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Summary

Natural killer (NK) cells, which can exert early and powerful anti-tumour

and anti-viral responses, are important components of the innate immune

system. DNAX accessory molecule-1 (DNAM-1) is an activating receptor

molecule expressed on the surface of NK cells. Recent findings suggest

that DNAM-1 is a critical regulator of NK cell biology. DNAM-1 is

involved in NK cell education and differentiation, and also plays a pivotal

role in the development of cancer, viral infections and immune-related

diseases. However, tumours and viruses have developed multiple mecha-

nisms to evade the immune system. They are able to impair DNAM-1

activity by targeting the DNAM-1 receptor–ligand system. We have

reviewed the roles of DNAM-1, and its biological functions, with respect

to NK cell biology and DNAM-1 chimeric antigen receptor-based

immunotherapy.

Keywords: DNAM-1; DNAM-1 ligands; infections; natural killer cells;

tumours.

Introduction

The biological characteristics and functions of natural

killer (NK) cells, such as their education and differentia-

tion, recognition and activation, killing and immunoregu-

latory functions have been thoroughly investigated over

the decades.1–5 Natural killer cells possess the ability to

eliminate malignant transformed cells, virus-infected cells

and some stressed cells, without causing damage to

healthy cells.6 Upon their activation, NK cells secrete

numerous pro-inflammatory cytokines and chemokines,

such as interferon-c (IFN-c), tumour necrosis factor-a,
interleukin-6 (IL-6), granulocyte–macrophage colony-

stimulating factor, and macrophage inflammatory pro-

teins 1a and 1b, to modulate immune functions.3 With

dual roles in innate and adaptive immunity, NK cells are

critical components of the immune system, and con-

tribute to establishing defence mechanisms against infec-

tions and tumours, and maintaining immune system

homeostasis.7

Natural killer cells express a number of germline-

encoded activating and inhibitory receptors in humans.

Inhibitory receptors include killer immunoglobulin-like

receptors, immunoglobulin-like transcript 2 receptors and

the CD94/NKG2A receptor.8 The NK cell activation

receptors can be classified into two different categories,

Abbreviations: Aa, amino acid; ATM, Ataxia-telangiectasia, mutated; ATR, ATM and Rad3-related; CAR, chimeric antigen recep-
tor; CHEK1/2, Check-point kinase 1/2; CRTAM, class I restricted T cell-associated molecule; DC, dendritic cell; DNAM-1,
DNAX accessory molecule-1; DNAM-1L, DNAM-1 ligand; EAE, experimental autoimmune encephalomyelitis; EAT2, Ewing-
sarcoma associated transcripts 2; Grb2, grow factor binding protein 2; GVHD, graft-versus-host disease; HCMV, human cytome-
galovirus; HCV, hepatitis C virus; HIV-1, human immunodeficiency virus type 1; IFN-c, interferon-gamma; IL, interleukin;
ITSM, immunoreceptor tyrosine-based switch motif; LAT, linker for the activation of T cells; LFA-1, lymphocyte function-associ-
ated antigen 1; MAPK, mitogen activated protein kinase; MHC, major histocompatibility complex; MiRNA, microRNA; MYD88,
myeloid differentiation factor 88; NKG2D, natural killer cell group 2 member D; NK, natural killer; NTAL, non-T cell activation
linker; PAMPs/DAMPs, pathogen- and damage-associated molecular patterns; RA-FLS, rheumatoid arthritis Fibroblast-like syn-
oviocytes; SAP, SLAM-associated protein; SLAM, signalling lymphocytic-activation molecule; SLP-76, Src homology 2(SH2)
domain-containing leukocyte phosphoprotein of 76 kD; SSc, systemic sclerosis; Syk, spleen tyrosine kinase; TIGIT, T cell
immunoreceptor with immunoglobulin and immunoreceptor tyrosine-based inhibitory motif (ITIM) domains; ZAP, zeta chain-
associated protein kinase
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based on the specificity of receptor–ligand recognition:

