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Introduction



1. Bilirubin metabolism

Bilirubin is a yellow pigment derived from the degradation of heme proteins. In
humans, 250 to 400 mg of bilirubin is formed daily consequently to the breakdown
of hemoglobin, others hemoproteins and free heme [1]. Approximatively 80% of
bilirubin is derived from the hemoglobin of senescent erythrocytes [2].

In the circulation, bilirubin is tightly but reversibly bound to albumin, which keep
it in soluble form during its transfer from the production to the excretion site, the
liver (Figure 1). In healthy subjects, normal albumin concentrations (500-700 uM)
exceed that of bilirubin (<17uM). However, in patients with Crigler-Najjar
syndrome, a pathology characterized by hyperbilirubinemia, the molar ratio of
unconjugated bilirubin to albumin can exceed 1. In this context bilirubin can also
bind to a second, third and a fourth site of albumin. However, such binding is
weaker, so that the unbound fraction of bilirubin increases sharply.

Tightly bound to albumin, bilirubin is rapidly removed from circulation by the
liver. Bilirubin dissociates from albumin before entering the hepatocytes. Because
its water solubility is very low at physiologic pH, unconjugated bilirubin is kept in
solution bound to a cytosolic protein, the ligandin (Figure 1) [3, 4].

Bilirubin remain stored within hepatocytes before excretion into bile [5], this step
is efficiently performed, across the bile canaliculus, after its conversion to polar
conjugates by esterification with a glucuronic acid. Bilirubin conjugation is
catalyzed by a specific isoform of uridine diphosphoglucuronate
glucuronosyltransferase (UGT). UGT enzymes are present in the endoplasmic
reticulum and nuclear envelope of hepatocytes [6] and are integral membrane

proteins [7, 8].

26



Biliary excretion of bilirubin conjugates (mono- and diglucuronides) is carried out
thanks to an ATP-dependent canalicular non-bile acid organic anion transporter
(also called cMOAT). Maximal bilirubin secretion capacity depends on bile flow
which is increased by infusion of bile acids [9] or after phenobarbital treatment.

Bilirubin reaches the intestinal tract mainly under conjugated form and is not
substantially absorbed, it is degraded by bacteria into a series of urobilinogen and
related products (Figure 1) [10] but a portion of unconjugated bilirubin excreted in

bile may be reabsorbed in the small intestine.
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Figure 1: Bilirubin formation, hepatic metabolism and excretion.
Bilirubin derives (B) from the degradation of heme proteins (1). In the circulation, bilirubin is tightly bound to
albumin (2) which kept it in solution form the excretion site, the liver. The bilirubin-albumin complex dissociates
in the liver sinusoids and bilirubin then enters the hepatocyte (3). Within the hepatocyte bilirubin binds to a
group of cytosolic proteins termed ligandins; this inhibits the efflux of bilirubin from the cell. UDP-
glucuronosyltransferase (UDPGT) (4), an endoplasmic reticulum enzyme, catalyzes the transfer of glucuronic
acid from UDP-glucuronate (UDPGA) to bilirubin, forming bilirubin monoglucuronide (BMG) and
diglucuronide (BDG). Mono- and diglucuronides are excreted to the bile thanks to an ATP-dependent canalicular
non-bile acid organic anion transporter (called cMOAT) (5). Bilirubin reaches the intestinal tract and is degraded
by bacteria into a series of urobilinogen and related products (6). Modified from www.studentconsult.com and

Chowdhury et al. [11]
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2. Crigler-Najjar syndrome
The Crigler-Najjar syndrome is an autosomal recessive disease characterized by
unconjugated hyperbilirubinemia due to a hepatic deficit of bilirubin
glucuronosyltransferase (GT) activity. So far, the disease is divided in two types:
type I and type II. It remains rare hepatic disorders with a prevalence estimated at
1/1000000 birth [12]. Absence or bare detection of bilirubin-UGT enzyme activity
distinguishes both diseases.
a. Crigler-Najjar syndrome type |
Crigler-Najjar syndrome type | is characterized by severe unconjugated
hyperbilirubinemia due to a complete absence of hepatic bilirubin
glucuronosyltransferase activity. This metabolic disorder was firstly described by
Crigler and Najjar in 1952 in six infants of three families [13]. Five of the six
infants died of bilirubin encephalopathy (kernicterus) by the age of 15 months.
The single surviving was free of neurologic disease until 15 years of age, when
kerincterus suddenly developed and he died 6 months later [14]. Crigler-Najjar
syndrome type | occurs in all races, is transmitted as an autosomal-recessive trait
and could be associated with consanguinity in some cases [14-17].
Hepatic parameters related to Crigler-Najjar syndrome type | are normal except for
the serum bilirubin level, which is usually up to 20-25 mg/dl, but may be as high
as 50 mg/dl [14-16, 18]. In healthy patients, the serum bilirubin level is around
0.1-1.2mg/dl. High plasma concentrations of bilirubin increase the risk of bilirubin
encephalopathy (kernicterus) which leads to long term sequelae including delay in

motor development, chorioathetosis, dental dysplasia, cognitive dysfunction and
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mental retardation. The histological analyze of Crigler-Najjar patient liver biopsy
reveal normal biliary tract and vascular structures.

b. Crigler-Najjar syndrome type Il

Crigler-Najjar syndrome type Il was first described by Arias in 1962 in a study of
chronic unconjugated hyperbilirubinemia in eight patients [19]. Crigler-Najjar
syndrome type Il is characterized by unconjugated hyperbilirubinemia due to
reduced and inducible activity of hepatic bilirubin glucuronosyltransferase but is
phenotypically similar to Crigler Najjar syndrome type I, except that the serum
bilirubin concentration is usually below 20 mg/dl but may be as high as 40mg/dl
during fasting [20] or intercurrent illness [21].

c. Molecular defects in Crigler-Najjar syndrome

Numerous mutations in the UGT1AL gene (2937) are linked to both Crigler-Najjar
syndrome types and result in absent or reduced bilirubin GT activity, with marked
impairment of bilirubin conjugation. UGT isoforms are expressed from multiple
loci (Figure 2). The C-terminal domain of UGT isoforms has a high degree of
homology and is responsible for binding of the common donor substrate, UDP-
glucuronic acid [22] whereas the N-terminal domains are more heterogenous and
account for the aglycone substrate specificity of individual isoforms [23]. Only
one isoform is specific for bilirubin glucuronidation[23]; other isoforms are
specific to other substrates (such as phenolic substrates, steroids, drugs,...) as

illustrated in Table 1. The locus that expresses bilirubin-UGT is termed UGT1Al.
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UGT1A Locus
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Figure 2 : Schematic representation of the UGT1A locus.

This locus contains multiple genes that express UGT1A isoforms. Exon 2,3,4 and 5, located at the 3* end of UGT1A,
encode the identical C-terminal domains of all UGT isoforms expressed from this locus. Upstream to these common
regions exons are a series of unique sequences (exons 1Al through 1A12), each of which encodes the variable N-
terminal domain of a different UGT isoform expressed from this locus. Each unique region exon is preceded by a
separate promoter region (arrows), permitting independent regulation of gene expression. Transcription can start from
any of the promoters, producing transcripts of varying length. The unique exon located at the 5° end of the transcript
is spliced to the 3” end of exon 2 and other unique region exons present in the transcript are spliced out. Thus, based
on differential promotor usage, several mMRNAs, each encoding a different member of the UGT1A subfamily are
generated. Genes belonging to this locus are named according to unique exon used in the expressed mRNA. When the
transcription starts 5° to exon 1Al, the mRNA encoding bilirubin UGT is generated. This gene which consists of
exon 1Al plus the common region exons 2 to 5 is termed UGT1A1 and the expressed enzyme is termed UGT1AL.
Modified from Chowdhury et al. [11]

Genetic lesions in the exons constituting the UGT1A1 gene that cause Crigler-
Najjar syndrome type | were first described in 1992 [23-27]. Genetic lesions can
be deletions, insertions, missense mutations or premature stop codons and can be
located in any of the five exons comprising the UGT1A1 mRNA (Figure 2) [26].
When the genetic lesion is located in exon 1, only UGT1A1 activity is abnormal,
whereas when the mutation affects one of the common region exons (exons 2 to
5), all UGT isoforms expressed from UGT1A locus are expected to be abnormal.
Crigler-Najjar syndrome type Il is caused by mutations of one of the five exons
that encode UGT1A1 [28]. This mutation consists of point mutations and results in

marked reduction, but not a total loss of bilirubin-UGT activity.
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Enzyme Substrate

UGT1A1 Bilirubin, morphing, irinotecan and oestrogen

UGT1A2 OQestrogen (rat and mouse)

UGT1A3 Estrone and 2-hydroxyestrone

UGT1A4 Sapogenins, tamoxifen and arylamine

UGT1AS Not expressed

UGT1AB Aspirin, acetaminophen, irinotecan and antioxidant genes inductor
UGT1A7 Moderate glucuronidase activity with phenols

UGT1AS8 Coumarins, phenols, anthraquinones, flavones, opioids, oestrogen and tamoxifen
UGT1A9 Irinotecan, arylamine, nicotine and estrogen

UGT1A10 Mycophenolic acid, coumarins, guinolines, irinotecan and oestrogen
UGT1A11 Not expressed

UGT1A12 Not expressed

Table 1: Substrates for the different UGT1A enzymes

The C-terminal domain of UGT isoforms is responsible for binding of glucuronic acid whereas the N-terminal
domains are substrate specific. For example UGT1A1 is involved in bilirubin, morphine, irriontecan and
oestrogen pathway glucuronidation.
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3. Animal models for Crigler-Najjar syndrome type 1

a. Gunnrat

Animals presenting nonhemolytic unconjugated hyperbilirubinemia were first
described in 1938 by Gunn [29] in Wistar strain. Jaundice in these animals is
inherited as an autosomal recessive trait [30]. Heterozygous rats are anicteric and
exhibit conjugated bilirubin levels ranging between 0.2-0.6 mg/dl whereas
homozygous Gunn rats have bilirubin levels that range from 3 to 20 mg/dl.
Homozygous rats have a light yellow bile due to the excretion of small amounts of
unconjugated bilirubin [30] and similarly as in the human liver, histology is
normal [31].

The rat UGT1Al locus closely resembles its human counterpart in exon
organization. The genetic lesion in Gunn rats consists of the deletion of a single
guanosine residue in the common region exon (exon 4), which creates a frameshift
and deletes a large segment of the C-terminal domain of all UGT isoforms that are
expressed from this locus [32, 33]. Consequently, not only bilirubin
glucuronidation is absent in this strain, other UGT isoforms expressed from
UGT1A locus are also truncated and non functional [34].

Homozygous Gunn rats frequently develop kernicterus [18]. Cytoplasmic neuronal
changes develop in these rats on the third day of life and, after 2 weeks,
degeneration of Purkinje cells and other neurons occurs. The degenerative changes
begin by enlargement of mitochondria and formation of membranous cytoplasmic
bodies. Moreover bilirubin inhibits RNA synthesis, protein synthesis and
carbohydrate metabolism in brain and inhibits protein synthesis in liver [35].

Bilirubin also decreases respiration activity of isolated brain mitochondria,
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uncouples oxidative phosphorylation, inhibits ATPase activity and inducs brain
oedeme [36]. Bilirubin has been shown to inhibit protein kinase-mediated
phosphorylation of neural proteins [37, 38]. All these effects can lead to induced
brain dysfunction, also known as kernicterus.

Furthermore, Gunn rats cannot concentrate urine and do not tolerate water
deprivation [39] because the renal medullary bilirubin concentration is high which
interferes with sodium and water transport. Occasionally renal papillary necrosis
can also occur [40].

b. UGT1 knock-out mice

UGT1 knock-out mouse was generated into C57BL/6 background by the
elimination of mouse UGT1 activity from the germ line by interrupting exon 4 into
ES cells. This interruption of the reading frame leads to a complete absence of
UGT1A RNA [41]. Within 8 h following UGT1” mouse birth the visible
appearance of jaundice is evident by the orange skin color of the neonates. The
normal levels of UCB in 5-day-old UGT1+/+ mice ranges from 0.1 to 0.3 mg/dl in
comparison to 7-10 mg/dl in the UGT1 " mice. Longevity studies show that all of
the UGT1"neonatal mice die within the first 2 weeks following birth and exhibit
intense yellow staining in the brain resulting from UCB deposits due to high level
of UCB [42].

c. UGT1 knock-in mice

In 2011, Bortolussi et al. generated a C57BL/6 Ugtl knock-in mouse [43]. A
single base deletion was introduced by gene targeting in exon 4, this mutation,
similar to the one present in the hyperbilirubinemic Gunn rat model leads to a
frameshift generating a stop codon immediately downstream. Mutant mice were

characterized by Ugtl truncated protein, lacking the transmembrane domain.
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Enzymatic assays using UCB as a substrate demonstrated that liver microsomes
from 5 days old mutant mice had no Ugtlal glucuronidation activity.

Mutant mice developed jaundice as early as 36 h after birth, evidenced by the
yellowish-orange color of the skin. Within a few days after birth, jaundice
progressed to a severe hyperbilirubinemic condition, reaching UCB levels 42
times higher than in control littermates (wild type: 0.29+£0.17 mg/dl and mutant:
12.22+1.49 mg/dl). 50% of mice died within 5 days after birth with no survivors
after 11 days.

Neonatal mutant mice (d3-d6) displayed many of the clinical symptoms of
kernicterus, including severe motor impairment characterized by a marked
improper posture of the rear limbs, poor and slow movement, and decreased
feeding. The cerebellum of mutant mice was less developed compared with that of
wild-type littermates. A closer examination revealed that mutant mice had an
abnormal stratification of the cerebellar layers explained by a reduction of Purkinje
cells. A detailed observation of histological preparations showed that, in mutant
mice, the Purkinje cell layer architecture was disorganized, and the dendritic arbor

was underdeveloped.

4. Treatments of Crigler-Najjar syndrome
Advantages and disadvantages of Crigler-Najjar treatments are summarized in
table 4 at the end of chapter 5.
a. Phototherapy
Phototherapy can be used to treat both CN syndrome type | and Il. Bilirubin
exhibits a ZZ conformation and is virtually insoluble in water. Exposure of

circulating bilirubin to light changes the configuration to an E or cis-configuration
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(Figure 3). The resulting ZE, EZ or EE isomers are more polar than ZZ bilirubin

and can be excreted in the bile without conjugation.

HO,C COzH

A
N —
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H H H H
v
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A s\ I/ c\ D
LR Lo L3P
H H H H

Figure 3: Bilirubin isomerization

Bond between pyrrolenone rings A and B or C and D can change into an E (cis) configuration resulting in the EZ
(A), ZE (B) or EE (C) isomers. E configuration of the bond between the pyrrolenone rings interferes with
hydrogen bonding and renders the molecule relatively polar. Modified from http://www.atarnotes.com
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Phototherapy is the first line treatment for icteric newborns whose serum bilirubin
concentrations place them at risk for kernicterus [18, 44, 45]. Later in life, such a
therapeutic approach deeply impairs the patient quality of life of CN patients who
require phototherapy for up to 12 hours daily. More over about the time of
puberty, phototherapy becomes relatively less effective because of thickening of
the skin, increased skin pigmentation and decreased surface in relation to body
mass [18]. Like in healthy patients, a portion of unconjugated bilirubin excreted in
bile may be reabsorbed in the small intestine. Oral administration of agar,
cholestyramine, or calcium salts [45] improves the effect of phototherapy, by
inhibiting the reabsorption of unconjugated bilirubin.

b. Plasmapheresis

Plasmapheresis is the most efficient method to rapidly reduce serum bilirubin
concentration. This method is particularly used in crisis phase [15, 18, 46]. It
consists in the removal, treatment, and return of (components of) blood plasma
from blood circulation. This procedure takes advantage of the fact that bilirubin is
tightly bound to serum albumin and removal of albumin results in the removal of
equimolar amounts of bilirubin. Sellier et al. reported a case of a 6 year old
Crigler-Najjar type | patient who had previously developed kernicterus in the
neonatal period [47]. In spite of intensification of phototherapy, the patient
developed severe hyperbilirubinemia (up to 48.5 mg/dl, with bilirubin/aloumin
ratio at 1.2). With two plasmapheresis procedures, bilirubin serum concentration
finally decreased to 24.6 mg/dl and bilirubin/aloumin ratio to 0.55. Following the
acute episode of very severe unconjugated hyperbilirubinemia, the child

recovered.

37



c. Phenobarbital treatment

This treatment can exclusively be used to treat CN syndrome type Il. The reduced
levels of hepatic bilirubin-UGT activity in type Il suggested that an inducer of
microsomal enzymes could ameliorate hyperbilirubinemia [19]. Studies revealed
that serum bilirubin concentrations are reduced significantly (greater than 25
percent) following treatment with phenobarbital. Phenobarbital activates the
transcription of UGT1AL linking a 290-bp sequence phenobarbital responsive

enhancer module located from -3483 to -3194pb of the UGT1AL gene [48].

d. Liver transplantation
Orthotopic or auxiliary liver transplantation rapidly normalizes serum bilirubin
levels.

I. Orthotopic liver transplantation
Orthotopic liver transplantation (OLT) is up to now considered as the only
definitive treatment for Crigler-Najjar syndrome type | [15, 45, 46, 49, 50] but this
procedure seems disproportionate to correct one single missing enzymatic function
in an otherwise normal liver. Indeed, up to 15% of OLT patients require re-
transplantation, and progressive fibrosis of the graft is a subject of concern at long
term [51]. Moreover, transplanted patients must follow a life long
immunosuppressive treatment.

ii. Auxiliary liver transplantation
Auxiliary liver transplantation (AXLT) uses a partial left or right lobe from the
donor which acts as support for the recipient's liver, which remains in place. The

partial graft is placed below the native liver (heterotopic auxiliary transplantation)

38



5. The

or replaces the resected right or left native lobe (auxiliary partial liver
transplantation).

This technique is also an invasive surgical procedure and remains difficult mainly
because of perilous anastomosis that can hamper the venous in-or outflow and can
lead to graft atrophy / ischemia or vascular thrombosis. Another complication is
the small-for-size liver syndrome, defined as liver impairment, following

inadequate liver mass replacement [52].

potential role of cell therapy in liver metabolic diseases

a. Mature liver cell transplantation

Alternatives to orthotopic and auxiliary liver transplantation, considered as
expensive and risky procedures, are being sought. In this context, liver cell therapy
(LCT) appeared as a new alternative treatment. Isolated hepatocytes can be safely
infused in the diseased liver and are expected to bring sufficient enzyme activity to
restore bilirubin metabolism, setting the patients within safer metabolic limits and
improving its quality of life. Hepatocyte infusion has been shown to restore
metabolic function not only in CN patients [53], but also in disorders of
ammonium metabolism [54] glucose metabolism [55], clotting factor deficiencies
[56],... However these studies have shown that the metabolic control remains
partial and the durability of the results is limited in time, less than one year in most
cases. The first demonstration of LCT efficacy was provided in 1998 by Fox et al.
[57]. In this case, 7.5 billion viable liver cells were infused to a 10-year-old
Crigler-Najjar type | patient with a subsequent significant decrease of bilirubin
levels for up to 11 months. Glucuronoconjugates were found in bile confirming the

functional integration of transplanted healthy hepatocytes. As evidenced in table 2
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several groups obtained a significant (from 25 to 60%) decrease in bilirubin levels
after LCT [58-63] and review [64].

Using the Short tandem repeat (STR) analysis, the authors confirm the engraftment
of donor hepatocytes into the recipient liver. Our team performed LCT in two CN
pediatric cases [62]. The first patient was a 9-year old girl. Pre-transplant bilirubin
values attained 17.5+0.49 mg/dl (mean = SD) and dropped after LCT to the lowest
value of 11.4 mg/dl (mean = SD: 13.6+0.42 mg/dl). After a period of 6 months,
bilirubin values increased suddenly without concomitant event and the patient was
scheduled for OLT. The second patient, a 1-year old girl, presented bilirubin
preLCT levels of 17.6+£3.5 mg/dl (mean £ SD), the serum bilirubin dramatically
decreased to values of 13.32.4 mg/dl (mean + SD) with the lowest value at 6
mg/dl (Figure 4). Skin jaundice reduced rapidly and the daily phototherapy
schedule was alleviated from 10 to 8 hours without any influence on the bilirubin
levels. After 4 months of progressive decrease of serum bilirubin, the values
increased suddenly following an intercurrent Epstein-Barr virus infection. The girl
underwent OLT. More recently, Ribes-Koninckx published a case of a 7 months
patient who exhibited a drastic bilirubin decrease of 50% for more than 17 months
[63].

Despite these encouraging results, LCT is confronted to several limitations as for
instance metabolism recovery durability, donor organ shortage and the inability of
hepatocytes to proliferate in vitro. In addition, Stephenne et al. demonstrated that
cryopreservation of hepatocytes induced functional alteration of the mitochondrial
respiratory chain complex 1 and structural modifications due to ice crystal

formation during cryopreservation [65].
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b. Alternative cell sources

In liver cell therapy field, stem cells are considered as potential candidates thanks
to their proliferation and differentiation potential as well as to their immuno-
modulatory properties [66, 67]. Indeed, stem cells are defined by three important
characteristics that distinguish them from other cell types. First, stem cells are
undifferentiated cells and can renew themselves extensively, which allows having
large vyield available. Second, under certain physiological or experimental
conditions, stem cells can be induced to differentiate into multiple specialized cell
types, a property that can be kept even after cryopreservation/thawing [68-71].
Stem cells can be classified according to their potency: pluripotent (for which
differentiation potential is extended to any of the three germ layers: endoderm,
mesoderm or ectoderm), multipotent (which have the gene activation potential to
differentiate into multiple, but limited cell types), oligopotent (with an ability to
differentiate into a few cell types), unipotent or precursor cells (illustrate the
concept that one stem cell has the capacity to differentiate into only one cell type)
and finally specialized cells. Third, stem cells have the ability to functionally and
robustly reconstitute a given tissue, when transplanted in a (damaged) recipient. In
this context, stem cells would be an interesting alternative source for LCT after
their plasticity had been illustrated [72, 73]. Different populations of stem cells
have been widely studied and characterized for their potential use as alternative

therapeutic tools in liver regenerative medicine.
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i. Embryonic stem cells
Embryonic stem cells (ESCs) are pluripotent cells derived from the inner cell mass
of the blastocyst (Figure 5); due to their immature status, constitute a good model
for studying hepatocyte differentiation [74]. Hepatogenic differentiated hESCs
were able to highly express CYP1Al, CYP1A2 and UGT1A1 mRNA following
omeprazol stimulation [75]. hESCs were confronted to ethical [76, 77] and safety

[78] concerns which limit their use in clinical settings.

