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Polymorphisms in TIM-1, a member of the T cell Ig and mucin (TIM)
domain family, are associated with relative susceptibility to the
development of T helper 2-dominated immune responses such as
in allergic asthma. Recent data have also suggested that ligation of
TIM-1 can augment T cell activation. We have found that the TIM-1
protein is expressed on CD4� T cells in vivo after intranasal
immunization. Ectopic expression of TIM-1 during T cell differen-
tiation results in a significant increase in the number of cells
producing IL-4 but not IFN-�. Furthermore, TIM-1 expression pro-
vides a costimulatory signal that increases transcription from the
IL-4 promoter and from isolated nuclear factor of activated T
cells�activating protein-1 (NFAT�AP-1) elements. Finally, we pro-
vide evidence that TIM-1 can be phosphorylated on tyrosine and
that TIM-1 costimulation requires its cytoplasmic tail and the
conserved tyrosine within that domain. These results constitute
evidence that TIM-1 directly couples to phosphotyrosine-depen-
dent intracellular signaling pathways.

costimulation � phosphorylation � asthma � cytokines

Many helper T cell-dependent immune responses skew
toward one of two stereotyped profiles. Generally speak-

ing, the T helper (Th) 2 type response has been selected for its
ability to eliminate parasitic worm infections, whereas a Th1
response is more effective at dealing with viruses and intracel-
lular bacteria (1, 2). It is still not clear why some individuals
respond to certain allergens with strongly polarized Th2 immune
responses. Environmental factors likely play a role, but there is
strong evidence from both humans and mice that genetic factors
also influence the outcome. A number of human linkage anal-
yses have been performed, and the results implicate at least 15
genetic loci in human atopy and asthma (3). One human genetic
locus that has received a great deal of attention is 5q23–35. The
syntenic region of mouse chromosome 11 has also been impli-
cated in the development of atopic asthma (4) by analysis of
congenic mice on the asthma-susceptible BALB�c background
with discrete loci from the asthma-resistant strain DBA�2. In
one of these lines, termed ‘‘HBA,’’ suppression of asthma
susceptibility was mapped to a genetic interval that the authors
named tapr (for T cell and airway phenotype regulator). Further
analysis implicated two genes in this locus, tim1 and tim3, named
for the fact that they encode proteins expressed on T cells and
contain immunoglobulin and mucin domains. The T cell Ig and
mucin domain proteins (TIMs) are type I transmembrane pro-
teins, with extracellular Ig and mucin domains and intracellular
domains of various lengths.

In addition to the genetic linkage to asthma in mice, there are
several lines of evidence suggesting that TIM-1 is involved in
helper T cell differentiation. First, TIM-1 mRNA is up-regulated
by CD4� T cells within 7 h of stimulation (4), a time when helper
T cells are undergoing differentiation to become effector cells.
Also, messages for TIM-1 were found at higher levels in Th2 lines
derived from patients with multiple sclerosis, compared with
TIM-3 message, which was more abundant in Th1 lines (5). In the
same study, levels of TIM-1 message correlated positively with

levels of message for the Th2-associated cytokine IL-10 and
inversely with IFN-� (5). One hypothesis for how TIM-1 func-
tions in T cells is that it acts as a costimulator to affect T cell
activation, either quantitatively or qualitatively. The related
molecule TIM-2 has been implicated in the costimulation of
murine T cell activation (6, 7) but is most likely not involved in
the tapr phenotype, because no polymorphisms were found (4).

Recent studies have examined the expression and function of
murine TIM-1 in some detail, by using an anti-TIM-1 antibody
(8) or a TIM-1-Ig fusion protein (9). Consistent with the studies
cited above, TIM-1 protein was found on activated T cells, with
the highest levels seen on Th2 cells (8). Furthermore, addition
of the anti-TIM-1 antibody provided a costimulatory signal for
T cell activation. The costimulatory function of TIM-1 may be
induced by binding to TIM-4, which was shown to be a ligand for
TIM-1 (9).

We report here that TIM-1 protein is expressed in vivo on the
surface of T cells from lung draining lymph nodes after intra-
nasal immunization. Furthermore, ectopic expression of TIM-1
increases the frequency of IL-4-producing cells when T cells are
stimulated under nonpolarizing conditions. We have also found
that TIM-1 augments the activation of the IL-4 promoter in a
Th2 T cell clone, a costimulatory effect that may occur through
increased activation of the nuclear factor of activated T cells
(NFAT) transcription factor. Finally, we provide evidence that
the cytoplasmic tail of TIM-1 is required for its costimulatory
activity, through a mechanism that depends on tyrosine
phosphorylation.

