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Introduction

Immune-based therapy is an innovative approach that enhances the human immune response
to cancer cells, resulting in elimination of susceptible cancer cells and inhibit tumor growth.
This approach has offered new promise in cancer treatment, and can result in prolonged
remission of tumors in some patients. The immune system is remarkably equipped to
recognize cancer neoantigens as foreign and can develop anti-tumor responses with the
potential to eliminate the tumor. The cross-talk between different immune cells in mounting
an immune response against the tumor neoantigens is critical to tumor elimination. However,
some tumors possess the uncanny ability to produce inhibitory ligands, which engage co-
inhibitory receptors, also referred to as immune checkpoints, expressed on tumor-specific
immune cells. This engagement induces negative regulatory pathways that limit normal
immune responses thus allowing the tumor to evade or dampen the immune response. The
most recent immunotherapeutic approaches are aimed at targeting these mechanisms of
immune tolerance by blocking immune checkpoints in order to reverse the functionally
suppressed immune response, reinvigorate T cells and promote antitumor immunity.

Ipilimumab (anti-CTLA-4 antibody) was the first treatment targeting an immune checkpoint
on T cells that could induce durable responses in patients with metastatic melanoma, and
was approved by the FDA in 2011 for the treatment of metastatic melanoma. Emerging data,
however, indicate that only about 20-30% of ipilimumab-treated patients achieve long-term
survival with toxicities occurring in a sizeable population of patients. Initial data from
clinical trials with anti-PD-1 therapies (pembrolizumab) suggested that objective anti-tumor
response rates may be higher with these agents compared to ipilimumab in metastatic
melanoma, but the safety profiles may only be marginally better. Pembrolizumab has
received additional FDA approval for treatment of non-small cell lung cancer (NSCLC) and
head and neck squamous cell cancer (HNSCC). Nivolumab was the second anti-PD-1 mAb
approved by the FDA and has shown efficacy in targeting multiple cancer types including
non-small-cell lung cancer (NSCLC), melanoma, and renal cell carcinoma (RCC), with
reports of rapid and durable tumor regression in some patients (1). At present, more attempts
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are being made to design rational combinations of immunotherapeutics that target discreet
pathways to achieve synergistic effects in inhibiting tumor growth. A recent study showed
that the combination of nivolumab and ipilimumab resulted in a significantly higher
objective response rate and significantly longer progression-free survival than ipilimumab
alone among previously untreated patients with advanced melanoma (2). However the
toxicity issues and adverse autoimmune side effects have to be borne in mind before
employing this combination therapeutic regimen. In addition, only about 50% of melanoma
patients responded to the combination therapy of anti-PD-1 and anti-CTLA4 with significant
side effects related to autoimmune tissue inflammation including colitis and hypophysitis.
Furthermore, some tumors, such as colorectal carcinomas, do not respond to either of the
checkpoint blockade therapies, raising the issue of whether such tumors might use other
checkpoint receptors for inducing T cell dysfunction and inhibiting anti-tumor immunity. In
addition to the expression of CTLA-4 and PD-1, tumor infiltrating lymphocytes express a
number of other co-inhibitory receptors including Tim-3, Lag-3 and TIGIT, providing
additional targets that could be exploited for inducing anti-tumor immune responses. In this
review, we will focus on consideration of Tim-3 as a potential target for immunomodulation
in cancer immunotherapy.

Tim-3 regulates Thl and CTL responses

T cell immunoglobulin and mucin-domain containing-3 (Tim-3) is a type | trans-membrane
protein that was originally discovered in an effort to identify novel cell surface molecules
that would mark IFN-y-producing Thl and Tc1l cells (3). Identification of Tim-3 also led to
the discovery of the Tim family of genes. The Tim-3 locus, together with other Tim family
genes Tim-1 and Tim-4, is located at 11B1.1 in the mouse genome and at 5g33.2 in the
human genome, a region that also contains the IL-4 gene cluster that has been linked to both
autoimmune and allergic diseases (4). Positional cloning using congenic Balb/c-HBA mice
identified significant polymorphisms in both Tim-1 and Tim-3 loci, but not the I1L-4 gene
cluster, that are associated with airway hyperresponsiveness, supporting a role for the Tim
family of molecules in Thl and Th2 differentiation and induction of autoimmune and
allergic diseases (5).

Tim-3 plays a key role in inhibiting Th1 responses and the expression of cytokines such as
TNF and INF-y. Dysregulation of Tim-3 expression has been associated with autoimmune
diseases. Early studies on Tim-3 pointed out its inhibitory function in suppressing effector
Th1 responses in the mouse autoimmune disease models of multiple sclerosis (EAE) and
type 1 diabetes. Blockade of Tim-3 signaling by anti-Tim-3 antibody exacerbated disease
progression in EAE (3, 6, 7) and administration of a soluble form of Tim-3, Tim3.Fc,
inhibited development of peripheral tolerance with an increase in the production of IFN-y
and TNF from responding T cells. In subsequent human studies, increased IFN-y production
was correlated with decreased Tim-3 expression on T cell clones generated from the
cerebrospinal fluid of patients with multiple sclerosis (MS), indicating that compromised T
cell tolerance was associated with dysregulated Tim-3 expression (8). T cells from MS
patients treated with glatiramer acetate or IFN- restored Tim-3 expression and restored the
inhibitory effects of Tim-3 (9). Similar to the results from MS patients, /n vitro activated Thl
cells derived from the intestinal mucosa and peripheral blood from patients with Crohn’s
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disease (CD) exhibited lower Tim-3 expression compared with the cells from healthy
individuals (10). In patients with rheumatoid arthritis (RA), Tim-3 expression on CD4" and
CD8™ T cells in peripheral blood mononuclear cells (PBMCs) and synovial fluid was
increased. But the percentage of Tim-3 expression on peripheral CD4* and CD8* T cells
was negatively correlated with disease severity, as measured by the disease activity score 28
(DAS28) of the patients (11, 12). In addition, the level of Tim-3 expression on T cells was
also inversely correlated with plasma TNF levels. Importantly, Tim-3 expression was
increased in patients with disease remission after methotrexate or tocilizumab treatment
(112). Collectively, the Tim-3 expression level on T cells is negatively correlated with disease
progression in autoimmune diseases.

In contrast, high levels of Tim-3 expression correlate with suppression of T cell responses
and T cell dysfunction, also referred to as T cell exhaustion, a process of gradual loss of T
cell function in an hierarchical manner during chronic viral infections and tumor
development (13). A role for Tim-3 in T cell exhaustion was identified first in patients with
HIV-1 infection (14), and Tim-3 has been implicated as a checkpoint receptor that controls T
cell immunity against a variety of chronic viral infections such as HBV, HCV and Friend
virus (15-17). Tim-3 also serves as a checkpoint in tumor immunity, by regulating T cell
exhaustion in tumor infiltrating lymphocytes (TILs) from both human and mouse tumors
(18, 19). Tim-3 expression on CD8* TILs is closely associated with PD-1 expression.
Tim-3*PD-1* CD8* T cells represent a ‘deeply” exhausted T cell population as compared to
PD-1+ single positive CD8+ T cells (19). High levels of Tim-3 expression on CD8+ T cells
have been associated with a poor prognosis for tumor progression (20) (21). In addition to
effector T cells, Tim-3 has been shown to be expressed on FoxP3* Tregs and has been
shown to enhance the regulatory function of FoxP3* Tregs (22, 23).

