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Protects Mouse Liver Transplants Against Ischemia-Reperfusion 
Injury
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1Dumont-UCLA Transplant Center, Division of Liver and Pancreas Transplantation, Department 
of Surgery, David Geffen School of Medicine at University of California-Los Angeles, Los 
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2Department of Surgery, Division of Hepatobiliary and Pancreatic Surgery, The First Affiliated 
Hospital, School of Medicine, Zhejiang University, Hangzhou, Zhejiang, China

3Department of Gastroenterology, Ruijin Hospital, Shanghai Jiao Tong University School of 
Medicine, Shanghai, China

4Center for Neurologic Diseases, Brigham and Women’s Hospital, Harvard Medical School, 
Boston, MA, USA

Abstract

Background & Aims—By binding to T-cell immunoglobulin mucin-3 (TIM-3) on activated 

Th1 cells, Galectin-9 (Gal-9) negatively regulates Th1-type alloimmunity. Although T cells 

contribute to hepatic ischemia-reperfusion injury (IRI), it is unknown whether negative T cell-

dependent TIM-3 costimulation may rescue IR-stressed orthotopic liver transplants (OLT) from 

innate immunity-driven inflammation.

Methods—We used WT and TIM-3Tg mice (C57BL6) as liver donors and recipients in a 

clinically-relevant model of hepatic cold storage (20h at 4°C in UW solution) and syngeneic OLT.

Results—OLTs in WT or TIM-3Tg->TIM-3Tg groups were resistant against IR- stress, 

evidenced by preserved hepatocellular function (sALT levels) and liver architecture (Suzuki’s 
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score). In contrast, OLTs in WT or TIM-3Tg->WT groups were susceptible to IRI. TIM-3 

induction in recipient circulating CD4+ T cells: 1/ depressed Tbet/IFN-γ, while amplifying 

GATA3 and IL-4/IL-10 expression in OLTs; 2/ promoted T cell exhaustion (PD-1, LAG-3) 

phenotype; and 3/ depressed neutrophil and macrophage infiltration/function in OLTs. In parallel 

studies, we have documented, for the first time that Gal-9, a natural TIM-3 ligand, was produced 

primarily by and released from IR-stressed hepatocytes, both in-vivo and in-vitro. Moreover, 

exogenous rGal-9 potentiated liver resistance against IRI by depressing T cell activation and 

promoting apoptosis of CD4+ T cells.

Conclusion—Harnessing TIM-3–Gal-9 signaling at T cell–hepatocyte interface facilitates 

homeostasis in IR-stressed OLTs. Enhancing anti-oxidant hepatocyte Gal-9 potentiates liver IR-

resistance. Negative regulation by recipient TIM-3+CD4+ cells provides evidence for 

cytoprotective functions of a discrete T cell subset, which should be spared when applying T cell-

targeted immunosuppression in transplant recipients.

Keywords

Liver; ischemia-reperfusion injury; orthotopic liver transplantation; innate immunity; TIM-3; 
Galectin-9

Introduction

Orthotopic liver transplantation (OLT) is the gold standard of care in patients with end-stage 

liver disease and those with tumors of hepatic origin [1]. The organ shortage has prompted 

use of extended criteria organs from older, steatotic, or non-heart beating donors, as well as 

those that have been subjected to prolonged periods of cold storage. These “marginal” 

organs are particularly susceptible to ischemia-reperfusion injury (lRI) during procurement 

and preservation [2]. Indeed, IRI not only contributes to the donor organ shortage but may 

also lead to graft failure and primary non-function. The cellular damage surrounding organ 

removal and storage impacts the outcomes because it represents a major risk factor for acute 

and chronic rejection. Despite its obvious significance, the mechanisms that account for 

organ IRI are only partially understood [2,3]. Liver IRI represents a continuum of immune 

processes, including endothelial activation, increased expression of adhesion molecules, 

macrophage/neutrophil activation, and cytokine release, followed by hepatocyte death. We 

have been advancing a concept that liver IRI represents the case for an innate immunity-

dominated TLR4-driven inflammation [4]. However, although IR-hepatocellular damage 

develops ex-vivo, in the absence of exogenous antigens, and in syngeneic grafts, we [5] and 

others [6,7] have documented a crucial role for activated T cells, particularly of CD4 

phenotype, in the pathogenesis of liver IRI.

