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Bioartificial Liver, an Extra Corporeal Hepatic Support: Current Perspectives
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The liver is a vital and remarkably complex organ with array of functions that have effects on
nearly every other system of the human body. Transplantation, the only effective means of treating
liver failure is not an option for many patients due to its massive cost, invasiveness and risk
associated with transplantation. ironically, liver is a highly regenerative organ. Hence some patients
currently undergoing a liver transplant will need not undergo this major surgery if there were a
simpler means of obtaining liver functions until their own organ has recovered. In light of the
increasing incidence of liver disease and continuing shortage of donor organs, cell-based therapies
are gaining attention as promising treatments for liver failure. However the impetus for developing
a bioartificial liver is to serve as a bridge to liver transplantation in patients with acute liver
failure. The use of bioartificial liver improves the patient’s conditions and allows recovery from

some complications of chronic liver disease prior to transplantation, which might well prove,

both medically effective and economical.

' The liver is the largest organ in the body and it is
involved in a wide array of functions. The liver is the principle
site of synthesis of all circulating proteins apart from y-
globulins. The liver also synthesizes all factors involved in
coagulation (apart from factor Vill)-that is, fibrinogen,
prothrombin, factors V, VII, IX and XIII, protein C and S and
antithrombin. Transport or carrier proteins such as transferrin
and caeruloplasmin, acute-phase proteins and other proteins
are also produced in the liver. Glucose homeostasis and the
maintenance of the blood sugar is a major function of the
liver. The liver also has a major role in the metabolism of
lipoproteins. The liver catabolizes hormones such as insulin,
glucagon, oestrogens, growth hormone, glucocorticoids and
parathyroid hormone. It is also the prime target organ for
many hormones. It is the major site for the metabolism of
drugs and alcohol. The reticuloendothelial system of the liver
contains many immunologically active cells. The liver acts
as a sieve for the bacterial and other antigens carried to it
via the portal tract from the gastrointestinal tract. The
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antigens are phagocytosed and degraded by Kupffer cells,
which are macrophages attached to the endothelium'®. The
liver regulates the conversion of toxic ammonia to less toxic
urea for filtration and excretion by the kidneys®®, The liver
performs all the process of secretion, regulation and storage
via the use of specific genes for operation that are located
on the chromosomes inside the nucleus of the hepatocytes®
3, Since the liver is such an essential organ in the human
body, if damaged, one's survival would be in danger.

LIVER FAILURE

Priméry liver diseases are the most frequent diseases
worldwide. The American Liver Foundation reports that liver
failure is the seventh leading cause of death in the United
States and it is estimated that 10 million people have some
form of liver disease or impairment that results from infection,
cirrhosis, drug overdose, chemical toxicity and other causes.
When this process occurs in healthy individuals with normatl
livers, it is termed as acute liver failure (ALF)'™. Loss of liver
function that complicates chronic liver diseases is termed
as acute-on-chronic liver failure's. ALF remains a
devastating illness with over 60% mortality with conventional
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treatment's, Liver failure may also occur due to viral hepatitis.

The key feature in most acute or chronic liver disease
is alteration of hepatocytes progressing to necrosis’. The
hepatocytic alterations are the morphologic basis for the
main clinical manifestations and for the aberrations in the
hepatic test results in acute and frequently in chronic liver
diseases. Lesions of hepatocytes are conveniently
recognized as (a) alterations of hepatocytic nuclei and of
cytoplasm (such as clumping); (b) as excess of physiologic
substances such as fat, water pigment and particularly bile;
(¢) deposition of substances not seen in normal hepatocytes,
such as hyaline of Mallory and globules of a - antitrypsin;
and (d) hepatocytic necrosis if varying extends with loss of
single hepatocytes, best appreciated by the accompanying
inflammation'. In severe and potentially fatal liver diseases,
necrosis and circulatory insufficiency are the reasons for
hepatic failure.

The consequences of hepatic injury depend on the
efficiency of regeneration in restoring or replacing the lost
hepatocytic function'®, Regeneration of hepatocytes
assumes a nodular configuration, which has a significant
functional capacity. Hence this will provide a pathway to the
‘development of an effective therapy for the hepatocellular
injury. Currently, the treatment for acute liver failure and
acute-on-chronic liver failure is liver transplantation'7,

