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Abstract

Tim-3 is a member of the T cell immunoglobulin and mucin domain (Tim) family of proteins,

which are expressed by several cell types in the immune system, including CD4 and CD8 T cells

activated under certain conditions. These molecules are generally thought to act as receptors for

multiple ligands and thus to function by engaging intracellular signaling pathways in a ligand-

dependent manner. In recent years, the function of the Tim-3 protein has been studied in some

detail, particularly with respect to its role in the regulation of CD4 and CD8 T cell function. Here,

we review the structural features of Tim-3, known ligands for this molecule and the links

established between Tim-3 and signal transduction pathways. In addition, we review the current

literature regarding the role of Tim-3 in the regulation of effector responses by CD4 and CD8 T

cells. Overall, findings published thus far strongly support the conclusion that Tim-3 functions to

inhibit T cell responses, particularly under conditions involving chronic stimulation. Conversely,

some reports have provided evidence that Tim-3 can stimulate T cells under conditions involving

acute stimulation, suggesting that the role of Tim-3 may vary depending on context. Further study

of Tim-3 is likely to advance our understanding of how CD4 and CD8 T cell responses are

regulated and could uncover novel approaches for manipulating T cell function for therapeutic

benefit.
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Introduction

The Tim-3 protein is a member of the T cell immunoglobulin and mucin domain (Tim)

family, which encompasses a group of type I transmembrane proteins expressed by both

innate and adaptive cell types within the immune system [1-4]. All Tim proteins are

expressed on the cell surface and have been shown to function as receptors for soluble or

cell-associated ligands. Additionally, certain Tim proteins are produced in soluble forms or
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can be shed from the cell surface due to cleavage by membrane-associated proteases,

suggesting these molecules may also serve as cell-free ligands for other proteins [5-9]. Loci

encoding the Tim proteins are found in close proximity to each other within mammalian

genomes and genetic studies have uncovered associations between polymorphisms in Tim

genes and the development of autoimmune and allergic diseases in humans [10-12]. These

findings, together with a growing body of published data from experimental studies, suggest

that the Tim proteins have key roles in the immune system. Thus, defining the function of

Tim proteins in detail could expand our understanding of how the immune system is

regulated and provide new insights regarding mechanisms that contribute to protective and

pathologic immune responses.

In humans and other mammals, the Tim family consists of 3 proteins (Tim-1, -3 and -4). An

exception to this is mice, which express an additional family member called Tim-2 that

bears a relatively high degree of similarity (~75%) to Tim-1, suggesting functional overlap.

A hallmark feature of the Tim proteins is an extracellular domain consisting of an N-

terminal immunoglobulin variable region-like (IgV) domain encompassing roughly 100

amino acids and a serine/threonine rich mucin-like region of varying length that contains

target sites for O- and N-linked glycosylation (see Fig. 1). In addition, all Tim proteins

possess a single transmembrane domain and a C-terminal cytoplasmic tail containing

tyrosine residues, suggesting these molecules activate intracellular signaling pathways.

Consistent with this possibility, biochemical studies have shown that tyrosines within the

cytoplasmic tails of Tim-1 and Tim-3 can be phosphorylated and can interact with proteins

involved in signal transduction [13-20]. These and other studies [21-25] suggest that Tim

proteins influence intracellular signaling pathways that regulate immune cell function.

However, despite these insights, the mechanisms by which the Tim proteins regulate the

function of particular immune cell types are not well understood.

Work in our laboratory is focused on determining the role of the Tim family member Tim-3

in the regulation of T cell responses, which is the main subject of this review article. For

more information regarding other Tim family members, or the role of Tim-3 in innate

immune responses, the reader is referred to other recently published review articles [1-4,

26].

Structural features of the Tim-3 gene and protein

The gene encoding Tim-3 is known as Havcr2, which denotes hepatitis A virus (HAV)

cellular receptor 2. Rather than signifying a role for Tim-3 in HAV infection, this name

stems from the homology between Tim-3 and Tim-1, which was initially discovered as a

receptor for HAV [27]. Havcr2 contains 7 exons that encode the membrane-bound form of

Tim-3; exon 1 codes for the signal peptide sequence, exon 2 for the IgV domain, exons 3-5

for the mucin domain, and exons 6 and 7 for the cytoplasmic tail [28]. In addition to the

membrane-bound form of Tim-3, Havcr2 can express a soluble form of Tim-3, which is

encoded by exons 1, 2, 6, and 7 [6]. The soluble form of Tim-3 can inhibit T cell-mediated

immune responses [7, 6], suggesting that Tim-3 does not function exclusively as a

membrane-bound receptor. However, the majority of work performed thus far has focused
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on determining the function of the membrane-bound form of Tim-3, which is depicted in

figure 1.