Blastocyst
Totipotent
Morula
Oocyte
_ — — { = Human Fetus
Embryonic S
Pluripotent
Inner Mass Cells
Embryonic stem cells
[ Multipotent
( : Tissue specific stem cells
Hematopoietic stem cells
Mesenchymal stem cells
Oligopotent — Unipotent
Adult

Oval cells
Human liver stem cells

Human adult liver progenitor
cells
Specialized mature cells

Hepatocytes

O Symetric division — self renewal

mm) Asymetric division — cell differentiation

Figure 5: stem/progenitor cells origin
Image adapted from http://wikipedia.org/stem cells diagram. and Scheers I. [79]
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ii. Adult stem cells
1. Hematopoietic stem cells
Hematopoietic stem cells (HSCs) are multipotent cells that can be isolated from
bone marrow (BM), umbilical cord blood or peripheral blood [80]. Cell identity
and phenotype are mainly determined by selection procedure whose criteria
remain debated [81]. HSC showed hepatocyte differentiation potential but this
potential is discussed [82-86] and lack of precision concerning identification of
cell population involved in differentiation process make these cells less
considerable for clinical use [87, 88].
2. Extra-hepatic Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are multipotent cells and are serious candidates
for liver tissue engineering. MSC can be obtained from many adult tissues [89] as
various as bone marrow, adipose, cord blood or umbilical cord. These cells show
extensive proliferation ability and are resistant to cryopreservation process.
Moreover MSCs are well characterized: they present a spindle-shaped
morphology, are adherent to plastic, and express CD73, CD90 and CD105
mesenchymal markers. MSCs are multipotent cells: they are able to differentiate
into mesodermal but also endodermal and ectodermal lineage [90]. MSC have the
particularity to lack expression of human leukocyte antigen (HLA) major
histocompatibility complex (MHC) class Il (HLA-DR) and present moderate
expression of MHC class | antigen (MHC-ABC). These cells can support in vitro
differentiation [91] and generate hepatocyte-like cells which could display
advanced hepatocytic features like albumin and urea secretion as well as

expression of phase | drug metabolism enzymes[92].
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As regards their potential therapeutic benefit in hepatic diseases, human albumin
immunostaining has been demonstrated in most preclinical studies that have
transplanted human MSCs into immunocompromised rodents [92-95]. However
albumin-positive immunohistology alone may hardly be considered as sufficient to
claim hepatic functionality of MSC-derived engrafted cells. Rare studies have
provided additional evidence through the detection of additional hepatocytic
lineage markers or secretion of human albumin in rodent blood [96, 97].
3. Hepatic stem/progenitor cells
a. Oval cells

Oval cells, historically discovered in rodents [98] and found subsequently in
humans, are bipotent progenitors cells located at the canals of Hering in the portal
zone. They are small cells (approximately 10 um) with a high nucleus/cytoplasm
ratio and an oval-shaped nucleus. These progenitors express markers in common
with bile duct cells, fetal and adult hepatocytes [99]. In response to severe or
chronic injury and particularly when the proliferative response of hepatocytes is
impaired [100], oval cells proliferate extensively and, depending on the injury site,
either migrate to the liver parenchyma and adopt the hepatocyte cell fate or
differentiate into cholangiocytes [101]. Attempts to isolate oval cells and culture
them in vitro have delivered various cell populations characterized by different cell
surface expression profiles (Table 3). The concept of oval cell response is
preferred over the label of oval cell, which would suggest that these cells

constitute a unique and homogenous cell population [102].

46



b. Hepato-mesenchymal cell types

Hepato-mesenchymal cell types are oligo/unipotent cells emerged from the
parenchymal fraction of human post-natal livers after collagenase digestion [103].
Herrera et al. isolated Human liver stem cells (HLSC) characterized by expression
of mesenchymal stem cell markers CD29, CD73, CD44, and CD90 but not
hematopoietic stem cell markers[103]. They also express hepatic markers like
albumin, a-fetoprotein, a small percentage of cells express CK8 and CK18 (table
3). After specific differentiation protocol, HLSC presented functional cytochrome
P450, albumin, and urea production and downregulated a-fetoprotein and
expressed cytokeratin-8 and cytokeratin 18.

In 2007, Najimi et al. described oligo/unipotent cells called human adult-derived
liver progenitor cells (ADHLSCs). ADHLSC were obtained following enzymatic
liver desegregation and primary culture of isolated liver cells [104]. ADHLSC
expressed CD90, CD73, CD29, and CD44, documented markers for mesenchymal
lineage and negative for hematopoietic markers such as CD45 and CD117. In
addition, the mesenchymal phenotype of ADHLSC was confirmed by positive
immune-staining for vimentin and ASMA and negative for biliary and hepatic
cytokines 7, 8, 18 and 19. ADHLSC also express hepatic markers such as albumin,
a-fetoprotein, AAT, CYP3A4, hepatic nuclear factor4 (HNF4) and UGT1ALl (table
3). These results suggest that ADHLSC are different from differentiated and
dedifferentiated hepatocytes. Hepatic differentiation of ADHLSC was displayed in
both the morphological, gene expression pattern and glycogen storage, a specific
function related to mature hepatocytes. In vivo, ADHLSC were also able to engraft

into UPA™*-SCID liver parenchyma. More recently, Khuu et al. [105], also
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demonstrated under specific hepatogenic protocol of differentiation, ADHLSC

displayed ammonia detoxification capacity and urea secretion. Using conventional

RT-PCR they showed that mMRNA levels of the analyzed cytochrome isoforms

CYP1Al, CYP2A6, CYP2D6, CYP2C8 and CYP3A4 were

differentiated ADHLSC.

Hepatic progenitor cells

Most representative markers

Oval cells

o-fetoprotein
Albumin
CK7
CK8
CK18
CK19
ove

Human liver stem cells

o-fetoprotein

Albumin
CKS8
CK18

Human adult liver progenitor cells

Table 3: markers expressed by liver progenitor cells

a-fetoprotein
Albumin
CYP3A4
HNF4
UGT1Al

in

Oval cells are characterized by albumin, a-fetoprotein, cytokeratin (CK) 7, 8, 18, 19 and ovalbumin (OV) 6
expression. Human liver stem cells express albumin, a-fetoprotein, cytokeratin (CK) 8, 18 but not OV6. Human
adult liver progenitor cells express albumin, a-fetoprotein, cytochrome P450 (CYP) 3A4, Hepatic nuclear factor

(HNF) 4, UDP-glucuronosyltransferase (UGT) 1Al
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Aims of the study



Liver stem/progenitor cells offer a promising therapeutic alternative for the
treatment of hepatic diseases. This study is part of a larger translational research
project that aims to treat inherited metabolic diseases with stem cell therapy.
Ideally, stem/progenitor cells should maintain a sufficient repopulation capacity
after injection into a recipient and display the desired metabolic function to
recover the deficient enzymatic activity.

Adult derived human liver stem/progenitor cells (ADHLSCs) isolated from
healthy adult human liver parenchymal fraction, have demonstrated their ability to
be expanded in vitro and to display a hepato-mesenchymal profile. Under
appropriate culture conditions with specific cytokines and growth factors,
ADHLSC acquire a typical polygonal hepatic morphology as well as hepatocyte
metabolic hepatic functions such as gluconeogenesis, urea production and
xenobiotic detoxification. Khuu et al. [106] also demonstrated that ADHLSC are
able to engraft into the SCID mouse liver and remained stable up to 60 days post-
transplantation.

Next step of this research project was to prove the efficiency of ADHLSC to
restore a liver deficient metabolic activity in an animal model and more
specifically bilirubin conjugation deficiency in the Gunn rat model. In these
conditions obtaining homologous cells in animal would be very useful to perform
pre-clinical studies using syngeneic cells, instead of the current
xenotransplantation not fully controlled models.

Accordingly, our first aim was to evaluate the possibility to obtain homologous
stem/progenitor cells from the healthy adult rat liver which would display the same

advanced hepatogenic profile as that obtained in human (in green on figure 6) (see
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Part III chapter 1 “Hepato-biliary profile of potential candidate liver progenitor
cells from healthy rat liver”).

Our _second aim, described in Part Il chapter 2, was to assay the ability of

ADHLSC to specifically conjugate bilirubin (in blue on figure 6) before injecting
directly in an animal model of liver deficient metabolic activity (bilirubin
conjugation deficiency). After determining the optimal immunosuppressive
treatment that will reduce human cell rejection, ADHLSC were transplanted into
Gunn rat in order to correct UGT1A1 deficiency (animal model of human
hyperbilirubinemic Crigler-Najjar syndrome type ).

Finally our third aim, thanks to their labeling using Indium-111 oxine, ADHLSC
biodistribution following intraportal transplantation was monitored in catheterized
rats as described in Part III chapter 3 “In vivo biodistribution of Adult Human
Liver Stem/Progenitor Cells following intraportal transplantation in catheterized

rats” (in purple on figure 6).
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Results



1. Hepato-biliary profile of potential candidate liver progenitor cells from healthy

rat liver

(Maerckx et al, World J Gastroenterol. 2012;18(27):3511-3519)

Adult derived human liver stem/progenitor cells (ADHLSCs) obtained from the
parenchymal fraction can be expanded in vitro, displayed a hepato-mesenchymal
profile and exhibited the potential to differentiate into hepatocyte-like cells both in
vitro and in vivo in immunodeficient mice [104-106].

In the preclinical context, a mandatory test was to prove the efficiency of
ADHLSC to restore a liver deficient metabolic activity in an animal model and
more specifically bilirubin conjugation deficiency in the immuno-competent Gunn
rat model. In these conditions, using homologous rat stem/progenitor cells would
be very useful to perform pre-clinical studies using syngeneic cells, instead of the
current xenotransplantation not fully controlled models.

In this first part, we evaluated the possibility to obtain homologous
stem/progenitor cells from the healthy adult rat liver which would display the

same advanced hepatogenic profile as those obtained in human. After adopting the
same isolation procedure than in human as well as the identical culture conditions,
we obtained a fibroblastic-like cell population (rFLDC) from the parenchymal
fraction that we deeply characterized in vitro. Our data reveal that advanced
hepatic features observed in human liver progenitor cells could not be
demonstrated in rFLDC. However, we demonstrated the presence of a novel type

of liver progenitor cell population with both hepatic and biliary phenotype.

56



wJ

World Journal of
Gastroenterology

Online Submissions: http://www.wjgnet.com/1007-93270ffice
wjg@wijgnet.com
doi:10.3748/wjg.v18.i27.3511

World J Gastroentero/ 2012 July21;18(27):11-3519
ISSN 1007-9327(print)ISSN 2219-2840 (online)
© 2012 Baishideng. All rights reserved.

ORIGINAL ARTICLE

Hepato-biliary profile of potential candidate liver progenitor

cells from healthy rat liver

Cédric Maerckx, Isabelle Scheers, Tatiana Tondreau, David Campard, Omar Nyabi, Mustapha Najimi, Etienne Sokal

Cédric Maerckx. , Isabelle Scheers, Tatiana Tondreau, David
Campard, Omar Nyabi, Mustapha Najimi, Etienne Sokal,
Laboratory of Pediatric Hepatology and Cell Therapy, Université
Catholique de Louvain, 1200 Brussels, Belgium

Author contributions: Maerckx C and Scheers | performed the
majority of experiments and wrote the manuscript; Campard D
and Najimi M designed the study; Tondreau T, Nyabi O and So-
kal E coordinated the study and were also involved in editing the
manuscript.

Supported by Fonds pour la formation a la recherche dans I’
industrie et dans I'agriculture (FRIA)

Correspondence to: Etienne Sokal, MD, Professor of Medicine
Laboratory of Pediatric Hepatology and Cell Therapy,

Université Catholique de Louvain, Cliniques Universitaires Saint
Luc, 52, Avenue Mounier, Tour Vésale +3, 1200 Brussels,
Belgium. etienne.sokal@uclouvain.be

Telephone: +32-2-7641387 Fax: +32-2-7648909

Received: February 8, 2011 Revised: October 15, 2011
Accepted: May 12, 2012

Published online: July 21, 2012

Abstract

AIM: To evaluate the presence of progenitor cells in
healthy adult rat liver displaying the equivalent ad-
vanced hepatogenic profile as that obtained in human.

METHODS: Rat fibroblastic-like liver derived cells
(rFLDC) were obtained from collagenase-isolated liver
cell suspensions and characterized and their phenotype
profile determined using flow cytometry, immunocyto-
chemistry, reverse transcription polymerase chain reac-
tion and functional assays.

RESULTS: rFLDC exhibit fibroblastoid morphology, ex-
press mesenchymal (CD73, CD90, vimentin, a-smooth
muscle actin), hepatocyte (UGT1A1, CK8) and biliary
(CK19) markers. Moreover, these cells are able to store
glycogen, and have glucose 6 phosphatase activity, but
not UGT1A1 activity. Under the hepatogenic differentia-

tion protocol, rFLDC display an up-regulation of heap-

WJG | www.wjgnet.com 3511

tocyte markers expression (albumin, tryptophan 2,3-di-
oxygenase, G6Pase) correlated to a down-regulation of
the expression of the biliary marker CK19.

CONCLUSION: Advanced hepatic features observed in
human liver progenitor cells could not be demonstrated
in rFLDC. However, we demonstrated the presence of
an original rodent hepato-biliary cell type.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Liver transplantation is considered to be the standard
treatment for end-stage liver diseases. Unfortunately, clin-
ical applications are restricted by the scarcity of organs
and uncertainty about the very long-term success of the
procedure.

In recent years, liver cell transplantation using hepato-
cytes was successfully performed in patients with inborn
errors of metabolism as an alternative, or at least as a
bridge to orthotopic liver transplantation|[1-5]. However, the
success of such a therapeutic approach remains limited by
the quality of transplanted cells. In fact, cryopreservation

procedures induce significant alterations at morphological
July21,2012 | Volume 18 | Issue 27 |
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and functional levels of the thawed hepatocytes|[6,7].

To overcome these problems, several approaches to
isolate and propagate liver stem or progenitor cells have
been developed. In our laboratory, Najimi et al[8] isolated
adult derived human liver stem/progenitor cells (ADHLSC)
with hepato-mesenchymal profile. Under specific hepato-
genic conditions, these cells exhibit hepato-specific func-
tions like glycogen storage, gluconeogenesis, urea synthe-
sis, glucuronoconjugation, and pharmacologic properties
such as activity of phase I and II enzymes[9]. These cells
are also able to specifically engraft and differentiate into
mature human hepatocytes in mouse liver parenchyma(8].

Preclinical studies using homologous animal mod-
els of human liver metabolic diseases are attractive. It is
therefore a prerequisite to obtain homologous cells from
syngenic animals to perform such studies. The relevance
of using human progenitor cells in immunosuppressed
animal models is indeed questionable.

In this context, we evaluated the presence of a liver
progenitor cell in adult rat liver that would express the
same specifications as the previously reported human
progenitor cell, referred to as ADHLSC.

In the current study we isolated and characterized rat
fibroblastic-like liver derived cells ¢(FLLDC) from healthy
adult rats. Characterization included proliferation rate,
phenotype, genotype and hepatic-specific functional as-
says.

MATERIALS AND METHODS

Rat fibroblastic-like liver derived cells
Five male Wistar rats weighing & 200 g were purchased
from UCL Animalerie Centrale (Brussels, Belgium) and
treated in accordance with the internal Animal Ethic and
Welfare Committees (UCL/MD/2009/003).

We isolated rat liver parenchymal cells in a two-step col-
lagenase A (1100 units/L) (Roche, Mannheim, Germany)
perfusion procedure according to the Seglen method[10].

We then obtained a hepatocyte enriched cell fraction fol-
lowing low-speed centrifugation (160 £/min for 3 min).
Viable hepatocytes, 1.5 million (> 75%, trypan blue
exclusion), were seeded onto rat tail collagen I-coated
plates (Greiner, Wemmel, Belgium) in Williams” E medi-
um (Invitrogen, Merelbeke, Belgium) supplemented with
10% fetal bovine serum (FBS) (AE Scientific, Marcq,
Belgium), 25 pg/L human epidermal growth factor (EGF)
(Peprotech, London, United Kingdom), 10 mg/L human
insulin (Lilly, Brussels, Belgium), 1 umol/L dexametha-
sone (Sigma, Bronem, Belgium), and 1% penicillin/strep-
tomycin (P/S) (Invitrogen) at 37°C in a fully humidified
atmosphere containing 5% CO2. After 24 h we changed
the medium in order to eliminate the non-adherent cells
and thereafter we renewed it every 3 d. On days 7-12,
hepatocytes died and small colonies of spindle-shaped
fibroblastic cells emerged and proliferated. At this time,
we switched the culture medium to Dulbecco’s modified
Eagle’s medium (DMEM medium) [DMEM high glucose
(Invitrogen) supplemented with 10% FBS and 1% P/S]
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in order to accelerate the proliferation of emerging cells.
When cell cultures reached 90% confluence, we trypsin-
ized them with 0.05% trypsin-1 mmol EDTA solution
(Invitrogen) and replated them on a collagen-coated plate
at a density of 10*cells/cm? The medium was refreshed
every 3 d.

Population doubling (PD) was evaluated after each pas-
sage using the following equation: [log (hatvested cells)/log
(seeded cells)]/log 2. Cumulative population doubling
(CPD) was calculated with the sum of PD at all passages.

At passages 2, 4 and 8, cells were analyzed using re-
verse transcription polymerase chain reaction (RT-PCR),
immunocytochemistry and flow cytometry.

Bone marrow mesenchymal stem cells
We obtained bone marrow from Wistar rats by flushing
the femur and tibia with ice cold phosphate-buffered sa-
line (PBS) (Lonza, Verviers, Belgium) and isolated the cell
fraction using Ficoll (GE Healthcare, Uppsala, Sweden)
density gradient centrifugation at 340 r/min for 30 min.
Cells were then resuspended in a-MEM (Invitrogen)
supplemented with 10% FBS (Perbio, Erembodegem, Bel-
gium) and 1% P/S (Invitrogen) and seeded in 75 cm? cul-
ture flasks. We removed non-adherent cells after 1 d and
then refreshed the medium every 3-4 d. When cultures
had reached 80%-90% confluence, we harvested the cells
with 0.05% trypsin-1 mmol EDTA solution and replated
them at a density of 7 x 103 cells/cm? These cells were
used as the internal control in mesodermal differentiation
studies.

Characterization of rFLDC
Flow cytometry: Cells from the initial parenchymal frac-
tion or after passaging were suspended at a concentra-
tion of 1000 cells/uL in PBS and 0.5% bovine serum
albumin (BSA, Sigma) and then incubated for 25 min at
room temperature with the following antibodies: CDD29-
PE (rabbit monoclonal, 1/70), CD44-FITC (mouse
monoclonal, 1/20), CD45-FITC (mouse monoclonal,
1/20) (Abcam, Belgium), CD73-FITC (mouse monoclo-
nal, 1/20), CD90-PE (mouse monoclonal, 1/20) (BD,
Erembodegem, Belgium). Unspecific binding of antibod-
ies, was evaluated using mouse IgG1 FITC and the PE
isotypes control (BD).

We then washed and fixed them in cytofix/cytoperm
(BD) until analysis with a FACSCantoll flow cytometer

(BD).

Immunocytochemistry: We fixed tFLDC cultured on 24
well rat collagen type-1 coated plates with 3.5 % form-
aldehyde (v/v, VWR, Leuven, Belgium) for 15 min at
room temperature. After rinsing in PBS, we permeabi-
lized cells with 1% Ttriton x100 (w/v Roche) in PBS for
10 min. Before incubation with specific rat antibodies,
endogenous peroxidase activity was inhibited with PBS
supplemented with 3% H202 (VWR) solution for 3 min.
Non-specific immunostaining was prevented by incuba-
tion with 3% BSA solution (Sigma) for 1 h. Cells were
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then incubated for 1 h with 0.3% BSA containing the
following antibodies: fibronectin (rabbit polyclonal, 1/50)
(Dako, Heverlee, Belgium), vimentin (mouse monoclonal,
1/100), and a-smooth muscle actin (ASMA) (rabbit poly-
clonal, 1/100) (BD). After rinsing with PBS, cells were
finally incubated for 30 min with Envision®, a secondary
antibody against mouse or rabbit (Dako). Immunostain-
ing results were evidenced by the addition of diamino-
benzidine and urea reagents (Sigma) and counterstained
with Mayer hematoxylin solution.

RT-PCR analysis: We extracted total RNA from ex-
panded or differentiated tFLDC using the TriPure isola-
tion reagent (Roche) and carried out cDNA with the
Thermoscript RT-PCR system (Invitrogen) using 1 lg
total RNA, according to the manufacturer’s instructions.
Rat specific primers used for gene amplification are
listed in Table 1. We thereafter electrophoresed ampli-
fied cDNA on a 1% agarose gel (Invitrogen) followed by
0.01% ethidium bromide (Sigma) staining.

Plasticity assessment

Hepatogenic differentiation: tFLDC from passage four
wete seeded at a density of 104/cm? into 6 wells and 24
wells rat tail type | collagen-coated plates in the presence
of expansion medium. When cell cultures reached 90%
confluence, we switched the medium to Iscove’s modified
Dulbecco’s medium (IMDM, Invitrogen) supplemented
with 20 pg/L human EGF (Peprotech, London, United
Kingdom) and 10 pg/L human basic fibroblast growth
factor-2 (FGF2) (Peprotech) for 2 d. Thereafter, we
subjected cells to differentiation induction for 10 d with
IMDM containing 20 pg/L human hepatocyte growth
factor (HGF) (Peprotech), 10 ng/L FGF2, nicotinamide
0.61 g/L (Sigma), and 1% insulin-transferrin-selenium
(ITS) (Invitrogen). An intermediate step of differentia-
tion/maturation in IMDM containing 20 pg/L HGF,

20 pg/L human oncostatin M (Peprotech), nicotinamide
0.61 g/L and 1% ITS was performed over 10 d. The
subsequent maturation step consisted of treatment with
IMDM containing 20 mg/L oncostatin M, 1 umol/L
dexamethasone (Sigma), and 1% ITS premix for 10 d. For
each step, we changed the medium every 3-4 d.

Mesodermal differentiation: At passages 0, 2 4 and 8,
tFLDC wete plated at 1.5 x 104 cells/cm? on six-well rat
tail collagen I-coated plates. At confluency, we performed
osteogenic differentiation with complete DMEM me-
dium containing 0.1 pm dexamethasone, 0.1 mmol/L
ascotbate and 10 mmol/L B-glycerophosphate (Sigma).
After 4 wk, calcium deposition was evidenced using aliza-
rin red staining. For adipogenic differentiation, we incu-
bated cells with expansion medium complete DMEM
containing 1 um dexamethasone, 0.5 mmol/L isobutyl-
methylxanthine, 0.2 mmol/L indomethacin (Sigma) and
10 pg/mL insulin (Lilly). Medium change was cartied out
twice a week. After 4 wk, oil red O staining revealed the
presence of lipid vesicles. As a control of mesodermal
differentiation capacity, the differentiation procedure was

a’
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Table 1 Primers used for reverse transcription polymerase
chain reaction

Gene Amplicon size Primers
(bp)
Vim 241 F: AAGCAGGAGTCAAACGAATA
R: GAGCCATCTTTACATTGAGC
Fn 392 F: ACCGTGGAGTATGTGGTTAG
R: GGTGACACCTGAGTGAACTT
ASMA 385 F: ATGCTTCTGGACGTACAACT
R: GACTCCATTCCAATGAAAGA
CK8 378 F: TGGAGAATGAGTTTGTCCTC
R: TGATGTTACGGTTCATCTCA
CK19 287 F: GCCAGTACTTCAAGACCATC
R: ACTAATTTCCTCCTCGTGGT
HNF4 332 F: CGGATGTGTGTGAGTCTATG
R: AAAGAAGATGATGGCTTTGA
TAT 275 F: CTGGACAAAACATCCTCATT
R: GATCTCGTCAGCTAAGATGG
TDO 366 F: CTCCTGGTACAGCAGTTCTC
R: CTTTTTCGCCTGAATCTTTA
aFpP 289 F: AACGTAGCTACCATTGTCGT
R: CAGTTTCTGGAAAGTGGAAG
Alb 365 F: TTTACGAGAAGCTTGGAGAG
R: TGTGCAGATATCAGAGTGGA
UGT1A1l 369 F: CCATGTTGCTTTTATTAGGG
R: ACAAAACATGAGCACAGTGA
G6Pase 386 F: GAAGATGTTTCCCTGATGAA
R: AGTCACCATTACCATTCAGG
GAPDH 315 F: CCACTCAGAAGACTGTGGAT
R: TGTTGAAGTCACAGGAGACA
CD29 321 F: TTCAATGAACTTGTTGGTCA
R: AGTGACTGCAAAAATCGTCT
CD44 383 F: AGGATTTCCCCAGAACTTAG
R: ACAGGTCAAGATGGAAGATG
CD45 321 F: TGAACATACGGATTGTGAAA
R: TTTGTTCGGACTGTAAGGTT
CD73 341 F: ATAGTCACCTCTGACGATGG
R: ATTTCATCTGGGTGTCTGAG
CD90 380 F: AAGGAGAAACAGGAAACCTC
R: ACAGACACAGTCCAACTTCC
CD105 386 F: TACCTCCAAGACACAGATCC

R: TCTGCATATTGTGGTTGGTA

Fn:Fibronectin;Vim:Vimentin;ASMA:a-smooth muscle
actin;CK:Cytokeratin;HNF4:Hepatocyte nuclear factor 4;TAT:Tyrosine
aminotransferase; TDO: Tryptophan 2,3-dioxygenase;aFP:a-
fetoprotein;Alb: Albumin;UGT1A1:UDP-glucuronosyltransferase

1A1;G6Pase:Glucose-6-phosphatase; GAPDH:Glyceraldehyde-3-phosphate

dehydrogenase.

validated with rat bone marrow mesenchymal stem cells
using a-MEM complete medium.