T cell Immunoglobulin Mucin (TIM) family (−1, −2, −3, and −4) of co-stimulatory 

molecules constitute a relatively new T lymphocyte–macrophage signaling network central 

at regulation of the innate–adaptive interface in organ transplantation [8]. The blockade of 

interaction between TIM-3 and its ligand, Galectin-9 (Gal-9), induces cell death, exacerbates 

autoimmunity, enhances alloreactivity, and abrogates tolerance in experimental models 

[9,10]. Thus, TIM-3-Gal-9 pathway represents a negative regulatory mechanism between 

activated Th1-type cells and monocytes, consistent with our finding that disruption of TIM-3 

Liu et al. Page 2

J Hepatol. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



signaling has worsened tissue damage in livers subjected to warm IR-stress [11]. However, 

in addition to T cells, TIM-3 has been also associated with other immune cell types [12–14], 

and little is known about Gal-9 distribution during liver inflammation. Hence, to focus on 

the role of T cell-specific TIM-3 signaling in the mechanism of liver IRI, we have now 

employed mice, which express TIM-3 transgene (Tg) selectively on their T cells [15]. We 

used these animals as either liver donors or transplant recipients in a clinically-relevant 

murine model of extended hepatic cold storage (20h at 4°C) and OLT [16]. Our novel 

findings provide evidence for important role of negative regulation of innate immune 

responses by host circulating TIM-3+CD4+ T cells in OLTs. Moreover, our data are the first 

to identify IR-stressed hepatocytes are the principal source of Gal-9, which by itself may 

potentiate IRI resistance by impairing TIM-3+ T cell function, and promoting apoptosis. 

Hence, harnessing TIM-3–Gal-9 signaling at T cell–hepatocyte interface is essential for 

combating IR-hepatocellular damage, and to maintain homeostasis in OLTs.

Materials and Methods

Mice

Male C57BL/6 wild-type (WT) and B6.129S7-Rag1tm1Mom/J (C57BL/6, RAG−/−) mice at 

8–12 weeks of age were used (Jackson Laboratory, Bar Harbor, ME). TIM-3 transgenic 

(TIM-3Tg) mice (C57BL/6 background) provided by Dr. Vijai Kuchroo (Harvard 

University, Boston, MA), were generated by expressing the full-length TIM-3 cDNA under 

the control of human CD2 promoter [15]. Animals were housed in the UCLA facility under 

pathogen-free conditions and received humane care according to the criteria in Guide for the 

Care and Use of Laboratory Animals (prepared by the National Academy of Sciences; NIH 

publication 86–23, revised 1985).

Models of Liver IRI

In our principal model, donor livers were subjected to cold preservation followed by OLT 

[16]. Livers stored for 20h at 4°C in UW solution were transplanted orthotopically to 

syngeneic hosts. Anhepatic time was 15–18 min. There were six OLT groups (n=6/group): 

Group 1&2: WT or TIM-3Tg mice subjected to sham operations; Group 3&4: WT or 

TIM-3Tg livers ->WT; Group 5&6: WT or TIM-3Tg livers ->TIM-3Tg. Recipients were 

sacrificed at 6h (the peak of hepatocellular damage in this model) and OLT/sera samples 

were collected.

In a model of partial (70%) liver warm IRI [4,5,11,17], WT mice (n=4–6/group) were 

infused 1h prior to hepatic ischemia with a single dose of human stable-form Galectin-9 

(rGal-9; 100ug/mouse i.v.; a gift from Prof. Mitsuomi Hirashima, Kagawa University, 

Japan) [18]. Then, arterial/portal blood supply to the cephalad liver lobes was interrupted for 

90min. Animals were sacrificed at 6h of reperfusion; liver/sera samples were collected. 

Controls were treated with PBS; sham-operated mice underwent the same procedure but 

without vascular occlusion.

In some experiments, spleen CD4+ T cells from WT or TIM-3Tg mice were negatively 

selected (>95%) by using a magnetic cell sorting kit (StemCell Technologies, Vancouver, 
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Canada). These cells were infused (5×106 i.v.) into severely T-, B-, and NK T- cell deficient 

RAG−/− mice (n=3/group). One hour later, RAG−/− test recipients were subjected to 90min 

of partial local warm ischemia, and liver/sera samples were collected at 6h of reperfusion 

[19].

OLT Function/Histology

Serum alanine transaminase (sALT) levels were measured in blood samples by IDEXX 

Laboratories (Sacramento, CA, USA). OLT sections (4-μm) were stained with hematoxylin 

and eosin (H&E) and analyzed blindly. The histological severity of IRI in OLTs was graded 

using Suzuki’s criteria with modifications [20].

Lymphocyte Isolation/Flow Cytometry

Liver lymphocytes were isolated by 25%/50% discontinuous Percoll density gradient [21]. 

