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ACKGROUND & AIMS: The liver is an organ with
aradoxic immunologic properties and is known for its
olerant microenvironment, which holds important impli-
ations for hepatic diseases. The molecular basis for this
ocal immune suppression, however, is poorly understood.
n this study, we aimed to determine the role of liver si-
usoidal endothelial cell lectin (LSECtin), a recently identi-
ed member of the dendritic cell-specific ICAM-3 grabbing
onintegrin (DC-SIGN) family, in the regulation of hepatic
-cell immune response. METHODS: The regulation of
-cell effector function by LSECtin was determined by
o-stimulated T cells with anti-CD3/CD28 monoclo-
al antibody and LSECtin protein, or co-culture of
-cell receptor transgenic T cells with mouse LSECs in
itro. We generated LSECtin knockout mice and pre-
ared recombinant LSECtin protein and complementary
NA plasmids to analyze the role of LSECtin in hepatic
-cell immune regulation in vivo. RESULTS: We showed

hat LSECtin specifically recognized activated T cells and
egatively regulated their immune responses. In mice
ith T-cell–mediated acute liver injury, the lack of LSEC-

in accelerated the disease owing to an increased T-cell
mmune response, whereas the exogenous administration
f recombinant LSECtin protein or plasmid ameliorated
he disease via down-regulation of T-cell immunity.
ONCLUSIONS: Our results reveal that LSECtin is a
ovel regulator of T cells and expose a crucial mech-
nism for hepatic T-cell immune suppression, per-
aps opening up a new approach for treatment of

nflammatory diseases in the liver.

ccumulating evidence indicates that the liver is an
important immune organ that favors the induction

f tolerance rather than immunity,1–3 which is critical for
aintaining immunologic silence in response to harm-

ess antigenic material present in food. The immune
olerance of the liver also might account for the survival
f liver allografts and diverse hepatic inflammatory dis-
ases,2 which highlights the importance of understand-
ng the nature of hepatic immune regulation. Two crucial

echanisms have been proposed for liver tolerance. First,
he liver is unlike any other organ in the T-cell biology, as

est illustrated by inactivation, tolerance, and apoptosis.4
econd, liver sinusoidal endothelial cells (LSECs) and
upffer cells play significant roles in the distinctive con-

traints on hepatic T cells.5– 8 The exact molecular mech-
nisms underlying the hepatic T-cell immune regulation,
owever, have not been elucidated.
T-cell immune regulation is regulated precisely through a

ariety of mechanisms, and cell-surface regulators such as
o-signaling molecules have been identified as crucial
omponents. Even so, the understanding of cell-surface
egulators for T-cell immunity has been greatly expanded
y the introduction of the lectin superfamily.9 For exam-
le, the C-type lectin macrophage galactose-type C-type

ectin (MGL) on dendritic cells (DCs) negatively regulates
ffector T cells via interaction with CD45.10 A genome-
ide association study identified the predicted C-type

ectin KIAA0350 as a type 1 diabetes gene, suggesting its
egulatory role in the activation of cytotoxic T cells.11 It
s clear that lectins are crucial players in immune toler-
nce and homeostasis, and are involved in diseases of the
mmune system. It is noteworthy that several lectins also
re localized to the liver, although no lectins have been
onfirmed to be T-cell regulators in the liver thus far.

We identified LSECtin from the liver, which belongs to
he C-type lectin subfamily including CD23, dendritic
ell-specific ICAM-3 grabbing nonintegrin (DC-SIGN),
nd liver/lymph node-specific ICAM-3 grabbing noninte-
rin (L-SIGN).12 Accumulating evidence suggests that
his family is vital in the regulation of immune effector
ells: DC-SIGN is essential for DC-induced T-cell prolif-

Abbreviations used in this paper: CLR, C-type lectin receptors; CRD,
arbohydrate recognition domain; DC, dendritic cell; DC-SIGN, den-
ritic cell-specific ICAM-3 grabbing nonintegrin; EGTA, ethylene glycol-
is(b-aminoethyl ether)-N,N,N=,N=-tetraacetic acid; IFN, interferon; IL,

nterleukin; L-SIGN, liver/lymph node specific ICAM-3 grabbing nonin-
egrin; LSEC, liver sinusoidal endothelial cell; mAb, monoclonal anti-
ody; MGl, macrophage galactose-type C-type lectin; NF-��, nuclear
actor-��; OVA, ovalbumin; PBL, peripheral blood lymphocyte; PBMC,
eripheral blood mononuclear cell; PCR, polymerase chain reaction;
GK, phosphoglycerate kinase; PMA, phorbol-12-myristate-13-ace-
ate; Q-PCR, quantitative PCR; SARS, severe acute respiratory syn-
rome; siRNA, small interfering; TCR, T-cell receptor; TNF, tumor ne-
rosis factor; wt, wildtype.

