EFFECTS OF RAMPAMYCIN ON ISLET g CELLS

clinical islet transplantation are currently not fully under-
stood, this decline may reflect chronic toxicity of immuno-
suppressive drugs on islet B cells.

Rapamycin is widely used both as an induction and
maintenance immunosuppressant in islet transplantation as
part of the original Edmonton protocol.! Rapamycin may
have deleterious effects on islet B cells. The immunosup-
pressive mechanism of rapamycin is based on blockade of
mammalian target of rapamycin (mTOR), a molecule with
a pivotal role in cell cycle progression from late G1 into S
phase in response to T-cell growth factor stimulation.® The
mTOR, which is ubiquitously expressed in various cell
types, is a serine/threonine protein kinase that regulates
important cellular process including growth, proliferation,
motility, survival, protein synthesis, and transcription.*
Furthermore, mTOR activity inhibits autophagy in cells
ranging from yeast to human.® Accordingly, the ability of
rapamycin to inhibit mTOR activity may induce autophagy.

Autophagy, meaning to eat oneself, is one of the main
mechanisms for maintaining cellular homeostasis. Although
this pathway is not directly a death pathway, it is a self-
cannabalistic pathway. Mediated via lysosomal degradation,
autophagy is responsible for destroying cellular proteins
and degrading cellular organelles, recycling them to ensure
cell survival. Although altered autophagy has been observed
in various diseases, including neurodegenerative diseases,
cancers, and cardiac myopathies,®~2 its role is not known;
the crux of the problem is whether the response is cell
protective or a mechanism of death.

The relative contributions of autophagy are poorly un-
derstood in transplanted islets. The objective of the present
study was to evaluate the effects of rapamycin on islet
B-cells, including autophagy induction, viability, and insulin
secretion, factors that may strongly contribute to progres-
sive dysfunction of transplanted islets.

MATERIALS AND METHODS
Isolation of Pancreatic Islets

Anesthetized male BL6 mice underwent bile duct cannulation with
pancreatic inflation using 3 mL of extracellular-type trehalose-
containing Kyoto (ET-Kyoto) solution containing 1 mg/mL of
collagenase. The inflated pancreas was excised; cleaned of lymph
nodes, fat, and bile duct; and digested with collagenase VIII,
followed by purification using a discontinuous Ficoll gradient.
Isolated islets were cultured in RPMI (Roswell Park Memorial
Institute) 1640 medium.

Western Blot Analysis

Western blot analysis was performed to detect the accumulation of
LC3-11, an LC3-phosphorylated conjugate, which is an early marker of
autophagy. Fresh islets (30 per well) were incubated for 24 hours in
culture medium in the absence or presence of either 1 or 10 ng/mL
of rapamycin. Protein samples from lysed cells underwent electro-
phoresis with 15% sodium dodecylsulfate—polyacrylamide gel and
were transferred to polyvinylidene fluoride membranes. Lysate
LC3-11 was recognized by immunoblotting with an anti-LC3 mono-
clonal antibody (MBL International Corp, Woburn, Massachu-
setts).” As the loading control for the samples, we also detected
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protein expression of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Protein expression levels of both LC3-11 and GAPDH,
expressed in arbitrary units, were quantified using an image
analyzer (Fluor-Chem; Bio-Rad Laboratories, Inc, Hercules, Cal-
ifornia). The relative protein expression of LC3-II in islets was
normalized to that of GAPDH and expressed as the ratio of LC3-1I
to GAPDH.

Islet Viability Assay

Thirty cells of fresh mice islets were cultured for 24 hours with
complete medium in the absence or presence of either 1 or 10
ng/mL of rapamycin. Subsequently, islet viability was determined
using the colorimetric methyl tetrazolium salt (MTS) Cell Titer 96
Aqueous One Solution cell proliferation assay (Promega Corp,
Madison, Wisconsin).'® The colorimetric reagent was added to
each well and incubated for 2 hours before absorbance values were
read at 490 nm.

Blocking Assay of Autophagic Signaling

To determine whether rapamycin-treated islets recovered their
viability, they were assessed using the MTS assay in the absence or
presence of 10 mmol/L of 3-methyladenine (3-MA), an inhibitor of
class 3 phosphatidylinositol 3-kinase, an inhibitor of autophagy."’

Glucose-Stimulated Insulin Release and Stimulation Index

To further determine the in vitro potency of rapamycin-treated
islets, static glucose challenge was performed in the absence or
presence of 10 mmol/L of 3-MA.'? After overnight culture, islets
were incubated with either 2.8 or 20 mmol/L of glucose in culture
medium for 2 hours at 37°C. The collected supernate was stored
at —80°C for measurement of insulin with an enzyme-linked
immunosorbent assay. Glucose-stimulated insulin release was ex-
pressed as the stimulation index, that is, the ratio of insulin release
during exposure to high glucose (20 mmol/L) incubation compared
with low glucose (2.8 mmol/L) incubation.

