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Background & Aims: The neuroprotective effect of the spheroid
reservoir bioartificial liver (SRBAL) was evaluated in a porcine
model of drug-overdose acute liver failure (ALF).

Methods: Healthy pigs were randomized into three groups (stan-
dard therapy (ST) alone, ST + No-cell device, ST + SRBAL device)
before placement of an implantable intracranial pressure (ICP)
monitor and a tunneled central venous catheter. One week later,
pigs received bolus infusion of the hepatotoxin D-galactosamine
and were followed for up to 90 h.

Results: At 48 h, all animals had developed encephalopathy and
biochemical changes confirming ALF; extracorporeal treatment
was initiated and pigs were observed up to 90 h after drug infu-
sion. Pigs treated with the SRBAL, loaded with porcine hepatocyte
spheroids, had improved survival (83%, n=6) compared to ST
alone (0%, n=6, p=0.003) and No-cell device therapy (17%,
n=6, p=0.02). Ammonia detoxification, peak levels of serum
ammonia and peak ICP, and pig survival were influenced by hep-
atocyte cell dose, membrane pore size and duration of SRBAL
treatment. Hepatocyte spheroids remained highly functional
with no decline in mean oxygen consumption from initiation to
completion of treatment.

Conclusions: The SRBAL improved survival in an allogeneic
model of drug-overdose ALF. Survival correlated with ammonia
detoxification and ICP lowering indicating that hepatocyte spher-
oids prevented the cerebral manifestations of ALF (brain swelling,
herniation, death). Further investigation of SRBAL therapy in a
clinical setting is warranted.
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Introduction

Acute liver failure (ALF) is a severe, life-threatening medical
condition that portends a poor prognosis. Mortality rate of
ALF patients exceeds 30% [1]. The only proven therapy is liver
transplantation. With the disparity between patients awaiting
liver transplantation and the limited donor pool, it is crucial
to consider alternative therapies. Many artificial liver devices
and hybrid (cell-based) bioartificial liver (BAL) devices
have been developed with a hand full making it to clinical
testing [2-4]. However, each device tested thus far has had
limitations that prevented it from demonstrating a survival
benefit when randomized to standard medical therapy of liver
failure.

The therapeutic goal of a liver support device is to prevent the
extra-hepatic manifestations of liver failure and improve survival,
best if spontaneously without the surgical risks of liver transplan-
tation and long-term side effects of immunosuppression. Purely
artificial liver support devices benefit patients through simple
removal of wastes and other small molecules, while BAL systems
also have the potential for metabolic detoxification and synthetic
activity. Over time, it has become apparent that the complex
mechanisms by which the liver ensures homeostasis are unlikely
to be replaced by non-biologic detoxification alone [5].
Immortalized cell lines, such as the human hepatoblastoma lines
HepG2 and C3A [6], human hepatocytes [7], and porcine hepato-
cytes [3,8], have been tested in BAL devices. Human cell lines are
capable of expansion in vitro and production of human proteins
[9]; however, they have incomplete metabolic profiles compared
to primary hepatocytes [10]. Specifically, cell lines lack normal
expression of urea cycle enzymes [11,12] known to play a mech-
anistic role in the development of cerebral edema, herniation and
brain death of ALF [13].

Human hepatocytes are the preferred source of cells for a BAL,
but they are currently an impractical source due to limitations in
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Fig. 1. Experimental design. (A) Schematic of Extracorporeal Circuit including SRBAL Apparatus. Red line indicates the blood compartment, while yellow/blue line
indicates the acellular albumin dialysate (AD) compartment. Flow rates in these two compartments, Qpjooa and Qap, along with flux across the membrane of Hollow Fiber
Cartridge 1, Qqux, and waste line flow were determined by pumps P1, P2, P3, and P4. Standard flow rates for the system were Qpjooq = 200 ml/min, Qap = 200 ml/min,
Qgux = 50 ml/min. The waste line pump (P4) was not operated in this study (waste line flow = 0 ml/min). Pressure limits are labeled in green italic font. Removal of
permeable waste molecules, such as ammonia, from the blood occurred by both diffusion and convection [35]. Blue lines indicate areas of high ammonia concentration in
the AD circuit where total flow rate was Qap + Qqux. The spheroid reservoir functioned as a suspension bioreactor with fluid entering its bottom and exiting its top. Oxygen
consumption by hepatocyte spheroids was determined by the product of Qap + Qaux multiplied by the difference in oxygen tension between inlet and outlet. An oxygenator
was used to maintain the inlet oxygen tension above 500 mmHg. Exit oxygen tension averaged about 100 mmHg. An outflow filter (0.2 um) prevented loss of hepatocytes
from the reservoir. The semipermeable membrane of Hollow Fiber Cartridge 2 was used to maximize removal of detoxification products, such as urea, and achieve fluid
balance in the AD circuit. (B) Experimental time line showing the sequence of events and timing of extracorporeal treatments of Option A and Option B. (C) Detailed

summary of Option A and Option B.

both quantity and availability. Metabolic profiles of human and
porcine hepatocytes are similar, and therefore porcine hepato-
cytes are a reasonable alternative to human hepatocytes provided
safety guidelines are followed to minimize potential risks of
xenozoonosis [14,15]. Potential infectious and immunological
risks of porcine cells can be further reduced by the use of appro-
priate membranes to separate the blood and hepatocyte com-
partments of the BAL [16-19].

