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REVIEW

DNAM-1 control of natural killer cells functions
through nectin and nectin-like proteins

Lucas Ferrari de Andrade1,2, Mark J Smyth1,3,4 and Ludovic Martinet1,4

Natural killer (NK) cells represent key innate immune cells that restrain viral infection and malignant transformation and help

mount an adaptive immune response. To perform such complicated tasks, NK cells express a wide set of inhibitory and

activating receptors that alert them against cellular stress without damaging healthy cells. A new family of receptors that

recognize nectin and nectin-like molecules has recently emerged as a critical regulator of NK cell functions. The most famous

member of this family, DNAX accessory molecule (DNAM-1, CD226), is an adhesion molecule that control NK cell cytotoxicity

and interferon-c production against a wide range of cancer and infected cells. Its ligands CD112 and CD155 have been

described in different pathological conditions, and recent evidence indicates that their expression is regulated by cellular stress.

Additional receptors have been shown to bind DNAM-1 ligands and modulate NK cell functions bringing another level of

complexity. These include CD96 (TACTILE) and TIGIT (WUCAM, VSTM3). Here, we review the role of DNAM-1, TIGIT and CD96

in NK cell biology summarizing the recent advances made on the role of these receptors in various pathologies, such as cancer,

viral infections and autoimmunity.
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Natural killer (NK) cells represent a critical innate population of cells
distributed throughout the body including the lymphoid organs and
the mucosal tissues. NK cells have an important role in the early
control of infections and malignancies.1 NK cells eliminate target cells
through the polarized release of lytic granules containing perforin
and granzymes and through the ligation of death-inducing receptors.
NK cells also produce a wide array of pro-inflammatory cytokines
and chemokines that regulate the functions of other innate cells as
well as orchestrate adaptive immune responses. Therefore, the
responsiveness of NK cells has to be well controlled to avoid
potential tissue damage.

Unlike T and B lymphocytes, NK cells discriminate between healthy
and potential target cells through a wide array of germline-encoded
receptors, which sense cellular changes to modulate NK cell func-
tions.2 These receptors can be classified into two different categories
based on their function: inhibitory and activating receptors. NK cells
use their inhibitory receptors to detect the absence of self-molecules
on potential target cells, a recognition strategy called the ‘missing self ’
detection.3 NK cell inhibitory receptors contain an immune-receptor
tyrosine-based inhibitory motif (ITIM) in their cytoplasmic tail and
upon receptor engagement they recruit the SH2 domain-containing
tyrosine phosphatases SHP1 and SHP2.4 The most prominent

inhibitory receptors recognize major histocompatibility complex
class I family molecules and include the killer cell immunoglobulin-
like receptors and the leukocyte immunoglobulin-like receptors in
humans, the Ly49 family in mice and the CD94/NKG2A heterodimers
in both species.2 However, the absence of self-molecules at cell surface
of target cells is not sufficient to trigger full NK cell activation and the
presence of ligands for activation receptors is warranted.5 Indeed, NK
cells are equipped with a number of activating receptors that
recognize pathogen or cellular stress-induced ligands. Natural
cytotoxicity receptors (NCR; NKp30, NKp44, NKp46; NKp80),
NKG2D and SLAM family molecule 2B4 (CD244) represent good
examples of NK cell-activating receptors.2

In addition, an important family of adhesion molecules that bind
to nectins and nectin-like molecules (Necl) has recently emerged as a
critical regulator of NK cell functions.6 The most notable member of
this family, the DNAX accessory molecule (DNAM-1, CD226) has
been shown to control NK cell cytotoxicity and interferon (IFN)-g
production against a wide range of transformed and infected cells. Its
ligands, CD112 and CD155, have been described in different
pathological conditions and are regulated by cellular stress.7,8 In this
review, we bring together the most recent knowledge regarding the
role of DNAM-1 in NK cell biology and its implication in various
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pathological conditions, such as cancer, viral infection and
inflammation. In addition, we discuss the impact of two other
receptors that share common ligands with DNAM-1, CD96
(TACTILE) and TIGIT (WUCAM, VSTM3).

