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Nectins (nectin1–4) and Necls [nectin-like (Necl1–5)] are Ig superfamily cell adhesion molecules that regulate cell differentiation and tissue morphogenesis. Adherens junction formation and subsequent
cell–cell signaling is initiated by the assembly of higher-order receptor clusters of cognate molecules on juxtaposed cells. However,
the structural and mechanistic details of signaling cluster formation
remain unclear. Here, we report the crystal structure of poliovirus receptor (PVR)/Nectin-like-5/CD155) in complex with its cognate immunoreceptor ligand T-cell-Ig-and-ITIM-domain (TIGIT). The TIGIT/
PVR interface reveals a conserved speciﬁc “lock-and-key” interaction.
Notably, two TIGIT/PVR dimers assemble into a heterotetramer with
a core TIGIT/TIGIT cis-homodimer, each TIGIT molecule binding one
PVR molecule. Structure-guided mutations that disrupt the TIGIT/
TIGIT interface limit both TIGIT/PVR-mediated cell adhesion and
TIGIT-induced PVR phosphorylation in primary dendritic cells. Our
data suggest a cis-trans receptor clustering mechanism for cell adhesion and signaling by the TIGIT/PVR complex and provide structural
insights into how the PVR family of immunoregulators function.

N

ectins (nectin1–4) and nectin-like (Necl1–5) molecules are
members of the large Ig superfamily (IgSF) of cell-surface
receptors that play central roles in cell adhesion, cell movement,
proliferation, and survival and contribute to the morphogenesis
and differentiation of many cell and tissue types by inducing an
intracellular signaling cascade (1–5). Nectins and Necls can
function as both ligands and receptors and therefore are able to
signal bidirectionally into juxtaposed cells (3, 6). To mediate the
formation of cell adherens junctions, a model suggests that the
extracellular domains of these molecules form ligand-dependent
homo- or heterodimers in trans (between molecules located on the
same or opposite cell surfaces, respectively) and lateral homodimers in cis, creating a tight network of nectin zippers between
juxtaposed cells (7, 8). To date, structural and functional studies
suggest a mechanism whereby the cis-homodimerization of a receptor on the same cell surface is followed by the formation of
a trans-dimer between juxtaposed cells using identical protein
interfaces. This assembly is noteworthy because it requires a rearrangement and breakup of the cis-homodimer followed by a transdimerization across the adherens junction. The cis-trans clustering
is then initiated through another unknown protein interface, likely
involving a different receptor domain.
Several high-afﬁnity homophilic trans-interactions have been
described in detail for nectins/Necls and similar molecules (8–13).
However, the structure and function of the presumably weaker
lateral homophilic cis-dimers in cell adhesion and their role in
intracellular signaling is not known. Because all structures solved
to date are homodimers, it is unclear if they represent the cisor the trans-state. Thus, the question of how cis-trans heterodimerization drives cell adhesion and intracellular signaling
remains open and was the impetus for capturing the heterophilic
interaction of the poliovirus receptor (PVR; also known as CD155
or Necl–5) (14) with its high-afﬁnity ligand TIGIT (T-cell-Ig-andITIM domain) (4, 15, 16).
