Cryopreserved Agarose-Encapsulated Islets As
Bioartificial Pancreas: A Feasibility Study
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Background. A bioartificial pancreas in which islets of Langerhans (islets) are encapsulated within a semipermeable
membrane, such as agarose, has been proposed for treating type I diabetic mellitus. However, the long-term storage for
providing a convenient and easily accessible supply still remains an issue. We investigated cryopreservation as a
potential method of long-term storage for agarose-encapsulated islets (Mic-islets).

Methods. The morphology, insulin secretion, and histochemical staining of cryopreserved Mic-islets were analyzed.
Streptozotocin-induced diabetic mice were transplanted intraperitoneally with 1000, 2000, and 3000 Mic-islets after
cryopreservation in KYO-1 vitrification solution. Blood glucose levels were measured and immunohistochemical
analyses were performed at 41 days posttransplantation.

Results. Transplanted cryopreserved Mic-islets restored normoglycemia in diabetic mice. The mean (=SD) normo-
glycemic periods were 32.0:£13.2 days and 46.313.3 days for recipients of 1000 (n=>5) and 2000 (n=4) cryopreserved
Mic-islets, respectively, whereas the mean normoglycemic period was 53.216.7 days for recipients of 1000 noncryo-
preserved Mic-islets (n=7). These data indicate that cryopreserved Mic-islets transplanted as a bioartificial pancreas
successfully controlled blood glucose levels for extended periods.

Conclusion. Cryopreserved agarose-encapsulated islets could successfully control the blood glucose level for a long
period as a bioartificial pancreas.
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Islets of Langerhans (islets) transplantation has been grad-
ually accepted as an effective treatment method for type 1
diabetes mellitus. The Edmonton protocol improves restoration
of insulin production and glycemic stability after intraportal
islets transplantation (I). Microcapsule-type bioartificial
pancreas have been evaluated by some groups (2-5), and our
group originally developed a bioartificial pancreas in which
islets are microencapsulated within agarose hydrogel as a
candidate for transplantation (6-9). We reported that
agarose-encapsulated islets provide long-term restoration
of normoglycemia in diabetic model animals after alloge-
neic or xenogeneic islets transplantation. Despite a num-
ber of successful reports regarding this procedure, several
issues need to be resolved before bioartificial pancreas
becomes an accepted medical device. One of the require-
ments is a banking system that allows the long-term stor-
age of bioartificial pancreas containing large quantities of
living islets, and one possible route is cryopreservation.

This work was supported by the Japanese Society for the Promotion of Sci-
ence (JSPS) for the Postdoctoral Fellowship for Foreign Researchers
(Grant-in-Aid for Scientific Research [Tokubetsu Kenkyuin Shorei-hi}),
R&D Projects for Economic Reinvigoration (Leading Projects), and

" Grant-in-Aid for Scientific Research (A) (No. 18200034) from the Japa-
nese Ministry of Education, Culture, Sports, Science, and Technology
(MEXT).

! Department of Reparative Materials, Institute for Frontier Medical Sci-
ences, Kyoto University, Sakyo-ku, Kyoto, Japan.

2 Department of Polymer Chemistry, Graduate School of Engineering, Kyoto
University, Sakyo-ku, Kyoto, Japan.

3 Currently, Department of Biomedical Engineering, National Cardiovascu-
lar Center Research Institute, Fujishirodai, Suita, Osaka, Japan.

* Address correspondence to: Hiroo Iwata, Ph.D., Institute for Frontier Med-
ical Sciences, Kyoto University 53 Kawara-cho, Shogin, Sakyo-ku.

E-mail: iwata@frontier.kyoto-u.ac.jp

Received 4 August 2008

Accepted 10 September 2008.

Copyright © 2009 by Lippincott Williams & Wilkins

ISSN 0041-1337/09/8701-29

DOI: 10.1097/TP.0b013e318191b24b

Transplantation » Volume 87, Number 1, January 15, 2008

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Cryopreservation of living cells has been performed
using dimethyl sulfoxide (DMSO) as a cryoprotectant. Al-
though these conventional cryoprotectants and the use of
various cooling and warming rates have allowed the success-
ful cryopreservation of islets (10—14), it is difficult to preserve
the integrity of the capsule membrane. To avoid inter- and
intracellular ice formation and to preserve material integrity,
vitrification might be more advantageous for bioartificial
pancreas storage. Vitrification is the solidification of a liquid
that contains a high concentration of cryoprotectant into a
glass state without crystallization. Recently, we examined the
cryopreservation of agarose-encapsulated islets (Mic-islet)
using a newly developed vitrification solution called KYO-1
and reported their morphology and insulin secretion func-
tions before and after cryopreservation (15). With KYO-1,
the Mic-islets were viable and restored insulin secretion abil-
ity after vitrification and warming; in addition, the mechan-
ical and physical-chemical properties of the hydrogel were
well preserved during culture “in vitro.”

In this article, we evaluated “in vivo” functions of cryo-
preserved Mic-islets as a bioartificial pancreas. Cryopreserved
Mic-islets were transplanted into the intraperitoneal cavities
of streptozotocin-induced diabetic mice to evaluate the abil-
ity of the agarose beads to control blood glucose metabolism
and to evaluate their immunoisolation properties in vivo as
compared with noncryopreserved Mic-islets. We used a xe-
nogeneic transplantation model (16), in which agarose bead-
encapsulated hamster islets were transplanted to the diabetic
mice. In this xenogeneic transplantation model, the long-
term restoration of normoglycemia could be realized in
transplantation of agarose bead-encapsulated hamster islets
by the administration of low dose of immunosuppressant 15-
deoxysperguarin. Therefore, we could discern how many cells
in the islets survived the cryopreservation process by insulin
secretion tests and by the period of normoglycemia induced
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by transplantation of various numbers of cryopreserved
Mic-islets in comparison with normal Mic-islets using this
xenotransplantation model. In addition, we evaluated the
immunoisolation efficacy and the stability of the cryopre-
served agarose beads in vivo.

MATERIALS AND METHODS

Microencapsulation of Islets in
Agarose Hydrogel

Syrian hamsters were used as donors of pancreatic tis-
sue (7—8 weeks of age, female, Japan SLC, Inc., Shizuoka,
Japan). Islets were isolated by the collagenase digestion
method (17) and cultured for 6 days in culture medium
(Medium 199 [Invitrogen Co., Carlsbad, CA]) with 10%
fetal bovine serum (FBS), 8.8 mM HEPES buffer, 100
U/mL penicillin, 100 pg/mL streptomycin, and 8.8 U/mL
heparin. The islets were then encapsulated in agarose hy-
drogel according to previously described protocols (6, 7).
Briefly, a 5% agarose solution (Taiyo Agarose, AG LT-600,
Shimizu shokuhin KX, Shimizu, Japan) in serum-free
minimum essential medium (3 mL, minimum essential
medium, Invitrogen) was autoclaved in a 50-mL glass cen-
trifuge tube, then maintained at 40°C for 8 min. Next, 700
to 1000 islets were mixed with the agarose solution and 15
mL of 40°C liquid paraffin (Merck Co & Inc, Germany)
were added. The mixture was suspended by manual shak-
ing to form agarose droplets then immersed in an ice bath
for 5 min with gentle agitation to provoke gelling of the
agarose droplets. Afterward, 15 mL of cooled Hanks’ bal-
anced salt solution (Invitrogen) was added to the glass tube
and the suspension was centrifuged at 2000 rpm for 5 min
at 4°C. The supernatant liquid paraffin phase was re-
moved. This procedure was repeated three times; then,
microbeads containing islets were handpicked and cul-
tured in medium under 5% CO, at 37°C for 1 day before
cryopreservation.

Cryopreservation of Mic-Islets in
Vitrification Solution

Mic-islets were cryopreserved as previously described
(15). Briefly, 1000 agarose-encapsulated Mic-islets were
placed in a cryotube and suspended in 100 uI. of Euro-Collins
solution (34.95 g/L dextrose, 7.3 g/L K,HPO,, 2.04 g/L
KH,PO,, 1.12 g/L KCl, and 0.84 g/L NaHCO,). KYO-1 (15),
which consists of 5.38 M ethylene glycol, 2 M DMSO, 0.1 M
PEG 1000, and 0.00175 M PVP K10 (MW 10,000) in Euro-
Collins, was used as a vitrification solution. When KYO-1 was
used, the concentration was previously concentrated by 1.1.
Cryopreservation was a multistep process: First, 10 uL of
cooled KYO-1 was added and the Mic-islets were incubated
for 10 min at room temperature (RT) resulting in a final
concentration of 10.0% KYO-1. Next, 5 L of cooled KYO-1
was added and Mic-islets were incubated for 15 min at RT,
resulting in a 14.3% concentration of KYO-1. Then 15 uL of
cooled KYO-1 was added and Mic-islets were incubated for
15 min at 0°C, resulting in a 25.4% concentration of KYO-1;
the mixture was resuspended every 5 min. Finally, 980 uL of
KYO-1 was added and Mic-islets were incubated for 5 min at
0°C, resulting in a 100% concentration of KYO-1. After that
cryotubes were placed in a freezing machine (Planar Kryo

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Transplantation * Volume 87, Number 1, January 15, 2009

360-1.7, Planer Products Ltd., U.K.) in which the cooling and
warming rates can be controlled. The cryotubes were cooled
rapidly (—43°C/min) to —150°C, followed by a slow cooling
(—3°C/min) to —185°C. To monitor exo- and endothermal
phenomena and to monitor the cooling rate, thermometers
were inserted both in a separate dummy sample containing
the KYO-1 solution and in the chamber itself. Finally, cryo-
tubes were submerged into liquid nitrogen and stored until
use.