Generation of GFP-LC3 Transgenic Mice

For ex vivo studies to monitor autophagy in rapamycin-treated
islets, transgenic mice expressing GFP-LC3 under the control of
the constitutive CAG (chicken B-actin) promoter were purchased
from RIKEN BioResource Center, Wako, Japan.'® Fresh mouse
islets, isolated as described above, were incubated for 24 hours in
culture medium in the absence or presence of 1 ng/mL of rapamy-
cin. In addition, rapamycin-treated islets were incubated in the
presence of 10 mmol/L of 3-MA. Either untreated control islets,
rapamycin-treated islets, or rapamycin plus 3-MA-treated islets
were directly observed using a fluorescence microscope (Biozero;
Keyence Corp, Osaka, Japan) to detect GFP-LC3 dots.

RESULTS
Endogenous LC3-Il Markedly Accumulates in Islets Treated
With Rapamycin

Endogenous LC3-1I protein was detected in control islets
(Table 1). From the results for islets treated with either 1 or
10 ng/mL of rapamycin, the expression level of endogenous
LC3-11in 1 ng/mL of rapamycin-treated islets was similar to
that in control islets. However, the amount of endogenous
LC3-1I was doubled in 10 ng/mL of rapamycin-treated islets
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Table 1. LC3-1l Accumulation in Rapamycin-Treated Islets
Rapamycin Treated Islets Blocking Assay With 3-MA
Untreated 1 ng/mL of Rapamycin Plus 10 10 ng/mL of Rapamycin Plus 10
Assay Control Islets 1 ng/mbL 10 ng/mL mmol/L. of 3-MA mmol/L of 3-MA
LC3-l expression at Western biot 0.50 0.46 1.08 1.04 0.73
analysis (LC3-1l/GAPDH ratio)
Absorbance by MTS assay (islet 100 (control)  56.8 (14.1)  48.0 (2.0) 68.5 (0.5) 75.8(25.9)

viability, recovery of viability), %

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; LC3-Hl, light chain 3, membrane bound; 3-MA, 3-methyladenine; MTS, methyl tetrazolium

salt.

(Table 1). Under blocking conditions of autophagic signal-
ing by 3-MA, there was an approximately 32% reduction in
the amount of L.C3-1I observed in rapamycin-treated islets
in the presence of 10 mmol/L of 3-MA as judged by the
LC3-II/GAPDH ratio (Table 1).

Rapamycin Treatment of Islets Results in Reduced
Islet Viability

To assess the direct effects of rapamycin on islet viability,
we performed the MTS assay. On the basis of treatment
with rapamycin, there were approximately 43% and 51%
reductions in viability with treatment with 1 and 10 ng/mL
of rapamycin, respectively (Table 1). In contrast, the viabil-
ity of rapamycin-treated islets markedly recovered in the
presence of 3-MA. Approximately 69% and 76% islet
viability was noted after treatment with 1 ng/mL of rapa-
mycin plus 10 mmol/L of 3-MA and with 10 ng/mL of
rapamycin plus 10 mmol/L of 3-MA, respectively (Table 1).

Rapamycin Strongly Affects In Vitro Islet Function

Islet potency was assessed using a static glucose challenge in
vitro. The stimulation index (SI) of untreated control islets
was 1.38 = 0.16 (Fig 1). However, treatment of islets with

rapamycin dramatically reduced the SI. The SI was 1.11 *
0.01 with 1 ng/mL of rapamycin, and no insulin output
occurred with 10 ng/mL of rapamycin treatment (Fig 1). In
contrast, the SI dramatically improved with the addition of
3-MA. Islets treated with 1 ng/mL of rapamycin plus 10
mmol/L. of 3-MA, completely recovered compared with
untreated control islets (Fig 1). These results indicate that
rapamycin treatment of isolated islets elicited not only auto-
phagy induction but also reduced islet viability and potency.

GFP-LC3 Signal is Strong in Rapamycin-Treated Islets

Autophagy in response to rapamycin treatment was seen on
fluorescence photomicrographs of islet samples prepared
from GFP-LC3 transgenic mice (Fig 2). In untreated con-
trol islets, the GFP-LC3 signal was detected diffusely in
islets with few punctuate dots (Fig 2A). After 24 hours of
incubation with 1 ng/mL of rapamycin, the number of
GFP-LC3 dots markedly increased; most were detected as
cup- or ring-shaped structures (Fig 2B). In contrast, the
level of GFP-LC3 signals of rapamycin-treated islets in the
presence of 10 mmol/L of 3-MA was diffuse and returned to
the base level of control islets (Fig 2C).
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Fig 2. Islet autophagy in response to rapamycin treatment. Islet samples were prepared from GFP-LC3 transgenic mice. A, Untreated
control islets. B, Islets treated with 1 ng/mL of rapamycin. C, Islets treated with rapamycin plus 3-MA. Bars indicate 100 um.