To determine TIM-3 expression on CD4+ T cells, spleen lymphocytes were stained with rat 

antimouse TIM-3 PE (RMT3-23, eBioscience) and FITC-CD4 (GK1.5, eBioscience) before 

analyzing on a FACS-Calibur cytometer (BD Biosciences, USA). Activated caspase-3/

caspase-7 in apoptotic spleen T cells was detected by Flow Cytometry Assay Kit (Life 

Technologies).

Immunofluorescence

Frozen OLT sections and cultured hepatocytes were stained by immunofluorescence. 

Primary mAb against neutrophil Ly-6G antigen (1A8, BD Biosciences, USA), macrophage 

CD68 antigen (FA-11; AbD Serotec, Raleigh, USA), Gal-9 (a gift from Prof. Hirashima, 

Japan) were used, followed by goat anti-rat Alexa Fluor 555 (Invitrogen, USA) as secondary 

Ab. For CD4 staining, FITC-CD4 (RM4-5, eBioscience, San Diego, CA) was used. Alexa 

Fluor 488 or Alexa Fluor 555 actin conjugate (Life Technologies, USA) was employed to 

stain the cellular skeleton. Slides were mounted by VECTASHIELD medium with DAPI 

(Vector Labs, USA), and evaluated blindly by counting labeled cells in 10 high-power fields 

(HPF). The results are expressed as average number of positive cells/HPF (x200 or x400).

Quantitative RT-PCR

Quantitative RT-PCR (qRT-PCR) was performed with platinum SYBR green quantitative 

PCR kit (Invitrogen, USA) by the Chromo 4 detector (MJ Research, USA). Primers to 

amplify specific gene fragments were published [22]. Target gene expressions were 

calculated by their ratios to the housekeeping gene hypoxanthine-guanine phosphoribosyl 

transferase (HPRT).

In-Vitro Cell Cultures

Spleen T cells were cultured with ConA (2 or 4μg/ml) ± human stable-form rGal-9 (1μg/ml) 

for 24h. Culture supernatants were assessed for IFN-γ by ELISA (eBioscience, San Diego, 

CA, USA). Standard curves were performed with serial two-fold dilutions; the optical 

density (OD) was measured with an ELISA reader. Primary mouse hepatocytes, isolated by 

a two-stage collagenase perfusion method (viability 95–99%), were cultured in complete 
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L-15 medium ± hydrogen peroxide (H2O2; 0.4 mM; Sigma-Aldrich) for 4h, and processed 

by immunofluorescence [19,22].

Caspase-3 Activity Assay

Liver tissue samples as well as spleen and hepatic CD4+ T cells (separated by magnetic cell 

sorting; StemCell Technologies) were assessed for caspase-3 activity (Calbiochem) 

according to the manufacturer’s instruction [22].

Statistical analysis

All values are expressed as mean±standard deviation (SD). Data were analyzed with an 

unpaired, two-tailed Student’s-t test; p<0.05 was considered statistically significant.

Results

Recipient TIM-3+CD4+ T Cells Ameliorate IRI in OLTs

First, we confirmed that unlike WT, TIM-3Tg spleen CD4+ T cells overexpressed TIM-3 

(2% vs. 55.9%, respectively) by flow cytometry (Fig. 1A). Then, we analyzed as to whether 

induction of TIM-3 on donor vs. recipient T cells may affect the liver damage in a model of 

cold storage (20h at 4°C) and isogeneic OLT. As shown in Fig. 1B, by 6h post-OLT, sALT 

levels (U/L) increased in WT->WT group (8,519±2,236) as compared with controls (35±11 

and 26±10 in WT and TIM-3Tg sham groups, respectively; p<0.01). Reduced hepatocellular 

damage in TIM-3Tg->TIM-3Tg IR-stressed OLTs (sALT: 2,835±902 U/L; p<0.01) 

indicated a protective role of TIM-3 overexpression. To determine whether this effect was 

donor or recipient specific, we cross-transplanted livers between WT and TIM-3Tg mice. 

Indeed, well-preserved hepatocellular function (sALT; U/L) was consistently detected in 

WT->TIM-3Tg (2,821±870) but not in TIM-3Tg->WT (7,571±2,014; p<0.01) cold-

preserved OLTs. This indicated the protective function of TIM-3 in recipient circulating 

CD4+ T cells. The sALT levels correlated with hepatic histology and Suzuki’s criteria of 

liver IRI at 6 h post-transplant (Fig. 1C, D). OLTs in WT->WT and TIM-3Tg->WT groups 

showed lobular edema, widespread hemorrhage, and congestion/hepatocellular necrosis 

(score: 2.72±0.46 and 2.99±0.72, respectively) in contrast to well-preserved histological 

detail in TIM-3Tg->TIM-3Tg, and WT->TIM-3Tg OLTs (score: 0.71±0.16 and 0.82±0.27, 

respectively).