© 2009 by the AGA Institute
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ration13; L-SIGN has a similar function; and CD23 is
nvolved in the up-regulation or down-regulation of im-

unoglobulin (Ig)E via interaction with CD21 on B cells
r IgE, respectively.14 It was reported that LSECtin func-
ions as an attachment factor for Ebola virus and severe
cute respiratory syndrome (SARS).15 Until now, the
unction of LSECtin in immune regulation has remained
nclear. The specific localization of LSECtin in the
SECs and Kupffer cells12,16 inspired us to investigate
hether LSECtin interacts with immune cells and con-

ributes to hepatic immune regulation.
In the present study, we found that LSECtin specifi-

ally recognizes activated T cells and negatively regulates
-cell receptor–mediated signaling and the T-cell im-
une response in vitro, characterized by decreased pro-

iferation and activation, as well as down-regulation of
-cell cytokines. We generated LSECtin knockout (KO)
ice and observed an increased accumulation of T cells

n liver in the absence of LSECtin. In mice with T-cell–
ediated acute liver injury, the lack of LSECtin acceler-

ted the disease owing to an increased T-cell immune
esponse, whereas the exogenous administration of re-
ombinant LSECtin protein or plasmid ameliorated the
isease by down-regulating T-cell immunity. Thus, our
esults reveal a crucial mechanism by which hepatic T-cell
mmunity is controlled by the C-type lectin LSECtin.

Materials and Methods
Cell Lines and Cell Preparation
The cell lines HL-60, U937, Daudi, Molt-4, CEM,

urkat, CHO, and MCF7 were from American Type Cul-
ure Collection. Human LSECs were from Sciencell Re-
earch Laboratories (Carlsbad, CA). CD4� and CD8� sub-
ets or total T cells were purified using the MACS beads
ystem (Miltenyi Biotech, Bergisch Gladbach, Germany).

ouse LSECs were prepared as reported previously.8

Monoclonal Antibodies, Reagents,
Immunoglobulin Fusion Proteins, and
Plasmids
The monoclonal antibody (mAb) against CD3 (h:

IT3a; m: 500A2), anti-CD4 (RPA-T4), anti-CD8 (RPA-T8),
nti-CD69 (FN50), and anti-CD25 (M-A251) were from BD
harmingen (San Jose, CA). The mAb against CD28

ANC28.1/5D10) was from Calbiochem (San Diego, CA). Anti-
ouse interleukin (IL)-2 (JES6-5H4), tumor necrosis factor

TNF)-� (MP6-XT22), and interferon (IFN)-� (AN18.17.24)
ere from MACS. Anti-mouse CD3 (145-2C11), anti-mouse
D4 (L3T4), anti-mouse CD8 (Ly-2), anti-mouse CD44

IM7), anti-DO11.10 T-cell receptor (TCR) (KJ1-26), and the
Ab against CD28 (37.51) were from eBioscience (San
iego, CA). Anti-mouse CD62L (MEL-14) was from BioLeg-

nd (San Diego, CA). All phospho-specific antibodies were
rom Cell Signaling Technology (Danvers, MA). hLSECt-
n–Fc protein was prepared as described.12 The complemen-

ary DNA (cDNA) coding full-length and soluble mLSECtin c
ere subcloned into the expression vector pcDNA3.1a (In-
itrogen, Carlsbad, CA).

Cell Adhesion Assay
Cells were incubated with LSECtin-Fc, mAb against

SECtin, and then incubated with fluorescein isothiocya-
ate– conjugated goat anti-mouse IgG, and analyzed on a
ACScalibur (BD Biosciences, Franklin Lakes, NJ). Acti-
ated peripheral blood lymphocyte (PBLs) labeled with
KH26 were incubated with the cells stably expressing
IRES2–EGFP LSECtin with or without blocking an-
ibodies against LSECtin. Adherent cells were lysed
nd fluorescence was quantified on a fluostar spec-
rofluorometer (BMG Labtech, Offenburg, Germany).

T-Cell Proliferation and Cytokine Assays
PBLs were seeded onto CHO or CHO–LSECtin

ells and then were stimulated with soluble anti-CD3 or
ere seeded onto plates coated with LSECtin-Fc and
nti-CD3 mAb, followed by 72 hours of culture. In some
ases anti-CD28 was added to the cells. DO11.10 CD4� T
ells were cultured in 96-well plates with spleen cells (3 �
05, irradiated with 2500 rads), along with the ovalbumin
OVA) (323–339) peptide and precoated LSECtin-Fc, or
lated directly onto LSECs in the presence of OVA pep-
ide. Cell proliferation was estimated by incorporation of
romodeoxyuridine. Supernatants were collected and the
ytokines were determined by sandwich enzyme-linked
mmunosorbent assay kits.

Generation of LSECtin KO Mice
A genomic mouse LSECtin clone was isolated

rom a 129/SvJ library and was used to construct a
argeting vector that was electroporated into 129 R1
mbryonic stem cells. Targeted clones that had under-
one homologous recombination were screened by
olymerase chain reaction (PCR) and verified by
outhern blot analysis, and these were injected into
57BL/6 blastocysts to generate chimeric mice. To re-
ove the neo-loxP cassette carrying the phosphoglycerate

inase (PGK) promoter-driven neo gene flanked by lox
equences, agouti F1 heterozygous progeny were crossed
ith E2a-Cre transgenic mice, and the resultant mice
ere back-crossed to C57BL/6 strains for 6 generations.
erm line transmission was confirmed by PCR of tail
NA.

