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ABSTRACT

Liver tissue engineering is hampered by poor implanted cell survival due to inadequate
vascularization and cell-cell/cell-matrix interactions. Here, we use liver progenitor cell (LPC)
spheroids to enhance cell-cell/cell-matrix interactions, with implantation into an angiogenic
in vivo mouse chamber. Spheroids were generated in vitro in methylcellulose medium. Day 2
spheroids were optimal for implantation (22,407 +/-645 cells/spheroid), demonstrating
maximal proliferation (Ki67 immunolabeling) and minimal apoptosis (caspase-3
immunolabelling). In vivo chambers established bilaterally on epigastric vessels of
immunodeficient mice were implanted with equivalent numbers of LPCs as a cell suspension
(200,000 cells), or spheroids (9 spheroids). At day 14, a trend of increased LPC survival was
observed in spheroid-implanted chambers [pan-cytokeratin (panCK+) cells, p=0.38, 2.4 fold
increase)], with significantly increased differentiation [cytokeratin 18 (CK18+) cells, p<0.002,
5.1 fold increase)] compared to cell suspension-implanted chambers. At day 45, both
measures were significantly increased in spheroid-implanted chambers (panCK, p<0.006, 16
fold increase) (CK18, p<0.019, 6 fold increase). Hepatic acini/plates of CK18+ cells
expressed hepatocyte nuclear factor 4-a and B-catenin, indicating ongoing hepatic
differentiation. Spheroid cell-delivery significantly increased LPC survival and
differentiation compared to conventional cell suspensions. This LPC spheroid/vascularized
chamber model has clinical potential to generate three-dimensional vascularized liver tissue

for liver replacement.

Key words: liver progenitor cells; multicellular spheroid; single cell suspension; vascularized
in vivo tissue engineering chamber; implanted cell survival and differentiation; liver

regeneration



1. INTRODUCTION

Cell-based therapies offer an alternative to organ transplantation for use in the treatment of
liver failure. However, despite attempts to directly transplant heaptocytes into various
locations including the portal vein, liver parenchyma, and spleen [1], a significant three-
dimensional mass of liver tissue often does not result due to poor cell engraftment and
expansion. This is likely due to inadequate vascularization at the implantation site and lack of
appropriate cell/cell and cell/matrix interactions [2, 3]. Cell retention may be enhanced by
tissue engineering techniques where cells are combined with a scaffold to facilitate cell-
matrix interactions, and implantation into a specific site such as the kidney capsule [4] or
muscle [5] which constrains transplanted cells to the region. Nevertheless, the need for a

rapidly developing blood supply remains an important obstacle.

The mouse vascularized chamber model used in this study has been developed to address
vascularization issues in the in vivo tissue engineering of three dimensional constructs. The
chamber creates a space in the mouse groin by enclosing the epigastric pedicle (artery and
vein) with a length of silicon tube [6]. This microenvironment promotes the sprouting of new
capillaries from the enclosed pedicle, which supports the survival of implanted cells [7]. This

technique is termed intrinsic vascularization [8].

For liver tissue engineering, hepatocytes may appear a logical cell source. However, their
limited availability, low proliferative capacity and poor maintenance in culture with
dedifferentiation into an immature progenitor-like state [9] and subsequent cell detachment
and apoptosis [10] are major issues. Liver progenitor cells (LPCs) are an ideal alternative as

they readily proliferate, are maintained robustly in culture and cryostorage, and differentiate



into bile duct cells (cholangiocytes) and/or hepatocytes [11]. Additionally, LPCs are resistant
to hypoxia and ischemic stress [12], which are common in vivo conditions after
transplantation. These characteristics indicate that better therapeutic outcomes may be

achieved using relatively fewer LPCs than might be required with hepatocytes.

Individual cells in suspension are the most commonly used method of cell-delivery in
regenerative medicine. However, spheroid culture has recently been used as an in vivo cell-
delivery vehicle in order to increase the survival [13] and function [14] of cells when
compared to the implantation of cell suspensions derived from monolayer culture. These
spheroid cell-delivery studies build on in vitro evidence demonstrating increased cell survival,
proliferation and differentiation when cells are cultured as spheroids [15]. This is attributed to
increased cell-cell and cell-matrix interactions and restoration of cell polarity, which is
diminished in traditional monolayer culture. Despite such encouraging findings, the
widespread adoption of spheroid cell-delivery for in vivo studies is hampered by the lack of a
reliable method of generating uniform spheroids of known and consistent characteristics,
together with a method that allows easy application in an in vivo implantation protocol.
Notably, studies exploring the use of hepatocyte spheroids are still rare [5, 16], and to our

knowledge non-existent with LPC spheroids.