TIM-3 Signaling Regulates T Cell Infiltration and Differentiation in IR-Stressed OLTs

At 6h of reperfusion (after 20h of cold storage) CD4+ T cells were readily detectable in IR-

stressed OLTs in WT recipients (Fig. 2A: 9.50±1.76 cells/HPF in WT->WT; and 8.67±1.63 

cells/HPF in TIM-3Tg->WT). In contrast, only few CD4+ T cells could be found in OLTs 

transplanted into TIM-3Tg recipients (Fig. 2A: 1.17±0.98 cells/HPF in WT->TIM-3Tg; and 

0.83±0.75 cells/HPF in TIM-3Tg->TIM-3Tg). We also found that irrespective of the donor 

type (WT or TIM-3Tg), increased mRNA levels coding for Th1 transcription factor Tbet/

IFN-γ were found in OLTs transplanted to WT, as compared with TIM-3Tg recipients (Fig. 

3A: p<0.05). On the contrary, Th2-related transcription factor GATA3 level was enhanced, 

along with increased IL-4/IL-10 levels in TIM-3Tg recipients of WT or TIM-3Tg liver 

grafts (Fig. 3B: p<0.05, p<0.01, respectively). In addition, mRNA levels coding for T cell 
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exhaustion markers, PD-1/LAG-3, were elevated exclusively in OLTs of WT->TIM-3Tg 

and TIM-3Tg->TIM-3Tg groups (Fig. 3C: p<0.05).

TIM-3 Signaling Attenuates Neutrophil and Macrophage Function in IR-Stressed OLTs

The immunofluorescence stains have revealed enhanced accumulation of neutrophils 

(Ly-6G; 31.25±3.86 cells/HPF in WT->WT; and 33.25±4.92 cells/HPF in Tg->WT; Fig. 

2B) and macrophages (CD68; 23.75±3.59 cells/HPF in WT->WT and 23.50±4.43 cells/HPF 

in Tg->WT; Fig. 2C) in IR-stressed liver transplants. In contrast, OLTs in WT->TIM-3Tg 

and TIM-3Tg->TIM-3Tg groups were characterized by diminished sequestration (cells/

HPF) of neutrophils (10.50±2.64 in WT->Tg and 8.59±2.71 in Tg->Tg; Fig. 2B) and 

macrophages (9.25±1.70 in WT->Tg and 10.75±2.50 in Tg->Tg; Fig. 2C). In agreement 

with cell trafficking data, OLTs subjected to cold IR-insult in WT->TIM-3Tg and TIM-3Tg-

>TIM-3Tg groups were characterized by significantly (p<0.05, p<0.01, respectively) 

suppressed TLR4 and diminished proinflammatory chemokine (CCL-2, CXCL-10, 

CXCL-1) and cytokine (TNF-α, IFN-β, IL-1β, IL-6) programs, as compared with WT 

recipient groups (Fig. 3D, E).

CD4+ T cell-dependent TIM-3 signaling confers IR-hepatoprotection

To further elucidate the role of CD4+ T cell-dependent TIM-3 immunomodulation, we used 

a model of liver IRI in RAG−/− mice [19]. Indeed, adoptive transfer of spleen CD4+ T cells 

(5×106 i.v.) from WT (<2% of TIM-3+ cells) recreated classic hepatocellular damage in 

otherwise IR-resistant RAG−/− test mice, evidenced by sALT levels at 6h of reperfusion 

(Fig. 4A, 3053±286 vs. 228±84 U/L in controls; p<0.01). In marked contrast, infusion of 

CD4+ T cells from TIM-3Tg donors (50–60% of TIM-3+ cells) failed to trigger liver IRI in 

RAG−/− test recipients (Fig. 4A, sALT: 297±85 vs. 228±84 U/L in controls). Moreover, 

improved liver histology (Fig. 4B) along with diminished TLR4 activation, as well as TNF-

α, IL-1β and IL-6 levels (Fig. 4C) were found in RAG−/− mice repopulated with TIM-3Tg 

but not with WT CD4+ T cells.

Stressed Hepatocytes Express Gal-9

As a natural ligand for TIM-3, Gal-9 is widely distributed throughout tissues, being 

particularly abundant in the liver, due to the hepatic exposure to diverse antigenic loads [23]. 

