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Fig. 6. Chemical structure of (a) poly(ethylene glycol) (PEG), (b) PEG carrying N-hydroxyl-succinimidyl ester (PEG-NHS), (¢) PEG-conjugated phospholipid (PEG-lipid) and polyvinyl
alcohol carrying side alkyl chains (PVA-alkyl), {d) poly(ethyleneimine) (PEl), and (e) poly{allylamine) (PAA), poly(styrene) sulfate (PSS}, and PVA derivative (PVA-SH, PVA-PD).

PEG carrying an activated ester group at both ends is also used for albumin to mask the surface antigen. PEG-NHS is shown in Fig. 6(b),
surface modification. One of the molecules is used for covalent and a mode of reaction is schematically shown in Fig. 7(a). When the
bonding to the surface and the other for the immobilization of molecules were applied to the surface modification of porcine islets,
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Fig. 7. (a) Cell surface modification with synthetic polymers by covalent bonding, hydrophobic interaction, electrostatic interaction, and the layer-by-layer method, (b) The
immobilization of bicactive substances to the cell surface via polymers.
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no change was observed in their morphology or viability [43]. Five
thousand porcine islets modified with PEG-NHS were transplanted
into the liver of NOD-SCID mice through the portal vein. The mice
were previously transplanted with human lymph cells to reconstitute
the human immune system, providing a xenotransplantation model of
porcine to human. In this study, the porcine islets were previously
transfected with adenovirus expressing Bcl-2 to suppress apoptosis.
When naive islets and naked Bcl-2 expressing islets were trans-
planted, the blood glucose level was not normalized for either case
where it was reduced to approximately 150 mg/dL for 15 days. On the
other hand, normoglycemia could be achieved by transplanting islets
that expressed Bcl-2 and were modified with PEG and albumin for
15 days. It seems that PEG on the islet surface is supplemental against
the immune rejection reaction. In fact, when PEG modified islets that
did not express Bcl-2 were transplanted, the blood glucose level was
transiently normalized but increased again.

Byun's group reported that the surface of islets covered with PEG
reacted with the amino groups of the collagen layer remaining on the
islet surface. Islets from a Sprague-Dawley rat (1200 islets) were
transplanted under the kidney capsule of an STZ-induced diabetic
Fisher 344 rat [44,45]. When naked islets were transplanted without
cyclosporine A, an immunosuppressive drug, normoglycemia was not
maintained for more than 5 days. With low dose of cyclosporine A,
normoglycemia was prolonged up to 12 days. On the other hand,
when islets with a PEG-NHS modified surface were transplanted into
recipient rats treated with low dose cyclosporine A, normoglycemia
was maintained for 1year. Without cyclosporine A, the period of
normoglycemia was at least 11 days, even though the islet surface was
modified with PEG. It seems that the immune rejection reaction can
be effectively suppressed with a combination of PEG surface
modification and cyclosporine A administration.

4.3. Polymer coating through hydrophobic interaction

Our group has been studying the surface modification of cells and
islets with thin polymer membranes using various amphiphilic
polymers, such as PEG-conjugated phospholipid (PEG-lipid) and
polyvinyl alcohol (PVA), carrying long alkyl chains {37,46-51]. PEG-
lipid has been widely used for modifying the surface of liposomes
[52,53]. Surface modification with PEG-lipid improves the biocom-
patibility, thus prolonging the circulation time of liposomes in vivo.
Bertozzi et al. also studied the non-covalent cell surface modification
with phospholipid derivatives bearing polysaccharides and proteins
{54,55].

The chemical structure of PEG-lipid is shown in Fig. 6(c), and its
interaction with the cell membrane is shown schematically in Fig. 7(a).
PEG-lipid is an amphiphilic molecule composed of a hydrophilic PEG
chain and hydrophobic phospholipids. The PEG chain can be anchored
to the cell surface because the hydrophobic portion of the PEG-lipid is
spontaneously incorporated into the lipid bilayer of the cell membrane
when PEG-lipid is mixed with cells. The thickness of the PEG layer
formed on the cell surface is several nanometers, depending on the
molecular weight of the PEG used.

To see the surface modification with PEG-lipid, islets were modified
with PEG-lipid labeled with the fluorescent dye FITC. Fig. 8(b) shows
the FITC-PEG-lipid-modified hamster islets observed by confocal laser
scanning microscopy. Clear fluorescence at the periphery of each islet
indicates a PEG layer formed on the islets. Although a conformal PEG
layer could be formed on the cell or islet surface at the nanometer level
and the method makes it possible to drastically decrease the total
volume of a graft compared to conventional microcapsules, fluorescent
microscopic analyses indicated that the PEG layer was not stable on the
islets and disappeared from the cell surface over 3 days. Additional

Fig. 8. Confocal laser scanning microscope images of the surface modification of CCRF-CEM cells and the enclosure of islets within polymer membranes via PEG-lipid derivatives. (a)
FITC-PEG-lipid-modified CCRF-CEM cells. (b} FITC-PEG-lipid-modified islets. (c) Layer-by-layer membrane PVA-coated islets. PVA was labeled with FITC, (d) Layer-by-layer

membrane biotin-BSA and FITC-streptavidin-coated islets.
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improvements should be made with the long-term functioning of the
PEG layer for immunoisolation.

The layer-by-layer method was employed to increase the stability
of the PEG-lipid membrane on the cell surface. Various functional
groups, such as maleimide and biotin, can be easily introduced to the
end of the PEG chain of PEG-lipids. These groups can be used as the
reaction points for forming multilayer membranes on the cell surface.
For example, it is possible to form a layer-by-layer membrane of PVA
carrying thiol groups on a PEG-lipid carrying a maleimide group on
the surface of islets using the reaction between the thiol and
maleimide groups (Fig. 8(c)) [46]. PVA chains are immobilized on
the islet surface through a stable thioether bond. This thiol/maleimide
bond forms readily under mild conditions. To form a third layer of
PVA, a thiol/disulfide exchange reaction between the pyridyldithio
group and thiol group is used.

A layer-by-layer membrane can also be formed by the reaction
between biotin and streptavidin, Biotin-PEG-lipids were anchored to
the cell membranes of islets and further covered by streptavidin. The
modified islets were alternatively exposed to a biotin-bovine serum
albumin conjugate solution and a streptavidin solution to form 20
layers (Fig. 8(d)) [48]. The thickness of the membrane was
approximately 30 nm based on the calculation from surface plasmon
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resonance (SPR) analysis. A glucose stimulation test was performed in
order to examine the ability of the modified islets to control insulin
release in response to changes in the glucose level. No significant
difference in insulin release was observed between groups of islets
with different surface modifications.