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PVR, a prototypical Nectin/Necl family member, is notable
among the nectin/Necl family as it not only provides heterophilic
interactions with other nectin family members, such as nectin-3
(17, 18), but also it interacts with IgSF molecules on immune
lymphocytes such as TIGIT, CD226 (also known as DNAM-1)
(19), and CD96 (20) to regulate immune responses (21). Ligation of PVR induces tyrosine phosphorylation of the PVR
immunoreceptor tyrosine-based inhibitory motif (ITIM) domain
and recruitment of Src kinases and SHP-2 (SH2-domain-containing tyrosine phosphatase-2) (2, 4, 22–24). Activation of PVR
with TIGIT has been shown to attenuate immune responses
in vivo, predominantly through activation and phosphorylation
of Erk and induction of the suppressive cytokine IL-10 from
dendritic cells (4). Originally, PVR was classiﬁed as a nectin-like
molecule (Necl–5) largely on the basis of a shared intracellular
motif; however, sequence analysis suggests that PVR is more
similar to the nectins (4). Recently, we identiﬁed PVR family
signature sequences in the IgSF ectodomains of PVR, nectins,
TIGIT, CD226, and CD96 (4). Despite being diverse in domain
architecture, all PVR family members share three unique and
highly conserved sequence motifs in the ﬁrst immunoglobulin
variable (IgV) domain: the (V/I)(S/T)Q, AX6G, and T(F/Y)P
motifs (4). Like other nectins, PVR can form homodimers and
multimers in cis on cells (1, 17).
Here we present the crystal structures of TIGIT alone and in
complex with PVR. The 2.9-Å resolution structure of TIGIT in
complex with PVR reveals a distinct “lock-and-key” motif that is
highly conserved across the PVR family members and is critical for
the TIGIT–PVR binding. Notably, the structure revealed a heterotetrameric assembly of two TIGIT molecules ﬂanked by two PVR
molecules. We show that the core TIGIT/TIGIT interface is distinct from the PVR/TIGIT interface and can exist in preformed
lateral cis-dimers at the cell surface. Disruption of these TIGIT
dimers, by site-directed mutagenesis, impaired cell adhesion to
and signaling in PVR-expressing cell lines and primary human
dendritic cells (DCs). Our data show that the lateral TIGIT
homodimers, together with the trans-TIGIT/PVR heterodimers,
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can oligomerize in a zipper-like fashion to facilitate adhesion of
adjacent immune cells and thereby form receptor clusters that are
required for effective activation of PVR signaling.
Results
Crystal Structures of TIGIT and TIGIT Bound to PVR. To understand
the molecular mechanism of the TIGIT/PVR trans-dimerization,
we determined the crystal structures of TIGIT and TIGIT bound
to PVR. Our work and previous experiments have shown that the
N-terminal IgV domain of human PVR (PVR D1) is important
for TIGIT IgV binding (4). Human TIGIT IgV was expressed in
Escherichia coli and puriﬁed from inclusion bodies. Similarly,
human PVR D1 domain was expressed in the insect cell-baculovirus system, puriﬁed, and complexed with TIGIT IgV. This
complex was stable and showed that TIGIT IgV and PVR D1 are
necessary and sufﬁcient for TIGIT/PVR complex formation (Fig.
S1). We crystallized TIGIT alone and TIGIT in complex with
PVR and solved the structures at 2.7 and 2.9 Å resolution, respectively (Table S1 and Fig. 1).
The TIGIT IgV domain and PVR D1 have a typical and very
similar Ig β-sandwich fold (Fig. S2) that is also very similar to that
of Necl-1 (Fig. S3A). The canonical A strand is composed of A
and A′ halves shared between the two β-sheets. The PVR-family
submotifs (V/I)(S/T)Q, AX6G, and T(Y/F)P are mapped to
strands C, C′, and F (Fig. S3B) (4).
In contrast to canonical Ig-domain family members, the C′C′′
and FG loops have insertions of four and two residues, respectively (Figs. S2 and S3). Furthermore, the loop connecting
strands D and E (DE loop) in TIGIT is shortened by four residues in comparison with Necl-1 and is kinked by two proline
residues (P80 and P82) (Figs. S2A and S3). Unlike TIGIT, PVR
has an unusually elongated DE loop (Figs. S2B and S3) compared with other nectins/Necls (11). Carbohydrate moieties from
the insect cell expression system are present on both predicted
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Fig. 1. Structure of the TIGIT/PVR complex. (A) Side view of the TIGIT IgV
domain (gold) in complex with the PVR D1 domain (blue; sugar moieties in red).