DISCUSSION

Rapamycin, which is a natural bacterial product that inhib-
its mTOR by association with an intracellular receptor
FKBP12,' is widely used as the central immunosuppressant
in islet transplantation. As is well known, mTOR is a kinase
that regulates important cellular processes such as inhibi-
tion of autophagy. Our results demonstrate that rapamycin
treatment of isolated islets induced autophagy. This phe-
nomenon impaired both islet viability and potency. These
deleterious effects of rapamycin on islet § cells were
markedly improved by the addition of 3-MA, which is an
inhibitor of autophagy. Accordingly, therapeutically target-
ing this novel pathway may yield significant benefits, pre-
venting the progressive islet graft dysfunction observed in
transplant recipients.
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Intracellular and Extracellular Remodeling Effectively Prevents Human
CD8* Cytotoxic T Lymphocyte-Mediated Xenocytotoxicity by
Coexpression of Membrane-Bound Human FasL and

Pig c-FLIP_ in Pig Endothelial Cells

M. Tanemura, A. Saga, K. Kawamoto, T. Machida, T. Deguchi, T. Nishida, Y. Sawa, Y. Doki, M. Mori,
and T. lto

ABSTRACT

Human CD8™ cytotoxic T Iymphocyte (CTL)-mediated cytotoxicity, which participates in
xenograft rejection, is mediated mainly by the Fas/FasL apoptotic pathway. We previously
developed methods to inhibit human CTL xenocytotoxicity by extracellular remodeling
using overexpression of membrane-bound human FasL on pig xenograft cells, and by
intracellular blockade of death receptor-mediated apoptotic signals, such as the Fas/FasL
pathway using the pig c-FLIP, molecule. To investigate the cooperative effects of both
membrane-bound FasL and pig ¢-FLIP,, we cotransfected both genes into pig endothelial
cells (PEC). The double remodeling with these molecules effectively prevented CD8” CTL
killing. Although double transfectants and single high transfectants of either membrane-
bound FasL or ¢-FLIP, gene displayed similar inhibition of CTL cytotoxicity, the
expression levels of these 2 molecules in double transfectants were almost half the
expression levels of single transfectants. Furthermore, to show in vivo prolongation of
xenograft survival, we transplanted PEC transfectants under the rat kidney capsule.
Prolonged survival was displayed by PEC double transfectant xenografts whereas those
from either parental PEC or MOCK (vehicle control) were completely rejected by day 5
posttransplantation. These data suggested that intracellular and extracellular remodeling
by coexpression of membrane-bound FasL and pig c-FLIP| in xenograft cells may prevent
an innate cellular response to xenografts. The gene compatibility of these molecules to
generate transgenic pigs may be sufficient to create a window of opportunity to facilitate
long-term xenograft survival.

VERCOMING hyperacute rejection (HAR) by «ol,
3-galactosyltransferase gene knockout animals
(GT-KO) that bear deletion of the major xenoantigen,
a-gal epitopes (Galal-3GalB1-4GlcNAc-R), has been a
significant step toward successful pig-to-primate organ xe-
notransplantation.”* However, long-term xenograft survival
has yet to be achieved because a xenograft may be rejected
directly by cell-mediated immunity, including natural killer
(NK) cells, macrophages, and CD8" cytotoxic T lympho-
cytes (CTLs).2" Therefore, overcoming cell-mediated im-
munity, especially mediated by human CD8* CTLs, is an
important strategy for long-term successful xenograft sur-
vival. Our previous studies have reported that the highly
detrimental cytotoxic activity of human CD8" CTLs against
pig endothelial cells (PEC) is mediated in major part by the
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Fas/FasL apoptotic pathway.” To inhibit this strong CTL
killing, we have exploited the weapon of extracellular
overexpression of a membrane-bound human FasL that
carries a deletion at the metalloproteinase cleavage site.” In
addition, we have demonstrated that intercellular overex-
pression of pig c-FLIP, ., (c-FLIP;), which is a potent
inhibitor of death receptor-mediated pro-apoptotic signals
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protects PEC from human CTL-mediated killing® by virtue
of blocking the signaling pathway more upstream (before
caspase-8 activation and release).

The present study addressed the question regarding
human CD87 CTL-mediated xenocytotoxicity—will double
overexpression of both membrane-bound human FasL and
pig c-FLIP; on pig xenograft cells display cooperative
effects to prevent CTL-mediated xenocytotoxicity? Further-
more, we examined the in vivo prolongation effects of
xenograft survival by double remodeling of these molecules,
using transplantation studies.

MATERIALS AND METHODS
Cell Culture

A PEC line, MYP-30,” was maintained in DMEM (Sigma-Aldrich,
St Louis, Mo United States) supplemented with 10% FBS (Sigma-
Aldrich), 100 U/mL penicillin, 100 pg/mL streptomycin, and 0.1
mmol/L. nonessential amino acids (Invitrogen, Carlsbad, Calif,
United States).

Gene Construction

Complementary DNA (¢cDNA) encording the membrane-bound
human FasL, which cannot be cleaved with metalloproteinase, was
subcloned into the site of pEF-BOS expression vector, which
carried the promoter of the human elongation factor 1a chromo-
somal gene.’ cDNA of pig ¢-FLIP; was subcloned into the EcoRI
site of pCR3.1 expression vector, which carried a cytomegalovirus
(CMV) promoter?®