DNAM-1 REGULATION OF NK CELL FUNCTIONS

DNAM-1 is an Ig-like family glycoprotein of 65 kDa composed of
three different domains: (1) an extracellular domain of 230 aa with
two Ig-like domains and eight potential N-linked glycosylation sites;
(2) a transmembrane domain of 28 aa; and (3) and a cytoplasmic
domain of 60 aa containing three putative sites of phosphorylation by
intracellular kinases. DNAM-1 was originally described by Burns
et al.9 as TLiSA-1, a human T-cell lineage-specific marker involved in
the differentiation of cytotoxic T lymphocytes. The same molecule
was also involved in platelet activation and aggregation, and
designated platelet and T-cell activation antigen-1.10 It was later
demonstrated that DNAM-1 is expressed on most human NK cells,
monocytes and T lymphocytes, including CD4þ , CD8þ , NKT and gd
T cells.11 More importantly, thanks to the generation of the
monoclonal antibody (mAb) DX11, it was discovered by Lanier and
colleagues that DNAM-1 blockade inhibited the adhesion and the
cytotoxicity of cytotoxic T lymphocyte and NK cells against a variety
of tumour cell lines.11 This first study paved the way for a number of
studies that subsequently demonstrated the key role of DNAM-1 in
NK cell biology.

RECOGNITION OF NECTIN AND NECTIN-LIKE FAMILY

PROTEINS BY DNAM-1

Two groups independently discovered the ligands for DNAM-1.12,13

Moretta and colleagues immunized mice with NK cell-susceptible
target cells and generated a mAb that blocks NK cell-mediated
cytotoxicity against DNAM-1-sensitive tumours.13 Shibuya et al.12

performed an expression cloning with a retroviral cDNA library
prepared from a human osteosarcoma cell line, using DNAM-1-Fc as
a probe. Both groups identified two molecules belonging to the nectin
protein family, CD155 (Polivirus Receptor PVR; Necl5) and CD112
(Nectin-2, PRR2). The fluorescence-conjugated chimeric molecules
CD155-Fc and CD112-Fc efficiently bound to DNAM-1-transfected
COS-7 cells, whereas the surface expression of CD155 or CD112 on
target cells resulted in increased NK cell-mediated cytotoxicity, which
was inhibited upon anti-DNAM-1 mAb pre-incubation.13 The
binding affinities between human DNAM-1-Fc and CD155-Fc or
CD112-Fc were found to be comparable (Kd¼ 2.3� 10�7 M and
3.1� 10�7

M, respectively). However, DNAM-1-Fc bound less
efficiently to CD112 than CD155-transfected cells,12 and it was
suggested that DNAM-1 binding to CD112 might be impaired by
the homophilic interaction of CD112.12 Original reports described
that the ligands for DNAM-1 were conserved between human and
mice.14 However, a recent paper using 721.221 cells transfected with
different human and mouse nectin family members indicates that,
whereas hDNAM1 interacts with hCD155 and hCD112, mDNAM1
only interacts with mCD155.15 Whether mNectin2 is recognized by
mDNAM1 needs further investigation.

DNAM-1 SIGNALLING CASCADE AND SYNERGY WITH OTHER

NK CELL RECEPTORS

Most NK cell activation receptors contain immunoreceptor tyrosine-
based activation motifs (ITAMs) or associate with ITAM containing
adapters. Upon engagement with their cognate ligands, ITAM motifs
are phosphorylated by Src family kinases and recruit Syk or ZAP70

tyrosine kinases. These kinases in turn transmit downstream signal-
ling involving LAT, Vav and PLC-g, leading to the activation of
phosphoinositide 3-kinase and mitogen-activated protein kinase
signalling pathway.4 In contrast, DNAM-1 does not associate with
any ITAM-bearing molecule but, after receptor crosslinking, its
intracellular domain gets phosphorylated and delivers an
intracellular signal11 (Figure 1). However, intracellular signalling
remains only partially understood to date. The phosphorylation
of the Ser329 of DNAM-1 by protein kinase C (PKC) was shown to
be critical for DNAM-1-mediated intracellular signalling and
functions.16 Indeed, treatment with a PKC inhibitor dose-
dependently inhibited anti-DNAM-1-induced cytolysis by NK cells
against P815 cells and mutation of the PKC putative binding site in
the cytoplasmic domain of DNAM-1 abrogated DNAM-1
phosphorylation and ligand binding. The phosphorylation of Ser329