A limitation of primary hepatocytes is that they exhibit dimin-
ished functionality over time under standard culture conditions.
Therefore, alternative culture systems have been proposed. A
promising consideration are multicellular, three-dimensional
spherical aggregates, called hepatocyte spheroids [20], formed
by cell-to-cell adhesion mediated by surface molecules such as
E-cadherin [21]. Hepatocytes within these spheroid aggregates
are polarized and form bile canaliculi [22]. The spheroid structure
protects hepatocytes from apoptosis caused after epithelial cells
separated from their basement membrane, known as anoikis
[23], and allows them to remain viable and functionally stable
for days to weeks in suspension [24]. Other features of hepato-
cyte spheroids are the simplicity of spheroid formation in rocked
suspension culture, the large cell mass possible in high density
cell culture, and the ease of scale-up for extracorporeal use in a
BAL device such as the spheroid reservoir bioartificial liver

(SRBAL) [25]. The SRBAL device is illustrated schematically in
Fig. 1A and in an animation (Supplementary Movie 1).

The current prospective randomized controlled study was
designed to serve as a preclinical pivotal trial of the SRBAL
device in a porcine model of drug-overdose ALF. We refer to this
study as the Recovery ALF study, or RALF study, since the ALF
animals were allowed to recover after treatment. We utilized a
modification of the porcine drug overdose model originally pro-
posed by Ho et al. [26]. We hypothesized that pigs treated with
the SRBAL will have improved survival associated with improved
detoxification of ammonia and reduced cerebral manifestations
of ALF. Our experimentation was designed to answer the follow-
ing questions: 1. Is ALF in our porcine model associated with a
rise in serum ammonia, cerebral edema and brain death? 2.
Can hepatocytes in a hybrid extracorporeal device, such as
SRBAL, lower serum ammonia and prevent the cerebral manifes-
tation of ALF? 3. Is there a correlation between duration of treat-
ment and response to SRBAL therapy? 4. Is there a correlation
between dose of cells in the SRBAL and response to therapy?
5. Is there a correlation between porosity of the SRBAL mem-
brane and response to SRBAL therapy? Answers to these ques-
tions are needed to establish a mechanistic role for cell-based
liver support therapy and to design future clinical trials of the
SRBAL.
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Table 1. Median (min — max) lab values prior to extracorporeal therapy (ECT), t=48 h.

Treatment Group AST (U/L) Ammonia (pg/dl) INR

ST 2024 267 9.6
(n=6) (315-5528) (28-581) (6.2-15.3)
ST + No-cell BAL 2632 336 10.3
(n=6) (274-7485) (73-800) (4.2-15.3)
ST + SRBAL 2187 432 8.1
(n=6) (482-6890)  (213-1200)  (2.0-15.3)

Total Bilirubin (mg/dl)  Creatinine (mg/dl) ICP Glucose
(mmHg) Requirement
4.1 0.9 4 100%
(2.8-7.3) (0.7-1.3) (3-6) (6/6)
5.1 0.9 6 67%
(3.5-8.5) (0.7-1.1) (2-20) (4/6)
4.6 1.0 7 83%
(2.2-10.3) (0.8-1.1) (2-16) (5/6)

Materials and methods

Randomization

Upon arrival from the vendor (Manthei Hog Farm, Elk River, MN) at least two
weeks prior to treatment, healthy 45 kg (range 43.8-51.0 kg) female swine were
randomized in blocks of three to one of three intervention groups: standard ther-
apy (ST) alone, ST plus treatment with a No-cell device (ST + No-cell therapy), and
ST plus treatment with a SRBAL device (ST + SRBAL therapy). All animal hus-
bandry and procedures were performed in accordance with the guidelines set
forth by the Mayo Foundation Animal Care and Use Committee.

Standard therapy of ALF pigs

Fig. 1B provides a time line of experimental events. Animals in all groups under-
went general anesthesia (inhaled isoflurane 2-3%, induction: 5 mg/kg Telazol,
2 mg/kg Xylazine, 0.01 mg/kg Glycopyrrolate) for the placement of an ambulatory
intracranial pressure (ICP) monitoring device, internal jugular central venous
access, and baseline liver biopsy one week prior to induction of ALF. The ambula-
tory ICP device (RAUMEDIC, Germany) included an intraparenchymal catheter
placed through a burr hole in the pig’s right anterior skull and a subcutaneous
transmitter under the right anterior scalp. This transdermal telemetry-based sys-
tem allowed monitoring of ICP in pigs while ambulatory or sedated during extra-
corporeal therapy (ECT). A cuffed two-lumen central venous catheter
(Palindrome™ 55 cm, Covidien, Mansfield, MA, www.kendallhq.com) was placed
in the right internal jugular vein by Seldinger technique, tunneled subcuta-
neously, and exited from the animal’s back. The line was locked with heparin
(1000 unit/ml) to retain patency. An open liver biopsy was performed through
a small midline laparotomy. Animals were recovered and then received standard
animal care for one week to allow healing of incisions and to confirm health
status.

One week after the catheterization procedure, animals were sedated with
0.1-0.2 mg/kg/min propofol IV through one lumen of central line while a baseline
blood sample was collected through the other lumen. Pigs then received intra-
venous bolus infusion of 0.75 g/kg D-galactosamine (t =0 h) and were recovered
from sedation. Animals were monitored every 6 h for the first 24 h and every two
h for the remainder of the study. Monitoring steps included blood draws, ICP
monitoring, and clinical observations every 6 h (every 2 h while on SRBAL ther-
apy). Chemical analysis (AST, INR, total bilirubin, creatinine, glucose, ammonia)
was performed in the Mayo Clinical Chemistry Lab. Ammonia concentrations in
plasma were quantified by AMON slide assay (Product #1721869, Vitro
Chemistry Products) on the Vitros 5600 Integrated System (www.orthoclini-
cal.com). Propofol (0.1-0.2 mg/kg/min) was administered briefly via the central
venous line to assure lateral decubitus positioning for all ICP measurements.
Reported values of ICP (mmHg) were the average of 3-5 measurements obtained
over a 2 minute interval. All blood glucose values less than 75 mg/dl were treated
with 10 ml of 50% dextrose (D50). All animals received 1L of normal saline to
ensure hydration at the time of D-galactosamine infusion. Animals also received
1L of normal saline at 24 h post-infusion of D-galactosamine.

