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Abstract
Background—Liver transplantation is the treatment of choice for many patients with fulminant
hepatic failure (FHF). A major limitation of this treatment is the lack of available donors. An
optimally functioning bio-artificial liver (BAL) device has the potential to provide critical hepatic
support to patients with FHF. In this study, we examined the efficacy of combining interleukin-1
(IL-1) receptor blockade with the synthetic function of hepatocytes in a BAL device for the
treatment of FHF.

Materials and methods—We injected an adenoviral vector encoding human IL-1 receptor
antagonist (AdIL-1Ra) into the liver of D-galactosamine (GalN) intoxicated rats via the portal
vein. We also transfected primary rat hepatocytes and reversibly immortalized human hepatocytes
(TTNT cells) with AdIL-1Ra, and incorporated these transfected hepatocytes into our flat-plate
BAL device and evaluated their efficacy in our GalN-induced FHF rat model after 10 h of
extracorporeal perfusion.

Results—Rats injected with AdIL-1Ra showed significant reductions in the plasma levels of
hepatic enzymes. Primary rat hepatocytes transfected with AdIL-1Ra secreted IL-1Ra without
losing their original synthetic function. Incorporating these cells into the BAL device and testing
in a GalN-induced FHF rat model resulted in significant reductions in plasma IL-6 levels and
significantly improved animal survival. Incorporating the AdIL-1Ra transfected TTNT cells in the
BAL device and testing in the GalN-induced FHF rat model resulted in significantly reduced
plasma IL-6 levels, and a trend toward improved survival was seen.

Conclusion—Hepatocytes producing IL-1Ra are a promising cell source for BAL devices in the
treatment of GalN-induced FHF.

© 2007 Elsevier Inc. All rights reserved.
1To whom correspondence and reprint requests should be addressed at Shriners Hospitals for Children, 51 Blossom Street, Boston,
MA 02114. ireis@sbi.org.

NIH Public Access
Author Manuscript
J Surg Res. Author manuscript; available in PMC 2011 October 25.

Published in final edited form as:
J Surg Res. 2007 January ; 137(1): 130–140. doi:10.1016/j.jss.2006.08.009.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
fulminant hepatic failure; primary rat hepatocytes; immortalized human hepatocytes; interleukin-1
receptor antagonist; bio-artificial liver device

INTRODUCTION
Liver transplantation is the treatment of choice for many patients with fulminant hepatic
failure (FHF). However, the limited supply of transplantable organs has prevented this
treatment option from being available to all patients who would benefit from it. An effective
alternative therapy that would either serve as a bridge to transplantation or facilitate
regeneration in the native liver, and thereby avert transplantation, is needed for reducing the
morbidity and mortality of FHF. An optimally functioning extracorporeal bio-artificial liver
(BAL) device, consisting of functioning mammalian hepatocytes, has the potential to
provide temporary support for patients with FHF and for patients awaiting orthotopic liver
transplantation.

In clinical studies of patients with FHF, elevated serum concentrations of several
inflammatory mediators including interleukin (IL)-1, tumor necrosis factor (TNF)-α, IL-6,
and IL-18 have been reported [1–3]. Serum levels of IL-1 [1, 2] and TNF-α [1] were higher
in patients who died from FHF than in patients who survived FHF, which is consistent with
studies showing that these cytokines regulate hepatocyte destruction in FHF [4, 5].
Furthermore, in patients with FHF, the ratio of serum levels of IL-1 receptor antagonist
(IL-1Ra), a competitive inhibitor of IL-1, to IL-1 was elevated in those who survived
compared with those who died [2]. In animals, pre-treatment with IL-1Ra before inducing
hepatic ischemia-reperfusion injury resulted in improved survival compared with untreated
animals [6]. IL-1Ra is already approved clinically for the treatment of rheumatoid arthritis
[7].

To assess the effect of IL-1Ra in the treatment of galactosamine (GalN)-induced FHF in a
rat model, our previous work transfected primary porcine hepatocytes with an adenoviral
vector (AdIL-1Ra) encoding the human IL-1Ra gene and incorporated these cells into a
BAL device. After extracorporeal perfusion, there were reductions in plasma hepatic
enzyme and inflammatory cytokine levels and improved animal survival [8]. In the present
study, we have continued to focus on IL-1 blockade to control inflammation in FHF. We
transfected primary rat hepatocytes or immortalized human hepatocytes with AdIL-1Ra,
cultured these hepatocytes in our BAL device, and evaluated their efficacy in treating rats
with GalN-induced FHF. After 10 h of extracorporeal perfusion, there were reductions in
plasma hepatic enzyme and inflammatory cytokine levels and improved animal survival in
treated animals, compared with the control group (animals treated with a BAL device
without cells). This study suggests that IL-1Ra is efficacious in the treatment of FHF and
that a BAL device containing hepatocytes producing IL-1Ra may become an effective
therapeutic modality for the treatment of FHF.

