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Abstract

CD2-like receptor activating cytotoxic cells (CRACC) is known as a critical activating receptor of natural killer (NK)
cells. We have previously reported that NK cells contribute to Poly I:C/D-galactosamine (D-GalN)-induced fulminant
hepatitis. Since natural killer group 2, member D (NKG2D) is considered critical but not the only activating receptor
for NK cells, we investigated the role of CRACC in this model. We found that CRACC was abundant on hepatic NK
cells but with low expression levels on Kupffer cells under normal conditions. Expression of CRACC on NK cells and
Kupffer cells was remarkably upregulated after poly I:C injection. Hepatic CRACC mRNA levels were also
upregulated in Poly I:C/D-GalN-treated mice, and correlated positively with the serum alanine aminotransferase
(ALT) levels. CRACC expression on Kupffer cells was specifically silenced by nano-particle encapsulated siRNA in
vivo, which significantly reduced Poly I:C/D-GalN-induced liver injury. In co-culture experiments, it was further verified
that silencing CRACC expression or blockade of CRACC activation by mAb reduced the production of interferon
(IFN)-γ and tumor necrosis factor (TNF)-α. Collectively, our findings suggest that CRACC-CRACC interaction
between NK cells and resident Kupffer cells contributes to Poly I:C/D-GalN-induced fulminant hepatitis.
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Introduction

The liver is not only the largest digestive glands but also the
critical portal to the microorganisms derived from digestive
tract. Emerging evidence suggests that the liver is considered
as an innate immunity associated organ, because liver immune
cells are enriched in innate immune cells including NK cells,
NKT cells, Kupffer cells and γδT cells [1], compared with
peripheral blood and other organs. The immunomodulation
among these cells is critical to the orchestration of immune
reaction. In many models of liver injury, innate immune cells
were found to interact with each other or effect adoptive
immune cells to exert immunopathogenic effect [2–7].

Our previous study has established an acute liver injury
model induced by poly I:C and D-galactosamine (D-GalN) [6].
In this model, activation of natural killer group 2, member D
(NKG2D) by recognizing retinoic acid early inducible-1 (Rae1)
on Kupffer cells induces NK cell-mediated fulminant hepatitis.
NKG2D-Rae-1interaction is believed a trigger of NK cells
activation; however the blockade of NKG2D by a monoclonal
antibody only partially prevent the hepatitis, which implied that

other activating receptors may also contribute to the interaction
between NK cells and Kupffer cells.

The signaling lymphocytes activating molecule (SLAM)
family members are surface receptors broadly expressed on
hematopoietic cells and orchestrate the cooperation among
them [8–11]. And a recent study has demonstrated that tumor
derived monocytes are responsible to the impaired functional
activities of NK cells by CD48/2B4 interaction [12]. Thus, it is
tempting to speculate that SLAM family could participate in the
hepatic innate immunomodulation. CD2-like receptor activating
cytotoxic cells (CRACC) is a cell surface receptor as a member
of the SLAM family. CRACC was reported to be expressed on
natural killer cells (NK cells), natural killer T cells (NKT cells), B
cells, activated T cells and dendritic cells (DCs) under normal
conditions [13–16]. It is commonly considered an activating
receptor on NK cells [14,17]. The altered expression of CRACC
was observed under a few immunopathogenic conditions,
including systemic lupus erythematosus (SLE), rheumatoid
arthritis (RA), multiple myeloma (MM) and NK cells mediated
aggressive periodontitis [18–21]. And CRACC expression on
splenic NK cells has been reported to be upregulated by Poly
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I:C in vivo [14]. It is reasonable to speculate that CRACC is an
activating receptor on NK cells involved in this Poly I:C/D-GalN
induced hepatitis model.

RNA interfere (RNAi) is a common method to suppress
protein expression at mRNA levels. However, the application of
RNAi to immune cells is still limited by the transfection
efficiency. It is reported that lipid-based nanoparticle is capable
of delivering siRNA to Kupffer cells efficiently [22,23]. It
provides us a chance to interfere the protein expression of
Kupffer cells by siRNA.

This study is to investigate the role of CRACC-CRACC
interaction between Kupffer cells and NK cells in the hepatitis
induced by Poly I:C/D-GalN. Briefly, we found Poly I:C
stimulation markedly elevated the expression of CRACC on
both Kupffer cells and NK cells; and CRACC interaction
between NK cells and Kupffer cells contributed to the Poly
I:C/D-GalN induced liver injury by increasing the production of
IFN-γ and TNF-α.

