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Summary

The T-cell immunoglobulin domain and mucin domain (T1M) family, including TIM-1, TIM-2,
TIM-3 and TIM-4, is a relatively newly described group of molecules with a conserved structure
and important immunological functions, including T cell activation, induction of T-cell apoptosis
and T-cell tolerance, and the clearance of apoptotic cells. TIM-1 costimulates T-cell activation and
enhances cytokine production. In humans, TIM-1 also serves as a susceptibility gene for allergy
and asthma. TIM-3, expressed on T cells and dendritic cells, regulates T-cell apoptosis and
immune tolerance. In contrast, TIM-4, which is expressed primarily on antigen-presenting cells
and which is a receptor for phosphatidylserine, regulates T-cell activation and tolerance, in part by
mediating the uptake and engulfment of apoptotic cells. The TIM molecules thus have surprisingly
broad activities affecting multiple aspects of immunology.
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Introduction

The T-cell immunoglobulin domain and mucin domain (TIM) family of genes was
positionally cloned in 2001 from within the Tapr (T cell and airway phenotype regulator)
locus as a novel allergy and asthma susceptibility gene (1). The TIM family consists of Type
I cell surface molecules with a unique structure and important broad immune functions that
include the regulation of allergy and asthma, and also the regulation of autoimmunity and
transplantation immunity. The TIM gene family consists of eight members (TIM-1-8) on
mouse chromosome 11B1.1, and three members (TIM-1, TIM-3 and TIM-4) on human
chromosome 5g33.2, a chromosomal region that has been repeatedly linked with asthma,
allergy and autoimmunity (2).

TIM-1, the first family member, was initially identified in 1996 as the receptor for the
hepatitis A virus (HAVCR1) in monkeys (3) and then in humans in 1998 (4). TIM-1 was
subsequently identified as a kidney injury molecule (KIM-1) in 1998, using representational
difference analysis of ischemic kidney cells (5). Concurrently with the positional cloning of
the TIM gene family in 2001, TIM-3 was expression cloned independently using an
antibody specific to T helper type 1 (Th1) cells (6). TIM-1/HAVCR1/KIM-1 is expressed on
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kidney epithelial cells, and along with TIM-2 and TIM-3, is also expressed on T cells. Other
hematopoietic and non-hematopoietic cells can express TIM-1, TIM-2 and TIM-3, such as
mast cells and hepatocytes. In contrast, TIM-4 is expressed primarily by antigen-presenting
cells (APCs).

All of the TIMs possess a similar structure as Type 1 membrane proteins, consisting of an
N-terminal Cys-rich immunoglobulin variable (IgV)-like domain, a mucin-like domain, a
transmembrane domain, and an intracellular tail. The intracellular tails of TIM-1, TIM-2 and
TIM-3, but not TIM-4, contain tyrosine phosphorylation motifs that are involved in
transmembrane signaling. Within the mucin domain, TIM-1 contains 60 predicted O-linked
glycosylation sites, whereas TIM-3 has only three predicted glycosylation sites. The N-
terminal Cys-rich regions of the TIM homologs have 40% sequence identity, whereas
sequence identity between the mouse and human orthologues is approximately 60% (7). The
structural similarities between all of the TIMs suggest that they arose from an ancestral gene
by successive gene duplication events.

The TIM gene family: linkage and association studies

The TIM gene family was identified using linkage analysis in a mouse model of allergy and
asthma. In this analysis, asthma and allergy, which are very complex genetic traits, were
reduced to a single gene trait using congenic mice. The congenic strains were generated by
genetically moving discrete chromosomal segments from one mouse strain, DBA/2 (asthma
resistant), into another strain, BALB/c (asthma susceptible), by repeated backcrossing (8).
One congenic strain, called C.D2/Es-3/Hba, exhibited the DBA/2 phenotype (asthma
resistance) and contained a chromosome 11 segment that was syntenic to human
chromosome 5q23-35, a region that had been repeatedly linked to asthma and allergy in
humans (9). Offspring from this strain and from crosses with BALB/c mice were used to
identify the novel atopy (i.e., asthma, allergy, and eczema/atopic dermatitis) susceptibility
gene locus called Tapr and within it, the TIM gene family (1).

Human TIM-1, hepatitis A virus (HAV) infection and asthma

Of the TIM genes, TIM-1 is the most polymorphic in both mice and humans, and differences
in the presumed function of the distinct versions of TIM-1 drove the cloning of mouse
TIM-1. In humans, TIM-1 is also extremely polymorphic, with single nucleotide
polymorphisms (SNPs) as well as insertion/deletion variants in the mucin domain.
Association studies were performed in sight of the significant polymorphic variants, and
these studies demonstrated that certain polymorphic variants of TIM-1 were associated with
protection against atopic diseases. This relationship was strongest in individuals who had
prior infection with HAV (10). Identification of the association between TIM-1 and atopy,
which indicated that TIM-1 was a potent asthma and allergy susceptibility gene, was
remarkable for several reasons. First, the human studies suggesting the importance of TIM-1
in atopy reflected previous studies in mice that had shown the importance of TIM-1 in
airway disease and Th2 responses (1). This further supported that genes identified as
important in mice could guide the identification of important human genes.