Warming of Cryopreserved Mic-Islets

Cryopreserved Mic-islets were warmed in two stages.
First, cryotubes were warmed to —100°C (30°C/min) in the
freezing machine. Then, they were immersed in 30% DMSO
in water at RT (225°C/min) for rapid warming (18). After-
ward, a suspension of Mic-islets was transferred to a conical
tube containing 10 mL of Euro-Collins solution and centri-
fuged at 1200 rpm for 3 min. The supernatant was discarded
and the Mic-islets were resuspended in 0.75 M sucrose solu-
tion (1 mL in RPMI-1640 supplemented with 10% FBS) and
incubated at 0°C for 30 min to remove intracellular vitrifica-
tion solution; the mixture was resuspended every 5 min by
gentle shaking. Then, ice-cold culture medium (1 mL, RPMI-
1640 supplemented with 10% FBS) was added each 5 min for
20 min. The final suspension was centrifuged at 1200 rpm for
3 min and resuspended in medium for culture at 37°C,

Evaluation of Cryopreserved Mic-Islets
“in vitro”

Static insulin secretion tests were performed on non-
cryopreserved and cryopreserved Mic-islets 1 day after
warming and after 1 week in culture to evaluate their insu-
lin secreting ability in response to changes in the glucose
concentration. Mic-islets were exposed to 0.1 g/dL, then 0.3
g/dL, and finally 0.1 g/dL glucose in Krebs-Ringer solution for
1 hr each at 37°C. The solutions were collected after the 1-hr
incubation for each glucose concentration. Insulin concen-
trations in the solutions were determined by enzyme-linked
immunosorbent assay (Shibayagi Co. Ltd., Gunma, Japan).

Evaluation of Cxyopreserved Mic-Islets
“in vivo”

Balb/c mice were used as recipients of cryopreserved
Mic-islets. Diabetes was induced in Balb/c mice (male,
6-weeks of age; Japan SLC, Inc.) by intraperitoneal injection
of streptozotocin (230 mg/kg body weight; Nacalai tesque
ING, Japan) 10 days before transplantation. An animal was
considered diabetic when its plasma glucose level exceeded
400 mg/dL in two consecutive measurements. The immu-
noisolation efficacy of agarose encapsulation was not suffi-
cient to protect the hamster islets between hamster from the
immunologic systems of the mice; therefore, the immuno-
suppressant 15-deoxysperguarin (Nippon Kayaku, Tokyo,
Japan) was injected daily intraperitoneally (5.0 mg/kg/day)
beginning 3 days before transplantation (7).

The first group of mice received 1000 Mic-islets with-
out cryopreservation (control group, n=7). The second
group received 1000 cryopreserved Mic-islets (n=5). The
third group received 2000 cryopreserved Mic-islets (n=4),
For intraperitoneal glucose tests and histochemical analyses,
3000 cryopreserved Mic-islets were transplantation into two
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mice as a fourth group. One of these mice was killed at 41 days
after transplantation for histochemical analysis.

Mice were housed in cages with free access to food and
water. Nonfasting plasma glucose levels were measured using
a glucose sensor (DIAmeter-a glucocard; Arkray, Kyoto, Ja-
pan) between 11 A.M. and 1 P.M. at least once per week. Blood
samples were taken from the subclavian vein. Graft failure
was defined as two consecutive plasma glucose level determi-
nations more than or equal to 200 mg/dL.

Histochemical Analysis

Mic-islets cultured for 1 week and cryopreserved Mic-
islets cultured for 1 day and 1 week were collected in conical
tubes (200 capsules/tube) and washed with phosphate-buffered
saline (PBS). Then, 4% paraformaldehyde in PBS was added
and the samples were incubated for 12 hr at RT. Paraformal-
dehyde was removed and the islets were sequentially main-
tained in 3% and 10% sucrose in PBS for 12 hr, followed by
incubation in 20% sucrose in PBS for 24 hr at RT. Then, each
group of samples was embedded in Tissue-Tek for freezing
(Sakura finetechnical Co. Ltd., Tokyo, Japan). The frozen
specimens were sliced (6-um thick) and permeabilized with
0.2% Triton X-100 in PBS at RT for 15 min. The samples were
then treated with a 10% goat normal serum in PBS (Dako,
Denmark) for 1 hr to block nonspecific binding of antibodies.

HE

FIGURE 1. Morphology and histology

of Mic-islets after cryopreservation and
thawing and culture for 1 day or 1 week.

(A) Mic-islets cultured for 1 week without N
cryopreservation as a control. Cryopre-
served Mic-islets cultured for (B) 1 day

and (C) 1 week after thawing. The mozr-
phology of the Mic-islets was examined by
phase-contrast microscopy (PM). These
samples were stained with hematoxylin-

eosin (H&E), Alexa 488-labeled anti-insu- I+N
lin antibody (I), and with Hoechst 33342

dye for nuclear staining (N). I+N indi-

cates the merged images from insulin and
Hoechst 33342 staining.
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The samples were then treated with 1% polyclonal guinea pig
anti-insulin (Dako) in PBS containing 3% goat normal serum
at 4°C overnight, followed by washing with PBS. Next, the
samples were incubated with fluorescently labeled secondary
antibody, 0.2% Alexa 488 goat anti-guinea pig IgG (Molecu-
lar probes, Eugene, OR) in PBS containing 3% goat normal
serum at RT for 1.5 hr. Cell nuclei were counterstained with
Hoechst 33342. The localization of secondary antibodies and
the Hoechst dye was analyzed by fluorescence microscopy
(IX71, Olympus Optical Co. Ltd., Tokyo, Japan). Samples
from each block were also stained with hematoxylin-eosin.

Transplanted cryopreserved Mic-islets were removed
from the peritoneal cavities at 41 days after transplantation
and were processed for histochemical analyses as described
above.

RESULTS

Evaluation of Cryopreserved Mic-Islets
“In Vitro”

Mic-islets that had been cryopreserved and stored in
liquid nitrogen for at least 2 weeks were used for in vitro
analysis. Figure 1 shows phase contrast images and immuno-
histochemical stained images of noncryopreserved Mic-islets
after 7 days in culture and cryopreserved Mic-islets after 1 day
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@ After encapsuliation and cultured for a week

B After vitrification-warming

Insulin (ng/50 islets/1 h)

Glucose concentration (g/dL)

FIGURE 2. Amountsofinsulinsecreted by Mic-isletsand
cryopreserved Mic-islets in response to glucose stimula-
tion. Cryopreserved Mic-islets were thawed, warmed, and
cultured for 1 day (n=3) and 1 week (n=3). Mic-islets cul-
tured for 1 week without cryopreservation were used as
controls (n=3). Data are presented as mean*standard
deviation.

and 7 days in culture. An agarose gel layer was not visible in
any of the images because the section of agarose gel was peeled
off of the glass slides during the staining process. There were
no significant differences in the morphology of islets or aga-
rose microcapsules between noncryopreserved and cryopre-
served Mic-islets cultured for 1 day. Although some cellular
deterioration was visible in the outer layer of islets after 7 days
culture, most islet cells and agarose microcapsules were well
preserved. Islets with and without cryopreservation were
stained with an anti-insulin antibody and with Hoechst dye
and the images were merged (Fig. 1). A small number of cells
stained with the anti-insulin antibody but not with the
Hoechst dye (arrows in Fig. 1), indicating that while most of
cells in the islets were alive and expressed insulin, a few cells
were damaged and died during the cryopreservation and
thawing processes.

We next examined whether cryopreservation had
affected the insulin secreting abilities of islets in vitro by ad-
ministering a glucose challenge. Mic-islets were sequentially
exposed to 0.1 g/dL, 0.3 g/dL, and 0.1 g/dL glucose in Krebs-
Ringer solution for 1 hr each at 37°C. As shown in Figure 2,
although Mic-islets and cryopreserved Mic-islets demon-
strated the same insulin secreting ability when exposed to
lower concentrations of glucose, at higher glucose concentra-
tions cryopreserved Mic-islets secreted less insulin than the
noncryopreserved Mic-islets. Cryopreserved Mic-islets
cultured for 7 days released less insulin than did noncryo-
preserved Mic-islets at both low- and high-glucose con-
centrations: insulin secretion was reduced to 78% and 64%
of the noncryopreserved Mic-islet levels, respectively.
However, these cells did control insulin release in response
to glucose concentration changes.

