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Summary

Co-inhibitory receptors, such as CTLA-4 and PD-1, have an important role in regulating T cell
responses and have proven to be effective targets in the setting of chronic diseases where
constitutive co-inhibitory receptor expression on T cells dampens effector T cell responses.
Unfortunately, many patients still fail to respond to therapies that target CTLA-4 and PD-1. The
next wave of co-inhibitory receptor targets that are being explored in clinical trials include Lag-3,
Tim-3, and TIGIT. These receptors while belonging to the same class of receptors as PD-1 and
CTLA-4 exhibit unique functions especially at tissue sites where they regulate distinct aspects of
immunity. Increased understanding of the specialized functions of these receptors will inform the
rational application of therapies that target these receptors to the clinic.

Introduction

Co-inhibitory or immune checkpoint receptors have a critical role in the maintenance of
immune homeostasis: their expression on effector T cells ensures the proper contraction of
effector T cell responses while their expression on regulatory T (Treg) cells guarantees the
proper function of Treg cells to control effector T cells. Co-inhibitory receptors play a
central role in regulating autoimmune disease. Indeed, many co-inhibitory receptors have
been genetically linked to autoimmune diseases (Kasagi et al., 2011; Qu et al., 2009; Song et
al., 2011; Wang et al., 2014). [Au: Would like to call out the Vignali review on this topic in
this issue here? We will update the details during production.] Accordingly, their function in
regulating pro-inflammatory T cell responses and the maintenance of self-tolerance has been
most widely studied in this context. More recently, the role of co-inhibitory receptors has
come to the forefront in cancer (Wolchok, 2016 this issue) and chronic viral infection
(Wherry, 2016; this issue) where these receptors are highly expressed and are being targeted
clinically to improve anti-tumor and anti-viral T cell responses (Mahoney et al., 2015;
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Pauken and Wherry, 2015). While current immunotherapies directed against the co-
inhibitory receptors CTLA-4 and PD-1 are exhibiting unprecedented efficacy in several
cancer indications and in some chronic viral infections, there are still many patients that do
not respond to these therapeutic approaches and some tumor types remain largely refractory
to these therapies. This has prompted intense investigation into the targeting of other co-
inhibitory receptors in order to broaden the therapeutic repertoire. Lag-3, Tim-3, and TIGIT
comprise the next generation of co-inhibitory receptors to be translated to the clinic. This
review will highlight the unique aspects of each of these molecules in regulating immune
responses, specifically at tissue sites.

Discovery, ligands, and function

Lymphocyte activation gene-3 (Lag-3) was discovered 25 years ago as a molecule that is up-
regulated on activated CD4" and CD8™ T cells and a subset of natural killer (NK) cells
(Triebel et al., 1990) (Table I). Lag-3 structurally resembles the CD4 co-receptor and,
indeed, binds to MHC class Il with a higher affinity than CD4 (Huard et al., 1995) (Figure
1A). The fact that Lag-3 impacts on the function of CD8" T cells and NK cells, neither of
which interact with MHC Class 11, has led to speculation about the existence of alternate
ligands for Lag-3. In this regard, it has been suggested that LSECtin, a member of the DC-
SIGN family of molecules, is another ligand for Lag-3 (Xu et al., 2014). LSECtin is
expressed in the liver and also on many tumors (Xu et al., 2014), thus providing a potential
mechanism by which Lag-3-expressing CD8" T cells and NK cells can be regulated in these
tissues (Figure 1A).

Although initial examination of Lag-3 deficient mice revealed no T cell defects (Miyazaki et
al., 1996), subsequent careful examination both /in vitro and in vivo revealed that Lag-3
deficient T cells exhibit defects consistent with Lag-3 being a negative regulator of T cell
expansion (Workman et al., 2004; Workman and Vignali, 2003). Administration of the
superantigen Staphylococcal enterotoxin B (SEB) in Lag-3 deficient mice was shown to
result in uncontrolled expansion of VB8* T cells and splenomegaly. Similarly, OVA-specific
Lag-3 deficient CD4* T cells were shown to exhibit uncontrolled expansion after
immunization with OVA.

In addition to effector CD4™ T cells, Lag-3 is also expressed on CD4* T cells that have
regulatory functions. Lag-3 is expressed on both activated natural Treg (nTreg) and induced
CD4* FoxP3* Treg (iTreg) cells (Table 1), where expression levels are higher than that
observed on activated effector CD4* T cells (Huang et al., 2004). Blockade of Lag-3 on Treg
cells abrogates Treg cell suppressor function while ectopic expression of Lag-3 in non-Treg
CD4™* T cells confers suppressive activity. In addition, Lag-3 is required for Treg cell-
mediated control of T cell homeostasis (Workman and Vignali, 2005). Together these data
support a functional role for Lag-3 in Treg cell function. Lag-3 is further expressed on CD4*
FoxP3~ IL-10-secreting Type 1 regulatory (Trl) T cells. Indeed, Trl cells can be identified
in both humans and mice by expression of Lag-3 together with CD49b (Gagliani et al.,
2013); however, whether Lag-3 is required for Trl-mediated suppression of immune
responses has not been addressed.
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The association of Lag-3 with inhibition of effector T cells and promotion of Treg cell-
mediated suppression raises the important question of how Lag-3 signals in these different T
cell subsets to achieve its inhibitory effects. To date, most of what we know about Lag-3
signaling addresses its role in effector T cells where Lag-3 has been shown to associate with
CD3 and crosslinking of Lag-3 together with CD3 inhibits T cell proliferation, cytokine
production, and calcium flux (Hannier et al., 1998). The signaling pathway downstream of
Lag-3 responsible for these effects is still not clear. In fact, the cytoplasmic tail of Lag-3 is
unique among all known immune receptors. The Lag-3 cytoplasmic tail has three regions
that are conserved between human and mouse. The first region contains a serine-
phosphorylation site, the second region contains a unique KIEELE motif, and the third
region contains glutamic acid-proline (EP) repeats (Workman et al., 2002). Of these three
regions, the KIEELE motif has been shown to be essential for the inhibitory function of
Lag-3 in effector CD4"* T cells (Workman et al., 2002); however, the intracellular proteins
that bind to this motif have not been identified. Moreover, whether this motif is required for
the effects of Lag-3 in Treg cells is not known.

Role in disease

The association of Lag-3 with T cell regulation via its roles in effector T cells, Treg, and
potentially Trl cells position Lag-3 as a potential target for modulating T cell responses in
disease (Figure 2A and 3). Indeed, current data support that modulating Lag-3 can impact
autoimmunity, cancer, chronic viral infection, and parasitic infection. The role of Lag-3 in
these different disease contexts will be discussed below.

Autoimmunity

Deficiency in co-inhibitory receptor expression can promote autoimmunity. This is most
notable for CTLA-4 deficiency and PD-1 deficiency both of which result in the development
of spontaneous autoimmunity even on genetic backgrounds that normally don't develop
disease (Nishimura et al., 1999; Nishimura et al., 2001; Tivol et al., 1995; Waterhouse et al.,
1995). In this regard, Lag-3 deficiency alone does not predispose towards autoimmunity
unless the mice are on a permissive genetic background. Lag-3 deficiency on the NOD
background results in accelerated Type 1 diabetes with 100% of Lag-3 deficient mice
developing diabetes before age-matched wild-type controls (Bettini et al., 2011; Okazaki et
al., 2011). In wild-type NOD mice, administration of blocking anti-Lag-3 antibody also
accelerates Type 1 diabetes (Bettini et al., 2011). Furthermore, Lag-3 deficiency on the
B6.SJL background results in increased susceptibility to Hg-induced autoimmunity and
defects in antigen-specific tolerance induction (Jha et al., 2014). The importance of Lag-3
for antigen specific tolerance and its impact on autoimmunity indicated by the
aforementioned studies is further reinforced by a recent study showing that auto-antigen
specific tolerance drives the generation of regulatory T cells that express Lag-3 together with
PD-1, Tim-3, TIGIT, and the immunosuppressive cytokine I1L-10 (Burton et al., 2014). This
last observation points to the co-operative function of Lag-3 with other co-inhibitory
molecules for achieving optimal T cell regulation.
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Cancer and chronic viral infections

Co-inhibitory receptors are highly expressed on the dysfunctional or exhausted T cells that
develop in chronic diseases such as chronic viral infections and cancer. Dysfunctional or
exhausted T cells are characterized by variable deficits in their ability to proliferate and elicit
effector functions (cytotoxicity, cytokine production) upon stimulation through the TCR
(Wherry and Kurachi, 2015). Chronic infection with the clone 13 strain of LCMV is the gold
standard experimental model for studies of T cell dysfunction or exhaustion. In this model,
Lag-3 expression was shown to correlate strongly with the severity of infection (Blackburn
et al., 2009) and to be co-expressed with PD-1 on dysfunctional or exhausted virus-specific
CD8™ T cells (Richter et al., 2010). Interestingly, while blockade of Lag-3 alone had little
effect (Blackburn et al., 2009; Richter et al., 2010), blockade of Lag-3 synergized with
blockade of PD-L1 to improve CD8" T cell responses and reduce viral load (Blackburn et
al., 2009). Similarly, Lag-3 is expressed on dysfunctional or exhausted parasite-specific
CD4* T cells during malaria infection and Lag-3 blockade synergizes with PD-L1 blockade
to improve CD4" T cell function and parasite clearance (Butler et al., 2012).

