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Abstract
Tim-3 (T cell immunoglobulin, mucin domain)-3 is a membrane protein expressed at late stages of
interferon-gamma secreting CD4+ T helper type 1 (Th1) cell differentiation and constitutively on
dendritic cells (DCs). Ligation of Tim-3 on Th1 cells terminates Th1 immune responses. In addition,
Tim-3 plays a role in tolerance induction, though the mechanism by which this is accomplished has
yet to be elucidated. While it is clear that Tim-3 plays an important role in the immune system, little
is known regarding the molecular pathways that regulate Tim-3 expression. Here we have examined
the role of Th1-associated transcription factors in regulating Tim-3 expression. Our experiments
reveal that Tim-3 expression is regulated by the Th1-specific transcription factor T-bet. This
introduces a novel paradigm into the generation of a Th1 response, whereby a transcription factor
responsible for effector Th1 cell differentiation also increases the expression of a specific counter-
regulatory molecule to ensure appropriate termination of pro-inflammatory Th1 immune responses.
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Introduction
Tim-3 is a type I transmembrane protein, originally identified as specifically and selectively
induced upon the differentiation of naïve CD4+ T helper (Th) cells into interferon-gamma
secreting Th1 effector cells [1] where it serves to promote termination of Th1 cells upon
interaction with its ligand, galectin-9 [2]. Modulation of the Tim-3:galectin-9 pathway has
potent effects in vivo as treatment with anti-Tim-3 antibody exacerbates the induction of
experimental autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis
(MS) [1], and administration of Tim-3 fusion protein (Tim-3Ig) to immunized mice results in
an uncontrolled Th1 response [3]. In addition, wild type mice treated with Tim-3Ig, as well as
Tim-3-deficient mice, are refractory to tolerance induction [3,4]. Taken together, these data
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demonstrate the importance of the Tim-3:galectin-9 pathway in regulating inflammatory T cell
responses and states of immunological tolerance. Recently, Tim-3 expression has been
demonstrated on dendritic cells (DCs) and on cells of the innate immune system [5]. However,
the factors that regulate Tim-3 expression both in T cells and innate immune cells have not
been identified.

Recent evidence shows a correlation between mRNA expression levels of the Th1-specific
transcription factor T-bet (Tbx21; T-box expressed in T cells), IFN-γ and TIM-3 in T cell clones
from both patients with Multiple Sclerosis (MS) and healthy controls [6]. In this study the
linked expression of T-bet, IFN-γ and TIM-3 could simply be due to the fact that T-bet is
required for IFN-γ transcription and IFN-γ–producing Th1 cells predominantly express TIM-3
on their cell surface. Direct evidence that T-bet controls TIM-3 expression was lacking from
this study. Interestingly, like Tim-3, T-bet is also expressed in DCs where it controls IFN-γ
production [7] and is required for optimal TLR responsiveness [8]. Given that T-bet is crucial
for induction of IFN-γ and Tim-3 is expressed on Th1 cells, we investigated the role of T-bet
as well as other Th1 associated transcription factors in the regulation of Tim-3 expression in
murine T cells during Th1 polarization and in DCs. Our studies reveal Tim-3 expression is
regulated by T-bet.