MATERIALS AND METHODS
Human IL-1Ra Gene Delivery into Liver in Rat FHF Model

Construction of Adenoviral Vector—Human IL-1Ra cDNA derived from the human
monocytic cell line, U937, and its adenoviral vector were described previously [9–12]. The
replication-defective adenoviral vector containing CAG promoter, β-galactosidase (LacZ),
and poly-A signal sequences (referred to as AdLacZ) was prepared as previously described
[13]. Another replication-defective adenoviral vector encoding the human IL-1Ra gene
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under control of the CAG promoter, deleting the viral E1 and E3 regions (referred to as
AdIL-1Ra), was constructed using cosmid cassettes and adenoviral DNA-terminal protein
complex (COS/TPC method) [13]. Adenoviral vectors were purified by cesium chloride
ultracentrifugation and titered by plaque assay as plaque forming unit (pfu).

Animal Experiments—Male Sprague-Dawley rats (Charles River Laboratories, Boston,
MA) weighing 300 to 400 g were used for this study. The animals were cared for in
accordance with the guidelines set forth by the Committee on Laboratory Resources,
National Institutes of Health, and Subcommittee on Research Animal Care and Laboratory
Animal Resources of Massachusetts General Hospital. All animals were acclimated to the
animal research laboratory for 5 days before initiating the experiment, and all had free
access to food and water, both before and after the operation.

Rats were anesthetized with intraperitoneal injections of ketamine (110 mg/kg; Abbott
Laboratories, North Chicago, IL) and xylazine (0.4 mg/kg; Phoenix Pharmaceutical Inc., St.
Joseph, MO), and then divided into two groups: the adenoviral vector containing LacZ
(AdLacZ) group (n = 5) and the AdIL-1Ra group (n = 5). Either AdLacZ or AdIL-1Ra (5.0
× 108 pfu) was injected into the liver via the portal vein 24 h before FHF induction. FHF
was induced by intravenous (i.v.) injection of GalN (1.4 g/kg) (Sigma Chemical Co., St.
Louis, MO). GalN was freshly dissolved in 0.5 mL of physiological saline and adjusted to
pH 6.8 with 1N NaOH. Blood samples were taken from the tail artery 24 h after FHF
induction.

The plasma levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
at 24 h after FHF induction were determined in a biochemistry laboratory (SRL, Inc.,
Tokyo, Japan). The plasma levels of human IL-1Ra and rat IL-6 at 24 h after FHF induction
were determined using commercially available ELISA kits according to the manufacturer’s
instructions (R&D Systems, Minneapolis, MN).

Primary Rat Hepatocytes Producing Human IL-1Ra
Primary Rat Hepatocyte Isolation—Hepatocytes were isolated from 2- to 3-month-old
adult female Lewis rats (Charles River Laboratories) weighing 180 to 200 g, using a
modified procedure of Seglen [14]. Detailed procedures for isolation and purification of
hepatocytes were previously described by Dunn et al. [15] Culture medium was Dulbecco’s
modified Eagle’s medium, supplemented as described previously [16].

Adenoviral Gene Transfer of Human IL-1Ra into Rat Hepatocytes—Tissue
culture dishes (35 mm) were pre-coated with 0.25 mg/mL rat-tail type 1 collagen solution,
which was prepared from Lewis rat tail tendons as described elsewhere [17]. To assess the
production of human IL-1Ra by rat hepatocytes, murine fibroblasts (NIH 3T3-J2), and co-
cultures of both cell types after transfection, we prepared monocultures of rat hepatocytes
(0.75 × 106, seeded 1 day before the transfection), monocultures of fibroblasts (1.5 × 106,
seeded 1 day before the transfection), and co-cultures (0.75 × 106 of rat hepatocytes and 1.5
× 106 of fibroblasts, seeded 6 and 5 days before the transfection, respectively). Cultures
were exposed to either AdIL-1Ra or AdLacZ at multiplicity of infections (MOIs) 0, 1, 5, 25,
and 125 (n = 3 per each MOI condition, MOI = ratio of infectious virus particles to cells,
and was based on the hepatocyte number) for 1 h. Cultures were incubated at 37°C under a
humidified gas mixture of 90% air/10% CO2. Culture medium was replaced daily and stored
at 4°C until analysis. Samples collected on days 1 to 4 after transfection were used for
human IL-1Ra measurements, and samples collected from the co-cultures transfected with
AdIL-1Ra at MOI 0 (no transfection) and MOI 125 were also used for comparing urea or rat
albumin synthesis from co-cultured rat hepatocytes with and without transfection. Urea
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concentrations were measured using a commercially available kit (Sigma Chemical Co.).
Rat albumin concentrations were determined by enzyme-linked immunosorbent assay as
described previously [17].

Immortalized Human Hepatocytes Producing IL-1Ra
Reversibly Immortalized Human Hepatocyte Cell Culture—A reversibly
immortalized human hepatocyte line (TTNT) was established by transduction with a
retroviral vector SSR#197, followed by transduction with a tamoxifen-inducible Cre
recombinase expression cassette, pCAGMerCreMer/Puro, as previously reported [18, 19].
Before initiating experiments, the immortalized TTNT cells were reverted by culturing in a
medium consisting of serum free ISE-RPMI (Life Technologies, Inc.) supplemented with
puromycin (3 µg/mL, Sigma Chemical Co.), streptomycin (200 µg/mL, Life Technologies,
Inc.), penicillin G (200 units/mL, Life Technologies, Inc.), and 4-hydroxytamoxifen (500 nM,
Sigma Chemical Co.). Cultures were maintained in 35-mm tissue culture dishes pre-coated
with rat-tail type 1 collagen solution (0.25 mg/mL).

