1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
/mmunol Rev. 2010 May ; 235(1): 172-189. doi:10.1111/j.0105-2896.2010.00903.x.

TIM genes: a family of cell surface phosphatidylserine receptors
that regulate innate and adaptive immunity

Gordon J. Freemanl, Jose M. Casasnovas?, Dale T. Umetsu3, and Rosemarie H. DeKruyff3

1Department of Medical Oncology, Dana-Farber Cancer Institute, and Department of Medicine,
Harvard Medical School, Boston, MA, USA

2Centro Nacional de Biotecnologia, Consejo Superior de Investigaciones Cientificas, Campus
Universidad Autonoma, Madrid, Spain

3Division of Immunology, Children’s Hospital Boston, and Department of Pediatrics, Harvard
Medical School, Boston, Massachusetts, USA

Summary

The TIM (T cell/transmembrane, immunoglobulin, and mucin) gene family plays a critical role in
regulating immune responses, including allergy, asthma, transplant tolerance, autoimmunity, and
the response to viral infections. The unique structure of TIM immunoglobulin variable region
domains allows highly specific recognition of phosphatidylserine (PtdSer), exposed on the surface
of apoptotic cells. TIM-1, TIM-3, and TIM-4 all recognize PtdSer but differ in expression,
suggesting that they have distinct functions in regulating immune responses. TIM-1, an important
susceptibility gene for asthma and allergy, is preferentially expressed on T-helper 2 (Th2) cells
and functions as a potent costimulatory molecule for T-cell activation. TIM-3 is preferentially
expressed on Thl and Tcl cells, and generates an inhibitory signal resulting in apoptosis of Thl
and Tcl cells. TIM-3 is also expressed on some dendritic cells and can mediate phagocytosis of
apoptotic cells and cross-presentation of antigen. In contrast, TIM-4 is exclusively expressed on
antigen-presenting cells, where it mediates phagocytosis of apoptotic cells and plays an important
role in maintaining tolerance. TIM molecules thus provide a functional repertoire for recognition
of apoptotic cells, which determines whether apoptotic cell recognition leads to immune activation
or tolerance, depending on the TIM molecule engaged and the cell type on which it is expressed.
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Introduction

The T cell/transmembrane, immunoglobulin, and mucin (TIM) gene family was positionally
cloned in 2001 using a congenic mouse model of asthma (1,2). Since that time, a great deal
of evidence has accumulated indicating that this gene family plays a critical role in
regulating immune responses, including transplant tolerance, autoimmunity, the regulation
of allergy and asthma, and the response to viral infections (3,4).

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 5¢33.2, located in a
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chromosomal region that has been repeatedly linked with asthma, allergy, and autoimmunity
(2,5,6). The genetic organization of the TIM genes has been reviewed (7). Expression,
function, and structural studies confirm that mouse TIM-1, TIM-3, and TIM-4 are the
orthologues of human TIM-1, TIM-3, and TIM-4, respectively. Five other TIM genes are
found only in rodent genomes and of these, only TIM-2 has been characterized and is
discussed here. TIM genes encode type | cell-surface glycoproteins with common structural
features including an N-terminal immunoglobulin (1g)-like domain, a mucin domain with O-
linked glycosylations and with N-linked glycosylations close to the membrane, a single
transmembrane domain, and a cytoplasmic region with tyrosine phosphorylation motif(s),
except in TIM-4 (2) (Fig. 1).

We and others have recently demonstrated that TIM-1, TIM-3, and TIM-4 are pattern
recognition receptors specialized for recognition of phosphatidylserine (PtdSer), as shown
by the highly conserved TIM-PtdSer interactions observed in TIM/PtdSer co-crystal
structures (8,9). PtdSer is normally localized to the inner leaflet of the plasma membrane but
is redistributed and exposed on the outer membrane when a cell undergoes apoptosis. PtdSer
on apoptotic cells provides a key signal that triggers cell engulfment (10,11). Recognition of
apoptotic cells is an essential component of tissue homeostasis and immune regulation (12).

TIM-1, TIM-3, and TIM-4 differ in molecular structure and expression patterns, suggesting
that they have distinct functions in regulating T-cell responses. TIM-1, an important
susceptibility gene for asthma and allergy (13), is preferentially expressed on Th2 cells and
functions as a potent costimulatory molecule for T-cell activation (14). TIM-3 is
preferentially expressed on T-helper 1 (Th1) and Tc1 cells and generates an inhibitory signal
resulting in apoptosis of Thl and Tcl cells (15). Polymorphisms in TIM-1 and TIM-3 may
reciprocally regulate the direction of T-cell responses, as modeled in Fig. 2. TIM-3 is also
expressed on some dendritic cells (DCs) (3) and can mediate phagocytosis of apoptotic cells
and cross-presentation of antigen (16). In contrast, TIM-4 is exclusively expressed on
antigen-presenting cells (APCs), where it mediates phagocytosis of apoptotic cells and plays
an important role in maintaining tolerance (17,18). TIM molecules thus provide a functional
repertoire for recognition of apoptotic cells, which determines whether apoptotic cell
recognition leads to immune activation or tolerance, depending on the TIM molecule
engaged and the cell type on which it is expressed.

Structure of the N-terminal Ig-like domain of TIM proteins

The critical feature of TIM Ig-like domains is a deep binding pocket flanked by two
hydrophobic loops that can extend into a membrane (Fig. 3F). The crystal structures of the
Ig-like domains of murine TIM-1, TIM-2, TIM-3, and TIM-4 have been determined
(8,19,20), revealing that they belong to the immunoglobulin variable (IgV) set. The TIM
IgV domains are composed of two antiparallel p-sheets with particularly short -strands, B,
E and D in one sheet (BED B-sheet) and A, G, F, C, C’ and C” B-strands in the other sheet
(GFC B-sheet) (Fig. 3A). All TIM IgV domains contain six conserved Cys residues, and the
first and last of these six Cys residues bridge the B-sheets, as in other Ig domains.

The four additional Cys residues found in all TIM family members form two additional
disulfide bonds that fix the long CC’ loop folded upwards onto the GFC p-sheet (Fig. 3A).
This folded conformation of the CC’ loop onto the GFC p—sheet is a distinct structural
feature of all TIM IgV domains. In homologous IgV domains of other 1g superfamily
members, the CC’ loop does not cover the GFC face, and the flat, exposed GFC B-sheet is
engaged in intermolecular interactions (21-24). The tip of the CC’ loop projects parallel to
the FG loop at the top of the IgV domain in mTIM-1, mTIM-3, and mTIM-4 (Fig. 3B,D,E)
but not in TIM-2 (Fig. 3C), generating a distinctive pocket (Fig. 3F) that is used for
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recognition of ligands (8,9,19,20), such as PtdSer (Fig. 4). In mTIM-1, mTIM-3, and
mTIM-4, interactions of the CC’ loop with two conserved basic residues (Arg and Lys) in
the F and G B-strands hold the tip of the CC’ loop upwards (Fig. 3B,D,E) and make a pocket
by enforcing the distance between the CC’ and FG loops (Fig. 3F). In mTIM-2, the lack of
those interactions leads the CC’ loop to adopt a specific helical conformation and project
away from the FG loop (Fig. 3C).

