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ABSTRACT
Recent advances in understanding the roles of immune
checkpoints in allowing tumors to circumvent the immune
system have led to successful therapeutic strategies that
have fundamentally changed oncology practice. Thus far,
immunotherapies against only two checkpoint targets
have been approved, CTLA-4 and PD-L1/PD-1. Antibody
blockade of these targets enhances the function of
antitumor T cells at least in part by relieving inhibition of
the T cell costimulatory receptor CD28. These successes
have stimulated considerable interest in identifying other
pathways that may bte targeted alone or together with
existing immunotherapies. One such immune checkpoint
axis is comprised of members of the PVR/nectin family that
includes the inhibitory receptor T cell immunoreceptor with
Ig and immunoreceptor tyrosine-based inhibitory domains
(TIGIT). Interestingly, TIGIT acts to regulate the activity
of a second costimulatory receptor CD226 that works in
parallel to CD28. There are currently over two dozen TIGIT-
directed blocking antibodies in various phases of clinical
development, testament to the promise of modulating
this pathway to enhance antitumor immune responses. In
this review, we discuss the role of TIGIT as a checkpoint
inhibitor, its interplay with the activating counter-receptor
CD226, and its status as the next advance in cancer
immunotherapy.

INTRODUCTION
Coinhibitory or immune checkpoint receptors such as CTLA-4 and PD-1 have important
roles in limiting immune responses, providing
a mechanism to prevent overactivation of
T cells and consequent immune-
mediated
damage to the host.1 2 In cancer, where there
is generally an abundance of antigen relative to the number or capacity of antitumor
T cells, coinhibitory receptors can be highly
expressed, reflective of an ‘exhausted’ T cell
phenotype that further restricts antitumor
activity.3 Certain coinhibitory receptors are
also expressed by other cytotoxic lymphocytes
such as natural killer (NK) cells, and presumably also restrict antitumor immunity.4 The
importance of at least some coinhibitory
receptors in cancer immunity has now been
amply demonstrated by a host of preclinical
and clinical studies showing that monoclonal

antibodies (mAbs) that block the ability of
CTLA-
4 to sequester CD80/86 or inhibit
PD-1 from binding its ligand PD-L1 exhibit
robust activity.5–8 The precise mechanisms by
which these antibodies act is still unclear, and
may involve inhibiting the acquisition of an
exhausted phenotype by tumor-
infiltrating
lymphocytes (TILs) or the expansion of antitumor T cells in lymphoid organs.
While survival benefits have been impressive, significant proportions of patients fail to
respond to PD-1 or CTLA-4 blockade, either
alone or in combination. This has provided
the impetus for identification of other
immune checkpoint pathways that may be
amenable for therapeutic targeting to drive
improved clinical responses, either in isolation or in combination with existing immunotherapies.9 10 One promising pathway is
comprised of members of the PVR/nectin
family that includes inhibitory receptor T
cell immunoreceptor with Ig and immunoreceptor tyrosine-
based inhibitory (ITIM)
domains (TIGIT). Indeed, mAbs against
TIGIT are currently being evaluated in clinical trials, either as monotherapy or in combination with anti-PD-1/PD-L1 blockade.11 12
Here, we review the current understanding
of TIGIT biology in the context of cancer and
mechanisms of action for therapies targeting
TIGIT, and provide an update on the status of
clinical trials.
TIGIT, A MEMBER OF THE PVR/NECTIN FAMILY
Ligands and interactions
TIGIT (also known as WUCAM or
Vstm313 14) was identified through a genomic
search for genes expressed by immune cells
and containing protein domain structures
typically found in inhibitory receptors.15
TIGIT has one extracellular immunoglobulin variable-set (IgV) domain, a type I transmembrane domain, and an intracellular
domain containing one ITIM and one immunoglobulin tyrosine tail (ITT)-like motif.15 16
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The TIGIT IgV domain contains a conserved submotif,
defined as (V/I)(S/T)Q, AX6G, and T(F/Y)P, found in
PVR/nectin family members that includes TIGIT, CD226
(DNAM-
1), CD96 (Tactile), CD112R (PVRIG), PVR
(CD155), CD112 (PVRL2) and CD113 (PVRL3).17 This
motif mediates a ‘lock and key’ trans-interaction with cis-
homodimers of PVR. While the crystal structure of TIGIT
complexed with PVR indicates that two TIGIT/PVR
dimers can assemble into a heterotetramer with a core
TIGIT/TIGIT cis-homodimer, the conserved ‘lock and
key’ submotifs suggest that heterodimeric interactions
between the various PVR/nectin family members may
also occur.
The ligands for TIGIT are PVR, CD112 and CD113,
with PVR serving as the principal ligand due to the high
affinity interaction between TIGIT and PVR (figure 1).
TIGIT binding affinities for CD112 and CD113 are much
lower.15 CD226 and CD96 also bind to PVR, but with
lower affinities; CD226 has the lowest affinity while CD96
binds with intermediate affinity.15 18 19 In addition, CD226
and CD112R can bind to CD112.20 21 PVRL4 may be the
one ligand that is exclusive for TIGIT, as CD226, CD96
and CD112R do not appear to bind PVRL4.22 The shared
ligands with differing affinities create a hierarchy of
2

possible functional interactions, with the most important
possibly driven by TIGIT-PVR engagement, due to the
high affinity of this particular interaction. Importantly,
TIGIT will ‘out-compete’ CD226 for their common ligand
(PVR), suggesting already one mechanism whereby TIGIT
may reduce T cell stimulation (ie, by blocking costimulation via CD226). Nevertheless, when considering the role
of TIGIT in mediating cellular responses, it is prudent
to take into account the complex regulation and integration of signals transduced by different receptors sharing
common ligands.
Expression and function of TIGIT
TIGIT is expressed on CD4+ and CD8+ T cells, as well as
innate lymphocytes including NK cells and γδ T cells.
On conventional CD4+ and CD8+ T cells, TIGIT is not
expressed in the naïve state but is induced shortly after
activation and is most abundant on effector and memory
T cells. TIGIT is also expressed on regulatory T cells
(Tregs) and follicular helper CD4+ T (TFH) cells.13–15 23–26
Transcriptional control of TIGIT expression is not well
understood, but Eomesodermin (EOMES) may positively
regulate expression in CD8+ T cells as shown in patients
with newly diagnosed acute myeloid leukemia (AML).27
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Figure 1 The PVR/nectin family and receptor/ligand interactions. TIGIT, CD226, CD96, CD112R and KIR2DL5A are expressed
on T cells and NK cells, whereas the ligands PVR, CD111, CD112, CD113 and PVRL4 are expressed on antigen-presenting
cells (APCs) or frequently overexpressed on tumor cells. T cell immunoreceptor with Ig and ITIM domains (TIGIT) contains
both immunoreceptor tyrosine-based inhibitory (ITIM) and immunoglobulin tyrosine tail (ITT)-like domains and has inhibitory
(-) function in T cells and NK cells. CD112R and KIR2DL5A also contain ITIM domains and deliver inhibitory signals (−). CD96
contains an ITIM domain, but human CD96 also contains an YXXM motif. While CD96 has inhibitory function in NK cells, it may
act as either an inhibitory (−) or activating (+) receptor in T cells. CD226 is an activating receptor (+), despite containing an ITT-
like domain. interactions between ligands and receptors are denoted by arrows, with arrow thickness proportional to relative
affinities. The strongest interactions are between TIGIT and PVR, and CD112R and CD112.
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CD8+ T cells
The expression pattern of TIGIT on CD8+ TILs supports
TIGIT as an attractive target for modulation of antitumor
responses. In cancer, sustained T cell receptor (TCR)
stimulation can result in differentiation of CD8+ TILs to
an exhausted state where the TILs become less responsive to stimulation, have reduced proliferative capacity
and no longer exert full killing activity. Exhausted cells
express high levels of PD-1 and other inhibitory molecules, including TIGIT.29 The nuclear receptor transcription factor NR4A (NUR77) is an important regulator of
exhaustion, with ATAC-seq analysis showing that NR4A
opens the chromatin of the gene encoding PD-1 and
other markers up-
regulated by exhaustion, and closes
the chromatin of genes containing binding motifs for
NF-κB and AP-1 that are repressed in exhausted cells.30 31
It remains to be determined whether TIGIT expression
is also regulated by NR4A or other transcription factors
involved in exhaustion such as TOX.32 33
Well prior to reaching a terminally exhausted state,
naïve T cells that have been exposed to antigen and have
received proper costimulatory signals progress to become
either effector T (TEFF) cells or through stages of memory
cell differentiation. Memory stem-like cells (TSCM) have
high potential for self-renewal, and, together with central
memory (TCM) cells, can respond rapidly to antigen,
express effector molecules, and produce the effector pool
as well as effector memory (TEM) and resident memory
(TRM) populations.34–38 TIGIT and PD-1 expression may
identify distinct populations of TSCM, with TSCM expressing
these inhibitory receptors destined to give rise to dysfunctional, exhausted-like progeny CD8+ T cells. On the other
hand, TSCM lacking expression of TIGIT and PD-1 may be
committed to a more functional T effector or memory
lineage.39 PD-1 is expressed at low/intermediate levels as
activated naïve T cells differentiate, and PD-1 blockade
may be exerting its effects on the pre-exhausted TILs
(also called TPEX cells, for precursor exhausted T cells, or
TMAP cells, for memory-like T cells associated with antigen
persistence)37–39 in addition to potentially reinvigorating
exhausted T cells.40–44 TIGIT expression has also been
detected on TILs at varying stages of differentiation, often
coexpressed with PD-
1.45–47 Thus, therapies targeting
TIGIT may have similar effects as those targeting PD-1/
PD-L1, and could act at the T cell expansion step or at the
level of exhausted T cells, or both.
NK cells
NK cells are thought to play important roles in tumor
surveillance, particularly in controlling blood cancers
and tumor metastasis. NK cell effector function against
tumors is mediated through the integration of activating
and inhibitory signals, some but not all of which are
shared with CD8+ TILs.48 49 TIGIT, for example, inhibits
NK cell cytotoxicity in both humans and mice, possibly

