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Abstract

Antibody-based therapeutics targeting the inhibitory receptors PD-1, PD-L1, or CTLA-4 have

shown remarkable clinical progress on several cancers. However, most patients do not benefit from
these therapies. Thus, many efforts are being made to identify new immune checkpoint receptorligand pathways that are alternative targets for cancer immunotherapies. Nectin and nectin-like

molecules are widely expressed on several types of tumor cells and play regulatory roles in T- and
NK-cell functions. TIGIT, CD226, CD96 and CD112R on lymphoid cells are a group of
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immunoglobulin superfamily receptors that interact with Nectin and nectin-like molecules with

different affinities. These receptors transmit activating or inhibitory signals upon binding their cognate
ligands to the immune cells. The integrated signals formed by their complex interactions contribute to
regulating immune-cell functions. Several clinical trials are currently evaluating the efficacy of antiTIGIT and anti-CD112R blockades for treating patients with solid tumors. However, many questions
still need to be answered in order to fully understand the dynamics and functions of these receptor
networks. This review addresses the rationale behind targeting TIGIT, CD226, CD96, and CD112R to
regulate T- and NK-cell functions and discusses their potential application in cancer immunotherapy.

Keywords : Cancer immunotherapy, TIGIT, CD226, CD96, CD112R
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1. Introduction

The immune system recognizes abnormal antigens on cancer cells and destroys them. The
constant monitoring of emerging cancers by immune cells in the body is referred to as

immune surveillance. The ability of tumors to escape surveillance is important for their
survival and propagation [1, 2]. One mechanism by which tumor cells evade immune
surveillance is activation of immune checkpoint inhibitory pathways. The immune-

checkpoint receptors, such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), and

programmed cell-death protein 1 (PD-1), are expressed on T cells to limit their activation and
effector functions. Antibody blockade targeting these receptors reinvigorates dysfunctional
anti-tumor immunity and increases the objective response rate during treatment of some

cancers. However, only a fraction of patients (10–30%) benefits from immune checkpoint

inhibitor (ICI) therapy [3-5]. Therefore, it is pertinent to identify alternative approaches and

targets that could lead to better response rates to immunotherapies. In addition, understanding
the biology of novel immune checkpoint receptors and ligands would enable optimal clinical
development of new drugs [6, 7].
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TIGIT family receptors, a cluster of immunoglobulin superfamily receptors that interact

with the Nectin and nectin-like molecules (Necls), has recently emerged as a potential cancer
immunotherapy target [8, 9]. These receptors include TIGIT (T-cell immunoglobulin and
ITIM domain), CD226 (also known as DNAM-1, DNAX-associated molecule 1), CD96 (also
known as TACTILE, T cell activation, increased late expression), and CD112R (also known
as PVRIG, PVR-related Ig domain)[10]. These receptors competitively or cooperatively
interact with PVR (known as CD155 or Necl5), Nectin-1 (known as CD111 or PVRL1),
Nectin-2 (known as CD1112 or PVRL2), Nectin-3 (known as CD113 or PVRL3), and/or

Nectin-4 (known as PVRL4) (Table 1 and figure 1).
The complex interactions between these receptors and ligands determine the profile of
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immune cell activation [11, 12]. The availability of ligands and the kinetics of cognate

receptor expression could determine the activity of tumor infiltrating lymphocytes (TILs)

depending on the context. Here, we review recent efforts to understand the function of the

TIGIT family of receptors (TIGIT, CD226, CD96 and CD112R) in cancer immunology, on
which future studies can be designed to address the potency of targeting these receptors in
cancer immunotherapies.

2. The ligands for the TIGIT family of receptors: Nectin and nectin-like molecules

Nectin and Necl proteins are cell-adhesion molecules that belong to the immunoglobulin

(Ig) superfamily. Nectins are a family consisting of four members (Nectin-1–4), and the Necl
family consists of five members (Necl-1–5). They are type-I glycoproteins containing an

extracellular region with multiple immunoglobulin domains that mediate various trans and
cis interactions between Nectins/Necls and their family members and with other surface

proteins. Some Nectins or Necls are highly upregulated in several human malignancies and
have gained much attention as immune regulators in cancer immunology [13-15].
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PVR is upregulated in various types of tumors and is involved in mediating tumor cell

invasion and migration [16]. PVR expression is associated with an unfavorable prognosis
across various solid cancer types [17, 18]. PVR also plays immunoregulatory roles by
interacting with three different receptors, which are CD226, TIGIT, and CD96, expressed on
T and NK cells [19-21]. TIGIT binds to PVR with the highest affinity, whereas CD96 and
CD226 has intermediate and the lowest affinity for PVR binding, respectively. Inhibitory
signaling to immune cells might be mediated through competition between TIGIT and other
receptors, such as CD226 and CD96, for PVR [22-24], which is expressed in a soluble form

by alternative splicing in humans. High levels of soluble PVR (sPVR) have been detected in
several human cancers. A recent report by Okumura G et al. has demonstrated that sPVR
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inhibits CD226-mediated cytotoxic activity of NK cells in a mouse melanoma model [25].