Cancer and chronic infections share common features, notably chronic exposure to antigen
and the development of dysfunctional or exhausted effector T cells. Indeed, Lag-3 and PD-1
are co-expressed on both CD4* and CD8" tumor infiltrating lymphocytes (TILs) in several
pre-clinical murine models of cancer and co-blockade of the Lag-3 and PD-1 pathways has
been shown to synergize to improve anti-tumor CD8* T cell responses (Woo et al., 2012).
Lag-3 blockade has also been shown to synergize with anti-tumor vaccination to improve
tumor-specific CD8* T cell activation. Interestingly, this effect did not require CD4* T cells,
thus supporting a direct role for Lag-3 in regulating CD8* T cells (Grosso et al., 2007). In
humans, Lag-3 and PD-1 co-expression has been noted to mark dysfunctional or exhausted
CDS8™ T cells in ovarian cancer and, as observed in pre-clinical cancer models, Lag-3 and
PD-1 co-blockade improved the proliferation and cytokine production of tumor-antigen
specific CD8* T cells (Matsuzaki et al., 2010). Thus, in both chronic infections and cancer,
Lag-3 and PD-1 signaling functionally cooperate to dampen T cell responses (Figure 3).

As mentioned above, Lag-3 is highly expressed on Treg cells. Lag-3* FoxP3* Treg cells
have been shown to be expanded in the PBMC, tumor-infiltrated lymph node, and tumor
tissue of both melanoma and colorectal cancer patients (Camisaschi et al., 2010). These
Lag-3* Treg cells exhibit an activated phenotype, producing high IL-10 and TGF-B1. Lastly,
the presence of Lag-3* CD49b* IL-10-producing Tr1 cells has been associated with poor
prognosis in colorectal cancer (Chen and Chen, 2014). Together these data support a role for
Lag-3 in suppressing immunity via its role in Treg cells.

Lag-3 has thus been shown to be an important immune regulator in autoimmunity, chronic
viral infection, parasitic infection, and cancer; however, whether Lag-3-driven regulation in
these different disease contexts stems from its function in modulating effector T cell,
regulatory T cell (Treg and/or Tr1), or NK cell responses has not been determined.
Resolution of this important issue will require careful examination of mice harboring
conditional deletion of Lag-3 in different immune cell subsets. Furthermore, which ligand
(MHC class Il or LSECEtin) is operational in promoting T cell inhibition via Lag-3 has not
been addressed.
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Clinical trials

Tim-3

The potential for Lag-3-driven regulation of immune responses is now being explored in
clinical trials for cancer. Early trials have focused on using a soluble Lag-3-Ig and are based
on the observation that administration of soluble Lag-3-1g together with irradiated wild type
tumor cells inhibits the growth of established tumors (Prigent et al., 1999). Phase | studies of
soluble Lag-3-1g (IMP321) have been completed in advanced renal cell carcinoma
(Brignone et al., 2009) and advanced pancreatic adenocarcinoma, where IMP321 was
combined with the chemotherapeutic gemcitabine (Wang-Gillam et al., 2013). In both trials,
IMP321 was well tolerated with no treatment related adverse events. In renal cell carcinoma,
tumor growth reduction and stable disease were observed at high treatment doses. In
pancreatic adenocarcinoma, lack of activity was attributed to suboptimal dosing. IMP321
has also been tested in combination with MART-1 peptide vaccination in advanced
melanoma in a phase I trial (Romano et al., 2014). Although positive responses were not
observed as per RECIST (response evaluation criteria in solid tumors) criteria, increased
frequencies of MART-1-reactive CD8* T cells along with decreased frequencies of Treg
cells were observed, thus supporting further exploration of IMP321. Lastly, a Phase I/11 trial
of IMP321 in combination with the chemotherapeutic paclitaxel in metastatic breast
carcinoma has shown an objective response rate of 50% (Brignone et al., 2010).

Although Lag-3-1g has shown some efficacy in the clinic, the mechanism by which Lag-3-1g
modulates anti-tumor responses remains unclear. IMP321 was initially described as an
activator of antigen presenting cells (APC); however, MHC Class Il crosslinking by Lag-3 in
dendritic cells (DC) has been shown to suppress the maturation and antigen presenting
function of DC (Liang et al., 2008). Moreover, IMP321 has a human IgG1 tail and thus can
mediate Fc-dependent functions.

In contrast to Lag-3-1g, the targeting of Lag-3 with antibodies is more straightforward.
Antibodies that block Lag-3 binding to MHC Class Il are now being explored in the clinic.
These trials are exploring the use of anti-Lag-3 antibodies either alone or in combination
with anti-PD-1 in both solid and hematologic cancers. These trials are still recruiting
patients and thus it will be some time before trial data are available.

Discovery, ligands, and function

T cell immunoglobulin-3 (Tim-3) was identified 13 years ago as a cell surface molecule
selectively expressed on IFN-y- producing CD4* T helper 1 (Th1) and CD8" T cytotoxic 1
(Tc1) T cells (Monney et al., 2002) (Figure 1B and Table I). In addition to its expression on
T cells, Tim-3 has now been identified on Treg cells and on innate immune cells (DC, NK
cells, monocytes). The discovery of Tim-3 led to the identification of the Tim family of
genes, which is encoded both in mice and in humans in loci that have been repeatedly
associated with immune-mediated diseases such as asthma, allergy, and atopy (Meyers et al.,
2005). In the mouse there are eight Tim genes; however, only three of these, Havcrl
[Tim-1], Havcr2 [Tim-3], and Timd4 [Tim-4], are conserved in humans.

Immunity. Author manuscript; available in PMC 2017 May 17.
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Initial examination of Tim-3 function suggested that Tim-3 is a negative regulator of Type 1
immunity. Anti-Tim-3 antibody was shown to exacerbate experimental autoimmune
encephalomyelitis (EAE) (Monney et al., 2002), a T cell mediated autoimmune disease of
the central nervous system that serves as an animal model for multiple sclerosis (MS).
Subsequent studies using Tim-3 deficient mice and wild type mice treated with Tim-3-Ig
fusion protein showed that Tim-3 signaling is required for the induction of antigen-specific
tolerance and that Tim-3 blockade enhances the development of spontaneous autoimmunity
(Sabatos et al., 2003; Sanchez-Fueyo et al., 2003). The C-Type lectin galectin-9 was later
discovered as a Tim-3 ligand (Zhu et al., 2005). This discovery solidified the inhibitory
function of Tim-3 as galectin-9-triggering of Tim-3 was shown to induce cell death in
Tim-3* Th1 cells and ameliorate EAE.

In addition to galectin-9, several other ligands have been subsequently identified for Tim-3
(Figure 1B and Table 1), some of which primarily have a role in innate immune cells. One of
these, phosphatidyl serine (PtdSer), is not a unique ligand for Tim-3 as Tim-1, Tim-3, and
Tim-4 all bind to PtdSer (Cao et al., 2007; Santiago et al., 2007a; Santiago et al., 2007b).
The binding of Tim-3 to PtdSer is rather weak (at least 5 fold lower) relative to the binding
of Tim-1 and Tim-4 to PtdSer (DeKruyff et al., 2010). The binding of Tim-3 to PtdSer has
been implicated in the uptake of apoptotic cells and cross-presentation of antigen by
dendritic cells, which constitutively express high levels of Tim-3 (Nakayama et al., 2009);
however, this is not a mechanism that would be operative in T cells, which are not
phagocytic.