We also analyzed the effect of PEG modifications on graft survival
immediately after intraportal transplantation into STZ-induced
diabetic mice [50]. Hamster islets were surface modified with PEG-
lipid (PEG-islets) and transplanted (500 islets) into the liver of STZ-
induced diabetic mice (BALB/c) through the portal vein, Graft survival
was significantly prolonged compared to bare islets in the livers of
diabetic mice (Fig. 9(a) and (b)). Livers were retrieved from the
recipient mice 1 h or 1day after transplanting naive or PEG-islets
through the portal vein and subjected to histochemical analyses. One
hour after naive islet transplantation (Fig. 9(c)), the islets were
damaged and destroyed in the blood vessels of the liver. The
aggregation of RBC was observed around destroyed islets, indicating
that platelet aggregation and blood coagulation occurred on the islet
surface. Cell damage to some islets was also observed after 1 day.
However, in the livers of mice transplanted with PEG-islets, most
islets were not damaged and remained intact in the blood vessels of
the liver 1 h after transplantation (Fig. 9(d)). The same results were
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Fig. 9. Changes in the non-fasting blood glucose levels of streptozotocin-induced diabetic BALB/c mice after intraportal transplantation of (a) 500 control islets (n=9) or (b) 500
PEG-islets {n = 6). Graft failure was defined as two consecutive plasma glucose determinations > 200 mg/dL. (c) Histochemical analysis (HE stain) of control islets and (d) PEG-islets
transplanted into the liver of diabetic mice through the portal vein. The grafts were retrieved at 1 h or 1 day post-transplantation as noted.
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Fig. 10. Changes in the blood insulin levels determined by ELISA after intraportal
transplantation of control islets (closed circles, n =7) or PEG-islets (open circles, n=7)
in diabetic mice.

observed 1 day after transplantation. These histochemical analyses
support the finding that graft survival is prolonged after transplanting
PEG-islets. The overshoot reduction of the blood insulin level within
60 min after naive islet transplantation suggests cell damage
immediately after naive islet transplantation, which could be
suppressed by surface modification with PEG (Fig. 10). We showed
that surface modification with PEG-lipid is useful for improving graft
survival.
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4.4. Improvement of islet blood compatibility

Islets are exposed to fresh blood when they are transfused into the
liver through the portal vein. The coagulation and complement systems
are activated by the islet surface during the early post-transplantation
phase, leading to the release of chemotactic factors, tissue factor,
chemokines, and other inflammatory mediators. The transplanted islets
are destroyed by the innate immune reactions [56). Some methods of
regulating early coagulation and blood-mediated inflammatory reactions
have been investigated, such as administering the thrombin inhibitor
melagatran [57], activated protein C [58], low molecular weight dextran
sulfate [59], and the water-soluble domain of complement receptor |
(sCR1) [60,61}. Successful transplantation has been achieved in animal
models by reducing islet loss. However, it is difficult to apply these
methods in the clinical setting because systemic administration is
associated with an increased a risk of bleeding. The new idea to
overcome these issues is the immobilization of bioactive substances, such
as heparin, sCR1, urokinase, and thrombomodulin, to the islet surface to
suppress blood-mediated inflammatory reactions [48,51,62,63].

Nilsson et al. reported a method for preventing instant blood-
mediated inflammatory reactions by coating porcine islets with
heparin which is expected to inhibit surface thrombosis formation
on islets after their transplantation into the liver {62]. Briefly, biotin
was immobilized on the surface of porcine islets through the activated
ester method, and the islet surface was further treated with avidin.
The islet surface was coated with macromolecular conjugates of
heparin consisting of roughly 70 heparin molecules covalently linked

Urokinase—Mal
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!

Fig. 11. (a) Method for immobilization of urokinase on the islet surface using amphiphilic PVA-alkyl. Maleimide groups were introduced onto urokinase using sulfo-EMCS. (b) Fibrin
plate assay. Urokinase-immobilized islets and non-treated islets (100 islets each) were placed on a fibrin gel plate and incubated at 37 °C for 13 h. A large transparent area formed
around the urokinase-immobilized islets by the dissotution of the fibrin gel by plasmin, which is produced from plasminogen by urokinase,
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to an inert carrier chain through electrostatic interaction with avidin.
In allotransplantation between porcine, increase of plasma concen-
trations of thrombin-antithrombin (TAT) complexes and comple-
ment activation (C3a) were suppressed when heparin-coated islets
were transplanted. The transient increase in insulin released from
destroyed porcine islets was also suppressed. Heparinization of the
islet surface prevented early islet destruction in the liver. Chaikof et al.
reported the immobilization of recombinant thrombomodulin on the
surface of islets {63]. Phosphine molecules were covalently conjugat-
ed to the amino groups of membrane proteins by Staudinger ligation
for immobilization of thrombomodulin. The presence of thrombomo-
dulin on the islet surface resulted in a significant increase in the
production of activated protein C, indicating a reduction in islet-
mediated thrombogenicity.

Our group has already succeeded in immobilizing fibrinolytic
urokinase on the islet surface [48,51]. Urokinase is a serine protease
that activates plasminogen. The activation of plasminogen triggers a
proteolysis cascade that participates in thrombolysis. Immobilizing
urokinase on the islet surface is expected to help dissolve small blood
clots that may form on islets, thereby suppressing blood-mediated
inflammatory reactions. An amphiphilic PVA derivative carrying long
alkyl side chains and thiol carboxylic groups was synthesized and
used for modifying the surface of islets; it was immobilized on the cell
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surface through the hydrophobic interaction between the alkyl side
chains and lipid bilayer of the cell membrane (Fig. 11(a)). Thiol
groups were introduced to the islet surface, and urokinase carried
maleimide groups by conjugation with a hetero-bifunctional cross-
linker (sulfo-EMCS, N-(6-maleimidocaproyloxy)sulfosuccinimide).
The urokinase was immobilized on the islet surface by the
maleimide/thiol reaction. A fibrin plate-based assay was performed
to assess the function of the urokinase on the islets. Urokinase-islets
and naive islets (100 islets, respectively) were spotted on a fibrin gel
and the area of dissolved fibrin around the spotted urokinase-islets
determined. Fig. 11({b) shows the fibrin plate 24 h after spotting. A
large transparent area (1.8 cm diameter) was observed around the
urokinase-islets, indicating urokinase activity. On the other hand, the
transparent area was small around the naive islet spots. These results
suggest that the immobilization of bioactive substances on the islet
surface is a promising method of inhibiting the islet destruction
caused by blood-mediated inflammatory reactions, improving graft
survival following intraportal transplantation.

4.5. Enclosure of islets with living cells

Finally, we introduce our recent attempts to enclose islets with
living cells. If the surface of islets can be covered with a patient’s own

Fig. 12. Encapsulation of islets with living cells. (a) Schematic illustration of how to enclose an islet with living celis utilizing avidin-biotin interactions. (b) Hamster islets modified
with biotin-PEG-lipid were immobilized with streptavidin-immobilized HEK293 cells. The HEK293 cells were first labeled with CellTracker®. (¢) Phase-contrast microscopy (top)
and histochemical analyses (HE staining, lower left) of HEK293 celi-immobilized islets in culture, Lower right: merged Alexa 488-labeled anti-insulin antibody and Hoechst 33342
dye for nuclear staining. {d) GFP-expressing HEK293-encapsulated islets after 3 days of culture, and a sliced section at 3 days.
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vascular endothelial cells, histocompatibility and blood compatibility
will be significantly improved, inhibiting graft rejection and the
destruction caused by blood-mediated inflammatory reactions. There
were some preceding trials of islet enclosure with living cells. For
example, Pollok et al. first reported that it is possible to macro-
encapsulate rat islets with porcine chondrocyte membrane [64).
Porcine chondrocytes were cultured to form a confluent monolayer
and deposit matrix. After the islets were attached to the poly(glycolic
acid) polymer fibers, the hybrid was wrapped by hand with
chondrocyte membrane. In such macroencapsulation, islet fusion
inside the chondrocyte membrane causes the necrosis of the islet cells
at the center. Lee et al. also demonstrated islet macroencapsulation
with chondrocyte membrane using the cell sheet engineering
technique {65]. However, all issues have not yet been solved;
therefore, some aspects of the cell-based encapsulation methods
should be improved. We used amphiphilic PEG-lipid and the biotin/
streptavidin reaction to immobilize HEK293 cells on the surface of
islets (Fig. 12(a)) [49]. After biotin molecules were introduced on the
surface of HEK293 cells by biotin-PEG-lipid, the surface was further
treated with streptavidin. The biotin-PEG-lipid-modified islets were
mixed with streptavidin-immobilized HEK293 cells to immobilize the
cells on the islet surface (Fig. 12(b)). The surface of the islets was
completely covered with a cell layer after 3 to 5days in culture,
without central necrosis of the islet cells (Fig. 12(c) and (d)). Insulin
secretion upon glucose stimulation was well maintained after HEK293
cell encapsulation. Using our technique, it will be possible to
microencapsulate islets with cells derived from recipients with type
1 diabetes. We expect that this novel method will enable the
preparation of self-adjusting bioartificial pancreases in control host
reactions.

