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Prevention of Acute Liver
Failure in Rats with Reversibly
Immortalized Human
Hepatocytes
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Yusuke Inoue,® Masakiyo Sakaguchi,? Hirofumi Noguchi,’
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Because of a critical shortage in suitable organs, many patients with terminal
liver disease die each year before liver transplantation can be performed.
Transplantation of isolated hepatocytes has been proposed for the temporary
metabolic support of patients awaiting liver transplantation or spontaneous
reversion of their liver disease. A major limitation of this form of therapy is the
present inability to isolate an adequate number of transplantable hepatocytes.
A highly differentiated cell line, NKNT-3, was generated by retroviral transfer
in normal primary adult human hepatocytes of an immortalizing gene that can
be subsequently and completely excised by Cre/Lox site-specific recombination.
When transplanted into the spleen of rats under transient immunosuppression,
reversibly immortalized NKNT-3 cells provided life-saving metabolic support
during acute liver failure induced by 90% hepatectomy.

Orthotopic allogeneic liver transplantation re-
mains the only treatment option available to
patients with terminal liver failure or inborn
errors of liver metabolism. Because its appli-
cation is limited by donor organ availability,
considerable morbidity, mortality, and high
cost, there is a need to develop bridging
procedures to sustain patients with subacute
or acute liver failure. Hepatocyte transplanta-
tion (HTX) has been used to correct metabol-
ic defects and provide metabolic support in
experimental animal models of hepatic fail-

ure (/). The hyperbilirubinemia of rats genet-
ically deficient in uridine diphosphate glucu-
ronosyltransferase was corrected by HTX (/).
Substantial increases in plasma albumin lev-
els were also documented after HTX into
analbuminemic rats (/). Recently, intrasplen-
ic transplantation of differentiated adult hepa-
tocytes in human patients with severe en-
cephalopathy and multisystem organ failure
was able to control hyperammonemia and
ensure short-term survival until orthotopic
liver transplantation was successfully per-
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formed (2). Unfortunately, the shortage of
human livers available for hepatocyte isola-
tion limits the clinical use of this procedure
(2). A potential alternative source of human
liver cells for transplantation would be a
clonal cell line that could be expanded in
vitro, would exhibit the characteristics of dif-
ferentiated hepatocytes, and could provide
metabolic support upon transplantation.

Transfer of specific oncogenes can gener-
ate cell lines that propagate an intermediate
stage of differentiation, a process known as
cell immortalization (3). However, in vivo
injection of immortalized cell lines would
expose patients to an unacceptable tumori-
genic risk (3, 4). Even with xenografts or
mismatched allografts, ultimate rejection of
implanted cells is not guaranteed, because
stable xenogenic chimerism and cases of ac-
cidental engraftment of human lymphocyte
antigen (HLA) mismatched allogeneic tu-
mors have been documented in humans (5).
In an effort to address this crucial safety
issue, we investigated whether primary hu-
man hepatocytes can be successfully submit-
ted to a reversible immortalization procedure
that involves the retrovirus-mediated transfer
of an oncogene that can be subsequently ex-
cised by site-specific recombination.

We constructed the polycistronic retrovi-
ral vector SSR#69 (3) to transfer and express
the simian virus 40T (SV40T) immortalizing
gene flanked by LoxP recombination targets
(Fig. 1). A protein fusion, referred to as Hy-
gro-TK, is concurrently expressed and con-
fers both resistance to hygromycin and sen-
sitivity to ganciclovir (Fig. 1). After transient
expression of the Cre recombinase, precise
recombination occurs between LoxP sites
within the chromosomally integrated provirus
(Fig. 1). As a consequence, both Hygro-TK
and SV40T genes are permanently excised
from the genome, whereas the neomycin re-
sistance gene (NeoR), which confers resis-
tance to G418, becomes activated (Fig. 1).

Primary adult human hepatocytes were
submitted to the reversible immortalization
procedure upon transduction with SSR#69
virions produced in an amphotropic packag-
ing cell line free of replication-competent
retrovirus (6). One of the resulting immortal-
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ized clones, referred to as the NKNT-3 cell
line, was chosen for further analysis on the
basis of growth characteristics and liver-spe-
cific functions. NKNT-3 cells became im-
mortal without an obvious growth crisis,
grow in monolayers in the chemically defined
serum-free medium CS-C (7), and double in
number about every 48 hours. NKNT-3 cells
display morphological characteristics of liver
parenchyma cells such as cytoplasmic gran-
ules and large nuclei with a few nucleoli.
NKNT-3 cells express SV40T, as assessed by
immunofluorescence staining (8), but were not
tumorigenic after transplantation into severe
combined immunodeficiency (SCID) mice (9).
Sensitivity of NKNT-3 cells to either 5 pM
ganciclovir or G418 (500 pg/ml) was con-
firmed by 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl 2H-tetrazolium bromide (MTT) cy-
totoxic assays (/0).