Materials and Methods
DNA Constructs. When we commenced these studies, an antibody
to murine TIM-1 was not available, so we generated a TIM-1
construct with an extracellular Flag epitope tag. A cDNA clone
containing the entire coding sequence of murine TIM-1 (from
strain C57BL�6), originally isolated by the Integrated Molecular
Analysis of Genomes and their Expression (I.M.A.G.E.) con-
sortium, was purchased from Open Biosystems (Huntsville, AL).
The ORF of TIM-1 (excluding the start codon and signal
sequence) was amplified from this clone by PCR and ligated into
a pCDEF3 expression plasmid containing the human CD8�
signal sequence and Flag epitope tag (10). A Flag-TIM-1 con-
struct lacking the cytoplasmic tail (�-cyto TIM-1) was generated
in an identical fashion, except that the reverse primer was
designed around the boundary of the transmembrane and cyto-
plasmic domains, with a stop codon at the 5� end of the primer.
Tyrosine-276 in the cytoplasmic tail of TIM-1 (BL�6 allele) was
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mutated to phenylalanine with the QuickChange site-directed
mutagenesis kit (Stratagene). All DNA constructs were verified
by automated DNA sequencing.

Antibodies and Flow Cytometry. Anti-Flag (M2) was from Sigma.
Anti-murine TIM-1, rat isotype control, and anti-rat-FITC were
from eBioscience (San Diego). Anti-murine CD3 (500A2), CD4,
and CD28 (37.52) were obtained from BD Pharmingen or Caltag
(Burlingame, CA). Other conjugated secondary and cytokine
antibodies were from Caltag. TIM-1-Ig was described in ref. 9.
Mouse monoclonal anti-phosphotyrosine 4G10 was from Up-
state USA (Charlottesville, VA).

Induction of Airway Tolerance or Inflammation. BALB�cByJ mice
were immunized exactly as described in ref. 11.

Transient Transfections and Luciferase Assays. Jurkat or D10 T cells
were transfected by electroporation and luciferase assays were
performed as described in refs. 12 and 13. Recombinant human
IL-2 was obtained through the AIDS Research and Reference
Reagent Program (Division of AIDS, National Institute of
Allergy and Infectious Diseases, National Institutes of Health)
from Maurice Gately (Hoffmann–La Roche).

Generation of Recombinant Retrovirus and Infection of Primary T
Cells. Flag-TIM-1 was subcloned into the MSCV2.2 retroviral
vector, which contains an internal ribosome entry site and GFP
ORF downstream of the multiple cloning site. To generate
recombinant retrovirus, MSCV-TIM-1 (or empty vector) was
transfected into the Phoenix packaging cell line by the calcium
phosphate method, along with the ecotropic packaging vector, to
increase the efficiency of virus production. Viral supernatant
was harvested at 48 h and 72 h after transfection.

T cells were purified from 6-week-old C57BL�6 mice with the
murine T cell purification kit from Miltenyi Biotec (Auburn,
CA) and stimulated in 24-well plates coated with rabbit anti-
hamster IgG (Sigma) and antibodies to CD3 and CD28, at 1
million cells per well. After 28 h, T cells were subjected to two
rounds of spin infection, at 4-h intervals, with retroviral super-
natant supplemented with IL-2 and Polybrene (8 �g�ml). Cells
were expanded 1 day after infection and restimulated the next
day with anti-CD3 plus brefeldin A (Sigma), and intracellular
cytokine staining was performed after overnight stimulation.

TIM-1 Tyrosine Phosphorylation. D10 or Jurkat cells (20 million)
were transfected with empty vector or Flag-TIM-1. Nonidet P-40
cell lysates were made the next day and immunoprecipitated with
M2 covalently coupled to agarose beads (Sigma). Immunopre-
cipitates were separated on SDS�PAGE gels and Western-
blotted with M2 and horseradish peroxidase (HRP)-conjugated
goat anti-mouse IgG (Pierce). Blots were developed with Super-
Signal Pico ECL substrate (Pierce) and digitally imaged on a
Kodak Image Station 2000R, with accumulation automatically
set to stop at 2,000 gray levels. Blots were then stripped and
reprobed with 4G10 and HRP-conjugated anti-mouse IgG.
Digital images were exported as JPEG images and final figures
were composed in CANVAS 8.