MHC-dependent receptors, such as activating killer

immunoglobulin-like receptors and CD94/NKG2C, and

non-MHC-dependent receptors, such as NK cell group 2

member D (NKG2D), natural cytotoxicity receptors,

NKp65, NKp80, T-cell immunoglobulin and mucin-con-

taining domain 3, and DNAX accessory molecule-1

(DNAM-1, which is also known as CD226).9

DNAM-1, which binds to the nectin molecule CD112

(also known as nectin-2 or PRR2) and the nectin-like

molecule CD155 (also known as poliovirus receptor PVR

or Necl5), has recently emerged as a pivotal regulator of

NK cell-mediated functions against cancer, viral infections

and immune-related pathologies.10–13 It is involved in

intercellular adhesion, lymphocyte signalling, lymphokine

secretion and cytotoxicity induced by cytotoxic T lympho-

cytes and NK cells.11 In recent years, results from a series of

studies have highlighted the involvement of DNAM-1 in

NK cell education, differentiation, immune synapse forma-

tion and cytokine production in NK cell biology.14–18 In

addition, DNAM-1 exerts its synergistic roles in regulating

NK cell activation and functions with three molecules: T-

cell immunoreceptor with immunoglobulin and

immunoreceptor tyrosine-based inhibitory motif domains

(TIGIT); CD96, which is also known as T-cell activation

increased late expression (or TACTILE); and class I

restricted T-cell-associated molecule (CRTAM).19

In this article, we have reviewed recent advances in

DNAM-1 research, and how the expression of DNAM-1

ligands (DNAM-1Ls) is regulated. We have also briefly

outlined the synergistic combinations of NK cell activa-

tion receptors. We discuss the involvement of DNAM-1

in cancer, infections and autoimmune diseases. In addi-

tion, we explored immune evasion mechanisms employed

by malignant transformed and virus-infected cells, in an

attempt to further understand the role of DNAM-1 in

novel anti-tumour and anti-virus immunotherapeutic

strategies.

Expression and modulation of DNAM-1 on NK
cells

DNAM-1 is a 65 000 molecular weight immunoglobulin-

like transmembrane glycoprotein that is expressed on the

surface of NK cells, T lymphocytes, platelets, monocytes

and a subset of B cells.11 The gene CD226, which encodes

DNAM-1, is conserved between mice and humans, and is

located on chromosomes 18E4 and 18q22.3, respectively.

DNAM-1 was first discovered in T lymphocytes and was

associated with the differentiation of cytotoxic T lympho-

cytes. It was originally designated T-cell lineage-specific

activation antigen-1.10 It is also expressed on platelets,

and participates in platelet activation and aggregation;

therefore, it is also known as platelet and T-cell activation

antigen-1.11

DNAM-1 contains three domains: an extracellular

domain of 230 amino acids, comprising two immunoglo-

builn-like domains and eight N-linked glycosylation sites;

a transmembrane domain of 28 amino acids; and a

cytosolic domain of 60 amino acids, with four putative

tyrosine residues and one serine residue for phosphoryla-

tion, which recruits signal proteins. The structural basis

of the interactions between DNAM-1 and its ligands is

unclear. Liu and colleagues showed that membrane-

bound and soluble DNAM-1 bound to immunoglobulin

V-set domains of nectin-2 (nectin-2v). DNAM-1 was

found to bind to nectin-2 through the same interface as

that used by the nectin-2v dimer.20 In comparison with

CD226-extracellular domain 1 and full-length CD226, the

effector functions of DNAM-1, such as recognition, adhe-

sion, immune synapse formation and cytotoxicity, are

dependent on the structure of DNAM-1 extracellular

domain 1.14

MicroRNAs (miRNAs) are a class of non-coding

endogenous small RNAs that post-transcriptionally regu-

late gene expression by binding to the 30 untranslated

regions of target genes. There is an increasing body of

evidence to indicate that miRNAs could regulate the

expression of NK cell activation receptor and function-

related genes (KLRK1, PRF1, GZMB and IFNG).21 We

found that miR-422a targets the 30-untranslated region of

CD226, and that miR-422a down-regulation results in a

significant increase in DNAM-1 expression in NK cells.

Consequently, this results in the up-regulation of the abil-

ities of NK cells to recognize and kill tumour cells (un-

published data).

Expression of DNAM-1 on NK cells can also be regu-

lated by soluble factors and cell–cell interactions.22–26 In

humans, IL-2 or IL-15 alone or in combination with

heat-shock protein 70-derived 14-mer peptide, granulo-

cyte–macrophage colony-stimulating factor/IL-2 fusion

protein, and glucocorticoid up-regulates DNAM-1 expres-

sion,23–25 whereas indoleamine 2,3-dioxygenase, trans-

forming growth factor-b and chronic CD155 exposure by

some tumour cells can down-regulate DNAM-1 expres-

sion on NK cells.22,26

DNAM-1 ligands

CD112 and CD155 are DNAM-1Ls that belong to the

nectin and nectin-like (Necl) protein families, comprising

nectin 1-4 and Necl 1-5, respectively.12,27 These two

molecules are broadly distributed on normal neuronal,

epithelial, endothelial, fibroblastic cells, and on trans-

formed and pathogen-infected cells.12 They are also

expressed at the cell surface of immune cells such as

monocytes, dendritic cells (DCs), and activated T cells.

DNAM-1 receptor–ligand interactions mediate the cross-

talk between NK cells and other immune cells, to main-

tain homeostasis.28
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CD155 is a transmembrane glycoprotein whose external

domain mediates cell attachment to the extracellular

matrix molecule vitronectin, while its intracellular

domain interacts with dynein. CD155 serves as a cellular

receptor for poliovirus. CD112 is a plasma membrane

component of adherens junctions. It is involved in the

cell–cell spread of viruses. Results from a previous study

demonstrated that blocking CD155 signalling blunted NK

cell-mediated destruction of tumour cells. However,

blocking CD112 signals failed to inhibit NK cell-mediated

killing, suggesting that CD155 is the most important

ligand in DNAM-1-mediated cytotoxicity.29 Therefore, it

can be seen that DNAM-1Ls also mediate the recognition

and killing of target cells through their interactions with

the DNAM-1 activating receptor.