Model of Experimental Acute Inflammatory
Liver Injury
Male Balb/C mice were injected with an optimum

ose (18 mg/kg) of Con A (Sigma–Aldrich, St. Louis,
O) via the tail vein. A reduced dose (8 mg/kg) of Con A

as used in KO mice. The small interfering RNAs (siRNAs)
r the mLSECtin cDNA plasmid were delivered in vivo as
escribed.17,18 Mice were administered LSECtin–Fc or

ontrol–Fc via tail vein. Serum alanine aminotransferase
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1500 TANG ET AL GASTROENTEROLOGY Vol. 137, No. 4
ALT)/aspartate aminotransferase (AST) levels were esti-
ated using a detection kit.

Statistical Analyses
A Student t test and 1-way analysis of variance

ith the Tukey post hoc test were used for statistical
nalysis. Results with a P value of less than .05 were
onsidered as statistically significant.

Results
LSECtin Binds to Activated T Cells Via a
Protein–Glycan Interaction
Characterization of LSECtin family members such

s DC-SIGN suggest that LSECtin might act as a cell adhe-
ion molecule in the immune system. To test this hypoth-
sis we screened a series of cell lines to identify the LSECtin
igand by flow cytometry. We found that LSECtin–Fc inter-
cted with the CEM and Jurkat T cell lines (Figure 1A).
oreover, when tested after stimulation with phorbol-12-
yristate-13-acetate (PMA) combination with ionomycin,

urkat T cells showed markedly increased binding of LSEC-
in, and this binding required the presence of Ca2� because
t was inhibited by addition of the calcium chelator eth-

lene glycol-bis(b-aminoethyl ether)-N,N,N=,N=-tetraace- w
ic acid (EGTA) (Figure 1B). We then sought to determine
hether LSECtin receptor is expressed naturally on T

ells in vivo. By using flow cytometry analysis, we found
hat LSECtin–Fc specifically bound peripheral blood

ononuclear cells (PBMCs) activated by PMA and iono-
ycin, and this interaction could be inhibited completely

y the addition of EGTA (Figure 1C). However, LSECtin did
ot bind nonactivated PBMCs. To verify T-cell binding, we
urified either CD4� or CD8� cells from PBMCs by positive
election using antibody-coated magnetic beads. LSECtin
howed strong binding to activated CD4� and CD8� T cells
Figure 1D). To confirm the interaction of LSECtin and T
ells at a cellular level, cell–cell adhesion experiments were
erformed to assess the adhesion of peripheral blood T cells
o LSECtin transfectants. Activated peripheral blood T cells
pecifically adhered to MCF7 cells expressing LSECtin
ompared with background binding to parental MCF7
ells. This binding was inhibited by a blocking antibody
o LSECtin (Figure 1E and F), confirming the specificity
f the interaction.

LSECtin has a typical carbohydrate recognition domain
CRD) and binds mannose, GlcNAc, and fucose in a Ca2�-
ependent manner.12 Therefore, we sought to determine

Figure 1. LSECtin recognizes
activated T cells. (A) Adhesion
of LSECtin–Fc to various hu-
man hematopoietic cell lines:
promyelocytic leukemia cells (HL-
60), monoblastic leukemia cells
(U937), Burkitt’s lymphoma cells
(Daudi), and T-cell leukemia
cells (Molt-4, CEM, and Jurkat).
(B–D) Adhesion of LSECtin–Fc
to activated T cells. (B) Jurkat
cells, (C) PBMCs, or purified (D)
CD4� and CD8� subsets treated
with PMA and ionomycin were
stained with LSECtin–Fc or hu-
man IgG control and analyzed by
fluorescence-activated cell sorter.
(E) PKH-26–labeled activated pe-
ripheral blood T cells were incu-
bated with MCF7 cells transfected
with pIRES2-EGFP-LSECtin or
vector, and anti-LSECtin was used
to block LSECtin-dependent ad-
hesion. Cell–cell adhesion was vi-
sualized by fluorescence micros-
copy and representative pictures
were taken. (F) The percentage of
activated peripheral blood T cells
adherent to MCF7 or MCF7–
LSECtin cells was measured us-
ing a fluorstar spectrofluorimeter.
hether LSECtin binds to activated T cells through a pro-
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October 2009 LSECTIN REGULATES T–CELL IMMUNE RESPONSE 1501
ein–glycan interaction, The binding of LSECtin to acti-
ated T cells actually was prevented by EGTA and saccha-
ides such as D-mannose, N-GlcNAc, and L-fucose (Figure
A). To assess the contribution of N- or O-linked glycosyl-
tion in LSECtin adhesion, activated T cells were cultured
n the presence of tunicamycin or benzyl-�-GalNAc,
hich could block the formation of proteins N- or O-
lycosidic linkages, respectively. Tunicamycin abrogated
he adhesion of T cells to LSECtin, whereas benzyl-�-
alNAc did not (Figure 2B). Amino acid sequence align-
ent of the CRD of LSECtin with that of other C-type

