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Abstract We investigated the ability of a new type of
biological material, the self-assembling peptide scaf-
fold, to foster tissue-like function by a putative adult
rat hepatocyte progenitor cell line, Lig-8. In conven-
tional adherent petri-dish cultures, Lig-8 cells divide
exponentially, express markers for definitive endoderm
HNEF3p and hepatocyte lineage, including CKS8 and o-
fetoprotein, but lack expression of mature hepatocyte
markers. However, in the three-dimensional peptide
scaffold cultures, Lig-8 exhibits non-exponential cell
kinetics, acquires a spheroidal morphology, and pro-
duces progeny cells with mature hepatocyte properties.
The differentiated progeny cells display expression of
transcription factor C/EBPo and several other indi-
cators that suggest hepatocyte maturation, including
binucleation, up-regulation of albumin, and expression
of cytochrome P450s CYP1Al, CYP1A2, and
CYP2EIL. Moreover, all three cytochrome p450 enzyme
activities are induced using 3-methylcholanthrene in
these spheroids. These results suggest that a designed
biological material may provide a conducive micro-
environment in which putative adult progenitor cells
differentiate into functional hepatocyte-like spheroid
clusters. This bioengineered scaffold system provides a
better physiological approach to “progenitor cell differ-
entiation” for future biomedical and pharmaceutics
applications.
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Introduction

Considerable progress has been made towards control-
ling differentiation of embryonic stem cells in vitro, using
cellular factors that promote maturation of specific cell
lineage including muscular cells, hematopoietic cells,
neurons, pancreatic B-cells, etc. (Rohwedel et al., 1994;
Bain et al., 1995; Palacios et al., 1995; Soria et al., 2000;
Lumelsky et al., 2001). Similar advances with adult stem
cells have been made but at lower rate due to their com-
plex cell kinetics and differentiation programs (Sherley
et al., 1995; Potten and Morris, 1988; Loeffler and Pott-
en, 1997), as well as difficulties with expanding them in
culture (Hoffman, 1999; Svendsen et al., 1999; Weiss-
man, 2000; Merok and Sherley, 2001; McNiece and
Briddell, 2001; Rambhatla et al., 2001). It is believed
that adult stem cells divide asymmetrically to produce a
new stem cell and a progenitor cell that subsequently
undergoes differentiation and maturation to form func-
tional tissues (Potten and Morris, 1988; Loeffler and
Potten, 1997). In the case of adult “progenitor cell differ-
entiation” the microenvironment or niche of the pro-
genitor cell is likely to be one of the factors dictating the
type of mature functional cells (Watt and Hogan, 2000;
Spradling et al., 2001). As such, artificial microenviron-
ments designed to produce differentiated cells from
adult stem cells and progenitor cells need to support
both adult progenitor cell proliferation and differen-
tiation (Semino, 2003).

One of the goals in tissue engineering is the molecular
engineering of biological materials capable of support-
ing growth and functional differentiation of cells and
tissues in a well controlled manner. Much progress has
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been made in the last decade in developing biopolymer
materials, such as polylactic acid (PLA), polyglycolic
acid (PGA), hyaluronic acid, alginates, and other bio-
compatible scaffolds (Freed et al., 1993). In general,
these polymers are composed by micro-fibers in the
range of (~10-100 pm) and with pores about 50-200
um. In this scale, cells can directly attach to the
microfibers and the biological factors, mostly a few nan-
ometer in size, may flow in and out the scaffolds freely.

We have previously described a biological scaffold,
made by the interweaving of self-assembling peptide
nanofibers of 10—20 nm in diameter, with a water con-
tent greater than 99% (5—-10 mg/ml, w/v) (Zhang et al.,
1993; 1995; Holmes et al., 2000). These nanofibers are
3 orders of magnitude thinner than other biopolymer
microfibers and can thus encapsulate cells in a truly 3-
dimensional environment. Several peptide scaffolds have
been shown to support a variety of mature differentiated
cell functions (Zhang et al., 1995; Holmes et al., 2000;
Kisiday et al., 2002). However, these bioengineered ma-
terials have not been previously evaluated for their abil-
ity to support progenitor cell differentiation and func-
tion.

Here, we report the differentiation properties of a
putative rat liver progenitor cell line cultured in a self-
assembling peptide scaffold. The results suggest that
peptide scaffolds provide a microenvironment that is
conducive to normal progenitor cell kinetics and en-
hanced cell differentiation. The differentiated progeny
displayed several characteristics of mature hepatocyte
behavior, including up-regulation of albumin and ex-
pression of inducible CYP1A1, CYPIA2, and CYP2EI
cytochrome p450 enzymes that have the ability to pro-
duce complex metabolic products. It is plausible that the
3-D biological cell-scaffold culture established here
would have a broad spectrum of applications for a var-
iety of tissues, biomedical research and regenerative
medicine.