Results
Expression of TIM-1 on CD4� T Cells in Vivo. The available data
suggest that TIM-1 expression is associated with development of
Th2 T cell responses. We examined TIM-1 expression on T cells
in vivo during a Th2 immune response initiated by intranasal
immunization with ovalbumin (OVA) plus cholera toxin (CT)
(11, 14–16). As shown in Fig. 1, a significant proportion of T cells
isolated from lung-draining lymph nodes after OVA�CT immu-
nization expressed TIM-1 5 days (and also 3 days; data not
shown) after treatment (Right). We also assessed the expression

of TIM-1 on T cells after treatment with OVA alone, which
induces an abortive course of T cell activation and partial Th2
effector development that results in tolerance. As shown in Fig.
1 (Left), this treatment also led to the expression of TIM-1 at
days 3 and 5, consistent with up-regulation of TIM-1 expression
early after activation, but before the induction of tolerance. No
detectable TIM-1 staining was observed on naı̈ve T cells (data
not shown). Thus, intranasal immunization of T cells under
inflammatory or tolerizing conditions leads to the expression of
TIM-1. This finding is a definite demonstration of TIM-1
expression on T cells isolated from a murine model of asthma,
a Th2-mediated disease.

Effects of Ectopic TIM-1 Expression on Helper T Cell Cytokine Produc-
tion. Expression of the TIM molecules appears to be tightly
regulated (7, 17). We wanted to assess directly the effect of enforced
TIM-1 expression during T cell activation and differentiation, so we
used a widely used retroviral system for expression of exogenous
genes in primary T cells (18, 19). Cells infected with control or
TIM-1 retrovirus could be followed for expression of GFP, which
is also encoded for by the retroviral vector. In addition, cells
infected with TIM-1 retrovirus were stained with anti-Flag antibody
and analyzed by flow cytometry, to confirm expression of Flag-
TIM-1 (Fig. 6A, which is published as supporting information on
the PNAS web site). After infection, cells were rested and restim-
ulated with anti-CD3 antibody. Intracellular cytokine staining was
performed after restimulation, to assess the number of cells pro-
ducing IFN-� and IL-4, the hallmark cytokines of Th1 and Th2 cells.
As shown in Fig. 2A, cultures infected with TIM-1 retrovirus
contained significantly more (�2- to 3-fold) cells making IL-4,
compared with cells infected with control retrovirus. By contrast,
expression of TIM-1 had little or no effect on the number of cells
producing IFN-� in these same cultures. The number of IFN-�-
producing cells could, however, be increased if cells were cultured
under Th1-skewing conditions (data not shown). Somewhat unex-
pectedly, these results were observed in the absence of any active

Fig. 1. TIM-1 is expressed on lung-draining lymph node CD4 T cells under
conditions of airway tolerance and inflammation. Mice were immunized as
described in Materials and Methods, with OVA alone to induce tolerance
(Left) or with OVA plus cholera toxin to induce inflammation (Right). Five days
after the last intranasal treatment, lung-draining lymph nodes were har-
vested, and cells were stained with antibodies to CD4 and TIM-1. Results are
gated on CD4� cells.
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crosslinking of the Flag-TIM-1 protein, and addition of anti-Flag
antibody had no further positive or negative effects (data not
shown).

Costimulation of Inducible Transcription by TIM-1. Because our
results suggested that the development of IL-4-producing cells is
enhanced in the presence of TIM-1, we wished to determine
whether this effect was due, at least in part, to increased IL-4
transcription. We cotransfected an IL-4 promoter luciferase
reporter into the D10 Th2 T cell clone (20), along with either an
empty vector or Flag-TIM-1 expression plasmid. Flag-TIM-1 was
expressed efficiently on the surface of transfected D10 cells (Fig.
6B), and cells expressing TIM-1 responded significantly better to
a range of stimuli than cells transfected with empty vector (Fig.
2B). These conditions included stimulation through the T cell
receptor (TCR)�CD3 complex, with or without CD28 costimu-
lation, or ionomycin, all of which were enhanced in the presence
of TIM-1. By contrast, phorbol 12-myristate 13-acetate (PMA)
and ionomycin, which bypass the proximal tyrosine kinases and
phospholipase C-�1, induced a level of stimulation that was not
significantly affected by TIM-1 (P � 0.15). In addition, the basal
level of IL-4 promoter transcriptional activity was not affected
by the transfection of TIM-1.