Studies of Tim-3 have been further extended to other immune cells including NK/NKT cells,
dendritic cells (DCs), and macrophages. The inhibitory function of Tim-3 in non-T cell
populations in the immune system has been found to be consistent with what has been
characterized in T cells (Figure 1). This is demonstrated by the expression of Tim-3 on
tumor-infiltrating DCs having a critical role in suppressing innate anti-tumor immune
responses through the recognition of tumor-derived nucleic acids (24). Thus, Tim-3 emerges
as a negative regulatory checkpoint associated with both T cell exhaustion and suppression
of innate immune responses.

Consistent with a key regulatory role in both innate and adaptive immune responses,
blockade of Tim-3 signaling in preclinical tumor models exhibited therapeutic benefit as
cancer immunotherapy. Combination therapies based on blockade of Tim-3 and other
inhibitory molecules, such as PD-1 exhibited synergistic effects in restoring anti-tumor
immunity in preclinical animal models (Figure 2) (19, 25, 26). However, Tim-3 likely plays
a more complex role in regulating anti-tumor responses, as some of the data indicate that
Tim-3 can function as a co-stimulatory receptor to enhance CTL and other immune cell
responses under certain /n vivo and /n vitro settings (27-30). However, it is not yet clear
under what circumstances Tim-3 exhibits inhibitory effects or shows co-stimulatory effects.
Whether its inhibitory effects are dependent on the co-expression of other molecules like
Ceacam-1 or ligand dependent cross-linking of Tim-3 needs to be further elucidated.
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Tim-3 protein Structure

Tim-3 is expressed by multiple murine and human immune cell types. Mouse Tim-3 consists
of 281 amino acid residues, while its human homologue consists of 302 amino acid residues
with 63% identity with mouse Tim-3 (3). Tim-3 belongs to the immunoglobulin superfamily
(IgSF), with an extracellular domain consisting of a membrane-distal N-terminal
Immunoglobulin (IgV) domain, followed by a membrane-proximal mucin domain
containing potential sites of O-linked glycosylation. The stalk domain lying between the
mucin and transmembrane domain has sites for N-linked sugars, which is followed by a
transmembrane domain and a cytoplasmic tail (4).

The Tim-3 gene consists of 7 exons encoding its full-length protein sequence. An
alternatively spliced form that lacks exons 3 to 5 was identified in concanavalin A-activated
mouse spleen cells. This short Tim-3 variant lacks the entire coding sequence for the mucin
and transmembrane domains (31). Since the alternatively spliced variant does not encode the
hydrophobic transmembrane domain, its translational product is likely a soluble form that
can be secreted outside of cells. However, this spliced variant only exists in mouse, and no
human homolog has been identified as yet.

In humans, a soluble form of Tim-3 can be released by a disintegrin and metalloprotease
(ADAM)-mediated ectodomain shedding. ADAM 10 and ADAM17 are 2 major sheddases
that specifically cut Glu181-Asp190 of the stalk region of Tim-3 (32). Interestingly, Tim-3
cannot be efficiently cleaved in the absence of the intracellular domain indicating that the
ectodomain shedding maybe controlled by cell signaling events. Shedding of the Tim-3
ectodomain is found in human CD14* monocytes after LPS stimulation and Tim-3-
expressing T cells in patients with graft-versus-host disease (GVHD) after allogeneic
hematopoietic cell transplantation. Such a process abrogates Tim-3-mediated signal
transduction (32, 33). However, its biological significance is not fully understood. Down-
regulation of Tim-3 signaling in the cell may be only one outcome of enzymatic digestion,
as the released intact ectodomain of Tim-3 may retain signaling function.

The crystal structure of the IgV domain of Tim-3 shows the presence of two anti-parallel p
sheets, which are tethered by a disulphide bond. Two additional disulfide bonds formed by
four non-canonical cysteines stabilize the gV domain and reorient a CC” loop towards a FG
loop thereby forming a “cleft” structure that is thought to be involved in ligand binding, and
is not found in other IgSF members. Instead, this “cleft” assembly is the signature structure
that is identified in all Tim family proteins including Tim-1 and Tim-4 (34-36). The
engagement of the 1gV domain by appropriate ligands has been found to be important for the
immune-modulatory role of Tim-3, and instrumental for induction of peripheral tolerance
and suppression of anti-tumor immunity (6, 24, 25).

The Tim-3 cytoplasmic tail adjacent to the trans-membrane domain is devoid of ITIMs or
ITSMs, the classical inhibitory and switch motifs found in other inhibitory receptors, but
contains a conserved region of five tyrosine residues, two of which (Tyr 256, 263 in mouse
and 265, 272 in human) have been found to be critically important for coupling to
downstream signaling pathways. The peptide sequences surrounding these two tyrosine
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residues are highly conserved between human and mouse and function as SH2 domain-
binding motifs, where multiple SH2 domain-containing kinases including Fyn, Lck, PI3K
p85, and Itk are found to bind (27, 37). Many of these molecules are key components of the
T cell receptor (TCR) signaling pathway, indicating a functional relationship between Tim-3
and the TCR pathway. Importantly, the SH2 domain-binding motif is also a trans-regulatory
site for controlling Tim-3 signal transduction (38)

Tim-3 ligands

Galectin-9

Initial efforts to characterize Tim-3 ligands by biochemical approaches identified two
extracellular membrane-associated proteins with molecular weights around 35 kD and 60 kD
binding to the Tim-3 IgV domain. The 35 kD candidate was characterized biochemically as
C-type lectin galectin-9 (6). Galectin-9, a soluble protein containing two tandemly linked
carbohydrate recognition domains, specifically recognizes the structure of N-linked sugar
chains in the Tim-3 IgV domain, but not those in other Tim proteins such as Tim-2 and
Tim-4. The interaction between the Tim-3 IgV domain and galectin 9 was the highest
affinity as compared with interactions of the Tim-3 IgV domain and other galectins
including galectin-1, galectin-3, and galectin-4, suggesting a relatively specific binding
interaction between galectin-9 and Tim-3. Interaction between galectin-9 and Tim-3 triggers
cell death in effector Th1 cells thereby dampening tissue inflammation and inhibition of
autoimmune disease EAE (6). Similarly, galectin-9 also induces cell death in Tim-3*CD8*
TIL in colon cancer (39). However, not all galectin-9-Tim-3 interactions result in cell death,
as galectin-9 was found to increase Tim-3-mediated IFN-y production in an NK cell line
(29). In human THP-1 myeloid cells, galectin-9 activated Tim-3-mediated PI3K-mTOR
signaling without inducing cell death (40).

The interaction of galectin-9 and Tim-3 on monocytes/macrophages may result in alterations
in cytokine production that affect the Thl or Th17 response by alterations in IL-12 and
IL-23 production (41-43).

