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Abstract

AIM: To confirm the xenotransplantation of microencapsulated
hepatocytes and islets as a temporary bioartificial liver
support system for mice with acute liver failure (ALF).

METHODS: Mice were rendered ALF by a single intra-
peritoneal injection of D-galactosamine (D-gal) and their
tail blood was sampled to examine differences in blood ALT,
albumin (ALB), total bilirubin (TB) and glucose (GLU) between
4 experimental groups. Rat hepatocytes and islets were
collected and microencapsulated referring to both Sun’s and
Fritschy”s methods. Mice were grouped into control group
(CG), free hepatocyte group (FHG), microencapsulated
hepatocyte group (MHG) and microencapsulated hepatocyte
plus islet group (HIG). Tissue samples were subjected to
microscopic and electron microscopic (EM) examinations.

RESULTS: The highest survival was observed in HIG,
surprisingly at 100%(16/16), while the lowest was in CG at
12.5%(2/16), with inter-group statistical difference P<0.05.
ALT levels revealed no statistical difference between groups
but the ALB level of HIG descended by the slightest margin
{g=(0.54, 0.24, 1.33), P<0.05} at the time when it reached
the lowest point in all groups. TB of HIG returned to normal
reference range (NRR) statistically sooner than that of others
after a fierce elevation. No statistical inter-group difference
was observed in GLU levels. Fusion between hepatocytes
and beta cells was demonstrated giving rise to theoretical
assumptions.

CONCLUSION: Hepatocytes to be microencapsulated
together with islets should be a preferred in vivo hepatic
functional supporting system, which can dramatically prolong
survival and improve living status.
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and islets as in vivo bioartificial liver support system. World J
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INTRODUCTION

Currently, temporary liver support is crucial to medical
treatment for acute liver failure?, In this point, hepatocyte
transplantation as a kind of bioartificial liver holds a bright

prospect, but how to enhance graft functional status and
neutralize immune rejection remains unsettled. Several authors
have reported the “ mutual benefit” between hepatocytes and
pancreatic islets at co-transplantation®®, whereas Lim and
Sun’ 9 microencapsul ating technique for immunoisol ation
opened a new erafor cell transplantation. We suppose that
hepatocytes and islets can be co-microencapsulated and
transplanted to act as a bioartificial liver support system
(BALSS), thustaking advantages of both the “ mutual benefit”
and the immunoisolation, simultaneoudly. If succeeded, this
method would be a valuable alternative for en bloc organ
transplantation and alleviate the donor shortage dilemma.

MATERIALS AND METHODS

Animals and ALF induction

Male Wistar rats weighing 150 g (as donor of hepatocytes) or
250 g (asdonor of idets) and Kunming mice weighing 30-36 g
served as donors and recipients, respectively. D-gal (Sigma)
was dissolved in bacteriostatic normal saline and adjusted to
pH 7.4 with 1 mol/L NaOH. The final concentration of the
solution was 0.1 g/mL. Acute liver failure (ALF) mice was
induced by asingle intra-peritoneal injection of D-gal at adose
of 2 500 mg/kg without anesthesia, after which free access to
aseptic water containing 100 g/L glucose was provided and
models were fed on standard mouse chow.