Study endpoints

Animals were followed up to 90 h after D-galactosamine. Animals surviving at
least 90 h reached the primary study endpoint. Animals demonstrating Grade 4
hepatic encephalopathy (non-responsiveness to sternal rub, ear tug, or auditory
stimulus) while off propofol reached a second endpoint and were removed from
the study. A third study endpoint was the inability to maintain sternal positioning
with an ICP >20 mmHg. All animals were euthanized by sodium pentobarbital
overdose after reaching one of these study endpoints.

Tissue examination

Immediately following death, water content of fresh brain white matter was
determined by an established gravimetric method [27]. A post-mortem liver
specimen was also obtained from each pig immediately after death. Liver tissue
was formalin fixed and paraffin embedded for permanent staining by hema-
toxylin and eosin (H&E), as well as immunohistochemical staining
with an anti-Ki67 antibody (#M7240, lot#20001030, www.dako.com).
Immunohistochemical sections were treated with 3% hydrogen peroxide in
ethanol for five minutes to inactivate endogenous peroxidase. Sections were
pretreated with protease K (DAKO, Carpentaria, California), and endogenous pig
immunoglobulins were blocked using porcine block M (Biocare Medical,
Concord, California). Sections were incubated with rat anti-pig primary antibody
(Ki67) for 60 minutes using 1-400 dilution. Labeling of primary antibody was car-
ried out by using the Biocare Medical kit antibody and diaminobenzidine.
Sections were then counterstained using modified Schmitz hematoxylin and visu-
alized using Axiovert 135 inverted microscope (Axioscope, Carl Zeiss, Inc.,
Thornwood, NJ). Images were analyzed at low (4x), medium (10-20x), and high
(40x) power by a liver pathologist in a blinded fashion. A semi-quantitative sys-
tem was used to measure inflammation (absent 0, present 1), zone 3 necrosis
(absent 0, present 1), panlobular necrosis (absent 0, focal 1, diffuse 2), percentage
necrosis (absent 0, 1-25% 1, 26-76% 2, >75% 3), and fatty changes (absent 0,
present 1). A total score was assigned to post-mortem liver specimens from all
eighteen study animals and six liver specimens collected at baseline (ST alone x
2, ST +no device x 2, ST+ SRBAL x 2). Liver Injury Score was determined from
the rank order of the total score of these 24 liver specimens. Positive nuclear
staining by Ki67 was quantified across ten separate visual fields at 40x; mean
and standard deviation of these counts were determined.

Extracorporeal therapy (ECT)

ECT with either the No-cell device or SRBAL device was initiated at 48 h
following D-galactosamine infusion. Light sedation during ECT therapy was lim-
ited to 0.1 mg/kg/min propofol. Animals received continuous monitoring of
heart rate, blood pressure, cutaneous oximetry, and ICP during ECT. The pig
was connected to the extracorporeal device, illustrated in Fig. 1A and
Supplementary Movie Video 1, via two-lumen central venous catheter. Prior
to initiation of ECT, all animals received 1 L of normal saline followed by main-
tenance fluid hydration with 5% Dextrose in normal saline (D5NS) at 100 ml/h
during ECT. This rate was increased as needed to a maximum rate of 500 ml/h
to maintain MAP above 50 mmHg. Norepinephrine (0.04 pg/kg/min)
intravenous drip was added if MAP could not be maintained above 50 mmHg
with intravenous fluids. Blood activated clotting time (ACT) was measured
hourly during ECT and heparin was administered intravenously as needed to
maintain ACT above 200 seconds.

Two options of No-cell therapy and SRBAL therapy were evaluated. Option A
consisted of two x 6 h treatments (48 to 54 h, 72 to 78 h) using a Hollow Fiber
Cartridge #1 (see Fig. 1) with polysulfone fibers, 400 kD nominal molecular
weight cut-off (nMWCO), and 5 g/dl albumin in the dialysate circuit. Option B
consisted of one x 24 h treatment (48 to 72 h) using a Hollow Fiber Cartridge
#1 with polysulfone fibers, 65 kD nMWCO, and 0.5 g/dl albumin in the dialysate
circuit. Details of the two treatment options are summarized in Fig. 1C.

Hepatocyte harvest

Healthy hepatocyte donor pigs were obtained from a local certified vendor
(Manthei Hog Farm, Elk River, MN). Twenty-four h prior to planned SRBAL ther-
apy, hepatocytes were harvested according to a previously described 2-step
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perfusion technique [28]. Viability of isolated hepatocytes was determined by
trypan blue exclusion. Hepatocyte spheroids were produced by rocker technique
[25]. Viability of hepatocytes in 3-dimension spheroids was determined by epiflu-
orescent microscopy [29]. One donor pig was used to produce hepatocyte
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spheroids for each treatment. Donor animals received a high (40%) protein diet
for one week prior to hepatocyte harvest based on results of a preliminary study
reported in Supplementary Material 1.

Statistics

Categorical data were described by counts and percents; numerical data was
described by mean (+ standard deviation) or median (min, max) of the group.
Statistical significance between different treatment groups were determined by
the chi-square test for categorical data and Student’s t test for quantitative data,
or if the data were heavily skewed (non-normal) then Wilcoxon Rank-Sum Test
for medians. If baseline measures were available then the t test was performed
using analysis of covariance (ANCOVA), adjusting for baseline. The Pearson
product-moment correlation was used to describe and test correlations, or if
inspection suggested skewed data or outliers the Spearman’s rank-correlation
test was used. For data recorded longitudinally the main analysis was of the
end of study values at 90 h, and last observation carry forward (LOCF) was used
in case of missing values. Missing values were anticipated before starting the
study in case of deaths before 90 h.