To identify cellular sources of Gal-9, we performed immunofluorescence studies. Fig. 5A 

shows that unlike in control sham-livers, dense Gal-9 expression (red spots) was detectable 

in IR-stressed OLTs (WT → WT; 6h of reperfusion), primarily in hepatocytes (arrows) and 

as secreted protein in sinusoidal liver vessels (arrowheads). Very few mononuclear cells 

were Gal-9+ at that time-point. A similar labeling pattern was observed at 6h of reperfusion 

in warm liver IRI model (data not shown). To confirm our in-vivo findings, we then probed 

for Gal-9 expression mouse primary hepatocyte cultures (at 4h). As shown in Fig. 5B, unlike 

untreated hepatocytes (blank), those that were H2O2-stressed strongly expressed Gal-9 

(arrows). In addition, after its release from hepatocytes, Gal-9 was detected in extracellular 

spaces (arrowheads). Thus, hepatocytes represent the primary source of Gal-9 in our model.
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Gal-9 Potentiates Liver Resistance Against IR Stress

We reasoned that Gal-9 may manifest itself as an anti-oxidative defense factor contributing 

to liver IR-resistance in TIM-3-dependent manner. First, we analyzed the kinetics of Gal-9 

expression in a mouse model of warm liver ischemia (90min). As shown in Fig. 6A, unlike 

in sham controls, the expression of hepatic Gal-9 mRNA increased progressively during the 

reperfusion, peaking at 6h and decreasing thereafter. Then, we have set-up two groups of 

WT and TIM-3Tg mice that were pre-conditioned with a single dose of human stable-form 

rGal-9 (100ug/mouse i.v. at -1h). Fig. 6B shows that administration of rGal-9 attenuated IRI, 

evidenced by sALT levels (764.50±145.98 IU/L vs. 7802.33±1515.33 IU/L in untreated 

WT; p<0.01) by 6h of reperfusion. Adjunctive rGal-9 further enhanced cytoprotection in IR-

stressed TIM-3Tg livers (sALT: 335.27±107.77 IU/L vs. 1368.33±217.82 IU/L in untreated 

TIM-3Tg; p<0.01). As shown in Fig. 6C, pretreatment with rGal-9 blunted innate immune 

activation by decreasing mRNA levels coding for TLR4, TNF-α, IL-1β and IL-6 (p<0.05) in 

IR-stressed WT and TIM-3Tg livers.

Gal-9 Depresses T Cell Activation and Promotes Apoptosis of CD4+ T Cells

To further define the mechanisms by which Gal-9 may exert its biological functions, we first 

performed in-vitro studies in which spleen T cells from WT or TIM-3Tg mice were cultured 

for 24h with ConA +/− human stable-form rGal-9 (Fig. 7A). After ConA treatment, T cells 

from WT mice were readily activated, evidenced by increased IFN-γ levels (pg/ml) 

[1072.02±213.66 (ConA 2ug/ml), 1609.28±395.72 (ConA 4ug/ml) vs. 10.54±1.34 pg/ml 

blank group]. In contrast, T cells from TIM-3Tg mice showed lower activation after ConA 

[IFN-γ: 345.02±64.88 pg/ml (ConA 2ug/ml; p<0.01), 474.19±120.82 pg/ml (ConA 4ug/ml; 

p<0.01) vs. 9.30±1.35 pg/ml blank group]. Addition of rGal-9 diminished ConA-induced T 

cell activation in WT and TIM-3Tg cultures, evidenced by decreased IFN-γ levels (pg/ml) 

[WT+rGal-9: 521.73±84.06 (ConA 2ug/ml); 698.56±113.83 (ConA 4ug/ml) vs. 12.95±1.17 

in blank group; TIM-3Tg+rGal-9: 76.34±14.77 (ConA 2ug/ml), 96.49±34.43 (ConA 

4ug/ml) vs. 15.36±2.34 pg/ml in blank group]. As TIM-3-Gal-9 signaling negatively 

regulates T cell function [24], we then focused on the role of Gal-9 in CD4+ T cell apoptosis 

by assessing caspase-3/7 expression in-vitro by flow cytometry (Fig. 7B). Adjunctive rGal-9 

promoted apoptosis of ConA-activated CD4+ WT T cells, compared with untreated ConA-

stimulated cells. Indeed, >50% of TIM-3Tg CD4+ T cells cultured with rGal-9 expressed 

caspase-3/7 markers.

