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A B S T R A C T

Leukocyte cell-derived chemotaxin 2 (LECT2) is a secreted pleiotropic protein that is mainly produced by the
liver. We have previously shown that LECT2 plays an important role in the pathogenesis of inflammatory liver
diseases. Lipopolysaccharide/D-galactosamine (LPS/D-GalN)-induced acute liver injury is a known animal model
of fulminant hepatic failure. Here we found that this hepatic injury was alleviated in LECT2-deficient mice. The
levels of TNF-α and IFN-γ, which mediate this hepatitis, had significantly decreased in these mice, with the
decrease in IFN-γ production notably greater than that in TNF-α. We therefore analyzed IFN-γ-producing cells in
liver mononuclear cells. Flow cytometric analysis showed significantly reduced IFN-γ production in hepatic NK
and NKT cells in LECT2-deficient mice compared with in wild-type mice. We also demonstrated a decrease in
IFN-γ production in LECT2-deficient mice after systemic administration of recombinant IL-12, which is known to
induce IFN-γ in NK and NKT cells. These results indicate that a decrease of IFN-γ production in NK and NKT cells
was involved in the alleviation of LPS/D-GalN-induced liver injury in LECT2-deficient mice.

1. Introduction

Leukocyte cell-derived chemotaxin 2 (LECT2) was originally iden-
tified as a human neutrophil chemotactic protein [1]. It is a secreted
hepatic protein with a molecular mass of approximately 16 kDa [2],
and the amino acid sequence has been well conserved in vertebrates.
Accumulating evidence indicates that LECT2 is a multi-functional pro-
tein closely associated with several diseases [3–9]. However, its func-
tional mechanisms are still poorly understood. LECT2 belongs structu-
rally to the peptidase family M23 (PF01551), whose members typically
exhibit zinc-dependent metalloprotease activity. This protein family is
widespread in bacteria, but LECT2 is the only M23 family protein found
in vertebrates. The crystal structure of human LECT2 has recently been
reported; interestingly, this suggests that LECT2 lacks endopeptidase
activity [10]. Three distinct receptors, each with an original ligand,
have been reported as LECT2 receptors [9,11,12]. It is likely that LECT2

interacts with these receptors to regulate multiple cellular functions
through intracellular signaling cascades.

It has previously been reported using LECT2-deficient mice that
LECT2 plays an anti-inflammatory role in two recognized models of T
cell-dependent inflammation: a concanavalin A-induced hepatitis
model and a Staphylococcal enterotoxin A/D-galactosamine-induced
toxic shock syndrome model [3,13]. In contrast, lipopolysaccharide/D-
galactosamine (LPS/D-GalN)-induced acute liver injury has often been
used as an animal model of fulminant hepatic failure. This is primarily
mediated by macrophage/Kupffer cells [14,15], and several pro-in-
flammatory cytokines participate in this model [16]. In particular, TNF-
α and IFN-γ are known to be crucial mediators that induce hepatocyte
apoptosis and liver injury [17–20].

In this study, we demonstrated that LECT2-deficient mice are less
sensitive than wild-type mice to LPS/D-GalN-induced hepatitis. We
analyzed the production of several pro-inflammatory cytokines,
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revealing a marked decrease in IFN-γ production derived from hepatic
NKT and NK cells. The reduction of IFN-γ in LECT2-deficient mice may
be involved in the alleviation of this hepatitis.

2. Materials and methods

2.1. Mice

LECT2-deficient mice on a BALB/cA background were created as
previously described [3,4]. Age-matched wild-type BALB/cA mice
purchased from Clea Japan (Tokyo, Japan) were housed in the National
Institute of Infectious Diseases (NIID). The mice used in this study were
maintained under specific pathogen-free conditions and were used at
7–14 weeks of age in accordance with the guidelines of the NIID Animal
Care and Use Committee.