A conserved PtdSer binding mode in the TIM family

The unique pocket generated by the CC’ loop and the neighboring FG loop and revealed by
high resolution analysis of TIM-4 crystals (8), contains conserved residues that coordinate
with metal ions, such as calcium. This conserved binding pocket has been termed the metal
ion-dependent ligand-binding site (MILIBS). Structures of mTIM-3 and mTIM-4 indicate
that PtdSer binds to the MILIBS of both in a similar manner (Fig. 4A,B). The hydrophilic
moiety of PtdSer penetrates into the cavity built by the CC’ and FG loops, with its acidic
phosphate group coordinating with a metal ion that is linked to oxygens in the two main
chains and two side chains of Asn and Asp residues in the FG loop. In the mTIM-4
structure, solved at higher resolution, a water molecule was also coordinated to the metal
ion. These Asn and Asp residues are conserved in all TIM proteins binding to PtdSer and are
absent in mTIM-2. The Ser residue of PtdSer fits between the metal ion and the tip of the
CC’ loop (Fig. 4). The PtdSer amine group has specific interactions with the conserved Asp
residue involved in metal ion coordination, whereas the carboxylate of the PtdSer Ser is
hydrogen bonded to the Ser residue conserved in the CC’ loop of most TIM IgV domains.
All these interactions appear specific for the L stereoisomer of PtdSer and provide
specificity for phospholipid binding of the TIM proteins (8). Thus, the MILIBS pocket
appears designed for the specific recognition of PtdSer.

The glycerol and fatty acid moiety that anchor the phospholipid in the lipid bilayer interact
with the hydrophobic residues present in the FG loop of the mTIM proteins (Leu-Met in
mTIM-3 and Phe-Trp in mTIM-4) as well as with the side chain of the Trp residue in the
CC’ loop of mTIM-3 (Fig. 4A,B). It is therefore likely that the hydrophobic residues
penetrate into the lipid bilayer upon TIM binding to PtdSer on the surface of apoptotic cells,
such as shown in Fig. 4C for mTIM-4. The Phe-Trp residues in the FG loop are conserved in
mTIM-1 and human TIM-1 and TIM-4 proteins, which all bind to PtdSer. Mutagenesis and
binding studies showed that all these hydrophobic residues were critical for recognition of
PtdSer (8, 16, 17). The binding model shown in Fig. 4C suggests that residues in the BC
loop will be brought close to the surface of the membrane and could interact with the lipid
bilayer as well. The contribution of the BC loop to the membrane binding interaction has
been recently proven by mutagenesis studies of mTIM-1, mTIM-3, and mTIM-4 (9). The
BC loop is variable among 1gV domains of the TIM family and contains mTIM-3
polymorphic residues (1). Indeed, the observed differences in the PtdSer binding affinity
between the BALB/c and HBA TIM-3 allelic variants are related to polymorphisms in the
BC loop (9). Variation in the BC, CC’, and FG loops could contribute to the PtdSer binding
affinities, which differ among the TIM proteins. The affinities of TIMs for PtdSer have been
estimated using TIM-1g fusion proteins and microtiter plates coated with PtdSer. Binding
studies showed similar affinities of mTIM-1 and mTIM-4 for PtdSer, about 2 nM, and a
lower affinity of mTIM-3, about 10 nM (9, 18).

TIM gene family: identification, linkage and association studies

Chromosome 5g23-35 has been linked to atopy (i.e., asthma, allergy, and eczema/atopic
dermatitis) in many genome-wide linkage studies (5,25). However, identification of specific
asthma susceptibly genes has been difficult, because asthma is a complex trait, with multiple
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genes as well as environmental factors influencing the development of asthma. To simplify
the genetic analysis of asthma and focus on genes located in this region, a congenic mouse
model was used. C.D2 congenic lines differ from BALB/c mice (asthma susceptible), in that
they contain distinct chromosomal segments derived from a DBA/2 (asthma resistant)
ancestor on a BALB/c background. One of these lines, the C.D2 Es-HBA (HBA), exhibited
the DBA/2 phenotype and contained a DBA/2-derived segment of chromosome 11 syntenic
to human chromosome 5¢23-35. Offspring from this strain were backcrossed to BALB/c
mice and used to identify the novel atopy susceptibility gene locus called Tapr and within it,
the TIM gene family (1).

TIM-1 polymorphisms and protection against asthma and allergy

TIM1 (HUGO designation HAVCR1) is highly polymorphic in human, monkey, and mouse,
with single nucleotide polymorphisms (SNPs) as well as insertion/deletion variants
primarily in the mucin domain in both humans and mice. Association analysis of the
insertion/deletion variants of TIM1 in human subjects with asthma and allergy (atopic
diseases) demonstrated that allelic variation of TIM1 contributed to the risk of atopy, and
this association was strongest in individuals with past exposure to hepatitis A virus (HAV)
(13). Specifically, the insertion of 6 amino acids in the mucin domain (157insMTTTVP) was
associated with protection from atopy, but this protection was only observed in individuals
who were seropositive to HAV (13). The relationship of TIM1 and atopy with HAV
exposure is important, because TIM1 was discovered as the cellular receptor for HAV
(HAVcr-1) in African green monkeys (26) and humans (27). Moreover, epidemiological
studies in several distinct populations (Italy, Denmark, and Turkey) have shown that the
prevalence of allergy and asthma was significantly lower in HAV seropositive individuals
compared to HAV seronegative individuals, suggesting that infection with HAV in some
way protected against the development of atopy (28,29). The identification of TIM-1 as the
receptor for HAV and as a costimulatory molecule on T cells suggest that HAV may directly
affect the immune system through TIM-1, providing the strongest effects through the
157insMTTTVP polymorphism.

The association of TIM1 with atopy has been confirmed in studies of large populations in
Baltimore (30), Arizona (31), Korea (32), Wuhan, China (33), and Australia (34). In one
study in Australia, TIM4 was also associated with atopic dermatitis (34), and in another
study TIM3 was associated with asthma (31). One study reported an absence of an
association of TIM1 with atopic asthma in Japan (35), where the incidence of HAV infection
is now close to zero. Another study from Shandong, China, where HAV infection is still
common, showed an absence of association of TIM1 with asthma, in a patient population
primarily with non-allergic asthma, in a study where patients with allergic rhinitis and atopic
dermatitis were excluded (36). These results suggest that TIM1 and HAV affect the
development of Th2-biased immunity, atopy, and allergic asthma, but may have limited
involvement in the development of non-allergic asthma. The results of association studies
showing an association of TIM1, atopy, and asthma in the context of HAV infection (13)
also suggest an important interaction between genotype (TIM1 polymorphisms) and the
environment (HAV infection) in regulating the development of the atopic phenotype. This
idea that the environment interacts intimately with genotype is now routinely applied in
most genetic studies of atopy (30,34,37-40).

TIM-1 in autoimmunity

Human TIM1 has been associated not only with allergy and asthma but also with
autoimmune diseases, suggesting that TIM1 regulates the immune system more globally. For
example, rheumatoid arthritis is associated with polymorphisms in exon 4 (mucin)
(5509_5511delCAA) of TIM1 (40), and C-reactive protein or rheumatoid factor levels in
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patients with rheumatoid arthritis are associated with polymorphisms in the promoter region
of TIM1 (41). How TIM1 regulates autoimmune disease is not known, nor is it known
whether HAV infection is associated with protection from autoimmunity. Moreover, TIM1
MRNA is expressed in the cerebrospinal fluid mononuclear cells of patients with multiple
sclerosis (MS), primarily in patients in remission rather than in patients in relapse,
suggesting that TIM1 regulates the development of MS, possibly as a beneficial element,
perhaps associated with tolerance (42).