ectins indicates that 4 amino acids, Glu254, Asn256, Asn
74, and Asp275, interact with Ca2� through their car-
onyl groups, and Glu254/Asn256 exist in a conserved
PN motif, which is important for carbohydrate recog-
ition.12,19 Thus, we generated a series of LSECtin point
utants, including N256D, N274D, and D275A, in the

oluble isoform. Alteration of each residue completely
bolished the binding of LSECtin–Fc to T cells (Figure
C), compared with the control substitution L231A.
hese results indicate that LSECtin binds to activated T
ells through a protein– glycan interaction.

LSECtin Inhibits T-Cell Immune Response
In Vitro
Considering that LSECtin recognizes activated T

ells, we investigated whether LSECtin regulates T-cell
mmune response. We cultured peripheral blood T cells
ith anti-CD3 mAb and LSECtin–Fc for 72 hours and

ound that the up-regulation of cell surface activation
olecules, including CD69 and CD25, was inhibited by

SECtin (Figure 3A). Proliferation was estimated by in-
orporation of bromodeoxyuridine, and it was found
hat LSECtin significantly decreased T-cell proliferation
timulated by anti-CD3 (Figure 3B). To examine the
ffects of soluble LSECtin ligation on the production of
ytokines, culture supernatants from T-cell proliferation
ssays, as shown previously, were harvested at 48 hours.

igure 2. Protein–glycan interaction regulates LSECtin binding to T ce
lcNAc, L-fucose, and EGTA. (B) Binding inhibition of LSECtin to activ
utant LSECtin–Fc to peripheral blood T (PBT) cells, in which amino a
274D, Asn274Asp; D275A, Asp275Ala; and L231A, Leu231Ala.
ecretion of IFN-�, IL-2, and IL-10 was inhibited signif- g
cantly by LSECtin–Fc, although the production of trans-
orming growth factor-� was not affected (Figure 3C). To
urther test whether LSECtin on the cell surface inhibits
-cell responses, we established a stably expressing CHO
ell line of LSECtin (CHO–LSECtin). PBMCs were co-
ultured with irradiated CHO–LSECtin cells or mock
HO cells and soluble anti-CD3 mAb for 48 hours.
embrane-bound LSECtin decreased the secretion of

FN-� and IL-2 in the culture supernatants of PBMCs; on
he other hand, its siRNA reversed this effect (Figure 3D).
he negative effect of LSECtin also was observed in the
resence of anti-CD28 mAb (Figure 3E), suggesting that
he suppression cannot be overcome by co-stimulation.
o study antigen-specific signals, we examined the effects
f LSECtin on T cells that were expressing an OVA-
pecific TCR transgene. The secretion of IFN-� and IL-2
as shown to be inhibited significantly by LSECtin–Fc

Figure 3F).
To illustrate the mechanism of LSECtin-mediated

-cell inhibition, we first examined tyrosine phosphory-
ation of proteins after stimulation via the TCR for 60

inutes. We examined TCR-mediated phosphorylation of
AP-70, LCK, and PKC� tyrosine kinase and found that the
hosphorylation of these proteins was decreased (Figure
A). ERK and JNK are 2 important downstream targets of
CR activation in response to TCR signals. The phosphor-
lation of ERK and JNK was up-regulated in activated T
ells, whereas it was down-regulated by LSECtin engage-
ent (Figure 4A). We also examined the TCR-mediated

uclear factor-�B (NF-�B) pathway. The phosphorylation
f I�B was decreased, which is important for its protea-
omal degradation and for the activation of NF-�B.

oreover, the expression of NF-�B target genes IL-2R,
NF-�, and IRF1 obviously was decreased using quanti-

ative PCR (Q-PCR) assay (Figure 4A and B).

Generation of LSECtin-Deficient Mice
To determine the in vivo function of LSECtin, we

) Binding inhibition of LSECtin to activated Jurkat cells by D-mannose,
Jurkat cells by tunicamycin or benzyl-�-GalNAc. (C) Binding of wt or
within the CRD domain are mutated. Mutation: N256D, Asn256Asp;
lls. (A
ated
cids
enerated LSECtin-deficient mice. Our gene targeting vec-
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1502 TANG ET AL GASTROENTEROLOGY Vol. 137, No. 4
or replaced the entire coding region (including all exons) of
he endogenous LSECtin allele with a PGK-neo cassette,
hereby deleting all functional domains of LSECtin (Fig-
re 5A). Among 96 G418-resistant ES clones, 4 (4.1%)
ositive clones were obtained via Southern blot verifica-
ion (Figure 5B). Chimeric male mice were derived from
hese ES clones by standard procedures. They were
rossed to C57BL/6 females, and heterozygous mutant
ice were established from targeted ES clone G8. Het-

rozygous and homozygous LSECtin mutant mice then
ere identified by PCR analysis of genomic DNA isolated

rom tail biopsies (Figure 5C). To confirm the absence of
SECtin in these mice, the expression of LSECtin in the

igure 3. LSECtin inhibits T-cell immune responses in vitro. (A) Inhibitio
ith immobilized T-cell–specific mitogen anti-CD3 antibody plus 10 �g
as detected by staining with antibodies against cell surface activation
SECtin–Fc. T-cell proliferation was assayed by pulsing with bromodeo