contributing both to the maintenance of self-tolerance
under conditions of acute inflammation and to the restrictive education of NK cells in a tumor setting.50–53 TIGIT is
constitutively expressed by NK cells, although it is up-regulated in NK cells that are present in tumors.53 High
TIGIT expression on intratumoral NK cells was found
to be associated with NK cell exhaustion in a number of
different mouse tumor models as well as in patients with
colon cancer, and was also associated with tumor progression.53 In the mouse CT26 colon cancer, 4T1 mammary
cancer and methylcholanthrene-
induced fibrosarcoma
models, treatment with anti-TIGIT mAb diminished NK
cell exhaustion and impeded tumor growth, even in T
cell-deficient mice. In patients with endometrial cancer,
CD103+ NK cells resident in tumors had higher TIGIT
expression than CD103- NK cells found in circulation,
and in those patients with lymph node invasion, TIGIT
expression on NK cells was significantly higher than in
patients with no lymph node invasion.54
NK cells expressing high levels of TIGIT are subjected
to suppressive mechanisms mediated through myeloid-
derived suppressor cells (MDSCs), leading to blunted
cytotoxicity against tumor target cells. Blockade of TIGIT
led to resistance against MDSC suppression.55
Another TIGIT-
mediated pathway for inhibition of
NK cells comes from the observation that TIGIT may be
expressed by tumor cells, and that engagement of PVR
expressed on NK cells suppresses cytotoxicity and leads to
enhanced tumor growth.56 Expression of TIGIT on both
NK cells as well as T cells suggests that TIGIT-targeted
immunotherapies have the potential to modulate both
of these effector arms against tumors, unlike PD-1 and
CTLA-4 which have limited expression in NK cells.
Regulatory T cells
TIGIT is considered a marker of Tregs as it is highly
expressed on a subset of natural Tregs as well as activated
Tregs.57 TIGIT may contribute to Treg stability as defined
by maintenance of FOXP3 and suppression of IFN-γ.58 59
TIGIT has been reported to limit PI3K-AKT signaling,
thereby inhibiting acquisition of a T helper type 1 (Th1)
cell-like phenotype.60 Tregs expressing high levels of
TIGIT are more suppressive than those expressing low
levels, exhibiting superior suppression of Th1 and Th17
responses.24 Activation of Tregs through stimulation with
agonist anti-TIGIT mAbs induced a suppressive program
that included upregulation of IL-10 and fibrinogen-like
protein 2.24 TIGIT stimulation increased suppressive
function and normalized IFN-γ in Tregs from multiple
sclerosis patients, while agonistic mAbs alleviated EAE
in mice.61 In human melanoma patients, Tregs with high
TIGIT expression are enriched in tumors and possess a
stable, suppressive phenotype.62 The role for TIGIT in
regulating the suppressive activity of Tregs in tumors was
demonstrated in the mouse B16F10 melanoma model,
whereby transfer of TIGIT-deficient Tregs together with
wild-type CD4+ and CD8+ T effector cells into tumor-
bearing Rag-/- mice resulted in reduced tumor growth
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Follicular helper T cells
TFH cells play an important role in establishing and maintaining the germinal cell (GC) reaction that leads to efficient generation of plasma B cells. TFH cells induce TIGIT
expression while CD226 is concurrently down-regulated.25
It was proposed that initial priming by dendritic cells
(DCs) in the T-cell zone is mediated by CD226 interactions with PVR. TFH cells then switch to TIGIT as they
mature and reside in the GC, supporting B cell propagation and differentiation while TIGIT limits TFH expansion
to provide rigorous B cell selection. Expression of TIGIT
in TFH cells leads to the possibility that TIGIT may have a
role in TFH-like cells found in tertiary lymphoid structures
(TLS) that form in tumors, which structurally and functionally resemble GCs.64 65 TFH-like cells have been found
in human malignancies such as breast cancer, where the
presence of these cells was associated with better prognosis.66 67 As TLS generally shape the tumor microenvironment to one that is favorable for controlling tumor
progression, and may also host the expansion of CD8+
T cell responses, it is possible that manipulation of TLS
through anti-
TIGIT treatment could have therapeutic
benefit.
γδ T cells
γδ T cells comprise a small population of T cells compared
with T cells using the αβ TCR. Unlike αβ T cells, γδ T
cells are generally not restricted by major histocompatibility complex presentation of peptide antigens. In principle, this feature confers γδ T cells with the ability to
exert antitumor activity through interaction with stress-
induced molecules expressed by tumor cells, similar to
NK cells.68 69 In humans, γδ T cells are primarily categorized into three subsets on the basis of TCRδ-chain usage,
with Vδ1+, and likely Vδ3+ (or Vδ1-Vδ2-), being primarily
resident in mucosal tissues, and Vδ2+ comprising the bulk
of γδ T cells in blood circulation.68 Ex vivo expanded
Vδ1+ T cells have been shown to possess broad cytotoxic
potential but have not been well characterized in solid
tumors.70 As tumors do grow in mucosal tissues rich with
Vδ1+ cells, these cells may express checkpoint molecules
that inhibit their antitumor function. Within the Vδ2+
population, those paired with the Vγ9 chain may be mediators of antitumor immunity through either direct cytotoxicity or production of IFN-γ and TNF-α.69
TIGIT expression has been reported on γδ T cells,
particularly in the context of allogeneic hematopoietic
stem cell transplantation (allo-
HSCT) and AML. γδ T
cells, together with NK cells, reconstitute early after allo-
HSCT, and are key mediators of the graft-versus-leukemia
effect of allo-HSCT. Vδ1+ T cells expressed higher levels
of TIGIT than Vδ2+ T cells or NK cells, CD8+αβ T cells, or
CD4+αβ T cells, and expression was increased by priming
4

with IL-15.71 The Vδ1+ T cells expressing higher TIGIT
were functionally inferior to Vδ2+ T cells expressing lower
TIGIT, consistent with the possibility that TIGIT may be
suppress effector function.71 In patients with de novo
AML, a higher frequency of γδ T cells express TIGIT
compared with γδ T cells in healthy individuals or patients
in complete remission following chemotherapy.72 γδ T
cells from AML were not characterized on the basis of
TCRγ or TCRδ usage, and it remains to be determined if
TIGIT expression affects γδ T cell responses in AML. An
analysis of γδ T cells from cytomegalovirus (CMV) seronegative or seropositive donor blood demonstrated that
TIGIT expression was higher on γδ T cells compared with
αβ T cells or NK cells.73 Vδ2-γδ T cells, which respond
against CMV and include Vδ1+γδ T cells, from CMV
seropositive donors had higher TIGIT expression than
those from CMV seronegative donors. Effector activity of
Vδ2-γδ T cells induced by stimulation with anti-Vδ1 mAb
was abrogated in the presence of soluble PVR, but was
restored with the addition of anti-TIGIT mAb, indicating
that TIGIT has a suppressive role in γδ T cells.
MECHANISMS OF ACTION
Cell-Intrinsic direct signaling
The cytoplasmic domain of TIGIT contains one ITIM and
one ITT-like motif, imparting TIGIT with the potential
to directly transmit inhibitory signals. Much of what is
known in regards to TIGIT signaling comes from experiments using NK cells. For human TIGIT signaling, the
ITIM motif was essential as mutation or truncation of this
motif resulted in loss of inhibition of NK-mediated cytotoxicity.50 For mouse TIGIT, an inhibitory signal could be
transduced via either the ITIM or ITT-like motif alone,
with mutation of both required to ablate inhibition of
NK cell activity.51 Detailed analysis of TIGIT signaling in
human NK cells revealed that following ligand binding,
phosphorylation of the ITT-like motif may lead to recruitment of the cytosolic adaptor proteins growth factor
receptor-bound protein 2 (Grb2) and β-arrestin 2.74 75
The Grb2 pathway interferes with NK cell cytotoxicity
as Grb2 recruits SH2-containing inositol phosphatase-1
(SHIP-
1), resulting in inhibition of phosphoinositide
3-kinase (PI3K) and mitogen-activated protein kinase.74
β-arrestin 2 inhibits IFN-γ production through the
recruitment of SHIP-1 resulting in inhibition of NF-κB
activation.75 Coculturing human NK cells with MDSCs
demonstrated that TIGIT signaling could directly inhibit
NK cell cytotoxicity by reducing ERK1/2 and ZAP70/Syk
phosphorylation.55
Elucidation of TIGIT inhibitory signaling pathways in
T cells has been more elusive. TIGIT has been shown to
inhibit T cells in a cell-intrinsic manner as agonistic TIGIT
antibodies suppress T cell responses to stimulation with
anti-CD3 and anti-CD28.14 23 76 Whole genome microarray
analysis indicated that TIGIT down-regulated genes associated with TCR and CD28 signaling, T cell activation
and cell cycle progression. Efforts to identify proteins
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similar to that observed in TIGIT knockout mice.63
Conceivably, Treg depletion by antibody-
dependent
cellular cytotoxicity (ADCC) via anti-
TIGIT antibodies
may contribute to antitumor efficacy.
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Regulation of CD226 activity
While TIGIT functions as an inhibitory receptor, it is often
coexpressed with its activating costimulatory receptor,
CD226 (also known as DNAM-1 and Nectin-2). CD226
has a broader cell expression pattern than TIGIT, being
expressed not only on T cells and NK cells but also on
NKT cells, B cells, monocytes/macrophages, DCs, megakaryocyte/platelet lineage and hematopoietic precursor
cells, as well as endothelial cells and mast cells.78–81 Thus,
CD226 has multifaceted roles in regulating activity of a
wide variety of cells. In CD8+ T cells, CD226 is constitutively
expressed by naïve cells and has important roles in various
stages of T cell priming and activation. CD226 contributes to the formation of the immune synapse through its

interactions with PVR expressed by antigen-
presenting
cells (APCs).82–85 As an adhesion molecule, CD226 participates in transendothelial migration of effector memory
cells, allowing cells to leave blood circulation and enter
sites of inflammation such as a tumor.86 In tumors, CD226
may facilitate functional interactions between effector
cells and tumor cells many of which express PVR.87
By virtue of TIGIT having higher affinity for the shared
ligands PVR and CD112, TIGIT can outcompete CD226
for binding, thereby preferentially exerting its immunosuppressive effects over CD226 when both molecules are
present on the same cell.16 Time-resolved fluorescence
resonance energy transfer (TR-
FRET) demonstrated
that TIGIT could interact in cis with CD226 and disrupt
CD226 homodimers reducing its ability to transmit activation signals.26
More recently, CD226 was found to be regulated not
only by TIGIT but also by PD-1. CD226 was identified
as a substrate for dephosphorylation by the PD-1-SHP2
complex, indicating that activation of the PD-1 pathway
negatively regulates CD226 functional activity.47 88 Similarly, TIGIT also impedes CD226 activation, although
through a different mechanism.47 Disruption of CD226
activation was mediated through interactions of the
extracellular domains of TIGIT and CD226, reflecting
the ability of TIGIT to out compete CD226 for binding
to their shared ligands PVR and CD112. Indeed, the
TIGIT cytoplasmic domain was completely dispensable
for TIGIT-mediated inhibition of CD226 signal transduction47 (figure 2).

Figure 2 Mechanisms of T cell immunoreceptor with Ig and ITIM domains (TIGIT) inhibition of CD226. Left: CD28 and CD226
provide costimulatory signals to enable T cell activation on T cell receptor (TCR) engagement. Right: Following activation,
inhibitory checkpoint receptors such as PD-1 and TIGIT are expressed by T cells, mediating suppression of activating signals.
TIGIT and PD-1 disrupt CD226 and CD28 signaling through several mechanisms. (1) TIGIT has higher affinity than CD226 for
shared ligands, allowing TIGIT to outcompete and displace CD226. (2) TIGIT disrupts CD226 homodimer formation, disabling
capacity for CD226 activation. (3) Suppression of CD226 signaling by TIGIT and PD-1. CD226 phosphorylation is impaired or
reduced in the presence of TIGIT extracellular domain or activated PD-1. Recruitment of Shp2 to activated PD-1 also impairs
CD28 phosphorylation.
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recruited to the TIGIT cytoplasmic tail using human
Jurkat T cells or cell-free reconstitution systems using
large unilamellar vesicles have not been fruitful to date.47
While TIGIT contains a putative ITIM motif based on
consensus sequence, ITIM motifs found in various immunoreceptors may have differential activities in recruiting
SH2-containing phosphatases, with polarity and size of
the amino acid residue following the ITIM phosphotyrosine (pY +1) playing a key role.77 As the TIGIT ITIM
contains a bulky phenylalanine at pY +1 position, it may
not be a suitable binding site for SH2-containing phosphatases such as SHP1. Furthermore, TIGIT does not
contain an immunoreceptor tyrosine-based switch motif
(ITSM). The ITSM is largely responsible for recruiting
SHP2 in PD-1, rather than the ITIM, and this may explain
why TIGIT does not recruit SHP2 (47, 77).

Open access
and differentiation of Tregs as it regulates FOXP3.93 94
Deficiency or inactivation of FOXO1 in Tregs leads to
enhanced IFN-γ production and abrogation of suppressive activity, whereas FOXO1-
mediated transactivation
of CTLA-
4 manifests suppressive function.93 95 Thus,
CD226-mediated suppression of FOXO1 may repress or
functionally re-program Tregs, reducing their inhibitory
potential (figure 3).
Competition between CD226 and TIGIT for binding to
PVR may also have a regulatory role in Tregs.96 CD226 may
not be involved in the development and function of Tregs
under homeostatic conditions, but CD226 deficiency or
blockade results in enhanced Treg-
mediated suppression of conventional T cell activation.57 96 97 While CD226
deficiency maintained Foxp3 stability and Treg function,
CD226 signaling did not have a direct effect; rather the
absence of CD226 permitted TIGIT interaction with PVR
that resulted in a signaling cascade that suppressed the
TCR-AKT-mTORC1 pathway.96