The IgV domain of Tim-3, as well as that within other Tim family members, functions to

mediate interactions with extracellular ligands. Crystallographic studies showed that a group

of phylogenetically conserved residues positioned at the apex of the IgV domains of Tim-1,

-3 and -4 form a pocket that can recognize phosphatidylserine, a molecule displayed on the

surface of apoptotic cells [29-32]. As discussed below, this specificity has been shown to

have functional relevance. Interestingly, crystallographic analysis also revealed that the

Tim-3 IgV domain forms a distinct cleft structure not typically found in IgV domains [29].

Further, this domain can recognize a ligand of unknown identity that is widely expressed on

leukocytes [29]. Additionally, the IgV domain of Tim-3 is subject to O- and N-linked

glycosylation, which is important for recognition of Tim-3 by the carbohydrate-binding

protein Galectin-9 [33, 34]. As outlined in more detail below, interaction between Tim-3 and

Galectin-9 appears to have a critical role in the regulation of T cell responses.

The cytoplasmic tails of mouse and human Tim-3 are 66 and 77 amino acids in length,

respectively, which contrasts with the somewhat shorter tails (41-49 amino acids) in Tim-1

and Tim-4. The cytoplasmic tails of human and mouse Tim-3 each contain 6 tyrosines

surrounded by stretches of highly conserved amino acids. Moreover, a single tyrosine found

roughly in the center of the cytoplasmic tail is embedded within a region bearing strong

homology to the consensus target site for nonreceptor tyrosine kinases. Studies involving

ectopic expression of wild-type and mutant forms of Tim-3 in cell lines have demonstrated

that several of the tyrosine residues in the cytoplasmic tail can be recognized as substrates

by intracellular phosphokinases [15, 16, 25, 19]. These findings support the conclusion that

Tim-3 interfaces with signal transduction pathways. However, as described below,

understanding the events that lead to Tim-3 phosphorylation and the consequences of this

modification has proven challenging.

Ligands for Tim-3

To date, the IgV domain of Tim-3 has been shown to interact with phosphatidylserine

displayed on the surface of apoptotic cells, the alarmin protein HMGB1 (High-Mobility

Group Box 1) and Galectin-9, a widely expressed soluble protein with specificity for

carbohydrate chains containing β-galactoside sugars. Binding to phosphatidylserine by

Tim-3 can mediate the uptake of apoptotic cells by Tim-3-expressing phagocytes [35, 32].

The importance, if any, of such interactions in the regulation of T cell responses by Tim-3

remains unclear. Interaction between Tim-3 and HMGB1 has been reported to suppress the

activation of dendritic cells associated with tumors [36]. Interestingly, the binding of Tim-3

to HMGB1 interferes with the trafficking of nucleic acids into endosomes, thus decreasing

stimulation of endosomal Toll-like receptors and other nucleic acid-sensing pathways.

Interaction between HMGB1 and Tim-3 expressed on T cells has not been reported; thus

whether such contacts regulate T cell responses remains unknown.

A key report by Zhu et al. [33] was the first to show that Galectin-9 is a ligand for Tim-3

and that interactions between these molecules has impact on T cells. This study showed that
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Tim-3-Galectin-9 interaction requires recognition of carbohydrate chains attached to the

Tim-3 IgV domain by the two CRD (carbohydrate recognition domains) within Galectin-9.