Adenoviral Gene Transfer of Human IL-1Ra into Reverted TTNT—Reverted
TTNT cells (0.75 × 106) were cultured in 35-mm tissue culture dishes (n = 3). One day after
seeding, the cells were incubated at 37°C with AdIL-1Ra or AdLacZ for 1 h at MOIs 1, 5,
25, and 125. The culture medium was changed daily, and samples were collected for human
IL-1Ra measurement.

Extracorporeal Perfusion with BAL Device in Rat FHF Model
BAL Device Design—The flat-plate BAL design consisted of two plates fabricated of
polycarbonate as described in detail previously [20] (Fig. 1). After assembling, the resulting
flow channel heights in the assembled BALs averaged 550 µm.

Incorporation of Hepatocytes into the BAL Device—Five experimental groups of
the BAL device were established for use in the extracorporeal perfusion studies: 1) no cell;
2) rat AdIL-1Ra(+); 3) rat AdIL-1Ra(−); 4) no-cell rIL-1Ra(+); and 5) TTNT AdIL-1Ra(+).
In all of the groups, the glass surface of the lower plate of the BAL device was pre-coated
with 0.25 mg/mL rat-tail collagen solution. The no-cell group consisted of the BAL without
cells. In the rat AdIL-1Ra(+) group, the BAL contained primary rat hepatocytes (7.5 × 106,
seeded 6 days before transfection) co-cultured with murine fibroblasts (15 × 106, seeded 5
days before transfection). Five days after fibroblast seeding, the cells were incubated with
AdIL-1Ra for 1 h at MOI 125. On the next day after transfection, the extracorporeal
perfusion was initiated. In the rat AdIL-1Ra(−) group, co-cultures were prepared as in the
rat AdIL-1Ra(+) group, except there was no transfection of the cells. In the no-cell
rIL-1Ra(+) group, the BAL contained no cells and the recombinant protein of human IL-1Ra
was continuously infused through a venous line, at a dose of 1 mg/kg/h, during the
extracorporeal perfusion. This dose was based on our preliminary experiments, in which we
injected the recombinant IL-1Ra into rats and measured the plasma levels of human IL-1Ra
[8]. In the TTNT AdIL-1Ra(+) group, the BAL contained reverted TTNT cells (30 × 106,
seeded 1 day before transfection). On the next day after the cell seeding, the cells were
incubated with AdIL-1Ra for 1 h at MOI 125. On day 2 after the transfection, the
extracorporeal perfusion was initiated.

Extracorporeal Perfusion—Male Sprague-Dawley rats (Charles River Laboratories)
weighing 300 to 400 g were anesthetized as described above, which was followed by
cannulation (PE 50 polyethylene tubing; Becton Dickinson & Co., Sparks, MD) of the
carotid artery and the jugular vein. On the following day hepatitis was induced by
intraperitoneal (i.p.) injection of GalN (1.4 g/kg). This dosage was chosen based on our
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previous work demonstrating that a single injection of 1.4 g/kg can induce FHF in the rat
[21]. One hour after the induction, a 10 h extracorporeal perfusion was initiated through the
perfusion circuit (Fig. 1) as described previously [22]. At the end of a 10-h perfusion (11 h
after hepatitis induction), plasma samples were collected from the inlet and the outlet of the
BAL device to determine human IL-1Ra levels, and whole blood samples from animals (n =
3) in the no-cell group were obtained from the arterial line for blood cultures. The blood
culture samples were incubated immediately after collection at 37°C in a clinical laboratory,
and revealed no bacterial growth throughout the culture period. Four rats in each group [the
no-cell, rat AdIL-1Ra(+), and TTNT AdIL-1Ra(+) groups] were sacrificed, and liver tissue
samples were collected to determine hepatic tissue levels of IL-1β. Twenty-four hours after
hepatitis induction, blood samples were collected through the arterial line from 14 rats in the
no-cell group, 10 rats in the rat AdIL-1Ra(−) group, 9 rats in the no-cell rIL-1Ra(+) group, 7
rats in the rat AdIL-1Ra(+) group, and 9 rats in the TTNT AdIL-1Ra(+) group. These blood
samples were used to determine plasma levels of hepatic enzymes and IL-6. Survival of
these animals was monitored for 28 days.

The plasma levels of hepatic enzymes (AST and ALT) and rat IL-6 were determined as
described above. The hepatic tissue level of IL-1β was determined as follows: the hepatic
tissue was homogenized in Dulbecco’s Phosphate-Buffered Saline (Life Technologies, Inc.)
containing 0.1 mM of phenylmethylsulfonylfluoride (Calbiochem, San Diego, CA) and
centrifuged for 15 min at 4°C and 100,000 × g. The IL-1β concentration in the hepatic tissue
was estimated by the following equation: [IL-1β concentration in the hepatic tissue sample
(pg/mg protein tissue)] = [IL-1β concentration in the supernatant (pg/mL, R&D Systems)]/
[protein concentration in the supernatant (mg/mL, Bio-Rad, Minneapolis, MN)].

