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INDUCTION OF HEPATOCYTE PROLIFERATION IN VITRO BY
INHIBITION OF CELL CYCLE INHIBITORS

BACKGROUND OF THE INVENTION

Acute and chronic liver failure represents a major clinical challenge with
few treatment options available. While liver transplantation is effective in the
treatment of certain cases, the increasing shortage of organ donors along with an
increase in the incidence of chronic liver disorders such as hepatitis C are
creating a critical need for the development of alternative therapies. Innovative
treatments utilizing isolated hepatocytes hold great potential in meeting this
need. However, achieving sufficient cell mass to replace liver function by either
extracorporeal devices or in vivo cell transplantation, combined with limited cell
sources, will require the ability to expand hepatocyte cell populations without
loss of function or viability. Such methods currently do not exist.

Because of the wide range of hepatocyte functions that comprise liver
function, it is virtually impossible to replace this function with anything but
hepatocytes themselves. Thus, hepatocytes are being extensively utilized in
experimental models for the treatment of liver disease. Such treatments include
the development of extracorporeal devices (Nyber 1993, Rozga 1993) that may
provide sufficient temporary liver support for the patient to either survive to
transplant or for the diseased liver to regenerate on its own. Additional cell
transplantation models are being pursued that incorporate either direct injection
of hepatocytes into the body (Matas 1976) or attachment of hepatocytes onto
three-dimensional scaffolds for in vivo transplantation as an alternative to organ
transplantation (Vacanti 1988, Hansen 1992).

In spite of extensive research in the development of cell-based therapies,
successful long-term solutions have been elusive. A major reason for the lack of
success continues to be the challenges of maintaining isolated hepatocytes in a
viable and differentiated state. While certain culture conditions, particularly
specific extracellular matrix (ECM) components, may facilitate enhanced

differentiated phenotype, these conditions are unable to support hepatocyte
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proliferation. Another persistent limitation of in vitro hepatocyte applications is
their limited proliferative capacity.

Hepatocytes in vivo possess a remarkable regenerative capacity; yet this
potential is lost upon isolation and placement in culture. While innovative
recipes for tissue culture medium have led to improvements in hepatocyte
proliferation in vitro, most conditions that promote proliferation also lead to
simultaneous loss of differentiated function. Use of immortalized cells lines is
also an unappealing. option, as such cells lines are generally derived from
dedifferentiated hepatomas and lack sufficient differentiated function relative to
normal hepatocytes, leading to reduced function when incorporated into
extracorporeal devices (Nyberg 1994).

It is estimated that approximately 10% of the liver mass is required to
adequately replace most liver functions. Thus, any treatment involving
hepatocytes will require large amount of cells, generating an imperative need for
improvements in both stem cell and adult hepatocyte proliferation and

differentiation in vitro.

SUMMARY OF THE INVENTION

The present invention provides a method of inducing proliferative and
differentiative mammalian hepatocytes in vitro by contacting the hepatocytes
with protein kinase A (PKA) inhibitor. Such inhibitors include any compound,
peptide, nucleotide derivative, nucleoside derivative, polysaccharide, sugar or
other substance that can inhibit the activity of protein kinase A. An example of
an appropriate PKA inhibitor is the compound H89. Another example of a PKA
inhibitor is a protein kinase A inhibitory peptide (PKI). Such PKI peptides are
synthetic peptides with the amino acid sequence of the substrate binding region
of protein kinase A. Thus they compete with the interaction between PKA and
its substrates, specifically inhibiting protein kinase A activity.

A “proliferative” cell is a cell that is, or is capable, of dividing into two
daughter cells. A cell that is “differentiative” is a cell that is performing the
specific functions attributed to the adult cells of the tissue of origin. The term
“inducing” is used herein to mean stimulating the cell to express a particular

function or response, for example. Such a response may be proliferation; an
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example of a function that may be induced is a differentiated function that is
typically exhibited by a mature hepatocyte.

The hepatocytes that can be used in the present invention include primary
hepatocytes or hepatocytes generated from stem cells (either embryonic or adult
stem cells). Primary hepatocytes are cells obtained directly from tissue, and are
not immortalized. Such primary cells can be obtained, for example, from a
biopsy from a mammal. Alternatively, the primary hepatocytes can be obtained
from a culture of stem cells (embryonic or adult) that have been directed to
differentiate to the hepatocyte lineage under special culture conditions. See, e.g.,
U.S. Patent No. 6,458,589.

The method can further include growing the hepatocytes on a
biocompatible support matrix. For example, the support matrix can be a
collagen matrix, a collagen film or a collagen gel sandwich. Collagen can be
produced into different types, or conformations, of matrix. One example is a
film, which is a thin layer of collagen adsorbed onto a plastic dish. Another
collagen matrix is gel, in which collagen polymerizes from solution into fibrils.
Gel can be layered on the bottom of a dish, which is commonly then referred to
simply as a collagen gel. When gel is also layered over the top of cells, it is
called a collagen gel sandwich. A collagen gel sandwich is a matrix condition
consisting of two layers of type I collagen, one on the basal surface of cells and
one overlaying the upper surface of cells. The bottom layer is generally coated
on a plate (usually type I collagen, or Matrigel™ or fibronectin) on which cells
are plated. After cell attachment, a type I collagen solution is poured over the
cells and allowed to polymerize.

The hepatocytes used in the present invention can be of mammalian
origin, for example, of human or porcine origin. In the present invention, the
hepatocytes are contacted with PKA inhibitor for a period of time, or for
intervals of time. Also, the PKA inhibitor is present at a concentration of PKA
inhibitor is present at a concentration of about 0.1 to about 10uM, or even at
about 0.5 to 5uM. For example, the concentration may be at about 0.1, 0.5, 1, 3,
or 5 pM.

The present invention also provides a method of screening a compound

for its effect on hepatocytes or a hepatocyte activity by combining the compound
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with a cell population obtained by treating hepatocytes with a PKA inhibitor;
determining any change to cells in the population or their activity that results
from being combined with the compound; and correlating the change with the
effect of the compound on hepatocytes or a hepatocyte. The method can further
involve determining whether the compound is toxic to cells in the population;
determining whether the compound affects ability of cells in the population to
proliferate or be maintained in culture; determining whether the compound
changes enzyme activity or secretion; determining whether the compound
changes activity of a hepatocyte Phase I metabolizing enzyme; determining
whether the compound changes activity of a hepatocyte Phase I metabolizing
enzyme; determining whether the compound changes cytochrome p450
expression or activity; determining whether the compound changes CYP3A3-5
activity, CYP2D activity, or CYP2C9 activity; determining whether the
compound affects CYP1A1 or CYP1A2 activity; determining whether the
compound affects the activity of 7-ethoxycoumarin O-de-ethylase,
aloxyresorufin O-de-alkylase, coumarin 7-hydroxylase, p-nitrophenol
hydroxylase, testosterone hydroxylation, UDP-glucuronyltransferase, glutathione
S-transferase, gamma-glutamyl transpeptidase, or glucose-6-phosphatase; and/or
determining whether the compound affects the synthesis of a plasma protein
(such as albumin, transferrin, alpha, -antitrypsin (AAT), or alpha-fetoprotein).

The present method further involves determining whether the compound
affects gluconeogenesis, ureagenesis, bilirubin conjugation, or bile acid
conjugation; and/or determining whether the compound affects synthesis or
secretion of cholesterol or lipoprotein, the level of glutathione, nucleoside
phosphate metabolism, intracellular K* or Ca* concentration, the release of
nuclear matrix proteins or oligonucleosomes, induction of apoptosis, or glycogen
storage. The hepatocytes used in these methods can be mammalian hepatocytes;
in some embodiments the hepatocytes are human in origin. Further, they can be
genetically altered cells.

The present invention further provides a bioartificial liver device
including a proliferative and differentiative mammalian hepatocyte. This device
can further include a biocompatible support matrix (e.g., a gel matrix, a film or a

collagen gel sandwich).
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The present invention also provides an artificial liver device including a
cell culture layer including an isolated cell line of normal hepatocytes and a PKA
inhibitor, and a support matrix that provides means for fluid circulation across
the cell culture layer. Examples of suitable fluids are culture medium, plasma or
blood.

The hepatocytes of the invention can be grown or maintained in a growth
environment. A "growth environment" is an environment in which cells of
interest will proliferate in vitro. Features of the environment include the medium
in which the cells are cultured, the temperature, the partial pressure of O, and
CO,, and a supporting structure (such as a substrate on a solid surface) if present.
The medium in which the cells are cultured can contain an inhibitor of protein
kinase A, as provided by the invention, to induce proliferation while maintaining
differentiation. The medium can be a nutrient medium. A "nutrient medium" is
a medium for culturing cells containing nutrients that promote proliferation. The
nutrient medium can contain a protein kinase inhibitor as indicated by the
invention. The nutrient medium may also contain any of the following in an
appropriate combination: isotonic saline, buffer, amino acids, antibiotics, serum
or serum replacement, and exogenously added factors. A "conditioned medium"
is prepared by culturing a first population of cells in a medium, and then
harvesting the medium. The conditioned medium (along with anything secreted
into the medium by the cells) may then be used to support the growth of a
second population of cells.

The present invention provides a method of transplanting hepatocytes
involving inducing a population of proliferative and differentiative mammalian
hepatocytes in vitro comprising contacting the hepatocytes with protein kinase A
(PKA) inhibitor; and transplanting the population of hepatocytes.

{
BRIEF DESCRIPTION OF THE FIGURES
Figure 1. Effects of collagen gel overlay on cell cycle progression on
collagen film. Hepatocytes were cultured on collagen film, then transfected
from 6-12 hr after plating with cyclin D1 promoter luciferase construct. At 12
hours, transfection medium was removed and collagen gel added. Promoter

activity was assessed 72 hours after plating. Activity of an albumin promoter
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construct was simultaneously assessed. Data presented is the mean + SD of 5
(cyclin D1) and 2 (alb) experiments run in duplicate or triplicate.

Figure 2. Effects of PKA inhibition on morphology and cell cycle
progression on collagen gel. (A) PKA activity was assessed in hepatocytes
cultured on gel or film. I vitro kinase assay was performed; DPM = total **P-
incorporation, minus counts from sample without substrate. (B) DNA synthesis

was assessed in hepatocytes cultured on collagen film or gel with H89 (2 pM) or

. DMSO. [’H]Thymidine incorporation was assessed from 48-96 hr. (C)

Phosphorylation of p42/44 ERKs was determined in hepatocytes cultured on
collagen gel for 50 hr by Western blot using a phospho-specific p42/44 antibody
(NEB).

Figure 3. Scanning electron micrographs of hepatocytes cultured on
collagen film or gel for 24 hours with PKA agonist (8-Br-cAMP) or inhibitor
(H89). (A) Collagen film, (B) Collagen gel, (C) Collagen film, 8-Br-cAMP,
and (D) Collagen gel, H89.

Figure 4. Effects of PKA inhibition on hepatocyte proliferation and
differentiation. (A) Hepatocytes were cultured on collagen gel in the presence
of H89 (3uM) or equivalent volume of DMSO (control) for 96 hr, at which
time cells were trypsinized and counted by hemocytometer. (B) Hepatocytes
were cultured on collagen film or gel with H89 (3 uM) or DMSO. Medium
was replaced at 96 hr and collected for analysis at 120hr. Albumin secretion
was determined by ELISA. (C) Urea production was determined in
hepatocytes cultured on collagen gel with or without H89. +NH, indicates

addition of exogenous NHy.

DETAILED DESCRIPTION OF THE INVENTION
Acute and chronic liver failure represents a major clinical challenge with
few treatment options available. Currently, the only viable option for treating
chronic liver diseases or acute liver failure is liver transplantation. While liver

transplantation is effective in the treatment of certain cases, the increasing
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shortage of organ donors along with an increase in the incidence of chronic liver
disorders such as hepatitis C are creating a critical need for the development of
alternative therapies.

According to the invention, hepatocytes treated or maintained according
to the methods provided herein can be used for replacement of diseased liver
tissues. In particular, hepatocytes can be replicated and maintained in vitro
without significant loss of viability, proliferative capacity, and/or differentiated
function.

Hepatocytes employed in the invention can be obtained from a variety of
sources, including stem cells, hepatocyte precursor cells or differentiated
hepatocytes. When undifferentiated stem cells are used, those stem cells should
possess unlimited proliferative capacity to allow for repeated cell expansion,
while also having differentiative capacity to allow for fully differentiation into
functional hepatocytes. Recent studies have identified a multipotent adult
progenitor cell (MAPC) from bone marrow that differentiates into hepatocyte-
like cells, possessing comparable differentiated functions like those of adult
hepatocytes (Schwartz, 2002; Jiang, 2002). While these stem cells hold
enormous potential as a cell source for cell-based therapies, these cells typically
lost their proliferative ability after becoming differentiated into hepatocyte-like
cells when cultured under previously available conditions.

However, the invention has solved this problem. The invention provides
methods for maintaining, manipulating and propagating hepatocytes, hepatocyte
precursor cells or hepatocyte stem cells without loss of differentiated function
that involve culturing the hepatocytes, hepatocyte precursor cells or hepatocyte
stem cells in the presence of a protein kinase A inhibitor. The present inventors
have performed experiments illustrating the mechanism of growth arrest on the
differentiation-promoting substrates, elucidating growth-specific signaling
events inhibited in hepatocytes cultured on type I collagen gel compared to those
on a thin film of type I collagen, which promotes proliferation. These studies
have determined that protein kinase A is induced upon interaction with type I
collagen gel but not on collagen film. This elevated PKA activity specifically
inhibits epidermal growth factor (EGF)-dependent pathways. The inventors

have also found that inhibition of PKA activity restores specific G1 events and
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DNA synthesis on collagen gel. Furthermore, it was found that inhibition of
PKA increased hepatocyte proliferation by 67% on collagen gel without loss of
differentiated function (see Examples, below). These data suggest for the first
time that identification and manipulation of specific signaling events may allow
the propagation of differentiated hepatocytes in vitro. These studies show that
manipulation of signaling pathways in primary hepatocytes or MAPCs
maintained on specific ECM substrates permits proliferation while maintaining
differentiation in long-term cultures.