Moreover, addition of Galectin-9 to cultured Tim-3+ Th-1-type CD4 T (Th1) cells induced

apoptosis and necrosis, while injection of Galectin-9 into mice blunted immune responses

driven by antigen-specific Th1 cells. A more recent study showed that Galectin-9 can also

induce apoptosis of Tim-3+ CD8 T cells in vitro [37]. Based on these and other findings, a

prevailing hypothesis is that the binding of Galectin-9 to Tim-3 results in the suppression of

T cell responses, which supports the notion that Tim-3 functions is an inhibitory receptor for

T cells. Of note, a subsequent study showed that Galectin-9 can influence T cell function in

a Tim-3-independent manner [38] while another provided evidence refuting a role for

Galectin-9-Tim-3 interactions in regulating T cell responses [39]. These findings suggest

that further study of both Tim-3 and Galectin-9 is required to better understand the

relationship between these molecules. Finally, it should be noted that reports by Wilker et al.

[40] and Cao et al. [29] suggest that additional, as yet unknown, ligands for Tim-3 may

exist, suggesting that Tim-3 can function as a receptor for other molecules in addition to

phosphatidylserine, HMGB1 and Galectin-9.

Connections between Tim-3 and intracellular signal pathways

As described above, the primary structure of Tim-3 suggests a role in the regulation of

intracellular signaling pathways. While published data support this conclusion, the results

are somewhat conflicting, with some suggesting an inhibitory role for Tim-3 and others

suggesting a stimulatory role. Regarding a negative effect, Zhu et al. [33], showed that

Galectin-9 induced intracellular calcium flux in Tim-3+ Th1 cells that subsequently

underwent cell death. A later study showed that interaction between Galectin-9 and Tim-3

induces the release of the protein Bat3 from cytoplasmic tail of Tim-3, allowing for

activation of cell death pathways [25]. Studies by Lee et al. [41] demonstrated that Jurkat T

cells expressing Tim-3 from a retroviral vector, as well as Tim-3+ human primary CD4 T

cells, produced less IL-2 in response to pharmacologic agents that mimic TCR stimulation.

These effects were linked to impaired activation of the transcription factor NFAT and

reduced expression of the transcription factors c-Fos and c-Jun. More recent work

employing human primary CD8 T cells showed that Tim-3 associates with the immune

synapse formed between CD8 T cells and target cells and that Tim-3 colocalizes with

phosphatases that can suppress T cell receptor (TCR) signaling [19]. Additionally, several

reports have provided evidence that Tim-3 can inhibit to innate cell activation [36, 42-45],

although for the most part the mechanisms underlying these effects remain unclear.

Together, these data support the conclusion that engagement of Tim-3 results in the

mobilization of pathways that suppress immune cell function.

In contrast to findings outlined above, an early study by Anderson et al. [22] showed that

treatment of cloned Th1 cells or the dendritic cell (DC) line D2SC1 with Tim-3 antibodies

could induce tyrosine phosphorylation of several proteins and also activate Erk and IkBα

degradation. In the case of the D2SC1 cells, these effects correlated with increased TNFα

secretion. Additionally, studies by Lee et al. [16] showed that ectopic expression of Tim-3

on Jurkat T cells could augment NFAT and NF-kB activation as induced by T cell receptor

and CD28 engagement. Together, these data provide evidence that Tim-3 can have a
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positive effect on signal transduction pathways and thus, at least under some circumstances,

can function to promote responses by immune cells.

Regulation of CD4 T cell responses by Tim-3

Two key papers published in 2001 and 2002 were the first to suggest a role for Tim-3 in

regulating responses by CD4 T cells. Using a positional cloning approach, McIntire et al.

[46] identified a locus that cosegregated with decreased airway hyperreactivity and reduced

Th2 cytokine production by CD4 T cells in response to antigen challenge. More refined

analysis demonstrated that the relevant locus contained the Tim genes and provided

evidence that polymorphisms in Tim-1 and Tim-3 can influence allergic disease

development. In the second paper, Monney et al. [28] generated a panel of monoclonal

antibodies using Th1 cells as immunogen. Screening of the panel identified two Th1-specific

antibodies, both of which recognized Tim-3. Further analysis established that Tim-3 is not

expressed by naïve CD4 T cells but is induced following TCR-induced activation and

polarization toward the Th1 phenotype. This report also showed that Tim-3 was transiently

expressed by T cells in mice subjected to experimental autoimmune encephalitis (EAE)

challenge and that injection of anti-Tim-3 antibodies accelerated EAE development as well

as its severity. These results are consistent with the idea that injection of anti-Tim-3

antibodies disrupts a pathway that restrains Th1-dependent responses. Of note, Lee et al.