Transfection of Plasmids

Each 20 ug of these plasmids was cotransfected into the PEC line
(MYP-30) using lipofectamine (Invitrogen), according to the man-
ufacture’s instructions. PEC that had been stably transfected with
pEF-BOS and pCR3.1 expression vectors, which lack the cDNA
fragments of either membrane-bound FasL or pig c-FLIP;, was
also established (ie, MOCK) as a vehicle control. The expression of
membrane-bound human FasL on the PEC surface was assessed
using FACS analysis, as previously described.® The intracellular
protein expression of pig c-FLIP; was detected using Western blot
analysis, as previously described.® Protein expression levels of pig
¢-FLIP, in PEC transfectants were quantified using Fluor-chem
image analyzer (BioRad) as expressed by arbitary units. As the
loading control for each sample, protein expression of pig GAPDH
in either parental, MOCK, or PEC transfectants was detected using
a goat anti-pig GAPDH monoclonal antibody (mAb; Santa Cruz
Biotechnology, Santa Cruz, Calif, United States). The relative
protein expression of pig c-FLIP; in PEC transfectants was nor-
malized to that of pig GAPDH as expressed by the c-FLIP/
GAPDH ratio,

Preparation of Human CD8* CTL

To generate human CD8" CTLs, 10 to 15 X 10° separated PBMCs
were cocultured for 14 days with irradiated PEC as stimulator cells
in the presence of recombinant human interleukin (IL)-2, as
previously described.>® Subsequently, human CD8* CTLs posi-
tively isolated by magnetic beads (Dynal, Oslo, Norway) coated
with anti-human CD8 mAb (RPA-T8, BD Biosciences Pharmin-
gen, San Jose, Calif, United States) were examined using an in vitro
cytotoxicity assay.
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In Vitro Cytotoxicity Assay

The cytotoxic activity of human CD8* CTLs incubated under
various conditions was assessed using a *'Cr release assay as
previously described.>® Parental PEC, MOCK, and PEC transfec-
tants with either membrane-bound FasL, pig c¢-FLIP,, or both
genes were plated at 5000 cells/well in 96 well plates as target cells,
After labeling with *'Cr for target cells, human CTLs isolated using
magnetic beads were added to the wells, 3!Cr released from the
dead cells was measured in the supernates. The cooperative effects
of FasL and pig c-FLIP; double expression on human CTL-
mediated xenocytotoxicity were determined by comparisons with
PEC single transfectants and parental PEC,

Transplantation Studies and Immunohistochemical Analysis

Lewis rats (8 to 10 weeks old) purchased from Oriental Yeast
(Tokyo, Japan) were distributed randomly between experimental
groups (n = 5 rats per group) to receive either parental PEC,
MOCK, or PEC transfectants. Rats immunized 3 times intraperi-
toneally with pig kidney membranes (250 mg) with a l-week
interval between injections were used as recipients. In each case,
2.5 X 10° cells of either parental PEC, MOCK, or PEC transfec-
tants were transplanted under the kidney capsule of rats in the
absence of immunosuppression. Transplanted rats were monitored
until the time of harvest at day 2, day 3, or day 5 posttransplanta-
tion. Each grafted kidney was analyzed using immunohistochemis-
try. Kidney specimens cut into small blocks and fixed in formalin
were embedded in a single paraffin block. After quenching endog-
enous peroxidase activity by exposure to 3% H,0,/methanol,
paraffin sections were stained with a rabbit anti-human Von
Willebrand Factor (vWF) polyclonal antibody (DAKO) to specif-
ically detect endothelial cells. The rinsed sections were then
incubated with link antibody, followed by incubation of horseradish
peroxidase-conjugated streptavidin. Immunostaining was visual-
ized with 0.02% diaminobenzidine (DAB, Sigma-Aldrich) as the
chromogen. The specificity for the primary vWF antibody was
verified by control sections in which we omitied the primary
antibody.

RESULTS
Establishment of PEC Transfectants Overexpressed Either
Membrane-Bound FasL, Pig c-FLIP,, or Both Genes

Two single positive clones were isolated: one had a high
expression of membrane-bound human FasL, and other
had a high expression of pig c-FLIP; . Additionally, we also
established three double-positive clones. Of the double
transfectants, double-1 had a high expression of membrane-
bound Fasl. and a low level of pig c-FLIP, protein;
whereas, double-2 had a low expression of FasL and a
moderate protein expression of pig ¢-FLIP;, and double-3
showed moderate expression levels of both molecules with
almost half of the levels compared with the single high
expression clones of each molecule, respectively (Table 1).

Double-Overexpression of FasL and c-FLIP, Effectively
Prevents CD8" CTL-Mediated Cytotoxicity Against PEC

Human CD8" CTLs generated by in vitro culture displayed
strong killing against parental PEC and MOCK, namely, a
lysis of >80% at an effector to target ratio of 50:1 (Fig 1A).
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Table 1. Changes in the Expression Levels of Either Membrane-Bound FasL or c-FLIP_ Molecules
Protein Expression in PEC Transfectants

Celis Membrane-Bound Fasl. {Mean Fluorescence Intensity by FACS} c-FLIP /GAPDH Ratio (Arbitary Units)
Parental PEC Not detected 0.4 (endogenous)
MOCK Not detected 0.38 (endogenous)
PEC-FasL (single, high) 127 0.35 {endogenous)
PEC-FLIP_ (single, high) Not detected 1.8
Double 1: FasL (high) + FLIP_ (low) 80.6 0.8
Double 2: FasL (low) + FLIP_ (middle) 33.1 1.2
Double 3: FasL (middle) + FLIP, (middie) 62.0 14

Note: The expression level of membrane-bound FasL on the PEC surface was examined using FACS analysis. The intracellular expression of c-FLIP, protein was
assessed using Western blotting. kmage analyzer profiles were used to quantify the expression level of c-FLIP_ protein in parental PEC, MOCK, and PEC
transfectants. The relative protein expression of c-FLIP_ in PEC transfectants was normalized to that of pig GAPDH and expressed as the ¢-FLIP /GAPDH ratio.