Functional hepatic tests

Glycogen storage: Undifferentiated and differentiated
rtFLDC fixed with 3.5% formaldehyde (Sigma) were in-
cubated for 10 min in 1% periodic acid (Sigma). After
washing with distilled water, the cells were incubated with
Schiff ’s reagent (Sigma) for 15 min. The preparations
wete then washed and mounted.

Glucose-6-phosphatase activity: We investigated glu-
cose-6-phosphatase (G6Pase) activity in undifferentiated
and differentiated rFLDC. After washing with PBS, cells
were incubated for 4 h at 37 °C in 1.5 mL 50 mmol/L
Ttis (Sigma) and 50 mmol/L maleate (Sigma) buffer (pH

July21,2012 | Volume 18 | Issue 27 |



Maerckx C et al . Isolation of progenitor cells from rat liver

6.7) solution containing 5 mmol/L glucose-6-phosphate
(G6Pate, Sigma) and 0.03 g lead nitrate (Acros, Geel, Bel-
gium). We obtained brownish precipitates of lead sulfate
following incubation of cells in a solution containing 0.1%
ammonium sulfide (Sigma)[11]. Cells were then mounted
and viewed by light microscopy (Leica DM IL, Groot-
Bijgaarden, Belgium).

Bilirubin conjugation assay

Undifferentiated and differentiated tFLDC were incubated
in William’s medium and 1% FBS containing unconjugated
bilirubin (Sigma) for 24 h and 48 h. Afterwards, we har-
vested the supernatant and added 2 pg/mL xantobiliru-
binic acid (use as internal standard: IS). We then submitted
the product obtained in this reaction to an alkaline metha-
nolysis followed by nitrogen evaporation as described by
Muraca et al[12]. Precipitates were resuspended with 10 plL
chloroform (Sigma) and 100 pL. dimethyl sulfoxide (Sig-
ma). We then injected ten microliters of this solution into
the liquid chromatograph (Waters 515 HPLC pump) and
eluted it with a C18 column (Macherey-Nagel, Diiren,
Germany). Elutriation flow started at 1 mL/min with
methanol/water/tetrabutylammonium (solvent A) and
ended after 11 min with methanol/ethanol/water/tetra-
butylammonium (solvent B). Elution was continued for

6 min with solvent B, and the column was re-equilibrated
with solvent A. The absorbance of the eluted pigments
was monitored at 436 nm using a 996 photodiode array
detector (Waters, Zellik, Belgium) and the area under

peak was integrated electronically (Millennium software,
Waters). We calculated the concentration, in micromoles
per liter, of each bilirubin fraction in samples using the
following equation: (Ateapigment/arears) x (IS/IV) x RF.

In which IS corresponds to micrograms of internal
standard added to the sample, SV to the volume of sam-
ple (mL), and RF to the response factor.

Conjugation rate (CR) was evaluated using the equa-
tion: (Conjugated bilirubin concentration)/(total bilirubin
concentration) x 100.

In which total bilitubin concentration was the sum of
unconjugated and conjugated bilirubin.

RESULTS

Isolation and expansion of rFLDC
An enriched population of hepatocytes obtained after
collagenase A digestion and low speed centrifugation was

plated on type | collagen-coated 6-well plates.

During the first step of culture, mature hepatic cells
present in the culture died due to their inability to prolifer-
ate (Figure 1). After 7 to 12 d, cells with a fibroblastic-like
shape emerged and proliferated (Figure 1B and C). These
cells demonstrated a high proliferative potential with a
CPD of 294.55 £ 20.91 after 50 passages (Figure 2).

tFLDCs were reproducibly isolated from at least five
different liver cell suspensions.

Characterization of rFLDC
All isolated tFLDC were analyzed and characterized after
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passages 2, 4 and 8 using FACS analysis and RT-PCR. Fur-
thermore, a stable expression profile was observed up to
P50 (data not shown).

Representative flow cytometry data at passage 4 dem-
onstrated that the most described mesenchymal mark-
ers, CD73 and CD90 constituted 44% & 36% and 71%

1 43% of the cell population, respectively (Figure 3),
whereas the expression of CD29 protein was only de-
tected in 2.4% % 1.1%. The hematopoietic marker, CD45
(1.1% % 0.6%) was almost undetectable.

To further characterize our cell population, we pet-
formed immunocytochemistry (ICC) for vimentin, fibro-
nectin and ASMA proteins and compared the findings
with rat bone marrow-derived mesenchymal stem cells
(rBM-MSC) (Figure 4). The results indicated positive
staining for ASMA, vimentin and fibronectin as observed
with rBM-MSC.

To confirm the phenotypic profile of isolated tFLDC
we performed RT-PCR analysis using specific mesoder-
mal, hepatocyte and cholangiocyte markers at passage 4
(Figure 5).

The mesenchymal expression profile was confirmed
by the detection of vimentin, fibronectin, ASMA, inte-
grin 3-1 (CD29), hyaluronic acid receptor (CD44), ecto
5-nucléotidase (CD73), Thy-1 (CD90) and endoglin
(CD105) mRNAs. RT-PCR also confirmed the absence
of CD45 expression (Figure 5).

Because of their liver origin, tFLLDC were also studied
for their expression of hepatocyte and cholangiocyte mark-
ers. mRNA analysis revealed the expression of UDP-gluc-
uronosyl transferase 1A1 (UGT1A1), cytokeratin 8 (CKS)
and GO6Pase (Figure 5). However, tyrosine aminotransfer-
ase (TAT), tryptophan 2,3-dioxygenase (TDO), albumin
(Alb), a-fetoprotein («FP) and hepatocyte nuclear factor 4
(HNF4) transcripts were not detected, all expressed by ful-
ly differentiated hepatocytes. mRNA analysis also revealed
the expression of cytokeratin 19, a biliary marker.

In-vitro differentiation

First, we checked the ability of rFLLDC to differentiate
into adipocytes in the presence of specific media supple-
mented with dexamethasone, isobutyl-methylxanthine,
indomethacin and insulin (Figure 6). We noticed that at
early passages (PO-P2) two out of five rat fibroblastic-like
liver derived cell cultures demonstrated a weak localized
adipocytic differentiation. This ability was lost in further
passages. Under osteogenic induction, no calcium deposit
was noted (Figure 06).

In order to demonstrate their potential to differentiate
into mature hepatocytes we seeded 104 cells/cm? from
passage 4 in serum free-medium in the presence of sever-
al “hepatogenic” factors, as described in the Materials and
Methods section. After 32 d, cells showed a slight mor-
phology change and few cells adopted a polygonal shape
(Figure 7). Using RT-PCR, we compared the expression
of immatutre and mature hepatocytic/biliary mRNA on
undifferentiated and differentiated rFLDC (Figute 5).
Despite a variation in serum concentration (10% vs 2%)
between the expansion medium and hepatogenic control
medium, respectively, no differences in mRNA expression

July21,2012 | Volume 18 | Issue 27 |



Maerckx C et al . Isolation of progenitor cells from rat liver

Rat fibroblastic-like Rat hepatocytes
liver derived cells suspension
300
250
2.4% +1.1% 250 61% * 6%
200
200 f
150 P2 p2
CD29 150 }
50 }
bt 0
10+ 105 104108
300 ¢
150
44% + 36% 250 | 4.5% +1.9%
200 f
100 P2
CD73 150
50 100 }
50 b
0 0
102105 10+ 105 102105 104 103
200 ¢ 300
71% + 43°Jo 250 7% = 7%
150 f
200 P2
CD90 100 | P2 150
100
50
50
0 0
102105 10+ 105 102105 104 103
250 F
1.1% + 0.6% 300 0.4% +0.2%
200 250
150 P2 200 P2
CD45 150

100
50

102100 104 105 102105 104 105

Figure 3 Representative surface markers expression analysis by flow cy-

Figure 1 Rat fibroblastic-like liver derived cell obtention from adult liver
tometry. Results are mean + SE of positive cells for 5 independent experiments.

parenchymal fraction. A: Cell suspension 24 h after liver parenchyma col-
lagenase A digestion; B: 21 d culture: Rat fibroblastic-like liver derived cells

(rFLDC) emergence and hepatocyte death; C: Culture purification due to . . .
rFLDC proliferation. wete noted (data not shown). Interestingly, differentiated

tFLDC lost the expression of CK19, a biliary marker.
Moreover, differentiated tFLDC acquired the expression
of mature hepatocyte lineage markers including TDO and
albumin.

To test their liver metabolic activity, we explored their
ability to store glycogen and to perform glucogenesis
(GG6Pase activity) and their potential to conjugate bilirubin.

Glycogen storage, evidenced by periodic-acid shift

w
o
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N
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Curnulative population doubling
g

100 staining, showed that, like rat hepatocytes (Figure 8A),
undifferentiated and differentiated cells can store glycogen
> (Figure 8B and C).
0 As shown at Figure 8D-F, rat hepatocytes and rFLLDC
0 10 20 30 40 50

cells also revealed a basal G6Pase activity. These results

Passages .
o were corroborated by the expression of G6Pase at the
Figure 2 Proliferative capacity of rat fibroblastic-like liver derived cells. mRNA ICYC.I' o
Average of cumulative population doubling of rat fibroblastic-like liver derived In addition to glycogen storage and G6Pase activity
cells for passage 0 to passage 50. we assessed the ability of differentiated and undifferenti-
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Figure 4 Rat fibroblastic-like liver derived cells mesenchymal characterization by immunocytochemistry. A-C: Rat bone marrow mesenchymal stem cells
(MSC); D-F: Rat fibroblastic-like liver derived cells. ASMA: a-smooth muscle actin.

ated tFLDC to conjugate bilirubin. Therefore, we incu-
bated 10 cells/cm? with William’s medium-1% serum
containing unconjugated bilirubin. After 24 h and 48 h,
no bilirubin conjugate was observed in the culture medi-
um in comparison with freshly isolated hepatocytes used
as positive controls. For this late population the bilirubin
CR reached 11% and 33% after 24 h and 48 h, respec-

tively (Figure 9).

DISCUSSION

Because preclinical studies use animal models mimick-
ing human diseases, we tried to isolate from rodent liver
a liver progenitor cell that would display characteristics
reported for ADHLSC. The use of human derived cells
in animal models is considered irrelevant, as they may not
engraft and function similarly in a xenogenic rodent envi-
ronment.

Like human cells, rFL.DC were isolated and emerged
in vitro after culture of liver cell suspension following en-
zymatic-mediated disaggregation of liver. However, many
differences were observed: tFLDC demonstrated a higher
proliferative potential and did not reach senescence af-
ter at least 50 passages in contrast to human cells which

stopped proliferating after 10-12 passages[13]. tfFLDC were

able, at early passages, to differentiate into adipocytes, in
contrast to ADHLSC.

Like human cells, rFLDC displayed a mesenchymal
profile as evidenced by the expression of CD44, CD73,
CD90 and CD105. The cell population was not contami-
nated by hematopoietic stem cells as evidenced by the
absence of CD45 expression. These results confirmed
the presence of a new enriched cell population differ-
ent from the freshly isolated hepatic cells. RT-PCR also
revealed expression of CK8, UGT1A1 and G6P under-
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CK8
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UGT1A1
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Figure 5 Representative reverse transcription-polymerase chain reaction
characterization of undifferentiated and differentiated rat fibroblastic-like

liver derived cells in comparison with rat hepatocyte suspension. Hepatic
markers: Cytokeratin 8 (CK8), hepatic nuclear factor 4 (HNF4), tyrosine amino-
transferase (TAT), tryptophan 2,3-dioxygenase (TDO), a-fetoprotein (aFP), albu-
min (Alb), UDP glucuronosyltransferase 1A1 (UGT1A1), glucose-6-phosphatase
(G6Pase); Biliary marker: CK19; Mesenchymal markers: Vimentin (Vim), fibro-
nectin (Fn), a-smooth muscle actin (ASMA); Cell surface markers: Integrin 3-1
(CD29), hyaluronic acid receptor (CD44), tyrosine phosphatase (CD45), ecto-
5’-nucleotidase (CD73), Thy-1 (CD90), endoglin (CD105); Housekeeping gene:
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
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Figure 6 Evaluation of osteogenic and adipogenic differentiation potential of rat fibroblastic-like liver derived cells (alizarin red and red oil O coloration).
rFLDC: Rat fibroblastic-like liver derived cells; rBM-MSC: Rat bone marrow-derived mesenchymal stromal cells.

Undifferentiated Differentiated Differentiated

Figure 7 Rat fibroblastic-like liver derived cells hepatogenic differentiation. A: Undifferentiated; B, C: Differentiated.

lining their hepatic-like profile. Undifferentiated rFLDCs liver and called them LDPCs (liver-derived progenitor

have the capacity to store glycogen and show GG6Pase cells). Regarding their oval morphology and expression
activity as mature hepatocytes. of HNF3, CD45, CD34 and CD90, these cells seem
In a hepatogenic differentiation medium, low num- to be closely related to oval cells despite the absence of
bers of tFLDC display the polygonal morphology of CK7, CK8 and CK19 expression.
mature hepatocytes. Differentiated tFLDC express both In conclusion our results showed that rodent pro-
albumin and TDO. Howevet, we did not obsetve the ex- genitor cells homologous to ADHLSC can not easily be
pression of more specific hepatic markers such as HNF4 obtained even when the same isolation and culture proto-
or TAT. colwas applied using a rat model. However, this protocol
Candidate progenitor cells reported in this study were allowed the isolation of a novel type of liver progenitor
isolated from healthy rat livers, in contrast to other pro- cell population with both hepatic and biliary phenotype
genitor liver cells described elsewhere, such as oval cells, including GG6Pase activity, glycogen storage, CK8, UG-
obtained after submitting animals to carcinogenic agents T1A1 and CK19 expression.
or toxic injuries[14-19]]. Stellate cells[20]] and tFLDC share In the presence of a hepatogenic differentiation me-
common features like the expression of vimentin, ASMA, dium, rFLDC lose the CK19 biliary matker, but do not
CK19, and CD90, although no expression of oFP was acquire a more mature hepatic status possibly due to the
detected in tFLDC. use of human cytokines and growth factors, which may
Differentiated tFLDC do not express CK19 or oFP, not be appropriate for rodent precursors, stressing again
and differ therefore from small hepatocytes and epithelial the difficulty in generating homologous models.
cells also recovered from normal livers[17-19]]. Further characterization and in vitro hepatogenic dif-
Recently, Sahin et al[19], using a 2-step collagenase pro-  ferentiation improvement are required before their rel-
tocol, reported a cell population derived from adult rat evant use in preclinical studies.
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Figure 8 Hepatic functions. A-C: Glycogen storage ability assessed by periodic acid schiff reaction; D-F: Glucose-6-phosphatase (G6Pase) activity after incubation
with glucose-6-phosphate and lead nitrate. rFLDC: Rat fibroblastic-like liver derived cells.
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Figure 9 Bilirubin conjugation assay. Comparison between rat hepatocytes,
undifferentiated and differentiated rat fibroblastic-like liver derived cells.
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COMMENTS

Background

Liver cell transplantation using hepatocytes was successfully performed in
patients with inborn errors of metabolism. However, the success of such a
therapeutic approach remains limited by the quality of transplanted cells. To
overcome these problems several approaches to isolate and propagate liver
stem or progenitor cells have been developed. The capacity of those cells to
restore a liver metabolic function must be demonstrated.

Research frontiers

Preclinical studies using homologous animal models of human liver metabolic
diseases are attractive. It is therefore a prerequisite to isolate and propagate
human homologous liver stem or progenitor cells from syngenic animals to per-
form such studies. In this study, the authors showed that rodent progenitor cells
homologous to human adult-derived liver stem/progenitor cells can not easily
be obtained even when the same protocol was applied.

Innovations and breakthroughs

In this study, the authors reported the isolation of novel potential candidate liver
progenitor cells isolated from healthy rat liver called rat fibroblastic-like liver de-
rived cells (rFLDC). These cells express both hepatic and biliary phenotype and
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are able to acquire some hepatic characteristics in the presence of hepatogenic
differentiation medium.

Applications

Isolation and characterization of progenitor/stem cells would be very useful to
assay the in-vivo efficacy of liver mesenchymal progenitor cells in syngeneic
animal models of liver metabolic diseases, particularly in the Gunn rat, a model
of hyperbilirubinemia.

Peer review

This study shows that the advanced hepatic features of human liver progenitor
cells have not been demonstrated in rFLDC. Although it strengthens the unique
specificity of these human liver progenitor cells, it also shows that homologous

models for cell therapy can not easily be developed even when the same isola-
tion and culture protocols are applied. The authors should make a comparison
of their cells with human established liver cells.
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2. Adult Derived Human Liver stem/progenitor cells from large scale cultures

decrease serum bilirubin in hyperbilirubinemic Gunn Rats

As described in the previous part, notably differences exist between human and rat
cell types which make rat fibroblastic like liver derived cells not suitable for their
use in syngenic models of liver metabolic diseases. We therefore evaluate the
efficiency of adult-derived human liver stem/progenitor cells (ADHLSC) to restore
bilirubin conjugation deficiency in the Gunn rat model under immunosuppression
regimen.

In that study, we demonstrated that i) ADHLSC can maintain their initial
characteristics after large scale culture conditions and ii) intraportal transplantation
of ADHLSC can reverse hyperbilirubinemic symptoms in a Gunn rat model up to

26 weeks post-transplantation.
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Abstract:
AIM: test the ability of ADHLSC from large scale cultures to conjugate bilirubin in
vitro and in bilirubin conjugation deficient rat.

MATERIALS AND METHODS: adult-derived human liver stem/progenitor cells

(ADHLSC) from large scale cultures were tested for their phenotype and for their
capacity to conjugate bilirubin in vitro after hepatogenic differentiation. In vivo,
Gunn rats (UGT1Al deficient animal) were injected with ADHLSC and
cryopreserved hepatocytes (positive control). Two, 4, 13 and 27 weeks post-
transplantation, transplanted Gunn rat bilirubin serum levels were determined by
High performance liquid chromatography (HLPC). . Human cell engraftment of
transplanted cells was assessed 27 weeks post-transplantation using
immunohistochemistry and RTqPCR.

RESULTS: large scale culture conditions do not modified ADHLSC phenotype,
ADHLSC were able to specifically conjugate bilirubin. ADHLSC were intraportally
injected into Gunn rats and blood UCB was measured at different times post-
transplantation, infused-Gunn rats exhibited a metabolic effect 3 months post-
transplantation and maintained over a 6 months period. ADHLSC engraftment into
Gunn rat's liver was demonstrated by RTqPCR and immunohistochemistry against
albumin and UGT1A1.

CONCLUSION: ADHLSC from large scale cultures are efficient in conjugating

bilirubin in vitro and in restoring a deficient metabolic function (reducing bilirubin

level) in hyperbilirubinemic rats.
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Core tip:

In this study we demonstrated the ability of adult-derived human liver
stem/progenitor cells (ADHLSC) to specifically conjugate bilirubin after intraportal
injection into Gunn rats a model presenting a deficient bilirubin conjugation function
(homologous to human Crigler-Najjar type I syndrome). Infused-Gunn rats exhibited
a metabolic effect 3 months post-transplantation and maintained over a 6 months
period. ADHLSC engraftment into Gunn rat's liver was demonstrated by
immunohistochemistry and RTqPCR. These results suggest the potential of ADHLSC

to restore a deficient metabolic function in-situ.
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Introduction:

Bilirubin is a toxic derivative of the protoporphyrin moiety of haem proteins such as
haemoglobin. For its clearance from serum, bilirubin is conjugated in hepatocytes
with glucuronic acid thanks to uridine diphosphate-glucuronosyltransferase 1A1
(UGT1A1) activity.

Genetic variations in the gene encoding UGT1A1l lead to complete or partial
inactivation of the bilirubin glucuronidation, which causes unconjugated bilirubin
accumulation in the serum. This can result in hyperbilirubinemic conditions such as
the human Crigler-Najjar syndrome type I and II.

Gunn rat, derived from Wistar parent strain, has constantly elevated concentrations
of serum bilirubin which causes unconjugated hyperbilirubinaemia. Gunn rat
inherently lacks all glucuronidation activities catalysed by the UGT1 isoforms and is
therefore used as animal model for Crigler-Najjar syndrome type I[1-2].

Clinically, Crigler-Najjar syndrome type I is associated with progressive damage of
the central nervous system leading to bilirubin encephalopathy (kerincterus)[3-5].
The current treatment induces biliary clearance of bilirubin by photoactivation under
light exposure [6]. Unfortunately the treatment becomes inefficient due to
progressive skin thickening and hence is insufficient to prevent brain damage. So far,
orthotopic or auxiliary liver transplantation remains the only cure [7,8]. However,
donor shortage, life-long immunosuppression to prevent rejection and risks related
to surgery constitute major hurdles to an extensive use of this treatment [9].

As a mean to circumvent complications associated with organ transplantation, liver
cell transplantation (LCT) has emerged as a new strategy to treat patients with

chronic and acute liver disease and to restore metabolic liver functions in inherited
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liver disorders [10-16]. Hepatocyte transplantation has namely been used for the
treatment of Crigler-Najjar syndrome type I. The first demonstration of its efficacy in
Crigler-Najjar type I patient was provided by Fox et al. [15]; the effect was a
significant decrease of bilirubin levels for up to 11 months. We and others [16]
reported four additional patients in which the reduction of serum bilirubin reached
up to 50% over a follow-up of 7 months. LCT is confronted to limited availability of
human hepatocytes, their incapacity to proliferate in vitro and their poor resistance to
cryopreservation which prevent their wide use in the clinic [17,18]. In addition,
mature hepatocytes do not provide long term support as these mature cells have lost
their repopulation capacity.

Therefore researchers have turned towards adult stem/progenitor cells as alternative
cell sources more suitable for regenerative medicine and more likely to integrate the
regenerative niche and provide long term allogeneic cell renewal. Adult stem or
progenitor cells which are resident in mature organs and tissues are rather tissue
specific and lineage restricted. They have either the self-renewal capacity to
proliferate indefinitely (stem cells) or display a limited proliferation potential as their
daughter cells spontaneously differentiate into mature cells (progenitor cells) but
altogether have advantages to proliferate in vitro and to resist to cryopreservation.
Our group [19] has isolated adult stem/progenitor cells from adult human liver
(ADHLSC). These cells express mesenchymal (CD29, CD73, CD90, a-smooth muscle
actin, Vimentin) and hepatic markers (albumin, Multidrug resistance-associated
protein 2 (MRP2), Hepatocyte Nuclear Factor 4 (HNF4), cytochrome P450 (CYP)1B1

and CYP3A4) but no biliary markers [20]. Moreover, these cells have the capacity to
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differentiate in hepatocyte-like cells under selective culture conditions and are not
only able to engraft into the liver of immunodeficient mice and remained stable up to
60 days post-transplantation but to differentiated in situ and participate to liver
regeneration after hepatectomy stimuli [21].

This study demonstrates that ADHLSC can be cultivated in large scale conditions
without phenotype alterations and provides the proof of concept that ADHLSC
transplantation can reverse hyperbilirubinemic symptoms in a relevant animal
model of Crigler-Najjar disease. We demonstrate here the ability of ADHLSC to
engraft in recipient rat livers where they participate in restoration of liver function by
a significant reduction of the serum bilirubin levels. Our findings support ADHLSC

as a promising candidate for liver cell-based therapy developments.
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Materials and Methods

Study design:
All experiments using human material in the present study were done under the

approval of the Institution Ethical committee and donor informed consent.