LIVERTRANSPLANTATION

Over the years, survival after transplantation has
improved with the advances in both patient management and
surgical techniques, but the procedure is not always available
in a timely fashion's'®, prompting new surgical approaches,
such as split liver transplantation, procurement from living
donors and auxiliary liver transplantations?°. If the
transplantation is within the same species then it is called
an allograft and if it is across species barriers then it is called
as xenogenic transplantation?'-26. But unfortunately there is
a nationwide shortage of organ donors and a large number
of patients die before a liver can be procured for
transplantation?’. The problem of organ shortage is
compounded by difficulty in predicating the outcome of liver
failure®2%, Further, the market for liver support is estimated
to be substantial: $ 700 million in the United States and $
1.4 billion worldwide?'. Therefore, there is an urge to develop
an alternative system that could act as a liver support or as
a bridge till the donor organ is available or for the native
liver regenerates so as to save the lives of the people dying
on the waiting list and also to reduce the above mentioned
cost for both the government and patients and reap the
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benefits of a large financial market. This has led to several
innovative ideas.

NON-BIOLOGICAL AND BIOLOGICAL APPROACHES

Various non-biological approaches like hemodialysis,
hemopertusion over charcoal, resins, immobilized enzymes,
plasmapheresis, and plasma exchanges were explbreé“‘. But
all these have met with limited success, presumably because
of the role of the synthetic and metabolic functions of the
liver that are inadequately replaced in the above mentioned
systems®, To overcome these limitations, a biclogical system
should be developed which is likely to succeed only if it
performs the function of liver or hepatocytes?. The main
biological approaches being investigated inctudes isolated
cell transplantation®-33, tissue engineering of implantable
constructs®¥, transgenic xenotransplantation®® and extra
corporeal bioartificial liver devices (BAL).

The artificial liver can be used for several different

reasons. First, if the liver is severely damaged and over 80% |
of the tissue is dead, the artificial liver devise has the -

capabilities to support the liver until it regenerates
completely’. If the liver is able to regenerate itself without
the need for a transplant, the expensive cost of a liver
transplant, which is around $ 2 00 000, can be avoided.
Second, the artificial liver device allows for the additional
time for the support for a patient waiting on the list of suitable
organ. Third, an artificial liver can also be used after a patient
has received a transplant to help support that patient until
the new graft from the transplantation starts generating new
cells.

DEVELOPMENT OF BAL

The issues that have to be considered during the
development of bioartificial liver include choice of cellular
components, stabilization of hepatocytes phenotype,
bioreactor design, regulation, safety and clinical trials.

CELLULAR COMPONENTS OF BAL DEVICES

The cell types that are currently being evaluated for use
in BAL are each of these—primary hepatocytes, cell lines,
stem cells and xenogenic hepatocytes can be evaluated on
the basis of their availability, potential adverse interactions
and efficacy in providing liver-specific function. The different
types of cellular components present in BAL are summarized
in Table 1.

STABILIZATION . OF PRIMARY HEPATOCYTES °

PHENOTYPE
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TABLE 1: CELL SOURCES FOR EXTRACORPOREAL BAL DEVICES

Primary cells

Sources

Porcine

Rabbit

Human
Immortalized cells
Cs8-B

HepZ

OUMS-29, NKNT-3
HepLiu

Yoon

HH25, HHY41
Tumor-derived cells
Hep G2

C3A

HuH6, JHH-2
Potential stem cell sources

Embryonic
Progenitor

Transdiﬁerémiated

. Pancreatic ductal cells induces to hepatic lineage, heamopoetic stem cells produce

Xenogenic, porcine endogenous retrovirus, large scale isolation, environment — dependent
function (though some functions are more stable than rodent and human.

Xenogenic, small-scale isolation, environment — dependent, liver — specific functions.

Low availability, heterogeneous donors, environment — dependent function.

Rat-SSR69 (SV40T, HSV-TK neoR,LoxP)
Human, pCMV. pSV2neo

Human fetal, pSVneo or SSR69

Procine, Blue Tag, pF(SVneo

Human fetal, SV40T

Human, spontaneous

Hepatoblastoma
Hepatoblastoma

Hepatoblastoma

Derived from blastocyte or germ cells, pluripotent, differentiation to hepatocytes not yet
reported in-vitro

Oval/progenitor cells are facultative stem cells, hepatoblasts isolated fetal livers are
hipotential

hepatocytes in liver.