5. Perspective

A shortage of human donors is one of the major obstacles to cell
transplantation therapy for type 1 diabetes. In the near future, we will
be able to obtain insulin secreting  cells or tissues from embryonic
stem (ES) cells or induced pluripotent stem (iPS) cells. A shortage of
human donors will not be a limiting factor for cell therapy in type 1
diabetes. Immune reactions against grafts, however, still need to be
overcome. Cells derived from ES cells are allogeneic and should be
protected from the recipient's immune system. Cell and tissue
transplantation will be possible without the administration of
immunosuppressive drugs when cells or tissue can be derived from
a patient's iPS cells. Type 1 diabetes, however, is an autoimmune
disease, and { cells derived from iPS cells will be destroyed by the
recurrent autoimmune reactions, which are hardly controlled, even by
the administration of immunosuppressive drugs. The results obtained
using NOD mice as mentioned above [22] indicate that the agarose
microcapsule that effectively protects islets from autoimmune
destruction will be useful in the transplantation of 3 cells derived
from a patient's own iPS cells. A bioartificial pancreas would be
promising for success with transplanting j cells derived from ES cells
and iPS cells.

Three major types of bioartificial pancreas have been studied:
diffusion chamber, hollow fiber unit, and microcapsule (Fig. 2). In the
past 10 years, most research groups have concentrated their efforts on
the development of the microcapsule type. Although many groups
have reported that the bioartificial pancreas functions very well in
animal models, some of the studies, especially those using large
animal models, are hardly reproduced. In addition, the clinical
applications were few [32,34} and the clinical outcomes were not
clear. Various factors limit the application of a microcapsule type
bioartificial pancreas in human patients. As discussed previously, the
size of the microcapsules is one of the major obstacles. The
microencapsulated islets with a larger radius than that of the islets
are hardly infused into the liver through the portal vein, and their

total volume increases to several hundreds of milliliters due to
increasing by a third power of the radius. In recent years, new
techniques, such as conformal coating and islet enclosure, have been
developed. Using these techniques, the size and total volume can be
greatly reduced.

The required functions for conformal coating depend on their
applications. To suppress early islet loss due to instant blood-
mediated inflammatory reactions (IBMIR), the coating should carry
biomolecules, such as heparin, thrombomodulin, urokinase, and
complement receptor 1, which can suppress the activation of the
blood coagulation cascades and the complement system, respectively.
That the coating functions for a few days after infusion of islets into
the liver is enough. For immunoisolation, the conformal coating
should be stable for a long time. The coating membrane covers islets
and isolates them from the recipient's immune system during islet
functioning. Most conformal coatings function for several hours to
several days, easily dissociating and disappearing from the islet
surface, or they deteriorate in a few days due to the dynamic
movement of the cell membrane. Reported conformal coatings are
expected to be applicable to the suppression of early islet loss but not
stable enough for immunoisolation. Much effort is needed to improve
the conformal coating so it becomes applicable to long-term
immunoisolation.

The in vivo life span of microencapsulated islets is determined by
various factors in addition to IBMIR and immune reactions. Edmon-
ton's group [66) reported a graft survival rate in clinical islet
transplantation of less than 10% at 5 years post-transplantation.
Clinicians and researchers working on islet transplantation were
disappointed in the clinical outcomes of islet allotransplantation; they
expected the function to last longer because an autograft of islets that
maintained function more than 13 years was reported [67] and
steroids, which are toxic to islets, were not used in the Edmonton
protocol. Although a major cause of graft loss is IBMIR, the researchers
pointed out vascular insufficiency and toxic side effects of immuno-
suppressive drugs on { cells as causes of short islet functioning. For
the transplantation of microencapsulated or conformal coated islets,
neo-vasculature into islets could not be expected. Oxygen and
nutrients are supplied to islet cells by diffusion, and this effect is not
clear in the life span of grafts. When grafts are transplanted into the
peritoneal cavity, they form a large aggregate. When the micro-
encapsulated islets are transfused into the portal vein, they block
blood flow due to their larger radius compared to islets. Both impose
limitations on the oxygen supply to islet cells by diffusion. These
circumstances should be carefully studied using large animal models.

Acknowledgments

This study was supported in part by a Grant-in-Aid for Scientific
Research (A) (No. 21240051) and Challenging Exploratory Research
(No. 21650118) from the Ministry of Education, Culture, Sports,
Science, and Technology (MEXT) of Japan and by the Ministry of
Health, Labour, and Welfare of Japan (H20-007).

References

{1] AM. Shapiro, L.R. Lakey, E.A. Ryan, G.S. Korbutt, E. Toth, G.L. Warnock, N.M.
Kneteman, R.V. Rajotte, {slet transplantation in seven patients with type 1
diabetes mellitus using a glucocorticoid-free immunosuppressive regimen,
N. Engl. J. Med. 343 (2000) 230-238.

EA. Ryan, J.R. Lakey, RV. Rajotte, G.S. Korbutt, T. Kin, S. Imes, A. Rabinovitch, J.F.
Elliott, D. Bigam, N.M. Kneteman, G.L. Warnock, {. Larsen, A.M. Shapiro, Clinical
outcomes and insulin secretion after islet transplantation with the Edmonton
protocol, Diabetes 50 (2001) 710-719.

K. Takahashi, K. Tanabe, M. Ohnuki, M. Narita, T. Ichisaka, K. Tomoda, S. Yamanaka,
Induction of pluripotent stem cells from adult human fibroblasts by defined
factors, Cell 131 (2007) 861-872.

S. Kizilel, M. Garfinkel, E. Opara, The bioartificial pancreas: progress and
challenges, Diabetes Technol. Ther. 7 (2005) 968-985.

2

I3

14




Y. Teramura, H. iwata / Advanced Drug Delivery Reviews xxx {2010} xxx-xxx 13

{5] LT. Wilson, E.L. Chaikof, Challenges and emerging technologies in the immunoi-

solation of cells and tissues, Adv. Drug Deliv. Rev. 60 (2008) 124-145,

AS. Narang, R.L. Mahato, Biological and biomaterial approaches for improved islet
transpiantation, Pharmacol. Rev. 58 (2006) 194-243.

P. de Vos, M.M. Faas, B. Strand, R. Calafiore, Alginate-based micracapsules for
immunoisolation of pancreatic islets, Biomaterials 27 (2006) 5603-5617.

}. Archer, R. Kaye, G. Mutter, Control of streptozotocin diabetes in Chinese
hamsters by cultured mouse islet cells without immunosuppression: a prelim-
inary report, J. Surg. Res. 28 (1980) 77-85.

S. Hirotani, R. Eda, T. Kawabata, S. Fuchinoue, S. Teraoka, T. Agishi, H. Ohgawara,
Bioartificial endocrine pancreas (Bio-AEP) for treatment of diabetes: effect of
implantation of Bio-AEP on the pancreas, Cell Transplant. 8 (1999) 399-404.
S.H. Lee, E. Hao, A.Y. Savinov, {. Geron, AY. Strongin, P. Itkin-Ansari, Human beta-
cell precursors mature into functional insulin-producing cells in an immunoisola-
tion device: implications for diabetes cell therapies, Transplantation 87 (2009)
983-991.