Nectin-2 is expressed on tumor and tumor-infiltrating myeloid cells. Like PVR, Nectin-2
binds to CD226 or TIGIT expressed on T and NK cells, leading to anti-tumoral or pro-

tumoral immune responses, respectively. However, both CD226 and TIGIT have much

weaker affinity to Nectin-2 than to PVR. A structural and biophysical analysis showed that

TIGIT binding disrupts pre-assembled Nectin-2 oligomers [26]. CD96 does not interact with
Nectin-2. CD112R binds only to Nectin-2 with high affinity and suppresses T-cell function
[22, 27, 28]. Whelan et al. have demonstrated that the inhibitory effect of Nectin-2 is

mediated by CD112R but not by TIGIT. They showed that blocking the Nectin-2-CD112R
axis increases effector T-cell function in cancer, suggesting that the Nectin-2-CD112R and
PVR-TIGIT pathways could be nonredundant inhibitory signaling pathways [10].

Nectin-1 has been identified as a CD96 ligand. The affinity of human CD96 for Nectin-1
is lower than that for PVR [29]. Nectin-3 interacts with TIGIT. Nectin-3 expression is

restricted to non‐hematopoietic tissues [30]. Nectin-4 has recently been reported as a ligand

that interacts with TIGIT alone. Nectin-4 expression is restricted to cancer cells, and Nectin-4
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blockade improves the NK cell-mediated antitumor response in mice [31].
3. TIGIT family of receptors
3.1. TIGIT

TIGIT is an inhibitory Ig receptor expressed by effector and memory CD4+T and CD8+T

cells, regulatory T cells (Tregs), follicular T helper cells, and NK cells. The cytoplasmic tail of
TIGIT contains an immunoreceptor tyrosine-based inhibitory motif (ITIM) and an
immunoglobulin tail tyrosine (ITT)-like motif, which initiate an inhibitory signaling cascade.
TIGIT has multiple binding partners, including PVR, Nectin-2, Nectin-3, and Nectin-4 [32].

Knockdown of TIGIT expression in human CD4+T cells increases the expression of T‐bet and
interferon (IFN)‐γ, which is overcome by blocking CD226 signaling, suggesting that TIGIT
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inhibits T cells by competing with CD226 for binding to the same PVR ligand [33]. In

another mechanism suggesting TIGIT interference with CD226-mediated co-stimulation,
TIGIT binds to CD226 in the cis position and prevents its homodimerization in T cells

[34].TIGIT knockout mice do not develop spontaneous signs of autoimmunity but develop

more severe experimental autoimmune encephalitis than do wild-type mice when immunized
with the myelin oligodendrocyte glycoprotein, indicating a suppressive role for TIGIT in T
cells [32]. TIGIT is highly expressed by a subset of Treg cells and is associated with a more

suppressive phenotype. TIGIT-expressing Treg subsets specifically suppress proinflammatory
T helper 1 (Th1) and Th17 cells, but not Th2-type T-cell responses. TIGIT activation in Treg

cells leads to T-cell suppression by producing interleukin (IL)-10 and fibrinogen-like protein
2 [35, 36].

3.1.1. TIGIT expression and clinical outcomes in cancer

Increased TIGIT expression on TILs has been observed in various human cancers,

including non-small-cell lung carcinoma (NSCLC), melanoma, head and neck squamous cell
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carcinoma (HNSCC), colorectal cancer (CRC), glioblastoma (GBM), gastric cancer, liver

cancer, multiple myeloma (MM), acute myeloid leukemia (AML), and follicular lymphoma
(FL) [15, 37-47]. TIGIT-expressing CD8+TILs are most likely in an exhausted state
characterized by high co-expression of inhibitory immune checkpoint receptors, such as PD1, lymphocyte‐activation gene 3 (LAG‐3), T‐cell immunoglobulin, and mucin‐domain
containing‐3 (TIM‐3), and have an impaired capacity to proliferate and produce cytokines.
[34, 48-50]. Several immune monitoring studies in cancer patients have reported functional
defects of TIGIT+CD8+T cells and associated clinical outcomes. Bone marrow CD8+T cells

with a high frequency of TIGIT expression are less responsive to TCR/CD28 or NY-ESO-1
cancer testis antigen stimulation than are TIGIT-CD8+T cells in MM patients [40]. CD8+T
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cells from the peripheral blood of AML patients express a high level of TIGIT, and

TIGIT+CD8+T cells show functional defects in cytokine production and survival, which are

restored by TIGIT knockdown. Increased frequency of TIGIT+CD8+T cells is correlated with
AML relapse and post-allogeneic stem-cell transplantation progression [38]. A similar

observation was reported in a study of gastric cancer patients. TIGIT+CD8+T cells from
peripheral blood exhibited functional exhaustion, with reduced proliferation, cytokine

production, and glucose uptake upon co-culture with PVR-expressing gastric cancer cells,

which was restored by adding exogenous glucose or inhibiting PVR-TIGIT signaling [41].