Evaluation of Cryopreserved Mic-Islets
“In Vivo”

To study the long-term therapeutic potential of cryo-
preserved Mic-islets as a bioartificial pancreas in vivo, the
islets were transplanted into the intraperitoneal cavities of
diabetic Balb/c mice. The immunoisolative effect of agarose
encapsulation was not sufficient to protect the xenogeneic
hamster islets from the immune system of the recipient mice;
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therefore, 15-deoxysperguarin, an immunosuppressive drug,
was administered to the transplant recipients daily. Figure 3
shows the changes in the nonfasting blood glucose levels of
recipient mice after implantation of bare islets, Mic-islets,
and cryopreserved Mic-islets (Fig. 3). When bare islets were
transplanted, the blood glucose levels of all recipient mice
normalized for some days. However, hyperglycemia returned
quickly (Fig. 3A). When Mic-islets were transplanted, the
blood glucose levels of all recipient diabetic mice returned to
normal. The length of the normoglycemic period varied with
the number of transplanted Mic-islets with or without cryo-
preservation. The average (*+SD) normoglycemic periods
were 53.2+16.7, 32.0%13.2, and 46.3%13.3 days for 1000
Mic-islets (n=7), and 1000 (n=5) and 2000 (n=4) cryopre-
served Mic-islets, respectively. As shown in Figure 3(B), two
of seven recipients of 1000 Mic-islets without cryopreserva-
tion were normoglycemic at 63 and 83 days postimplantation
and the normoglycemic periods of the other five recipients
ranged from 38 to 50 days. For recipients of 1000 and 2000
cryopreserved Mic-islets, the periods of normoglycemia
reached 46 and 56 days, respectively (Fig. 3C-D), indicating
that cryopreserved Mic-islets functioned normally in con-
trolling the blood glucose level of recipient mice. Figure 3(F)
shows the survival plots of the 1000 Mic-islets grafts and the
1000 and 2000 cryopreserved Mic-islets grafts.

These results showed that normoglycemia could be
achieved by the transplantation of cryopreserved Mic-islets.
The normoglycemic period of mice transplanted with 1000
Mic-islets was similar to that of recipients of 2000 cryopre-
served Mic-islets. Apparently, portions of the islets were dam-
aged during the cryopreservation process and the insulin
secreting ability of the transplants islets was reduced, as
shown in Figures 1 and 2.

Histochemical Analysis of Transplanted
Cryopreserved Mic-Islets

Transplanted cryopreserved Mic-islets were retrieved
from the peritoneal cavities of recipients of 3000 Mic-islets at
41 days posttransplantation and were subjected to immuno-
histochemical analysis. Figure 4 shows microscopic images of
thin sections stained with hematoxylin-eosin and Alexa 488-
labeled anti-insulin antibodies. Agarose capsules that had
been cryopreserved in vitrification solution were consistently
surrounded by adipose tissue and were slightly deformed, but
remained intact. No inflammatory cell infiltration was ob-
served around or inside the agarose capsules. Hamster islets
within the capsules were isolated from mouse tissues 41 days
after transplantation. Immunohistochemical analysis also
showed that the Mic-islets expressed insulin. Anti-insulin-
positive cell debris was present on the surface of the islets,
most likely due to nonspecific insulin adsorption by dead cells
within the agarose beads (arrow in Figure 4).

DISCUSSION

Our previous work (15) demonstrated that 55% of nor-
mal insulin secretion ability was maintained in cryopreserved
Mic-islets after the vitrification-warming process and that the
mechanical properties and molecular weight cut-off of the aga-
rose hydrogel were well maintained, albeit slightly reduced. In
this study, we examined the feasibility of using cryopreserved
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Changes in nonfasting blood glucose levels of streptozotocin-induced diabetic Balb/c mice after intraperi-

toneal implantation of (A) bare islets (1000 islets) without 18-deoxysperguarin, (B) Mic-islets (1000 capsules, n=17) and
cryopreserved Mic-islets (C: 1000 capsules, n=8; D: 2000 capsules, n=4; E: 3000 capsules, n=2) with 15-deoxysperguarin.
(E) At 41 days after implantation a mouse was killed for hematoxylin-eosin (H&E) and insulin staining. (F) The graft survival
rate of recipients of Mic-islets and cryopreserved Mic-islets. Graft failure was defined as two consecutive plasma glucose

determinations more than or equal to 200 mg/dL.

Mic-islets as a bioartificial pancreas in a xenotransplantation
model. Recipients of 1000 and 2000 cryopreserved Mic-islets
demonstrated 46 and 56 days of normoglycemia (Fig. 3C-D),
indicating that cryopreserved Mic-islets could control the blood
glucose levels of recipients and that the agarose hydrogel could
protect xenogeneic islets from attack by the host’s immune sys-
tem. Although the function of Mic-islets was preserved during
our cryopreservation process, the graft survival period of the
cryopreserved 1000 Mic-islets (32.013.2 days) was shorter
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than that of noncryopreserved Mic-islets (53.216.7 days).
During the cryopreservation process, islets were partially dam-
aged and their insulin secreting ability was reduced. When 2000
cryopreserved Mic-islets were transplanted, the average period
of the normoglycemia was prolonged to 46.3%13.3 days, which
might be due to the reduction of the insulin secreting ability. In
vitro and in vivo results indicated that the function and longevity
of 2000 cryopreserved Mic-islets was approximately equivalent
to that of 1000 noncryopreserved Mic-islets. The grafts retrieved
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Bioartificial pancreas, microencapsulation of islets of Langerhans (islets) within devices has been studied
as a safe and simple technique for islet transplantation without the need for immuno-suppressive
therapy. Various types of bioartificial pancreas have been proposed and developed such as microcapsule,
macrocapsule and diffusion chamber types. However, these materials comprising a bioartificial pancreas
are not completely inert and may induce foreign body and inflammatory reactions. The residual mate-

Iéfzy Wf.rf;kf ' rials would be a problem in human body. Here we propose an alternative method for microencapsulation
lsll(; ir fhiclal pancreas of islets with a layer of living cells. We immobilized HEK293 cells (human endoderm kidney cell line) to

the islet surface using amphiphilic poly(ethylene glycol)-conjugated phospholid derivative and biotin/
streptavidin reaction and encapsulated islets with a cell layer by culture. No necrosis of islet cells at the
center was seen after microencapsulation with a layer of living cells. Insulin secretion ability by glucose

Cell-encapsulation
Microencapsulation
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stimulation was well maintained on these cell-encapsulated islets.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Transplantation of islets of Langerhans (islets) has been proposed
as a safe and effective method for treating patients with insulin-
dependent diabetes mellitus (type I diabetes) although it was still an
experimental procedure. In fact, the success achieved with the
Edmonton protocol has established clinical islet transplantation
as analternative to pancreas transplantation [1}. However, some
improvements in islet transplantation are needed, such as increasing
islet isolation efficiency, improving islets preservation, increasing the
efficacy of immuno-suppressive drug dosage protocols, and reducing
islet loss in the early phase following transplantation. A sufficient
amount of islets for a recipient is isolated from a few donors. To
overcome these issues, transplantation with islets enclosed in a semi-
permeable membrane (i.e., a bioartificial pancreas) has been studied.
Because islets are isolated from the host immune system by a semi-
permeable membrane, they can survive and thus control glucose
metabolism for a long period of time. Various types of bioartificial
pancreas have been proposed and developed including islets micro-
encapsulated within an alginate/poly(i-lysine) polyion complex
membrane [2] or agarose hydrogel [3-6] or macroencapsulated by
porous membranes [7-9]. Our group has developed a microcapsule
type of bioartificial pancreas using agarose hydrogel and
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demonstrated the efficacy in diabetic animals. Recently we also have
originally developed a new bioartificial pancreas with fibrinolytic
property for transplantation into the liver through portal vein [10-13].

However, the materials comprising a bioartificial pancreas are
not completely inert and might induce foreign body and inflam-
matory reactions. The consecutive fibrous tissue overgrowth
diminishes the diffusion properties of nutrients, waste products, and
oxygen as well as hormones such as insulin. The residual materials
would be a problem because islet transplantation must be repeated
when the blood glucose level is not controllable by residual grafts.
Therefore, when we consider the use of a bioartificial pancreas in the
clinical setting, it is necessary to suggest a new concept.

Here we propose a new method for the microencapsulation of
islets with a layer of living cells using amphiphilic polymers, which
would create a novel bioartificial pancreas. It is expected that a cell
layer formed on the islet surface would be an immunoisolation
membrane. When using living cells derived from a recipient for islet
encapsulation, it should be possible to improve the biocompatibility
of islets after transplantation. In this study, a layer of living HEK293
cells was formed on the surface of islets using the biotin-PEG-lipid
and biotin/streptavidin reaction shown in Scheme 1.

2. Materials and methods
2.1. Materials

a-N-Hydroxysuccinimidyl-w-tert-butoxycarbonyl poly(ethylene glycol} (NHS-
PEG-Boc, MW: 5000} was purchased from Nektar Therapeutics (San Carlos, CA}.
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Scheme 1. (a) Chemical structure of biotin-PEG-conjugated DPPE (biotin-PEG-lipid). (b) Schematic illustration of the interaction between streptavidin and biotin—PEG-lipid at the
lipid bilayer cell membrane. Biotin-PEG-lipid has hydrophobic acyl chains and is incorporated into the cell surface by anchoring into the lipid bilayer. Streptavidin was immobilized
on the cell surface by anchoring to biotin-PEG-lipid. (c) Scheme for the immobilization of streptavidin-immobilized HEK293 cells on the surface of biotin-PEG-lipid-modified islets.
After mixing streptavidin-immobilized HEK293 cells and biotin-PEG-lipid-modified islets, they were cultured in medium at 37 °C on a culture dish. During culture, HEK293 cells

were spread and grown on the cell surface to cover the whole surface.