The single overexpression of either membrane-bound FasL clones of either FasL or ¢c-FLIP, transfectants at effector-
or pig ¢-FLIP, in PEC resulted in marked cytoprotection to-target ratios of 50:1. The double-overexpression of these
from CD8* CTLs (Fig 1A). Inhibition of cytotoxicity by molecules in PEC effectively reduced CD8" CTL-mediated
64% to 73% was observed among single high expression cytotoxicity (Fig 1A). From the result for the double-3

A B Immunostaining with anti-vWF Ab
Day 5

Parental PEC X Rejected

100
B E/T ratio=50:1
E/T ratio=25:1 MOCK Rejected
80 O E/T ratio=12.5:1
-~
g PEC FasL
3 60 Single transfectant 3 Survived
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=
3
:-1.40
® PEC ¢-FLIE single
transfectant j
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Parental MOCK  Fasl  ¢.FLIP, Double-1 Double-2 Double-3 + FLIP-Iow
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Transfectants Transfectants Double-3 ]
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Fig 1. °'Cr release assay of PEC transfectants and immunohistological findings of PEC xenografts transplanted under rat kidney
capsule. Amelioration of human CD8" CTL-mediated cytotoxicity by the PEC transfectants, MOCK, and contro! parental PEC was
estimated at the effector:target ratio of either 12.5:1, 25:1, or 50:1. (A) The percentages of CTL-killing by PEC transfectants. Each value
is expressed as the mean = SD from 5 independent experiments. (B) Immunohistological findings of rat kidney tissue of PEC
transplanted rats. Immunostaining with anti-vWF Ab for transfected PEC of kidney specimens obtained at day 5 posttransplantation.

Pictures are representative of immunostaining of kidney sections obtained from 5 animals per each transfectant group. The black bars
in each picture indicated 100 um.
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transfectant, the inhibition level of CTL killing by this clone
was similar to that of either the FasL or the ¢-FLIP; single
high expression clones at an effector-to-target ratio of
either 25:1 or 12.5:1. In contrast, the expression levels of
these 2 molecules were almost half that of the single high
transfectants, as judged by either ¢-FLIP; /GAPDH ratio of
western blot analysis or mean fluorescence intensity of
FACS analysis. These findings indicated that additional
effects to inhibit CD8" CTL-mediated xenocytotoxicity can
be obtained by double-expression of both FasL and ¢-FLIP;
in PEC.

Double-Overexpression of FasL and c-FLIP_can Prolong
Xenograft Survival

To prove that the double-overexpression of both FasL and
c-FLIP; molecules in PEC was effective to prolong xeno-
graft survival, we transplanted PEC transfectants under the
rat kidney capsule. The results of the immunohistochemical
analysis are summarized in Fig 1B. At day 3 posttransplan-
tation, large numbers of well-preserved both parental PEC,
MOCK, and PEC transfectants were observed under the
kidney capsules (data not shown). By day 5 posttransplan-
tation, parental PEC and MOCK had been completely
rejected (Fig 1B). In contrast, both single high and double
transfected PEC xenografts survived intact at day 5 post-
transplantation (Fig 1B). Accordingly, we observed benefi-
cial effects for in vivo prolongation of xenografts with
double PEC transfectants.

DISCUSSION

Cellular immunity toward xenograft rejection, including
human NK cells, macrophages, and CD8"* CTLs, seems to
be an important obstacle to prolonged graft survival in
pig-to-human xenotransplantation. We have previously de-
veloped methods to prevent immune attack of human
CD8" CTLs toward pig xenograft cells by means of both
extracellular remodeling of the death receptor using mem-
brane-bound human FasL and intracellular blocking of
death receptor-mediated apoptotic signals, such as Fas/
FasL pathway by the use of pig c-FLIP; molecule. In the
present study, we assessed the amelioration of cytoprotec-
tive effects from human CTL-mediated killing by combined
overexpression of both membrane-bound human FasL and
pig c-FLIP; genes.