Hepatocyte isolation

Donor hepatocyteswereisolated by Seglen’ sin situ collagenase
perfusion technique. Under pentobarbital anesthesia (35 mg/kg),
the portal vein and the before-liver inferior vena cava (IVC)
were cannulated and after liver IVC wasligated. Theliver was
perfused in situ first with 4 “C D-Hanks solution for 3 min and
then with 37 ‘C Hanks solution containing 200 U/mL
collagenase IV (Sigma) for 10 min at aflow rate of 20 mL/min
until the effluent turned opaque. The perfusion route began at
the portal vein and ended before liver IVC. The liver was
removed, softly shattered and filtered through a hepatocyte
dispersing instrument (containing a 105 pm stainless steel
mesh) to produce a homogenous suspension. The hepatocytes
werewashed 3timesin 4 ‘C D-Hanks solution and centrifuged
at 50 r/min for 2 min between washes, (3.5-5.0)x10? hepatocytes
were obtained through this process. After the cell viability
(82-93%) was determined by trypan blue exclusion test, the
hepatocytes were cultured in 100 g/L fetal calf serum (FCS,
Hyclone) enriched RPMI-1640 medium containing 107 mol/L
insulin, 0.1 mg/mL streptomycin sulfate and 100 U/mL penicillin
G at 37 C in ahumidified atmosphere (950 mL/L O, and
50 mL/L) awaiting transplantation.

Islet isolation

Donor idets of Langerhanswere extracted by Sutton’ s method.
The common bile duct (CBD) was cannulated and the rat was
killed by a heart incision before the whole pancreas was
distended uniformly with 4 mL 4 “C Hanks solution (buffered
by 20 mmol/L HEPES at pH 7.8). The pancreas was removed,
further distended by 16 mL 4 ‘C Hanks solution containing
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2 mg/mL collagenase V (Sigma) and then put in an incubator
at 38 °C for 8 min before the tissue was digpersed. The pelleted
tissue wasfiltered through a steel mesh with 40 pores per inch
and washed twice in 4 ‘C Hanks solution with centrifugation
at 50 r/min for 1 min between washes. The last centrifugation
was performed at 350 r/min for 2 min before the tissue wasre-
suspended in 25% Ficoll solution, on which 23%, 20% and 11%
Ficoll densities were layered in sequence. The discontinuous
density gradient containing the tissue pellets was spun at
800 r/minfor 15minat 4 'C. Idetsfrom 20-23% interface were
collected, 721+153 idets could beisolated through this procedure
with a purity higher than 87% and the ones with a diameter of
50-250 nm were handpicked and cultured in 100 g/L FCS
enriched RPMI 1640 medium containing 0.1 mg/mL
streptomycin sulfate and 100 U/mL penicillinGat 37 ‘C ina
humidified atmosphere (950 g/L O, and 50 mL/L CQOy,).

Microencapsulating procedure

Cells were microencapsulated according to Sun’ s and
Fritschy’ smethods. The cells were centrifuged before re-
suspension in 30 g/L aginate (ALG)-normal saline solution
(pH 7.4) at a concentration of 1x107/mL (according to
hepatocytes). Then the mixture was put into the container of a
bi-nozzle air-jet droplet generator and sprayed into 100 mmol/L
calcium chloride solution (HEPES buffered, pH 7.4) under
the disturbance of a co-axial oxygen flow at 4 L/minto form
round droplets, which were then washed in 4 ‘C D-Hanks
solution and reacted in sequencewith 2 g/L poly-L-lysine (PLL)
for 8 min, 2 g/lL ALG for 4 min and 30 mmol/L sodium citrate
for 8 min, all were kept at 4 ‘C and adjusted to pH 7.4. The
microcapsules (MCs) with a diameter of 0.3-0.5 mm were
cultured in aforementioned medium for 24 h. Every mouse
received MCs equal to 3x10° hepatocytes and the ratio of
hepatocytes to islets was 10%40 at co-transplantationt™.
Through a 12 G needle, the MCs were injected into the
recipient’ sabdomen through a3 mm incision under light ether
anesthesia. All mice underwent the same procedure.

Experimental design
Sixty-four mice with ALF were randomly divided into 4 groups,
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16 micein each: CG, FHG, MHG and HIG. Each mouse in a
certain group received only 1 mL sterilized normal salinein
CG, 3x10°free hepatocytes transplantation in FHG, 3x10°
microencapsulated hepatocytes in MHG, MCs containing
3x10° hepatocytes together with 120 idetsin HIG.

