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Abstract Cell–cell adhesive processes are central to the

physiology of multicellular organisms. A number of cell

surface molecules contribute to cell–cell adhesion, and the

dysfunction of adhesive processes underlies numerous

developmental defects and inherited diseases. The nectins,

a family of four immunoglobulin superfamily members

(nectin-1 to -4), interact through their extracellular

domains to support cell–cell adhesion. While both homo-

philic and heterophilic interactions among the nectins are

implicated in cell–cell adhesion, cell-based and biochemi-

cal studies suggest heterophilic interactions are stronger

than homophilic interactions and control a range of phys-

iological processes. In addition to interactions within the

nectin family, heterophilic associations with nectin-like

molecules, immune receptors, and viral glycoproteins

support a wide range of biological functions, including

immune modulation, cancer progression, host-pathogen

interactions and immune evasion. We review current

structural and molecular knowledge of nectin recognition

processes, with a focus on the biochemical and biophysical

determinants of affinity and selectivity that drive distinct

nectin associations. These proteins and interactions are

discussed as potential targets for immunotherapy.
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Introduction

In multicellular organisms, the regulation and specificity of

cell–cell adhesive processes are critical for the develop-

ment and maintenance of tissues and organs. Individual

cells are interconnected by macromolecular assemblies

known as cell–cell junctions, which are formed by a wide

range of cell-adhesion molecules. These interactions rely

on the recognition of the ectodomains of cell-adhesion

molecules with their cognate binding partners on neigh-

boring cells [1–4]. Disruption of these molecular

interactions leads to perturbation of cell–cell adhesion and

the loss of tissue homeostasis, which has been implicated in

various developmental abnormalities in human, as well as a

range of diseases, including sensory and reproductive dis-

orders and metastasis [5–7].

A large proportion of cell-adhesion molecules belongs

to four protein families: integrins, selectins, immunoglob-

ulin superfamily (IgSF), and cadherins. Integrins are a

group of large heterodimeric transmembrane proteins that

bind protein components of the extracellular matrix (e.g.,

fibronectin, collagen), while the selectins mediate cell–cell

adhesion by recognizing carbohydrates presented on the

cell surface (e.g., mucin) [8, 9]. Members of the IgSF and

cadherin protein families mediate cell–cell adhesion via

engagement of proteins, (typically) belonging to their

respective families, on neighboring cells. The nectins and

nectin-like (necl) molecules are two important classes of

cell-adhesion molecules within the IgSF family. Both, the
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cadherins and nectins have been extensively investigated

due to their significant role in the formation of adherens

junctions that mediate cell–cell adhesion [1–3, 10].

The Cadherin family includes [100 members and is

subdivided into several groups, including the classical

cadherins (E-cadherin found in epithelial tissue and

N-cadherin found in neurons), protocadherins, and atypi-

cal cadherins [11, 12]. Both, E-cadherin and N-cadherin

have an extracellular region containing five tandemly

repeated b-fold domains, a single transmembrane region

and a cytoplasmic region [10]. The nectin family mem-

bers are characterized by an ectodomain composed of

three immunoglobulin (Ig)-like domains, followed by a

single transmembrane region and a cytoplasmic domain

[13]. Central to adhesive processes are the cytoplasmic

domains of cadherins and nectins, which recognize the b-

catenin and afadin adaptor molecules, respectively [2, 14].

These adaptor molecules, as well as numerous others, are

responsible for the subsequent binding and recruitment of

filamentous actin assemblies (F-actin), which facilitate

cell–cell adhesion [4, 7]. Nectins interact in a homophilic

as well as heterophilic fashion between neighboring cells

[2, 3, 13]. Cadherins participate in homophilic interac-

tions to mediate cell–cell adhesion [10, 13], with several

reports describing their ability to engage in heterophilic

associations [12, 15–17]. A notable difference between

these two groups of cell adhesion molecules is that

interactions between cadherins are calcium-dependent,

whereas interactions among nectins are calcium-indepen-

dent [2, 3, 10, 13]. The members of nectin and cadherin

protein families either function autonomously or in con-

cert with each other at the site of cell–cell junctions. In

humans, both nectin and cadherin-based cell–cell adhe-

sions are prominent in adherens junctions of fibroblast

and epithelial cells, and in synaptic junctions of neurons

[2, 3, 18, 19].

The nectin family is composed of four members

(nectin-1 to nectin-4), whose extracellular domains par-

ticipate in a complex network of interactions through their

membrane-distal IgV domains that include both homo-

philic and heterophilic adhesive associations between

interacting cells (Fig. 1a). In addition to interactions

within the family, nectins are also known to bind mem-

bers of other protein families (necls and immune

receptors), resulting in a wide range of biological func-

tions, including immune modulation (Fig. 1) [20, 21].

Nectins also play important roles in host-pathogen inter-

actions, as they are utilized by herpes and measles viruses

as entry receptors [22–24]. Nectin-2 serves as an excellent

example of the richness of the multiple synergistic and

competing interactions and functions within this family.