Materials and Methods

Mice and Ethics Statement
Male C57BL/6 mice were purchased from Shanghai

Laboratory Animal Center of China Academy of Science
(Shanghai, China). Mice used were between 5-8 weeks of age,
and maintained in a specific pathogen-free microenvironment,
and were taken care of with the guidelines outlined in the
Guide for the Care and Use of Laboratory Animals. Mice were
anesthetized before surgical procedure and were euthanized
by suffocation with CO2. Animal research was approved by
Animal Care and Use Committee of University of Science and
Technology of China (Permit Number: USTCACUC1201003).

Murine Mononuclear Cell (MNC) Preparation
Liver, spleen, lung, peripheral blood, mesenteric lymph node

and bone marrow were collected from euthanized mice.
Hepatic and pulmonary MNCs were isolated as described
previously [24,25]. Briefly, livers were grinded through 200-
gauge stainless steel mesh. Then the MNCs were isolated by
density gradient centrifugation (750g, 30 min) with Percoll
(Sigma, St Louis, MO) from the cells collected. The interphase
between 40% and 70% Percoll were collected as hepatic
MNCs. Lungs were minced and digested in RPMI-1640
containing 0.1% collagenase I (Sigma, St Louis, MO) and 5%
fetal calf serum at 37°C for 60 min. Pulmonary MNCs were
isolated by density gradient centrifugation (750g, 30 min) with
Percoll. The interphase between 40% and 70% Percoll were
collected as pulmonary MNCs. Spleens were grinded and
passed through a 200-gauge stainless steel mesh; then the red
blood cells (RBCs) were lysed. For peripheral blood MNCs,
blood was collected and centrifuged for blood cells. Cells were
resuspended in PBS, and the MNCs were isolated by density
gradient centrifugation (750g, 30 min) with Percoll. Peripheral
blood MNCs were collected from the interphase between PBS
and 70% Percoll. Mesenteric lymph nodes (MLNs) were
grinded with the frosted surface of microscope slides and the
MNCs were collected by centrifugation. The marrow cavities of
mouse femurs were lavaged with PBS and the bone marrow

MNCs were collected by centrifugation; and the RBCs were
lysed.

Kupffer cell and Hepatocyte Isolation
Hepatic Kupffer cell isolation was performed in two-step

collagenase perfusion method according to previous
description [6]. Briefly, Liver was perfused with solution A
(Ca2+-Mg2+ free HBSS added with 0.238% HEPES, 0.067%
heparin and 0.019% EGTA) and solution B (Ca2+-Mg2+-glucose
free HBSS added with 0.238% HEPES, 0.056% CaCl2, 0.05%
collagenase IV [Roche Diagnostics, GmbH, Mannheim,
Germany], 0.05% pronase E [Roche Diagnostics, GmbH,
Mannheim, Germany] and 20 µg mL-1 deoxyribonuclease I
[Worthington, NJ, U.S.A.]). Then the cells were collected by
density gradient centrifugation (800g, 15 min) with Percoll after
discarding the hepatocytes by low speed centrifugation (50g, 5
min). Kupffer cells were collected from the interphase between
20% Percoll and 50% Percoll. And Kupffer cells were identified
as F4/80 positive for flow cytometry analysis. Hepatocytes
were also isolated in the same two-step collagenase perfusion
method according to previous description [26,27]. In short,
livers were perfused with solution A and solution C (DMEM
added with 0.075% collagenase I [Roche Diagnostics, GmbH,
Mannheim, Germany]). And the hepatocytes were collected by
low speed centrifugation (50g, 5 min) and isolated by density
gradient centrifugation (420g, 10 min) with DMEM and 40%
Percoll. The pellet was collected as hepatocytes.

Isolation of Alveolar Mϕ and Peritoneal Mϕ
The method of the alveolar macrophages (Mϕ) and

peritoneal Mϕ isolation was performed as previously described
with minor modifications [28,29]. The euthanized mice were
intraperitoneally injected with 4mL ice-cold PBS, and the
peritoneal lavage fluid was collected; and then the lungs were
lavaged with1mL ice-cold PBS for three times, the
bronchoalveolar lavage fluid (BALF) was collected. The
alveolar Mϕ was collected by centrifugation from the BALF;
and the peritoneal Mϕ was collected by centrifugation from the
peritoneal lavage fluid.