1,2-Dipalmitoyl-sn-glycerol-3-phosphatidylethanolamine (DPPE) was purchased
from NOF Corporation (Tokyo, Japan). Dichloromethane; chloroform; N,N'-dime-
thylformamide (DMF); diethyl ether; NN’-dicyclohexylcarbodiimide (DCC); o-
biotin; and streptavidin from Streptomyces avidin were purchased from Nacalai
Tesque (Kyoto, Japan). Fluorescein isothiocyanate (FITC) and Hoechst 33342 were
purchased from Dojindo Laboratories {Kumamoto, Japan). FITC-streptavidin was
purchased from Zymed Laboratories (South San Francisco, CA). CellTracker®, the
green fluorescent probe for the cell; Alexa 488-labeled goat anti-guinea pig 1gG;
minimum essential medium (MEM); HEPES buffer solution; Hanks' balanced salt
solution; and Medium 199 were purchased from [nvitrogen (Carlsbad, CA). Fetal
bovine serum (FBS) was purchased from BioWest (Miami, FL). Phosphate-buffered
saline {PBS) was purchased from Nissui Pharmaceutical Co,, Ltd. {Tokyo, Japan). The
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 were purchased from Dako (Glostrup, Denmark). The 10%
formalin solution and Triton X-100 were purchased from Wako Pure Chemical
(Osaka, Japan).

2.2. Synthesis of biotinylated PEG-conjugated DPPE

The NH,-PEG-lipid was synthesized from DPPE and NHS-PEG-Boc, which
carries an activated ester (NHS) that reacts with an amino group on DPPE, and
a protective group (Boc) for the amino group, as reported previously [10]. Briefly,
NHS-PEG-Boc (175 mg) and DPPE (21 mg) were dissolved in 5 mL dichloromethane
solution and stirred for 3 days at room temperature (RT). Then, a solution of TFA
(2 mL) was added and stirred for 20 min at 4 °C to remove the Boc groups. The crude
product was purified by precipitation with diethyl ether. After chloroform extraction
and evaporation, NH,-PEG-lipid was obtained as a white solid (115 mg, yield 66%).
o-Biotin (20 mg) and DCC (21 mg) were dissolved in DMF and stirred for 3 h at RT.
Then, NH,~PEG-lipid (22 mg) was added to the solution and stirred for 7 days at RT.
This solution was filtered through a glass filter and DMF evaporated in vacuo.
Chloroform was then added. After precipitation with diethyl ether, biotin-PEG-lipid

was obtained as a white powder (10 mg, yield 40%). Biotin-PEG-lipid TH NMR
(CDCl3, 400 MHz, 6 ppm): 0.88 (t, 6H, —~CHj), 1.25 (br, 52H, ~CH,—, DPPE), 3.18 (d, 2H,
C-CH,-$, biotin), 3.24 {q, 1H, S-CH(-C)-C, biotin), 3.64 (br, 460H, PEG), 4.52 (m, 2H,
C-CH(-C)-N, biotin), 5.15 (s, 2H, C~NH-C, biotin).

2.3. Encapsulation of islets with HEK293 celfs

HEK293 (human endoderm kidney cell line) cells were obtained from the Health
Science Research Resources Bank (Tokyo, Japan). The HEK293 cells were maintained
in MEM medium supplemented with 10% fetal bovine serum, 100 U/mL penicillin,
and 0.1 mg/mL streptomycin at 37 °C under 5% CO,. The cells were collected by
centrifugation (180 g, 5 min, RT) after treatment with trypsin. The cells were sus-
pended in Hanks' balanced salt solution and then the medium exchanged. A cell
peliet (4 x 10° cells) was obtained after centrifugation. After the addition of biotin-
PEG-lipid solution (200 L, 500 pg/mL) to the cell suspension, the suspension was
incubated for 30 min with gentle agitation at RT. The cells were then suspended in
10 mL Hanks' balanced salt solution and collected by centrifugation (180 g, 5 min,
25 °C, twice) to obtain biotin-PEG-lipid-modified cells. Then, streptavidin (100 L,
100 ug/mL) was added to the cell suspension and the suspension incubated for
30 min with gentle agitation at 4 °C. The cells were then suspended in 10 mL Hanks’
balanced salt solution and collected by centrifugation {180 g, 5 min, 4 °C, twice) to
obtain streptavidin-immobilized 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 days after isolation to remove or sediment cells damaged during
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 pg/mL streptomycin,
and 8.8 U/mL heparin). A biotin-PEG-lipid solution was added to the islets sus-
pended in serum-free MEM (200 islets, 500 pg/mL biotin-PEG-lipid, 100 pL of
MEM), and the mixture was incubated at RT for 1.5 h. After washing three times with
serum-free MEM, biotin-PEG-lipid-modified islets were obtained.

Finally, streptavidin-immobilized cells (4 x 10°) and biotin-PEG-lipid-modified
islets {200 islets) were mixed in serum-free MEM (300 uL), and the mixture was
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incubated for 60 min with gentle agitation at RT. The HEK293 cell-immobilized islets
were collected by hand and cultured on a non-treated dish at 37 °C under 5% CO; in
Medium 199 supplemented with 10% FBS.

For visualization by confocal laser-scanning microscopy (FLUOVIEW FV500,
Olympus, Tokyo, Japan), FITC-streptavidin and FITC-labeled PEG-lipid were used in
treated HEK293 cells and islets. After the collection of HEK293 cells by trypsinization
and centrifugation, cells were incubated with CellTracker® solution (30 um) for
30 min at 37 °C in Hanks' balanced salt solution. The labeled green cells were
incubated in serum containing medium for 30 min at 37 °C. Before surface modifi-
cation with biotin-PEG-lipid, the cells were washed with Hanks' balanced salt
solution,

2.4. Histochemical analysis

The HEK293 cell-immobilized islets were washed with PBS. Then, 10% formalin
solution was added and the samples incubated for 12 h at RT. The formalin solution
was removed and the islets sequentially maintained in 3% and 10% sucrose in PBS for
12 h, followed by incubation in 20% sucrose in PBS for 24 h at RT. The islets were
embedded in Tissue-Tek for freezing. The frozen specimens were sliced {6-um thick)
using a cryostat (CM 3050S 1V, Leica, Solms, Germany). The sliced sections were
permeabilized with 0.2% Triton X-100 in PBS at RT for 15 min. The samples were
then treated with a 10% normal goat serum in PBS for 1 h to block the non-specific
binding of antibodies. The samples were then treated with 1% polyclonal guinea pig
anti-insulin in PBS containing 3% goat normal serum for 3.5 h at RT, and then washed
with PBS. The samples were incubated with fluorescently labeled secondary anti-
body, 0.2% Alexa 488 Goat anti-guinea 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 fluores-
cence microscopy (1X71, Clympus Optical Co., Ltd,, Tokyo, Japan). The sliced sections
were also stained with hematoxylin-eosin (HE) using a conventional staining
method.

2.5, Insulin secretion from HEK293 cell-immobilized islets on glucose stimulation

Static insulin secretion tests were performed on HEK293 cell-immobilized islets
(50 islets) after culturing HEK293 cell-immobilized islets 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 bare islets. HEK293 cell-immo-
bilized islets were exposed to 0.1 g/dL, then 0.3 g/dL, and finally 0.1 g/dL glucose in
Krebs-Ringer solution for 1 h at 37 °C for each concentration. The solutions were
collected after each 1-h incubation. The insulin concentration in the solutions was
determined by ELISA.

3. Results
3.1. Cell surface modification with PEG-lipid derivatives

Alayer of living HEK293 cells was formed on the surface of islets
using amphiphilic polymers, biotin-PEG-lipid and biotin/strepta-
vidin reaction as shown in Scheme 1. We have studied the surface
modification of living cells and islets with amphiphilic polymers
such as PEG-conjugated phospholipid and poly(vinyl alcohol)
carrying alkyl side chains for the improvement of graft survival in
cell transplantation [10-14]. The method is promising because
there were no damages to cell function after incorporation into the
phospholipid bilayer membrane by hydrophobic interaction.

Using PEG-lipids carrying a biotin molecule at the end of the
PEG chain (biotin-PEG-lipid, Scheme 1a), biotin molecules were
introduced on the cell surface (Scheme 1b). Then, streptavidin was
immobilized on the biotin-PEG-lipid-modified surface. Unoccu-
pied sites on streptavidin were available for cell-immobilization
because streptavidin has four binding sites for biotin. First, the
surfaces of single HEK293 cells were treated with biotin-PEG-lipid.
Then, after incubation in biotin-PEG-lipid dispersion, FITC-labeled
streptavidin was added. Fig. 1a shows microscopic images of cells
modified with FITC-labeled streptavidin/biotin-PEG-lipid obtained
with a confocal laser-scanning microscope. Fluorescence from FITC-
streptavidin was visible at the periphery of each cell, indicating the
formation of an FITC-streptavidin and biotin-PEG-lipid complex on
the cell membrane. No fluorescence was observed for cells not
treated with biotin-PEG-lipid. Islets were also treated with
a mixture of biotin—PEG-lipid and FITC-labeled PEG-lipid (Fig. 1b).