In summary, primary hepatocytes have great potential for use in cell-
based clinical therapies for the treatment of liver failure. Once hepatocytes are
dissociated from liver tissue, however, they can lose both differentiative function
and proliferative capacity. Culturing cells on certain extracellular matrix
conditions, such as a collagen gel, can improve differentiated function in vitro
but often at the loss of proliferative capacity. The inventors have determined
that a specific inhibitor of cell proliferation, PKA, is active on the growth-
inhibitory substrate, collagen gel, and that inhibiting PKA activity with a
specific inhibitor of PKA, will allow cells to progress through the cell cycle on
collagen gel. This discovery allows expansion of hepatocyte populations in vitro
under conditions that simultaneously promote highly differentiated function.
Previously, such conditions were used to support functional differentiated

hepatocytes but were not capable of allowing cell proliferation.

PKA Inhibitors Promote Differentiated Hepatocyte Proliferation

Hepatocytes exist in the liver in a complex three-dimensional, polarized
structure, characterized by extensive cell-cell and cell-extracellular matrix
interactions. Cell membranes are polarized into basal, lateral, and apical (bile
canalicular) domains that each maintain a specific set of functions. When
hepatocytes are enzymatically digested away from the intact liver structure and
placed in culture, a dramatic change in morphology occurs with concomitant loss
of polarized structure and differentiated function. Alteration of culture
conditions, most importantly the adhesive substrate, can improve retention of

differentiated functions. Such adhesive conditions include gel-like substrates,
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such as type 1 collagen gel or Matrigel™, a substrate secreted by a sarcoma cell
line.

However, the ability to maintain differentiated function has previously
appeared to be inversely correlated with proliferative potential, such that
conditions that promote differentiated function result in a loss of proliferative
capacity, and vice versa. While tissue culture media compositions have been
developed that increase the proliferative capacity of hepatocytes in vitro (Block,
1996), the conditions that promote proliferation were previously accompanied by
a significant drop in both differentiated function and/or long-term viability. On
the other hand, cultures maintained on certain extracellular matrix substrates,
such as collagen gel or Matrigel™, demonstrate enhanced function and viability,
yet the proliferative capacity of these cells was consistently lost on these
substrates. Thus, it has previously been impossible to achieve both expansion
(i.e., proliferation) and differentiated function (i.e., differentiation) of adult
hepatocytes under the same conditions in vitro.

The invention solves this problem by providing compositions comprising
inhibitors of protein kinase A and methods of using such inhibitors that promote
proliferation of hepatocytes without loss of the desirable differentiated functions
associated with mature hepatocytes. Such inhibitors include any compound,
peptide, nucleotide derivative, nucleoside derivative, polysaccharide, sugar or
other substance that can inhibit the activity of protein kinase A.

One of skill in the art can select useful protein kinase A inhibitors by
observing the activity of protein kinase A when exposed to an inhibitor either in
vitro or in vivo. Protein kinase A activity, and inhibition of that activity, can be
determined as the difference between phosphorylation of a PKA specific
substrate with and without a specific PKA inhibitor present. The specific PKA
substrate can be any convenient peptide with a serine that is recognized as a
phosphorylation site by PKA. For example, the peptide substrate can have the
sequence: Leu Arg Arg Ala Ser Leu Gly (SEQ ID NO:1).

Many PKA inhibitors are available and may be used. For example, many
examples of PKA inhibitors including chemical structures, methods for

administration and pharmacological effects are listed at the Calbiochem website
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at calbiochem.com. In general, inhibitors that also significantly inhibit protein
kinase C activity are avoided.
In some embodiments, the protein kinase A inhibitor is a nucleotide or

nucleoside derivative. For example, the inhibitor can have formula I:

NH,
/N \ N
R |
/
N N
0
\ o
-S=—P—0
0]
H
5 OR1

wherein R is hydrogen, halogen, or heterocycloalkyl and R is hydrogen, lower
alkyl, or lower acyl.

The following general definitions are used, unless otherwise described:
halo is fluoro, chloro, bromo, or iodo. Alkyl, alkoxy, alkenyl, alkynyl, etc.

10  denote both straight and branched groups; but reference to an individual radical
such as “propyl” embraces only the straight chain radical, a branched chain
isomer such as “isopropyl” being specifically referred to.

More specifically, lower alkyl means (C;-Ce) alkyl. Such (C;-Cs) alkyl
can be methyl, ethyl, propyl, isopropyl, butyl, iso-butyl, sec-butyl, pentyl, 3-

15  pentyl, or hexyl. Preferred lower alkyl groups are (C;-Cs) alkyl including
methyl ethyl, propyl, isopropyl and the like. Lower acyl refers to a carbonyl
group attached to a lower alkyl group (e.g., -CO-CH3).

Lower cycloalkyl generally means (C3;-Cg)cycloalkyl. Such (Cs-
Cse)cycloalkyl can be cyclopropyl, cyclobutyl, cyclopentyl, or cyclohexyl. In

20  some case the lower cycloalkyl can have substituents, for example, lower alkyl
groups. Such alkyl-substituted lower cycloalkyl groups can, for example, be
(C3-Ce)cycloalkyl(C,-Cg)alkyl groups. These (C;-Cg)cycloalkyl(C,-Cs)alkyl
groups can be cyclopropylmethyl, cyclobutylmethyl, cyclopentylmethyl,
cyclohexylmethyl, 2-cyclopropylethyl, 2-cyclobutylethyl, 2-cyclopentylethyl, or

25  2-cyclohexylethyl.

10
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Heterocycloalkyl encompasses a radical attached via a ring carbon of a
monocyclic ring containing four to six ring atoms consisting of carbon and one
to four heteroatoms each selected from the group consisting of non-peroxide
oxygen, sulfur, and N(X) wherein X is absent or is H, O, (C,-C4)alkyl.

5  Examples of heterocycloalkyl groups include piperidine, pyrrolidine,
ethyleneimine, morpholine, tetrahydrofuran and the like

Specific examples of nucleoside or nucleotide derivatives that act as
protein kinase A inhibitors and that can be utilized in the invention can be found
at the Calbiochem website (calbiochem.com). One such inhibitor is adenosine

10 3,5 cyclic monophosphorothioate, 2’-O-monobutyryl-, Rp-Isomer, sodium salt,

depicted below.
NH,
NF N
L LY
N~ N
3 0
Na ;F' 0
N\,
0\"/03H7
s)

Another inhibitor that can be used is adenosine 3°,5” cyclic

monophosphorothioate, 8-chloro-, Rp-isomer, sodium salt, depicted below.
phosp p
NH,
N7 N\
cl
CNIN%
? o
Na* - P
a o P ‘00

15 OH
Another inhibitor that can be used is adenosine 3°,5” cyclic

monophosphorothioate, 8-piperidino-, Rp-isomer, sodium salt, depicted below.
NH,

N g
N N
0]
R
Na* /F' 0
5 NGy
OH

Another inhibitor that can be used is adenosine 3’,5’ cyclic

20  monophosphorothioate, Rp-isomer, triethylammonium salt, depicted below.

11
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The H-89 inhibitor is a potent inhibitor of protein kinase A that can be
used in the invention. The chemical name for the H-89 inhibitor is N-[2-((p-
bromocinnamyl) amino)ethyl]-5-isoquinolinesulfonamide; it is available from

5 Calbiochem. The structure of the H-89 dihydrochloride salt is given below.

The KT5720 inhibitor from Calbiochem can also be used in the

invention. The structure for this inhibitor is provided below.

HO
CH3(CH2)5OOCIH-

10
Ellagic acid is another inhibitor that can be used in the invention and that
is available form Calbiochem. The chemical name for ellagic acid is
4,4°,5,5°,6,6’-hexahydroxydiphenic acid 2,6,2’,6’-dilactone, and the structure for
this inhibitor is given below.
- 2 H20
15

12
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The protein kinase A inhibitor piceatannol, whose structure is shown

below can also be used in the invention. Piceatannol is available from

Calbiochem.
OH
OH
ey~ ()
OH
5 Another example of a compound that can be used as a protein kinase

inhibitor is 1-(5-Isoquinolinesulfonyl)-2-methylpiperazine (H-7), which is
available from Calbiochem. The dihydrochloride salt of this compound is

shown below.

0, -2HCI
| = =
N

10 Another example of a compound that can be used as a protein kinase
inhibitor is N-[2-(methylamino)ethyl]-5-isoquinolinesulfonamide (H-8), which is

available from Calbiochem. The dihydrochloride salt of this compound is

shown below.
N
HIN TN CH,
SO,
S
| -2HCI
N
15 Another example of a compound that can be used as a protein kinase

inhibitor is N-(2-aminoethyl)-5-isoquinolinesulfonamide (H-9), which is
available from Calbiochem. The dihydrochloride salt of this compound is shown
below.
N N NH»
80,

| -2HCI

13
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Another example of a compound that can be used as a protein kinase
inhibitor is (5-isoquinolinesulfonyl)piperazine, 2HCI (H-100), which is available

from Calbiochem. The dihydrochloride salt of this compound is shown below.

N
CJ
$a, -2HCI
NS
N

The PKA inhibitor can also be a peptide inhibitor (PKI). Such a peptide
inhibitor can be any peptide that is recognized and bound by protein kinase A
but that protein kinase A cannot phosphorylate. An example of a peptide
inhibitor is a peptide with a "consensus sequence" for protein kinase A

10 recognition but with alanine in place of serine, for example, a peptide with the
following sequence:
Xaa Arg Arg Xaa Ala Xaa (SEQ ID NO:2)
wherein Xaa is any amino acid, which specifically binds to the
pseudoregion of the regulatory domain of PKA. Another example of such a
15  peptide is a SEQ ID NO:1 peptide variant with alanine in place of serine, that is,
a peptide with the following sequence:
Leu Arg Arg Ala Ala Leu Gly (SEQ ID NO:3)
Myristoylated protein kinase A inhibitor amide (14-22, Cell-Permeable) having
the sequence Myr-N-Gly-Arg-Thr-Gly-Arg-Arg-Asn-Ala-Ile-NH; (SEQ ID
20  NO:4) is another example of a peptide inhibitor that can be utilized in the
invention.

A variety of other PKI peptides can be used as an inhibitor of protein
kinase A in the practice of the invention. For example, several PKI peptides can
be found in the NCBI protein database. See website at ncbi.nlm.nih.gov/

25  Genbank/GenbankOverview. One example of a human PKI peptide can be
found at Genbank Accession No. P04541 (gi 417194)(SEQ ID NO:5), as
follows:

1 MTDVETTYAD FIASGRTGRR NAIHDILVSS ASGNSNELAL
41 KLAGLDINKT EGEEDAQRSS TEQSGEAQGE AAKSES

30
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35

Another example of a human PKI1 peptide is at Genbank Accession No. Q9C010
(gi 17378640)(SEQ ID NO:6), as follows:

1 MRTDSSKMTD VESGVANFAS SARAGRRNAL PDIQSSAATD
41 GTSDLPLKLE ALSVKEDAKE KDEKTTQDQL EKPQONEEK

Another example of a human PKI peptide is at Genbank Accession No. NP

008997 (gi 5902020)(SEQ ID NO:7, as follows:

1 MMEVESSYSD FISCDRTGRR NAVPDIQGDS EAVSVRKLAG
41 DMGELALEGA EGQVEGSAPD KEAGNQPQSS DGTTSS

Another PKI that can be used as an inhibitor has the following sequence:
Ile-Ala-Ser-Gly-Arg-Thr-Gly-Arg-Arg-Asn-Ala-Ile-His-Asp-Ile-Leu-Val-Ser-
Ser-Ala (SEQ ID NO:8). Alternatively, the PKI to be used as an inhibitor with
the following sequence: Ile-Ala-Ser-Gly-Arg-Thr-Gly-Arg-Arg-Asn-Ala-lle-
His-Asp (SEQ ID NO:9). In other embodiments, a PKI with the following
sequence can be used as an inhibitor: Tyr-Ala-Asp-Phe-Ile-Ala-Ser-Gly-Arg-
Thr-Gly-Arg-Arg-Asn-Ala-Ile-His-Asp (SEQ ID NO:10). See, Scott et al.
Primary-structure requirements for inhibition by the heat-stable inhibitor of the
cAMP-dependent protein kinase. Proc Natl Acad Sci U S A. 1986
Mar;83(6):1613-16, for further details on this inhibitor.

Further examples of protein kinase A inhibitors are provided in the
following references: Muniz et al., Proceedings of the National Academy of
Sciences USA 1997 Dec 23; 94(26) 14461-66; Baude et al., Journal of
Biological Chemistry Vol. 269 issue 27 18128-18133 (Jul. 1994); Scott et al.

Primary-structure requirements for inhibition by the heat-stable inhibitor
of the cAMP-dependent protein kinase. Proc Natl Acad Sci U S A. 1986
Mar;83(6):1613-16; and Scott et al., Identification of an inhibitory region of the
heat-stable protein inhibitor of the cAMP-dependent protein kinase. Proc Natl
Acad Sci U S A. 1985 Jul;82(13):4379-83.