Methods

Putative rat liver progenitor cell line Lig-8 and culture

The Lig-8 cell line was a generous gift from James Sherley of MIT.
The derivation of putative adult rat liver progenitor Lig-8 cell line
has been described in detail elsewhere (Lee et al., submitted, J.
Sherley, personal communications). Lig-8 cells were maintained in
regular culture dishes in DMEM supplemented with 10% dialyzed
fetal bovine serum (JRH Biosciences, Lenexa, KS) and 400 puM
xanthosine (Sigma).

Peptide scaffold culture

For peptide scaffold encapsulation, cells were harvested from 2-D
petri-dish cultures by treatment with trypsin when they reached
about 80% confluence. The released cells were washed with com-
plete culture medium and then resuspended in 10% sucrose. Cells
were counted and then resuspended in liquid RADI16-I peptide
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solution (0.5% wl/v, sequence: Ac-RADARADARADARADA-
CONH, [theoretical Mass = 1712.9; Mass found by Mass spectra =
1713.0], SynPep Corporation, www.synpep.com, California) at a
final concentration of 1,000,000 cells/ml. This cell concentration in
three-dimensions is equivalent to a plating density of 10,000 cells/
cm? with respect to maintaining constant cell-cell distances. The
cell suspension was then loaded into 96-well plates (50 pl/well) and
immediately equilibrated with 200 pl of culture media to initiate
peptide gel formation (Kisiday et al., 2002; Caplan et al., 2002).
The culture medium was changed three times during the first 60
minutes. Thereafter, peptide scaffold cultures were maintained at
37°C in a humidified incubator equilibrated with 5% CO,.

Spheroid isolation from peptide scaffold cultures

Peptide scaffold cell cultures were disrupted mechanically with a
Pasteur pipette by several up and down aspirations until about 50 %
of the cells/clusters were extracted as determined by phase contrast
microscopy. The suspension was placed in regular cell culture plates
and incubated overnight in the same media at 37°C equilibrated
with 5% CO,. The next day, peptide scaffold remnants were re-
moved from attached cells by washing the culture plates with fresh
media. Attached cell clusters were used for BrdU uptake, in situ
immunofluorescence, and cytochrome p450 analyses as described
below.

5'bromodeoxyuridine (BrdU) uptake analysis

BrdU was added to the culture medium at a concentration of 10
uM, incubation was continued for a period of 24 h. Cells were fixed
with 2% paraformaldehyde in PBS (pH 7.4) at room temperature
for 2 h. Cells were treated with 2 N HCI in PBS for 30 min at
37°C. After the acid treatment, cells were equilibrated with PBS
and incubated with blocking buffer (20% Calf serum; 0.1% Triton
X-100; 1% DMSO in PBS) for 2 h. An anti-BrdU mouse mono-
clonal antibody IgG; FITC-conjugated (BD Pharmingen, catalog
number: 33284X) was used to visualize BrdU™* cells with a Nikon
microscope TE300 with phase contrast and epifluorescence capa-
bility. Images were stored with a Hamamatsu video camera using
an Openlab data acquisition system and represent a single optical
plane observed by phase contrast or fluorescence emission.

Immunofluorescence analyses

Examined cells were first fixed in 1% paraformaldehyde in PBS
(pH 7.4) for 2 h at room temperature and subsequently washed
several times in PBS. They were then treated with 0.1% Triton X-
100 in PBS for 2 h at room temperature. Following the detergent
treatment, the cells were incubated for 2 h in blocking buffer (20%
Calf serum; 0.1% Triton X-100; 1% DMSO in PBS) with slow
shaking. Primary antibodies were then pre-incubated in blocking
buffer for 1 h at room temperature (final concentration ~ 1pg/ml)
and then added to the samples and incubated overnight at 4°C
with slow shaking. The primary antibodies used were: a-fetoprot-
ein (Santa Cruz Biotechnology, catalog number: sc-8108); rabbit
polyclonal anti-rat cytochrome P450 enzyme CYPIAl and
CYP1A2 (Chemicon International Inc., AB1255); rabbit IgG anti-
rat albumin-HRP (Accurate Chemicals, YNGRAALBP); rabbit
IgG anti-rat C/EBPa (Santa Cruz Biotechnology, catalog number:
sc-61); and mouse IgG1 monoclonal anti-rat cytokeratin 8 (Chem-
icon International Inc., MAB1673). Following the incubation, the
samples were washed several times with blocking buffer and subse-
quently incubated with the appropriate secondary antibodies
(1:500—1:1000 dilution in blocking buffer) overnight at 4°C with
slow shaking. The secondary antibodies used were goat anti-mouse
IgG Rhodamine-conjugated (Santa Cruz Biotechnology, catalog
number: sc-2029) and donkey anti-rabbit Rhodamine-conjugated
(Santa Cruz Biotechnology, catalog number: sc-2095). The samples
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were then washed three times with blocking buffer for 2 h. A final
wash with PBS for another hour was performed before imaging as
described above for BrdU analyses.