Histology and Immunohistochemistry—After 10 h of extracorporeal perfusion, liver
tissue was removed from rats in the no-cell group (n = 3) and the rat AdIL-1Ra(+) group (n
= 3) for histological and immunohistochemical analysis. Formalin-fixed specimens were
embedded in paraffin, and 5-µm-thick sections were cut and then stained with hematoxylin
and eosin (H&E). Tissue sections were also analyzed using terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL), intercellular adhesion molecule-1
(ICAM-1) immunohistochemical staining, and vascular cell adhesion molecule-1 (VCAM-1)
immunohistochemical staining following our protocols for rat liver [23]. For the TUNEL
assay, a commercial apoptosis detection kit (Intergen, Purchase, NY) was used. For ICAM-1
staining, the sections were first incubated with mouse anti-rat ICAM-1 monoclonal antibody
(1:100 dilution, no. sc-8439; Santa Cruz Biotechnology, Santa Cruz, CA) at room
temperature for 2 h. For VCAM-1 staining, the sections were first incubated with mouse
anti-rat VCAM-1 monoclonal antibody (1:100 dilution, no. sc-8304; Santa Cruz
Biotechnology) at room temperature for 2 h. Detection was accomplished using a mouse
non-avidin-biotin ENVISION + polymer (DAKO, Carpinteria, CA), and the sections were
visualized with DAB (3,3-diaminobenzidine tetrahydrochloride) solution (DAKO). Rat liver
removed 180 min after 30 min of warm ischemia was used as a positive control for TUNEL
and adhesion molecule staining. Normal rat liver was used as a negative control.

Statistical Analysis
Results are expressed as mean ± SD. Differences between two groups were evaluated using
the Student’s t-test for unpaired data. If the difference between the two SDs was significant,
the alternate Welch t-test was used. Differences between three or more groups were
evaluated using analysis of variance (ANOVA) and Fisher’s Protected Least Significant
Difference test. Animal survival data at 28 days were evaluated using the Kaplan-Meier test
and the generalized Wilcoxon’s test. Differences were considered significant for P values
less than 0.05.
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RESULTS
Human IL-1Ra Efficacy in Rat FHF Model

To evaluate the efficacy of IL-1Ra in the treatment of FHF, we injected an adenoviral vector
expressing either AdIL-1Ra or AdLacZ into the liver of rats 24 h before inducing GalN-
induced liver failure. The levels of AST (Fig. 2A) and ALT (Fig. 2B) 24 h after FHF
induction were significantly reduced in the AdIL-1Ra group compared to the AdLacZ group
(AST, P < 0.05; ALT, P < 0.05). The plasma level of human IL-1Ra 24 h after FHF
induction was 17,840 pg/mL in the AdIL-1Ra group and was undetectable in the AdLacZ
group (Fig. 2C), indicating that there was successful gene transfer to the AdIL-1Ra group.
The plasma level of rat IL-6 24 h after FHF induction was 26 ± 21 pg/mL in the AdLacZ
group and 6.3 ± 3.9 pg/mL in the AdIL-1Ra group (Fig. 2D).

Primary Rat Hepatocytes Producing Human IL-1Ra
Co-cultures of rat hepatocytes and murine 3T3-J2 fibroblasts have previously been shown to
maintain stable, long-term liver-specific functions [24]. We chose this stable culturing
platform for transfection of AdIL-1Ra. As shown in Fig. 3A, the level of human IL-1Ra
secreted by AdIL-1Ra transfected rat hepatocyte/fibroblast co-cultures on day 1 after
transfection was significantly higher at MOI 125 than at MOIs 0, 1, 5, or 25 (P < 0.0001).
To determine the level of human IL-1Ra secreted by the individual cell types (i.e.,
hepatocytes versus fibroblasts), we cultured and transfected the two cell types separately.
Much higher production of human IL-1Ra was observed from the transfected rat hepatocytes
compared to that seen from the fibroblasts (the maximum ratio of hepatocyte:fibroblast
IL-1Ra production was 78:1, and occurred at MOI 25). The level of human IL-1Ra secreted
by the AdIL-1Ra transfected rat hepatocyte/fibroblast co-cultures at MOI 125 slightly
increased on day 2 after transfection, and then decreased on days 3 and 4 (Fig. 3B). The
AdLacZ transfected rat hepatocyte/fibroblast co-cultures did not secrete human IL-1Ra for
all MOIs tested (data not shown). There were no significant differences in daily urea or
albumin secretion rates between the AdIL-1Ra transfected (MOI 125) and the non-
transfected (MOI 0) co-cultures for the 4 days after transfection (Fig. 3C, D).