by PKC was later found to be critical for the association between
DNAM-1 and LFA-1 in NK cells.17 Such an association is required
for DNAM-1 signalling and functions as demonstrated using NK cells
from patients with leukocyte adhesion deficiency syndrome, who have
a deficiency of b2-integrin adhesion molecules. These leukocyte
adhesion deficiency NK cells had impaired DNAM-1-mediated
cytotoxicity that could be restored by genetic reconstitution of NK
cells with LFA-1.17 DNAM-1-mediated activation of leukocyte
adhesion deficiency NK cells resulted in the phosphorylation
of DNAM-1 cytoplasmic tyrosine residues, only when reconstituted

Figure 1 DNAM-1 signalling cascade and synergy with 2B4 and LFA-1.

Upon engagement with its ligands CD112 and CD155 DNAM-1 relocates to

lipid rafts and binds to actin cytoskeleton thanks to its association with

4.1G and MAGUK family protein hDlg. In addition, the DNAM-1

intracellular domain gets phosphorylated in Ser329 by PKC allowing the

association of DNAM-1 with LFA-1. In turn, LFA-1 recruits the Fyn Src

kinase to phosphorylate the Tyr322 of DNAM-1 that initiates DNAM-1

downstream signalling leading to SLP-76 and Vav1 phosphorylation.

However, the synergistic activation of other NK cell receptors such as 2B4

is required to override the c-Cbl inhibition of Vav1 and induce PLCg2
activation and subsequent calcium burst.
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with LFA-1, stressing the importance of LFA-1 in the DNAM-1
signalling cascade. Although not formally shown in NK cells, results
obtained in T cells indicate that LFA-1 crosslinking is required for
Fyn Src kinase-mediated phosphorylation of DNAM-1 at tyrosine
residue 322.17

Upon crosslinking, DNAM-1 is recruited in lipid rafts and
associates tightly with the cytoskeleton18 (Figure 1). In the human
T-cell line Jurkat, DNAM-1 binds to the MAGUK homologue, human
discs large (hDlg), subsequently mediating its interaction with the
actin-binding protein 4.1G. MAGUK family proteins function as
molecular scaffolds linking membrane receptors to the intracellular
machinery,19 and hDlg has been implicated in immune synapse
formation.20 DNAM-1 binding to actin cytoskeleton and its
association with LFA-1 raises the question of the role of DNAM-1
in the formation of the NK cell immune synapse. Some members of
the MAGUK family also associate with BCL-10 and can activate the
NF-kB signalling pathway.21 For example, CARD11 has been shown
to be essential for NK cell development and signalling through
multiple ITAM-coupled receptors.22 Further work is therefore needed
to understand whether DNAM-1 interaction with MAGUK family
protein members in NK cells is required to transmit its downstream
signalling.

It now becomes clear that the cytotoxic responses of NK cells and
their ability to produce cytokines require synergistic activation from
specific pair of receptors.4 The NKG2D and SLAM (signalling
lymphocytic-activation molecules) family member 2B4 (CD244)
represent the best example of such a synergy.23,24 Interestingly, not
only NKG2D could synergize with 2B4 to induce full NK cell
activation, but also DNAM-123–25 (Figure 1). Engagement of
DNAM-1 or 2B4 alone was not sufficient to trigger NK cell
degranulation, whereas combined engagement increased Ca2þ intra-
cellular flux, IFN-g production and NK cell killing.23 By contrast,
NKG2D and DNAM-1 were not able to synergize, suggesting a lack of
complementarity or some redundancy in their downstream signalling.
In depth, analysis of NK cell receptor synergy demonstrated that only
the convergence of signals provided by certain NK cell receptor pairs,
such as DNAM-1, NKG2D and 2B4, could overcome the inhibition of
vav-1 mediated by the E3 ubiquitin ligase c-Cbl. Although DNAM-1,
NKG2D and 2B4 single receptor triggering induced detectable Vav1
phosphorylation, such signals result in activation of PLC-g2, Ca2þ