NK Cell Purification and Cell Culture
NK cells were purified by using the NK Cell Isolation Kit II,

mouse (MiltenyiBiotec, Auburn, CA 95602, USA) under the
operation instruction. Ana-1cells were purchased from the Type
Culture Collection of the Chinese Academy of Science
(Shanghai, China). 293A cells were purchased from the ATCC.
All cells were cultured in complete medium (RPMI 1640 [for
Ana-1] or DMEM [for 293A], with 10% fetal bovine serum,
penicillin, and streptomycin) at 37°C, in an atmosphere of 5%
CO2. And NK cells-Ana-1cells were coculture at 1:1 ratio for 24
hours with Poly I:C (2 µg mL-1). Blocking antibodies (anti-
CRACC kindly provided by Dr. Andrew Veillette from IRCM;
anti-NKG2D from eBioscience, U.S.A.) used in this study were
all used at a final concentration of 10 µg mL-1.
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Flow Cytometry and Antibodies
Cells in flow cytometry detection were stained with

antibodies for surface marker under standard procedure.
Antibodies used for flow cytometry included FITC-conjugated
anti-CD3, PE-conjugated anti-NK1.1, PE-conjugated anti-2B4,
Percp-Cy5.5-conjugated anti-CD19, Percp-Cy5.5-conjugated
anti-F4/80 (BD PharMingen, San Diego), monoclonal anti-
mouse CRACC/SLAMF7 antibody which is used combined with
a secondary antibody APC-conjugated anti-rat IgG (R&D
Systems, Inc.) and Alexa647-conjugated anti-Ly108, Alexa647-
conjugated anti-Ly9, Alexa647-conjugated anti-CD84 were
kindly provided by Dr. Andrew Veillette (IRCM, CA).

Poly I:C and D-GalN Stimulation
High molecular weight Poly I:C (InvivoGen, San Diego,

U.S.A.) and D-GalN (Sigma Chemical Co, St. Louis, MO) were
prepared in clinical degree saline for injection. For upregulating
the CRACC expression, Poly I:C was administrated by
intraperitoneal injection at the dose of 30 µg g-1 body weight.
For liver injury triggering, Poly I:C was given mice by
intravenous injection (1.5 µg per mouse) together with D-GalN
(10 mg per mouse) injection intraperitoneally.

Nano-particle Encapsulated siRNA Treatment
To silence the expression of CRACC on Kupffer cells and

Ana-1, siRNA targeting CRACC was designed and named as
siCRACC (sense: CGUGCAGAGAUUUACAGUATT; anti-
sense: UACUGUAAAUCUCUGCACGTT). The siCRACC was
synthetized by GenePharma (Shanghai, China). To deliver the
siCRACC to Kupffer cells, a cationic lipid assisted ePEG-PLA
Nano-particle was used [30]. The encapsulation of siCRACC
was performed by Dr. Wang Jun (USTC, China). This nano-
particle encapsulated siCRACC (80 µg per mouse) was given
to mice 6 hours prior to the Poly I:C/D-GalN stimulation by
intravenous injection.

RT-PCR and Quantitative PCR
Total liver RNA and cellular RNA were extracted with Trizol

Reagent (Invitrogen, USA) under standard procedure, and
were used for cDNA synthesis. cDNA was used in the PCR
detection and quantitative PCR detection. Both detections were
performed under standard procedure. The primers used to
detect the CRACC expression were as follows: β-actin: sense:
ATGGATGACGATATCGCT; anti-sense:
ATGAGGTAGTCTGTCAGGT; CRACC: sense:
AATGGCACCTGCGTAATC; anti-sense:
GTGTCATAGTCTGCGTTCT.

cDNA and pcDNA3.0-CRACC
cDNA encoding CRACC was cloned from murine

lymphocytes by RT-PCR with primer modified by adding
cleavage sites of BamHI and EcoRI (sense:
CGGGATCCATGGCTCGTTTCTCAAC; anti-sense:
CCGGAATTCTCAAAGCTTAATGACCTTGG). For the
expression of CRACC in target cells, cDNA encoding CRACC
was cloned into the expression plasmid pcDNA3.0. The

pcDNA3.0-CRACC was transfected to 293A cells by
lipofectamine 2000 (Invitrogen, USA).

Immune-fluorescence Analysis and Laser Scanning
Confocal Microscopy

Nano-particle encapsulated FAM conjunct siRNA were
injected to mice intravenously and the mice were harvested 3
hours later. The liver tissues were frozen in O.C.T. Compound
(Sakura Finetek U.S.A., Torrance, CA) and sectioned at -20°C.
Hepatic Kupffer cells were prepared as described above.
Frozen sections of liver tissues and hepatic Kupffer cells smear
were prepared for the immune-fluorescence analysis (IFA)
under standard procedure. Liver tissue sections and Kupffer
cells smear were stained with APC-conjugated anti-F4/80 (BD
PharMingen, San Diego) and examined by LSM 710 confocal
laser scanning microscope (Zeiss).