Each group was randomly divided into 4 subgroups, 4 mice
ineach: ALT group, ALB group, TB group and GLU group so
that every index was observed in 4 mice and documented by
their average. Blood samples were collected from tail veins
and indexes were recorded before and every 12 h after
administration of D-ga (time“0") until the 4th d, then once
on the 7th d and finally once on the 14th d. The body mass
was measured daily.

Histological studies

All animalsthat died after D-gal injection were autopsied and
those alive were sacrificed weekly until the 2nd mo. Then all
theremaining oneswerecervically disocated to collect samples
from livers, M C aggregates and floating M Cs, which werefixed
either in 100 g/L phosphate-buffered formal dehyde and stained
with hematoxylin/eosin for histological examination or in 2.5%
osmium tetroxide for transmission EM examination.

Statistical analysis
One-way ANOVA, q test and c? test were used to establish
inter-group difference and data were expressed as mean+SD.

RESULTS

Survival

Micedtill aliveafter 72 h secured unlimited survival. Compared
with CG, the survival rates of FHG, MHG and HIG were
statistically higher (P<0.05), while FHG held a survival rate
sgnificantly lower than MHG and HI G (P<0.05), between which
no statistical difference was observed (P>0.05) (Figure 1A).

Biochemical findings

ALT in 4 groups similarly elevated to a pesk of 1 912+344 U/L
in 12 h, then dropped quickly to NRR (50.04+7.72 U/L) in 48
to 72 h. The sub-group of ALT in CG had only one mouse (1/4)
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Figure 1 Survival rate, levels of ALT, ALB, TB and GLU at different time points. A: Survival rate; B: ALT level; C: ALB level; D: TB

level; E: GLU level.
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alive after 36 h. No relevant statistical difference was observed
(Figure 1B).

Serum ALB gradually decreased after D-gal administration
and reached the lowest point in 48 h, then stably returned to
NRR of 38.19+1.68 g/L in 96 h (Figure 1C). The maximum
decrease in ALB of HIG was 7.85+1.10 g/L, statistically
smaller than that of other groups (P<0.05). No statistical
difference was found in ALB reduction between CG, FHG
and MHG (P>0.05).

TB inal groupsascended quickly after D-gd administration
to the maximum of 36.64+5.08 mmol/L (P>0.05) in 24 h, then
began to descend. All the 4 micein TB sub-group of CG died
in 36 h bringing its curve to a stop, while TB of other groups
continued to descend to NRR (5.42+0.68 nmol/L) at different
intervals. TB of HIG fell into NRR in 72 h, while FHG and
MHG in 96 h (Figure 1D).

The non-fasting blood glucose of ALF mice temporarily
elevated by 5.27+1.56 mmol/L in 12 h after D-gal administration,
then fell down to 5.14+0.48 mmol/L &t the 24th hour, when the
mice underwent scheduled treatments. After 24 h, when the
GL U of other groupsbeganto increase, that of CG kept decreasing
until all the four responsible mice died. The GLU of HIG
ascended to NRR (8.31+0.93 mmol/L) in 48 to 60 h, while
that of FHG and MHG normalized after 72 h (Figure 1E). No
statistical inter-group difference was observed at any time point
(P>0.05).

Liver destruction

Massive degenerative changes, ballooning and necrosis of the
hepatic cellswith vanishing nuclel were apparent under optical
microscopy accompanied with closing sinusoids, widened
Disse space and distorted hepatic lobules in tissue samples
from mice died after administration of D-gal. Numerous bulbs,
slightly distended mitochondria, shrinkage of nuclei and
pigmentation of heterochromatin came under EM with
cholangitis, exfoliation of microvilli and disappearance of tight
conjunctions between adjacent hepatocytes dominating the
view, as reported by Takenakd® (Figure 2).

Figure 2 Transmigration of platelets (P) and red cells (R) into
the Disse space.

