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Anti-4-1BB monoclonal antibodies attenuate
concanavalin A-induced immune-mediated liver injury in mice
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Abstract. Effective therapies for the treatment of immune-medi-
ated liver disease are currently lacking. As a member of the
tumor necrosis factor receptor superfamily,4-1BB has a key role
in T-cell activation and has been implicated in the development
of autoimmune disorders. The purpose of the present study was
to evaluate the potential therapeutic or preventive function of
an anti-4-1BB monoclonal antibody (mAb) in a mouse model of
concanavalin (Con) A-induced immune-mediated liver injury.
A mouse model of immune-mediated liver injury was estab-
lished by tail vein injection of Con A (20 mg/kg). 4-1BB mAb
(100 ug), with or without methylprednisolone (MEP; 3 mg/kg),
was intraperitoneally injected into the tail vein 2 h prior to or
2 h following Con A injection. Con A induced marked hepato-
cyte necrosis, significantly reduced CD 4*/CD25* T-cell levels,
and increased the serum levels of aspartate transaminase (AST)
and alanine transaminase (ALT), in addition to the percentage
of 4-1BB* T-cells, compared with the control (all P<0.05). The
administration of 4-1BB mAb prior to or following Con A injec-
tion was able to attenuate Con A-induced liver tissue damage
and significantly reduce serum AST and ALT levels (P<0.05).
A combination of MEP and 4-1BB mAb further reduced
serum AST and ALT levels, compared with either treatment
alone. In addition, administration of 4-1BB mAb and MEP
alone or in combination significantly increased CD4*/CD25*
T-cell levels, compared with the control (P<0.05). These results
suggested that 4-1BB mAb was able to attenuate liver injury
and preserve liver function in a mouse model of Con A-induced
immune-mediated liver injury by promoting the expansion of
CD4*/CD25" T-cells. Furthermore, a combination of 4-1BB
mAb with MEP was associated with greater beneficial effects
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than either treatment alone. The clinical significance of 4-1BB
mADb in immune-mediated liver disease remains to be eluci-
dated in future studies.

Introduction

Immune-mediated liver disease is caused by abnormal immune
responses in the liver. Numerous cell types are attacked by
the immune system, leading to liver damage and other organ
disorders (1,2). The three major immune-mediated liver
diseases include primary biliary cirrhosis, primary sclerosing
cholangitis and autoimmune hepatitis, and these are associated
with differing autoimmune pathogenic mechanisms (3-5). The
estimated prevalence of the overlap syndrome (presentation of
clinical characteristics of a second auto-immune liver disease
in patients with an existing auto-immune liver disease) of
immune-mediated liver disease is 5-20% (6). Although the
exact etiology remains unclear, evidence has suggested that
impairment of apoptotic cell debri clearance may contribute
to the development of immune-mediated liver disease (3).
Immunosuppressive therapies, including corticosteroids, have
been effective in relieving the symptoms of autoimmune hepa-
titis, however, therapeutic progress remains limited (1,7).
4-1BB is an inducible T-cell surface receptor that belongs
to the tumor necrosis factor receptor (TNFR) superfamily.
4-1BB is typically expressed at very low levels on naive T-cells;
however, its expression is induced upon T-cell activation,
such that it is expressed at relatively high levels on activated
T-cells (8-10). The interaction of 4-1BB with its ligand
(4-1BBL) regulates T-cell-mediated immune responses by
providing CD 28-independent co-stimulation for T-cell activa-
tion (8,10). Previous studies on transgenic mice demonstrated
that 4-1BBL-deficient transgenic mice were less responsive
to the influenza virus, and that 4-1BB knockout mice had
reduced T-cell activity. These findings further supported a role
for 4-1BB in T-cell-mediated immune responses (10-13).
4-1BB and 4-1BBL have previously been associated with
the development of autoimmune disease. The expression levels
of 4-1BBL in the duct epithelial cells of salivary glands were
previously demonstrated to be markedly elevated in a mouse
model of Sjorgren's syndrome and were associated with the
severity of sialadenitis (14). In addition, 4-1BBL has been
indicated to be essential for the development of autoimmune
encephalomyelitis in a mouse model of multiple sclerosis (15).
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In another study, the serum levels of the soluble forms of
4-1BB and 4-1BBL were significantly higher in patients
with rheumatoid arthritis, as compared with those in healthy
controls, and were correlated with disease severity (16).
Furthermore, patients with multiple sclerosis exhibited
increased serum levels of soluble 4-1BBL, as compared with
healthy controls (17).