Another Tim-3 ligand that impacts on innate immune responses is high mobility group
protein B1 (HMGB1) (Chiba et al., 2012). HMGB1 binding to Tim-3 was identified by
examination of the mechanisms underlying the defective responses of Tim-3* dendritic cells
(DC) to nucleic acid stimulation. HMGBL1 binds DNA released from dying cells and
facilitates delivery to innate cells via binding to receptor for advanced glycation end
products (RAGE), and Toll-like receptors (TLRs) (2,4, and 9), thereby triggering innate cell
activation and production of pro-inflammatory cytokines. The binding of Tim-3 to HMGB1
can interfere with this process, thus suppressing activation of the innate immune response.

Most recently, Ceacam-1 was identified as a novel cell surface ligand for Tim-3 (Huang et
al., 2015). Ceacam-1 co-immunoprecipitates with Tim-3 and is co-expressed with Tim-3 on
CD4" T cells upon tolerance induction and on CD8* TILs that exhibit dysfunctional/
exhausted phenotype. Importantly, the negative regulatory function of Tim-3 is defective in
the absence of Ceacam-1, suggesting a requirement for Ceacam-1:Tim-3 interaction for
proper Tim-3 function. Notably, Ceacam-1 binds to Tim-3 in both cis and trans, where the
cis interaction promotes the stability of mature Tim-3 glycoprotein on the cell surface and
both the cis and trans interactions drive the inhibitory function of Tim-3. Whether triggering
of Tim-3 by Ceacam-1, galectin-9, or both ligands together differentially impacts on Tim-3
function remains to be determined.

That Tim-3 is a key regulator of effector T cell function underscores the importance of
elucidating the signaling pathway downstream of Tim-3. Similar to Lag-3, Tim-3 does not
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have a classical signaling motif in its cytoplasmic tail (Table I). Rather the cytoplasmic tails
of both mouse and human Tim-3 contain five conserved tyrosine residues among which
Y256 and Y263 can be phosphorylated by either Src kinases (Lee et al., 2011) or ITK (van
de Weyer et al., 2006). Y256 and Y263 are involved in the binding of Bat3 (HLA-B
associated transcript 3), p85 PI3K, Fyn, and Lck to the C-terminal tail of Tim-3 (Lee et al.,
2011; Rangachari et al., 2012). In the absence of ligand-mediated Tim-3 signaling, Bat3 is
bound to Tim-3 and blocks SH2 domain-binding sites in the Tim-3 tail. In this state, Bat3
recruits the catalytically active form of Lck, thereby forming an intracellular molecular
complex with Tim-3 that preserves and potentially promotes T cell signaling (Rangachari et
al., 2012). In contrast, Bat3 deficient T cells exhibit elevated pY505 Lck, the catalytically
inactive form of Lck (Rangachari et al., 2012). Galectin-9 and Ceacam-1 binding to Tim-3
leads to phosphorylation of Y256 and Y263 and release of Bat-3 from the Tim-3 tail,
thereby promoting Tim-3 mediated T cell inhibition by allowing binding of SH2 domain-
containing Src kinases and subsequent regulation of TCR signaling (Huang et al., 2015;
Rangachari et al., 2012) (Figure 1B). Interestingly, Fyn binds to the same region on the
Tim-3 tail as Bat3. Fyn has been implicated in the induction of T cell anergy (Davidson et
al., 2007) and is known to be a key kinase to activate phosphoprotein associated with
glycosphingolipid microdomains (PAG), which recruits Csk to suppress Lck function
(Salmond et al., 2009; Smida et al., 2007). Since Fyn and Bat3 bind to the same domain in
the Tim-3 cytoplasmic tail, it is possible that a switch between Tim-3-Bat3 and Tim-3-Fyn
may trigger the switch of Tim-3 function from being permissive to TCR signaling to
inhibition of upstream TCR signaling. In line with these data, loss of Bat-3 has been shown
to result in dephosphorylation and degradation of TCR{ (Rangachari et al., 2012).

Overall, current data show that the Tim-3 cytoplasmic tail has the potential to interact with
multiple components of the TCR complex and that the balance of Bat-3 versus Fyn bound to
the Tim-3 intracellular tail may be a key determinant of Tim-3 function. As Tim-3 has many
ligands, it will be important to determine how different ligands affect the binding of Bat-3
versus Fyn to the Tim-3 tail. This will be crucial to unraveling how Tim-3 functions to
determine effector T cell responses.

Role of Tim-3 in disease

The role of Tim-3 was initially investigated in autoimmunity where highly activated and
uncontrolled responses directed to self-antigens are key drivers of disease. More recently,
Tim-3 function has been examined in two diseases that serve as good counterpoints to
autoimmunity, namely chronic viral infection and cancer. Indeed, Tim-3 can be protective in
autoimmunity but is often poorly expressed (Figure 2B), while in both cancer and chronic
viral infection, Tim-3 is highly expressed and contributes to the dampening of protective
immunity (Figure 3). The function of Tim-3 in these different settings will be discussed
below.

Autoimmunity

As Thl cells predominantly express Tim-3 (Monney et al., 2002) and Th1 cells are
considered to be an important player in tissue-specific autoimmunity, the function of Tim-3
was initially probed in models of autoimmunity and tolerance. Animals treated with anti-
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Tim-3 antibody were shown to develop hyper-acute EAE accompanied by uncontrolled
macrophage activation (Monney et al., 2002). Furthermore, administration of soluble Tim-3-
Ig resulted in T cell hyperactivation, IFN-y production, and loss of high dose tolerance
(Sabatos et al., 2003). These data gave the first indication that Tim-3 might function as an
inhibitory molecule that serves to contract IFN-y-driven inflammation. Indeed, it was later
shown that administration of galectin-9 ameliorated EAE while knock-down of galectin-9 /in
vivo with siRNA exacerbated disease (Zhu et al., 2005). In keeping with its expression on
IFN-y-secreting Th1 T cells, Tim-3-deficiency regulates Th1l- but not Th17 cell-driven EAE
(Lee and Goverman, 2013). Collectively, these observations suggested that Tim-3 expression
is an important determinant of autoimmunity. Indeed, in humans, Tim-3 expression is low on
T cells in the peripheral blood and cerebrospinal fluid of patients with MS (Koguchi et al.,
2006; Yang et al., 2008), in the peripheral blood of patients with rheumatoid arthritis (RA)
(Liu et al., 2010), and in the peripheral blood of patients with psoriasis (Kanai et al., 2012).
Importantly, Tim-3 expression is regained in MS patients that exhibit stable disease and
reduced relapses after IFN-f therapy (Yang et al., 2008) (Figure 2B). Moreover, preliminary
genome-wide analysis of mMRNA expression data from the peripheral blood of MS patients
show that Tim-3 is significantly induced in responders to IFN-f therapy whereas non-
responders show lower or no Tim-3 induction (Ottoboni et al., 2012).

The promotion of Tim-3 expression in MS patients after IFN-f therapy is in line with a
recent study showing that IL-27, which is potently induced by IFN-f, promotes not only
Tim-3, but also 1L-10 expression on murine T cells (Zhu et al., 2015). In addition, a recent
study shows that IFN—f3 can induce Tim-3 directly on murine Th1 cells (Boivin et al., 2015).
Thus, IFN-p can promote Tim-3 expression both directly and indirectly. Similarly, increased
Tim-3 expression on peripheral blood T cells is also associated with responsiveness to
treatment (Methotrexate or Tocilizumab (anti-IL6R)) and decreased disease activity in RA
(Liu et al., 2010), although the mechanism underlying the increased Tim-3 expression in this
setting has not been elucidated.