Both in vitro and in vivo analyses revealed the coopera-
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tive effects of intracellular and extracellular remodeling
with these molecules to inhibit CTL xenocytotoxicity. Our
final goal was to generate a double transgenic pig with both
membrane-bound FasL and c-FLIP; genes. Consequently,
pig islets obtained from this double transgenic pig may
prove to be beneficial to prolong xenograft survival by a
high resistance to the immune attack of human CTLs.
However, from the embryological view, the birth of a
double transgenic pig, which highly expresses both FasL
and ¢-FLIP; molecules, respectively, may be difficult. It
takes a long time to select the high expression clone of these
molecules. The cooperative effects and compatibility of
multi-transgenes must be understood to efficiently generate
transgenic pigs with multi-genes. Thus, our findings in the
present study demonstrated that double remodeling with
both membrane-bound human FasL and ¢-FLIP; may well
be compatible to generate transgenic pigs and can elicit
cooperative effects for the inhibition of human CTL xeno-
cytotoxicity.
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The quality of donor pancreata is important for successful islet isolation. However, in some countries like
Japan, the number of donor pancreata is very low; therefore, marginal donors have been used with less
restrictive donor criteria. In order to use marginal donor pancreata, we established the Kyoto islet isolation
method (KIIM). According to United Network for Organ Sharing (UNOS) in 2005, more than 6,000 pan-
creata were not clinically used in the US. In this study, we applied the KIIM for brain-dead donors and
reevaluated donor usability based on the Japanese islet donor criteria. Islets were isolated with the Ricordi
method using pancreata stored in University of Wisconsin (UW) solution (UW group) or by the two-layer
method (TLM group) or the TLM combined with ductal injection (DI group). We implemented the KIIM
(KIIM group) to confirm the effect of the KIIM on brain-dead donors. Donor charts in Texas from 2005 to
2006 were reviewed. If pancreata were not used clinically, the reason was reviewed and donors were reevalu-
ated based on Japanese criteria. There were no significant differences of islet yield, viability, and purity
between the UW and TLM groups. The DI group significantly improved islet yields and isolations were
further improved in the KIIM group [UW: 251,663 + 60,217 islet equivalent (IE); TLM: 243,738 £ 54,170
IE; DI: 498,639 + 28,853 IE; KIIM: 678,286 + 55,853]. The KIIM provided high-quality islets in high num-
bers from islet isolations from brain-dead donors. A total of 236 donor charts were reviewed and 194
pancreata (82%) were not used. Of these, 185 cases identified the reasons that the pancreata were not used.
When we applied the Japanese criteria, an additional 82 cases out of 185 (44%) seem to be suitable for islet
isolations. With the KIIM, more than 2,500 additional donor pancreata can be used for islet isolation in the
US every year when the Japanese criteria are applied.

Key words: Donor; Ductal injection; Islet transplantation; Kyoto islet isolation method; Kyoto solution;

Two-layer method

INTRODUCTION

Islet transplantation is an option for the treatment of
type 1 diabetic patients who maintain hypoglycemic un-
awareness despite maximal care (20,21). Successful islet
isolation is the key to successful islet transplantation;
the quality of the donor pancreas is important for suc-
cessful islet isolation (1-3,5,7,15,22). Highly restricted
criteria were made in order to assure high quality of
donor pancreata for islet isolation (20). However, in
some countries like Japan, the number of donor pan-
creata is very low; therefore, marginal-quality donor
pancreata have been used. In order to use marginal do-
nor pancreata, especially from non-heart-beating donors

(NHBDs), we modified the Ricordi islet isolation
method and developed the Kyoto Islet Isolation Method
(KIIM) (11,14,16,17). Major implementations of this
modification are pancreatic ductal preservation, modi-
fied two-layer pancreas preservation with Kyoto Solu-
tion and density-adjusted continuous density gradient
purification (10). Using the KTIM, we successfully iso-
lated islets and transplanted into type 1 diabetic patients
in 17 out of 21 cases (81%) (8). This transplantation rate
is remarkably high compared with previously published
data (4,6,9). In fact, the transplantation rate of the major-
ity of islet centers is less than 50%. Despite this low
percentage, the majority of pancreata in the US, even
from brain-dead heart-beating donors, are not clinically
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used. According to UNOS in 2005, only 1,466 pancreata
out of 7,593 cases (19%) were clinically used, meaning
that more than 6,000 pancreata were not used. However,
we postulated that if we implemented the KIIM for islet
isolation from brain-dead donors, we should be able to
use marginal donor pancreata for islet isolation, meaning
that more pancreata could be clinically used.

In this study, we first implemented the KIIM for islet
isolation from brain-dead donors. Then we evaluated
pancreas donors in our local area by reviewing well-
documented donor charts and estimated how many pan-
creata in the US could be used for islet isolation when
we apply the Japanese islet donor criteria in combination
with an improved islet isolation technique, such as the
KIIM.

MATERIALS AND METHODS
Pancreas Procurement and Islet Isolation

From January 2005 to August 2007, we performed
27 islet isolations using brain-dead donor pancreata. In
all cases, pancreata were stored less than 8 h. All 27
islet preparations were manipulated according to Current
Good Manufacturing Practice (¢cGMP) in the cell pro-
cessing facility at Baylor Institute for Immunology Re-
search.

The first protocol included the regular Ricordi islet
isolation method (19,20) and pancreata were preserved
in UW solution (N =6, UW group) or by the oxygen
static charged two-layer method (N =13, TLM group)
(13). For the next protocol, the islet team participated in
pancreas procurement and pancreatic ductal injection
was introduced at the donor site (N=23, DI group)
(10,11,16). Then pancreata were preserved by the oxy-
gen static charged TLM and islets were isolated by the
Ricordi method. For the final protocol, we implemented
the KIIM (N = 3, KIIM group) (10,11,17). The key pro-
cedures of the KIIM are described as follows. We pro-
cured pancreata in conjunction with multiorgan procure-
ment. We removed the duodenum and spleen from the
pancreas at the procurement site. A cannula was imme-
diately inserted into the procured pancreas through the
main pancreatic duct from the direction of the pancreatic
head and M-Kyoto solution was administered intraduc-
tally (ductal injection). M-Kyoto solution is 100,000 U/
L of ulinastatin (Mochida Pharmaceutical Co. Ltd.,
Tokyo, Japan) in ET-Kyoto solution (Otsuka Pharma-
ceutical Co., Naruto, Japan).