TIGIT-mediated immune dysfunction of CD8+T cells is associated with recurrence in patients
with gastric cancer [51]. A recent study reported that the abundance of intratumoral TIGIT+T
cells in FL is correlated with unfavorable patient outcomes and poor survival [37]. TIGIT is
also highly expressed on tumor-infiltrating Treg cells. TIGIT expression confers stability to
the lineage and increases suppressive capacity in both mouse and human Treg cells [35, 36,

52]. Increased TIGIT expression on tumor-infiltrating Treg cells with an activated phenotype

and highly suppressive activity is correlated with poor clinical outcomes in patients with FL,
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hepatocellular carcinoma (HCC) and metastatic melanoma [37, 53, 54].

3.1.2. Anti-tumor efficacy of a TIGIT blockade
Emerging evidence has provided opportunities for therapeutic interventions targeting

TIGIT with antagonistic monoclonal antibodies (mAbs), which block ligand binding,
including PVR and Nectin-2. Treatment with anti-TIGIT antagonist mAbs as a single agent
does not induce sufficient tumor regression in MC38 colon carcinoma, CT26 colon
carcinoma, or Trp53KO/C-MycOE HCC mouse tumor models [34, 55, 56], whereas reduced

tumor burden and increased survival are observed in mouse myeloma (Vk12653 and
Vk12598) or the Tgfbr1/Pten2 cKO HNSCC mouse model after TIGIT blockade [40, 46].
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These discrepancies may be attributed to the different characteristics of each tumor type, such
as (1) ligand expression levels, with different sensitivities to TIGIT blockade controlled by
PVR and PD-L1 expression [57]; or (2) the tumor microenvironment (TME), which has

elevated TIGIT engagement to PVR in an acidic pH environment [58]. A TIGIT blockade

elicits an antitumor effect mainly by promoting CD8+T cell or inhibiting Treg cell responses
[34, 40, 46]. However, a recent study by Zhang et al. proposed the NK-cell-dependent

therapeutic efficacy of TIGIT blockade. Anti-TIGIT mAb treatment at an early time point (3
days after subcutaneous implantation of tumor cells) inhibited tumor growth in CT26 or

methylcholanthrene (MCA)‐induced fibrocarcinoma-bearing mice by preventing exhaustion
of tumor-infiltrating NK cells, which resulted in an increased antitumor response of CD8+T
cells [15]. Yet the mechanisms used by NK cells to boost CD8+T cell function after TIGIT
blockade are unclear and need to be further elucidated. Combined blockade of TIGIT and

PD-1/PD-L1 had potent antitumor efficacy in several subcutaneous tumor models, including
MC38, CT26, and EMT6, where TIGIT or PD-1/PD-L1 blockade alone had limited efficacy

[34, 55]. Recent studies using orthotopic mouse models of HCC or glioblastoma reported that
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dual blockade of TIGIT and PD-1 substantially improves tumor regression and long-term
survival of tumor-bearing mice by promoting effector functions of CD8+T cells and antitumor immunologic memory responses [56, 59]. Another approach to combining TIGIT

blockade with other therapies showed that a triple combination treatment of anti-TIGIT mAb,
anti-PD-L1 mAb, and radiotherapy resulted in almost complete tumor regression in CT26bearing mice [60]. Accumulating data indicate that TIGIT blockade reinvigorates the T-cell
response in cancer patients. Human anti-TIGIT mAb and/or anti-PD-1 mAb treatment
increases proliferation and cytokine production of NY-ESO-1 specific CD8+T cells upon

stimulation by the NY-ESO-1157-165 peptide in peripheral blood of melanoma patients; this
effect was further confirmed in CD8+TILs from metastatic melanoma patients that exhibited
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an increased capacity for proliferation and degranulation in response to TIGIT and/or PD-1

blockade [39]. Inhibiting TIGIT by blocking the mAb improves cytokine production by bonemarrow CD8+T cells in MM patients upon stimulation with anti-CD2/anti-CD3/anti-CD28
microbeads [40]. More recently, Jin HS et al. showed that TIGIT blockade promotes CEF

(CMV, EBV, flu) peptide antigen-specific proliferation and IFN-γ secretion of peripheralblood memory CD8+T cells obtained from pancreatic ductal adenocarcinoma (PDAC)
patients after mFOLFIRINOX therapy [48].