2.2. Administration of LPS/D-GalN or recombinant IL-12

Wild-type and LECT2-deficient mice were injected intraperitoneally
with 700 mg/kg D-GalN (Nacalai Tesque, Kyoto, Japan) plus 50 µg/kg
LPS (from Escherichia coli O111:B4; Sigma, St. Louis, MO). Sera were
collected at 1.5 and 5 h after LPS/D-GalN injection to measure the levels
of cytokines and glutamic pyruvic transaminase (GPT) activity. To
analyze the effect of IL-12, mice were injected intraperitoneally with
recombinant mouse IL-12 (GT; Minneapolis, MN) at a dose of 1 µg/20 g
body weight. Sera were collected at 7 h after treatment to measure the
level of IFN-γ.

2.3. Cytokine and transaminase measurement

The enzyme-linked immunosorbent assay method was used to de-
termine levels of IFN-γ (mouse IFN-γ Quantikine ELISA kit; R & D
Systems, Minneapolis, MN), IL-lβ (mouse IL-1 beta ELISA kit; Thermo
Fisher Scientific, Rockford, IL), and IL-18 (mouse IL-18 ELISA kit;
Molecular Biology Laboratory, Nagoya, Japan), according to the man-
ufacturers’ instructions. The levels of IL-6, IL-10, IL-12 p70, and TNF-α
were quantified using OptEIA ELISA sets with assay diluent and a TMB
substrate reagent set (BD Bioscience, San Diego, CA). Serum GPT ac-
tivities were measured with a transaminase CII-test Wako kit (Wako,
Osaka, Japan).

2.4. Preparation of lymphocytes from the liver

Mice anesthetized with ether were killed by exsanguination via the
axillary artery and their livers removed. Hepatic mononuclear cells
(MNCs) were prepared as described previously [3]. Briefly, the liver
was pressed through a 200-gauge stainless steel mesh, and suspended in
Eagle's MEM (Sigma) supplemented with 5 mM HEPES (pH 7.5) and 2%
FBS. After washing, the pellet was resuspended in 35% Percoll solution
(GE Healthcare Bio-Sciences Ab, Uppsala, Sweden) containing heparin
(100 U/ml), and centrifuged at 2000 rpm for 15 min. The pellet was
resuspended in RBC lysis solution (155 mM NH4Cl, 10 mM KHCO3,
1 mM EDTA, 17 mM Tris-HCl, pH 7.3) and washed twice with MEM
medium.

2.5. Histopathological analysis

The formalin-fixed, paraffin-embedded livers were cut into 3-μm
thick sections and mounted on silane-coated glass slides.
Histopathological studies were performed using hematoxylin–eosin
(H & E) staining.

2.6. Flow cytometric analysis

Single-cell suspensions from the hepatic MNCs were incubated with
monoclonal antibodies against cell surface markers (BD Biosciences

Pharmingen, San Diego, CA). PE-labeled CD1d-α-galactosylceramide
tetramer [3] and FITC-, PE-, or APC-conjugated Abs specific for mouse
CD3 (145-2C11), CD49b (DX5), Mac-1 (M1/70), and Gr-1 (RB6-8C5)
were used for flow cytometric analyses. For the detection of in-
tracellular IFN-γ in hepatic MNCs, the cells were prepared from wild-
type and LECT2-deficient mice at 3 h after LPS/D-GalN injection. He-
patic MNCs were cultured in RPMI-1640 supplemented with 10% FBS
and 10 µg/ml of brefeldin A (Sigma) for 2 h. The cells were then stained
with FITC-conjugated anti-CD3 and PE-conjugated anti-DX5 antibodies,
fixed, permeabilized, and again stained with APC-conjugated anti-IFN-γ
(XMG1.2) antibody by using a BD cytofix/cytoperm kit (BD Biosciences
Pharmingen) according to the manufacturer's instructions.