This study reports the increased efficacy of implanting LPCs as spheroids compared to
conventional single cell suspensions. An in vivo liver tissue engineering model was
established by implanting standardized LPC spheroids of known cell number into a tissue

engineering chamber in mice, with analysis of survival and differentiation outcomes.



2. MATERIALS & METHODS

2.1 Cell culture

Bipotential murine oval liver (BMOL) liver progenitor cell (LPC) lines derived from adult
mouse liver [17] were cultured at 37°C with 5% CO,, in Williams Media E (Invitrogen,
Mulgrave, Victoria, Australia) supplemented with antibiotic-antimycotic, 10% fetal calf
serum, insulin-like growth factor-II (30 ng/mL, R&D Systems, Minneapolis, USA),
epidermal growth factor (50 ng/mL, BD Biosciences, New Jersey, USA), and insulin (10

pug/mL, Sigma-Aldrich, St Louis, Missouri, USA).

2.2 In vitro spheroid formation

Cultured LPCs were washed with phosphate-buffered saline (PBS), trypsinized, and counted.
After re-suspension in 20% methylcellulose (Sigma-Aldrich) in supplemented Williams
Media E, 20,000 cells in 10-20puL of media were seeded into each well of MICROTEST™ 96
well U-bottom plates (BD Biosciences). A loose cell aggregate formed by 4 hours, and 50uL.
of 20% methylcellulose media was added. At 24 hours, each well was filled to a total volume
of 200uL of media, with replacement of 150 uL every 24 hours to maintain spheroids.
Spheroid formation was observed and photographed via an inverted Olympus IX81

microscope (Olympus Corporation, Tokyo, Japan) (Figure 1B).

Whilst developing this method, preliminary experiments with different cell numbers (5000,
10,000 and 20,000 cells) demonstrated that 20,000 cells per well most reliably formed

uniform spheroids (shown in supplementary material) in 200uL of methylcellulose media.



2.3 In vitro spheroid histology/immunohistochemistry

Spheroids were examined at 2, 5 or 10 days post formation. After washing in PBS and
fixation for 30 minutes in 4% paraformaldehyde, spheroids were transferred into Biopsy
Tissue-Tek® Cryomolds® (ProSciTech, Queensland, Australia) that were filled with 1.5%
agarose at 70°C and set. Agarose blocks were then processed and embedded in paraffin, with

Sum longitudinal construct sections cut and mounted on silanized slides.

Immunolabelling was performed with antibodies for Ki67 (1:300 dilution; Lab Vision,
California, USA, Catalogue number RM-9106-SO), cleaved caspase 3 (1:150; Cell Signalling,
Massachusetts, USA, 9664), pan-cytokeratin (panCK) (1:2000; Dako, California, USA,
70622), cytokeratin 18 (CK18) (1:50; Abcam, Cambridge, UK, ab32118), hepatocyte nuclear
factor 4-alpha (HNF4a) (1:100; LSBio, Washington, USA, LS-B969), B-catenin (1:100; Cell
Signalling, D10AS), pan-laminin (1:25; Sigma-Aldrich, L9393), fibronectin (1:1000; Sigma-
Aldrich, F3648), and e-cadherin (1:200; Abcam, ab53033). Detailed immunohistochemistry

protocols are outlined in the supplementary material.

2.4 Spheroid dissociation for cell counting

Spheroids at 1, 2, 5, 7 and 10 days were washed twice with PBS, and then dissociated with
0.25% trypsin-EDTA (Invitrogen) in PBS. Cell culture plates were agitated on a vibrating
platform, with trituration (mechanical pipetting) to ensure dispersal of cell clusters into
individual cells. Trypsin-EDTA was neutralized with growth media, and a cell count
performed. Four spheroids were dissociated collectively for every cell count, and an average
cell number per spheroid obtained. Four separate counts were performed. Trypan blue

exclusion was used to estimate the proportion of live cells.



2.5 Animals and experimental groups for in vivo implantation

All animal procedures were performed with the approval of the St Vincent’s Hospital Animal
Ethics Committee according to National Health and Medical Research Council of Australia
animal welfare guidelines. Male SCID mice (ARC, Perth, Western Australia, Australia) aged
6-8 weeks and weighing 20-30 grams were given ad libitum access to chow and water, under
a 12 hour day/night cycle. Chloral hydrate was administered as a general anesthetic (0.4mg/g

body weight) intra-peritoneally, with a gas mask supplying isofluorene and oxygen.