Analysis of Liver Transaminase Activities
Liver injury caused by Poly I:C and D-GalN was surveyed by

measuring the serum enzyme activities of alanine
aminotransferase (ALT) with ALT reagent kit (Rong Sheng,
Shanghai, China) at clinical diagnostic degree.

ELISA for Cytokine Detection
Coculture supernatant was collected and detected with

corresponding ELISA Kit (DAKEWE, China) for the TNF-α and
IFN-γ.

H&E Staining
For histopathological analysis, liver sections (7 µm) were

stained with Hematoxylin-Eosin and examined by microscopy
according to the previous description [6].

Statistical Analysis
The results were analyzed by Student t test or analysis of

variance where appropriate. All data were shown as mean ±
standard error of the mean (SEM). P value < 0.05 was
considered to be statistically significant.

Results

1: CRACC was abundant on hepatic NK cells
At the beginning of this study, we screened the murine

CRACC expression patterns among NK cells, NKT cells, T
cells and B cells from the liver, spleen, lung, peripheral blood
(PBL), mesenteric lymph node (MLN) and bone marrow (BM).
We found higher levels of CRACC expression on NK cells and
NKT cells, compared with that on T cells and B cells. The
CRACC expression was different on the same type of
lymphocytes among different organs. CRACC levels on hepatic
lymphocytes were much higher compared with those on splenic
and peripheral lymphocytes (Figure 1A, B). These data show
that CRACC is dominantly expressed on innate immunity
associated lymphocytes in the liver, which is also known as an
innate immune associated organ. Since Kupffer cells, which
are liver resident macrophages (Mϕ), are also critical innate
immune cells, we screened the CRACC expression patterns on

CRACC Promotes Hepatitis by Poly I:C/D-GalN
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Kupffer cells as well as on other Mϕ from BALF and peritoneal
cavity. Compared to NK and NKT cells, macrophages had
much lower levels of CRACC expression (Figure 1).
Expression of CRACC on Kupffer cells was higher than that on
alveolar Mϕ and peritoneal Mϕ (Figure 1C, D).

2: Up-regulation of CRACC expression on NK cells and
Kupffer cells by Poly I:C injection

CRACC expression on Mϕ has not been determined so far.
This might be due to the low degree of CRACC expression on
Mϕ under normal conditions (Figure 1C, D). However we found
that the expression of CRACC on Kupffer cells was elevated
dramatically by Poly I:C injection, while no significant change
was observed on alveolar Mϕ and peritoneal Mϕ (Figure 2A,
B). Then we tried to figure out whether the elevated expression
by Poly I:C treatment was restricted to CRACC among the
SLAM family. We detected the expression of Ly108, Ly9, and

CD84 on Kupffer cells and found the Ly9, CD84 expressions
on Kupffer cells were also upregulated by Poly I:C injection
besides CRACC (Figure 2C).

Since it was reported that Poly I:C treatment upregulated the
expression of CRACC on splenic NK cells [14], we tried to find
out whether the CRACC expression on hepatic NK cells is also
upregulated by Poly I:C injection. We analyzed the effect of
Poly I:C injection to the expression of CRACC on NK cells
among different organs, and found remarkably upregulated
expression on hepatic NK cells (Figure 3A, B). In contrast,
expression of CRACC on liver NKT cells was unchanged after
Poly I:C treatment (Figure 3A). Besides CRACC, we also
examined the effect of Poly I:C injection to the expression of
other SLAM family members (2B4, Ly108, Ly9 and CD84) on
hepatic NK cells. The data showed that only the expression of
CRACC on NK cells was upregulated significantly while the

Figure 1.  CRACC expression on lymphocytes and macrophages among various organs.  A, Flow Cytometry of the
expression of CRACC on lymphocytes (NK cells-solid line, NKT cells-long dashed line, T cells-dashed line and B cells-dotted line)
from liver, spleen, lung, peripheral blood (PBL), mesenteric lymph node (MLN) and bone marrow (BM) with mCRACC mAb (open
histograms) and isotype control Ab (filled histograms). NK cells were identified as NK1.1 + CD3- cells; NKT cells were identified as
NK1.1 + CD3+ cells; T cells were identified as NK1.1-CD3+ cells; B cells were identified as CD3-CD19+ cells. B, Percent of CRACC+

cells among lymphocytes from liver, spleen, lung, PBL, MLN and BM. C, Flow cytometry of CRACC expression on macrophages
from bronchoalveolar lavage fluid (BALF; alveolar Mϕ), peritoneal cavity (peritoneal Mϕ), and liver (Kupffer cells). Macrophages
were identified as F4/80+ cells. D, Percent of CRACC+ cells among alveolar Mϕ, peritoneal Mϕ and Kupffer cells. Data are from 6-8
mice per group.
doi: 10.1371/journal.pone.0076681.g001
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expression of other SLAM family members remained
unchanged after Poly I:C treatment (Figure 3C).