The TIGIT/PVR interface shows a conserved lock-and-key (B) interaction between the two molecules. The “lock” is formed by the AX6G motif, and the
“key” is formed by the corresponding T(Y/F)P motif on the neighboring molecule. The “key” residues Tyr113 and Phe128 in the conserved TIGIT motif TYP
and the PVR motif TFP are labeled. Both (V/I)(S/T)Q motifs are also located in
the complex interface. (C) Detailed view of the “key” formed by Tyr113 in TIGIT
and the lock formed by the AX6G motif of PVR. (D) Detailed view of the “key”
formed by Phe128 on PVR and of the lock formed by the AX6G motif of TIGIT.
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N-linked glycosylation sites of PVR (N105 and N120) and located on each β-sheet of the IgV domain without interfering with
TIGIT binding. TIGIT lacked carbohydrate modiﬁcations, as it
was expressed in E. coli, but neither of the two potential glycosylation sites (TIGIT residues N32 and N101) is close to the
PVR-binding site. Neither TIGIT nor PVR showed signiﬁcant
conformational rearrangements upon complex formation
(TIGIT rmsd of 0.8 Å over 105 Cα residues, PVR RMSD of 1.88
Å over 103 Cα atoms). The crystal structures conﬁrm that, despite low sequence homology, both PVR and TIGIT IgV
domains are very similar to each other and so they are grouped
in the PVR family of cell adhesion molecules (4).
TIGIT/PVR Interface Contains Lock-and-Key Binding Pockets. In the
TIGIT/PVR trans-dimer complex structure, the TIGIT/PVR interface is formed by interactions between the front β-sheets (A′
GFCC′C′′) of each molecule (Fig. 1 and Fig. S4A). Because receptor and ligand share the same IgV fold, the interface displays
approximate noncrystallographic twofold symmetry and is highly
complementary in shape and charge. Interestingly, the interface in
the TIGIT/PVR complex uses the same structural elements as
other IgV homo- and heterodimers (Fig. S4 A–G). A similar interaction for homodimerization is also observed for PVR alone
(11) (Fig. S4C) and in the TIGIT crystal structure (Fig. S4B).
In the TIGIT/PVR trans-dimer, the FG loop of each IgV domain contacts the C′C′′ loop of its partner (Fig. 1A). The interfaces bury a total molecular surface area of about 1,600 Å2.
Additionally, the conserved sequence motifs AX6G (residues 76–
83 in PVR, 66–74 in TIGIT) in the C′C′′ loop and T(F/Y)P in the
FG loop (residues 127–129 in PVR and residues 112–114 in
TIGIT) deﬁne signature lock-and-key interactions on symmetric
corners of the interface that literally latch the two molecules together (Fig. 1 B–D). The concave “lock” on each molecule is
formed by the conserved AXXXXXZG (AX6G) motif in the C′C′′
loop that creates a hydrophobic pocket with the Z residue as
a lid. The convex “key” feature consists of a conserved aromatic
residue in the FG loop (Y113 in TIGIT and F128 in PVR) that
latches into the hydrophobic lock pocket on the opposing molecule (Fig. 1 C and D). These lock-and-key motifs are highly conserved in the IgV domain of nectins but not Necls and comprise
the distinctive PVR family motifs (Fig. S3B) (4). Together with
a third (V/I)(S/T)Q pattern (residues 54–56 on TIGIT, 61–63 on
PVR) that also contributes to the intermolecular packing in the
TIGIT/PVR complex, these structural motifs account for most of
the TIGIT/PVR interaction topography (Fig. 1 B–D). Interestingly, mapping of mutants that affect the PVR–poliovirus
interaction (11) onto the TIGIT/PVR structure reveals that both
poliovirus and TIGIT use the same surface and residues on PVR
for binding (Fig. S3C). This overlap of ligand and virus binding
sites also has been reported for other virus receptors (9, 25).