Culture Conditions

The hepatocytes employed in the compositions and methods of the
present invention are isolated as described herein and maintained or cultured in
an appropriate fluid, at an appropriate temperature and with exposure to an

appropriate atmosphere. Examples of suitable fluids for maintaining, culturing
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and growing hepatocytes include culture medium, plasma or blood. A "growth
environment” is an environment in which cells of interest will proliferate in
vitro. A "nutrient medium" is a medium for culturing cells containing nutrients
that promote proliferation. The nutrient medium may contain any of the
following in an appropriate combination: isotonic saline, buffer, amino acids,
antibiotics, serum or serum replacement, and exogenously added factors. A
"conditioned medium" is prepared by culturing a first population of cells in a
medium, and then harvesting the medium. The conditioned medium (along with
anything secreted into the medium by the cells) may then be used to support the
growth of a second population of cells.

In some embodiments, the culture media employed is Williams E media,
which can be purchased from Sigma or Gibco-BRL. Such a culture media can
be supplemented with additional factors including, for example, pyruvate at
about 1mM (available from Gibco-BRL), Insulin at about 20mU/ml (available
from Sigma), antibiotic such as penicillin and/or streptomycin at about 100U/ml
(available from Gibco-BRL), a buffer such as HEPES at about 20mM (available
from Gibco-BRL), steroids or hormones such as dexamethosone at about SnM
(available from Sigma), vitamins such as ascorbic acid at about 100ug/ml
(available from Gibco-BRL), and growth factors such as endothelial growth
factor or epithelial growth factor at 10ng/ml (available from BD Biosciences).

Additional factors have been employed in the culture media to promote
differentiated function. For example, addition of DMSO to cultures enhances
certain differentiated functions. The formation of hepatocyte aggregates, or
spheroids, which occurs in low-adhesive or non-adhesive conditions such as
spinner cultures also leads to enhanced differentiated functions. Cyclin D1, a
crucial cell cycle regulatory protein important for promoting progression from
Gl into S phase of the cell cycle, appears to be a critical determinant of
hepatocyte proliferation and its expression is exquisitely regulated by a number
of extracellular factors including growth factors (Albrecht 1999), ECM (Hansen
1999), and cell-cell interaction. Studies indicate that over-expression of cyclin
D1 can force growth-arrested hepatocytes on collagen gel to proceed at least
through G1 into an S phase of the cell cycle (Nelsen 2001a). Indeed, over-

expression of cyclin D1 in vivo can induce resting hepatocytes in the liver to
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undergo proliferation resulting in increased liver mass (Nelson 2001b). These
conditions can also be employed in the practice of the invention.

Other features of the environment can beneficially influence the growth
and maintenance of hepatocytes in culture including the temperature, the partial
pressure of O, and CO,, and a supporting structure (such as a substrate on a solid
surface) if present. For example, the support matrix can be a collagen matrix, a
collagen film or a collagen gel sandwich. Collagen can be produced into
different types, or conformations, of matrix. One example is a film, which is a
thin layer of collagen adsorbed onto a plastic dish. Another collagen matrix is
gel, in which collagen polymerizes into fibrils. Gel can be layered on the bottom
of a dish, which is commonly then referred to simply as a collagen gel. When
gel is also layered over the top of cells, it is called a collagen gel sandwich. A
collagen gel sandwich is a matrix condition consisting of two layers of type I
collagen, one on the basal surface of cells and one overlaying the upper surface
of cells. The bottom layer is generally coated on a plate (usually type I collagen,
or Matrigel™ or fibronectin) on which cells are plated. After cell attachment, a

type I collagen solution is poured over the cells and allowed to polymerize.

Hepatocyte Cells

The hepatocytes used in the invention can be obtained from a variety of
sources and can be at different stages of differentiation. In general, while
mature, differentiated hepatocytes are preferred for certain applications, younger,
hepatocyte precursors are also useful for other applications. Moreover, when a
source of hepatocyte stem cells is available, those stem cells can be cultured
under conditions that promote the growth and differentiation of mature
hepatocytes. Hence, hepatocyte precursor cells and hepatocyte stem cells are
highly useful in the invention even when mature hepatocytes are ultimately
chosen to be employed in a specific application.

A "hepatocyte precursor cell” or a "hepatocyte stem cell” is a cell that
can proliferate and further differentiate into a hepatocyte, under suitable
environmental conditions. Such cells may on occasion have the capacity to
produce other types of progeny, such as oval cells, bile duct epithelial cells, or

additional hepatocyte precursor cells. In particular, two classes of progenitors in
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the liver have been identified that have “stem cell” characteristics: oval cells and
peri-ductular endodermal stem cells (Petersen 1999, Sell 2001, Suzuki 2002,
Suzuki 2000).

Prototype "Pluripotent Stem cells" (PS cells) are pluripotent cells derived
from pre-embryonic, embryonic, or fetal tissue at any time after fertilization, and
have the characteristic of being capable under the right conditions of producing
progeny of several different cell types. As defined for the purposes of this
disclosure, PS cells are capable of producing progeny that are derivatives of all
of the three germinal layers: endoderm, mesoderm, and ectoderm, according to a
standard art-accepted test, such as the ability to form a teratoma in a suitable
host.

Non-limiting examples of pluripotent stem cells are human embryonic
stem (hES) cells (Thomson 1998); embryonic stem cells from other primates,
such as Rhesus stem cells (Thomson 1995); and human embryonic germ (hEG)
cells (Shamblott 1998). Other types of non-malignant pluripotent cells are also
included in the term. Specifically, any cells of primate origin that are fully
pluripotent (capable of producing progeny that are derivatives of all three
germinal layers) are included, regardless of whether they were derived from
embryonic tissue, fetal tissue, or other sources. PS cell cultures are said to be
"essentially undifferentiated” when they display the morphology that clearly
distinguishes them from differentiated cells of embryo or adult origin. PS cells
typically have high nuclear/cytoplasmic ratios, prominent nucleoli, and compact
colony formation with poorly discernable cell junctions, and are easily
recognized by those skilled in the art. Colonies of undifferentiated cells can be
surrounded by neighboring cells that are differentiated. Nevertheless, the
essentially undifferentiated colony will persist when cultured under appropriate
conditions, and undifferentiated cells constitute a prominent proportion of cells
proliferating upon passaging of the cultured cells. Cell populations that contain
any proportion of undifferentiated PS with these criteria can be used in this
invention. Cell cultures described as essentially undifferentiated will typically
contain at least about 20%, 40%, 60%, or 80% undifferentiated PS, in order of

increasing preference.
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Until recently, it was thought that adult stem cells could only
differentiate into cells of the tissue of origin. Several recent studies, though,
suggested that adult stem cells differentiate into lineages other than the tissue of
origin. Following transplantation of BM or enriched hematopoietic stem cells
(HSC), skeletal myoblasts (Ferrari 1998, Gussoni 1999) cardiac myoblasts (Orlic
2001, Jackson 2001), endothelium ( Jackson 2001, Lin 2000), hepatic and biliary
duct epithelium (Petersen 1999, Lagasse 2000, Theise 2000), and other tissue-
specific cells of donor origin have been detected.

A rare cell within human BM mesenchymal stem cell (MSC) cultures
that can be expanded for greater than 100 population doublings has been
identified (WO 01/11011). This cell differentiates not only into mesenchymal
lineage cells but also endothelium and endoderm. This cell was termed a
“multipotent adult progenitor cell” or MAPC. Similar MAPCs can be generated
from mouse and rat BM. Because MAPCs proliferate extensively without
obvious senescence or loss of differentiation potential, differentiate into
functional hepatocytes in vitro, and into lung epithelium and hepatic epithelium
in vivo, they may be an ideal cell source for cell-based clinical therapies.

If mature hepatocytes are desired, liver cells can be obtained from a
suitable mammalian source to generate primary cultures of mature hepatocytes.
Alternatively, stem cells or hepatocyte precursor cells can be obtained and
differentiated into mature hepatocytes. Cells can also be sorted for multiple
markers that distinguish distinct subcategories of hepatic precursor cell
populations. Examples of markers include (a) the extent of granularity as
measured by side scatter on fluorescence activated cell sorting, wherein more
immature cell populations are more agranular, and increasing granularity
correlates with increasing maturity; (b) the extent of autofluorescence, wherein
increasing autofluorescence correlates with increasing maturity; and/or (c) the
expression of a hepatic cell marker (such as the oval cell marker OC.3, which is
detected by monoclonal antibody 374.3).

Liver cells which do not express hemopoietic or endothelial cell antigens
recognized by monoclonal antibodies OX-43 and/or OX-44 (which recognize

myeloid cells and endothelia) and which do not express antigens recognized by a
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monoclonal antibody to an erythroid antigen comprise less mature hepatoblasts.
Different hepatoblasts have different characteristics, as follows:

(1) More granular cells, which are OC.3", are committed bile duct
precursors. These cells are also AFP*, albumin” and CK 19"

(2) More granular cells, which are OC.3", are committed hepatocyte
precursors. These cells are also AFP*, albumin™", and CK 19",

(3) Agranular cells, which are OC.3", are very immature hepatic
precursors. These cells are also AFP*, albumin® and CK 19

The invention is further directed to the use of hepatocytes cultured by the
methods of the invention. The isolated hepatocytes of the invention can be used
for to treat liver dysfunction. For example, hepatocytes can be injected into the
body, such as into the liver or into an ectopic site. Whole liver transplantation,
which requires costly and dangerous major surgery, can be replaced by a minor
surgical procedure which introduces hepatocytes either into the liver via the
portal vein or at an ectopic site such as the spleen. In addition, hepatoctes can be
used in bioreactors or in culture apparatus to form artificial livers. Further,
hepatocytes can be used in gene therapy, drug testing, vaccine production and
any research, commercial or therapeutic purpose that requires liver cells of

varying extents of maturity. These utilities are further described below.

Applications

The ability to enhance the propagation and differentiation of hepatocytes
facilitates the development of many different hepatocyte-based tissue
engineering applications. The improved procedures for adult hepatocyte
propagation provided herein can be utilized in several types of in vivo cell
transplantation applications, including models in which a patient’s own
hepatocytes are harvested and expended for eventual autologous cell
transplantation following in vitro gene therapy, or when cells are obtained from a
single donated organ and expanded for multiple heterologous cell
transplantation. Alternatively, stem cells may be propagated into differentiated
hepatocytes and used in these models, or in bioartificial liver devices, offering an

easily renewable and readily available source of cells for large scale reactor use.
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In addition to tissue engineering applications, the development of a tissue
culture system in which adult human hepatocytes are propagated and maintained
long term in a differentiated state is extremely beneficial in pharmaceutical
applications for drug metabolism and toxicity testing. Such in vitro tests in
isolated hepatocytes are currently very difficult due to their rapid
dedifferentiation and particularly the loss of cytochrome P450 enzyme
expression and activity. Maintenance of cytochrome P450 enzyme activity on
type I collagen substrates along with retained proliferative capacity would
greatly benefit this field.

The present invention addresses a great need in tissue engineering, which
is the limitation of cell sources and ability to propagate such cells in culture.
This problem is particularly acute in the field of liver tissue engineering, in
which the functional cell type, the hepatocyte, is stubbornly difficult to
propagate and maintain in a differentiated state. The starting materials of the
present invention can be stem cells, and also primary hepatocytes.

This invention provides a method by which large numbers of cells of the
hepatocyte lineage can be produced. These cell populations can be used for a

number of important research, development, and commercial purposes.

Restoration of Liver Function

The invention provides for the use of proliferative and differentiative
hepatocytes to restore a degree of liver function to a subject needing such
therapy, perhaps due to an acute, chronic, or inherited impairment of liver
function.

To determine the suitability of proliferative and differentiative
hepatocytes for therapeutic applications, the cells can first be tested in a suitable
animal model. At one level, cells are assessed for their ability to survive and
maintain their phenotype in vivo. Proliferative and differentiative hepatocytes are
administered to immunodeficient animals (such as SCID mice, or animals
rendered immunodeficient chemically or by irradiation) at a site amenable for
further observation, such as under the kidney capsule, into the spleen, or into a
liver lobule. Tissues are harvested after a period of a few days to several weeks

or more, and assessed as to whether proliferative and differentiative hepatocytes
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are still present. This can be performed by providing the administered cells with
a detectable label (such as green fluorescent protein, or beta-galactosidase); or
by measuring a constitutive marker specific for the administered cells. Where
proliferative and differentiative hepatocytes are being tested in a rodent model,
the presence and phenotype of the administered cells can be assessed by
immunohistochemistry or ELISA using human-specific antibody, or by RT-PCR
analysis using primers and hybridization conditions that cause amplification to
be specific for human polynucleotide sequences. General descriptions for
determining the fate of hepatocyte-like cells in animal models is provided in
Grompe (1999); Peeters (1997;) and Ohashi (2000).

At another level, proliferative and differentiative hepatocytes are
assessed for their ability to restore liver function in an animal lacking full liver
function. Braun (2000) outlines a model for toxin-induced liver disease in mice
transgenic for the HSV tk gene. Rhim (1995) and Lieber (1995) outline models
for liver disease by expression of urokinase. Mignon (1998) outline liver disease
induced by antibody to the cell-surface marker Fas. Overturf (1998) have
developed a model for Hereditary Tyrosinemia Type I in mice by targeted
disruption of the Fah gene. The animals can be rescued from the deficiency by
providing a supply of 2-(2-nitro-4-fluoro-methyl-benzyol)-1,3-cyclohexanedione
(NTBC), but develop liver disease when NTBC is withdrawn. Acute liver
disease can be modeled by 90% hepatectomy (Kobayashi 2000). Acute liver
disease can also be modeled by treating animals with a hepatotoxin such as
galactosamine, CCly, or thioacetamide. Chronic liver diseases such as cirrhosis
can be modeled by treating animals with a sub-lethal dose of a hepatotoxin long
enough to induce fibrosis (Rudolph 2000). Assessing the ability of differentiated
cells to reconstitute liver function involves administering the cells to such
animals, and then determining survival over a 1 to 8 week period or more, while
monitoring the animals for progress of the condition. Effects on hepatic function
can be determined by evaluating markers expressed in liver tissue, cytochrome
p450 activity, and blood indicators, such as alkaline phosphatase activity,
bilirubin conjugation, and prothrombin time), and survival of the host. Any

improvement in survival, disease progression, or maintenance of hepatic
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function according to any of these criteria relates to effectiveness of the therapy,
and can lead to further optimization.