Human Adult Liver progenitor cells isolation and large scale culture

Hepatocytes were recovered post mortem (cerebral hemorrhage) from a healthy 11
years old male donor after 2 steps collagenase perfusion as described by Seglen [22].
The procedure was performed within the tissue bank of the hospital. Cells were
tested negative for microbiological, viral and mycoplasma contaminations. Viable
isolated hepatocytes, 20 millions, (79%, trypan blue exclusion), were seeded onto Cell
Bind 175cm? flasks (Corning, Lasne, Belgium) in Williams’E medium (Invitrogen,
Merelbeke, Belgium) supplemented with 10% fetal bovine serum (FBS) (AE scientific,
Marcq, Belgium), 10 pg/ml human insulin (Lilly, Brussels, Belgium), 1 pM
dexamethasone (Sigma, Bronem, Belgium), and 1% penicillin/streptomycin (P/S)
(Invitrogen) at 37°C in a fully humidified atmosphere containing 5% CO2 according
to Najimi et al.[104] with some modifications. On days 7-12 hepatocytes died and
small colonies emerged and proliferated. At this time, culture medium was switched
to complete DMEM medium (DMEM high glucose with 10% FBS and 1% P/S) in
order to accelerate the emerging cells proliferation. When cell cultures reached 90%
confluence, cells were trypsinized with 0.05% trypsin-1 mM EDTA solution
(Invitrogen) and replated on Cell Bind flasks at a density of 5x103 cells/cm?. Large
scale culture using Cell Stack 10 (6360cm?) (Corning) was carried out in clean-room

facility.
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According to Najimi et al. [19], hepato-mesenchymal character was analyzed by
FACS and immunocytochemistry using CD29, CD44, CD73, CD90, Vimentin, a-
smooth muscle actin (ASMA), Albumin and Pan-CK antibodies (BD, Erembodegem,
Belgium). In order to assess the homogeneity and to exclude hematopoietic
contamination CD45 marker was also controlled as well as stem cell markers CD117
and CD133. Karyotype analysis as described by Scheers et al. [23] showed no
structural or numerical chromosomal aberrations.

Hepatogenic differentiation protocol

Hepatic differentiation has been performed on ADHLSC at different passages as
described by Najimi et al. [19] with some modifications. Briefly, cells were seeded at
104 cells/cm? in 6-well plates in expansion medium for 48 hours. Differentiation
consisted of 4 steps protocol lasting 32 days: Culture medium was replaced by
IMDM (Invitrogen) containing 1% PS, 20ng/mL epithelial growth factor (Peprotech,
London UK) and 10ng/mL basic fibroblast growth factor (bFGF; Peprotech) for 48
hours (1 step). During step2, cells were cultured in IMDM supplemented with 1% PS,
20ng/mL hepatocyte growth factor (Peprotech ), 10 ng/mL bFGF, 0.61 g/L
nicotinamide (Sigma) and 1% insulin-transferrin-selenium premix (ITS; Invitrogen)
for 10 days. In 3rd step, bFGF was replaced by 20 ng/mL oncostatin M (OSM;
Peprotech) for 10 additional days. Maturation step was completed by changing the
medium to IMDM containing 1% PS, 20ng/mL OSM, 1 umol/L dexamethasone
(Sigma) and 1% ITS for 10 days.

The undifferentiated cells (control) were kept during the whole process of
differentiation in IMDM supplemented with 1%PS and 2% FBS. Medium was

changed twice a week.
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In vitro differentiation was controlled at morphological level, by CYP3A4 activity
(Promega, Madison, Wisconsin) and by the ability to specifically conjugate bilirubin
as described below.

Bilirubin assay

6x105 undifferentiated and differentiated ADHLSC were seeded per 10cm? collagen
coated well and incubated with William’s medium, 1% FBS, containing 100uM
(=5.84mg/dl) unconjugated bilirubin (UCB) (Sigma) for 24h and 48h. Supernatant
was harvested at the end of incubation period and mixed with 2pg/ml
Xantobilirubinic acid used as internal standard (IS). The reaction product was
submitted to an alkaline methanolysis followed by nitrogen evaporation as described
by Muraca et al. [25]. Precipitates were resuspended with chloroform and dimethyl
sulfoxide (Sigma). The solution was injected into the liquid chromatograph (Waters
515 HPLC pump) for separation on C18 column (Macherey-Nagel, Diiren, Germany).
Elutriation flow started with methanol/water/tetrabutylammonium (solvent A) and
ended after 11min with methanol/ethanol/water/tetrabutylammonium (solvent B).
The absorbance was monitored at 436nm using a 996 photodiode array detector
(Waters, Zellik, Belgium) and the area under peak was integrated electronically with
Millennium software (Waters, Zellik, Belgium). The concentration, in micromoles per
liter, of each bilirubin fraction in samples was calculated as follow: (area pigment/ area
18) X (IS/SV) x RF, in which IS corresponds to micrograms of IS added to the sample,
SV to the volume of sample (ml), and RF to the response factor. Conjugation rate
(CR) was evaluated as follow: ((Conjugated bilirubin concentration)/(Total bilirubin
concentration)) x100, in which total bilirubin concentration is the sum of

unconjugated and conjugated bilirubin.
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Gunn rat transplantation

Animal procedures were conducted according to the guidelines established by the
Université Catholique de Louvain, in accordance with European Union Regulation
and approval of the protocols by the local animal ethical and welfare committees
(UCL/MD/2009/003). In order to confirm serum UCB level stability 11 naive Gunn
rats were followed over 6 months. Non-differentiated ADHLSC cultured on Cell-
Bind Corning plastic in clean-room facility were detached using 0.05 % trypsin-
EDTA (Invitrogen) solution. ADHLSC used in this study were obtained from
passages 4-6. After centrifugation cells were washed in PBS and recovered in PBS
containing 4% N-acetylcystein (Lysomucyl, Zambon, Jette, Belgium). Cryopreserved
hepatocytes, used as positive control were thawed in clean room, centrifuged,
washed and also resuspended in PBS-4% N-acetylcystein suspension. 2,5x10°
millions ADHLSC (n=5 rats) or hepatocytes (n=3 rats) were injected into the portal
vein of 9-11 week-old male Gunn rats. This corresponds, for a 200 gram rat, to an
estimate of 0,25% of his total liver cell mass of 5 billion cells /kg body weight [26]. In
order to limit cell rejection, rats were injected every 2 days with immunosuppressor
medication: cyclosporine A (Sandimmum, Novartis, Vilvoorde, Belgium) at a dose of
5mg/kg of body weight [27]. Two, 4, 13 and 27 weeks post-transplantation,
transplanted Gunn rat UCB serum levels were determined by High performance
liquid chromatography (HLPC) as described above. Human cell engraftment of
transplanted cells was assessed 27 weeks post-transplantation. Liver was then
recovered, fixed in formaldehyde 3.5% (VWR International, Leuven, Belgium) and
then embedded in paraffin for immunohistochemistry assessment of the engrafted

cells.
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Immuno-histochemistry analysis

Five pm liver sections were deparaffinized and rehydrated in xylene and graded
alcohol series. Antigen retrieval was performed by incubating the sections in citric
acid monohydrate solution (pH 6.0). Cells were permeabilized by incubating the
sections into 0.1% triton X-100. Non-specific immunostaining was prevented by
incubation in PBS buffer containing 1.5% normal goat serum at room temperature
(RT). Sections were incubated overnight with anti-human Albumin (Calbiochem,
UK) (1/1000) or anti-human UGT1Al (Santa Cruz biotechnology, Heidelberg,
Germany) (1/100), in 2% normal goat serum at 4°C. Staining detection was
visualized with 1/500 AlexaFluor594 anti-rabbit antibody solution (Invitrogen)
incubation at RT. The nuclei were counterstained using DAPI (1/500). Slices were
scanned using a Mirax digital slide system (Zeiss, Zaventem, Belgium) and analyzed
thanks to Mirax viewer version 1,12,22,0 (Zeiss). To determine cell repopulation, 10
000 nuclei were counted over two randomly chosen area per section. Repopulation
ratio was obtained as follow: (marked cells/ total cells) x100.

RNA extraction, cDNA synthesis and Real-time PCR

Cell culture

6x10° control and in vitro differentiated cells were lyzed in Tripure followed by
phenol chloroform extraction. The aqueous phase was recovered after centrifugation
(11500rpm) and total RNA precipitated with isopropanol (Sigma) and quantified
using a nanodrop spectrophotometer (ThermoFisher, Erembodegem, Belgium). Two
ng of total RNA was DNase-treated to eliminate genomic DNA and reverse
transcribed using the Super Thermoscript kit (Invitrogen). Real time PCR was

performed in 25pl reaction with TagMan® Master mix containing Taq DNA
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Polymerase (Applied Biosystems), 300nM concentration of forward and reverse
primers (UGT1A and the house keeping gene: Cyclophilin A) and 5ul of cDNA
samples. The PCR reaction was performed using StepOnePlus Real Time instrument
(Applied Biosystems). Time and temperature profile of the PCR reaction consisted of
the following steps: 2 minutes at 50°C, 10 minutes at 95°C, followed by 40 step cycles
of 15 seconds of denaturation at 95°C followed by 1 minute of annealing/elongation
at 60°C. For analysis, UGT1A Ct was normalized to Cyclophilin A (delta Ct) for both
differentiated and undifferentiated status. The double delta Ct (AACt) is then
calculated as the difference between delta Ct for differentiated and undifferentiated
cells. Fold increase or relative quantification was obtained using the following
formula: RQ= 2-AACt

Rat liver analysis

Four mg liver tissue soaked in Tripure were disaggregated using tissue homogenizer
(IKA Ultra-Turrax, Qlab, Vilvoorde, Belgium) and followed by phenol chloroform
extraction. Total RNA was quantified using a nanodrop spectrophotometer. One pg
of total RNA was DNase-treated and reverse transcribed using the Super
ThermoscriptTM kit (Invitrogen). Real time PCR was performed in 25ul reaction with
TagMan® Master mix containing Taqg DNA Polymerase (Applied Biosystems),
300nM concentration of forward and reverse primers (Human Albumin and Human
GAPDH) and 5ul of cDNA samples.

PCR reaction was performed using StepOnePlus Real Time instrument as described

above.
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Statistical analysis

Analyses were done in the GraphPad Prism software program (GraphPad ,San
Diego, California). Comparison for UCB mean between following times for a same
group was analyzed using a paired T-test. Means statistical analyses was carried out

using Student test. Statistical analyses are detailed on Annexe 2.
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Results

Characterization of ADHLSC large scale cultures

The parenchymal cell suspension fraction obtained after human liver dissociation
with a viability of 79% was plated on Corning CellBind surface flasks. After 2 weeks
of culture in serum supplemented medium, ADHLSC with fibroblast-like
morphology and prominent cytoplasm (figure 1A) started to emerge. From the
second passage, cells were cultivated in large culture conditions (CellStack-10
corresponding to a surface area of 6360 cm?) and phenotype of the growing cells was
analyzed. Flow cytometry and immunocytochemistry confirmed that these cells
shared the phenotype described previously for ADHLSC grown at smaller scale and
on rat collagen([104]). At passage 2 already, cells were shown to be CD73, CD90,
CD29 and CD44-positive. As expected the cells also expressed aSMA and vimentin,
two additional markers of mesenchymal status, as demonstrated by
immunocytochemistry (figure 1B). In addition immunocytochemistry confirmed
their immuno-positivity for albumin as evidence of the hepatic-lineage commitment
of ADHLSC. Hematopoietic stem cell contamination was excluded based on the lack
of expression of CD45, CD117 and CD133. As illustrated in table 1, phenotypical
characteristics were maintained at least until passage 6. These results confirmed that
large scale culture provided cells displaying identical characteristics as the hepato-
mesenchymal ADHLSC previously isolated and described.

In vitro differentiation of ADHLSC

We evaluated the capacity of ADHLSC large scale cultured to differentiate into

tissue-specific cell types. To do so, cells were cultured for 32 days in hepatocyte

80



differentiation culture conditions as described by Najimi et al. [19] with some
modifications. At the end of the protocol, differentiated cells adopted an hepatocyte-
like morphology as shown in figure 2A in addition we noticed an 36 fold increase in
CYP3A4 activity between undifferentiated and hepatogenic differentiated cells at
passage 6 (data not shown).

In addition, we evaluated the ability of ADHLSC to express UGTIA mRNA and to
conjugate bilirubin in vitro.

We assayed using QPCR technology, the expression of UGT1IA mRNA constituted of
the first 4 common exons of UGT1A family in total RNA extracts. Indeed,
hepatogenic differentiation induced a 9.31 and 10.02 fold increase in UGT1IA mRNA
levels at passage 4 and 9 respectively (Figure2B). Expression of UGT1IA mRNA was
constant between passage 4 and 9 (no significant difference between UGT1A fold
increase was noted).Thereafter, we assessed the ability of differentiated ADHLSC to
conjugate bilirubin. For that we incubated both undifferentiated and differentiated
ADHLSC with 100uM UCB for 24 and 48 hours after which supernatants were
recovered to analyze the glucuronidation of bilirubin. We could determine that
differentiated ADHLSC were able to specifically conjugate bilirubin as illustrated in
figure 2C. Undifferentiated ADHLSC exhibited a low bilirubin conjugation potential
in vitro after 24h (2.5 + 0.4%) which increased with time reaching 7.4 + 0.5% after 48h.
Conjugation rate of differentiated ADHLSC reached 5.1 + 1.8% and 9.0+1.1% after
24h and 48h respectively. Wild type hepatocytes used as positive control showed a
conjugation percentage of 31.0 + 6.6% and 45.0 + 7.1% after 24h and 48h respectively.

In contrast Crigler-Najjar hepatocytes, used as negative control were not able to
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conjugate bilirubin indicating that the activity of either undifferentiated or
differentiated ADHLSC is partial as compared to mature hepatocytes activity (16 to
20% of hepatocytes activity after 48 h incubation) but highly significant.

Transplantation of ADHLSC in the Gunn rats and functional integration in vivo

Building on the capacity of ADHLSC to conjugate bilirubin in vitro, we investigated
their potential benefit after transplantation in providing UGT1Al activity in the
Crigler-Najjar animal model, the Gunn rat [28]. We performed transplantation of
Gunn rats either by infusing 2.5 millions freshly trypsinized ADHLSC or
cryopreserved and thawed hepatocytes into the portal vein of five and three rats
respectively. Three additional control rats were subjected to surgery and received
intraportal injection of vehicle only (4% NAC in PBS). Starting on day one after cell
infusion, all rats received ciclosporine A via ip route once every two days. Rats were
followed up for a total period of 27 weeks with weekly weighing. Body weight of
transplanted rats during the experiment was comparable to weight evolution of
normal Gunn rats used as controls (2weeks post transplantation: 229 + 9g and 230 +
6g for transplanted and control rats respectively, 27 weeks post transplantation: 399 +
15¢g for transplanted rats and 400 + 17g for control rats).

Blood drawings were used to measure serum UCB concentrations by a very sensitive
high-performance liquid chromatography (HPLC) method. Beforehand we had
demonstrated that serum UCB levels in 11 naive Gunn rats colony were stable over 6
months (figure 3A). In addition, to avoid any bias due to sublocalization of
individual cages, one cage with two rats was moved to all parts of the room to
measure a possible influence of light sources on serum UCB concentrations. As for

the previous test, no significant modification in serum UCB were observed (data not
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shown). Comparison of serum UCB levels measured 27 weeks after transplantation
with levels measured 2 weeks post-transplantation revealed a 50% drop of UCB
levels in rats transplanted with ADHLSC or hHepatocytes (Figure 3B). As illustrated
in Figure 3C, when individual results were examined, it appeared that 4 of the 5
ADHLSC-transplanted rats showed a remarkable reduction of serum UCB levels
after 3 months. UCB concentration reached 4.7 + 0.5mg/dl in average for the four
responsive rats instead of 7.0 £ 0.4mg/dl in average for the vehicle-infused Gunn
rats. Further correction of UCB levels was achieved after 6 months when UCB levels
reached 3.2 + 0.5 mg/dl versus 6.1 £ 0.2mg/dl in the vehicle injected rats. One rat out
of five transplanted with ADHLSC did not respond to the treatment. Paired T test
analysis revealed a significant difference (p-val=0.003) between the serum UCB levels
when compared at 2 and 27 weeks post-transplantation in the four responsive
animals. Adding the fifth animal to the statistics caused the p-value to increase to
0,0625, just below statistical significance. Gunn rats transplanted with hHepatocytes
also saw their serum UCB levels decrease with similar kinetics as the rats
transplanted with ADHLSC from 6.3 £ 0.8mg/dl to 3.2 £ 0.2 mg/dl at 6 month post-
transplantation (p-val=0.0658).

In order to confirm that metabolic improvement was due to ADHLSC engraftment,
RTgPCR and immuno-fluorescence staining were performed on transplanted rat
liver.

Engraftment of infused ADHLSC and hepatocytes was revealed by RTqPCR positive
signal for human albumin and GAPDH (Figure 4D). ADHLSC injected rat livers

revealed a positive signal for human albumin and human GAPDH after 37.68+0.11
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and 34.9840.38 cycles respectively whereas hepatocytes infused rat livers exhibit a
positive signal after 36.77+0.42 and 35.62+0.17 cycles for human albumin and human
GAPDH respectively.

In the four rats where UCB decrease after treatment, engraftment of infused
ADHLSC was revealed by positive staining for human albumin (Figure 4A) using a
specific antibody which does not cross-react with rat albumin as illustrated in PBS
injected rat liver parenchyma (negative control). Since ADHLSC constitutively
express albumin, human albumin positivity is not sufficient to infer about the
differentiation status achieved by ADHLSC in vivo. Thus in addition to recognizing
cells from human origin within the rat parenchyma, we also wanted to confirm that
these cells expressed UGT1A1 in vivo and that improvement of hyperbilirubinemia
observed in four rats could be correlated with implantation of functional cells. To do,
we processed serial sections by immunofluorescence for human albumin detection as
described above and for human UGT1A1 detection (Figure 4A). Such serial sections
allowed us to demonstrate localisation of human albumin and UGT1A1 expression in
the four rats where UCB decrease after treatment. As shown in figure 4A, 27 weeks
post-transplantation, human cells not only appeared integrated into rat liver
parenchyma but also exhibited a typical hepatocyte morphology which is consistent
with their expression of UGT1A1, a marker of mature hepatocytes. Interestingly all
human albumin- and UGT1A1-positive cells were for a majority found implanted in
periportal zones.

We were also interested to evaluate the engraftment level of cells in a model of

metabolic liver that was not subjected to any chemical or surgical insult as
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regeneration stimulus since this is closest to the clinical setting for CN patients. A
rough estimation was done by counting albumin-positive cells over two randomly
chosen areas per section and per liver (see the schematic in Figure 4B). Total cells in
these areas were counted based on nuclear DAPI staining. Areas corresponding to
10% total cells were counted visually on a scanned image of each section. Such
quantification was used to provide a gross evaluation of engraftment levels 27 weeks
post-transplantation. We found repopulation varies from 0 to 2.11% and from 0.58 to
1.31% for ADHLSC and hepatocytes respectively (Figure 4C); mean of repopulation
ratio rates 1.3 * 0.3% and 1.0 + 0.2% for ADHLSC and hepatocytes respectively

(Figure 4D).
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Discussion

In the current study, we demonstrate that ADHLSCs from large scale cultures are
able to engraft into the host liver parenchyma and to partially restore one important
hepatic function (bilirubin conjugation) into the Crigler-Najjar animal model, the
Gunn rat.

Hepatocyte transplantation experience in Crigler-Najjar disease patients had shown
a significant reduction in bilirubin levels allowing to reduce the phototherapy
requirement [24,26], but the clinical improvement remains limited in time as these
mature cells have a limited self-renewal capacity [24,27]. In addition, human
hepatocytes shortage, poor cryopreservation resistance [17,18] and absence of in vitro
proliferation capacity constitute a major hurdle in large application of this mature
liver cell therapy.

Therefore, other cell sources become mandatory. Stem/progenitor cells can be
expanded in vitro, can engraft, proliferate and participate to host liver repopulation,
and may modulate the host immune response [29,30]. In this study carried out in
large scale culture conditions, we confirm the stable ADHLSC characteristics:
expression of mesenchymal markers (CD73, CD90, CD29, CD44, vimentin and
ASMA) and hepatic markers expression (albumin). Cells can also differentiate in
tissue specific cell type when exposed to a specific hepatogenic culture medium as
demonstrated by the i) acquisition of polygonal shape ii) increase in CYP3A4 activity
(data not shown) iii) ability to increase the bilirubin conjugation activity (5.1 + 1.8%
and 9.0 £ 1.1% after 24h and 48h respectively) iv) increase in UGT1IA mRNA (mRNA

constituted of the 4 first common exons of UGT1A family).
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Moreover, as demonstrated by HPLC and immunohistochemistry (IHC) our study
provides long-term activity and engraftment of ADHLSC in xenogenic
transplantation model for Crigler-Najjar metabolic liver disorder. HPLC results
indicate that 3 months post-transplantation, 4 of the 5 ADHLSC intraportaly injected
Gunn rat, exhibit a non significant decrease in unconjugated bilirubin (UCB) blood
level: 4.7 + 0.5mg/dl in transplanted rats instead of 7.0 + 0.4mg/dl for the vehicle
infused Gunn rats (negative control group). 27 weeks after transplantation the four
responsive injected Gunn rat, exhibit a higher decrease in UCB blood level: 3.2 + 0.5
mg/dl versus 6.1 £ 0.2mg/dl in the negative control group. A similar decrease was
also observed in the positive control group (rats injected with hHepatocytes).
RTqPCR results indicated the presence of human cells into the Gunn rat liver
parenchyma and thanks to IHC we were able to specifically discriminate human cells
into the ADHLSC intraportaly injected rat liver. IHC against human albumin and
UGT1A1l, allows us to determine that injected human cells seem localized in
periportal zone. No ADHLSC were identified in the single rat which did not respond
to the therapy. This may be due to the loss of cells due to bleeding during the portal
vein injection or to an immune rejection in this animal.

Transplantation data confirm our recently published report on ADHLSC and the
kinetic of engraftment into liver of immunodeficient mouse as well as their
participation in tissue regeneration after 20% of hepatectomy. In this study, analyses
were performed only after 2 month post transplantation, and do not allow drawing
conclusion on long term engraftment and differentiation [21]. In this experiment rats

were injected with a relative low dose of 2.5 millions cells, i.e. 10 to 12,5 million/kg
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body weight, without regeneration stimulus and this dose led to a UCB decrease and
engraftment demonstrated 6 months later. Moreover UCB decrease obtained in
ADHLSC and hepatocytes transplanted Gunn rats is in accordance with results
obtained in transplanted rats [32] and in human [24], while animals or patients
exhibited a progressive decrease of serum bilirubin 2-4 months after liver cell

transplantation.

In our experimental model, we could detect around 1.265 + 0.288% and 0.973 +
0.212% for ADHLSC and hepatocytes in transplanted Gunn rats respectively which is
still in agreement from what is generally accepted that a repopulation of 1-5% of the
hepatic mass is required to restore liver disease in most injury models [31-35]
Recently; human clinical hepatocyte transplantation engraftment rates has been
documented to range from 0% to a maximum of 12% leading in most cases to a
transitory quality of life improvement for metabolic liver disease patients [36].

This repopulation rate is likely due to in vivo expansion, as the infused cell mass
corresponded to only 0,25% of the total liver mass, assuming that the total supposed
liver cell mass is 5 billion per kg body weight [26]. No regeneration stimulus was
applied in these animals, and such stimuli using radiotherapy of chemicals might
improve the engraftment [37]. In parallel, amelioration of immunosuppression
treatment will be interesting (use of microsomal encapsulated clodronate, low liver
irradiation,...).

In conclusion, ADHLSC large scale cultured were able to differentiate into

hepatocyte-like cells in wvitro, exhibiting hepatic functions (CYP3A4 activity,
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glucuronidation activity,...). In vivo these cells were also able to engraft and
repopulate the liver parenchyma and led to partially correct a bilirubin conjugation
defect in a homologous rodent model of Crigler-Najjar syndrome.

All together, these results make ADHLSC an attractive candidate for cell therapy
treatment of Crigler-Najjar type I syndrome.

COMMENTS

Background

Liver cell transplantation using hepatocytes was successfully performed in patients with inborn errors
of metabolism. However, the success of such a therapeutic approach remains limited by the quality of
transplanted cells. To overcome these problems several approaches to isolate and propagate liver stem
or progenitor cells have been developed. The capacity of those cells to restore a liver metabolic
function must be demonstrated.

Research frontiers

Crigler-Najjar type | syndrome is characterized by a high unconjugated bilirubin blood level due to
UGT1AL deficiency. Orthotopic liver transplantation remains the only curative treatment but the
procedure does not guarantee lifelong complication free survival. Hepatocyte infusion has established
that metabolic control is possible, but the procedure remains limited by several organ shortage and
transient survival of cells. Stem cells look promising to overcome these problems and adult-derived
human liver stem/progenitor cells (ADHLSC) are tested for they ability to engraft and differentiate in
a homologous animal model (Gunn rat) of human liver Crigler-Najjar type | metabolic disease.