To determine whether excision of the trans-
ferred oncogene from the NKNT-3 genome
could be achieved in the presence of Cre
recombinase, we transduced NKNT-3 cells
with a replication-deficient recombinant ade-
novirus (Ad) that expresses the Cre recombi-
nase tagged with a nuclear localization signal
(NLS) (/1) (Fig. 1). As expected, transient
expression of Cre recombinase triggered a

switch in gene expression: Cells became re-
sistant to G418 and no longer expressed
SV40T, as assessed by Southern blot, reverse
transcription polymerase chain reaction (RT-
PCR), and Western blot analyses (Fig. 2A).
After a 7-day selection with G418, complete
elimination of cells expressing SV40T was
achieved beyond the limit of detection (Fig.
2A). To ensure that SV40T had been perma-
nently removed from virtually all cells, we
performed a thorough examination of a large
number of cells by immunofluorescence with
a labeled monoclonal antibody to SV40T
both in vitro and after intrasplenic transplan-
tation in vivo (Fig. 3, B and D). After remov-
al of SV40T, NKNT-3 cells looked more
differentiated, with nucleus to cytoplasm ra-
tios and number of cytogranules comparable
to those of normal primary hepatocytes (Fig.
3C), and could no longer proliferate. On the
basis of these data, we adopted for further
studies a combination of infection with Ax-
CANCre at multiplicity of infection (MOI)
10 and subsequent selection with G418 (500
wg/ml) for 7 days.

A candidate hepatocyte cell line must
meet several biochemical requirements to al-
leviate acute liver failure: it must (i) reduce
bilirubinemia and jaundice, (ii) improve he-
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Fig. 1. Principles of the procedure of reversible immortalization. The retroviral vector SSR#69 (3)
(top) comprises the following elements from 5’ to 3': (i) Moloney murine leukemia virus (MoMLV)
long terminal repeat (LTR) with packaging signal (¥'+), (ii) an initiation codon followed by a LoxP
recombination target, whose overlapping open reading frame was fused to a hygromycin resis-
tance/herpes simplex virus thymidine kinase (HygroR/HSV-TK) fusion gene, (iii) the encephalo-
myocarditis virus internal ribosomal entry site (EMCV-IRES), which allows internal initiation of
translation, (iv) the supertransforming U19 mutant of SV40T from which the intron was deleted to
avoid splicing of the viral transcript and prevent expression of SV40 small t, (v) a second LoxP in
direct orientation followed in frame by the neomycin resistance (NeoR) gene, but, importantly,
lacking an initiation codon, and (vi) another LTR preceded by its polypurine track. Only HygroR/
HSV-TK and SV40T are expressed in transduced cells in the absence of Cre recombinase. After
Cre/LoxP recombination, the intervening DNA segment between the two recombination targets is
excised (bottom right), so that only cells having excised SV40T become simultaneously G418 and
ganciclovir resistant. (bottom left) Schematic representation of AXCANCre, the adenoviral vector

expressing Cre recombinase (77).
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patic- encephalopathy due to hyperammone-
mia, (iii) eliminate other toxic substances,
and (iv) produce clotting factors (4). De-
creasing hyperammonemia seems especially
important to prevent the development of he-
patic encephalopathy and brain death (2). As
glutamine synthetase (GS) is the main con-

Fig. 2. (A) Expression of provi-
ral RNA encoding SV40T in

A
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tributing enzyme responsible for ammonia
clearance, high expression of GS appears es-
sential (/2). Accordingly, we assessed the
expression of key genes of liver metabolism
by Northern blot analysis: albumin, GS, he-
patic Dbilirubin—uridine diphosphate—glucu-
ronosyltransferase (Bil-UDT), glutathione S-

12 3 4 1 2 3 4

NKNT-3 cells before and after SV40T _
Cre recombination and without (422 bp) _

(27) or with (22) G418 selection. B-acti

(top left) RT-PCR analysis with 6:: L;" — n m
primers specific for SV40T (23) ( P)

without G418 selection of cells B

(27). (Top right) RT-PCR analysis 1 2 3 4

with primers specific for Sv40T ~SV40T e

(23) afteE 7-)da(y G418)selection (94 KDa)

of cells (22). (Bottom) B-actin 4

loading controls for RT-PCR. Bactin _, S s ik di

Lane 1, no AXCANCre; lane 2, (46 KDa)