When interpreting statistical significance we first compared the ST vs.
ST + SRBAL groups to test for an effect of the SRBAL device. If this was signifi-
cant we next interpreted the significance of the test comparing the
ST + SRBAL and ST + No-cell groups, in order to identify the possible effect of
the biological component of the device beyond its physical component alone.
By only declaring statistical significance between the ST+ SRBAL and
ST + No-cell groups in case of significance between the SR + SRBAL vs. ST groups,
the process qualifies as a closed testing procedure. Therefore, when performed
sequentially in this manner, both tests may be made at the nominal level while
controlling for family wise error rates, without any further adjustments for p
values as otherwise may be required when making multiple comparisons [30].
Further tests between groups were made in an exploratory manner and no fur-
ther adjustments were made to protect the family wise error rate. Statistical
significance was established when p <0.05. Analyses were made using SAS 9.3
(SAS Institute Inc., Cary, NC, USA) and Excel 2011 Version 14.4.6 (www.
microsoft.com).

Results
Experimental Overview

The sequence of experimental events is provided in Fig. 1B. A
total of 21 pigs were instrumented with a tunneled hemodialysis
catheter and implantable ICP monitor. Seven days later, pigs
received intravenous D-galactosamine at t=0h. Two animals
developed rapidly progressing ALF and reached a study endpoint
of Grade 4 coma prior to the initiation of treatment at 48 h. One
animal developed a Staphylococcus aureus line sepsis with febrile
seizure requiring early euthanasia. These three animals were
excluded from further analysis as potential benefit of therapy
could not be assessed. This resulted in a total of 18 animals ran-
domized to three treatment groups: ST alone (n = 6), ST + No-cell

Fig. 2. SRBAL therapy improved survival, plasma ammonia, intracranial
pressure (ICP). (A) Survival curves of all five treatment conditions. Survival at
90 h of pigs treated with the SRBAL (Option A and Option B) was significantly
improved (83%, n = 6) compared to the two control groups, No-cell device therapy
(17%,n=6, p=0.01) and ST alone (0%, n = 6, p = 0.004) groups. 100% survival was
observed under conditions of SRBAL Option B. (B) Median values of plasma
ammonia for each of the five treatment conditions are shown. Pigs treated with
the SRBAL (both Option A and Option B) had stabilization in plasma ammonia
during therapy, beginning at 48 h, ('Indicates p <0.05 compared to the ST control
group at the corresponding time point). (C) Median ICP values for pigs in each of
the five treatment conditions are shown. Pigs treated with the SRBAL Option B
had lower final ICP compared to the ST group (~'p <0.005). The difference in ICP of
pigs in SRBAL Option B and ST control groups was significant from 80-90 h
('p <0.05).
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therapy (n=6), ST+SRBAL therapy (n=6). Animals in the
No-cell therapy and SRBAL therapy groups were further subdi-
vided based on configuration of the extracorporeal circuit, fre-
quency and duration of therapy (Option A: two x 6h
treatments, n = 3; Option B: one x 24 h treatment, n = 3), defined
in Fig. 1C. Group assignments were made prior to infusion of
hepatotoxic drug.

Degree of liver failure at initiation of treatment

All 18 study animals had normal biochemical profiles prior to
administration of D-galactosamine. Forty-eight h later, all pigs
demonstrated laboratory values consistent with ALF (Table 1).
Each of the three treatment groups had comparable AST
(p =0.90), total bilirubin (p=0.77), INR (p=0.56), creatinine
(p = 0.89), and plasma ammonia (p = 0.64) at initiation of therapy.
Fifteen of the 18 pigs required dextrose supplementation for
blood glucose levels below 75 mg/dl prior to 48 h. All animals
showed signs of Grade I to II encephalopathy consisting of
lethargy, unsteady gait, and loss of appetite at 48h.
Fluctuations in mean levels of AST, total bilirubin, and creatinine
after initiation of therapy are shown in Supplementary material
2.

Fluid and vasopressor support

All animals received intravenous hydration at t=0h (1L),
t=24h (1L), and during treatment of hypoglycemia. In addition,
a continuous infusion of crystalloid solution was provided during
ECT treatments. As expected, total fluid administration
(mean +SD) was lower in the ST group (2757 £518 ml)

Table 2. RALF summary - Impact of cell dose and treatment duration on outcome.

compared to the ST+ No-cell BAL group (5603 + 1006 ml,
p <0.001) and ST + SRBAL group (5785 £ 830, p <0.001). Animals
received similar total fluid support wunder Option A
(5968 £ 967 ml) and Option B (5420 + 779 ml, p=0.305); this
observation was noteworthy since treatment duration of Option
B was 100% longer than Option A. None of the animals in the
ST + SRBAL group required vasopressor therapy during extracor-
poreal treatment compared to 5 of 6 pigs in the ST + No-cell
BAL group (p = 0.003).

Survival

Animals treated with ST + SRBAL device had improved survival
(5/6, 83% surviving to the 90 h study endpoint) compared to ST
alone (0/6, 0%, p =0.003) or the ST + No-cell therapy (1/6, 17%,
p=0.021) groups. All three ALF animals randomized to SRBAL
Option B survived to the 90 h endpoint (Fig. 2A). The single early
mortality in the SRBAL group (Option A) had exhibited signs of
advanced ALF with Grade IV encephalopathy and corresponding
biochemical abnormalities (AST 6890 U/L, ammonia >1200 pg/d],
INR 8.4) at the onset of therapy (t = 48 h); only 59 g of hepatocyte
spheroids were present during the single 6 h treatment of that
animal.