Nectin-2 interacts with nectin family members to mediate

cell–cell adhesion, and interacts with immune receptors,

CD226, and TIGIT on specialized immune cells, to

modulate immune function, and also acts as an entry

receptor for Herpes simplex virus by interacting with viral

glycoprotein D (Fig. 1b).

In this review, we summarize recent data on the mech-

anisms of nectin-mediated cell–cell adhesive interactions

that control numerous physiological and pathological pro-

cesses. Specifically, we focus on the molecular and

structural features responsible for determining the affinities

and selectivities of nectin-associated homophilic and het-

erophilic recognition events.

Nectins, nectin-like molecules and extended family

members

The members of the nectin family are expressed as single-

pass type-I membrane glycoproteins and are characterized

by a shared domain organization, consisting of three Ig-like

domains in the ectodomain (membrane-distal IgV domain

followed by two IgC domains), followed by a transmem-

brane region and a cytoplasmic tail containing the afadin-

binding motif (Fig. 2) [2, 25]. With the exception of three

splice variants (nectin-1c, which is secreted protein lacking

transmembrane and cytoplasmic regions; and nectin-1b
and nectin-3c, which lack an afadin-binding motif in the

cytoplasmic region) and nectin-4, the afadin-binding motif

of all other nectins is a conserved sequence, Glu/Ala-X-

Tyr-Val, which binds the PDZ domain of afadin. Although,

nectin-4 lacks this conserved motif, it binds the adaptor

molecule afadin through its C-terminal Gly-His-Leu-Val

motif (Fig. 2). Five additional IgSF members, known as

nectin-like molecules (necl-1 to necl-5) also share the

nectin ectodomain architecture and play roles in cell–cell

adhesion, although they lack afadin-binding motifs [2].

Thus, the broader nectin/necl family consists of nine

members. In a recent bioinformatics study, Rubinstein and

colleagues demonstrated that these molecules could be

cleanly segregated into the nectin and necl subgroups

solely on the basis of amino acid sequence [26]. This

bioinformatic approach clustered necl-5 with the nectins

rather than with the necl proteins, which is consistent with

the fact that the ectodomain sequence and the gene struc-

ture of necl-5 are more similar with the ectodomains of

nectins than the necl molecules [26, 27]. Although, necl-5

is composed of an ectodomain containing three Ig-like

domains (membrane-distal IgV domain and two IgC

domains) followed by a transmembrane region like other

nectins, the cytoplasmic tail lacks the afadin-binding motif

[2, 27]. Key functional properties of the nectin/necl family

members are their ability to form homophilic and/or het-

erophilic associations, which are summarized in Table 1

and Fig. 1.

646 D. Samanta, S. C. Almo

123



Nectin-2 Nectin-2 

Nectin-3 

TIGIT

CD226

viral gD

Im
m

un
e 

fu
nc

tio
n

C
ell -cell adhesion

Host-pathogen interaction

CD226

TIGIT

CD96

Necl-1 Necl-2 

Necl-5 
(PVR)

Nectin-1 

17.5 µM 0.4 µM 

228 µM 153 µM 

Nectin-2 Nectin-4 Nectin-3 

Necl-3 

Necl-4 CRTAM

CD200
 ? 

a b

Fig. 1 Homophilic and heterophilic interactions of nectins. a Hom-

ophilic (black arrow) and heterophilic (red arrow) interactions among

nectins are shown at the center. The homophilic affinities (equilib-

rium dissociation constant Kd) of all the four nectins are stated.

Nectins also participate in heterophilic interactions with a number of

other proteins (shown in the periphery), including nectin-like

molecules and some other immune receptors. b Recognition of

nectin-2 by nectins, immune receptors (CD226, TIGIT) and viral

glycoprotein D are important for cell–cell adhesion, immune mod-

ulation, and host-pathogen interactions, respectively
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Fig. 2 Domain organizations of

the nectins and extended family

members. Each nectin consists

of three Ig-like domains (one

IgV and two IgC) in their

extracellular region, a single

transmembrane (TM) region,

and a cytoplasmic tail. The

C-terminus of the cytoplasmic

tail contains an afadin-binding

motif
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Additional molecules are expressed in mammals that

may significantly expand the nectin-related family and

interaction network. Bioinformatics analysis suggested that

five additional IgSF members, CD96, CD226, TIGIT,

CRTAM, and CD200 are evolutionarily and functionally

related to the nectin/necl proteins and may interact with

members of this group [26]. To date, with the exception of

CD200, these proteins have been reported to bind members

of the nectin/necl family of proteins (Table 1; Fig. 1). The

domain organizations of these proteins differ from that of

the nectin/necl family members (Fig. 2); the extracellular

region of CD96 contains three Ig-like domains, the ecto-

domains of CD200, CD226, and CRTAM contain 2 Ig-like

domains, and TIGIT possesses a single IgV domain [21,

26]. In the subsequent section, we focus on the four nectins

(nectin-1 to nectin-4) and their involvement in cell–cell

adhesion, immune modulation and host-pathogen interac-

tions at the molecular level.