Our previous study has established a classical NK cell-
mediated acute liver injury model induced by Poly I:C and D-
GalN. It was proved that the interaction of NKG2D and its

Figure 2.  Poly I:C injection elevates the expression of CRACC on Kupffer cells.  CRACC expression on alveolar Mϕ,
peritoneal Mϕ and Kupffer cells from mice treated with Poly I:C for 18h was analyzed by flow cytometry. Alveolar Mϕ, peritoneal Mϕ
and Kupffer cells were identified as F4/80+ cells. A, Flow Cytometry of the CRACC expression on alveolar Mϕ, peritoneal Mϕ and
Kupffer cells. B, Percent of CRACC+ cells among alveolar Mϕ, peritoneal Mϕ and Kupffer cells. C, Percent of SLAM family (Ly108,
Ly9 and CD84) positive cells among Kupffer cells from mice treated with Poly I:C for 18h. Data are from 6-9 mice per group. *P <
0.05; **P<0.01; ***P < 0.001.
doi: 10.1371/journal.pone.0076681.g002
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ligand Rae-1 between NK cells and Kupffer cells was
responsible to this injury. Because the blockade of NKG2D did
not prevent the injury completely, we hypothesized that there
are some other co-stimulating molecules involved in inducing
liver injury. The elevated expression of CRACC on Kupffer cells
and NK cells by Poly I:C implied a potential promoting role of
CRACC in this pathogenic model. Then we examined the
expression of CRACC in liver tissues from mice treated with

Poly I:C and D-GalN dynamically. We found that hepatic
expression of CRACC was upregulated dynamically, and the
serum ALT elevated subsequently; and the peak levels of
CRACC expression appeared prior to the serum ALT peak
value (Figure 4A).

The above data revealed that Poly I:C injection upregulated
CRACC expression in both hepatic NK cells and Kupffer cells.
Next we examined CRACC expression on hepatic NK cells and

Figure 3.  Poly I:C treatment up regulates the expression of CRACC on NK cells.  CRACC expression on NK cells (solid line)
and NKT cells (long dashed line) from mice treated with Poly I:C for 18h was analyzed by flow cytometry. NK cells were identified as
NK1.1 + CD3- cells and NKT cells were identified as NK1.1 + CD3+ cells. A, Flow Cytometry of the CRACC expression on hepatic NK
cells and hepatic NKT cells. B, Upper panel: percent of CRACC+ cells among NK cells from liver, spleen, lung, peripheral blood
(PBL), mesenteric lymph nodes (MLN), and bone marrow (BM); Lower panel: cells counts of NK cells from indicated organs. C, MFI
analyses of SLAM family (2B4, Ly108, Ly9, CD84, CRACC) expression on hepatic NK cells from mice treated with Poly I:C for 18h
by flow cytometry. Data are from 5-8 mice per group. **P<0.01; ***P < 0.001.
doi: 10.1371/journal.pone.0076681.g003
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Kupffer cells in the Poly I:C/D-GalN model. The data confirmed
that the expression of CRACC was upregulated on Kupffer
cells and NK cells by Poly I:C/D-GalN treatment, which is
similar to the results by Poly I:C alone; while the D-GalN alone
had no such effect (Figure 4B).

Expression of SLAM family is usually restricted to
hemopoietic cells. Because the fetal liver is a hemopoietic
organ, we wondered whether hepatocytes also expressed
CRACC. However, our data revealed that the expression of
CRACC was undetectable at neither transcriptional levels nor
membrane protein levels on hepatocytes, and Poly I:C
stimulation did not evoke the expression (Figure S1A, B).
Therefore, these findings ruled out the possibility that
hepatocytes expressed CRACC as ligand.

Collectively, our data revealed that Poly I:C injection
upregulated the expression of CRACC on both Kupffer cells
and NK cells; and the increased CRACC expression in the liver
was correlated with Poly I:C/D-GalN-induced liver injury. This
suggests that the CRACC may play a role in promoting the liver
injury model induced by Poly I:C/D-GalN.