Length of SRBAL therapy

Of the six animals treated with the SRBAL, three underwent inter-
mittent therapy (Option A, two 6 h treatments initiated 24 h
apart) and three underwent continuous therapy for 24 h
(Option B). The impact of length of therapy and total cell dose
of hepatocyte spheroids on major outcome variables is

Group # Treatment conditions NH3.72h Bili.72h Cr.72h AST.peak ICP.peak Survival Study
Total cell Duration (h) pg/dl mg/dl mg/dl u/L mmHg hours endpoint
dose (g)
ST 1 0 0 n.a. 4.7 4.1 2342 n.a. 74 Stage 4 HE
ST 2 0 0 1200 7.2 1.9 5528 n.a. 72  Stage 4 HE
ST 3 0 0 1120 5.4 0.6 2229 23 79 ICP
ST 4 0 0 582 6.2 0.7 675 30 80 ICP
ST 5 0 0 1200 20.9 1.8 1850 21 70  Stage 4 HE
ST 6 0 0 419 4.0 0.6 585 28 88 ICP
ST+NC (Option A) 1 0 10* 493 5.1 0.9 2075 58 77 ICP
ST+NC (Option A) 2 0 12 274 5.9 1.0 1155 18 90  Survival
ST+NC (Option A) 3 0 6* 876 5.8 1.6 2730 21 70  Stage 4 HE
ST+NC (Option B) 1 0 17+ 1200 4.5 1.9 2207 22 66  Stage 4 HE
ST+NC (Option B) 2 0 14* 1200 9.9 0.9 7485 47 62 ICP
ST+NC (Option B) 3 0 22¢ 1004 2.4 1.8 1021 25 70 ICP
ST+SRBAL (Option A) 1 149 12 246 5.7 0.8 3243 18 90  Survival
ST+SRBAL (Option A) 2 59 6* 867 5.8 0.9 6890 33 57 ICP
ST+SRBAL (Option A) 3 346 11% 359 4.6 0.8 895 27 90  Survival
ST+SRBAL (Option B) 1 138 24 321 4.8 0.8 1081 1" 90  Survival
ST+SRBAL (Option B) 2 94 24 387 2.1 0.9 567 15 90  Survival
ST+SRBAL (Option B) 3 166 24 200 3.7 0.9 1203 10 90  Survival

“Indicates treatment duration shortened due to early endpoint of animal.
fIndicates treatment duration shortened for technical reason.

Stage 4 HE - Non-responsiveness to sternal rub, ear tug, or auditory stimulus.
ICP - Inability to maintain sternal positioning with an ICP >20 mmHg.
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summarized in Table 2. There were no clinically detectable
adverse events associated with either treatment option.
However, the three pigs that underwent continuous SRBAL
Option B therapy had lower peak ICP (26.0+7.5 mmHg vs.
12.0+2.6 mmHg, p=0.039) and tended to lower final ICP
(22.2+10.8 mmHg vs. 7.0 +2.8 mmHg, p =0.077) compared to
the animals treated under intermittent SRBAL Option A therapy.
All pigs treated under SRBAL Option B survived to the 90 h end-
point and they had significantly lower serum ammonia levels
after treatment (t = 72 h) compared to corresponding control ani-
mals treated with the No-cell Option B device (303 +95 vs.
1135+ 113 pg/dl, p <0.001).

Ammonia detoxification

Plasma levels of ammonia throughout the study are stratified by
group and summarized in Fig. 2B. Pigs in the ST + SRBAL group
demonstrated stable plasma ammonia levels during the treat-
ment interval compared to the two control groups. At 78 h (end
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Fig. 3. Porcine and human albumin in pig plasma. (A) Levels of porcine
albumin declined significantly in pig blood during ECT therapy under Option A
conditions. Bars equal mean values, error bars equal standard deviation.
“Indicates p <0.05 vs. corresponding 48 h time point. (B) Levels of human
albumin rose significantly in pig blood during ECT therapy under Option A
conditions. Bars equal mean values, error bars equal standard deviation.
“Indicates p <0.05 vs. corresponding 48 h time point. ND indicates level less
than 0.1 g/dl.
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of all ECT therapies), the average (mean + ST) plasma ammonia
level of ST+ SRBAL animals was 468 + 229 pg/dl compared to
ST alone (938 +325pug/dl, p=0.018) and ST+ No-cell BAL
(866 + 363 pg/dl, p=0.024) groups. Only three animals,
ST + SRBAL Option A (n=2) and ST+ SRBAL Option B (n=1),
had lower plasma levels of ammonia at 78 h vs. 48 h. The rate
of rise in plasma ammonia between 48 to 78 h in the ST alone
group (+23.6+11.1 pg/dl/h) and ST+ No-cell BAL group
(+20.8 £ 13.1 pg/dl/h) were similar (p = 0.70). In contrast, plasma
ammonia levels of ST+SRBAL animals rose at a rate of
2.0+7.1 pg/dl/h (p=0.002, p=0.011, respectively). Following
completion of SRBAL therapy, plasma ammonia levels of treated
pigs rose at a rate of 5.1 + 15.0 pg/dl/h. Animals in SRBAL treat-
ment Options A and Option B groups both received a significant
detoxification benefit of therapy as their plasma ammonia levels
remained lower than corresponding control groups throughout
the treatment interval (Supplementary Material 3).

Intracranial pressure and brain edema

All animals exhibited an increase in ICP following administration
of D-galactosamine. Average ICP was similar in all three groups at
t =48 h, the initiation of therapy (p = 0.44). After 48 h, animals
treated with ST + SRBAL Option B demonstrated progressively
lower ICP compared to the other groups (Fig. 2C). The final ICP
of animals in ST + SRBAL Option B (7.0 + 2.8 mmHg) was signifi-
cantly lower than ST group (25.0 + 4.4 mmHg, p = 0.005). All ani-
mals euthanized prior to the 90 h study endpoint exhibited

A

H&E

Ki67

Fig. 4. Liver histology. (A and E) Normal liver at baseline stained with H&E/Ki67.
(B, C and D) ALF liver histology stained with H&E at increasing magnification
demonstrates extensive hemorrhagic necrosis (red arrows), bile duct proliferation
(green arrows), and inflammation (yellow arrows). (F) Ki67 staining was
increased from baseline indicating a strong proliferative response (green arrows)
of both hepatocytes and bile duct cells (see inset) to acute liver injury. Scale bars
indicate relative size as marked.
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Table 3. Liver histology.