Nectins in cell–cell adhesion

General perspective on nectin-mediated cell–cell

adhesion

Nectins mediate cell–cell adhesion in a number of tissues,

including epithelium, endothelium, and neural tissue dur-

ing various stages of development [13, 28]. Although

nectin family members are expressed in all tissues, indi-

vidual cells may express one or multiple nectins in distinct

but overlapping patterns [29]. Despite their importance in

cell–cell adhesion in a wide variety of tissues, the indi-

vidual knockouts of nectin-1, -2, and -3 in mice are not

embryonic lethal, presumably due to the overlapping

expression and functional redundancy of the nectin family

members. Nevertheless, these knockouts suffer from a wide

variety of abnormalities as they reach adulthood, reflecting

the distinct functional contributions of specific nectins [29,

30].

All four nectins directly interact with afadin, an F-actin-

binding protein, through their C-terminal cytoplasmic tail.

In addition to the nectins, afadin associates with a-catenin

through ponsin-vinculin and afadin DIL-domain-interact-

ing protein (ADIP)-a-actinin units [2]. a-catenin also

associates with b-catenin, which is recognized by the

cytoplasmic domain of cadherins. As a result of these

interactions, nectins and afadin recruit several proteins,

including cadherins, to the nectin-associated cell–cell

adhesion sites, resulting in the formation of adherens

junctions. Core structural components of adherens junc-

tions include the nectin–afadin and cadherin-catenin

complexes, both of which associate with F-actin bundles

(Fig. 3). Cell culture studies suggest that nectins initiate the

formation of adherens junctions between two neighboring

cells and subsequently recruit cadherin-catenin complexes

through afadin [2, 31]. This view is consistent with the

observation that a knockout of afadin in mice inhibits the

formation of the cadherins-based adherens and tight

Table 1 Interacting partners of nectin/necl proteins and their

functions

Proteins Heterophilic partner Function

Members of nectin family

Nectin-1 Nectin-3, Nectin-4, Necl-1 Cell adhesion

CD96 Immune modulation

Nectin-2 Nectin-3 Cell adhesion

CD226, TIGIT Immune modulation

Nectin-3 Nectin-1, Nectin-2, Necl-1, 2, 5 Cell adhesion

TIGIT Immune modulation

Nectin-4 Nectin-1 Cell adhesion

Members of necl family

Necl-1 Nectin-1, Nectin-3, Necl-2, 3, 4 Cell adhesion

Necl-2 Nectin-3, Necl-1, Necl-3 Cell adhesion

CRTAM Immune modulation

Necl-3 Necl-1, Necl-2 Cell adhesion

Necl-4a Necl-1 Cell adhesion

Necl-5a Nectin-3 Cell adhesion

CD96, CD226, TIGIT Immune modulation

Members of extended nectin/necl family

CD96a Nectin-1, Necl-5 Immune modulation

CD226a Nectin-2, Necl-5 Immune modulation

TIGIT Nectin-2, Nectin-3, Necl-5 Immune modulation

CRTAMa Necl-2 Immune modulation

CD200a ? ?

?, unknown
a represent members are not involved in homophilic interactions

Homophilic trans-interaction 
of cadherins

Afadin

α 
β 
Catenins
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ac

tin

Po
ns
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Fig. 3 The interplay of nectins and cadherins at the site of cell–cell

adhesions. Both nectin–afadin and cadherin-catenin systems work

together and interact with F-actin bundles
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junctions [32]. However, a recent report suggests that

cadherins can be recruited to adherens junctions via an

afadin-independent mechanism [33]. The interplay of

nectins and cadherins with their respective adaptor mole-

cules and subsequent association of these adaptor proteins

with F-actin bundles serves to stabilize the adhesion sites

between neighboring cells (Fig. 3).

Physiological roles of nectin-mediated cell–cell

adhesion

All four nectins participate in homophilic interactions that

contribute to cell–cell adhesion and can drive cell aggre-

gation when exogenously expressed in cells that are

normally non-adherent [34, 35]. In addition to homophilic

associations, nectins participate in selective heterophilic

interactions: between nectin-1 and nectin-3, nectin-1 and

nectin-4, and nectin-2 and nectin-3 (Fig. 1a). Nectins also

selectively interact with the necl molecules to mediate

cell–cell adhesion (Fig. 1a; Table 1).

While the homophilic trans-interaction of nectins is

implicated in cell–cell adhesion processes, the hetero-

philic trans-interactions contribute to a range of important

cellular functions in vivo [29, 36]. For example, nectin-2

and nectin-3 are expressed in Sertoli cells and sperma-

tids, respectively, where their heterophilic trans-

interaction regulates the organization of the Sertoli cell-

spermatid junctions [36]. It has also been shown that the

homozygous deletion of either nectin-2 or nectin-3 leads

to male-specific infertility in mice [30, 37]. Another

remarkable example is provided by the interaction of

nectin-1 and nectin-3. These proteins are expressed in

commissural axons and floor plate cells, respectively,

during the early development of the vertebrate central

nervous system and this heterophilic trans-interaction is

critically involved in the control of axon guidance [28].