Second, the relationship between TIM-1 and atopy was important, since prior
epidemiological studies performed first in 1997, but repeated in different populations in
subsequent years showed that infection with HAV, a ligand of TIM-1, was associated with a
reduced incidence of allergy and asthma. In these studies, the prevalence of allergy and
asthma, as well as peanut food allergy, was significantly lower in HAV seropositive
individuals compared to that in HAV seronegative individuals (11-13). However, because
HAYV is not a respiratory virus, and because HAYV is transmitted through fecal-oral routes,
HAYV infection was assumed to be merely a marker of poor hygiene and that poor hygiene
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was responsible for the protective effects against atopy associated with HAV infection, the
‘Hygiene Hypothesis’. Nevertheless, the observation that TIM-1 was associated with
protection against atopy (10) suggested that HAV might directly affect the development of
atopy by altering the function of TIM-1-expressing cells. The association between HAV,
TIM-1 and protection against atopy is also remarkable, because antibody titers against very
few other specific microorganisms have been associated with protection against atopy, even
though the Hygiene Hypothesis predicts that infection indeed protects against atopy (14).
For example, antibody titers against a few other gastrointestinal infectious organisms, such
as Salmonella, Helicobacter pylori, and Toxoplasma gondii, and herpes simplex virus 1,
have been inversely associated with atopy (11, 12, 15, 16), but titers to other infectious
agents, e.g., microorganisms affecting the respiratory tract, have not been associated with
protection against atopy. Infection with mycobacteria or Bacillus Calmette-Guérin (BCG)
vaccination has been reported to protect against asthma and allergy (17), but this has been
controversial.

The studies demonstrating an association between TIM-1 and atopy and that TIM-1 is an
atopy susceptibility gene have been reproduced in a number of other populations, including
in African-American asthmatics (18), children with atopic dermatitis in Arizona (19), and
Australia (20), Koreans with asthma and atopic dermatitis (21), but not in Japanese children
with asthma (22). The lack of association between TIM-1 and asthma in Japanese children
may be due to a reduced incidence of HAV infection in Japan, which is now close to zero in
young Japanese children. However, the precise immunological mechanisms by which HAV
infection and TIM-1 alter the immune system to protect against atopy are not yet clear. The
immunology of TIM-1 is only beginning to be understood, and the results so far indicate that
TIM-1 potently regulates immune responses through novel mechanisms. These results
support the possibility that infection with HAV, by stimulating the immune system through
TIM-1, can prevent the development of atopy, at least in children with a particular variant of
TIM-1. Polymorphisms in the promoter region of TIM-3 have also been associated with
allergic rhinitis in a Korean population (23), although this has not been confirmed by others
(18).

Human TIMs as susceptibility genes in autoimmune disease

TIM-1 has been associated not only with atopic diseases, but also with several autoimmune
diseases, suggesting that TIM-1 regulates the immune system globally. For example, in
rheumatoid arthritis, polymorphisms in the promoter region (24) and exon four of TIM-1
(25) have been associated with susceptibility to disease. How TIM-1 regulates autoimmune
disease, or whether HAV infection is associated with protection from autoimmunity is not
yet known. However, TIM-1 mRNA is expressed in cerebrospinal fluid mononuclear cells
of patients with multiple sclerosis (MS), primarily in patients in remission, suggesting that
TIM-1 regulates the development of MS. This regulation could perhaps occur through the
development of tolerance to autoantigens (26). In one study, TIM-3 polymorphisms have
been associated with susceptibility to rheumatoid arthritis (27). Furthermore, T-cell clones
isolated from the cerebrospinal fluid of MS patients expressed lower levels of TIM-3 and
were found to secrete higher levels of interferon-y (IFN-y) (26), suggesting that TIM-3 could
play a role in regulating autoimmunity in humans.

Crystal structure of the TIM molecules

The function of the TIM molecules is being intensively investigated, but has been greatly
aided by recent crystallographic studies demonstrating a conserved structural motif in the
TIMSs. This structural motif in the TIMs involves an IgV domain with two anti-parallel ®-
sheets (Fig. 1), as in other Ig superfamily members, bridged by the first and last of six
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conserved Cys residues in the IgV domain. Four additional conserved Cys residues in the
IgV domain link two loops, the FG loop and the CC’ loop, forming a cleft (called MILIBS,
for metal-ion ligand binding site). The six conserved Cys residues in the 1gV domains of all
of the TIM molecules appear to provide a distinctive conserved structural feature, resulting
in a MILIBS cleft in TIM-1, TIM-4 and TIM-3, but not TIM-2. The conserved structure of
the IgV domain of the TIMs is important for the function of TIM-1, TIM-2, TIM-3 and
TIM-4, which will be discussed below.

TIM-1 biology and function

TIM-1 expression

In mouse, TIM-1 is expressed on activated but not naive CD4* T cells (1, 28). Following
differentiation, Th2 cells continue to express TIM-1 while Th1 and Th17 cells express little
or no TIM-1 (28-30). TIM-1 is also expressed by mast cells (31) and at low levels on a
subpopulation of B cells (32). TIM-1 was originally described as a renal epithelial cell
protein that is upregulated and shed following injury to the kidney (5). In this venue, it plays
an important role in tissue homeostasis by facilitating clearance of apoptotic and necrotic
cells of the injured tubule (33).

TIM-1 as a costimulatory molecule

The in vivo function and effects of TIM-1 engagement are determined by its expression.
Thus, cross-linking of TIM-1 on CD4* T cells with an agonist mAb provided a potent
costimulatory signal for T-cell activation that increased naive T-cell proliferation, and
increased interleukin-4 (IL-4) production by differentiated Th2 cells (28). In vivo
administration of agonist anti-TIM-1 mAb along with antigen also greatly increased antigen-
specific T-cell proliferation and production of IL-4 and IFN-y (28). TIM-1 mAb
administered as adjuvant during vaccination with influenza enhanced the ensuing immune
response (34), indicating that an agonistic anti-TIM-1 mAb can provide a potent adjuvant
effect. Moreover, agonistic TIM-1 mAb blocked the development of respiratory tolerance
(28), consistent with the idea that TIM-1 costimulation activates T cells. A recent study
showed that TIM-1 costimulation prevents allogeneic transplant tolerance by reducing
forkhead box p3 (Foxp3) expression and thereby preventing regulatory T-cell (Treg)
development (35). Since development of respiratory tolerance to antigen is also associated
with the generation of antigen-specific Tregs expressing Foxp3 (36), TIM-1 costimulation
may prevent tolerance induction both by enhancing Th-cell development and hindering
Treg-cell development.