Innovations and breakthroughs

In this study, authors demonstrate the ability of ADHLSC to engraft in recipient rat livers
where they participate in restoration of liver function by a significant reduction of the serum
bilirubin levels. Our findings support ADHLSC as a promising candidate for liver cell-based
therapy developments.

Applications

In this study, authors demonstrated that large scale culture conditions do not modified adult-
derived human liver stem/progenitor cells (ADHLSC) phenotype, ADHLSC were able to
specifically conjugate bilirubin when intraportally injected into Gunn rats as demonstrated by
blood unconjugated bilirubin measurement at different times post-transplantation; infused-
Gunn rats exhibited a metabolic effect 3 months post-transplantation and maintained over a 6
months period. ADHLSC engraftment into Gunn rat's liver was demonstrated by
immunohistochemistry. All the results suggest the ADHLSC potential to restore a deficient
metabolic function in-situ.

Terminology

Crigler—Najjar syndrome type | and Il are characterized by unconjugated bilirubin
accumulation in the serum. These syndromes are due to genetic variations in the gene
encoding uridine diphosphate glucuronosyltransferase 1A1 (UGT1A1) leading to complete or
partial inactivation of the bilirubin glucuronidation. Clinically, Crigler—Najjar syndrome type
| is associated with progressive damage of the central nervous system leading to bilirubin
encephalopathy (kerincterus)
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Gunn rat, derived from Wistar parent strain, has constantly elevated concentrations of serum
bilirubin which causes unconjugated hyperbilirubinaemia. Gunn rat inherently lacks all
glucuronidation activities catalysed by the UGT1 isoforms and is therefore used as animal
model for Crigler—Najjar syndrome type I.

Peer review

This study shows that adult-derived human liver stem/progenitor cells (ADHLSC) were able
to specifically conjugate bilirubin when intraportally injected into Gunn rats as demonstrated
by blood unconjugated bilirubin measurement at different times post-transplantation; infused-
Gunn rats exhibited a metabolic effect 3 months post-transplantation and maintained over a 6
months period. ADHLSC engraftment into Gunn rat's liver was demonstrated by
immunohistochemistry. All the results suggest the ADHLSC potential to restore a deficient
metabolic function in-situ.
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Figure 1: Adult-derived human liver stem/progenitor cells characterization

A: Morphology of adult-derived human liver stem/progenitor cells (ADHLSC) in expansion medium.
Phase contrast microscopic view of ADHLSC obtained after second passage. Magnification: x100, scale
bar: 100um.

B: Immunocytochemistry characterization (passage 6) analysis: expression of mesenchymal and
hepatic markers in ADHLSC. Mesenchymal markers: a-smooth muscle actin (aSMA) and vimentin
and hepatic marker albumin immunostaining were analyzed by direct light microscopy. ADHLSC
plated on collagen type I-coated coverslips were fixed and incubated with corresponding primary
antibodies. Immunoreactivity was visualized using horseradish peroxydase (HRP) Cell nuclei are
stained using haematoxylin-eosin (blue). Images are representative of several fields examined. Scale

bar: 100um
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Figure 2: Hepatogenic differentiation and expression of functional UGT1A1

A: Evaluation of in vitro ADHLSC hepatic differentiation potential at passage 6. Undifferentiated
ADHLSC (1) were able to change their morphology by adopting a polygonal shape with a granular
cytoplasm after 4 weeks of treatment with specific growth factors and cytokines. Magnification: x100,

scale bar: 100pum.

B: UGT1IA mRNA relative expression quantification. Results were obtained after passage 4 and 9.
UGT1A mRNA level in differentiated ADHLSC, were normalized to Cyclophilin A and reported to

undifferentiated ADHLSC UGT1A mRNA level.

C: In vitro bilirubin conjugation kinetic assessment: squares: wild type hepatocytes (positive control),
triangle: Crigler-Najjar patient hepatocytes (negative control), overturned triangle: undifferentiated

ADHLSC, rthomb: differentiated ADHLSC. Cells were incubated with 100pM unconjugatred bilirubin,
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supernatants were harvested after 24h or 48h. Conjugation rate (CR) was evaluated with HPLC as
follow: ((Conjugated bilirubin concentration)/(Total bilirubin concentration)) x100.
Squares: Wild type hepatocytes; Triangles: Crigle Najjar hepatocytes; Inverted triangles:

Undifferentiated ADHLSC; Rhombus: Differentiated ADHLSC
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Figure 3: Injected Gunn rat follow up

A: Assessment of bilirubin concentration stability in 11 naive rats of the Gunn rat colony followed
during 27 weeks. Bilirubin concentration is expressed in mg/dl.

B: Mean of unconjugated bilirubin for ADHLSC injected rats n=4 (black line), human hepatocytes
injected rats n=3 and for negative control n=3 (grey line). Difference between 2 weeks and 27 weeks
post injection concentration bilirubin was significant for ADHLSC injected rats (p-val=0,0032). Mean
of UCB concentration is expressed in mg/dl. Squares: hADHLSC; Triangles: human hepatocytes;
Inverted triangles: negative controls.

C: Unconjugated bilirubin evolution with time: black lines: ADHLSC transplanted Gunn rats n=5; red
lines: PBS injected rats n=3 (negative control). Bilirubin concentration is expressed in mg/dl. Circles:
rat 1; Squares: rat 2; Triangles: rat 3; Inverted triangles: rat 4; Rhombus: rat 5; Empty squares: negative

controls
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Figure 4: liver analysis and human cells quantification

A: Immunohistochemistry against human albumin and human UGT1A1 proteins on serial liver slices
in Gunn rats transplanted with ADHLSC and hHepatocytes. Immunostaining were analyzed by
fluorescent microscopy. Slices were fixed and incubated with corresponding primary antibodies.
Immunoreactivity was visualized using a 1/500 AlexaFluor594 anti-rabbit antibody solution. Human
liver was used as positive control for albumin and UGT1A1l staining whereas negative control
consisted of Gunn rat liver injected with PBS. Cell nuclei are stained using DAPI (blue). Bar scale:

200um
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B: Schematic representation of an immunostained slide. Human albumin positive cells were counted
over two randomly chosen area of the section.

C: Human cells repopulation ration in ADHLSC (black columns) and hHepatocytes (gray columns)
transplanted Gunn rats. Measurement was based on human albumin positive cells counted over two

randomly chosen area of the section.

D: Mean of human cells repopulation ratio in PBS (negative control), ADHLSC (black column) and
hHepatocytes (gray column) transplanted Gunn rats (p-val>0.05). Measurement was based on human
albumin positive cells counted over two randomly chosen area of the section.

E: Human GAPDH (white column) and albumin (black column) detection by RTqPCR in negative

control (PBS injected), ADHLSC, and human hepatocyte injected rat livers.

Table
Surface marker Positive cells (%)

CD73 64.1%
CD90 94.1%
CD44 41.6%
CD29 87.4%
CD45 0.1%
CD117 0.7%
CD133 0%

Albumin 61.4%
Pan CK 1%

Table 1: ADHLSC surface markers expression percentage (passage 6)

Cell surface markers profile of ADHLSC. Selected cell surface molecules (CD29, CD44, CD45, CD73,
CD90, CD117 and CD133) and intracellular markers (albumin and Pan CK) were analyzed using flow

cytometry. Their relative expressions are compared to corresponding control isotypes.
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3. In vivo biodistribution of Adult Human Liver Stem/Progenitor Cells following
intraportal transplantation in catheterized rats
Biodistribution of transplanted cells is an important regulatory and safety issue. It
allows to understand the risk of ectopic tissue formation and to follow the homing
of cells in the target organ. In this study, we evaluated the in vitro radio-labeling
efficacy of ADHLSC with Indium-111oxine (***In) and subsequently followed the
biodistribution of **In labeled cells after intraportal transplantation in the adult rat.
In vitro we determined that the optimal dose to labeled ADHLSC with **In was
30uCi/1.10° cells for 15 minutes at RT After intraportal infusion of 5.10° labeled
cells part of a final cell suspension comprising 5, 10 or 20 millions cells,
scintigraphic imaging and quantitative gamma counts demonstrated a specific
hepatic biodistribution maintained up to 72h after transplantation without any
significant dissemination in other organs. No difference was observed with

increased injected cell doses.
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Abstract

Prupose: Biodistribution of stem cells after infusion is an important safety issue in cell based
advanced therapies. This study aimed to evaluate the in vitro radiolabeling efficacy of adult human
liver stem/progenitor cells (ADHLSC) with Indium-111oxine (In-111) and subsequently to follow the

biodistribution of **

In labeled cells after intraportal transplantation in catheterized Sprague-Dawley
rats.

Methods: ADHLSC were radiolabeled using different doses of In-111 ranging from 10 to 60uCi/1.10°
cells. Cellular retention and effects of labeling on the viability were assessed by cell counting and
lactate dehydrogenase (LDH) cytotoxicity assay. Biodistribution of In-111-AHDLSC following
intraportal infusions of ADHLSC ranging from 5.10° to 20.10° cells into rats was assessed by means of
scintigraphy and organ gamma counting, and compared to rats infused with free In-111 (control
group).

Results: In vitro, we demonstrated a time and dose-dependent labeling efficiency with pronounced
decrease in population doubling rate at higher In-111 dose. We also demonstrated cytotoxic effect
following in In-111 time incubation at dose 30uCi/106 cells, as evidenced by increase of LDH release.
After intraportal infusion, scintigraphic imaging and quantitative gamma counts demonstrated a
specific hepatic biodistribution maintained up to 72h after transplantation without any significant
uptake in other organs. No difference was observed with increase injected cell doses.

Conclusion: Labeling of ADHLSC with In-111 at a dose of 30;1Ci/1.106 cells is sufficient to allow cell
detection by scintigraphy up to three days post-injection. We also demonstrate that labeling of a small
fraction of injected cells is sufficient to explore their biodistribution.

Key words: Indium labeling— Adult Human Liver Stem/Progenitor Cells — Biodistribution — SPECT/CT
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Introduction

Cell therapy using stem or progenitor cells to restore deficient metabolic function is an emerging
biotechnology approach which may in some situations become an alternative to organ transplantation
(1, 2). Biodistribution of infused cells is an important issue, to both understand the risk of ectopic
tissue formation and follow the homing of cells in the target organ. Current cell-based therapies using
fluorescence labeling, bioluminescence or genetically-modified cells have demonstrated the presence
of engrafted cells within tissues, but are limited to animal studies and are not well developed to be
used in human. Cell labeling using super magnetic iron oxide (SPIO) nanoparticles, radionuclides or
reporter genes have also been well proposed as non-invasive techniques to study the distribution of
transplanted cells (3). In the recipient liver, SPIO labeled cells remain detectable for up to three weeks
after transplantation. Iron oxide level per cells is diluted during cell proliferation and iron SPIO can be
taken up by neighboring cells which leads to false imaging results (4). Furthermore, the low sensitivity
of the SPIO labelling requires clusters of more than 10°cells to be detected (5, 6). Indium-111 oxine
(In-111) has been successfully used to label leucocytes for detection of inflammatory sites such as in
inflammatory bowel disease, lung infection, neurological infection and fever of unknown origin (7). In-
111 has a half-life of 67 hours, which allows the tracking for several days after infusion. Another
advantage of this technique is the high sensitivity, since as little as 10° In-111 radiolabeled cells can

be detected (8). Recent studies have investigated the potential use of ***

In to other cell types such as
mesenchymal stromal cells from bone marrow, adult or fetal liver stem/progenitor cells and showed
neither immediate cytotoxic effect nor change in antigen expression pattern at doses up to 1.1MBq/106
cells (30 pCi/10° cells) (9-11).

In the present study, we investigated the efficacy of In-111 labeling on adult derived human liver
stem/progenitor cells (ADHLSC). These cells isolated from liver parenchymal fraction have
demonstrated their ability to be expanded in vitro and display a hepato-mesenchymal profile. Under
appropriate culture conditions with specific cytokines and growth factors, ADHLSC acquire a typical
polygonal hepatic morphology as well as hepatocyte metabolic hepatic functions such as
gluconeogenesis, urea production and xenobiotic detoxifications (12, 13). These cells are considered
promising candidates for cell-based advanced therapies of the liver. The aims of this study were to

111

evaluate the “““In labeling on ADHLSC on cell viability, proliferation, phenotype as well as stability of

labelling and to monitor their biodistribution following intraportal transplantation in catheterized rats.
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Material and methods

ADHLSC cultures

Hepatic stem/progenitor cells (ADHLSC) were isolated from liver parenchymal fraction obtained
according to the adapted two-step collagenase perfusion method as previously described by Seglen
(14). Production of ADHLSC was performed as previously reported (12) and adapted for large scale
GMP production. Briefly, liver cell suspensions were seeded in 175cm? CellBind plastic flasks
(Corning, Seneffe, Belgium) with Wiliams’E medium (Invitrogen,Merelbeke, Belgium) added with
150UI/mL insulin (Himulin Regular) and 10”'M dexamethasone (Aacidexam), 10% Fetal Bovine Serum
(FBS, AE Scientific, Pisching, Austria), and thereafter in DMEM (Invitrogen) supplemented with 10%
FBS (expansion medium). At confluence, cells were trypsinized and replated at 5000 cells/cm? in
expansion medium and successive cultures were maintained until the five-sixth passage (P5-P6).
From this passage, cells were cryopreserved in liquid nitrogen with 90%FBS +10%DMSO (Wak-
Chemie, Germany).

Cell procurement, isolation and cell banking of liver stem cells are produced in concordance of the
agreement from the Belgian Ministry of Health.

In-111 Oxine Labeling

Cryopreserved cells at P5-P6 (n=3) were first washed in DBPS (Lonza, Verviers, Belgium) for 10
minutes at 260g. Then, cells were resuspended in DPBS (5.106 cells/3mL) before incubating with 10,
30 and 6011Ci/1.106 cells In-111 oxine (GE Healthcare) for 15 - 30 minutes at room temperature in
DPBS and gentle shaking. To remove unbound labeling, cells were washed twice with DBPS. After
each wash, labeling efficiency was measured with a dose calibrator (Capintec Radioisotope Calibrator
CRC12) and calculated as follows: Radioactivity from cells/Radioactivity from (supernatant +Cells)
X100. Viability of cells was checked immediately after labeling using the Trypan Blue exclusion

N labeled cells were cultured

method. To evaluate the radioactivity retention (stability of labeling),
for 168 hours in expansion medium. Daily, trypsinized cells and their culture medium were centrifuged
(260g) and the radioactivity of each fraction was measured with a dose calibrator (Capintec). The

percentage of cell retention was calculated as the ratio of radioactivity from cells to the total

radioactivity of cells and supernatant (culture medium).
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Cell proliferation and cytotoxicity assays

The viability and cell proliferation were assessed on both **!In-labelled cells and non-labelled ADHLSC
at 24h, 48h, 72h, 96h and 168 hours with an initial seeding of 1.10° cells in T75 cm?® Flask. For each
time point, cell cultures were trypsinized (0,05%Trypsin-EDTA, Invitrogen) for 10 minutes at 37°C.
After wash in expansion medium (210g,10min), viability and cell counting were estimated by Trypan
Blue exclusion test.

To investigate the cytotoxicity of In-111 on ADHLSC, we first measured the extracellular levels of
Lactate Dehydrogenase (LDH) in cell culture supernatant according to manufacturer’'s instructions
(LDH cytotoxicity detection kit, Roche Applied). Secondly, we determined the protein content from
100pL cell lysates in 50mM Tris, 150mM NaCl, 1% NP-40 solution using the Portein Assay Kit (Pierce
BCA, ThermoFisher).

Cytotoxicity was calculated as follow: LDH/cell protein content and normalized with the control
condition (unlabeled cells).

Imunocytochemistry

The expression of vimentin (monoclonal anti human Vimentin, Progen, Heidelberg, Germany), ASMA
(monoclonal mouse anti-smooth muscle actin, Dako, Hervelee, Belgium), CK19 (monoclonal mouse
anti-human CK-19, Dako) and Albumin (polyclonal rabbit anti-human Albumin, Calbiochem, Belgium)
was also evaluated on unlabeled and radiolabeled cells using immunocytochemistry. Briefly, cells
were washed with DPBS (Dulbecco's Phosphate Buffered Saline, Lonza, Verviers, Belgium) and fixed
with 3.5% formol for 15 minutes at RT (VWR Heverlee, Belgium) before peroxydase endogene
inactivation using 3% Hydrogen Peroxyde (VWR) solution 3 minutes at room temperature (RT). After
rinsing with distilled water, cells were permeabilized with 1% Triton (Sigma, Bornem, Belgium) solution
for 10 minutes at RT and nonspecific sites were blocked with DPBS-BSA 1% (Sigma) for 1 hour (RT).
Then, the primary specific antibody was incubated for 1 hour at room temperature. After washing with
DPBS a secondary antibody Envision (Dako) was used for 30 minutes. After washing,
immunocytochemistry was evidenced by DAB chromogen (Dako) and counterstained with hematoxilin
solution for 10 minutes at room temperature and microscopically checked (Leica- DMIL).

Rat Intra-portal infusion

Catheterized male Sprague Dawley rats were purchased from Charles River laboratories (CD-

SIMA250KVP, 6-10 weeks old) and experimented in accordance with the internal Animal Care

104



program. Catheterized rats received intraportal infusions of either 5.10° (group 1) -10.10° (group 2) -
20.10°% (groups 3) cells/2mL (150pL/min) containing a single dose of 5.10° In-111 labeled cells 15
minutes with a theoretical activity of 30uCi/1.10° cells (mean activity infusion: 105.4+12.2 uCi). Three
rats in each group were used in this study. The cell suspension was formulated in 5% Human albumin
(Hibumine, Baxter) supplemented with glucose (0.025g/L, Stereop), 6.5 mg/mL Sodium Bicarbonate
(B52 Braun), 10UI/mL Heparin (LeoPharma) and 0.78% Lysomusyl (Zambon). A control group (n=3)
received 105.4+16.5uCi free In-111 oxine in order to evaluate the radioactivity clearance. Three days
prior transplantation and until sacrifice, rats were immunosupressed with intraperitoneal injections of
5mg/kg/2days cyclosporin. During infusions and Single-photon emission computed tomography
(SPECT) imaging, rats were sedated with Forene 2% (Abbott). Radioactivity in the syringe was
measured before and after cell infusion with a dose calibrator (Capintec).

SPECT-CT Imaging and gamma counting

Whole body scintigraphy was performed 1h and 24h (groups 1-2) and after 72h (group 3) following cell
infusions, using a small animal SPECT system, with a energy of max to 140keV+10%. The hepatic
retention of **'In was calculated as the ratio of regions of interest (liver uptake) to whole body uptake
with PMOD analysis program (15). Spatial anatomic imaging was also performed using 120KV CT
scan with mAs/mA (200/317). At sacrifice, organs including brain, heart, lungs, sternum, spleen, liver,
bladder, kidneys, intestines, pancreas and testis were excised and their radioactivity was measured
with the gamma counter (Cobra Il Packard). For liver, each lobe was separately counted. Results were
expressed as the percentage of injected dose (% ID) by use of an aliquot of the injected syringe as a
standard to normalize the In-111 decay correction.

Results

Effect of In-111 labeling on ADHLSC

In order to determine the effect of radiolabeling and the quality of our cells, we first assessed the
viability of radiolabeled cells by Trypan blue exclusion assay immediately after labeling, compared to
that of unlabeled cells. In comparison with unlabeled cells, no significant impact of In-111 was
observed on cell viability regardless of the In-111 dose or incubation times. However, labeling
efficiency was increased with high-doses In-111 dosis of 30 and 60uCi independently the incubation

time, reaching up to 60% (Table 1).
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Analysis of radioactivity retention of cultured In-111 labeled cells showed a rapid leakage of In-111
within the first 24 hours: the percentage of retention decreased from 65.3+1.8% to 25.4+1.9% (p<
0.0286, Mann Whitney) with radiolabeling at 30uCi to 60uCi and remained stable until 96 hours,
independently the incubation time (Figure 1). At dose 10uCi, no sufficient cellular retention was
observed over the investigated time period.

Cell proliferation of radiolabeled ADHLSC in T75 cm? flask evaluated after labeling demonstrated an
important decrease in time and dose depended manner (Figure 2 A-B).

Based on these results, we explored the ADHLSC integrity after In-111 labeling 30uCi /1.10° cells after
15 and 30 incubation time by analyzing the level of LDH present in the extracellular fraction at different
times post seeding and up to 168 hours. At this time point, we noted a threefold to six fold increase of
extracellular LDH levels with the 30uCi dose, corresponding to 15 and 30 minutes incubation time
respectively (Figures 2C).

Phenotypic profile pattern of radiolabeled cells

Finally, the pattern of expression was checked after 7 days of culture by assessing patterns of
vimentin, ASMA, Albumin and CK19 expression. Immediately after labeling (1.1MB(;1/1.106 cells,
15minutes), no difference in expression was observed between labeled and unlabeled cell cultures
(Figure 3).

Biodistribution of radiolabeled cells

Based on the cell proliferation and cytotoxic results, dose of 30uCi for 15 minutes was used in vivo. To
evaluate in vivo the distribution of In-111 labeled ADHLSC after intra-portal infusion, image
reconstruction of the whole rat body and pixel-wise modeling (PMOD) analysis was used to detect the
infused cells. This analysis confirmed the liver uptake with a detected signal at 1h, 24h and 72 hours.
No dissemination to ectopic organs was observed after 24h or 72 hours post transplantation. Fusion
imaging of SPECT and CT confirmed that radioactivity localization corresponded to the liver (Figure 4).
Semi-quantitative distribution analysis determined by the ratio: liver/ whole body signal, revealed a
signal ranging from 54+3.3% - 65+6% -54+4.9% after lhour, from 35+16.6% - 56+3.8% - 43+2.5%
after 24 hours, respectively to 5.10° -10.10° and 20.10° infused cells (Table 2). The mean liver
retention of radiotracer in the control group was lower than 8+1% after one hour and 6+2.6% after 24

hours.
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At necropsy (24h post infusion), radioactivity was measured by gamma counter in individual organs
(brain, sternum, spleen, pancreas, duodenum, jejunum, colon, lung, heart, kidneys, bladder, liver and
thymus). Data confirmed the specific distribution within the liver as compared to other organs, in
accordance to SPECT count analysis (Figures 5 A-B). Radioactivity was most important in liver
including median, left lateral and right lateral superior - caudate lobes and no significant radioactivity
was detected in other excised organs, except the kidneys. Urine gamma count at 24h confirmed the
natural urinary excretion of In-111 with 19+8.8% of the injected dosis in the control group and 9+1.5%
in In-111-labelled cell infusion group.

Discussion

SPECT imaging of radiolabeled cells into catheterized rat proved to be a sensitive method to track
transplanted cells. Despite the xenogenic model used, specific hepatic biodistribution was observed
and maintained for 72h after transplantation without ectopic hot spots to other organs. Quantitative
gamma counts of excised organs confirmed hepatic distribution with a predominance to median, left
lateral and right lateral lobes. Gamma counts did not demonstrated ectopic biodistribution to any other
organs. In fact, less than 5% of the injected doses were detected in other excised tissues. The
percentage of cells retained in the liver varying from 47 to 73% at one hour and 10 to 62% at 24 hours
postinfusion. However, it is difficult to extrapolate from these data the percentage of engraftment that
would be observed in human in a homologous context. Nevertheless, the present preclinical study
gives the experimental basis to address the key safety issue of biodistribution in the emerging field of
advanced therapy medicinal products, based on stem cell technology. It shows the feasibility of

"n and to track the cells in vivo after

labeling of human mesenchymal liver progenitor cells with
intraportal infusion. The lack of extra-hepatic uptake is definitely a strong marker that extrahepatic
seeding is unlikely.