Cancer and chronic viral infections

In recent years, the role of Tim-3 in the T cell dysfunction that arises in chronic viral
infection and cancer has been heavily investigated. In the LCMV chronic infection model,
Tim-3 marks virus-specific CD8" T cells that exhibit the biggest defects in pro-
inflammatory cytokine (IL-2, TNF-a, IFN-y) production (Jin et al., 2010). All virus-specific
CD8* Tim-3* T cells co-express PD-1 and co-blockade of Tim-3 and PD-1 is more effective
at restoring anti-viral immunity than blockade of either receptor alone (Figure 3 and Table
). In humans, Tim-3 is similarly expressed on dysfunctional or exhausted CD8* T cells
during chronic viral infection. In HIV, Tim-3 marks virus-specific CD8" T cells in the
peripheral blood that exhibit dysfunctional/exhausted phenotype and Tim-3 blockade
restores proliferation in response to stimulation with HIV-1 peptides (Jones et al., 2008).
Tim-3* T cells that exhibit dysfunctional or exhausted phenotype are also found in the
peripheral blood and liver of patients chronically infected with Hepatitis C Virus (HCV) and
in the peripheral blood of patients with Hepatitis B virus (HBV). Importantly, blockade of
Tim-3 restores effector function in T cells in these chronic viral infections (Golden-Mason et
al., 2009; McMahan et al., 2010; Nebbia et al., 2012; Wu et al., 2012). Interestingly,
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increased frequencies of Tim-3* T cells in HIV, HCV, and HBV patients positively correlate
with increasing viral load and disease progression while reduced frequencies of Tim-3* T
cells correlate with anti-viral treatment and resolution of viral infection (Jones et al., 2008;
McMahan et al., 2010; Wu et al., 2011). The positive correlation of Tim-3 with disease in
chronic viral infections is diametrically opposed to the negative correlation of Tim-3 with
disease activity in autoimmunity discussed above. Together these observations support the
value of Tim-3 as a prognostic indicator of disease course in both chronic viral infections
and autoimmunity.

The observation that CD8* Tim-3* T cells exhibit dysfunctional or exhausted phenotype in
chronic viral infection has called into question the reliability of using PD-1 expression as the
sole hallmark for identifying dysfunctional or exhausted CD8* T cells in chronic disease.
Indeed, in HIV-infection, Tim-3 is found on dysfunctional/exhausted T cells that lack PD-1
expression (Jones et al., 2008). Moreover, Tim-3 expression marks the most dysfunctional/
exhausted population within CD8* PD-1* T cells in multiple chronic viral infections in
humans (HCV, HBV) and also in experimental models of chronic viral infections (LCMV,
HBYV, Friend virus) (Jin et al., 2010; Ju et al., 2009; McMahan et al., 2010; Takamura et al.,
2010). Importantly, co-blockade of the Tim-3 and PD-1 pathways results in greater
restoration of T cell responses in HCV, HBV, and LCMV than PD-1 pathway blockade alone
(Jin et al., 2010; McMahan et al., 2010; Nebbia et al., 2012) (Figure 3). Collectively, these
observations underscore the importance of the Tim-3 pathway in promoting T cell
dysfunction and suggest that Tim-3 and PD-1 have non-redundant and synergistic functions
in inhibiting effector T cell responses.

Tim-3 also marks dysfunctional or exhausted CD8" T cells in cancer (Figure 3). Indeed, it
was first shown here that expression of Tim-3 and PD-1 could be used to stratify populations
of CD8™ TILs that exhibit different functional phenotypes (Sakuishi et al., 2010).
Specifically, CD8" Tim-3* PD-1* double positive TILs exhibit severe dysfunctional or
exhausted phenotype while CD8* Tim-37PD-1" single positive TILs exhibit weak
dysfunction/exhaustion and CD8* Tim-3"PD-1" double negative TILs exhibit good effector
function. In line with these observations, co-blockade of the Tim-3 and PD-1 pathways is
superior to PD-1 pathway blockade alone at improving anti-tumor effector function and
suppressing tumor growth in preclinical models of both solid and hematologic cancer
(Ngiow et al., 2011; Sakuishi et al., 2010; Zhou et al., 2011) (Figure 3). Importantly, in
patients with advanced metastatic melanoma (Fourcade et al., 2010), non-small cell lung
cancer (NSCLC) (Gao et al., 2012), or follicular B cell non-Hodgkin lymphoma (FL) (Yang
et al., 2012), Tim-3 expression also marks dysfunctional/exhausted T cells and Tim-3
blockade improves function with Tim-3/PD-1 co-blockade showing greater effects
(Fourcade et al., 2010; Yang et al., 2012). Notably, as observed in HIV, HBV, and HCV, the
frequency of Tim-3* T cells positively correlates with cancer severity and poor prognosis in
both NSCLC (Gao et al., 2012) and FL (Yang et al., 2012). Interestingly, in FL, the
frequency of PD-1* T cells in tumors does not correlate with disease even though Tim-3 and
PD-1 expression are correlated (Yang et al., 2012). This is likely due to the presence of PD-1
on other T cells that may not be dysfunctional and again underscores the value of Tim-3
expression as a marker for T cell dysfunction/exhaustion and the presence of Tim-3* cells as
a prognostic indicator of disease course.

Immunity. Author manuscript; available in PMC 2017 May 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Anderson et al.

Page 10

In addition to its role in regulating effector T cell responses, Tim-3 may also have a role in
regulating the function of FoxP3* Treg cells. Tim-3 is up-regulated on the FoxP3* Treg that
are present at tissue sites in different pathological settings (Table I). In a model of allograft
rejection, up to 40 % of graft-infiltrating FoxP3* cells express Tim-3 (Gupta et al., 2012). In
cancer, Tim-3* Treg cells constitute the majority (>50%) of Treg cells present in tumor
tissue in both experimental tumor models and human tumors (Gao et al., 2012; Sakuishi et
al., 2013; Yan et al., 2013). Notably, Tim-3* Treg cells are infrequent in the peripheral blood
and in peripheral lymphoid tissues. These observations suggest that Tim-3 marks tissue Treg
cells and that Tim-3* Treg cells may have a specialized role in suppressing immune
responses at peripheral tissue sites. Although, the Tim-3* Treg cells in tissue allografts
appear to be short-lived (Gupta et al., 2012), several lines of data show that Tim-3* Treg
cells have superior suppressive function when compared to Tim-3~ Treg cells. Tim-3* Treg
cells have higher expression of known Treg cell effector molecules such as 1L-10,
Granzymes, and perforin as well as higher FoxP3 compared to Tim-3~ Treg cells.
Furthermore, Tim-3* Treg cells exhibit superior suppressor function /n vitro relative to
Tim-3~ Treg cells (Gautron et al., 2014; Gupta et al., 2012; Sakuishi et al., 2013). Lastly, the
presence of Tim-3* Treg cells has been found to correlate with poor clinical parameters such
as the presence of nodal metastases and advanced disease stage in lung cancer (Gao et al.,
2012), further supporting the value of Tim-3 as a prognostic indicator of disease course.

IL-27, a heterodimeric immunosuppressive cytokine, is a potent inducer of Tr1 cells
(Awasthi et al., 2007) and, as mentioned above, also drives the expression of Tim-3 on CD4*
T cells (Zhu et al., 2015). Given that Tr1 cells also express Lag-3 (Gagliani et al., 2013),
these observations raise the possibility that Tim-3, Lag-3, and potentially other co-inhibitory
receptors have an important regulatory role in Trl cells and are in line with the demonstrated
role of IL-27 in promoting resolution of autoimmune tissue inflammation (Fitzgerald et al.,
2007a; Fitzgerald et al., 2007b) and suppressing anti-tumor immunity (Zhu et al., 2015).
Thus, Tim-3 functions in both effector and regulatory T lymphocyte subsets to regulate
immune responses at sites of tissue inflammation.

Tim-3 in innate immunity

Recent studies have shown that Tim-3 is expressed on mature resting CD564™ NK cells and
is further up-regulated upon activation in response to cytokine stimulation (Gleason et al.,
2012; Ndhlovu et al., 2012). High expression of Tim-3 marks effector NK that are producing
IFN-vy and are undergoing degranulation (Ndhlovu et al., 2012). However, in the context of
metastatic melanoma, Tim-3 marks NK cells that exhibit a functional phenotype reminiscent
of T cell dysfunction or exhaustion and Tim-3 blockade similarly restores function (da Silva
et al., 2014). Furthermore, the level of Tim-3 expression on NK cells correlates with disease
stage and poor prognostic factors. These observations extend the co-inhibitory function of
Tim-3 to NK cells and further underscore the prognostic value of Tim-3 in cancer.