Interestingly, TIM-1 mAbs recognizing distinct epitopes of TIM-1 have profoundly different
effects on immunity, and the affinity with which an antibody binds to TIM-1 could affect the
type of response that is induced. For example, TIM-1 mAbs recognizing exon four of the
mucin domain greatly exacerbated airway inflammation and Th2-cytokine production, but
another mAb reactive with the TIM-1 IgV domain blocked inflammation in a mouse model
of asthma (32). Additionally, the strength of the signal provided by TIM-1 engagement, for
example by distinct mAbs, may induce different outcomes. Thus, administration of the
agonistic high affinity TIM-1 mAb 3B3 during the induction of autoimmunity enhanced
pathogenic Th1 and Th17 responses and increased the severity of experimental autoimmune
encephalomyelitis (EAE), whereas a lower affinity mAb, RMT1-10, increased Th2
responses and inhibited the development of EAE (37). Mechanistic studies revealed that
while both antibodies bound to the TIM-1 IgV domain and induced CD3 capping, mAb 3B3
had a greater affinity and induced cytoskeletal reorganization (37). However, the precise
events that regulate the various outcomes of TIM-1 signaling by distinct mAbs are not yet
known.
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TIM-1, transplant tolerance, and Tregs

The role of TIM-1 as a costimulatory molecule was further elucidated in two transplant
model studies, which also noted the opposing effects of different TIM-1 mAbs on Treg
generation and survival. Treatment with TIM-1 mAb RMT1-10 prolonged survival of major
histocompatibility complex (MHC)-mismatched mouse cardiac allografts. This prolongation
was associated with inhibition of alloreactive Th1 responses, a Th1- to Th2- type cytokine
switch, and preservation of CD4*CD25* Tregs (38). In contrast, in vitro treatment of
alloreactive T cells with the agonistic TIM-1 mAb 3B3 enhanced the expansion,
commitment, and survival of IL-17- and IFN-y-producing cells. Interestingly, treatment with
TIM-1 mAb 3B3 also appeared to deprogram and inhibit Tregs (35). Thus, TIM-1 modulates
T-cell responses, but the avidity of TIM-1 crosslinking can determine the profile of T-cell
proliferation and cytokine production.

TIM-1 in signal transduction

Recent studies have begun to identify the signaling pathways triggered downstream of
TIM-1 cross-linking. Reporter assays showed that TIM-1 overexpression resulted in
increased transcription from the IL-4 promoter and NFAT/AP-1 transcriptional activation
(39), and this was dependent on the presence of Y276 in the TIM-1 cytoplasmic tail. Studies
utilizing human Jurkat T cells that expressed TIM-1 revealed that TIM-1 colocalizes on the
T-cell surface with CD3, and is recruited to the T-cell receptor (TCR)-signaling complex
(40). This study also showed that engagement of TIM-1 with agonistic TIM-1 mAbs led to
rapid tyrosine phosphorylation of TIM-1, phosphorylation of zeta-chain-associated protein
kinase 70 (Zap-70) and IL-2-inducible T-cell kinase (ITK), and recruitment of an ITK and
phosphoinositide-3 kinase (PI3K) complex to the TCR-signaling complex (40). Additional
insight was provided by a study that showed that the p85 subunit of PI3K is recruited
directly to tyrosine 276 of TIM-1 after lymphocyte-specific protein tyrosine kinase (Lck)-
dependent phosphorylation of the cytoplasmic tail (41). Another study using a TIM-4-Ig
fusion protein showed that activation of T cells with TIM-4-1g, anti-CD3, and anti-CD28
leads to phosphorylation of TIM-1, phosphorylation of thymoma viral proto-oncogene 1
(Aktl) and mitogen-activated protein kinase 1/2 (Erk1/2), and induction of B-cell chronic
lymphocytic leukemia/lymphoma 2 (Bcl-2), suggesting that TIM-4 treatment can promote
T-cell survival (42).

TIM-1 ligands

Several ligands for TIM-1 have been identified including TIM-4 (29), TIM-1 itself (7), IgAL
(43) and phosphatidylserine (PtdSer) (44—-46). The structure of TIM-1 includes a
glycosylated mucin domain, which imparts a degree of promiscuity to the TIM-1 molecule.
This may explain the identification of multiple ligands, and has made it difficult to
determine which is the primary functional ligand of TIM-1. TIM-4 was identified as a ligand
of TIM-1 since TIM-1-Ig and TIM-1 tetramer bound to Chinese-hamster ovary (CHO) cells
transfected with TIM-4 (29), and this interaction could be specifically inhibited by TIM-1
mAb. Support for the importance of the TIM-1-TIM-4 interaction came in the discovery that
administration of TIM-4-1g in vivo resulted in hyperproliferation of T cells and enhancement
of T-cell cytokine production (29), similar to that observed with administration of the
agonistic TIM-1 mAb 3B3 (28). The interaction between TIM-1 and TIM-4 was confirmed
in a study that showed that TIM-1 tetramer bound to cells expressing full-length TIM-4. In
addition, this study noted that homotypic TIM-1-TIM-1 binding could occur since TIM-1-1g
and TIM-1 tetramers bound to cells expressing TIM-1. These intrafamilial interactions of
TIM family Ig domains with surface-expressed TIM-1 or TIM-4 was dependent on the
presence of an intact TIM-1 or TIM-4 glycosylated mucin stalk, although the mucin stalk
alone was not sufficient for TIM binding (47). There is also evidence that some TIM-1-
TIM-1 or TIM-1-TIM-4 interactions could occur via a “bridge’ with two TIM proteins
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binding to a membrane fragment or exosome expressing exposed PtdSer. Observation by
electron microscopy of TIM-1 and TIM-4 transfected cell lines indicated the presence of
exosome-like vesicles bound to the cells (45).