Mutational Analysis at the TIGIT/PVR Lock-and-Key Interface. To investigate the importance of the conserved PVR motifs for the lockand-key complex formation, a number of point mutants in the PVR
motifs of TIGIT and PVR were created (Fig. 1B). Each mutant
protein was cloned as an Fc-fusion protein, expressed and puriﬁed
from CHO cells, and binding was determined using biolayer interferometry (BLI) and ﬂow cytometry binding assays. As previously reported, wild-type PVR and wild-type TIGIT proteins
interacted strongly in trans with each other (Fig. 2) (4). TIGIT
point mutants Q56A and Q56R in the (V/I)(S/T)Q motif, N70R,
N70A, G74A in AX6G, and Y113R and Y113A in the T(F/Y)P
region weaken or abrogate binding to PVR (Fig. 2A). The mutation of the “key” aromatic residue on TIGIT (Y113) weakened but
did not disrupt the trans-TIGIT/PVR interaction. Reciprocally, all
PVR point mutants—Q63R, Q63A in the (V/I)(S/T)Q motif, and
the “key” region variants F128R and F128A in the T(F/Y)P motif—
reduce or abrogate binding to TIGIT (Fig. 2B). The BLI data
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were complemented by the ability of the various Fc-fusion proteins
to bind cell lines stably expressing TIGIT or PVR on the cell
surface, showing more subtle effects on the TIGIT side from
weakening the interaction until blockage occurs (Q56R and
N70R) (Fig. 2C) and strong effects with the PVR point mutations
up to a complete loss of interaction (Q63R, F128R, F128A) (Fig.
2D). Taken together, we conclude that the lock-and-key transinteractions between TIGIT and PVR are the main interaction
points and critically require the “key” motif T(F/Y)P on both PVR
and TIGIT for trans-complex formation.
TIGIT/PVR Complex Forms a Tetramer in the Crystal Structure. The
TIGIT/PVR complex crystallized in the space group P3221, with
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Surprisingly, crystal packing generates a heterotetrameric assembly of the two TIGIT and two PVR molecules in the shape of
a symmetrical double-winged structure (Fig. 3A). An identical
homotetramer created by crystal packing is observed for TIGIT
alone (Fig. 3B and Protein Data Base ID 3Q0H and 3RQ3). The
core of the TIGIT/PVR heterotetramer and the TIGIT homotetramer is formed by a symmetrical homodimer of two TIGIT
molecules in which the C termini are in close proximity to each
other (Fig. 3 A and B), allowing for the formation of a TIGIT
lateral cis-homodimer on cells. A similar crystal packing has also
been described for Nectin-1 in complex with glycoprotein D from
herpes simplex virus (9). The interface of this TIGIT homodimer
buries a total molecular surface area of about 1,000 Å2 and uses
the ﬂat surface of the four-stranded β-sheet on the back of the
molecule (Fig. 3B). Each monomer packs tightly against its
counterpart and is held together by main-chain interactions and
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a β-sheet extension of the six-stranded (A′GFCC′C′′) β-sheet
between the two molecules (Fig. 3 B and C). A core residue of this
interface is Ile42, which binds into a groove formed by the mainchain atoms of Thr29 and Cys45 on the opposing TIGIT monomer (Fig. S4H). The split of the A strand into A and A′ halves
structurally supports this dimerization interface. The two A′
β-strands of adjacent molecules zipper together in antiparallel
fashion with a tight hydrogen-bonding network.
Because the TIGIT/TIGIT homodimer interface is unique and
distinct from the lock-and-key trans-TIGIT/PVR interaction
surface, we asked if the TIGIT/TIGIT homodimer was biologically meaningful and might stand as a distinct state (on the
surface of the same cell) in contrast to the trans-TIGIT/PVR
complex connecting two juxtaposed cells. To investigate the biological relevance of TIGIT/TIGIT homodimers, we set out to
characterize the dimer interface. TIGIT IgV domain alone is
monomeric and TIGIT/PVR is a dimer in solution (Fig. S1).