TIM-1: expression and function

TIM-1 expression

In mice, TIM-1 is expressed on activated but not naive CD4* T cells (1,14). Following
differentiation, TIM-1 is preferentially expressed on Th2 cells, while Th1l and Th17 cells
express little or no TIM-1 (14,43,44). TIM-1 is expressed on mast cells (45) and at low
levels on a subpopulation of B cells (46), and mRNA for TIM-1 has been shown to be
present in invariant naturak killer T (iNKT) cells (42). TIM-1 is expressed on tubular
epithelial cells following kidney injury (47).

TIM-1 ligands: phosphatidylserine and others

We and others have shown that both human and mouse TIM-1 are receptors for PtdSer,
based on binding studies, and that TIM-1 expressing cells bound and/or engulfed apoptotic
cells expressing PtdSer (8,17,18,48). Before PtdSer was recognized as a TIM-1 ligand, a
number of protein ligands had been proposed for TIM-1 including TIM-4 (43), TIM-1
(20,49), TIM-3 (49), oxidized low density lipoprotein (48), and immunoglobulin o heavy
chain (50). However, binding studies with highly purified proteins failed to detect a direct
interaction between TIM-1 and TIM-4 (46). Miyanishi et al. (18) have shown that TIM-1
and TIM-4 can bind to separate sites on the surface of an exosome and this bridge can give
the appearance of an interaction (modeled in Fig. 5). Exosomes are nanovesicles secreted by
many cell types and are derived from intracellular structures of the endosomal pathway
called multivesicular bodies. Exosomes expose PtdSer at their outer leaflet (51) and contain
various cellular proteins, often including galectins (52). There is growing evidence that
exosomes participate in cell communications and immune responses, and exosomes also
appear to play an important role in tumor growth and host-tumor relationships (53). TIM
proteins might serve as one of the receptors for exosomes via PtdSer.

Mouse TIM-1 fusion protein was reported to bind specifically to cells overexpressing
mTIM-4 (43); however, Wilker et al. (49) found that mTIM-1, mTIM-3, and mTIM-4 fusion
proteins all bound to cells overexpressing mTIM-1, mTIM-3, and mTIM-4. Wilker
interpreted these results as homotypic TIM interactions, but we believe that these
interactions are a consequence of two TIM proteins binding to separate PtdSer molecules on
the surface of an exosome or membrane fragment and thus being bridged. Whether these
bridging interactions occur on natural cells expressing normal levels of TIM protein and
have a role in the natural function of TIMs remains to be determined.

Costimulatory role of TIM-1

Cross-linking of TIM-1 on T cells with an agonist monoclonal antibody (mAb) provides a
potent costimulatory signal to CD4* T cells. TIM-1 crosslinking increases naive T-cell
proliferation and cytokine production and enhanced IL-4 production by differentiated Th2
cells (14). TIM-1 also plays an important costimulatory role in vivo, since in vivo
administration of agonist TIM-1 mAb 3B3 together with antigen enhanced antigen-specific
T-cell responses (14), and administration of TIM-1 mAb during vaccination with influenza
provided a potent adjuvant effect, enhancing the viral-specific immune response (54).

Immunol Rev. Author manuscript; available in PMC 2011 May 1.
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Moreover, agonistic TIM-1 mAb blocked the development of respiratory tolerance (14),
consistent with the idea that TIM-1 costimulation activates T cells.

Role in asthma

The Tim gene family was identified using a congenic mouse model in which polymorphisms
in both TIM-1 and TIM-3 were associated with Th1-Th2 differentiation and airway
hyperreactivity (AHR) between BALB/c mice and congenic HBA mice (1). Studies using
TIM-1 mAbs have supported this association in that blockade of TIM-1 reduced allergen
induced airway inflammation (46,55). Interestingly, TIM-1 mAbs recognizing distinct
epitopes of TIM-1 had profoundly different effects on Th1-Th2 cytokine production and
airway inflammation. Thus for example, in a mouse model of asthma, TIM-1 mAbs
recognizing exon 4 of the mucin domain greatly exacerbated airway inflammation and Th2
cytokine production, but another mAb reactive with the TIM-1 IgV domain blocked
inflammation (46).

TIM-1 association with transplant tolerance and Tregs

The role of TIM-1 in tolerance and Treg cell development was further elucidated in
transplant model studies, which noted the opposing effects of different TIM-1 mAbs on Treg
generation and survival. In one study, in vivo administration of agonist TIM-1 mAb 3B3
overcame the protective effects of anti-CD154 mAb and resulted in allograft rejection (56).
In this study, TIM-1 mAb was found to reduce Foxp3 expression and inhibit Treg cell
development, while enhancing development of Th17 and Th1 responses (56). In contrast, an
independent study found that treatment with a different TIM-1 mAb, RMT1-10, inhibited
rejection of MHC-mismatched mouse cardiac allografts. Prolongation of graft survival was
associated with inhibition of alloreactive Th1l responses, enhancement of Th2- type
responses, and preservation of CD4*CD25* Tregs (57). Moreover, administration of TIM-1
mAb RMT1-10 specifically inhibited IL-17-producing CD8* T cells that mediated
resistance to tolerance induction (58).

The mechanisms that determine the differential outcome of TIM-1 signaling by different
TIM-1 mAbs are not understood. While TIM-1 mAbs recognizing different domains of the
TIM-1 molecule have distinct functional effects, it is also possible that the strength of the
signal provided by TIM-1 engagement, for example by mAbs with different affinities for
TIM-1, may induce different outcomes. Thus, administration of the agonistic high affinity
TIM-1 mAb 3B3 during the induction of autoimmunity enhanced pathogenic Thl 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 (59). While both antibodies bind to the TIM-1 IgV domain and induce
CD3 capping, mAb 3B3 has a greater affinity and induced cytoskeletal reorganization (59).
However, the differences in effects of these mAbs may also reflect their ability to block the
interaction of TIM-1 with PtdSer on apoptotic cells. While mAb 3B3 is very effective at
blocking the interaction of TIM-1 with PtdSer, RMT1-10 demonstrates little or no blocking
capacity (R. DeKruyff, unpublished observations).

TIM-1 signaling

The molecular signal transduction mechanisms by which TIM-1 costimulates T-cell
activation are beginning to be identified. Reporter assays showed that overexpression of
TIM-1in T cells results in an increase in production of I1L-4 but not IFN-y (60).
Overexpression of TIM-1 resulted in increased transcription from the IL-4 promoter and
activation of nuclear factor for activation of T cells (NFAT)/activator protein 1 (AP1)
elements, and this was dependent on the presence of a conserved tyrosine (Y276) in the
cytoplasmic tail of TIM-1 (60), suggesting that TIM-1 preferentially enhances Th2 cytokine
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production, consistent with the preferential expression of TIM-1 on Th2 cells. In studies
utilizing Jurkat T cells that expressed TIM-1, TIM-1 was shown to colocalize on the T-cell
surface with CD3 and was recruited to the T-cell receptor (TCR) signaling complex. TIM-1
cross-linking with antibody caused rapid tyrosine phosphorylation of TIM-1 as well as
phosphorylation of {-associated protein of 70 kDa (Zap70) and IL-2-induced T-cell kinase
(ITK) (61). Further insight was provided by a study that showed that the p85 subunit of
phosphoinositide 3-kinase (PI13K) is recruited directly to tyrosine 276 of TIM-1 after Lck-
dependent phosphorylation of the cytoplasmic tail (62).

