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Abstract T cell immunoglobulin mucin-(TIM)-3 was first identified as a molecule
specifically expressed on IFN-y-secreting CD4" T helper 1 (Thl) and CD8" T
cytotoxic (Tcl) cells in both mice and humans. TIM-3 acts as a negative regulator
of Th1/Tc1 cell function by triggering cell death upon interaction with its ligand,
galectin-9. This negative regulatory function of TIM-3 has now been expanded to
include its involvement in establishing and/or maintaining a state of T cell dysfunc-
tion or “exhaustion” observed in chronic viral diseases. In addition, it is now
appreciated that TIM-3 has other ligands and is expressed on other cell types,
where it may function differently. Given that an increasing body of data support
an important role for TIM-3 in both autoimmune and chronic inflammatory diseases
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in humans, deciphering the function of TIM-3 on different cell types during
different immune conditions and how these can be regulated will be critical for
harnessing the therapeutic potential of TIM-3 for the treatment of disease.

1 Introduction

T-cell immunoglobulin and mucin-(TIM)-3 domain was first discovered in 2002 as
a molecule specifically expressed on IFN-y-producing CD4* T helper 1 (Thl) and
CD8" T cytotoxic 1 (Tcl) cells in the mouse (Monney et al. 2002). Later, it was
found that TIM-3 is also specifically expressed on IFN-y-producing T cells in
humans (Khademi et al. 2004). The specific expression of TIM-3 on Thl cells
catalyzed investigation into its potential role as a regulator of Th1 cells. Indeed, it is
now known that ligation of TIM-3 triggers cell death in Th1 cells in mice (Zhu et al.
2005). Other studies support that TIM-3 also acts as a negative regulator of human
Th1 T cells (Hastings et al. 2009; Koguchi et al. 2006; Yang et al. 2008).

The importance of TIM-3 in regulating T cell responses is underscored by the
fact that both TIM-3 expression and its negative regulatory function is dysregulated
in patients with multiple sclerosis (MS) and that both these defects are reversed
following treatment (Koguchi et al. 2006; Yang et al. 2008). Moreover, the negative
regulatory role for TIM-3 in T cells has recently been extended to dysfunctional or
“exhausted” T cells in chronic viral infections such as human immunodeficiency
virus (HIV) and hepatitis C virus (HCV) (Golden-Mason et al. 2009; Jones et al.
2008). Here, blockade of TIM-3 signaling has been shown to partially restore T cell
function of otherwise “exhausted” T cells. Collectively, these data strongly support
an important role for TIM-3 as a negative regulator of T cell responses and highlight
the importance of this pathway as a therapeutic target in human diseases.

However, it is now appreciated that TIM-3 is not only expressed on T cells but
also on other cell types such as dendritic cells (DCs) in both mice and humans and
on monocytes in humans (Anderson et al. 2007). Further, TIM-3 is expressed on
mast cells (Nakae et al. 2007), melanoma (Wiener et al. 2007), and on lymphoma-
derived endothelium (Huang et al. 2010), where it may be involved in promoting
tumor progression by inhibiting anti-tumor CD4" T cell responses (Huang et al.
2010). How these diverse functions of TIM-3 in different cell types are regulated
and which one predominates in different disease states is not clear at this stage.

2 Protein Structure

Mouse TIM-3 is a 281 amino acid (aa) type I transmembrane glycoprotein that
contains a membrane distal immunoglobulin variable (IgV) domain and a mem-
brane proximal mucin domain. Human TIM-3 is 302 aa in length and shares 63% aa
identity with mouse TIM-3 (Monney et al. 2002). Further, a putative soluble mouse
TIM-3 splice variant has been identified in cDNA generated from concanavalin



TIM-3 and Its Regulatory Role in Immune Responses 3

A-—activated splenocytes. The predicted protein sequence of this TIM-3 isoform
contains only the signal peptide, immunoglobulin V (IgV), and cytoplasmic
domain, lacking the mucin domain and transmembrane region (Sabatos et al. 2003).