mobilization and NK cell degranulation only in the absence of
c-Cbl.24 By contrast, the activation of NK cells via both DNAM-1
and 2B4 resulted in synergistic activation of PLC-g2, Ca2þ

mobilization and degranulation through a Vav1-dependent process.
More recently, it has been demonstrated that the dual
phosphorylation (Y113 and Y128) of SLP-76 (SH2 domain-
containing leukocyte phosphoprotein of 76 kDa) is required for the
synergistic activation of NK cells by DNAM-1 and 2B4, providing
further insight into the signalling interplay between DNAM-1 and
other receptors. Although distinct residues of SLP-76 were
phosphorylated by separated receptors, synergistic activation of
DNAM-1 and 2B4 induced the phosphorylation of both tyrosine
residues leading to the binding of SLP-76 to Vav1 and enabling
downstream signalling.25 Also of note, the coengagement of DNAM-1
and LFA-1 by a Drosophila cell line transfected to express CD155 and
intercellular adhesion molecule 1 triggered the IFN-g production by
NK cells, while these ligands alone had no effects, reinforcing the
functional link between DNAM-1 and LFA-1 in driving NK cell
activation.5 Whether such synergistic effects of DNAM-1 and LFA-1
also rely on the synergistic activation of SLP-76 and Vav1 remain to be
determined.

ROLE OF DNAM-1 IN NK CELL-MEDIATED TUMOUR

IMMUNOSURVEILLANCE

The impact of DNAM-1 in the control of tumour development
in vivo was first described using the RMA lymphoma model.14 In this
transplant model, enforced expression of CD155 or CD112
significantly increased tumour rejection involving a DNAM-1-
dependent mechanism mediated by cytotoxic T lymphocytes and
NK cells. The role of DNAM-1 in tumour immunosurveillance was
further defined following the generation of DNAM-1�/� mice.
DNAM-1�/� mice were shown to be more susceptible than wild-
type mice to spontaneous fibrosarcoma formation induced by
methylcholanthrene,26 a model where tumour initiation is NK cell
dependent.27 NK cell control of experimental metastasis was also
shown to be greatly impaired in the absence of DNAM-1 suggesting
that such receptor ligand interactions could have an important role in
the control of circulating tumour cells by NK cells.28 However, the
role of DNAM-1 in tumour control was found to be less critical when
NKG2D ligands (for example, RAE-1e) were also present at the cell
surface of tumour cells, in accordance with the absence of synergy
between these two receptors.29

Consistent with the important role of DNAM-1 in tumour
immunosurveillance, the expression of DNAM-1 ligands CD155
and CD112 was observed on a wide number of tumour cells isolated
from both solid and lymphoid malignancies.14,30–34 For example, the
level of CD155 and CD112 expression on neuroblastoma cells derived
from human patients correlated with their susceptibility to NK cell-
mediated killing.35 Interestingly, only CD155 blockade, but not
CD112, was able to decrease killing of tumour cells by NK cells,
suggesting that CD155 is one of the major DNAM-1 ligands involved
in NK cell-mediated cytotoxicity against these tumour cells. In
multiple myeloma, most malignant plasma cells isolated from
patients expressed DNAM-1 ligands, and NK cell-mediated killing
of patient derived myelomas was DNAM-1 dependent.31

Furthermore, treatment with therapeutic agents commonly used in
the management of this pathology, such as doxorubicin, melphalan
and bortezomib, upregulated DNAM-1 ligand CD155 and NK cell
degranulation.36 Interestingly, in this study therapy-induced
upregulation of CD155 was mediated through ATM (Ataxia
telangiectasia, mutated) and ATR (-and Rad3-related) genomic
stress and DNA breaks sensors (Figure 2). Using the Em-myc
spontaneous B-cell lymphoma model, Gasser and colleagues recently
showed that CD155 was upregulated on the early-stage transformed B
cells as a result of activation of the DNA-damage response pathway.
This increase in CD155 expression on early transformed B cells
subsequently led to tumour suppression in a DNAM-1-dependent
manner involving both NK and T-cell effectors.37 DNAM-1 ligand
overexpression may therefore represent a key danger signal alerting
NK cells against cellular stress similar to NKG2D ligands.8,38