[47] reported that Tim-3 KO mice subjected EAE challenge did not show the same dramatic

effects on disease caused by injecting Tim-3 antibodies, although changes were observed

that suggest Tim-3 suppresses EAE and Th1-driven responses.

A number of reports following that by Monney et al. showed injecting mice with Tim-3-

specific antibodies or Tim-3-Fc fusion proteins can increase Th1-dependent immune

responses. Collectively, these studies employed several different immune system challenges,

including mouse models for autoimmunity and autoinflammation [6, 48-54],

allotransplantation [55, 48, 56], tolerance induction [6, 48] and allergy [57, 58]. Thus, a

substantial body of data has accumulated to support the conclusion that Tim-3 exerts a

suppressive effect on Th1 cells. A complication inherent to these studies is that Tim-3 is

expressed by multiple immune cell types, including dendritic cells, macrophages, natural

killer cells and regulatory T cells [28, 35, 22, 55, 59, 60, 45]. Thus, the effects caused by

injection of Tim-3 antibodies or Tim-3-Fc fusion proteins could reflect changes in the

activity of several cell types and pathways.

As mentioned previously, Galectin-9 can function as a ligand for Tim-3 and induces the

death of Tim-3+ Th1 cells in vitro [33]. Given this finding, a number of studies sought to

determine whether Galectin-9 regulates Th1 responses in vivo; these included analysis of

how Galectin-9 injection into mice affects the development of autoimmune disease [33, 61,

52], allograft rejection [62-64], responses to infection [65] as well as other experimentally-

induced conditions [66-70]. Overall, the results from these studies suggest that ligation of

Tim-3 by Galectin-9 leads to suppression of Th1-dependent immune responses.

Interestingly, some of these reports provided evidence that injecting Galectin-9 has several

distinct effects on the immune system, including the expansion of regulatory T (Treg) cells

[61, 71, 65] and myeloid suppressor cells [67, 68] in addition to reductions in Th1 cell
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populations. Therefore, as with injection of Tim-3 antibodies or Tim-3-Fc fusion proteins,

injecting Galectin-9 may affect several cell types and pathways, with the net effect being

inhibition of responses driven by Th1 cells. Additionally, Galectin-9 can bind protein

disulfide isomerases displayed on the cell surface [72], raising the possibility that Galectin-9

regulates immune system function through Tim-3-independent mechanisms.

Recent studies have investigated how Tim-3 influences CD4 T cell responses to microbial

infections. Exploration of this aspect of Tim-3 biology has lagged behind, although some

insights have been gained. Sehrawat et al. [65] were the first to examine whether Tim-3 (and

Galectin-9) regulate CD4 T cell responses to microbial infection. Using a mouse model for

herpes simplex virus (HSV) infection of the eye, this study showed that the majority of T

cells within the cornea and trigeminal ganglia of HSV-infected mice express Tim-3. Further,

injecting Tim-3 antibodies exacerbated HSV-induced ocular lesion formation, while

injecting Galectin-9 inhibited this process. Together, these findings suggest that Tim-3

functions to restrain pathologic immune responses to HSV infection. Similarly, a study

involving mice infected with Schistosoma japonicum showed that injection of Tim-3-Fc

fusion protein increased the frequency of CD4 T cells expressing IFNγ, suggesting that

Tim-3 suppresses Th1 responses elicited by the parasite [73].

How Tim-3 influences CD4 T cell responses to infections in humans has also been

examined. Here, the majority of published studies focused on analyzing samples from

patients suffering from chronic infections. In a landmark study published in 2008, Jones et

al. [74] showed that the frequencies of Tim-3+ CD4 T cells were higher in peripheral blood

lymphocytes (PBL) from HIV-1-infected patients relative to controls and that increases in

the frequencies of Tim-3+ CD4 T cells correlated with disease progression. Similar findings

were reported by a subsequent study [75]. Strikingly, Jones et al. also showed that Tim-3+

CD4 T cells in PBL from HIV-infected patients had defective responses to TCR-mediated

stimulation in vitro and that addition of a soluble form of Tim-3 or Tim-3-specific

antibodies could restore functionality to these cells. Similarly, a study by Golden-Mason et

al. [76] showed that CD4 T cells in PBL from patients suffering from chronic hepatitis C

virus (HCV) infection expressed elevated levels of Tim-3 and displayed signs of functional

impairment that could be reversed by the addition Tim-3-specific antibodies. A later study

reproduced some of these findings and also provided data suggesting that Tim-3 regulates

Treg function in the context of chronic HCV infection [77]. Together, these findings were

the first to associate Tim-3 expression by CD4 T cells with a dysfunctional, or exhausted,

state characterized by impaired functional responses to TCR stimulation [78].