For pancreas preservation during transportation, we
use an oxygenated perfluorocarbon/M-Kyoto solution-
based two-layer method. Before islet purification, we
checked the density of the isolation aggregates with a
test tube density adjustment method as follows (10). Six
discontinuous density test tubes were prepared with 5
ml each of purification solution of different densities
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(1.085, 1.090, 1.095, 1.100, 1.105, and 1.110 g/cm?).
The different densities were achieved by adjusting the
ratio of iodixanol (OptiPrep, Axis-Shield PoC AS, Nor-
way) to M-Kyoto solution. Samples were taken from the
isolation aggregates and added to the discontinuous den-
sity test tubes. The tubes were spun at 1,000 rpm for 5
min and the densities of aggregates were determined by
whether they pelleted or floated in the different density
solutions. Islets were purified with a continuous density
gradient of iodixanol/M-Kyoto solution in an apheresis
system (COBE 2991 cell processor, Gambro Labora-
tories, Denver, CO). The heavy density solution was
chosen according to the test tube density adjustment
method described above and the gradient was achieved
by varying the ratio of iodixanol to M-Kyoto solution.

Islet Evaluation

Islet evaluation was independently judged by two in-
vestigators. Islet yield was determined with dithizone
staining (2 mg/ml; Sigma Chemical Co., St. Louis, MO)
under an optical graticule and converted into a standard
number of islet equivalents (IE, diameter standardizing
to 150 pm) (12,18). Purity was assessed by comparing
the relative quantity of dithizone-stained tissue to un-
stained exocrine tissue. Islet viability was evaluated us-
ing fluorescein diacetate (FDA) and propidium iodide
(PD) staining to visualize living and dead cells simultane-
ously (12,18). The recovery rate after purification was
determined by dividing IE before purification by IE after
purification. For qualification of transplantation, we
used the original Edmonton protocol criteria (20). For a
qualified transplantation, islet yield should be more than
5,000 IE/kg patient body weight (we used 60 kg as a
default body weight, which means that the total islet
yield should be more than 300,000 IE), viability above
70%, purity of more than 30%, and a tissue volume of
less than 10 ml (20). In addition, the final product needs
to have negative gram staining and have endotoxin lev-
els below 5 EU/kg patient body weight (we used 60 kg
as a default so that the total endotoxin level should be
less than 300 EU).

Isolated islets from all three cases of the DI group
were transplanted into two type 1 diabetic patients. One
patient received two islet infusions and the other patients
received one. We submitted the data obtained from the
KIIM group to Food and Drug Administration (FDA)
for the approval of clinical use of the KIIM.

Donor Chart Review

Two hundred and thirty-six donor charts from well-
documented muitiorgan procurements in Texas (South-
west Transplant Alliance; Dallas, TX and LifeGift Or-
gan Donation Center; Fort Worth, TX, USA) from 2005
to 2006 were reviewed. Twenty-nine pancreata were
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used for whole pancreas transplantations and 13 pan-
creata were used for islet isolation. Therefore, 194 (82%)
pancreata were not used. In the unused 194 cases, the
reasons that they were not used were also reviewed
based on donor-specific inclusion and exclusion criteria
at Baylor. Then unused donors were reevaluated based
on Japanese islet specific donor inclusion and exclusion
criteria.

Statistics

Values for the data collected represent means + SE.
Four groups were compared by means of ANOVA fol-
lowed by Fisher’s Protected Least Significant Difference
post hoc test. The ratios between the two groups were
compared using Fisher’s exact test. Values of p < 0.05
were considered significant.

RESULTS
Donor Characteristics

In terms of donor characteristics among the four
groups (UW group, TLM group, DI group, and KIIM
group), there were no significant differences in donor
age, body mass index (BMI), pancreas weight, or cold
ischemic time (CIT) (Table 1).

Islet Isolation Outcomes

There was no significant difference in islet yields be-
tween the UW group and TLM group (251,663 + 60,217
IE UW group vs. 243,738 + 54,170 IE TLM group)
(Fig. 1). Islet yields were significantly increased when
we introduced ductal injection to the TLM method
(498,639 + 28,853 IE) (Fig. 1). The use of the KITM fur-
ther improved islet yields compared to the DI groups
(678,286 + 55,853 IE) (Fig. 1). There were no signifi-
cant differences of viability or purity of isolated islets
among the four groups (Table 2). The recovery rate after
purification was significantly higher in the KIIM group
compared with the UW and TLM groups (Table 2).
Qualifying the transplantation criteria was 2/6 (33%) in
the UW group and 4/13 (31%) in the TLM group. After

Table 1. Donor Characteristics
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the addition of ductal injection, both DI and KIIM
groups had a 100% success rate for qualification of
transplantation. The success rate of islet isolation was
significantly improved with ductal injection (DI and
KIIM groups) {6/19 (32%) without ductal injection
(UW, TLM) vs. 6/6 (100%) with ductal injection (DI,
KIIM), p < 0.01].