Although primary hepatocytes represent the most direct '
«approach to replace liver function in hepatic failure, they must
be anchored to a substrate in order to function properly. The

various anchoring approaches are as follows:

Encapsulation, a method in which the hepatocytes are
enveloped in a polymeric matrix using polysaccharide
hydrogels, collagen or other materials so as to maintain a
three dimensional structure for the hepatocytes. A number
of encapsulation systems have been developed and refined
during the past several years in which living cells can be
separated from the immune system of the body by a
synthetic, selectively permeable membrane*®4, The
membrane allows the free exchange of nutrients, oxygen
and biotherapeutic substances between the blood or plasma
and the encapsulated cells, whereas high molecular weight
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substances, such as immunocytes, antibodies and other
transplant rejection effectors mechanism are excluded*’*2,
This system may also modulate the bi-directional diffusion
of antigens, cytokines and other immunological moieties

" based on the chemical characteristics of the membrane and

matrix support. Encapsulation cell technology offers a
solution to the problem of donor organ supply, not only by
potentially allowing the transplantation of cells and tissues
without immunosupression but also by permitting use of

‘materials isolated from animals5259,

The encapsulation of biological cells by chemically
cross-linking the surface of aqueous droplet was modified
using milder physical cross-linking®-., This resulted in
alginate-polylysine-aiginate (APA) microcapsules containing
cells. Alginates are heteropolymer carboxylic acids coupled
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by 124, glycosidic bonds of S-D-mannuramic-(M) and -L-
gluconic acid unit. Alkali and magnesium alginate are
solvable in water, whereas alginic acids and the salts of
polyvalent metal cations are insoluble. Thus, drops of sodium
alginate solution entering a calcium chloride solution can
form gel spheres. These polymeric materials containing cells
are called as microcarriers. Alginate microspheres can be
used which can be combined with extra cellular matrix (ECS)
material to improve anchorage.

BIOREACTOR DESIGN

BAL devices tailored for use with hepatocytes are
‘becoming a reality coupled with new discoveries in cell
sourcing and hepatocytes stabilization. The four main types
of bioreactor design that have been proposed and studied
are as follows'.

Hollow fiber:

Itis a multi compartmental interwoven fibres with extra
capillary seeding and oxygenation so that the cells are
protected from shear. Hollow fiber membranes provide a
scaffold for cell attachment and immunoisolation, and are
well characterized in a clinical setting, but may not provide
adequate nutrient transport or the proper environmental cues
for long-term hepatocyte stabilization.

Flat plate and monolayer:

It contains a flat membrane reactor with cell in sandwich
culture or stacked plate reactor with monolayer culture so
as to provide a uniform cell distribution and
microenvironment. Fiat plate and monolayer bioreactors have
been proposed that offer better control of hepatocyte
microenvironment, but would be difficult to scale up.

Perfused beds/scaffolds:

It is a microchanneled polyurethane packed bed with
spheroids which provides an ease for scale — up and also
promotes a three dimensional architecture and minimizes
the transport barrier. However, it may be difficult to provide
uniform perfusion of the packing matrix and cells can be
exposed to damaging shear forces.

Encapsulation:

Hydrogel entrapped cells on rotating disks with
perfusion or entrapped aggregates in glass bead packed
bed so as to provide an uniform microenvironment and ease
of scale-up. A successful extracorporeal bioartificial liver
design will include eftective bi-directional mass transport, a
stable cellular microenvironment, and simple scale-up.
Although many devices include a combination of convective
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and diffusion transport phenomena mass transfer limitations
of key nutrients to and from the cellular compartment are
primarily due to diffusion resistance. Barriers to ditfusive
transport include membranes, collagen gels, and nonviable
cells. Membranes have been used with a wide range of
motlecular mass cutoffs, from 20 to 200 kDa, but presently
most designs specify a range between 100 and 150 kDa.

BAL CIRCUIT

The encapsulated hepatocytes are then packed in a
bioreactor and the BAL circuit can be connected to the
patient by using a double lumen catheter, which is placed in
the patients, by superficial femoral vein®, Blood is removed
at 90-100 mi/min and separated into blood cells and plasma.
The plasma is then perfused through a charcoal column to
clear the plasma of low to mid-molecular weight toxic
metabolites and allowed the hepatocytes to remain viable
for a longer period® %. However the viability of hepatocytes
reported in these systems were upto seven hours®3. The
plasma is then detoxified by passing through the functional
hepatocytes and then reconstituted with the patient’s blood
cells and returned to the patients at the same rate at which
it was removed.