As mentioned above, Tim-3 may inhibit DC activation by acting as a molecular sink for
HMGBL (Chiba et al., 2012). While this mechanism can inhibit DC responses, it is not
known whether it depends on the ability of Tim-3 to signal into DC. Examination of the role
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of Tim-3 in mice bearing conditional deletion of Tim-3 in DC will help resolve this
important issue.

In recent years, it has further been discovered that Tim-3 has a role in regulating monocyte
and/or macrophage function in both humans and mice (Yang et al., 2013; Zhang et al.,
2012). Down-modulation of Tim-3 signaling either by Tim-3 antibody blockade or by Tim-3
knock-down with small-interfering RNA in monocytes and macrophages increases the
production of IL-1p, IL-6, IL-10, IL-12, TNF-a, and HMGBL1 in response to activation via
TLRs (Yang et al., 2013; Zhang et al., 2012). The modulation of responses to TLR
stimulation by Tim-3 has important implications for sepsis where Tim-3 expression has been
shown to be up-regulated on PBMC in patients with acute sepsis but suppressed in patients
with severe sepsis (Yang et al., 2013). These observations are consistent with a model where
during acute sepsis Tim-3 is up-regulated on macrophages in order to attenuate the massive
inflammatory response and prevent unwanted tissue pathology but that during the
progression of sepsis the expression of Tim-3 becomes down-regulated, thereby resulting in
uncontrolled macrophage activation. The fact that Tim-3 expression is dynamically regulated
in response to LPS, initially increasing and then decreasing after either prolonged
stimulation with LPS or stimulation with increasing doses of LPS supports this model (Yang
et al., 2013). Indeed, Tim-3 may have a specialized role in regulating the response to LPS
through TLR4 as Tim-3 blockade exacerbates sepsis after cecal ligation and puncture in wild
type but not TLR4™~ mice. Collectively, these data support that Tim-3 is an inhibitory
receptor on monocytes/macrophages and that increasing Tim-3 signals may be of therapeutic
value in treating severe sepsis.

Tim-3: promotion of Myeloid-Derived Suppressor Cells

Tim-3 can also suppress the immune response indirectly via its promotion of myeloid-
derived suppressor cells (MDSC). MDSC are a heterogeneous population of immature
myeloid cells that exhibit features of both granulocytes and monocytes and are important
suppressors of the T cell response in many pathologic conditions but most notably in cancer
where they expand to large numbers (reviewed in (Gabrilovich and Nagaraj, 2009)). In mice,
MDSC express CD11b and high levels of the granulocyte marker Gr-1. Transgenic over-
expression of Tim-3 on T cells promotes expansion of CD11b*Gr-1* cells (Dardalhon et al.,
2010). Accordingly, Tim-3 transgenic mice exhibit accelerated tumor growth and decreased
autoimmunity (Dardalhon et al., 2010). The Tim-3-galectin-9 interaction drives expansion of
MDSC as galectin-9 transgenic mice also exhibit expansion of MDSC and introduction of
Tim-3 deficiency reverses this expansion. Together, these observations indicate that Tim-3
can suppress the adaptive immune response indirectly via promotion of MDSC.

It is important to note that therapeutic blockade of Tim-3 in order to enhance immune
responses will affect multiple targets including CD4* T cells, CD8* T cells, FoxP3* Treg,
FoxP3~ Trl cells, NK cells, DCs, and MDSCs and that in all of these cell types Tim-3 acts
to inhibit immune responses and promote tolerance.
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Discovery, ligands, and function

TIGIT (T cell immunoglobulin and ITIM domain) was first identified by bioinformatic
algorithm as a novel member of the CD28 family and was given the HUGO designation
Vsig9, which was later changed to Vstm3 and then to TIGIT. A number of groups
simultaneously identified the molecule to be expressed on NK cells, effector, and memory T
cells and Treg cells and each group gave it a different name including Vstm3 (Levin et al.,
2011), TIGIT (Stanietsky et al., 2009; Yu et al., 2009) and WUCAM (Boles et al., 2009).
TIGIT is a receptor of the Ig superfamily that is specifically expressed in immune cells
where it functions as a co-inhibitory receptor (Boles et al., 2009; Stanietsky et al., 2009; Yu
etal., 2009). TIGIT is expressed on activated T cells and is also found on NK cells, memory
T cells, a subset of Treg cells as well as follicular T helper (Tfh) cells (Boles et al., 2009;
Joller et al., 2011; Joller et al., 2014; Levin et al., 2011; Stanietsky et al., 2009; Yu et al.,
2009). TIGIT binds two ligands CD155 (PVR) and CD112 (PVVRL2, nectin-2), which are
expressed on APCs, T cells and a variety of non-hematopoietic cell types including tumor
cells (Casado et al., 2009; Levin et al., 2011; Mendelsohn et al., 1989; Stanietsky et al.,
2009; Yu et al., 2009). However, TIGIT binds with much higher affinity to CD155 than to
CD112 (Table I1) and whether the TIGIT:CD112 interaction has functional relevance in
mediating inhibitory functions still needs to be addressed. CD226 (DNAM-1) and CD96
(Tactile) bind to the same ligands and together with TIGIT form a pathway in which CD226
delivers a positive co-stimulatory signal (Bottino et al., 2003), while CD96 and TIGIT
deliver inhibitory signals (Chan et al., 2014) (Figure 1C).

The pathway formed by CD226, TIGIT, and their ligands is reminiscent of the B7-CD28-
CTLA-4 pathway in that both pathways are formed by a positive and negative receptor
expressed on T and NK cells that share ligands expressed on APCs. Like CTLA-4, TIGIT
binds its ligands with much higher affinity than CD226 (Figure 1C and Table Il) and can
inhibit the interaction between CD226 and CD155 in a dose-dependent manner in
competition assays (Levin et al., 2011; Stanietsky et al., 2009; Yu et al., 2009). A study
suggests that TIGIT not only competes with CD226 for its ligands but that it can also
directly bind to CD226 in cis and disrupt its homodimerization and hence its costimulatory
function (Johnston et al., 2014). However, to what degree TIGIT and CD226 are co-
expressed on T cells at inflamed tissue sites is unclear. Thus, a careful examination of
CD226 and TIGIT co-expression together with visualization of CD226 homodimers in
disease settings is needed to determine whether this mechanism is operative /n vivo.

In addition to directly acting on T and NK cells, TIGIT also indirectly suppresses immune
responses through the triggering of CD155 on DCs. TIGIT engagement of CD155, which
itself contains an immunoreceptor tyrosine-based inhibitory motif (ITIM) in its cytoplasmic
tail, inhibits 1L-12p40 production and instead induces IL-10 from treated DCs, rendering
them tolerogenic (Yu et al., 2009). Why the engagement of CD155 by CD226 or CD96
would not similarly induce tolerance is not completely understood. TIGIT binds to its ligand
CD155 by forming a heterotetramer with a core TIGIT homodimer (Stengel et al., 2012),
reminiscent of what was observed with the CTLA-4/B7-1 crystal structure (Stamper et al.,
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2001). This clustering of TIGIT is essential for the observed back-signaling into DCs as
disruption of the TIGIT-TIGIT interface abrogates CD155 phosphorylation (Stengel et al.,
2012). The differential ability of TIGIT vs. CD226 and CD96 to induce a tolerizing signal in
DCs could therefore be linked to their ability to induce CD155 clustering.

TIGIT shares structural similarities with the larger PVR-nectin family of molecules and is
composed of an extracellular gV domain, a type 1 transmembrane region, and a cytoplasmic
tail containing an ITIM and an immunoglobulin tail tyrosine (ITT)-like motif, which are
highly conserved between mouse and human (Boles et al., 2009; Levin et al., 2011;
Stanietsky et al., 2009; Stengel et al., 2012; Yu et al., 2009) (Figure 1C and Table I).
However, which of the two motifs is important for the inhibitory function of TIGIT seems to
differ between the species. Biochemical aspects of TIGIT signaling have only been studied
in NK cells, where in mice, the function of the two motifs seems redundant. Phosphorylation
of the tyrosine residue in either the ITIM motif (Y233) or the ITT-like motif (Y227) is
sufficient for signal transduction and the inhibitory activity of TIGIT is only lost when both
residues are mutated (Stanietsky et al., 2013). In human NK cells, different groups have
reported an essential role for the phosphorylation of the tyrosine residue in either the ITIM
motif (Y231) (Stanietsky et al., 2009) or the ITT-like motif (Y225) (Li et al., 2014; Liu et
al., 2013). Hence, the contribution of the ITIM vs. ITT-like motif in mediating the inhibitory
signal of human TIGIT remains unclear. As these studies were performed in cell lines
overexpressing TIGIT, investigating the role of the ITIM vs. ITT-like motifs in primary cells
may bring more clarity.