This invention includes differentiated cells that are encapsulated, or part
of a bioartificial liver device. Various forms of encapsulation are described in
"Cell Encapsulation Technology and Therapeutics", Kuhtreiber ef al. eds.,
Birkhauser, Boston Mass., 1999. Differentiated cells of this invention can be
encapsulated according to such methods for use either in vitro or in vivo.

Bioartificial organs for clinical use are designed to support an individual

with impaired liver function--either as a part of long-term therapy, or to bridge

the time between a fulminant hepatic failure and hepatic reconstitution or liver
transplant. Bioartificial liver devices are reviewed by Macdonald et al., pp. 252-
286 of "Cell Encapsulation Technology and Therapeutics", op cit., and
exemplified in U.S. Pat. Nos. 5,290,684, 5,624,840, 5,837,234, 5,853,717, and
5,935,849. Suspension-type bioartificial livers comprise cells suspended in plate
dialyzers, or microencapsulated in a suitable substrate, or attached to
microcarrier beads coated with extracellular matrix. Alternatively, hepatocytes
can be placed on a solid support in a packed bed, in a multiplate flat bed, on a
microchannel screen, or surrounding hollow fiber capillaries. The device has
inlet and outlet through which the subject's blood is passed, and sometimes a
separate set of ports for supplying nutrients to the cells.

Current proposals for such liver support devices involve hepatocytes
from a xenogeneic source, such as a suspension of porcine hepatocytes, because
of the paucity of available primary human hepatocytes. Xenogeneic tissue
sources raise regulatory concerns regarding immunogenicity and possible cross-
species viral transmission.

The present invention provides a system for generating preparative
cultures of human cells. Differentiated pluripotent stem cells are prepared
according to the methods described earlier, and then plated into the device on a
suitable substrate, such as a matrix of Matrigel™ or collagen. The efficacy of the
device can be assessed by comparing the composition of blood in the afferent
channel with that in the efferent channel--in terms of metabolites removed from

the afferent flow, and newly synthesized proteins in the efferent flow.
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Devices of this kind can be used to detoxify a fluid such as blood,
wherein the fluid comes into contact with the differentiated cells of this
invention under conditions that permit the cell to remove or modify a toxin in the
fluid. The detoxification will involve removing or altering at least one ligand,
metabolite, or other compound (either natural or synthetic) that is usually
processed by the liver. Such compounds include but are not limited to bilirubin,
bile acids, urea, heme, lipoprotein, carbohydrates, transferrin, hemopexin,
asialoglycoproteins, hormones like insulin and glucagon, and a variety of small
molecule drugs. The device can also be used to enrich the efferent fluid with
synthesized proteins such as albumin, acute phase reactants, and unloaded carrier
proteins. The device can be optimized so that a variety of these functions are
performed, thereby restoring as many hepatic functions as are needed. In the
context of therapeutic care, the device processes blood flowing from a patient in
hepatocyte failure, and then the blood is returned to the patient.

The present invention relates to a liver-assist device. Example of devices
that are used for bioartificial liver support is found in U.S. Patent No. 6,294,380;
U.S. Patent No. 5,866,420; U.S. Patent No. 5,605,835; U.S. Patent No.
5,595,909; U.S. Patent No. 4,853,324 and U.S. Patent No. 4,675,002. All of
these patents are incorporated by reference herein.

An embodiment of the present invention is a novel detoxification system,
referred to as a "specific Extracorporeal Liver Assist Device" ("sELAD"), which
is based on a special functional hepatocyte cell line. By the term "specific
Extracorporeal Liver Assist Device" it is meant an extracorporeal liver support
system which provides augmentation of functional activities which are typically
diminished in hepatic dysfunction, and which are considered important in the
recovery from hepatic coma, frequently seen in fulminant hepatic failure
patients. Since it is difficult to obtain an extracorporeal liver support system
which displays all of the biochemical potential of hepatocytes in vivo, the system
may possess some of the main hepatic functions, preferentially detoxification.
Preferably the extracorporeal liver support system possesses enhanced or
elevated detoxification function by way of employment of hepatocytes,

inoculated into the system, which have several times higher the content of
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detoxification enzymes and detoxificants than freshly isolated or transformed
hepafocytes.

A bioartificial liver support system that applies the principles of the
present invention provides an effective alternative to treat patients with
fulminant hepatic failure. The device and method of the present invention can be
used not only in bridging the patient to orthotopic transplantation, but also in
preventing the patient from developing encephalopathy.

The immediate objective of any extracorporeal liver-support system is to
maintain a patient with fulminant hepatic failure until the patient's own liver
regenerates, or to bridge the patient to orthotropic transplantation. Most liver
support systems used today are directed to blood detoxification because
detoxification is considered an essential requirement for an extracorporeal liver
support system. The metabolism of toxic substances by living cells in a |
hepatocyte bioreactor reduces toxicity, thus producing beneficial effects for the
recovery of patients.

The quantity of hepatocytes inoculated into a bioreactor is another
important factor that influences the efficiency of current bioartificial liver
support systems. Although the exact number of hepatocytes in a convention
bioreactor is not known, it is generally accepted that the cell mass is in the order
of 100-300 g extracorporeal support.

The number of cells in a single bioreactor of the present invention can be
about 2.5-7.5 billion in magnitude, about 25-75 gram per single module. In order
to accommodate such a huge number of cells, a special bioreactor configuration
was designed. The cells were allowed to grow to confluence on microcarriers.
The cell-attached microcarriers where then moved into a bioreactor, where a
continuous supply of nutrition and oxygen was provided to guarantee
maintenance of steady functioning of the hepatocytes.

In modulation of the detoxification function, it was determined that
highly differentiated human hepatocytes are optimal. An immortalized cell line
with highly differentiated functions is preferred. Besides providing an unlimited
cell division capacity, immortalized human hepatocytes obviate concerns about
species specific metabolic differences. Further any infusion of proteins from the

human hepatocytes is less likely to cause immune-mediated reactions than non-
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human proteins, especially after prolonged or repeated use. Methods for the
establishment of immortalized cell lines are well known in the art, and are
available using advanced cell and tissue culture technology. However, in order to
obtain a clonal expansion of hepatocytes from normal liver tissue, special
procedures in developing cell line are necessary, such as the use of new type
matrix, growth factors or conditioned medium and induction of clonal

expansion.

Proliferative and differentiative hepatocytes of this invention that
demonstrate desirable functional characteristics in animal models (such as those
described above) may also be suitable for direct administration to human
subjects with impaired liver function. For purposes of hemostasis, the cells can
be administered at any site that has adequate access to the circulation, typically
within the abdominal cavity. For some metabolic and detoxification functions, it
is advantageous for the cells to have access to the biliary tract. Accordingly, the
cells are administered near the liver (e.g., in the treatment of chronic liver
disease) or the spleen (e.g., in the treatment of fulminant hepatic failure). In one
method, the cells administered into the hepatic circulation either through the
hepatic artery, or through the portal vein, by infusion through an in-dwelling
catheter. A catheter in the portal vein can be manipulated so that the cells flow
principally into the spleen, or the liver, or a combination of both. In another
method, the cells are administered by placing a bolus in a cavity near the target
organ, typically in an excipient or matrix that will keep the bolus in place. In
another method, the cells are injected directly into a lobe of the liver or the
spleen.

The differentiated cells of this invention can be used for therapy of any
subject in need of having hepatic function restored or supplemented. Human
conditions that may be appropriate for such therapy include fulminant hepatic
failure due to any cause, viral hepatitis, drug-induced liver injury, cirrhosis,
inherited hepatic insufficiency (such as Wilson's disease, Gilbert's syndrome, or
alpha, -antitrypsin deficiency), hepatobiliary carcinoma, autoimmune liver
disease (such as autoimmune chronic hepatitis or primary biliary cirrhosis), and
any other condition that results in impaired hepatic function. For human therapy,

the dose is generally between about 10° and 10'? cells, and typically between
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about 5 x 10°and 5 x 10" cells, making adjustments for the body weight of the
subject, nature and severity of the affliction, and the replicative capacity of the
administered cells. The ultimate responsibility for determining the mode of

treatment and the appropriate dose lies with the managing clinician.

Preparation of Expression Libraries and Specific Antibody

The differentiated cells of this invention can also be used to prepare a
cDNA library relatively uncontaminated with cDNA preferentially expressed in
cells from other lineages. For example, the cells are collected by centrifugation
at 1000 rpm for 5 min, and then mRNA is prepared from the pellet by standard
techniques (Sambrook 2001). After reverse transcribing into cDNA, the
preparation can be subtracted with cDNA from any or all of the following cell
types: undifferentiated PS, embryonic fibroblasts, visceral endoderm, sinusoidal
endothelial cells, bile duct epithelium, or other cells of undesired specificity,
thereby producing a select cDNA library, reflecting expression patterns that are
representative of mature hepatocytes, hepatocyte precursors, or both.

The proliferative and differentiative hepatocytes of this invention can
also be used to prepare antibodies that are specific for hepatocyte markers,
progenitor cell markers, markers that are specific for hepatocyte precursors, and
other antigens that may be expressed on the cells. The cells of this invention
provide an improved way of raising such antibodies because they are relatively
enriched for particular cell types compared with proliferative and differentiative
hepatocyte cultures and hepatocyte cultures made from liver tissue. Polyclonal
antibodies can be prepared by injecting a vertebrate with cells of this invention
in an immunogenic form. Production of monoclonal antibodies is described in a
standard reference such as Methods in Enzymology 73B:3 (1981), or U.S. Pat.
Nos. 4,491,632, 4,472,500 and 4,444,887. Other methods of obtaining specific
antibody molecules (optimally in the form of single-chain variable regions)
involve contacting a library of immunocompetent cells or viral particles with the
target antigen, and growing out positively selected clones (See Marks 1996,
International Patent Applications WO 94/13804, WO 92/01047, WO 90/02809,
and McGuiness 1996). By positively selecting using proliferative and

differentiative hepatocytes of this invention, and negatively selecting using cells
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bearing more broadly distributed antigens (such as differentiated embryonic
cells) or adult-derived stem cells, the desired specificity can be obtained. The
antibodies in turn can be used to identify or rescue hepatocyte precursor cells of
a desired phenotype from a mixed cell population, for purposes such as co-
staining during immunodiagnosis using tissue samples, and isolating such cells

from mature hepatocytes or cells of other lineages.

Genomics

Proliferative and differentiative hepatocytes are of interest to identify
expression patterns of transcripts and newly synthesized proteins that are
characteristic for hepatocyte precursor cells, and may assist in directing the
differentiation pathway or facilitating interaction between cells. Expression
patterns of the differentiated cells are obtained and compared with control cell
lines, such as undifferentiated hepatocytes or PS cells, other types of committed
precursor cells (such as PS cells differentiated towards other lineages,
hematopoietic stem cells, precursor cells for other mesoderm-derived tissue,
precursor cells for endothelium or bile duct epithelium, hepatocyte stem cells
obtained from adult tissues, or PS cells differentiated towards the hepatocyte
lineage using alternative reagents or techniques).

Suitable methods for comparing expression at the protein level include
the immunoassay or immunohistochemistry techniques describe earlier. Suitable
methods for comparing expression at the level of transcription include methods
of differential display of mRNA (Liang 1992), and matrix array expression
systems (Schena 1995; Eisen 1999; Brown 1999).

The use of microarray in analyzing gene expression is reviewed by
several researchers (Fritz 2000; "Microarray Biochip Technology"”, M. Schena
ed., Eaton Publishing Company; "Microarray analysis", Gwynne 1999); Pollack
1999; Gerhold 1999; "Gene Chips (DNA Microarrays)", L Shi, www.Gene-
Chips.com). Systems and reagents for performing microarray analysis are
available commercially from companies such as Affymetrix, Inc., Santa Clara
Calif.; Gene Logic Inc., Columbia Md.; Hyseq Inc., Sunnyvale Calif.; Molecular
Dynamics Inc., Sunnyvale Calif.; Nanogen, San Diego Calif.; and Synteni Inc.,
Fremont Calif. (acquired by Incyte Genomics, Palo Alto Calif.).
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Solid-phase arrays are manufactured by attaching the probe at specific
sites either by synthesizing the probe at the desired position, or by
presynthesizing the probe fragment and then attaching it to the solid support. A
variety of solid supports can be used, including glasses, plastics, ceramics,
metals, gels, membranes, paper, and beads of various compositions. U.S. Pat.
No. 5,445,934 discloses a method of on-chip synthesis, in which a glass slide is
derivatized with a chemical species containing a photo-cleavable protecting
group. Each site is sequentially deprotected by irradiation through a mask, and
then reacted with a DNA monomer containing a photoprotective group. Methods
for attaching a presynthesized probe onto a solid support include adsorption,
ultra violet linking, and covalent attachment. In one example, the solid support is
modified to carry an active group, such as hydroxyl, carboxyl, amine, aldehyde,
hydrazine, epoxide, bromoacetyl, maleimide, or thiol groups through which the
probe is attached (U.S. Pat. Nos. 5,474,895 and 5,514,785).