Time point - group Liver injury score Regenerative index

Baseline - All groups 3.5+1.9% 2.4 +1.8%
Death — ST alone 18.5+3.9 6.8+6.6
Death — ST+No-cell BAL 14.8+6.4 15.0+11.0
Death — ST+SRBAL 12.5+5.2* 12.2+10.8

Liver Injury Score of H&E stained sections.

Regenerative Index quantified by Ki-67 positive nuclei per 40x high power field.
#p <0.0001, measurements at baseline vs. death.

“p <0.05, measurements at death (ST + No device vs. ST + SRBAL).

clinical signs suggestive of cerebral edema and herniation includ-
ing posturing of the extremities, loss of brainstem reflexes, and a
progressive rise in ICP followed by a modest decline. Water
content (%) of white matter was determined as a direct
measure of brain edema at study endpoint: ST alone (81.76%,
n=1), ST+NC therapy (81.90+0.82%, n=4), ST+SRBAL
(80.69 £1.33%, n=4). Positive correlations were observed
between brain%H,0 and both final ICP and peak ICP, as shown
in Supplementary Material 4. Of animals treated under Option
B conditions, significantly lower brain water content was
observed with SRBAL therapy (ST+NC, 82.31+0.69% vs.
ST + SRBAL, 80.11 + 0.77%, p = 0.033).

Membrane porosity and levels of plasma albumin

Plasma samples gathered during therapy were analyzed to quan-
tify the impact of membrane porosity on levels of porcine albu-
min and human albumin (from the albumin dialysate circuit)
during ECT. Fig. 3A demonstrates relative stable levels of porcine
albumin in no device control animals and animals treated under
Option B conditions (65 kD membrane). In contrast, animals trea-
ted under Option A conditions (400 kD membrane) experienced a
significant decline in plasma levels of porcine albumin after onset
of ECT therapy. As expected, significant levels of human albumin
crossed the 400 kD membrane from the dialysate circuit to the
pig blood during Option A conditions. Levels of human albumin
remained <0.1 g/dl through ECT during Option B conditions.

Reactive oxygen species (ROS) and pro-inflammatory cytokines

Plasma samples were gathered to quantify oxidative stress (ROS)
and levels of pro-inflammatory cytokines (IL-1B, IL-6, IL-18,

TNFa) during development of ALF and ECT therapy. Animals in
the ECT groups demonstrated a decrease in ROS during the course
of therapy while animals in ST alone group had progressive rise in
oxidative stress during the same time period (Supplementary
Material 5). A rise in levels of three pro-inflammatory cytokines
(IL-1B, IL-6, IL-18) was observed during the development of ALF
(Supplementary Material 6). However, the magnitude of these
levels was wide and did not correlate with outcome or response
to therapy. Levels of TNFo were low and generally below the
detection limits of the assay.

ALF liver histology

As expected, slides of liver tissue stained for H&E and Ki67 dif-
fered significantly at baseline (7 days before infusion of hepato-
toxin) compared to final endpoint in all groups. No evidence of
liver pathology was observed at baseline, while a blinded pathol-
ogist identified significant levels of liver injury and mitotic activ-
ity by each of the three ALF groups compared to baseline
(p <0.0001, see Table 3). Representative liver histology at normal
baseline and ALF endpoints are provided in Fig. 4. All ALF liver tis-
sue demonstrated prominent inflammation. Over 75% of ALF liver
specimens showed fatty changes not observed at baseline.
Hemorrhagic necrosis of varying levels of severity was observed
in all ALF specimens, as well as regenerative hepatocytes, apop-
totic hepatocytes, and bile duct proliferation. Zone 3 necrosis
was observed in 78% of liver specimens. Diffuse panlobular
necrosis was observed in 33% of specimens, most often in the
ST alone group. The mean level of liver injury was greatest in
the ST alone group and least in the SRBAL group (p = 0.048).
Staining of the regenerative marker Ki67 increased significantly
in all three ALF groups compared to baseline measurements
(p <0.0001). A trend with direct correlation was observed
between Ki67 score and survival duration; however, this trend
did not reach statistical significance (p = 0.096). Similarly, a trend
with indirect correlation was observed between liver injury score
and survival duration, and again this trend was not significant
(p=0.201).

Spheroid inoculum
A total of eight donor pigs (weight range, 13.1-24.4 kg) were sac-

rificed to procure hepatocytes and produce spheroids for eight
SRBAL treatments as summarized in Table 4. Hepatocyte viability

Table 4. Parameters used to characterize hepatocyte isolation and spheroid formation.

SRBAL Donor pig Hepatocyte viability Isolated hepatocyte Average spheroid Spheroid inoculate Spheroid yield
harvest # weight (kg) (%) mass (g) diameter ¥ (um) mass (g) (%)
(animal.treatment)

#1 - Option A(1.1) 16.3 99 79 75 63 80%
#2 - Option A(1.2) 16.5 98 125 69 86 69%
#3 - Option A(2.1) 131 97 173 83 59 34%
#4 - Option A(3.1) 18.0 95 316 59 228 72%
#5 - Option A(3.2) 19.0 90 156 61 118 76%
#6 - Option B(1.1) 244 98 306 60 138 45%
#7 - Option B(2.1) 20.8 98 253 90 94 37%
#8 - Option B(3.1) 22.6 96 327 79 166 51%
Average 18.8 96.4 216.9 72.0 119.0 58%

Spheroid diameter was determined by Coulter counter method immediately prior to inoculation of spheroids into the treatment reservoir.
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after all isolations exceeded 90% (96.4 + 2.9%); inoculated spher-
oid mass ranged from 59-228 g (mean £ SD, 119 + 57 g) in these
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eight SRBAL treatments. Albumin production ranged from 8.7-
28.3 (17.7 £7.7) pg/h/g during spheroid formation.