TIM-1 crystal structure and phosphatidylserine

Elucidation of the crystal structure of TIM-1 in 2007 provided further insight into these
observations. It was shown that TIM-1 binds to PtdSer, a membrane phospholipid expressed
on the surface of apoptotic cells, as demonstrated by both crystallographic and biochemical
studies (44-46). TIM-1 specifically recognizes PtdSer and not other phospholipids. The
crystal structure analysis of TIM family members showed that the IgV domain of TIM-1 and
TIM-4 display a distinctive cleft, termed the MILIBS, formed by the CC’ and FG loops of
the GFC p sheet. Mouse TIM-1 and TIM-4 share high sequence similarity in the FG and CC’
loops that build the MILIBS, and they bound similarly to PtdSer (46). Importantly, PtdSer
fits snugly in this cleft and coordinates with a metal ion bound to conserved residues in the
TIM proteins. HAV also binds to human TIM-1 at this cleft region, with Ser37 in the CC’
loop possibly the critical virus-binding residue (7). Studies demonstrated a potentially
important role of the MILIBS and its occupancy by PtdSer in the trafficking of TIM-1 to the
cell surface, and in the conformation of the TIM-1 molecule displayed on the cell surface
(46).

The crystal structure of TIM-1 also identified a homophilic TIM-1-TIM-1 interaction. The
mouse TIM-1 IgV domain interactions observed suggested an intermolecular interaction
occurring between two cells expressing TIM-1 on the cell surface as the TIM-1 domains
were related by a rotation angle of about 180° and had their C-terminal ends extending in
opposite directions. The crystal structure of the homophilic TIM-1 receptor interaction
showed that the TIM-1 IgV domains contact through their BED faces, opposite from the FG-
CC' loop epitope that binds PtdSer (7).

TIM-1 mediates uptake of apoptotic cells through recognition of PtdSer

The lipid PtdSer is normally localized to the inner leaflet of the plasma membrane, but it is
redistributed or exposed on the outer membrane when the cell undergoes apoptosis.
Recognition of PtdSer provides a key signal to the phagocyte that triggers engulfment of the
apoptotic cell (48, 49). Apoptotic cell death is a critical and evolutionally conserved process
for elimination of unnecessary cells (50, 51). This process is essential for maintenance of
tissue homeostasis and self-tolerance (52) since clearance of apoptotic cells by phagocytosis
can result in powerful anti-inflammatory and immunosuppressive effects (53). Transfection
of human TIM-1 into NIH 3T3 cells greatly augmented their capacity to engulf apoptotic
cells, and this uptake was blocked by specific anti-TIM-1 mAb (44). The human kidney cell
line 769P, which shows natural cell surface expression of TIM-1, was shown to phagocytose
apoptotic cells through TIM-1 (44). Two other studies demonstrated that TIM-1 binds
PtdSer and mediates uptake of apoptotic cells (33, 45). In one of these reports, TIM-1 was
shown to transform kidney epithelial cells into semiprofessional phagocytes that engulfed
apoptotic cells of the injured kidney tubule. This process was mediated through recognition
by TIM-1 of PtdSer on the apoptotic cell (33).

Changing partners: TIM-1 consorting with multiple ligands

Further investigation is needed to determine the roles of the various ligands that have been
described for TIM-1. The relative importance of each ligand may be determined by the cell
type expressing TIM-1. Therefore, recognition of PtdSer and uptake of apoptotic cells by a
TIM-1-expressing kidney epithelial cell could play a significant role in maintenance of
tissue homeostasis in the injured kidney. The most ‘functional’ ligand for a T cell expressing
TIM-1 is more difficult to predict. TIM-1-expressing T cells avidly bind apoptotic cells
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(unpublished data), and this suggests that crosslinking TIM-1 on T cells by apoptotic-cell
binding may modulate the immune response downstream of TIM-1. Thus, TIM-1onthe T
cell could function to sense death in its environment and stimulate T-cell expansion.
Interaction with TIM-1 expressed on other T cells or TIM-4 on APC could enhance T-cell
expansion and survival.

TIM-3: biology and function

TIM-3 expression

Attempts to distinguish Th1 and Th2 cells based on cell surface expression profiles led to
the identification of TIM-3 as a surface molecule expressed on Th1 cells but not found on
Th2 cells (6, 54, 55). Recent findings, however, demonstrate that TIM-3 may also be
expressed on a newly described proinflammatory T cell subset called Th17 cells (30).
Galectin-9 was identified as the ligand for TIM-3, and an interaction between TIM-3 and
galectin-9 was shown to induce cell death in Th1 cells (56). These data together with in vivo
blocking studies suggest that TIM-3 may be an inhibitory molecule that terminates Thl
immunity.

Later it was shown that TIM-3 expression is not limited to cells of the adaptive immune
response. Subsets of cells in the innate immune system also express TIM-3, including
human natural killer cells, monocytes (26), and dendritic cells (57). Mast cells, macrophages
(58), and dendritic cells (59) in mice, were also shown to constitutively express TIM-3. In
addition to full-length, cell surface-expressed TIM-3, an alternate splice form was found in
mice that lacks the mucin and transmembrane domains and is therefore thought to be a
soluble form of TIM-3 (54, 60). Little is known about how this alternate TIM-3 splice form
influences immune responses, but the presence of another soluble TIM molecule,
metalloproteinase-cleaved TIM-1 (61), suggests that these alternate spliced or cleaved forms
of TIM proteins could have relevant biological roles.