2.7. Real-time RT-PCR

Quantitative real-time RT-PCR was performed using the ABI PRISM
7000 Sequence Detection System (Applied Biosystems, Foster City, CA)
according to the manufacturer's protocol. Primers and TaqMan probes
specific to TNF-α and IFN-γ were obtained from Assay-on-Demand Gene
Expression Products (Applied Biosystems), and from TaqMan Pre-
Developed Assay Reagents (Applied Biosystems), respectively. For en-
dogenous control, the level of GAPDH in each sample was assayed using
TaqMan Rodent GAPDH Control Reagents VIC (Applied Biosystems).
Data analyses were performed using ABI PRISM 7000 SDS software
version 1.0 (Applied Biosystems).

2.8. Statistical analysis

Statistical significance for the survival study was determined via
Kaplan–Meier analysis using the log-rank test. Other data were statis-
tically analyzed based on Student's t-test, and the differences were
considered significant when p values were less than 0.05. Data are ex-
pressed as mean± standard error of the mean.

3. Results

3.1. Alleviation of LPS/D-GalN-induced liver injury in LECT2-deficient mice

We investigated whether LECT2 deficiency affected LPS/D-GalN-
induced liver injury. As shown in Fig. 1A, the survival rate of LECT2-
deficient mice after the injection of LPS/D-GalN was significantly higher
than that of wild-type mice (p<0.001). Serum GPT is an important
indicator of hepatic injury. Consistent with the survival curve result, the
serum GPT level in the LECT2-deficient mice was about seven times
lower than that in the wild-type mice at 5 h after the LPS/D-GalN in-
jection (Fig. 1B). These results were further confirmed by H& E staining
(Fig. 1C). In wild-type mice, the histologic features showed moderate
inflammation around the interlobular duct. The inflammatory cells
consisted mainly of lymphocytes and plasma cells, with small numbers
of neutrophils. In addition, there was congestion, sinusoidal extension,
hemorrhage, and focal necrosis around the central vein. In contrast,
pathological changes in the LECT2-deficient mice were far less severe or
not detected. Hepatic histologies in non-treated controls of wild-type
and LECT2-deficient mice are shown in supplemental Fig. 1S. We did
not observe any histological differences in these two strains. These re-
sults indicate that LPS/D-GalN-induced acute liver injury was alleviated
in the LECT2-deficient mice.

3.2. Cytokine levels after LPS/D-GalN-induced acute liver injury

Several proinflammatory cytokines were induced by the LPS/D-
GalN-induced acute liver injury [16]. We therefore compared the serum
levels and hepatic transcriptional levels of several cytokines between
the wild-type and LECT2-deficient mice treated with LPS/D-GalN. At
1.5 h after the administration of LPS/D-GalN, the serum concentrations
of TNF-α and IFN-γ in the LECT2-deficient mice were significantly
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decreased compared with those in wild-type mice (Fig. 2A). The serum
IFN-γ induced was about four times lower in the LECT2-deficient mice
than in the wild-type mice. This difference was considerably greater
than the difference in TNF-α. The serum level of IFN-γ remained lower
in the LECT2-deficient mice at 5 h after the administration (Fig. 2B). We
did not observe significant differences in the production of other cy-
tokines at 1.5 and 5 h, but some cytokines (IL-1β, IL-6, IL-10, and IL-12)
tended, reproducibly, to be slightly lower in the LECT2-deficient mice
(Fig. 2B). In addition to systemic level of cytokines, we also analyzed
the levels of TNF-α and IFN-γ expression in the liver (Fig. 2C). We did
not observe any difference between the wild-type and LECT2-deficient
mice in the transcriptional level of TNF-α. However, IFN-γ expression
was significantly lower in the LECT2-deficient mice than in the wild-
type mice, in accordance with the serum results.