AxCANCre at MOI 5; lane 3, Ax-

CANCre at MOI 10; and lane 4,

AXCANCre at MOl 25. sv4or ~ +
mRNA was markedly decreased
after infection with AxCANCre
at MOI 25 but could still be de-
tected. However, SV40T mRNA
could no longer be detected after

+ -+ =+ = + = 4

Albumin BIil-UGT

GS GST-t  HBCF-X GAPDH

AXCANCre infection and G418 selection. bp, base pairs. (B) (Top) Western blot analysis with SV40T
monoclonal antibody (24) after 7-day G418 selection of cells (22). (Bottom) B-actin loading
controls for Western blot analysis; lanes 1, 2, 3, and 4 are as in (A). SV40T protein could no longer
be detected after AXCANCre infection and G418 selection. (C) Northern blot analysis of liver-
specific mRNAs before (—) and after (+) Cre-mediated recombination of NKNT-3 cells; GAPDH
was used as “housekeeping” mRNA control (25). Data in (A), (B), and (C) were obtained from three

independent experiments.

Fig. 3. Microphotographs of spleen sections 4 days after 90% hepatectomy and intrasplenic
implantation of NKNT-3 cells (78). (A and C) Hematoxylin and eosin staining. Magnification, X200.
(B and D) Immunofluorescent staining with SV40T-specific monoclonal antibody. Magnification,
X200. (A and B) Nonreverted NKNT-3 cells; (C and D) Cre-reverted NKNT-3 cells. Clusters of
implanted NKNT-3 cells with hepatocellular morphology are evident in the splenic red pulp. In
contrast to nonreverted NKNT-3 cells (A), reverted NKNT-3 cells have a single nucleus and normal
nucleus to cytoplasm ratios and are organized in a trabecular pattern in the spleen (C). Extracellular
bile accumulation is seen around transplanted cells. No SV40T nuclear immunofluorescence was
observed in reverted NKNT-3 cells transplanted into the spleen (D versus B).

transferase 7 (GST-m), and human blood co-
agulation factor X (HBCF-X); the house-
keeping mRNA glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an in-
ternal control (Fig. 2C). We found that Bil-
UDT, GS, and GST-w mRNAs were ex-
pressed in NKNT-3 cells before reversal of
immortalization but that their levels increased
substantially after excision of the SV40T
gene. Furthermore, albumin and HBCF-X
mRNAs could only be detected after removal
of the SV40T gene (Fig. 2C). This was not
observed with a control Ad expressing LacZ
(13).

We then set out to evaluate NKNT-3 cells
after their transplantation in a rat model of
acute liver failure (ALF) (14). NKNT-3 cells,
before or after recombination, were trans-
planted into the spleen of rats (/5) with ALF
induced by 90% hepatectomy. We adopted
this surgical procedure because of its superior
reproducibility when compared with ALF in-
duced by hepatotoxins or liver ischemia (I,
4). In this model, 100% of rats having under-
gone 90% hepatectomy die of ALF within 3
days (I, 4). Lewis rats weighing 350 g were
used in transplant experiments and divided
into the following groups: group 1 (Gl: n =
10), intrasplenic injection of 0.5 ml of medi-
um; group 2 (G1: n = 10), intrasplenic trans-
plantation (Isp-Tx) of 5 X 107 nonreverted
NKNT-3 cells; and group 3 (G3: » = 10),
Isp-Tx of 5 X 107 NKNT-3 cells treated with
AxCANCre at MOI 10 and subsequent G418
(500 p.g/ml) selection for 7 days. All animals