However, the high expression of CD155 described in most cancers
does not seem to be sufficient to trigger tumour eradication in vivo.
Indeed, cancer cells have developed escape mechanisms to avoid
DNAM-1-mediated destruction. One of the more commonly
described involves the downregulation of DNAM-1 at the cell surface
of NK cells due to chronic ligand exposure.30,33 For example, in
peritoneal effusions of ovarian carcinoma, NK cells express reduced
levels of DNAM-1 and are hyporesponsive to HLA class I-deficient
K562 cells and to coactivation via DNAM-1 and 2B4.30 In acute
myeloid leukaemia an inverse correlation between CD112 expression
on AML blasts and DNAM-1 expression on NK cells was described.33

In both pathologies, downregulation of DNAM-1 could be
induced on NK cells after in vitro culture with tumour expressing
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DNAM-1 ligands. Indeed, DNAM-1 expression at the cell surface of
NK cells seems to be dynamically regulated by CD155 interactions as
suggested by the elevated protein levels of DNAM-1 on NK cells from
CD155�/� mice.39

ROLE OF DNAM-1 IN NK CELL CONTROL OF INFECTIONS

NK cells through their ability to kill infected cells without any prior
polyclonal expansion have a critical role in limiting viral and bacterial
infections. A recent report indicated that DNAM-1�/� mice take
significantly longer to clear lymphocytic choriomeningitis virus
infection suggesting that DNAM-1 may have an important role in
controlling pathogens in vivo.40 Although the role of DNAM-1 in NK
cell-mediated antiviral immunity has not yet been fully understood
in vivo, several studies indicate that DNAM-1 has a relevant role in
NK cell recognition of virus infected cells during early infection. For
example, the killing of human cytomegalovirus-infected myeloid
dendritic cells by NK cells is largely dependent on DNAM-1.41,42

Indeed, DNAM-1 ligands have been shown to be upregulated on
antigen-presenting cells in response to viral or bacterial components
recognized by toll like receptors.43 Some pathogens may also activate
the DNA-damage response pathway leading to CD155 expression as
demonstrated recently for human immunodeficiency virus (HIV).44

The importance of DNAM-1 in NK cell control of viral infections is
also underlined by the fact that many viruses have developed potent
immune evasion strategies to avoid DNAM-1 recognition. Indeed,
recent studies have described the capacity of different viral proteins to
inhibit the cell surface expression of both CD112 and CD155, thus
affecting the cytotoxic responses of NK cells.41,45–47 For example, the
viral UL141 gene product of human cytomegalovirus mediated
efficient protection of infected cells against killing by NK cells by
blocking surface expression of CD155 (Figure 2).45 Similarly, HIV-1
has been shown to downregulate CD155 in a Nef-dependent manner
to prevent NK cell-mediated lysis of HIV-infected CD4þ T cells.47

Finally, as shown in cancer patients, a downregulation of DNAM-1
expression has been described in chronic infection.48

ROLE OF DNAM-1 AND NK CELLS IN IMMUNE-RELATED

PATHOLOGIES

Allogeneic bone marrow transplantation represents the most effective
treatment for haematologic malignancies. Unfortunately, graft-versus-
host disease (GVHD) remains a major cause of death after allogeneic
stem-cell transplantation. This disease is primarily caused by the
activation of alloreactive donor T cells by host antigen-presenting cells
that leads to severe host tissue damage.49 Previous studies
demonstrated that NK cells limit the development of GVHD,
whereas favouring BM engraftment.50 The anti-GVHD effect of NK
cells was mainly due to the killing of host antigen-presenting cells.50