TIM-1 function in kidney

TIM-3

TIM-1 is not detectable in normal kidney but is highly upregulated on kidney tubular
epithelial cells following injury. In this venue, TIM-1 [also known as kidney injury
molecule-1 (KIM-1)] mediates phagocytosis of apoptotic cells of the injured renal tubule
and plays an important role in tissue homeostasis by facilitating clearance of apoptotic and
necrotic cells of the injured tubule (48). Membrane-proximal cleavage of TIM-1 by a
metalloproteinase results in shedding of a soluble form of TIM-1 in the kidney (63). We
speculate that soluble TIM-1 might also bind to PtdSer in the injured kidney and inhibit
coagulation. The soluble form is excreted in the urine and is a useful marker of kidney injury
(64). TIM-1 is expressed on a substantial proportion of renal cell carcinomas (65,66). TIM-1
is also expressed on monkey COS cells (26), a kidney cell line used in many transient
transfection studies, and contributes to aggregation of these cells as they apoptose. TIM-1 is
not expressed on 293 cells, a human kidney cell line (63).

TIM-3 was originally identified as a mouse Thl-specific cell surface protein that was
expressed after several rounds of in vitro Thl differentiation (67,68) and was later shown to
also be expressed on Th17 cells (44). In humans, TIM-3 is expressed on a subset of
activated CD4* T cells, on differentiated Th1l cells, on CD8* T cells, and at lower levels on
Th17 cells (69). TIM-3 is also expressed on cells of the innate immune system including
mouse mast cells (45), subpopulations of macrophages and DCs (70), NK and NKT cells
(42), and human monocytes (70), and on murine primary bronchial epithelial cell lines (9).
TIM-3 expression is regulated by the transcription factor T-bet, since mice deficient in T-bet
show reduced levels of TIM-3 expression (71).

TIM-3 ligands: galectin-9 and phosphatidylserine

Galectin-9

Zhu et al. (15) showed that galectin-9 bound to a carbohydrate structure on the IgV domain
of mouse TIM-3, which has two N-linked glycosylation sites. Galectin-9 is an S-type lectin
with two distinct carbohydrate recognition domains joined by a long flexible linker. While
the exact structure of the target carbohydrates recognized by galectin-9 is unclear, galectin-9
has an enhanced affinity for larger poly-N-acetyllactosamine-containing structures (72).
Galectin-9 does not have a signal sequence and is localized in the cytoplasm. However, it is
secreted through poorly understood mechanisms and exerts its function by binding to
glycoproteins on the target cell surface via their carbohydrate chains. Galectins have been
linked to regulation of immune homeostasis and inflammation (73); however, the ligands for
many of the galectins in the immune system are not known.

Galectin-9 is expressed broadly including in immune cells and the epithelium of the

gastrointestinal tract. Galectin-9 expression is particularly high in mast cells and also found
in T cells, B cells, macrophages, endothelial cells, and fibroblasts. Galectin-9 production is
upregulated by IFN-y, the major cytokine produced by Th1 cells, and thus may be part of a
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negative feedback loop leading to the death of TIM-3* Th1 cells (70). Because galectin
binding is relatively promiscuous, it is likely that galectin-9 has multiple target molecules.
TIM-3 deficiency only reduces galectin-9-mediated Th1 death by about 40% (15),
suggesting that some of the effects of in vivo administration of galectin-9 may be mediated
by galectin-9 binding to receptors other than TIM-3. Galectin-9 has also been reported to
exert various biological functions via interaction with CD44 (74) and IgE (75).

Engagement of TIM-3 by galectin-9 leads to Th1 cell death and a consequent decline in
IFN-y production (15). When given in vivo, galectin-9 had beneficial effects in several Thl-
biased murine disease models. When administered during in vivo sensitization in an EAE
model, galectin-9 was found to selectively reduce the number of IFN-y producing cells and
ameliorate disease severity (15). In a mouse model of arthritis, galectin-9 inhibited the
generation of Th17 cells and suppressed collagen-induced arthritis (76). In transplant
models, galectin-9 administration prolonged survival of fully mismatched cardiac allografts
(77) and fully allogeneic skin grafts (78). In another study, galectin-9 inhibited contact
hypersensitivity and psoriatic reactions. Galectin-9-treated mice had reduced numbers of
IFN-y and IL-17-producing T cells, suggesting a therapeutic role for galectin-9 in Th1- and/
or Th17-mediated skin inflammation (79).

Recognition of PtdSer by TIM-3

We and others recently showed that both human and mouse TIM-3 are receptors for PtdSer,
based on binding studies, mutagenesis, and a co-crystal structure, and that TIM-3-expressing
cells bound and/or engulfed apoptotic cells expressing PtdSer (9,16). TIM-3 has the shortest
and least glycosylated mucin domain of the TIMs. The mucin domain is necessary to extend
the ligand-binding 1gV domain from the cell surface as tethering of the IgV domain near the
cell surface by deletion of the mucin domain eliminated ligand binding (49). Ig fusion
proteins containing only the IgV domain are able to bind ligand (9,15,19,49). An interaction
of TIM-3 with PtdSer does not exclude an interaction with Galectin-9 as the binding sites
are on opposite sides of the 1gV domain (Fig. 6).

TIM-3 recognition of PtdSer was shown to be important for clearance of apoptotic cells in
vivo, since mice treated with TIM-3 mAb had increased numbers of apoptotic cells in
splenic follicles and increased serum levels of anti-dsDNA antibodies (16). This study also
showed that TIM-3-expressing CD8" DCs mediated phagocytosis of apoptotic cells and
cross-presentation of apoptotic cell-associated antigen to CD8* T cells (Fig. 7). This was
inhibited by treatment with a TIM-3 mAb that blocked PtdSer binding, indicating an
important role for TIM-3 recognition of PtdSer in this process.

While TIM-3* APCs such as DCs or transfected fibroblasts phagocytized apoptotic cells, T
cells expressing TIM-3 formed conjugates with but did not engulf apoptotic cells (9).
Lymphocytes may lack some cellular machinery required for engulfment or alternatively
have an active ‘do not eat’ receptor system (80). Cross-linking of TIM-3 on T cells by
apoptotic cells may instead provide a pro-apoptotic signal to the T cell, as is induced by
binding of TIM-3 on Thl or Th17 cells by galectin-9 (15,44). Alternatively, low levels of
cross-linking may induce cytokine production (70). Indeed the interactions may synergize to
crosslink TIM-3 and several possible interactions on a T-cell surface are modelled in Fig. 8.

Differential recognition of PtdSer by TIM-3 polymorphic variants

Allelic variants of TIM-3 demonstrated distinct PtdSer binding affinities and phagocytic
capacities. The BALB/c allele of TIM-3 bound PtdSer and mediated phagocytosis of
apoptotic cells more efficiently than the HBA allele of TIM-3 (9). Polymorphisms in the BC
loop of the 1gV domain, which likely interact with the surface of the lipid bilayer, are
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responsible for these differences (Figs 4C and 6). The HBA TIM alleles originated from a
DBA/2 ancestor (81) and are identical to C57BL/6 alleles. This is the first observation of a
functional difference between the BALB/c and HBA alleles of TIM-3 or TIM-1 and
suggests that functional differences in the TIM-3 alleles may contribute to the Th1/Th2
phenotypic differences between the strains.

TIM-3: negative regulator of T-cell responses

Several lines of evidence suggest that TIM-3 expressed on T cells functions as a co-
inhibitory molecule. Administration of TIM-3 mAb (8B.2C12) during induction of EAE
worsened disease progression and led to higher numbers of activated macrophages (67).
Administration of TIM-3 Ig fusion protein during an immune response resulted in
hyperproliferation of Th1 cells and spontaneous production of IFN-y (82). Moreover,
administration of either TIM-3 Ig fusion protein or TIM-3 mAb (8H7) to nonobese diabetic
(NOD) mice accelerated the onset of diabetes (68). Identification of galectin-9 as a ligand of
TIM-3 that induced death of Th1 cells and downregulated Th1 responses provided further
support for TIM-3 as a negative regulator of Th1 responses (15).