The role of 4-1BB and 4-1BBL in immune-mediated liver
disease remains unclear. Therefore, the present study aimed to
analyze the expression levels of 4-1BB in the T-cells of a mouse
model of concanavalin A (Con A)-induced immune-mediated
liver injury. In addition, the effects of an anti-4-1BB mono-
clonal antibody (4-1BB mAb) on Con A-induced liver injury
were investigated.

Materials and methods

Reagents. Con A was obtained from Sigma-Aldrich (St. Louis,
MO, USA). Fluorescence-conjugated anti-mouse CD3 (1:100;
cat. no. 100204), anti-mouse CD4 (1:100; cat. no. 130308,
anti-mouse CD25 (cat. no. 101908) and 4-1BB (LEAF purified
anti-mouse CD137; cat. no. 106107) monoclonal antibodies
were purchased from BioLegend, Inc. (San Diego, CA, USA)
and diluted 1:100. Methylprednisolone (MEP) was purchased
from GE Healthcare Life Sciences (Uppsala, Sweden).

Establishment of a mouse model of Con A-induced
immune-mediated liver injury. A total of 60 male Kunming
mice (age, 6-7-weeks; weight, 20-30 g) were purchased from
the Animal Center of Shandong Province (Jinan, China). The
mice were maintained in a clean room under a 12-h dark:light
cycle at 22-26°C and 40-70% humidity, at the Animal Care
Center of Shandong University, with ad libitum access to food
and water. All experimental procedures were approved by the
ethics committee at Shandong University (Jinan, China).

In order to establish a mouse model of immune-mediated
liver injury, the mice were injected with 0.3 ml Con A solu-
tion (20 mg/kg) in phosphate-buffered saline (PBS) into the
tail vein. The control mice were injected with 0.3 ml of PBS
only. The mice were randomly divided into eight groups, as
follows (n=10/group): i) The control group, with PBS injection;
ii) the Con A group, Con A injection; iii) the Con A + 4-1BB
mAb group, 4-1BB mAb (100 ug) was injected into the tail
vein at 2 h post-Con A injection; iv) the Con A + MEP group,
mice were intraperitoneally injected with MEP (3 mg/kg) at
2 h post-Con A injection; v) the Con A + 4-1BB mAb + MEP
group, mice were injected with 4-1BB mAb (100 pg) and
MEP (3 mg/kg) at 2 h post-Con A injection; vi) the Con
A + preventive 4-1BB mAb group, 4-1BB mAb (100 pg) was
injected into the tail vein 2 h prior to Con A injection; vii) the
Con A + control IgG (100 pg); and viii) the Con A + preven-
tive IgG (100 ug). All mice were closely monitored following
injection.

Liver function assessment. Following anesthetization
by abdominal injection with 2% pentobarbital solution
(Sigma-Aldrich), blood was collected from the heart of mice
at 8 h post-Con A injection. A 50 ul aliquot of the blood
sample was analyzed using a AU5400 Chemistry Automated
Analyzer (Olympus Corporation) to assess the liver function
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by determining the aspartate transaminase (AST) and alanine
transaminase (ALT) levels.

Hematoxylin and eosin (H&E) staining of liver tissue. The
mice were sacrificed by cervical dislocation 8 h following
Con A injection. The liver was dissected, fixed in 4% formalde-
hyde for 24 h and embedded in paraffin (both Sigma-Aldrich).
Subsequently, the liver tissue was sectioned into 0.5 mm?
sections using a rotary microtome (Leica Microsystems
GmbH, Wetzlar, Germany). Tissue sections were deparaf-
finized with xylene, followed by sequential washing with
anhydrous ethanol, 95% ethanol, 85% ethanol and finally, 75%
ethanol. Sections were then washed with water for 4 minutes
prior to staining with H&E (Sigma-Aldrich). Images were
captured using a BH2 microscope (Olympus Corporation,
Tokyo, Japan) at magnification, x20.