P.E. Lacy, O.D. Hegre, A, Gerasimidi-Vazeou, F.T. Gentile, K.E. Dionn, Maintenance
of normoglycemia in diabetic mice by subcutaneous xenografts of encapsulated
islets, Science 254 (1991} 1782-1784.

T. Maki, C.S. Ubhi, H. Sanchez-Farpon, SJ. Suilivan, K. Borland, T.E. Muller, B.A,
Solomon, W.L. Chick, A.P. Monaco, Successful treatment of diabetes with the
bichybrid artificial pancreas in dogs, Transplantation 51 (1991) 43-51,

AP. Monaco, T. Maki, H. Ozato, M, Carretta, SJ. Sullivan, K.M. Borland, M.D.
Mahoney, W.L. Chick, T.E. Muller, . Wolfrum, et al, Transplantation of islet
allografts and xenografts in totally pancreatectomized diabetic dogs using the
hybrid artificial pancreas, Ann. Surg. 214 (1991) 3358-362.

F. Lim, AM. Sun, Microencapsulated islets as bioartificial endocrine pancreas,
Science 210 (1980) 908-910.

G.M. O'Shea, M.F.A, Goosen, A.M. Sun, Protonged survival of transplanted islets of
Langerhans encapsulated in a biocompatible membrane, Biochim. Biophys. Acta
804 (1984) 133-136.

P. Grohn, G. Kiock, J. Schmitt, U. Zimmermann, A. Horcher, R.G. Bretzel, B]. Hering,
D. Brandhorst, H. Brandhorst, T. Zekorn, et al,, Large-scale production of Ba®™-
alginate-coated islets of Langerhans for immunoisolation, Exp. Clin. Endacrinol.
102 (1994) 380-387.

Y.L Sun, XJ. Ma, D.B. Zhou, I. Vacek, A.M. Sun, Normalization of diabetes in
spontaneously diabetic cynomologus monkeys by xenografts of microencapsu-
lated porcine islets without immunosuppression, J. Clin. Invest. 98 (1996)
1417-1422.

H. iwata, T. Takagi, H. Amemiya, H. Shimizu, K. Yamashita, K. Kobayashi, T. Akutsu,
Agarose for a bioartificial pancreas, ]. Biomed. Mater. Res. 26 (1992) 967-977.
H. Iwata, K. Kobayashi, T. Takagi, T. Oka, H. Yang, H. Amemiya, T. Tsuji, F. Ito,
Feasibility of agarose microbeads with xenogeneic islets as a bioartificial pancreas,
1 Biomed. Mater. Res. 28 (1994} 1003-1011.

H. Iwata, T. Takagi, K. Kobayashi, T. Oka, T. Tsuji, F. lto, Strategy for developing
microbeads applicable to islet xenotransplantation into a spontaneous diabetic
NOD mouse, |. Biomed. Mater. Res. 28 (1994) 1201-1207.

T. Kin, H. Iwata, Y. Aomatsy, T. Chyama, H. Kanehire, M. Hisanaga, Y. Nakajima,
Xenotransplantation of pig islets in diabetic dogs with use of a microcapsule
composed of agarose and polystyrene sulfonic acid mixed gel, Pancreas 25 (2002)
94-100.

T. Kobayashi, Y. Aomatsu, H. Iwata, T. Kin, H. Kanehiro, M. Hisanaga, S. Ko, M.
Nagao, Y. Nakajima, Indefinite islet protection from autoimmune destruction in
nonobese diabetic mice by agarose microencapsulation without immunosup-
pression, Transplantation 75 (2003) 619-625.

RV. Rajotte, H.L. Stewart, W.A.G. Voss, TK. Shnitka, Viability studies on frozen-
thawed rat islets of Langerhans, Cryobiology 14 (1977) 116-120.

R.V. Rajotte, G.L. Warnock, N.N. Kneteman, Cryopreservation of insulin-producing
tissue in rats and dogs, World J. Surg. 8 (1984) 179-186,

RV. Rajotte, G.L. Warnock, N.N. Kneteman, C. Erickson, D.K. Ellis, Optimizing
cryopreservation of isolated islets, Transplant. Proc. 21 (1989) 2638-2640.

M.A. von Mach, J. Schiosser, M. Weiland, P. Feilen, M. Ringel, J.G. Hengstler, et al,,
Size of pancreatic islets of Langerhans: a key parameter for viability after
cryopreservation, Acta Diabetol. 40 (2003) 123-129,

S. Matsumoto, M. Matsusita, T. Morita, H. Kamachi, S. Tsukiyama, Y. Furukawa,
et al., Effects of synthetic antifreeze glycoprotein analogue on islet cell survival
and function during cryopreservation, Crycbiology 52 (2006) 90-98.

K. Inaba, D. Zhou, B. Yang, I. Vacek, A.M. Sun, Normalization of diabetes by
xenotransplantation of cryopreserved microencapsulated pancreatic islets. Appli-
cation of a new strategy in islet banking, Transplantation 61 (1996} 175-179.
P.B. Stiegler, V. Stadlbauer, S. Schaffellner, G. Halwachs, C. Lackner, O. Hauser, F.
Iberer, K. Tscheliessnigg, Cryopreservation of insulin-producing celis microen-
capsulated in sodium celtulose sulfate, Transplant. Proc. 38 (2006) 3026-3030.
C.A. Agudelo, H. Iwata, The development of alternative vitrification solutions for
microencapsulated islets, Biomaterials 29 (2008) 1167-1176.

CA. Agudelo, Y. Teramura, H. Iwata, Cryopreserved agarase-encapsulated islets as
bioartificial pancreas: a feasibility study, Transplantation 87 (2009) 29-34.

P. Soon-Shiong, R.E. Heintz, N. Merideth, Q.X. Yao, Z. Yao, T. Zheng, M. Murphy, M.
K. Moloney, M. Schmehl, M. Harris, et al,, Insulin independence in a type 1 diabetic
patient after encapsulated islet transplantation, Lancet 343 (1994) 950-951.
RA. Valdés-Gonzilez, 1.M. Dorantes, G.N. Garibay, E. Bracho-Blanchet, A}
Mendez, R. Davila-Pérez, R.B. Elfiott, L. Terdn, D.J. White, Xenotransplantation of
porcine neonatal islets of Langerhans and Sertoli cells: a 4-year study, Eur. }.
Endocrinol. 153 (2005) 419-427.

R. Calafiore, G. Basta, G. Luca, A. Lemmi, M.P. Montanucci, G. Calabrese, L.
Racanicchi, F. Mancuso, P, Brunetti, Microencapsulated pancreatic islet allografts

into nonimmunosuppressed patients with type 1 diabetes: first two cases,
Diabetes Care 29 (2006) 137-138.

R. Calafiore, G. Basta, G. Luca, C. Boselli, A. Bufalari, A. Bufalari, M.P. Cassarani, G.M.
Giustozzi, P, Brunetti, Transplantation of pancreatic islets contained in minimai
volume microcapsules in diabetic high mammalians, Ann. N. Y. Acad. Sci. 875
{1999) 219-232.

S. Krol, . del Guerra, M. Grupilio, A. Diaspro, A. Gliozzi, P. Marchetti, Multilayer
nanoencapsulation. New approach for immune protection of human pancreatic
islets, Nano Lett. 6 (2006) 1933-1939.

S. Miura, Y. Teramura, H. Iwata, Encapsulation of islets with ultra-thin polyion
complex membrane through poly(ethylene glycol)-phospholipids anchored to
cell membrane, Biomaterials 27 (2006) 5828-5835.

M.D. Scott, K.L. Murad, F. Koumpouras, M, Talbot, J.W. Eaton, Chemical camouflage
of antigenic determinants: stealth erythrocytes, Proc. Natl. Acad. Sci. U. S. A. 94
(1997) 7566-7571.