L-2, IL-10, and transforming growth factor (TGF)-� concentrations in th
nhibition of cytokine production by membrane-bound LSECtin. CHO ce
iRNA and irradiated after 48 hours. PBMCs were co-cultured with the
xpression in the supernatants was determined by enzyme-linked imm
resence of anti-CD28 antibody. (F) LSECtin–Fc inhibited cytokine pr
P � .05; ��P � .01.
iver was estimated by reverse-transcription PCR analysis. s
s expected, LSECtin was detected in wild-type (wt) but
ot in KO liver (Figure 5D). The loss of LSECtin protein

n liver also was confirmed by immunofluorescein stain-
ng (Figure 5E). These mice initially were back-crossed to
he C57BL/6 background for at least 6 generations before
hey were used in the studies described.

LSECtin Limits the Hepatic T-Cell Immune
Response In Vivo
Our previous work showed that LSECtin messen-

er RNA is expressed in liver sinusoidal endothelial
ells.12 Recent studies have indicated that LSECtin also is
resent in Kupffer cells,16 which was confirmed in our

-cell activation by LSECtin–Fc. Peripheral blood T cells were stimulated
r indicated concentration of LSECtin–Fc or human IgG. Cell activation

cules, including CD69 and CD25. (B) Inhibition of T-cell proliferation by
dine (BrdU). (C) Inhibition of cytokine production by LSECtin–Fc. IFN-�,
ernatants was measured by enzyme-linked immunosorbent assay. (D)
bly expressing LSECtin were transfected with control siRNA or LSECtin

cells together with the soluble anti-CD3 mAb for 48 hours. Cytokine
rbent assay. (E) Inhibition of cytokine production by LSECtin–Fc in the

tion by DO11.10 CD4 T cells stimulated with OVA peptide 323-339.
n of T
/mL o
mole
xyuri

e sup
lls sta
CHO

unoso
oduc
tudy (Supplementary Figures 1 and 2). LSECtin limited
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he activation of T cells in vitro, and the specific local-
zation of LSECtin in the LSECs and Kupffer cells pro-
ided a very strong clue for its important function in the
egulation of T-cell immune responses in the liver.

LSECtin KO mice displayed normal numbers and ra-
ios of CD4�CD8�, CD4�, and CD8� T cells in the
hymus. The T-cell populations in the spleen and lymph

igure 4. LSECtin inhibits TCR-
ediated signaling. (A) Tyrosine
hosphorylation of proteins. T
ells were incubated with anti-
D3 and anti-CD28 in the pres-
nce of LSECtin–Fc for 60 min-
tes before lysis in RIPA buffer.
ell lysates were analyzed by

mmunoblotting with phospho-
pecific, or pan antibodies against
AP-70,LCK,PKC�, Erk, JNK,and
nti-pI�B. (B) Q-PCR analysis of
hanges in the expression of
he NF-�B target genes IL-2R,
NF-�, and IRF1. The data
hown are from 1 representative
f 3 experiments.

igure 5. Generation of LSECtin KO mice. (A) The targeting map of
GK-neo cassette. RE sites: N, Nco I; Bg, Bgl II; RV, EcoR V. The sh
enotyping primers. (B and C) Southern blot and PCR detection of hete

B) embryonic stem (ES) cells and (C) mouse tails. (D and E) The exp

ranscription PCR analysis and (E) immunofluorescein staining.
odes also appeared to show normal numbers (Figure
A). In contrast, an increase in CD4� (42% in KO mice vs
7% in wt mice) and CD8� (23% in KO mice vs 18% in wt
ice) T cells were found in the liver, but no effect was

etected in the lung and kidney. To determine the phe-
otype of accumulated T cells in the liver of LSECtin KO
ice, we examined the expression of CD62L and CD44

SECtin genomic locus. The whole coding region was replaced with
lack bar indicates the external southern probe, and short arrows are
ous and homozygous LSECtin mutants in genomic DNA from targeted
n of LSECtin in liver from wt or KO mice estimated by (D) reverse-
the L
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n intrahepatic T cells. A fraction of intrahepatic T cells
n LSECtin KO mice were CD62LloCD44Hi in comparison
ith normal mice (60% vs 45%), although no difference
as found in the spleen of the same mice (Figure 6A),

uggesting that a large number of these T cells were
ctivated. These results implicated that LSECtin could
lay a key role in the regulation of hepatic T-cell immu-
ity.
Given that the amount of LSECtin present in the in

itro models could well have been nonphysiologic, we
erformed analyses using co-culture TCR transgenic T
ells with KO or wt LSECs. The T cells co-cultured with
O LSECs showed higher responses than those cultured
ith wt LSECs, indicating that LSECtin on LSECs down-