Finally, we analyzed as to whether or not Gal-9 may regulate CD4+ T cells apoptosis in-vivo 

(Fig. 8). Groups of WT and TIM-3Tg mice were pre-treated with rGal-9 followed by warm 

hepatic ischemia (90min). At 6h of reperfusion, liver and spleen CD4+ T cells were assayed 

for caspase-3 activity. Increased CD4+ T cell apoptosis in-vivo was detected after rGal-9 

treatment in both IR-stressed WT and TIM-3Tg livers (pmol/min/5X10E8 cells; Fig. 8A: 

0.26±0.08 in WT+rGal-9 and 0.94±0.12 in TIM-3Tg+rGal-9 group vs. 0.11±0.2 in WT and 

0.46±0.07 in TIM-3Tg group, p<0.01). Increased CD4+ T cell caspase-3 activity was also 

found in recipients’ spleens (pmol/min/5X10E8 cells; Fig. 8B: 1.40±0.36 in WT+rGal-9 and 

3.49±0.91 in TIM-3Tg+rGal-9 group vs. 0.43±0.14 in WT and 1.31±0.39 in TIM-3Tg 

group, p<0.01), indicating systemic Gal-9 effects upon TIM-3+CD4+ T cell function. Thus, 

TIM-3-Gal-9 cross-linking promotes CD4+ T cell apoptosis in IR-stressed livers.
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Discussion

The importance of TIM-3 – Gal-9 costimulation in anti-oxidative defense became evident in 

our study in a mouse liver “warm” IRI model, when TIM-3 blockade exacerbated 

inflammation and dictated its severity in TLR4-dependant manner [11]. However, as TIM-3 

molecule is widely distributed, including T cells, DCs, macrophages/monocytes, and NK 

cells [12–14], the role of T cell-specific TIM-3 in the mechanism of liver IRI remains 

unknown. Moreover, by targeting distinct signaling pathways in innate and adaptive immune 

cells, TIM-3 engagement may differentially influence inflammatory cascades by promoting 

or terminating Th1 immunity [25]. Here, we employed mice that selectively overexpress 

TIM-3 on their T cells [15] in a clinically-relevant mouse OLT model. Our results show that 

liver transplants became resistant against cold ischemia-inflicted preservation damage in 

recipients, which harbored TIM-3+CD4+ T cells. Moreover, we established what we believe 

to be for the first time, that IR-stressed hepatocytes are the principal source of Gal-9 in our 

model. Treatment with rGal-9 potentiated resistance against IRI by impairing TIM-3+ T cell 

function, and promoting apoptosis. Hence, engaging TIM-3 – Gal-9 signaling at the 

recipient CD4+ T cell – hepatocyte interface, is essential for combating hepatocellular 

damage, and to maintaining homeostasis in IR-stressed mouse OLTs. No data exists on the 

role of TIM-3 - Gal-9 pathway in human liver transplants. Published data on TIM-3-Gal-9 

signaling in transplant patients are limited. Increased blood concentrations of soluble 

extracellular TIM-3 before clinical onset of acute GVHD correlated with the severity of 

GVHD after hematopoietic cell transplantation [26]. It has also been suggested that TIM-3 

transcript levels in urine may serve as a rejection biomarker in renal transplant patients [27].

In the current study, we first found that unlike WT livers transplanted into WT mice, those 

from TIM-3Tg donors remained IRI-resistant in TIM-3Tg recipients, confirming 

cytoprotective function of systemic TIM-3 overexpression. In analogy with donor-type 

“passenger leukocyte” migration in the rejection cascade [28], we asked whether donor or 

recipient TIM-3+CD4+ T cells affect IR-induced OLT damage. IR-resistance was 

consistently detected in livers (WT or Tg) transplanted into TIM-3Tg, but not WT 

recipients. Thus, recipient circulating TIM-3+CD4+ T cells promote anti-inflammatory 

phenotype after migrating into the ischemic liver tissue. We then tested the role of CD4+ T 

cell-dependent TIM-3 signaling in our adoptive transfer model of liver warm IRI in RAG−/− 

mice. These test recipients remained resistant against IR-inflammation and damage 

following infusion of TIM-3 overexpressing but not WT CD4+ T cells, indicating a CD4+ T 

cell dependent immunomodulatory role of TIM-3. Expressed by terminally-differentiated 

Th1 cells, TIM-3 signaling has been associated with a number of Th1-dependent diseases 

[29,30]. In agreement with clinical finding of imbalanced TIM-3 and Tbet expression in the 

pathogenesis of aplastic anemia [31], we found a decrease of Tbet transcription factor in IR-

resistant OLTs in TIM-3Tg recipients. Furthermore, the expression of IFN-γ was depressed 

in TIM-3Tg recipients, along with enhanced GATA-3, IL-4, and IL-10 mRNA levels. A 

similar Th2-type polarization, with inhibition of Th1/Th17 cytokine programs was detected 

in liver IRI after TIM-1 blockade [19]. Thus, our findings are in agreement with the 

immunomodulatory role of TIM-targeted T cell differentiation/function in the early IRI 

phase in OLT recipients.
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One of principal mechanisms by which TIM-3 may induce T cell dysfunction is via 

“exhaustion”. Several lines of evidence suggest TIM-3 molecule as a marker of T cell 

exhaustion phenotype in cancer immune surveillance and autoimmune disorders [24]. In 

addition, targeting TIM-3 effectively induced anti-tumor/virus T cell immunity [32,33]. In 

our study, high TIM-3 expression by recipient CD4+ T cells protected liver grafts from IRI, 

accompanied by enhanced levels of PD-1 and LAG-3 T cell exhaustion markers. Indeed, we 

have demonstrated the essential role of PD-1/B7-H1 pathway in liver inflammation, when 

stimulating PD-1 ameliorated IR-stress, at least in part by inhibiting T cell activation [17]. 