S. Hashermi-Najafabadi, E. Vasheghani-Farahani, S.A. Shojaosadati, M J. Rasaee, ].K.
Armstrong, M. Moin, Z. Pourpak, A method to optimize PEG-coating of red blood
cells, Bioconjug. Chem. 17 (2006) 1288-1293.

P. Nacharaju, F.N. Boctor, B.N, Manjula, S.A. Acharya, Surface decoration of red
blood cells with maleimidophenyl-polyethylene glycol facilitated by thiolation
with iminothiolane: an approach to mask A, B, and D antigens to generate
universal red blood cells, Transfusion 45 (2005) 374-383.

AM. Chen, M.D. Scott, immunocamouflage: prevention of transfusion induced
graft-versus-host disease via polymer grafting of donor cells, |. Biomed. Mater.
Res. A 67 (2003) 626-636.

K.L. Murad, EJ. Gosselin, W, Eaton, M.D. Scott, Stealth cells: prevention of major
histocompatibility complex class li-mediated T-cell activation by cell surface
modification, Blood 94 (1999) 2135-2141.

[43] }L Contreras, D, Xie, J. Mays, C.A. Smyth, C. Eckstein, F.G. Rahemtulla, CJ. Young, J.

T. Anthony, G. Bilbao, D.T. Curiel, D.E. Eckhoff, A novel approach to xenotrans-
plantation combining surface engineering and genetic modification of isolated
adult porcine islets, Surgery 136 (2004) 537-547.

D.Y. Lee, S. Lee, LH. Nam, Y. Byun, Minimization of immunosuppressive therapy
after islet transplantation: combined action of heme oxygenase-1 and PEGylation
to islet, Am. ]. Transplant. 6 (2006) 1820-1828.

D.Y. Lee, ].H. Nam, Y. Byun, Functional and histological evaluation of transplanted
pancreatic islets immunoprotected by PEGylation and cyclosporine for 1 year,
Biomaterials 28 (2007) 1957-1966.

Y. Teramura, Y. Kaneda, H. lwata, islet-encapsulation in ultra-thin layer-by-layer
membranes of poly(vinyl alcohol) anchored to poly{ethylene glycol)-lipids in the
cell membrane, Biomaterials 28 (2007) 4818-4825.

Y. Teramura, Y. Kaneda, T. Totani, H. iwata, Behavior of synthetic polymers
immobilized on cell membrane, Biomaterials 29 (2008) 1345-1355,

Y. Teramura, H. Iwata, Islets surface modification prevents blood-mediated
inflammatory responses, Bioconjug. Chem. 19 (2008) 1389-1395.

Y. Teramura, H. lwata, Islet encapsulation with living cells for improvement of
biocompatibility, Biomaterials 30 (2009) 2270-2275.

Y. Teramura, H. Iwata, Surface modification of islets with PEG-lipid for
improvement of graft survival in intraportal transplantation, Transplantation 88
{2009) 624-630.

T. Totani, Y. Teramura, H. Iwata, immobilization of urokinase to islet surface by
amphiphilic poly (vinyl alcohol) carrying alkyl side chains, Biomaterials 29 (2008)
2878-2883.

S. Zalipsky, Functionalized poly{ethylene glycol) for preparation of biologically
relevant conjugates, Bioconjug. Chem. 6 (1995) 150-165.

AL Klibanov, K. Maruyama, V.P. Torchilin, L. Huang, Amphipatic poly(ethylene
glycol)s effectively prolong the circulation time of liposome, FEBS Lett. 268 (1990)
235-237.

M.G. Paulick, M.B. Forstner, J.T. Groves, C.R. Bertozzi, A chemical approach to
unraveling the biological function of the glycosylphosphatidylinositol anchor,
Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 20332-20337.

D. Rabuka, M.B. Forstner, J.T. Groves, CR. Bertozzi, Noncovalent cell surface
engineering: incorporation of bioactive synthetic glycopolymers into celfular
membranes, . Am. Chem. Soc. 130 (2008) 5947-5953.

0. Korsgren, T. Lundgren, M. Felldin, A. Foss, B. Isaksson, J. Permert, N.H. Persson, E.
Rafael, M. Rydén, K. Saimela, A. Tibell, G. Tufveson, B. Niisson, Optimising islet
engraftment is critical for successful clinical istet transplantation, Diabetologia 51
(2008) 227-232.

L. Moberg, H. Johansson, A. Lukinius, C. Berne, A. Foss, R Kallen, O. Ostraat, K,
Saimela, A. Tibell, G, Tufveson, G. Elgue, K. Ekdahl, O. Korsgren, B. Nilsson,
Production of tissue factor by pancreatic islet cells as a trigger of detrimental
thrombaotic reactions in clinical islet transplantation, Lancet 360 (2002}
2039-2045.

[58] J.L. Contreras, C. Eckstein, C.A. Stnyth, G. Bilbao, M. Vilatoba, S.E. Ringland, C.

Young, I.A. Thompson, J.A. Fernandez, J.H. Griffin, D.E. Eckhoff, Activated protein C
preserves functional islet mass after intraportal transplantation: a novel link
between endothelial cell activation, thrombosis, inflammation, and islet cell
death, Diabetes 53 (2004) 2804-2814.

H. Johansson, A. Lukinius, L. Moberg, T. Lundgren, C. Berne, A. Foss, M. Felldin, R.
Kallen, K. Salmela, A. Tibell, G. Tufveson, K.N. Ekdahl, G. Elgue, O. Korsgren, B,
Nilsson, Tissue factor produced by the endocrine cells of the islets of Langerhans is
associated with a negative outcome of clinical islet transplantation, Diabetes 54
(2005) 1755-1762.

W. Bennet, B. Sundberg, T. Lundgren, A, Tibell, C.G. Groth, A. Richards, D.J. White,
G. Elgue, R. Larsson, B. Nilsson, O. Korsgren, Damage to porcine islets of
Langerhans after exposure to human blood in vitro, or after intraportal




{61

(62

{63

]

]

Y. Teramura, H. lwata / Advanced Drug Delivery Reviews xxx (2010) xxx-xxx

transplantation to cynomologus monkeys: protective effects of sCR1 and heparin,
Transplantation 69 (2000) 711-719.

W. Bennet, B. Sundberg, C.G. Groth, M.D. Brendel, D. Brandhorst, H. Brandhorst, R.G.
Bretzel, G. Elgue, R. Larsson, B. Nilsson, O. Korsgren, Incompatibility between human
blood and isolated islets of Langerhans: a finding with implications for clinical
intraportal islet transplantation? Diabetes 48 (1999) 1907-1914.

S. Cabric, J. Sanchez, T. Lundgren, A, Fuss, M. Felldin, R. Kallen, K. Salmela, A. Tibel}

G. Tufveson, R. Larsson, Q. Korsgren, B. Nilsson, Islet surface heparinization
prevents the instant blood-mediated inflammatory reaction in islet transplanta-
tion, Diabetes 56 (2007) 2008-2015.

CL. stabler, X.L. Sun, W. Cui, J.T. Wilson, CA. Haller, E.L. Chaikof, Surface re-
engineering of pancreatic islets with recombinant azido-thrombomodulin,
Bioconjug. Chem. 18 (2007) 1713-1715.

(64}

J.M. Poliok, M. Lorenzen, P.A. Kélin, E. Térok, P.M. Kaufmann, D. Kluth, et al, In
vitro function of islets of Langerhans encapsulated with a membrane of porcine
chondrocytes for immunoisolation, Dig. Surg, 18 (2001) 204-210.