3.3. IFN-γ production in hepatic NK and NKT cells

LPS/D-GalN-induced acute liver injury depends not only on TNF-α
but also on IFN-γ [17,18,20]. As shown in Fig. 2, the reduction of IFN-γ
level in the LECT2-deficient mice was considerably greater than that of
TNF-α. We also detected a decrease in IFN-γ expression in the livers of
the LECT2-deficient mice. We therefore focused on hepatic NK and NKT
cells, which are the major producers of IFN-γ in livers treated with LPS

[21]. First, we evaluated the amount of hepatic NK and NKT cells in
LECT2-deficient mice on a BALB/c background; previously, we have
shown an increased population of NKT cells in LECT2-deficient mice on
a C57BL/6 background [3]. The total numbers of MNCs obtained from
the livers of the wild-type and LECT2-deficient mice were comparable
(2.3± 0.8 × 105 cells in the wild-type vs. 2.7± 0.7 × 105 cells in the
LECT2-deficient mice; n = 6; p = 0.355). The MNCs were analyzed by
flow cytometry using the anti-DX5 and anti-CD3 antibodies in order to
detect NK and NKT cells [22]. There were no significant differences in
the proportion of DX5+CD3− cells and DX5+CD3+ cells between the
wild-type and LECT2-deficient mice, indicating the proportions of NK
and NKT cells were not significantly different in BALB/c background
mice (Fig. 3A). The proportion of NKT cells was confirmed by using
CD1d-tetramers and anti-CD3 antibodies [3]. The content of the CD1d-
tetramer+CD3+ cells was also comparable between the wild-type and
LECT2-deficient mice. Finally, flow cytometric analysis using anti-DX5,
anti-CD3, anti-Gr-1, and anti-Mac-1 antibodies and CD1d-tetramers did
not reveal any significant differences in hepatic MNCs between the
wild-type and LECT2-deficient mice (Fig. 3A).

Next, we analyzed the IFN-γ production of hepatic NK and NKT
cells. We prepared hepatic MNCs 3 h after LPS/D-GalN injection. The
total amounts of hepatic MNCs obtained from the livers of wild-type
and LECT2-deficient mice were comparable (6.7± 2.3 × 105 cells in

Fig. 1. The lower susceptibility of LECT2-deficient mice to LPS/D-
GalN acute liver injury. A mixture of D-GalN (700 mg/kg) and LPS
(50 µg/kg) was intraperitoneally injected into wild-type (+/+)
and LECT2-deficient (−/−) mice. (A) Comparison of survival
rates between the wild-type (n = 13) and LECT2-deficient (n =
12) mice after injection with LPS/D-GalN. The survival curves
were created following the Kaplan–Meier method and compared
by the log-rank (Mantel–Cox) test. The LECT2-deficient mice
showed a significantly higher survival rate than the wild-type
mice (p<0.001). (B) Serum GPT levels of wild-type and LECT2-
deficient mice at 5 h after the injection of LPS/D-GalN. Values are
the mean and SEM of the results from six female mice. * p<0.05.
(C) Histopathological characterization of wild-type and LECT2-
deficient mice at 5 h after the injection of LPS/D-GalN. H & E stain
at 200× magnification.
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wild-type vs. 5.0± 1.3 × 105 cells in LECT2-deficient mice; n= 3; p=
0.324). These cells were incubated in a culture medium containing
brefeldin A for 2 h and were then subjected to flow cytometric analysis.
As shown in Fig. 3D, DX5-positive cells in the LECT2-deficient mice
significantly reduced the production of IFN-γ compared with that in
wild-type mice (p = 0.001), but there was no significant difference in
IFN-γ-producing DX5-negative cells derived from the two mice types
(Fig. 3B). The proportion of IFN-γ-producing DX5+CD3− cells was
clearly lower in the LECT2-deficient mice than in the wild-type mice
(Fig. 3C, p = 0.05). In addition, the proportion of IFN-γ-producing
DX5+CD3+ cells in the LECT2-deficient mice also tended to be lower
than that in wild-type mice (Fig. 3D, p = 0.06). These results indicate
that the IFN-γ production derived from hepatic DX5+CD3− NK and
DX5+CD3+ NKT cells in the LECT2-deficient mice decreased in LPS/D-

GalN-induced acute liver injury.