Similar to the induction of NKG2D ligands, target cells

initiate an intrinsic response to cellular stress, which

results in the aberrant expression of DNAM-1Ls.30 Atypi-

cal expression of DNAM-1Ls, especially CD155, is

affected by multiple pathological conditions, such as

tumorigenesis, inflammation-associated diseases, virus

infections and other certain stressors (Fig. 1).

The DNA damage response is a complex signalling net-

work that could be employed in limiting tumorigenesis.31

Results from a number of studies have demonstrated that

DNA damage induced by oncogenic transformation,

chemotherapy, oxidative stress, viral infections and anti-

gen-stimulated activated/proliferating T cells activates the

expression of certain genes, including ATM, ATR, CHEK1

and CHEK2, which subsequently results in the expression

of the genes encoding CD155 and CD112.32–35 It was

recently shown that nitric oxide induced the expression

of CD155 at very high levels. CD155 was then able to

exert its anti-cancer activity through activation of the

DNA damage response network.36

Krizhanovsky and colleagues showed that the up-regu-

lation of CD155 expression, induced by cellular senes-

cence, could mediate the killing of hepatic stellate cells by

NK cells, so inhibiting fibrosis progression.37 Hepatic stel-

late cells are special cells that contribute to the develop-

(oncogenic transformation,
chemotherapy, oxidative stress,
viral infections, Ag-stimulated
activated/proliferating T cells)

(Hepatic stellate cell) (DAMPs/PAMPs)

3. TLR

MyD88
TRIF

NF-kB

CD155

Up-regulation

DDR

(HCMV/HIV-1)

CD155
CD155

Down-regulation

ATM/ATR
CHK1/CHK2

4. Virus

1. DNA damage
conditions

2. Cellular
senescence

Figure 1. Dual regulation of CD155 expression. 1, DNA damage conditions, including oncogenic transformation, chemotherapy, oxidative stress,

viral infections and antigen-stimulated activated/proliferating T cells (referred to as dysregulated proliferation), stimulate CD155 gene transcription

through the DNA damage sensors ataxia-telangiectasia mutated (ATM), ATM and Rad3-related (ATR), and check-point kinase 1/2 (CHK1/2). 2,

Cellular senescence such as hepatic stellate cells can also induce up-regulation of CD155 expression. 3, Toll-like receptor (TLR) interactions with

pathogen- and damage-associated molecular patterns (PAMPs and DAMPs) also increase CD155 expression in nuclear factor-jB (NF-jB)-dependent
way (the former three factors in green line) 4, whereas both human cytomegalovirus (HCMV) and HIV-1 can induce down-regulation of CD155

expression (the final factor in black line). DDR, DNA damage response; MYD88, myeloid differentiation factor 88; TRIF, Toll/interleukin-1 receptor

domain-containing adaptor inducing interferon-b.
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ment of liver fibrosis, while senescence limits the fibro-

genic response to tissue damage. It was recently shown

that CD155 expression correlated with toll-like receptor

engagement of viral or bacterial components on antigen-

presenting cells. Upon activation, toll-like receptors

recruit myeloid differentiation factor 88 (MyD88), Toll/

IL-1 receptor domain-containing adaptor inducing IFN-b
and nuclear factor-jB, the expression of CD155 is up-

regulated.38

Several viruses, including human cytomegalovirus

(HCMV), Epstein–Barr virus and HIV-1, can induce the

aberrant expression of DNAM-1Ls.39–42 For example,

HCMV induced low-level expression of CD155 and

CD112 on target cells through proteasome-mediated

degradation during infection to combat NK cell-mediated

destruction.39,40 B cells infected with Epstein–Barr virus

exhibited up-regulated expression of CD112. As a result,

these B cells were more susceptible to NK cell-mediated

killing.41 In addition, HIV-1, through its Nef and Vpu

proteins, is able to down-regulate the expression of

DNAM-1 in cytotoxic cells, and CD155 expression in

HIV-infected cells. This helps HIV-infected cells avoid

NK cell-dependent cytotoxicity.43 It has since been

demonstrated that Vpr could over-ride the effects induced

by Nef, contributing to the up-regulation of CD155 in

the DNA damage response network.35

Critical roles of DNAM-1 in NK cell functions

DNAM-1 is a co-activation receptor involved in the regu-

lation of NK cell adhesion, lymphocyte signalling, lym-

phokine secretion and cytotoxicity. However, there is an

increasing body of evidence that indicates greater involve-

ment of DNAM-1 with respect to NK cell biology.14–19

DNAM-1 has now been shown to be involved in NK cell

education and differentiation, immune synapse formation,

cytokine production and cross-talk with DCs and T cells.