PATIENT STATUS

Since the liver is involved in almost all biochemical
processes if it shuts down, patients can develop infections,
bleeding and brain swelling. When the brain swells, it cuts
off blood supply to the brain and causes death. But in a safety
trial conducted in The University of Michigan, scientists say
that, when the patients were in BAL support there were no
adverse mechanical or bleeding effects. The concentrations
of ammonia, free fatty acids and amino acid toxins decreased
significantly. All patients had improvement in their
neurological state, some had decreases in intracranial
pressure and there were some signs that the native livers
were regaining their ability to produce important molecules
of their own2'?2,

REGULATIONS AND SAFETY"

Current devices are being regulated as drugs through
The Center for Biologics and Evaluation Research of the
Food and Drug Administration. New guidelines forthese and .
other hybrid devices are being developed by a consensus .
based group at the American Society of Testing and Materials - .
in conjunction with other organizations such as the -
International Standards Organizations. Because of their
application to ALF patients for whom other therapies do not
exist, some devices have undergone fast-tract review as
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TABLE 2: CLINICAL STATUS OF EXTRACORPOREAL SUPPORT DEVICES

Lexington, MA
(HepatAssist)
Charite Virchow 171
Clinic—Berlin
(MELS)

Company No. of patients Phase Comments
Vitagen, La Jolla, CA 25 l/!l; multicenter C3A cell line, continuous treatment up to 10 d,

' ultrafiltrate perfusion, 150-300 ml/min, heparin, 4

replaceable cartridges, cell mass: 4x200

Circe Biomedical, 7T 1/IIl; multicenter | Cryopreserved porcine, treatment 3-6 h for 1-5 d,
Lexington, MA " 400 mi/min, citrate, charcoal {HepatAssist) column,
(HepatAssist) centrifugal plasmapheresis, cell mass: 50 g
Girce Biomedical, 171 L multicenter Primary porcine, treatment 6-30 h, whole blood

H/I; multicenter

perfusion, heparin anticoagulation, cell mass: 100 g

Primary porcine, continuous treatment up to 3 days,
filtration plasmapheresis, 100 ml/min, heparin
anticoagulation, cell mass: 500 g

orphan drugs. The safety concerns for BAL devices are
similar to those for other cellular therapies and include
immune reactions for foreign antigens, xenozoonosis and
escape of tumorigenic cells.

CURRENT CLINICAL STATUS

Extracorporeal devices are tirst on the track to clinical
application, although their efficacy has yet to be fully
determined. Experimental devices using suspended primary
hepatocytes were among the first to be used with human
patients in the late 1980s, but have met with limited success.
Presently, several hollow fiber devices are under evaluation
in clinical trials (Table 2)%72. The most extensively tested
device, the HepatAssist System from Circe Biomedical
(Lexington, MA), completed phase [/l trials with patients.
Preliminary results show improvement in 30-day survival to
71% for treated groups, compared with 62% tor those
receiving standard care (n 5). Although an examination of
study subpopulations and secondary end points shows
moderate benefit of the device, a conclusive measure of
efficacy is confounded by factors such as transplantation,
disease etiology, and stage of encephalopathy. Critical
evaluation of the complete results of the HepatAssist trial
should provide valuable insight for future large-scale clinical
studies. Careful consideration needs to be given to treatment
indications, clinical end points, and device regulation in
clinical trial design so that clear evidence of treatment
efficacy may be established. Ongoing clinical experiences
with extracorporeal support will likely play a key role in the
improvement of next-generation devices. Cell transplantation
and implantable constructs have thus far seen limited use
clinically. Although cell transplantation studies are ongoing
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in many animal models, only a few investigators have used
them in humans to compensate for acute liver failure. To date,
there has been no report of the use of a tissue-engineered
construct to treat liver disease in humans. As discussed,
hepatocyte transplantation and tissue constructs face issues
of optimizing transplantation site, nutrient supply, cell viability,
and grafting efficiency before clinical safety and efticacy can
be evaluated.

ONGOING CLINICAL TRIALS FOR EXTRACORPOREAL
BIOARTIFICIAL DEVICES

At least six such systems are undergoing clinical
trials. ELAD® [Extracorporeal liver assist device; Vitagen],
ELADS® [Extracorporeal liver assist device; Hepatix],
HepatAssist®? [Circe Biomedicall, Liverx20007° [Algenix],
BLSS! [Bioartificial Liver Support System; Excorp Medical,
Minneapotis}, MLES™ [Modular Extracorporeal Liver Support;
Charite Virchov Clinic-Berlin, Berlin] have been tested on
acute or acute-on-chronic liver failure.

CONCLUSIONS

The standard treatment for liver failure has been whole
organ transplantation since 1980s. Improvements in surgery
have allowed split liver and liver-related donor procedures
to partially alleviate the shortage in organ supply. However,
cell based therapies provide an important adjunctive
treatment (i.e., bridge to liver transplantation) or eventual
curative therapy in cases of metabolic defects. Current cell-
based approaches will rely on a variety of cell sources,
whether primary or stem cells, which will ultimately interact
with the microenvironment en route in providing key liver-
specific functions. A fundamental understanding of the cues
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