More recently, mouse studies also showed a direct effect of donor NK
cells on GVHD-inducing T cells.51,52 Although in vivo evidence is still
lacking, the DNAM-1-CD155 interaction may have an important role
in driving the anti-GVHD effect of NK cells.53 Indeed, DNAM-1 has
been shown to have a critical role in the killing of both allogeneic
dendritic cells and activated T cells.54,55

There is now strong evidence indicating that a single nucleotide
polymorphism in CD226 gene, leading to one amino acid substitution
in the DNAM-1 receptor (Gly307Ser), is associated with the
development of several autoimmune pathologies including type-1
diabetes, multiple sclerosis, rheumatoid arthritis and systemic lupus
erythematous (SLE).56–62 Additional work is required to understand
whether Gly307Ser substitution that occurs in the intracellular
domain of DNAM-1, affects DNAM-1 signalling and NK and T-cell
functions. Regardless, this suggests that DNAM-1 has a critical role in
the development of autoimmune pathologies. Besides the importance
of DNAM-1 in the regulation of TH differentiation,63–65 DNAM-1
regulation of NK cell functions may also be relevant given the number
of studies linking NK cells to autoimmune pathologies (Figure 3).66,67

Several mouse studies using NK cell-depleting antibodies revealed a
critical regulatory role of NK cells in limiting the developmental
autoimmune pathologies.68 For example, in experimental
autoimmune encephalomyelitis (EAE), in vivo depletion of NK cells
exacerbated demyelination and the clinical features of EAE.69–72

Figure 2 Molecular pathways regulating CD155 expression in transformed and infected cells. Genotoxic drugs, oncogenes and pathogens derived factors can

create DNA breaks and activate the DNA-damage response pathway. This pathway initiated through ATM (Ataxia telangiectasia, mutated) and ATR (ATM-and

Rad3-related) stimulates CD155 gene transcription. The recognition of pathogen-associated molecular patterns (PAMPs) and damage-associated molecular

patterns (DAMPS) by toll like receptors (TLR) also increase the expression of CD155 through NF-kB activation, whereas viral proteins such as HIV Nef and

HCV UL141 interfere with CD155 expression.
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Although several mechanisms have been proposed, a number of
studies suggest that NK cell-mediated immunoregulatory activity was
perforin dependent and involved NK cell-mediated killing of
autoreactive T cells.68,73,74 DNAM-1 may have a critical role in
such mechanism given the high expression of CD155 on T-cell blasts
and the critical role of DNAM-1 in NK cell cytotoxicity.55 The role of
NK cells in promoting or inhibiting autoimmunity seems to differ
between studies and depends on the disease or the model used.
For example, NK cells have also been involved in the development of
type-1 diabetes where NK cell infiltration preceded the pathogenic
CD4þ T-cell activation and b-islet destruction.75,76 NKG2D
ligands have been shown to participate in the immune cell
destruction of target tissues in autoimmune diseases.77 It remains to
be determined whether DNAM-1 ligands are also induced on target
tissues and participate in the development of autoimmune
pathologies.

ALTERNATIVE RECEPTORS: TIGIT AND CD96

Based on the critical role of DNAM-1 in NK cell biology, it is also
important to discuss the role of two other receptors that share
common ligands with DNAM-1: CD96 (Tactile) and TIGIT
(WUCAM, VSTM3).

TIGIT is an immune cell-specific immunoglobulin protein of the
CD28 family discovered by Yu et al.78 in 2009 consisting of one
extracellular immunoglobulin domain, a type-1 transmembrane
region and two ITIM motifs. In healthy humans, TIGIT is
preferentially expressed by CD45ROþ memory T cells, CD4þ

FOXP3þ regulatory T cells (Treg) and NK cells. Like DNAM-1,
TIGIT was found to bind CD155 and CD112. In addition TIGIT is
able to bind another member of the nectin family, CD113 (PVRL3).
Interestingly, surface plasmon resonance revealed that TIGIT binds
CD155 with a higher affinity than DNAM-1, and competition assays

demonstrated that TIGIT dose-dependently reduced DNAM-1/
CD155 interactions. Despite the presence of two ITIM motifs in its
intracellular domain, this first report failed to see a direct role of
TIGIT in inhibiting T-cell and NK cell functions. However, the
TIGIT/CD155 interaction was shown to stimulate interleukin (IL)-10
by dendritic cells and limit T-lymphocyte proliferation as shown in a
model of delayed type hypersensitivity. Although, these findings need
to be confirmed, these results raised the interesting concept that
TIGIT and potentially DNAM-1 interaction with CD155 may
participate in NK/dendritic cell crosstalk to regulate inflammation.