Engagement of TIGIT through CD155 induces its phosphorylation through Fyn and Lck and
the recruitment of SHIP1 (SH2 domain-containing inositol-5-phosphatase 1) through the
cytosolic adaptor Grb2 (growth factor receptor-bound protein 2) (Liu et al., 2013).
Recruitment of SHIP1 to the TIGIT tail blocks signal transduction through the PI3K
(phosphoinositide 3-kinase) and MAPK (mitogen-activated protein kinase) pathways and
results in NK cell inhibition (Li et al., 2014; Liu et al., 2013). In addition, upon
phosphorylation, the ITT-like motif of TIGIT binds B-arrestin 2 and recruits SHIP1 to limit
NF-xB (nuclear factor-xB) signaling (Li et al., 2014; Liu et al., 2013). The combined effects
of TIGIT on these three signaling pathways lead to a strong reduction of NK cytotoxicity,
granule polarization, and cytokine secretion in NK cells (Li et al., 2014; Liu et al., 2013;
Stanietsky et al., 2009). Although the inhibitory effects of TIGIT on T cell responses were
initially believed to be indirect via CD155 ligation on DCs, we (Joller et al., 2011), and
others (Levin et al., 2011), later showed that TIGIT also directly induces T cell inhibition in
a cell intrinsic manner (Joller et al., 2011; Levin et al., 2011). In T cells, TIGIT blocks
productive T cell activation, proliferation, and acquisition of effector functions by targeting
molecules in the TCR signaling pathway. TIGIT engagement downregulates components of
the TCR complex itself (e.g. TCRa, CD3g) as well as central regulators of the TCR
signaling cascade such as PLCy (Joller et al., 2011). At the same time, however, TIGIT
engagement induces anti-apoptotic molecules such as Bcl-xL as well as upregulation of the
receptors for IL-2, IL-7, and IL-15, which promote T cell survival. Thus, while TIGIT
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inhibits T cell activation, it also actively contributes to their maintenance and ensures that
the T cells that have been functionally inhibited are not deleted from the repertoire.

Role of TIGIT in disease

Autoimmunity—Genome wide association studies have linked a SNP in the positive
regulator CD226 (Gly307Ser) of the TIGIT-CD226 pathway to multiple autoimmune
diseases in humans including type 1 diabetes, multiple sclerosis, and rheumatoid arthritis
(Hafler et al., 2009; Maiti et al., 2010). As a consequence, the function of TIGIT was
initially investigated in models of autoimmunity and tolerance (Figure 2C). Although TIGIT
deficient mice do not develop spontaneous autoimmunity, they display augmented T cell
responses upon immunization (Joller et al., 2011). A series of EAE experiments
demonstrated that TIGIT has an inhibitory function in regulating CNS autoimmunity. As
observed for Tim-3, blocking of TIGIT exacerbates autoimmune disease (Levin et al., 2011).
TIGIT-deficient mice were shown to be highly susceptible to EAE with higher frequencies
of encephalitogenic T cells and elevated levels of pro-inflammatory cytokines relative to
wild type controls (Joller et al., 2011). Furthermore, when crossed to MOG3s_s5-Specific
TCR transgenic 2D2 mice, TIGIT deficient mice developed spontaneous atypical EAE that
was marked by signs of neurologic dysfunction reminiscent of Th17 cell-driven disease
(Jager et al., 2009; Joller et al., 2011). In addition to EAE, TIGIT also plays a protective role
in collagen-induced arthritis (CIA) and graft versus host disease (GvHD). In both models,
blocking of TIGIT resulted in an exacerbation of the disease driven by enhanced pro-
inflammatory T cell responses (Levin et al., 2011). Collectively, these data suggest that
TIGIT plays an important role in maintaining peripheral tolerance by dampening T cell
activation.

In addition to its direct inhibitory role in NK and effector T cells, TIGIT also inhibits
immune responses through promoting Treg function (Figure 2C). TIGIT is a direct target
gene of Foxp3, the master transcription factor in Treg (Zhang et al., 2013). In Treg cells,
TIGIT expression correlates with markers for natural, rather than peripherally induced Treg
cells and TIGIT* Treg cells show enhanced demethylation in Treg cell-specific
demethylated regions compared to their TIGIT™ Treg cell counterparts, leading to higher
lineage stability (Fuhrman et al., 2015; Joller et al., 2014). TIGIT* Treg cells further express
higher levels of Treg cell signature genes, such as Foxp3, CD25, and CTLA-4 and
engagement of TIGIT on Treg cells leads to an upregulation of the suppressive mediator
Fgl2, which confers superior suppressive function to TIGIT* Treg cells (Joller et al., 2014).
Importantly, TIGIT-dependent induction of Fgl2 results in selective sparing of Th2 cell
responses, while potently suppressing pro-inflammatory Th1 and Th17 cell responses, which
are the dominant responses driving autoimmune tissue inflammation. Thus, TIGIT* Treg
cells not only inhibit autoreactive T cells by suppressing their proliferation, but also by
shifting the cytokine balance away from a Th1 and Th17 cell dominated response and
towards a Th2 cell-like response.

Cancer and chronic viral infections—In addition to its protective role in
autoimmune diseases, TIGIT has also gained attention in the context of cancer and chronic
infections (Figure 3). The TIGIT ligands CD155 and CD112 are widely expressed on tumor
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cells. CD226, the positive counterpart of this costimulatory pathway, promotes cytotoxicity
and enhances anti-tumor responses (Gilfillan et al., 2008; Iguchi-Manaka et al., 2008). In
contrast, TIGIT negatively regulates anti-tumor responses as TIGIT-deficient mice show
significantly delayed tumor growth in two different tumor models (Kurtulus et al., 2015).
Interestingly, TIGIT does not seem to affect metastasis formation as the number of lung
nodules found after intravenous injection of B16 melanoma cells was comparable in TIGIT
deficient and in wild type mice (Chan et al., 2014; Kurtulus et al., 2015). The suppressive
function of TIGIT is also exploited by Fusobacterium nucleatum, a bacterium often found
within the tumor microenvironment, to inhibit protective immune responses (Gur et al.,
2015). TIGIT directly binds to the Fap2 protein of £ nucleatum and its engagement inhibits
NK cell cytotoxicity /n vitro.

Within the tumor microenvironment, TIGIT is highly expressed on human and murine TILs
across a broad range of tumors (Chauvin et al., 2015; Johnston et al., 2014; Kurtulus et al.,
2015). In murine tumors, CD8* TIGIT* TILs co-express PD-1, Tim-3, and Lag3 and exhibit
the most dysfunctional phenotype among CD8" TILs (Kurtulus et al., 2015). TIGIT further
marks tumor tissue Treg. Importantly, TIGIT expression is relatively poor in the peripheral
lymphoid organs of tumor-bearing mice but highly enriched in tumor tissue, indicating a
specialized role for TIGIT in regulating immune responses in tumor tissue (Kurtulus et al.,
2015).

As has been mentioned earlier, blockade of the PD-1-PD-L1 pathway is able to restore
function in exhausted CD8* T cells and co-blockade with Tim-3 is able to further enhance
this effect (Ngiow et al., 2011; Sakuishi et al., 2010; Zhou et al., 2011). A number of recent
publications indicate that TIGIT might have similar effects. In CD8" TILs from melanoma
patients, co-blockade of TIGIT with PD-1 additively improved proliferation, cytokine
production, and degranulation (Chauvin et al., 2015). Similarly, co-blockade of TIGIT with
PDL1 showed synergistic effects in the murine CT26 tumor model, leading to enhanced
CTL effector function and reversal of CD8* T cell exhaustion. Combined treatment resulted
in complete tumor rejection and induced tumor antigen-specific protective memory
responses (Johnston et al., 2014). Interestingly, TIGIT not only synergizes with PD-1 but
also with Tim-3 in impairing protective anti-tumor responses (Kurtulus et al., 2015).
Therefore, co-blockade of either TIGIT with PD-1 or TIGIT with Tim-3 promotes anti-
tumor immunity and induces tumor regression. Collectively, these data indicate that TIGIT
synergizes with other co-inhibitory molecules to dampen effector T cell responses and
promote T cell dysfunction.