The clinical results in the DI group are shown in Fig-
ure 2. The daily insulin dose was gradually decreased
after the first islet transplantation and the patient became
insulin independent after the second islet transplantation
(Fig. 2, top). Fasting glucose levels became well con-
trolled after the first islet transplantation and further im-
proved after the second islet transplantation (Fig. 2, mid-
dle). HbA,¢ levels gradually decreased after the first islet
transplantation and reached normal range (Fig. 2,
bottom).

Donor Chart Review

Donor chart review revealed that out of 194 unused
cases, the reasons that the pancreata were not used were
identified in 185 cases, based on Baylor islet-specific
donor inclusion and exclusion criteria (Table 3). Forty
cases (21.6%) were aborted during procurement, 37 pan-
creata (20.0%) were not used due to donor age, 29 pan-
creata (15.7%) were not recovered due to high glucose,
17 pancreata (9.2%) could not be used due to diabetes,
in 15 cases (8.1%) the family did not consent to the
procurement, 14 cases (7.6%) had infectious disease, in
nine cases (4.9%) no specific reasons were mentioned,
eight cases (4.3%) were not attempted due to cardiac
arrest events, seven cases (3.8%) were not performed for
social reasons, five pancreata (2.7%) were not used due
to fatty pancreata, and elevated creatinine levels pre-
vented pancreas procurement in four cases (2.2%)
(Fig. 3).

Next, unused donors were reevaluated based on Japa-
nese islet-specific donor inclusion and exclusion criteria
(Table 3). Infection, lack of family consent, diabetic
pancreata, and social reasons were considered as not

uw TLM DI KM
N 6 13 3 3
Age (years) 480+ 35 43.6+3.1 37.5£145 343492
BMI (kg/m?) 287+ 2.0 295+16 361+ 1.2 35725
Pancreas weight (g) 115.0+21.6 99.1%7.2 1214+£31.1 959144
CIT (h) 60+ 06 48106 3.0% 0.6 3.3+09
Gender (F/M) 2/4 3/10 2/1 12

There were no significant differences in all categories among all groups. UW, University
of Wisconsin solution; TLM, Two-layer method; DI, TLM + ductal injection; KIIM, Ky-
oto islet isolation method; BMI, body mass index; CIT, cold ischemic time.
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Figure 1. Islet yields of four different groups, including the Ricordi method using UW-stored
pancreata (UW), the Ricordi method using TLM-stored pancreata (TLM), the Ricordi method
using ductal preservation (DI), and the KIIM (KIIM). Islet yields were significantly higher in the
DI group compared with the UW and TLM groups (*p < 0.0001 UW vs. DI and TLM vs. D).
Islet yields were significantly higher in the KIIM group compared with all other groups (*p<
0.0001 UW vs. KIIM and TLM vs. KIIM, **p < 0.01 DI vs. KIIM).

qualified cases (63 cases, 34%). Based on the Japanese
criteria, high glucose without diabetes, fatty pancreas, or
elevated creatinine levels are acceptable for islet donors;
therefore, we counted those as qualified pancreata (47
cases, 25%). Ages less than 25 years old and up to 70
years old and cardiac arrest events with less than 30 min
of warm ischemia are also acceptable. In some cases
where the procedure was aborted, there were no contra-
indications. Out of 85 of those cases (age, cardiac arrest,
aborted cases), 25 cases were qualified for islet dona-
tion. A total of 82 cases (44%) were qualified for islet
donation.

‘When we extrapolated the 44% qualification rate that
we identified here, but of the currently unused 6,000-
plus pancreata, more than 2,500 pancreata could be used
for islet isolation in 1 year in the US.

DISCUSSION

Currently, we have established the KIIM for islet iso-
lation with marginal donor pancreata (8,10,11,14,17).
With the KITM, we successfully isolated transplantable
islets from NHBDs in 17cases out of 21 isolations (81%)
(8). All transplanted islets secreted insulin and all of the
patients improved glycemic control without hypoglyce-
mic unawareness. Three out of five multiple transplanta-
tion cases (60%) became insulin independent (8).

In this study, we first compared UW and TLM stor-
age. We then tested ductal injection (DI group) and
KIIM (KIIM group) to confirm the effect of DI and
KIIM on islet isolation from brain-dead donors. We did
not see any significant differences between the UW
group and the TLM group. Previously, we demonstrated

Table 2. Islet Isolation Qutcomes for the Different Groups

uw TLM DI KiiM
Viability (%) 873+ 62 923+08 95.7+27 93.9%09
Purity (%) 537+ 79 678+£6.0 493+38 43.0%50
Recovery rate after purification (%) 5391109 454 +6.1 612+9.0 90.0 £ 6.9*
Qualified for transplantation 2/6 (33%) 4/13 (31%) 3/3 (100%) 3/3(100%)

*p <0.01 versus TLM and p < 0.05 versus UW.
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Figure 2. Daily insulin dose (top), fasting blood glucose (middle), and HbA,¢ (bottom) before and
after two islet transplantations with the islets from the DI group. Daily insulin dose decreased after
the first islet transplantation and the patient became insulin independent after the second islet
transplantation (top). Fasting blood glucose became more stable after the first islet transplantation
and became more stable after the second transplantation (middle). HbA. continuously decreased

after the first islet transplantation and
(bottom).

achieved normal range after the second transplantation
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