3: Kupffer cell-specific silence of CRACC alleviates NK
cell-mediated liver injury

To determine the role of CRACC in Poly I:C/D-GalN-induced
liver injury, the expression of CRACC on Kupffer cells was
specifically suppressed by RNAi. To deliver the siRNA to
Kupffer cells specifically, a novel nanoparticle encapsulated

siRNA administration method was employed. We designed a
pair of siRNA targeting at CRACC and named it as siCRACC
(Figure S3). The siRNA was encapsulated by cationic lipid
assisted mPEG-PLA nanoparticle, and given to mice by
common intravenous injection. It proved the capacity of this
kind of nanoparticle delivering the siRNA to Kupffer cells
specifically by both flow cytometry detection and Laser
Scanning Confocal Microscope (LSCM) imaging. The flow
cytometry data revealed that almost all the Kupffer cells
phagocytosed this nanoparticle encapsulating FAM conjunct
siRNA (Figure 5A). LSCM imaging analyses further confirmed
this nanoparticle was phagocytosed by Kupffer cells specifically
(Figure 5B, C). Administration of this particle did not cause
obvious liver injury (Figure S2).

Then the mice were pre-transfected with nanoparticle
encapsulated siCRACC 6h prior to the Poly I:C/D-GalN
treatment. We found the CRACC expression on Kupffer cells
was downregulated by siCRACC (Figure 5D) 12h-18h post the
Poly I:C/D-GalN treatment, and the liver injury was alleviated
significantly (Figure 5E, F). These findings indicate that
blockade of CRACC expression on Kupffer cells alleviates Poly
I:C/D-GalN-induced liver injury, suggesting that upregulation of
CRACC on Kupffer cells contributes to such injury.

Figure 4.  Poly I:C/D-GalN induced liver injury correlates to the increased CRACC mRNA expression of liver.  A, Mice were
treated with Poly I:C (1.5 µg per mouse, i.v.) together with D-GalN (10 mg per mouse, i.p.); and then euthanized at 2h, 4h, 6h, 8h,
12h, 18h, 24h, 48h time points post Poly I:C/D-GalN treatment. The expression of CRACC mRNA was assayed by quantitative PCR
(upper panel); and the serum ALT was tested (lower panel). B, Mice were treated with saline alone, Poly I:C alone, D-GalN alone or
Poly I:C together with D-GalN for 12h; and then the CRACC expression on Kupffer cells and hepatic NK cells was analyzed by flow
cytometry. Kupffer cells were identified as F4/80+ cells and NK cells were identified as NK1.1 + CD3- cells. Data are from 6-9 mice
per group.
doi: 10.1371/journal.pone.0076681.g004
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4: CRACC-CRACC interaction between NK cells and
Kupffer cells is critical in NK cell activation

Our previous studies demonstrated that Poly I:C/D-GalN-
induced liver injury was mediated by TNF-α and IFN-γ, which
were produced during the NK-Kupffer cell interaction, herein
we focused on the effect of CRACC to the TNF-α and IFN-γ
production. To further confirm the mechanism of CRACC
enhancing liver injury, we established a coculture system of
primary NK cells and a murine macrophage cell line-Ana-1 in

vitro. The system was used to imitate the Kupffer-NK cell
interaction.

First, we proved the CRACC expression pattern on Ana-1
was comparable with Kupffer cells. It was found that the Ana-1
expressed very low levels of CRACC under normal conditions,
but Poly I:C stimulation markedly upregulated the expression.
Moreover, the expression of CRACC on Ana-1 is
downregulated by siCRACC treatment (Figure 6A).

Figure 5.  Silencing CRACC expression on Kupffer cells alleviates the liver injury induced by Poly I:C/D-GalN.  A-C, Mice
were treated with nanoparticle encapsulated FAM conjunct siRNA by intravenous injection; and 3h later FAM+ cells among Kupffer
cells were analyzed by flow cytometry (A); and the nanoparticle encapsulated FAM conjunct siRNA (green) endocytosed by Kupffer
cells (red, stained with APC-F4/80 mAb) were tracked by con-focal microscopy both in isolated Kupffer cells (B, Bar=50µm, 63×
objective) and in site of frozen tissue sections(C, Bar=50µm, 40× objective). Kupffer cells were identified as F4/80+ cells. D, Mice
were pre-treated with nanoparticle encapsulated siNeg or siCRACC for 6h, and then treated with Poly I:C/D-GalN in each group.
The CRACC expression on Kupffer cells was analyzed by flow cytometry at 12h and 18h time points post the Poly I:C/D-GalN
treatment. The Data are from 6-8 mice per group. E-F, The mice were pre-treated with nanoparticle encapsulated siNeg or
siCRACC for 6h, and then treated with Poly I:C/D-GalN in each group. The serum ALT was tested (E) and the H&E-Staining
analyses were performed at 18h time point post Poly I:C/D-GalN (F). The Data are from 6-8 mice per group. **P < 0.01.
doi: 10.1371/journal.pone.0076681.g005