Results
Defects in Tim-3 expression in T-bet- and STAT-4-deficient lymphocytes

Our previous studies demonstrated upregulation of Tim-3 expression in Th1 cells after three
rounds of in vitro polarization [1]. Therefore, in order to examine the role of Th1-associated
transcription factors on Tim-3 expression, we differentiated naïve CD4+CD62Lhigh T cells
from wild type, T-bet−/−, STAT-4−/− and T-bet−/− × STAT-4−/− mice in vitro under Th1-
polarizing conditions and examined both Tim-3 mRNA and protein expression after each round
of differentiation. In keeping with our previous observations, we first detected Tim-3 mRNA
as well as protein in wild type T cells after the third round of in vitro Th1 differentiation [1]
(Fig. 1). At this time, Tim-3 mRNA and protein expression were considerably lower in T-
bet−/−, STAT-4−/− and T-bet−/− × STAT-4−/− T cells. After the fourth round of differentiation,
Tim-3 expression reached maximal levels in wild type T cells (Fig. 1A and C). At this time,
Tim-3 expression was still impaired in T-bet−/− cells with STAT-4−/− T cells showing a more
modest reduction in Tim-3 mRNA and little if any difference in protein expression.
Importantly, T-bet−/− and T-bet−/− × STAT-4−/− T cells expressed similar levels of Tim-3
mRNA, suggesting that T-bet has a more dominant role in regulating Tim-3 expression.
Overall, these data suggested that T-bet and to a lesser degree, STAT-4, were important
regulators of Tim-3 expression. However, since IFN-γ is deficient in the cultures of T-bet−/−,
STAT-4−/− and T-bet−/− × STAT-4−/− T cells (Fig. 1B), this raised the possibility that defects
in Tim-3 expression could be secondary to defects in IFN-γ/IFN-γR signaling. This is unlikely
for three reasons. First, T-bet−/− T cells exhibit the greatest defect in Tim-3 expression while
having a considerably smaller defect in IFN-γ relative to STAT-4−/− and T-bet−/− ×
STAT-4−/− T cells (50% IFN-γ+ relative to 9% and 1%, respectively) (Fig. 1B). Second, Tim-3
is upregulated in IFN-γ−/− T cells that overexpress T-bet, showing that T-bet can drive
expression of Tim-3 in the absence of IFN-γ (Fig. 2). Lastly, Tim-3 is detected on the surface
of T cells derived from IFN-γR−/− mice undergoing Th1 differentiation at levels comparable
to wild type T cells (data not shown). Thus, the IFN-γ/IFN-γR signaling pathway is dispensable
for Tim-3 expression.

As the T-bet−/− × STAT-4−/− T cells in our study exhibited an increased frequency of IL-10
producing cells, this raised the possibility that IL-10 could be driving Tim-3 expression in a
T-bet independent manner in these cells. To address this we neutralized IL-10 during Th1
polarization of T-bet−/− × STAT-4−/− T cells and found that Tim-3 expression is increased
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rather than decreased in cultures where IL-10 is neutralized (data not shown). Thus, IL-10 does
not appear to drive Tim-3 expression in the absence of T-bet and STAT-4.

Since CD8+ T cells that have undergone differentiation towards Tc1 also express Tim-3 [1],
we examined Tim-3 expression by wild type and T-bet−/− CD8+ T cells undergoing Tc1
differentiation. Similar to our observations for CD4+ T cells undergoing Th1 differentiation,
we find that T-bet−/− CD8+ T cells express less Tim-3 mRNA (8 fold less than wild type) and
protein relative to wild type CD8+ T cells (data not shown). Collectively, these data suggest
that T-bet is an important regulator of Tim-3 expression in both CD4 and CD8 T cells
undergoing Th1/Tc1 differentiation.

Tim-3 expression in dendritic cells is regulated by T-bet
We have recently described the constitutive expression of Tim-3 on dendritic cells in both
mouse and human [5]. Interestingly, T-bet is also expressed in DCs and T-bet−/− DCs exhibit
defects in responsiveness to CpG, a TLR9 agonist [7,8]. We therefore examined whether T-
bet was also involved in regulating Tim-3 expression in DCs. In agreement with our
observations in T cells, T-bet−/− and T-bet−/− × STAT-4−/− DCs exhibit the greatest deficiency
in Tim-3 mRNA with STAT-4−/− DCs exhibiting only a modest, if any, reduction in Tim-3
mRNA (Fig. 3). Thus, Tim-3 expression appears to be regulated similarly in both T cells and
DCs. We also examined Tim-3 protein expression in DCs from all four strains by flow
cytometry and found that while Tim-3 mRNA is clearly lower in T-bet−/− and T-bet−/− ×
STAT-4−/− DCs, these cells exhibited similar levels of Tim-3 protein to wild type mice. Since
DCs constitutively express Tim-3, these data suggest that once Tim-3 protein is expressed it
is stable and turns over slowly.