The probing assay is typically conducted by contacting the array by a
fluid potentially containing the nucleotide sequences of interest under suitable
conditions for hybridization, and then determining any hybrid formed. For
example, mRNA or DNA in the sample is amplified in the presence of
nucleotides attached to a suitable label, such as the fluorescent labels Cy3 or
Cy5. Conditions are adjusted so that hybridization occurs with precise
complementary matches or with various degrees of homology, as appropriate.
The array is then washed, and bound nucleic acid is determined by measuring
the presence or amount of label associated with the solid phase. Different
samples can be compared between arrays for relative levels of expression,
optionally standardized using genes expressed in most cells of interest, such as a
ribosomal or house-keeping gene, or as a proportion of total polynucleotide in
the sample. Alternatively, samples from two or more different sources can be
tested simultaneously on the same array, by preparing the amplified
polynucleotide from each source with a different label.

An exemplary method is conducted using a Genetic Microsystems array
generator, and an Axon GenePix™. Scanner. Microarrays are prepared by first
amplifying cDNA fragments encoding marker sequences to be analyzed in a 96
or 384 well format. The cDNA is then spotted directly onto glass slides at a
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density as high as >5,000 per slide. To compare mRNA preparations from two
cells of interest, one preparation is converted into Cy3-labeled cDNA, while the
other is converted into Cy5-labeled cDNA. The two cDNA preparations are
hybridized simultaneously to the microarray slide, and then washed to eliminate
non-specific binding. Any given spot on the array will bind each of the cDNA
products in proportion to abundance of the transcript in the two original mRNA
preparations. The slide is then scanned at wavelengths appropriate for each of
the labels, the resulting fluorescence is quantified, and the results are formatted
to give an indication of the relative abundance of mRNA for each marker on the
array.

Identifying expression products for use in characterizing and affecting
differentiated cells of this invention involves analyzing the expression level of
RNA, protein, or other gene product in a first cell type, such as a PS cell
differentiated along the hepatocyte lineage, analyzing the expression level of the
same product in a control cell type, comparing the relative expression level
between the two cell types, (typically normalized by total protein or RNA in the
sample, or in comparison with another gene product expected to be expressed at
a similar level in both cell types, such as a house-keeping gene), and identifying
products of interest based on the comparative expression level.

Products will typically be of interest if their relative expression level is at
least about 2-fold, 10-fold, or 100-fold elevated (or suppressed) in proliferative
and differentiative hepatocytes of this invention, in comparison with the control.
This analysis can optionally be computer-assisted, by marking the expression
level in each cell type on an independent axis, wherein the position of the mark
relative to each axis is in accordance with the expression level in the respective
cell, and then selecting a product of interest based on the position of the mark.
Alternatively, the difference in expression between the first cell and the control
cell can be represented on a color spectrum (for example, where yellow
represents equivalent expression levels, red indicates augmented expression and
blue represents suppressed expression). The product of interest can then be
selected based on the color representing expression of one marker of interest, or

based on a pattern of colors representing a plurality of markers.
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Proliferative and Differentiative Hepatocytes for Drug Screening

Proliferative and differentiative hepatocytes of this invention can be used
to screen for factors (such as solvents, small molecule drugs, peptides,
polynucleotides, and the like) or environmental conditions (such as culture
conditions or manipulation) that affect the characteristics of differentiated cells
of the hepatocyte lineage.

In some applications, proliferative and differentiative hepatocytes are
used to screen factors that promote maturation of cells along the hepatocyte
lineage, or promote proliferation and maintenance of such cells in long-term
culture. For example, candidate hepatocyte maturation factors or growth factors
are tested by adding them to the cells in different wells, and then determining
any phenotypic change that results, according to desirable criteria for further
culture and use of the cells.

Particular screening applications of this invention relate to the testing of
pharmaceutical compounds in drug research. (See generally, "In vitro Methods
in Pharmaceutical Research", Academic Press, 1997, and U.S. Pat. No.
5,030,015). In this invention, proliferative and differentiative hepatocytes play
the role of test cells for standard drug screening and toxicity assays, as have been
previously performed on hepatocyte cell lines or primary hepatocytes in short-
term culture. Assessment of the activity of candidate pharmaceutical compounds
generally involves combining the differentiated cells of this invention with the
candidate compound, determining any change in the morphology, marker
phenotype, or metabolic activity of the cells that is attributable to the compound
(compared with untreated cells or cells treated with an inert compound), and then
correlating the effect of the compound with the observed change. The screening
may be done either because the compound is designed to have a pharmacological
effect on liver cells, or because a compound designed to have effects elsewhere
may have unintended hepatic side effects. Two or more drugs can be tested in
combination (by combining with the cells either simultaneously or sequentially),
to detect possible drug-drug interaction effects.

In some applications, compounds are screened initially for potential
hepatotoxicity (Castell 1997). Cytotoxicity can be determined in the first

instance by the effect on cell viability, survival, morphology, and leakage of
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enzymes into the culture medium. More detailed analysis is conducted to
determine whether compounds affect cell function (such as gluconeogenesis,
ureogenesis, and plasma protein synthesis) without causing toxicity. Lactate
dehydrogenase (LDH) is a good marker because the hepatic isoenzyme (type V)
is stable in culture conditions, allowing reproducible measurements in culture
supernatants after 12-24 h incubation. Leakage of enzymes such as
mitochondrial glutamate oxaloacetate transaminase and glutamate pyruvate
transaminase can also be used (Gomez-Lechon 1996) describe a microassay for
measuring glycogen, which can be applied to measure the effect of
pharmaceutical compounds on hepatocyte gluconeogenesis.

Other current methods to evaluate hepatotoxicity include determination
of the synthesis and secretion of albumin, cholesterol, and lipoproteins; transport
of conjugated bile acids and bilirubin; ureagenesis; cytochrome p450 levels and
activities; glutathione levels; release of .alpha.-glutathione s-transferase; ATP,
ADP, and AMP metabolism; intracellular K* and Ca®' concentrations; the
release of nuclear matrix proteins or oligonucleosomes; and induction of
apoptosis (indicated by cell rounding, condensation of chromatin, and nuclear
fragmentation). DNA synthesis can be measured as [*H]-thymidine or BrdU
incorporation. Effects of a drug on DNA synthesis or structure can be
determined by measuring DNA synthesis or repair. [*H]-thymidine or BrdU
incorporation, especially at unscheduled times in the cell cycle, or above the
level required for cell replication, is consistent with a drug effect: Unwanted
effects can also include unusual rates of sister chromatid exchange, determined

by metaphase spread (See generally, Vickers 1997).

The following examples provide further non-limiting illustrations of

particular embodiments of the invention.

EXAMPLE 1
Hepatocyte Cell Cycle Progression is Substrate-Dependent
Regulation of ERK activity by collagen structure
Primary rat hepatocytes cultured on a thin, monomeric films of type |

collagen (Vitrogen™) spread and proceeded through one round of the cell cycle
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in the presence of epidermal growth factor (EGF) in defined, serum-free
medium. In contrast, hepatocytes cultured on denatured collagen (Vitrogen)
substrate maintained round morphology and did not proliferate. Cyclin D1
mRNA, protein, and associated kinase activity that are typically associated with
an active cell cycle were absent in these cells. However, the level of other cell
cycle-related molecules, e.g., p27, cyclin E, did not differ on the two substrates
(Hansen 1999). These data indicate that signal transduction pathways upstream
of cyclin D1 are inhibited on collagen gel, and the lack of cyclin D1 is a critical
step in growth inhibition on this substrate.

Studies were initiated to identify potential differences in ECM-mediated
signaling pathways induced by collagen film and gel. One pathway known to be
initiated by both growth factor stimulation and adhesion is the mitogen-activated
protein (MAP) kinase pathway. While different MAP kinase pathways have
been identified, the one most commonly associated with both growth factor and
ECM-induced activation was the p42/44 extracellular-regulated kinase (ERK 1
and 2) (Chen 1994, Morino 1995, Zhu 1995). Once activated by upstream
kinases (i.e., MEKs, MKKs), ERKSs are responsible for phosphorylating
numerous proteins, including trdnscription factors.

To determine if ERK activation occurs on both collagen substrates (film
and gel), phosphorylation of ERKs was measured using Western blot analysis
and antibodies against the phosphorylated form of ERK 1/2 (New England
Biolabs). ERKs are phosphorylated in freshly isolated hepatocytes compared to
liver tissue, demonstrating that collagenase perfusion alone induces initial ERK
phosphorylation. Once plated onto collagen film, ERK phosphorylation
persisted and increased slightly over the first 2 hours in culture, then gradually
diminished out to 24 hours. A second peak of phosphorylation was observed by
48 hours, just prior to entry into S phase. Both peaks of phosphorylation
correlated with increased ERK kinase activity as determined by in vitro kinase
assays. In contrast, the initial phosphorylation subsides more rapidly in cells on
collagen gel and the second peak of ERK phosphorylation was absent. Kinase
activity was also greatly reduced on collagen gel. The second peak of ERK

activity, but not the first, appeared necessary for S phase, because inhibition of
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the upstream kinase MEK1 during late G, using U0126, a chemical inhibitor of
MEK], inhibits DNA synthesis, while inhibition during early G, does not.
Thus, ERK activation in late-G1 is inhibited by substrate conformation.

This is the first demonstration of substrate-dependent late G1 ERK activity.

Regulation of Ras/RAF/MEK and EGF Receptor by Collagen Structure

Additional studies indicate that constitutively active (CA) forms of the
genes expressing upstream activators of ERK (Ras, Raf, and MEK) were
inactive on collagen gel. Over-expression of these ERK activators using
adenoviral vectors led to restoration of progression through G1 and into S phase
(DNA synthesis) in hepatocytes on collagen gel. These data demonstrate that
cell cycle inhibition on collagen gel likely lies upstream of Ras, because active
Ras can restore all downstream activities measured.

Activation of Ras requires signaling from growth factor receptors. Upon
binding of epidermal growth factor (EGF), the EGF receptor (EGFr) transmits
intracellular signals by autophosphorylation on tyrosine residues. Lysates from
hepatocytes cultured on film or gel from 0.5 to 4 hours were immunoprecipitated
with anti-phosphotyrosine (pTyr) antibody, then examined by Western blot using
anti-EGFr antibody to determine if EGFr phosphorylation had occurred.
Extensive EGFr phosphorylation was observed on both film and gel substrates
compared to freshly isolated cells. Curiously, a similar analysis of lysates from
cells cultured for 9 hours demonstrated persistent EGFr phosphorylation in cells
cultured on film. However, such EGFr phosphorylation disappeared in cells
cultured for longer times on gel. These data are the first indication that growth
factor receptor phosphorylation is, in the long-term, substrate-dependent.
Moreover, in light of the biphasic ERK response, such prolonged or biphasic
EGFr phosphorylation may be required for a second peak of ERK activity.

Gel Inhibition of Cell Cycle Progression

To determine if inhibitory signals were generated by cell interaction with
collagen gel, a study was designed in which hepatocytes were initially cultured
on collagen film for 16 hours, thus inducing cell cycle progression, followed by

addition of a room temperature, liquid Vitrogen solution on top of the film-
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plated cells. Because collagen polymerizes at 37°C, the added collagen forms a
gel on top of the cells. Previous studies have defined such “collagen sandwich”
culture conditions, in which hepatocytes remained viable and highly
differentiated (Dunn 1989, Dunn 1992). However, no study had yet tested the
effect of collagen gel overlay on cell cycle events already in progress.

Cyclin D1 promoter activity was assessed 72 hours after initial plating,
and DNA synthesis was measured at 60-72 hours after initial plating (44-56 hr
after gel addition). Cell morphology initially remained unchanged, however, by
two days after gel addition, hepatocytes appeared slightly less spread yet still
clearly adherent to and partially spread on the collagen film. Cyclin D1
promoter activity was found to be greatly reduced compared to cells without the
collagen overlay, while the activity of the albumin promoter remained
essentially unchanged, demonstrating that diminished cyclin D1 promoter
activity is not due to a general decrease in transcription (Fig. 1). Similarly,
DNA synthesis was also diminished following collagen gel overlay. Thus,
collagen gel overlay was able to inhibit cell cycle progression already in
progress, suggesting that gel may induce specific signal(s) capable of inhibiting
growth.