3.1.3. Mode of Action of anti-TIGIT therapy

It has been proposed that TIGIT exerts its immunosuppressive effects by outcompeting

CD226 for PVR binding [20, 34]. However, the molecular interplay between TIGIT, CD226,
and PVR remains unclear, but is particularly important for understanding the mode of action

of anti-TIGIT therapy that contributes to its clinical success. One study suggested that TIGIT
acts as a decoy receptor to indirectly affect CD226 activation by binding to PVR, and SHP2
recruited by PD-1 dephosphorylates CD226 [61]. Moreover, GITR agonism in response to
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anti-GITR mAb treatment induces downregulation of TIGIT on CD8+TILs, although the
molecular network between TIGIT and GITR was not investigated. The functional

association between CD226 signaling and the PD-1-SHP2 pathway has been shown in MC38
or RENCA (kidney carcinoma) tumor models where CD226 blockade reversed the antitumor
response induced by a combined anti-PD-1 and anti-GITR mAb treatment. This study
proposed a novel molecular mechanism for TIGIT-CD226 axis regulation, but it is still
unclear how the PD-1-SHP2 axis integrates into the PVR-CD226 signaling pathway. In
addition, the role of TIGIT ITT-like and ITIM motifs, which recruit SHP1 upon ligation of

PVR to inhibit PI3K and MAPK signaling in NK cells [62] in T-cell regulation, needs to be
further elucidated. Jin HS et al. demonstrated the direct effect of TIGIT on intracellular
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regulation of CD226 activation in response to PVR binding [48]. Jin HS et al. generated a
specific antibody against the CD226 tyrosine 322 and detected reduced tyrosine

phosphorylation of CD226 in Jurkat cells expressing the TIGIT wild type, but not tyrosine

mutations at the ITT-like and ITIM motifs of TIGIT (TIGITY225A/Y231A). This impaired CD226
phosphorylation/activation was restored by anti-TIGIT blocking mAb treatment, suggesting
that TIGIT blockade depends on CD226 tyrosine phosphorylation. The effect of TIGIT

blockade was observed only in human CD8+T cells expressing the CD226 wild type or the

CD226 mutation at serine 329 (S329A) but not the tyrosine mutation at 322 (Y322A) in the
presence of PVR. This was the first study to find out the mode of action of anti-TIGIT

blocking mAbs that could provide a mechanism-based rationale for designing an optimal

clinical strategy for anti-TIGIT therapy as well as in combination with other cancer therapies.

3.2. CD226

CD226 is a co-stimulatory receptor that is expressed by CD4+ and CD8+T cells, γδ T
cells, NK cells, monocytes, and a small population of B cells. CD226 interacts in the cis
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position with lymphocyte function-associated antigen-1 (LFA-1) to promote cell adhesion

and transduce T-cell activation signaling [63, 64]. CD226 also binds to PVR and Nectin-2,
which leads to a cytotoxic immune response against a range of tumor cells [65]. CD226 plays
a crucial role in the formation of the immunological synapse (IS), and CD226 deficiency in
mouse CD8+T cells and NK cells have IS defects, leading to impaired antitumor immunity.
CD226 deficient mice display a greater tumor burden to a variety of tumors than do wild-type
mice [66].

3.2.1. CD226 expression and clinical cancer outcomes
Studies in mice and humans have reported decreased CD226 expression in TILs [19, 39,
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48, 67, 68]. In 4T1 mammary carcinoma, B16F10 melanoma, CT26 or MC38-bearing mice,
CD44+CD8+T cells expressing a low level of CD226 accumulate at the tumor site, while

splenic CD44+CD8+T cells display high CD226 expression [48]. CD226loCD8+ TILs exhibit

an exhausted phenotype with upregulation of TIGIT, PD-1, Tim-3, Lag-3, CD101, CD38, and
Eomes, and reduced expression of CD127, Slamf6, and T-bet. Consistent with the exhausted
phenotype, a functional impairment was found in CD226loCD8+ TILs with attenuated

polyfunctionality and proliferative capacity compared to CD226hiCD8+ TILs isolated from
4T1 or MC38 tumor-bearing mice [48]. Downregulation of CD226 and the associated

exhaustion phenotype were also observed in bone-marrow (BM) CD8+T cells from Vk12653
MM-bearing mice that had relapsed after autologous stem-cell transplantation, but MM-

controlled mice retained a high level of CD226 expression in the BM [68]. Moreover, the
number of BM CD8+T cells expressing CD107a and IFN-γ was inversely correlated with
myeloma burden in MM-relapsed mice. The imbalance between CD226 and TIGIT

expression on CD8+TILs has also been observed in patients with melanoma, RCC, CRC, and

NSCLC. NY-ESO-1-specific CD8+TILs, but not circulating CD8+T cells, display less CD226
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expression with high TIGIT and PD-1 expression in metastatic melanoma patients [39]. A
recent study further delineated the characteristics of CD226loCD8+ T cells in patients with
RCC, CRC, or NSCLC, as well as in healthy donors [48]:
(1) CD226loCD8+ TILs express high levels of TIGIT, PD-1, Tim-3, and Lag-3;

(2) downregulation of CD226 is associated with progressive differentiation of CD8+ T

cells;