Bilateral vascularized chambers were created in the groin of every animal (Figure 1A). The
right side was seeded with a single cell suspension, and the left with spheroids. The same
total number of cells (200,000 cells) was seeded in both chambers. Day 2 spheroids were
used for all implantations, as in vitro characterization determined this to be the optimal age in
culture for implantation. Cells used for single cell suspension and spheroid implantations
were at a passage number of less than 5. Chambers were harvested at day 14 and day 45 post-

implantation (n=7 each timepoint).

2.6 Surgical creation of the vascularized tissue-engineering chamber and LPC
implantation

The microsurgical creation of tissue engineering chambers was performed as described
previously [6]. Briefly, with the animal under general anesthesia, the superficial epigastric
vascular pedicle branching from the femoral vessels in each groin was surgically exposed. A
Smm length of cylindrical silicon tubing (Dow Corning Corporation, Michigan, USA) split
along its longitudinal axis was fitted around this pedicle. The proximal femoral end of the
chamber and the split longitudinal seam were sealed with melted bone wax (Ethicon, New

Jersey, USA). For every animal, the right chamber was filled with a single cell suspension of



200,000 cells, and the left chamber with 9 spheroids (200,000 cells in total), both suspended
in 50uL of growth factor-reduced Matrigel™ (BD Biosciences) (Figure 1A). The distal end
of the chamber was sealed with bone wax, skin wounds closed with metal clips and the

mouse resuscitated.

2.7 Chamber tissue harvest

Mice were anesthetized, the implantation site surgically exposed, and the patency of the
epigastric pedicle assessed before ligating the pedicle at both ends of the chamber. Tissue
constructs (vascular pedicle and surrounding Matrigel tissue contents) were removed from
the chamber (Figure 4A), and contruct weight, and volume [18] measured. Fixation in 4%

PFA for 24 hours was followed by routine histological paraffin processing.

2.8 In vivo construct morphology and morphometry
Five micron thick longitudinal sections of tissue constructs were immunolabelled with Ki67,
panCK, CK18, HNF4q, g-catenin (as per in vitro), F4/80 (1:400 dilution; Abcam, ab6640),

and CD31 (1:200; BD Biosciences, 553370) as described in supplementary material.

Morphometric analysis of the number of positive-staining cells per mm” on adjacent panCK
and CK18 labelled sections used an automated, systematic random sampling point-counting
system (CAST system) (Olympus, Albertslund, Denmark). The observer (KKY) was blinded

to the section identity.

The number of panCK+ cells per mm” was determined by systematically sampling 5% of
each section at 40x objective magnification. Similarly, the number of CK18+ cells per mm?®

was determined, but because CK18+ cell numbers were considerably less, 15% of each



10

section was sampled, to ensure this population was adequately counted. The total area of
construct tissue in each section was measured. The number of panCK+ cells or CK18+ in
each field was counted in accordance with the forbidden line rule (18). From the number of
cells counted from all fields, the total number of cells per section was calculated by
multiplying 100/5 for panCK or 100/15 for CK18. By dividing this number of cells with the

area of the section (in mm?), the number of panCK+ or CK 18+ cells/mm? was obtained.

Percentage vascular volume was calculated by point-counting 20% of CD31-labelled sections
at 20x magnification, (100-350 points counted/construct). The total number of points counted,
and the number of points over a blood vessel wall or lumen was recorded. Percentage
vascular volume was calculated using the formula: number of points corresponding to a blood

vessel x 100/total number of points counted.

2.9 Statistical analyses

Data are expressed as mean:SEM. Weights and volumes of day 45 harvested tissue
constructs were analysed only using a non-parametric Exact Wilcoxon Mann Whitney test
(StatXact v4.0, Cytel Corporation, Massachusetts, USA). For morphometry, the number of
panCK+ and CKI18+ cells/mm” and percentage vascular volume (CD31+ vessels) was
analyzed using an independent samples t-test (IBM SPSS Statistics v20.0, IBM, New York,

USA). A value of p<0.05 was considered significant.
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3. RESULTS

3.1 In vitro characterization of spheroids

LPCs aggregated into a single cluster within 4 hours, and formed a single uniform spheroid
per well within 18-20 hours. This was close to 100% efficient, with no formation of
secondary cell clusters within the well. Over time, a dense core (confirmed by
immunohistochemistry to be apoptotic) was evident, accompanied with an increase in
surrounding detached dead cells and cell debris (Figure 1B). Spheroid diameter was

approximately 600um at day 1 and 2.