igure 6. LSECtin inhibits T-cell immune response in vivo. (A) Lymphoc
O mice (8–12 wk), and subsequently analyzed by CD4 and CD8 expre
D8�, and CD4�CD8� subsets. Lymphocytes isolated from the spleen
nti-CD44–fluorescein isothiocyanate and subjected to flow cytometry
eptide presented by LSECs from wt or KO mice for 48 hours. Supe

mmunosorbent assay. (C) Naive DO11.10 T cells were transferred into
ntraperitoneally daily for 3 days from day 1. On day 4 after the first OVA
tained with anti-CD4 and DO11.10. The results represent the average p
experiments. (D) Acceleration of acute liver inflammatory injury in LS

lasma ALT/AST levels were measured, and liver samples were collecte
ymphocyte populations were analyzed using anti-CD3, anti-CD4, and

cells were counted by intracellular cytokine staining. �P � .05; n � 5
egulates T-cell immune responses (Figure 6B). The role a
f LSECtin in the regulation of T cells in liver was
valuated further in a DO11.10 TCR transgenic T-cell
ransfer system in which wt DO11.10 CD4� T cells were
ransferred into either wt or LSECtin KO mice. The mice
ubsequently were challenged with OVA peptide. We ob-
erved a significant increase in DO11.10 CD4� T cells in
he liver of KO mice compared with wt mice on day 4
ost-OVA peptide injection (Figure 6C).
We also induced experimental acute hepatitis in mice

sing Con A, which is an activated T-cell–mediated liver
isease model.20 We then analyzed the effect of LSECtin
n activated T-cell–mediated acute liver injury induced
ia Con A using LSECtin KO mice. Inflammatory liver
njury was exacerbated with increased serum ALT/AST,

were isolated from lymphoid organs and nonlymphoid organs of wt and
using specific mAbs. The numbers represent the percentage of CD4�,
er of the same mice were stained with anti-CD62L–phycoerythrin and

lysis. (B) DO11.10 CD4� T cells were activated with 1 �g/mL of OVA
nts were collected and cytokines were measured by enzyme-linked
KO mice via intravenous infusion on day 0. OVA peptide was injected

tide injection, lymphocytes from the liver and spleen were isolated and
ntage of CD4�/DO11.10. T cells from 2–3 mice at each time point from
KO mice. Wt or KO mice were administered Con A. After 24 hours,

H&E staining. (E) Liver infiltrating mononuclear cells were collected and
D8 antibodies. (F) Total cell numbers of TNF-�– and IFN-�–producing
ytes
ssion
or liv
ana
rnata
wt or
pep
erce
ECtin
d for
anti-C
nd more serious liver histologic damage was observed in
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he LSECtin KO compared with the wt mice (Figure 6D).
he total number of lymphocytes in the liver was signif-

cantly higher in LSECtin KO mice than in wt mice
Figure 6E). Moreover, the hepatic T cells of LSECtin KO

ice were found to show higher levels of TNF-� and
FN-� compared with wt mice (Figure 6F). We also inves-
igated the in vivo silencing effect of siRNA duplexes
argeting the LSECtin gene by delivering synthetic siRNA
uplexes into the mouse liver by hydrodynamic tail vein

njection. In concordance with data from the LSECtin
O mice, the siRNA knock-down mice showed higher

evels of plasma ALT and AST, serious liver histologic
amage, and higher activity of hepatic T cells compared
ith wt mice (Supplementary Figure 3). Combining the

esults from in vitro and in vivo studies, it is reasonable
o conclude that LSECtin is involved in constraining
-cell immunity in the liver.

igure 7. Therapeutic effect of recombinant LSECtin protein or LSECtin
mmunity. Mice were treated with control–Fc or LSECtin–Fc 30 minutes
&E staining and terminal deoxynucleotidyl transferase–mediated de
LT/AST levels were measured. (C) Liver infiltrating mononuclear cells
nti-CD4, and anti-CD8 antibodies; (D) liver infiltrating mononuclear cells

FN-�–producing T cells were counted by intracellular cytokine staining
ours before Con A injection. After 24 hours, (E) plasma ALT/AST levels

05; ��P � .01; n � 5.
Administration of LSECtin Protein or cDNA
Plasmids In Vivo Ameliorates Acute Liver
Inflammatory Injury

To show the therapeutic effect of LSECtin on Con
-induced hepatitis, 2 approaches were used. We first

ried a protein therapeutic approach in which we directly
dministered recombinant soluble LSECtin before Con A
ia the tail. It was found that LSECtin protein significantly
educed disease severity, as illustrated by H&E and terminal
eoxynucleotidyl transferase–mediated deoxyuridine tri-
hosphate nick-end labeling staining, and remarkably de-
reased serum ALT/AST levels (Figure 7A and B). However,
hen given after Con A, LSECtin could not reverse estab-

ished inflammation (Supplementary Figure 4). To confirm
hether the protective effect was caused by suppression of
-cell activity, we determined the infiltrating lymphocyte