DNAM-1 also acts synergistically with CD96, TIGIT and

CRTAM to regulate NK cell functions.14–16,18,19,28,44

At present, there is no known marker that can be

used to distinguish educated from non-educated NK

cells. Therefore, elucidating the cellular and molecular

mechanisms governing NK cell education would be a

critical step in understanding NK cell regulation. Anfossi

et al.45 were the first to recognize that DNAM-1 was

associated with NK cell education, courtesy of its differ-

ing expression patterns in educated and non-educated

NK cells. Subsequently, Enqvist et al. examined a num-

ber of activation receptors and adhesion molecules on

the surface of NK cells, and discovered that only

DNAM-1 expression was involved in the expression of

educating self-specific inhibitory receptors. These find-

ings were an indicator that DNAM-1 was an intrinsic

marker of educated NK cells, and was potentially associ-

ated with cytotoxicity.17

Two research groups have provided evidence of the

pivotal role of DNAM-1 during NK cell differentia-

tion.15,18 Nabekura et al. showed that DNAM-1�/�

Ly49H+ NK cells could not be expanded in culture. In

addition, their differentiation into memory NK cells was

inhibited when they were infected with a murine CMV,

implying that DNAM-1 was essential for their differentia-

tion into memory NK cells.15 Martinet et al. found that

DNAM-1+ NK cells were able to differentiate into

DNAM-1� NK cells, regardless of the stage of maturation.

Moreover, the development was independent of CD11b

phenotype. In contrast, DNAM-1� NK cells retained their

DNAM-1� phenotype and were unable to re-express

DNAM-1. DNAM-1+ NK cells exhibited functional differ-

ences compared with their DNAM-1� counterparts, such

as regulated cytokine secretion and anti-tumour func-

tions.18 Interestingly, these functional differences are likely

to be a consequence of distinct gene expression profiles

exhibited by DNAM-1 per se, but not the co-stimulatory

signals provided by the engagement of DNAM-1–CD155
interactions. These results suggest that DNAM-1 might

serve as an adjuvant differentiation marker, complemen-

tary to the traditional CD11b molecule in mice.18

The stimulation of DNAM-1 induces its involvement in

the formation of immunological synapse. In contrast,

blocking DNAM-1 impairs the formation of immunologi-

cal synapse, resulting in decreased adhesion between NK

cells and target cells, and a reduction in the level of

DNAM-1-mediated cytolysis.14,46

The proportion of IFN-c+ NK cells is reduced in

DNAM-1-deficient mice compared with that in wild-type

controls, in response to stimulation with bacterial

lipopolysaccharide.16 CD96 is known to inhibit the pro-

duction of IFN-c in NK cells. With regard to the opposite

role of CD96 and DNAM-1 in regulating the production

of IFN-c of NK cells, DNAM-1 appears to play a crucial

role in the up-regulation of NK cell-mediated IFN-c
secretion during inflammation.

Based on DNAM-1 receptor–ligand interactions

in vitro, DNAM-1 appears to play a vital role in the man-

agement of DCs and T cells. Interactions between

DNAM-1 and CD155, and/or CD112 contribute to the

NK-mediated killing of immature and mature DCs.28

Furthermore, DNAM-1 cooperates with NKp30, inducing

NK cells to lyse immature DCs and promoting the prolif-

eration of mature DCs.47 The DNAM-1/DNAM-1L axis is

involved in the cross-talk between NK and T cells. NK

cells can recognize and lyse antigen-stimulated activated/

proliferating T cells in graft-versus-host disease (GVHD)

or other autoimmune diseases. They can also promote

the differentiation of T helper cells.44,48

TIGIT, CD96 and CRTAM are able to bind to nectins

and nectin-like molecules to modulate the functions of

NK cells, which brought about the complexity of DNAM-

1 involvement in NK cell biology. The role of DNAM-1
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in collaborating with these three molecules, and in bal-

ancing the activation of NK cells, was recently reported.19

DNAM-1 signalling (pathway) and the synergistic
activation of NK cells

The mechanisms by which NK cells are activated by an

array of innate activating and inhibitory receptors

have been widely studied.5 Other researchers have

reviewed the synergistic activation of NK cells,5 and the

signalling pathways involved for activating receptors

such as natural cytotoxicity receptors, NKG2D, 2B4 and

DNAM-1.13,49,50

The involvement of multiple diverse signalling path-

ways increases the complexity, and the diversity of regula-

tion, for NK cell responsiveness.6 There are several

different activating signalling pathways involved in

human NK cells: (i) the ITAM–Syk/ZAP70 pathway, as

observed for natural cytotoxicity receptors, CD94/

NKG2C, KAR and CD16(FccRIIIA); (ii) the DAP10

(YINM)-PI3K/Grb2 pathway, for NKG2D; (iii) the ITSM-

SAP(SLAM-associated protein)/EAT-2 pathway, for the

signalling lymphocytic-activation molecule (SLAM) family

receptors 2B4, NTB-A (CD84) and CRACC (CD319); and

(iv) other tyrosine-based signalling motif activating path-

ways, for DNAM-1, NKp80 and NKp65 (Fig. 2).