Figure 3 T cell immunoreceptor with Ig and ITIM domains (TIGIT) blockade may alleviate transcriptional programming
mediated by Foxo1 in different immune cell populations. Left: TIGIT interferes with CD226 signaling, thereby inhibiting Akt
phosphorylation and allowing Foxo1 to impair CD8+ T cell and NK cell function and enforce Treg suppressive function. Right:
Blockade of TIGIT unleashes CD226 signaling, resulting in phosphorylation of Akt which subsequently phosphorylates Foxo1,
leading to translocation of Foxo1 from the nucleus to the cytoplasm where Foxo1 is targeted for degradation. Reduction of
Foxo1 transcriptional regulation may enhance CD8+ T cell and NK cell activity and impair suppressive activity of Tregs.
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By interfering with CD226 activity, TIGIT can act to
regulate a variety of aspects of T cell function that CD226
normally controls. For example, CD226 engagement
with PVR results in phosphorylation of FOXO1, a widely
expressed transcription factor but one with important
roles in NK cells, CD8+ T cells and Tregs.89 Phosphorylated FOXO1 is translocated out of the nucleus and accumulates in the cytosol where it is targeted for degradation
by ubiquitination. Since FOXO1 is a negative regulator
of NK cell homing and effector functions,90 CD226 activation can promote NK cell activity. Similarly, CD226-
mediated regulation of FOXO1 may also impact T cell
function, including the activity of CD8+ tumor infiltrating
T cells.89 A key target for repression by FOXO1 is T-BET, a
critical transcription factor in both CD4+ and CD8+ T cells
that controls a variety of effector mechanisms. EOMES
and TCF7, transcription factors involved in the establishment of T cell memory, are also directly targeted by
FOXO1.91 92 FOXO1 is also important for development
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Reverse signaling by PVR may modulate the immune
microenvironment
PVR is constitutively expressed on epithelial cells and
myeloid cells, but is upregulated in tumor-
associated

myeloid cells and is often over-expressed by tumor cells.103
High PVR expression in tumors has been associated with
poor clinical response to anti-PD-1 immunotherapy.104 105
In metastatic melanoma, patients with high tumor PVR
expression were less responsive to anti-PD-1 monotherapy
or combination of anti-
PD-
1 with anti-
CTLA-
4.104 The
dichotomy in response was even more pronounced when
patients were further stratified on the basis of PD-
L1
expression, with PD-L1negativePVRhigh patients faring the
worst. Similarly, the combination of PVR and PD-
L1
expression in non-small cell lung carcinoma (NSCLC)
tumors may be predictive of response to PD-1 blockade,
with patients expressing tumor PD-L1 but not PVR more
likely to respond.105
That PVR is expressed on many normal cells in addition
to tumor cells differentiates it from PD-L1, and suggests
that PVR has a more generalized function in the balance
of TIGIT-mediated suppression and direct activation of
CD226. PD-L1 is typically expressed only after exposure
to IFN-γ. However, in the context of TIGIT’s role as a
coinhibitory receptor that works in concert with PD-1, it
is important to account for PVR expression by DCs, which
play a key role in triggering T cell-
dependent tumor
immunity and are a major site of regulation of T cell activation by PD-1.106 As such, PVR on DCs may play a key
role along with PD-L1 in determining patient response to
PD-1 and TIGIT blockade.
The intracellular domain of PVR contains an ITIM
motif suggesting that interactions with TIGIT may result
in modulation of myeloid cells or tumor cells themselves. However, ‘reverse signaling’ in myeloid or tumor
cells following PVR binding to TIGIT has not been well
characterized. Binding of a TIGIT-Fc fusion protein to
PVR on human DCs was shown to enhance production
of immunosuppressive IL-10 while reducing production
of pro-inflammatory IL-12p40.15 Indeed, when added in
the presence of DCs, TIGIT-Fc inhibited T cell responses
while a blocking anti-TIGIT mAb enhanced responses
in the same assay. TIGIT engagement of PVR induced
phosphorylation of PVR and ERK, but did not induce DC
maturation; PVR activation may instead contribute to a
tolerogenic state in DCs. In addition to acting on DCs,
TIGIT has been reported to inhibit macrophage activation and promote the skewing of peritoneal macrophages
from a proinflammatory M1 phenotype to an immunosuppressive M2 macrophage profile.107 MDSCs are also
present in the tumor microenvironment and play an
important role in suppressing the antitumor immune
response. Tumor MDSCs overexpress both PVR and
PD-
L1, indicating that their immunosuppressive properties may be enforced via reverse signaling mediated by
both TIGIT/PVR and PD-1/PD-L1 pathways.108 Intriguingly, anti-
PD-
L1 treatment upregulated PVR expression on MDSCs, while anti-
TIGIT upregulated PD-
L1,
suggesting that combination treatment may be needed to
relieve MDSC suppressive activity.
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CD226 is an important player in driving response to
checkpoint immunotherapies
Single cell RNAseq analysis of CD8+ T cells isolated
from tumors of non-small cell lung carcinoma (NSCLC)
patients has revealed that the costimulatory activating
receptors CD226 and CD28 are differentially expressed
among distinct CD8+ T cell subsets, with TEFF and TRM
subsets predominantly expressing CD226 and TEM cells
favoring CD28.47 The principal CD8+ T cells that were
double positive for CD28 and CD226 were those exhibiting a gene expression profile consistent with an activated
or proliferative phenotype. Thus, the cellular distribution
of CD226 in TILs, together with the convergence of PD-1
and TIGIT to regulate CD226 activity, strongly suggests
that CD226 is a central player in regulation of antitumor
CD8+ T cell responses. CD226 may even compensate for
the absence of CD28 on important TIL subsets. Evidence
for this comes from the recent identification of a family
with a genetic defect in CD28.98 Affected individuals were
generally healthy, with the exception of sensitivity to
human papillomavirus infection, suggesting a compensatory relationship between the two costimulatory receptors.
Current pre-clinical data suggest that both CD28 and
CD226 play important roles in cancer immunity. CD28 is
critical for the ability of CD8+ T cells to respond to PD-1
blockade, and cause tumor regression in mice.99 Similarly, there is a requirement for CD226 to achieve antitumor activity using PD-
1/PD-
L1-
targeted therapies as
well as anti-TIGIT mAb treatment.26 47 The absence of
CD226 expression abrogates the therapeutic benefit of
anti-CD137, anti-GITR and anti-CTLA-4 in various mouse
tumor models.71 88 100 Clinically, high expression of CD226
was associated with better clinical outcome for NSCLC
patients treated with the anti-PD-L1 mAb atezolizumab,47
and CD226 expression in CD8+ T cells was correlated
with prolonged progression-
free survival in melanoma
patients treated with immune checkpoint blockade (ICB)
therapies.71
Beyond the roles of TIGIT and PD-
1 in regulating
CD226 signaling, other factors may contribute to CD226
down regulation in CD8+ T cells, resulting in their
dysfunction. The transcriptional regulator EOMES is
upregulated in exhausted CD8+ T cells.101 An accessible
intronic region of the CD226 gene contains an EOMES
binding site, providing a means for EOMES to directly
interact with regulatory elements to interfere with CD226
expression.100 Furthermore, interaction between CD226
and PVR can phosphorylate CD226 at a critical tyrosine
residue (Y319), leading to the Cbl-b-mediated ubiquitination, internalization and degradation of CD226 in CD8+ T
cells.71 Internalization and degradation of CD226 was also
observed in NK cells following stimulation by membrane-
bound PVR.102
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with reduced anti-leukemia activity; a high frequency of
these TIGIT+ NK cells was correlated with poor prognosis
risk.128
THERAPEUTIC TARGETING OF TIGIT IN CANCER
Preclinical mouse tumor models
The use of mice genetically engineered for TIGIT deficiency or anti-TIGIT mAbs has provided valuable insight
into the mechanisms underlying TIGIT’s potential as a
target for cancer immunotherapy. Studies in a variety of
tumor models have shown that absence or blockade of
TIGIT reduced tumor growth and increased survival. Tigit/mice have reduced growth of B16F10 melanoma tumors
when implanted subcutaneously. Control of tumor growth
in the absence of TIGIT was dependent on CD8+ T cells,
not NK cells; interestingly, TIGIT expression on Tregs
also had an important role in regulating CD8+ T cell antitumor activity.63 However, when B16F10 melanoma cells
were inoculated intravenously in an experimental lung
metastasis model, Tigit-/- mice had similar tumor burden
as wild-
type mice,129 130 although a separate study did
report that TIGIT deficiency in NK cells alone was sufficient to confer protection by preventing NK cell exhaustion.53 The reasons for this discrepancy are not clear, but
may reflect alterations in the balance between innate and
adaptive tumor immunity in the presence or absence
of TIGIT on NK vs CD8+ T cells. In multiple myeloma
models using cell lines derived from Vk*MYC mice, Tigit/mice had reduced tumor burden and improved survival,
with CD8+ T cells critical for controlling disease.120
The studies using Tigit-/- mice suggest that anti-TIGIT
mAbs may be effective when administered as a single
agent. Indeed, delivery of anti-TIGIT mAbs in a preventative setting, i.e. with treatment initiated prior to tumor
becoming established, indicates that tumor growth can
in fact be delayed with anti-TIGIT mAb alone.47 53 This
has been demonstrated with subcutaneous tumors such
as CT26 colon carcinoma, E0771 breast adenocarcinoma
and methylcholanthrene-
induced fibrosarcoma, and
the B16F10 and 4T1 mammary carcinoma experimental
metastasis models. Anti-TIGIT mAb treatment reduced
tumor growth in a model of head and neck squamous
cell carcinoma (HNSCC) through enhancement of CD8+
T cell responses and abrogation of the immunosuppressive capacity of Tregs and MDSCs.108 131 Anti-TIGIT single
agent activity has also been observed in the Vk12653
multiple myeloma model, either following transplant of
tumor cells or in the relapse setting following hematopoietic stem cell transplant.120 122
However, anti-TIGIT mAb alone may be not be sufficient to drive a clinical response in a therapeutic setting,
where treatment is initiated in mice with established
tumors.26 61 Here, combination of anti-TIGIT mAb with
other immune checkpoint blockade therapies is generally
required to promote antitumor activity. Dual blockade
of both TIGIT and the PD-1/PD-L1 pathway resulted in
nearly 100% complete responses in various tumor models
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TIGIT IN CANCER
TIGIT expression and association with clinical outcome
TIGIT is highly expressed on TILs in a wide variety of
different human tumors.26 109 In a recent comprehensive
analysis of immune checkpoint receptors in fresh biopsy
samples from treatment-
naïve cancer patients,~50%
of PD-1+/CD8+ TILs coexpressed TIGIT, and at levels
generally higher as compared with CD8+ T cells in the
blood.110 Included in the cohort were breast cancer,
kidney cancer, lung cancer, liver cancer, cervical cancer,
esophageal cancer, gastric cancer and colorectal cancer.
Other studies in melanoma, breast cancer, esophageal
cancer, hepatocellular carcinoma (HCC), glioblastoma,
NSCLC, AML and multiple myeloma (MM) reported
similar TIGIT expression on TILs.111–121 Increased TIGIT
expression has also been described for NK cells and Tregs
that have infiltrated tumors.53 54 97
In a few studies, CD226 expression was included in
the analysis, with increased TIGIT expression found to
be accompanied by a decrease in CD226 expression. For
example, in metastatic melanoma, the TIGIT/CD226
imbalance may correlate with decreased response of CD8+
T cells to TIGIT blockade.111 Down-
regulated CD226
expression in CD8+ T cells in multiple myeloma (MM) was
a characteristic of an exhausted phenotype.122 A similar
pattern of TIGIT and CD226 expression was observed in
CD8+ T cells from follicular lymphoma, although CD226
was frequently expressed in CD4+ T cells and TFH cells.123
A high TIGIT/CD226 ratio in tumor Tregs was correlated
with a high frequency of Tregs in MM, and together these
parameters were associated with poor clinical response to
treatment with either anti-PD-1 or anti-CTLA-4.62
The correlation of high TIGIT expression with poor
clinical outcome is consistent with the view that one of
TIGIT’s activities is to establish an immunosuppressive tumor microenvironment. Patients with cutaneous
melanoma who had high TIGIT expression on TILs had
worse prognosis; PD-1 expression was not predictive of
survival.118 In uveal melanoma, greater numbers of cells
expressing TIGIT were found in patients that developed
metastases than in patients that did not.112 In gastric
cancer, TIGIT expression is up-regulated in cancerous
tissues with high frequencies of infiltrating CD8+ T cells
and high expression of TIGIT as well as PVR and CD112
are associated with poor prognosis.124 125 High TIGIT
expression on CD8+ T cells, CD4+ T cells and Tregs has
been detected in HCC and a TIGIT+PD1+CD8+ T cell
profile was associated with accelerated disease progression and poor outcome.126 127
In addition to TIGIT expression on CD8+ T cells
being a prognostic indicator in many cancer types, NK
cell expression of TIGIT may also be predictive. Tumor
resident CD103+ NK cells in endometrial tumors express
high levels of TIGIT relative to non-resident NK cells,
and these resident NK cells had an exhausted phenotype
and were associated with advanced stages of disease and
lymph node invasion.54 Similarly, in AML patients, TIGIT-
expressing NK cells displayed a dysfunctional phenotype
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Human clinical trials
To date, there are over a dozen clinical trials targeting
TIGIT. The majority of the anti-TIGIT clinical candidates
are of the IgG1 isotype well known to interact with high
affinity Fcγ receptors (FcγR). Others are IgG1’s bearing Fc
domain mutations that enhance or abolish FcγR binding,