Consistent with co-expression of TIM-3 and PD-1 identifying T cell exhaustion phenotype 

[34], our results suggest that harnessing negative TIM-3 and PD-1 signaling dysregulates T 

cell function with resultant protection against hepatic IRI.

We have identified T cell – macrophage crosstalk via TLR4-downstream IRF-3 signaling, 

instrumental in IR-induced inflammation/hepatocellular damage [4]. In our current study, 

decreased TLR4 expression along with impaired activation/recruitment of CD68+ 

macrophages were observed in IR-stressed OLTs in TIM-3Tg recipients. Indeed, unlike in 

sham controls, elevated neutrophil infiltration was found in TIM-3Tg liver grafts of WT 

recipients. In contrast, TIM-3 overexpressing recipient CD4+ T cells that migrated into IR-

stressed OLTs were essential in blunting neutrophil infiltration, along with proinflammatory 

cytokine profiles. The inability of TIM-3 overexpressing T cells to mount IR-response is in 

accord with exacerbated local inflammation after disruption of TIM-3 signaling [11], 

emphasizing the essential function of TIM- 3+ CD4+ T cells in acquiring hepatic 

homeostasis.

Gal-9, originally identified as a T cell-derived factor with eosinophil chemotactic activity 

[35], plays important albeit diverse regulatory functions [15,36]. On one hand, as 

proinflammatory factor, Gal-9 induces DC maturation to enhance Th1-type immunity [37]. 

On the other hand, Gal-9 may limit Th1 activation to protect against allo-specific T cell 

responses [38] and restrain allograft rejection [39]. Gal-9 may also serve as a key regulator 

in viral and inflammatory liver disease states [40,41]. Our findings are the first to document 

that in addition to well-documented Kupffer cell/macrophage expression [42,] hepatocytes 

are the major Gal-9 producers in livers subjected to IR-insult. Indeed, abundant Gal-9 

expression was detected in IR-stressed hepatic cells in-vivo and in H2O2-stressed hepatocyte 

cultures, with Gal-9 protein released from the cytoplasm into liver sinusoids to directly exert 

its regulatory functions. Our finding of Gal-9 normally at low levels, and oxidative stress 

inducing its predominantly hepatocyte expression, both in-vivo and in-vitro, along with the 

ability of rGal-9 to halt IRI in WT and enhance protection in TIM-3Tg livers, suggest Gal-9 

as a novel hepatoprotective mechanism against IR-inflammation. This is in agreement with 

Gal-9-mediated negative feedback mechanism to trigger T cell apoptosis through 

engagement/stimulation of TIM-3 [43]. Others have suggested that higher Gal-9 expression 

by HCV-infected human hepatocytes may drive CD4+CD25+ Foxp3+ regulatory T-cell 

development through TIM-3-Gal-9 pathway [44].

Gal-9-TIM-3 signaling suppresses T-cell mitogenic stimulation, whereas Gal-9 may directly 

induce Th1 cell apoptosis and down-regulate Th1 responses [45]. We found that cultured 

TIM-3+CD4+ T cells were susceptible to rGal-9-induced apoptosis via caspases, along with 
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diminished ConA-mediated activation. In addition, exogenous rGal-9 influenced early 

features of hepatic IRI, evidenced by amelioration of parenchymal cell apoptosis (caspase-3) 

and inhibition of Kupffer cell (TNF-α/IL-1β) and endothelial cell (E-selectin/P-selectin/

ICAM-1) activation as early as at 1h of reperfusion (Suppl. Fig. 1A–C). Hence, hepatocyte-

derived Gal-9 may negatively regulate immune responses in divergent IR-stressed liver cell 

types. As Gal-9 can be released to the circulation, it is plausible that CD4+ T cell apoptosis 

may occur in secondary lymphoid organs (e.g., spleen) with resultant depressed intrahepatic 

CD4+ T cell sequestration.