Spheroids universally expressed the LPC marker pan-cytokeratin (panCK) (Figure 2A) as
well as cytokeratin 18 (CK18) (typically expressed in hepatocytes) (Figure 2B). Ongoing
hepatic differentiation was demonstrated by the homogenous and strong immunolabelling for
HNF4a both at day 2 (Figure 2C) and day 10 (not shown). E-cadherin outlined all cell-cell
junctions, confirming the epithelial phenotype of LPCs and cell adhesions required to
maintain spheroid structure (Figure 2D). B-catenin increased from day 2 to day 10 (Figures
2E,F), but the staining pattern was similar at both time-points. Cytoplasmic B-catenin was
found in the periphery of spheroids, with plasma membrane localization in cells positioned

towards the centre. No nuclear staining was observed.

Basement membrane deposition was investigated by pan-laminin and fibronectin
immunolabeling. Laminin was found to be diffusely granular throughout spheroids at day 2
(Figure 2G), becoming fibrillar between cells mainly in the periphery of spheroids by day 10
(Figure 2H). Fibronectin was found in greater amounts at both day 2 (Figure 2I) and day 10
(Figure 2J), but as granular deposits in the cytoplasm and cord-like structures in between

cells distributed throughout the spheroid.
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3.2 Optimizing spheroid ‘age’ for in vivo implantation

Determining the optimal spheroid ‘age’ in culture for in vivo implantation was based on two
factors. First, spheroids must have compacted enough to remain structurally stable even with
pipetting and washing for subsequent in vivo studies. Spheroids were stable from day 2
onwards. Second, spheroids should exhibit maximal proliferation with minimal apoptosis,
demonstrated by Ki67 and cleaved caspase 3 immunolabeling respectively. Proliferating cells
(Ki67+) were mainly found in the periphery of spheroids, and decreased over time (Figure
3A). In contrast, apoptotic cells (caspase+) were in the central region and increased over
time (Figure 3A). Based on these parameters, day 2 spheroids were deemed optimal for

implantation.

Dissociation experiments quantified the growth of spheroid cell numbers over time.
Importantly, spheroid cell number at day 2 was determined to ensure that the number of cells
seeded collectively as spheroids in vivo was equivalent to single cell suspensions. From
20,532+1,501 cells per spheroid (mean+SEM) at 24 hours to 29,000+104 cells at 10 days,
spheroid cell numbers gradually increased by 41% over its initial cell number in 10 days
(Figure 3B). At day 2, each spheroid contained 22,407+645 cells. More than ~95% of

counted cells were found to be viable by trypan blue exclusion.

3.3 In vivo implantations: construct harvest, weight and volume

All animals survived the duration of the in vivo study, with no complications such as infected
wounds or displacement of chambers. Active bleeding from all dissected pedicles during
harvest indicated patency. Attempts were made to measure the weights and volumes of

chamber contents from all groups. However day 14 single cell suspension-implanted tissue
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constructs consisted largely of fragile semi-solid Matrigel (Figure 4B), and could not be
weighed. At day 45, spheroid constructs were significantly greater in weight (»<0.02) and

volume (p<0.01) than single cell suspension constructs (Figure 4C, D).

3.4 Construct histology

Histology demonstrated similar structural components in all groups. The epigastric artery and
vein traversed longitudinally along one side of the construct, with multiple capillaries
sprouting into the surrounding tissue. A connective tissue capsule with dense inflammatory
infiltrate surrounded a central region filled with Matrigel remnants, loose connective tissue,

vascular structures, and scattered inflammatory cells, including macrophages (Figure 5).

3.5 LPC survival and differentiation in spheroid and single cell suspension
implantations

Implanted cells were identified as pan-cytokeratin (panCK) positive or cytokeratin 18 (CK18)
positive. Across all groups more panCK+ LPCs than CK18+ hepatocyte-like cells were

present.