Similar to some of the results described above, Qiu et al. [79] showed that the frequency of

Tim-3+ CD4 T cells was increased in PBL from patients actively infected with

Mycobacterium tuberculosis (Mtb). Surprisingly, however, this study also showed that

Tim-3 expression marks CD4 T cells with augmented, rather than impaired, effector

responses to TCR stimulation or exposure to Mtb-infected macrophages. Moreover, the

addition of Tim-3 antibodies to PBL from Mtb patients increased TCR-induced responses by

Tim-3+ CD4 T cells, while siRNA-mediated knockdown of Tim-3, or the addition of a

soluble form of Tim-3, resulted in decreased cytokine production by these cells. Overall,

these findings suggest that Tim-3 can promote CD4 T cell responses mounted against Mtb
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infection. This conclusion contrasts with that from studies of how Tim-3 affects CD4 T cell

responses to other chronic infections, which, as described above, established an association

between Tim-3 and T cell exhaustion. Considered together, these findings raise the

possibility that Tim-3 function is influenced by context and that Tim-3 may inhibit or

promote CD4 T cell responses depending upon the microbe involved and the characteristics

of the immune response elicited by the infection.

Regulation of CD8 T cell responses by Tim-3

As described above, substantial effort has been directed toward understanding how Tim-3

regulates effector responses by Th1-type CD4 T cells. Yet, in more recent years, defining

how Tim-3 affects CD8 T cell function has emerged as a major focus of investigation.

Studies employing mice have demonstrated that Tim-3 is essentially absent on naïve CD8 T

cells but is expressed by CD8 T cells that become activated due to microbial infection [80,

37, 81-85]. In addition, a number of studies involving mice or human samples have shown

that chronic infections result in high levels of Tim-3 expression by activated CD8 T cells

[74, 76, 86, 87, 81, 88, 79, 89-92]. Lastly, data from mouse cancer models or analysis of

patient samples revealed that CD8 T cells infiltrating tumors express Tim-3 [93-98].

Overall, these findings suggest that pathways which promote CD8 T cell responses control

Tim-3 expression and that Tim-3 expression is a general feature of activated CD8 T cells.

This contrasts with CD4 T cells, which seem to largely restrict Tim-3 expression to Th1

cells and some fraction of Tregs.

To date, few studies have addressed the role of Tim-3 in regulating CD8 T cell responses to

acute infection. From analysis of mice infected with HSV via footpad injection, Sehrawat et

al. [37] showed that HSV-specific CD8 T cells express Tim-3 and that infusion of α-lactose

to block Galectin-9-mediated interactions enhanced CD8 T cell responses to HSV challenge.

Conversely, injecting Galectin-9 inhibited HSV-specific CD8 T cell responses. This study

also showed that HSV-specific CD8 T cell responses were greater in Galectin-9 KO mice

relative to controls. Similarly, Sharma et al. [83] showed that CD8 T cell responses to

influenza A virus (IAV) were greater in Galectin-9 KO mice. This study also reported that

injection of a Tim-3-Fc fusion protein could augment IAV-specific CD8 T cell responses. In

another study involving IAV, Cho et al. [82], showed that CD8 T cell responses to IAV

infection were attenuated in mice expressing a form of Tim-3 lacking the cytoplasmic tail.

The authors attributed this effect to enhanced inhibitory function by the mutant form of

Tim-3, although other explanations are plausible, including a dominant-negative effect on

normal Tim-3 function. Taken together, these findings suggest that Tim-3 functions to

restrain CD8 T cell responses to acute infection.