Flow cytometry. In order to prevent coagulation, 50 ul ethyl-
enediaminetetraacetic acid (BD Biosciences, Franklin Lakes,
NJ, USA) was added to each aliquot of mouse blood, after
which, the blood samples were diluted with PBS and incu-
bated with fluorescein isothiocyanate (FITC-conjugated
CD3 (1.25 ul), phycoerythrin (PE)-conjugated CD4 (1.2 pl),
FITC-CD25 (0.5 pul) or PE-4-1BB (1 pl) antibodies on ice for
20 min. Subsequently, the blood samples were incubated with
500 pl OptiLyse C Hemolysin (Beckman Coulter Inc., Brea,
CA, USA) at 37°C for 10 min to lyse and remove erythrocytes,
followed by washing with PBS and centrifugation for 5 min
at 430 x g. The cell pellet was resuspended in PBS, mixed
and analyzed on a FACScan flow cytometer (BD Biosciences).
Data were analyzed using the Epics XL software (version 3.0;
Beckman Coulter, Inc.).

Statistical analysis. Data are presented as the mean + standard
deviation. Statistical analyses were conducted using SPSS soft-
ware, version 12.0 (SPSS, Inc., Chicago, IL, USA). Intergroup
comparisons were conducted using Student's t-test, whereas
multigroup comparisons were performed using analysis of
variance followed by Dunnett's test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Con A injection induces liver damage in mice. Compared
with the control group, the mice that were injected with
Con A appeared less active and had a poor appetite. A histo-
pathological examination detected a large number of necrotic
hepatocytes in the liver tissue from the Con A group, and these
necrotic hepatocytes were smaller, than normal hepatocytes,
containing condensed chromatin and exhibiting reticular
degeneration and steatosis. In addition, the liver tissue from
the Con A group exhibited marked lymphocyte and neutro-
phil infiltration, in particular within the hepatic portal area.
Furthermore, severe erythrocyte sedimentation was observed
in the hepatic sinusoid (Fig. 1A and B). The Con A-injected
mice exhibited significantly increased serum levels of ALT
and AST, compared with the control mice (P<0.01; Fig. 1C);
thus suggesting that the liver function was impaired following
Con A injection. In addition, the percentage of 4-1BB-positive
T-cells was significantly increased in the Con A-injected mice
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Figure 1. Establishment of the mouse model of Con A-induced immune-mediated liver injury. Representative images of H&E-stained (A) healthy liver tissue
and (B) liver tissue from mice injected with Con A. Mice were sacrificed at 8 h following Con A injection, after which liver tissue was harvested, fixed and sec-
tioned. Images of H&E-stained sections were obtained using an Olympus BH2 microscope (magnification, x20). (C) Levels of ALT and AST were significantly
increased following Con A injection. Blood samples were collected 8 h following Con A injection and the ALT and AST levels were measured. (D) Proportion
of CD3* 4-1BB* T-cells was significantly increased following Con A injection. Blood samples were incubated with CD3-fluorescein isothiocyanate and
4-1BB-phycoerythrin antibodies and analyzed by flow cytometry. Data are presented as the mean + standard deviation (n=10). "P<0.05 vs. control. Con A,
concanavalin A; H&E, hematoxylin and eosin; ALT, alanine transaminase; AST, aspartate transaminase; CD3, cluster of differentiation 3.

compared with the control mice (P=0.0018; Fig. 1D). These
results suggest that Con A injection may cause liver damage in
mice and stimulate 4-1BB expression in T-cells.

4-1BB mAb exerts beneficial effects on mice with
Con A-induced liver damage. Compared with the control mice,
the mice injected with 4-1BB mAb at 2 h post-Con A injec-
tion became increasingly active and exhibited an improved
appetite at 3-4 h post-injection. H&E staining detected a
marked reduction in hepatocyte necrosis and decreased
lymphocyte and neutrophil infiltration into the hepatic portal
area in mice treated with 4-1BB, compared with the control
group mice (Fig. 2A). Furthermore, the serum levels of ALT
and AST were significantly reduced by 4-1BB mAb injection
post-ConA-induced (P<0.01; Fig. 2B), which indicated that
treatment with 4-1BB mAb was able to preserve liver function
in Con A-injected mice. Consistent with these results, injection
with 4-1BB mAb at 2 h prior to the induction of liver injury
by Con A markedly attenuated Con A-induced liver damage.
In addition, preventive treatment of the mice with 4-1BB mAb
maintained physical activity, reduced liver tissue damage
(Fig. 2A) and preserved liver function in the mice (P<0.05;
Fig. 2B) compared with the preventive control IgG.