For single cell suspension implantations at day 14, both LPCs (panCK+) and hepatocyte-like
cells (CK18+) cells were found in small areas of isolated or loosely clustered cells, with no
particular organization or localization. By day 45 the number of LPCs (panCK+ cells/mm?)
decreased indicating reduced LPC survival over time, although the population of
differentiating cells (CK18+ cells/mm?) remained similar to the earlier time-point (Figure 5

A and 7 G, H).
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Implanted spheroids were generally obvious in day 14 constructs as aggregates of cells which
were both panCK+/CK18+ (Figure 5B, 6A, B). Small groups of migrating LPCs (panCK+)
and differentiating hepatocytes (CK18+) were also scattered throughout the Matrigel region
at much greater frequency than with single cell suspension implantations. Spheroid remnants
at day 14 were also found to weakly express HNF4a (Figure 6C), although no B-catenin
staining was evident in these cells (data not shown). By day 45, in two constructs spheroid
remnants appeared more loosely aggregated with cells dispersing into the surrounding tissue.
These had similar panCK+/CK18+ co-expression as spheroids seen at day 14. In the
remaining five constructs, instead of spheroid remnants, panCK identified small irregular cell
clusters which were distributed throughout the chamber (Figures 5B, 7A). CK18+ cells were
located with the same distribution, but instead of irregular clusters they displayed hepatic
glandular organization into plates and acini-like structures (Figure 7B). Importantly, these
structures were strongly positive for HNF4a (Figure 7C), and whilst absent in some
structures, B-catenin was clearly evident in others with either a cytoplasmic (Figure 7D) or

membranous localization (Figure 7E). No nuclear B-catenin was observed.

Numbers of both LPCs and differentiated cells increased over time in spheroid constructs,
with morphometric analysis demonstrating a trend towards increased cell survival (panCK+
cells, p=0.38, mean+SEM 2.4 fold increase) and significantly increased differentiation
(CK18+ cells, p<0.002, 5.1 fold increase) in spheroid-seeded chambers compared to cell
suspension at day 14. By day 45, both measures were significantly increased (panCK,

p<0.006, 16 fold increase) (CK18, p<0.019, 6 fold increase) (Figure 7 G, H).

PanCK+ cells had spindle-shaped epithelioid morphology, whereas CK18+ cells were

cuboidal, more closely resembling hepatocytes. However no binucleate or polynuclear cells,
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characteristic of the terminal stages of hepatic differentiation, were observed. When
considering the difference in cell morphology as well as organization of panCK+ and CK18+
cells, this suggests two divergent populations of cells, where the panCK+ LPCs formed
irregular clusters and the CK18+ cells were organizing into tissue-like structures undergoing
hepatic differentiation. No obvious biliary ductal structures were observed. Ki67+
proliferative cells were occasionally present in spheroid remnants at day 14 (Figure 6D), as
well as hepatic plates and acini at day 45 (Figure 7F), indicating potential for further cell

expansion.

3.6 Construct vascularization

Intense vascular sprouting from the epigastric pedicle with further vascular remodelling over
time was evident, consistent with previous observations [19]. At day 14 extensive CD31+
capillary sprouts were distributed throughout the construct (Figure 8A), with arterioles and
venules branching from the main epigastric pedicle. Many blood vessels were perfused with
red blood cells. Extravasated blood at the outer margins of the construct suggested presence
of immature hyperpermeable capillaries in this region. At day 14 and 45, where spheroid
remnants were present blood vessels penetrated throughout the cellular aggregates thus
bringing LPCs in contact with the blood circulation (Figure 8B). Interestingly, F4/80+
macrophages were found around and within the core of spheroids (Figure 6D) in close
association with LPCs and blood vessels, possibly indicating the recapitulation of an LPC

niche.

Extravascular blood was rarely seen at day 45 as the capillary network appeared fully formed
(Figure 8C). Morphometric analysis demonstrated a decrease in vascularization over time

from day 14 to day 45 (Figure 8D), suggesting some vessel remodelling and possibly
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regression within the vascular network. There was no difference in percentage vascular
volume between the two implantation methods (day 14, p<0.683 and day 45, p<0.626),

suggesting little influence of implantation method on vascularization.

4. DISCUSSION

Spheroid cell-delivery holds promise as a method of optimizing cell survival in a range of
cell therapies. This study established a protocol for producing consistently uniform spheroids
of LPCs, and determined that 2 day culture is optimal for generating spheroids for in vivo
implantation. By implanting LPC spheroids of known cell number in an in vivo mouse tissue
engineering chamber, significantly enhanced LPC survival and differentiation was achieved

compared to single cell implantations of the same cell number.