The Tim-3-galectin-9 interaction can also transduce reverse signaling. Studies in a mouse
tuberculosis (TB) model demonstrated that Tim-3 is critical for induction of IL-1p and for
enhancing anti-mycobacterial activity in macrophages via a galectin-9 dependent
mechanism in both mouse and human cells (44, 45). Fewer CFU were recovered when
Mycobacterium tuberculosis (Mtb)-infected macrophages were treated with Tim-3-Ig fusion
protein. Interestingly, Tim-3-1g treatment controlled Mtb replication equally well in WT and
Tim-37/~ macrophages, but the Tim-3-1g anti-Mtb effect was abrogated in galectin-97/~
macrophages. Thus, endogenous Tim-3 expression on macrophages was not required for
anti-Mtb activity, whereas the tfrans-interaction between Tim-3-Ig and galectin-9 on
macrophages was critical in controlling Mtb replication inside the macrophages. In addition,
Tim-3 T cell-transgenic (tg) CD4* T cells but not Tim-3/~ CD4* T cells controlled Mtb
replication in galectin-9-expressing macrophages, further confirming that Tim-3-galectin-9
trans-interaction-mediated reverse signaling is critical for anti-Mtb activity in macrophages.
This reverse signaling pathway plays an important role in controlling Mtb growth in HIV-
infected individuals who have increased expression of Tim-3 on T cells (45). Collectively,
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the Tim-3-galectin-9 reverse signaling indicates a crosstalk between effector T cells and
macrophages that must have evolved to control intracellular pathogens by Thl and Tcl cells
in infected macrophages so as to clear infection. As IFN-vy is critical for the induction of
galectin-9 expression, this suggests a mechanism by which IFN-vy induced galectin-9 may
promote clearance of intracellular pathogens from macrophages, while also engaging Tim-3
on T cells to ensure clonal contraction of responding Th1 cells (Figure 1).

The second Tim-3 ligand candidate with a molecular weight around 60 kD was recently
characterized as carcinoembryonic antigen cell adhesion molecule 1 (Ceacaml) (25). The
membrane-distal gV domains of Ceacaml and Tim-3 share structural similarities, and
interact along their FG-CC’ interface, a highly conserved structure that was predicted as a
ligand binding site (25, 34). The co-expression of Ceacaml is required for Tim-3
glycosylation and protein stability, and the inhibitory function of Tim-3 is compromised in
the absence of Ceacam1l expression. This dependence of Tim-3 function on Ceacaml co-
expression is based on the cis-interaction between these two proteins. In addition, a
Ceacam1-Tim-3 tfrans-interaction suppresses effector T cell function and is required for
maintaining T cell tolerance. Galectin-9 and Ceacam1 bind to different regions in the IgV
domain of Tim-3 (25, 34) and both Ceacam1-Tim-3 and galectin-9-Tim-3 interactions result
in similar downstream events, in which Bat3, an inhibitory regulator of the Tim-3 signaling
pathway, is released from its binding site on the Tim-3 cytoplasmic tail (25, 38). Thus these
two ligands might have cooperative effects in regulating Tim-3 signaling.

Chiba and colleagues recently identified high-mobility group box 1 (HMGB1) as another
Tim-3 ligand. HMGBL is a damage-associated molecular pattern (DAMP) protein that
senses endogenous danger signals. HMGBL can be actively released from activated DCs to
promote T cell and B cell responses (46). In DCs, HMGBL1 plays a critical role in the
transport of nucleic acids into enodosomal vesicles, which is a key step for DCs to sense
tumor-derived stress factors or pathogen-associated molecular patterns (PAMPSs) and to
generate protective immune responses to tumors or pathogen infections. In tumor
microenvironments, the tumor-infiltrating DCs express higher levels of Tim-3 than DCs in
normal tissues. Tim-3 binds to HMGBL to block the transport of nucleic acids into
endosomes, thereby suppressing pattern-recognition receptor (PPR)-mediated innate
immune responses to tumor-derived nucleic acids (Figure 1) (24). Thus, blockade of Tim-3
mediated suppression of the nucleic acid-sensing system could potentially enhance DNA
vaccine development and cytotoxic chemotherapy. Interestingly, the HMGB1 binding
epitope on Tim-3 is largely overlapping with Ceacam1 binding epitopes at the FG-CC” loop
region in the IgV domain of Tim-3. Q62 (E62 for human) in the FG-CC loop is the essential
amino acid residue for the interaction to both HMGB1 and Ceacaml (24, 25), raising a
question of potential competitive binding to Tim-3 between HMGB1 and Ceacaml1. Whether
this indicates a functional redundancy between HMGB1 and Ceacaml1-mediated Tim-3
signaling, or it represents a cell type-specific ligand-receptor signaling is currently unknown.
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A study by Dolina et al reported that liver-primed Tim-3*CD8* T cells during adenovirus
infection exhibited suppressive “Treg” function. Tim-3 on these suppressive CD8* T cells
acts as “sink” to sequester HMGBL, preventing HMGB1 from activating hepatic CD8* T
cells (47). Given the fact that HMGB1 has multiple high affinity-binding partners, such as
IL-1pB, LPS, DNA, nucleosomes and multiple receptors, such as TLR2, TLR4, CXCR4, the
precise role of Tim-3 in acting as a specific neutralizer to prevent HMGB1-mediated T cell
activation and to dampen hepatic T cell responses is not clear.

Unlike all other Tim-3 ligands, phosphatidylserine (PtdSer) is a non-protein ligand for Tim-3
(48, 49). PtsSer binds to the FG-CC” loops of the Tim-3 IgV domain. Since the cleft formed
by the FG-CC” loop is the signature structure shared by all of the Tim proteins, PtdSer is
also a ligand for other Tim family proteins. (35, 36, 49). The binding of PtdSer to Tim
proteins has been implicated in apoptotic cell uptake (34—36). Mouse Tim-3 can exist as
allelic variants and these polymorphic variants can differ functionally in their recognition of
PtdSer and clearance of apoptotic cells (49). The biological relevance of the Tim-3-PtdSer
interaction in T cells is unknown, as T cells do not play a role in clearing apoptotic bodies.
However, interaction of Tim-3 with PtdSer may result in the induction of IL-10 in T cells,
since IL-10 has been shown to co-expressed with T cells that express Tim-3.

Due to the overlapping binding sites at the FG-CC” loop in the Tim-3 IgV domain, it is
important to understand how Ceacam1, HMGB1, and PtdSer coordinate their interactions
with Tim-3 and regulate the function of specific types of immune cells.