Tim-3 ligand

Galectin-9, a member of the S-type lectins (62) was identified as a ligand for TIM-3 by
immunoprecipitation of cell surface proteins that bound to TIM-3-1g. Galectin-9 is
upregulated by IFNy (63), and upon interaction with TIM-3 induces cell death in Th1 cells
(56). Galectin-9 can be potentially expressed on almost all cells, but in the unactivated
immune system, Galectin-9 is predominantly expressed on naive CD4* T effector and
CD4*CD25* Treg cells. Upon activation, galectin-9 is downregulated on the effector T-cell
population, but is maintained on Tregs (54, 55). Sustained expression of TIM-3L on Tregs
could suggest that the TIM-3/TIM-3L pathway is utilized by Tregs to mediate suppression
by inhibiting effector T cells expressing TIM-3. In addition to attenuating Th1 responses, the
TIM-3 ligand galectin-9 inhibits the differentiation of naive T cells to IL-17-producing Th17
cells in vitro, and when given in vivo, can ameliorate a mouse model of arthritis (64). These
findings point to a broader role for the galectin-9/TIM-3 pathway in downmodulating
inflammatory responses that could involve both the Thl and Th17 branches of adaptive
immunity.

The cell death induced by galectin-9 is a mixture of both apoptotic and necrotic events (56),
and although it has been shown that galectin-9 can induce tyrosine phosphorylation of
TIM-3 (65), little else is known about the signaling pathways that mediate this functional
outcome. Galectin-9 binds to TIM-3 in a glycosylation dependent manner (56) by forming a
B-glycosidase bond, and the observation that nonglycosylated TIM-3-1g binds to various cell
types suggests that TIM-3 may have additional ligands (66). The nature of this additional
binding partner remains unknown, but it is thought to be highly conserved across species
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(66). More knowledge about TIM-3 ligands is required in order to fully understand the
biological functions of this molecule in health and disease.

TIM-3 in regulatory immune responses

The pattern and Kinetics of TIM-3 expression on terminally differentiated Th1 cells, and the
ability of galectin-9 to specifically downregulate this population generated interest in the
potential involvement of the TIM-3/galectin-9 pathway in autoimmune disease associated
with Th1 cells. To this end, blocking TIM-3 by administering anti-TIM-3 antibody during
the induction of EAE, a mouse model for human MS, worsened disease progression. In this
study, blocking TIM-3 resulted in a severe form of demyelinating disease characterized by
higher numbers of inflammatory foci in the central nervous system (CNS). Upon
examination of the CNS of treated mice, it was found that anti-TIM-3 led to higher numbers
of activated macrophages in demyelinating lesions, concurrent with the expansion of this
population in the periphery (6). Conversely, in vivo treatment with galectin-9 could attenuate
Th1 responses, whereas in vivo ablation of galectin-9 expression resulted in exacerbation of
EAE (56).

TIM-3 in humans—In human autoimmune disease, analysis of TIM-3 expression and
cytokine production by T cell clones isolated from cerebrospinal fluid showed higher levels
of secreted IFN-y with concomitant decrease in TIM-3 expression in T cell clones from MS
patients compared to the healthy controls (67). TIM-3 expression on T cells was restored in
MS patients upon in vivo therapy with glatiramer acetate, implicating TIM-3 in the
pathogenesis of human autoimmune diseases involving dysregulated Thl immune
responses. Dysregulated TIM-3 expression might also be associated with systemic lupus
erythematosus (SLE) (68), although a role for TIM-3 in the pathogenesis of SLE has not yet
been defined. New data have also implicated TIM-3 in functionally impaired T-cell
responses to human immunodeficiency virus type 1 (HIV-1) infection (69). In this study, it
was found that PBMC from acute/early and chronic progressive HIV-1-infected patients had
higher frequencies of TIM-3*CD8* T cells. When compared to the TIM-3~ fraction of CD8*
PBMC, TIM-3'° and TIM-3" CD8 cells failed to make IFN-y in response to viral antigen.
Polyclonal stimulation of TIM-3*CD8* PBMCs could not drive cell division in this
population, whereas cell division in the TIM-37/1° population was observed, thus suggesting
that TIM-3 may be another molecule that is involved in T cell ‘exhaustion’ in chronic viral
infections. The inability of TIM-3" cells to either proliferate or produce IFN-y was reversed
upon treatment with either soluble TIM-3 or anti-TIM-3 mAb (69). Taken together, these
observations support the inhibitory nature of galectin-9-mediated immunoregulation and
strengthen the potential for therapeutic targeting of the TIM-3 pathway in infectious and
autoimmune diseases.

TIM-3 in tolerance

Besides inducing cell death of Thl cells, the TIM-3/TIM-3 ligand interaction has also been
implicated in establishing tolerance. Tolerance to allogenic grafts can be achieved by
costimulation blockade and donor-specific transfusion (DST) (55). By blocking the CD40/
CDA40L costimulatory pathway at the same time as administering DST, it is possible to
induce indefinite tolerance to MHC mismatched transplanted islet allografts, an effect due to
enhanced donor-specific Treg suppression. Blocking TIM-3-mediated immunoregulation by
administering full-length TIM-3-1g compromised the generation of functional, donor-
specific Tregs, and prevented the induction of tolerance to transplanted islets. More striking
however was the finding that TIM-3-deficient BALB/c mice could not be tolerized by DST
and CD40/CD40L blockade, even though BALB/c mice are biased towards generating Th2
immune responses (55). Peripheral tolerance induced with high-dose aqueous antigen causes
the hypoproliferation of antigen-specific T cells and abrogates IL-2 production. However,
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blocking the TIM-3 pathway using TIM-3-Ig during tolerance induction was sufficient to
prevent tolerance and led to increased proliferation and cytokine production. Moreover,
TIM-3-deficient mice could not be tolerized by treating with high-dose aqueous antigen
(54), further implicating TIM-3 in regulating T-cell responses. These data strongly
suggested that TIM-3 negatively regulates T-cell responses by directly inducing deletion of
effector Thl cells, but also by inducing tolerance. Whether these two phenomena are related
has not been addressed.