MEP has been widely used to treat immune-mediated
liver disease in clinical practice (5). Therefore, the present
study analyzed whether a combination treatment with
MEP and 4-1BB mAb would synergistically act to reduce
Con A-induced liver damage in mice. Compared with the
control, MEP treatment alone improved the physical activity
of the mice and reduced liver tissue damage (Fig. 2A) to a
similar extent as 4-1BB mAb treatment alone; however, it

reduced the serum levels of ALT and AST to a greater extent
than 4-1BB mAb treatment alone (Fig. 2C). The effects of
combined MEP and 4-1BB mAb on the physical activity of
the mice and liver tissue injury (Fig. 2A) appeared similar to
those observed for either treatment alone; however, the serum
levels of ALT and AST were further reduced following the
combined treatment (P<0.01; Fig. 2C). These results suggest
that a treatment with MEP combined with 4-1BB mAb may
preserve liver function in mice with Con A-induced liver
injury.

The proportion of CD4*/CD25" T-cells increases following
4-1BB mAb treatment. The proportion of CD4*/CD25*
T-cells was significantly reduced in the Con A-injected mice,
compared with the control group mice (P<0.05; Fig. 3A).
Treatment with 4-1BB mAb following Con A injection and
preventive treatment with 4-1BB mAb prior to Con A injec-
tion markedly increased the proportion of CD4*/CD25*
T-cells compared with the Con A+control IgG group (P=0.030;
Fig. 3A). In addition, MEP alone significantly increased the
proportion of CD4*/CD25* T-cells (P<0.01; Fig. 3B), which
was further increased by combined treatment of MEP and
4-1BB mAb (P<0.01 vs. the control; Fig. 3B).

Discussion

The present study demonstrated that 4-1BB expression was
increased on the surface of T-cells following Con A-induced
liver injury in mice. This is consistent with previous studies,
in which 4-1BB and 4-1BBL were demonstrated to be upregu-
lated in human autoimmune diseases, including rheumatoid
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Figure 2. 4-1BB mAb exerted beneficial effects on mice with Con A-induced liver injury. (A) representative images of H&E-stained liver tissue from mice
treated with the various treatments. (B) Administration of 4-1BB mAb 2 h after or 2 h before Con A injection significantly reduced the serum levels of
ALT and AST. (C) 4-1BB combined with MEP further reduced the ALT and AST levels. Data are presented as the mean + standard deviation. "P<0.05 vs.
the Con A + control IgG or Con A + preventive (4-!BB administered 2 h prior to injection with Con A) IgG groups. Con A, concanavalin A; IgG, immuno-
globulin G; H&E, hematoxylin & eosin; ALT, alanine transaminase; AST, aspartate transaminase; mAb, monoclonal antibody; MEP, methylprednisolone.

arthritis and multiple sclerosis (16,17). Therefore, 4-1BB
may have a role in the development of immune-mediated
liver disease. The 4-1BB mAb has previously been investi-
gated in animal models of various autoimmune disorders;
Haga et al (18) investigated the role of 4-1BB in a rat model of
autoimmune myocarditis and reported that inhibition of 4-1BB
pathways by intraperitoneal injection with 4-1BB mAb was
able to attenuate the development of disease. In addition, the
mRNA expression levels of proinflammatory cytokines in the
heart tissue, including interleukin and TNF-a, were decreased
following 4-1BB mAb treatment (18). In another study, the
4-1BB mAb inhibited the development of a interphotoreceptor
retinoid-binding protein-induced autoimmune uveoretinitis by

increasing the proportion of CD11c*/CD8* T-cells (19), and
intraperitoneal injection with agonistic 4-1BB mAb markedly
reduced the development and severity of experimental autoim-
mune encephalomyelitis in rats (20). Furthermore, the 4-1BB
mAb markedly reduced mercury-induced autoimmunity in
mice (21). In the present study, inhibition of the 4-1BB pathway
by intravenous injection with 4-1BB mAb significantly reduced
liver tissue damage and preserved liver function in mice with
Con A-induced immune-mediated liver injury.