The six animals treated with the SRBAL were dichotomized
based on average spheroid inoculum during treatments. Pigs
receiving SRBAL therapy with >100 g of hepatocyte spheroids
(n=3) had lower peak plasma concentrations of ammonia
(384 £80 vs. 729 + 123 pg/dl, p = 0.015) compared to three pigs
receiving therapy at lower (<100 g) cell dose. Ammonia peaks
tended to occur later (t=86+7h vs. 7516 h, p=0.34) if ani-
mals were treated with a higher inoculum of spheroids compared
to a lower inoculum. Pigs treated with the larger inoculum of
hepatocytes also tended toward lower peak ICP compared to
treatments with a lower dose of hepatocytes (13.0 +4.4. vs.
25.0 £ 9.2 mmHg, p =0.10). Of pigs undergoing SRBAL therapy,
the highest peak ICP was observed at the lowest cell dose (59 g).

SRBAL performance

Ammonia levels within the reservoir compartment were mea-
sured every 2 h during ECT. When the reservoir contained hepa-
tocyte spheroids under Option B conditions, the ammonia levels
remained stable during ECT, increasing at a slow rate of
4.4 pg/dl/h from 48 to 72 h (Fig. 5A). In contrast, when no cells
were present in the reservoir under Option B conditions, ammo-
nia levels rose at a rapid rate of 57.5 pg/dl/h (p=0.02) during
ECT. The impact of hepatocyte spheroids during ECT was most
obvious when concentrations of plasma ammonia and reservoir
ammonia, obtained simultaneously, were compared under simi-
lar time frames (Fig. 5B). Functionality of hepatocyte spheroids
was also assessed by measuring oxygen consumption within
the reservoir during ECT. The oxygen consumption rate by spher-
oid hepatocytes remained stable throughout the course of SRBAL
treatments with a mean (+SD) starting value of 4.59 + 2.24 mmol
03/h vs. 4.77 £ 2.33 mmol O,/h at the end of SRBAL therapy.

Functional assessment — Post SRBAL therapy

Following therapy, the reservoir and AD circuit were pumped and
media was sampled from the reservoir to evaluate ammonia
clearance by spheroid hepatocytes in the absence of ammonia
influx from ALF pigs. All concentrations of ammonia declined
within the spheroid reservoir during post-treatment interval.
The median rate of ammonia clearance was 449 pg/h, but ranged
from 37 pg/h (corresponding to the lowest inoculated cell dose of
59 g) to a maximum clearance of 903 pg/h.

Fig. 5. Ammonia metabolism by hepatocyte spheroids. (A) Ammonia levels in
the reservoir compartment during ECT - Option B conditions. Rate of ammonia
detoxification was increased significantly (p = 0.003) by spheroid hepatocytes in
SRBAL compared to No-cell conditions (Option B conditions, n = 3 treatments per
group). Markers indicate median values (min, max) at each time point. (B) Plasma
and reservoir levels of ammonia, obtained simultaneously, from representative
animals treated under cellular (SRBAL Option B, left) and no-cell (ST + No-cell
device, right) device configurations. Ammonia concentration remained stable in
the reservoir of the device loaded with 166 g of hepatocyte spheroids and the
plasma of its treatment animal. In contrast, under the same time frame and
similar starting conditions at t =48 h, ammonia concentrations rose sharply in
the no-cell reservoir and plasma of its treatment animal until reaching a study
endpoint (brain death). Both devices started treatment with minimal detectable
ammonia in the reservoir circuit (t = 48 h).
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Discussion

The RALF study was designed as a preclinical pivotal evaluation
of the SRBAL device in a porcine model of ALF. Placement of a
tunneled dialysis catheter and implantation of an ICP catheter
one week prior to administration of a potent hepatotoxin,
D-galactosamine, allowed us to carefully study the relationship
of plasma ammonia to cerebral edema formation in an ambula-
tory model of ALF, and in the setting of ECT. More importantly,
the RALF study is novel in successfully establishing efficacy of pri-
mary mammalian hepatocytes in the treatment of ALF in terms of
the hyperammonemia-cerebral edema-brain herniation axis. All
animals enrolled in this study were housed in general swine
housing and allowed free access to nutrition, water, and ambula-
tion. Light sedation was only used for measurement of ICP and
during ECT. Furthermore, the implantable ICP device allowed
for continuous monitoring of the animal’s ICP, an indirect but
accurate measurement of brain swelling, without need for inva-
sive interventions. After sacrifice, a direct correlation was
observed between percent water content of fresh brain and both
peak and final ICP.

Five scientific questions were posed in designing the RALF
study. Our first two questions, regarding the animal model and
the role of SRBAL therapy in preventing the
hyperammonemia-cerebral edema-brain herniation axis of ALF,
were answered convincingly. Namely, SRBAL therapy improved
the survival of ALF pigs by detoxifying waste molecules, including
ammonia, and ultimately by preventing cerebral herniation and
brain death. ROS and representative pro-inflammatory cytokines
were observed to rise during progression of ALF, but these mark-
ers were not predictive of outcome. Our data suggests that hyper-
ammonemia plays a strong role in the pathogenesis of brain
edema in a porcine model of drug-overdose ALF; but the interac-
tion between ammonia, inflammation, and oxidative stress
requires further study.