TIM-3 belongs to the immunoglobulin super family (IgSF) (Bork et al. 1994)
and recent studies have revealed the 3D structure of the IgV domain of TIM-3 as
well as other TIM proteins (Cao et al. 2007; Santiago et al. 2007a, b). TIM-3 IgV
domains consist of two anti-parallel B sheets that are tethered by a disulfide bond.
Additional two disulfide bonds are formed by four noncanonical cysteines that are
invariant within TIM proteins and unique among IgSF members. They stabilize the
IgV domain of TIM-3 and reorient the CC’ loop so that it is in close proximity to the
FG loop resulting in formation of a “cleft” or “pocket” structure in TIM-3 as well as
other TIM proteins (Fig. 1) (Cao et al. 2007; Santiago et al. 2007b). This unique
cleft structure is not found in other IgSF proteins and has been predicted to be
involved in ligand binding (see below).

In the cytoplasmic region of both human and mouse TIM-3, there is a highly
conserved region containing five tyrosine residues. Galectin-9 triggering of TIM-3
results in tyrosine phosphorylation of these residues, indicating that some, if not all,
of these tyrosines are involved in TIM-3 signaling (van de Weyer et al. 2006).
Otherwise, protein sequence analysis does not reveal any other homology to known
inhibitory domains such as an immunoreceptor tyrosine-based inhibitory motif or
immunoreceptor tyrosine-based switch motif. Thus, much remains to be elucidated
regarding the signaling pathways recruited by TIM-3.

Fig. 1 Mouse TIM-3 IgV domain. (a) Ribbon diagram. Sticks represent two noncanonical
disulfide bonds that reorient the CC’ loop thereby forming a “cleft” or “pocket” structure together
with the FG loop in TIM-3 as well as other TIM proteins. Dots represent the disulfide bond that
exist in all IgSF proteins. (b) Surface representation. Structure simulation was done by PyMOL
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3 TIM-3 Ligands

3.1 Identification of Galectin-9 as a TIM-3 Ligand

In an attempt to identify the TIM-3 ligand, we screened a number of T cell lines and
lymphomas for their ability to bind TIM-3-Ig fusion protein. TK-1 CD8* T cell
lymphoma was found to have the strongest binding to TIM-3-Ig fusion protein,
suggesting a high level of TIM-3 ligand expression on this cell type. Subsequent
pull-down of proteins bound to TIM-3-Ig identified a 35-kDa cell surface molecule
that only bound TIM-3-Ig but not control hIgG1. This molecule was later identified
as galectin-9 by mass spectrometry (Zhu et al. 2005).

Galectins, a group of S-type lectins, are a family of carbohydrate-binding
proteins that exhibit important functions in regulating immune cell homeostasis
and inflammation (Rabinovich and Toscano 2009). Galectin-9 binding to TIM-3 is
dependent on its carbohydrate recognition domain that recognizes the oligosaccha-
ride chains on the TIM-3 IgV domain. Galectin-9 is expressed on a variety of cell
types and it is up-regulated by IFN-y (Imaizumi et al. 2002). In vitro analyses
revealed that galectin-9 predominantly induces intracellular calcium flux, cell
aggregation, and death of Th1 but not Th2 cells, and this process is dependent on
the presence of TIM-3 on Thl cells, as TIM-3 deficient Thl cells are relatively
resistant to galectin-9-induced cell death. Furthermore, administration of galectin-9
in vivo during an ongoing immune response dampens inflammation by specifically
eliminating antigen specific IFN-y-producing T cells, thereby attenuating disease
progress in experimental autoimmune encephalomyelitis (EAE) (Zhu et al. 2005).
Thus, the galectin-9—TIM-3 pathway provides a negative feedback loop by which
Thl cells are regulated to prevent uncontrolled Thl responses which otherwise
could be detrimental to the host.

Subsequent studies in other disease models have demonstrated that galectin-9
triggering of TIM-3 attenuates Th1 and Th17 responses, thereby exhibiting thera-
peutic potential in skin inflammation (Niwa et al. 2009), experimental autoimmune
arthritis (Seki et al. 2008), and herpes simplex virus (HSV)-induced ocular inflam-
mation (Sehrawat et al. 2009). Thus, although TIM-3 is expressed at low levels on
Th17 cells (Chen et al. 2006), it may have a role in attenuating Th17 responses.
Further, galectin-9 has been shown to induce cell death in TIM-3*CD8™ alloreactive
T cells, thereby reducing cytotoxicity and prolonging survival of skin grafts (Wang
et al. 2007).