- underwent 90% hepatectomy 1 day after

transplantation and received a daily intramus-
cular administration of FK506 (1mg/kg) to
prevent rejection of human xenotransplanted
cells. Transplantation of normal rat hepato-
cytes was not performed as a control in the
present experiments, because the beneficial
effect of transplanting primary hepatocytes
into the spleen has been shown by many
investigators in the rat model of ALF (, 4).
Rats were followed for 4 weeks after hepa-
tectomy, at which time liver regeneration suf-
ficient to ensure long-term survival was
achieved if the animals did not die of ALF
during the first 3 days after hepatectomy (Z,
4). Postoperatively, biochemical parameters
that include total bilirubin (T.Bil), prothrom-
bin time (PT), and blood ammonia (NH,)
were measured in the plasma of transplanted
and hepatectomized rats at various time
points (/6) (Fig. 4, A, B, and C). Ninety
percent of hepatectomized rats having under-
gone transplantation of NKNT-3 or reverted
NKNT-3 cells showed significant improve-
ment in all parameters (Fig. 4, A, B, and C)
and significantly better survival rate when
compared with G1 rats (Fig. 4D). G3 rats
having received reverted NKNT-3 cells
showed better improvement in survival com-
pared with G2 rats, but this was not statisti-
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cally significant (Fig. 4D). In another cohort,
rats that survived were killed 4 days after
transplantation for anatomical and his-
topathological examinations. In the surviving
rats, the remnant caudate lobes of the liver
was markedly enlarged, a characteristic sign
of ongoing liver regeneration (/7). NKNT-3
cells and reverted NKNT-3 cells were found
in the spleen on histological sections (/8)
(Fig. 3). Islands of splenic “hepatization”
were also apparent with reverted NKNT-3
cells, and extracellular bile accumulation was
observed around transplanted cells because of
the lack of drainage system in the spleen (Fig.
3C). These findings demonstrate the feasibil-
ity of controlling the expansion of primary
human hepatocytes by Cre/Lox-based revers-
ible immortalization with adequate preserva-
tion of metabolic functions, which become in
fact further enhanced after removal of the
transferred oncogene. These data also indi-
cate that transplanted NKNT-3, whether re-
verted or not, survive in the spleen of rats and
provide adequate metabolic support during
ALF until the native liver recovers.
Intrasplenic HTX of 5 X 107 reversibly
immortalized human hepatocytes, which are
equivalent to about 5% of the total number of
hepatocytes per adult rat, was able to protect

A

15 —0— Gt
—— G2
—A— G3
* P <0.01
1.0 for G2 or G3 vs. G1
S
I
E
— 05
5
-

0.0
0 24 48 72 96 120 144 168

Time after transplantation (hours)

@)

800 —0— G1
—0— G2
—— G3
600
* P<0.01

for G2 or G3 vs. G1
400

200

Ammonia (pg/dl)

0
0 24 48 72 96 120 144 168
Time after transplantation (hours)

REPORTS

animals from ALF. Why could such a small
number of hepatocytes enable the rats to re-
cover from ALF? Considering that all rats
submitted to 90% hepatectomy without trans-
plantation (G1 rats) die within 36 hours after
surgery and that most rats survive after 80%
hepatectomy with no special treatment, 10%
additional liver mass equivalent appears suf-
ficient to bridge life until spontaneous regen-
eration of the liver occurs. One can therefore
surmise that intrasplenic injection of 5 X 107
cells (5% liver mass equivalent) may indeed
suffice to ensure short-term survival.

For clinical applications in humans, pre-
integration in the NKNT-3 cell line of an
inducible Cre expression cassette (e.g., by
tetracycline-mediated induction) (/9) may al-
low considerable expansion of the cell popu-
lation before reversion without the need for
adenoviral superinfection. In addition, replac-
ing the NeoR gene with that encoding the
green fluorescent protein should allow effi-
cient and rapid isolation of cells having un-
dergone Cre-mediated recombination (20).
As alternatives to direct intrasplenic implan-
tation, NKNT-3 cells may be placed in im-
munoprotective microcapsules or used to
generate bioartifical liver support. Three lev-
els of safeguards make it unlikely that trans-

B«

—0— Gi
—0— G2
—N— G3
§ 20 * P<001
) for G3vs. G1
Q
E
:E .
€ 10
e
£
<
a
0
0 24 48 72 96 120 144 168
Time after transplantation (hours)
D. o
—0— G2
—A&— G3
80
* P <0.05
= for G3vs. G1
£ 60 A
H
40 -0
®
2
g 20
]

0
0 5 10 15 20 25 30
Time after transplantation (days)

Fig. 4. Postoperative levels of total bilirubin (A), prothrombin time (B), and ammonia (C) and
survival rate (D) in 90% hepatectomized rats (76). Group 1 (G1), no cell transplantation; group 2
(G2), intrasplenic transplantation of nonreverted NKNT-3 cells; and group 3 (G3), intrasplenic
transplantation of reverted NKNT-3 cells (10 rats per group). Error bars indicate standard
deviations. Statistical differences were determined by the Mann-Whitney U test, followed by the
two-tailed Student’s t test. The statistical analysis of survival time was done by the Kaplan-Meier