CRACC
NTB-A

2B4

Src

p
SAP

EAT2

Fyn
Rac1/Rho

PAK1

MEK

ERK

P85
P13K P13K

p
Src Src

p
p

p

p

pGrb2

NKG2D/DAP10 DNAM-1 NKp80 NKp65 NKp46/30
NKp44

CD16 KAR

CD94/NKG2C

LFA-1

Fyn

PKC

hDIg
4·1G

Actin cytoskeleton

Vav2/3

PLC-γ1/2PLC-γ2

Cytoskeleton
recorganization

Degranulation +Cytokine secretion

Tyr128Tyr113

Va
v1

c-cbl

pp
SLP-76

V
av1

LAT

NTAL

Syk/ZAP70

Ca++

(a) (b) (c) (d)

Figure 2. Multiple activating human natural killer (NK) cell receptors and representative signalling pathways of 2B4, NKG2D, DNAM-1 and

NKp46/30. (a) SLAM family receptor CRACC (CD319), NTB-A (CD84), and 2B4; e.g. 2B4 transduces signal in ITSM-SAP/EAT-2-Fyn-dependent

pathway. (b) NKG2D; e.g. NKG2D/DAP10 transduces signal in DAP10-PI3K-MAPK/Grb2-Vav1-dependent pathway. (c) DNAM-1, NKp80, and

NKp65; e.g.DNAM-1 signalling cascade is described in text. (d) NKp46/NKp30, NKp44, CD16 (FccRIIIA), KAR and CD94/NKG2C. e.g.NKp46/

NKp30 transduces signal in ITAM-Syk/ZAP70-dependent pathway, and results in subsequently activation of phosphatidylinositol-3 kinase (PI3K),

Vav2/3 and phospholipase C (PLC)-c1/2. The first step to transduce intracellular signal of all activation receptors is to be phosphorylated by Src

family kinases. 2B4 can induce Src homology 2(SH2) domain-containing leucocyte phosphoprotein of 76 000 MW (SLP-76) phosphorylation at

Tyr113, whereas NKG2D and DNAM-1 can only induce SLP-76 phosphorylation at Tyr128. Two Vav1, which could inhibit degradation by the

E3 ubiquitin ligase c-cbl, bind to two phosphotyrosines of SLP-76 and result in synergistic activation of NK cells. All activation receptors induce

ultimately PLC-c1/2 activation, Ca2+ flux, cytoskeletal reorganization, and result in degranulation and cytokine secretion. SLAM, signalling

lymphocytic-activation molecule; ITSM, immunoreceptor tyrosine-based switch motif; SAP, SLAM-associated protein; EAT2, Ewing-sarcoma-

associated transcripts 2; MAPK, mitogen-activated protein kinase; Grb2, grow factor binding protein 2; Syk, spleen tyrosine kinase; ZAP, f chain-

associated protein kinase; LFA-1, lymphocyte function-associated antigen 1; LAT, linker for the activation of T cells; NTAL, non-T-cell activation

linker.
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It is clear that DNAM-1, 2B4, NKG2D,or NKp46, act-

ing individually are not sufficient to trigger the activation

of NK cells.6 At least two of these receptors must act in

synergy to induce NK cell cytotoxicity and the production

of cytokines. The redundant signalling pathways that exist

allow NK cells to respond rapidly to changes in the cellu-

lar environment. It has been demonstrated that among

these activation receptors, there is no preferred receptor,

nor is there a hierarchy.6 Therefore, it can be seen that

DNAM-1, as a co-activation receptor, plays a pivotal role

in regulating NK cell activation.

There are a number of key events that occur in the

DNAM-1 signalling pathway. Upon engagement, DNAM-

1 Ser329 is phosphorylated by protein kinase C. Leucocyte

function-associated antigen-1 (LFA-1) then cross-links

with DNAM-1, resulting in the recruitment of DNAM-1

to lipid rafts and its engagement with the cytoskele-

ton.17,51 Fyn src kinase is essential for DNAM-1 Tyr322

phosphorylation, which is induced by LFA-1.52 DNAM-1

works synergistically with 2B4 to phosphorylate Tyr128

and Tyr113 of Src homology 2(SH2) domain-containing

leucocyte phosphoprotein of 76 000 MW (SLP-76),

resulting in two Vav1 molecules binding to one SLP-76

molecule, and subsequent phospholipase Cc2 activation,

Ca2+ flux, cytoskeletal reorganization, degranulation and

secretion.53 When target cells are recognized, LFA-1 co-

localizes with DNAM-1 at the immune synapse, which is

required for the transduction of downstream signals. At

present, it is not clear how DNAM-1 coordinates with

LFA-1, spatially and temporally, in the immune synapse.