Given the above results, we wanted to determine whether
TIM-1 expression also affects transcription of IFN-�. When an
IFN-�-luciferase reporter was transfected into Jurkat T cells, we
noted that cotransfection of TIM-1 led to a significantly higher
level of basal luciferase activity, i.e., in the absence of stimulation
(Fig. 2C). TIM-1 expression also augmented the stimulation of
this reporter by signaling through the TCR. Therefore, at least
when expressed in Jurkat T cells, TIM-1 can also augment
transcription from the IFN-� promoter.

Cytokine transcription is controlled by a number of transcrip-
tion factors (21). Perhaps the best studied of these transcription
factors are the NFAT proteins, four of which are expressed by
lymphocytes (22). Most NFAT family members are regulated by
calcium, their entry into the nucleus occurring after calcineurin-
mediated dephosphorylation, which requires increases in intra-
cellular calcium (22). In many promoters, NFAT binds cooper-
atively to DNA with transcription factors of the AP-1 family (23).
The IL-4 promoter contains both cis-acting elements that can
bind NFAT alone and sites where NFAT binds cooperatively
with activating protein-1 (AP-1) (21). We cotransfected an
NFAT�AP-1 luciferase reporter into D10 T cells, along with
empty vector or the Flag-TIM-1 expression plasmid. As shown
in Fig. 3A, cells expressing TIM-1 and the NFAT�AP-1 reporter
responded more robustly to stimulation through the TCR�CD3
complex, compared with cells transfected with empty vector.
Consistent with the results shown in Fig. 2B, no increase in basal
NFAT�AP-1 reporter activity was observed in TIM-1-
transfected D10 cells.

We also assessed the ability of TIM-1 to costimulate NFAT�
AP-1-dependent transcription in Jurkat T cells. Flag-TIM-1
could be detected on Jurkat T cells after transient transfection
(Fig. 6C). When luciferase activity was determined (Fig. 3B), we
noted that TIM-1 (black bars) significantly increased the basal
activity of the NFAT�AP-1 reporter, in contrast to what was seen
in D10 cells (Fig. 3A). Consistent with the IL-4 and NFAT�AP-1
results obtained with D10 cells, TIM-1 could also costimulate
transcription induced through the TCR and CD28. Treatment
with anti-Flag antibody, however, neither enhanced nor inhib-
ited the basal NFAT�AP-1 activity induced by TIM-1. As a
positive control for the anti-Flag treatment, we transfected
Jurkat cells with Flag-tagged DAP10, a component of some
activating receptors in NK cells (10). Consistent with previous
results (L.P.K., unpublished data), crosslinking of this construct
could activate transcription from an NFAT�AP-1 reporter but,
unlike TIM-1, DAP10 expression alone did not lead to increases
in basal or TCR-stimulated NFAT�AP-1 reporter activity (Fig.
3B, gray bars). TIM-1 expression could also costimulate induc-
tion of an AP-1 reporter (Fig. 7A, which is published as
supporting information on the PNAS web site). However, in

Fig. 2. Costimulation of Th2 differentiation and cytokine transcription by
TIM-1. (A) Purified T cells were stimulated in vitro under neutral conditions,
then infected with control MSCV-GFP retrovirus (‘‘vector’’) or virus encoding
Flag-tagged murine TIM-1. Cells were rested and restimulated with anti-CD3
antibody, then stained for intracellular cytokines. Results are the percentage
of cytokine-positive cells of the GFP� population in each case and are the
average � SD of six samples from three experiments. P values were derived
from Student’s t test analyses. (B) D10 T cells were transfected with an IL-4
promoter luciferase reporter and either an empty vector or Flag-TIM-1. The
next day, cells were stimulated as indicated (PMA, phorbol 12-myristate
13-acetate) and analyzed for luciferase activity. Results are presented as
relative light units (mean � SD) of four samples, from two separate experi-
ments. Student’s t tests were performed: *, P � 0.05; **, P � 0.01. (C) Jurkat T
cells were transfected with a murine IFN-� promoter luciferase construct,
along with either an empty vector or Flag-TIM-1 plasmid. Cells were stimu-
lated as indicated (TCR, T cell receptor) and luciferase activity was determined.
Results are the mean response, normalized to PMA�ionomycin (2,522 relative
light units for vector; 2,111 for TIM-1) for duplicate points of a single exper-
iment, representative of the three performed.
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contrast to the costimulatory molecule CD28, TIM-1 had no
effect on an NF-�B reporter (Fig. 7B).