CYPI1AI and CYP1A2 activities

CYPI1A1- and CYP1A2-dependent 0-dealkylation activities on a
resorufin alkyl ether substrates (7-ethoxyresorufin and 7-methoxy-
resofurin, respectively) were analyzed using an in situ fluorimetric
assay (Donato et al., 1993). The reaction analyzed was the 7-ethox-
yresorufin 0-deethylation (EROD) and 7-methoxyresofurin 0-de-
methylation (MROD) activities that release resorufin as product.
Triplicate incubations were performed for 15 min at 37°C in pres-
ence of 3 uM of 7-ethoxyresorufin or 3 pM of 7-methoxyresorufin
and 10 uM of dicumarol (Sigma), which prevents loss of resorufin
due to further metabolism by cytosolic oxidoreductases. The reso-
rufin product was measured by the increase fluorescence intensity
with excitation/emission filters of 530 nm/590 nm. Resorufin prod-
uct concentration was calculated based on a resorufin standard
curve developed in the respective cell culture medium. Assayed cell
number was determined by hemocytometer counting of trypsinized
cells after the assay was completed. Enzymatic activity was ex-
pressed in units of fmol resofurin produced/cell/h.

3-methylcholantrene (3-MC) treatment

The aromatic hydrocarbon 3-MC (Sigma) was added to the culture
media of cells in adherent culture or isolated peptide scaffold sphe-
roids at a final concentration of 2 uM starting on the fourth day
of culture. Thereafter, every other day 50% of the culture medium
was exchanged with fresh medium containing 3-MC.

Caffeine-8-['*C] metabolism

Lig 8 cells in adherent culture and isolated peptide scaffold sphe-
roids (cultured in peptide scaffold for 4 days old) were incubated
in absence or presence of 3-methylcholantrene (3-MC) for 48 h.
Cells were incubated for additional 24 h in medium containing 0.4
mM caffeine-8-['*C] (53 mCi/mmol; 20 puCi/ml, Sigma). After the
incubation, half of the cells from each sample were counted, and
the other half was heated to 100°C for 4 min. The treated material
was then sonicated for 5 min to facilitate solubilization of the reac-
tion products. The sonicated cell extracts were centrifuged at
14,000 rpm, and 5 pl aliquot of the supernatant (5%) was spotted
on a silica-gel thin-layer chromatography plate (EM Science, New
Jersey; Silica Gel 60 F,s4) with the following standards (Sigma):
caffeine (1,3,7-trimethylxanthine), theophylline (1,3-dimethylxan-
thine), theobromide (3,7-dimethylxanthine), paraxanthine (1,7-di-
methylxanthine), 3-methylxanthine, and xanthine. The plate was
developed with chloroform:acetone (1:1). Standards were visual-
ized with short wave ultraviolet light (UV, 254 nm, Spectrolite
ENF-260C), and radioactive metabolites detected by autoradiogra-
phy with X-ray film (BioMax, KodaK). Radioactivity in metabo-
lites that co-chromatographed with theobromide, theophylline, and
paraxanthine were recovered by scraping and counted in a scintil-
lation counter. Based on the recovery of radioactivity, production
rates for the respective compounds were expressed as pmol/day/10°
cells.

Cell viability and apoptosis

Cell viability was assessed on spheroid colonies with Dead/Live
staining (Molecular Probes, Eugene, OR; catalog number: L-3225).
Cell membrane-permeant calcein AM is cleaved by esterases in live
cells to yield cytoplasmic green fluorescent, and the membrane im-
permeant ethidium homodimer-1 labels nucleic acids of membrane
compromised cells with red fluorescence. Apoptosis was visualized

by nuclear staining with DAPI dye. Apoptotic cells are easy to
detect by morphological analysis of the nuclei, where they nor-
mally present granular staining when apoptotic.