Immortalized Human Hepatocytes Producing IL-1Ra
The secretion rate of human IL-1Ra for the reverted TTNT cells transfected with AdIL-1Ra
was significantly higher at MOI 125 than at MOIs 0, 1, 5, and 25 (P < 0.0001) (Fig. 4A). For
the TTNT cells transfected at MOI 125, human IL-1Ra secretion increased on days 2 and 3
after the transfection, and then decreased on days 4 and 5 (Fig. 4B). The levels on days 2
and 3 were significantly higher than that on day 1 (P < 0.005). The AdLacZ transfected
TTNT cells did not secrete human IL-1Ra for all MOIs tested (data not shown).

Extracorporeal Perfusion of BAL Device with Rat FHF Model
Human IL-1Ra Levels at the Inlet and the Outlet of the BAL Device—In an effort
to determine the circulating levels of human IL-1Ra in the perfusion circuit, we measured
the levels of human IL-1Ra at the inlet and the outlet of the BAL device (Fig. 5). The outlet
value represents the level of IL-1Ra produced by the BAL device and the inlet value
represents the plasma level after circulating through the animal. In the rat AdIL-1Ra(+)
group, the inlet concentration of IL-1Ra (61 ± 58 pg/mL) was significantly lower than the
outlet concentration (3135 ± 2599) (P < 0.05). In the TTNT AdIL-1Ra(+) group, the inlet
concentration of IL-1Ra (166 ± 149 pg/mL) was significantly lower than the outlet
concentration (4722 ± 4181 pg/mL) (P < 0.05). In the no-cell rIL-1Ra(+) group, the inlet
concentration of IL-1Ra (883 ± 837 pg/mL) was significantly higher than the outlet
concentration (67 ± 61 pg/mL) (P < 0.05). Also, the inlet concentration in this group was
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significantly higher than the inlet concentration in the rat AdIL-1Ra(+) or the TTNT
AdIL-1Ra(+) groups (P < 0.05), and the outlet concentration in this group was significantly
lower than the outlet concentration in the rat AdIL-1Ra(+) or TTNT AdIL-1Ra(+) groups (P
< 0.05). Human IL-1Ra was undetectable at the inlet or the outlet in the no-cell group and in
the rat AdIL-1Ra(−) group.

Hepatic Enzyme Levels after Hepatitis Induction—Plasma levels of AST and ALT
were measured in the animals 24 h after hepatitis induction. There were trends for decreased
plasma AST (Fig. 6A) and ALT (Fig. 6B) levels in the rat AdIL-1Ra(+) group and the
TTNT AdIL-1Ra(+) group compared to the no-cell group.

Plasma Levels of Rat IL-6 and Tissue Levels of Rat IL-1β—The plasma levels of
rat IL-6 24 h after hepatitis induction are shown in Fig. 7A. There were significant decreases
in the plasma levels of IL-6 in the rat AdIL-1Ra(+) group and the TTNT AdIL-1Ra(+) group
(P < 0.01) compared with the levels in the no-cell group. The levels of rat IL-1β in hepatic
tissue at the end of extracorporeal perfusion are shown in Fig. 7B. There was a significant
increase in the tissue levels of rat IL-1β in the TTNT AdIL-1Ra(+) group compared with the
levels in the no-cell group and the rat AdIL-1Ra(+) group (P < 0.05).

Liver Histology and Immunohistochemistry—H&E staining of liver tissue sections
obtained from animals in the no-cell group and the rat AdIL-Ra(+) group revealed minor
areas of hepatocellular necrosis with a minimal inflammatory reaction in both groups, with
no significant differences noted between the two groups. The TUNEL assay on the liver
tissue showed a few TUNEL-positive cells per microscope field in both animal groups, but
no statistically significant differences were noted between the groups. ICAM-1 and
VCAM-1 staining revealed no positive staining sinusoidal lining cells in either group. The
positive control tissue showed marked degeneration on H&E staining, many TUNEL-
positive hepatocytes in the lobule, and many ICAM-1 or VCAM-1 positive sinusoidal lining
cells. The negative control tissue showed no staining on TUNEL, ICAM-1, or VCAM-1
staining.

Animal Survival after Treatment
To evaluate the in vivo therapeutic efficacy of the treatment, we compared animal survival
between the five treatment groups for a duration of 28 days after extracorporeal BAL
perfusion. In the no-cell group, 3 out of 14 animals (21%) survived at 28 days compared
with 5 out of 10 animals (50%) in the rat AdIL-1Ra(−) group. In the no-cell rIL-1Ra(+) and
rat AdIL-1Ra(+) groups, 7 out of 9 animals (78%) and 6 out of 7 animals (86%) were alive
at 28 days, respectively, which was a statistically significant increase in survival over the
no-cell group (P < 0.005) (Fig. 8A). In the TTNT AdIL-1Ra(+) group, 5 out of 9 animals
(56%) survived at 28 days (Fig. 8B).