Role of T-bet in Tim-3 upregulation
Our data in T-bet−/− and STAT-4−/− cells suggested that Tim-3 may be a direct target of T-bet
and that the reduced expression seen in STAT-4−/− cells may be a secondary consequence of
reduced T-bet levels in cells from these mice ([9] and data not shown). We therefore examined
whether direct overexpression of T-bet expression would affect Tim-3 expression. CD4+ T
cells from overexpressor T-bet CD2-Tg mice [10] and wild type BALB/c controls were
activated under either unskewed (Th0) or Th1-inducing conditions. In the presence of the T-
bet transgene, there was a significant increase in the expression of Tim-3 in the Th1-polarizing
condition, and this occurred after only one round of in vitro polarization (Fig. 4B). It is
noteworthy that T-bet transgenic but not wild type T cells expressed Tim-3 even when
stimulated under non-polarizing conditions (Fig. 4A). While both the T-bet CD2-Tg T cells
and the wild type control T cells stimulated under Th1-polarizing conditions produced
significant levels of IFN-γ (Fig. 4B), only the T-bet CD2-Tg cells upregulated Tim-3, further
supporting the conclusion that IFN-γ signaling does not play a role in regulating Tim-3
expression.

We next addressed whether T-bet was similarly involved in regulating Tim-3 expression in
vivo. As Tim-3 is not expressed on naïve T cells [2], we transferred sorted naïve CD4+ T cells
from wild type or T-bet−/− mice into Rag2−/− mice. In Rag2−/− mice, transferred T cells undergo
activation in response to homeostatic cues. Accordingly, we examined the frequency of cells
that underwent activation by measuring incorporation of Brdu and upregulation of CD25. We
found that similar frequencies of wild type and T-bet−/− cells underwent activation and
trafficked to the spleen (Fig. 5A and B). However, only wild type T cells turned on expression
of Tim-3 (Fig. 5C), suggesting that T-bet also regulates Tim-3 expression not only in vitro but
also in vivo. The reduced expression of Tim-3 in T-bet−/− cells both in vitro and in vivo together
with the enhanced Tim-3 expression in T-bet transgenic cells suggested that Tim-3 might be
a direct target of T-bet.
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T-bet binds to the Tim-3 promoter
To determine whether Tim-3 is a direct transcriptional target of T-bet, we performed chromatin
immunoprecipitation (ChIP) experiments with an anti T-bet antibody and analyzed the
precipitated genomic DNA by real time PCR. As a positive control, we used primer sequences
to the proximal IFN-γ promoter, which showed significant enrichment from the
immunoprecipitated (IP) sample compared with whole cell extract (Fig. 5A). As a negative
control, T cells from T-bet−/− mice were subjected to ChIP with the same antibody (and isotype
matched antibody) in parallel experiments, and no enrichment of the IFN-γ promoter was
observed (Fig. 6A). To further confirm the specificity of these experiments, ChIP experiments
were performed with PCR primers to the proximal portion of the IL-4 promoter. There was no
enrichment of this region, as expected given that T-bet does not bind in this area [11] (Fig.
6B). ChIP experiments were then performed to analyze T-bet binding to the proximal Tim-3
promoter. There was significant enrichment in the IP sample precipitated with the T-bet
antibody, while there was no enrichment seen with these primers in the T-bet−/− samples (Fig.
6C). Indeed, a sequence similar to the full T-box consensus sequence was near this enriched
region on both positive and negative strands 5′ of the Tim-3 gene (5′-CAC ATGA GTG –3′,
3′-CAC TCAT GTG-5′) at ~400bp upstream of the first ATG-methionine. We also assessed
whether STAT-4 bound the Tim-3 promoter. However, we could detect no binding of STAT-4
to the Tim-3 promoter (Fig. 6D), further suggesting that the reduced expression of Tim-3 in
the absence of STAT-4 is perhaps indirect and could in part be due to reduced levels of T-bet
in these mice [12].

Discussion
We have shown that cells lacking expression of the Th1-associated transcription factor T-
bet−/−, and to a lesser extent if at all STAT-4, have defects in Tim-3 expression. We further
show that T-bet overexpression results in constitutive Tim-3 expression and that T-bet binds
directly to the Tim-3 promoter. Collectively, our data strongly support that Tim-3 is a direct
transcriptional target of T-bet. Although we could not detect any binding of STAT-4 to the
Tim-3 promoter, we did observe some reduction in Tim-3 expression in STAT-4−/− cells. Thus,
whether STAT-4 plays a direct or indirect role in regulating Tim-3 expression is not clear at
this time and further studies will be necessary to clarify the role of STAT-4 in Tim-3 regulation.

