as above.

Genetically Manipulated Animals
Vstm3 deficient mice were generated by Ozgene using ES cells derived from C57BL/6
mice. In brief, most of exons 1-3 were deleted from the genomic sequence and a β-
galactosidase coding sequence was inserted in exon 1 in-frame with the original ATG start
codon. A neomycin resistance gene with expression driven by the PGK promoter followed
the β-gal sequence.

Vstm3 transgenic mice were generated by injection of a DNA fragment including the mouse
Vstm3 cDNA in an expression vector, which includes the Lck proximal promoter, the Igμ
heavy chain enhancer, and the human growth hormone gene (hGH) [45] . Transgene positive
animals were identified by the presence of hGH sequences and five independent lines were
generated. Transgenic mice used in the experiments described had been back-crossed at least
eight generations onto the C57BL/6 background.

All mice were maintained in a specific pathogen-free AAALAC accredited facility. All
animal procedures were conducted in accordance with approved ethical guidelines under the
auspices of the ZymoGenetics Institutional Animal Care and Use Committee.

CIA Induction
CIA was induced as described previously [46]. Briefly, male DBA/1J mice (Jackson
Laboratories) were injected in the tail intradermally with 100 μl of chick II collagen (1 mg/
ml) in complete Freund’s adjuvant, followed 21 days later by a boost using the same amount
of collagen in incomplete Freund’s. Disease severity was assessed daily as described [46].
Mice were treated as indicated with 150 μg of soluble Vstm3 protein or blocking anti-mouse
Vstm3 antibody or an equal volume of vehicle (PBS) via i.p. injection every other day,
beginning the day prior to the second collagen injection.

MOG Peptide Induced EAE
Female C57BL/6 mice were immunized s.c. with MOG35-55 peptide emulsified in complete
Freund’s adjuvant and administered 200 ng pertussis toxin i.v. two days later. Disease
symptoms were assessed daily for 15 days as described [47]. For some experiments, mice
were treated every other day with vehicle control (PBS) or the Vstm3 tetramer.

GVHD Induction
B10.BR (H-2k) recipients were purchased from Jackson Laboratories and received total
body irradiation at a lethal dose (11Gy) by single exposure to a 137Cs source 24 hrs before
cell infusion. T cells were purified from splenocytes that had been shipped overnight on ice.
After red cell lysis T cells were negatively selected using antibodies against CD19, CD11b,
NK1.1 (eBioscience), and TCRγδ (BD) and LD columns (Miltenyi Biotech). T cell purity
was >90%. 106 or 2×106 T cells were injected together with T depleted bone marrow (BM)
cells (107) from 6 mice i.v. on day 0. BMT recipients were monitored daily for survival,
weighed twice weekly for 30 days and once weekly thereafter. Where indicated, 150 μg
irrelevant rat IgG (Rockland) or 100μg anti-Vstm3 Mab 334.57.2.1 in 200μl PBS, were
injected i.p. every other day. Survival was analyzed by life-table methods and actuarial
survival data are shown. Comparison between groups was done by log-rank test. P values <
0.05 were considered significant.
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Figure 1.
CD155 expression is sufficient to convey Vstm3 binding on activated DC and transfected
cells. (A and B) DC were generated from mouse BM cells by culturing total BM at 106 cells/
mL in 100 ng/mL Flt3-L for 7 days. Resultant DC were activated for 24 h with 10 ng/mL
IFN-γ and 1 μg/mL CD40-L and then stained with (A) 2 μg/mL Alexa-647 conjugated
Vstm3-Fc or (B) Alexa-647 labeled Vstm3-tetramer alone (solid lines) or in the presence of
a tenfold excess of unlabeled Vstm3-Fc or Vstm3 tetramer respectively (dotted lines).
Control Fc-fusion protein or an irrelevant tetrameric protein (shaded histograms) served as
controls. (C) P815 cells transfected with mouse CD155 were stained with 2 μg/mL of an
Alexa-647 conjugated Vstm3 tetramer (solid line) alone or in the presence of a tenfold
excess unlabeled Vstm3 protein (dotted line). Staining with an irrelevant tetramer (shaded
histogram) served as a negative control. (D) HEK-293 cells transfected with mouse CD155
were stained with 2 μg/mL Alexa-647 conjugated Vstm3-tetramer (solid line) or 2 μg/mL
Alexa-647 labeled soluble CD226 (dashed line). Untransfected HEK-293 cells stained with
either Vstm3-tetramer or Vstm-Fc served as negative controls. All results are representatives
of at least two experiments.
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Figure 2.
Vstm3 and CD226 cross-compete for binding to CD155 and anti-mouse Vstm3 mAbs
inhibit Vstm3 binding to CD155. (A) P815 cells expressing human CD155 were left
unstained or stained with 1 μg/mL Alexa-647 labeled human VSTM3 (left graph) or CD226
(right graph) in absence (no comp) or presence of a 100-fold excess of CD226-Fc, VSTM3-
Fc or an irrelevant (control) Fc protein. MFI was determined and the results are
representatives of at least two experiments. (B) P815-CD155 cells were cultured in medium
alone (No mAb) or medium plus Alexa-647 conjugated Vstm3-tetramer (2 μg/mL) and
either an irrelevant isotype control (Control mAb), or three independent anti-mouse Vstm3
mAb clones (each at 10 μg/mL). Samples were run in triplicate and bars show mean±SEM.
Results are representatives of at least two experiments.
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Figure 3.
Schematic comparing the CD226-Vstm3 network of costimulation/inhibition between APC
and T/NK cells with the CD28-CTLA-4 network. Vstm3 is a putative inhibitory receptor
like CTLA-4 whereas CD226 is an activating receptor like CD28. Both sets of molecules are
engaged by two sets of counter-structures, Vstm3 and CD226 by CD155 (PVR) and CD112
(nectin-2) and CTLA-4 and CD28 by CD80 (B7.1) and CD86 (B7.2). Activation is indicated
by +; inhibition by −; arrows indicate protein–protein interactions.
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Figure 4.
CD155 delivers a costimulatory signal to T cells, but Vstm3 is an inhibitory receptor. (A)
BHK cells stably transfected with I-Ad and the indicated co-receptors, and untransfected
BHK cells, were loaded with 1 μg/mL DO11.10-specific OVA peptide and assessed for
their ability to stimulate proliferation of DO11.10 TCR TG T cells. (B) Peptide-loaded BHK
expressing I-Ad alone or together with CD155 were tested for their effects on DO11.10 T-
cell proliferation in the presence or absence of 5 μg/mL soluble Vstm3-tetramer or blocking
anti-Vstm3 antibody. (A and B) Graphs show the mean percentage of proliferating T cells
±SEM (triplicate cultures), are derived from separate experiments and are representatives of
at least five experiments. The dashed line indicates the mean values for BHK cells
expressing only I-Ad; * indicates values significantly different from this value (p<0.05,
Student’s t-test) while ** indicates values differing both from this value and from the value
for cells expressing I-Ad plus CD155 (p<0.05, Student’s t-test).
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Figure 5.
Soluble Vstm3 inhibits disease in a CIA model whereas a blocking anti-Vstm3 mAb
accelerates disease development. (A and B) Mice were treated starting one day before the
second collagen injection with PBS, Vstm3-Fc, Vstm3-Tet or anti-Vstm3 mAb and the
average paw score (±SEM) was measured on the initial day of treatment and daily
thereafter; Graphs show average paw score versus time (in days) after the second collagen
injection *p<0.05 by two-way ANOVA. Results shown are representatives of at least three
experiments. Serum (C) IL-6 or (D) IL-10 levels were determined by Luminex assay on
serum samples harvested on day 12 after CIA induction. Each dot represents the mean of
triplicate determinations from a single mouse and the horizontal lines are the mean values
from all animals in a treatment group; p-values are calculated relative to the PBS-treated
mice (one-way ANOVA). UI, untreated, non-CIA mice.
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Figure 6.
Soluble Vstm3 attenuates disease in CIA by inhibiting T-cell activation. On day 12 after
CIA induction, cells from the DLN were isolated, acutely restimulated in the presence of
Golgi-blockers and surface and the percentage of cells staining for (A) IL-17A, (B) TNF-α,
(C) CD4+ cells with a memory (CD44high) phenotype, (E) IFN-γ+ cells, and (F) IL-10+