or are of the IgG4 isotype, which exhibits limited ability to
interact with FcγR.139 Over 20 additional anti-TIGIT mAbs
or variants such as bispecifics are in preclinical development, with nearly two dozen companies entered in this
highly competitive space (figure 4).
Several anti-TIGIT mAbs have been tested as single-
agents in Phase Ia clinical trials and in combination with
anti-PD-L1 or anti-PD-1 antibodies in phase Ib or phase
2 clinical trials. Tiragolumab is a fully humanized IgG1
anti-TIGIT mAb with an effector IgG1 backbone that was
tested as a single agent in Phase Ia and in combination
with the anti-PD-L1 antibody atezolizumab in Phase Ib.140
Tiragolumab was well-
tolerated as a single-
agent and
in combination with atezolizumab, with a safety profile
similar to that of a checkpoint inhibitor; no new safety
signals were detected with tiragolumab. No objective
responses occurred in Phase Ia, but the combination
of tiragolumab and atezolizumab produced objective
responses in phase Ib, particularly in patients with tumors
not previously treated with prior cancer immunotherapy
or with tumors having positive PD-L1 expression.
Given the preliminary findings in phase I, the combination of tiragolumab and atezolizumab was then tested in
a randomized, double-blinded, placebo-controlled phase
II study (CITYSCAPE) in patients with newly-diagnosed
metastatic PD-L1-positive non-small cell lung cancer.141
Patients were randomized to receive tiragolumab plus
atezolizumab or placebo plus atezolizumab and were
treated to disease progression and/or loss of clinical
benefit. The addition of tiragolumab to atezolizumab
improved overall response rate, progression-free survival,
and overall survival, especially in patients with tumors
having high PD-L1 expression, compared with placebo
plus atezolizumab. The combination of tiragolumab
and atezolizumab was well-tolerated, and no new safety
signals were detected. Tiragolumab plus atezolizumab is
currently being studied in multiple solid tumors in Phase
III clinical trials.
Vibostolimab is another humanized anti-TIGIT mAb
with an effector IgG1 backbone. In a phase I study, vibostolimab was evaluated as monotherapy or in combination with pembrolizumab in patients with metastatic
solid tumors or in patients with advanced or metastatic
NSCLC that were either anti-PD-1/PD-L1 treatment naïve
or refractory.142 Vibostolimab was generally well tolerated
across all dose levels and demonstrated a manageable
safety profile. While sample sizes are small, efficacy evaluations demonstrated antitumor activity, particularly in
anti-PD-1/PD-L1 treatment naïve patients and in both
PD-L1 status positive and low/negative patients; limited
responses were observed in the anti-PD-1/PD-L1 refractory population. Vibostolimab is being further evaluated
as monotherapy or combination therapy in patients with
NSCLC or other select advanced solid tumors.
Etigilimab is yet another anti-TIGIT mAb using the IgG1
framework. In a Phase I study, patients with advanced
or metastatic solid tumors were treated with etigilimab
monotherapy or in combination with anti-PD-1 antibody
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including CT26, MC38, EMT6 mammary carcinoma
and GL261 glioblastoma.26 61 132 In the CT26 model,
coblockade of TIGIT and PD-L1 was required for tumor
elimination and enhanced CD8+ T cell IFN-γ production
in draining lymph nodes, while either antibody alone
was without effect.26 Enhanced effector function of
CD8+ T cells, as well as CD4+ T cells, was also observed
with coblockade as compared with either monotherapy
alone in the MC38 model.61 These findings are consistent
with a mechanistic synergy between the PD1 and TIGIT
pathways.47
As discussed above, both PD-
1 and TIGIT repress
CD226 phosphorylation and thus limit CD226 functional activity.47 88 Since the mechanisms by which TIGIT
and PD-1 target CD226 for dephosphorylation are non-
redundant, it is understandable why combining anti-
TIGIT with PD-
1/PD-
L1 blockade is required to fully
activate CD226. CD226 is necessary for activity of dual
TIGIT/PD-1 combination therapy as CD226 deficiency
or anti-CD226 mAb blockade abolishes the therapeutic
benefit.26 47 The contribution of CD226 to activity of anti-
TIGIT combination with anti-PD-1/PD-L1 indicates that
considerations should be given to CD226 expression and
functional availability.
Beyond dual TIGIT/PD-
1 blockade, other immunotherapies have demonstrated promise as a combination
partner with anti-TIGIT. These are evident within the
PVR-nectin family itself. CD96 blockade improves antitumor responses in Tigit-/- mice.133 Treatment with anti-
CD96 mAb in Tigit-/- mice resulted in greater reduction
of lung metastases in the orthotopic B16F10 and E0771
tumor models. The activity of anti-CD96 mAb was dependent on NK cells and also CD226, as depletion of NK
cells or coadminstration of blocking anti-
CD226 mAb
abrogated the effects of anti-
CD96 mAb. While CD96
has been well characterized as an inhibitory receptor for
NK cells, its role in CD8+ T cells is less clear, as CD96 has
recently been shown to possess costimulatory activity that
enhances CD8+ T cell activation and effector responses.134
PVRIG may compete with TIGIT and CD226 for binding
to CD112, and it is hypothesized that blockade of PVRIG/
CD112 in addition to TIGIT/PVR blockade may allow
CD226 to engage its ligands unencumbered. PVRIG is
expressed on TILs and intratumoral NK cells. In vitro
experiments have demonstrated that a combination of
anti-PVRIG and anti-TIGIT mAbs enhanced human TIL
and NK cell effector function.135–137 Combination of anti-
PVRIG with anti-
PD-
L1 reduced tumor growth as did
anti-PD-L1 treatment in PVRIG-/- mice,137 138 indicating
that combination of anti-PVRIG with anti-TIGIT may be
another strategy worth investigating.
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nivolumab.143 Etigilimab had an acceptable safety profile.
Preliminary signals of clinical activity were observed when
etigilimab was combined with nivolumab, but limited
conclusions regarding efficacy can be made due to small
sample sizes in this early phase trial.
Other studies are ongoing, but have not yet been
reported out. Assuming initial demonstrations of efficacy
are confirmed, one immediate outstanding question is
whether an intact Fc domain is required for the activity of
anti-TIGIT mAbs. Another question is centered around
identification of biomarkers. Thus far, PD-L1 expression
10

has been the most useful and utilized tool. As analyses of
biomarker data from clinical trials become more mature,
additional biomarkers such as serum immune cell-derived
proteins may be revealed.
CONCLUSIONS AND FUTURE DIRECTIONS
Based on the expression patterns of TIGIT, CD226, and
the shared ligand PVR, the mechanisms of action of
TIGIT blockade encompass many facets of the antitumor
immune response. Adding the potential contribution of

Chiang EY, Mellman I. J Immunother Cancer 2022;10:e004711. doi:10.1136/jitc-2022-004711

J Immunother Cancer: first published as 10.1136/jitc-2022-004711 on 4 April 2022. Downloaded from http://jitc.bmj.com/ on January 9, 2023 by guest. Protected by copyright.

Figure 4 Anti-TIGIT monoclonal antibody therapies in clinical development. Molecule, clinical development phase, and Fc
activity are indicated. Landscape as of November 2021. TIGIT, T cell immunoreceptor with Ig and ITIM domains.
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an intact Fc domain may further expand the potential
activity of anti-TIGIT mAbs. Another layer of complexity
in targeting TIGIT is the mechanistic convergence of
TIGIT with the PD-
1 inhibitory pathway, necessitating
dual blockade to fully unleash activation of the full repertoire of tumor-reactive CD8+ T cells (figure 5). Yet there
is more to the story, as considerations beyond TIGIT
blockade and combination with anti-
PD-
(L)1 mAbs
should be taken into account to unlock the full potential
of TIGIT-targeted therapies.
Beyond CTLA-4 and PD-1/PD-L1
Based on our current understanding of its mechanism of
action, the TIGIT/CD226-PVR axis provides an opportunity to synergize with or extend existing therapies
targeting CTLA-4 and PD-1/PD-L1. It is perhaps not a
coincidence that both of these pathways directly or indirectly involve the regulation of the CD28 costimulatory
receptor on T cells. Although TIGIT does not regulate
CD28 but rather CD226, the recent appreciation that
both CD226 and CD28 are clients of PD-1 provides an
attractive hypothesis for understanding why PD-1/PD-L1
blockade might combine with TIGIT blockade. Optimal
costimulation in T cells expressing both PD-1 and TIGIT,

when exposed to their respective ligands, will only be
achieved by simultaneously blocking both coinhibitory
receptors: TIGIT blockade is required to allow CD226 to
engage PVR, and PD-1 blockade is required to prevent
CD226 dephosphorylation in addition to its better known
functions of blocking dephosphorylation of CD28 and
(at least under some conditions) dephosphorylation of
the CD3ζ subunit of the TCR. As CD226 is emerging as
a major determinant of T cell function, optimal activation or re-activation of CD226 would appear to be an
important adjunct to current treatments, especially PD-1/
PD-L1 blockade given the convergence between the PD-1
and CD226 pathways.
The step, or steps, of T cell function that are regulated by TIGIT and PD-1 are a topic of intense current
interest. PD-1 blockade is most often thought to relieve
the exhausted phenotype typically associated with TILs,
reactivating at least some effector activity. TIGIT blockade
may work in parallel to achieve the same outcome.
However, recent evidence has emphasized a role for PD-1
earlier in T cell activation, acting to expand a stem-like
compartment that serves as a cellular resource to drive
antigen-
specific T cell responses. These TSCM cells are
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Figure 5 Effects of dual blockade of T cell immunoreceptor with Ig and ITIM domains (TIGIT) and PD-(L)1 on antitumor
immune responses. Left: Tumor-reactive CD8+ T cells encounter various immunosuppressive mechanisms (denoted by
‘-’) mediated by TIGIT and PD-1. In addition to inhibiting CD8+ T cells, TIGIT also inhibits NK cell activity. TIGIT signaling
supports Treg suppressive function. Additionally, myeloid cells such as antigen-presenting cells contribute to a suppressive
tumor microenvironment through release of cytokines such as IL-10 and TGF-β following PVR engagement of TIGIT. Tumor
cells also express PVR and may contribute to immune suppression. Right: Anti-TIGIT combined with anti-PD-L1 reverses
immunosuppression and modulates the tumor microenvironment to support antitumor responses (denoted by ‘+’). Dual
blockade of TIGIT and PD-(L)1 allows costimulatory activation by CD28 and CD226 for fully competent CD8+ T cell effector
activity. Release of CD226 from TIGIT restraint enhances NK cell activity. Treg suppression is impaired through blockade of
TIGIT, and CD226 may promote a proinflammatory phenotype. Anti-TIGIT mAbs with an effector competent Fc capable of
engaging Fcγ receptors (FcγR) allow additional mechanisms such as ADCC mediated by NK cells and ADCP mediated by
macrophages that may lead to depletion of cells expressing high levels of TIGIT such as Tregs. In addition, Fc-FcγR interaction
may modulate myeloid cells to relieve suppression and promote inflammatory conditions. The effects of CD226 engagement of
PVR on tumor cells remains to be determined (denoted by ‘?’). NK, natural killer.
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Beyond PVR
The PVR-nectin family of receptors and ligands is continually expanding as interest in this family spurs efforts to
identify new potential targets. Recently, Nectin4 (PVRL4)
has been described as a ligand that exclusively interacts
with TIGIT and not CD226, CD96 or PVRIG.149 Nectin4
is expressed abundantly during fetal development, but
expression is restricted to primarily placenta and testis
in human adult tissues.150 However, Nectin4 is expressed
in many cancers, including breast, bladder, lung and
pancreas, and expression is associated with poor prognosis.149 151 Nectin4 engagement of TIGIT on NK cells
reduces cytotoxicity, but does not completely abrogate
NK cell activity. Blocking anti-Nectin4 mAb attenuated
growth of MDA-MB-453 human breast carcinoma cells,
which express Nectin4 as well as other PVR-nectin family
ligands, implanted into SCID-beige mice together with
human NK cells.149
While CD111 (PVRL1) has not been demonstrated to
be a ligand for TIGIT, it may still play a role in regulating
12