(3) CD226loCD8+ T cells exhibit poor responsiveness to antigen-specific stimulation.
In line with the reduced CD226 expression in exhausted/dysfunctional CD8+T cells, the

predictive value of CD226 expression for immune-checkpoint therapies, including antiTIGIT or anti-PD-1 therapy, has been suggested. An immune monitoring study in patients
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with PDAC revealed that mFOLFIRINOX chemotherapy treatment induces upregulation of
CD226 on peripheral-blood CD8+T cells, leading to a positive correlation with antigenspecific CD8+T-cell responses after TIGIT or PD-1 blockade, suggesting that a high

frequency of CD226hiCD8+T cells may improve the response to anti-TIGIT or anti-PD-1

therapy [48]. Downregulation of CD226 has also been reported in Treg cells or γδ T cells of
cancer patients. A high TIGIT/CD226 ratio in Treg cells is positively correlated with

CD25hiFoxp3+Treg cell frequencies at tumor sites of melanoma patients and poor clinical

outcomes after immune-checkpoint blockade therapies, including anti-PD-1 and/or anti-

CTLA4 mAbs [54]. In addition, AML patients who have more TIGIT+CD226-γδ T cells show
lower overall survival rates, suggesting that downregulation of CD226 serves as a novel
prognostic biomarker for AML [69].

3.2.2. The role of CD226 signaling in tumor immunity

The importance of the CD226-PVR axis in regulating tumor immunity has been shown in
vitro and in vivo in preclinical mouse models. H-2b-specific CD8+ T cells or DX5+NK cells
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isolated from CD226 deficient mice are less cytotoxic to PVR-expressing tumor cells, but not
to PVR-negative tumor cells [66]. Moreover, reduced proliferative capacity of OT-I CD8+T
cells by deleting CD226 was observed upon stimulation with the ovalbumin (OVA)
peptide257-264 pulsed T-cell lymphoma cell line EL4 expressing PVR. However, unlike EL4,
stimulation with professional antigen-presenting cells (APCs), such as mature BM-derived
dendritic cells, did not affect the proliferation of CD226-deficient OT-I CD8+T cells,
suggesting an essential role of CD226 in promoting effector functions of CD8+T cells in
peripheral tissues, such as tumor cells, where co-stimulatory ligand expressions are limited

compared to APCs [70]. Consistent with the in vitro results, impaired tumor rejection and
survival rates were observed in CD226-deficient mice after transplantation of Meth A tumor
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cells or injection of chemical carcinogens, including MCA or 7,12-

dimethylbenz[a]anthracene (DMBA) [66]. After a subcutaneous injection of MC38-OVA
tumor cells that triggered a CD8+T-cell-mediated antitumor immune response, CD226-

deficient mice failed to reject the tumor compared to the wild-type control [70]. Impaired

NK-cell-mediated suppression of tumor growth by CD226 deficiency has been reported in
B16/F10 or RM-1 lung-metastases mouse models [70, 71]. The effect of inhibiting the

CD226-PVR axis on antitumor immune responses was further investigated with anti-CD226
blocking mAbs. Unlike the accelerated tumor growth in CD226-deficient mice, blocking

CD226 did not affect MC38, CT26, or melanoma tumor growth in wild-type mice [34, 61,

72]. However, administering anti-CD226 mAbs to mice treated with the combination of anti-

TIGIT and anti-PD-L1 mAbs or anti-PD-1 and anti-GITR mAbs reversed the antitumor effect
and survival benefit of the combined treatment, which was accompanied by reduced effector
function and frequency of CD8+T cells at the tumor site [34, 61]. Although more direct

evidence is required to corroborate involvement of the CD226-PVR axis with PD-1 signaling
(see above), this effect of CD226 inhibition, not limited to its counterpart TIGIT signaling,
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suggests that CD226 plays a critical role in antitumor immunity. Molecular mechanistic

studies have revealed that CD226 binding to PVR triggers phosphorylation of a tyrosine
residue (Y319 in mice; Y322 in humans) in the CD226 ITT-like motif and the corresponding
signaling molecules, including Erk, Akt, and p38 leading to activation of T cells and
cytotoxicity of NK cells [48, 73]. The functional importance of CD226 Y322 phosphorylation
on the CD8+T-cell response has been shown by treatment with anti-CD226 agonist mAbs that
induce CD226 phosphorylation at Y322. Administering the CD226 agonistic mAb
reinvigorates the dysfunctional CD226loCD8+Tem cell response to antigen stimulation, which

is linked to increased responsiveness to TIGIT blockade [48].
Most recent studies on CD226 downregulation by EOMES and CBL-B and its impact on
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antitumor activity of CD8+T cells also highlight the crucial role of CD226 for effective cancer
immunotherapy [26, 74]

Another mechanism of CD226-mediated regulation of tumor immune surveillance is

modulating the function and integrity of Treg cells at the tumor site. Treg cells isolated from

metastatic melanoma patients exhibit a higher suppressive capacity in the presence of anti-

CD226 blocking mAbs and PVR-Fc, whereas the anti-TIGIT blocking mAbs treatment exerts
opposite effects in Treg cells after PVR binding [54]. A TSDR analysis of the Foxp3 locus
revealed that PVR-mediated CD226 activation allowed Treg cells to acquire effector-like
functions that impaired Treg cell stability.