We expect that the PEG-lipid derivatives behaved in a similar way
because they are similar in chemical structure. Clear fluorescence
was seen at the periphery of each islet. These observations indicate
that biotin groups can be introduced onto the surface of islets using
biotin~-PEG-lipid without damaging islet morphology.

3.2. Islets’ encapsulation with living HEK293 cells

Next, we immobilized HEK293 cells at the surface of islets by
reacting streptavidin-immobilized HEK293 cells with biotin—-PEG-
lipid-modified islets (Fig. 1c). Prior to this step, the HEK293 cells
had been fluorescently labeled with CellTracker®. Fluorescently
labeled HEK293 cells were observed at the surface of islets, indi-
cating that the HEK293 cells were immobilized on the islet surface
by the biotin/streptavidin reaction. The HEK293 cell-immobilized
islets were cultured in medium on a culture dish. The HEK293 cells
were spread and gradually proliferated on the islet surface (Fig. 2).
Immobilized HEK293 cells on the islet surface were identified as
white cells (arrows in Fig. 2), which were apparently different from
the islets. The HEK293 cells on the islet surface were spherical in
shape just after immobilization. Then HEK293 cells were attached
and spread on the surface after 1 day of culture. After 3 days in
culture, the islet surface was covered with a layer of HEK293 cells,
indicating that the HEK293 celis proliferated on the islet surface.
The islets were completely encapsulated by a layer of HEK293 cells
after 5 days in culture.

3.3. Histochemical analysis

The HEK293 cell-encapsulated islets were histochemically
analyzed by HE and insulin staining (Fig. 3). In HE staining, a layer
of HEK293 cells was observed around the islet surface after
culturing for 3 and 5 days (Fig. 2). The nucleus of HEK293 cells was
slightly larger than that of islets; therefore, single- and muiti-layers
of HEK293 cells were formed on the islet surface after culturing for
3 and 5 days, respectively. Islet cell necrosis at the center was not
observed after encapsulation with HEK293 cells. Fig. 3b shows
images of insulin-stained HEK293 cell-encapsulated islets. Islets
stained with anti-insulin antibody (green) were covered with
HEK293 cells. A layer of HEK293 cells stained for nuclei (Hoechst
33342) but not insulin. These results indicate that HEK293 cell-
encapsulation did not impair the ability of islets to produce insulin,
and that the HEK293 cell layer permits the diffusion of oxygen,
nutrients, glucose, and insulin.

3.4. Insulin secretion by glucose stimulation

A glucose stimulation test was performed to examine the ability
to control insulin release in response to changes in the glucose level
(Fig. 4). When the glucose concentration was increased from 0.1 g/
dL to 0.3 g/dL, two groups of islets increased insulin release from
basal levels. Insulin release returned to basal levels when the islets
were re-exposed to 0.1 g/dL glucose. These results indicate that
HEK293 cell-encapsulation did not influence the islets’ ability to
regulate and release insulin, although a decrease in the amount of
insulin secretion was seen. The decrease after glucose stimulation
might be due to the low permeability of the HEK293 cell layer to
insulin.

4. Discussion

Various types of bioartificial pancreas have been proposed and
developed for treating type | diabetic patients such as islets
microencapsulated within an alginate/poly(i-lysine) polyion
complex membrane [2] or agarose hydrogel [3-6] or
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Fig. 1. Confocal laser-scanning and differential interference microscope images of surface-modified cells and islets. (a) HEK293 cells that were sequentially modified with biotin-
PEG-lipid and FITC-labeled streptavidin. (b) Hamster islets modified with a mixture of biotin-PEG-lipid and FITC-labeled PEG-lipid. (c) Hamster islets modified with biotin-PEG~
lipid and immobilized with streptavidin-immobilized HEK293 cells. The HEK293 cells were labeled with CellTracker®. Scale bars: 20 um (a), 200 um (b), and 100 pm (c).

macroencapsulated by porous membranes [7-9]. Most bioartificial
pancreas are made of synthetic and natural polymers, and there are
a few reports of cell-based bioartificial pancreas. For example,
Pollok et al. first reported that it was possible to macroencapsulate
islets from rats with porcine chondrocyte membrane [15]. Porcine

chondrocytes were cultured to form a confluent monolayer and
deposit matrix. After islets were attached to the poly(glycolic acid)
polymer fibers, the hybrid was wrapped with chondrocyte
membrane by hand. However, the total volume of the implant
tended to increase after macroencapsulation of the islets with the
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Fig. 2, Phase-contrast microscopy of HEK293 cell-immobilized islets in culture at 0, 1, 3, and 5 days. HEK293 cells were immobilized on the surface of the islets and cultured on
a non-treated dish in Medium 199 at 37 °C. Arrows indicate immobilized HEK293 cells.

3 days ‘ 5 days

Fig. 3. Histochemical analysis of HEK293 cell-immobilized islets cultured for 3 and 5 days in medium. Frozen sections of HEK293 cell-immobilized islets were stained with (a)
hematoxylin-eosin (HE) or (b) Alexa 488-labeled anti-insulin antibody and Hoechst 33342 dye for nuclear staining. The pictures are merged images from insulin and Hoechst 33342
staining. The arrows in (a) indicate a boundary between islet cells and HEK293 cells.
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Fig. 4. Glucose stimulation test of HEK293 cell-immobilized islets cultured for 3 days
in medium. As a control experiment, the assay was performed on bare islets. The
amount of insulin secreted from the islets in response to glucose concentration
changes (0.1, 0.3, 0.1 g/dL) was determined by ELISA. Results are expressed as
mean + SD for n = 3. KRB = Krebs-Ringer buffer.

membrane, which limited the transplantation sites. Moreover,
fusion between islets inside the chondrocyte membrane causes the
necrosis of islet cells at the center. Lee et al. also demonstrated
macroencapsulation of islets with chondrocyte membrane using
the cell sheet engineering technique [16]. However, the issues have
not yet been solved. Therefore, some aspects of the cell-based
encapsulation methods should be improved.

To overcome these problems, we attempted to microencapsu-
late islets with a cell layer membrane. To our knowledge, there have
been no previous reports of microencapsulating islets with living
cells. Here we used amphiphilic PEG-lipid and biotin/streptavidin
reaction to immobilize HEK293 cells on the surface of islets. The
surface of the islets was completely covered with a cell layer after
3-5 days in culture without central necrosis of the islet cells (Figs. 2
and 3). Insulin secretion upon glucose stimulation was well main-
tained on HEK293 cell-encapsulated islets, though reduced
compared to bare islets (Fig. 4). It was thought that the perme-
ability of the HEK293 cell layer to insulin was slightly low. Thus, we
succeeded in the first microencapsulation of islets with a cell layer,
although HEK293 cells are a cell line. Using our technique, it will be
possible to microencapsulate islets with cells derived from type |
diabetic recipients. We expect that this novel bioartificial pancreas
will have high biocompatibility because inflammatory reactions
and immunorejection should be suppressed after transplantation.
However, many important issues still remain, as discussed above,
which mainly can be addressed by in vivo studies. The results will
be reported in the near future.

5. Conclusions

We succeeded in immobilization of living cells to the islet
surface using amphiphilic PEG-lipid derivative and biotin/strepta-
vidin reaction, and microencapsulation of islet surface with a layer
of cells without central necrosis of islet cells. Insulin secretion

ability by glucose stimulation was well maintained on these cell-
encapsulated islets,
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Surface Modification of Islets With PEG-Lipid for
Improvement of Graft Survival in Intraportal
Transplantation

Yuji Teramura®™®* and Hiroo Iwata’

Background. Transplantation of islets of Langerhans (islets) is a promising technique for treating insulin-dependent
diabetes mellitus (type I). One unsolved issue is the early graft loss due to inflammatory reactions triggered by blood
coagulation and complement activation that occurs immediately after transplantation into the liver through the portal
vein. Several proposed approaches for improvement of the graft survival include heparin coating and covalent poly-
(ethylene glycol) (PEG) conjugation. We previously have studied the improvement of graft survival by modification of
islet surfaces using amphiphilic PEG-conjugated phospholipid and bioactive molecules. Here, we analyzed the effect of
PEG-modification on the improvement of graft survival immediately after intraportal transplantation into streptozotocin-
induced diabetic mice.

Methods. The surface of hamster islets was modified with PEG-lipid. PEG-lipid modified islets (PEG-islets) were
transplanted into the liver through the portal vein of streptozotocin-induced diabetic mice. We measured the graft
survival periods and blood insulin levels immediately after intraportal transplantation to determine the cell damage to
islets. Histocytochemical analyses of liver were also performed postintraportal transplantation.

Results. The graft survival of PEG-islets was significantly prolonged compared with bare islets in livers of diabetic mice.
Reduction of blood insulin level within 60 min after transplantation of PEG-islets suggests that the cell damage
observed immediately after transplantation could be suppressed by surface modification with PEG in comparison with

bare islets.

Conclusion. Our approach for the improvement of graft survival will be useful in the clinical setting.

Keywords: Bioartificial pancreas, Islets, Poly(ethylene glycol)-lipid, Intraportal transplantation, Graft survival.