DISCUSSION
Fulminant hepatic failure is characterized by massive hepatocyte necrosis and inflammation,
with mortality rates greater than 80%. Endotoxin and inflammatory cytokines are important
mediators in acute liver failure [1–3]. Our prior work investigating a GalN-induced FHF rat
model revealed that a single intraperitoneal injection of GalN (1.4 g/kg) can induce FHF, as
seen by increases in the plasma concentration of markers (AST, ALT, total bilirubin,
alkaline phosphatase, ammonia, and prothrombin time) and by liver histology, and that
IL-1β and TNF-α are involved in its pathogenesis [21]. GalN blocks transcription by
depleting intracellular uridine. The reduced protein synthesis results in apoptosis and
necrosis of the hepatocytes [25]. We chose to use this animal model in the present study to
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investigate the therapeutic efficacy of IL-1Ra in the treatment of GalN-induced FHF. In our
initial experiment, we injected an adenoviral vector expressing human IL-1Ra into the liver
of rats before FHF induction. Human IL-1Ra was detected in the rat plasma by ELISA. The
human IL-1Ra antibody had very little cross-reactivity for rat IL-1Ra (i.e., high specificity
for human IL-1Ra), and the fact that no IL-1Ra protein was detected in the AdLacZ rats,
indicate that there was successful human IL-1Ra gene transfer to the rat livers. There were
also significant reductions in the plasma levels of AST, ALT, and IL-6 in the treated animals
compared with the control group. These results suggested that human IL-1Ra is beneficial in
this rat model of GalN-induced FHF.

Harada et al. used an adenoviral vector to deliver IL-1Ra cDNA into the portal vein 24 h
before inducing hepatic ischemia-reperfusion injury in a rat model [12]. They found reduced
liver injury and cytokine levels, as well as improved survival in the IL-1Ra treated group.
Because the clinical application of gene delivery into the portal vein may raise concerns of
safety to the patient [26], we chose to transfect cultured hepatocytes with AdIL-1Ra for use
in the BAL device. Our hypothesis was that combining IL-1Ra delivery with the synthetic
function of the hepatocytes would be efficacious in the treatment of FHF. A primary rat
hepatocyte/fibroblast co-culture system was chosen because this culture system has been
shown to maintain stable, long-term liver-specific functions [24]. After transfecting with
AdIL-1Ra, the hepatocytes secreted human IL-1Ra while maintaining stable urea and
albumin synthetic function, indicating that the transfection did not adversely affect
hepatocyte synthetic and metabolic activities. Transfection at MOI 125 provided the highest
secretion rate of human IL-1Ra that occurred on days 1 and 2 after transfection.

Human hepatocytes would obviously be the most clinically appropriate cells for use in a
BAL device. However, the limited availability of human donor tissue limits the feasibility of
this approach. TTNT cells, which are primary human hepatocytes that have been reversibly
immortalized, would seem like an ideal choice for a BAL device. Transfecting the reverted
TTNT cells with AdIL-1Ra revealed that at MOI 125 human IL-1Ra secretion peaked on
day 3 after transfection. Although the reverted TTNT cells synthesized urea and albumin at
rates that were less than one-tenth that of rat hepatocyte/fibroblast co-cultures, the level of
IL-1Ra secretion from the TTNT cells was considerably higher than that of the AdIL-1Ra(+)
co-cultured rat hepatocytes.

Several BAL device designs are currently undergoing clinical trials [27–31]. The goal of
these devices is to serve as a bridge to liver transplantation or to recovery while providing
hepatic support to the patient with FHF. Our flat-plate BAL device with internal membrane
oxygenator has previously been shown to be efficacious in the treatment of GalN-induced
FHF in rats [22]. In the present study, the extracorporeal perfusion of the GalN-induced FHF
rats was initiated 1 h after the induction of FHF. This dosing schedule was chosen based on
the results of preliminary experiments measuring the IL-1 levels in liver tissue, which
peaked at 10 h after the initiation of FHF. The goal was to initiate extracorporeal perfusion
during the acute phase of the liver injury, a scenario that is clinically relevant. Many studies
evaluating the effects of IL-1Ra on a disease, such as models of infection, pre-treat the
animal with IL-1Ra before inducing the injury, and show a significant reduction in
mortality, but when administered after the injury, IL-1Ra has little or no effect on improving
survival [32]. These differences may be because of the nature of the model (i.e., acute versus
chronic), and to what extent local or systemic IL-1 is involved.

After the 10 h of extracorporeal perfusion, detectable levels of human IL-1Ra were
measured at the inlet and outlet of the BAL device in the rat AdIL-1Ra(+) group and the
TTNT AdIL-1Ra(+) group. The outlet IL-1Ra concentration was significantly higher, for
both cell types, than the inlet concentration. The amount of human IL-1Ra secreted by the
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hepatocytes in the BAL device during the 10 h of perfusion (estimated by multiplying the
volumetric flow rate (0.1 mL/min) by the difference between the outlet and inlet
concentrations) amounted to 180 µg/10 h and 270 µg/10 h of human IL-1Ra in the rat
IL-1Ra(+) group and the TTNT IL-1Ra(+) group, respectively. The difference in human
IL-1Ra concentrations at the inlet and outlet could be because of dilution and/or
consumption of IL-1Ra within the rat. The IL-1Ra concentration measured in the rat plasma
at the BAL inlet was considerably higher than the systemic IL-1β concentration (data not
shown). A high molar excess of IL-1Ra to IL-1β has been suggested to provide a survival
advantage to FHF patients [2].