Interestingly, the galectin-9—TIM-3 interaction does not always lead to suppres-
sion of immune responses. Triggering of TIM-3 on innate immune cells in both
mice and humans exhibits an opposite role (Anderson et al. 2007) (see below). The
galectin-9-TIM-3 pathway in DCs actually synergizes with Toll-like receptor
(TLR) signaling and promotes Th1 immunity. In addition, administration of galec-
tin-9 prolongs the survival of Meth-A tumor-bearing mice by increasing the number
of IFN-y-producing TIM-3*CD8" T cells with enhanced cytolytic function as a result
of an increase in the number of TIM-3*CD86" mature DCs (Nagahara et al. 2008).
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These observations support another interesting biological role for the galectin-9—
TIM-3 pathway, enhancement of adaptive immunity via galectin-9-induced matu-
ration of TIM-3* antigen presenting cells.

Although the function of the galectin-9-TIM-3 pathway in immune responses
has been extensively studied, multiple lines of evidence suggested the existence of
other TIM-3 ligands. (1) At least one additional membrane protein specifically
associates with TIM-3-Ig (our unpublished data); (2) Bacterially expressed TIM-3
tetramer that lacks carbohydrate modification binds to a broad panel of cell types.
That these interactions do not require TIM-3 carbohydrate moieties excludes the
possibility of them being galectin-9-dependent. (3) The crystal structure of the
TIM-3 IgV domain revealed a potential ligand binding site at the CC'-FG cleft;
however, the potential N and O-linked glycosylation sites in the TIM-3 IgV domain
are not proximal to this region. Overall, the topological features of TIM-3 indicate
the existence of other independent TIM-3 ligands that bind to discrete regions on
the TIM-3 IgV domain.

3.2 Phosphatidylserine as a TIM-3 Ligand

As mentioned above, it has been predicted that the unique cleft present in TIM
family proteins participates in ligand binding. Indeed, it is now known that phos-
phatidylserine (PtdSer) binds the cleft region of both TIM-1 and TIM-4 and is
functionally involved in recognition and uptake of apoptotic cells (Miyanishi et al.
2007; Santiago et al. 2007a). TIM-3, on the other hand, exhibits a different FG loop
structure and thus the cleft present in TIM-3 is a bit different from that of the other
TIMs (Santiago et al. 2007a). Nevertheless, Nakayama and colleagues recently
reported that phosphatidylserine (PtdSer) may be another ligand for TIM-3
(Nakayama et al. 2009). Expression of TIM-3 in NKR cells, a rat kidney cell line
that does not express TIM-3, resulted in gain of PtdSer binding and internalization
of apoptotic cells. They further found that expression of TIM-3 on peritoneal
exudate Macl™ cells (PEMs), monocytes, and splenic CD8" DCs was found to be
involved in apoptotic cell uptake. Accordingly, blockade of the TIM-3 pathway by
an anti-TIM-3 antibody resulted in increased anti-dsDNA autoantibody in the serum
and reduced cross-presentation of apoptotic cell-associated antigens (Nakayama
et al. 2009). Although PtdSer can bind to the TIM-3 cleft region, its binding affinity
is much weaker than that of TIM-1 or TIM-4. Furthermore, allelic variants of TIM-3
display a differential capacity to bind to PtdSer and to phagocytose apoptotic cells,
with the BALB/c allele demonstrating stronger affinity and phagocytic properties
than the C.D2Es-Hba (HBA) allele (DeKruyff et al. 2010). Lastly, TIM-3 mediated
phagocytic function is cell type dependent, as TIM-3 transfected T cell or B cell lines
were able to form conjugates with but failed to engulf apoptotic cells (DeKruyff
et al. 2010). Given that the bulk of the data showing TIM-3 binding to PtdSer come
from experiments with transfected cell lines and that there is no obvious defect in
apoptotic cell uptake in TIM-3 deficient mice (unpublished observations), raises the
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question as to how physiologically relevant is the binding of TIM-3 to PtdSer.
Further investigation will help clarify this issue.