Given that Tim-3 expression is induced only after several rounds of in vitro differentiation,
and that T-bet is upregulated early in Th1 differentiation [13], there are likely other
transcription factors that play a role in inducing the expression of Tim-3, possibly by
synergizing with signals emanating from the T cell receptor. Indeed, several transcription
factors have predicted binding sites in the proximal Tim-3 promoter (Table S1). Nevertheless,
in the absence of T-bet, Tim-3 expression is significantly impaired, demonstrating the
importance of T-bet for Tim-3 transcription.

Recently, low-levels of Tim-3 expression have been reported on Th17 cells in both mouse
[14,15] and human [16]. Indeed, it has been suggested that low-level Tim-3 expression may
allow escape of Th17 cells from galectin-9 mediated cell death [17], however the biological
consequences of the low Tim-3 expression by Th17 cells has not been established. Since T-
bet is not engaged during the Th17 differentiation program [18] and Th17 differentiation is not
impaired in the absence of T-bet [19] [20], it is likely that other transcription factors are
involved in regulating Tim-3 expression in Th17 cells.

Alterations in TIM-3 expression have important biological consequences in human disease. In
multiple sclerosis, T cells present in the cerebrospinal fluid (CSF) of patients have lower TIM-3
expression and secrete higher levels of IFN-γ than T cells in the CSF of healthy controls.
Moreover, the reduced expression of TIM-3 in the CSF T cells from MS patients is associated
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with the failure to induce tolerance in these cells. Interestingly, treatment with either glatiramer
acetate or IFN-β, approved drugs for the treatment of MS, restores both TIM-3 expression and
TIM-3-mediated immunoregulation in T cells from MS patients [21]. In contrast to the reduced
TIM-3 expression observed in T cells from MS patients, TIM-3 expression is increased on a
population of T cells in patients chronically infected with human immunodeficiency virus
(HIV) [22] and hepatitis C virus (HCV) [23]. These T cells are dysfunctional in that they fail
to produce cytokine and proliferate in response to stimulation with antigen. Blocking TIM-3
in these “exhausted” T cells restores proliferation and enhances cytokine production.
Collectively, these data show that modulation of TIM-3 expression has therapeutic value in
both autoimmune and infectious disease and underscore the importance of understanding the
regulation of TIM-3 expression. However, it remains to be addressed whether TIM-3 is also a
direct transcriptional target of T-bet in human cells.

The mechanisms by which Th1 responses are terminated in order to avoid ongoing and
potentially pathogenic inflammation are still being elucidated. Here we provide evidence for
a novel, counter-regulatory loop whereby the Th1-promoting transcription factors T-bet and
possibly STAT-4 also regulate the expression of the Th1-inhibitory molecule Tim-3. Notably,
the kinetics of these opposing pathways differ. Initial Th1 differentiation is driven by early
induction of T-bet in the naïve T helper progenitor cell, with IL-12R/STAT-4 signaling
stabilizing the Th1 phenotype shortly thereafter (reviewed in [24,25]). Tim-3 expression is
induced by these transcription factors; however, the expression of Tim-3 is delayed to a late
stage of Th1 differentiation [1], thus ensuring that a vigorous Th1 response can occur, but that
it can also be terminated. Indeed, T-bet can further promote termination of Th1 responses by
the induction of Tim-3 ligand, galectin-9, which is potently induced by IFN-γ [26,27]. Further
elucidation of both the factors that regulate T-bet expression during early and late stages of
Th1 differentiation and the mechanism of Tim-3 upregulation will enhance our understanding
of the induction and termination of the proinflammatory Th1 response.

Materials and Methods
Mice

STAT-4−/− mice on the C57BL/6 background were kindly provided by Dr. Michael Grusby
[12]. For some experiments T-bet−/− mice [28] (Balb/c background) were backcrossed onto
the C57BL/6 background for six generations. T-bet−/− mice were crossed with STAT-4−/− mice
to generate T-bet−/− × STAT-4−/− mice. All deficient mice were bred with mice expressing a
T cell receptor specific for MOG 35–55 (2D2) on the C57BL/6 background [29]. Mice
overexpressing T-bet under the control of the human CD2 promoter were previously described
[10]. All animals were housed according to the guidelines established by the Harvard
Committee on Animals.