Results

Cell kinetics of a putative adult rat progenitor cell line
cultured in 3-D RADI16-1 peptide scaffold

We compared the cell kinetics of the adult hepatocyte
progenitor cell line Lig-8 grown in standard 2-D culture
dishes to their kinetics after encapsulation into 3-D
RAD16-1 peptide scaffolds. Cells were cultured in pep-
tide scaffolds using their routine culture medium over a
period of 4 days before isolation for quantitative analy-
ses. Cell clusters obtained in 3-D peptide scaffolds were
isolated by mechanical disruption of the matrix (easily
done due to the non-covalent nanofiber network and ex-
tremely high water content, 99.5%) and counted with a
hemacytometer. Cell numbers were counted as the num-
ber of cells per adherent colony grown in culture dishes,
or per isolated scaffold cell cluster (i.e. scaffold “sphe-
roids®; Table 1). Most spheroids were isolated intact by
this procedure.

After the first 24 h, the number of cells in colonies
grown in culture dishes increased exponentially with a
calculated doubling time (DT) of 24 h (Table 1). How-
ever, in the 3-D peptide scaffold, the division kinetics of
Lig-8 cells was different. During the first 24 h in scaffold
culture, the cells initiated the formation of very small
clusters of 2 to 6 cells (4.1 £ 1.9 cells/cluster; Fig. 1A, B;
Table 1). In the following days, many of the bigger clus-
ters adopted a spheroidal morphology (Fig. 1C, D).
Interestingly, the average number of cells in the sphe-
roids increased linearly when compared to adherent 2-D
cultures, with a DT close to 38 h (Table 1).

The change in the cell division kinetics of the sphe-
roids could be explained by an increase in the cell gener-
ation time (GT), by cell division arrest of some cells in
the clusters, or both. Trypan blue dye exclusion analyses
showed that the viability of cells in scaffold cultures was
close to ~90%.

The thymidine analog 5-bromodeoxyuridine (BrdU)
was used to evaluate the proportion of proliferative cells
in the peptide scaffold cultures. Cells were labeled for 24
h with BrdU (i.e. about 1 doubling time for Lig-8 cells
in adherent culture) to label the population of cycling
cells. Due to the 3-dimensional topology of scaffold
spheroids, it was difficult to quantify accurately the
number of BrdU-positive (BrdU™") cells in situ (not
shown). Therefore, analyses were performed with iso-
lated spheroids attached on regular culture dishes that
had formed “spheroid-colonies” (see Methods). As ex-
pected, the BrdU™ fraction of colonies in adherent 2-D
culture was very high (>95%; see Fig. 1E, F). In con-



Fig. 1 Cell kinetics of Lig-8 adult hepatocyte stem cells cultured in
RADI16-I peptide scaffolds. Lig-8 cells were grown in adherent cul-
ture or in RADI16-1 peptide scaffolds for a period of 96 h (see
Methods). A, Cells directly after encapsulation in the peptide scaf-
fold; B, after 24 h, cells form small clusters of about 4 cells; C, sphe-
roid morphology develops after 48 h of peptide scaffold culture
(clusters of 5-6 cells); D, spheroid morphology after 96 h in peptide
scaffold culture (clusters of 10— 14 cells). To evaluate the cycling cell
fraction, adherent cultures were incubated for 24 h in the presence
of 10 uM of 5’-bromodeoxyuridine (BrdU), and cycling cells were
detected by direct anti-BrdU immunofluorescence (see Methods).
Spheroids in peptide scaffold were transferred to adherent culture
(see Methods) for BrdU uptake analysis. E, 48 h adherent cell colony
(phase contrast); F, anti-BrdU immunofluorescence for the colony in
E; G, a spheroid after 96 h of peptide scaffold culture (phase con-
trast); H, anti-BrdU immunofluorescence for the colony in G. A-D
400X magnification; E-H, 200X magnification.
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Table 1 Lig-8 cell kinetics in standard adherent culture versus in
RADI16-I peptide scaffold culture?