However, the TIGIT IgV domain displayed a transformation
from a monomeric to a multimeric species at high concentrations
using gradient diffusion NMR at several concentrations (Fig.
S5A) and was determined to have a high dissociation constant
(Kd > 1 mM). Analytical ultracentrifugation experiments at a low
concentration (200 μM) showed that TIGIT was mostly monomeric and undergoing concentration-dependent self-association,
as evidenced by the 10% increase in sedimentation coefﬁcient
observed upon increasing the concentration (Fig. S5B). Pointedly, a similarly weak association has been reported for CARJAML cis-heterotetramer formation (25) and cis-oligomerization
of cadherins (26, 27).

B

A

TIGIT Assembles as cis-Homodimers on the Surface of Cells. To investigate if these TIGIT homodimers or oligomers were present
on the cell surface, TIGIT/TIGIT homodimer formation was analyzed on the cell surface by time-resolved Förster resonance energy transfer (TR-FRET). COS7 cells were transfected with
increasing amounts of snap-tagged full-length TIGIT (ST-TIGIT)
and double-labeled with a ﬁxed concentration of FRET donor and
acceptor (Fig. S6). A signiﬁcant TR-FRET signal was detected
with the ST-TIGIT, indicating that TIGIT can form cis-homodimers or multimers on the surface of cells (Fig. 3E), although we
cannot quantitate the proportion of monomers to homodimers or
oligomers with this technique. In the FRET experiments, separate
batches of COS7 cells were transfected with an increasing amount
of TIGIT, and the FRET resonance remained linear rather than
exponential. Structure-guided point mutations of the core residue
(Ile42) in the TIGIT homodimer interface, I42A and I42D,
showed a reduced TR-FRET signal. This indicates that the I42A
and I42D point mutants destabilize TIGIT cis-homodimerization
on the surface of cells. Taken together, the data support the ability
of TIGIT to form lateral cis-homodimers on the cell surface of
these transfected cells.
TIGIT/PVR trans-Interaction Facilitates Cell-Cluster Formation. One
important function of the PVR family of proteins––together with
nectins and Necl-proteins––is to promote cell–cell contact by adhesive junction formation. To test if trans-heterodimerization of
TIGIT and PVR alone would drive cell adhesion, we performed
cell–cell adhesion studies using ﬂuorescently labeled BJAB-TIGIT
and BJAB-PVR cells (Fig. 4 A and B). Clustering of cells was
monitored with immunoﬂuorescence microscopy and quantiﬁed
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Fig. 4. Lateral TIGIT/TIGIT homodimerization facilitates PVR
signaling. (A and B) Cell-cluster coculture assays performed
with stable BJAB cell lines expressing full-length TIGIT or PVR.
Cells were labeled with red or green dyes as indicated. (A)
Representative images of cell clustering (Upper panels) of
cocultured BJAB cells expressing TIGIT or PVR labeled with
PKH26 (red) or CFSE (green) and treated with anti-TIGIT antibody as indicated. (B) Quantiﬁcation of cell-cluster formation
for TIGIT-BJAB plus PVR-BJAB cells in the absence or presence
of anti-TIGIT antibody by FACS (n = 3). (C and D) Cell-cluster
coculture assays performed with stable CHO cell lines
expressing full-length TIGIT or TIGIT I42A and TIGIT I42D
mutants cocultured with full-length PVR expressed on BJAB
cells. (C) Representative images of cell clustering by PVR-BJAB
cells with CHO alone, TIGIT-CHO, TIGIT-I42A-CHO, or TIGITI42D-CHO. (D) Quantiﬁcation of CHO-BJAB cell-cluster formation by FACS (n = 3). (E) FACS analysis of cell-surface expression, TIGIT WT (red), TIGIT-I42A (blue), and TIGIT-I42D (black)
protein on CHO cells. The gray-shaded histogram represents
the isotype control. (F–H) PVR tyrosine phosphorylation assay
with iMDDCs. (F) Lysates of iMDDCs—untreated or treated for
5 min at 37 °C with isotype-matched control antibody, antiPVR, anti-PVR plus anti-IgG, or TIGIT-Fc—were immunoprecipitated with anti-PVR and probed with antibody to phosphorylated tyrosine (α-pTyr; Upper) or α-PVR (Lower). Results
are from one of three independent experiments. (G) Human
iMDDCs were cultured with CHO, TIGIT-CHO, TIGIT-I42A-CHO,
or TIGTI-I42D-CHO cells for 10 min, cell lysates were prepared
from isolated iMDDCs, and PVR tyrosine phosphorylation was
detected after immunoprecipitation with α-PVR antibody.