Tim-3 signaling

Tim-3 has been found to play a role as a checkpoint receptor on T cells. This has been
evidenced by the fact that Tim-3 has been found to be a negative regulator of IFN--y-
secreting CD4* Th1, CD8* T cells and an important player in T cell exhaustion in multiple
settings. These findings were further supported /17 vivo by showing that blocking Tim-3
could reverse the dysfunctional phenotype in T cells. This underscores the importance of
mechanistic insights into Tim-3 signaling pathways and their coupling to TCR signaling to
pave the way for understanding Tim-3-mediated inhibition in the disease context and also
for advancing rational targeting of Tim-3 for immunotherapy. Though several studies aimed
at understanding Tim-3 signaling pathways have been carried out, many aspects of Tim-3-
interactions with its intracellular partners that mediate inhibitory function remain largely
unexplored. Studies aimed at establishing links between Tim-3 and intracellular signaling
pathways are somewhat conflicting, with some suggesting an inhibitory role for Tim-3 and
others suggesting a stimulatory role. As discussed above, Tim-3 does not have a classical
ITIM (immunoreceptor tyrosine-based inhibition) or an ITSM (immunoreceptor tyrosine-
based switch) motif in its cytoplasmic tail and apparently has no structural provision for
recruitment of inhibitory phosphatases, which may be associated with inactivation of
phosphorylated proteins involved in proximal T cell signaling pathways. Rather, the
cytoplasmic tails of both mouse and human Tim-3 contain five conserved tyrosine residues,
phosphorylation of two of which, Y56 and Y63 in mouse (Y 265, 272 in human) have been
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shown to be critically important for coupling to downstream signaling pathways. An early
study by Anderson et al. (50) showed that treatment of cloned Th1 cells or the DC line
D2SC1 with anti-Tim-3 antibodies could induce tyrosine phosphorylation of several proteins
and activation of Erk and degradation of 1xB. In the case of the D2SC1 cells, these pro-
stimulatory effects correlated with increased TNF secretion. Much in the same light, a study
in Jurkat cells demonstrated that ectopic expression of Tim-3 on Jurkat T cells followed by T
cell receptor and CD28 engagement leads to enhancement of Src family kinase Fyn or Lck-
mediated phosphorylation of Y56 and Y g3 residues of Tim-3. The phosphorylation of Yosg
and Y g3 enables the recruitment of one or more SH2 domain-containing proteins, including
the p85 of PI3K and PLC-y1 to the phosphorylated Tim-3 tail. The interaction of Tim-3
with components of the TCR signaling pathway, including Zap 70 and SLP-76 further
augments NFAT and NF-xB activation, leading to increased T cell signaling (27). Van de
Wryer and his colleagues have also demonstrated that ITK-mediated specific
phosphorylation of Y,g5 of Tim-3 occurs in the presence of galectin-9, probably through a
receptor-ligand interaction. Phosphorylation of Y g5, which is located in a highly conserved
SH2 domain binding motif, could result in the recruitment of SH2 domain-containing
proteins and trigger downstream signaling events, which may include negative regulators of
cytokine signaling, such as members of the suppressor of cytokine signaling (SOCS) family
under conditions in which Tim-3 plays an immunosuppressive role, thereby regulating the
function of Tim-3 expressing T-cells (37). However, it should be pointed out that many of
these studies have utilized artificial /n vitro over-expression systems using cell lines.
Whether this is also true /n vivo where multiple cell types express Tim-3 cannot be
addressed until conditional ‘knock-out” mice are available for /7 vivo studies.

Additionally, studies by Lee ef a/ demonstrated that Jurkat T cells expressing Tim-3, as well
as Tim-3-expressing human primary CD4* T cells, produce less IL-2 when stimulated with a
phorbol ester and a calcium ionophore that mimic TCR stimulation. These effects were
attributed to impaired activation of the transcription factor NFAT and reduced expression of
the transcription factors c-Fos and c-Jun (51). Another work exemplifying the immune-
suppressive role of Tim-3 in human primary CD8* T cells showed that Tim-3 interacts with
multiple signaling molecules at the immunological synapse between CD8 T cells and target
cells and further co-localizes with phosphatases that can suppress T cell receptor (TCR)
signaling (52). Taken together, these data support the conclusion that the engagement of
Tim-3 may facilitate its interaction with multiple partners, thereby promoting cross-talk with
immune cell signaling components leading to either a state of immune activation or
immunosuppression mediated by its interaction with molecules that activate or suppress
immune-mediated signaling.

In contrast to the above findings by Anderson et a/and Lee et a/ which established a pro-
stimulatory role for Tim-3, Zhu et al. demonstrated that the Tim-3 ligand galectin-9-induced
intracellular calcium flux, aggregation and death of Th1 cells are Tim-3-dependent /n vitro.
Furthermore, administration of galectin-9 /n vivo causes down-regulation of Th1l-dependent
immune responses with selective loss of interferon-y-producing cells (6). A later
investigation by Rangachari et a/illustrated that the Y55 and Y g3 are critical for the
binding of HLA-B associated transcript 3 (Bat3), to the C-terminal tail of Tim-3 (38). In its
unactivated state, Bat3 recruits the catalytically active form of Lck, thereby forming an
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intracellular molecular complex with Tim-3 that preserves and potentially promotes T cell
signaling and represses Tim-3-mediated cell death and exhaustion. Interactions between
Tim-3 with its ligands, galectin-9 and Ceacam-1, results in phosphorylation of Y ,5¢ and
Y763 and release of Bat-3 from the Tim-3 tail, thereby promoting Tim-3-mediated T cell
inhibitory function by allowing binding of SH2 domain-containing Src kinases and
subsequent regulation of TCR signaling (Figure 3). Because Fyn and Bat3 bind to the same
domain in the Tim-3 cytoplasmic tail, a likely molecular switch between Tim-3-Bat3 and
Tim-3-Fyn might trigger the switch of Tim-3 function from being permissive to TCR
signaling to inhibition of proximal TCR signaling (38). Thus, this study suggests that Tim-3
function is altered by ligand binding through regulation of Bat3 binding to the cytoplasmic
tail of Tim-3. Ligand binding releases Bat3, preventing recruitment of activated LCK and
allowing phosphorylation of Y56 and Yog3 by Fyn or other kinases, and signaling of Tim-3
to promote Tim-3 mediated T cell inhibition.

Saresella et alanalyzed the role of Tim-3 in MS patients with a diagnosis of stable relapsing-
remitting MS (RRMS), primary progressive MS (PPMS), benign MS (BEMS), and healthy
control (HC) subjects. High levels of Tim-3 and galectin-9 expression on CD4* T cells were
found in the patients with BEMS. In contrast, increased Bat3 and decreased Tim-3
expression on T cells were found in the patients with PPMS. Blockade of the galectin-9-
Tim-3 interaction reversed Tim-3-mediated suppression in vitro, including reduced T cell
apoptosis and increased proinflammatory cytokine production, in the BEMS, RRMS, and
HC groups, but not in the PPMS group where Bat3 expression is high. In addition, the
galection9-Tim-3 interaction favored apoptosis of MBP-specific T cells in BEMS, but not in
PPMS (53). This study supports the role of Bat3 as another layer of regulation in Tim-3
signaling. Increased Bat3 expression blocks Tim-3-mediated inhibitory signaling and
enhances effector T cell function. By contrast, reduced Bat3 expression would shift the
balance to stronger Tim-3-mediated inhibitory signaling. Indeed, significantly reduced Bat3
expression was detected in exhausted Tim-3+PD-1+ TILs, but not Tim-3-PD-1+ TILs,
isolated from mice implanted with CT26 colorectal carcinomas. Importantly, adoptive
transfer of myelin antigen specific T cell receptor (TCR) tg (2D2) Th1 cells in which Bat3
expression was inhibited resulted in a reduced severity and incidence of EAE as compared
with intact 2D2 Th1 cells. In fact, these Bat3-deficient 2D2 Th1 cells developed an
exhaustion phenotype with increased Tim-3 and IL-10 but decreased IFN-y and TNF
expression even under the autoimmune disease setting (38). These results strongly suggest a
key role for Bat3 in the regulation of Tim-3 signaling. Bat3 deficiency in Th1 and CD8 T
cells permits the inhibitory function of Tim-3 and drives the autoreactive T cells into a stage
of functional exhaustion.

The outcome of ligand binding to Tim-3 depends on the Tim-3 ligands involved, the cellular
context, including the level of Bat3, and the biological state of the cell either under acute or
chronic conditions. In this context it has been suggested that the Tim-3-mediated pro-
stimulatory effects may be indirect, acting through the effects on APCs. Tim-3 is
constitutively expressed by some monocytic cells, including dendritic cells (DCs) and
microglia, and ligation of Tim- 3 on these cells can increase their expression of
costimulatory receptors and cytokines (50). Furthermore, Tim-3-mediated chronic
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stimulation or over-activation of T cells observed under certain conditions discussed above
may push the cells to immune dysfunction or exhaustion.