TIGIT-expressing CD8+ T cell responses against tumors.152
In a mouse model of hepatocellular carcinoma, PVRL1
was reported to stabilize PVR expression on the cell
surface, allowing for productive TIGIT interaction with
PVR to mediate inhibition of CD8+ T cells and promote
tumor growth. Further illustrating the complex network
of PVR-
nectin family interactions and how this may
directly or indirectly modulate TIGIT activity, PVRL3 has
been shown to mediate clathrin-dependent endocytosis
of PVR upon cell-cell contact.153 As PVRL3 has higher
affinity for PVRL1 than PVR, PVRL3 will preferentially
bind to PVRL1, thereby disrupting the ability of PVRL3 to
reduce PVR surface expression.152 153
Ligands for TIGIT may also come from sources other
than tumor cells. The anaerobic Gram-negative bacterium
Fusobacterium nucleatum is found in the tumor microenvironment, where it can bind to tumor cells.154 Interaction
of the Fap2 protein of F. nucleatum with human TIGIT
inhibited NK cell and TIL activity, but Fap2-mediated
TIGIT inhibition was dependent on the ability of the
bacteria to cause hemagglutination. CD226 did not
interact with F. nucleatum, and the binding site for TIGITF. nucleatum interaction appeared to be distinct from the
TIGIT-PVR site. As anti-TIGIT mAbs have been selected
primarily on the basis of their ability to block interaction
with PVR, consideration should be given to other ligands
such as Fap2 that may engage TIGIT even in the presence
of anti-TIGIT mAb.
Beyond the Fab
Selection of anti-TIGIT mAbs has focused predominantly
on the variable antigen-binding fragment (Fab) as this
region that provides target-binding specificity and determines whether the Ab will block interaction with PVR
and other ligands. However, the constant region may
also play an important role, as the fragment crystallizable
(Fc) region can allow engagement with FcγRs to enable
effector functions such as ADCC, complement-dependent
cytotoxicity (CDC), antibody-dependent cellular phagocytosis (ADCP), induction of cytokines/chemokines, and
endocytosis of opsonized targets.155 Thus, the Fc portion
of the anti-TIGIT mAb may be an important determinant
of mechanism(s) of action.
Different IgG isotypes have distinct binding profiles to
various FcγRs, which themselves have differing properties. For anti-TIGIT mAbs, IgG1 or IgG4 Fc formats are
used. IgG1 has the highest affinity to all FcγRs relative to
other isotypes, but affinities are variable for each specific
FcγR. IgG1 can mediate effector functions including
ADCC, ADCP and CDC. Mutations in IgG1 can abrogate effector activity, rendering it FcγR null, or enhance
effector activity. By comparison, IgG4 has high affinity for
FcγRI, but low affinity for FcγRIIa, FcγRIIb and FcγRIIIa,
and therefore, can mediated ADCP but do not or have
low potential to induce ADCC or CDC. FcγRI is expressed
on monocytes/macrophages, DCs and activated neutrophils, and one its primary functions is to induce ADCP by
myeloid cells when interacting with IgG1 or IgG4. FcγRIIa
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likely instructed by antigen-presenting DCs either in the
tumor or lymphoid organs. Since we and others have
found that TIGIT may coexist with PD-1 on these early
cells, again there would be the opportunity for two coinhibitory receptors to act in concert. Although TIGIT’s
ligand, PVR, is widely distributed, it is also expressed by
DCs. Whether, as is the case for PD-L1, PVR on DCs is
critical for its ability to regulate its receptor is unknown.
It will be of great interest to determine if TIGIT and PD-1
blockade increase TCR clonality, as might be expected if
DCs were in fact a relevant site for the function of both
inhibitory pathways.
The significance of TIGIT function, and indeed the
function of PD-1 and CTLA-4, must not be viewed solely
through the lens of effector T cells. For example, while
Tregs express all three coinhibitory receptors, CTLA-4
and TIGIT are expressed at high levels and both may
enable Treg depletion if Fc domain-intact antibodies are
used, although clear evidence for this possibility in clinical studies has yet to be found. TIGIT may also, independently, cause Treg reprogramming.
Unlike CTLA-4 and PD-1, TIGIT it also widely expressed
by NK cells.144–147 The PVR-
TIGIT interaction, via the
TIGIT’s ITIM or ITT domains, may help drive NK cell
inactivation, so TIGIT blockade might be expected to
enhance NK antitumor activity. Similar considerations
may also be relevant for TIGIT signaling on Tregs.
In the case of NK cells, the state of activation or ‘education’ may be important not only for direct tumor cell
killing, but also for establishing the immunological phenotype of a tumor. Recent evidence suggests that NK cells
may secrete chemokines that can recruit DCs or CD8+ T
cells to the tumor microenvironment,148 thereby priming
the landscape for adaptive responses. Thus, TIGIT
blockade may combine with PD-1 blockade for reasons
that are orthogonal to the reactivation of costimulatory
receptor signaling in the effector T cell compartment.
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on TIGIT-expressing tumor cells may provide yet another
mechanism for FcγR-engaging anti-TIGIT mAbs.73
Myeloid cells expressing FcγR may be potentially modulated on engaging Fc effector competent Abs, as the intracellular domains of FcγRs contain either ITIM or ITAM
domains with inhibitory or activating activity, respectively.
Another possibility consequent of Fc-FcγR interaction is
sequestration of TIGIT, providing yet another mechanism contributing to the ability of CD226 to engage PVR.
While it is evident that anti-TIGIT may have modulatory
effects on DCs, macrophages, and MDSCs, as discussed
earlier, it remains to be determined if these effects are
dependent on Fc-FcγR or merely blockade of TIGIT-PVR
interaction.
Engagement of various FcγRs expressed on different
cells can produce a diverse array of functional consequences that can impact the tumor microenvironment
and antitumor responses. As clinical trials investigating
anti-
TIGIT mAbs with differing Fc backbones read
out their data, the importance of Fc in driving clinical
responses, and whether Fc is a differentiator for the clinical candidates, will become clear.139
Beyond combination with other checkpoints
The cancer immunity cycle describes generation of immunity to cancer as a cyclic, self-propagating and reiterative
process.159 160 Therapeutics targeting various steps of the
cancer immunity cycle have revolutionized the treatment
of cancer.161 The cycle is initiated by cancer cell death and
release of tumor-specific neoantigens, and this process
can be enhanced with chemotherapy, radiation therapy,
photodynamic therapy, viral therapy and other tumor-
directed therapies. NK cells play an important role at this
stage. Antigen-presenting cells take up tumor antigens
and present them to immune cells. Strategies to improve
antigen presentation include vaccine approaches, IFN-γ,
GM-CSF, TLR agonists, STING agonists and anti-CD73.
T cells are primed and activated and start to undergo
differentiation. Here, Ab blockade of inhibitory receptors such as CTLA-4 and PD-1, or agonism of costimulatory receptors such as CD27, GITR, 4-1BB, and OX40,
can allow optimal T cell responses to be generated, and
cytokines such as IL-2, IL-12 and IL-15 may be beneficial. T cells then traffic to tumors. At this step, chimeric
antigen receptor (CAR)-T cell therapy or other adoptive
cell transfer modalities increase the numbers of T cells
that can respond against tumors, and bispecific T cell
engagers direct T cells specifically to tumor cells. Once
attracted to the tumor site, T cells must infiltrate the
tumor. Antiangiogenesis factors and modulators of the
tumor microenvironment can allow T cells to penetrate
tumors. Finally, T cells recognize and kill cancer cells,
and this is where many immune checkpoint inhibitors
play a major role. Throughout the cancer immunity cycle,
immunosuppressive pressure is applied by Tregs and the
tumor microenvironment.
TIGIT may directly impact multiple steps of the cancer
immunity cycle, thereby differentiating it from other
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and FcγRIIIa are expressed on monocytes/macrophages,
DCs, NK cells and platelets. FcγRIIa mediates ADCP when
engaged with IgG1, whereas FcγRIIIa interaction with
IgG1 can lead to ADCC by NK cells and macrophages.
The contribution of Fc-FcγR coengagement for functional activity of anti-TIGIT mAbs was investigated using
a clone (10A7) that exhibited cross-reactivity for both
mouse and human TIGIT.156 In mice, the IgG2a isotype
is equivalent to human IgG1. Growth of CT26 tumors
was controlled using a wild-type, fully effector competent
IgG2a format, but mutations in the Fc to attenuate FcγR
binding had no effect on tumor progression. Notably,
while wild-type IgG2a has the capacity to mediate ADCC
and ADCP, depletion of intratumoral Tregs was not
observed, demonstrating that an effector competent Fc
does not necessarily result in depletion as a mechanism
of the Ab. When the anti-TIGIT Ab was engineered to
the human IgG1 format or effector null variant, T cell
responses were attenuated with the mutant variant and
activity of the wild-type Ab was inhibited by blockade of
FcγRIIIA.156 Studies using a different clone (T4), also
with cross-reactivity for mouse and human, showed that
an Fc-enhanced Ab improved on the therapeutic effect of
wild-type Fc Ab, whereas activity was lost with an effector
null mutant.157 While a reduction in intratumoral Tregs
was observed, suggesting ADCC-
mediated depletion,
Tregs were still present. As FOXP3 was used as a marker
for Tregs, it is possible that the reduction in Tregs may
be attributable to destabilization of FOXP3 expression
through blockade of TIGIT, and that enhanced engagement with FcγRs enforces the reprogramming of Tregs.
A non-Treg depleting, effector competent Fc-dependent,
mechanism was recently suggested. Engagement of FcγRs
on myeloid cells by anti-TIGIT mAb (clone 18G10) with
the IgG2a isotype resulted in enhanced antigen presentation as well as increased cytokine and chemokine production, thereby promoting a state of persistent immune
activation supportive of robust antitumor activity.158
The possibility of Fc-mediated depletion activity cannot
be ruled out, as ADCC or ADCP mechanisms may be
applicable only to those cells expressing high surface
levels of TIGIT. Studies using a human anti-TIGIT mAb
(clone EOS-448) showed that a human IgG1 formatted
Ab, but not IgG2 or IgG4, had cytotoxic potential that
reduced Tregs in PBMCs from cancer patients, with less
impact on CD8+ T cells or non-Treg CD4+ T cells. As Tregs
had the highest TIGIT expression, there was a correlation between TIGIT expression level with susceptibility
to depletion.73 Notably, however, the degree of Ab-mediated cytolysis of anti-TIGIT mAb was not as strong as
rituximab, a well-characterized CD19 depleting Ab. The
potential for depletion of cells expressing TIGIT extends
beyond Tregs and may include tumor cells themselves.
Tumor CD4+ T cells from patients with Sézary syndrome
had higher expression of TIGIT than normal circulating
CD4+ T cells, and the malignant CD4+ T cells were more
susceptible to ADCC, indicating that direct cytotoxicity
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specifically targeting a particular step. While combinatorial approaches have become standard, the right combinations are needed. TIGIT is a target that is expressed
by key immune cell players in the cancer immunity cycle,
and the TIGIT/CD226-PVR axis has a role in nearly every
step. TIGIT in cancer immunotherapy is still relatively
in its infancy, but there is vast potential for anti-TIGIT
as a combination partner for therapies beyond anti-
PD-1/PD-L1. Thus, TIGIT-based immunotherapies hold
tremendous promise in the fight against cancer.
Contributors EYC and IM wrote the manuscript.
Funding The authors have not declared a specific grant for this research from any
funding agency in the public, commercial or not-for-profit sectors.
Competing interests EYC and IM are employees of Genentech, a member of the
Roche group, which develops and markets drugs for profit.
Patient consent for publication Not applicable.
Ethics approval Not applicable.
Provenance and peer review Not commissioned; externally peer reviewed.
Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See http://creativecommons.org/licenses/by-nc/4.0/.
ORCID iDs
Eugene Y Chiang http://orcid.org/0000-0002-4494-1115
Ira Mellman http://orcid.org/0000-0002-6132-7299