(Transplantation 2009;88: 624-630)

lthough transplantation of islets of Langerhans (islets) is

still an experimental procedure, this approach has been
proven to be a safe and effective method for treating patients
with insulin-dependent diabetes mellitus (type I). Notably,
the success achieved with the Edmonton protocol has estab-
lished clinical islet transplantation as an alternative to pan-
creas transplantation (1, 2). However, some aspects of islet
transplantation remain to be improved, including increase of
islet isolation efficiency, improvement in islet preservation,
increase in the efficacy of immunosuppressive drug dosage pro-
tocols, and reduction of islet loss in the early phase after trans-
plantation. Among these issues, graft loss poses the most serious
limitations for current islet transplantation protocols. Trans-
plantation of islets from a single donor pancreas is not sufficient
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to achieve normoglycemia in a patient (2), suggesting that many
islets are lost soon after intraportal transplantation.

Innate immune reactions are involved in the destruc-
tion of islets exposed to fresh blood in the portal vein (3-7).
Blood coagulation and complement systems are activated on
exposure of islets to fresh blood components; chemotactic
factors, tissue factor, chemokines, and other inflammatory
mediators are released during this early phase, which induce
instant blood-mediated inflammatory reactions resulting in
graft loss (5). Some approaches to regulate early coagulation
and blood-mediated inflammatory reactions, such as admin-
istration of Melagatran (6) and dextran sulfate (7), have been
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studied, and suppression of these reactions has improved
transplantation success by reducing islet loss in animal mod-
els. However, it is difficult to apply these methods to the clin-
ical situation because systemic administration is associated
with a risk of bleeding. Several methods have been reported
for improvement of graft survival in the liver, such as coating of
islet surface with polymers and bioactive molecules (8, 9). Con-
treras et al. (8) reported the improvement of graft survival in the
liver by covalent conjugation of poly(ethylene glycol) (PEG) to
the islet surface and transfection of an apoptosis-suppressing
gene. Recently, Nilsson and coworkers (9) proposed a new
method for preventing instant blood-mediated inflammatory
reactions by coating islets with heparin to inhibit surface throm-
bosis formation after transplantation.

We previously studied the effect of surface modifica-
tion of living cells and islets using amphiphilic polymers such
as PEG-conjugated phospholipid and poly(vinyl alcohol)
with alkyl side chains on the improvement of graft survival
during cell transplantation (10-14). The results from our
methods are promising because PEG-lipid derivatives can be
immobilized to the cell surface by hydrophobic interactions
between the lipid bilayer membranes. Furthermore, a thin
PEG layer can form on the islet surface without cytotoxicity
and volume increase.

This article evaluates the efficacy of PEG-modification
on the improvement of graft survival immediately after trans-
plantation in the liver through the portal vein of streptozoto-
cin (STZ)-induced diabetic mice. We predicted that surface
modification with PEG could suppress the coagulation reac-
tions and inflammatory reactions that mediate islet loss dur-
ing the early phase of intraportal transplantation. We studied
the graft survival periods, performed histochemical analysis,
and measured blood insulin levels immediately after intra-
portal transplantation to determine the cell damage to islets.

MATERIALS AND METHODS

Materials

a-N-Hydroxysuccinimidyl-w-maleimidyl PEG (M,,
5000) was purchased from Nektar Therapeutics (San
Carlos, CA). We purchased 1,2-dipalmitoyl-sn-glycerol-
3-phosphatidylethanolamine from NOF Corporation
(Tokyo, Japan). Dichloromethane, chloroform, N,N'-
dimethylformamide, diethyl ether, STZ, and tri-sodium ci-
trate dehydrate were obtained from Nacalai Tesuque (Kyoto,
Japan). ICN Biomedicals, Inc. (Aurora, OH) supplied cystein.
Fluorescein isothiocyanate (FITC) and Hoechst 33342 were
purchased from Dojindo Laboratories (Kumamoto, Japan).
Alexa 488-labeled goat anti-guinea pig IgG, minimum essen-
tial medium (MEM), HEPES buffer solution, and Medium 199
were purchased from Invitrogen, Co. (Carlsbad, CA). Fetal
bovine serum was obtained from BioWest (Miami, FL),
and phosphate-buffered saline (PBS) from Nissui Pharmaceu-
tical, Co., Ltd. (Tokyo, Japan). Enzyme-linked immunosorbent
assay (ELISA) kits for the insulin assay were from Shibayagi, Co.,
Ltd. (Gunma, Japan). Tissue-Tek was purchased from Sakura
Finetechnical, Co., Ltd. (Tokyo, Japan). Goat normal serum and
polyclonal guinea pig anti-insulin were obtained from Dako
(Glostrup, Denmark). We purchased 10% formalin solution
and Triton X-100 from Wako Pure Chemical (Osaka, Japan).
Isoflurene was purchased from Abbott Japan, Co., Ltd. (Japan).
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Synthesis of PEG-Conjugated Phospholipid
(PEG-Lipid)

Mal-PEG-lipid was synthesized by first dissolving
a-N-hydroxysuccinimidyl-w-maleimidyl PEG (180 mg) and
1,2-dipalmitoyl-su-glycerol-3-phosphatidylethanolamine (20
mg) in chloroform and stirring for 24 hr at room temperature
(RT). After precipitation with diethyl ether, Mal-PEG-lipid
was obtained as a white powder (190 mg, yield 80%). "H-
NMR (CDCl;, 400 MHz, 8 ppm): 0.88 (t, 6H, —CHj,), 1.25
(br, 56H, —CH,~) 3.64 (br, 480H, PEG), 6.71 (s, 2H,
—HC=CH~—, maleimide).

In this experiment, the maleimide group was previ-
ously deactivated by the addition of cystein. FITC-labeled
PEG-lipid (12), which has a similar structure and activity as
PEG-lipid, was visualized in islets by confocal laser scanning
microscopy (FLUOVIEW EV500, Olympus, Tokyo, Japan).

Preparation of PEG-Lipid-Modified Islets

Islets were isolated from pancreases of Syrian hamsters
(7—-8 weeks, females, Japan SLC, Inc., Shizuoka, Japan) by
collagenase digestion (15). The islets were cultured for 4 days
after isolation to remove or sediment cells that were damaged
during the isolation procedure; cells were cultured in Me-
dium 199 with 10% fetal bovine serum, 8.8 mM HEPES
buffer, 100 units/mL penicillin, 100 pg/mL streptomycin,
and 8.8 U/mL heparin. A PEG-lipid solution (500 ug/mL in
100 uL of MEM) was added to islets suspended in serum-free
MEM, and the mixture was incubated for 1 hr at RT. After
washing with serum-free MEM, PEG-lipid-modified islets
were transplanted into the livers of diabetic mice.

Static Insulin Secretion Test by Glucose
Stimulation

Static insulin secretion tests were performed using 100
PEG-islets to evaluate their ability to secrete insulin in re-
sponse to changes in glucose concentration. Bare islets were
used as a control. Islets were exposed to 0.1 g/dL, then 0.3
g/dL, and finally 0.1 g/dL of glucose in Krebs-Ringer buffer
(KRB)solution for 1 hr each at 37°C. The solutions were
collected after the 1-hr incubation in each glucose concen-
tration, and insulin concentrations were determined in
each solution by ELISA.

Transplantation of PEG-Islets Into Livers of
STZ-Induced Diabetic Mice

Balb/c mice were used as recipients of islets and PEG-
islets. Diabetes was induced in Balb/c mice (6 weeks, males,
Japan SLC, Inc.) by intraperitoneal injection of STZ (230
mg/kg body weight in citrate buffer, pH 4.5) 10 days before
transplantation. An animal was considered diabetic when its
plasma glucose level exceeded 400 mg/dL in two consecutive
measurements.

PEG-islets or control islets (500 or 1000 islets) were
transplanted into the liver through the portal vein of STZ-
induced diabetic mice, which were anesthetized during sur-
gery by mask inhalation of isoflurane using a specialized
instrument (400 Anesthesia Unit; Univentor, Malta); the
isoflurane concentration was 4.5% to 5.0% induction and 2.0
for maintenance with airflow rate of 200 mL/min. Diabetic
mice were treated with 500 or 1000 control islets or PEG-
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islets. Mice were housed in cages with free access to food and
water. Nonfasting plasma glucose levels were measured using
a glucose sensor (DIAmeter-a glucocard; Arkray, Kyoto, Ja-
pan) between 11 A.M. and 1 p.M. before and after transplanta-
tion. Blood samples were taken from the subclavian vein.
Graft failure was defined as two consecutive plasma glucose
level determinations more than or equal to 200 mg/dL. All
animal experiments were approved by the Kyoto University
Animal Care Committee.