As mentioned above, TIGIT is highly enriched on tumor-infiltrating Treg. The TIGIT* Treg
in tumor tissue exhibit a highly active and suppressive Treg phenotype. Importantly,
dissection of the functional role of TIGIT in CD8" T cells and Treg suggests that TIGIT
plays a key role in driving suppression in the tumor environment via its function in Treg
(Kurtulus et al., 2015). Thus, TIGIT can suppress anti-tumor immunity by multiple
mechanisms that include direct suppression of effector CD8* T cell function and indirect
suppression via promotion of Treg function.
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The chronic exposure to antigen and the functional exhaustion of effector T cells are
hallmarks of both cancer and chronic infections. Similar to its role in anti-tumor responses,
CD226 was shown to enhance CTL and NK functions during persistent viral infection and
thus promote viral clearance (Nabekura et al., 2014; Welch et al., 2012). Recent data showed
that exhausted CD8* T cells induced in chronic LCMV infection also co-express TIGIT with
PD-1, Tim-3, and Lag-3 (Doering et al., 2012; Johnston et al., 2014) (Figure 3). Parallel to
its role in TILs, co-blockade of TIGIT with PDL1 restored cytokine production in exhausted
CD8™* T cells in chronic LCMV infection (Johnston et al., 2014). Whether in this context
TIGIT also has synergistic effects with Tim-3, as seen in cancer, remains to be determined.

TIGIT shifts the cytokine balance—As observed for all co-inhibitory receptors,
TIGIT has a general dampening effect on the immune response as exemplified by the
hyperproliferative phenotype of T cells from TIGIT deficient mice (Joller et al., 2011; Levin
etal., 2011). In addition to this general regulatory role, TIGIT and its costimulatory
counterpart CD226 have differential effects on the cytokine environment elicited following
immunization. In mouse and human effector T cells, CD226 is expressed on Th1l and Th17,
but not on Th2 cells, and promotes IFN-y and IL-17 production (Dardalhon et al., 2005;
Lozano et al., 2013). In contrast, TIGIT inhibits production of IFN-y and IL-17 while
enhancing Th2 cell cytokines and IL-10 (Burton et al., 2014; Joller et al., 2011; Joller et al.,
2014; Lozano et al., 2012; Yu et al., 2009). Thus, TIGIT shifts the balance away from Type 1
and Type 17 immunity towards Type 2 immunity and IL-10.

TIGIT mediates this shift in the cytokine balance by targeting the immune response at
multiple levels, namely through its action on APCs, effector T cells, and Treg cells. In DCs,
TIGIT ligation of CD155 inhibits IL-12p40 production and instead induces IL-10
production, thus generating tolerogenic DCs that suppress T cell proliferation and IFN-y
production from responding T cells (Yu et al., 2009). Hence, TIGIT dampens Type 1
immunity indirectly via its interaction with APCs.

TIGIT further acts directly in effector T cells to induce a shift from a Type 1 or Type 17-
dominated to an IL-10-dominated immune response. TIGIT deficient mice exhibit increased
frequencies of IFN-y* and IL-17* CD4* T cells while simultaneously showing a near
complete loss in IL-10 production after immunization with antigen in complete Freund's
adjuvant (Joller et al., 2011). Importantly, this further holds true for human effector T cells,
where TIGIT knock down results in upregulation of T-bet and IFN-y with a concomitant
decrease in IL-10 (Lozano et al., 2012). In addition, in a model of antigen-specific tolerance
induction, where reduction in IFN-y* T cells goes along with an increase in IL-10*Foxp3~
Trl cells, IL-10 expression is correlated with TIGIT expression (Burton et al., 2014).
Therefore, the direct action of TIGIT on effector T cells further contributes to shift the
cytokine balance by inhibiting pro-inflammatory Type 1 and Type 17 immunity while
favoring IL-10 induction.

In Foxp3™ Treg cells, TIGIT expression marks a functionally distinct subset that selectively
suppresses pro-inflammatory Type 1 and Type 17 responses (Joller et al., 2014). TIGIT

ligation in Treg cells directly induces the suppressive mediator Fgl2 in a CEBPa-dependent
manner. Fgl2 inhibits differentiation of IFN-y-secreting Th1 cells but promotes secretion of
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IL-4 and 1L-10 (Chan et al., 2003). Co-culture of TIGIT* Treg cells with effector T cells
stimulated under polarizing conditions suppresses Th1l and Th17 cell differentiation but not
Th2 cell differentiation. This effect is entirely dependent on Fgl2 as loss of Fgl2 in TIGIT*
Treg cell restores their ability to suppress Th2 cell responses. Importantly, this differential
suppression can also be recapitulated /n7 vivoas TIGIT* Treg cells are capable of inhibiting
Th1 or Th17 cell responses elicited upon immunization with peptide in complete Freund's
adjuvant. In contrast, TIGIT* Treg cells are unable to suppress disease in a Th2 cell -driven
asthma model (Joller et al., 2014). In addition, TIGIT ligation in Treg cells directly induces
IL-10 and IL-10* Treg cells are almost exclusively found within the TIGIT* Treg cell
subset. Thus, TIGIT™ Treg cell shift the cytokine balance by selectively suppressing Type 1
and Type 17 immunity while favoring Type 2 immunity and secretion of IL-10. TIGIT
therefore targets different players in the immune response that work together to dampen pro-
inflammatory Type 1 and Type 17 immunity and instead shift the cytokine balance towards
an IL-10 dominated or Type 2 immunity dominant environment.

Conclusion

The current landscape of co-inhibitory receptor pathways has expanded from CTLA-4 and
PD-1 to include Lag-3, Tim-3, and most recently, TIGIT. This growing landscape of co-
inhibitory receptor pathways raises the important question of why there are so many
pathways that seemingly perform the same function? A simplistic answer would be that the
immune system has built-in a high order of functional redundancy to ensure the preservation
of immune homeostasis and self-tolerance in the event that one or more co-inhibitory
receptor pathways are compromised. While this may be true, it seems that such an immune
fail-safe could be achieved with fewer pathways. We propose an alternative model, namely
that CTLA-4 and PD-1 represent a first tier of co-inhibitory receptors that are primarily
responsible for maintaining self-tolerance and restricting T cell clonotypes in lymphoid
organs and that Lag-3, Tim-3, and TIGIT represent a second tier of co-inhibitory molecules
that has distinct and specific roles in regulating immune responses, particularly at sites of
tissue inflammation. Indeed, although Lag-3, Tim-3, and TIGIT have partially overlapping
expression patterns (Table 1), their unique signalling tails provides a basis for both their
unique regulatory functions as well as for the synergistic effects of therapies targeting these
molecules in disease (Figure 3).

Our proposed model fits with the dominant function of CTLA-4 and then PD-1 in
maintaining self-tolerance relative to Tim-3, Lag-3, and TIGIT (Figure 4). Indeed, the first
and second tier co-inhibitory receptors can be ranked in a hierarchy. CTLA-4 sits at the top
of this hierarchy given its critical role in maintaining self-tolerance as demonstrated by the
massive lymphoproliferation and early lethality that occurs in mice deficient in CTLA-4
(Tivol et al., 1995; Waterhouse et al., 1995). In line with these observations, CTLA-4
blockade in cancer patients has been shown to result in significant grade 3-5 autoimmune-
like toxicities in a fraction of treated patients (Hodi et al., 2010; Robert et al., 2015). PD-1
ranks second in the hierarchy. Mice deficient in PD-1 develop spontaneous autoimmunity
but with lower penetrance and at a much later age than CTLA-4 deficient mice (Nishimura
et al., 1999; Nishimura et al., 2001). Indeed, cancer patients undergoing anti-PD-1
immunotherapy exhibit less toxicity than patients treated with anti-CTLA-4 (Robert et al.,
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2015). Based on current data, Tim-3, Lag-3, and TIGIT would equally rank next in the
hierarchy. Mice deficient in these molecules do not develop spontaneous autoimmunity and
their inhibitory function only becomes evident in susceptible backgrounds or upon active
induction of disease. Accordingly, interference with these pathways would be predicted to be
associated with less toxicity than has been observed with either CTLA-4 or PD-1.