REFERENCES

1 Fife BT, Bluestone JA. Control of peripheral T-cell tolerance and
autoimmunity via the CTLA-4 and PD-1 pathways. Immunol Rev
2008;224:166–82.
2 Greenwald RJ, Freeman GJ, Sharpe AH. The B7 family revisited.
Annu Rev Immunol 2005;23:515–48.
3 Mellman I, Coukos G, Dranoff G. Cancer immunotherapy comes of
age. Nature 2011;480:480–9.
4 Huntington ND, Cursons J, Rautela J. The cancer-natural killer cell
immunity cycle. Nat Rev Cancer 2020;20:437–54.
5 Rotte A. Combination of CTLA-4 and PD-1 blockers for treatment of
cancer. J Exp Clin Cancer Res 2019;38:255.
6 Christofi T, Baritaki S, Falzone L, et al. Current perspectives in
cancer immunotherapy. Cancers 2019;11:1472.
7 Chen DS, Irving BA, Hodi FS. Molecular pathways: next-generation
immunotherapy--inhibiting programmed death-ligand 1 and
programmed death-1. Clin Cancer Res 2012;18:6580–7.
8 Pardoll DM. The blockade of immune checkpoints in cancer
immunotherapy. Nat Rev Cancer 2012;12:252–64.
9 Andrews LP, Yano H, Vignali DAA. Inhibitory receptors and ligands
beyond PD-1, PD-L1 and CTLA-4: breakthroughs or backups. Nat
Immunol 2019;20:1425–34.
10 Qin S, Xu L, Yi M, et al. Novel immune checkpoint targets: moving
beyond PD-1 and CTLA-4. Mol Cancer 2019;18:155.
11 Harjunpää H, Guillerey C. Tigit as an emerging immune checkpoint.
Clin Exp Immunol 2020;200:108–19.
12 Chauvin J-M, Zarour HM. Tigit in cancer immunotherapy. J
Immunother Cancer 2020;8:e000957.
13 Boles KS, Vermi W, Facchetti F, et al. A novel molecular interaction
for the adhesion of follicular CD4 T cells to follicular DC. Eur J
Immunol 2009;39:695–703.
14 Levin SD, Taft DW, Brandt CS, et al. Vstm3 is a member of the
CD28 family and an important modulator of T-cell function. Eur J
Immunol 2011;41:902–15.
15 Yu X, Harden K, Gonzalez LC, et al. The surface protein TIGIT
suppresses T cell activation by promoting the generation of mature
immunoregulatory dendritic cells. Nat Immunol 2009;10:48–57.
16 Manieri NA, Chiang EY, Grogan JL. TIGIT: a key inhibitor of the
cancer immunity cycle. Trends Immunol 2017;38:20–8.

Chiang EY, Mellman I. J Immunother Cancer 2022;10:e004711. doi:10.1136/jitc-2022-004711

J Immunother Cancer: first published as 10.1136/jitc-2022-004711 on 4 April 2022. Downloaded from http://jitc.bmj.com/ on January 9, 2023 by guest. Protected by copyright.

immune checkpoints possessing perhaps more narrow
functions. However, given the promise of immune
checkpoint inhibitors such as anti-PD-1/anti-PD-L1, anti-
CTLA-4, and now anti-TIGIT, there is intense interest in
other immune checkpoints such as lymphocyte activation gene-3 (LAG-3), T cell immunoglobulin and mucin-
domain containing-3 (TIM-3), V-domain immunoglobulin
suppressor of T cell activation (VISTA), B7 homology 3
protein (B7-H3), inducible T cell costimulatory (ICOS),
and B and T lymphocyte attenuator (BTLA).162 Clinical
trials are underway for all of these targets, with LAG-3
gaining the most attention in terms of clinical candidates
and numbers of trials. While early data has shown that
targeting these immune checkpoints is generally well
tolerated and promising early results have been reported,
mature clinical data are still awaiting. Of note, clinical
trials investigating these novel agents are predominantly
designed to test combinations, with anti-PD-(L)1 being
the partner of choice.
It remains to be seen if targeting these various immune
checkpoints will result in a clear winner, the more likely
scenario being that each may provide some degree of
benefit based on its specific biology. Targeting TIGIT,
with its role in not only mediating antitumor responses of
multiple lymphocyte populations including TSCM, memory
and effector T cells and NK cells, but also myeloid cells
through PVR, may thus have an advantage. Rather
than seeking additional immune checkpoint inhibitors,
perhaps it is more prudent to evaluate other therapeutic
strategies that leverage and build on the promise of
TIGIT blockade or PD-1/PD-L1 coblockade. For instance,
combination of anti-TIGIT with Abs targeting costimulatory receptors including 4-1BB, OX-40 or GITR demonstrated additive or synergistic effects in various mouse
tumor models.73
While cytokines such as IL-
15 expand lymphocytes,
including those that are tumor-reactive, activity of these
cells may be limited by TIGIT expression; however,
combination of anti-TIGIT with IL-15 promoted control
of metastatic tumors in mouse melanoma models.102
Cell therapy is another means of increasing numbers
of tumor-reactive T cells in a patient.145 Adoptive T cell
therapy with TILs may benefit from TIGIT blockade, as
TIGIT, often together with PD-1, is expressed on TILs.26
CAR- T cells may face the same challenges posed by TIGIT
expression, and anti-TIGIT mAb is one way to overcome
this T cell inhibitory signal.163 Combination of TIGIT/
PD-1 coblockade with CD40 agonism was demonstrated
to overcome immune evasion mediated by the TIGIT/
PVR axis and elicit robust antitumor responses in a mouse
pancreatic adenocarcinoma model,164 validating DC-activating strategies as potential partners and opening the
door to testing anti-TIGIT plus anti-PD-(L)1 with cancer
vaccines.145
As the antitumor immune response must battle continually evolving immune-resistant mechanisms, therapeutics that can impact multiple steps of the cancer immunity
cycle may elicit more potent clinical responses than those

Open access
45 Wu TD, Madireddi S, de Almeida PE, et al. Peripheral T cell
expansion predicts tumour infiltration and clinical response. Nature
2020;579:274–8.
46 Banchereau R, Chitre AS, Scherl A, et al. Intratumoral CD103+
CD8+ T cells predict response to PD-L1 blockade. J Immunother
Cancer 2021;9:e002231.
47 Banta KL, Xu X, Chitre AS, et al. Mechanistic convergence
of the TIGIT and PD-1 inhibitory pathways necessitates co-
blockade to optimize anti-tumor CD8+ T cell responses. Immunity
2022;55:512–26.
48 Bi J, Tian Z. Nk cell dysfunction and checkpoint immunotherapy.
Front Immunol 2019;10:1999.
49 Shimasaki N, Jain A, Campana D. NK cells for cancer
immunotherapy. Nat Rev Drug Discov 2020;19:200–18.
50 Stanietsky N, Simic H, Arapovic J, et al. The interaction of TIGIT
with Pvr and PVRL2 inhibits human NK cell cytotoxicity. Proc Natl
Acad Sci U S A 2009;106:17858–63.
51 Stanietsky N, Rovis TL, Glasner A, et al. Mouse TIGIT inhibits
NK-cell cytotoxicity upon interaction with Pvr. Eur J Immunol
2013;43:2138–50.
52 Bi J, Zhang Q, Liang D, et al. T-Cell Ig and ITIM domain regulates
natural killer cell activation in murine acute viral hepatitis.
Hepatology 2014;59:1715–25.
53 Zhang Q, Bi J, Zheng X, et al. Blockade of the checkpoint receptor
TIGIT prevents NK cell exhaustion and elicits potent anti-tumor
immunity. Nat Immunol 2018;19:723–32.
54 Degos C, Heinemann M, Barrou J, et al. Endometrial tumor
microenvironment alters human NK cell recruitment, and resident
NK cell phenotype and function. Front Immunol 2019;10:877.
55 Sarhan D, Cichocki F, Zhang B, et al. Adaptive NK cells with
low TIGIT expression are inherently resistant to myeloid-derived
suppressor cells. Cancer Res 2016;76:5696–706.
56 Zhou X-M, Li W-Q, Wu Y-H, et al. Intrinsic Expression of Immune
Checkpoint Molecule TIGIT Could Help Tumor Growth in vivo by
Suppressing the Function of NK and CD8+ T Cells. Front Immunol
2018;9:2821.
57 Fuhrman CA, Yeh W-I, Seay HR, et al. Divergent phenotypes of
human regulatory T cells expressing the receptors TIGIT and
CD226. J Immunol 2015;195:145–55.
58 Pompura SL, Dominguez-Villar M. The PI3K/AKT signaling pathway
in regulatory T-cell development, stability, and function. J Leukoc
Biol 2018. doi:10.1002/JLB.2MIR0817-349R. [Epub ahead of print:
22 Jan 2018].
59 Lucca LE, Dominguez-Villar M. Modulation of regulatory T cell
function and stability by co-inhibitory receptors. Nat Rev Immunol
2020;20:680–93.
60 Lucca LE, Axisa P-P, Singer ER, et al. Tigit signaling restores
suppressor function of Th1 Tregs. JCI Insight 2019;4:e124427.
61 Dixon KO, Schorer M, Nevin J, et al. Functional Anti-TIGIT
antibodies regulate development of autoimmunity and antitumor
immunity. J Immunol 2018;200:3000–7.
62 Fourcade J, Sun Z, Chauvin J-M, et al. Cd226 opposes TIGIT to
disrupt Tregs in melanoma. JCI Insight 2018;3:e121157.
63 Kurtulus S, Sakuishi K, Ngiow S-F, et al. Tigit predominantly
regulates the immune response via regulatory T cells. J Clin Invest
2015;125:4053–62.
64 Hutloff A. T follicular Helper-Like cells in inflamed non-lymphoid
tissues. Front Immunol 2018;9:1707.
65 Teillaud J-L, Dieu-Nosjean M-C. Tertiary lymphoid structures:
an anti-tumor school for adaptive immune cells and an antibody
factory to fight cancer? Front Immunol 2017;8:830.
66 Gu-Trantien C, Loi S, Garaud S, et al. CD4 follicular helper T
cell infiltration predicts breast cancer survival. J Clin Invest
2013;123:2873–92.
67 Gu-Trantien C, Migliori E, Buisseret L, et al. CXCL13-producing
Tfh cells link immune suppression and adaptive memory in human
breast cancer. JCI Insight 2017;2:e91487.
68 Raverdeau M, Cunningham SP, Harmon C, et al. γδ T cells in cancer:
a small population of lymphocytes with big implications. Clin Transl
Immunology 2019;8:e01080.
69 Silva-Santos B, Serre K, Norell H. γδ T cells in cancer. Nat Rev
Immunol 2015;15:683–91.
70 Wu D, Wu P, Wu X, et al. Ex vivo expanded human circulating Vδ1
γδT cells exhibit favorable therapeutic potential for colon cancer.
Oncoimmunology 2015;4:e992749.
71 Braun M, Aguilera AR, Sundarrajan A, et al. CD155 on Tumor Cells
Drives Resistance to Immunotherapy by Inducing the Degradation
of the Activating Receptor CD226 in CD8+ T Cells. Immunity
2020;53:e15:805–23.

Chiang EY, Mellman I. J Immunother Cancer 2022;10:e004711. doi:10.1136/jitc-2022-004711

15

J Immunother Cancer: first published as 10.1136/jitc-2022-004711 on 4 April 2022. Downloaded from http://jitc.bmj.com/ on January 9, 2023 by guest. Protected by copyright.