Culture time (h) Number of cells per colony or spheroid

(mean = sd)¥

Adherent Culture

Hydrogel Spheroids

(n=3) (n=8)
24 53+18 41=19
48 11+2.0 6.3x1.1
96 41 £5.4 (24h) 15+3.8 (38h)

¥ Lig-8 cells were cultured in regular 6-well culture dishes (n=3)
and plated at an initial density of ~ 1,000 cells/cm? or encapsu-
lated into RAD16-1 peptide scaffold (0.5% w/v) at initial concen-
tration of ~ 100,000 cell/ml (n = 8§; see Methods), contained into
culture inserts (see Methods). Cells were grown in DMEM
supplemented with 10% dialyzed fetal bovine serum and xantho-
sine (400 uM), conditions that promote exponential cell kinetics
by Lig-8 cells (Lee et al., submitted). Cells were cultured for the
indicated times, and the number of cells per colony or spheroid
(isolated from peptide scaffold) was counted by stereo micro-
scopy. Ten colonies or spheroids were randomly selected for
analysis from each of n independent cultures (i.e., a total of 30
colonies at each time point for adherent cultures and 80 sphe-
roids from peptide scaffold cultures).

§ Data is expressed as mean cell number per colony * standard
deviation (sd).

5 The average colony doubling time (DT) is shown in parentheses.

trast, a fraction of the cells in the scaffold spheroids
(<50%) incorporated BrdU. This is consistent with the
hypothesis that many cells in the peptide scaffolds be-
came mitotically arrested (Fig. 1G, H). In addition, cell
viability (Dead/Live test, Molecular Probes) and
apoptosis analysis (nuclear DAPI staining) performed in
the spheroid-colonies confirmed few nonviable cells (<3
%) and no evidence of apoptotic nuclei (not shown), sug-
gesting that the linear cell growth rate in the peptide
scaffold cultures was not due to a programmed cell
death process.

Interestingly, the phenotype of the non-cycling
BrdU~ (BrdU-negative) cells in the spheroid-colonies
was remarkably different than in the cycling cells. They
exhibited increased cell size with a high incidence of bi-
nucleation (Fig. 1G, H), a characteristic of differentiated
hepatocytes. This latter finding was the first indication
that the peptide scaffold promotes hepatocyte differen-
tiation of Lig-8 cells.

Promotion of hepatocyte differentiation in three-
dimensional (3-D) RADI16-1 peptide scaffolds

In standard petri-dish cultures, Lig-8 cells express the
markers for definitive endoderm HNF3f and hepatocyte
lineage, including a-fetoprotein (Shiojiri et al., 1991) and
albumin, but did not express markers specific for other
non-hepatocyte liver cell populations, such Kupffer cells
or stellate cells (Table 2). We analyzed differences in the
expression of several cellular markers of hepatocyte dif-
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Table 2 Induction of hepatocyte phenotypes in RAD16-1 peptide
scaffolds

Marker¥ Standard Peptide
Culture Scaffold
Dish Sphe-
roids®

Hepatocyte progenitor

o-Fetoprotein + +

CKS8 (also mature hepatocytes) + +
Definitive endoderm

HNF3p* + NA
Non-hepatocyte liver cell population

ED1 (Kupffer cells)* - NA

GFAP (stellate cells)* - NA
Endodermal (liver) development

C/EBPa — + 4+ +
Mature hepatocyte

Albumin —/+ +++

CYPIA1/CYP1A2 —/+ ++

CYP2EI - ++

Binucleated cells - ++
Functional hepatocyte

3-MC inducible CYP1A1 - +

3-MC inducible CYP1A2 - ++

Caffeine metabolism (CYP1A2/2E1)

++

¥ Quantification terms for marker expression: (—), not detected;
(—=/+), very low; (+), low; (+ +), medium; (+ + +), high expres-
sion.

§ Cells were either grown in standard adherent culture or grown in
peptide scaffold and then transferred to adherent culture for
analysis as described in Methods.

* Lee et al., submitted

NA, not analyzed.

ferentiation after culturing Lig-8 cells in either 2-D petri
dishes or in 3-D RAD16-1 peptide scaffolds. These in-
clude the liver developmental marker C/EBPo, a
CCAAT enhanced-binding protein highly expressed in
hepatocytes and other endodermal tissues (Wang et al.,
1995); the hepatocyte markers albumin (Houssaint,
1980) and cytokeratin 8 (CKS) (Van Eyken et al., 1988;
Bouwens et al., 1994; Grisham and Thorgeirsson, 1997);
the expression and activity of cytochromes P450 such as
CYP1A1l and CYP1A2; and presence of binucleated
cells (Table 2).

Fig. 2 Promotion of hepatocyte differentiation by RADI16-I pep-
tide scaffold. Lig-8 progenitor cells were cultured in adherent cul-
ture or in RAD16-I peptide scaffold. Spheroids were isolated and
analyzed approximately 16 h after transfer to adherent culture. A
E, I, adherent cell colonies (phase contrast); B E J, respective in
situ immunofluorescence for adherent colonies with anti-C/EBPa.,
anti-albumin, and anti-CYP1A1/1A2 antibodies; C G, K, isolated
peptide scaffold spheroids (phase contrast; note binucleated cells);
D H, L, respective in situ immunofluorescence for isolated peptide
scaffold spheroids with anti-C/EBPo., anti-albumin, and anti-
CYP1A1/1A2 antibodies.