3.3. CD96

CD96 is a type I transmembrane glycoprotein of the Ig superfamily that is mainly

expressed on T and NK cells. Both mouse and human CD96 interact with PVR, but CD96

binding to Nectin-1 is observed only in mice. Signaling through CD96 has been reported to
inhibit the cytotoxicity of NK cells in mouse tumor models, indicating an inhibitory role of
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CD96. However, whether human CD96 inhibits or activates human NK and T cells needs to

be clarified. The CD96 extracellular domain consists of three Ig-like domains (V1, V2/C, and
C) and a membrane proximal stalk domain. The CD96 cytoplasmic domain contains a short
basic/proline-rich motif and an ITIM-like domain in mice and humans. The human (but not
mouse) CD96 cytoplasmic domain contains an YXXM motif, which binds and activates the
phosphatidylinositol 3-kinase (PI3K) and AKT pathway [75]. The importance of the human
CD96 YXXM motif in the immune-cell response has not been fully elucidated, because of
very low specificity. Human CD96 may function as an activating or inhibiting receptor

depending on the cell type and environmental conditions. [21, 29, 71]
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3.3.1. CD96 expression and clinical outcomes in cancer

A few studies have shown CD96 expression in TILs from cancer patients. A Cancer
Genome Atlas (TCGA) analysis of multiple malignancies revealed that CD96 mRNA

expression is highly correlated with T-cell markers, including CD3, CD4, and CD8, whereas
the NK-cell marker NCR1 displays only a moderate correlation with CD96 [76]. A

correlation was observed between CD96 and TIGIT in 22 of 32 tumor types available from
the TCGA, and CD96 mRNA was correlated with PD-1 in 12 tumor types [77]. No CD96

mRNA expression bias was observed between PD-1hi and PD-1low CD8+T cells in a single-cell
RNA-seq analysis of metastatic melanoma, as was further shown in a CRC TIL analysis by

flow cytometry. Multiplexed immunohistochemistry of the tumor tissues from patients with
MSI (microsatellite instability)-CRC and melanoma-detected CD96 expression in PD-

1+CD8+T cells that accumulated within the tumor parenchyma, whereas most PD-1+CD8+T

cells were CD96 negative [77]. Two studies reported opposite observations on the correlation
between CD96 expression and clinical outcomes in cancer patients. Sun H et al. reported that

the accumulation of CD96+NK cells at the tumor site of HCC patients is associated with poor
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clinical outcomes [78]. In contrast, Peng YP et al. reported that the frequency of CD96+ or

CD226+NK cells was negatively correlated with lymph-node metastasis of pancreatic cancer
[79]. Because CD96 expression on TILs and its correlation with the clinical response in
cancer patients is a critical indicator for the role of CD96 in tumor controls, extensive
immune-monitoring studies are required to evaluate CD96 as a therapeutic target for cancer.

3.3.2. Discrepancies of CD96 function in tumor immunity
CD96 was initially characterized as a stimulatory receptor for NK cells [21], but the

inhibitory potential of CD96 has been suggested in several mouse-model studies and by
CD96 blocking mAbs [75]. CD96-deficient mice have better control of tumor growth in
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MCA-induced fibrosarcoma and B16/F10 lung metastases models than do wild-type mice in

an NK-cell-dependent manner that produced increased IFN-γ due to a CD96 deficiency [71].

CD96 blockade also increases antitumor immune responses of both CD8+T cells and NK cells
against B16F10, LWT1 melanoma, 3LL lung carcinoma, RM-1 prostate carcinoma, CT26,
and MCA1956 fibrosarcoma cells, and co-blockade of CD96 with anti-TIGIT, anti-PD-1,
anti-PD-L1, or anti-CTLA4 more potently inhibits tumor growth [71, 77, 80]. However,
recent studies suggest an opposite role for CD96, particularly in the regulation of T-cell

responses. Chiang EY et al. reported that CD96 agonism by co-coating with anti-human CD3
and anti-human CD96 mAb beads (hCD3/hCD96 beads) promotes human CD8+T-cell

proliferation similar to that by stimulation with hCD3/hCD28 or hCD3/hOX40 beads [81].
Moreover, the effect of CD96 agonism on TCR signaling pathways was shown in the HD-

MAR2 T-cell line, which expresses both CD226 and CD96. hCD3/hCD96 bead stimulation
increases phosphorylation of ERK and MEK to a greater degree than does stimulation with

hCD3/hCD226 beads. Treatment of two distinct CD96 mAbs in a soluble form had no effect

on pp65495-503 specific CD8+T-cell responses, whereas TIGIT or CD112R blockade increased
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cytokine production [10], indicating that hCD96 may not act as a co-inhibitory T-cell

receptor. It has been speculated that the discrepancies in the role of CD96 in T-cell or NK-cell
regulation may come from a difference in the intracellular domain between mCD96 and
hCD96, which contains an YXXM motif that is also found in co-stimulatory receptors, such
as CD28 and ICOS [82, 83]. However, Chiang EY et al. provided evidence that mCD96mPVR binding stimulates CD8+T-cell responses as an hCD96-hPVR axis, by employing
mCD96 crosslinking to stimulate CD8+T cells. mCD96 crosslinking with bead-conjugated
anti-mCD96 mAbs increases OT-I T-cell killing of OVA SIINFEKL peptide-loaded B16F10

melanoma cells, regardless of mPVR or mNectin-2 expression, whereas administering
soluble anti-mCD96 mAbs reduced the killing activity of OT-I T cells by blocking mPVR
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binding. A more direct effect of mCD96 agonism was shown in the TCR signaling pathway
with strong ERK phosphorylation upon stimulation with CD3/CD96 beads. Contradictory
results were observed under the therapeutic tumor setting where both genetic deletion of