CRACC Promotes Hepatitis by Poly I:C/D-GalN

PLOS ONE | www.plosone.org 8 September 2013 | Volume 8 | Issue 9 | e76681



Next, we stimulated the NK-Ana-1coculture system with Poly
I:C for 24h with or without silencing the CRACC expression on
Ana-1. As illustrated in Figure 6B-D, silence of CRACC
expression on Ana-1 cells significantly inhibited TNF-α and
IFN-γ secretion in the co-cultures. To confirm whether CRACC-
CRACC interaction between Ana-1 and NK cells increased the
cytokine production, we also used a CRACC monoclonal
antibody to block the CRACC-CRACC interaction in this
coculture system. Our data in Figure 6E revealed that IFN-γ

production was decreased in the group treated with the
CRACC antibody (Figure 6E). In agreement with previous
findings, treatment with an NKG2D antibody also inhibited IFN-
γ production.

These data implies that CRACC-CRACC interaction between
Kupffer cells and NK cells might enhance the Poly I:C/D-GalN
induced liver injury by increasing cytokine production.

Figure 6.  CRACC-CRACC interaction between macrophages and NK cells enhances the cytokine secretion in vitro.  A,
Ana-1 cells pre-transfected with liposome encapsulated siNeg or siCRACC was subsequently stimulated with Poly I:C. The
expression of CRACC mRNA was assayed by quantitative PCR at 3h time point post the Poly I:C stimulation. B, C & D, Ana-1 cells
pre-transfected with nanoparticle encapsulated siNeg or siCRACC was cultured in absence or presence of NK cells, which were
freshly isolated from mice pre-treated by Poly I:C. Then Ana-1 cells cultured with or without NK cells were stimulated with Poly I:C;
and D-GalN was made as control. CRACC expression on Ana-1 cells was analyzed by flow cytometry (B) and the cytokine (TNF-α
and IFN-γ) in the culture supernatant was assayed by ELISA (C, D) at 24h time point post the Poly I:C or D-GalN stimulation; Ana-1
cells were identified as F4/80+ cells. E, Ana-1 cells were cocultured with freshly isolated NK cells from mice pre-treated by Poly I:C;
and Ana-1 cells alone or NK cells alone were made as control. The Ana-1-NK coculture was stimulated by Poly I:C in the presence
of isotype control Ab (Rat IgG), CRACC mAb (anti-CRACC), or NKG2D mAb (anti-NKG2D), respectively. The IFN-γ in culture
supernatant was assayed by ELISA at 24h time point post the Poly I:C stimulation. *P < 0.05; **P<0.01; ***P < 0.001.
doi: 10.1371/journal.pone.0076681.g006
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Discussion

This study has demonstrated that CRACC-CRACC
interaction between hepatic NK cells and Kupffer cells plays an
important role in promoting the Poly I:C/D-GalN induced liver
injury. Poly I:C treatment upregulated the expression of
CRACC on Kupffer cells as well as on NK cells; and the
CRACC interaction between NK cells and Kupffer cells
upregulated the secretion of IFN-γ and TNF-α, thereby
contributing to liver injury (Figure 7). By using this model, we
have demonstrated that the SLAM family receptors participate
in the immunomodulation among hepatic innate immune cells
in hepatitis.

The broad expression of CRACC on various types of
immune cells has been reported previously, however we firstly
screen the expression pattern on multiple lymphocytes from

different organs. In our study, we found different CRACC
expression pattern among NK cells from different organs.
CRACC tends to be expressed at higher levels on liver NK
cells, compared with the peripheral and splenic NK cells. This
might be one reflection of the different immunophenotypical
features between the liver-specific NK cells and the peripheral
and spleen NK cells. It is believed that the liver-specific NK
cells display higher cytotoxicity against tumor cells by the
immunophenotypical, morphological, and functional
characteristics [31]. Since CRACC is proved a critical activating
receptor to the NK cells cytotoxicity previously [14], the higher
levels of CRACC expressed on liver NK cells may contribute to
the higher cytotoxicity activities of liver-specific NK cells
compared with peripheral NK cells.