TIGIT was also independently discovered by other two research
groups and given different names. In 2009, Boles et al. reported the
discovery of the ‘Washington University Cell Adhesion Molecule’
(WUCAM) CD155 receptor by searching on the National Center
Biotechnology Information cDNA database for new receptors able to
bind nectin family proteins. The authors showed that the murine
B-cell line Baf3 expressing WUCAM cDNA bound to the CD155-
transfected Daudi B-lymphoblastic cell line.79 Two years later, Levin
et al.80 described VSTM3 (TIGIT, WUCAM) as a novel member of
the CD28 family based on similar gene structure. Again, it was shown
that this receptor could compete with DNAM-1 for the binding of
CD155 and CD112. In vivo, TIGIT blockade was shown to accelerate
collagen-induced arthritis, whereas TIGIT�/� mice were more
susceptible to MOG-driven EAE. Interestingly, in this study TIGIT
was shown to directly limit T-cell proliferation in response to TCR
stimulation suggesting that TIGIT can directly transmit a negative
signal to dampen cell activation. More recently, its has been suggested
that the TIGIT and DNAM-1 interaction with CD155 differentially
regulates T-cell polarization.65,81,82

There is now increasing evidence that TIGIT also exerts inhibitory
properties on NK cells although the in vivo significance of such
findings remains to be addressed. For example, the transfection of
TIGIT limits YTS NK cell-line cytotoxicity against CD155-transfected
721.221 cells.83 Furthermore, the cross-linking of TIGIT inhibited
anti-2B4 and anti-NKp30-induced redirected killing of P815 by
human NK cells. More recently, TIGIT has also been shown to
limit mouse NK cell-mediated cytotoxicity against CD155-expressing
B12 cells.15 By contrast, the killing of DNAM-1-independent cell lines
such as RMA-S and YAC-1 were not affected by TIGIT blockade
despite the presence of CD155, suggesting that TIGIT may mainly
regulate DNAM-1-sensitive cell lines.

In a recent paper, Liu et al.84 provided new insight on the
mechanism of action of TIGIT in NK cells. Using a TIGIT
transfected YTS NK cell line, they demonstrated that TIGIT is
recruited at the immunological synapse and its engagement by
CD155 disrupts granule polarization and cytotoxicity of NK cells.
The phosphorylation of an ITT-like motif of TIGIT at tyrosine 225
was responsible for such an effect as shown by the lack of inhibition
by a Tyr225 mutated TIGIT construct. This site once phosphorylated
was shown to recruit, via the adaptor molecule Grb2, the SH2
domain-containing phosphatase SHIP1 that inhibits the
phosphoinositide 3-kinase and mitogen-activated protein kinase
signalling pathways. In a recent study, TIGIT inhibition was
released only when both the ITIM and ITT sites of TIGIT were
mutated.15 This suggests that the ITIM motif of TIGIT may also have
a role in TIGIT inhibition of NK cell signalling notably by its ability
to recruit the tyrosine phosphatases SHP1 and SHP2.

Most of the work on TIGIT and NK cells has been carried out
evaluating the in vitro killing ability of NK cells against CD155-
expressing target cells. It should now be determined whether TIGIT
impacts on NK cell functions in vivo, especially in pathologies where

Figure 3 DNAM-1 control of natural killer cell functions orchestrates

immune responses. The recognition of CD155 at the cell surface of stressed

cells by DNAM-1 together with other NK cell receptor ligands (ICAM-1,
NKG2D-L, CD48) trigger NK cell cytotoxicity limiting viral replication and

tumour burden (1). The release of inflammatory cytokines by NK cells also

helps to mount an efficient adaptive immune response by stimulating the

maturation and antigen presentation by antigen-presenting cells (APC) (2).