Histochemical Analysis

Mice were killed after transplantation of islets or PEG-
islets into the liver through portal vein of diabetic mice for 1
hr or 1 day. Livers were removed, washed with saline, im-
mersed in 10% formalin solution, and incubated for 2 days at
RT. The formalin solution was removed, and the livers were
sequentially maintained in 3% and 10% sucrose in PBS for 2
days, followed by incubation in 20% sucrose in PBS for 2 days
at RT. Livers were then embedded in Tissue-Tek for freezing.
The frozen specimens were sliced (6-um thick) by a cryostat
(CM 3050S 1V, Leica, Solms, Germany), and the sections were
permeabilized with 0.2% Triton X-100 in PBS at RT for 15
min. The samples were then treated with 10% normal goat
serum in PBS for 1 hr to block nonspecific binding of anti-
bodies. Sections were treated with 1% polyclonal guinea pig
anti-insulin in PBS containing 3% goat normal serum for 3.5
hr at RT, followed by washing with PBS. The samples were
then incubated with fluorescent labeled secondary antibody,
0.2% Alexa 488 Goat anti-guinea pig IgG in PBS containing
3% goat normal serum at RT for 1.5 hr. Cell nuclei were
counterstained with Hoechst 33342, The stained sections
were analyzed using fluorescence microscopy (BX51, Olym-
pus Optical, Co., Ltd., Tokyo, Japan). The sliced sections were

structure
phosphatidylethanolamine (PEG-lipid). (b) Confocal laser scanning images of fluorescein isothiocyanate-PEG-lipid-
modified islets from hamsters. PEG-lipid can be introduced on the surface ofislets by hydrophobicinteraction. The hydrophobic
lipid portion of PEG-lipid was spontaneously incorporated into the lipid bilayer membrane of islets.

FIGURE 1. (a) Chemical
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also stained with hematoxylin-eosin using a conventional
staining method.

Determination of Insulin Levels in Blood After
Intraportal Transplantation of PEG-Islets

After transplantation of control or PEG-islets (1000 is-
lets) into the liver of diabetic mice through the portal vein,
blood was taken from the subclavian vein at 15, 30, and 60
min and centrifuged to obtain plasma. Hamster insulin in the
plasma of mice was determined by ELISA.

RESULTS

Surface Modification of Islets With PEG-Lipid

We previously studied the modification of islet surfaces
with amphiphilic polymers such as PEG-conjugated phos-
pholipid and poly(vinyl alcohol) with alkyl side chains for the
improvement of graft survival (10—14). Our method is prom-
ising for intraportal transplantation of islet because no dam-
age to cell function was observed and no volume increase of
islets was detected after modification of islet surface.

This study used amphiphilic PEG-lipid (shown in Fig.
1a) for modification of islet surfaces and predicted that the
surface modification with PEG could suppress the inflamma-
tory and coagulation reactions that mediate islet loss imme-
diately after intraportal transplantation. The maleimide
group at the end of the PEG chain can be used to immobilize
bioactive molecules to the islet surface. Our aim was to eval-
uate the efficacy of PEG on islet surfaces to improve graft
survival; therefore, the maleimide group was deactivated by
cystein before surface modification of islets. Islets were
treated with a mixture of FITC-labeled PEG-lipid and PEG-
lipid, and clearly detectable fluorescence was observed at the

R: Cystein-maleimide

PEG-lipid

glycol) (PEG)-conjugated dipalmitoyl-sn-glycerol-3-
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periphery of islets, indicating that the PEG chain was incor-
porated on the surface of islets (Fig. 1b). Furthermore, the
hydrophobic lipid portion of PEG-lipid was observed to be
spontaneously incorporated into the lipid bilayer membrane
of islets. These results indicate that PEG-lipid can forma layer on
the islet surface without apparent damage to islet morphology.

Insulin Secretion by Glucose Stimulation

Next, we examined the ability of PEG-islets to control
insulin release in response to glucose level changes using a
glucose stimulation test; the results are summarized in Figure
2. No significant difference in insulin release was observed
between control islets and PEG-islets. When the glucose con-
centration was increased from 0.1 to 0.3 g/dL, both control

300
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Insulin [ng/100 islets/1hr]

50

0.1 g/dL
glucose in KRB

0.3 g/dL
glucose in KRB

0.1 g/dl
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FIGURE 2. Assessment of insulin release in glucose
stimulated islets. The amounts of insulin secreted from
poly(ethylene glycol) islets (black bars) and control bare
islets (white bars) in response to glucose concentration
changes (0.1, 0.3, and 0.1 g/dL) were determined by ELISA.
Results are expressed as mean*SD; n=3. KRB, Krebs-
Ringer buffer solution.
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and PEG-islets increased insulin release compared with basal
levels. When islets were reexposed to 0.1 g/dL, insulin release
returned to basal levels. These results indicate that the PEG-
lipid surface modification did not affect the ability of islets to
regulate and release insulin.

Intraportal Transplantation Into Liver of
STZ-Induced Diabetic Mice

We next evaluated the efficacy of PEG-modification on
the improvement of graft survival immediately after intra-
portal transplantation. Hamster islets were transplanted into
the livers of STZ-induced diabetic mice through the portal
vein. This transplantation is a concordant xenotransplanta-
tion model. Recipient mice were not treated with immuno-
suppressive therapy. Figure 3 shows changes in nonfasting
blood glucose levels of recipient mice after intraportal trans-
plantation of 500 or 1000 bare islets or PEG-islets. In this
xenotransplantation model, the blood glucose level normal-
ized after transplantation of islets; however, levels returned to
hyperglycemic levels around 7 days because the grafts were
lost by immune rejection in recipient mice. In the mice trans-
planted with 500 islets (Fig. 3a), the blood glucose levels in all
mice except one were not normalized 1 day after transplanta-
tion. Normoglycemia was achieved in four of nine mice at 3
days, and blood glucose levels were maintained for several
days. At 7 days posttransplantation, most mice returned to
hyperglycemic states. These results indicated that induction
of islet cell damage occurred immediately after transplanta-
tion into the liver, and some of islets were destroyed, resulting
in loss of function. The blood glucose level could not be prop-
erly regulated by the remaining islets during the early phase
after posttransplantation. On transplantation of 1000 islets
(Fig. 3b), normoglycemia was achieved in all mice at 2 days
and continued until grafts were rejected (around 7 days). In
contrast, when 500 PEG-islets were transplanted, five of six
mice were normoglycemic at 2 days, and this was maintained
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until the graft was rejected (around 7 days). On transplanta-
tion of 1000 PEG-islets, all mice were normoglycemic at 2
days, and this was also maintained until the graft was rejected
(around 7 days). The period of graft survival in recipients of
control and PEG-islets transplantation are summarized in
Table 1. We found a significant difference between the period
of graft survival on transplantation of 500 control and PEG-
islets. These results indicate that the islet damage that occurs
immediately after transplantation into the liver could be sup-
pressed by surface modification of islets with PEG-lipids. The
period of graft survival was prolonged, although the immune
rejection reaction could not be suppressed. On the other
hand, we did not observe any significant difference in graft
survival between recipients of 1000 control and PEG-islets.

TABLE 1. Graft survival days after transplantation
Graft survival
Number days Mean=SD
Control 500 0,0,0,1,2,3, 1.8*1.6 P<0.01
islets 3,3,4

1000 6,7,8,9 7.5x1.7
PEG-islets 500 4,4,5,5,6,6 5.0+0.9

1000 6,6,6,7,7 6.3+0.3

Graft failure was defined as two consecutive plasma glucose determina-
tions =200 mg/dL.

FIGURE 4. Histochemical analysis of (a) control islets
and (b) poly(ethylene glycol) islets transplanted into the
liver of diabetic mice through the portal vein by hematoxylin-
eosin staining, and (c) poly(ethylene glycol) islets by insu-
lin staining. These grafts were retrieved at 1 hr and 1 day
postintraportal transplantation. The graft obtained 1 hr after
transplantation was also stained for insulin and the nucleus
(Hoechst 33342).
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We speculate that mice transplanted with 500 control islets
did not receive sufficient islets because most were destroyed
after transplantation, and the blood glucose levels could not
be controlled. On the other hand, in mice transplanted with
500 PEG-islets, there were sufficient islets remaining, as cell
damage to islets could be suppressed by surface modification
with PEG-lipid; furthermore, blood glucose levels could be
normalized, indicating the improvement of graft survival. For
mice transplanted with 1000 control islets, there were sufficient
islets remaining to control blood glucose levels, despite the loss
of some islets. These results suggested that it is possible to sup-
press complement activation and blood coagulation-mediated
inflammatory reactions that induce cell damage to islets imme-
diately after transplantation by modification of islet surfaces
with PEG-lipids; this approach, however, does not suppress im-
mune rejection reactions.

Livers were retrieved from recipient mice after trans-
plantation of control or PEG-islets through the portal vein at
1 hr and 1 day and subjected to histochemical analyses. After
control islet transplantation at 1 hr (Fig. 4a), islets were dam-
aged and destroyed in the blood vessel of the liver. Aggrega-
tion of red blood cells was observed around destroyed islets,
indicating platelet aggregation and blood coagulation on the
surface of islets. Cell damage to some islets was also observed
after transplantation for 1 day (Fig. 4a). However, in livers of
mice transplanted with PEG-islets, most islets were not dam-
aged and remained intact in blood vessels of liver after trans-
plantation for 1 hr (Fig. 4b and c). The same results were
observed 1 day after transplantation. These histochemical
analyses support the finding that the period of graft survival is
prolonged after transplantation of PEG-islets.