CD96 and treatment withanti-mCD96 mAbs did not affect tumor growth in CT26 tumor-

bearing mice, but rather showed reduced activation of CD8+TILs in the absence of a CD96PVR interaction [81]. This discrepancy in the effect of the CD96 blockade may result from
different characteristics of individual anti-CD96 mAb clones in terms of (1) Fc receptor
binding involved in Fc-mediated crosslinking [81], or (2) PVR blocking/non-blocking
activities, since it has been previously shown that PVR non-blocker CD96 mAb also

increases anti-metastatic activity of NK cells [84]. However, more studies are required to
demonstrate the role of CD96 in the regulation of antitumor immunity.

3.4. CD112R

CD112R is an inhibitory immune-checkpoint receptor that is expressed in CD4+ and

CD8+T cells, γδ T, NKT, and NK cells. CD112R is a putative single-transmembrane protein
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consisting of a single extracellular IgV domain, a transmembrane domain, and a cytoplasmic
domain. The CD112R intracellular domain possesses an ITIM-like motif that could be a
potential docking site for phosphatases. CD112R inhibits activation of T and NK cells upon
interaction with Nectin-2 [10, 27]. A recent study using preclinical mouse models reported
that inhibiting CD112R promotes an antitumor immune response by restoring T-cell
activities. Pmel-1 CD8+T cells isolated from Pmel-1 TCR-CD112R-deficient mice show

augmented effector responses, including CD107 expression and effector cytokine production
upon gp10025-33 stimulation and subsequent co-culture with B16/F10 tumor cells expressing

mhgp100 and Nectin-2 [85]. Consistent with the in vitro results, MC38 tumor growth was
decreased in CD112R-deficient mice in a CD8+T-cell-dependent manner and exhibited
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increased effector responses and an inflammatory/cytotoxic gene signature compared with
CD8+ TILs in wild-type mice [85]. Increased IFN-γ production by CD112R-deficient

CD8+TILs appeared to be linked to upregulation of PD-L1 in tumor necrosis factor (TNF)-αproducing CD11b+ myeloid cells that accumulated at the tumor site in CD112R-deficient
mice bearing MC38 tumors. This might be a recapitulation of the adaptive resistance

mechanism of immune evasion in cancer patients. Administration of anti-PD-L1 blocking
mAbs to established MC38 tumors promotes tumor rejection and survival in CD112R-

deficient mice more than in wild-type mice [85]. CD112R expression on tumor-infiltrating
CD8+T, CD4+T, and NK cells is found in patients with ovarian, kidney, lung, endometrial,

breast, stomach, head and neck, bladder, colorectal, and prostate cancers [10]. In particular,

CD4+ and CD8+TILs from lung-cancer patients exhibit higher CD112R expression than that
of T cells from matching normal adjacent tissue. CD112R is also highly expressed on NK

cells from a patient with prostate cancer. Moreover, CD112R was co-expressed with TIGIT

and PD-1 on CD8+ TILs, indicating an exhausted phenotype. Inhibiting CD112R binding to

Nectin-2 with an antagonistic mAb-increased IFN-γ or IL-2 production in TILs isolated from
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lung, ovarian, endometrial, head and neck, or kidney cancer patients upon ex vivo co-culture
with Mel-624 cells expressing membrane-bound anti-CD3 scFv (Mel-624 OKT3). Co-

blockade of CD112R with other immune-checkpoint therapies, including anti-TIGIT or antiPD-1 mAbs, promoted reactivation of CD3+TILs, suggesting that CD112R and TIGIT may
have nonredundant inhibitory signaling modes by dominantly binding to Nectin-2 and PVR,
respectively [10]. Blocking CD112R and/or TIGIT also increases human NK-cell activation
and the trastuzumab-triggered antitumor response [86].