cells, as well as (D) the number of lymphocytes harvested from the paws of animals, was
determined by flow cytometry. Each dot is the mean of triplicate cultures of cells from one
animal and the horizontal lines are the mean values from all animals in a treatment group; p-
values are results from Student’s t-test comparing PBS-treated mice to those treated with
Vstm3-Tet and only those values showing significant differences from controls have p-
values associated with them. Results shown are representatives of at least three experiments.
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Figure 7.
Vstm3-deficient (KO) mice are more sensitive to autoimmune challenge whereas TG mice
are protected. (A) Total splenocytes from Vstm3 KO (left panel, dashed line), TG mice
(right panel, dotted line) or control WT mice (solid lines) were stained with anti-mouse
Vstm3 mAb and and MFI measured. Plots show Vstm3 expression gated on total
splenocytes as indicated in the Supporting Information Fig. 5B. (B) Graph shows average
disease score (±SEM) versus time after pertussis toxin administration in the MOG EAE
model in WT, Vstm3-KO and Vstm3-Tg mice as described in the materials and methods
section. * indicates p<0.05 by two-way ANOVA KO/TG versus the respective WT. Results
shown are representatives of at least three experiments. (C) T-cell-depleted BM was
transferred (day 0) into lethally irradiated B10.BR mice without (BM only) or with purified
T cells from Vstm3 KO (KO) or control mice (WT) in the absence/presence of anti-Vatm3
mAb and cell survival was measured over time; p<0.0002 for WT versus KO and WT versus
WT + Anti-vstm3 (log-rank test). Results shown are representatives of two experiments.
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Figure 8.
Agonistic activity of an anti-VSTM3 mAb inhibits T-cell responses. mAb were coupled to
beads (anti-CD3 at the indicated percentage of bead capacity and anti-VSTM3 mAb or an
isotype-matched control antibody each at 80%) and the beads incubated at a bead: cell ration
of 1:1 with purified T cells. Proliferation was judged by CFSE dilution on T cells (gated as
indicated in the Supporting Information Fig. 5C) for anti-CD3 plus isotype control (left hand
panels) or anti-CD3 plus anti-VSTM3 (center panels). Upregulation of CD25 was also
assessed by FACS (right panels) using the beads coated with anti-CD3 plus the isotype
control (dark line) or anti-CD3 plus anti-VSTM3 (grey line). Profiles shown are gated on
CD4+ T cells (Supporting Information Fig. 5B), but similar results were obtained examining
the same parameters on CD8+ cells in the same cultures. Results are representatives of at
least three experiments.
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