{65] J1. Lee, R Nishimura, H. Sakai, N, Sasaki, T. Kenmochi, A newly developed

{66

[67]

immunoisolated bioartificial pancreas with cell sheet engineering, Cell Trans-
plant. 17 {2008) 51-59,

E.A.Ryan, BW. Paty, P.A. Senior, D. Bigam, E. Alfadhli, N.M. Kneteman, J.R. Lakey, AM.
Shapiro, Five-year follow-up after clinical islet transplantation, Diabetes 54 (2005)
2060-2069.

R.P. Robertson, K. Lanz, D.E. Sutherland, D.M. Kendall, Prevention of diabetes for
up to 13 years by autoislet transplantation after pancreatectomy for chronic
pancreatitis, Diabetes 50 {2001) 47-50.




Bioconjugate Chem. XXXX, xxx, 000-000

Microencapsulation of Islets with Living Cells Using PolyDNA-PEG-Lipid

Conjugate

Yuji Teramura, Luan Nguyen Minh, Takuo Kawamoto, and Hiroo Iwata*

Radioisotope Research Center, Kyoto University, Yoshida-Konoe-Cho, Sakyo-ku, Kyoto, 606-8501, Japan, and Department of
Reparative Materials, Institute for Frontier Medical Sciences, Kyoto University, 53 Kawara-Cho, Shogoin, Sakyo-ku,
Kyoto, 606-8507, Japan. Received November 10, 2009; Revised Manuscript Received February 25, 2010

Microencapsulation of islets with a semipermeable membrane, i.e., bioartificial pancreas, is a promising way to
transplant islets without the need for immunosuppressive therapy for insulin-dependent diabetes mellitus (type I
diabetes). However, materials composing a bioartificial pancreas are not ideal and might activate defense reactions
against foreign materials, In this study, we propose an original method for microencapsulation of islets with
living cells using an amphiphilic poly(ethylene glyocol)-conjugated phospholipid derivative (PEG-lipid) and DNA
hybridization. PolyA and polyT were introduced onto the surfaces of the islets and HEK 293 cells, respectively,
using amphiphilic PEG-lipid derivatives. PolyA20 modified HEK cells were immobilized onto the islet surface
where polyT20-PEG-lipid was incorporated. The cells spread and proliferated on the islet surface, and the islet
surface was completely encapsulated with a cell layer after culture. The encapsulated islets retained the ability to
control insulin release in response to glucose concentration changes.

INTRODUCTION

The bioartificial pancreas, which encapsulates islets of
Langerhans (islets) within a semipermeable membrane, is one
of the therapeutic devices for patients with insulin-dependent
diabetes mellitus (type I diabetes). It is a safe and simple way
to transplant islets without the need for immunosuppressive
therapy. The semipermeable membrane protects the islets from
the immune system of a recipient patient, and thus, the islets
are expected to survive and release insulin for a long period of
time and thereby control glucose metabolism. Various types of
bioartificial pancreas have been proposed and developed (I —3),
with the microencapsulated type being a promising model. In
this example, islets are microencapsulated within an alginate/
poly(L-lysine) polyion complex membrane (4) or an agarose
hydrogel (5—8). Our group has used the agarose system and
has demonstrated its efficacy in diabetic animals (5—38).
Recently, we also have developed an original design for a
bioartificial pancreas for transplantation into the liver through
the portal vein (9—15). However, materials composing a
bioartificial pancreas have not been ideal and might activate
defense reactions against foreign materials. Compatibility of the
membrane with the recipient patient should be improved.

We proposed to enclose islets from a donor under a layer of
cells from a recipient to increase compatibility with the patient.
Since the outermost surface is the recipient’s own cells, the host
immune defense system will not be provoked. In our previous
study, we developed a method to enclose islets with living cells
(15). Amphiphilic poly(ethylene glycol)-conjugated phospho-
lipid derivatives (PEG-lipid) and biotin/streptavidin reactions
were employed (15). Although the biotin/streptavidin reaction
worked well to cover the islets with living cells, streptavidin is
a xenogeneic protein and is expected to activate the host immune
system. We sought to improve this technique with the use of
biocompatible materials.

In this study, we employed DNA hybridization instead of
the biotin/streptavidin reaction. Polyadenine (polyA) and poly-

* Address correspondence and reprint requests to Hiroo Iwata, Ph.D.
E-mail: iwata@frontier.kyoto-u.ac.jp, phone/fax: +81-75-751-4119.

10.1021/bc900494x

thymine (polyT) were introduced onto the surfaces of the islets
and HEK 293 cells, respectively, by using polyA or polyT-
conjugated PEG-lipid. We already succeeded in the cell—cell
attachment induced by hybridization of DNA-conjugated PEG-
lipid (8). The hybridization of DNA-conjugated PEG-lipid was
effectively used for the cell—cell attachment and cell-im-
mobilization to the substrate. The HEK 293 cells were thereby
immobilized on the surface of the islets through hybridization
of polyA and polyT. A layer of living HEK cells was formed
on the surface of islets.

EXPERIMENTAL PROCEDURES

Materials. o-N-Hydroxysuccinimidyl-w-maleimidyl poly-
(ethylene glycol) (NHS-PEG-Mal, M,,: 5000) was purchased
from Nektar Therapeutics (San Carlos, USA). 1, 2-Dipalmitoyl-
sn-glycerol-3-phosphatidylethanolamine (DPPE) was purchased
from NOF Corporation (Tokyo, Japan). Dichloromethane,
triethylamine, sucrose, and diethy! ether were purchased from
Nacalai Tesuque (Kyoto, Japan). Hoechst 33342 nuclear stain
was purchased from Dojindo Laboratories (Kumamoto, Japan).
Alexa 488-labeled goat antiguinea pig IgG, minimum essential
medium (MEM), HEPES buffer solution, Hanks’ balanced salt
solution(HBSS), Medium 199, RPMI-1640 medium, penicillin,
and streptomycin were purchased from Invitrogen Co. (Carlsbad,
CA, USA). Fetal bovine serum (FBS) was obtained from
Equitech-Bio, Inc. (TX, USA), and phosphate-buffered saline
(PBS) from Nissui Pharmaceutical Co. Ltd. (Tokyo, Japan).
Enzyme-linked immunosorbent assay (ELISA) kits for the
insulin assay were purchased from Shibayagi Co., Ltd. (Gunma,
Japan). Tissue-Tek was purchased from Sakura Fine Technical
Co. Ltd. (Tokyo, Japan). Goat normal serum and polyclonal
guinea pig anti-insulin serum were purchased from Dako
(Glostrup, Denmark). The 10% formalin solution, dithiothreitol
(DTT), and Triton X-100 were purchased from Wako Pure
Chemical (Osaka, Japan). NAP-5 column was purchased from
GE health care (GE Healthcare UK Ltd., Buckinghamshire, UK).

Synthesis of polyDNA-PEG-Phospholipid Conjugate
(polyDNA-PEG-lipid). Mal-PEG-lipid was synthesized by first
dissolving NHS-PEG-Mal (180 mg), triethylamine (50 x«L) and

© XXXX American Chemical Society
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DPPE (20 mg) in dichloromethane and stirring for 36 h at room
temperature as shown in Scheme S1 (Supporting Information)
(rt) (12). After precipitation with diethyl ether, Mal-PEG-lipid
was obtained as a white powder (190 mg, yield 80%). '"H NMR
(CDCl;, 400 MHz, S ppm): 0.88 (t, 6H, —CH3), 1.25 (br, 56H,
—CH;—) 3.64 (br, 480H, PEG), 6.71 (s, 2H, —HC=CH—,
maleimide).