Concluding remarks
Manipulating the interplay between TIGIT family receptors, including TIGIT, CD226,
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CD112R, CD96 and their ligands, has emerged as an attractive approach for the next

generation of cancer immunotherapy that can synergize with PD-1/PD-L1 blockade therapies.
TIGIT blockade has demonstrated great promise in preclinical models and has progressed to
several ongoing clinical trials in patients with advanced malignancies (Figure 2). CD112R

blockade has also been under clinical evaluation in phase I studies. However, the mechanistic
understanding of the regulatory network driven by the TIGIT family receptors, such as

receptor dynamics among family members and associated outcomes in the regulation of
tumor immunity, is still limited, but it is important to shed light on the still unanswered
questions in TIGIT family receptors-based immunotherapies;

(1) Whether CD226 activation is associated with the efficacy of the blockades of TIGIT
family receptors,

(2) Any compensatory expression/mechanism of family members upon TIGIT or
CD112R blockade,

(3) Any potential synergy of combined treatment of TIGIT family blockade with PD1/PD-L1 pathway blockade,
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(4) Any predictive criteria for patient selection in clinical studies of TIGIT or CD112R

therapies.

Further mechanistic investigations and translational efforts need to be made within these

contexts. These investigations will be crucial for designing effective clinical strategies of
ongoing clinical trials and translating other family members into therapeutic interventions.
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Table 1. Nectin and nectin-like molecules that interact with TIGIT family receptors
Alias

PVR

CD155, Necl-5

Nectin-1

CD111, PVRL

CD96

Nectin-2

CD112, PVRL2

TIGIT, CD226, CD112R

Nectin-3

CD113, PVRL3

TIGIT

Nectin-4

PVRL4

TIGIT
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Member

Interacting partners

TIGIT, CD226, CD96
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Figure 1. Complex interactions of TIGIT family receptors with Nectin and nectin-

like molecules. TIGIT, CD226, CD96, and CD112R are mainly expressed on activated T cells and
NK cells. Their ligands, PVR, Nectin-1, Nectin-2, Nectin-3 and Nectin-4, are expressed on tumor
cells and antigen-presenting cells (APCs). TIGIT and CD112R deliver inhibitory signals through

ITIM motifs in their cytoplasmic domain. The ITT-like motif of TIGIT also plays a role in its negative
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signaling. CD226 delivers activating signals through an ITT/ITT-like motif. Both human and mouse
CD96 sequences contain an ITIM motif, but human CD96 also contains an YXXM motif. CD96
signaling induces immunosuppression in mouse T and NK cells, but whether this receptor in human

triggers inhibitory or activating signaling needs to be clarified. CD112R delivers an inhibitory signal
through its ITIM motif. TIGIT binds to PVR, Nectin-2, Nectin-3 and Nectin-4. CD226 interacts with
PVR and Nectin-2. CD96 binds PVR and Nectin-1. CD226 competes with both TIGIT and CD96 for
PVR engagement and with CD112R for Nectin-2 binding. TIGIT has a greater affinity for PVR than
CD226 and CD96. The interaction of Nectin-2 with CD112R is of higher affinity than with CD226.
Interactions between receptors and ligands are depicted by two-sided arrows. The arrows are
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proportional to the reported affinities of the interactions.
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Figure 2. Blockade of the immune-checkpoint receptors TIGIT and CD112R using
antagonistic monoclonal antibodies. Around nine human anti-TIGIT monoclonal antibodies,
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which have different IgG isotypes or mutant forms, have entered clinical trials. Given that combined
blockade by TIGIT and PD-1/PD-L1 exhibited a more powerful anti-tumor effect in preclinical
models, many clinical trials are evaluating the safety and efficacy of combination therapy with antiTIGIT and anti-PD-1/PD-L1 as well as anti-TIGIT monotherapy. The most advanced, anti-TIGIT
tiragolumab, is in a phase 3 trial in combination with the anti-PD-L1 atezolizumab and carboplatin

and etoposide (CE) for treatment of untreated extensive-stage small-cell lung cancer (NCT04256421).
Another phase 3 clinical trial is ongoing for the evaluation of tiragolumab combined with
atezolizumab in patients with previously untreated locally advanced unresectable or metastatic PDL1-selected NSCLC (NCT04294810). Phase I and phase II clinical trials using anti-TIGIT AB154,

M6223, MK-7684, SGN-TGT, ASP8374, BGB-A1217 and COM-902, alone or combined with antiPD-1/PD-L1 antibodies, are ongoing to evaluate the safety and efficacy in patients with metastatic or
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locally advanced solid tumors (NCT03628677, NCT04262856, NCT04457778, NCT02964013,

NCT04165070, NCT04305054, NCT04305041, NCT04303169, NCT04254107, NCT03260322,

NCT04047862 and NCT04354246). A phase I/II clinical trial with anti-TIGIT BMS986207, alone or
combined with pomalidomide and dexamethasone, is ongoing in patients with relapsed refractory

multiple myeloma who have relapsed after treatment with prior therapies (NCT04150965). There is

one anti-CD112R antibody in a clinical trial. COM701 is a humanized anti-CD112R hinge-stabilized

IgG4 developed by Compugen. COM701 is being tested in phase 1 clinical trials as monotherapy or in
combination with nivolumab or in combination with BMS986207 and nivolumab, in patients with

advanced solid tumors, including non-small cell lung cancer, ovarian, breast and endometrial cancer
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(NCT03667716 and NCT04570839).
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