TIM-3 in innate immunity

Whereas the functional consequences of TIM-3 expression in adaptive immunity appear to
involve downregulation of T-cell responses, TIM-3 expression on innate immune cells
appears to play a more complex role in innate immunity and inflammation. TIM-3 is rapidly
expressed on mast cells and macrophages obtained from the peritoneum, spleen, and heart of
virally infected mice, suggesting that TIM-3 could be involved in the earlier stages of an
immune response (58). In a virally induced model of inflammatory heart disease, blocking
TIM-3 at the time of viral infection was sufficient to increase inflammation in the heart.
Although the mechanism responsible for this observation remains unclear, it involves
downregulation of CD80 on mast cells and macrophages (58). Interestingly, male mice
develop more severe inflammation, which is concurrent with fewer TIM-3* cell infiltrates in
the heart, a decrease in IL-4 production, and an increase in the levels of IFN-y (70). These
observations suggest that blocking TIM-3 could either directly affect cells of the innate
immune system, or could indirectly alter the inflammatory response by shaping adaptive
immunity. Furthermore, crosslinking TIM-3 on the surface of mast cells increases IL-4,
IL-6, and IL-13 production (31), which then indirectly modulate T-cell responses. However,
there is also evidence that supports a role for TIM-3 in directly activating innate immunity.
TIM-3-deficient dendritic cells do not efficiently produce inflammatory cytokines after
stimulation with LPS and the TIM-3 ligand galectin-9 (57). Similar to findings in mice,
human dendritic cells and monocytes also express TIM-3, and blocking TIM-3 on the
surface of monocytes inhibits tumor necrosis factor a (TNFa)-production following
galectin-9 stimulation (57). These data suggest that TIM-3 plays a complex role in
regulating both innate and adaptive immunity. It is possible that TIM-3 expressed on
dendritic cells and macrophages synergizes with TLR signals that would lead to the
activation of these APCs to produce proinflammatory cytokines. In turn, activated APCs
could drive Thl-cell responses that, once established, would result in the upregulation of
TIM-3 on Th1 cells. IFN-y-produced by these Th1 cells would induce galectin-9 and lead to
the eventual termination of the Th1 response. Expression and ligation of TIM-3 on mast
cells could result in further attenuation of Thl responses by the production of Th2 cytokines

(Fig. 2).

TIM-4: biology and function

TIM-4 expression

TIM-4 is another TIM molecule conserved in both humans and mice and is similar to all
TIM proteins in that it contains an extracellular IgV domain, a glycosylated mucin domain,
and an intracellular tail. Unlike other members of the TIM family, however, TIM-4 is not
expressed in T cells, but is instead exclusively expressed in APC. Although TIM-4
transcripts were detected in spleen and lymph node, and to a lesser degree in lung, liver, and
thymus, further studies revealed that expression is restricted to dendritic cells and
macrophages (29), and in particular to macrophages in the splenic marginal zone (71, 72). In
addition to its unique expression pattern, TIM-4 differs from other TIM proteins in that it
contains an Arg-Gly-Asp (RGD) motif in its IgV domain, which is a hallmark for adhesive
proteins. This structural motif could potentially mediate adhesion and migration of TIM-4-

Immunol Rev. Author manuscript; available in PMC 2011 November 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rodriguez-Manzanet et al. Page 10

expresing cells, although this possibility has not been investigated. Lastly, TIM-4 does not
contain any predicted signaling motifs in its intracellular tail, unlike other TIM proteins,
which have intracellular tyrosine phosphorylation motifs, hence raising the question of
whether TIM-4 can directly mediate transmembrane signaling.

TIM-4 as a T-cell costimulatory molecule

Given that other members of the TIM family of proteins regulate T-cell immune responses,
studies were undertaken to determine whether TIM-4 could similarly regulate immunity.
Administration of TIM-4-Ig fusion protein during in vivo T-cell priming increased basal T-
cell proliferation and enhanced production of T cell IL-2 and IFN-y (29). These results could
be due to blocking of an endogenous TIM-4/TIM-4L interaction, or by crosslinking a TIM-4
ligand. To identify potential binding partners, TIM-4-1g fusion protein was used and found
to bind to unstimulated splenic B cells, as well as activated B cells and T cells (29). The
kinetics of TIM-4L expression on T cells were similar to those seen with TIM-1 expression
on activated T cells. This observation, together with the capacity of heterotypic binding
within the TIM family, led to the discovery that TIM-4 binds to TIM-1 (29). In order to
further understand the role of a TIM-4/ TIM-1 interaction in T-cell immune responses,
additional studies were undertaken in vitro using a system devoid of APCs, and therefore
lacking any endogenous TIM-4/TIM-1 engagements. The data suggest that at low
concentrations, TIM-4 inhibits T-cell responses, but at high concentrations, TIM-4 mediates
positive costimulation (29). The ability of TIM-4 to costimulate T-cell responses was
characterized biochemically in that TIM-4 crosslinking of its receptors on T cells induced
cell division and increased cell survival, along with increased phosphorylation of key
signaling molecules linker for activation of T cells (Lat), Aktl and Erk1/2. It was also
shown that TIM-4 could induce the phosphorylation of endogenously expressed TIM-1 (42).