The structure of polyDNA-PEG-lipid was shown in Scheme
la. PolyA20 and polyT20 which carry (CH,)s-SS-(CH,)e-OH
at 5" end were purchased from Sigma-Aldrich Chemical Co (see
Scheme S in Supporting Information). PolyDNA-SH was
prepared by reduction of the disulfide bond with DTT in
accordance with the instructions of the manufacturer. Briefly,
polyDNA-disulfide conjugate (in 10 mM Tris-HCI, 1 mM
EDTA, pH 8.0) was mixed with DTT (0.04 M) for 16 h at t
for removal of protection group for thiol. After purification with
NAP-5 column, polyDNA-SH was obtained.

The SH groups at the 5’-ends of polyDNAs were used to
form conjugates with the Mal-PEG-lipid. A PBS solution of
polyDNA-SH (1.0 mg) was mixed with Mal-PEG-lipid (5.0 mg)
and the reaction mixture was left for 24 h at rt to form
conjugations. polyDNA-PEG-lipid (500 pug/mL in PBS) was
used for surface modification of cells and islets without any
further purification.

Encapsulation of Islets with GFP-HEK Cells. HEK293,
which stably expressed enhanced green fluorescence protein
(EGFP) (GFP-HEK), was kindly supplied by Dr. K. Kato
(Institute for Frontier Medical Sciences, Kyoto University). The
GFP-HEK cells were routinely maintained in MEM supple-
mented with 10% FBS, 100 U/mL penicillin, and 0.1 mg/mL
streptomycin. GFP-HEK cells were collected by centrifugation
(180 x g, 5 min, rt) after treatment with trypsin. The cells were
washed with HBSS to remove the medium. A cell pellet (2 x
10 cells) was obtained by centrifugation. After the addition of
polyT20-PEG-lipid solution (50 uL, 500 ug/mL) to the cell

suspension, the suspension was incubated for 1 h with gentle
agitation at rt. The cells were then suspended in 10 mL HBSS
and collected by centrifugation (180 x g, 5 min, 25 °C, twice)
to obtain polyT20-PEG-lipid-modified cells.

Islets were isolated from the pancreas of female Syrian
hamsters (7—8 weeks old, Japan SLC, Inc., Shizuoka, Japan)
using the collagenase digestion method. The islets were cultured
for 7 d after isolation to remove cells damaged by the isolation
procedure. The islets were maintained in culture medium
(Medium 199 with 10% FBS, 8.8 mM HEPES buffer, 100 units/
mL penicillin, 100 xg/mL streptomycin, and 8.8 U/mL heparin).
A solution of polyA20-PEG-lipid solution (500 ug/mL, 100 uL
of PBS) was added to suspension of the islets in serum-free
medium (200 islets), and the mixture was incubated at rt for
1 h. After washing three times with serum-free medium,
polyA20-PEG-lipid-modified islets were obtained. Finally,
polyT20-PEG-lipid-modified GFP-HEK cells (2 x 10% and
poly A20-PEG-lipid-modified islets (200 islets) were mixed in
serum-free medium (300 xL), and the mixture was incubated
for 60 min with gentle agitation at rt. The GFP-HEK cell-
immobilized islets were picked up by hand using a Pasteur pipet
(inside diameter: 1 mm) under a stereomicroscope and cultured
on a nontreated dish at 37 °C under 5% CO, in Medium 199
supplemented with 10% FBS. Islets were observed by a confocal
laser scanning microscope (FLUOVIEW, FV500, Olympus
Optical Co. Ltd., Tokyo, Japan) and a phase-contrast microscope
(IX71, Olympus). The FITC and GFP were excited by an argon
laser (488 nm) and the fluorescence was detected though a
bandpass filter (510—550 nm).

Histochemical Analysis. GFP-HEK cells-immobilized islets
were washed with PBS and then transferred to 10% formalin
solution and incubated for 1 d at rt. The formalin solution was
removed, and the islets were sequentially kept in 3% and 10%
sucrose in PBS for 1 d, followed by incubation in 20% sucrose
in PBS for an additional 1 d at rt. The islets were embedded in
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Figure 1. Encapsulation of islets with living cells. (a) Hamster islets modified with polyA20-PEG-lipid were treated with (a-1, FITC) FITC-labeled
polyT20. (a-2) Naked islets were treated with FITC-labeled polyT20. These islets were observed by a confocal laser scanning microscope. (b)
Attachment of polyT20-PEG-lipid modified GFP-HEK cells onto the surface of polyA20-PEG-lipid modified hamster islets. An islet was observed
by a confocal laser scanning microscope for (b-1, GFP) and a phase contrast microscope (b-2). (c) GFP-HEK cells-immobilized islets were cultured
in Medium 199 supplemented 10% FBS at 37 °C under 5% CO, for 1, 3, and 5 days. Islets were observed by a phase contrast microscope (left
panels) and a confocal laser scanning microscope (right panels, GFP). Scale bars: 200 ym.

Tissue-Tek for freezing. The frozen specimens were sliced (6
um thick) using a cryostat (CM 30508 IV, Leica, Solms,
Germany). The sliced sections were permeabilized by treatment
with 0.2% Triton X-100 in PBS at rt for 15 min. The samples
were first treated with a 10% normal goat serum in PBS for 1 h
to block the nonspecific binding of antibodies. The samples were
then treated with 1% guinea pig anti-insulin serum in PBS
containing 3% goat normal serum for 3.5 h at rt, and then
washed with PBS. The samples were incubated with fluores-
cently labeled secondary antibody, 0.2% Alexa 488 Goat
antiguinea pig IgG in PBS containing 3% goat normal serum,
at rt for 1.5 h. Cell nuclei were counterstained with Hoechst
33342, The localization of secondary antibodies and the Hoechst
dye was analyzed by a fluorescence upright microscope (BX51,
Olympus). The sliced sections were also stained with hema-
toxylin-eosin (HE) using a conventional staining method.

Insulin Secretion from GFP-HEK Cell-Encapsulated
Islets on Glucose Stimulation. Static insulin secretion tests
were performed on GFP-HEK cell-immobilized islets (50 islets)
after culturing for 3 days to evaluate their insulin-secreting
ability in response to changes in glucose concentration. As a
control experiment, this assay was performed on islets without
enclosure with HEK cells (naive islets). GFP-HEK cell-
immobilized islets and naive islets were exposed to solutions
of glucose in Krebs-Ringer’s buffer (KRB) at concentrations
of 0.1 g/dL, then 0.3 g/dL, and finally 0.1 g/dL glucose for
intervals of 1 h in each solution at 37 °C. The supernatants
were collected after each 1 h incubation, and the insulin
concentrations in the KRB solutions were determined by ELISA.

Statistical Analysis. Comparisons between two groups were
made using Student’s r-tests. p < 0.05 was considered statisti-
cally significant, All statistical calculations were performed using
the software KaleidaGraph 4.0J.

RESULTS

Islet Encapsulation with Living GFP-HEK Cells. Islets
were treated with polyA20-PEG-lipid, followed by treatment
with FITC-labeled polyT20 (Figure la). Fluorescence from
FITC-labeled polyT20 was clearly seen at the periphery of each
islet (Figure 1a-1). No fluorescence was observed in naked islets
treated with FITC-labeled polyT20 (Figure 1a-2). Thus, polyA20
can be immobilized onto the surface of islets using polyA20-

PEG-lipid without damaging islet morphology, and polyA20
on the cell surface can hybridized with polyT20.