According to our model, the second tier of co-inhibitory receptors provides specificity to the
regulation of immune responses in tissue, where their ligands may be expressed and function
to maintain tissue tolerance and inhibit immunopathology (Figure 4). This concept of
specification can operate at multiple levels. The first is at the level of the lymphocyte and is
exemplified by the expression of different co-inhibitory receptors on distinct lymphocyte
subsets. One example is the preferential expression of Tim-3 on IFN-y-secreting effector T
cells that infiltrate inflamed tissues (Monney et al., 2002). Another example is the specific
up-regulation of Tim-3 and TIGIT on tissue Treg (Kurtulus et al., 2015; Sakuishi et al.,
2013) (Figure 5A). Anatomic specification operates at the level of tissue sites. One example
of anatomic specification is the Tim-3 pathway. Two of the known ligands for Tim-3,
galectin-9 and Ceacam-1, are highly expressed in the gut, thus positioning the Tim-3
pathway as having a dominant role in regulating immune responses in the gut. Other
pathways may have dominant roles in other organs (Figure 5B). Functional specification
holds that some pathways may regulate distinct features of the immune response. Here, the
TIGIT pathway seems to have evolved to shift the cytokine balance and specifically suppress
Type 1 and Type 17 immunity while sparing or even promoting Type 2 immunity (Joller et
al., 2014) (Figure 5C).

As therapies that target Lag-3, Tim-3, and TIGIT move forward in clinical development, it is
important to deepen our understanding of the specialized roles of each of these molecules in
regulating the immune response and their tissue-specific functions. The insight gained into
the specialized functions of these molecules will inform as to how to best apply therapies
that interfere with these pathways in the clinic, particularly in the context of combinatorial
strategies with existing therapies (Figure 6).
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Figure 1. Co-inhibitory receptor pathways
A) The Lag-3 pathway. Left panel, Lag-3 is expressed on CD4* T cells and binds to MHC

class Il on antigen presenting cells. Right panel, Lag-3 is expressed on CD8* T cells and NK
cells and binds to L-SECtin on tumor cells or liver cells. The cytoplasmic tail of Lag-3
contains a unique KIEELE motif that is essential for the inhibitory function of Lag-3. B)
The Tim-3 pathway. Tim-3 is expressed on T cells, NK cells, and some APC. Tim-3 ligands
include soluble ligands (galectin-9 and HMGBL1) and cell surface ligands (Ceacam-1 and
Phosphatidyl serine — PtdSer). Bat-3 and Fyn bind to the same region on the cytoplasmic tail
of Tim-3. Ligand binding triggers the dissociation of Bat-3 from the cytoplasmic tail of
Tim-3, thus allowing Fyn to bind and promote the inhibitory function of Tim-3. C) The
CD226/TIGIT Pathway. CD226, TIGIT, and CD96 are expressed on T cells and NK cells
and share the ligands CD112 and CD155, which are expressed on APCs and other cells such
as tumor cells. CD226 associates with the integrin LFA-1 and delivers a positive signal.
TIGIT, CD96, and CD155 contain ITIM motifs in their cytoplasmic tails and can deliver
inhibitory signals. TIGIT further contains an ITT-like motif. CD155 and TIGIT exist as
homodimers on the cell surface, and dimerization is essential for their proper function.
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Figure 2. The Lag-3, Tim-3, and TIGIT pathways in autoimmunity
A) Lag-3 plays a protective role in autoimmunity by dampening T helper (Th) cell responses

directly through engagement of MHCII. In addition, Lag-3 indirectly inhibits effector T cell
responses via promotion of Treg and Trl-mediated suppression. B) In autoimmune diseases
such as MS, Tim-3 is under-expressed on pathogenic Th1 cells. IFN-f therapy can increase
Tim-3 on antigen specific T cells directly or indirectly via promotion of IL-27 production
from local antigen presenting cells. Increased expression of Tim-3 is associated with
reduction in disease relapses. C) TIGIT inhibits auto-pathogenic Th1/Th17 T cell responses
through three different pathways: 1) TIGIT directly inhibits T cell activation and expansion;
2) TIGIT expressing effector and regulatory T cells engage CD155 on APCs thereby
inducing tolerogenic APCs that secrete IL-10; 3) TIGIT promotes Treg-mediated
suppression through the induction of IL-10 and Fgl2, which potently and selectively
suppress Thl and Th17 responses.
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Figure 3. The Lag-3, Tim-3, and TIGIT pathways in chronic diseases
Lag-3, Tim-3, and TIGIT are highly expressed on dysfunctional or exhausted T cells in

chronic diseases such as chronic viral infection and cancer. In these diseases, combinatorial
receptor blockade has strong synergistic effects, resulting in improved effector CD8* T cell
and NK cell function as well as decreased Treg-mediated suppression. These combined
actions improve disease outcome.
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Figure 4. Hierarchy of co-inhibitory receptors
Co-inhibitory receptors are ranked from top to bottom according to their impact on the

maintenance of self-tolerance. The impact of a given co-inhibitory receptor on self-tolerance
is directly proportional to the amount of autoimmune toxicity observed when the receptor is
deficient either as a result of genetic loss or therapeutic modulation. Genetic and/or
therapeutic modulation of co-inhibitory receptors at the top of the hierarchy (Tier 1) is
predicted to be associated with more autoimmune-like toxicity than modulation of co-
inhibitory receptors at the bottom of the hierarchy (Tier 2). Accordingly, Tier 2 co-inhibitory
receptors are predicted to have a better safety profile in the clinic.
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Figure 5. Specification of checkpoint-receptor pathways
A) Lymphoid specification. Some co-inhibitory receptors are preferentially expressed on

distinct lymphocyte subsets. B) Anatomic specification. Some co-inhibitory receptor
pathways may dominate in different tissue sites where ligands and/or receptors are highly
expressed. C) Functional specification. Some co-inhibitory receptors may regulate distinct
aspects of immunity such as the regulation of the balance between Type 1/Type 17 immunity
and Type 2 immunity by TIGIT.
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Figure 6. Immunological effects of checkpoint receptor blockades
Schematic representation showing the effects of PD-1, Lag-3, Tim-3, and TIGIT blockades

on the immune response. While all checkpoint receptor blockades have some effect on CD8*
T cell and NK cell effector function, the effect of PD-1 blockade is proportionally larger
than that of Lag-3, Tim-3, or TIGIT blockade alone. Lag-3, Tim-3, and TIGIT blockades
will preferentially affect tumor tissue Treg and IL-10 producing Trl cells. Tim-3 and TIGIT
blockades will additionally affect DC phenotype. A unique effect of TIGIT blockade is
shifting the balance in favor of Type 1/17 immunity versus Type 2 immunity while a unique
effect of Tim-3 blockade is to dampen MDSC. Thus, different checkpoint receptor blockades
can be combined to achieve distinct effects on the immune response.
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Lag-3 Tim-3 TIGIT
Expression
coa? Trl, nTreg, iTreg Thi, Tr1, nTreg TrL,Tfh, nTreg®
CD81 dysfunctional T cells Tcl, dysfunctional T cells dysfunctional T cells
Natural Killer Cells + + +
Dendritic Cells - + -
Monocytes/Macrophages - + /_4 -
Signaling Motifs KIEELE 5T . ITT/ITIM

yrosine

Ligands MHC Il, LSECtin Galectin-9, Ceacam-1, HMGB-1, Phosphatidyl Serine CD112, CD155

1Lag-3,Tim-3, and TIGIT are transiently up-regulated on activated CD4% and CD8™ T cells.

In both mouse and human, Tim-3 is either not expressed or expressed on a very small fraction of CD4*Foxp3™ Treg in the normal circulation but

is highly expressed on Treg at sites of tissue inflammation

3In both mouse and human, TIGIT is expressed on about one-third of CD4*FoxP3™ Treg in the normal circulation and is highly up-regulated on

Treg at sites of tissue inflammati

on

In the mouse, Tim-3 is expressed on monocytes/macrophages only in inflammatory conditions. In humans, Tim-3 is expressed on peripheral blood

monocytes and on macrophages.

Tim-3 has 5 tyrosines in its cytoplasmic tail but no known signaling motif.
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Ligand binding affinities for TIGIT, CD226, and CD96

Affinity (nM)
Receptor | CD155 CD112
TIGIT 1-3 Not measurable
CD226 114-199 | 8790
CD96 37.6 Not tested
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