3.3 Carbohydrate Ligands for TIM-3

Other lines of evidence suggest that TIM-3 may also bind carbohydrate moieties.
Wilker and colleagues performed a glycan array screen and identified a set of
glycan moieties exhibiting high affinity for the TIM-3 IgV domain (Wilker et al.
2007). Direct evidence was found using IdID CHO cells, a UDP-galactose/UDP-N-
acetylglucosamine 4-epimerase defective cell line. While IdID CHO cells lack the
ability to synthesize complete N-linked, O-linked, and lipid-linked glycoconjugates
de novo, the cells can uptake galactose (Gal) and N-acetylgalactosamine (GalNAc)
from culture medium and generate these glycoconjugates through salvage path-
ways. When these cells were stained with TIM-3 tetramer, it was found that TIM-3
retained binding to the cells grown in media with either 10% or 3% serum.
However, the binding of TIM-3 tetramer to the cells grown in 1% serum was
significantly reduced. Importantly, TIM-3 tetramer binding to IdID CHO cells
was restored when 1% serum was supplemented with Gal and GalNAc (Wilker
et al. 2007). These results support that certain glycan moieties can act as TIM-3
ligands. The functional role of such interactions remains unknown.

4 Expression of TIM-3

Since its discovery on T cells, it is now appreciated that TIM-3 is expressed
constitutively on other cell types and can be induced on some cells in pathological
conditions. In the naive or unimmunized state in mice, TIM-3 is expressed primar-
ily on DCs at high levels (Anderson et al. 2007) and on a small percentage of
effector/memory (CD44"CD62L'°%) CD4 and CD8 T cells (Zhu et al. 2005).

During in vitro Thl polarization, TIM-3 expression gradually increases until it
reaches a stable, high expression level on terminally differentiated Thl cells
(Monney et al. 2002; Sanchez-Fueyo et al. 2003). When EAE is induced in mice,
TIM-3 expression is found on CD4" and CD8" T cells that infiltrate the central
nervous system (CNS) during the disease onset. These TIM-3" T cells decrease in
the CNS as disease progresses, indicating an active role for TIM-3 in the initiation
of EAE (Monney et al. 2002). Interestingly, recent studies of viral antigen specific
CD4" and CD8" T cells from patients with chronic viral infection, showed that
TIM-3 is expressed by a distinct population of “exhausted” T cells that fail to
respond to viral antigens (Jones et al. 2008; Golden-Mason et al. 2009) (discussed
below). The expression of TIM-3 on both functional and non-functional or
“exhausted” T cells in two different disease states may indicate that TIM-3 inte-
grates different extracellular signals present in these different immune milieus
thereby delivering distinct signaling events to regulate T cell function.
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In the naive state, TIM-3 is not expressed on peripheral CD11b* cells but is
expressed in CD11b* microglia that are resident in the CNS (Anderson et al. 2007)
and can be induced in CD11b"* peritoneal macrophages after treatment with thio-
glycollate (Nakayama et al. 2009). In the peritoneum, TIM-3 is additionally
expressed on peritoneal mast cells (Nakae et al. 2007).

In humans, TIM-3 is also expressed on IFN-y-secreting cells (Khademi et al.
2004) and is expressed constitutively at high levels on DCs and at lower levels on
monocytes (Anderson et al. 2007). In cancer, TIM-3 expression has been noted on
melanoma cells (Wiener et al. 2007) and lymphoma associated endothelium
(Huang et al. 2010). While the differential roles and contributions of TIM-3
expression on T cells versus other innate and non-immune cells types remains to
be ironed out, the wealth of data supporting an important role for TIM-3 in
regulating the immune responses in both animal models and in human diseases,
prompted us to begin examining the transcriptional regulation of TIM-3 expression
in the two major cell types that express TIM-3, T cells and DCs.