Gross or microscopic microcapsules

Up to 90% of microcapsulesremained freefloatingin 1 to 2 wk
posttransplantation. Histological examination revealed smooth
surface of most MCs, but mild fibroblasts were also observed
on some MCs. Few hepatocytes were ill aliveinsidethe MCs
from MHG, which were still free floating in the 4th week.
Fewer free-floating MCs were observed in the HIG, blood
vessalsoriginated from the portal vein or the liver surfacewere
easily seen with naked eyes polarizing huge aggregates of MCs
attached to them. Till the 8th week, red aggregates of MCs
were easily found in the vicinity of the portal veinin 67.5%
(7/8) mice from HIG group. Though not abundant, aggregates
attached to the diaphragmatic side of the liver, spleen or other
organs were also seen. Smaller aggregates of MCs were seen
on samples from MHG but without visible vascularization.

Figure 4 Connection of hepatocytes (H) and beta cells (B) by a
network of plasmatic “bridges” formed by adjacent membranes
of a string of vesicles (—) lining up along their original border.

EM findings

Generdly, the wall of the MCswas 6-8 nm thick and could be
divided into 3 layers, but hepatocytes were always embedded
in it de-homogenizing the thickness and disarranging the layers.
Mostly, avery thin feather-like structure with amedium density
formed the outer layer, inside was a section with a very high
density and a thickness of approximately 0.5 nm, then a
flocculent low density structure formed the inner layer. There
was no clear boundary between the later two layers, instead,
the density of the middle layer lowered until it changed into
the inner one, to which the encapsulated hepatocytes attached
with their microvilli. A small number of hepatocytes of MHG
group survived inside the MCs until the 8th week but their
microvilli shortened or disappeared and mitochondria
distended. The MCs from HIG attached to the liver surface
were totally covered by fibroblasts in the 8th week, but
capillaries originated from the liver were seen encircling the
MCs or entering them. Inside these MCs, living beta cellswere
found surrounded by transformed hepatocytes, whose many
microvilli thrust deeply into the former and the membranes of

Figure 3 Association between hepatocytes (H) and a beta cells (B), and microvilli of hepatocytes (H) in beta cells (B). A: “Intimate
association” between hepatocytes (H) and beta cells (B); B: Microvilli of hepatocytes (H) in beta cells (B).
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both cells morphologically vanished at some places where two
plasmas mixed (Figures 3A, 3B). Some hepatocyte-like cells
recognized by their big round mitochondria and glycogen had
well formed insulin granules inside their plasma but with a
smaller size (Figure 4). No desmosome mentioned by Ricordi
was found. Several ball-shaped hepatocytes with long
microvilli and normal organella were seen attached to the MC
wall in distance of the aggregates of hepatocytes and betacells.

DISCUSSION

Life sustaining is of the greatest importance to patients with
ALF during life threatening period and patients with end stage
chronic liver failure (CLF) awaiting proper donors, so liver
function support in alimited period iscrucid to the management
of both ALF and CLF.

Based on this principle, many kinds of artificial liver were
developed such as charcoal hemoperfusion or high porosity
hemodialysis, but optimistically speaking, these methods could
only partially substitute for the original liver because besides
functioning living hepatocytes, any man-made device could
provide but an incomplete liver function support!®.