B C/EBP ¢

D) C/EBP «

IF Albumin

J CYP1A1/1A2

| CYP1A1/1A2



The developmental marker C/EBPo. was highly ex-
pressed in all nuclei of spheroid cells isolated from 3-D
peptide scaffold cultures, whereas no detectable expres-
sion in Lig-8 2-D petri culture dish colonies was found
(compare Fig. 2B and D). Other hepatocyte markers,
such as albumin and the cytochrome CYP1Al and
CYP1A2, were also highly expressed in 3-D scaffold
spheroids (Fig. 2E-L and Table 2). Another typical
characteristic of hepatocyte differentiation and matu-
ration was the production of large binucleated cells
found in most spheroid colonies isolated from the 3-D
scaffold cultures (Figs. 1 and 2; Table 2). In addition,
the expression of o-fetoprotein and CK8 did not change
after culturing Lig-8 cells in peptide scaffolds (Table 2).
a-fetoprotein is expressed in hepatoblasts, and CKS8 is
expressed in both hepatoblasts and mature hepatocytes
(Grisham and Thorgeirsson, 1997), suggesting the pres-
ence of some incomplete differentiated cells in the sphe-
roid-colonies.

Finally, to study the fraction of cells in the spheroid
colonies, regardless if dividing or not, undergoing differ-
entiation, we performed a double staining experiment
for BrdU and CYP1A1/1A2 or BrdU and C/EBPa, re-
spectively. Results suggest that all cells express the differ-
entiation markers independently of their mitotic activity
(Fig. 3). This implies that a proportion of cells in the
spheroid colony stop dividing while the entire popula-
tion becomes committed to differentiation.

Complex metabolic responses and functions of cellular
spheroids in RAD16-1 peptide scaffold

Our findings were consistent with the possible differen-
tiation of hepatocyte-like cells (Potten, 1988; Loeffler
and Potten, 1997) by Lig-8 cells upon culture in 3-D
peptide scaffolds. Although these spheroids in the pep-
tide scaffold lacked the full range of liver tissue compo-
nents (e.g. endothelium), they presented a basic architec-
tural unit of differentiating cells. Given these features,
we evaluated whether the 3-D peptide scaffold spheroids
might have functional capabilities of mature hepato-
cytes.

The wup-regulated expression of CPY1Al and
CYPI1A2 proteins in scaffold spheroids predicted the
presence of the corresponding enzymatic activities (Fig.
2I-L, Table 2). Using fluorimetric assays (Donato et al.,
1993), we tested for CYP1A1 and CYP1A2 enzymatic
activities in adherent cell cultures and isolated scaffold
spheroids over a ten-day period (see Methods). Lig 8
cells in culture dishes had weak CYP1A1 and CYP1A2
activity (Fig. 4A and B). When cells were treated with
the polycyclic aromatic hydrocarbon 3-methlychol-
anthrene, only the CYP1AI activity exhibited modest
elevation (3-MC; Fig. 4A). 3-MC is a known inducer of
CYP1A1 and CYP1A2 expression in liver hepatocytes
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C CIEBPa

D CYP1A1/1A2

Fig. 3 All cells in Spheroid colonies, arrested or not, undergo dif-
ferentiation. Lig-8 cells were cultured in RAD16-1 peptide scaffold.
Spheroids were isolated, transferred to adherent cultures, and incu-
bated with BrdU for 24 h. A, spheroid colony (phase contrast); C,
same optical layer as A immunostained for C/EBPa (red); E, same
optical layer as A immunostained for BrdU (green). B, spheroid
colony (phase contrast); D, same optical layer as B immunostained
for CYP1A1/1A2 (red); F, same optical layer as B immunostained
for BrdU.

via the ligand-activated nuclear receptor AHR (Jones et
al., 1985; Burbach et al., 1992).