Role of the TIM-1 Cytoplasmic Tail in Costimulation. We next wanted
to determine whether the costimulatory signal provided by
TIM-1 requires its cytoplasmic tail, analogous to other costimu-
latory molecules such as CD28. We generated a Flag-TIM-1
construct lacking the cytoplasmic tail and compared its ability to
costimulate NFAT-dependent transcription with that of full-
length Flag-TIM-1. As shown in Fig. 4A, �-cyto Flag-TIM-1 was
expressed at the surface of transfected D10 (and Jurkat; data not
shown) T cells at levels roughly equivalent to the full-length
construct. When the constructs were cotransfected into D10 cells
with an NFAT�AP-1 luciferase reporter (Fig. 4B), �-cyto TIM-1
displayed an almost complete loss of costimulatory activity.
Similarly, the �-cyto TIM-1 construct displayed almost no
costimulatory activity when transfected into Jurkat T cells (Fig.
4C). For reasons that are still unclear, expression of truncated
TIM-1 in Jurkat cells still led to increased levels of basal reporter
activity, i.e., in the absence of additional stimulation.

Tyrosine Phosphorylation of TIM-1. Inducible tyrosine phosphory-
lation is critical for the initiation of TCR�CD28-mediated signal
transduction and T cell activation, so we were interested in
determining whether TIM-1 could be phosphorylated on ty-

rosine. As shown in Fig. 5A, TIM-1 expressed in unstimulated
Jurkat or D10 cells displayed a low level of basal tyrosine
phosphorylation, which was greatly increased after treatment of
cells with pervanadate. These results demonstrate that TIM-1
can be tyrosine phosphorylated when expressed in T cells.

The cytoplasmic tail of TIM-1 contains two tyrosines, one of
which (Y276 in the BL�6 allele) conforms well to a consensus site
for src family tyrosine kinase phosphorylation (24). The other
tyrosine is only two residues removed from the transmembrane
domain and is a poor candidate for phosphorylation. To test the
functional relevance of TIM-1 tyrosine phosphorylation, ty-
rosine-276 in TIM-1 (with a Flag tag) was mutated to phenyl-
alanine. TIM-1(Y-F) is expressed at equivalent levels on the
surface of transfected T cells, compared with wild-type Flag-
TIM-1 (data not shown). Also, like the �-cyto form of TIM-1

Fig. 3. TIM-1 costimulates NFAT�AP-1-dependent transcription. D10 (A) or
Jurkat (B) T cells were transfected with an NFAT�AP-1 luciferase reporter and
the indicated plasmids. Cells were treated the next day with the indicated
stimuli and analyzed for luciferase activity, which is expressed as the percent-
age (mean � SD) of the response with PMA�ionomycin from triplicate points
of a single experiment. (A) NFAT�AP-1 activity in D10 T cells transfected with
empty vector or Flag-TIM-1. Data displayed are representative of three exper-
iments that were performed. PMA�ionomycin values were 2,137 relative light
units for vector and 2,603 for TIM-1-transfected cells. (B) NFAT�AP-1 activity in
Jurkat cells transfected with empty vector, Flag-DAP10, or Flag-TIM-1. Data
displayed are the means of triplicate points from a single experiment, repre-
sentative of �10 experiments. PMA�ionomycin values were 32,186 relative
light units for vector, 59,935 for DAP10, and 59,373 for TIM-1-transfected cells.