In our studies, we sought to determine whether Tim-3 KO mice had altered responses to

acute infection by Listeria monocytogenes (LM) [85]. Surprisingly, we found that both

primary and secondary CD8 T cell responses to LM infection were impaired, rather than

augmented, by the absence of Tim-3. To determine whether these defects reflected a direct

effect on CD8 T cells, samples containing an equal number of wild-type and Tim-3 KO CD8

T cells were injected into wild-type hosts, which were then infected with LM. These

experiments showed that both primary and secondary responses by Tim-3 KO CD8 T cells
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were blunted relative those mounted by wild-type cells in the same host. Considered

together, our findings indicate that Tim-3 promotes CD8 T cell responses to acute LM

infection via a cell-intrinsic mechanism. Similar to some observations regarding the

molecular function of Tim-3 and the influence of Tim-3 on CD4 T cell responses, our results

seem contradictory to those obtained from the studies involving HSV or IAV infection

outlined above. Here again, one possible explanation for the conflicting outcomes is that role

of Tim-3 in regulating CD8 T cells is influenced by context. Thus, Tim-3 may either inhibit

or promote CD8 T cell responses depending upon the microbial infection involved and the

characteristics of the resulting immune response.

In contrast to how Tim-3 influences acute responses by CD8 T cells, the role of Tim-3 in

regulating CD8 T cell responses to chronic infections has been more intensively

investigated. As with CD4 T cells, exploration of this area was sparked by findings

published by Jones et al. [74]. This study showed that the frequencies of activated CD8 T

cells expressing Tim-3 were significantly higher in patients infected with HIV-1 and that

these cells are functionally impaired based on in vitro analysis. The functional impairment

of Tim-3+ CD8 T cells was correlated with reduced activation of Stat5 in response to IL-2

and impaired activation of p38 and ERK in response to pharmacologic agents that mimic

TCR stimulation. Moreover, TCR-induced responses by Tim-3+ CD8 T cells were

augmented by the addition of a soluble form of Tim-3 or Tim-3-specific antibodies,

suggesting that Tim-3 enforces functional impairment. Following this report, several studies

showed that the frequencies of Tim-3+ CD8 T cells were elevated in PBL from patients

chronically infected with HBV or HCV and that these cells were in a dysfunctional state,

with some of these studies providing evidence that impairment of CD8 T cell function was

at least partly dependent on Tim-3 [76, 87, 86, 89, 99, 92].

Studies involving mouse models for chronic infections produced results similar to those

described above. Jin et al. [81] showed that mice chronically infected with the clone 13

strain of lymphocytic choriomeningitis virus (LCMV) generate Tim-3+ CD8 T cells that are

exhausted but which regain function following injection of a Tim-3 fusion protein together

with antibodies that block engagement of the inhibitory receptor PD-1. Somewhat similar

results were obtained from two studies of the Friend Virus mouse model for chronic

infection, although the outcome of combined PD-1 and Tim-3 blockade varied depending on

the strategy used [100, 101]. Finally, studies involving either mouse models or human

samples have shown that Tim-3+ CD8 T cells localized to sites of tumor growth display an

exhausted phenotype and that blockade of ligand interactions by Tim-3 alone or in

combination with blockade of PD-1 can restore functionality to these cells [93, 94, 102, 95].

Considered together, these findings support the conclusion that, in settings involving chronic

stimulation, Tim-3 expression serves as a marker for CD8 T cells that have entered a

dysfunctional, or exhausted, state [78]. Moreover, these findings also indicate that Tim-3 is

involved in enforcing CD8 T cell exhaustion, as illustrated by the restoration of function to

CD8 T cells when reagents that block Tim-3-ligand interactions are employed.

An exception to the paradigm described above is illustrated by findings reported by Qiu et

al. [79]. This study showed that Tim-3+ CD8 T cells from Mtb-infected patients have

augmented, rather than impaired cytotoxic responses and cytokine production capacity
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relative to Tim-3− CD8 T cells. These effects correlated with data showing that TCR-

mediated stimulation caused increased activation of Stat5, Stat3, p38 and ERK in Tim-3+

CD8 T cells relative to their Tim-3− counterparts. Further, siRNA-mediated knockdown of

Tim-3 resulted in decreased effector responses by Tim-3+ CD8 T cells, while the addition of

anti-Tim-3 antibodies promoted these responses. Of note, however, studies by Wang et al.