Representative results from one of three donors are indicated.
(H) Quantiﬁcation of the percentage of tyrosine-phosphorylated PVR of total PVR (with ﬁlm background subtracted) (n =
3). Each symbol represents iMMDC from one donor.
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Disruption of the TIGIT cis-Homodimer Interface Inhibits PVR Signaling. Although the cell-clustering ability of TIGIT/PVR is re-

duced by destabilizing TIGIT cis-homodimers, we asked whether
these cell-surface TIGIT cis-homodimers were necessary to activate PVR intracellular signaling. PVR is expressed on DCs, and
cross-linking with a TIGIT-Fc fusion protein or anti-PVR antibody
induces tyrosine phosphorylation of PVR and elicits downstream
signaling (4, 22–24). Here we conﬁrmed tyrosine phosphorylation
of PVR in human immature monocyte-derived DCs (iMDDCs)
after ligation with TIGIT-Fc as well as an agonist anti-PVR mAb,
which was further enhanced with Fc cross-linking (Fig. 4F). CHO
cells expressing TIGIT-WT (CHO-TIGIT) cells could replace
TIGIT-Fc protein in this assay in a coculture of iMDDCs with
CHO-TIGIT and induced comparable PVR tyrosine phosphorylation (Fig. 4 G and H). However, PVR tyrosine phosphorylation
was signiﬁcantly decreased using the TIGIT homodimer destabilizing mutants on CHO-TIGIT-I42A or CHO-TIGIT-I42D cells
(Fig. 4 G and H). These results show that TIGIT/PVR transinteraction is necessary for cell–cell adhesion and that robust
adhesion to and signaling through its cognate receptor PVR is
additionally dependent on TIGIT surface homodimerization.

Discussion
Nectin/Necl homo- and heterodimerization regulates cell adhesion and signaling by the formation of cis-trans oligomers on the
cell surface of juxtaposed cells. However, the molecular mechanism of this cis-trans receptor clustering is currently unknown.
Here, we have used the heterodimeric PVR-TIGIT receptorligand pair as a model for nectin/Necl cis-trans dimerization. We
have solved the crystal structures of TIGIT alone and in complex
with PVR. The TIGIT/PVR complex structure shows that an interface, common to nectins/Necls and other IgSF homodimers, is
necessary for TIGIT/PVR trans-heterodimerization. The PVRTIGIT receptor-ligand pair interacts via three previously described conserved PVR family motifs: (V/I)(S/T)Q, AX6G, and T
(F/Y)P that form a speciﬁc lock-and-key interaction. Point
mutations in these motifs abrogate complex formation, suggesting
high ligand speciﬁcity (Fig. 2). All PVR family members share
these homologous yet divergent PVR motifs, which might account
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for the different reported binding afﬁnities (4, 16); we classify the
TYP group as TIGIT-like and the TFP group as PVR-like. Thus,
the (T/L)YP motif in CD96 and CD226 might interact with PVR
in a similar way to TIGIT. Similarly, the TFP motif in nectins ﬁts
well into the lock of the TIGIT, CD226, and CD96 molecules. The
trans-interaction deﬁnes how each nectin/Necl binds its receptor
partner to form speciﬁc cell–cell contacts. The engagement of
PVR on DCs with the high-afﬁnity ligand TIGIT induced secretion of the anti-inﬂammatory cytokines such as IL-10 and TGFβ,
which, in turn, attenuated immune responses in vitro and in vivo
preclinical models (4).