Tim-3 expression in the immune system and its functional indications

Tim-3 and effector T cells

The expression of Tim-3 was originally found to be associated with IFN-y-producing CD4*
and CD8* T cells (3). Transient Tim-3 expression is also detected on activated T cells both
in vitroand in vivo (6, 54), but persistent expression is only observed following chronic
stimulation (54). Because Th1 cells usually exhibit stabilized, high-level expression of
Tim-3 after several rounds of /n vitro polarization, Tim-3 is also defined as a marker for
terminally differentiated effector Thl cells (3, 54). Similarly, during infection by Li/steria
monocytogenes, Tim-3 expression is preferentially associated with KLRG1*CD127~
effector precursor but not KLRG1~CD127* memory precursor CD8* T cells, supporting role
of Tim-3 in marking effector T cells. Indeed, Tim-3 deficient mice display compromised
primary and secondary CD8* T cell responses (28). In addition, active TB infection in
humans is associated with the up-regulation of Tim-3 on both CD4* and CD8* T cells and
these Tim-3* T cells display more robust anti-Mtb responses (55, 56).

The major function of Tim-3 is an inhibitory receptor that suppresses CTL and effector Thl
cell function. In agreement with this hypothesis, expression of Tim-3 on Th1 cells was found
to have an important role in regulating T cell tolerance. Loss of Tim-3 abrogates induction of
high-dose tolerance (31). Importantly, Tim-3 is one of the signature genes whose expression
is induced by autoantigen myelin basic protein (MBP) N-terminal peptide in a dose-
dependent manner during peripheral tolerance induction to protect animals from EAE
induction (57). Therefore, Tim-3 activation could serve as a mediator of antigen-specific
immunotherapy in the treatment of autoimmune diseases. The expression of Tim-3 on
alloreactive CD4" and CD8™ T cells helps to suppress alloimmune responses and to promote
immunological tolerance in different models of transplantation (54, 58, 59). Up-regulation of
Tim-3 has been observed on decidual CD8" T cells where it has been suggested to play a
key role in mediating maternal-fetal immune tolerance. The authors suggest that co-
expression of Tim-3 and PD-1 on CD8* T cells marks an intermediate memory like cells that
exhibits high proliferation and Th2 type cytokine production and functions to maintain
normal pregnancy. Blockade of Tim-3 and/or PD-1 function using antibodies increases the
risk of miscarriage (60).

One of the most significant findings in Tim-3 biology was that a highly exhausted subset of
T cells from patients with chronic HIV infection expressed high levels of Tim-3 (14).
Sakuishi et a/made a similar observation subsequently on TILs in their study on animal
tumor models (19). Importantly, the expression of Tim-3 on TILs is usually associated with
that of PD-1, a prototypic checkpoint inhibitor that marks T cell exhaustion. Studies from
both chronic viral infections and cancers suggest that antigen-specific T cells with Tim-3-
PD-1 co-expression are functionally more “exhausted” than those expressing PD-1 alone
(19, 61).
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Expression of Tim-3 on T cells also plays a critical role in the generation of CD11b*Gr1*
Ly6G* MDSCs that is required for maintaining the immunosuppressive environment. Tim-3-
mediated MDSC generation is dependent on the Tim-3-galectin-9 interaction (62). Both
Tim-3 T cell-tg mice and galectin-9 tg mice exhibit increased MDSC population.
Importantly, when galectin-9 tg mice were crossed with Tim-3~~ mice, the CD11b*
Gri*Ly6G™ population in galectin-9 tg x Tim-3~/~ mice was restored to a WT level (62).
Since tumor-bearing Tim-3 T cell-tg mice have increased CD11b*Gr1*Ly6G™ cells,
transgenic Tim-3 expression on TILs seems to have a direct role for MDSC differentiation in
the tumor microenvironment to suppress anti-tumor immunity. Indeed, Tim-3 blockade in
both monotherapy and combination therapy in syngeneic mouse tumor models results in
decreased MDSCs at the tumor sites (62, 63)

Tim-3 and FoxP3* Treg cells

In addition to its expression on Th1 cells and CD8* T cells, Tim-3 is also expressed on
CD4*FoxP3* Treg cells. The Tim-3 expression level on FoxP3* Treg cells is significantly
up-regulated, particularly in inflamed tissues, such as on graft-infiltrating FoxP3* Treg cells
in an allograft rejection animal model (22) and on tumor-infiltrating Treg cells in both
humans and mice (23, 64-66).

The immunoregulatory function of FoxP3* Treg cells is critical in restraint of allograft
rejection. The expression of Tim-3 marks highly active, apoptotic FoxP3* Treg cells in
tissue allografts. These Tim-3*FoxP3* Treg cells are derived from proliferating Tim-3~
FoxP3* Treg cells and exhibit an enhanced regulatory function that is critical in maintenance
of tolerance to allografts. Tim-3*FoxP3* Treg cells are functionally superior to
Tim-3"FoxP3* Treg cells in /n vitro suppression assays, and they exhibit more robust IL-10,
CD39, CD73, and TGF-B expression, and also express high levels of other checkpoint
receptors including CTLA-4, Lag3, and PD-1. Collectively, Tim-3 marks a population of
FoxP3* Treg cells with enhanced suppressor function (22, 67). /n vivo Tim-3 blockade
during transplantation abrogated donor-derived FoxP3* Treg inhibition and accelerated graft
rejection (68). In tumor settings, Tim-3* Tregs also represent T cells with the most potent
regulatory function. Whereas Tim-3 is rarely found on Tregs in the peripheral immune
compartment, the vast majority of tumor infiltrating FoxP3* Tregs express Tim-3 and
comprise a special type of tissue Tregs. Tim-3* FoxP3* Treg appear in the tumor tissue prior
to development of exhaustion in CD8 T cells and depletion of FoxP3* Tregs at this stage
reverses development of T cell exhaustion in effector T cells. These studies suggest that
Tim-3* FoxP3* Tregs represent specialized tumor resident FoxP3* Tregs that may have a
role in promoting the developing T dysfunction that is frequently observed in tumor
infiltrating T cells (23). Additionally, Tim-3 expression on these tumor-associated FoxP3*
Treg cells might also represent a key mechanism that contributes to the more potent
suppressive function of CD8* TILs than their peripheral counterparts (69).