Fig. 4. The TIM-1 cytoplasmic tail is required for costimulation of transcrip-
tion. D10 or Jurkat T cells were transfected with the NFAT�AP-1 luciferase
reporter and either the empty vector, Flag-TIM-1, or the truncated Flag-TIM-1,
lacking the cytoplasmic tail (‘‘delta cyto’’). (A) Expression of the Flag-TIM-1
constructs on transfected D10 cells. (B) Luciferase activity of unstimulated or
anti-CD3�CD4-stimulated D10 cells transfected with the indicated constructs.
Results shown are the mean of duplicate points from a single experiment,
representative of four that were performed. (C) Luciferase activity in Jurkat T
cells transfected with the same constructs as in B. Luciferase activity is ex-
pressed as the percentage (mean � SD) of the response with PMA�ionomycin
from triplicate points of a single experiment, representative of eight that were
performed. PMA�ionomycin values were 139,864 relative light units for vec-
tor, 49,773 for TIM-1, and 81,540 for �-cyto TIM-1-transfected cells.
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(Fig. 4), TIM-1(Y-F) is deficient in costimulation of NFAT
transcriptional responses (Fig. 5 B and C). Thus, tyrosine-276 in
the cytoplasmic tail of TIM-1 is required for costimulation of
NFAT�AP-1-dependent transcription by this molecule.

Discussion
Here we have provided direct evidence that TIM-1 plays a role
in T cell activation and differentiation. Thus, we have demon-
strated that TIM-1 is expressed on T cells of the lung-draining
lymph nodes after intranasal immunization. Furthermore, ec-
topic retroviral expression of TIM-1 in developing effector T
cells increases the number of IL-4-producing cells. This finding
is consistent with our observation that expression of TIM-1 in a

Th2 T cell clone provides a costimulatory signal for increased
transcription from the IL-4 promoter. TIM-1 expression can also
augment signaling to NFAT and AP-1, critical transcription
factors for Th2 development, and IL-4 production. Finally, we
have obtained evidence that the costimulatory function of TIM-1
requires a tyrosine within its cytoplasmic tail, which likely
couples the molecule to intracellular signal transduction path-
ways. We conclude that TIM-1 costimulatory function is medi-
ated at least in part through effects on inducible transcription
factors.

We have observed that TIM-1 is expressed on CD4� effector
T cells after immunization protocols that result in either inflam-
mation or tolerance (Fig. 1). Because the induction of tolerance
in this model (and others) occurs after some level of T cell
activation and effector differentiation (ref. 11 and T.B.O. and
A.R., unpublished data), TIM-1 expression most likely occurs
before anergy is established. Consistent with a defect down-
stream of IL-4 receptor signal transduction (11), even the level
of IL-4 produced in the presence of TIM-1 is apparently insuf-
ficient to overcome the tolerizing block. Intriguingly, using a
similar model, Umetsu et al. (8) showed recently that pretreat-
ment of animals with a TIM-1 monoclonal antibody can inhibit
tolerance induction. It may be that the TIM-1-expressing cells
that we observe after tolerance induction have resulted from
bystander activation, rather than being antigen-specific, al-
though further analysis is required to determine whether this is
the case.

The effects of TIM-1 on IL-4 production and transcription
would appear, at first glance, to be rather modest. However,
costimulatory receptors generally do not function in an ‘‘all-or-
none’’ fashion. Rather, they modify the initial stimulation con-
ditions such that more cells can surpass the threshold for entry
into the cell cycle and differentiation. Absence of a particular
costimulatory molecule would therefore be predicted to have
modest to severe effects on the ability to develop an immune
response, depending on the initial conditions. Th2 immune
responses appear to be particularly sensitive to the initial
‘‘strength’’ of stimulation, because full differentiation to the Th2
lineage requires additional rounds of cell division, compared
with development of Th1 cells (25, 26). Also, a number of
costimulatory and signaling molecules are preferentially re-
quired for the generation of Th2, compared with Th1, responses
(27–29). It therefore appears that the requirement for further
rounds of cell division in their development has made Th2 cells
more dependent on costimulation and sustained signaling. This
characteristic could be the result of less selection pressure to
generate a rapid response because Th2 responses are tailored
toward fighting relatively slow-growing extracellular pathogens
such as parasitic worms.

The increased number of IL-4-producing cells after TIM-1
expression (Fig. 2 A) is consistent with our findings that tran-
scription from the IL-4 promoter and isolated NFAT�AP-1
elements are also augmented by TIM-1. However, the effects of
TIM-1 on inducible transcription cannot completely explain the
preferential development of IL-4-producing cells, because we
have also observed that ectopic expression of TIM-1 can aug-
ment transcription from an IFN-� luciferase promoter reporter
(Fig. 2C). TIM-1 may therefore have a preferential effect on the
survival and�or proliferation of Th2 cells, the latter being
consistent with the recent finding that TIM-1 ligation can
augment TCR-driven proliferation (8). Further investigation will
be necessary to determine whether this is the case.