[103] provided some evidence that Tim-3+ CD8 T cells from Mtb-infected patients had

impaired, rather than augmented, functionality. With this caveat in mind, the studies by Qiu

et al. at least suggest that Tim-3 may not always mark exhausted CD8 T cells in contexts

involving chronic stimulation.

Conclusions and future perspectives

Roughly a dozen years have passed since the publication of initial papers [46, 28] indicating

that Tim-3 has a role in the immune system. These reports suggested that Tim-3 regulates

CD4 T cell responses and identified Tim-3 as a potential therapeutic target for modulating

CD4 T cell function. However, with further characterization of Tim-3, it has become clear

that several cell types within the immune system express Tim-3, including activated CD8 T

cells. It has also become clear that Tim-3 regulates both the innate and adaptive arms of the

immune system. Adding further complication, multiple ligands exist for Tim-3 and there is

evidence that Tim-3 stimulates as well as inhibits immune cell function. Lastly, although the

majority of in vivo studies suggested that Tim-3 functions to suppress immune responses,

others have challenged this conclusion, putting forth the possibility that the function of

Tim-3 is influenced by context-dependent factors. Thus, the landscape of existing

information regarding Tim-3 presents a complex picture and our understanding of Tim-3’s

role in the immune system is far from complete. What has been learned thus far suggests

that Tim-3 still holds promise as a therapeutic target for manipulating immune responses.

Nonetheless, fulfilling this promise hinges on establishing a more detailed picture of how

Tim-3 functions at the molecular, cellular and systemic level.

With regard to the role of Tim-3 in T cell responses, it seems necessary to further

characterize the relationships between Tim-3 and its ligands and more precisely determine

how these affect T cell function. A substantial body of data suggests that interaction between

Galectin-9 and Tim-3 exerts an inhibitory effect on responses by CD4 and CD8 T cells.

Although in vitro experiments showed that Galectin-9 can directly regulate T cells, in vivo

studies indicated that Galectin-9 has a more complex role in the immune system and likely

affects that activity of several cell types. Therefore, it would be informative to determine the

impact of Galectin-9 in settings where Tim-3 expression is absent or is restricted to specific

cell types. This approach could identify the immune cell subsets and pathways that are

affected by Galectin-9 and perhaps uncover strategies for manipulating Tim-3 and

Galectin-9 dependent pathways. In a similar vein, examining how injecting anti-Tim-3

antibodies affects immune responses when Tim-3 expression is restricted to specific cell

types could provide insights regarding how this treatment modulates immune responses.

Another key challenge for future studies will be to better define how Tim-3 functions at the

molecular level. Much of the information gained in this area comes from characterizing

Tim-3 function in transformed cell lines. Although this approach has proven valuable, future
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studies should examine the impact of Tim-3 on signaling pathways and its relationship with

known functional partners in primary immune cells. Goals for these efforts would include

determining mechanisms by which Tim-3 functions to inhibit, or activate, immune cell

function and determining the relevance of particular pathways to the regulation of specific

immune cell types. A prominent challenge in this area is elucidating the molecular

mechanisms by which Tim-3 contributes to the maintenance and reversal of CD8 T cell

exhaustion. This aspect of Tim-3 biology is especially intriguing given that antibodies

specific for the inhibitory receptors CTLA-4 and PD-1 have efficacy as treatments for

certain forms of cancer [104]. Thus, gaining more insight in how Tim-3 suppresses CD8 T

cell function could elucidate novel strategies for treating tumors or chronic infections.
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Fig 1.
Structure of the membrane-bound form of Tim-3. Figure shows a schematic diagram

representing key structural features of the Tim-3 protein. The extracellular IgV and mucin

domains are noted; O- and N-linked glycosylation sites in the latter domain are not shown.

For the IgV domain, ligand-binding pockets and sites for N-linked glycosylation are

represented. Glycosylation of the IgV domain has been shown to be necessary for

recognition of Tim-3 by Galectin-9 [33]. The cytoplasmic tail is noted, with “Y”

representing tyrosine residues that can be phosphorylated by intracellular kinases. The

circled Y represents a tyrosine within a sequence with homology to the consensus target site

for tyrosine kinases.
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