Two key molecules, SLP-76 and Vav, are essential for

regulating the synergistic activation of NK cells (Fig. 2).

It is necessary that Tyr113 and Tyr128 of SLP-76 are phos-

phorylated. It has been shown that 2B4 phosphorylates

SLP-76 at Tyr113, and NKG2D and DNAM-1 phosphory-

late Tyr128. These observations suggest synergistic activa-

tion among 2B4, NKG2D and DNAM-1.53 In addition,

two Vav molecules are recruited to SLP-76, thereby

inhibiting the degradation of Vav by the E3 ubiquitin

ligase c-cbl.54 It remains to be determined how NKp46

cooperates with DNAM-1, 2B4 and NKG2D, and whether

there are additional synergistic activation mechanisms

that are independent of SLP-76.

DNAM-1 in the control of cancer

The functional interaction of DNAM-1 with its ligands is

involved in NK cell-mediated recognition, controlling and

killing of tumour cells in vivo and in vitro, highlighting the

link between extrinsic and intrinsic cellular mechanisms.55–

63 In RMA primary lymphoma mice, Tahara-Hanaoka

et al. described the role of DNAM-1 in controlling the

development of tumours in vivo. The over-expression of

CD155 and CD112 in cancer cells resulted in tumour

rejection, and involved a DNAM-1-dependent mechanism

that was mediated by NK cells.55 Experimental evidence for

the in vivo relevance of DNAM-1 in the control of tumour

metastasis was recently shown in mice lacking DNAM-1.

These DNAM-1�/� mice contained more lung metastases

than wild-type mice. It was possible for NK cells to inhibit

the metastasis of melanoma lesions in this model, with

CD155 seemingly a key ligand in the NK cell-mediated sup-

pression of metastases.16,56

Iguchi-Manaka et al. demonstrated low levels of cyto-

toxicity in DNAM-1�/� mice with DNAM-1L-expressing

tumours. They also showed that DNAM-1�/� mice were

more susceptible to tumour development than wild-type

mice, suggesting a critical role for DNAM-1 in tumour

immunosurveillance.57 Similar to the results seen for

membrane-bound DNAM-1 with respect to anti-tumour

responses, the interaction of soluble DNAM-1 with

CD155 and CD112 also resulted in the inhibition of

tumour growth in a dose-dependent manner. It is also

possible that soluble DNAM-1 might inhibit the meta-

static potential of cancer cells, although further work is

required to confirm this.11,64

In coordination with extrinsic cellular mechanisms that

drive the anti-tumour response, intrinsic cellular mecha-

nisms ultimately enforce the over-expression of DNAM-

1Ls on targets so that they are recognized and attacked

by NK cells. DNAM-1Ls are expressed on the surface of

many tumour cells, such as lung carcinoma, primary

human leukaemia, myeloma, melanoma, neuroblastoma,

ovarian cancer, colorectal carcinoma and Ewing sarcoma

cells.29,58,62,65–69 In myeloid leukaemia, CD155 and

CD112 are expressed on the surface of leukaemia cells,

with NK cell-mediated destruction of leukaemia cells

dependent on DNAM-1 interactions.65 In addition,

CD155-expressing neuroblastoma cells are efficiently

killed by NK cells. Blocking either DNAM-1 or CD155

results in the significant inhibition of tumour cell lysis.29

However, cancer cells have established several mecha-

nisms to evade DNAM-1-mediated killing. The first and

most obvious strategy is the down-regulation of DNAM-1

on the surface of cytotoxic lymphocytes, which can be

induced by cytokines, or by chronic exposure to DNAM-

1Ls.26,70 In non-small cell lung carcinoma, DNAM-1

down-regulation is induced by interactions between NK

cells and tumour cells, or through the secretion of the

immunoregulatory factors transforming growth factor-b
and indoleamine 2,3-dioxygenase. This results in the

impairment of NK cell effector functions and immune

surveillance, and the promotion of tumour progression.26

Soluble DNAM-1 levels are significantly higher in the sera

of patients with cancer than in healthy controls.71 Soluble

CD155 is also present in serum and can block DNAM-1

recognition mediated by cytotoxic cells, so helping

tumour cells to evade the immune attack. In addition,

tumours are able to reduce the expression levels of

DNAM-1Ls on the surface of cells. Qu et al. examined
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CD155 expression in a series of hepatocellular carcinoma

tissue samples. They saw that patients with hepatocellular

carcinoma and low CD155 expression levels had a poor

prognosis. These findings suggest that the down-

regulation of CD155 expression is an immune system

evasion strategy employed by tumours.72

Some tumours manipulate DNAM-1-mediated sig-

nalling and induce high expression levels of DNAM-1Ls.