EXAMPLE 2
Protein Kinase A Inhibitors Stimulate Hepatocyte Cell Growth without
Loss of Differentiation
Substrate-Dependent Signaling Pathways: Protein Kinase A
Protein kinase A (PKA) it is thought to inhibit several cell cycle

signaling components and to be induced upon loss of adhesion (Howe 2000).
Experiments were performed to address the possibility that protein kinase A
acted as a growth inhibitor present or induced by collagen gel. The first step to
determine if PKA was involved in growth inhibition on collagen gel was to
measure PKA activity in hepatocytes cultured on the different substrates. PKA
activity was determined using a modification of a published method (Day 1989).
Data presented in Fig. 2A represents the mean + SD of PKA activity for
duplicate samples of hepatocytes cultured on the different substrates after

subtracting background (determined by running the assay in the absence of
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substrate). Virtually all of the [32P] measured is attributable to PKA activity,
because the protein kinase inhibitory peptide, PKI, specifically inhibits [*p]
incorporation. Moreover, throughout the 48 hr culture period, PKA activity
remained higher in cells cultured on collagen gel than on film. Thus, PKA may
5 play a role in inhibition of signaling events and cell cycle progression when cells
are cultured on gel.
Once it was confirmed that PKA activity was higher in cells cultured on
gel, PKA activity was modified to assess its role in cell cycle progression. H89,
a specific inhibitor of PKA activity, was added to hepatocyte cultures on gel or
10 film, and DNA synthesis and ERK phosphorylation were assessed. H89
significantly increased DNA synthesis on collagen gel to the level observed on
film, while having little effect on film-plated cells (Fig. 2B). ERK
phosphorylation was also significantly enhanced (Fig. 2C). In addition, EGFr
phosphorylation was measured 9 hours after plating in the presence of H89 in
15  hepatocytes cultured on collagen gel. While EGFr phosphorylation is decreased
in hepatocytes cultured on gel by 9 hours, the presence of H89 led to
maintenance of EGFr phosphorylation, suggesting that after the first four hours,
when EGFr is phosphorylated normally, PKA down-regulates its
phosphorylation and likely it activity during the later stages of G1. The fact that
20  inhibition of PKA is sufficient to allow normal G1-S phase events to occur on
collagen gel, indicates that adhesion to collagen gel can provide sufficient
growth stimulatory signals, but that these are inhibited by simultaneous PKA
activation.
PKA inhibition also had surprising effects on cell morphology. It has
25  been proposed that malleable substrates such as collagen gel are unable to
promote cell spreading because it lacks sufficient mechanical strength to resist
contractile forces applied by the cell to its adhesion sites. However, hepatocytes
cultured on gel with H89 demonstrate significant spreading, while addition the
PKA agonist, 8-Br-cAMP, significantly inhibits cell spreading on collagen film
30  (Fig. 3). This result refutes the rigidity explanation for lack of spreading, and
suggests, instead, that cell spreading on gel is due in large part to elevated PKA
activity and a resulting inhibition of cytoskeletal rearrangements required for

spreading.
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It is clear from the results described above that hepatocyte progression
through S phase of the cell cycle is promoted on collagen gel by inhibition of
PKA. What is of additional interest is the ability of PKA inhibition to promote
progression fully through the cell cycle, leading to proliferation and an increase
in cell number. This ability would not only be of interest in terms of
understanding basic regulatory mechanisms of substrate-dependent growth
control, but it also may provide a mechanism by which hepatocytes could be
propagated in vitro on a substrate (i.e., collagen gel) that maintains both viability
and differentiated function.

Cell counting experiments were performed to determine the number of
hepatocytes 96 hours after plating on collagen gel in the presence or absence of
H89. A 67% increase in cell number in the presence of H89 was observed
compared to DMSO controls (Fig. 4A). While growth on collagen films was
also high, hepatocytes quickly become de-differentiated on collagen films.
Coincident with the higher cell number in cells cultured with H89 is an apparent
increase in small hepatocyte-like cells in culture that may be newly divided
daughter cells.

While the ability to increase hepatocyte number is important, other
culture conditions, such as a collagen film, are able to produce a similar result.
A true advance in this field, though, was the discovery of conditions that allowed
for hepatocyte proliferation without a loss of differentiated function.

To determine if PKA inhibition had a detrimental effect on the
differentiated function observed on collagen gel, albumin secretion was
measured. Albumin is a protein synthesized and secreted by hepatocytes and
this assay is routinely used as a marker of differentiated function. As shown in
Fig. 4B, the level of albumin secretion after 48 hours in culture on collagen gel
in the presence of H89 was not reduced compared to the DMSO controls.
Similar results were obtained when PKA was inhibited using an adenoviral
vector expressing the PKA inhibitory peptide, PKI. Urea production is also
maintained on collagen gel in the presence of PKA inhibition (Fig. 4C). These
data indicate that PKA inhibition is effective to promote hepatocyte proliferation

in vitro without a significant loss of hepatocyte-specific function.
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EXAMPLE 3
Identifying Substrates for Differentiating Stem Cells into Hepatocytes

The ECM composition with which developing cells contact varies at
different stages of differentiation. During early liver development, hepatic
endoderm cells in the liver bud migrate away from the cardiac tissue into the
mesenchymal tissue of the septum transversum. This brings the cells into
contact with a different ECM composition. The expression of liver-specific
genes is coincident with this mesenchymal interaction, suggesting that the ECM
composition plays a major role in directing differentiation into hepatocytes
(Cascio 1991).

Stem cell differentiation is also highly influenced by the substrate to
which the stem cells adhere. Studies have been performed on multipotent adult
progenitor cells (MAPCs) to observe differentiation into hepatocyte-like cells on
different extracellular matrices (ECMs), including fibronectin, type I collagen,
and Matrigel™. In these studies, Matrigel™ generated a higher proportion of
epithelioid cells (alb-,CK 18-, HNF3+) (61.4%), while fibronectin induced a
slightly lower level (53.1%) and collagen produced virtually no epithelioid cells
(Schwartz 2002). However, these MAPC differentiation studies compared
Matrigel™ only to dishes coated with fibronectin or type 1 collagen, which
yields a rigid film rather than a malleable gel. Studies presented here and
elsewhere indicate that a variety of cell types respond differently to type I
collagen when it is presented as a polymerized gel compared to a thin coating, or
film (Hansen 1999).

Many stem cells, including the multipotent adult progenitor cells used in
the present studies, differentiate more readily on gel-like substrates such as
Matrigel™, suggesting that not only composition, but the mechanical nature of
the substrate is instructive for differentiation. While Matrigel™ is a popular
choice of substrate for induction of differentiation, several studies also indicate
that type I collagen gel can be similarly inductive of differentiation when
presented as a polymerized gel rather than a thin coating. Matrige]™ is a
complex substrate derived from a sarcoma tumor cell line. It contains numerous

cytokines and growth factors, as well as extracellular matrix components.
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The “collagen gel sandwich”, or gel overlay condition promotes
differentiated function in adult hepatocytes (Dunh 1989, Dunn 1992). The
inventors found that this differentiated response was accompanied by a specific
inhibition of the cell cycle even when hepatocytes are actively progressing
through the cell cycle (Fig. 1).

While it is clearly advantageous to promote hepatic differentiation of
multipotent adult progenitor cells, the development of a differentiation
phenotype may be associated with diminished self-renewing capability as cells
become more adult-like. Depending on the final application, it may be
beneficial to keep multipotent adult progenitor cells in a less-differentiated form
in order to optimize their proliferation to generate large cell numbers, then
quickly induce differentiation once sufficient cell number is obtained. This is
possible by propagating cells on fibronectin for several population doublings,
followed by collagen overlay to induce differentiation. The ability to induce
differentiation by simply applying an overlay to adherent cells rather than
detaching and replating cells onto a different substrate is of great benefit in large

scale practice.

(a) Comparison of the following substrates for their ability to induce MAPC
differentiation into hepatocyte-like cells: Matrigel™, fibronectin, type I collagen
film, and type I collagen gel.

Multipotent adult progenitor cells are obtained and cultured on Fn for 50
population doublings as previously described (Reyes 2001). Multipotent adult
progenitor cells have been isolated from mouse, rat, and human, and each
species is able to differentiate into hepatocyte-like cells (Schwartz 2002).

Once multipotent adult progenitor cells achieve 50 population doublings,
hepatocytes are initially plated in multipotent adult progenitor cell expansion
medium (see below) onto four substrates for initial comparison: Matri gelTM,.
fibronectin (film coating), type I collagen film, and type I collagen gel. The
same attachment substrates with type I collagen gel overlay added 6 hours after
plating are tested. Cells are initially plated in expansion medium for 12 hours,
followed by a change to hepatocyte-differentiation medium as previously

described (see below; (Schwartz 2002)). Following 28 day cultures, markers of
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hepatocyte differentiation are examined, including alb, CK 18, and HNF38. The
percent positive cells for all these markers are quantified. Furthermore,
additional stem cell and hematopoietic markers are examined to indicate lineage,
as well as TTFP and CK19 to indicate early hepatocyte progenitor phenotype.

RT-PCR is used to measure gene expression patterns.

(b) Alter the timing of substrate interaction and add collagen overlay at different
times to determine optimal substrate conditions for MAPC differentiation into
hepatocyte-like cells.

To test whether different ECMs may provide optimal signals if provided
at certain times within the differentiation pathway or in a given sequence,
different ECM conditions are studied. The conditions are given below, with

analysis taking place on day 28:

i Fn 7 days; Matrigel™ 21 days

i. Fn 7 days; Matrigel™ 21 days; collagen overlay at day 8
iil. Fn 28 days; collagen overlay at day 2

iv. Fn 28 days; collagen overlay at day 15

v. Matrigel™ 28 days, collagen overlay at day 2

vi. Matrigel™ 28 days, collagen overlay at day 15

vii.  Type I collagen gel 28 days, collagen overlay at day 2
viii.  Type I collagen gel 28 days, collagen overlay at day 15

Analysis is as described above, i.e., immunohistochemistry of hepatocyte

markers; RT-PCR.

(¢) Manipulate specific signaling events, i.e., PKA, in the differentiated
hepatocyte-like MAPCs once further differentiation and/or proliferation is
induced.

MAPCs differentiate into hepatocyte-like cells within 14 days of culture
on Matrigel in defined medium (Schwartz 2002). The effect of this

differentiation on proliferative capacity has not been examined.
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Intracellular signaling events induced in MAPCs during the
undifferentiated state and on the different substrates in hepatocyte-promoting
medium are defined in a similar manner as in adult hepatocytes. The expression
of G1 phase cell cycle regulatory proteins, including ERKs, cyclin D1, cyclin E,
and p27, is examined using Western blot analysis. Phospho-specific antibodies
for ERK are utilized. Because progression through M phase is of interest as
well, cyclin B is added to the panel. PKA activity is assessed using the in vitro
kinase assay (Day 1989). The substrates tested include Matrigel, Matrigel +
collagen gel overlay, Fn, Fn + collagen gel overlay, and type I collagen gel.

In addition to the cell cycle markers, differentiation-specific markers are
examined. Such markers include functional markers such as albumin secretion,
urea production, and PROD assays. In addition, differentiation-specific gene
expression is examined using QRT-PCR. Of particular interested is the
expression of liver-specific transcription factors, e.g., HNFs, C/EBPa and B, as
well as cytochrome P450 enzymes. While gene expression does not necessarily
indicate function, the pattern of expression of these genes is a key to unveiling
regulatory mechanisms governing the switch between a proliferative and
differentiated phenotype in both undifferentiated MAPCs and hepatocyte-like

cells.

Methods:
MAPC Generation: BM is obtained from Sprague Dawley rats, and

MAPCs will be isolated and cultured as previously described for human MAPCs
(Reyes 2001). Briefly, MAPCs are plated at 5 — 10 x 10 per well of a
Fibronectin-coated 96-well plate in expansion medium (60% low-glucose
DMEM (Gibco BRL), 40% MCDB-201 (Sigma), 1X insulin transferrin
selenium, 1X linoleic acid bovine serum albumin, 10°M dexamethasone
(Sigma), 10™*M ascorbic acid 2-phosphate (Sigma), 100 U penicillin, 1000 U
streptomycin, 2% FCS (Hyclone Labs, Logan, UT), 10 ng/ml EGF, 10 ng/ml
LIF (Chemicon International, Temecula, CA) and 10 ng/ml PDGF-BB (R&D
Systems, Minneapolis, MN). Once adherent cells are more than 50% confluent,
they are detached with 0.25% trypsin-EDTA (Sigma) and replated at a 1:4

dilution under the same culture conditions.
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Substrate Preparation: COLLAGEN FILM: Non-adhesive plastic Petri

dishes are coated overnight at 4°C with type I collagen (Vitrogen, Cohesion
Corp, Palo, Alto, CA) diluted in carbonate buffer (15 mM sodium carbonate, 35
mM sodium bicarbonate, pH 9.4) at | pg/cm’. COLLAGEN GEL: Vitrogen is
diluted 4 parts Vitrogen:1 part 5XWilliams Medium E (Gibco), and 0.02 parts
IN NaOH added to a Petri dish at 1 ml/100 cm?, and incubated at 37°C for 1 hr.
FIBRONECTIN: The coating procedure is identical to that used for collagen
film. 1 pg/cm? fibronectin in carbonate buffer (see above) will be added to
plates at 4°C overnight. MATRIGEL: 1% Matrigel™ solution (Becton-
Dickinson and Co., Franklin Lakes, NJ) will be added to culture dishes. All
plates are rinsed twice in PBS, followed by blocking 30 minutes in William’s E
with 1% bovine serum albumin.

MAPC Differentiation: After 50 population doublings, MAPCs are

trypsinized and replated onto the appropriate substrates. After 8-12 hours, media
is removed, cells washed with PBS, and fresh medium is added to promote
hepatocyte differentiation (expansion medium supplemented with 10 ng/ml
FGF-4 and 20 ng/ml HGF).

Immunohistochemistry: MAPC staining for differentiation-specific

markers takes place as previously described (Schwartz 2002).
Total RNA isolation and quantitative RT-PCR: Methods for RT-PCR and

primer sequences are as previously described (Schwartz 2002).

PKA In vitro Assay: As previously described (Day 1989), cells are

lysed, sonicated, centrifuged, and total protein determined. Equal protein is
added to reaction mixture along with substrate (Kemptide, a synthetic peptide
containing the consensus PKA phosphorylation sequence), and 5 uCi 2-32p ATP.
After 30°C incubation for 10 minutes, 25ul is spotted onto Whatman P81 paper,
washed extensively in 75 mM phosphoric acid, dried, and quantified by
scintillation.

Immunoprecipitation, SDS-PAGE, Western blot: Immunoprecipitation

(IP) of EGFr-associated proteins will be performed (Saso 1997, Vacca 2000).