However, there is also evidence that TIM-4 can bind to naive T cells, which do not express
TIM-1, further supporting the existence of another ligand for TIM-4 (71). These studies
went on to show that when added to naive T cell and dendritic cell cocultures, anti-TIM-4
mAb could costimulate antigen-specific T-cell proliferation. Though, when the anti-TIM-4
was given in vivo during the induction phase of an immune response, both stimulation and
inhibition of the ensuing response was observed (71). Specifically, in a model for contact
hypersensitivity, anti-TIM-4 mAb administered at the time of sensitization resulted in
increased T-cell reactivity seen after challenge of these cells in vitro. However, if given after
elicitation of the delayed-type hypersensitivity (DTH) response in vivo, the antibody resulted
in decreased DTH response and inflammation. In the same study, when administered during
the induction of EAE, anti-TIM-4 caused attenuated disease progression, even though
antigen-specific T-cell priming was enhanced in vitro (71). Therefore, it seems that TIM-4
can inhibit naive T cells, but once established, TIM-4 might play a role in sustaining the
ongoing immune response. These data substantiate the idea that TIM-4 regulates T-cell
responses in a bimodal fashion, possibly through multiple receptors on the surface of naive
and activated T cells. It is possible that naive T cells that do not express TIM-1, engage
TIM-4 on APCs using an as of yet unidentified receptor, which then mediates inhibitory
signals downregulating T-cells responses. In the case of activated T cells that have
upregulated TIM-1, TIM-4 could engage TIM-1 and costimulate T-cell expansion. Further
studies using TIM-deficient animals are needed in order to better understand the role TIM-4
plays in vivo during the initiation and expansion of T-cell responses.

TIM-4 as a phosphatidylserine receptor

In searching for TIM-4 ligands, TIM-4-Ig fusion proteins were also found to bind to various
long-term cultured cell lines, and in particular to cells with high scatter on flow cytometry,
which usually include dying cells. The high scatter, TIM-4-Ig staining cells also stained with
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Annexin V and propidium iodide, indicating that the cells that bound TIM-4-1g were indeed
apoptotic cells (44). TIM-4-1g was also found to bind to plates coated with PtdSer in a solid-
phase enzyme-linked immunosorbent assay (ELISA) (44). TIM-1-1g fusion proteins also
bound PtdSer, and the binding of TIM-4-1g and TIM-1-1g fusion proteins was specific for
PtdSer, since neither fusion protein bound to phosphatidylinositol (PI), phosphatidylcholine
(PC), or phosphatidylethanolamine (PE). TIM-2-Ig fusion protein did not bind PtdSer (44).

These results strongly suggested that TIM-4 and TIM-1, but not TIM-2, specifically
recognized PtdSer, a phospholipid that is expressed by dying cells. PtdSer is a canonical ‘eat
me’ signal that can trigger the engulfment of apoptotic cells, suggesting that TIM-4 and
TIM-1 might mediate the engulfment of apoptotic cells. Indeed, NIH 3T3 cells transfected
with TIM-1 or TIM-4 quickly engulfed apoptotic U937 or PKH67 apoptotic cells, but not
live cells, as assessed by flow cytometry, confocal microscopy or electron microscopy of
fluorescently labeled cells (44). Phagocytosis of apoptotic cells by TIM-1 or TIM-4
transfected cells was inhibited by anti-TIM-1 or anti-TIM-4 mAbs, respectively, or by
liposomes containing PtdSer but not liposomes containing PC alone (44). Moreover, as
discussed above, TIM-4 is expressed exclusively by APCs, such as macrophages and DCs,
including human tingible-body macrophages located in germinal centers of tonsil or white
pulp of spleen (44). Tingible-body macrophages are cells in lymphoid tissue that engulf
apoptotic cells. Namely, the tingible bodies within these cells are remnants of phagocytosed
cells. These observations suggest that TIM-4-expressing macrophages recognize apoptotic
cells by recognizing PtdSer, resulting in engulfment and clearance of the apoptotic cell.

The observation that TIM-4 binds PtdSer and mediates engulfment of apoptotic cells was
independently discovered by another group of investigators, using an antibody that blocked
PtdSer-dependent engulfment of apoptotic cells. These investigators, using expression
cloning, identified the target of the antibody as TIM-4 (45). Administration of the anti-
TIM-4 mAb to mice blocked engulfment of apoptotic cells by thymic macrophages and
resulted in the development of autoantibodies. This observation was consistent with the idea
that TIM-4 controlled the development of tolerance by mediating the clearance of apoptotic
cells. Furthermore, these investigators found that intercellular bridging could occur among
TIM-4 or TIM-1-expressing cells via exosomes expressing PtdSer. Exosomes are 50-90 nm
vesicles usually created within endosomes by the invagination of membrane into the
endosomal lumen. The endosomes that contain the intraluminal vesicles (precursors to
exosomes) can fuse with the plasma membrane leading to release of the vesicles into the
extracellular space. The vesicles, which are now termed exosomes, contain ligands from the
cell membrane, including PtdSer. Electron microscopy studies demonstrated that exosomes
can be present at the interface between TIM-1 expressing cells, and TIM-1- or TIM-4-
expressing cells, suggesting that the PtdSer expressing exosomes can mediate interactions
between TIM-1 and TIM-4. These observations suggest that TIM-1 and TIM-4 may also be
involved in intercellular signaling via exosomes.

Crystal structure of TIM-4 and TIM-1: cocrystallization with PtdSer

The binding of PtdSer to TIM-4 and TIM-1 was confirmed by cocrystallization studies of
TIM-4 and TIM-1 (46). In these studies, the crystal structure of TIM-4 identified a MILIBS
in the Ig domain, created by the FG and CC' loops (Fig. 1). PtdSer co-crystallized with
TIM-4, with the hydrophilic head of PtdSer penetrating into the MILIBS of TIM-4 and
coordinating with the metal ion. The PtdSer fatty acid chains were found to interact with
aromatic residues of the TIM-4 FG loop. The binding of PtdSer to TIM-1 and TIM-4 and of
apoptotic cells to cells expressing TIM-1 and TIM-4 depended on the localization of PtdSer
into the cleft, since mutations in TIM-1 and TIM-4 in or near the MILIBS cavity prevented
the engulfment of apoptotic cells by cells expressing the mutant TIM-4 and TIM-1 (44).
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The precise role of TIM-4 in immune responses clearly appears to be complex. There may
be several roles depending on what TIM-4 binds, and the effect may depend on the level of
expression of TIM-4, and in which tissues and on what cell types TIM-4 is being expressed.
It is clear, however, that TIM-4 is an important molecule that can both influence immunity
directly by regulating T-cell responses, and also indirectly maintain tolerance to self by
clearing dying cells.