High-level expression of CD155 in the tumour vascula-

ture was shown to mediate the invasion and migration of

fibrosarcoma and glioblastoma tumour cells, implying

that CD155 possibly contributes to tumorigenesis.73 In

non-small cell lung carcinoma, CD155 was found to be

expressed on lung carcinoma cells, and mediated tumour

migration during the early stage of tumour development.

The down-regulation of DNAM-1 was then induced dur-

ing tumour progression.69 Similar to findings regarding

NKG2D ligands, over-expression of DNAM-1Ls is consid-

ered a critical danger signal that alerts cytotoxic cells to

combat tumour cells. Therefore, CD155 appears to play

dual roles in eliminating and promoting tumours.74

The induction of DNAM-1L expression on tumour

cells is a promising therapeutic strategy for cancer. The

DNAM-1 receptor system has already been used as a tar-

get for anti-cancer therapies. Multimodal treatments

involving surgery, radiotherapy, chemotherapy and pallia-

tive treatment, can help to improve the prognosis of a

variety of malignancies.75 Cell immunotherapies, espe-

cially those involving NK and T cells, have the potential

to be very specific, and have already been applied to the

clinical treatment of certain malignancies and haemato-

logical diseases.76,77

A major breakthrough was recently made, involving T

lymphocytes equipped with a chimeric antigen receptor

(CAR) for the treatment of cancer. Unfortunately, NK

cells have not receive similar attention.78 A recent study

reported that DNAM-1 CAR T cells equipped with differ-

ent signalling molecules, such as CD3f, CD28, CD40 and

4-1BB, exhibited high levels of cytotoxicity and produced

low levels of IFN-c against DNAM-1L-expressing tumour

cells.79 NK cells have been engineered to contain CARs;

and they have been shown to be therapeutically beneficial

in the treatment of cancer. However, their effects are

weak compared with those seen for CAR T cells, and

anti-tumour immunity is inconsistent.78 Chu et al.

reported that CS1 CAR NK cells (CS1, referred to as a

surface protein that is highly expressed on multiple mye-

loma cells) exhibited enhanced cellular cytotoxicity and

increased IFN-c production, and showed a specific CS1-

dependent recognition and suppression of multiple mye-

loma in vitro and ex vivo.80

A specific therapy that combines extracellular with

intracellular responses shows some potential for the

future treatment of malignancies. Given the similarities

and importance of the activation receptors NKG2D and

DNAM-1 in the immunosurveillance of malignancies, the

NKG2D/DNAM-1 receptor system could be employed as

a diagnostic tool and a therapeutic target for cancer.81

DNAM-1 in the control of infections

7Natural killer cells have a crucial role in controlling and lim-

iting viral and bacterial infections. It has been reported that

DNAM-1 is involved in controlling lymphocytic chori-

omeningitis virus, HCMV, hepatitis C virus (HCV) and

HIV-1 infections.82–85 The loss of DNAM-1 was previously

shown to lead to a delay in the clearance of lymphocytic

choriomeningitis virus, and higher titres of virus.82 Results

from several studies have shown that DNAM-1 plays some

role in the NK cell-mediated antiviral immune response dur-

ing the early stages of infection. As an example, NK cells can

recognize and kill HCMV-infected myeloid DCs, so over-

coming immune system evasion strategies of the virus.83 The

binding of viral or bacterial components with toll-like recep-

tors on DCs can up-regulate the expression of DNAM-1Ls,

such that they are recognized by the DNAM-1 activating

receptor.38 Interferon-a-activated NK cells efficiently recog-

nize and kill HCV-infected hepatic cells in patients with acute

HCV infections, and this was found to be dependent on the

DNAM-1 activating receptor.84 The importance of DNAM-1

with respect to the ways that NK cells control viral infections

is underscored by the fact that several viruses have developed

mechanisms to evade the immune system, and can impair

DNAM-1-mediated recognition and killing.39,40,42,43

Interactions between DNAM-1/DNAM-1L have been

found to mediate the migration of leucocytes, including

NK cells, from the blood to secondary lymphoid organs

or inflamed tissues during bacterial infections.86,87 Bot-

tino et al. found that CD155 and CD112 are present at

the cell junctions on primary vascular endothelial cells.

Monoclonal antibodies against DNAM-1 or CD155 inhib-

ited transendothelial NK cell migration, suggesting that

DNAM-1 is involved in transendothelial migration in

some way.12 It has subsequently been shown that NK cells

rapidly migrate from the blood into injured tissues dur-

ing inflammation.87 Observations from other studies indi-

cate that NK cells might be involved in sepsis; however, it

remains unclear whether DNAM-1 is involved in this

process.88

DNAM-1 in immune-related diseases

Allogeneic bone marrow transplantation is an effective

therapy for many malignancies. However, GVHD is a

serious complication following the transplantation of

bone marrow, and is caused by an alloreactive donor T

cell-mediated cellular immune response against host tis-

sues.89 NK cells can kill host antigen-presenting cells and

exert anti-GVHD effects; therefore, it is believed that they

can control the development of GVHD.90 Allogeneic
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antigen-presenting cells and activated T cells can be

destroyed through mechanisms mediated by DNAM-1.48

Using mouse models, the role of DNAM-1 on the surface

of CD8+ T cells in GVHD was determined. Co-stimula-

tion of DNAM-1 induced the exacerbation of GVHD,

while blocking DNAM-1 attenuated the effects of

GVHD.91,92 It remains to be seen whether DNAM-1

drives the anti-GVHD effects of NK cells in humans.