3.4. IFN-γ production following treatment with recombinant IL-12

IL-12 derived from macrophages is a major cytokine in LPS stimu-
lation [23]. It has been reported that NK and NKT cells predominantly
produce IFN-γ through stimulation by IL-12 from macrophage/Kupffer
cells in hepatic injuries [21,23]. We therefore examined whether IFN-γ
production by IL-12 stimulation was affected by LECT2 deficiency. As
shown in Fig. 4, the serum level of IFN-γ in the LECT2-deficient mice
was significantly lower than that in the wild-type mice (p<0.05).

Fig. 2. Serum levels and transcriptional levels of proinflammatory cytokines after LPS/D-GalN administration. The serum levels of cytokines in wild-type (+/+) and LECT2-deficient
(−/−) mice at 1.5 h (A) and 5 h (B) after the LPS/D-GalN injection. Values are the mean and SEM of the results from 7 to 10 female mice. (C) Liver RNAs were prepared from mice at
1.5 h after LPS/D-GalN administration. Quantitative real-time PCR was performed. The relative ratios of the PCR products in the wild-type (n = 10) vs. the LECT2-deficient (n = 8) mice
are shown. * p<0.05.

Fig. 3. The reduction of IFN-γ-producing hepatic NK and NKT cells in the LECT2-deficient mice. (A) The numbers of NKT and NK cells in the livers of the wild-type (+/+) and the LECT2-
deficient (−/−) mice on a BALB/c background were comparable. Two-color staining was performed for CD3 and CD49b (DX5), CD3 and CD1d-tetramer, and Mac-1 and Gr-1 against
hepatic mononuclear cells. Representative flow cytometric plots are shown. (B–D) The IFN-γ-producing hepatic NK and NKT cells were reduced in the LECT2-deficient mice treated with
LPS/D-GalN. (B) Two-color staining for DX5 and IFN-γ against hepatic mononuclear cells in the wild-type (+/+) and LECT2-deficient (−/−) mice. (C) Detection of IFN-γ in DX5+CD3−

NK cells by three-color staining for DX5, CD3, and IFN-γ. * p<0.05. (D) Detection of IFN-γ in DX5+CD3+ NKT cells. The numbers in the small panels of flow cytometric plots indicate the
mean percentages and SEM of fluorescence-positive cells in the corresponding areas. Values are the mean and SEM of the results from 3 to 4 female mice.
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4. Discussion

In this study, we have shown that LECT2-deficient mice are less
sensitive than wild-type mice to LPS/D-GalN-induced hepatitis. LPS/D-
GalN-induced acute liver injury is a well-established animal model
primarily mediated by TNF-α derived from macrophage/Kupffer cells
[14,15,17,18]. We found the induced level of TNF-α in the LECT2-de-
ficient mice to be significantly lower than that in the wild-type mice.
We also found significantly lower IFN-γ production in the LECT2-defi-
cient mice. IFN-γ is also known to contribute to LPS/D-GalN-induced
liver apoptosis and injury [20], as in other liver diseases [24]. The re-
duction in serum IFN-γ in the LECT2-deficient mice was notably greater
than that of TNF-α. Furthermore, the expression level of hepatic TNF-α
mRNA was comparable between the wild-type and LECT2-deficient
mice. In contrast, hepatic IFN-γ mRNA was significantly reduced in the
LECT2-deficient mice. We therefore focused attention on the hepatic
cells producing IFN-γ.