TIM-3 and T-cell exhaustion

Two recent studies have implicated TIM-3 in mediating T-cell dysfunction associated with
chronic viral infections (83,84). Virus-specific T cells in chronic viral infections such as
human immunodeficiency virus (HIV) and hepatitis C virus (HCV) progressively develop a
range of functional impairments in cytokine production, cytotoxic activity, and proliferative
capacity, termed ‘exhaustion’ (85). In progressive HIV infection, TIM-3 was expressed on
about 50% of CD8" T cells compared to 28% in healthy controls. TIM-3 expression on
CD4* T cells was elevated to a lesser extent. TIM-3 was expressed on virus-specific CD8* T
cells, and the TIM-3* subset only partially overlapped with the PD-1* subset. Higher levels
of TIM-3 correlated positively with viral load and inversely with CD4* T-cell counts. Virus-
specific CD8™ T cells expressing high levels of TIM-3 proliferated poorly and produced
much less cytokine than TIM-3-negative T cells. Targeting the TIM-3 protein with a mAb
strongly enhanced cytokine production and proliferation. A TIM-3-1g had a similar but less
potent effect (84).

In chronic HCV infection, TIM-3 expression was increased on both CD4* and CD8" T cells
and substantially overlapped with the PD-1 population. A high proportion of the TIM-3*
CD8" population had the phenotype of central memory CD8* T cells, while a lesser
proportion had the phenotype of effector memory cells. TIM-3 expression on CD4" T cells
did not show this division. TIM-3* CD4* and CD8" T cells produced less IFN-y and TNF-a
than TIM-3 cells. Treatment with TIM-3 mAb strongly enhanced T-cell proliferation and
IFN- y production and decreased IL-10 production in response to HCV peptide antigen (83).
These results indicate that TIM-3 is upregulated during the course of T-cell activation and
serves as a negative regulator to limit immunopathology. Therapies targeting coinhibitory
molecules like TIM-3 and programmed death-1 (PD-1) are promising therapies for chronic
infections.

Tumor-infiltrating TCRaB*CDS cells of reduced cytotoxic potential have been shown to
promote chemical cutaneous carcinogenesis and are associated with malignant progression.
These tumor-promoting T cells express elevated levels of TIM-3 and IL-17 and may
represent a type of exhausted T cell, which can promote tumorigenesis through pro-
inflammatory cytokines and inflammation (86).
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TIM-3 and tolerance

TIM-3 has been shown to play an important role in peripheral tolerance in several models.

In one model, long-lasting tolerance to allogeneic grafts is achieved by donor-specific
transfusion (DST) and CD154 (CD40L) mAb treatment, and tolerance is mediated by
enhanced donor-specific Treg suppression. Concurrent administration of TIM-3 Ig interfered
with generation of functional Tregs and prevented the induction of tolerance to transplanted
islets (68). Moreover, TIM-3-deficient mice were refractory to tolerance induction with DST
and anti-CD154, and rapidly rejected islet allografts (68). Further support for an important
role for TIM-3 in tolerance induction was shown using a different model, in which
peripheral tolerance is induced by giving high doses of aqueous antigen prior to
immunization. While T cells from wildtype mice were tolerized and hyporesponsive to
antigen after administration of aqueous antigen, TIM-3-deficient mice were refractory to
induction of tolerance in this model (82). However, the mechanisms and relative roles of
TIM-3-expressing T cells or APCs that mediate tolerance induction remain to be elucidated.

TIM-3 and innate immune responses

While engagement of TIM-3 on T cells appears to downregulate T-cell responses, TIM-3
expressed on cells of the innate immune system may have a different role in
immunoregulation. Recent studies indicate that TIM-3 expressed on DCs or macrophages
enhances inflammatory responses, particularly in conjunction with TLR signaling (70).
Thus, stimulation of splenic DCs from wildtype mice but not TIM-3-deficient mice with
galectin-9 in the presence of lipopolysaccharide greatly enhanced TNF-a production.
Similarly, galectin-9-mediated TNF-o production by human monocytes was blocked by
TIM-3 mAb. Stimulation of the murine DC cell line D2SC1 with agonistic TIM-3 mAb led
to induction of NF-«B, indicating the induction of an inflammatory transcription factor
cascade. Moreover, cross-linking TIM-3 on mast cells with anti-T1M-3 enhances production
of Th2 cytokines IL-4, IL-6, and IL-13 (45), which exacerbate airway inflammation.

Recent studies have shown that TIM-3 surface expression on cells of the innate immune
system is upregulated following exposure to certain inflammatory stimuli. Thus, TIM-3 is
undetectable on resident peritoneal macrophages, but inflammatory peritoneal exudate
macrophages elicited by injection of thioglycollate express TIM-3 (16). TIM-3 surface
expression is upregulated on granulocyte-macrophage colony-stimulating factor (GMCSF)-
derived bone marrow-derived DCs (BMDCs) following exposure to cholera toxin (9). In a
model of coxsackie virus-induced myocarditis, upregulation of TIM-3 surface expression
occurred rapidly on mast cells and macrophages obtained from the peritoneum, spleen, and
heart following intraperitoneal infection of BALB/c mice with virus. Administration of
TIM-3 mAb at the time of infection increased cardiac inflammation, indicating a role for
TIM-3 in reducing inflammation in this model (87). Together, these data suggest a circuit
that promotes inflammatory responses in which TIM-3 expression on macrophages/DCs is
upregulated by exposure to pathogens, and subsequent crosslinking of TIM-3 induces
production of proinflammatory cytokines such as TNF-a.

TIM-3 and EAE/MS

The role of TIM-3 in modulation of autoimmune disease has been most studied in EAE, a
mouse model of MS. MS pathogenesis is associated with dysregulated Th1 responses and
production of the proinflammatory cytokines IFN-y and TNF-a In vivo treatment with
TIM-3 mAb during the induction of EAE accelerated disease progression and resulted in a
severe form of demyelinating disease characterized by higher numbers of inflammatory foci
in the central nervous system (CNS) and higher numbers of activated macrophages in
demyelinating lesions (67). In contrast, treatment with the TIM-3 ligand galectin-9 was
found to selectively reduce the number of IFN-y-producing cells and ameliorate disease
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severity (15), suggesting a role for the TIM-3/galectin-9 pathway in regulating the
pathogenic Th1 response.

In human patients with MS, T-cell clones derived from the cerebrospinal fluid produced
higher levels of IFN-y and expressed lower levels of TIM-3 compared with those from
healthy control subjects (88). Treatment of normal CD4* T cells or Th1 cells with TIM-3
small interfering RNA reduced TIM-3 expression and resulted in increased proliferation and
production of IFN-y. These results are compatible with the observation that high level
expression of TIM-3 in exhausted T cells in chronic viral infections leads to less T-cell
activation. Low level expression of TIM-3 in MS may indicate these cells are refractory to
inhibition, thereby causing immunopathology.