17 Stengel KF, Harden-Bowles K, Yu X, et al. Structure of TIGIT
immunoreceptor bound to poliovirus receptor reveals a
cell-cell adhesion and signaling mechanism that requires
cis-trans receptor clustering. Proc Natl Acad Sci U S A
2012;109:5399–404.
18 Fuchs A, Cella M, Giurisato E, et al. Cutting edge: CD96 (tactile)
promotes NK cell-target cell adhesion by interacting with the
poliovirus receptor (CD155). J Immunol 2004;172:3994–8.
19 Seth S, Maier MK, Qiu Q, et al. The murine pan T cell marker CD96
is an adhesion receptor for CD155 and nectin-1. Biochem Biophys
Res Commun 2007;364:959–65.
20 Tahara-Hanaoka S, Shibuya K, Onoda Y, et al. Functional
characterization of DNAM-1 (CD226) interaction with its
ligands Pvr (CD155) and nectin-2 (PRR-2/CD112). Int Immunol
2004;16:533–8.
21 Zhu Y, Paniccia A, Schulick AC, et al. Identification of CD112R as a
novel checkpoint for human T cells. J Exp Med 2016;213:167–76.
22 Reches A, Ophir Y, Stein N, et al. Nectin4 is a novel TIGIT ligand
which combines checkpoint inhibition and tumor specificity. J
Immunother Cancer 2020;8.
23 Lozano E, Dominguez-Villar M, Kuchroo V, et al. The TIGIT/CD226
axis regulates human T cell function. J Immunol 2012;188:3869–75.
24 Joller N, Lozano E, Burkett PR, et al. Treg cells expressing the
coinhibitory molecule TIGIT selectively inhibit proinflammatory Th1
and Th17 cell responses. Immunity 2014;40:569–81.
25 Seth S, Ravens I, Kremmer E, et al. Abundance of follicular helper
T cells in Peyer's patches is modulated by CD155. Eur J Immunol
2009;39:3160–70.
26 Johnston RJ, Comps-Agrar L, Hackney J, et al. The
immunoreceptor TIGIT regulates antitumor and antiviral CD8(+) T
cell effector function. Cancer Cell 2014;26:923–37.
27 Jia B, Zhao C, Rakszawski KL, et al. Eomes+T-betlow CD8+ T Cells
Are Functionally Impaired and Are Associated with Poor Clinical
Outcome in Patients with Acute Myeloid Leukemia. Cancer Res
2019;79:1635–45.
28 Lahmann A, Kuhrau J, Fuhrmann F, et al. Bach2 controls T
follicular helper cells by direct repression of BCL-6. J Immunol
2019;202:2229–39.
29 Wherry EJ, Kurachi M. Molecular and cellular insights into T cell
exhaustion. Nat Rev Immunol 2015;15:486–99.
30 Sen DR, Kaminski J, Barnitz RA, et al. The epigenetic landscape of
T cell exhaustion. Science 2016;354:1165–9.
31 Liu X, Wang Y, Lu H, et al. Genome-wide analysis identifies NR4A1
as a key mediator of T cell dysfunction. Nature 2019;567:525–9.
32 Scott AC, Dündar F, Zumbo P, et al. TOX is a critical regulator of
tumour-specific T cell differentiation. Nature 2019;571:270–4.
33 Seo H, Chen J, González-Avalos E, et al. TOX and TOX2
transcription factors cooperate with NR4A transcription factors
to impose CD8+ T cell exhaustion. Proc Natl Acad Sci U S A
2019;116:12410–5.
34 Gattinoni L, Lugli E, Ji Y, et al. A human memory T cell subset with
stem cell-like properties. Nat Med 2011;17:1290–7.
35 Mueller SN, Gebhardt T, Carbone FR, et al. Memory T cell subsets,
migration patterns, and tissue residence. Annu Rev Immunol
2013;31:137–61.
36 Jameson SC, Masopust D. Understanding subset diversity in T cell
memory. Immunity 2018;48:214–26.
37 Utzschneider DT, Charmoy M, Chennupati V, et al. T Cell Factor
1-Expressing Memory-like CD8(+) T Cells Sustain the Immune
Response to Chronic Viral Infections. Immunity 2016;45:415–27.
38 Kallies A, Zehn D, Utzschneider DT. Precursor exhausted T
cells: key to successful immunotherapy? Nat Rev Immunol
2020;20:128–36.
39 Galletti G, De Simone G, Mazza EMC, et al. Two subsets of stem-
like CD8+ memory T cell progenitors with distinct fate commitments
in humans. Nat Immunol 2020;21:1552–62.
40 Kurtulus S, Madi A, Escobar G, et al. Checkpoint Blockade
Immunotherapy Induces Dynamic Changes in PD-1-CD8+ Tumor-
Infiltrating T Cells. Immunity 2019;50:181–94.
41 Siddiqui I, Schaeuble K, Chennupati V, et al. Intratumoral Tcf1+PD-
1+CD8+ T Cells with Stem-like Properties Promote Tumor Control in
Response to Vaccination and Checkpoint Blockade Immunotherapy.
Immunity 2019;50:e10:195–211.
42 Yost KE, Satpathy AT, Wells DK, et al. Clonal replacement of tumor-
specific T cells following PD-1 blockade. Nat Med 2019;25:1251–9.
43 Miller BC, Sen DR, Al Abosy R, et al. Subsets of exhausted CD8+ T
cells differentially mediate tumor control and respond to checkpoint
blockade. Nat Immunol 2019;20:326–36.
44 Im SJ, Hashimoto M, Gerner MY, et al. Defining CD8+ T cells
that provide the proliferative burst after PD-1 therapy. Nature
2016;537:417–21.

Open access

16

97
98
99
100

101
102
103
104

105
106
107
108

109
110
111
112

113
114
115

116
117
118

119

120

TIGIT under inflammatory conditions. Proc Natl Acad Sci U S A
2021;118:e2021309118.
Fourcade J, Sun Z, Chauvin J-M, et al. CD226 opposes TIGIT to
disrupt Tregs in melanoma. JCI Insight 2018;3. doi:10.1172/jci.
insight.121157. [Epub ahead of print: 26 07 2018].
Béziat V, Rapaport F, Hu J, et al. Humans with inherited T cell
CD28 deficiency are susceptible to skin papillomaviruses but are
otherwise healthy. Cell 2021;184:3812-3828.e30.
Kamphorst AO, Wieland A, Nasti T, et al. Rescue of exhausted CD8
T cells by PD-1-targeted therapies is CD28-dependent. Science
2017;355:1423–7.
Weulersse M, Asrir A, Pichler AC, et al. Eomes-Dependent Loss of
the Co-activating Receptor CD226 Restrains CD8+ T Cell Anti-
tumor Functions and Limits the Efficacy of Cancer Immunotherapy.
Immunity 2020;53:e10:824–39.
Paley MA, Kroy DC, Odorizzi PM, et al. Progenitor and terminal
subsets of CD8+ T cells cooperate to contain chronic viral infection.
Science 2012;338:1220–5.
Chauvin J-M, Ka M, Pagliano O, et al. IL15 stimulation with
TIGIT blockade reverses CD155-mediated NK-cell dysfunction in
melanoma. Clin Cancer Res 2020;26:5520–33.
O'Donnell JS, Madore J, Li X-Y, et al. Tumor intrinsic and extrinsic
immune functions of CD155. Semin Cancer Biol 2020;65:189–96.
Lepletier A, Madore J, O'Donnell JS, et al. Tumor CD155
expression is associated with resistance to anti-PD1
immunotherapy in metastatic melanoma. Clin Cancer Res
2020;26:clincanres.3925.2019–81.
Lee BR, Chae S, Moon J, et al. Combination of PD-L1 and
Pvr determines sensitivity to PD-1 blockade. JCI Insight
2020;5:e128633.
Oh SA, Wu D-C, Cheung J, et al. Pd-L1 expression by dendritic
cells is a key regulator of T-cell immunity in cancer. Nat Cancer
2020;1:681–91.
Chen X, Lu P-H, Liu L, et al. Tigit negatively regulates
inflammation by altering macrophage phenotype. Immunobiology
2016;221:48–55.
Mao L, Xiao Y, Yang Q-C, et al. TIGIT/CD155 blockade enhances
anti-PD-L1 therapy in head and neck squamous cell carcinoma
by targeting myeloid-derived suppressor cells. Oral Oncol
2021;121:105472.
Blessin NC, Simon R, Kluth M, et al. Patterns of TIGIT expression
in lymphatic tissue, inflammation, and cancer. Dis Markers
2019;2019:1–13.
Li X, Wang R, Fan P, et al. A comprehensive analysis of key immune
checkpoint receptors on tumor-infiltrating T cells from multiple
types of cancer. Front Oncol 2019;9:1066.
Chauvin J-M, Pagliano O, Fourcade J, et al. Tigit and PD-1 impair
tumor antigen-specific CD8⁺ T cells in melanoma patients. J Clin
Invest 2015;125:2046–58.
Stålhammar G, Seregard S, Grossniklaus HE. Expression of immune
checkpoint receptors indoleamine 2,3-dioxygenase and T cell Ig
and ITIM domain in metastatic versus nonmetastatic choroidal
melanoma. Cancer Med 2019;8:2784–92.
Egelston CA, Avalos C, Tu TY, et al. Human breast tumor-infiltrating
CD8+ T cells retain polyfunctionality despite PD-1 expression. Nat
Commun 2018;9:4297.
Xie J, Wang J, Cheng S, et al. Expression of immune
checkpoints in T cells of esophageal cancer patients. Oncotarget
2016;7:63669–78.
Zhou G, Sprengers D, Boor PPC, et al. Antibodies Against
Immune Checkpoint Molecules Restore Functions of Tumor-
Infiltrating T Cells in Hepatocellular Carcinomas. Gastroenterology
2017;153:e10:1107–19.
Tassi E, Grazia G, Vegetti C, et al. Early effector T lymphocytes
coexpress multiple inhibitory receptors in primary non-small cell
lung cancer. Cancer Res 2017;77:851–61.
O'Brien SM, Klampatsa A, Thompson JC, et al. Function of human
tumor-infiltrating lymphocytes in early-stage non-small cell lung
cancer. Cancer Immunol Res 2019;7:896–909.
Lee WJ, Lee YJ, Choi ME, et al. Expression of lymphocyte-
activating gene 3 and T-cell immunoreceptor with immunoglobulin
and ITIM domains in cutaneous melanoma and their correlation
with programmed cell death 1 expression in tumor-infiltrating
lymphocytes. J Am Acad Dermatol 2019;81:219–27.
Kong Y, Zhu L, Schell TD, et al. T-cell immunoglobulin and
ITIM domain (TIGIT) associates with CD8+ T-cell exhaustion
and poor clinical outcome in AML patients. Clin Cancer Res
2016;22:3057–66.
Guillerey C, Harjunpää H, Carrié N, et al. TIGIT immune checkpoint
blockade restores CD8+ T-cell immunity against multiple myeloma.
Blood 2018;132:1689–94.

Chiang EY, Mellman I. J Immunother Cancer 2022;10:e004711. doi:10.1136/jitc-2022-004711

J Immunother Cancer: first published as 10.1136/jitc-2022-004711 on 4 April 2022. Downloaded from http://jitc.bmj.com/ on January 9, 2023 by guest. Protected by copyright.

72 Jin Z, Lan T, Zhao Y, et al. Higher TIGIT + CD226 - γδ T cells
in Patients with Acute Myeloid Leukemia. Immunol Invest
2022;51:40–50.
73 Preillon J, Cuende J, Rabolli V, et al. Restoration of T-cell effector
function, depletion of Tregs, and direct killing of tumor cells: the
multiple mechanisms of action of a-TIGIT antagonist antibodies.
Mol Cancer Ther 2021;20:121–31.
74 Liu S, Zhang H, Li M, et al. Recruitment of Grb2 and SHIP1 by
the ITT-like motif of TIGIT suppresses granule polarization and
cytotoxicity of NK cells. Cell Death Differ 2013;20:456–64.
75 Li M, Xia P, Du Y, et al. T-Cell immunoglobulin and ITIM domain
(TIGIT) receptor/poliovirus receptor (Pvr) ligand engagement
suppresses interferon-γ production of natural killer cells
via β-arrestin 2-mediated negative signaling. J Biol Chem
2014;289:17647–57.
76 Joller N, Hafler JP, Brynedal B, et al. Cutting edge: TIGIT has T cell-
intrinsic inhibitory functions. J Immunol 2011;186:1338–42.
77 Xu X, Masubuchi T, Cai Q, et al. Molecular features underlying
differential SHP1/SHP2 binding of immune checkpoint receptors.
Elife 2021;10:e74276.
78 Kojima H, Kanada H, Shimizu S, et al. CD226 mediates platelet and
megakaryocytic cell adhesion to vascular endothelial cells. J Biol
Chem 2003;278:36748–53.
79 Reymond N, Imbert A-M, Devilard E, et al. DNAM-1 and PVR
regulate monocyte migration through endothelial junctions. J Exp
Med 2004;199:1331–41.
80 Ma D, Sun Y, Lin D, et al. CD226 is expressed on the
megakaryocytic lineage from hematopoietic stem cells/progenitor
cells and involved in its polyploidization. Eur J Haematol
2005;74:228–40.
81 Bachelet I, Munitz A, Mankutad D, et al. Mast cell costimulation by
CD226/CD112 (DNAM-1/Nectin-2): a novel interface in the allergic
process. J Biol Chem 2006;281:27190–6.
82 Ramsbottom KM, Hawkins ED, Shimoni R, et al. Cutting edge:
DNAX accessory molecule 1-deficient CD8+ T cells display
immunological synapse defects that impair antitumor immunity. J
Immunol 2014;192:553-7.
83 Ralston KJ, Hird SL, Zhang X, et al. The LFA-1-associated
molecule PTA-1 (CD226) on T cells forms a dynamic molecular
complex with protein 4.1G and human discs large. J Biol Chem
2004;279:33816–28.
84 Shibuya K, Lanier LL, Phillips JH, et al. Physical and functional
association of LFA-1 with DNAM-1 adhesion molecule. Immunity
1999;11:615–23.
85 Shibuya K, Shirakawa J, Kameyama T, et al. Cd226 (DNAM-1) is
involved in lymphocyte function-associated antigen 1 costimulatory
signal for naive T cell differentiation and proliferation. J Exp Med
2003;198:1829–39.
86 Manes TD, Pober JS. Identification of endothelial cell junctional
proteins and lymphocyte receptors involved in transendothelial
migration of human effector memory CD4+ T cells. J Immunol
2011;186:1763–8.
87 Gilfillan S, Chan CJ, Cella M, et al. DNAM-1 promotes activation of
cytotoxic lymphocytes by nonprofessional antigen-presenting cells
and tumors. J Exp Med 2008;205:2965–73.
88 Wang B, Zhang W, Jankovic V, et al. Combination cancer
immunotherapy targeting PD-1 and GITR can rescue CD8+ T
cell dysfunction and maintain memory phenotype. Sci Immunol
2018;3:eaat7061.
89 Du X, de Almeida P, Manieri N, et al. CD226 regulates natural
killer cell antitumor responses via phosphorylation-mediated
inactivation of transcription factor FoxO1. Proc Natl Acad Sci U S A
2018;115:E11731–40.
90 Deng Y, Kerdiles Y, Chu J, et al. Transcription factor Foxo1 is a
negative regulator of natural killer cell maturation and function.
Immunity 2015;42:457–70.
91 Hedrick SM, Hess Michelini R, Doedens AL, et al. FOXO
transcription factors throughout T cell biology. Nat Rev Immunol
2012;12:649–61.
92 van der Vos KE, Coffer PJ. The extending network of FOXO
transcriptional target genes. Antioxid Redox Signal 2011;14:579–92.
93 Kerdiles YM, Stone EL, Beisner DR, et al. Foxo transcription factors
control regulatory T cell development and function. Immunity
2010;33:890–904.
94 Luo CT, Li MO. Foxo transcription factors in T cell biology and
tumor immunity. Semin Cancer Biol 2018;50:13–20.
95 Ouyang W, Liao W, Luo CT, et al. Novel Foxo1-dependent
transcriptional programs control T(reg) cell function. Nature
2012;491:554–9.
96 Sato K, Yamashita-Kanemaru Y, Abe F, et al. DNAM-1 regulates
FOXP3 expression in regulatory T cells by interfering with