The different labeling protocols tested on our ADHLSC demonstrated time-dose-dependent cytotoxic
effect, as evidenced by a three to sixfold increase level of LDH in the extracellular fraction at doses
30uCi-15minutes and 30minutes labeling incubation time respectively in comparison with unlabelled
cell group after 168h. Similar results were observed in previous studies using In-111 labeling on
mesenchymal stromal cells or hematopoietic progenitor cells, in which a decrease in viability of

labeling cells after several culture days was demonstrated (11, 16, 17). In contrary, no important

decrease of viability neither immediately after labeling nor after 7 culture days was noted in our study.
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Indeed cell viability of cultured cells was up to 75% independently the time of labeling (data not
shown). Based on phenotypic profile of expression, quality of radiolabeled ADHLSC was not altered in
term of ASMA, albumin and vimentin expressions. Radiolabeling at a dose of 30pCi/1.10° cells for 15
minutes at room temperature seemed to be the best condition for our ADHLSC, as we did not observe
any increase of the of extracellular LDH level. However this dose had a deleterious effect on the cell
proliferation rate in a time dependent manner (16).

Other non-invasive imaging technologies have provided sensitive methods to track the fate of
transplanted cells. Different protocols have been described in animal studies using bioluminescence,
fluorescence as well as reporter gene and SPIO. However these methods, except for SPIO labeling
are precluded in human (6, 18, 19). SPIO labeling, although feasible in clinical practice, has
demonstrated a low sensitivity and potential biased results due to iron particles release and
subsequent macrophage uptake. Unfortunately, both SPIO and In-111 labeling cannot truly
differentiate viable from dead cells

In-111 labeling of leucocytes is a method widely used in clinical practice to detect inflammation sites in
patients. The Indium-111 oxine complex is neutral and lipid-soluble, which enables to penetrate across
the cell membrane and become strongly attached to cytoplasmic components such as lactoferrin. The
complex In-oxine further dissociates and the oxine is released by the cells. The relatively low retention
rate observed in our study may be aggravated by early immune cell mediated damage in
xenotransplantation leading to an even more important radioactive leakage during the first 24h. Loss
of labeling is a well-known phenomenon observed with various cell types. Rapid leakage of In-111 to
35 to 45% after 24 and 48h was demonstrated on both hematopoietic progenitor cells and
mesenchymal stromal cells (16, 20, 21).

SPECT imaging of radiolabeled cells into catheterized rat proved to be a sensitive method to track
transplanted cells. Specific hepatic biodistribution was observed and maintained for more than 72h
after transplantation without ectopic hot spots to other organs as demonstrated in the kidney of control
group receiving the radiotracer alone. Quantitative gamma counts of excised organs confirmed hepatic
distribution with a predominance to median, left lateral and right lateral lobes. Gamma counts did not
demonstrate ectopic biodistribution to any other organs. In fact, less than 5% of the injected doses

were detected in other excised tissues.
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Conclusion

In conclusion, intraportal infusion of a small fraction of radio labeled ADHLSC with In-111 at dose
30uCi/1.106 cells for 15 minutes at RT was sufficient to detect biodistribution by scintigraphy images
up to three days. Neither ectopic hot spots nor signals were evidenced outside of the liver,
demonstrating the engraftment and the homing of cells preferentially within the liver parenchyma.
Previous in vivo studies in immunocompromized mice, RT-PCR analysis and immunohistochemistry

revealed the presence of ADHLSC more than 10 weeks after intrasplenic transplantation (12, 13).
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Figures — Tables

Figure 1:
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Figure 1: Cellular retention percentage of In-111 cultured cells following decay correction
demonstrated an important leakage within the first 24h after labeling from 65.3£1.8% to 25.4+£1.9% at
doses 30uCi and 60uCi, independently the incubation time with radiotracer. After 24h retention rate
remained stable over time until 96h and no more detectable after 168h. At dose 10uCi, no sufficient

cellular retention was observed.
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Figure 2
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Figure 2: A. Cell proliferation curves over 168 hours cultures after In-111-cell labeling and compared
with unlabelled cells demonstrated an important decrease of proliferation at high In-111-dose 60uCi.
B. At dose 30uCi, higher impact on cell proliferation is observed with In-111-30 minutes than In-111-
15 minutes incubation time. C. Cytotoxic effect of In-111 30uCi demonstrated a three to six fold
increased level of extracellular LDH compared to unlabelled cells, after 15 to 30 minutes incubation
time respectively. Results are expressed as LDH/protein content and normalized with the control

group for each time point
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Figure 3: Immunocytochemical staining
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Figure 3: Phenotypic profile of radiolabeled cells did not demonstrate differences in vimentine,

Albumine, ASMA (anti-smooth muscle actin) expression in comparison with the control group.

Figure 4 :

Figure 4: SPECT images of in vivo biodistribution of radioctracer in the whole rat body during the first
72hours post In-111-labeling receiving a total of 20.10° cells which contained in all case In-111-5.10°

cells.
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Figure 5:
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Figure 5: Organ biodistribution of labeled cells 24 hour after intraportal cell infusions assessed by the
gamma counter demonstrated the specific signal localization in the liver (A) an specially into the left
lateral, median and right lateral/caudal lobes (B). Data are normalized to the radioactivity count

measured in the syringe before and after cell infusion (injected dose) and following decay correction.
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Table 1: Cell viability and In-111 cell retention after labeling

Viability (%) In-111 Retention (%)

ctrl 10pCi 30uCi 60pCi 10pCi 30uCi 60pCi

15 min 74.3+6.2  63.5+17.5 68.7+15.1 60.5+11.5 | 38.4+10.8 65.5+16.1 67.7+10.8

30 min Notdone 68.7+12.4  70.9+9.3 64.7+16.4 | 44.7+1.3 65.1+13.3 62.6+5.3

Table 2: Radiolabeled cells distribution in the liver expressed as a percentage of the whole body

activity
Ctrl 5.10° cells 10.10° cells 20.10° cells

1h 24h 1h 24h 1h 24h 1h 24h 72h
Rat 1 9% 10% 50% | 53% | 66% 62% 590% | 45% | 31%
Rat 2 8% 5% 50% | 43% | 56% 52% 57% ND ND
Rat 3 6% 4% 53% | 10% | 73% 55% | 47% | 40% | 27%
Mean 8% 6% 54% | 35% | 65% 56% | 54% | 43% | 29%
SEM 1.1 2.5 3.3 16.9 6 3.8 4.9

ND: Non Determined
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Conclusions and perspectives



1.

Isolation of homologous ADHLSC in rat

The first part of this work was dedicated to the isolation and characterization of
homologous ADHLSC in rat. Isolation of such cell would be useful to test the
efficiency of such cells in a syngenic model of liver metabolic diseases.

Like ADHLSC, rat fibroblastic-like liver derived cells (rFLDC) emerged in vitro
after primary culture of liver cells obtained after enzymatic desegregation (two-
step collagenase perfusion) of the adult rat liver. Both cells exhibit common
features like a fibroblastic like morphology; they displayed a mesenchymal profile
as evidenced by the expression of CD44, CD73, and CD90 proteins (Table 5) and
the absence of hematopoietic CD45 marker expression. However, rFLDC exhibit
several original among which a higher proliferative potential and with a
senescence not reached before at least 50 passages in contrast to human cells that
stop proliferating after 10-12 passages.

RT-PCR analyses also revealed expression of cytokeratin (CK) 8, UDP-
glucuronosyltransferase 1A1 (UGT1Al1l) and glucose-6-phosphatase (G6P)
underlining the hepatic origin and the hepatic like profile of rFLDC.
Undifferentiated rFLDCs have the capacity to store glycogen and show G6Pase
activity as mature hepatocytes.

At the differentiation level, rFLDCs were able, at early passages, to differentiate
into adipocytes, on the contrary to ADHLSCs (Table 5). Under hepatogenic
differentiation medium, low number of rFLDCs displays the polygonal
morphology of mature hepatocytes as compared to ADHLSC. Differentiated
rFLDCs express both albumin (Alb) and tryptophan 2,3-dioxygenase (TDO).
However, we do not observe the expression of more specific hepatic markers such

as hepatic nuclear factor 4 (HNF4) or tyrosine aminotransferase (TAT). Despite
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the expression of UGT1A1 mRNA, rFLDCs were not able to specifically

conjugate bilirubin even after differentiation.

rFLDC ADHLSC
Proliferation >50 passages <12 passages
Genotype/phenotype
- Mesenchymal markers vimentin, fibronectin, vimentin, fibronectin,
ASMA, CD44, CD73, ASMA, CD44, CD73,
CD90, CD105 CD90, CD105
- Hepa“c markers CKS, UGT1A1, G6P Alb, GGP, HNF4
- Biliary markers CK19 )
Plasticity:
- Osteocytic - -
- Adipocytic <P2 -
- Hepatic Alb and TDO TDO and TAT
expression expression
Functionality (undifferentiated state):
- Glycogen storage + -
- Glucose-6-phosphatase activity + -
- Bilirubin conjugation - +

Table 5: common features and differences between rat fibroblastic like liver derived cells
(rFLDC) and human adult liver progenitor cells (ADHLSC)

ASMA: a-smooth muscle actin, CK: cytokeratin, UGT1ALl: UDP-glucuronosyl transferase 1A1, G6P:
glucose-6-phosphatase, Alb: albumin, HNF4: hepatic nuclear factor 4, TDO: Tryptophan 2,3-dioxygenase,
TAT: tyrosine aminotransferase

Despite the same liver cell isolation protocol applied, notably differences exist
between human and rat cell types which make rFLDC not suitable for their use in
syngenic models of liver metabolic diseases. According to literature data, majority
of liver rat progenitor cells was only obtained after submitting animals to
carcinogenic agents or toxic injuries. Yin et al. [107] described liver progenitor

cells (LPC) in allyl alcohol treated rats livers. These cells were also characterized
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by their immuno-positivity for albumin, oFP and CD90 expression, a high
proliferative potential (100 population doublings). In rats subjected to 2-
acetylaminofluorene treatment followed by partial hepatectomy, Yovchev [108]
and Qin [109] described oval cells expressing mesenchymal (CD24, CD44,
CD90), hepatocytic (albumin) and biliary marker (CK19).

Few groups obtained liver progenitor cells from healthy rat livers. In 1996, Tateno
established small hepatocytes cell line but from the non parenchymal liver fraction
[110]. Such small hepatocytes expressed hepatocytic marker proteins such as
albumin, CK8, and CK18 in the early proliferation phase of culture. However,
Cx32, a differentiated hepatocyte marker, and bile duct epithelial markers such as
BD1, CK7, and CK19 were not expressed in this stage of the culture but appeared
after 7-10 days of culture. Nagai et al. [111] characterized hepatic stem like cells
(HSL) by expression of aFP, and GST and non-expression of albumin and CK19.
Using a co-cultured with stellate cells protocol, HSL acquired albumin expression
after 2-3 days. Recently, Behnan Sahin et al. [112], using a 2-step collagenase
protocol, reported a cell population derived from adult rat liver and called LDPCs
(Liver-derived progenitor cells). Regarding their oval morphology and expression
of HNF3beta, CD90 and hematopoietic markers CD45, CD34, these cells seem to
be closely related to oval cells despite the absence of CK7, CK8 and CK19
expression. All together, these data suggest that rFLDC was an original cell type

that, to our knowledge, was never described in the literature.
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2. Metabolic correction in the Gunn rat

The second part of this work was to prove the efficiency of ADHLSC in a model
of Crigler-Najjar liver metabolic disease rat (Gunn rat). Several laboratories are
using this animal model for the evaluation of gene and cell therapy efficacy to
recover the disease (Table 6).

In 1990 Dixit et al. demonstrated a 34.8% serum bilirubin level reduction after 10
days in rats injected with 50 millions encapsulated wild type (WT) rat hepatocytes
[113]. Microcapsules were studied by light and electron microscopy 1 month after
transplantation indicating the presence of donor cells. Two years later, Zhang et al.
[114] injected 10 millions WT rat hepatocytes directly into the liver of 75%
hepatectomized Gunn rats. One month after the injection, they observed a
significant decrease in total serum bilirubin levels and the presence of mono- and
diglucuronides into the bile. Kokudo et al. [115] in 1995 injected, through the
spleen, 10 millions adult or fetal WT rat hepatocytes in recipients Gunn rats. Two
months post-transplantation, serum bilirubin level decrease from 7.16 +/- 0.25
mg/dl to 4.38 +/- 0.60 mg/dl and from 7.22 +/- 0.24 mg/dl to 4.92 +/- 0.24mg/dl in
rats injected with adult and fetal hepatocytes respectively. llan et al. [116] were the
first ones to inject two millions cells into the portal vein of right portal vein
ligation Gunn rats. They observed a dramatically decrease of serum bilirubin
concentration from 6.9+/-1.2 mg/dl to 1.7+/-0.45 mg/d after 1 month. In 2002,
Guha et al. [117] injected 5 millions hepatocytes of congenic Wistar rat into the
splenic pulp. Recipient rats were prior irradiated (50Gy) and submitted to a 68%
hepatectomy. Twelve weeks after hepatocyte transplantation, serum bilirubin

dramatically decrease from 10.4mg/dl to 0.64mg/dl, this effect was preserved
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during at least 14 weeks. Immunohistochemistry liver analysis revealed in
transplanted rats clusters of UGT1AL positive cells, undetected in non injected
rats. In 2005, Cubero et al. [118] injected into the spleen 10 millions adult and
fetal WT rat hepatocytes in retrorsine-Triiodothyronine pretreated Gunn rats.
Ninety days post transplantation adult and fetal hepatocytes transplanted rats
exhibit a serum bilirubin decrease and bilirubin conjugates into the bile and a
proliferating cell nuclear antigen positive immunostaining. In 2007, Muraca et al.
[119] injected 10 millions Lewis rat GFP bone marrow derived cells through the portal
vein through the portal vein. Gunn rat liver was, before injection, subjected to
ischemia/reperfusion damages. Three days post injection, GFP positive cells were
found into the recipient liver parenchyma. Thirty days post-transplantation,
transplanted rats showed a 35% decrease in plasma bilirubin associated with the
appearance of monoconjugated bilirubin in bile and expression of UGT1Al

MRNA as assayed by RT-PCR.
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In this study, our aim was to assay directly ADHLSC in an animal model of liver
deficient metabolic activity (Gunn rat presenting a UGT1Al deficiency). We
injected 2.5 millions ADHLSC through the portal vein of 5 Gunn rats.
Cryopreserved human hepatocytes, used as positive controls, were infused into 3
Gunn rats. No hepatic injury was applied to transplanted rats which were followed
during 27 weeks and plasma unconjugated bilirubin (UCB) was measured after 2,
4, 13 and 27 weeks. At the end of the experiment, UCB levels revealed a 50%
decrease in comparison with levels measured 2 weeks post-transplantation in rats
transplanted with ADHLSC or hHepatocytes (hHep).

Immunohistochemistry analysis demonstrated that in transplanted rats showing a
metabolic recovery, human cells mainly localized near the portal vein,
corresponding to a limited proportion of the liver mass (1.3 + 0.3% and 1.0 £ 0.2%
for ADHLSC and hHep respectively), which is expected in view of the small
quantity of cell infused. These data are in agreement with what is generally
accepted that a replacement of 1-5% of the hepatic mass is required to restore liver
disease in most injury models [61, 117]. Recently in his review; Jorns argues that
in human clinical hepatocyte transplantation engraftment rates range from 0% to a
maximum of 12% leading in most cases to a transitory quality of life improvement
for metabolic liver disease patients[120].

These preclinical data are also in agreement which those obtained after ADHLSC
transplantation into liver of immunodeficient mouse [106] which demonstrated
that the number of human transplanted cells decrease from transplantation day to
one month post transplantation and increases after 8 weeks. Moreover the

ADHLSC in situ differentiation near the portal vein was established by the co-
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expression of albumin and ornithine transcarbamylase[106]. Recently, Ichinohe
proposed that survival of donor cells may have a close relation to not only early
integration into hepatic plates but also the differentiated state of the cells at the
time of transplantation [121]. Moreover, Haridass demonstrated that an increase in
transplanted cell number does not allow higher repopulation [122].

Replacement of native liver by infused cells is one of the major hurdles
encountered in cell therapy. A lot of progresses were accomplished to decrease
cell rejection but, in rats, guidelines were not clear yet. Indeed, CsA has been
shown to result in nephrotoxicity due to overproduction of ROS and lipid
peroxidation [123]. In addition, CsA treatment has been associated with
hepatotoxicity characterized by cholestasis, hyperbilirubinemia, increased alkaline
phosphatase, elevated transaminases in the blood, inhibition of protein synthesis
and disturbed lipid secretion in both humans and experimental animals [123, 124].
In order to avoid these side effects, several experiments were carried out to
determine the appropriate dosage. These researches lead us to establish the
optimal dose at 5mg/kg/2days during all the experiment [125].

One of the 5 ADHLSC transplanted rat did not exhibit a UCB decrease and the
lack of effect was correlated with the absence of human cells into the liver
parenchyma. The low repopulation rate must also be due to limited number of
infused cells (2.5 10° cells/rat), it will be interesting to establish a correlation
between amount of injected cells and decrease in unconjugated bilirubin blood
concentration; it will also be useful to test the infusion of hepatogenic in vitro (pre)
differentiated ADHLSC. The absence of regeneration stimulus can also explain the
low repopulation rate; most of experiment carried out in animal liver diseases used

physical (partial hepatectomy or high dose irradiation) or chemical (CCl,
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injection) stimuli. In parallel, amelioration of immunosuppression treatment will
be interesting (use of microsomal encapsulated clodronate, low liver

irradiation,...).

3. Invivo biodistribution of Adult Human Liver Stem/Progenitor Cells

In vivo biodistribution of ADHLSC was assayed using **‘Indium-oxine (**!In).
n is an inert metal that is not normally encountered in biological life systems,
although complexing with oxine renders it neutral and lipid-soluble, permitting
transfer across the cell membrane, followed by binding to cytosolic proteins. This
characteristic may account for its successful incorporation in adult hepatocytes and
fetal liver stem/progenitor cells, including their epithelial and non-epithelial cell
fractions. *!In has a half-life of 67 hours, which allows the tracking for several
days after infusion. Another advantage of this technique is the high sensitivity,

since little as 10° ***In-radiolabeled cells can be detected.

Working on human fetal liver stem/progenitor cells and adult hepatocytes Cheng
et al established that 'In labeling did not alter cell viability or function, as
indicated by the urea synthesis assay [126]. This finding was similar to those of
studies in rodent hepatocytes, which additionally showed by autoradiography that
the incorporated ***In was inside cells in the cytoplasm [127]. Our data based on
cell proliferation and cytotoxic results (measure of extracellular levels of Lactate
Dehydrogenase) indicated that the dose of 30uCi for 15 minutes incubation gave

the best results.

In the ADHLSC biodistribution study, catheterized rats received intraportal

infusions of either 5.10° (group 1) -10.10° (group 2) - 20.10° (groups 3)
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ADHLSC/2mL (injection speed: 150uL/min) containing a single dose of 5.10°
n labeled cells (15 minutes with a theoretical activity of 30pCi/1.10° cells).
Three rats in each group were used in this study. Whole body scintigraphy was
performed 1h and 24h (groups 1-2) and after 72h (group 3) following cell
infusions and confirmed the liver uptake with a detected signal at 1h, 24h and 72
hours. No dissemination to ectopic organs was observed after 24h or 72 hours post
transplantation. Semi-quantitative distribution analysis determined by the ratio:
liver/ whole body signal, revealed a signal ranging from 54+3.3% - 65+6% -
54+4.9% after lhour, from 35+16.6% - 56+3.8% - 43+2.5% after 24 hours,
respectively to 5.10° -10.10° and 20.10° infused cells. At necropsy (24h post
infusion), radioactivity was measured by gamma counter, in individual organs.
Radioactivity was most important in liver including median, left lateral and right
lateral superior - caudate lobes and no significant radioactivity was detected in
other analyzed organs, except kidneys. In fact, less than 5% of the injected doses
were detected in other excised tissues. These results are in accordance with Cheng
et al. data. Indeed, working with fetal and adult human liver cells, they
demonstrated by imaging studies that biodistribution analysis of organs verified
restriction of transplanted cells to the liver. Moreover, those data showed good
correlation with molecular assays, including PCR and in situ hybridization studies

[126].

Therefore, radiolabeling of cells will not only permit noninvasive imaging for
assessing biodistribution of transplanted cells, it will be far more sensitive than
genetic probes requiring tissue sampling and will be helpful in demonstrating
deleterious distributions of cells. Also, it should be noteworthy that not all

transplanted cells need to be radiolabeled, because a mixture of radiolabeled and

127



non-radiolabeled cells should be equally effective. The radiolabelling hepatocytes
technique was successfully applied for tracking transplanted adult hepatocytes in a
child [128].

A wide number of animal models are utilized to test the efficacy of isolated
hepatocytes or stem/progenitor cells to repopulate the liver (Table 7). Some
models are preferentially used depending on the investigated endpoint: we can
differentiate (i) animal models presenting a liver disease where the cell
transplantation effect can be quantified by specific assays and compared to
accurate positive and negative controls (ii) models where the measured parameters
are the in situ engraftment and hepatocytic differentiation of injected cells (iii)
models where the important criteria is the model size. In the first group, several
differences are highlighted regarding natural endogenous/exogenous liver
damages supporting the engraftment (like toxic milk mouse and Long Evans
cinnamon rat (model of Wilson disease), Mdr2 mouse (model of progressive
familial intrahepatic cholestasis type 3) Fas ligand-mediated damage,
acetaminophen injury, carbon tetrachloride administration or partial hepatectomy),
affecting the cell proliferation (combination of acute liver failure and choline-
deficient ethionine-supplemented diet , carrefully dosed acetaminophen toxicity,
3,5-diethoxycarbonyl-1,4-dihydrocollidine or D-galactosamine), leading to
chronic liver failure (by bile duct ligation, chronic hepatitis by administration of
toxins, use of diphteria toxin receptors under the control of an albumin promoter
or HSV-tk transgenic mouse) or conferring a selective advantage of grafted cells
(FAH mouse a model of tyrosimenia type I, uPA model: mouse presenting the
hepatocyte-specific expression of the uroplasminogen activator under the control

of the albumin promoter.
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Most of these animal models are not well standardized for cell therapy purposes
whereas their predictive value for an optimal repopulation efficacy in the human

liver is unknown.
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In this work we focused on the immuno-competent Gunn rat model (model of
Crigler-Najjar type 1 syndrome). This model provides neither space nor a
proliferative advantage of transplanted cells. Nevertheless it mimics the clinical
situation of the disease where life-threatening genetic defect may not be associated
with significant liver damage. However, Gunn rat is useful to provide the proof of
concept that ADHLSC can restore bilirubin conjugation deficiency underling their

potential clinical application in the treatment of Crigler-Najjar type 1 syndrome.

4. General conclusions

Animal models are essential tools to study cell distribution, engraftment, metabolic
efficacy and safety issues in early research development stages. Translational
studies involving ADHLSC for treating liver metabolic disease are still in
progress. Despite the results illustrating that rodent progenitor cell homologous to
ADHLSC cannot be easily obtained even when the same isolation and culture
protocol were applied. The protocol used in the current study allowed the isolation
of a novel type of liver progenitor cell population with both hepatic and biliary
phenotype with no plain hepatogenic differentiation potential, stressing again the
difficulty to generate homologous models.

We demonstrated the stable ADHLSC characteristics when cultured in large scale
conditions: expression of mesenchymal markers (CD73, CD90, CD29, CD44,
vimentin and ASMA\) and hepatic markers expression (albumin). Cells exhibit the
ability to specifically conjugate bilirubin and revealed an increase in UGT1A
MRNA (mRNA constituted of the 4 first common exons of UGT1A family).
Moreover, as demonstrated by HPLC and immunohistochemistry (IHC) our study

provides long-term activity and engraftment of ADHLSC integrate in an
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immunocompetent rodent liver parenchyma used as model for Crigler-Najjar
metabolic liver disorder. HPLC results indicate that 27 weeks after transplantation
the four responsive injected Gunn rat, exhibit a high decrease in UCB blood level.
RTgPCR and IHC results indicated the presence of human cells into the Gunn rat
liver parenchyma; IHC allows us to determine that injected human cells seem
localized in periportal zone.

Finally, using intraportal infusion of a small fraction of radio labeled ADHLSC we
were able to detect biodistribution by scintigraphy images up to three days.
Neither ectopic hot spots nor signals were evidenced outside of the liver,
demonstrating the homing and the subsequent engraftment of ADHLSC

preferentially within the liver parenchyma.