Nectin-1 and nectin-3 have been shown to play key roles

in the formation of synapses between the mossy fiber

terminals and dendrites of pyramidal cells in the CA3

area of the mouse hippocampus [18]. Nectin-1 and nec-

tin-3 also make important contributions at the contact

sites between pigmented and non-pigmented cell layers

of the ciliary epithelium in the eye [38], between a-

meloblasts and stratum intermedium in the developing

tooth [39], and between auditory hair cells and support-

ing cells in the auditory epithelium of the inner ear [29].

A recent study also reported that the heterophilic inter-

action between nectin-2 and N-cadherin through their

extracellular domains regulates neural tube formation in

Xenopus [40]. These examples highlight the prominent

roles that nectins play in cell–cell adhesive processes that

underlie the complex biology associated with multicel-

lular organism.

Homophilic versus heterophilic interactions

among nectin family members

All of the nectins exhibit a unique range of homophilic and

heterophilic associations, with each interacting pair exhib-

iting distinct equilibrium dissociation constants

(Kds) (Fig. 1a). The ectodomain of human nectin-1 and

nectin-2 form relatively strong homophilic dimers (Kd values

of 17.5 and 0.4 lM, respectively), whereas the dimerization

of nectin-3 and nectin-4 is relatively weak (Kd values in the

hundreds micromolar range) [41]. These relative affinities

are also exhibited by the mouse nectins (which share

64–97 % sequence identity with the human orthologs in the

IgV domains), with tighter homophilic binding for nectin-1

and nectin-2 than for nectin-3 and nectin-4 [41].

Although quantitative determinations of Kd can be

readily measured for homophilic interactions, similar

characterization of heterophilic interactions remains chal-

lenging. Techniques such as surface plasmon resonance

(SPR) and analytical ultracentrifugation (AUC), commonly

used to determine the binding affinities between two pro-

teins, are not fully amenable for analysis of heterophilic

binding among the nectins. As all nectins exist as homo-

dimers, difficulties arise from competing interactions

between homophilic and heterophilic associations. For

example, in SPR experiments, formation of nectin homo-

dimers within the immobilized and mobile phases

complicates the analysis of true heterophilic interactions.

Nonetheless, semi-quantitative SPR data are in good

agreement with previously reported cell-based binding

assays showing that heterophilic interactions are generally

stronger than homophilic interactions among the nectin

family members [41]. Furthermore, AUC analysis suggests

that the stoichiometry of heterophilic interactions in solu-

tion is 1:1 between nectin-1 and nectin-3, as well as nectin-

1 and nectin-4 [41], consistent with the physiological roles

proposed for these interactions.

In the subsequent section, we discuss the molecular

determinants responsible for homophilic and heterophilic

recognition and selectivity.

Molecular and structural bases of homophilic

and heterophilic nectin interactions

Nectins homodimer structures

The structures of all the four nectins have been reported,

with similar structures arising from non-glycosylated and

glycosylated materials generated from bacterial and

eukaryotic expression systems, respectively [41–43]. In

each case, these molecules form a homodimer in the crystal

lattice, which on the basis of mutagenesis experiments is

Nectin family of cell-adhesion molecules 649
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consistent with solution behavior [41–43]. The membrane-

distal IgV domain of all nectins exhibits the classic two-

layer b-sandwich topology present in other IgV structures,

with the front and back sheets being composed of the

GFCC0C00 and ABED strands, respectively (Fig. 4a). The

dimer interface is formed by nearly orthogonal association

of C, C0, C00, F, and G strands from the front sheets of two

engaging IgV domains (Fig. 4b). This organization results

in a similar ‘‘kinked’’ dimer in all four nectins (Fig. 5a),

which is similar to the quaternary structure observed in a

number of other physiologically relevant dimers in the IgSF.

The homodimers of nectin-1 and nectin-2 bury a total

surface area of 1,699 and 1,823 Å2, respectively, which is

significantly larger than most IgV domain-mediated dimer

interfaces. The homodimers of nectin-3 and nectin-4 bury a

total surface area of about 1,350 Å2. In the crystalline state,

necl-5 buries 1,254 Å2 of surface area, but a dimeric

species could not be detected in solution [41]. The dimer

interfaces are stabilized by a combination of hydrophobic

contacts, hydrogen bonds, and salt bridges [41–43]. For

example, ten residues (Gln-71, Gln-80, Asn-81, Ser-149,

Arg-151, and their symmetry mates) are involved in eight

potential hydrogen bonds at the interface of the nectin-2

homodimer (Fig. 4c). van der Waals contacts also make an

important contributions to this homophilic binding inter-

face, including Ser-66, Leu-67, His-86, Met-89, Gly-90,

Ala-143, Thr-144, and Phe-145 (Fig. 4c), which are par-

tially or completely buried at the dimer interface [42]. Site

directed mutagenesis established the critical role of these

interfacial residues, as point mutations at the dimer inter-

face of nectin-2 results in destabilization of the homodimer

[42].