A third question addressed the importance of intermittent vs.
continuous SRBAL therapy in severe ALF. Animals undergoing
continuous SRBAL therapy received greater benefit than those
undergoing intermittent therapy as evidenced by lower peak
ICP and lower final ICP measurements. As a result, we intend to
employ continuous therapy into the design of future clinical trials
of SRBAL therapy. Though not evaluated in the current study, the
spheroid reservoir configuration has been designed to easily
allow exchange of a new inoculum of hepatocyte spheroids if
their metabolic activity declines or change is required for some
other reason.

Our fourth study question was in regards to influence of cell
dose on efficacy of SRBAL therapy. A prior randomized study in
a porcine devascularization model of ALF suggested benefit of
acellular (albumin dialysis) therapy in attenuating the rise in
ICP without significant alteration in levels of blood ammonia
[31]. In contrast, the neuroprotective benefit of SRBAL therapy
was impacted by the inoculum of hepatocyte spheroids, espe-
cially hepatocytes from donor pigs fed a high protein diet. The
beneficial effect of dietary protein on ureagenesis of donor pig
hepatocytes is consistent with prior observations in rats [32]
and humans [33]. Of note, the single early death within the
SRBAL treatment group indicated that a low hepatocyte cell dose
of 59 g was insufficient to support an ALF pig with severe liver
injury and advanced hepatic encephalopathy at the onset of

therapy. Doses of hepatocyte spheroids exceeding 200 g per
treatment will be evaluated in future clinical trials.

Question 5 addressed the influence of membrane porosity on
efficacy of SRBAL therapy. Two membrane options were evalu-
ated. Option A used a relatively large pore membrane (400 kD
nMW(CO) for blood separation, while Option B used a tighter
membrane with 65 kD nMWCO. These two options were selected
since membranes of similar porosity are components of cell-free
artificial liver support systems in current clinical practice [4,34].
Based on our prior bench studies [35], we expected that Option A
would facilitate greater detoxification and therefore less time
would be required for treatment than Option B. We observed
similar rates of ammonia detoxification by SRBAL Options A
and B. However, animals treated under Option A required more
fluids during treatment and these animals were more prone to
elevated ICP after therapy, possibly due to albumin shifts across
the larger membrane. The one premature death in the SRBAL
group was a brain herniation occurring shortly after the animal’s
first treatment with the larger pore membrane (Option A). In con-
trast, all three SRBAL pigs treated under Option B conditions
remained both hemodynamically and neurologically stable and
successfully reached the 90 h time point. Another advantage of
the tighter membrane was the significant cost savings of using
a lower concentration of albumin (0.5 g/dl vs. 5.0 g/dl) in the
AD circuit. For these multiple reasons, future clinical studies will
be conducted using SRBAL configured to Option B.

Significant levels of liver injury were confirmed at
post-mortem examination after bolus administration of
0.75 mg/kg D-galactosamine. This dose of drug resulted in sev-
ere liver injury in all animals and signs of liver regeneration in
most animals. In fact, liver histology and improved ammonia
detoxification after SRBAL therapy suggest that the native liver
was capable of recovery. A single 24 h treatment and 90 h of
follow-up were insufficient to carefully address this possibility.
The mean rise of 13% in oxygen consumption suggested that
the ALF milieu was not cytotoxic to hepatocyte spheroids under
study conditions. Longer duration of both therapy and follow-up
are needed and will be major areas of focus in future trials of
SRBAL therapy.

At least two significant challenges were overcome to achieve
successful completion of the RALF study. The first challenge
involved the biologic variability of pigs in the response to hepa-
totoxin and the response of hepatocytes in donor livers to colla-
genase digestion followed by spheroid formation. For example,
peak AST of study pigs ranged from 567 to 7485 U/L and two
other pigs were excluded as they had already reached a study
endpoint before 48 h. This variability was addressed in part by
the prospective randomized design of the RALF study. The vari-
ability in spheroid yield, which ranged from 59 to 228 g per har-
vest, likely contributed to the single death in the SRBAL
treatment group after a 6 h treatment of only 59 g of cells. Low
cell yields were not related to technical problems as our methods
are well developed. Rather, lot-to-lot variability in collagenase
activity was a problem that is known to impact harvest cell yield
and spheroid formation. To address this problem in future clinical
applications of the SRBAL device, we intend to purchase large lots
of collagenase and form hepatocyte spheroids from multiple
donor livers to ensure that reservoir inoculations meet minimum
cut-offs. Once in the SRBAL reservoir, spheroid functionality was
stable for at least 24 h.
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The second challenge involved the expense of studies, both in
terms of manpower and finances. Our 90 h endpoint was selected
for a practical reason. Namely, D-galactosamine was adminis-
tered on Monday and animals were followed around the clock
until Friday (90 h) per our IACUC guidelines. Because of the sig-
nificant expenses of large animal studies, Option A and Option
B conditions were limited to three animals each and multiple
variables were combined per Option. Fortunately, the benefits
of SRBAL therapy proved significant and answers to our five
research questions were possible.

In summary, the SRBAL represents a promising new treatment
of ALF. Specifically, primary porcine hepatocytes cultured as
spheroid aggregates offer both a readily available supply of donor
cells and a sufficiently large cell dose for the treatment of ALF in
large animals and humans. Unlike many previous cell-based ther-
apies, the SRBAL maintains functionality of primary hepatocytes
in the range of normal liver physiology, even at the high cell den-
sity required for human therapy. In particular, SRBAL demon-
strated ammonia clearance at vastly higher levels than have
been reported by earlier generations of BAL devices. Further ran-
domized clinical investigation of SRBAL therapy appears war-
ranted to determine whether its higher functionality provides a
significant therapeutic benefit to individuals with ALF, ideally
avoiding the need for liver transplantation.
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