Detection will consist of the ECL Plus chemiluminescence system (Amersham)
and phosphorimager analysis (Molecular Dynamics) for imaging and

quantification.
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DNA Synthesis: DNA synthesis will be measured using [*H]-thymidine

incorporation in substrate-coated 96-well plates, as previously described (Hansen
1999). DPMs will be normalized to cell number assessed in parallel plates using
the CyQuant Assay (Molecular Probes).

Proliferation: Hepatocytes cultured on 35 mm dishes will be removed
from plates using a combination of trypsin, collagenase, and DNAse at various
times after plating. Cells are counted using a Coulter counter and
hemocytometer. A cell count at 24 hour is also determined to assess the initial

number of viable, attached cells. Plates are run in triplicate.

EXAMPLE 4
Optimizing Culture Conditions
PKA affects many cellular processes, including many events at different
points in the cell cycle. Published studies also demonstrate that PKA regulation
plays an important role in hepatocyte proliferation during liver regeneration
(Ekanger 1989, Roth 1990). The data provided herein indicates that inhibiting
elevated PKA on collagen gel allows progression through S phase of the cell
cycle. Data also suggest that PKA inhibition promotes full cell cycle
progression, as seen by the increased cell number on gel 96 hr after H89 addition
(Fig. 4). PKA, however, also participates in the G2/M phase transition. PKA
activity is typically low as cells approach M phase, and activation of PKA
inhibits entry into mitosis (Grieco 1996). In late M phase, PKA activity goes up
(Grieco 1996), and it is recruited into chromatin (Collas 1999), where it is
postulated to be dynamically involved in chromatin remodeling (Landsverk
2001). Blocking this late M phase PKA activation prevents the transition into
interphase
A 67% increase in primary adult hepatocyte numbers was observed
following PKA inhibition (Fig. 4). Tests are also performed to promote repeated
cell cycles to greatly expand the cell population. A certain basal level of PKA
activity is required for cell viability and maintenance of basic housekeeping
functions. Thus, in some circumstances one may not desire to maintain constant

PKA inhibition. In other circumstances, one may choose to expose cells to PKA
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inhibitor at specific intervals to provide sufficient PKA inhibition to allow cell
cycle progression without fully eliminating PKA activity.

Regulation of PKA activity by substrate adhesion has been demonstrated
both in our studies with hepatocytes as well as in other cell types. The role of
cell-cell interaction in regulating PKA activity is less clear. Cell-cell contact
certainly has a well-documented inhibitory effect on cell cycle progression, as
demonstrated by contact inhibition in all virtually non-transformed cells. Cell-
cell contact also appears to facilitate differentiated function. Hepatocyte
spheroids, or self-assembled aggregates of hepatocytes, possess possibly the

highest degree of differentiated function documented in vitro.

(a) Vary the timing of PKA inhibition to target specific points in the cell cycle for
optimal proliferation.

To this point, experiments consisted of PKA inhibition by H89 for 96 hr
cultures and counts at either 96 or 120 hours. However, reports suggest that
during normal cell cycle progression of fibroblasts, PKA activity is low as cells
enter M phase, but becomes elevated at the end of M phase (Grieco 1996). This
PKA elevation appears to be necessary for transition into interphase. The timing
of PKA inhibition is varied in order to establish an optimal treatment for

induction of proliferation. The initial sequences to be tested are:

TREATMENT TIME APPROXIMATE

CORRESPONDING CYCLE PHASE

i. H89 0-120 hr, cell counts at 120 hr inhibition throughout cell
cycle and into interphase

ii. H89 0-96 hr, cell counts at 120 hr inhibition through M phase

iil. H89 0-80 hr, cell counts at 120 hr inhibition through S phase

iv. H89 0-48, 80-96 hr, cell counts at 120 hr  inhibition through G1 and

G2/M phases
V. H89 0-48 hr, cell counts at 120 hr inhibition through G1 phase

Cells are plated in 35 mm dishes in triplicates for each condition. Cell counts

are determined at 120 hours, assessed by both hemocytometer and Coulter
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counter for each plate. In addition, cell lysates are obtained at 48, 72, 84, 96,
and 120 hours for Western blot analysis of cyclin D1 (late G1) and cyclin B (late
G2/M) expression to assess progression through the different cell cycle stages.
In addition, because primary hepatocytes can be bi-nucleated, nuclear counts are
assessed by DAPI staining and quantification using digital analysis (available in
the BioImage Processing Laboratory (BIPL) located in the PI’s building). Both
nuclear and cellular morphology is assessed by photomicrography at 72, 96, and
120 hours. Nuclear morphology assessment is a key in determining the proper
progression through M phase. The presence of mitotic figures is assessed as
well as determining the proportion of resulting hepatocytes with mono-, bi-,and
multi-nuclear morphology.

PKA activity is assessed throughout the 120 hour culture interval, with
and without the above inhibition schedules. Activity is first assessed in the
absence of any inhibition to determine the precise levels of PKA activity
throughout normal proliferation on collagen film, as well as over the same time
period on collagen gel. Once this is determined, we will assess PKA activity in a
subset of the above experiments, e.g.,12 hrs following removal of H89, to assure
that H89 removal will result in return of elevated PKA on gel.

PKA dosage is also tested. A range of PKA dose, namely, 0.1, 0.5, 1, 3,
and 5 uM, is tested for its ability to promote increased cell counts at 120 hours
following the H89 treatment to provide optimum proliferative response.
Triplicate cell counts are determined, as well as simple trypan blue stain to

assess viability.

(b) Determination of the ability of PKA inhibition at intervals to induce repeated
proliferative cycles.

The ability of hepatocytes to undergo repeated rounds of proliferation in
vitro to greatly expand cell number greatly enhances the ability to utilize primary
hepatocytes in cell based therapies. PKA inhibitor is administered at intervals
subsequent to the first round of proliferation. Cultures are continued for various
times without PKA inhibition to allow for interphase, then PKA inhibitor is
applied again and additional proliferation is assessed. The experiments are

carried out using the following schedule:
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TREATMENT TIME

1. H89 0-96 hr, no H89 12 hr, H89 another 96 hr (108-204 hr), cells counts
at 228 hr

il H89 0-96 hr, no H89 24 hr, H89 another 96 hr (120-216 hr), cells counts
at 240 hr

iii. H89 0-192 hr (2 putative cell cycle rounds), no H89 24 hr, cell counts at
216 hr

iv. H89 0-96 hr, no H89 48 hr, H89 another 96 hr (144-240 hr), cells counts
at 264 hr

V. H89 0-96 hr, no H89 72 hr, H89 another 96 hr (168-264 hr), cells counts
at 288 hr

vi. H89 0-96 hr, no H89 96 hr, H89 another 96 hr (192-288 hr), cells counts
at 312 hr

Cell counts are performed at the end of the “no H89” period (except in iii) to
assess cell count prior to the second H89 treatment, and again at the end of the
experiment as indicated above. A cell count is also performed at 24 hours to
verify the number of attached cells prior to proliferation. Triplicate plates are
run for each cell count under each condition (9 plates total for each condition).
Additional endpoints to be examined include viability by trypan blue staining

and TUNEL staining to determine the level of apoptosis, if any.

(¢) Determine the effects of cell density on the ability of PKA inhibition to
promote cell cycle progression.

Extensive cell-cell contact in vitro, or cell confluence, is inhibitory for
cell growth. There may be a minimal number of cells required for a proliferative
response in the presence of PKA inhibitors, as there is in a number of cell
cultures. This is systematically tested in this experiment in order to establish the
ideal cell density needed to achieve optimum proliferation. It is also necessary
to determine if cell number increases, at what density and time period would

hepatocytes need to be “split” to maintain viability and proliferative capacity.
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Hepatocytes attain significant cell-cell contact to inhibit DNA synthesis
between 25-50 x 10° cells / cm?. Thus cell densities tested range from
approximately 5 x 10° to 50 x 10*/cm?. The density used in many of the studies
presented in Preliminary Studies was approximately 10-12 x 10*/cm?, which is

intermediate among the densities to be tested.

(d) Test long term effects (e.g., out to two months) of PKA inhibition on
hepatocyte viability and differentiated function.

Once a schedule of PKA inhibition is determined that promotes optimal
propagation of hepatocytes with desired maintenance of differentiated function,
the treatment’s effect on long term viability and function is tested. Several
methods exist to measure differentiated function. Those methods described in
the previous Examples are used, specifically functional assays (albumin, urea,
and PROD) and gene expression studies of differentiation-specific genes,
focusing on liver-enriched transcription factors. Viability by trypan blue
staining and assessment of apoptosis as measured by TUNEL assay (terminal
deoxynucleotidyl transferase biotin-dUTP nick end labeling) is used as markers
of viability and apoptosis, respectively. Cultures are maintained for two months
after H89 treatment, if possible, with tests of viability and function every two

weeks after an initial assessment every other day for the first 2 weeks.

Methods:
Hepatocyte Culture: Cells are obtained by collagenase perfusion of adult

Lewis rat liver (Aiken 1990), followed by purification through a Percoll gradient
(Sigma, St. Louis, MO). Hepatocytes will be plated (12,000 cells/ cm?) in serum-
free William's medium E with defined additives including EGF (10 ng/ml,
Collaborative Research, Bedford, MA) and insulin (20 mU/ml, Sigma) (Hansen
1994).

TUNEL Assay: The TUNEL staining kit from Upstate Biologicals will

be used for immunofluorescent assessment of apoptosis in hepatocyte cultures.
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EXAMPLE 5
Developing Optimal Bioartificial Liver Devises

Propagation of hepatocytes in vitro on collagen gel by PKA inhibition
represent a great advance in the ability to use hepatocytes for in vitro cultures,
including tests of drug toxicity and metabolism. Additional uses for hepatocytes
are also contemplated. Furthermore, due to the native three-dimensional nature
of the in vivo liver tissue environment, it may be beneficial to culture
hepatocytes either within the collagen gel, or on a film or gel with gel overlay,
deper;ding on the ultimate application. This may better mimic the in vivo
environment, leading to improved differentiated and potentially proliferative
phenotype.

One of the most important applications involving hepatocytes for clinical
use is the bioartificial liver extracorporeal device for temporary liver support.
While several different designs exist, each device could benefit from increasing
hepatocyte cell mass, resulting in higher reactor function. The set-up procedure
itself often leads to significant cell loss, and the ability to replace that lost cell
mass by inducing one or more rounds of proliferation could greatly improve the
final reactor function.

The loss of initial cell viability and function is particularly true in
procedures involving cryopreservation or other long-term storage procedures.
The need to provide reactors at distant sites requires such injurious procedures,
with the cell population clearly experiencing detrimental effects. Apoptosis
occurs during cryopreservation, yet may be reversed by incubation with caspase
inhibitors during the cryopreservation process (Yagi 2001). An additional boost
by increasing cell number or further promoting survival during culture provides

further benefit.

(a) Determination of the ability of PKA inhibition to promote hepatocyte
progression through the cell cycle when embedded within rather than sitting on
top of a collagen gel.

Certain BAL designs, such as the Minnesota Bioartificial Liver device
(Nyberg 1993, Nyberg 1993b), utilize hepatocytes embedded within a type I
collagen gel inside the fibers of the hollow fiber reactor. The first step in

48



WO 03/080649 PCT/US03/08778

10

15

20

25

30

determining effects of PKA inhibition on this reactor design is to test hepatocyte
signaling and response to PKA inhibition when they are embedded within, rather
than sitting on top of the collagen gel, which has been the condition in studies
thus far. This is accomplished by simply mixing freshly isolated hepatocytes
within a solution of type I collagen, pouring into a dish, and allowing to
polymerize for several hours at 37°C. Once the gel has polymerized, medium
will be changed to that containing H89 for the optimal schedule and dose
determined above. DNA synthesis, cell number, mitotic nuclei, and cyclin D1
and B markers are initially assessed to determine cell cycle progression under

these conditions.

(b) Place hepatocytes in a mini-collagen-gel based bioreactor and test the effects
of PKA inhibition (both prior to and during reactor incubation) on cell cycle
progression and differentiated function.

The ability of signal manipulation to enhance cell function by increasing
cell mass either through enhanced viability or cell proliferation is assessed in a
“mini-BAL,” or small scale hollow fiber reactor cartridge. Rat hepatocytes are
mixed in a solution of type I collagen (Vitrogen) then infused into the fibers
within the reactor, as previously described (Nyberg 1993a, Nyberg 1993b).
Reactors are then placed at 37°C for 18 hr to allow for both collagen gel
polymerization followed by cell-dependent contraction of the collagen gel. This
contraction creates a second compartment within the fibers through which
serum-free defined William’s E media will be perfused after the 18 hr
contraction period. It is to this medium that H89 or other chemical mediators of
interest are added to allow direct (or very closely so) interaction between
medium and cells. The extra-fiber space represents the compartment through
which ultimately the patient’s blood is perfused. For these in vitro studies, a
separate media stream is perfused through this space and samples collected for
functional analyses. Endpoints include oxygen consumption as an indirect
indicator of viability, albumin secretion, and urea production. All experiments
are performed in triplicate. It is also possible to extrude the hepatocyte-
containing collagen “noodles” from the reactor fibers, perform cell lysis, and

analyze cell cycle protein expression. Four week cultures are generally assessed,
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with functional assessment every two days for the first two weeks, then weekly

for the remaining two week.

(c) Examine the ability of hepatocytes attached to collagen-coated beads in
suspension to proliferate with or without PKA inhibition.