4.1 Transcriptional Control of TIM-3 Expression

We have examined the role of Thl-associated transcription factors in regulating
TIM-3 expression and found that TIM-3 expression is in part regulated by the Th1-
specific transcription factor T-bet in both T cells and DCs (Anderson et al. 2010).
We have found that T-bet directly binds to the TIM-3 promoter. In addition, we
have found that the role of T-bet is not secondary to its induction of IFN-y as T-bet
can drive TIM-3 expression in the absence of IFN-y and IFN-yR /™ cells do not
exhibit defects in TIM-3 expression. We have also examined a role for STAT-4 in
regulating TIM-3 expression but found that STAT-4 '~ cells exhibit only a modest,
if any, defect in TIM-3 expression. Given that TIM-3 is stably expressed in Thl
cells only after several rounds of in vitro polarization but T-bet is upregulated early
during Thl differentiation (Szabo et al. 2000) suggests that other transcription
factors may be involved in TIM-3 expression. Indeed, that T-bet /™ cells are not
completely deficient in TIM-3 expression points to the involvement of other
transcription factors in transactivating TIM-3 expression; however, these remain
to be identified. In addition, it remains to be seen how TIM-3 expression is
regulated in non-immune cell types.

5 TIM-3 in Disease

5.1 Genetic Basis for Role of TIM-3 in Disease

Genetic data suggest a role for TIM-3 expression and/or function in immune-
mediated diseases in animal models and humans. The locus that encodes the TIM
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gene family has shown linkage to disease susceptibility in several different autoim-
mune disease models such as EAE (locus EAE 6a), diabetes (Idd4), and SLE (Ibw8)
(Butterfield et al. 1998; Grattan et al. 2002; Kono et al. 1994). Similarly, a major
locus for airway hyper-reactivity in mice and a syntenic locus on 5q33 in humans
associated with asthma overlaps with the TIM gene locus (Mclntire et al. 2001).
Furthermore, comparisons of the TIM family genes in different strains of mice have
revealed polymorphisms in TIM-1 and TIM-3, with Th1 prone strains (i.e., C57BL/6)
and Th2 prone strains (i.e., Balb/c) expressing different TIM-1 and TIM-3 alleles,
further supporting that genetic differences in the genes encoding TIM family
proteins impact on disease.

In humans, several single nucleotide polymorphisms (SNPs) have been identi-
fied in the TIM-3 gene; one is found in the coding region (exon 3) and results in an
amino acid change. An analysis of TIM-3 genotype and allelic frequencies among
several hundred patients with rheumatoid arthritis and control subjects suggested
that a SNP in the coding region of TIM-3 may be associated with susceptibility to
rheumatoid arthritis (Chae et al. 2004b). This group has similarly identified SNPs in
the promoter and coding regions of TIM-3 that may be associated with atopic
disease (Chae et al. 2004a). Another group has also observed that a SNP in the
coding region of TIM-3 is highly associated with atopic disease (Graves et al.
2005). While the functional and biological consequences of TIM-3 SNPs are
presently unknown, current data in both humans and mice point to the TIM family
genes, specifically TIM-1 and TIM-3, as important regulators of Th1/Th2 immu-
nity, and possibly important determinants of susceptibility to both autoimmune and
allergic diseases.

6 TIM-3 in Autoimmune Diseases

The importance of TIM-3 in regulating the immune response was first suggested by
experiments that involved manipulation of the TIM-3 pathway in experimental
disease models (Monney et al. 2002; Sabatos et al. 2003; Sanchez-Fueyo et al.
2003). Since then, several observations regarding TIM-3 expression and function in
different disease states in humans further support the importance of TIM-3 in
immune regulation. First, it has been noted that TIM-3 expression is dysregulated
in patients with MS in that T cell clones isolated from the cerebrospinal fluid (CSF)
clones from MS patients secrete significantly higher levels of IFN-y than clones
from the CSF of control subjects, yet the CSF clones from MS patients express
lower levels of TIM-3 (Koguchi et al. 2006). Moreover, further Thl polarization
in vitro significantly augmented IFN-y secretion but not TIM-3 expression among
CSF clones from MS patients relative to those from control subjects. Tolerance
induced by costimulatory blockade in vitro was less effective among CSF clones
from MS patients that expressed lower amounts of TIM-3, consistent with previous
reports that TIM-3 influences tolerance induction in a variety of murine models
(Sabatos et al. 2003; Sanchez-Fueyo et al. 2003). Interestingly, T cells from MS
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Fig. 2 Dysregulation of TIM-3 in different disease states. (a) In autoimmunity, IFN-y secretion
by CD4" Thl cells up-regulates expression of the TIM-3 ligand, galectin-9. However, low
T cell expression of TIM-3 allows cells to escape galectin-9-induced cell death. Consequently,
autoreactive proinflammatory cells expand. Treatments that increase TIM-3 expression restore
galectin-9-mediated negative regulation of IFN-y-secreting CD4" Th1l T cells. The factor(s)
responsible for the dysregulation of TIM-3 expression in CD4" Th1 cells in patients with autoim-
mune disease are not known. (b) In chronic conditions, TIM-3 expression on CD8" T cells either
with or without co-expression of other inhibitory ligands, such as PD-1 or Lag-3, is associated with
T cell exhaustion. Blockade of TIM-3/TIM-3-ligand interactions either alone or in combination
with blockade of other inhibitory receptors restores effector function to T cells. Whether galectin-9
is involved in this function of TIM-3 and, if so, how these cells escape galectin-9-mediated cell
death is not known