A critical part of the study design was the implementation of an effective spheroid-forming
technique. Many spheroid formation methods exist, including culture in Matrigel [5, 20],
rocked suspension [21], hanging drop [22], or the use of bioreactors [23]. These are often
poorly suited for cell-delivery due to slow spheroid formation, considerable variations in size
and shape and hence cell number per spheroid, or difficulties in accessing individual
spheroids for manipulation. A simple method to generate standardized spheroids of known
cell number is crucial so that the number of cells implanted as spheroids can be controlled,
allowing comparison with single cell suspensions. This also facilitates the investigation of the
effects of various cell seeding densities. The methylcellulose technique produced uniform
spheroids of well-defined architecture. However, they were of a diameter greater than the
diffusion limit of oxygen (100-200um) [24], causing central apoptosis at later time-points in

culture. This is a common finding with larger spheroids where hypoxia and inefficient
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nutrient and waste exchange in the core lead to cell death [25]. However, smaller spheroids
risk having insufficient cell numbers to allow for cell interaction to form a physiological unit,

and their size makes manipulation for in vivo implantations technically challenging.

The co-expression of panCK and CK18 remained unchanged over time in vitro, suggesting
that LPCs maintain their bipotential capacity in culture as spheroids. However, the strong in
vitro expression of HNF4a, a central transcription factor involved in the upstream regulation
of major hepatic functions [26], as well as the B-catenin staining pattern suggests the presence
of ongoing hepatic differentiation. B-catenin, a crucial component of the Wnt pathway
involved in liver morphogenesis and differentiation, has been found in the nucleus and
cytoplasm of immature cells, with progressive plasma membrane localization as cells
differentiate into hepatocytes [27]. The cytoplasmic staining in the periphery of spheroids,
and plasma membrane localization in central cells indicates that cells in the core of spheroids
are differentiating. Conversely, cells in the periphery are relatively immature, but do not have

nuclear staining which would be indicative of a more primitive status.

The investigation of basement membrane (BM) production in spheroids supports these
findings. BM is essential in the development of cell polarity and function, and cell-matrix
interactions enhance cell survival as well as govern proliferation and differentiation.
Proliferative LPCs are closely associated with a laminin-rich BM niche in the regenerating
liver, [28] whereas fibronectin is the main BM component in the adult liver [29]. Greater
deposition of laminin was seen in the periphery of spheroids, coincident with the area of
proliferation (Ki67+) and relative immaturity (cytoplasmic -catenin). In contrast, fibronectin
was widespread and more robustly deposited, although not as structurally organized as

laminin. This points to the relative immaturity of BM composition, although this was
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progressively developing. Collectively, these findings suggest that LPCs are still at an early

to intermediate stage of differentiation in spheroid culture.

Upon in vivo implantation, the penetration of spheroid structures by blood vessels sprouting
from the pedicle demonstrates the potential of the chamber in providing a well vascularized
implantation environment. Being based on a vascular pedicle with a superficial location, the
chamber-engineered tissue may be re-transplanted near the native liver site, and can also be
easily removed should any adverse event occur. Additionally its extra-hepatic location is
away from a diseased liver environment such as cirrhosis, which may inhibit LPC

differentiation as well as contribute to the dedifferentiation of hepatocytes [30].

Morphometric analysis showed significantly increased LPC survival and differentiation in
spheroid implantations compared to cell suspension implantations. Importantly, the formation
of acini and plate-like structures demonstrated hepatic morphogenesis, with the expression of
HNF40 and membrane-localized B-catenin in these structures indicating the activation of
major pathways involved in hepatic differentiation. Whilst the intermediate loss of B-catenin
in spheroid remnants at day 14 despite its presence both in vitro and more so at day 45 was
unexpected, this is possibly analogous to the transient drop in B-catenin activity during the

intermediate stages of embryonic liver development [31].

It is evident that a larger population of surviving cells as well as further differentiation is
required to create a sizeable mass of liver tissue. However, the cell survival in spheroid
constructs is encouraging, as only 200,000 cells were implanted. Others have demonstrated
enhanced cell survival with spheroid cell-delivery compared to single cell suspensions in an

in vivo model of myocardial infarction, but this benefit was not maintained over 4 weeks as
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cell survival ultimately diminished [14]. Given this, evidence of sustained cell expansion at
the levels apparent in this study despite the seeding density is compelling, and underlines the
synergy between the proliferative capacity of LPC spheroids and the vascularized chamber
environment. It is also noteworthy that this study was performed in a non-disease model,
which lacks regenerative stimuli known to enhance the engraftment of implanted LPCs [20,

32].