In vitro T cell differentiation
Naïve CD4+ T (CD62Lhigh) were isolated by cell sorting (BD FACSAria; BD Biosciences)
and cultured (1×106/well) with syngeneic irradiated splenic APC (5×106/well) in the presence
of MOG 35–55 peptide (10–50 μg/ml) and rIL-12 (10 ng/ml, BD Biosciences) and anti-IL-4
(11B11; 10 g/ml). After two days, Th1 cultures were supplemented with medium containing
IL-2. After each round of polarization, T cells were harvested and restimulated with 5 ng/ml
PMA (Sigma) and 0.5 μg/ml ionomycin (Sigma) in the presence of monensin (Golgi Stop, BD
Biosciences) for 4h at 37°C. Cells were analyzed by flow cytometry for surface expression of
CD4 and Tim-3 (clone 5D12 or 2C12 for experiments with T-bet CD2 Tg) and intracellular
expression of IFN-γ, IL-4, IL-10, and IL-17. Flow cytometry data was collected on a BD
FACSCalibur (BD Biosciences) and analyzed with FlowJo Software (Tree Star).
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Quantitative Taqman RT-PCR
Total RNA was made by TRIzol (Sigma) reagent according to the manufacturer’s protocol,
reverse transcribed to cDNA and real-time RT-PCR was performed using the following
primers/probe: Tim-3-Probe 6FAM-
AGACACTGGTGACCCTCCATAATAACAATGGAA–TAMRA, Tim-3 F-5′
CGGAGAGAAATGGTTCAGAGACA3′ and Tim-3 R-5′
TTCATCAGCCCATGTGGAAAT-3′. HPRT-Probe 6FAM-
TGTTGGATACAGGCCAGACTTTGTTGGAT-TAMRA, HPRT F-5′
CTGGTGAAAAGGACCTCTCG3′ and HPRT R-5′
TGAAGTACTCATTATAGTCAAGGGCA3′. The Tim-3 CT value was normalized using the
formula ΔCT = CTTim-3−CTHPRT.

Retroviral Gene Transduction
Naïve CD4+ T cells from lymph nodes of 4–6 week old T-bet−/− × IFN-γ−/− mice (BALB/c
background) were transduced at 48 hours post activation with plate bound CD3 and CD28 with
either empty (RV GFP) or T-bet (RV T-bet) expressing retrovirus and sorted for CD4 and GFP
expression at day 5. The cells were rested overnight in IL-2 (100 U/ml) and RNA was extracted
24 hours later.