Surprisingly, the analysis of the TIGIT and TIGIT/PVR crystal
structures revealed a tetrameric assembly with a core TIGIT/
TIGIT homodimer centered on Ile42 and with converging TIGIT
C termini that support the lateral dimerization of TIGIT on the
cell surface (Fig. 3). Similar to other noncovalently linked Ig-Ig
homodimers (25–27), the afﬁnity of the isolated TIGIT IgV domain is low in solution. Despite the low afﬁnity in solution, we
demonstrated that full-length TIGIT is able to form homodimers
on the surface of cells. Disruption of the TIGIT cis-homodimer
interface by a single point mutation at Ile42 did not fully abrogate
TIGIT/PVR binding or cell clustering, but TIGIT cis-homodimerization was nonetheless essential for PVR activation (Fig. 4)
(4, 16). The TIGIT Ile42 mutations support the role of the observed TIGIT homodimer in receptor-ligand clustering conformation in these transfected cells. The TIGIT homodimer is central
to the complex, and our data show that it can exist on the cell
surface, although we cannot conclude that TIGIT does exist as
a homodimer on the cell surface in vivo before ligand engagement.
A similar cis-homodimerization mechanism of the PVR D1
domain, and possibly of the PVR D2 domain, suggested by a
crystal structure (9) bound in trans to a cis-homodimer of TIGIT,
would likely lead to a tightly packed array of PVR molecules
at the immune synapse, enabling an effective receptor clustering and heightening subsequent signaling by tyrosine phosphorylation of the cytosolic PVR ITIM motif. Thus, this work
suggests that weaker preformed cis-dimers of TIGIT on the cell
surface are required for cis-trans receptor oligomerization that is
necessary for PVR signaling into primary cells. A similar coupling
of cis-trans dimerization has been investigated for the covalent cishomodimers in the CTLA-4-B7-1/2 complexes and for noncovalent cis-homodimers in cadherins as well as in the CARJAML complex and the Necl-SynCAM2 (12, 13, 25, 27–30).
The magnitude of T-cell responses is tightly coordinated by
immune coreceptors, including those containing ITAM and ITIM
intracellular signaling motifs. TIGIT was ﬁrst identiﬁed by
searching for genes that are expressed by immune cells and that
might function as immunomodulatory receptors on the basis of the
protein structure comprising an Ig domain, a transmembrane region, and an ITIM, and PVR was subsequently identiﬁed as its
high-afﬁnity receptor (4). Beyond documenting this receptor–ligand interaction and deﬁning the PVR family, it was clearly
demonstrated that IL-10 induction via PVR is robust enough to
inhibit antigen-speciﬁc T-cell responses. Additional studies in
which the pathway is inhibited—either by blocking proteins or by
gene ablation—support the TIGIT-PVR interaction as being important for setting the threshold for T-cell responses in both secondary lymph organs and mucosal sites (31, 32). The predominant
immuno-coreceptors on T cells are CTLA-4 and CD28, which
engage the same ligands, B7-1 and B7-2, on antigen-presenting
cells such as DCs (28, 29, 33); however, additional receptors, such
as PD-1 and ICOS, have emerged as important receptors in the
immune system to ﬁne-tune T-cell effector functions and maintain
T-cell tolerance (34). PVR, together with TIGIT and other PVRfamily members, CD226 and CD96, similarly regulate immune
responses. Engagement of PVR with TIGIT induces an anti-inﬂammatory response (4, 31, 32); conversely, PVR interaction with
the lower-afﬁnity receptor CD226 on T and NK cells promotes
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by FACS. BJAB-TIGIT or BJAB-PVR cells alone did not aggregate or form cell clusters, suggesting that these individual proteins
do not form trans-homodimers (Fig. 4A, Upper panels). However,
when cocultured, BJAB-PVR and BJAB-TIGIT formed large cell
clusters (Fig. 4A, Lower Left). The cell clusters were abolished in
the presence of the blocking anti-TIGIT (10A7) antibody (4) by
80% (Fig. 4 A, Lower Right and B). Thus, a heterodimer of TIGIT/
PVR can mediate cell–cell contacts in culture.