In considering the therapeutic application of this model, the newly formed extra-hepatic liver
tissue is particularly suitable for correcting metabolic or genetic liver disease, where often
only a small but significant portion of liver function is lacking, with the host’s native liver
relatively intact. Recently it has been suggested that poorly sustained survival of cells
transplanted into the liver is due to replacement of transplanted cells by newly differentiated
hepatocytes as part of normal cell turnover [33]. In such a case, the extra-hepatic approach
described here is ideal in preventing transplanted cells from being replaced by the host’s

diseased cells.

5. CONCLUSION

This study has developed an in vivo liver tissue engineering model based on LPC spheroid
implantation that significantly increases cell survival, as well as hepatic morphogenesis and
differentiation compared to standard cell-delivery as a single cell suspension. Further studies
investigating the functional capacity of newly formed tissue, as well as upscaling by
increased seeding density of spheroids may develop this model into a viable alternative for

the treatment of liver disease.
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FIGURE LEGENDS

Figure 1. Experimental design. (A) An in vivo animal model was established by surgically creating bilateral
chambers, and implanting 200,000 dissociated cells as a single cell suspension into the right chamber, and 9
spheroids (200,000 cells in total) into the left chamber. Two time-points post-implantation were studied, day 14
and day 45 (n=7 per time point). (B) /n vitro microscopy demonstrating spheroids in culture. A single, uniform
spheroid/well formed that was stable for 10 days. Note the increase in dead cells and cell debris surrounding the
spheroid over time. From in vitro characterization, day 2 spheroids were found to be optimal for use in chamber

implantations.

Figure 2. In vitro characterization of liver progenitor cell spheroids (representative histology). At day 2,
spheroids stained homogenously positive for (A) pan-cytokeratin (panCK), and (B) Cytokeratin 18 (CK18),
indicative of their bipotential capacity. (C) Hepatocyte nuclear factor 4-alpha (HNF4a) demonstrated activation of
hepatic differentiation pathways, and (D) E-cadherin indicated the epithelial phenotype of LPCs as well as cell
adhesion required to maintain the integrity of the spheroid. Similar homogenous staining was seen up to day 10
(data not shown). (E) B-catenin, a key component of the Wnt pathway that regulates cell proliferation and
differentiation in the liver, was found at day 2 to be mainly cytoplasmic in the periphery of spheroids (arrowhead)
suggestive of relatively immature, proliferative cells in this region. Towards the centre of the spheroids plasma
membrane localization (arrow) was evident, demonstrating a staining pattern seen in more mature hepatocytes.
(F) At day 10 increased B-catenin activity was present, although the same pattern of cytoplasmic staining in the
peripheral cells and plasma membrane localization in central cells was seen. (G) Laminin, a basement
membrane component, was diffuse throughout the spheroid at day 2 both between cells and within the cytoplasm.
(H) However, by day 10 laminin was seen as fibrillar material between cells (arrows) mostly in the periphery,
suggestive of organization of this basement membrane component into a more mature, functional structure.
Fibronectin, a major component of basement membranes in the mature liver, was found in large amounts in
spheroids at both day 2 (I) and day 10 (J). Whilst some cord-like deposition in between cells was evident
throughout the spheroid, much of the fibronectin was also within the cytoplasm of cells often as granular deposits.
This suggests robust production of this basement membrane component, but a relative lack of organization into a

mature basement membrane as seen with laminin.

Figure 3. Selection of optimal time-point of spheroid development for use in implantations. (A) Ki67+
proliferative cells (arrowheads) were found mainly in the periphery of spheroids, and decreased over 10 days.

Cleaved caspase 3+ apoptotic cells (arrowheads) were mainly located in the central region, and increased over
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time. (B) Spheroid dissociation over 10 days (n = 16 per time-point). Cell number per spheroid gradually
increased from 20,532+1501 cells per spheroid at 24 hours (mean+SEM) to 29,000+1104 cells per spheroid at 10
days, representing a 41% increase in cell number over this time period. At day 2, when spheroids were deemed
optimal for implantation, each spheroid contained 22,407+645 cells. More than ~95% of counted cells were found

to be viable by trypan blue exclusion.