In addition to the part played by Th1l cells in mediating CNS pathogenesis, resident
microglia, and infiltrating monocytes contribute to CNS inflammation (89), and these cells
have been shown to express TIM-3. Thus, in mice immunized for the induction of EAE,
TIM-3 was upregulated on CD11b* monocytes infiltrating the CNS and on resident
microglia although TIM-3 was not expressed on activated peripheral CD11b* cells (70). In
humans, TIM-3 was found to be expressed on CD11b* microglia in CNS white matter of
normal subjects, and TIM-3 mRNA levels were higher in cells from the active border
regions of MS lesions in comparison with non-inflamed tissue. In these studies, elevated
expression levels of galectin-9 in astrocytes present in MS lesions relative to normal human
CNS tissue suggested an immunoregulatory circuit that could terminate detrimental Thl
responses by TIM-3-expressing cells (70). However, whether TIM-3-expressing microglial
cells ameliorate or exacerbate disease is not clear. Although galectin-9 may terminate Thl
responses, galectin-9 stimulates TNF-a production by human TIM-3-expressing monocytes,
which could further enhance inflammatory responses. However, microglia have been
suggested to regulate immunity by phagocytosing apoptotic cells and cross presenting
antigen in tolerogenic pathways (90), which may be mediated in part by TIM-3 (16). Thus,
the role of TIM-3 in the pathogenesis of this disease is complex and the regulatory
mechanisms are not yet completely understood. Considering that myelin is a membrane with
the normal compartmentalization of PtdSer (91), future studies on MS will need to clarify
the role of TIM-3* microglial cells in the phagocytosis of apoptotic myelin and cross-
presentation of myelin antigens to T cells.

TIM-3 and asthma

While treatment with TIM-3 mAb exacerbated the development of EAE, TIM-3 mAb
treatment was found to reduce allergen-induced AHR and airway inflammation following
transfer of ovalbumin-reactive polarized Th2 cells (92). Treatment with TIM-3 mAb skewed
the response to a Th1 phenotype, as the numbers of IFN-y producing cells increased in the
lung and IL-5-producing cells decreased (92).

TIM-3 signaling

Tyrosine residues in the cytoplasmic domain of TIM-3 are conserved in mouse and human
and are clustered in proximal and distal regions of the cytoplasmic tail. Phosphorylation of
Y235 and Y242 residues of TIM-3 appears to be responsible for potentiation of signal
transduction initiated by TCR activation, upstream of NFAT/AP1 pathways, in a redundant
manner, since mutation of both Y235 and Y242 but not single point mutation of either Y235
or Y242 decreased reporter activity to basal levels (93). TIM-3 appears to signal differently
in DCs and T cells since ligation of TIM-3 with TIM-3 mAb resulted in different patterns of
phosphorylation in these cell types (70).
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TIM-4 was identified in the positional cloning of the TIM family and independently as
SMUCKLER (spleen, mucin-containing, knockout of lymphotoxin), a gene selectively
downregulated in spleens of LTa— or LTp—deficient mice (94). In contrast to TIM-1 and
TIM-3, TIM-4 is not expressed on T cells but is expressed exclusively on APCs (17,43). In
humans, TIM-4 is expressed by tingible-body macrophages located in germinal centers of
tonsil and in the white pulp of the spleen (17). In mice, resident F4/80* peritoneal
macrophages express TIM-4 but not TIM-3 or MFG-E8 (9,16-18). In contrast,
thioglycollate-elicited peritoneal macrophages lose TIM-4 expression and gain expression of
TIM-3 and MFG-E8 (16,18). These results show that APCs express different sets of PtdSer
receptors under different inflammatory conditions. TIM-4 is also expressed on CD169*
(MOMA-1) marginal zone metallophilic macrophages in the spleen (94,95) and in moderate
abundance by CD8a* and CD8a~ subsets of CD11c* DCs (17,43) but not on plasmacytoid
DCs (17). TIM-4 lacks a tyrosine phosphorylation motif in its intracellular domain.

TIM-4 as a phosphatidylserine receptor

TIM-4 and in

We and others have shown that both human and mouse TIM-4 are receptors for PtdSer,
based on binding and mutagenesis studies and a co-crystal structure and that TIM-4-
expressing cells bound and engulfed apoptotic cells expressing PtdSer (8,17,18). TIM-1 has
also been proposed as a TIM-4 ligand but this result likely reflects bridging across an
exosome as discussed in the TIM-1 section (Fig. 5).

vivo immunoregulation

Identification of TIM-4 as a receptor for phosphatidylserine prompted study of the in vivo
role of TIM-4 in processing of apoptotic cells and the development of autoimmunity. Mice
treated with dexamethasone to induce apoptosis in the thymus and given a TIM-4 mAb that
blocks binding of PtdSer were found to develop auto-antibodies (anti-cardiolipin and anti-
dsDNA antibodies) (18), demonstrating an important role for TIM-4 recognition of PtdSer in
vivo as a mediator of tolerance.

The role of TIM-4 in regulating immune responses was investigated in several other models.
Several studies suggest that TIM-4 may play a role in maintaining oral tolerance and
prevention of food allergy. TIM-4 was upregulated in vivo on murine intestinal mucosal
DCs (96) following exposure to Staphylococcus enterotoxin B (SEB). In vivo exposure to
SEB and OVA resulted in Th2 responses and intestinal allergic responses which were
inhibited in mice pretreated with TIM-4 or TIM-1 antibody (96), Another study showed that
TIM-4 expression was enhanced on CD11c¢* DCs following food antigen sensitization in the
presence of cholera toxin (CT), and treatment of mice with TIM-1 antibody inhibited the
allergic response to food antigen.

In one study, T cells from mice given a dual TIM-1/TIM-4 mAb at the time of antigen
immunization demonstrated enhanced in vitro antigen-specific T-cell proliferation and
cytokine production compared with control mice. Treatment with this mAb inhibited in vivo
inflammatory responses and resulted in a significant reduction in ear swelling in a model of
contact hypersensitivity and substantially ameliorated disease in an EAE model, indicating a
potential role for TIM-4 in regulating inflammatory responses (95). However, these studies
are somewhat difficult to interpret, since the mAb utilized in these studies cross-reacted with
both TIM-4 and TIM-1 (95).
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Functional studies with TIM-Ig

Administration of either TIM-4-Ig or TIM-1-Ig fusion protein in vivo with antigen increased
basal T-cell proliferation and cytokine production (43). The direct effect of TIM-4 on T-cell
responses was analyzed by stimulating T cells with magnetic beads coated with anti-CD3,
anti-CD28, and TIM-4 Ig or isotype control. Naive T cells stimulated with beads containing
TIM-4 Ig demonstrated dramatically higher levels of proliferation and higher levels of
cytokine production than those stimulated with control beads (97). Moreover, stimulation
with TIM-4-Ig/anti-CD3/anti-CD28 beads but not control beads induced phosphorylation of
endogenously expressed TIM-1 and higher levels of ERK phosphorylation and BCI-2
expression than stimulation in the presence of control beads (97). In an independent study,
the opposite effect was found with TIM-4-1g, which was found to inhibit proliferation of
naive T cells stimulated with antigen or anti-CD3 and anti-CD28, although TIM-4-Ig did not
affect proliferation of activated T cells (95). We believe studies using TIM-4-1g to engage T
cells in vitro probably do not reflect the natural function of TIM-4 in phagocytosis.
Similarly, TIM-Ig fusion proteins in vivo will bind to PtdSer on apoptotic cells and delay the
processing of apoptotic cells, an event known to affect immune responses (98); however,
this global effect of systemic administration may not reflect the natural function.