Structure-based sequence alignment of the IgV domains

of the human nectins reveals that most of the interface
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Arg151
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Fig. 4 Structural features of the nectins. a Structure of the IgV

domain of human nectin-2 (a representative member of the family)

showing the classical two-layer b-sandwich topology. The front and

back sheets of the domain are composed of the GFCC0C00 and ABED

strands, respectively. b Two monomers (yellow and gray) interact in a

nearly orthogonal fashion to form the dimer interface, involving the

front b sheets with predominant contribution from the C, C0, C00 and F

strands of each monomer. c Key residues of the dimer interface of

nectin-2 are represented by ball-and-stick representation. d Structure-

based sequence alignment of the human nectins. The secondary

structure of the nectin-2 IgV domain is displayed on the top of the

alignment. Residues with similar properties are marked by red color,

whereas identical residues are colored in white with red background.

Interfacial residues (green circles) and the cysteine residues involved

in the formation of disulfide bond between B and F strand (blue

circle) are marked. The long loop between the D and E strand of

nectin-2, which is absent in other nectins, is also shown
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residues are not conserved in this family, particularly those

involved in polar interactions; however, the sequence motif

‘‘TFPXG’’ in the FG loop is well conserved in the family

(Fig. 4d). A detailed analysis of homodimer interface

reveals that the intercalation of a phenylalanine in the FG

loop (Phe129, Phe145, Phe153, and Phe132 in nectin-1,

nectin-2, nectin-3, and nectin-4, respectively) into a

hydrophobic pocket formed by the C0 and C00 strands of the

partner molecule is well conserved. This phenylalanine

plays a central role in stabilizing the dimer, as the F145A

mutation severely affects the homophilic association of

human nectin-2 [42]. Residues that stabilize each

homodimer are illustrated in Fig. 5b.

Molecular basis for homophilic versus heterophilic

interactions

While homophilic and heterophilic trans-interactions of

nectins are implicated in cell–cell adhesion, several bio-

chemical and cell-based studies suggest that heterophilic

interactions are stronger than homophilic interactions [34,

41, 44]. Although, recent crystal structures of the four

human nectins reveal the detailed view of homophilic

adhesive interface, the heterophilic adhesive interfaces

remain to be defined. In the absence of direct structural

information, mutagenesis data support a model in which

heterophilic associations utilize similar binding interfaces,

resulting in an overall organization analogous to those

observed for homophilic interactions [41, 43]. Based on

these similarities, highly plausible and testable models can

be proposed for the determinants that control heterophilic

nectin assemblies.

One notable feature is the presence of a charged residue

in the center of each homophilic interface (Glu125, Glu141,

Lys149, and Arg128 in nectin-1, nectin-2, nectin-3 and

nectin-4, respectively) facing its symmetry-related residue

in the partner molecule [41, 42]. The close proximity of

these charged residues at the homophilic interfaces is pre-

dicted to result in unfavorable electrostatic interactions that

potentially destabilize the dimer (Fig. 6a, b). These charged

residues are strictly conserved across species, being glu-

tamic acid in nectin-1 and nectin-2, and lysine and arginine

in nectin-3 and nectin-4 [42]. Mutagenesis studies demon-

strate the importance of these interactions at the homodimer

interface. The E141A mutation in nectin-2 results in a

tighter dimer in solution as compared to the wild-type

nectin-2, which is consistent with the idea that the close

proximity of similarly charged residues at the dimer

IgV                                         IgV                                       IgV                                                   IgV

IgV                                         IgV                                       IgV                                                   IgV

IgC

IgC

IgC

IgC

IgC

IgC

IgC

IgC

IgC

IgC

Nectin-1                                      Nectin-2                           Nectin-3                         Nectin-4           

a

b

Fig. 5 Ribbon representations

of human nectin homodimers

showing the overall structural

organizations and interfacial

residues at the dimer interfaces.

a Individual protomers are

colored in yellow and grey. The

presented structures of nectin-1

(3ALP) and nectin-3 (4FOM)

contain all the three

extracellular domains, while the

structure of nectin-2 (3R0N) has

only the IgV and the structure of

nectin-4 (4FRW) has the IgV

and only a single IgC. b Ribbon

diagram of the IgV domains

representing the interfacial

residues involved in the

homodimerization of each

nectin. The residues in red/blue

represent charged residues,

green represents polar residues,

and cyan represents

hydrophobic residues
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interface results in a reduction of the homophilic affinity in

nectin family members [42]. In addition to this unfavorable

electrostatic interaction, many additional interactions con-

tribute to the homophilic interaction. Consistent with the

larger buried surface areas, nectin-1 and nectin-2 form

relatively strong homodimers due to a greater number of

interacting residues at the homophilic adhesive interface

relative to nectin-3 and nectin-4 (Fig. 5b).