Figure 4. Harvest of chambers. (A) Removal of the silicon chamber yielded a three-dimensional tissue
construct, from a day 14 spheroid-seeded chamber construct shown here (10x magnification). The epigastric
pedicle is prominent (large arrow), with multiple capillaries sprouting into the adjacent tissue (small arrows). (B)
For weight and volume measurement, single cell suspension constructs at day 14 were composed mainly of
Matrigel and too fragile for this procedure, although the epigastric pedicle is prominent here also (large arrow) (7x
magpnification). (C) Weight and (D) Volume measurements demonstrated a significant increase in day 45
spheroid constructs compared to single cell suspensions. (* denoting p<0.02 in weight and ** for p<0.01 in

volume measurements, non-parametric Exact Wilcoxon Mann Whitney test).

Figure 5. General overview of harvested chamber constructs. All chamber constructs were immunolabelled
using panCK and CK18 on serial sections. General structural components of chamber constructs are labelled:
central Matrigel region (m), vascular pedicle (p), connective tissue capsule (c). (A) In single cell suspension
constructs at both day 14 and day 45, very few panCK+ or CK18+ cells were present (small patch of cells
indicated by arrow). (B) In spheroid chambers, at day 14 spheroid remnants were clearly labelled by both panCK
and CK18 (arrows). By day 45 both panCK+ and CK18+ cells (arrows) were found to be dispersed throughout the
Matrigel region (m) surrounding the epigastric pedicle (p), enclosed within the connective tissue capsule (c) of the

construct.

Figure 6. Representative immunolabelling in serial sections of spheroids from day 14 constructs Spheroid
remnants were evident in day 14 constructs (arrows, inset figures). They were positive for (A) LPC marker pan-
cytokeratin (panCK), but also weakly positive for (B) hepatocyte marker cytokeratin 18 (CK18). CK18" cells in the
periphery of the spheroid remnant and in the surrounding tissue demonstrated organization into acini and hepatic
plate-like formations (arrowheads). (C) The presence of HNF4a activation in cells within spheroid remnants
suggests ongoing differentiation. (D) Ki67 immunolabelled proliferating cells were seen ocassionally in spheroid
remnants (arrowheads). (E) F4/80 immunolabelled macrophages penetrated into the core of a spheroid,

suggesting cell-cell interaction between LPCs, macrophages, and possibly blood vessels.

Figure 7. Spheroid constructs at day 45. (A) PanCK+ cells were seen in irregular clusters between blood

vessels, inflammatory and connective tissue cells in the central Matrigel region. (B) CK18+ cells in the Matrigel
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region demonstrated glandular organization of cells into hepatic acini with a lumen often evident. (C) Hepatic
acini-like structures were strongly positive for HNF4a, indicating hepatic differentiation. Some, but not all of these
acini and plate structures were positive for B-catenin, either demonstrating (D) cytoplasmic [B-catenin
(arrowheads) indicative of relatively immature cells, or (E) plasma membrane localization (arrowheads) more
typically seen in mature hepatocytes. Collectively this suggests organization of implanted cells into hepatic
structures with varying levels of differentiation. (F) A small number of cells within distinct hepatic acini were found
to be proliferative and stained positive for Ki67 (arrows). (G) Morphometric analysis demonstrated increased
panCK+ cells in spheroid constructs at day 14 (p<0.38, independent samples t-test, 2.4 fold increase) compared
to single cell suspension implantations. This difference was significant at day 45 (**, p<0.006, 16 fold increase).
(H) Similarly, significantly increased CK18+ cells numbers were found in spheroid constructs compared to single

cell suspension implantations at day 14 (**, p<0.002, 5.1 fold increase) and day 45 (*, p<0.019, 6 fold increase).

Figure 8. Vascularization in tissue engineering constructs (CD31 immunolabelling). (A) At day 14, large
dilated vessels (arrow) indicated immature vascular formation (spheroid construct shown, with similar
observations in single cell suspension constructs). (B) Where spheroid remnants were present at day 14, blood
vessels were found to surround (large arrow) as well as penetrate (small arrows) into the spheroid core to
vascularize the cell aggregates. (C) By day 45, construct blood vessels were more mature than at 14 days with a
smaller diameter (arrows). (D) There was no difference between the two implantation methods in terms of
percentage vascular volume (day 14, p<0.683 and day 45, p<0.626) suggesting little influence of implantation
method on vascularization. However, vascularization was noted to decrease with both implantation methods from
day 14 to day 45, in line with the observation that with vascular remodelling, vessels became less dilated and

decrease in number.
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