TIM-2: biology and function

TIM-2 expression

TIM-2, unlike the other TIM molecules discussed in this review, does not have a structural
orthologue in humans. TIM-2 is most homologous with mouse TIM-1, and similar to TIM-1,
expression of TIM-2 is upregulated on activated T cells (73), but is more exclusively
maintained in differentiated Th2 cells (74). Expression is also seen on B cells and on
epithelial cells of the liver and kidney (75), although possible functions for TIM-2 in these
tissues has not been investigated.

TIM-2 ligands

TIM-2 was first identified as binding to the class IV semaphorin, Sema4A, a transmembrane
protein expressed in dendritic cells and B cells (73). In a separate study, using TIM-2-1g to
detect TIM-2 ligands, activated APCs were found to express a binding partner for TIM-2,
while no expression was seen on T cells (74). This binding pattern was concordant with the
expression of SemadA. Further studies revealed that H-ferritin also binds to TIM-2 (75). H-
ferritin is a component of the spherical protein complex ferritin involved in regulating iron
mineralization and sequestration, and is secreted by macrophage cell lines (75).

TIM-2 as a Th2 regulator

The expression kinetics of TIM-2 on immune cell subsets suggested that this molecule could
have a role in regulating immune responses. When administered in vivo, TIM-2-Ig fusion
protein induced high basal proliferation of splenocytes, concomitant with elevated levels of
IL-2, IL-4, and IL-10. This apparent induction of a Th2 immune response could explain why
TIM-2-administration, either during or right before disease onset in EAE, was sufficient to
ameliorate disease progression (74). When Sema4A-Ig fusion protein was administered
during the induction of EAE, disease was also decreased (73). These observations, along
with the finding that Sema4A-deficient mice have impaired Th1 responses (76), further
implied that TIM-2 could serve to downregulate established Th2 responses. To this effect,
no differences were observed when TIM-2-deficient T cells were activated with polyclonal
activators (77), but upon immunization, draining lymph node CD4* T cells from TIM-2-
deficient mice proliferated more than wildtpe cells in response to antigen (77). Additional
data support a role for TIM-2 in the expansion or survival of an established Th2 immune
response, since late administration of TIM-2-1g was sufficient to exacerbate lung
inflammation. Furthermore, TIM-2-deficient mice were found to have worse lung
inflammation (77). These findings are strengthened by biochemical analyses that show
ectopic expression of TIM-2 sufficiently impairs the induction of NFAT/AP-1
transcriptional reporters (78) suggesting that TIM-2 induces inhibitory signals.

Interestingly, structural analyses of TIM-2 suggest that TIM-2 exists as a dimer, possibly
preventing binding to other TIM molecules, but potentially facilitating binding of
multivalent ligands (7). Ferritin could represent such a ligand. Circulating ferritin has been
shown to inhibit T-cell proliferation (75), but the effects H-ferritin might have on TIM-2-
expressing cells has not been investigated. In summary, TIM-2 expressed on Th2 cells can
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function as a negative feedback loop that ensures downmodulation of ensuing Th2-immune
responses.

Conclusions

The TIM family, discovered eight years ago using a genetic approach, represents a unique
family of genes with surprising functions. All of the TIM family members have a conserved
structure, and together the TIM molecules affect many aspects of immunology, including T-
cell activation, cell survival, and death, as well as the capacity of APCs to clear apoptotic
cells. TIM-1, TIM-2 and TIM-3 are expressed primarily on T cells, and as such, affect
adaptive immunity by altering the activation and survival of CD4* T cells. TIM-1 serves as
a costimulatory molecule for T cells, particularly on Th2 cells, enhancing T cell proliferation
and cytokine production. In contrast, TIM-2 provides an inhibitory signal primarily on Th2
cells, while TIM-3 costimulation of Th1 cells causes T-cell apoptosis. However, the realm
of the TIMs goes beyond the regulation of Th1/Th2-cell differentiation, as initial studies
suggested. Rather, the TIM molecules very broadly affect immunity, and other immune cell
types. TIM-4, expressed by APCs, regulates immunity through several different pathways;
including the clearance of PtdSer-expressing apoptotic cells or by activating TIM-1
expressing T cells. While TIM-1 is an atopy susceptibility gene that interacts with the
environment, the activation/regulatory pathways of the TIMs can affect not only asthma and
allergy, but also autoimmunity, transplantation, and the development of tolerance. As an
increasing number of investigators from around the world focus on study of the TIM
molecules, on the ligands of the TIMs, how these ligands, including HAV, activate T cells
and how the TIMs clear apoptotic cells, it is likely that additional surprising functions of the
TIM molecules will be uncovered in the future, which should provide us with a greater
understanding of T-cell activation and costimulation.
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Fig. 1. Ribbon diagram of the mTIM-1 Ig domain

B-sheets are in red and purple. The green sticks represent the three Cys-disulphide bonds.
The FG and CC' loops form a conserved cleft into which PtdSer fits snugly. Adapted from
Santiago et al. 2007. Immunity 26:299.

Immunol Rev. Author manuscript; available in PMC 2011 November 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rodriguez-Manzanet et al. Page 19

Priming phase cel
Tool >4y galecti

‘galectin9

s i .
ST

Fig. 2. TIM-3 engaged on APC during the priming phase stimulates the innate immune system to
produce inflammatory cytokines that drive T effector responses

In the effector phase, Thl cells upregulate TIM-3 and produce IFN-y, which drives
galection-9 expression. Galectin-9 induces the termination of Th1l immune responses
through TIM-3.
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