Artificial liver based on living hepatocytes has become a
hot point of current researches aimed at substitution for liver
function by hepatocytes. There are two kinds of BALSS
currently in research: ex vivo bio-hemodialysis system and
in vivo hepatocyte transplantation strategy. In recent years, grest
progress has been made in the ex vivo systems. Chen et al.*?
demonstrated the successful application of BALSSto canine
liver failure and Ding et al. reported their initial success on
human patients. But, unfortunately, the viability of hepatocytes
was hard to sustain extracorporeally and they gradually lost
their original functions and de-differentiated in 1to 2 wk in
vitro™, so that frequent refreshing of the working hepatocytes
is necessary to secure satisfactory efficiency, which adds extra-
cog to the BAL SShesdesitsdready expengveelectromechanical
system. Asfor hepatocyte transplantation strategy, rejection
aggressively reduced hepatocytic viability to almost zero in
1wk after allo-transplantation. Great attention has been paid
to the mechanism of hepatocytic rejection and a recent study
showed that recombinant ribonuclease P remarkably reduced
the expression of MHC-11 molecules on transplanted
hepatocytes, thus obvioudy alleviating rejection and prolonging
hepatocytic survival. But before the entire truth of human
genome is unveiled, no induction of gene or genetic products
into human body would be ethically accepted and clinically
approved. Genetic interference with transplantation may be
preserved for far future. The microencapsulating technique
initiated by Lim and Sun brought abright new hopefor artificial
liver and hepatocyte transplantation. The microcapsules act as
asdlectivebarrier between the hepatocytesinside and thekilling
molecules such as antibodies outside, reserving the permeability
of nutrients and small active cellular products such as albumin
and insulin, so that cell transplantation under immunoisolation
isrealized. In addition, it has been proved that through some
uncertain pathwaysidets could enhancetheviability and function
of isolated hepatocyted®**4. We deem that microencapsulated
hepatocytes and idets can be xenotransplanted to act asan in
vivo BALSS, thustaking advantages of both the mutua benefit”
and the immunoisolation simultaneoudly. If succeeded, this
method would be a valuable alternative for en bloc organ
transplantation and alleviate the donor shortage dilemma.

In this work, we initially studied the feasibility of xeno-
transplantation of co-microencapsulated hepatocytes and islets
between closely related species (Wistar ratsto Kunming mice)
and itstherapeutic effects on D-gal induced ALF. Drug-induced
ALF could better imitate clinical ALF, mostly toxic, than
surgically induced ALF, since it presented with similar

pathological devel opment!*s,

ALT isasensitiveindex to hepatocytic destruction, which
sharply ascended after administration of D-gal and peaked at
the 12th hour but the amplitude greatly varied between
individual mice. No significant influence upon AL T curve by
cell transplant was observed in this study indicating that ALT
could reflect the extent of cell destruction instead of the
therapeutic effect of different interventions, as confirmed by
YU sstudies'®. Anti-apoptotic agent etoposide was given prior
to the administration of D-gal in Nakama' s study™, which
would possibly have changed the metabolism of D-gal in
hepatocytes and the pathological process of hepatocytic
destruction, preventing aconsiderable proportion of hepatocytes
from apoptoss, so that alowered ALT peak was documented.
In fact, to give hepatocytic protective agents prior to the
establishment of ALF model could only demonstrate the
protecting effects of such agents instead of their therapeutic
attributes, which has attracted much more attention from
medical community since ALF patients would not take liver
protective medications before they got trapped in ALF.

ALB isnot afreguently used index to hepatic failure, but
it changes with a steady pace giving concrete confirmation to
the status of hepatic anabolism. Inthisstudy, ALB levelsin HIG
group decreased by amargin significantly smaller than thosein
other groups after administration of D-gal, indicating that under
theinfluence of xenografted idets, at least the production of ALB
of theremaining liver cells of themode mouse or the transplanted
hepatocytes was improved. Wang et al.*® also confirmed the
enhanced ALB synthesisin hepatocirrhotic rats after combined
hepatocyte-idet transplantation.

TB level reflects the metabolic and detoxicating abilities
of hepatocytes. It descended into NRR much earlier in HIG than
in other groups, demonstrating asooner recovery of hepatocellular
metabolism in the existence of idets as gated by Wang et al .M.

Temporary increase of blood glucose after D-gal
administration, was rarely reported because most researchers
took rats as subjects and kept an interval between blood
samplings aslong as 24 h or more, missing this phenomenon. It
might have resulted from the release of a great amount of
glycogens at massive hepatocytic destruction, which was absent
in studies adopting 90% partially hepatectomized modelsasin
Demetriou’ $2%. Though curves in Figure 1E show a sooner
extrication from hypoglycemiain HIG group than in MHG
group, no statistical differencein GLU was noticed between
experimental groups, which might have been the result of
inadequate samples or large scale fluctuation of non-fasting
blood glucose of ALF mice.