In the present study, although not quite statistically significant, there were decreases in the
serum levels of AST and ALT in the rat AdIL-1Ra(+) group and TTNT AdIL-1Ra(+) group
compared to the control group, suggesting a beneficial effect on the course of FHF. One
possible explanation for the modest decreases in the AST and ALT levels is that the
hepatocytes in the BAL device may have contributed to the measured enzyme levels. The
serum IL-6 levels were significantly reduced compared with the control group. This finding
is consistent with the report that IL-1Ra blocks the production of IL-1-induced IL-1, TNF,
and IL-6 from monocytes [33]. IL-1Ra has been reported to attenuate serum IL-6 levels in a
rat ischemia-reperfusion model after pretreatment with IL-1Ra gene delivery into the liver
[12]. IL-1Ra has also been shown to block the induction of serum IL-6 by IL-1α in mice in a
dose-dependent manner [34]. Although other studies have reported that IL-6 is protective
[35–41], in the present study, IL-6 attenuation was correlated with a therapeutic benefit in
FHF. Because this study’s approach to FHF treatment was IL-1 receptor blockade, the tissue
concentration of IL-1β after 10 h perfusion was determined. The IL-1β concentration was
elevated in the rat AdIL-1Ra(+) group, and significantly elevated in the TTNT AdIL-1Ra(+)
group, compared to the no-cell group. A possible explanation for this finding is that
blocking the IL-1 receptor with IL-1Ra resulted in up-regulation of IL-1β from monocytes
or macrophages in the liver. Further study is required to clarify this issue.

In determining the therapeutic efficacy of a medical treatment, animal survival is perhaps
the most important criterion. In the present study, the rat AdIL-1Ra(+) group and the no-cell
rIL-1Ra(+) group both showed significantly increased animal survival compared with the
no-cell group. However, these findings should not be taken as equivalent because our data
showed that the plasma levels of human IL-1Ra in animals in the no-cell rIL-1Ra(+) group,
as measured at the inlet of the BAL device, were significantly higher than the plasma levels
of human IL-1Ra in animals in the rat AdIL-1Ra(+) group. This indicates that there may be
different ways of treating acute liver failure, and also there may be room for improvement in
all cases. For example, no studies were conducted to optimize hepatocyte number, so
conceivably, a larger cell mass could be even more therapeutic. The TTNT IL-1Ra(+) group
had lower animal survival compared with that of the rat AdIL-1Ra(+) group. The reasons
may include the low functional capacity of the TTNT cells (i.e., albumin and urea synthesis
rates were less than one-tenth that of the rat hepatocyte/fibroblast co-cultures) and species
differences between the human TTNT cells and the rat model. Enhancing the function of the
TTNT cells and testing in an immunologically compatible model (e.g., human to human) is
of great interest toward a clinical application.

In the current study, at the end of the 10-h extracorporeal perfusion (i.e., 11 h after hepatitis
induction with GalN), histological examination of liver tissue from rats in the no-cell group
and rats in the rat AdIL-1Ra(+) group revealed mild histological changes, few apoptotic
cells, and no endothelial cell damage. The mild degree of liver injury as seen histologically
in the no-cell group was not consistent with the elevated serum levels of AST and ALT and
the decreased animal survival seen in this group, suggesting that for this dose of GalN (1.4
g/kg, i.p.), liver histology may not be a good indicator to assess BAL treatment efficacy.
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This also suggests that the therapeutic benefit of IL-1Ra in the treatment of liver failure is a
complex mechanism that cannot be directly determined through histological changes, and
will therefore need a more fundamental evaluation.