Mechanisms of TIM-mediated engulfment

The mechanism of TIM-mediated engulfment appears to be novel and involve new
pathways. TIM-1 concentrates at the point of binding of an apoptotic cell on the cell surface
and is part of the initial phagocytic cup. Phagocytosis of apoptotic cells is inhibited by
cytochalasin D and nocodazole, inhibitors of actin filament polymerization and microtubule
formation; however, binding is unaffected (48). Similarly, TIM-4-mediated engulfment is
dependent on the actin cytoskeleton, myosin-11 motor proteins, and ATP-dependent cellular
processes (99). TIM-4-mediated engulfment did not involve ELMO1/Dock180/Rac or
GULP, both well characterized engulfment signaling pathways. Surprisingly, engulfment
did not require the TIM-4 transmembrane or cytoplasmic domains, suggesting that the
TIM-4 extracellular domain associates with another membrane protein that engages a novel
engulfment signaling pathway (99).

TIM-2 stands alone

TIM-2 is an outlier in the TIM family. The sequence of murine TIM-2 is highly homologous
to murine TIM-1 but differs in that it lacks critical residues in the MILIBS (AsnAsp) that
coordinate with metal ions and PtdSer (8,20). This leads to a relatively flat surface in this
region (Figs 3 and 9), and consequently, TIM-2 does not bind PtdSer (17,18). Crystal and
solution studies show that TIM-2 IgV domains form non-covalent dimers (20), exposing a
large glycan-free surface on the top of the dimer for interaction with ligands (Fig. 9). The
TIM-2 gene is located with other family members on mouse chromosome 11 within the
TAPR locus; however, there is no structural orthologue of TIM-2 in humans (1,7). TIM-2
appears to have arisen by gene duplication of TIM-1 and is present only in rodents (J.
Mclntire and G. Freeman, unpublished observations). Unlike TIM-1, TIM-3, and TIM-4,
there are no polymorphic differences in TIM-2 between BALB/c and HBA strains used to
identify the TAPR locus, suggesting that TIM-2 did not account for the phenotypic
differences between BALB/c and HBA strains (1).

TIM-2 ligands

TIM-2 is a receptor for H-ferritin (100), which has been reported to have immunoregulatory
properties. Binding of H-ferritin to TIM-2 leads to the endocytosis of extracellular H-ferritin
(100) and iron transfer. In this sense, TIM-2 has retained a ‘ligand binding and transfer
across a membrane’ function common to other members of the TIM family. Human TIM-1,
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TIM-3, and TIM-4 do not bind H-Ferritin (V. Bailly and P. Rennert, unpublished
observations), so this activity appears to be found only in rodents. Sema4A was identified as
a ligand of TIM-2 by expression cloning using Sema4A Ig fusion protein (101,102);
however, other laboratories have not been able to confirm this interaction (49,100, G.
Freeman, Y.M. Hsu, and P. Rennert, unpublished observations), and further work is needed.
Sema4A-Fc enhanced activation of CD4* T cells in vitro, and mice treated with anti-
Semad4A mAb had severely impaired antigen-specific responses, suggesting that Sema4A
functioned as a positive T-cell costimulatory molecule. Sema4A-deficient mice demonstrate
exaggerated in vivo Th2 responses, which are suggestive of the enhanced Th2 responses of
TIM-2 deficient mice. However, TIM-2-deficient T cells produce enhanced levels of IFN-y
as well as Th2 cytokines while Sema4A-deficient T cells demonstrate an inability to
differentiate into IFN-y producing cells, suggesting that Sema4A and/or TIM-2 have other
binding partners (102).

TIM-2 expression

mMRNA analysis has shown TIM-2 expression by activated T cells, particularly following
differentiation under Th2 conditions (103,104), and in splenic B cells (104). T cells
differentiated under Th2 but not Th1 conditions express cell surface TIM-2 (104), and
germinal center B cells have also been reported to have high surface expression levels of
TIM-2 (100).

TIM-2, T-cell activation, and Th2 responses

TIM-2 appears to function as a negative regulator of T-cell activation. Administration of
TIM-2-1g fusion protein to block TIM-2/TIM-2-ligand interaction induced high basal
proliferation of splenocytes, with elevated levels of IL-2, IL-4, and IL-10. When given
before disease onset in EAE, TIM-2-1g ameliorated disease progression, suggesting a role
for TIM-2 in downregulating Th2 responses (103). Another study showed that lymph node
cells from TIM-2-deficient mice produced substantially higher levels of cytokines, including
IL-5, IL-6, IL-10, and IFN-y, and demonstrated higher levels of antigen-specific
proliferation following immunization with antigen in comparison with wild type mice. In
contrast, T-cell responses of TIM-2-deficient mice to polyclonal stimulation with anti-CD3/
anti-CD28 mAb were similar to those of wildtype mice (104). In this study, TIM-2 was
found to play an important role in an OVA-induced model of airway inflammation,
consistent with its expression on Th2 cells. Thus, upon sensitization and challenge with
OVA, TIM-2-deficient mice displayed exacerbated lung inflammation compared with
wildtype counterparts (104). Overexpression of TIM-2 in Jurkat or D10 T-cell lines
significantly impaired the induction of NFAT/AP1 transcriptional reporters in response to
TCR stimulation (105), confirming the negative role of TIM-2 in T-cell activation.

Concluding remarks

The finding that TIM-1, TIM-3, and TIM-4 bind specifically to PtdSer establishes a new
paradigm for TIM proteins as PtdSer receptors and unifies the function of the TIM gene
family. Apoptotic cell death is a critical and evolutionally conserved process for elimination
of unnecessary cells (106,107), which is essential for maintenance of tissue homeostasis and
self-tolerance (12). Clearance of apoptotic cells by phagocytosis can result in powerful anti-
inflammatory and immunosuppressive effects (108). The recognition of PtdSer on apoptotic
cells by TIM-1, TIM-3, and TIM-4 suggests that this family is critically involved in
regulating immune tolerance. The defective clearance of apoptotic cells has been linked
closely to autoimmune and inflammatory diseases (109-111). Phagocytes such as
macrophages or DCs engulf both apoptotic and necrotic cells, and the biological response of
the phagocyte differs depending on the material phagocytosed and concurrent ‘danger’

Immunol Rev. Author manuscript; available in PMC 2011 May 1.



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

1duasnuey Joyiny vd-HIN

Freeman et al.

Page 15

signals. Necrotic cells induce release of pro-inflammatory cytokines and stimulate
upregulation of costimulatory molecules on the DC surface, which in turn induce T-cell
activation and an inflammatory response. Infections will lead to increased cell death as well
as engage pattern recognition receptors such as Toll-like receptors that stimulate immune
responses. In contrast, engulfment of apoptotic cells in the absence of Toll-like receptor
signals does not trigger the expression of proinflammatory costimulatory molecules but
rather is associated with production of anti-inflammatory cytokines including TGF-f and
IL-10, which prevent inappropriate inflammatory responses to self-proteins.

The finding that TIM gene family members TIM-1, TIM-3, and TIM-4, which have distinct
patterns of expression on distinct cell types or on cells at specific stages of activation or
differentiation, are a family of pattern recognition receptors for PtdSer suggests that the TIM
proteins provide a functional repertoire for recognition of apoptotic cells. For example,
TIM-1 may bind PtdSer on apoptotic cells and mediate T-cell activation, whereas TIM-3 on
T cells may mediate T-cell elimination. TIM-3 and TIM-4 on APCs may mediate apoptotic
cell clearance and have roles in antigen cross-presentation and tolerance. Previous work,
which identified several receptors mediating apoptotic cell recognition and clearance by
phagocytes (112), led to the speculation that the PtdSer receptor repertoire might provide
specificity in the phagocyte response. However, receptors such as milk fat globule-EGF-
factor 8 (MFG-E8) and growth arrest-specific gene 6 (GAS6) (113) are widely expressed in
somatic cells and do not appear to specify phagocyte behavior following phagocytosis of
apoptotic cells (12). The unique structure of TIM IgV domains and their distinctive
cytoplasmic domains suggest that the TIM molecules evolved as a family of pattern
recognition receptors for PtdSer that determine whether apoptotic cell recognition leads to
immune activation or tolerance, depending on the TIM molecule engaged and the cell type it
is expressed on.