A on acute inflammatory liver injury in mice via down-regulation of T-cell
re Con A injection. After 24 hours, liver samples were collected for (A)
idine triphosphate nick-end labeling (TUNEL) staining and (B) plasma
collected and lymphocyte populations were analyzed using anti-CD3,
restimulated with PMA and ionomycin and the numbers of TNF-�– and
e were injected with soluble or full-length LSECtin cDNA plasmids 12
measured and (F) liver samples were collected for H&E staining. �P �
cDN
befo

oxyur
were
were
. Mic
were
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ubpopulations in the liver. A significant decrease in
-cell infiltration was detected in the livers of LSECtin–
c–treated mice (Figure 7C). Moreover, LSECtin–Fc treat-
ent decreased the numbers of TNF-�– and IFN-�–

roducing T cells in liver (Figure 7D).
A soluble LSECtin cDNA plasmid was transfected

nto mice by hydrodynamic tail vein injection. To rule
ut the possibility that the soluble LSECtin protein
locks the interaction between LSECs and activated T
ells, a full-length LSECtin cDNA encoding the mem-
rane-bound protein also was transfected into mice by
ydrodynamic tail vein injection. The expression of
ach in plasma and liver was confirmed by enzyme-
inked immunosorbent assay and Q-PCR, respectively
Supplementary Figure 5). Considerable protective ef-
ects were observed in the transfected mice, which
howed both a tremendous decrease in plasma ALT
nd AST levels (Figure 7E) and a clear amelioration of
he histologic damage of hepatitis (Figure 7F). Thus, it
ould be concluded that LSECtin is not only a signif-
cant negative checkpoint in modulating hepatic T-cell
ctivation, but also a new promising therapeutic target
or acute liver inflammatory injury.

Discussion
The liver is a unique immunologic organ, func-

ioning either as a site amenable to effective immune
esponses to pathogenic microorganisms or in the gen-
ration of tolerance to portally derived food and pro-
iotic antigens. The dual functions of the liver require
delicate balance between immunity and tolerance.3,21

he mechanisms behind the unique immune tolerance
f liver have been elucidated in the past few years. One
f the principal findings is that the T-cell biology in
he liver is unlike that in any other organ, highlighted
y the remarkable preference for the inactivation, tol-
rance, and apoptosis of hepatic T cells.4 In TCR trans-
enic mice, activated CD8� T cells dispersed from the
ymph nodes and spleen, and an increased number of
ctivated CD8� T cells simultaneously were found un-
ergoing apoptosis in the liver.22 This phenomenon
ppears to be specific and is evident in a variety of in
ivo model systems, suggesting that the liver is a
graveyard” or “killing field” for activated T cells.2 In a
ouse liver transplant model, CD4� and CD8� T cells
ere found to infiltrate significantly and then undergo
poptosis in liver allografts.23 Moreover, many clinical
nvestigations have shown that intrahepatic hepatitis

virus–specific CD8� T cells have functional alter-
tions, including weak IFN-� production, impaired
roliferation, and enhanced apoptosis, which is asso-
iated with viral persistence and the progression of the
isease to a chronic phase.24,25 Obviously, the unique
-cell immune response contributes greatly to specific

epatic tolerance. The exact molecular mechanisms l
nderlying hepatic immune regulation, however, have
ot been elucidated clearly.
The investigation of B7-H1 and its contribution to he-

atic T-cell immune regulation is noteworthy. Iwai et al5

ound that expression of B7-H1 in liver sinusoidal endothe-
ial cells and Kupffer cells could inhibit the function of
ctivated T cells via a PD-1–dependent mechanism. Dong et
l26 discovered an important role for B7-H1 in controlling
he deletion of activated intrahepatic CD8� T cells in the
iver via a PD-1–independent mechanism.26 It is highly
ikely that hepatic immune regulation is multifactorial. Fur-
hermore, the broad expression of B7-H1 in vivo makes it
ifficult to solely explain the unique characteristics of he-
atic immunity. It is reasonable to speculate about other
ovel and specific molecular mechanisms identified in the
ontrol of hepatic immunity.

LSECtin is expressed specifically in LSECs and Kupffer
ells. Its specific localization and roles in the negative
egulation of T cells give rise to its important function in
epatic immunity and tolerance induction. Indeed, we
howed that LSECtin negatively regulates T-cell receptor–

ediated signaling and T-cell immune response stimulated
y plate-bound anti-CD3 mAb; this suppression could
ot be overcome by co-stimulation. Moreover, the role of
SECtin in the antigen-specific activation of T cells was
nalyzed using T cells from TCR transgenic mice and mu-
ine LSECs with physiologic levels of LSECtin expression.
he lack of LSECtin in mice resulted in increased accu-
ulation of T cells in the liver both in normal mice and

n DO11.10 TCR transgenic T-cell transfer mice. In mice
ith T-cell–mediated acute liver injury, KO of LSECtin
ccelerated the disease caused by an increased T-cell im-
une response, whereas exogenous administration of

ecombinant LSECtin protein or plasmid ameliorated the
isease via down-regulation of T-cell immunity. Thus,
ur study provides important insight into the molecular
echanism of hepatic T-cell constraint based on investi-

ation of the liver-specific C-type lectin LSECtin.
Recently, the importance of C-type lectin receptors