In summary, this study has demonstrated the therapeutic efficacy of human IL-1Ra in the
treatment of GalN-induced FHF in a rat model. Incorporating IL-1Ra secreting rat
hepatocytes into the BAL device and testing in a GalN-induced FHF rat model resulted in a
significant reduction in plasma IL-6 levels, and significantly improved animal survival,
suggesting that hepatocytes producing IL-1Ra are a promising cell source for BAL devices
in the treatment of FHF. IL-1Ra secreting TTNT cells may also prove to be a useful cell
source for clinical applications. We believe that this therapeutic approach, the addition of
cytokine blockade function to hepatocytes for use in BAL devices, will establish an effective
alternate therapy for the treatment of FHF.
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FIG. 1.
Schematic diagram of the extracorporeal perfusion system, including the flat-plate bio-
artificial liver device with an internal membrane oxygenator. (Color version of figure is
available online.)
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FIG. 2.
Effect of human IL-1Ra gene delivery on blood parameters in the fulminant hepatic failure
rat model. The levels of AST (A), ALT (B), human IL-1Ra (C), and rat IL-6 (D) 24 h after
hepatic failure induction in rats receiving human AdIL-1Ra delivered gene or AdLacZ
delivered gene (*P < 0.05). AST, aspartate aminotransferase; ALT, alanine
aminotransferase; IL-1Ra, interleukin-1 receptor antagonist; IL-6, interleukin-6; AdIL-1Ra,
adenoviral vector encoding human IL-1Ra gene; AdLacZ, adenoviral vector encoding LacZ
gene. ND, not detected. Results are expressed as mean ± SD (n = 5).
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FIG. 3.
Human IL-1Ra gene transfer to primary rat hepatocytes. (A) The levels of human IL-1Ra
produced from AdIL-1Ra transfected co-cultured rat hepatocytes. MOI was based on the
hepatocyte number (*P < 0.0001 versus MOI 0, 1, 5, and 25). (B) Time course of human
IL-1Ra production from co-cultured rat hepatocytes after MOI 125 transfection. (C)
Normalized urea and (D) rat albumin synthesis from co-cultured rat hepatocytes without
transfection (MOI 0) and with transfection (MOI 125). Results are presented as normalized
to non-transfected co-cultures from the same day. IL-1Ra, interleukin-1 receptor antagonist;
MOI, multiplicity of infection; AdIL-1Ra, adenoviral vector encoding human IL-1Ra gene.
Results are expressed as mean ± SD (n = 3).
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FIG. 4.
Human IL-1Ra gene transfer to reverted TTNT cells. (A) Human IL-1Ra production from
AdIL-1Ra transfected TTNT cells. *P < 0.0001 versus MOIs 0, 1, 5, and 25. (B) Time
course of human IL-1Ra production after MOI 125 transfection. *P < 0.005 versus day 1.
IL-1Ra, interleukin-1 receptor antagonist; MOI, multiplicity of infection; AdIL-1Ra,
adenoviral vector encoding human IL-1Ra gene. Results are expressed as mean ± SD (n =
3).
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FIG. 5.
Human IL-1Ra levels at the inlet and outlet of bio-artificial liver device after 10 h of
extracorporeal perfusion. *P < 0.05 versus the same group [no-cell rIL-1Ra(+), rat
AdIL-1Ra(+) or TTNT AdIL-1Ra(+)] at the inlet, ‡P < 0.05 versus rat AdIL-1Ra(+) and
TTNT AdIL-1Ra(+) in the same group (inlet or outlet). Rat AdIL-1Ra(−), co-cultured rat
hepatocytes with no transfection; no-cell rIL-1Ra(+), bioreactor without cells, but
recombinant human IL-1Ra was continuously infused from a venous line; rat AdIL-1Ra(+),
co-cultured rat hepatocytes transfected with adenoviral vector encoding human IL-1Ra;
TTNT AdIL-1Ra(+), TTNT cells transfected with adenoviral vector encoding human
IL-1Ra. IL-1Ra, interleukin-1 receptor antagonist. ND, not detected. Results are expressed
as mean ± SD.
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FIG. 6.
Effect of bio-artificial liver treatment on hepatic enzymes in fulminant hepatic failure rats.
AST (A) and ALT (B) levels 24 h after hepatitis induction. Rat AdIL-1Ra(−), co-cultured
rat hepatocytes without transfection; no-cell rIL-1Ra(+), bioreactor without cells, but
recombinant human IL-1Ra was continuously infused from a venous line; rat AdIL-1Ra(+),
co-cultured rat hepatocytes transfected with adenoviral vector encoding human IL-1Ra;
TTNT Ad(+), TTNT cells transfected with adenoviral vector encoding human IL-1Ra.
IL-1Ra, interleukin-1 receptor antagonist. AST, aspartate aminotransferase; ALT, alanine
aminotransferase.
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FIG. 7.
Effects of bio-artificial liver treatment on the plasma level of IL-6 and the hepatic tissue
level of IL-1β in fulminant hepatic failure rats. Levels of IL-6 in plasma 24 h after hepatitis
induction (A) and IL-1β in hepatic tissue at the end of extracorporeal BAL perfusion (11 h
after hepatitis induction) (B). *P < 0.01 versus no-cell group. **P < 0.05 versus no-cell
group and rat AdIL-1Ra(+) group. IL-6, interleukin-6; IL-1, interleukin-1; Rat AdIL-1Ra(+),
co-cultured rat hepatocytes transfected with adenoviral vector encoding human IL-1Ra;
TTNT AdIL-1Ra(+), TTNT cells transfected with adenoviral vector encoding human
IL-1Ra. IL-1Ra; interleukin-1 receptor antagonist. Results are expressed as mean ± SD.
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FIG. 8.
Effect of bio-artificial liver treatment on animal survival in fulminant hepatic failure rats.
(A) Survival curves of no-cell, rat AdIL-Ra(−), no-cell rIL-1Ra(+), and rat AdIL-1Ra(+).
(B) Survival curves of no-cell and TTNT AdIL-1Ra(+). Rat AdIL-1Ra(−), co-cultured rat
hepatocytes with no transfection; no-cell rIL-1Ra(+), bioreactor without cells, but
recombinant human IL-1Ra was continuously infused from a venous line; rat AdIL-1Ra(+),
co-cultured rat hepatocytes transfected with adenoviral vector encoding human IL-1Ra;
TTNT AdIL-1Ra(+), TTNT cells transfected with adenoviral vector encoding human
IL-1Ra. IL-1Ra, interleukin-1 receptor antagonist; GalN, D-galactosamine; BAL, bio-
artificial liver.
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