5. Perspectives: from bench to clinic or pharmaceutical application

Stem cells have great potential to serve medicine: from treating diseases, to
pharmacological drug testing and to a better understanding of developmental
biology. In all cases, the production of large amount of cells needed for clinical or
commercial use imposes to evaluate the stability of the cells over time. The precise
evaluation of stem cells in terms of safety and stability must be relied on a
rigorous characterization of the initial phenotype under standardized procedures of
isolation and culture techniques. This standardization can lead to obtaining a
highly purified cell suspension excluding the possible contamination with other
cell types. Moreover, it will help to guarantee a lot-to-lot reliability.

The efficiency of stem cells regenerative medicine depends on long-term
metabolic effects of stem cells in the diseased organ. It is therefore important to

ensure that stem cells are efficient enough when injected to engraft, repopulate and
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differentiate. The amelioration of stem cell culture conditions, adapted to the
differential requirements of stem and progenitor cells, will be beneficial to
enhance culture yield. In this context, several researcher teams have tested the
impact of antioxidant drugs, specific supplemented culture media, different serums
or platelet lysates and 3D matrix to ameliorate cell quality. In addition to in vitro
investigation, the impact of the development of culture conditions should also be
assessed in terms of improved cell engraftment and metabolic activity in vivo. In
the context of liver cell therapy, the hepatocytic differentiation ability of
stem/progenitor cells has been extensively described in vitro. Results underlined
that their hepatic commitment remains incomplete with a persistent chimerical
phenotype. Nevertheless these results would further benefit from being completed by in
vivo proof of concept data. Indeed, stem/progenitor cell transplantation in animal models
mimicking human metabolic diseases provides the needed information on their ability to
differentiate within the diseased hepatic environment and to correct impaired
functionality. The metabolic activity in vivo should be quantified by specific assays and
compared to accurate positive and negative controls. It should be kept in mind that
none of the existing transplantation models is entirely representative of the human
situation

Cell therapy also faces safety challenges. The tumorigenic potential is an
important question in the development of safe cell therapies. Tumors can arise
from contaminating cells or from primary cells that may differentiate or transform.
Cytogenetic provides powerful complementary techniques (G-banding, FISH,
SNP) to identify cells carrying specific abnormalities. Moreover, in vivo
tumorogenic studies should also be performing in accurate immunodeficient
animal model [164]. The potential of convey infectious diseases caused by

microbes needs to be carefully assessed to provide a high quality pathogen free
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final product. Therefore, cells should be manufactured in a GMP environment
using well establish and standardized protocols to assess sterility during the whole
production cycle. Stem cells possess the ability to reduce immune reaction in hosts
[165] and some authors reported the capacity of bone marrow stem cells to sustain
cancer growth by favoring the proliferation of tumor cells that would otherwise
have been rejected by immunocompetent patients [166]. Finally, the injection of
highly concentrated cell suspensions may favor stem cell aggregation and
formation of cell emboli and also the procoagulant activity mediated by the
production of tissue factor from the part of the transplanted cells [167, 168].

As research goes forward, our understanding of stem cell biology will improve and
new guestions will arise. All these new questions may need careful attention and

analysis before moving from bench to clinical/commercial applications.
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Summary:

In the last decade, stem cell therapy has raised much hope to treat patients
presenting a variety of illnesses. Liver progenitor cells offer a promising alternative for the
treatment of hepatic diseases. Despite the enthusiasm, cell efficiency need to be assessed
on the route to clinic. This study is part of a larger medical translational research project

that aims to treat inherited metabolic liver diseases with stem cell therapy.

In the present study we evaluate the presence of progenitor cells in healthy adult rat
liver which would display the same advanced hepatogenic profile as that decribed in
human adult liver derived progenitor cells (ADHLSC). We observed that rat progenitor
cells homologous to ADHLSC cannot be easily obtained even when the same isolation
and culture protocol was applied. However, we isolated a novel type of rat liver progenitor
cell population: fibroblastic-like liver derived cells (rFLDC) which expressed hepatic and

biliary markers.

Then we focused on the ability of transplanted ADHLSC to correct a UGT1Al
activity deficiency in the Gunn rat model homologous to the human hyperbilirubinemic
Crigler-Najjar syndrome type I. We demonstrated that ADHLSCs were able to integrate
into the Gunn rat liver parenchyma and these rats exhibit a metabolic effect 3 months

post-transplantation and maintained over a 6 months period.

Finally, using "*Indium-oxine labeled ADHLSC, we demonstrate the engraftment

and the homing of cells preferentially within the liver parenchyma.

All together, these results make ADHLSC an attractive candidate for cell therapy

treatment of Crigler-Najjar type | syndrome.
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Résumé :

Ces dix derniéres années, la thérapie cellulaire a suscité beaucoup d’espoirs pour le
traitement de diverses maladies. Les cellules souches/progénitrices hépatiques offrent une
alternative de choix pour le traitement de maladies hépatiques. Malgré cet enthousiasme,
I’efficacité de ce traitement doit étre prouvée avant son utilisation clinique. Cette étude
fait partie d’'un large projet de recherche médicale translationnel visant a traiter les
maladies métaboliques hépatiques au moyen de cellules souches/progénitrices.

Dans cette étude, nous évaluons la présence, dans le foie de rats sains, de
progéniteurs hépatiques possédant le méme profil hépatogénique que celui décrit pour les
cellules souches/progénitrices obtenues a partir de foie humain adulte (ADHLSC). Malgré
I’utilisation du méme protocole d’obtention pour les deux types cellulaires, de nombreuses
différences existent. Les cellules obtenues chez le rat constituent une nouvelle population
de progéniteurs hépatiques : fibroblastic-like liver derived cells (rFLDC) ; ces cellules se
caractérisent notamment par 1’expression de marqueurs hépatiques et biliaires.

La suite de ce travail a été axée sur la capacité des ADHLSC a corriger une
déficience de ’activité de 'UGT1A1 dans le modéle du rat Gunn, modele homologue au
syndrome de Crigler-Najjar de type I décrit chez I’homme et conduisant a une hyper

bilirubinemie.
Finalement, grace a I’utilisation d’ADHLSC marquées a I’***Indium-oxine, il a été
démontré la capacité d’implantation et de cantonnement des cellules au parenchyme

hépatique.

Ces résultats font des ADHLSC un candidat attrayant pour le traitement du

syndrome de Crigler-Najjar de type | par la thérapie cellulaire.
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Abstract

Cyclosporine A, a potent calcineurin inhibitor, has been widely used in organ transplantation
and in the treatment of autoimmune diseases. It has however been shown to induce serious
renal and hepatic side effects. The drug is also used in preclinical studies, but with little
published information on the optimal dose and route of administration in rodents.

Obijectives of this study were to identify efficient and safe doses of cyclosporine A in rodent
and to assess its effects on hepatic and renal functions. For this purpose, we tested the effects
of different doses and administration routes of cyclosporine A (5, 2.5 and 1 mg/kg)
administered during 28 days intraperitoneally, or by gastric feeding on Wistar rats.

Our data indicate that rats injected intraperitoneally with 5 mg/kg/2d exhibited trough
cyclosporine A levels within known therapeutic range in human, but were subject to blood
cyclosporine A accumulation, whereas the 5 mg/kg/d gavage resulted in only a mild
cyclosporine A accumulation over time. In both cases this accumulation was not deleterious
to renal and hepatic functions, as shown by transaminase, urea, creatinine and bilirubin

measurements.
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Introduction

Advances in immunosuppression therapy have led to successful transplantation of allogeneic
tissues and organs, and have improved the management of autoimmune disorders (Calne et
al., 1979). In preclinical setting, immunosuppression has allowed the development of various
animal graft models, including xenogeneic transplantation of human cells for safety and
efficacy studies.

Since its discovery in 1976 by Borel and colleagues, cyclosporine A (CsA), a potent
immunosuppressive cyclic peptide, has been commonly used in transplantation. CsA binds to
the cytosolic protein cyclophilin of immunocompetent lymphocytes (Borel et al., 1976). The
resulting drug-receptor complex in turn inhibits calcineurin, which, under normal
circumstances, is responsible for inducing the transcription of interleukin 2 and the
subsequent activation of T cells (Hamawy et al., 2003). In addition to inhibiting immune
reactions in vitro, CSA has been shown to prolong skin graft survival in a rat model.
Similarly, a two-week CsA-treatment of rats with heart allografts was shown to result in
subsequent prolonged graft acceptance without the need for any further drug treatment (White
etal., 1980).

Despite its therapeutic benefits, the use of CsA has been somewhat limited by its adverse
effects. Indeed, CsA has been shown to result in nephrotoxicity due to overproduction of ROS
and lipid peroxidation (Rezzani, 2006). In addition, CsA treatment has been associated with
hepatotoxicity characterized by cholestasis, hyperbilirubinemia, increased alkaline
phosphatase, elevated transaminases in the blood, inhibition of protein synthesis and disturbed
lipid secretion in both humans and experimental animals (Calne, 2004; Rezzani, 2006).

In rat, the CsA doses used for maintenance immunosuppressive therapy differ in various
studies, ranging from 50 mg/kg/d to 0.625 mg/kg/d. In addition, several routes of

administration are described, making more difficult any comparison in terms of efficacy and
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safety (Chen et al.,2010; Fiedel et al, 2009; Gao et al., 2005; Rijkelijkhuizen et al., 2010; Sun
et al, 2009; Unadkat et al., 2009; Wee et al., 2010; Yang et al, 2003; Zijlstra et al., 2009).

We therefore attempted to determine, in rats, the optimal dosage regimen. We compared two
administration routes (intraperitoneal and per os) and 3 different doses. The rats were
followed for 28 days. CsA elimination, long-term accumulation, and associated hepatic and
renal side effects were assessed.

Materials and methods

Animals: Wild type Wistar rats aged from 8 to 12 weeks were purchased from UCL
Animalerie Centrale (Brussels, Belgium) and treated in accordance to internal Animal Ethic
and Welfare Committees (UCL/MD/2009/003). Rats were anesthetized for blood sampling.

Cyclosporine A solution and administration: CsA (5 mg/ml) (Sandimmun, Novartis,

Vilvoorde, Belgium) was diluted 1:10 (5 mg/kg), 1:20 (2.5 mg/kg) and 1:50 (1 mg/kg) with
sterile sodium chloride 0,9% (Braun, Diegem, Belgium). Three groups of 3 rats were injected
intraperitoneally every two days with 5 mg/kg, 2.5 mg/kg and 1 mg/kg CsA.

CsA oral solution (100 mg/mL) (Neoral, Novartis) was diluted 1:100 (5 mg/kg) and 1:200
(2.5 mg/kg) with sterile water. Two groups of 5 rats were given daily 5 mg/kg or 2.5 mg/kg
CsA by gastric feeding.

Five naive rats were used as negative control.

Cyclosporine A guantification: CsA concentration was measured in 600 pL of whole blood

collected on EDTA monovette (Sarstedt, Essen, Belgium) through the retro orbital plexus.
Measurements were obtained on a Dimension Xpand (Siemens, Brussels, Belgium) using
Flex reagent cartridges (Siemens) according to the manufacturer’s instructions. In order to
determine its elimination profile, CsA blood concentrations were determined 0, 2, 4, 6, 8, 24

and 48 h, and 0, 2, 5 and 24h following intraperitoneal and oral administration, respectively.
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CsA blood levels were again determined after 8 days (192 h) and after 28 days (672 h) to
detect CsA accumulation.

Renal and hepatic function: After 28 days of CsA administration 900 pL blood samples were

collected on lithium heparin monovette (Sarstedt) and centrifuged at 340 g during 5 minutes
at 4°C in order to obtain plasma for the liver enzymes aspartate aminotransferase, alanine
aminotransferase and gamma-glutamyl transpeptidase. Measurements were performed using
an automate Unicel DxC800 (Beckman Coulter, Villepinte, France) according to the
manufacturer’s instructions.

Statistical analysis: Kruskall-Wallis analyses were performed with the GraphPad Prism

software program (San Diego, California, USA). Statistical analyses are detailed on Annexe
2.
Results

Cyclosporine A profiles

Both intraperitoneal and oral administration of CsA resulted in substantial systemic blood
levels (Figure 1).

Intraperitoneal injection of 5 mg/kg CsA (figure 1A) resulted to a rapid increase of its blood
levels, with a peak appearing two hours after injection (3805 + 439 ng/mL; n=3) and a
progressive decrease characterized by a concentration of 1059 + 162 ng/mL 24 hours later.
Lower profiles were observed after 1 and 2.5 mg/kg ip injection: 325 + 33 and 702 + 66
ng/mL at 2 hours, and 95 £ 2 and 117 + 12 ng/mL at 24 hours, respectively.

Forty-eight hours post ip injection, CsA was almost entirely cleared in rats injected with 1 and
2.5 mg/kg, while the third group still showed moderate CsA blood levels (493 + 74 ng/mL).

In contrast to intraperitoneal injection, oro gastric tube administration led to lower CsA blood
levels (Figure 1B); CsA reached a 2 hours peak in both groups (282 + 124 and 995 + 249

ng/mL for rats given orally 2.5 and 5 mg/kg of CsA, respectively). At 24 hours, CsA was
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totally cleared in the 2.5 mg/kg group (46 + 8 ng/mL) whereas the 5 mg/kg group showed low
but still detectable CsA blood levels (137 £ 19 ng/mL).

Cyclosporine A accumulation

In order to evaluate the potential CsA accumulation, rats were treated with CsA
intraperitoneally or orally (gastric tube) and CsA blood levels were quantified after 8 and 28
days of treatment, as shown in figure 1C.

After 8 days, rats injected with 5 mg/kg of CsA intraperitoneally showed a peak reaching
2735 £ 332 ng/mL two hours after the last injection. CsA was partially cleared 48 hours after
the injection (517 = 4 ng/mL). After 28 days, rats exhibited a higher CsA trough level (1920 +
331 ng/mL) and the peak reached 5568 + 220 ng/mL, as shown in figure 1C.

In contrast, after 8 days, oral fed rats only exhibited moderate CsA trough levels (73 and 286
ng/mL for the 2.5 and 5 mg/kg group, respectively.) No difference in CsA trough levels was
observed between the 8" day and the 28" day of treatment.

Renal and hepatic function

At the end of the experiment, renal and hepatic function was evaluated, for each group (table
1).

No significant difference (p > 0.05) in urea and creatinine levels was found between controls
(38 + 5.77 — 0.245 + 0.021; n=5), 2.5 mg/kg/d PO (35.8 + 1.92 — 0.34 + 0.06; n=5), 5mg/kg/d
PO (48.75+2.87 — 0.423+0.055; n=5) and 5mg/kg/2d IP( 46.5+4.98 — 0.44+0.082 n=3), as
shown in table 1A.

Similarly, no significant difference (p > 0.05) was found in aspartate aminotransferase level
(between 67.4 and 104 1U/mL), alanine aminotransferase (between 37.8 and 45.4 1U/mL) and
gamma glutamyl transpeptidase (between 2 and 3.2 1U/mL), (table 1B). Rats injected with 5
mg/kg/2d intraperitoneally exhibited higher bilirubin levels (0.355+0.05) than the other

groups but this difference was not statistically significant (p > 0.05).
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Discussion

Research teams have used a broad range of CsA doses and routes of administration to avoid
graft rejection in preclinical studies, with various degrees of success. Chen et al. used a 50
mg/kg/d PO in the context of renal allograft and reported no obvious sign of toxicity (Chen et
al., 2010). Wee et al. injected 5 mg/kg/d and 15 mg/kg/d in rats transplanted with allograft of
porcine pancreatic islets (Wee et al., 2010). None of these doses seemed to induce side
effects, but only the 15 mg/kg/d treatment effectively allowed graft survival. Rijkelijkhuizen
et al injected 15 or 25 mg/kg 3 times a week in a porcine islet transplantation model in the rat
(Rijkelijkhuizen et al, 2010). In this case, rats subjected to injections of 25 mg/kg died after
11 weeks for CsA toxicity. Fiedel was reported heart allograft rejection after 24 days in rats
injected with 0.625 mg/kg/d (Fiedel et al, 2009). Similarly, Zijlstra demonstrated lung
rejection in rats treated with CsA inhalation for 8 days (Zijlstra, 2009).

In such variable practice, it seemed relevant to determine the drug disposition profile of CsA,
compatible with pre-clinical studies and tolerance in animals. In previous experiments, we
observed that intraperitoneal treatment of rats with 10 mg/kg of CsA every other day resulted
in renal damage, as indicated by the presence of hematuria (unpublished observation).
Therefore, in this work, we treated rats with 5 mg/kg, 2.5 mg/kg, and 1 mg/kg of CsA and
compared two administration routes: oro gastric tube feeding and intraperitoneal injection.
Rats orally fed with 2.5 mg/kg/d exhibited a moderate CsA peak 2 hours after treatment with
complete clearance in less than 24 hours. This dose was thus deemed inappropriate as it could
lead to infra therapeutic levels in transplantation. In contrast, rats orally fed with 5 mg/kg/d
showed a higher CsA peak and an acceptable trough level. The CsA blood levels never
dropped below 100 ng/mL, which is considered as the cutoff for appropriate
immunosuppression in human transplantation (Miller, 1996). Finally, we found that under

these treatment conditions, rats presented a low CsA accumulation over time.
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Similarly, rats injected with low CsA doses (1 and 2.5 mg/kg/2d) completely cleared
cyclosporine A within 48 hours. These doses may therefore not appear suitable for
appropriate immunosuppression.

Rats injected with 5 mg/kg/2d exhibited trough CsA levels within therapeutic range, but were
subject to blood CsA accumulation. However, this accumulation was not deleterious to renal
and hepatic functions, as shown by transaminase, urea, creatinine and bilirubin measurements.
In conclusion, in Wistar rats, we recommend a daily gavage with 5 mg/kg of CsA or an
intraperitoneal injection of 5 mg/kg/2d CsA in order to maintain therapeutic
immunosuppression. A regular monitoring of blood CsA, hepatic and renal function tests are

recommended in order to assess CsA accumulation and adapt the dose accordingly.
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Figure 1 Cyclosporine A concentration (ng/ml) kinetics.

A: 48h Cyclosporine A concentration kinetics in rats injected intraperitoneally with 1mg/kg/2d (squares),
2.5mg/kg/2d (triangles), or 5Smg/kg/2d (circles) cyclosporine A. n=3 for each dose

B: Cyclosporine A concentration kinetics and accumulation measure in rats gavaged with 2.5mg/kg/d
(squares) and 5 mg/kg/d (triangles) cyclosporine A. n=5 for each dose

C: Cyclosporine A kinetic in rats injected intraperitoneally with 5mg/kg/2d cyclosporine A after 48 hours, 8
days (192h) and 28 days (672h). n=3

Data are expressed as means, error bars = standard deviation.
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2.5mg/kg/d PO

5mg/kg/d PO

5mg/kg/2d IP

Negative control

Urea 35.8 £ 1.9 mg/dl 48.75 £ 2.9 mg/di 46.5+ 5 mg/dl 38 +0.6 mg/dI
Creatinine 0.345 + 0.059 mg/dl 0.423 + 0.55 mg/dI 0.44 + 0.082 mg/dl 0.245 £ 0.021
mg/dl
Total bilirubine | 0.172 +0.048 mg/dl | 0.208 + 0.069 mg/dl | 0.355 + 0.046 mg/dI 0.280 £ 0.012
mg/dl
Direct bilirubin | 0.063 £ 0.025 mg/dl | 0.074 + 0.021 mg/dI 0.075+ 0.023 mg/dl | 0.055 + 0.01 mg/dI

2.5mg/kg/d PO

5mg/kg/d PO

5mg/kg/2d IP

Negative control

transferase

Aspartate transaminase 67.4 5.8 1U/ 67.8£12.3 U/l 82 £16.7 1U/I 104 £ 30 1U/I
Alanine transaminase 37.8+4.11U/ 45.4 +8.4 U/ 43+ 4.6 U/l 405+ 451U/
Gamma-glutamyl 3+£0.7 U/ 3.2+1.11U/ 2+1.21U/ 25+x2.11U/

Table 1: blood measurement of renal and hepatic parameters in control and in
cyclosporine A-treated rats.
A: evaluation of renal (urea, creatinine) and hepatic (total and direct bilirubin) parameters in
rats treated with 2.5mg/kg/d per os (PO) (n=5), 5mg/kg/d per os (n=5), 5mg/kg/2d
intraperitonealy (IP) (n=3) cyclosporine A or negative control (n=5).
B: evaluation of hepatic enzymes (aspartate transaminase, alanine transaminase and gamma-
glutamyl transferase) in rats treated with 2.5mg/kg/d per os (n=5), 5mg/kg/d per os (n=5),
5mg/kg/2d intraperitonealy (n=3) cyclosporine A or negative control (n=5).
Data are expressed as mean + standard deviation.

b. Use of clodronate

Clodronate is a biphosphonate molecule used as anti-osteoporotic drug. In the

context of immunosuppression, chlodronate is encapsulated into liposomes

because free clodronate will not easily pass phospholipid bilayers of cell

membranes. The clodronate liposome complexe will come into contact with

macrophages and other phagocytic cells. The phagocyte immediately recognizes

liposomes as foreign particles and proceeds with destroying it. The first step in this

destruction is phagocytosis in which the liposomes are engulfed by the cell into
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phagosome. Lysosomes, which contain phospholipases, fuse with the phagosome
forming a phagolysosome. The lysosomal membrane also contains proton pumps
which will lower the internal pH of the phagolysosome. The low pH,
phospholipases and other macromolecular interactions all contribute to
compromising the liposomal membrane thus releasing the encapsulated
clodronate. The low internal pH of the phagolysosome may contribute to the
ability of the clodronate to cross the phagolysosomal membrane into the
macrophage’s cytosol.

Once in the cytosolic medium, clodronate is mistakenly recognized as cellular
pyrophosphate and used by several Class Il aminoacyl-tRNA synthetases to
produce a non-hydrolyzable ATP analog, adenosine 5’-(f, y-dichloromethylene)
triphosphate (AppCCl,p) [1-3]. The exact mechanism by which AppCCl,p causes
cell death was described by Lehenkari et al. Basically, their hypothesis involves
cytosolic AppCCl,p crossing the mitochondrial outer membrane and irreversibly
binding to the ATP/ADP translocase which transverses the mitochondrial inner
membrane. Inhibiting this enzyme initiates pore openings in the mitochondrial
inner membrane. Loss of mitochondrial inner membrane integrity, in turn, results
in depolarization and allows molecular signals to be released from the
mitochondria which initiate cell death via apoptosis [4].

We evaluated the combination of cyclosporine and clodronate on the efficiency of
immunosuppression. To do so, different doses of clodronate (4 and 40 mg/kg)
were concomitantly used in association with 5mg/kg cyclosporine. The cocktail
was intramuscularly injected in rats in addition with five millions human
hepatocytes. The cells were suspended with PBS or with the infusion solution

(used in the clinic and containing human albumin). In order to precisely localize
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the injection site after sacrifice, blue Evans colorant was added to the injection
solution. Rats were sacrificed 24h post-injection and immunohistochemistry
against rodent macrophage markers (CD68 positive cells) and human HLA-ABC
was performed on the injection site. To determine the optimal clodronate dose we

generated 6 conditions. One rat was allocated to every condition (Table 8).

Rat Cyclosporine| Clodronate | Evans blue Injected cells Vehicle solution
identification 1%

1 J-3,J-1 No Yes 0 PBS

(negative control)
2 No No Yes 5 millions PBS
(rejection positive
control)

3 J-3,J-1 No Yes 5 millions PBS

4 J-3,J-1 4mg/kg Yes 5 millions PBS

5 J-3,J-1 40mg/kg Yes 5 millions PBS

6 J-3,J-1 No Yes 5 millions Injection solution

Table 8: summary of experimental conditions to determine the optimal clodronate dose for
effective immunosuppression in Gunn rats.