Determination of Insulin Levels in Blood After
Intraportal Transplantation of PEG-Islets

To determine plasma insulin levels, blood was taken
from the subclavian vein 15, 30, and 60 min after intraportal
transplantation of control and PEG-islets. When islets un-
dergo cell damage, large amounts of insulin from the islets are
released into the blood and the blood insulin levels transiently

30

257

20

Insulin in plasma [ng/mL]

0 15 30 45 60
Post transplantation into liver (min)

FIGURE 5. Changes in the blood insulin levels of dia-
betic mice after intraportal transplantation of control islets
(closed circles, n=T) ox PEG islets (open circles, n=1). The
blood insulin levels were determined by ELISA.
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increase (9). Therefore, the degree of cell damage to islets can
be linked to the blood insulin level. In mice transplanted with
control islets, high levels of insulin (~27 ng/mL) were de-
tected 15 min after transplantation (Fig. 5). The insulin was
still observed at 30 and 60 min, although the amount of re-
leased insulin gradually reduced. These results indicated that
islets were damaged, resulting in the release of large amounts
insulin into the blood immediately after transplantation. On
the other hand, in mice transplanted with PEG-islets, the re-
lease of insulin was considerably suppressed immediately af-
ter transplantation (~7 ng/mL), indicating that islet cell
damage was suppressed by PEG-lipid modification. Thus,
this indicates the possibility to improve the biocompatibility
of islets by surface modification with PEG-lipids.

DISCUSSION

Several groups have attempted to improve graft sur-
vival of islets by modification of islet surfaces (8, 9, 16, 17).
Byon et al. reported improved graft survival of islets on cova-
lent bonding of PEG to cell membrane proteins and low dose
of immunosuppressive therapy by transplantation under the
kidney capsule. However, it is difficult to expect in the current
clinical setting that surface modification of islets by PEG
would improve transplantation under kidney capsules (18),
as clinical islet transplantation to the liver is performed
through the portal vein, and islets are exposed to blood com-
ponents. On the other hand, when islets were transplanted
under kidney capsules, cells are not exposed to blood compo-
nents. The periods of graft survival are different in transplan-
tation between these sites (18). When islets are exposed to
fresh blood in the portal vein, the blood coagulation and
complement systems are activated, and chemotactic factors,
tissue factor, chemokines, and other inflammatory mediators
are released during the early phase of transplantation. These
factors are induced by instant blood-mediated inflammatory
reactions, resulting in graft loss and reduction of graft
survival in the liver. Therefore, for future clinical islet trans-
plantation, it is necessary to examine the efficacy of surface
modification of islets by transplantation into liver. Several
reports have examined the effect on transplantation success
when transplanting surface-modified islets into livers of dia-
betic animals (8, 9). Contreras et al. (8) reported that the graft
survival of porcine islets in livers of NOD-SCID mice was
improved by the transfection of an apoptosis-suppressing
gene and covalent PEG-surface modification. Nilsson and co-
workers (9) reported that the graft survival of porcine islets
could be improved by modifying the surface of islets with
heparin and found that the heparin coating suppressed blood
coagulation and activation of complement systems.

This study modified the surface of islets with am-
phiphilic PEG-lipid and examined the ability of the surface
modification to improve graft survival in the liver. Recently,
we also immobilized bioactive molecules such as fibrinolytic
urckinase using amphiphilic polymers to improve graft sur-
vival of islets in the liver. We have predicted that the surface
modification with PEG and urokinase could suppress the
inflammatory and coagulation reactions that mediate islet loss
immediately after intraportal transplantation. PEG-lipid was
spontaneously anchored to the lipid bilayer of cell membrane
through hydrophobic interactions without cytotoxicity. There-
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fore, it is possible for a thin PEG layer to form on the islet surface
without volume increase. PEG-lipid has been used for the sur-
face modification of liposomes to improve biocompatibility and
prolong the circulation time in vivo in drug delivery systems (19,
20). Complement activation and platelet aggregation are sup-
pressed by the surface modification of liposome with PEG-lipid
(21, 22). Our group studied the interaction between serum com-
ponents and PEG-immobilized substrate by surface plasmon
resonance and did not find activation of complement on the
PEG-immobilized substrate (23). In this study, PEG-lipid mod-
ified hamster islets were transplanted into livers of STZ-induced
diabetic mice through the portal vein. We predicted that com-
plement activation and platelet aggregation could be sup-
pressed in the early phase using the PEG-lipid modified
surface, as seen for PEG-liposomes and PEG-immobilized sub-
strate. The graft survival of PEG-islets was significantly pro-
longed compared with bare islets in livers of diabetic mice (Fig.
3). Reduction of blood insulin level within 60 min after trans-
plantation suggests that the cell damage observed immediately
after transplantation could be suppressed by surface modifica-
tion with PEG (Fig. 5). Platelet activation and complement sys-
tem activation is believed to be suppressed using islets modified with
PEG-lipids, as seen with PEG-liposomes and PEG-immobilized
substrate. However, it was not possible to suppress immunere-
jection reactions in recipient mice during later phases. Future
studies should seek to improve stable and thick polymer layers
on the islet surface and reveal the mechanism for prevention of
graft loss with PEG modification in vivo and in vitro.

CONCLUSIONS

A thin PEG layer could form on the surface of islets
using PEG-lipids without volume increase and cytotoxicity.
Blood coagulation and activation of complement systems,
which were induced immediately after intraportal transplan-
tation, could be suppressed using the PEG-lipid modified is-
lets in transplantation, and usually observed islet damage
during transplantation was suppressed. Purthermore, the period
of graft survival was significantly improved. Together these find-
ings suggest that our approach described here for the improve-
ment of graft survival will be useful in the clinical setting,
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Cell-cell interactions play vital roles in embryo development and in homeostasis maintenance. Such
interactions must be stringently controlled for cell-based tissue engineering and regenerative medicine
therapies, and methods for studying and controlling cell—cell interactions are being developed using both
biomedical and engineering approaches. In this study, we prepared amphiphilic PEG-lipid polymers that
were attached to polyDNA with specific sequences. Incubation of cells with the polyDNA-PEG-lipid
conjugate transferred some of the polyDNA to the cells’ surfaces. Similarly, polyDNA-PEG-lipid conjugate
using polyDNA with a complementary sequence was introduced to the surfaces of other cells or to
a substrate surface. Cell-cell or cell-substrate attachments were subsequently mediated via hybridiza-
tion between the two complementary polyDNAs and monitored using fluorescence microscopy.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

In the past decade, therapeutic devices containing living cells or
tissues have been studied extensively for tissue engineering and
regenerative medicine applications. Stem cells, including embry-
onic stem (ES) cells, somatic stem cells, and induced pluripotent
stem (iPS) cells, have been identified and studied [1-3] that show
promise for treatment of diseases such as type [ diabetes, Parkin-
son’s, Alzheimer’s, ALS, and Huntington's disease [4-11}]. Experi-
mental manipulation of cell-cell interactions is a valuable method
for inducing differentiation of stem cells for use in cell-based
therapies. In addition, the differentiated cells can be manipulated
further for use in regenerating tissues or organs. Cell-cell interac-
tions must be tightly controlled for generating cell-type-specific
tissues or organs. Cell-cell interactions are also used to develop
pluripotent stem cells themselves. It was reported recently that
somatic cells could be transformed into pluripotent stem cells by
fusion with ES cells [12]. In this method, somatic cells and ES cell
attachments formed first, and attachment was followed by induced
cell fusion.

Cell-cell interactions are also very important in embryo devel-
opment and in the maintenance of homeostasis. Methods for
studying and controlling cell-cell interactions are currently being
developed using both biomedical and engineering approaches. Our
group has studied the surface modification of living cells using
amphiphilic polymers such as PEG-conjugated phospholipid (PEG-
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lipid) derivatives [13-19]. Specifically, our previous efforts were
directed towards modification of cell surfaces and islets of Lang-
erhans (islets) by introducing functional groups and polymers for
improving graft survival after transplantation. Recently, immaobili-
zation of cells to the surface of islets using PEG-lipid and a biotin/
streptavidin reaction resulted in encapsulation of the whole islet
surface with layers of cells [19]. It seemed possible to use this
method to induce cells to attach to a substrate. Although the biotin/
streptavidin reaction is well characterized and is used frequently in
biological studies, it has some disadvantages. Specifically, strepta-
vidin is derived from bacteria and is a potent antigen in humans;
further, the biotin/streptavidin association is so strong that it is
difficult to be dissociated.

In the present study, we employed DNA hybridization rather
than the biotin/streptavidin reaction as a novel method for
inducing cell-cell attachment and cell immobilization on
a substrate. We used PEG-lipid, which is an amphiphilic polymer, as
a carrier for polyDNA with a specific sequence. Cells treated with
the polyDNA-PEG-lipid conjugate incorporated the lipid (and thus
the polyDNA) onto the cell surface. PolyDNA with the comple-
mentary sequence was similarly transferred onto the surface or
other cells or onto a substrate. Cell-cell or cell-substrate attach-
ments were subsequently induced via hybridization between the
two complementary polyDNAs.

2. Materials and methods
2.1. Materials

a-N-Hydroxysuccinimidyl-w-maleimidyl poly(ethylene glycol) (NHS-PEG-Mal,
MW: 5000) was from Nektar Therapeutics (San Carlos, CA, USA). 1,2-dipalmitoyi-sn-