The molecular mechanisms underlying the beneficial
effects of the 4-1BB mAb in various animal models of autoim-
mune disorders remain unclear. Haga et al (18) reported that
the 4-1BB mAb reduced heart tissue damage and preserved
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Figure 3. Proportion of CD4*/CD25* T-cells was significantly increased
following treatment with 4-1BB mAb and MEP. (A) The proportion of
CD4*1/CD25* T-cells was increased following 4-1BB mAb treatment. 4-1BB
mAb was injected into the mouse tail vein at either 2 h prior to or 2 h fol-
lowing Con A injection. Data are presented as the mean + standard deviation
“P<0.01 vs. the Con A + control IgG group; “P<0.05 vs. the control group.
(B) The combination of MEP and 4-1BB mAb treatment further increased
the CD4*/CD25* T-cell levels. Mice were intraperitoneally injected with
MEP (3 mg/kg) at 2 h post-Con A injection. Blood samples were collected
8 h after Con A injection and incubated with CD4-phycoerythrin and
CD25-fluorescein isothiocyanate antibodies and then analyzed by flow
cytometry. Data are presented as the mean + standard deviation (n=10).
“P<0.05 vs. the control group. CD, cluster of differentiation; Con A, concana-
valin A; mAb, monoclonal antibody; MEP, methylprednisolone.

heart function in a rat model of autoimmune myocarditis
by suppressing the activity of the signaling molecules c-Jun
N-terminal kinase, p38 and the inhibitor of NF-xB. Conversely,
Choi et al (19) reported that the inhibitory effects of the
4-1BB mAb on the development of autoimmune uveoretinitis
was not associated with the inhibition of 4-1BB signaling,
but with 4-1BB mAb-mediated expansion of CD11c¢*/CD8*
T-cells. The present study demonstrated that Con A injection
significantly reduced the proportion of CD4*/CD25* T-cells,
and that this was significantly attenuated following treatment
with 4-1BB mAb. A reduction in the number of CD4*/CD25*
T-cells has been associated with various autoimmune disor-
ders. For example, in a previous study patients with chronic
autoimmune urticaria exhibited significantly reduced levels
of CD4*/CD25" T-cells compared with healthy controls (22),
and the absolute count of CD4*/CD25" T-cells in patients
with active systemic lupus erythematosus was markedly
lower compared with healthy controls in another study (23).
Therefore, Con A-mediated reduction of CD4*/CD25" T-cells
may have contributed to the development of immune-mediated
liver injury in the mice, and the protective effects of 4-1BB
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mAb may have been due to the increase in CD4*/CD25* T-cell
levels.

The disruption of the 4-1BB/4-1BBL pathway has previ-
ously been associated with adverse effects in animal models
of autoimmune disorders. Sytwu et al (24) demonstrated
that transgenic, non-obese diabetic mice overexpressing
membrane-bound agonistic single-chain anti-4-1BB variable
fragment in pancreatic (3-cells developed more severe diabetes
compared with their non-transgenic littermates. In particular,
this was associated with earlier-onset, faster diabetic
processes and a higher mortality. In the present study, the
short-term effects of 4-1BB mAbD treatment in a mouse model
of Con A-induced immune-mediated liver injury appeared
promising; however, the long-term effects of 4-1BB mAb on
liver function remain unclear. Therefore, future studies are
required to verify the results of the present study.

In conclusion, the present study demonstrated that the
4-1BB mAb was able to reduce liver tissue damage and
preserve liver function in a mouse model of Con A-induced
immune-mediated liver injury by increasing the proportion of
CD4*/CD25" T-cells. A long-term observation is required in
order to verify these findings. In addition, the clinical signifi-
cance of the 4-1BB mAb in managing immune-mediated liver
disease remains to be determined.
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