CLRs) was highlighted by the fact that they have a
rucial immune regulatory role. First, CLRs on the sur-
ace of DCs could sense the extracellular environment
nd modulate cellular responses, especially the TLR-de-
endent inflammatory response.27 Second, CLRs revers-

bly could modulate T-cell receptor signaling and exert
ffects on those immune cells.10 This strongly implies
hat CLRs are important players in immune activation,
olerance, and homeostasis, and are involved in diseases
f the immune system. It is noteworthy that several

ectins also are localized to the liver, including galectin-
,7 DC-SIGN, and L-SIGN.28 None of the lectins, how-
ver, has been confirmed to be a T-cell regulator in liver
hus far. In the present study, we showed that the liver-
pecific C-type lectin LSECtin recognized activated T cells
nd negatively regulated T-cell immune response in the

iver. Our study not only expands the knowledge about
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-type lectins in T-cell immune regulation, but also re-
eals a mechanism by which the T-cell homeostasis and
olerance of the liver is regulated by C-type lectin.

Studies of the mechanisms involved in liver diseases have
rovided unequivocal evidence that the pathogenesis of
irtually all inflammatory liver diseases involves the innate
nd/or adaptive immune responses. Undoubtedly, research
n the mechanisms of hepatic immune regulation will pro-
ide new perspectives on liver physiology, and this knowl-
dge will be translated rapidly into more effective therapies
n the near future,29 similar to the noticeable progress with
he T-cell regulator B7-H1 in liver diseases and other in-
ammatory diseases.30 In our study, we uncovered a novel
nd crucial molecular mechanism for hepatic T-cell con-
traint, and successfully used LSECtin protein and cDNA to
reat acute liver injury. This hepatic immune regulation

echanism may provide important insights into hepatic
hysiology and pathophysiology and could be promising
or the treatment of hepatic diseases.

Supplementary Data

Note: To access the supplementary material
ccompanying this article, visit the online version of
astroenterology at www.gastrojournal.org, and at doi:
0.1053/j.gastro.2009.07.051.
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upplementary Figure 1. LSECtin specifically expresses in LSECs a
issues. All immunohistochemically stained sections were scanned usin
SECtin expression in liver or lymph node from tissue array. (C) Immun
gainst LSECtin. (D) Expression of LSECtin in LSECs. Purified LSECs w
ormal liver sections were stained with the antibodies against LSECtin
nd Kupffer cells (A) Tissue array of LSECtin expression in 42 normal human
g an automated slide-scanning system at 20� magnification. (B) Highlight of
ofluorescein staining of normal liver sections was processed using antibody

ere stained with anti-LSECtin mAb. (E) Expression of LSECtin in Kupffers.
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upplementary Figure 2. LSECtin expression in liver tissue from patients with various liver diseases (A) Tissue array of LSECtin expression in
arious liver diseases. All immunohistochemically stained sections were scanned using an automated slide-scanning system at 200� magnification.
B) LSECtin expression in various liver diseases evaluated by mean optical density (hemangioma, n � 10; nodular cirrhosis, n � 30; fatty

egeneration, n � 15; chronic active hepatitis, n � 22; hepatocellular carcinoma, n � 25; normal hepatic tissue, n � 14).
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upplementary Figure 3. Knockdown of LSECtin accelerates acute inflammatory liver injury in mice. (A) LSECtin was down-regulated in the liver
y synthetic siRNA duplexes injection. Expression of LSECtin was estimated by Q-PCR analysis. (B) The expression of LSECtin in liver at 24h, 48h
nd 96h after siRNA injection. Expression of LSECtin was estimated by Q-PCR analysis. (C, D) Acceleration of acute liver inflammatory injury by the
nockdown of LSECtin in siRNA delivered mice. Mice were injected with control siRNA or LSECtin siRNA and then administered with Con A. After

4h, plasma ALT/AST levels were measured (C), and liver samples were collected for hematoxylin-eosin staining (D).
upplementary Figure 4. LSECtin did not reverse established inflammation induced by Con A. (A) Mice were treated with control-Fc or
SECtin-Fc 3 hours after Con A injection. After 24 hours, plasma ALT/AST levels were measured. (B) After 6-hour treatment with Con A, the T cells

n mouse liver were separated and stimulated with immobilized anti-CD3 antibody plus LSECtin-Fc. Cytokine expression in the supernatants was

etermined by ELISA.
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upplementary Figure 5. The expression of soluble and full-length LSECtin cDNA plasmid mice were injected with soluble or full-length LSECtin
DNA plasmids. Plasma LSECtin protein was measured by ELISA-based assay at 6, 12, 24, 36, and 48 h (A). LSECtin mRNA in liver was estimated

y Q-PCR analysis at 12 h (B).