In other contexts such as GVHD and autoimmunity, NK cells may also limit

T-cell activation by killing CD155-expressing APCs (3) and T cells (4).
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DNAM-1 has been shown to have a critical role such as cancer,
infection and autoimmunity.

Despite being cloned 20 years ago,85 CD96 is the least studied
immunoglobulin receptor able to bind the nectin protein family.6

CD96, originally cloned and identified in human T cells, has three
extracellular immunoglobulin domains and an ITIM motif.86,87 In
humans, its expression is largely confined to NK cells, CD8 T cells and
CD4 T cells.85 The major ligand of CD96 is CD155, but it has also
been reported to associate with CD111 in mice (nectin-1).87 Original
studies demonstrated that CD96 interaction with CD155 enhanced
human NK cell adhesion to target cells.86 Similar to DNAM-1, CD96
may also be considered as a potential co-stimulatory receptor based
on its ability to increase human NK cell-mediated cytotoxicity in
redirected killing assays.83,86 The presence of a YXXM motif in the
cytoplasmic tail of human CD96 may account for the reported co-
stimulatory functions of human CD96.88 Indeed, this potential
binding site for the P85 subunit of the PI3 kinase is frequently
encountered in the Ig superfamily coreceptors.89 However, CD96
cytoplasmic domains also contain an ITIM like motif that could
potentially deliver inhibitory signals.88 Finally, the affinity of CD155
for CD96 is higher than DNAM-1 and a competition between these
two receptors may impact NK on cell functions.78

CONCLUDING REMARKS

Given the emerging role of host immunity in the efficacy of cancer
treatments90 and the promising clinical responses obtained by
monoclonal antibodies targeting T-cell inhibitory pathways),91

interest in the function of receptors that govern NK and CD8 T-cell
functions is growing. DNAM-1 is a critical regulator of NK cell-
mediated cytotoxicity against tumours that may represent a promising
therapeutic target for the treatment of malignancies. Recent advances
in the understanding of the key cellular signals driving CD155 and
CD112 expression provided new clues on therapeutic opportunities to
increase the tumour expression of these ligands through genotoxic
drugs.36 As the molecular determinants of tumour immunogenicity
begin to be better understood, there is no doubt that additional
cellular pathways that increase the expression of DNAM-1 ligands will
be discovered in the future.8 In addition, the requirement for
synergistic activation between pairs of NK cell receptors should be
taken into account to maximize NK cell reactivity against target cells.24

For example, in the case of DNAM-1, the presence of LFA-1 or 2B4
ligands (ICAM-1 and CD48, respectively) may condition NK cell
reactivity against target cells.25 In this regard, a better understanding of
the interplay between the signalling of DNAM-1 and other receptors
may help designing new NK cell-based immunotherapies.

T cell immunoreceptor with Ig and ITIM domains (TIGIT) recently
emerged as a potent negative regulator of NK cells cytotoxicity.83 Future
work should determine the impact of such a pathway in the regulation
of NK cell functions in vivo. Neutralizing this receptor by means of
blocking mAbs may represent an attractive strategy to increase DNAM-
1 functions given the higher affinity of TIGIT than DNAM-1 for the
same ligands.78 Similarly, CD96 has been shown to have a higher affinity
for CD155 than DNAM-1 and may therefore compete with the later for
ligand binding at the cell surface of target cells. CD96 biology remains
poorly studied to date and more work is required to understand
whether this receptor improves or limits NK cell reactivity. Finally,
Yu et al.78 demonstrated that CD155 might transmit an intrinsic signal
upon ligand binding that stimulates APC production of IL-10. Such a
result suggests that CD155 interaction with DNAM-1, TIGIT and CD96
may be involved in NK/dendritic cell crosstalk and targeting this
interaction may be valuable in various pathologies. Although many

questions remain to be addressed, the impact of Nectin and Necl family
proteins and their receptors on the immune system constitutes an
exciting and promising niche to be explored.
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