We hypothesize that TIM-1 and TIM-3 reciprocally regulate T-cell responses (Fig. 2). Thus
TIM-3 engagement may lead to Thl death and unopposed Th2 responses whereas TIM-1
signaling would preferentially enhance Th2 responses. The allelic differences of TIM-1 and
TIM-3 may together contribute to the Th2 proclivity of BALB/c versus the Th1 bias of the
HBA and C57BL/6 strains. Thus, BALB/c TIM-3 binding PtdSer better than HBA TIM-3
may result in increased Thl death and more vigorous Th2 responses. This model is
consistent with studies showing that TIM-1 and TIM-3 do not direct the differentiation of T-
helper cells but instead regulate the activities and survival of differentiated T cells.

The role of the TIM genes in asthma, autoimmunity, tolerance, and the response to viral
infection suggests that further study of the interactions between PtdSer on apoptotic cells
with TIM molecules on APCs or T cells will likely provide novel insights into the
pathophysiology of these diseases. Understanding the mechanisms for the differences
between TIM alleles may explain how they influence the development of disease and how a
specific human TIM-1 allele can protect against the development of asthma. The critical role
of these interactions in modulating disease suggests that the TIM molecules will serve as
useful therapeutic targets.
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Fig. 1. Schematic representation of TIM protein structures

Positions of the glycosylation sites in IgV domains are approximately positioned according
to the crystal structures. Glycosylation sites in the mucin domain were predicted with
NetOglyc and NetNglyc and are positioned approximately.
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Fig. 2. Reciprocal regulation of Thl and Th2 activity by TIM-1 and TIM-3: a Yin-Yang model
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Fig. 3. Structures of the TIM Ig variable (IgV) domains and the unique conformation of the CC’
loop in each

(A) Ribbon diagram of the mTIM-1 IgV domain (PDB 20R8). -strands of the GFC B-sheet
are red and those in the BED face are pink, coil is orange, and helices are in light-blue. The
tip of the unique loop between B-strands C and C’ (CC’ loop) is colored yellow. Cys
residues and disulphide bonds are shown as green cylinders. Strands are labeled with
uppercase letters and terminal ends (n and c) are in lowercase. (B-E) Detailed view of the
CC’ loop in the structures of the four murine TIM IgV domains (PDB 20R8, 20R7, 3KAA,
and 3B19). The tip of the loop, comprising residues between the two disulfide bonds
bridging the loop to the GFC B-sheet, and residues at the B-sheet interacting with the loop
are shown with a ball and stick drawing and with carbons in yellow. Oxygen and nitrogen
atoms are in red and blue, respectively. Hydrogen bonds between the conserved Arg and Lys
residues and the tip of the loop are shown as pink dashed cylinders. (F) Surface
representation of the mTIM-4 IgV domain structure determined in the absence of ligand
(PDB 3BI9). Residues at the tip of the CC” and FG loops building a narrow cavity are
colored in yellow and orange, respectively.
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Fig. 4. Binding of PtdSer to the MILIBS in the TIM IgV domain

Structures of mTIM-3 (PDB 3KAA) and mTIM-4 (PDB 3BIB) IgV domains in complex
with PtdSer are shown in panels (A) and (B), respectively. Stick drawing of the MILIBS
pocket with the bound PtdSer molecule and the metal ion (green sphere). The amino acid
residues at the CC’ and FG loops building the MILIBS are shown with carbons in gray,
whereas the PtdSer is shown with carbons in yellow and phosphate in orange. Oxygens are
red and nitrogens blue. The fatty acid (fAc), glycerol (Gl), phosphate (Ph), and serine (S)
moieties of PtdSer are labeled. Amino acid residues contacting the hydrophobic moiety of
PtdSer and the conserved Asn and Asp coordinating the metal ion are labeled. Coordinations
are shown as dashed red lines, whereas hydrogen bonds between the PtdSer molecule and
the protein are orange. (C) Model for TIM protein binding to PtdSer in a cell membrane.
Surface representation of the mTIM-4 1gV domain bound to PtdSer is shown with a
phospholipid bilayer membrane. Side chains at the tip of the CC’ (Asn-Ser) and FG loops
(Trp-Phe) are shown. The PtdSer and phospholipids are shown in stick representation as
described above. The hydrophilic head moiety of PtdSer penetrates into the MILIBS where
the phosphate coordinates with the metal ion (green sphere), whereas hydrophobic residues
of the TIM-4 CC’ and FG loops penetrate the lipid bilayer. The tip of the BC loop, shown in
blue, comes close to the charged head of adjacent phospholipids.
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Fig. 5. Amodel of TIM-1o0n a T cell interacting with PtdSer

IM-1 can interact directly with PtdSer on an apoptotic cell or alternatively, TIM-1 and
TIM-4 molecules can interact with PtdSer on an exosome, forming a bridge. An exosome
might bridge any two TIM proteins except TIM-2.
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Fig. 6. PtdSer and galectin-9 binding regions in the mTIM-3 IgV domain

Ribbon diagram of the mTIM-3 IgV domain, with B-strands of the GFC B-sheet labeled. The
opposite sides of the IgV domain engaged in PtdSer or galectin-9 binding are indicated. The
residues at the FG and CC’ loops interacting with PtdSer and coordinating the metal ion
(green sphere) are shown with stick drawing and with the same color coding as in Fig. 4A.
The side chains of two Asn residues which can be N-glycosylated are shown as spheres and
with carbons in orange, nitrogen in blue, and oxygen in red. The complex carbohydrate
modifications would extend outwards from these residues. Galectin-9 can bind to some
specific motif of these N-linked carbohydrates. Residues polymorphic between BALB/c and
HBA in the p-strand A and the BC loop have been colored pink.
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Fig. 7. Model of phagocytosis of apoptotic cells by TIM-3 or TIM-4* APCs and antigen cross-
presentation

APCs phagocytose apoptotic cells via TIM-3 or TIM-4 recognition of PtdSer. The apoptotic
cells are transported to an acidic phagolysosome, and antigen is processed and presented to
T cells. We believe the outcome of phagocytosis may be different for TIM-3 or TIM-4 cells,
as TIM-3 has a tyrosine kinase signaling motif in the cytoplasmic domain but TIM-4 does
not. Engagement of TIM-3 on APCs, particularly in conjunction with TLR stimulation, may
enhance inflammatory responses by inducing inflammatory cytokine production (70).
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Fig. 8. Model of TIM-3 on a T cell interacting with PtdSer and/or Galectin-9

TIM-3 can interact directly with PtdSer on an apoptotic cell, or two TIM-3 molecules can be
cross-linked by Galectin-9. TIM-3 may also interact with PtdSer on an exosome. Galectin-9
may also link TIM-3 to an N-linked glycan on another protein.
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Fig. 9. The dimeric conformation of mTIM-2

Representation of a dimeric mTIM-2 on the cell surface. The dimeric mTIM-2 IgV domain
structure (PDB 20R7) is shown with surface representation. One domain is in red and the
other in yellow, with the location of the N-linked glycans marked in dark green. The
glycosylated mucin domain that follows the 1gV domain is shown in green.
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