Strong heterophilic binding between cognate nectin

pairs (nectin-1 and nectin-3, nectin-1 and nectin-4, and

nectin-2 and nectin-3) may arise as the consequence of

opposite and complementary charges at the positions

analogous to Glu141 in nectin-2 [42], which afford favor-

able electrostatic contributions. For example, the

heterophilic interaction between nectin-2 and nectin-3 is

likely enhanced by the formation of ionic interactions

between Glu141 (from nectin-2) and Lys149 (from nectin-

3) as illustrated in Fig. 6c. Support for this proposal comes

from the E141K mutant of nectin-2 which results in

increased binding between the mutant and wild-type nec-

tin-2 and mimics a heterophilic interaction (unpublished

data). Furthermore, molecular modeling based on the

nectin homodimers indicates that the heterophilic interac-

tion is characterized by more hydrophobic contacts than the

homophilic interaction [41]. Together, charge compatibil-

ity and buried hydrophobic surface area represent the major

determinants responsible for stronger heterophilic binding

(relative to homophilic binding) among the nectins. These

observations highlight the critical concept that receptor-

ligand interactions do not evolve to produce the highest

possible affinity, but instead evolve to select the affinity

that allows for the specificity, kinetics, and associated

signaling properties that are biologically optimal.

Structurally characterized dimers represent

trans-interaction of nectins

The overall organization of the four nectin homodimers is

conserved and their adhesive interfaces are formed by the

orthogonal association of membrane-distal IgV domains of

two engaging molecules. Geometrically, the observed

dimeric assembly of nectins could support either cis- or

trans- interactions (i.e., on the same cell surface or between

two interacting cell surfaces). Initial studies suggested that

the nectin IgV domain is necessary to mediate trans-

interactions [44] and the second Ig domain (IgC) contrib-

uted to the formation of cis-dimers [45, 46]; while a recent

report suggests that nectin-1 forms a cis-dimer through the

IgV domain [43]. These cis-dimers are proposed to form

trans-interactions via ‘‘head-to-head’’ contacts involving

the IgV domains of molecules on engaging cells [43].

However, this ‘‘head-to-head’’ trans-interaction of cis-

dimers is likely to be sterically precluded because of the

prior involvement of IgV domains to form the putative cis-

dimer. For example, the phenylalanine residue in the FG

loop of nectin-2, which is known to participate in trans-

interaction [41, 47], is not accessible for further interac-

tions because this residue is more than 80 % buried in the

canonical dimer interface [42]. Notably, solution studies

(size-exclusion chromatography and analytical ultracentri-

fugation) involving all nectins support the existence of

dimers in solution, with no indication of higher-order

oligomeric states as would be required by the proposed

head-to-head trans-interaction of cis-dimers. However, it is

important to appreciate that weak interactions could be

missed by these solution approaches and more complex

mechanisms cannot be fully ruled out.

Nectin-2 homodimer interface Nectin-1 homodimer interface Nectin-2: Nectin-3 interface (model)

E141

E141 3.1 Å 

3.2 Å E125

E125

3.0 Å 

3.2 Å 

K149

E141 2.52 Å 

3.02 Å 

a b c

Fig. 6 Ribbon representations of homophilic and heterophilic inter-

faces of nectins. a Homodimer interface of human nectin-2 (PDB ID:

3R0N) showing the close proximity of two negatively charged side

chains; Glu-141 is contributed from the F strand of each monomer

(yellow and gray). b Dimeric interface of nectin-1 (PDB ID: 3ALP)

showing the similar unfavorable repulsive electrostatics as depicted in

case of nectin-2. c Molecular model showing the heterodimer

interface of nectin-2 (yellow) and nectin-3 (brown). The modeling

suggests that E141 of nectin-2 contacts K149 of nectin-3, forming a

putative polar interaction at the center of the dimer interface which

favors a strong heterophilic interaction
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In murine nectin-2, Phe-136 is buried at the dimer

interface and is important for its trans-interaction but not

for the cis-dimerization [41, 47]. The equivalent residue in

human nectin-2 and in the other three human nectins is

buried at the dimer interface as evidenced by crystal

structures and the introduction of a point mutation at this

position (for example F145A in human nectin-2) disrupts

the dimer in solution [42]. In addition, a recent cross-

linking study demonstrates that Phe-136 of mouse nectin-2

is required to mediate cell–cell adhesion in transfected cell

lines [41]. All of these biophysical, structural, and func-

tional studies strongly support the crystallographically

observed association of nectins as an appropriate model for

the trans-interaction that underlies their biological

function.

Nectins in immune modulation and host-pathogen

interaction

In addition to homophilic and heterophilic interactions

within the nectin family, the nectins also bind other pro-

teins that contribute to a range of biological processes,

including immune modulation and viral entry.

Nectins as immune modulators

Some of the nectin family members specifically interact

with receptors expressed on specialized immune cells (T

cells and NK cells), resulting in the transmission of potent

immune-modulatory signals [20, 21, 48]. For example, the

engagement of nectin-1 by CD96, an immune receptor

expressed on T cells, contributes to both adhesive and

downstream signaling processes [20, 21, 49]. Of particular

note is nectin-2, which plays major roles in immune

modulation due to its recognition of CD226 and TIGIT (T

cell immunoglobulin and ITIM domain) [50, 51]. Necl-5

[also known as polio virus receptor (PVR)] also recognizes

the same CD226 and TIGIT immune receptors [50, 51].