IFN-γ is mainly produced from hepatic NK and NKT cells through
stimulation by LPS [21,23]. We started by checking the number of
hepatic NKT cells in LECT2-deficient mice, because we previously re-
ported increased NKT cells in LECT2-deficient mice compared with the
number in wild-type mice on a C57BL/6 background. We showed the
number of hepatic NKT cells was comparable between the wild-type
and LECT2-deficient mice, suggesting the number of hepatic NKT cells
varies according to the genetic background of mouse strain. We also
found no significant difference in the number of hepatic NK cells be-
tween the wild-type and LECT2-deficient mice. Next, we analyzed the
production of IFN-γ from hepatic NK and NKT cells in this hepatitis. The
proportion of IFN-γ-producing DX5+ cells (NK and NKT cells) was
significantly lower in the LECT2-deficient mice than in the wild-type
mice. However, we found no difference in IFN-γ-producing DX5− cells
between these mice types. In agreement with these results, there were
fewer IFN-γ-producing CD3−DX5+ NK and CD3+DX5+ NKT cells in
the LECT2-deficient mice than in the wild-type mice. These results in-
dicated that the decrease of IFN-γ production by hepatic NK and NKT
cells was one of the causes of the reduced IFN-γ production in LECT2-
deficient mice treated with LPS/D-GalN. It is known that IFN-γ pro-
duction by NK and NKT cells is regulated by IL-12 induced by LPS
challenge [21,25]. We found that the level of IFN-γ induced by re-
combinant IL-12 administration was also reduced in the LECT2-defi-
cient mice.

This reduction of IFN-γ in LECT2-deficient mice may be explained as
follows. We previously suggested that NKT cells show Th-2 biased cy-
tokine polarization in LECT2-deficient mice in the C57BL/6 background
[3,5]. As shown in supplemental Fig. S2, concanavalin A-induced he-
patitis in LECT2-deficient mice in the BALB/c background was also
severe and the key cytokine, IL-4, was increased similar to mice in the

C57BL/6 background. LECT2 may also affect the development of NKT
cells in the BALB/c background, driving them to a Th2-bias. Moreover,
it has been reported that the IFN-γ production of NK cells is affected by
IFN-γ secreted by NKT cells [26–28]. It is therefore possible that the
reduction of IFN-γ in NKT cells led to a total reduction of IFN-γ pro-
duction in the LECT2-deficient mice. However, following α-GalCer
treatment, IL-4 levels were comparable between LECT2-KO and wild-
type mice in the BALB/c background, as shown in supplemental Fig. S3.
This differs from a previous study showing that α-GarCer treatment
enhanced the production of IL-4 in LECT2-KO mice in the C57BL/6
background [3], suggesting alternatives to Th2-bias. For example,
LECT2 may directly regulate the function of NK/NKT cells to enhance
IFN-γ production by IL-12. Investigating the regulation of this process
may lead to the identification of new LECT2 signaling pathways.

The decreased level of TNF-α in LECT2-deficient mice is also im-
portant in LPS/D-GalN-induced acute liver injury. It is known that IFN-γ
activates macrophages to enhance the production of several cytokines,
such as TNF-α [25,29]. Thus, the reduction of IFN-γ may affect the
production of TNF-α. In addition, it has recently been reported that
LECT2 modulates macrophage functions via the CD209a receptor [9].
LECT2 may directly regulate the expression of TNF-α in this hepatitis.
Further studies about LECT2's role related to macrophages are needed
not only for this hepatitis model but also for other pathological con-
ditions.

Generally, inflammation is regulated by several cytokines. Pro-in-
flammatory cytokines (such as TNF-α, IL-1b, IL-6, IL-12, and IFN-γ in
Fig. 2) promote inflammation. Conversely, IL-10 is an anti-in-
flammatory cytokine. The balance of pro- and anti-inflammatory cyto-
kines influences the severity of inflammation. Decreased levels of IFN-γ
and TNF-α in LECT2-KO mice could lead to tilt this balance toward anti-
inflammation.

In summary, LPS/D-GalN-induced acute liver injury is an experi-
mental model of fulminant hepatitis. We have shown that this hepatitis
is alleviated in LECT2-deficient mice. Our results indicate that de-
creased production of IFN-γ in hepatic NK and NKT cells contributes to
this alleviated hepatitis in these mice. The pathological function of
LECT2 in hepatitis may depend on the initiation of immune response
cells such as T cells or macrophages.
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