Chromatin Immunoprecipitation
ChIP was performed as previously described [11], and the resulting genomic DNA was
analyzed by real time PCR with primers designed to span equidistant regions of the proximal
promoter of the specific gene. The primers used for analysis of the specific promoters were;
IFN-γ: Forward-GCCCAAGGAGTCGAAAGGA, Reverse-
GGGATTACGTATTTTCACAAGTTTTTT, TIM-3: Forward-
GCAGGGTGTATCTAGTGTGTCATTACA, Reverse-
GAGTGCTAACCACACCCACAGA. Genomic DNA was normalized to genomic β-actin and
is expressed as relative DNA quantity of IP DNA to that of whole cell extract as fold enrichment
for the specific promoter. As a negative control, ChIP was performed in parallel on CD4+ T
cells from T-bet−/− mice with the same antibody (anti T-bet polyclonal) and on wild type and
T-bet−/− mice with an isotype matched irrelevant antibody.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Impaired Tim-3 expression in T-bet and STAT-4 deficient Th1 cells
(A) Naïve CD4+ (CD4+ CD62Lhigh) T cells from wild type, T-bet−/−, STAT-4−/− and T-
bet−/− × STAT-4−/− mice were stimulated in vitro under Th1 polarizing conditions. After each
round of polarization, cells were harvested and total RNA prepared for analysis of Tim-3
expression by real-time PCR. Expression of Tim-3 RNA relative to control HPRT expression
is shown. Error bars indicate SEM of two replicate experiments. Data shown are representative
of 2–3 independent experiments. (B) CD4+ T cells from (A) were activated with PMA/
Ionomycin and then stained with mAbs to Tim-3, CD4, IFN-γ, IL-4, IL-10 and IL-17.
Histograms represent Tim-3 expression (filled histogram, FMO control; solid black line, Tim-3
staining). Dot plots represent cytokine expression in CD4+ cells. Numbers indicate frequency
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of cytokine positive cells. Similar results were obtained in 2–3 independent experiments. (C)
Median fluorescence intensity (MFI) of Tim-3 staining on CD4+ T cells from wildtype, T-
bet−/−, STAT-4−/− and T-bet−/− × STAT-4−/− T cells after each round of in vitro Th1
differentiation. Data shown are representative of 2–3 independent experiments.
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Figure 2.
T-bet can drive the expression of Tim-3 independently of transactivation of IFN-γ. Naïve
(CD4+CD62LhighCD25−) CD4+ T cells from T-bet−/− × IFN-γ−/− mice were transduced at 48
hours post activation with plate bound CD3 and CD28 with either empty (RV GFP) or T-bet
(RV T-bet) expressing retrovirus and sorted for CD4 and GFP expression at day 5. The cells
were rested overnight in IL-2 (100 U/ml) and RNA was extracted 24 hours later. Tim-3 RNA
expression was quantified by real time PCR and normalised to β-actin. Error bars represent
SEM from triplicate PCRs. Data shown are representative of 3 independent experiments.
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Figure 3. Impaired Tim-3 expression in T-bet and STAT-4 deficient dendritic cells
CD11c+ dendritic cells were isolated by cell sorting from the collagenase digested spleens of
wild type, T-bet−/−, STAT-4−/− and T-bet−/− × STAT-4−/− mice. Expression of Tim-3 RNA
relative to control HPRT expression is shown. Error bars indicate SEM of two replicate
experiments. Data shown are representative of 2–3 independent experiments.
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Figure 4. T-bet controls Tim-3 expression in vitro
Naïve CD4+ (CD4+CD62LhighCD25−) T cells from T-bet CD2-Tg mice (and BALB/c wild
type controls) were stimulated in vitro under Th0 (A) and Th1-polarizing conditions (B). After
one round of restimulation, T cells were stimulated and then stained with mAbs to Tim-3 and
CD4, and cytokine expression was detected by intracellular staining. Histograms represent
Tim-3 expression (dotted line, isotype control; solid line, specific staining). Dot plots represent
cytokine expression in CD4+ T cells (Th1 condition). This experiment was repeated 3 times
(n=4 for both wildtype and Tg mice in each experiment). Representative data are shown.
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Figure 5. T-bet controls Tim-3 expression in vivo
1 × 106 naive (CD4+CD62LhighCD44lowCD25−) CD4+ T cells from wildtype (Balb/c) or T-
bet−/− (Balb/c) were adoptively transferred i.v. into Rag2−/− (Balb/c) mice (n=5/group).
Transferred mice were administered Brdu in the drinking water (0.8mg/ml). Two weeks later,
splenic T cells populations were harvested. (A) Frequency of CD4+Brdu+ cells in transferred
mice. (B) Frequency of CD4+CD25+ cells in transferred mice. (C) Frequency of total
CD4+Tim-3+ cells in transferred mice. Error bars indicate SEM. Data shown are representative
of 2 independent experiments.
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Figure 6. T-bet binds to the Tim-3 promoter in vivo
ChIP was performed on murine Th1 CD4+ T cells with a polyclonal antibody to T-bet, and the
resulting genomic DNA was analyzed by real-time PCR. (A) IFN-γ promoter, (B) IL-4
promoter, (C) Tim-3 promoter and (D) Tim-3 promoter after ChIP with a STAT-4 antibody.
Enrichment is expressed as the fold enrichment of IP DNA over whole cell extract. Error bars
indicate SEM of triplicate reactions. Data shown are representative of 2 independent
experiments.

Anderson et al. Page 15

Eur J Immunol. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