Upon engagement of either nectin-2 or PVR, CD226

delivers stimulatory and TIGIT delivers inhibitory signals

to T and NK cells [20, 21, 51–54] (Fig. 7). Nectin-2 is thus

part of a complex signaling network consisting of CD226/

TIGIT:nectin-2/PVR, which exhibits similarities to the

well characterized CD28/CTLA-4:B7-1/B7-2 network

(Fig. 7). CD28 and CTLA-4 are the two most important T

cell costimulatory molecules, which upon ligation with

their ligands B7-1/B7-2 (expressed on antigen presenting

cells), deliver stimulatory and inhibitory signals, respec-

tively [55, 56]. The signaling pathways associated with

these receptor:ligand interactions make major contribu-

tions to the control of the adaptive immune responses in

mammals. Like CD28/CTLA-4:B7-1/B7-2 network, the

expanded nectin family network also regulates the func-

tional outcome of T cell activation, and perturbation of the

balance between activating and inhibitory signals results in

increased susceptibility to infection and malignancies

(reduced T cell activity) or the induction of autoimmunity

(enhanced T cell activity) [57–59].

A number of recent studies suggest that the expression

of nectins is up-regulated in different cancers. For example,

nectin-4 is highly expressed in lung, breast, and ovarian

cancers and is used as a histological and serological marker

for breast cancer [60–62]. It was recently reported that the

over expression of nectin-4 in cancer tissues promotes

anchorage independent growth, which contributes to tumor

progression and metastasis [61]. Several reports also sug-

gest the up-regulation of nectin-2 in various cancers,

including those of hematopoietic and non-hematopoietic

origin [63, 64]. The recognition of nectin-2 on the surface

of tumor cells by CD226 expressed on T or NK cells can

result in activation and cytotoxicity against the tumor cell

[64–66]. In contrast, when nectin-2 is recognized by TIGIT

expressed on NK cells and T cells, it inhibits the cyto-

toxicity of NK and T cells towards the ligand expressing

cells [51, 54]. Thus, nectin-2 over expression represents an

effective mechanism exploited by malignancies to evade

the host immune responses. Furthermore, it has been

demonstrated that CD226 knockout mice exhibit enhanced

tumorigenicity [67], while TIGIT knockout mice showed

uncontrolled T cell proliferation and susceptibility to

autoimmune diseases [57]. All of these reports establish the

physiological and clinical importance of these receptors-

ligand interactions in mediating NK and CD8? T cell-

mediated immune function [57, 67, 68]. Given the recent

Food and Drug Administration (FDA) approval of a func-

tion blocking monoclonal CTLA-4 antibody (Ipilimumab,

Yervoy) for the treatment of late stage melanoma [69–73],

TIGITCD226

PVR

CTLA-4CD28

B7-1 B7-2

T Cell / NK Cell

APC

+ +- -
TIGITCD226 CTLA-4CD28

T Cell / NK Cell

APC

+ +- -

B7-1 B7-2PVRNectin-2

Fig. 7 Schematic comparison of CD226/TIGIT:nectin-2/PVR and

CD28/CTLA-4:B7-1/B7-2 networks. CD226 is a putative activating

receptor-like CD28, whereas TIGIT is an inhibitory receptor-like

CTLA-4. Both sets of molecules are engaged by sets of counter-

ligands, TIGIT and CD226 by nectin-2 and PVR, and CTLA-4 and

CD28 by B7-1 and B7-2. Activation is indicated by ‘?’ and inhibition

is indicated by ‘–’ symbol
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cancer immunotherapies targeting receptors that govern

NK and T cell function are attracting enormous attention.

Similarly, the targeting of CD226/TIGIT:nectin-2 signaling

pathways represents valuable new therapeutic strategies for

controlling tumors and autoimmune diseases.

While the biological contributions of the CD226/TI-

GIT:nectin-2/PVR signaling network are becoming

increasingly clear, the molecular and structural details of

these interactions are only beginning to be defined. A

recent report reveals the binding interface between TIGIT

and PVR [74]. While the overall recognition mode of TI-

GIT:PVR interaction is similar to the canonical homophilic

interfaces of nectins, the details of the interactions of

nectin-2 with CD226 and TIGIT are yet to be explored for

the manipulation and subsequent targeting of these

molecular interactions. A recent study reported a mutant

nectin-2 (having 4 mutations, M89S, P94S, A143S, and

F145S at the dimer interface), which is impaired in both

homodimerization and CD226 binding [75]. The most

conservative interpretation of these data suggests that

CD226 recognizes the same nectin-2 surface involved in

homodimer formation. Future efforts will need to be

directed at expanding our structural understanding of the

many biologically important heterophilic interactions

formed with the expanded nectin family and the leveraging

of this structural information to design mechanistically

informative mutants with altered selectivities and affinities

for in vitro and in vivo analyses.