survival test.
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planted and reverted NKNT-3 cells would
expose patients to any oncogenic risk: (i)
efficient elimination of the transferred onco-
gene by site-specific recombination followed
by differential selection, (ii) allogeneic trans-
plantation requiring temporary immunosup-
pression, and (iii) incorporation of a gene
“suicide” (Hygro-TK) in the presence of gan-
ciclovir. This approach may prove to be a
valuable therapeutic strategy to surmount the
problem of organ shortage that currently lim-
its the use of liver or hepatocyte transplanta-
tion. In the future, reversible immortalization
procedures may be extended to other somatic
cells with potential applications in various
medical conditions.
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The Glucocorticoid Receptor:
Rapid Exchange with Regulatory
Sites in Living Cells
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Steroid receptors bind to site-specific response elements in chromatin and
modulate gene expression in a hormone-dependent fashion. With the use of a
tandem array of mouse mammary tumor virus reporter elements and a form
of glucocorticoid receptor labeled with green fluorescent protein, targeting of
the receptor to response elements in live mouse cells was observed. Photo-
bleaching experiments provide direct evidence that the hormone-occupied
receptor undergoes rapid exchange between chromatin and the nucleoplasmic
compartment. Thus, the interaction of regulatory proteins with target sites in
chromatin is a more dynamic process than previously believed.

Steroid receptors modulate rates of transcription
at target genes through protein-protein interac-
tions with basal transcription factors and
through the recruitment of a variety of coactiva-
tors or corepressors (/). Some of these interact-
ing proteins serve as bridging factors to other
components of the soluble transcription appara-
tus, and others either harbor intrinsic chromatin-
modifying activities [such as acetylation or
methylation (2)] or interact with other chroma-
tin-remodeling activities [including the swi/snf
family of nucleosome-remodeling proteins (3)].
The dynamic process by which the receptors
recruit these factors to activate transcription is
poorly understood. The classic view is that the
receptor binds to a recognition site and remains

Laboratory of Receptor Biology and Gene Expression,
Building 41, Room B602, National Cancer Institute,
Bethesda, MD 20892-5055, USA.

*These authors contributed equally to this work.
+To whom correspondence should be addressed. E-
mail: hagerg@exchange.nih.gov

at that site for as long as the ligand is present in
the cellular milieu (4). Alternatively, the recep-
tor may interact transiently with a response el-
ement, recruiting a secondary set of factors that
in turn form a stable complex at the regulatory
site. This type of mechanism has been referred
to as “hit and run” and has been proposed both
for the glucocorticoid receptor (GR) (5, 6) and
for enhancer function in general (7) (Fig. 1).
These issues could not be addressed by the
indirect methods traditionally used to detect
transcription factor— DNA binding and function.
We report here the direct observation of GR
interaction with hormone response elements in
living cells. Using photobleaching techniques,
we show that the receptor undergoes continuous
exchange between chromatin regulatory ele-
ments and the nucleoplasmic compartment
when ligand is constantly available.

The cell line 3134 contains a large tandem
array of a mouse mammary tumor virus/Harvey
viral ras (MMTV/v-Ha-ras) reporter (8). The
repeat structure arose from the spontaneous
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chromosomal integration of a 9-kb bovine pap-
illoma virus (BPV) multicopy episome, creat-
ing a head-to-tail array of 1.8 X 10° base pairs
(bp) (Fig. 2A). This structure contains about
200 copies of the long terminal repeat (LTR)
and thus includes 800 to 1200 binding sites for
GR. Derivatives of this cell line express a green
fluorescent protein (GFP)-tagged version of
GR (GFP-GR) from a chromosomal locus un-
der control of the tetracycline-repressible pro-
moter (§). The GFP-GR that is expressed in
these cell lines after removal of tetracycline is
resident in the cytoplasm in the absence of
ligand but translocates to the nucleus within 10
min of hormone addition, as detected by live-
cell epifluorescence (8).

The MMTV array in these cell lines was
large enough to be observed by light microsco-
py. Fluorescence in situ hybridization analysis
(FISH) of DNA was performed on metaphase
chromosomes from cell line 3617 with a probe
to the ras insert in the tandem array (Fig. 2). The
cell line is aneuploid, as expected for a ras-
transformed murine carcinoma cell maintained
in culture for many generations. Hybridization
with the ras probe alone revealed the presence
of a large ras-specific structure near the centro-
mere of one chromosome (Fig. 2C). Subse-
quent analysis with a chromosome 4 telomere-
specific probe showed that the array was locat-
ed on this chromosome (Fig. 2B). The array
thus exists as a unique amplified element near
the centromere in the A region of chromosome
4 (Fig. 2A).

When the distribution of GFP-GR is exam-
ined in living cells (Fig. 3), multiple nuclear
structures are observed after ligand activation
(9). The receptor is located in a series of bright
focal structures, overlayed against a fine retic-
ular pattern that is present throughout the nu-
cleus but not including the nucleoli. In cell line
3617, however, the receptor also accumulates
in one large structure that is present as one copy
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