As illustrated in Figure 7D, Figure 8 A and C, Figure 9 A and C, human HLA-
ABC positive cells were detected 24h post-injection in 5 millions hepatocytes
injected rats. Both rats injected with 5 millions human hepatocytes suspended in
PBS or injection solution (containing human albumin) exhibited CD68 positive
cells infiltrate (Figure 8 B and D). As illustrated in figure 10 D absence of
macrophagic infiltrates was obtained with a 40mg/kg clodronate injection in
association with 5mg/kg cyclosporine whereas rat injected with cells and 4mg/kg

clodronate reveal macrophagic infiltrates (Figure 9 B)
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IHC anti-human  IHC anti-rat CD68
HLAABC

Human liver

Injected cells | Injection Cyclo Clodronate
medium (Sma/kg)
0 ‘ PBS ‘ + ‘ -
5 millions

PBS ‘ - ‘ -

Figure 7: Immunohistochemistry against human HLA-ABC and rat CD68 proteins
(controls)

Immunohistochemistry against human HLA-ABC (pictures A, B, D) and rat CD68 (C, E) proteins on
serial liver slices. Human liver (A) was used as positive control for HLA-ABC. Rat 1 negative control
(pictures B and C) rat injected with PBS. Rat 2 positive CD68 control (pictures D and E). hHLA-ABC
positive cells are indicated by arrow. Immunostaining were analyzed by light microscopy.
Immunoreactivity was visualized using horseradish peroxydase solution. Magnification: x400

IHC anti-human  IHC anti-rat CD68

HLA ABC
Rat 3
Injected cells | Injection Cyclo Clodronate
medium (Smglkg)
5 millions PBS + -
5 millions Injection + -
solution

Figure 8: Immunohistochemistry against human HLA-ABC and rat CD68 proteins
(injection medium influence)

Immunohistochemistry against human HLA-ABC (pictures A, C) and rat CD68 (B, D) proteins on serial
liver slices in wistar rats injected with human hepatocytes. Rat 3 (pictures A and B) rat injected
cyclosporine at D-3 and D-1 and with 5 millions hepatocytes suspended in PBS. Rat 6 (pictures C and D)
rat injected cyclosporine at D-3 and D-1 and with 5 millions hepatocytes suspended in infusion solution.
hHLA-ABC positive cells are indicated by arrow. Immunostaining were analyzed by light microscopy.
Immunoreactivity was visualized using horseradish peroxydase solution. Magnification: x400
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IHC anti-human IHC anti-rat CD68

HLA ABC
Injected cells | Injection Cyclo Clodronate
medium (5mg/kg)
5 millions PBS + 4dmg/kg
5 millions PBS + 40mg/kg

Figure 9: Immunohistochemistry against human HLA-ABC and rat CD68 proteins
(clodronate concentration influence)

Immunohistochemistry against human HLA-ABC (pictures A, C) and rat CD68 (B, D) proteins on serial
liver slices in wistar rats injected with human hepatocytes. Rat 4 (pictures A and B) rat injected
cyclosporine at D-3 and D-1, chlodronate 4 mg/kg at D-1 and with 5 millions hepatocytes suspended in
PBS. Rat 5 (pictures C and D) rat injected cyclosporine at D-3 and D-1, chlodronate 40 mg/kg at D-1 and
with 5 millions hepatocytes suspended in PBS. hHLA-ABC positive cells are indicated by arrow.
Immunostaining were analyzed by light microscopy. Immunoreactivity was visualized using horseradish
peroxydase solution. Magnification: x400

Injection medium (PBS or injection solution) in rats injected at D-3 and D-1
with 5mg/kg cyclosporine seems not have an influence on macrophagic
infiltrates. On the other hand absence of macrophagic (CD68+) infiltrates was
obtained with a 40mg/kg clodronate injection in association with 5mg/kg
cyclosporine prior to cell injection.

In order to support these conclusions, experiments will be repeated and CD68

infiltrates must be quantified.
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2.  Statistical analysis (row data)

a. Human Liver stem/progenitor cells decrease serum bilirubin in
hyperbilirubinemic Gunn rat
The aim of this study was to demosntarte that human adult-derived liver
progenitor cells (ADHLSC) transplantation can reverse hyperbilirubinemic
symptoms in a relevant animal model of Crigler-Najjar disease.
Unconjugated bilirubin decrease effect from injected ADHLSC rats was
compared to transplanted human hepatocytes rats and negative controls (rats
injected with PBS and 4%NAC).
We assume that all results follow a normal distribution. This hypothesis must
further be confirmed increasing the number of rats in each experimental
group.
1. Evolution of bilirubin concentration with time: comparison of bilirubin
levels 2 weeks and 27 weeks after cell injection.
1. Mann-Whitney test (non parametric test).

- Human adult-derived liver progenitor cells (ADHLSC) transplanted

rats:

Table Analyzed ADHLSC

Column A 2

vs ¥s

Column D 27

Mann Whitney test
P value 0.0286
Exact or approximate P value? Exact
P value summary *
Are medians signif. different? (P < 0.05) |Yes
One- or two-tailed P value? Two-tailed
Sum of ranks in column A,D 26,10
Mann-YWhitney U 0.0000
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Unconjugated bilirubin (UCB) concentration exhibits a significant

decrease 27 weeks after ADHLSC transplantation in comparison

with UCB level after 2 weeks (p-val<0.05).

Human hepatocytes transplanted rats:

Table Analyzed hHep

Column A 2

VS VS

Caolumn D 27

Mann Whitney test
P value 0.1000
Exact or approximate P value? Exact
P value summary ns
Are medians signif. different? (P < 0.05) [No
One- or two-tailed P value? Two-tailed
Sum of ranks in column A D 15,6
Mann-Whitney U 0.0000

Unconjugated bilirubin (UCB) concentration does not exhibit a

significant decrease 27 weeks after human hepatocytes

transplantation in comparison with UCB level after 2 weeks (p-

val>0.05). The obtained p-value lets supposed that increasing the

rat involved in this assay we can demonstrate a significant effect.

- Negative controls

Table Analyzed SHAM

Column A 2

] ¥S

Column D 27

Mann Whitney test
P value 0.7000
Exact or approximate P value? Exact
P value summary ns
Are medians signif. different? (P <0.05) No
One- or two-tailed P value? Two-tailed
Sum of ranks in column AD 12,9
Mann-Whitney U 3.000
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Negative controls (rats injected with PBS, 4% NAC) do not exhibit

a significant decrease in UCB concentration after 27 weeks (p-

val>0.05)

2. Human paired student’s t-test (parametric test).

We assume that all results follow a normal distribution. This hypothesis

must further be confirmed increasing the number of rats in each

experimental group.

Comparison of bilirubin levels 2 weeks and 27 weeks after cell

injection.

- Human adult-derived liver progenitor cells (ADHLSC) transplanted

rats:
Table Analyzed |ADHLSC
Colurmn A 2
Vs VS
Column D 27
Paired t test
P value 0.0030
P value summary -
Are means signif. different? (P <0.05) |Yes
One- or two-tailed P value? Two-tailed
t, df t=08.844 df=3
MNumber of pairs 4
How big is the difference?
Mean of differences 3.248
95% confidence interval 2079 to 4.416
R squared 0.9631

Unconjugated bilirubin (UCB) concentration exhibits a significant

decrease 27 weeks after ADHLSC transplantation in comparison

with UCB level after 2 weeks (p-val<0.05).
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Human hepatocytes transplanted rats:

Table Analyzed hHep
Column A 2
¥S Vs
Column D 27
Paired t test
P value 0.0e58
P value summary ns
Are means signif. diferent? (P <0.05) MNo
One- or two-tailed P value? Two-tailed
t, df t=3.705 df=2
Number of pairs 3
How big is the difference?
Mean of differences 3.027
95% confidence interval -0.4887 to 6.542
R squared 0.8728

Unconjugated bilirubin (UCB) concentration does not exhibit a

significant decrease 27 weeks after human hepatocytes

transplantation in comparison with UCB level after 2 weeks (p-

val>0.05). The obtained p-value lets supposed that increasing the
rat involved in this assay we can demonstrate a significant effect.

- Negative controls

Table Analyzed SHAM
Column A 2
Vs vs
Column D 27
Paired t test
P value 0.2139
P value summary ns
Are means signif. different? (P <0.05) | No
One- or two-tailed P value? Two-tailed
t, df t=1.799 df=2
Mumber of pairs 3
Haow big is the difference?
Mean of differences 0.5067
95% confidence interval -0.7054 to 1.719
R squared 06180

Negative controls (rats injected with PBS, 4% NAC) do not exhibit
a significant decrease in UCB concentration after 27 weeks (p-

val>0.05).
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ii. Evolution of bilirubin concentration with time; comparison between

treatment groups with repeated measures: 2 way ANOVA

Table Analyzed

Copy of Recap

Two-weay R ANOWA

Matching by cols

Source of Variation % of total variation P value
Interaction 14.09 0.0205
Time 36.1 P<0.0001
Treatment 21.Mm 0.0155
Subjects (matching) 91661 0.1385
Source of Variation P value summary Significant?
Interaction * Yes
Tirne il Yes
Treatment - Yes
Subjects (matching) ns Mo
Source of Variation of Sum-of-squares  Mean square F
Interaction 6 11.47 1.912 3.243
Time 3 29.40 280 16.62
Treatment 2 17.11 8.553 8.021
Subjects (matching) 7 7.464 1.066 1.808
Residual 21 12.38 0.5896
Number of missing values o
L "k
MNegative controls vs ADHLSC
Treatment Megative controls ADHLSC Difference  |95% Cl of diff.
2.000 B.583 5.445 -0.1383 -2.040 to 1.763
4.000 6.470 6.303 -0.1675 -2,069 to 1,734
13.00 IE.%D 4680 -2.300 -4.201 to -0.3988
27.00 6.077 3.198 -2.879 -4.780 to -0.9780
Treatment Difference t P value Summary
2.000 01383 0.2151 P =005 ns
4.000 01675 0.2605 P >005 ns
13.00 -2.300 3577 P<=0.01 -
27.00 -2.879 4.478 P<0.001 sl
Megative controls vs hHey yle
Treatment Megative controls hHepatocyte Difference  |95% CI of diff.
2.000 6583 6.263 -0.3200 -2.3521t01.712
4.000 6.470 5.567 -0.9033 -2.936 t0 1,129
13.00 IE.%D 5.077 -1.903 -3.936 to 0.1291
27.00 6.077 3.237 -2.840 -4,872 to -0.8076
Treatment Difference t P value Summary
2.000 -0.3200 0.4655 P =005 ns
4.000 09033 1.314 P =005 ns
13.00 -1.903 2.769 P <005 *
27.00 -2.840 4132 |P<0.01 ™
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Source of Variation DE

Interaction 6.0 11.47 1.912
Time 30 29.40 9.801
Treatment 20 17.11 8.553
Subjects (matching) 7.0 7.464 1.066
Residual (Error) 210 12.38 0.5896
Total 390 81.43

Daes Time have the same effect at all values of Treatment?
Interaction accounts for 14.09% of the total variance.
F =324, DFn=6 DFd=21
The P value = 0.0205
If there is no interaction overall, there is a 2% chance of randomly observing so much
interaction in an experiment of this size. The interaction is considered significant.

Since the interaction is statistically significant, the P values that
follow for the row and column effects are difficult to interpret.

? ‘ 2
Treatment accounts for 21.01% of the total variance (after adjusting for matching).
F=8.02. DFn=2 DFd=21
The P value = 0.0155
If Treatment has no effect overall, there is a 1.5% chance of randomly obsering an
effect this big (or bigger) in an experiment of this size. The effect is considered significant.

2 i 2
Time accounts for 36.11% of the total variance (after adjusting for matching).
F=16.62. DFn=3 DFd=21
The P value is <0.0001
If Time has no effect overall, there is a less than 0.01% chance of randomly observing an
effect this big (or bigger) in an experiment of this size. The effect is considered extremely significant.

The 2 way ANOVA results indicate that UCB levels after 13 weeks
and 27 weeks or 27 weeks are significantly different in comparison
with negative controls for ADHLSC and human hepatocytes
treatment respectively. Time, treatments and the interaction time-

treatments explain the significant differences.
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Cyclosporine A disposition, hepatic and renal tolerance in Wistar rat.

Obijectives of this study were to identify efficient and safe doses of

cyclosporine A in rodent and to assess its effects on hepatic and renal

functions. For this purpose, we tested the effects of different doses and

administration routes of cyclosporine A (5, 2.5 and 1 mg/kg) administered

during 28 days intraperitoneally, or by gastric feeding on Wistar rats.

i. Evaluation of renal and hepatic parameters and hepatic enzymes:

Kruskall-Wallis test (nonparametric test)

- Urea
Table Analyzed Urea
Kruskal-Wallis test

P value 0.3916

Exact or approximate P value?

Gaussian Approximation

P value summary

ns

Do the medians vary signif. (P <0.05) |No
Number of groups 4
Kruskal-¥allis statistic 3.000
Dunn's Multiple Comparison Test Difference in rank sum Significant? P < 0.057 Surnrmary
Negative controls vs 2 Sma/kafi PO 1.000 No ns
Megative controls vs Smafkgfj PO -2.000 No ns
Negative controls vs Smafka/2j IP -1.000 No ns
- Creatinine
Table Analyzed Creatinine
Kruskal-¥allis test
P value 0.3916
Exact or approximate P value? Gaussian Approximation
P value summary ns
Do the medians vary signif. (P <0.05) Mo
Number of groups 4
Kruskal-Wallis statistic 3.000
Dunn’s Multiple Comparison Test Difference in rank sum Significant? P < 0.05? Summary

MNegative controls vs 2 Sma/kad] PO

ns

MNegative controls vs Sma/fka/] PO

ns

Negative controls vs 5ma/kg/2j IP

-1.000 No
-3.000 No
-2.000 No

ns
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- Total bilirubin

Table Analyzed Thil
Kruskal-Wallis test
P value 0.3916

Exact or approximate P value?

Gaussian Approximation

P value summary

ns

Do the medians vary signif. (P <0.08) |No
Number of groups 4
Kruskal-Wallis statistic 3.000
Dunn's Multiple Comparison Test Difference in rank sum Significant? P < 0.05? Summary
Negative controls vs 2 Smg/kg/j PO 2,000 No ns
Negative contrals vs Smafka/j PO 1.000 No ns
Negative controls vs Smafka/2] IP -1.000 No ns
- Direct bilirubin
Table Analyzed Dhbil
Kruskal-Wallis test
P value 0.3916
Exact or approximate P value? Gaussian Approximation
P value summary ns
Do the medians vary signif. (P <0.03) |No
Number of groups 4
Kruskal-Wallis statistic 3.000
Dunn's Multiple Comparison Test Difference in rank sum Significant? P < 0.05? Summary
Negative controls vs 2 Sma/ka/j PO -1.000 No ns
Negative controls vs Smafkad PO -3.000 Mo ns
Negative controls vs Smofka/2j IP -2.000 No ns
- Aspartate transaminase
Table Analyzed AST
Kruskal-Wallis test
P value 0.3916
Exact or approximate P value? Gaussian Approximation
P value surnmary ns
Do the medians vary signif. (P <0.05) Mo
Number of groups 4
Kruskal-¥Wallis statistic 3.000
Dunn's Multiple Comparison Test Difference in rank sum Significant? P < 0.05? Summary
Negative controls vs 2 Smgfka/j PO 3.000 Mo ns
Negative controls ve Sma/kgfj PO 2.000 No ns
Negative controls vs Smafkas2] IP 1.000 No ns
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- Alanine transaminase

Table Analyzed ALT
Kruskal-Wallis test
P value 0.3916

Exact or approximate P value?

Gaussian Approximation

P value surnmary

ns

Do the medians vary signif. (P <0.05) |No
Nurmber of groups 4
Kruskal-Wallis statistic 3.000

Dunn's Multiple Comparison Test Difference in rank sum Significant? P < 0.05? Summary
Negative controls vs 2 Smg/kg/j PO 1.000 No ns
Negative contrals vs Smog/kgf] PO -1.000 Mo ns
Negative controls vs Smafkas2] IP -2.000 No ns

- Gamma-glutamyl transferase

Table Analyzed GGT

Kruskal-Wallis test
P value 03916
Exact or approximate P value? Gaussian Approximation
P value surnmary ns
Do the medians vary signif. (P <0.05) No
Number of groups 4
Kruskal-¥Wallis statistic 3.000

Dunn's Multiple Comparison Test Difference in rank sum Significant? P < 0.05? Summary
Negative controls vs 2 Sma/kafi PO -1.000 No ns
Negative controls vs Smaskaf| PO -2.000 No ns
Negative contrals vs Smog/ka/2] IP 1.000 Mo ns

No significant differences were obtained in term of renal (urea,

creatinine), hepatic (total and direct bilirubin) parameters and hepatic

enzymes (aspartate transaminase, alanine transaminase and gamma-

glutamyl transferase) level in rats treated with 2.5mg/kg/d per os (n=5),

5mg/kg/d per os (n=5), 5mg/kg/2d intraperitonealy (n=3) cyclosporine A

in comparison with negative control (n=5).
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Evaluation of renal and hepatic parameters and hepatic enzymes:

ANOVA (parametric test)

In this case, we assume that all results follow a normal distribution. This

hypothesis must further be confirmed increasing the number of rats in

each experimental group.

- Urea
Table Analyzed Copy of Urea
One-way analysis of variance
P value 0.2320
P value summary ns
Are means signif. different? (P <0.05) |No
Number of groups 4
F 1.624
R squared 0.2726
ANOWA Table S8 df MS
Treatment (between columns) 17.86 3 5.954
Residual (within columns) 47 67 13 3.667
Total 65.53 16
Dunnett’s Multiple Comparison Test Mean Diff. q Significant? P < 0.057 Surmrmary  95% CI of diff
Negative controls vs 2 Smafkaf| PO 1.867 1.335 No ns -1.845t0 5579
Negative controls vs Smafkasj PO 0.1667 0.1140 No ns -3.716 to 4.049
MNegative controls vs Smafkg/2j IP -0.7333 0.5244 No ns -4 445 to 2.979
- Creatinine
Table Analyzed Copy of Creatinine
One-way analysis of variance
P value 0.1042
P value summary ns
Are means signif. different? (P <0.05) No
Number of groups 4
F 2608
R sguared 0.4157
ANOWVA Table ss df MS
Treatrnent (between columns) 003266 3 0.01089
Residual (within colurmns) 0.04591 11 0.004174
Total 0.07857 14
Dunnett's Multiple Comparison Test Mean Diff. q Significant? P < 0.05? Summary  |95% CI of diff
Megative controls vs 2 Smafkaf PO -0.08833 1.790 Mo ns -0.2224 to 0.04574
Megative controls vs Smofkg/j PO -0.1167 2212 Mo ns -0.2600 to 0.02666
Megative controls ve Smaskg/2) IP -0.1253 2656 No ns -0.2535 to 0.002864
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- Total bilirubin

Table Analyzed Copy of Thil
One-way analysis of variance
P value 0.0020
P value summary i
Are means signif. different? (P <0.05) |Yes
Mumber of groups 4
F 8.310
R squared 0.6404
ANOWA Table 55 df MS
Treatment (between columns) 0.06365 3 0.02122
Residual {within columns) 0.03575 14 0002553
Total 0.09940 17
Dunnett's Multiple Comparison Test Mean Diff. q Significant? P <0.057 Summary  |95% CI of diff
MNegative contrals vs 2 Smgfkoy| PO 0.07133 1.933 No ns -0.02574 to 0.1684
Megative controls vs Smo/kaf] PO 0.07533 204 No ns -0.02174 1001724
Megative controls ve Smaka/2j IP -0.06267 1.698 No ns -0.1597 to 0.03441
- Direct bilirubin
Table Analyzed Dibil
One-way analysis of variance
P value 0.6203
P walue summary ns
Are means signif. different? (P <0.05)  |No
Number of groups 4
F 0.3064
R squared 0.07114
ANOWA Table Ss df MS
Treatment (between columns) 0.0004371 3 0.0001457
Residual {within columns) 0.005707 12 0.0004756
Total 0.006144 15
Dunnett's Multiple Comparison Test Mean Dif. g Significant? P < 0.05? Sumrary | 95% CI of diff
MNegative controls vs 2 Smadkagd PO 0003333 01872 No ns -0.05110 to 0.04444
Megative controls vs Sma/kad] PO -0.0140 0.8791 No ns -0.05673 to 0.02873
Negative controls ws Sma/ka/2j IP -0.00B6000 0.3767 Na ns -0.04873 to 0.03673
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Aspartate transaminase

Table Analyzed AST
One-way analysis of variance
P value 0.1975
P walue summary ns
Are means signif. different? (P <0.05) | No
MNumber of groups 4
F 1.778
R squared 0.2759
ANOVA Table S8 df MS
Treatment (between columns) 1127 3 375.8
Residual (within columns) 2959 14 211.4
Total 4087 17
Dunrett's Multiple Comparison Test Mean Difft. g Significant? P < 0.05? Summary  95% Cl of diff
Negative controls vs 2 Smafkasj PO 21.27 2.003 No ns -6.665 to 49.20
Megative controls vs Smafkgf] PO 2087 1.9865 Mo ns -7.0B5 to 48.80
MNegative contrals vs Smaikaf2 IP 10.687 1.023 No ns -17.07 to 38.80
- Alanine transaminase
Table Analyzed ALT
One-way analysis of variance
P value 0.1437
P walue summary ns
Are means signif. different? (P <0.05) No
MNumber of groups 4
F 2119
R squared 03123
ANOVA Table S8 df MS
Treatment (between columns) 216.8 3 72.27
Residual (within columns) 477 .5 14 34.10
Total 694.3 17
Dunrett's Multiple Comparison Test Mean Difft. g Significant? P < 0.05? Summary  95% Cl of diff
Nenative controls vs 2 Smofkalj PO 2.867 0.6722 No ns -8.353 to 14.09
MNegative controls vs Smafkaf] PO -4.733 1.110 No ns -15.95 to 6.486
MNegative contrals vs Smaikaf2 IP -5.133 1.204 No ns -16.35 to 6.086
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- Gamma-glutamyl transferase

Table Analyzed GGT
One-way analysis of variance
P value 0.3068
P value summary ns
Are means signif. different? (P <0.05) |No
Number of groups 4
F 1.343
R squared 0.2513
ANOWA Table SS df MS
Treatment (between columns) 5.338 3 1.796
Residual (within columns) 16.05 12 1.338
Total 21.44 15
Dunnett's Multiple Comparison Test Mean Diff q Significant? P <0.05? Summary  |95% CI of diff
Negative controls vs 2 5mafka/j PO -0.5000 0.5167 No ns -3.096 to 2.096
MNegative controls vs Smafkg/| PO -0.7000 0.7234 No ns -3.296 to 1.896
Negative controls vs Smofkas2j IP 0.7500 0.7488 No ns -1.937 to 3.437

No significant differences were obtained regarding renal (urea,

creatinine), hepatic (total and direct bilirubin) parameters and hepatic

enzymes (aspartate transaminase, alanine transaminase and gamma-

glutamyl transferase) in rats treated with 2.5mg/kg/d per os (n=5),

5mg/kg/d per os (n=5), 5mg/kg/2d intraperitonealy (n=3) cyclosporine A

in comparison with negative control (n=5). Absence of significant

differences must be due to the small number of rats in each experimental

group.

178






In the last decade, stem cell therapy has raised much hope to treat patients
presenting a variety of illnesses. Liver progenitor cells offer a promising alternative for the
treatment of hepatic diseases. Despite the enthusiasm, cell efficiency need to be assessed
on the route to clinic. This study is part of a larger medical translational research project

that aims to treat inherited metabolic liver diseases with stem cell therapy.

In the present study we evaluate the presence of progenitor cells in healthy adult rat
liver which would display the same advanced hepatogenic profile as that decribed in
human adult liver derived progenitor cells (ADHLSC). We observed that rat progenitor
cells homologous to ADHLSC cannot be easily obtained even when the same isolation
and culture protocol was applied. However, we isolated a novel type of rat liver progenitor
cell population: fibroblastic-like liver derived cells (rFLDC) which expressed hepatic and

biliary markers.

Then we focused on the ability of transplanted ADHLSC to correct a UGT1Al
activity deficiency in the Gunn rat model homologous to the human hyperbilirubinemic
Crigler-Najjar syndrome type I. We demonstrated that ADHLSCs were able to integrate
into the Gunn rat liver parenchyma and these rats exhibit a metabolic effect 3 months

post-transplantation and maintained over a 6 months period.

Finally, using "*Indium-oxine labeled ADHLSC, we demonstrate the engraftment

and the homing of cells preferentially within the liver parenchyma.

All together, these results make ADHLSC an attractive candidate for cell therapy

treatment of Crigler-Najjar type | syndrome.