All micein HIG group survived and the survival rate in
MHG group was 93.75%, astonishingly higher than that in
other reports, which used rat models. The first reason for such
a high survival might be a larger amount of hepatocytes
transplanted, say, 3x10° hepatocytes were nearly 3-5% of total
hepatocytes per mouse liver and the second reason might be a
much shorter hepatocytic regeneration cycle in mouse, which
resulted in a quicker recovery of liver function and a shorter
lifethrestening period. In thispoint of view, it may be conjectured
that the shorter the hepatocytic regeneration cycleis, the better
the therapeutic effect of bio-artificial liver can be expected, thus
to shorten the regeneration cycle of liver cellsby means of some
genetic method may further enhancethe survival rate after ALF.

A close functional relation between hepatocytes and idlets
hasbeen proved both experimentally and clinically. An“ intimate
association” between hepatocytes and beta cellswas discovered
by Ricordi®¥ and then confirmed by otherd?. In this study, an
even closer relationship was proved morphologicaly insde the
microcapsules 2 mo after hepatocyte-idet co-transplantation.

Under EM, 1the hepatocytes were easily recognized with
their wheel-shaped mitochondria, smooth reticulum, rose-petal -
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shaped glycogens and Golgi complexes while beta cells with
their homogeneous eyeball-like insulin granules, which
accommodated high-density crystalloids at the center with a
wide vacuum space around. The hepatocytes abandoned their
original hexagon or cubic shape and flattened to wrap on the
beta cellsthrusting numerous finger-like microvilli deeply into
thelatter. No matter how complicatedly the microvilli wound
in three-dimensional space on a cross-section, we should see
two layers of complete membrane separating these “fingers”

from the plasma of the victim beta cells, but discontinuous
membranes were noticed where direct exchange of cellular
content was suspected. Much more interestingly, the boundary
between some hepatocytes and beta cells was replaced by a
complicated network of plasmatic “ bridges’” formed by
adjacent membranes of a string of vesicleslining up along the
original border. Meanwhile morphologically intact beta
granules were found inside such hepatocytesin direct contact
with their plasma, seemingly having been swallowed.
Generally, thiswas a kind of “hybridization” between these
two kinds of cells, as mentioned by Cossel’®. No desmosomes
were found connecting these cells as mentioned by Ricordi.
They might have functioned as anchorsin the earlier stage (in
7 d assaid by Ricordi) to immobilize cellsgiving rise to further
interactions, then disappeared together with part of the
membrane initiating hybridization in the later stage as found
in our study. Direct plasmatic connection must be the best way
for intercellular communication and exchange of substances,
so contacting cells, which have close functional ties like
hepatocytes and beta cells, would eventually establish such
connections though neither the underlying mechanism nor its
prognosisis clear. On the other hand, this phenomenon urges
us to take good care of transplanted cells since it is still

unknown whether such a* hybridization” produces pathogenic
outcomes, say malignancies, or whether it undermines long-
term effects of transplanted cells, though the outcome of such
an association was fairly acceptable in our study. So that to
separate transplanted cells by way of micro- or macro-
encapsulation may be a good choice, which deprives them of
direct contact with host cells and at the same time realizes
functional support under immunoisolation.

In this study, we observed the hybridization between
hepatocytes and beta cells inside microcapsules after co-
transplantation. Better therapeutic effect of hepatocyte-idet co-
transplantation than hepatocytes alone was also evidenced both
histologically and biochemically. Though operative principles
have not been fully established, co-transplantation of
hepatocytes and idets by way of microencapsulation asakind
of BALSS holds a bright prospect.
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