In contrast to results with Lig-8 cells in 2-D petri dish
culture, after only four days of 3-D peptide scaffold cul-
ture, basal CYP1AL1 activity in isolated cellular sphe-
roids increased significantly, reaching a > 8-fold higher
level by 10 days (Fig. 4C, circles). CYP1A2 activity
showed a similar degree of elevation but with faster kin-
etics (Fig. 4D, circles). Moreover, both classes of p450
enzymes exhibited marked elevations in activity when
cells were cultured in peptide scaffold containing 3-MC
(Fig. 4C and D; squares). CYP1A1 and CYP1A2 activ-
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Fig. 4 Induction of CYP1A1 and CYP1A2 activities by 3-methyl-
cholantrene (3-MC) in peptide scaffold spheroids. Lig-8 hepatocyte
progenitor cells in adherent culture (A and B) or isolated peptide
scaffold spheroids (C and D) were assayed for CYP1A1l and
CYPI1A2 activities after culture in the presence () or absence (®)
of the polycyclic aromatic hydrocarbon 3-MC. For C and D, each
time point indicates the total time for peptide scaffold culture and
spheroid isolation. CYP1A1 and CYP1A2 activities were detected
by measuring the production of fluorescent resorufin after incubat-
ing cells with 7-ethoxyresorufin (EROD; A and C) or 7-methoxyre-
sorufin (MROD; B and D), respectively (see Methods). Data are
plotted as the mean value of triplicate assays with the sample stan-
dard deviation. Arrows indicate the time when 3-MC was added to
adherent cells or spheroids in peptide scaffold prior to their iso-
lation for assay. 3-MC was maintained throughout the isolation
and assay periods.

ities increased maximally, 150% and 300 %, respectively,
when compared to the untreated cellular spheroids in
peptide scaffold. Both the basal and 3-MC induced p450
activities were maintained for at least 72 hours, the long-
est period evaluated.

As a test of the ability of cellular spheroids in peptide
scaffold to perform complex metabolic conversions, we
examined their ability to convert caffeine (1,3,7-trime-
thylxanthine) into its common metabolites. CYP1A2 is
known to specifically catalyze the N;-demethylation of
caffeine to produce paraxanthine (1,7-dimethylxanthine)
(Butler et al., 1989). Radio-labeled caffeine (caffeine-8-
['*C]) was added to Lig-8 cells in adherent culture or
to isolated cellular spheroids in 3-D peptide scaffold as
described in Methods. After a 24-hour incubation
period, ['*C]-labeled cellular metabolites were analyzed
by separating total cell extracts by thin layer chromato-
graphy (see Methods).

Under normal culture conditions, ['*C]-labeled meta-

bolites were only detected in extracts of peptide scaffold
spheroids (Table 3). As expected because of the previous
demonstration of CYP1A2 activity, caffeine N;-de-
methylating activity was noted by the appearance of
paraxanthine-8-['*C]. In addition, two other N-de-
methylating activities were detected, N;-demethylation
and N;-demethylation, producing theobromide (3,7-di-
methylxanthine) and theophylline (1,3-dimethylxan-
thine), respectively (Table 3). The production of these two
metabolites indicates the action of the N-demethylating
activity, CYP2EI, previously described to be up-regulated
by 3-MC (Ratanasavanh et al., 1990; Roberts et al., 1994).
The production rate of all three identified metabolites in-
creased 3—6-fold (Table 3) when peptide scaffold sphe-
roids were developed in the presence of 3-MC. In ad-
dition, with caffeine as the substrate, even cells in 2-D ad-
herent culture showed a marked increase in CYP1A2
activity after 3-MC exposure (> 30-fold elevation; Con-
trast Table 3 to Fig. 4B, squares). Altogether, these results
demonstrate the potential for hepatocyte progenitor cel-
lular spheroids developed in 3-D peptide scaffolds to pro-
vide complex metabolic responses and functions charac-
teristic of differentiated hepatocytes.

Discussion

Our results suggest that culturing Lig-8 cells in a 3-di-
mensional self-assembling peptide scaffold micro-
environment appears to be a sufficient condition to pro-
mote hepatocyte differentiation.

The 3-D peptide scaffold used in the present study
differs significantly from other biopolymer-based bio-
materials in several distinctive ways. Most currently used
biopolymers have fiber sizes generally within a 10—-100
micron range of diameter, which is similar to the average
diameter of many types of mammalian cells. For these
fiber sizes, several investigators have covalently linked
cell adhesion motif RGD to the biopolymer to enhance
cell-material interactions (Cook et al., 1997). However,
because of the size of the fibers, cells essentially interface
with a 2-dimensional curved surface. In contrast, the
peptide scaffold spontaneously self-assembles into nano-
fibers (i.e. 10—20 nm in diameter) (Zhang et al., 1993)
that are highly hydrated, trapping water at total volume
contents of 99.5%. In such a “nanofiber scaffold”, cells
are embodied in a truly 3-dimensional environment.