patients who have undergone treatment with glatiramer acetate or IFN-f for MS
exhibit a restoration of TIM-3 expression (Yang et al. 2008). Furthermore, the
ability of TIM-3 blockade to augment T cell proliferation and IFN-y production is
also restored in T cells from MS patients after treatment. Collectively, these data
support that TIM-3 is an important negative regulator of T cell function and suggest
that low-level expression of TIM-3 in T cells from MS patients allows pathogenic,
autoreactive T cells to escape negative regulation by TIM-3 (Fig. 2).

6.1 TIM-3 in Chronic Viral Infection

A second disease state where TIM-3 appears to play a critical negative regulatory
role in T cells is chronic viral infection. Here, it has been observed that virus-
specific T cells develop an impaired or dysfunctional phenotype characterized by
failure to proliferate and exert effector functions such as cytotoxicity and cytokine
secretion in response to antigen stimulation. This phenomenon has been termed
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T cell “exhaustion” and was first described in T cells in mice chronically infected
with lymphocytic choriomeningitis virus (LCMV) (Zajac et al. 1998). Further
studies identified that “exhausted” T cells exhibit sustained expression of the
inhibitory molecule programmed cell death 1 (PD-1) and that blockade of PD-1
and PD-1 ligand (PD-L1) interactions can partially reverse T cell “exhaustion” and
restore antigen specific T cell responses in LCMV infected mice (Barber et al.
2006). Importantly, T cell “exhaustion” also occurs during chronic viral infections
in humans (Klenerman and Hill 2005) and CD8" T cells in humans chronically
infected with HIV (Day et al. 2006; Petrovas et al. 2006; Trautmann et al. 2006),
hepatitis B virus (HBV) (Boettler et al. 2006), and HCV (Urbani et al. 2006) express
high levels of PD-1 and blockade of PD-1/PD-L interactions can partially restore
T cell function in vitro.

Interestingly, a recent study in patients with HIV has shown that TIM-3 is also
upregulated on “exhausted” CD8" T cells (Fig. 2) and that TIM-3 and PD-1 mark
distinct populations of “exhausted” cells (Jones et al. 2008). T cells positive for
both PD-1 and TIM-3 were rare. Similarly, another group has shown that TIM-3 is
upregulated on “exhausted” T cells in patients with HCV (Golden-Mason et al.
2009). In this case, cells that co-express TIM-3 and PD-1 are the most abundant
fraction among HCV-specific CD8* T cells. In both studies, blocking TIM-3
partially restored T cell proliferation and enhanced cytokine production. Given
that blockade of the TIM-3 and PD-1 pathways has each been shown individually to
partially restore function to “exhausted” T cells and the fact that these molecules
are expressed on distinct and overlapping T cell populations in chronically infected
patients raises the possibility that blockade of both pathways may prove most
effective in restoring function to “exhausted” T cells. Indeed, combined blockade
of PD-1 and TIM-3 during the priming/differentiation phase of Friend virus (FV)
infection has been shown to restore CD8" T cell functionality and virus control to
otherwise nonresponsive or “exhausted” T cells (Takamura et al. 2010).