In conclusion, by providing new insights into the pathogenesis hepatic damage in IR-

stressed OLTs, our results have important clinical implications. First, negative regulation by 

recipient TIM-3+CD4+ cells provides evidence for cytoprotective functions by a discrete T 

cell subset, which should be spared when applying T cell-targeted immunosuppression in 

transplant recipients. Second, enhancing anti-oxidant hepatocyte-derived Gal-9 depresses T 

cell activation and promotes apoptosis of pathogenic CD4+T cells to potentiate liver IR-

resistance. Thus, harnessing TIM-3–Gal-9 signaling at the recipient CD4+T cell–hepatocyte 

interface may lead to the development of novel strategies to induce durable homeostasis in 

OLTs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
TIM-3 overexpressing recipient CD4+ T cells prevent hepatocellular damage in IR-stressed 

OLTs. (A) TIM-3 expression on spleen CD4+ T cells of TIM-3Tg vs. WT mice 

(representative flow cytometry data; n=3/group); (B) sALT levels (U/L) at 6h of reperfusion 

(after 20h cold storage) in mouse recipients of syngeneic OLTs (WT->WT; Tg->WT; WT-

>Tg; Tg->Tg); (C) Liver histology (representative H&E staining; magnification x100 and 

x400); (D) Suzuki’s histological score of hepatic IR-damage. **p<0.01, B–D: n=6/group.
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Figure 2. 
Representative immunofluorescence staining for OLT-infiltrating: (A) CD4+ T cells; (B) 

Ly-6G+ neutrophils; (C) CD68+ macrophages (6h post-transplantation after 20h of cold 

ischemia. Magnification x200; n=6/group.
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Figure 3. 
qRT-PCR-assisted molecular screening of IR-stressed OLTs (6h of reperfusion after 20h 

cold storage) for: (A) Th1-type factors (Tbet, IFN-γ); (B) Th2-type factors (GATA3, IL-4, 

IL-10); (C) T cell exhaustion markers (PD-1, LAG-3); (D) TLR4 and chemokines (CCL-2, 

CXCL-10, CXCL-1); cytokines (TNF-α, IFN-β, IL-1β, and IL-6). Data normalized to HPRT 

gene expression. *p<0.05, **p<0.01, n=6/group.
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Figure 4. 
RAG−/− mice repopulated with spleen CD4+ T cells from syngeneic WT or TIM-3Tg mice 

(5×106 i.v.) were subjected 1 hour later to 90min of liver warm ischemia. At 6h of 

reperfusion, the hepatocellular damage was assessed by: (A) sALT levels; (B) liver 

histology (representative H&E staining; magnification x100 and x400); (C) qRT-PCR-

assisted TLR4, TNF-α, IL-1β, and IL-6 expression. **p<0.01; n=3/group.
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Figure 5. 
Gal-9 - TIM-3 signaling network. Representative immunofluorescence staining for Gal-9 in: 

(A) IR-stressed OLTs (WT → WT; 6h reperfusion); and (B) H2O2-stressed primary 

hepatocytes (4h culture). Tissue sections/cultured cells were probed with anti-Gal-9 mAb/

fluorescent-labeled secondary Ab. Gal-9 staining (arrows; red spots) in hepatocytes, and 

secretion to liver sinusoidal vessels (A – arrowheads); and extracellular spaces in hepatocyte 

cultures (B - arrowheads). DAPI and F-actin identify cell nucleus (blue) and cytoskeleton 

(green), respectively. Magnification x400, n=6/group,.
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Figure 6. 
Groups of WT and TIM-3Tg mice, subjected to warm liver IR (90min) −/+ rGal-9 (100ug/

mouse i.v. at -1h), were analyzed at 6h of reperfusion for: (A) the kinetics of Gal-9 

expression by in IR-stressed livers by qRT-PCR (n=4/group); (B) sALT levels; (C) qRT-

PCR-assisted expression of TLR4, TNF-α, IL-1β and IL-6. *p<0.05; **p<0.01; B/C: n=6/

group.
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Figure 7. 
Spleen CD4+ T cells from WT or TIM-3Tg mice cultured with ConA (2μg/ml or 4μg/ml) 

−/+ rGal-9 (1μg/ml) were assessed at 24h for: (A) IFN-γ (ELISA); and (B) caspase 3/7 

(FACS). n=6/group.
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Figure 8. 
Groups of WT and TIM-3Tg mice, subjected to warm liver IR (90min) −/+ rGal-9 (100ug/

mouse i.v. at -1h), were sacrificed at 6h of reperfusion. (A) liver-infiltrating CD4+ cells; and 

(B) spleen-resident CD4+ T cells were assessed for cell apoptosis by analyzing caspase-3 

activity (pmol/min/5X10E8 cells). **p<0.01, n=6/group.
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