GFP-HEK cells were immobilized onto the surface of islets
by DNA hybridization between polyA20 on the islets and
polyT20 on the GFP-HEK cells. Figure 1b shows a microscopic
image of a GFP-HEK cell-islet complex just after preparation.
The HEK cells on the islet surface appeared as white cells under
a phase contrast microsope (Figure 1b-2) and were more clearly
identified as green cells of GFP-HEK under a confocal laser
scanning microscope (Figure 1,b-1). Single HEK cells were
recognized on the islets, indicating that the GFP-HEK cells had
become immobilized on the islet surface by DNA hybridization.
The inhibition study was also performed. When polyA20-islets
and polyT20-GFP-HEK were previously incubated with polyT20
and polyA20, respectively, no specific immobilization of GFP-
HEK cells on islets was observed (see Figure S1 of Supporting
Information).

The modified islets were cultured in medium in a culture dish
and observed at 1, 3, and 5 days after the complex was formed
(Figure 1c). Although GFP-HEK cells were attached and spread
on the surface after 1 day of culture, the islet surface was not
completely covered with cells. The HEK cells spread and
gradually proliferated on the islet surface, and by 3 days in
culture, the islet surface was fully covered with a layer of HEK
cells (Figure 1c). As seen Figure lc and Figure 2, HEK cells
proliferated continuously and form a thicker multicell layer due
to lack of contact inhibition as the culture period proceeded.

Histochemical Analysis. The GFP-HEK cell-encapsulated
islets were histochemically analyzed by HE and insulin staining
(Figure 2). In HE staining, a layer of GFP-HEK cells was
observed around the islet surface after culturing for 3 and 5
days (left panel in Figure 2). The nuclei of GFP-HEK cells were
slightly larger than that of islets. The multilayers of GFP-HEK
cells were formed on the islet surface after culturing for 3 and
5 days. Necrosis of islet cells was not observed even at the center
of the complex at S days. Figure 2 also shows images of insulin-
stained GFP-HEK cell-encapsulated islets (right panel). Islets
stained green with anti-insulin antibody were found in a core
cell aggregate. These results indicate that GFP-HEK cell-
encapsulation did not impair the morphology of islets.

Insulin Secretion by Glucose Stimulation. We examined
the abilities of the islets modified with or without HEK cell-
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Figure 2. Histochemical analyses of GFP-HEK cell-immobilized islets
cultured for 3 and 5 days. Frozen sections of GFP-HEK cell-
immobilized islets were stained with (left panels) hematoxylin-eosin
(HE) or (right panels) Alexa 488-labeled anti-insulin antibody and
Hoechst 33342 dye for nuclear staining. Right panels show merged
microscopic images of insulin (green fluorescence) and Hoechst 33342
staining (blue fluorescence). Scale bars: 100 gm.
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Figure 3. Glucose stimulation test of islets encapsulated HEK cells
after 3 days culture. As a control experiment, the assay was performed
on naive islets. The amounts of insulin secreted from the islets in
response to glucose concentration changes (0.1, 0.3, 0.1 g/dL) were
determined by ELISA. Results are expressed as mean + SD for n = 3.
KRB: Krebs-Ringer buffer. An asterisk represents a significant differ-
ence (p < 0.05) between two groups.

encapsulation to release insulin. At the basal glucose concentra-
tion, 0.1 g/dL, insulin release by the encapsulated islets was
less than that by naive islets. We also performed a glucose
stimulation test to examine the ability of the modified islets to
regulate insulin release in response to changes in the glucose
level. When the glucose concentration in the medium was
increased from 0.1 g/dL to 0.3 g/dL, islets of both groups
increased insulin release above basal levels (Figure 3). Insulin
release returned to basal levels when the islets were re-exposed
to 0.1 g/dL glucose. Glucose stimulation indexes (insulin release
at 0.3 g/dL. glucose/insulin release at 0.1 g/dL glucose)
calculated from these results were 7.3 & 5.3 and 3.6 & 1.0 for
the encapsulated islets and naive islets, respectively. Although
there was no significant difference between two groups for
glucose stimulation index, the amount of insulin secretion of
the encapsulated islets tended to be lower than that of native
islets at 0.1 g/dL and 0.3 g/dL glucose in KRB. These results
indicate that the HEK cell layer did not influence the islets’
ability to regulate insulin release in response to glucose
concentration, although the cause of decreased insulin release
by encapsulated islets was not clear. It might be attributed to
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the oxygen consumption by the HEK293 cells since low oxygen
tension can decrease islet cell function. The decrease of basal
insulin release in encapsulated islets is a topic that requires
further study.

DISCUSSION

There were some fundamental studies on improvement of
biocompatibility by using cells such as chondrocyte (16, 17).
Pollok et al. first reported the macroencapsulation of rat islets
with porcine chondrocyte membrane (/6). Porcine chondrocytes
were cultured to form a confluent monolayer for use as a matrix
upon which to deposit islets. After the islets were attached to
poly(glycolic acid) polymer fibers, the islet—polymer composite
was wrapped with chondrocyte membrane by hand. Lee et al.
also demonstrated enclosure of islets with chondrocyte mem-
branes using the cell sheet engineering technique (/7). However,
the increase of total volume after enclosure and aggregate
formation of islets inside the membrane led to necrosis of islet
cells at the center. Lee et al. also demonstrated enclosure of
islets with chondrocyte membranes using the cell sheet engi-
neering technique (/7). The issue of islet necrosis still remains
to be resolved. They expected that chondrocyte membrane would
work as an immuno-isolation membrane of bioartificial pancreas,
although unfortunately, they have not yet reported results of
animal experiments.

To overcome this problem, we studied methods to enclose
islets singly with living cells. Herein, we have used amphiphilic
polyDNA-PEG-lipid to immobilize GFP-HEK cells on the
surface of islets through hybridization between polyA20 and
polyT20. The surface of the islets was completely covered with
a cell layer after 3 to 5 days in culture without central necrosis
of the islet cells (Figure 2). Insulin secretion upon glucose
stimulation was well maintained in the cell-encapsulated islets
complex, although total insulin secretion was reduced as
compared to normal islets (Figure 3). HEK cells which formed
a multicell layer on islets consume oxygen and thus islet cells
were exposed to low concentration of oxygen., We thought that
the reduction of insulin secretion was due to the insufficient
oxygen supply to S-cells of islets. The same phenomena were
observed in islets encapsulated with HEK cells using the biotin/
streptavidin reaction. However, we might evade this issue by
encapsulation with endothelial cells because they are expected
to form a single cell layer.

We have reported immobilization of cells onto the islet
surface by using biotin/streptavidin reaction (/5). Although the
specific biotin/streptavidin reaction worked well to cover the
islets with living cells, streptavidin is expected to activate the
host immune system because it is a xenogeneic protein isolated
from bacteria. Therefore, we improved the technique compatible
to future clinical application. There was no difference in islet
encapsulation efficiency between these two techniques.

Many shortcomings remain to be overcome prior to clinical
application. The cells employed are HEK293 cells, which
proliferate rapidly and form a multicellular layer. Most primary
cells, that is, cells isolated from normal animals, proliferate much
more slowly than HEK cells and cannot form a muiticellular
layer. Thus, we should select types of primary cells which can
effectively form a cell layer on islets. The short- and long-term
effects of the covered cells on islet functions should be carefully
examined. We also should follow the fate of cells after
transplantation. In addition, the efficiency and biocompatibility
of cell-based microencapsulation should be examined carefully
by using animal experiments early. Although these issues should
be addressed, the technology developed in this study will be
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useful in preparation of future bioartificial pancreas and studies
on cell—cell interaction.

CONCLUSIONS

Islets can be individually encapsulated with living cells
through hybridization between polyA and polyT which can be
introduced onto the surfaces of islets and cells, respectively,
using amphiphilic PEG-lipid derivatives. No central necrosis
was observed after encapsulation. The encapsulated islets still
retained the ability to control insulin release in response to
changes in glucose concentration.
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