While it is clear that TIM-3 plays an important role in T cell exhaustion, many
questions remain. Whether galectin-9 is involved in this function of TIM-3 has not
been addressed experimentally. If galectin-9 is involved, then why do these TIM-3*
cells persist and escape galectin-9-induced cell death? Some answers may lie in the
elucidation of the TIM-3 signaling cascade in exhausted T cells versus bona fide
TIM-3" IFN-y-secreting Tc1 cells. Another possibility is that integration of signals
through other inhibitory receptors changes the response to TIM-3 ligation in
exhausted T cells. Further breakdown of the distribution of inhibitory receptors
(PD-1, TIM-3, Lag-3, and CTLA-4) on exhausted T cells and how these define
different subpopulations of exhausted cells will advance our understanding of how
exhaustion is induced, maintained, and most effectively reversed.

Several lines of evidence also suggest that during chronic viral infection and
virus-associated malignancy, an elevated expression of galectin-9, may be related
to suppression of adaptive immune responses. In chronic HCV infection, it was
reported that an increased expression of galectin-9 in serum and in Kupffer cells
during chronic infection is associated with expansion of CD4"CD25"FoxP3"C-
D127" regulatory T cells, contraction of CD4* effector T cells, and apoptosis
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of HCV-specific CTLs (Mengshol et al. 2010). In Epstein—Barr virus (EBV)-
associated nasopharyngeal carcinoma (NPC), one of the most common virus-
associated human malignancies, it has been reported that NPC cells release
galectin-9-containing exosomes that induce massive apoptosis in EBV-specific
CD4* T cells, which can be inhibited by both anti-TIM-3 and anti-galectin-9
blocking antibodies (Klibi et al. 2009). These observations indicate that the galec-
tin-9-TIM-3 pathway can be adopted to escape immune surveillance during both
chronic viral infection and tumor progression. Thus, blockade of the galectin-9—
TIM-3 pathway might help to reinvigorate anti-viral and anti-tumor immunity and
thereby improving the clinical efficacy of current immunotherapies.

6.2 TIM-3 in Other Diseases

It has been shown in a mouse model of acute graft-versus-host disease (aGVHD)
that TIM-3 expression is dramatically upregulated in both donor and host-derived
hepatic CD8" T cells. Blockade of the TIM-3 signaling pathway with anti-TIM-3
antibodies results in significantly increased IFN-y expression by splenic and hepatic
CD4" and CD8™ T cells and exacerbates aGVHD (Oikawa et al. 2006). This result
demonstrates that TIM-3 is crucial in the regulation of hepatic CD8" T cell
homeostasis and tolerance.

In a mouse model of coxsackievirus B3 (CVB3)-induced autoimmune heart
disease, the TIM-3 signaling pathway has been shown to affect the adaptive
immune system through effects on the innate immune system. Specifically, block-
ade of TIM-3 with anti-TIM-3 antibody in vivo exacerbates acute myocarditis due
to reduced TIM-3 and CD80 expression on mast cells and macrophages and the
amount of intracellular CTLA-4 in CD4"* T cells (Frisancho-Kiss et al. 2006),
resulting in increased macrophages/neutrophils and reduced Treg populations in
the heart (Frisancho-Kiss et al. 2006).

7 Conclusions

Since the initial discovery of TIM-3, much progress has been made in characteriz-
ing TIM-3 ligands and TIM-3 function in immune responses in different disease
states. It is now well appreciated that besides Thl and Tcl cells, TIM-3 is also
expressed on DCs and macrophages, and even on non-immune cells during tumor
development, suggesting a complex biological role for TIM-3. While the role of
TIM-3 on non-lymphoid cells is still being investigated, accumulating evidence
suggests that TIM-3 negatively regulates the functions of Thl and Tcl cells.
Reduced TIM-3 expression correlates with increased IFN-y production of CSF T
cell clones in MS patients and escape from TIM-3-mediated regulation. In contrast,
sustained expression of TIM-3 contributes to the exhausted phenotype of viral
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antigen specific CD8" T cells in chronic HIV and HCV infection. Elucidating the
mechanism(s) by which TIM-3 impacts on T cell function in different human
autoimmune diseases and chronic viral infections will provide new therapeutic
targets for treating these diseases.
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