Nectin as virus entry receptor

Many viruses exploit the same surfaces of IgSF proteins

that mediate homophilic and heterophilic interactions to

facilitate viral tropism, attachment and subsequent entry

into target cells. Nectin-1 and nectin-2 (also known as

poliovirus receptor-like 1 (PVRL1) and PVRL2, respec-

tively) were originally isolated as entry receptors for herpes

simplex viruses (HSV)-1 and HSV-2, as they directly

interact with viral glycoprotein D (gD) [24, 76–78]. Recent

studies also show that the nectin-4 recognizes the measles

virus hemagglutinin (MV-H) and serves as an epithelial

receptor for measles viral entry [79, 80].

The structure of the complex formed by gD and nectin-1

reveals that gD binds the IgV domain of nectin-1 in a mode

similar to that observed in the nectin homodimer and that

the key residues responsible for nectin-1 homodimerization

are the same ones recognized by HSV gD [81, 82]

(Fig. 8a). These findings are consistent with previous

reports that gD disrupts the homodimerization of nectin-1

[82]. A recent study also reported the structure of the

membran-distal IgV domain of human nectin-4 in complex

with MV-H [83]. This structure shows that nectin-4 binds

the MV-H exclusively via its N-terminal IgV domain and

the contact interface is largely composed of hydrophobic

interactions involving the C0–C00, B–C, and F–G loops of

nectin-4 (Fig. 8b) [83]. This manner of association repre-

sents a distinct recognition mode compared to the

homophilic binding interface, highlighting that a range of

different strategies have evolved for pathogens to co-opt

host cell surface antigens.

Nectins and inheritable human diseases

The participation of nectins in a variety of cellular pro-

cesses suggests that a number of human disorders may

involve defects associated with these proteins. Several

reports indicate that truncation mutants of human nectin-1

lacking the transmembrane region and the cytoplasmic

tail interfere with its adhesive function, and may also

impair the functions of other nectin-1-interacting proteins,

including nectin-3 and nectin-4 [84, 85]. These mutations

are implicated in cleft lip (also known as palate-ectoder-

mal dysplasia) syndrome, which is clinically characterized

by cleft lip/palate, dental anomalies, unusual facial

appearance, thickening of palm skin, and in some cases,

mental retardation [85–88]. Although the association

between nectin-1 and palate-ectodermal dysplasia is

identified in human patients, the same phenotype is not

observed in nectin-1 knockout mice [39]. A point muta-

tion (T185M) predicted to alter the expression and impair

the function of human nectin-4 leads to ectodermal dys-

plasia-syndactyly syndrome. Affected individuals suffer

from a combination of hair and tooth abnormalities, and

cutaneous syndactyly (fingers or toes joined together by

skin), which is consistent with the higher expression of

nectin-4 in hair follicles and the separating digits [89, 90].

Recent reports also suggest a genetic association of single

nucleotide polymorphism in human nectin-2 with the late

onset of Alzheimer’s disease [91, 92]. Another recent

report describes a translocation between chromosome 1

and 3 that is associated with lower expression of nectin-3,

with the affected individual showing central nervous

system abnormalities and ocular diseases [93]. This

finding is consistent with observations that the homozy-

gous deletion of nectin-3 in mice causes lens and other

ocular defects [38, 93].

Conclusions and perspectives

We described the structural and biochemical features that

control the molecular recognition processes involving the

nectins. These determinants are responsible for the spec-

trum of affinities and interactions associated with the

homophilic and heterophilic assemblies formed by the
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members of the nectin family. The relative homophilic and

heterophilic binding affinities of nectins are important for

understanding (and modulating) their respective roles in

morphogenesis, development, normal physiology, and dis-

ease. Strong homophilic binding of nectin-1 and nectin-2

(in comparison to nectin-3 and nectin-4) suggests potential

homophilic roles in vivo; however, the contributions to fit-

ness have not been fully defined as a consequence of

functional redundancy. The notably stronger heterophilic

interactions, which have been observed in a number of cell-

based studies, are due, in large part, to favorable and

unfavorable electrostatic complementarity at the hetero-

philic and homophilic interfaces, respectively. Of particular

interest will be the continued study of the synergy between

the nectin and cadherin adhesive system. Especially notable

is the provocative finding that nectin-2 and N-cadherin

interact, suggesting a tight and regulated coupling between

these two systems.

In addition to cell–cell adhesion, the nectins play

important roles in immune modulation and viral entry.

Involvement of CD226/TIGIT:nectin-2/PVR interactions

in normal physiology and disease makes this signaling

network a highly attractive target for therapeutic inter-

vention. Although a recent study provides insights on the

TIGIT:PVR interaction at the atomic level, the molecular

mechanisms underlying the recognition of nectin-2 by

CD226 and TIGIT, as well as other heterophilic associa-

tions, are yet to be explored. Recent advances in our

structural understanding of the interactions between nectins

and viral entry receptors (gD or MV-H) defined the

mechanism and determinants underlying host-pathogen

recognition, and afford new opportunities for the structure-

guided design of inhibitor/therapeutics targeted against

HSV-1 and measles. Going forward, additional structural

and mechanistic studies of the expanded nectin family, and

its numerous interactions, will be required to continue

defining their roles in normal physiology and disease.
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