Open access

143

144
145
146
147
148
149
150

151

152

153
154

155
156

157
158
159
160
161
162
163
164

Chiang EY, Mellman I. J Immunother Cancer 2022;10:e004711. doi:10.1136/jitc-2022-004711

pembrolizumab for advanced solid tumors, including non–small cell
lung cancer. Ann Oncol 2021.
Mettu NB, Ulahannan SV, Bendell JC, et al. A phase 1a/b open-
label, dose-escalation study of etigilimab alone or in combination
with nivolumab in patients with locally advanced or metastatic solid
tumors. Clin Cancer Res 2021.
Beldi-Ferchiou A, Caillat-Zucman S. Control of NK cell activation by
immune checkpoint molecules. Int J Mol Sci 2017;18:2129.
Waldman AD, Fritz JM, Lenardo MJ. A guide to cancer
immunotherapy: from T cell basic science to clinical practice. Nat
Rev Immunol 2020;20:651–68.
Cai J, Wang D, Zhang G, et al. The role of PD-1/PD-L1 axis in Treg
development and function: implications for cancer immunotherapy.
Onco Targets Ther 2019;12:8437–45.
Judge SJ, Dunai C, Aguilar EG, et al. Minimal PD-1 expression in
mouse and human NK cells under diverse conditions. J Clin Invest
2020;130:3051–68.
BÃ¶ttcher JP, Bonavita E, Chakravarty P, et al. Nk cells stimulate
recruitment of cdc1 into the tumor microenvironment promoting
cancer immune control. Cell 2018;172:1022–37.
Reches A, Ophir Y, Stein N, et al. Nectin4 is a novel TIGIT ligand
which combines checkpoint inhibition and tumor specificity. J
Immunother Cancer 2020;8:e000266.
Reymond N, Fabre StÃ©phanie, Lecocq E, et al. Nectin4/PRR4, a
new afadin-associated member of the nectin family that trans-
interacts with nectin1/PRR1 through V domain interaction. J Biol
Chem 2001;276:43205–15.
Challita-Eid PM, Satpayev D, Yang P, et al. Enfortumab Vedotin
Antibodyâ€“Drug conjugate targeting Nectin-4 is a highly potent
therapeutic agent in multiple preclinical cancer models. Cancer Res
2016;76:3003–13.
Chiu DK-C, Yuen VW-H, Cheu JW-S, et al. Hepatocellular
carcinoma cells up-regulate PVRL1, stabilizing Pvr and
inhibiting the cytotoxic T-cell response via TIGIT to mediate
tumor resistance to PD1 inhibitors in mice. Gastroenterology
2020;159:609–23.
Fujito T, Ikeda W, Kakunaga S, et al. Inhibition of cell movement and
proliferation by cell-cell contact-induced interaction of Necl-5 with
nectin-3. J Cell Biol 2005;171:165–73.
Gur C, Ibrahim Y, Isaacson B, et al. Binding of the Fap2 protein
of Fusobacterium nucleatum to human inhibitory receptor
TIGIT protects tumors from immune cell attack. Immunity
2015;42:344–55.
Chen X, Song X, Li K, et al. FcÎ³R-Binding is an important
functional attribute for immune checkpoint antibodies in cancer
immunotherapy. Front Immunol 2019;10:292.
Waight JD, Chand D, Dietrich S, et al. Selective FcÎ³R Co-
engagement on APCs Modulates the Activity of Therapeutic
Antibodies Targeting TÂ Cell Antigens. Cancer Cell
2018;33:1033–47.
Yang F, Zhao L, Wei Z, et al. A cross-species reactive TIGIT-
Blocking antibody Fc dependently confers potent antitumor effects.
J Immunol 2020;205:ji1901413:2156–68.
Han J-H, Cai M, Grein J, et al. Effective anti-tumor response by
TIGIT blockade associated with FcÎ³R engagement and myeloid cell
activation. Front Immunol 2020;11:573405.
Chen DS, Mellman I. Oncology meets immunology: the cancer-
immunity cycle. Immunity 2013;39:1–10.
Chen DS, Mellman I. Elements of cancer immunity and the
cancerâ€“immune set point. Nature 2017;541:321–30.
Pan C, Liu H, Robins E, et al. Next-Generation immuno-oncology
agents: current momentum shifts in cancer immunotherapy. J
Hematol Oncol 2020;13:29.
Lee JB, Ha S-J, Kim HR. Clinical insights into novel immune
checkpoint inhibitors. Front Pharmacol 2021;12:681320.
Rafiq S, Hackett CS, Brentjens RJ. Engineering strategies to
overcome the current roadblocks in car T cell therapy. Nat Rev Clin
Oncol 2020;17:147–67.
Freed-Pastor WA, Lambert LJ, Ely ZA, et al. The CD155/TIGIT axis
promotes and maintains immune evasion in neoantigen-expressing
pancreatic cancer. Cancer Cell 2021;39:1342–60.

17

J Immunother Cancer: first published as 10.1136/jitc-2022-004711 on 4 April 2022. Downloaded from http://jitc.bmj.com/ on January 9, 2023 by guest. Protected by copyright.

121 Raphael I, Kumar R, McCarl LH, et al. Tigit and PD-1 immune
checkpoint pathways are associated with patient outcome and anti-
tumor immunity in glioblastoma. Front Immunol 2021;12:637146.
122 Minnie SA, Kuns RD, Gartlan KH, et al. Myeloma escape after stem
cell transplantation is a consequence of T-cell exhaustion and is
prevented by TIGIT blockade. Blood 2018;132:1675–88.
123 Josefsson SE, Huse K, Kolstad A, et al. T cells expressing
checkpoint receptor TIGIT are enriched in follicular lymphoma
tumors and characterized by reversible suppression of T-cell
receptor signaling. Clin Cancer Res 2018;24:870–81.
124 Xu D, Zhao E, Zhu C, et al. TIGIT and PD-1 may serve as potential
prognostic biomarkers for gastric cancer. Immunobiology
2020;225:151915.
125 Tang W, Pan X, Han D, et al. Clinical significance of CD8+ T cell
immunoreceptor with Ig and ITIM domains+ in locally advanced
gastric cancer treated with SOX regimen after D2 gastrectomy.
Oncoimmunology 2019;8:e1593807.
126 Liu X, Li M, Wang X, et al. PD-1+ TIGIT+ CD8+ T cells are associated
with pathogenesis and progression of patients with hepatitis
B virus-related hepatocellular carcinoma. Cancer Immunol
Immunother 2019;68:2041–54.
127 Duan X, Liu J, Cui J, et al. Expression of TIGIT/CD155 and
correlations with clinical pathological features in human
hepatocellular carcinoma. Mol Med Rep 2019;20:3773–81.
128 Liu G, Zhang Q, Yang J, et al. Increased TIGIT expressing NK cells
with dysfunctional phenotype in AML patients correlated with poor
prognosis. Cancer Immunol Immunother 2022;71:277-287.
129 Chan CJ, Martinet L, Gilfillan S, et al. The receptors CD96 and
CD226 oppose each other in the regulation of natural killer cell
functions. Nat Immunol 2014;15:431–8.
130 Blake SJ, Stannard K, Liu J, et al. Suppression of metastases using
a new lymphocyte checkpoint target for cancer immunotherapy.
Cancer Discov 2016;6:446–59.
131 Wu L, Mao L, Liu J-F, et al. Blockade of TIGIT/CD155 signaling
reverses T-cell exhaustion and enhances antitumor capability in
head and neck squamous cell carcinoma. Cancer Immunol Res
2019;7:1700–13.
132 Hung AL, Maxwell R, Theodros D, et al. TIGIT and PD-1 dual
checkpoint blockade enhances antitumor immunity and survival in
GBM. Oncoimmunology 2018;7:e1466769.
133 Blake SJ, Dougall WC, Miles JJ, et al. Molecular pathways:
targeting CD96 and TIGIT for cancer immunotherapy. Clin Cancer
Res 2016;22:5183–8.
134 Chiang EY, de Almeida PE, de Almeida Nagata DE, et al. CD96
functions as a co-stimulatory receptor to enhance CD8+ T cell
activation and effector responses. Eur J Immunol 2020;50:891–902.
135 Whelan S, Ophir E, Kotturi MF, et al. PVRIG and PVRL2 Are Induced
in Cancer and Inhibit CD8+ T-cell Function. Cancer Immunol Res
2019;7:257–68.
136 Xu F, Sunderland A, Zhou Y, et al. Blockade of CD112R and TIGIT
signaling sensitizes human natural killer cell functions. Cancer
Immunol Immunother 2017;66:1367–75.
137 Liang S, Levy O, Ganguly S, et al. Discovery of COM701, a
therapeutic antibody targeting the novel immune checkpoint PVRIG,
for the treatment of cancer. JCO 2017;35:3074.
138 Murter B, Pan X, Ophir E, et al. Mouse PVRIG Has CD8 + T
Cellâ€“Specific Coinhibitory Functions and Dampens Antitumor
Immunity. Cancer Immunol Res 2019;7:244–56.
139 Dolgin E. Antibody engineers seek optimal drug targeting TIGIT
checkpoint. Nat Biotechnol 2020;38:1007–9.
140 Bendell JC, Bedard P, Bang Y-J. Phase Ia/Ib dose-escalation study
of the anti-TIGIT antibody tiragolumab as a single agent and in
combination with atezolizumab in patients with advanced solid
tumors. Cancer Res 2020:Abstract CT302.
141 Rodriguez-Abreu D, Johnson ML, Hussein MA, et al. Primary
analysis of a randomized, double-blind, phase II study of the anti-
TIGIT antibody tiragolumab (tira) plus atezolizumab (atezo) versus
placebo plus atezo as first-line (1L) treatment in patients with PD-
L1-selected NSCLC (CITYSCAPE). JCO 2020;38:9503.
142 Niu J, Maurice-Dror C, Lee DH. First-In-Human phase 1 study
of the anti–TIGIT antibody vibostolimab as monotherapy or with