Our results are largely in agreement with recent studies (8, 9).
Using an anti-TIM-1 antibody, Umetsu et al. (8) provided
compelling evidence for a costimulatory role for TIM-1 in T cell
activation and differentiation. Also, Meyers et al. (9) showed that
TIM-1 costimulation of T cell activation can occur as a conse-
quence of binding to the TIM family protein TIM-4 on antigen-

Fig. 5. TIM-1 tyrosine phosphorylation and requirement for tyrosine-276 in
costimulation of NFAT. (A) Jurkat or D10 T cells were transfected with Flag-
TIM-1. The next day, transfected cells were divided and left unstimulated or
stimulated with pervanadate as described in ref. 31. Immunoprecipitations
were performed with anti-Flag mAb, then the precipitates were separated by
SDS�PAGE and Western-blotted. Blots were probed with anti-Flag (Lower),
then stripped and reprobed with anti-phosphotyrosine antibody 4G10 (Up-
per). Jurkat (B) or D10 (C) cells were transfected with NFAT�AP-1-luciferase
plus empty vector, wild type Flag-TIM-1, or Flag-TIM-1 (Y-F). Luciferase activity
is expressed as the percentage of the PMA�ionomycin response from triplicate
samples (mean � SD) of a single experiment, representative of five that were
performed.
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presenting cells. However, for reasons that are still unclear, we
have not observed any effect of crosslinking the Flag-TIM-1
construct. Our experiments were carried out with purified T cells
and T cell lines, making it unlikely that TIM-4 was present during
our analyses, based on the finding that TIM-4 is expressed on
neither naı̈ve nor activated T cells (9). The effects of TIM-1 that
we have reported here may have resulted in part from interaction
with a ligand distinct from TIM-4. Indeed, we have obtained
evidence for a TIM-1 ligand on Jurkat, but not D10, T cells (Fig.
8A, which is published as supporting information on the PNAS
web site). Thus far, however, we have observed only a partial
decrease in basal levels of NFAT�AP-1 reporter activity when
using TIM-1-Ig to block interactions with this putative ligand
(Fig. 8B).

It is also possible that TIM-1 may homodimerize (at least in
our experiments with ectopic expression) in a fashion regulated
by its heavily glycosylated mucin domain, perhaps in a manner
similar to CD45 (30). This model is particularly intriguing in light
of the fact that polymorphisms in both murine and human TIM-1
associated with relative asthma susceptibility are found in the
mucin domain. We do not believe that the Flag epitope tag has
an influence on the activity of TIM-1 in our system, because
expression of a construct lacking the Flag epitope tag can also
costimulate the NFAT�AP-1 reporter (data not shown). Also,
expression of a Flag-tagged version of the NK-activating DAP10
molecule does not lead to constitutive NFAT activity, but rather
requires crosslinking (Fig. 3). Differential glycosylation of
TIM-1 may occur in the two main cell types that we have used

in these studies, the Jurkat and D10 T cell lines. Thus, when we
examined TIM-1 phosphorylation (Fig. 5A), we noted that
TIM-1 runs at different apparent molecular weights when ex-
pressed in Jurkat or D10 cells.

Virtually nothing is known about how TIM family proteins
connect to intracellular signaling pathways. Consistent with our
findings (Fig. 5A), a previous report showed that TIM-2 can be
tyrosine phosphorylated after interaction with a putative ligand,
when expressed in a fibroblast cell line (7). The tyrosine at
residue 276 in TIM-1 appears to be an ideal site for phosphor-
ylation by a src family kinase. Many of the residues surrounding
this tyrosine are conserved between rodent and primate ortho-
logues of TIM-1, consistent with the likely importance of this
motif.

In summary, we have demonstrated in this report that TIM-1
can provide a costimulatory signal that influences effector T cell
differentiation and TCR-dependent activation of the IL-4 pro-
moter and NFAT�AP-1 transcription factors. It will be of
interest to determine how TIM-1 costimulatory signals intersect
with those originating at the TCR�CD3 complex and the wider
consequences of this costimulatory activity for T cell function.
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