To determine the requirement of TIGIT/TIGIT cis-homodimers for cell adhesion and signaling, point mutants of residue
Ile42 of TIGIT that are predicted to affect the core dimer
interactions were generated and tested for PVR binding. We
engineered two point mutations of TIGIT Ile42, I42A and I42D,
and expressed the respective full-length proteins in CHO cells.
Both CHO-TIGIT-I42A and -I42D bound PVR comparably to
wild-type CHO-TIGIT by FACS, suggesting that the mutant
proteins were correctly folded; this implied that disruption of the
TIGIT dimer interface did not fully inhibit TIGIT/PVR binding
(Fig. S7). However, cell clustering was reduced when TIGIT
I42A or I42D were used compared with wild-type TIGIT (Fig. 4
C and D), despite equivalent cell-surface expression (Fig. 4E and
Fig. S7) and binding of PVR (EC50 values for CHO-TIGIT,
CHO-TIGIT-I42A, and CHO-TIGIT-I42D were 14.9 μg/mL,
10.9 μg/mL, and 15.7 μg/mL, respectively). Quantiﬁcation of the
cell clusters by FACS showed that both mutants I42A and I42D
reduced cluster formation by 30–40% (P = 0.007 and P = 0.009,
respectively). These data suggest that TIGIT cis-homodimers are
required for robust adhesion to PVR-expressing cells.

immune activation (19, 20). This paradigm holds true for a number
of paired, homologous ITIM/ITAM receptors on T and NK cells
(35) where the inhibiting receptor has a high afﬁnity and the activating receptor has a lower afﬁnity for the shared binding molecule and implies that the activating receptor probably needs
to outcompete the inhibiting interaction to convey a signal.
The inhibitory receptor CLTA-4 has a higher afﬁnity for the B7
ligands and competes with CD28, the activating receptor, for
the shared ligands and thus acts to switch off T-cell activation.
Similarly, the inhibitory TIGIT ligand has a higher afﬁnity for
PVR than the activating CD226. Thus, the PVR-CD226-CD96TIGIT activation-inhibition system might function similarly to the
CD28-CTLA-4-CD80-CD86 network to control T- and NK-cell
responses (33).
Taken together, we propose a model by which PVR signaling
relies on a TIGIT-assisted cis-trans clustering mechanism of PVR
on immune cells (Fig. S8). PVR could form monomers, lateral cishomodimers in the Apo state [similar to other nectin/Necl proteins
where cis-homodimerization seems to precede trans-dimerization
by using the same interface (1, 10, 12, 13, 17, 36, 37)], or cishomodimers similar to TIGIT and nectin-1 (9) on one cell (on the
left side of Fig. S8). TIGIT could form monomers or preformed
dimers on the juxtaposed cell (in the middle of Fig. S8). Cell–cell
contact between TIGIT-expressing T cells and PVR-expressing
DCs is then formed upon TIGIT/PVR trans-interaction (on the
right side of Fig. S8). Signaling cluster formation that is necessary
for PVR signaling into primary cells is then achieved by cis-trans
receptor oligomerization. In the absence of cis-interactions, cell
adhering trans-dimers would be formed but no signaling-competent higher-ordered structure would be observed.
In conclusion, our study provides a structural basis for the dual
role that PVR provides in cell adhesion and cell signaling via its
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