The expression of CRACC on macrophages has not been
previously determined. This might due to two possible reasons:

Figure 7.  CRACC-CRACC interaction between NK cells and resident Kupffer cells.  Poly I:C stimulation (A) elevated the
CARCC expression on NK cells and resident Kupffer cells (B). CRACC-CRACC interaction (B) together with the NKG2D-Rae-1
interaction (C) between NK cells and resident Kupffer cells promote IFN-γ and TNF-α production (D, E), which contributes to the
Poly I:C/D-GalN induced liver injury.
doi: 10.1371/journal.pone.0076681.g007
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the low levels of CRACC expression on macrophages under
normal conditions and the phenotypical difference of
macrophages from different tissues. CRACC and the other
SLAM family members are usually expressed on hematopoietic
cells at high levels to exert immunomodulatory function
[13,15,16]. However, our data revealed very low levels of
CRACC expression on macrophages with slightly higher levels
on Kupffer cells compared with that on macrophages from
BALF and peritoneal cavity. Such low levels may not act as a
functional receptor. However, after Poly I:C treatment,
expression of CRACC on macrophages was markedly
upregulated and may act as an activating receptor to induce
NK cell activation.

There are other members of SLAMs expressed on
macrophages as well as on NK cells. And current studies
reported some of them played positive regulatory roles in
macrophages and NK cells [32–34]. Besides CRACC, our data
revealed that the expressions of Ly9 and CD84 on Kupffer cells
were also elevated by Poly I:C stimulation. However, only the
expression of CRACC was upregulated on both NK cells and
Kupffer cells by Poly I:C. Otherwise, it is known that the
activating signaling by CRACC in NK cells depends on the
expression of EAT-2 (Ewing’s sarcoma-activated transcript 2),
which is abundant in NK cells, while the activating signaling by
Ly9 and CD84 depends on SAP, which is absence in
macrophage so far as we know [16]. Thus, the altered
expression of these receptors remains unclear. More efforts
are in need to reveal the functions of these receptors on NK
cells and Kupffer cells.

In this study, we demonstrated that Poly I:C treatment
markedly upregulated the expression of CRACC on Kupffer
cells. Since Poly I:C is known as mimic of double strands RNA
virus, it implied that the CRACC expression on macrophages
can be induced by certain PAMPs stimulation under infection
conditions, which may promotes the anti-virus immunity or
leads to immune injury. However, CRACC expressed on other
macrophages did not respond to Poly I:C stimulation in our
experiments. This might be due to the special local
microenvironment of livers for Kupffer cells, such as cytokines,
hepatocytes, and other liver nonparaenchymal cells. The
mechanism remains to be further investigated.

The functions of CRACC to NK cells are well known as an
activating receptor of cytotoxicity. Our experiments
demonstrated that CRACC activation enhanced the IFN-γ
production of NK cells in Poly I:C/D-GalN induced liver injury.
This implies CRACC on NK cells not only acts a cytotoxicity
activating receptor but also acts a cytokine production
promoting receptor. The in vitro experiments in the current
study proved the silencing of CRACC expression on
macrophages reduced the TNF-α production. This suggests

that the CRACC on macrophages acts an activating receptor to
enhance the TNF-α production. Collectively, our findings
suggest that CRACC-CRACC interaction between Kupffer and
hepatic NK cells promotes cytokine production, which
contributes to Poly I:C/D-GalN induced liver injury. These data
are supplemental to the cellular cross-talk between Kupffer and
hepatic NK cells mediated by NKG2D-Rae-1 in our previous
study. In the current study, we have also demonstrated for the
first time that SLAM family member CRACC participates in the
liver immunomodulation via NK-Kupffer interaction and
promotes liver injury. Further studies to characterize the
molecular mechanism of CRACC-CRACC interaction between
NK and Kupffer cells will help us understand better the
pathogenesis of immune-mediated liver injury.

Supporting Information

Figure S1.  CRACC is undetectable on hepatocytes. A,
CRACC mRNA expression of murine hepatocytes was assayed
by RT-PCR. B, Mice were treated with Poly I:C, and CRACC
expression on hepatocytes was analyzed by flow cytometry at
18h time point post the Poly I:C treatment.
(TIF)

Figure S2.  Nanoparticle encapsulated FAM conjunct
siRNA induces no liver injury. Mice were treated with
nanoparticle encapsulated FAM conjunct siRNA by intravenous
injection; and the serum ALT was tested 3h later.
(TIF)

Figure S3.  The CRACC expression is silenced by
siCRACC. 293A cells were transfected with pcDNA3.0-CRACC
together with siNeg or siCRACC. The expression of CRACC on
293A cells was assayed by quantitative PCR at 12h, 24h, 36h
and 48h time points.
(TIF)
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