Regulation of Tim-3 expression in T cells

As Tim-3 is preferentially associated with IFN-y-producing T cells, cytokines that are
involved in effector T cell subset differentiation were believed to have important roles in the
induction of Tim-3 expression. Although IL-12 clearly drives Tim-3 expression on Th1l cells,
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T-bet but not STAT4 was found to be critical for its transcriptional regulation. This result
suggests that 1L-12 signaling could be dispensable for induction of Tim-3 on T cells (70).
Indeed, a subsequent study by Zhu and colleagues demonstrated that IL-27 actually
transduces a more robust signal than IL-12 to induce Tim-3 expression in both CD4* and
CD8* T cells (71). IL-27 not only strongly induces T-bet expression, but also is critical for
the induction of NFIL3, another key transcription factor that induces Tim-3 expression.
Importantly, T-bet and NFIL3 represent two functionally non-redundant transcription factors
that are activated by STAT1 and STATS3 respectively downstream of 1L-27 signaling (71). As
discussed above, Tim-3 expression on autoantigen-specific T cells in MS patients is
significantly lower than on cells from healthy individuals (8). IFN-p treatment promotes
Tim-3 expression on the T cells from MS patients and Tim-3 expression closely correlates
with response to therapy (9). As the therapeutic effect of IFN-p in MS therapy is closely
dependent on its induction of IL-27 (72), it is tempting to hypothesize that the induction of
Tim-3 and other anti-inflammatory molecules such as IL-10 is a key mechanism by which
IL-27 mediates the therapeutic effects of IFN-f. In mice, IFN-f can directly induce Tim-3
expression on Th1 cells (73), and we have observed that IL-27 and IFN-f synergize in
inducing Tim-3 and IL-10 from responding CD4™" T cells. Therefore, IFN-B could induce
Tim-3 expression directly or indirectly via IL-27. Further, common -y-chain cytokines IL-2,
IL-7, IL-15 and IL-21 were reported to induce Tim-3 expression on human peripheral T cells
(74). Paradoxically, the lack of common-y chain cytokine signaling either by reduced
cytokine production or by down-regulated expression of their receptors has been associated
with T cell exhaustion in chronic viral infections and cancers where elevated Tim-3
expression is observed on exhausted T cells (75-77).

Tim-3 and innate immune cells

In human PBMCs, the highest Tim-3 expression is found on NK cells (78). Specifically,
Tim-3 is expressed on all mature CD569MCD16* NK cells, and its expression can be
induced on immature CD56PM9MCD16~ NK cells after stimulation by 1L-12, IL-15, and
IL-18, suggesting that Tim-3 is a maturation marker of NK cells (79). /n vitro observations
suggest that Tim-3 acts as a co-receptor on NK cells to promote IFN-y production (29, 79).
Unlike its role in inducing cell death among Tim-3-expressing Th1 cells, galectin-9 is
required for Tim-3-mediated IFN-vy production in NK cells. Anti-Tim-3 antibody blockade
or diminished Tim-3 expression correlates with impaired IFN-y production (29).
Paradoxically, NK cells from advanced melanoma patients express high levels of Tim-3 and
are functionally exhausted. The up-regulation of Tim-3 in NK cells is associated with a poor
prognosis. /n vitro anti-Tim-3 antibody treatment actually reverses the exhaustion phenotype
in melanoma donor NK cells (80). Similarly, increased Tim-3 expression in peripheral NK
cells (CD3~CD56" and CD3*CD56%M) predicts a poor prognosis and Tim-3 blockade
improves NK cell-mediated cytotoxicity in human lung adenocarcinoma. Blockade of Tim-3
on NK cells from patients with lung adenocarcinoma results in increased cytotoxicity and
IFN-y production (81). Taken together, current studies from different cancers suggest that
the elevated expression of Tim-3 on NK cells, similar to its expression on CD8" T cells,
suppresses their anti-tumor function and that Tim-3 serves as a key molecule to drive
functional exhaustion in NK cells.
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Tim-3 is constitutively expressed on DCs and macrophages in both humans and mice.
Mouse macrophages in steady state expresses much lower Tim-3 compared to its expression
on DCs (24, 50, 82). In human, constitutive expression of Tim-3 on monocyte/macrophages
suppresses I1L-12 expression (82). Similarly, Tim-3 expression on mouse macrophages is
also associated with an inhibitory function in different disease models (83, 84). As we
discussed above, the interaction between PtdSer and Tim-3 is critical for apoptotic cell
uptake by phagocytic cells. It is likely that PtdSer-Tim-3 signaling is important to maintain
immune tolerance by eliminating apoptotic bodies.

Tim-3 expression on bone marrow-derived DCs can be synergistically stimulated by IL-10
and VEGF-A (24). In dendritic cells, Tim-3 inhibits DC activation and maturation by
blocking NF-xB signaling via a Btk-c-Src signaling-dependent mechanism (85). As
discussed above, Tim-3 can interfere with the ability of cytoplasmic TLRs to sense
immunogenic nucleic acids via a HMGB1-dependent mechanism, preventing activation of
tumor associated dendritic cells, and thereby suppressing anti-tumor immunity.

tumor

Tim-3 polymorphism and cancer

In addition to increased Tim-3 expression in immune cells and tumors, genetic
polymorphisms in Tim-3 have also been associated with cancers. Multiple polymorphisms in
the promoter region (-574G/T, —882C/T, —1516G/T, and —1541C/T) and in the coding
region (+4259T/G, amino acid substitution: Arg to Leu) within the Tim-3 gene were
identified in a Chinese population (86—88). Subjects carrying the +4259TG genotype had a
2.81-fold increased risk of NSCLC and a significantly shorter survival time as compared
with the controls (86). The prevalence of the +4259TG genotype and the +4259G allele were
significantly increased in pancreatic cancer cases as compared with controls (87). SNPs
located at the promoter region were also associated with cancers.

Tim-3 as a potential prognostic biomarker for cancers

Tim-3 in the

The expression of Tim-3 has been found in tumors, including on cancer cells, tumor
infiltrating lymphocytes and endothelial cells. It has been well-documented that the protein
and/or mRNA expression of Tim-3 is significantly up-regulated in tumor tissue samples and
is associated with poor prognosis of patients with prostate cancer (89), ccRCC (90), colon
cancer (91), bladder urothelial carcinoma (92), cervical cancer (93), and gastric cancer (94).
The increased Tim-3 expression on tumor antigen-specific CD8* T cells is also correlated
with dysfunction of CD8* T cell and poor prognosis in HBV-associated hepatocellular
carcinoma (20) and prostate cancer patients (21). Similarly, increased Tim-3 expression on
NK cells from patients with gastric cancer is associated with tumor progression (95).
Collectively, increased expression of Tim-3 in human tumors, particularly on immune cells,
could serve as a potential prognostic biomarker for a variety of tumors.

regulation of T cells in tumor

Studies carried out in different cancer settings conclusively establish that Tim-3 acts as a
negative regulator of anti-tumor immunity due to its association with T cell exhaustion in the
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tumor. In patients with advanced melanoma, cancer-germline antigen NY-ESO-1-specific
Tim-3*PD-1* CD8* T cells represent a highly dysfunctional population of tumor-induced T
cells and approximately 30% of NYESO-1-specific CD8+ T cells express Tim-3 (18).
Similarly, in patients with NSCLC, approximately one third of CD8* tumor-infiltrating
lymphocytes (TIL) express Tim-3 (64). In these cancers, the Tim-3* T cells co-express PD-1
and exhibit defects in proliferation and effector cytokine production.