Defects in the functional responses of NK cells are fre-

quently observed in patients with autoimmune disorders.

A single nucleotide polymorphism in CD226 can result in

the amino acid substitution Gly307Ser (rs763361). This

correlates with the development of a wide range of

immune-related diseases, such as systemic lupus erythe-

matosus, systemic sclerosis (SSc), type I diabetes and

rheumatoid arthritis (RA).93–96

Systemic sclerosis is a chronic autoimmune disease that

affects connective tissue, and is characterized by dermal

fibrosis and thickening of the skin. In a mouse model of

SSc, features of fibrosis were suppressed in DNAM-1�/�

mice, whereas wild-type DNAM-1+/+ mice exhibited

profibrotic characteristics. Therefore, it was postulated

that the expression of DNAM-1 contributes to SSc patho-

genesis, while blocking DNAM-1 could be a promising

treatment for SSc and associated fibrotic diseases.94

Rheumatoid arthritis is a chronic and systemic inflam-

matory disorder, in which inflammation of the joints and

associated tissues results in the progressive destruction of

bone and cartilage. In an in vitro model of RA, DNAM-1

and DNAM-1L were expressed on the surface of NK cells

and RA fibroblast-like synoviocytes (RA-FLS), respec-

tively.97 The RA-FLS were recognized and cleared by NK

cells in a DNAM-1-dependent manner. Hence, the

involvement of DNAM-1 in NK cell-mediated cytotoxic-

ity against RA-FLS could be one mechanism influencing

local joint inflammation in RA.97

Many studies have linked dysfunctional NK cells to

autoimmune disorders. The Gly307Ser mutation in

DNAM-1 appears to lead to the dysfunction of NK

cells.98 Results from one study, involving an experimental

autoimmune encephalomyelitis (EAE) model, have pro-

vided some novel insights into the role of NK cells that

limit the progress of autoimmune diseases.99 The deple-

tion of NK cells resulted in the exacerbation of EAE in

this particular model. This result supported the hypothe-

sis that the absence of NK cell regulatory roles is associ-

ated with a severe EAE phenotype in mice. NK cells

appear to exert a key role in the initiation of autoim-

mune diseases, but their role(s) appear to be diminished

once a disorder is established.98

Concluding remarks

It has been clearly shown that interactions with DNAM-1

and its ligands, in particular CD155, play a key role in

controlling various pathological conditions, such as can-

cer, infectious diseases and autoimmunity. The potential

role of DNAM-1 in the treatment of tumours has

attracted much attention as DNAM-1Ls are widely

expressed on the surface of tumour cells. In addition, a

significant breakthrough has been made in understanding

the role of DNAM-1 with respect to NK cell education,

differentiation and memory.

There remain many features of NK cells that require

further investigation. Following on from the discovery of

DNAM-1+ and DNAM-1� NK cells, the relationship

between different NK cell subtypes and their genotypes

requires attention, as does the formation of specialized

NK cell repertoires. The crystal structure of the human

DNAM-1 receptor and the CD155 ligand are yet to be

clarified. The mechanism of regulation for CD155 expres-

sion remains partially understood, with little known con-

cerning the mechanism of regulation for CD112

expression. A better understanding of the anomalous

expression of DNAM-1Ls in different pathologies might

provide clues as to how to enhance the immune response

and immune surveillance, and in the development of

therapeutic targets. It is unclear at the moment whether

additional cellular pathways induce the expression of

DNAM-1Ls.

It is necessary to determine whether DNAM-1Ls can be

shed or secreted from the surface of tumour cells. New

methods that effectively recognize and kill tumour cells

and virus-infected cells need to be developed, especially

given their ability to develop mechanisms to evade recog-

nition and clearance by the host immune system. It is not

clear how the numerous innate receptors and intracellular

signalling molecules regulate NK cell responsiveness spa-

tially and temporally; therefore, this should be investi-

gated. Whether the Gly307Ser mutation affects the

downstream signalling of DNAM-1, and the functions of

cytotoxic cells, also requires further investigation. Finally,

the feasibility and availability of DNAM-1 CAR-based cell

immunotherapy should be studied in a clinical setting.

Results from all of these proposed studies will enhance

our understanding of DNAM-1 with respect to NK cell

biology, and hopefully pave the way for more effective

DNAM-1-based therapies.
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