Another BAL design involves attaching primary hepatocytes to collagen-
coated (Cytodex-3) beads, then infusing this bead-cell suspension into the extra-
fiber space of a hollow fiber reactor, with media perfusion through the intra-fiber
space (Rozga 1993). Because the beads are larger than the cells, this represents
a condition more comparable to collagen film than the gel cultures. These
conditions are directly compared by comparing proliferative and functional
endpoints of the bead-cell suspension to that of gel-embedded cultures.
Endpoints include albumin secretion, urea production, and PROD assay, as well
as [*H]thymidine uptake to measure DNA synthesis.

These types of cultures are amenable to cell lysis and analysis of gene
expression and signaling pathways, so endpoints of analysis include cell cycle
protein expression to determine proliferative potential in the presence or absence
of PKA inhibition. These results lend great insight into the mechanisms by
which application-specific culture conditions regulate the determination of a

proliferative versus differentiated phenotype.

(d) Test the effects of PKA inhibition on cell cycle progression of pig and human
hepatocytes.

Pig hepatocytes are commonly used in BAL models, so their response to
different culture conditions and PKA manipulation are assessed. A subset of
substrate conditions are chosen based on previous studies, including collagen
film, collagen gel, Fn with collagen gel overlay, and Matrigel. Pig hepatocyte
proliferation and differentiation in the absence or presence of PKA inhibition is
assessed. Endpoints include those described above (cyclin D1, E, and B protein
analysis, DNA synthesis, cell counts, nuclear morphology assessment, albumin

secretion, urea production, and PROD activity).
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Human hepatocytes are also tested under the same conditions. Human
cells are the obvious choice for both in vivo cell transplantation applications as

well as in vitro drug testing.

Methods:

BAL Set-Up: Hepatocytes are mixed with Vitrogen solution and infused
into small bioreactors as previously described (Nyberg 1993a, Nyberg 1993b).
Following 18 hr gel polymerization and contraction at 37°C during which media
is perfused through the extracapillary space, an additional media stream is
established in the intralumenal space created by gel contraction.

Pig Hepatocyte Harvest: Primary pig hepatocytes are performed as
previously described (Sielaff 1995).

Bead-Attached Suspension Cultures: Primary rat hepatocytes are

isolated and incubated in suspension cultures in the presence of Cytodex-3
beads, as previously described (Rozga 1993).

Human Cell Culture: Cells are obtained through LTPADS as described
above. Human hepatocytes require trypsinization from the provided plates,
followed by viability and cell coﬁcennation assessment, and replating onto

defined substrates.

All publications, patents and patent documents are incorporated by
reference herein, as though individually incorporated by reference. The
invention has been described with reference to various specific and preferred
embodiments and techniques. However, it should be understood that many
variations and modifications may be made while remaining within the scope of

the invention.
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What is claimed is:
1. A method of inducing proliferative and differentiative mammalian

hepatocytes in vitro comprising contacting the hepatocytes with protein

5 kinase A inhibitor.

2. A method of promoting survival of differentiative mammalian

hepatocytes in vitro comprising contacting the hepatocytes with protein

kinase A inhibitor.
10
3. The method of claims lor 2, wherein the protein kinase A inhibitor is a
nucleotide or nucleoside derivative of formula I:
NH,
N
/7 )
R |
P
N N
(0]
\ o
-S=—P—0
(0]
H
OR4
15 wherein R is hydrogen, halogen, or heterocycloalkyl and R, is hydrogen,
lower alkyl, or lower acyl.
4. The method of claims lor 2, wherein the protein kinase A inhibitor is a
peptide having SEQ ID NO:2, Xaa-Arg-Arg-Xaa-Ala-Xaa, wherein Xaa
20 is any amino acid.

5. The method of claims 1or 2, wherein the protein kinase A inhibitor is a
peptide or polypeptide with SEQ ID NO:3, SEQ ID NO:4, SEQ ID
NO:5, SEQ ID NO:6, SEQ ID NO:7, SEQ ID NO:8, SEQ ID NO:9, or
25 SEQ ID NO:10.

61



WO 03/080649 PCT/US03/08778

6.
7.
5
8.
10
9.
15
10.
20
11.

The method of claims lor 2, wherein the protein kinase A inhibitor is N-

[2-((p-bromocinnamyl) amino)ethyl]-5-isoquinolinesul fonamide.

The method of claims lor 2, wherein the protein kinase A inhibitor is:

HO
CH3(CH,)s00CH-

The method of claims lor 2, wherein the protein kinase A inhibitor is:

OH

OH
ey [
OH

The method of claims 1or 2, wherein the protein kinase A inhibitor is:
4,4°,5,5°,6,6’-hexahydroxydiphenic acid 2,6,2°,6’-dilactone, 1-(5-
Isoquinolinesulfonyl)-2-methylpiperazine, N-[2-(methylamino)ethyl]-5-
isoquinolinesulfonamide, N-(2-aminoethyl)-5-isoquinolinesulfonamide,

or (5-isoquinolinesulfonyl)piperazine.

The method of claims lor 2, wherein the hepatocytes are primary

hepatocytes.

The method of claims 1or 2, wherein the hepatocytes are generated from

stem cells.
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12.

13.

14.

15.

16.

17.

18.

19.

20.

The method of claims lor 2, further comprising growing the hepatocytes

on a biocompatible support matrix.

The method of claim 12, wherein the support matrix is a collagen gel

matrix.

The method of claim 12, wherein the support matrix is a collagen film.

The method of claim 12, wherein the solid substrate is a collagen gel

sandwich.

The method of claims lor 2, wherein the hepatocytes are of human

origin.

The method of claims lor 2, wherein the hepatocytes are of porcine

origin.

The method of claims lor 2, wherein the protein kinase A inhibitor is

present at a concentration of 0.1, 0.5, 1, 3, or 5 uM.

The method of claims 1or 2, wherein the protein kinase A inhibitor is

present at a concentration of about 1 to 3 uM.

A method of screening a compound for its effect on hepatocytes or a
hepatocyte activity, comprising:

a) combining the compound with a cell population obtained by treating
hepatocytes with a protein kinase A;

b) determining any change to cells in the population or their activity that
results from being combined with the compound; and

c) correlating the change with the effect of the compound on hepatocytes

or a hepatocyte.
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21].

22.

23.

24.

25.

26.

27.

28.

29.

30.

The method of claim 20, comprising determining whether the compound

is toxic to cells in the population.

The method of claim 20, comprising determining whether the compound
affects cell proliferation in the population or maintenance in culture of

cells in the population.

The method of claim 20, comprising determining whether the compound

changes enzyme activity or secretion.

The method of claim 23 comprising determining whether the compound

changes activity of a hepatocyte Phase I metabolizing enzyme.

The method of claim 23, comprising determining whether the compound

changes activity of a hepatocyte Phase II metabolizing enzyme.

The method of claim 23, comprising determining whether the compound

changes cytochrome p450 expression or activity.

The method of claim 23, comprising determining whether the compound

changes CYP3A3-5 activity, CYP2D activity, or CYP2C9 activity.

The method of claim 23, comprising determining whether the compound

affects CYP1A1 or CYP1A2 activity.

The method of claim 20, comprising determining whether the compound
affects the activity of 7-ethoxycoumarin O-de-ethylase, aloxyresorufin
O-de-alkylase, coumarin 7-hydroxylase, p-nitrophenol hydroxylase,
testosterone hydroxylation, UDP-glucuronyltransferase, glutathione S-

transferase, gamma-glutamyl tranpeptidase, or glucose-6-phosphatase.

The method of claim 20, comprising determining whether the compound

affects the synthesis of a plasma protein.
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31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

The method of claim 30, wherein the plasma protein is albumin,

transferrin, alpha,-antitrypsin, or alpha-fetoprotein.

The method of claim 20, comprising determining whether the compound
affects gluconeogenesis, ureagenesis, bilirubin conjugation, or bile acid

conjugation.

The method of claim 20, comprising determining whether the compound
affects synthesis or secretion of cholesterol or lipoprotein, levels of
glutathione, nucleoside phosphate metabolism, intracellular K* or Ca"
concentration, release of nuclear matrix proteins or oligonucleosomes,
induction of apoptosis, or glycogen storage.

The method of claim 20, wherein the hepatocytes are human in origin.

The method of claim 20, wherein cells in the population have been

genetically altered.

A bioartificial liver device comprising a proliferative and differentiative

mammalian hepatocyte.

The bioartificial liver device of claim 36, further comprising a

biocompatible support matrix.

The device of claim 37, wherein the support matrix is a collagen gel

matrix.
The device of claim 37, wherein the support matrix is a collagen film.

The device of claim 37, wherein the support matrix is a collagen gel

sandwich.
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41,
5
42.
10 43.
(b)

An artificial liver device comprising:

(a) a cell culture layer comprising cells from an isolated cell line of
normal hepatocytes and a protein kinase A inhibitor, and

(b) a support matrix that provides means for fluid circulation across the

cell culture layer.

The artificial liver device of claim 41, wherein the fluids are culture

medium, plasma or blood.

A method of transplanting hepatocytes comprising:

(a) inducing a population of proliferative and differentiative
mammalian hepatocytes in vitro comprising contacting the
hepatocytes with protein kinase A inhibitor; and

transplanting the population of hepatocytes.
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SEQUENCE LISTING

<110> Hansen, Linda K.
5 Fassett, John T.

Regents of the University of Minnesota

<120> Induction of Hepatocyte Proliferation In Vitro by Inhibition of Cell
Cycle Inhibitors
10

<130> 600.593W01

<150> US 60/366,459
15<151> 2002-03-20

<160> 10

<170> FastSEQ for Windows Version 4.0
20

<210> 1

<211> 7

<212> PRT

<213> Artificial Sequence
25

<220>

<223> A peptide substrate

<400> 1
30Leu Arg Arg Ala Ser Leu Gly
1 5
<210> 2
<211> 6

35<212> PRT
<213> Artificial Sequence

<220>

<223> A peptide inhibitor
40

<221> SITE

<222> (1)...(6)

<223> Xaa = any amino acid
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<400> 2
Xaa Arg Arg Xaa Ala Xaa
1 5

5<210> 3
<211> 7
<212> PRT

<213> Artificial Sequence

10<220>
<223> A peptide inhibitor

<400> 3
Leu Arg Arg Ala Ala Leu Gly
151 5

<210> 4
<211> 9
<212> PRT
20<213> Artificial Sequence

<220>
<223> A peptide inhibitor

25<221> SITE
<222> 1
<223> Xaa = Myr-N-Gly

<221> SITE
30<222> 9
<223> Xaa - Ile-NH,

<400> 4
Xaa Arg Thr Gly Arg Arg Asn Ala Xaa
351 5

<210> 5
<211> 76
<212> PRT

40<213> Homo sapiens
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3
<400> 5
Met Thr Asp Val Glu Thr Thr Tyr Ala Asp Phe Ile Ala Ser Gly Arg
1 5 10 15
Thr Gly Arg Arg Asn Ala Ile His Asp Ile Leu Val Ser Ser Ala Ser
5 20 25 30
Gly Asn Ser Asn Glu Leu Ala Leu Lys Leu Ala Gly Leu Asp Ile Asn
35 40 45
Lys Thr Glu Gly Glu Glu Asp Ala Gln Arg Ser Ser Thr Glu Gln Ser
50 . 55 60
10Gly Glu Ala Gln Gly Glu Ala Ala Lys Ser Glu Ser
65 70 75
<210> 6
<211> 78
15<212> PRT
<213> Homo sapiens
<400> 6
Met Arg Thr Asp Ser Ser Lys Met Thr Asp Val Glu Ser Gly Val Ala
20 1 5 10 15
Asn Phe Ala Ser Ser Ala Arg Ala Gly Arg Arg Asn Ala Leu Pro Asp
20 25 30
Ile Gln Ser Ser Ala Ala Thr Asp Gly Thr Ser Asp Leu Pro Leu Lys
35 40 45
25Leu Glu Ala Leu Ser Val Lys Glu Asp Ala Lys Glu Lys Asp Glu Lys
50 55 60
Thr Thr Gln Asp Gln Leu Glu Lys Pro Gln Asn Glu Glu Lys
65 70 75
30<210> 7
<211> 76
<212> PRT
<213> Homo sapiens
35<400> 7
Met Met Glu Val Glu Ser Ser Tyr Ser Asp Phe TIle Ser Cys Asp Arg
1 5 10 15
Thr Gly Arg Arg Asn Ala Val Pro Asp Ile Gln Gly Asp Ser Glu Ala
20 25 30

40vVal Ser Val Arg Lys Leu Ala Gly Asp Met Gly Glu Leu Ala Leu Glu
35 40 45
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4

Gly Ala Glu Gly Gln Val Glu Gly Ser Ala Pro Asp Lys Glu Ala Gly

50 55 60
Asn Gln Pro Gln Ser Ser Asp Gly Thr Thr Ser Ser
65 70 75
5
<210> 8
<211> 20
<212> PRT

<213> Artificial Sequence
10

<220>

<223> PKI peptide

<400> 8
15Ile Ala Ser Gly Arg Thr Gly Arg Arg Asn Ala Ile His Asp Ile Leu
1 5 10 15
Val Ser Ser Ala
20

20<210> 9
<211> 14
<212> PRT

<213> Artificial Sequence

25<220>
<223> PKI peptide

<400> 9
Ile Ala Ser Gly Arg Thr Gly Arg Arg Asn Ala Ile His Asp
30 1 5 10

<210> 10
<211> 18
<212> PRT
35<213> Artificial Sequence

<220>
<223> PKI peptide

40
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5
<400> 10
Tyr Ala Asp Phe Ile Ala Ser Gly Arg Thr Gly Arg Arg Asn Ala Ile
1 5 10 15
His Asp

5
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