In addition to its key role in regulating CD8* T-cell effector function in cancer, recent
studies demonstrate the role of Tim-3 in intratumoral and /7 vitro activated human
Tim3*FoxP3* Treg cells. The presence of Tim-3*FoxP3* Treg cells seems to be a significant
common feature across multiple forms of cancer including hepatocellular, ovarian, colon,
and cervical carcinomas (65). In patients with NSCLC, approximately 60% of CD4*FoxP3*
TILs express Tim-3. The presence of Tim-3*FoxP3* Treg cells in TILs correlates with the
presence of nodal metastases and advanced cancer stage (64). The role of Tim-3 in FoxP3*
Treg cells is further substantiated by the presence of Tim-3* FoxP3* Treg cells in tumor
tissue in multiple preclinical models, including both transplantable and de novotumors. The
tumor tissues in these models exhibit the presence of a predominant Tim-3*FoxP3* Treg
population, which is more immunosuppressive than the Tim-3"FoxP3* Treg population,
possibly owing to increased production of IL-10. In these models, the Tim-3*FoxP3* Treg
cells have also been suggested to promote the development of a dysfunctional phenotype in
CD8™* TILs (23). One could further hypothesize that the tumor microenvironment drives
FoxP3™* Treg cell activation and that increased Tim-3 expression contributes to more robust
immunosuppression of tumor infiltrating CD8* T cells. Initial studies from our laboratory
(23) suggest that indeed Tregs present in the tumor microenvironment contributes to
development of T cell exhaustion, but what role does Tim-3 play has not been elucidated.

regulation of innate immune cells in tumor

In contrast to its inducible expression on T cells, constitutive expression of Tim-3 has been
found on innate immune cells. The majority of /n vivo studies carried out so far have
established that Tim-3 suppresses innate anti-tumor immunity.

Tim-3 has been shown to have a direct inhibitory role in human monocytes. It is
constitutively expressed on unstimulated peripheral blood CD14* monocytes but the
expression level decreases rapidly upon TLR stimulation with concomitant increase in IL-12
production. Blockade of Tim-3 leads to an increase in the production of both IL-12 and
IL-10 in monocytes following stimulation through TLR 4/7 (96).

A recent investigation showed that Tim-3 expression on tumor associated macrophages
(TAM) in hepatocellular carcinoma (HCC) is induced by tumor-derived signals, including
TGF-B. This further promotes TAM-mediated growth of HCC due to secretion of soluble
factors such as IL-6. Moreover, Tim-3 expression inhibits the activation of tumor-specific
CDS8™* T cells in this model (97). Recent studies show that the M1 macrophages that perform
diverse functions, such as phagocytosis, antigen presentation and production of pro-
inflammatory cytokines, and serve to eliminate cancer cells, have a low expression of Tim-3.
This exemplifies the immune suppressive role of Tim-3 in multiple cell types and its role in
regulating immune cell cross-talk in the tumor setting.
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Tim-3 and tumor cells

The expression of Tim-3 is not just restricted to immune cells. Accumulating evidence
suggests that Tim-3 is also expressed on cancer cells, such as melanoma (98), osteosarcoma
(99), cervical cancer (93), and clear cell renal cell carcinoma (ccRCC) (100). Two recent
studies demonstrated that Tim-3 is highly expressed on acute myeloid leukemia stem cells
(LSCs) but not on normal hematopoietic stem cells (HSCs). Since acute myeloid leukemia
(AML) patients contain both LSCs and HSCs, Tim-3 could serve as a marker for LSCs (101,
102). In addition, the expression of Tim-3 was also found on lymphoma-derived endothelial
cells (ECs) (103).

The ubiquitous expression of Tim-3 on multiple tumor cells strongly indicates its potential
role in in tumor progression. Recent studies suggested that Tim-3 can promote tumor
progression through different mechanisms, including facilitating tumor cell migration and
invasion (93), directly suppressing CD4" T cells through activation of the IL-6-STAT3
pathway to inhibit Th1 polarization (103), or activating mTOR function in AML cells (104).

Since the Tim-3-galectin-9 reverse signaling pathway is critical for MDSC expansion as
discussed above, it is also likely that the expression of Tim-3 on tumor cells, similar to its
expression on TILs, may have a key role in immune escape of tumors by shaping the
immunosuppressive function of MDSCs through the galectin-9 dependent mechanism.
Further investigations are needed to better understand the Tim-3-mediated cross talk
between immune cells and tumor cells.

Rationale for targeting Tim-3

A firm connection between elevated Tim-3 expression and exhausted CD8* T cells was
initially established in multiple chronic viral infections including HIV, HCV, HBV, Friend
virus, and LCMV in either humans or mice (15, 16, 61, 105, 106). Studies carried out in
different preclinical cancer settings conclusively establish that Tim-3 acts as a checkpoint
inhibitor of anti-tumor immunity, likely due to its association with T cell exhaustion in
cancer.

Although tumor outgrowth was linked to the exhaustion of CD8* T cells potentially
mediated by the expression of inhibitory markers, including PD-1 in TILs, blockade of the
PD-1 pathway could only partially restore the CTL function of exhausted tumor antigen-
specific CD8* T cells (107-110). Interestingly, Tim-3 expression on exhausted T cells
usually is associated with PD-1 expression and marks the deeply exhausted T cells from
both human and animal studies, supporting the functional correlation between Tim-3 and
PD-1 during the development of T cells exhaustion (18, 19, 111). The combination of Tim-3
blockade with PD-1 pathway blockade is remarkably more effective in these models, leading
to greater tumor regression with higher frequency than with blockade of either the Tim-3 or
PD-1 pathway alone (19, 112). These observations support the potential of combinatorial
therapeutic approaches involving the PD-1 and Tim-3 pathway blockade for effective
treatment of various types of cancer (Figure 2).
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One of the major challenges in immunotherapy is to improve the proportion of patients who
may respond to the treatment (113). Targeting the PD-1 pathway may not be sufficient to
break dysfunction in exhausted T cells, as complex cross-regulation exists between PD-1
and other checkpoint inhibitors to restrain anti-tumor T cell immunity, and in certain cases
PD-1 blockade may be followed by development of adaptive resistance. This has been
established by Koyama et a/who demonstrated in a mouse model of lung adenocarcinoma
that failure of PD-1 monotherapy blockade or PD-1 adaptive resistance is associated with
up-regulation of alternative immune checkpoint molecules particularly Tim-3 (114). Thus,
combined blockade of PD-1 and other checkpoint inhibitors, including Tim-3 or use of
Tim-3 blockade following adaptive resistance to PD-1 therapy could be an effective
therapeutic solution to treat patients that develop resistance to anti-PD-1 therapy. This
therapeutic regimen could be particularly relevant to cancers that exhibit key mutations
associated with acquired resistance and immune escape to PD-1 blockade (115) (Figure 4).

These studies exemplify the potential benefit of using anti-Tim-3 therapeutic approaches,
particularly in specific contexts and in certain stages of cancer progression that are
associated with adaptive resistance to other checkpoint inhibition. In this context, targeting
Tim-3 sparks interest due to the positive response generated in many preclinical cancer
models, including cancers largely refractory to CTLA-4 and PD-1 blockade, such as
colorectal cancer.