We observed that the peptide scaffold allowed Lig-8
cells to organize into clusters or cellular spheroids. Be-
cause the peptide scaffold pore size is within a 50-200
nm range, thus creating a nanofiber environment, it per-
mits slow diffusion of small molecules, metabolites and
macromolecules such as gases, nutrients, and growth
factors. However, the route of the delivery of such con-
stituents to cells may differ significantly from that in 2-
D adherent or suspension culture systems. For example,
transport of important cellular effector molecules to and
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Table 3 Caffeine metabolismd by RAD16-1 peptide scaffold spheroids

Metabolite CYP Activity Adherent Culture Peptide Scaffold
- 3-MC + 3-MC - 3-MC + 3-MC
Paraxanthine’ 1A2 <0.01v 0.34, 0.30 1.3,1.7 54,58
Theophylline 2E1 <0.01 0.03, 0.02 0.54, 0.68 3.6, 3.9
Theobromide 2E1 <0.01 <0.01 0.80, 1.1 5.6, 6.3

8 Caffeine (caffeine-8-['*C]) was incubated in with Lig-8 cells in adherent culture or with isolated peptide scaffold spheroids with (+) or
without (—) prior exposure to 3-methylcholantrene (3-MC) as described in Methods.
§ Metabolite data are presented as the rates of production in units of pmol/day/10° cells. Results from duplicate analyses are given.

v (0.01 pmol/10° cells/day was the limit of detection in the analyses.

from cells might be facilitated by the creation of local
microenvironments composed of secreted paracrine and
autocrine factors and extracellular matrix (ECM) com-
ponents that may absorb to peptide scaffold nanofibers.
Moreover, nanofiber three-dimensional contouring of
the cell membrane might also have consequences that
affect the way in which cellular receptors for growth fac-
tors/cytokines and ECM proteins and proteoglycans in-
teract with signaling ligands (Semino, 2003).

The putative rat liver progenitor cells were also cul-
tured in other peptide scaffolds, such as KLD12 (AcN-
KLDLKLDLKLDL-CONH?2) and KFE8 (AcN-KF-
EFKFEF-CONH2). These peptides produce stiffer scaf-
folds than RADI16-I (used in this work), due to the high
content of hydrophobic residues. As a consequence, Lig-
8 cells did not grow well, exhibiting in small spheroids
with low hepatic differentiation phenotype (not shown).
This indicates that the design in the peptide selected is
important for obtaining the right culture conditions. In
addition, 0.5% soft agarose gel (a microfiber scaffold
commonly used in tissue culture) was used as a control
to culture Lig-8 cells in a three-dimensional system. The
microfiber network of soft agarose is stiffer than the
peptide nanofiber scaffold, therefore cells cannot mi-
grate nor form bigger cellular clusters. Moreover, no
EROD activity (7-ethoxyresorufin 0-deethylation) was
detected from Lig-8 cells cultured in soft agarose gels
suggesting no differentiation in such culture conditions
(not shown). Finally, experiments with gelatin (1-5%)
were also performed to compare experiments in peptide
scaffold hydrogel with other nanofiber scaffolds. In all
cases, cell cultures ended in the bottom of the dishes
forming a monolayer with very low EROD activity (not
shown). This result suggests that the establishment of a
three-dimensional environment is a key element for
proper Lig-8 differentiation in the conditions tested.

We observed that peptide scaffold spheroids exhibit
detectable and inducible xenobiotic metabolizing/detoxi-
fying enzyme activities including CYP1A1 and CYP1A2
enzymes. In addition, another metabolizing activity was
evident in the three-dimensional cultures after exposure
to 3-methlycholanthrene (3-MC), CYP2EI. This enzyme
is involved in N;- and N;-demethylation of caffeine to
produce theobromide (3,7-dimethylxanthine) and theo-

phylline (1,3-dimethylxanthine), respectively (Table 3).
The activation of CYP1A1l, CYP1A2, CYP2EI by 3-
MC in the Lig-8 peptide scaffold cultures was previously
observed in primary cultures of human hepatocytes
(Butler et al. 1989; Ratanasavanh et al., 1990; Roberts
et al., 1994).

Moreover, if using human adult hepatic progenitor
cells, it may not only be possible to develop human he-
patic spheroids in peptide scaffolds with greater predic-
tive value for human toxicity and drug efficacy, but also,
at the same time, alleviate the acute needs to use animals
for drug and cosmetic tests. The molecular-designed
peptide scaffolds may also be useful in regenerative and
reparative medicine.
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