As emerging new modalities in the field of cancer immunotherapy are being developed,
certain key features characteristic of the checkpoint receptors, including their pattern of
expression in the host, need to be considered. Therapeutic blockade of checkpoint receptors
could lead to exacerbations of underlying autoimmune conditions, a consideration which is
particularly relevant to blockade of checkpoint receptors that are widely expressed. PD-1
and CTLA-4 are upregulated on all effector T cells, and blocking these receptors under
disease conditions may disrupt the balance between Treg cells and effector T cells that
recognize autoantigens. Indeed, autoimmune-like toxicities are commonly observed in
patients treated with anti-CTLA-4 antibody (116), and in patients treated with anti—-PD-1
antibodies (1, 117). Hence, targeting Tim-3 may be advantageous as it is not expressed on all
T cells, being selectively expressed on T cells that have differentiated toward an IFN-y—
producing phenotype (3), and in patients with cancer, Tim-3 seems to be expressed primarily
in intratumoral T cells (64, 118). The likelihood of Tim-3 blockade playing an adverse role
in the regulation of T-cell responses outside of tumor tissue is far less when compared to
blockade of either CTLA-4 or PD-1. This is corroborated by the observations that Tim-3—
deficient mice do not exhibit autoimmunity (31), unlike both CTLA-4—deficient and PD-1-
deficient mice (119, 120), and that tumor-bearing mice treated with anti-Tim-3 antibody do
not exhibit autoimmunity (112). This indicates that targeting Tim-3 is less likely to be
associated with adverse autoimmune-like toxicities. Moreover, the mechanism by which
Tim-3 targets T cell responses varies widely from the mechanism of inhibition by classical
inhibitory molecules such as PD-1, which exploits its ITIM/ITSM motifs that recruit
phosphatases and dephosphorylate key TCR signaling intermediates, or CTLA-4 which
competes with CD28 on the T cell surface for binding with shared co-stimulatory signals
and relies on phosphatase PP2A for exerting inhibitory signals. Though the Tim-3
interacting partners remain largely unexplored, experiments have shown that Tim-3 has key
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tyrosine residues in its tail that can be phosphorylated by Src family tyrosine kinases such as
Lck and Fyn. The key phosphorylated residues, in turn, interact with SH2 domain containing
proteins, including PI3K, PLC-glor Ras-GAP1, leading to activation of NFAT/AP-1 or NF-
kB activity, which may lead to T cell activation and may finally accelerate the acquisition of
the exhausted phenotype. Taken together, these mechanistic insights suggest that
immunotherapeutic strategies combining blockade of Tim-3 along with PD-1 or CTLA-4
may have efficacy and safety advantages, since the Tim-3-mediated signaling pathway of T
cell inhibition is not likely to be functionally redundant with those mediated by CTLA-4 or
PD-1.

Combined use of antagonistic anti-Tim-3 antibodies with agonistic antibodies to pro-
stimulatory molecules on tumor-specific T cells, such as CD137, has demonstrated long-
term protection in a murine model of ovarian cancer (63). This therapeutic regimen of using
Tim-3 blockade with activation of a pro-stimulatory molecule on T cells could be exploited
in the future to obtain objective anti-tumor responses in patients (Figure 4). One could
expect that further exploratory studies would reveal additional exciting anti-Tim-3
immunotherapeutic approaches to treat cancers.

Concluding remarks: Tim-3 — a target for cancer immunotherapy

A growing body of evidence supports the relevance of targeting Tim-3 in human cancer. It is
now well established that Tim-3 along with PD-1 marks dysfunctional T cells in multiple
cancer types both in experimental models and in humans. Moreover, the immune-
suppressive effects of Tim-3 have been observed in multiple cell types, including effector T
cells, Tregs and innate immune cells. These findings underscore the importance of targeting
Tim-3 in these cells and since Tim-3 is expressed in non-T cells compartment as well, this
blocking strategy could potentially convert the tumor microenvironment from an immune-
suppressive state to an immune activating, anti-tumor state. The Tim-3 pathway is a highly
suitable target for anti-cancer immunotherapy due to its expression on both dysfunctional
CD8* T cells and FoxP3* Treg cells—two key immune cell populations that promote an
immunosuppressive environment in tumor tissue, and also on other cell types including
myeloid cells, NK cells, cancer stem cells and lastly, the cancer cells themselves, where
Tim-3 is associated with an immune-suppressive and tumor-promoting role.

Thus, targeting Tim-3 along with other checkpoint inhibitors or combining Tim-3 inhibition
with new immunotherapeutic approaches that activate cancer-specific T-cell stimulatory
molecules has high potential for developing modalities with durable clinical benefit. In
addition, Tim-3 blockade may also induce an anti-tumor immune response and mediate
tumor regression in situations where anti-PD-1 or anti-CTLA4 does not work, such as in
colorectal carcinomas. The key challenge in moving forward is to develop reliable strategies
and indications under which combination therapies should be tested. Given the fact that
PD-1 blockade may lead to up-regulation of Tim-3, blockade of Tim-3 following
development of adaptive resistance to PD-1 or other checkpoint inhibitors holds promise in
developing combination therapies in which anti-Tim-3 is a key component.
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Figurel.
Tim-3 serves as a major regulator of immunity in the lymphoid (A) and myeloid (B)

compartments. In DCs (dendritic cells), HMGBL1 plays a critical role in the transport of
nucleic acids into enodosomal vesicles, which is a key step for DCs to sense tumor-derived
stress factors or pathogen-associated molecular patterns (PAMPs) and to generate protective
immune responses to tumors. In tumor microenvironments, the Tim-3 molecules expressed
on the tumor-infiltrating DCs (TADC), bind to HMGBL1 to block the transport of nucleic
acids into endosomes, thereby suppressing pattern-recognition receptor (PPR)-mediated
innate immune responses to tumor-derived nucleic acids.

The Interferon-y production by effector T cells promotes anti-tumor response but also drives
expansion of myeloid-derived suppressor cells. The latter produce increased Galectin-9
(Gal9) molecules, which then bind to Tim-3 molecules expressed on Tim-3 expressing
effector CD8+ T cells in the tumor microenvironment, leading to apoptosis of effector T
cells. Further, Tim-3+FoxP3+ Tregs present within the tumor express high amounts of Treg
effector molecules (IL-10, etc.) and inhibit effector T cells.
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Figure 2.
Expression of ligands for PD-1 and Tim-3 by tumor cells leads to the ligation of PDL1 with

PD1 (programmed cell death protein 1) and galectin9 with Tim-3 molecules causing down-
regulation of T cell function, essentially creating a negative feedback loop that dampens

anti-tumor immunity. Co-blockade of both PD-1 and Tim-3 leads to synergistic efficacy and
restoration of T cell effector function and tumor cell killing.
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Figure 3.
(A) In the absence of ligand-mediated Tim-3 signaling the Tyr o5 and Tyr g3 in the C-

terminal tail of Tim-3 bind to Bat3. 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 and represses Tim-3—-mediated cell death and
exhaustion.

(B) Interactions between Tim-3 ligands (Galectin 9), and Tim-3 leads to phosphorylation of
Tyr 756 and Tyr o3 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
(Lck/Fyn/Other proteins) and subsequent regulation of TCR signaling. Because Fyn and
Bat3 bind to the same domain in the Tim-3 cytoplasmic tail, a likely molecular switch
between Tim-3-Bat3 and Tim-3-Fyn probably triggers the switch of Tim-3 function from
being permissive to TCR signaling to inhibition of proximal TCR signaling.
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Figure 4.

(A) A tumor with high expression of neoantigens will evoke a strong anti-tumor response,
which the tumor evades by upregulating immune-checkpoint ligands (PD-L1, Galectin 9).
Monotherapy with anti-PD-1/PD-L1 yields a partial response while a combo therapy with
anti- PD-1 plus Tim-3 may be effective in generating a complete response.

(B) Following initial tumor regression, there may be delayed tumor relapse following
additional mutations in tumor, leading to acquired resistance to further PD-1 blockade. The
resistance may be associated with upregulation of Tim-3 or other checkpoint molecules on
TILs (tumor infiltrating lymphocytes). A second-line therapy involving a combo therapy of
anti-Tim-3 and an agent targeting resistance pathways or an agonistic antibody to activate
co-stimulatory receptors on T cells may efficiently induce an effective anti-tumor response
to clear the tumor.
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