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Regular Article

Larger Dosage Required for Everolimus than Sirolimus
to Maintain Same Blood Concentration in Two
Pancreatic Islet Transplant Patients with Tacrolimus

Eriko Sato?, tkuko YANO!, Maschiro SHMOMURA', Satohiro MAsUDA!, Toshiya KATsURA',
Shin-ichi MATsuMOT0?, Teru OkiTsu?, Yasuhiro IWANAGA?2, Shinji UemoTto3 and Ken-ichi Inut'-”
Department of Pharmacy, Kyoto University Hospital, Faculty of Medicine, Kyoto University, Kyoto, Japan

*Transplantation Unit, Kyoto University Hospital, Faculty of Medicine, Kyoto University, Kyoto, Japan
3Department of Surgery, Graduate School of Medicine, Kyoto University, Kyoto, Japan

Full text of this paper is available at http: / www.jstage.jst.go.jp/browse/dmpk

Summary: We attempted a switch of mammalian target of rapamycin (mTOR) inhibitors from sirolimus to
everolimus, a derivative of sirolimus and now on the market in Japan, in two pancreatic islet transplant
patients. Both patients were administered tacrolimus with sirolimus or everolimus. They had been ad-
ministered 5 or 9 mg sirolimus once a day and had maintained a trough concentration of about 15 ng/mL as
measured by high performance liquid chromatography with ultraviolet detection. After the switch from siroli-
mus to everolimus, they were given 10 or 12 mg/day of everolimus twice a day to maintain a trough concen-
tration of 12-15 ng/mL as measured by a fluorescence polarization immunoassay {FPIA) method. Afterward,
the blood concentrations of everolimus and sirolimus after the conversion were measured by high perfor-
mance liquid chromatography with mass spectrometry and everolimus concentrations were found to be 5-10
ng/mL. These data show that a larger dosage is needed for everolimus than sirolimus to maintain the same
trough blood concentration. Data obtained by the FPIA for everolimus should be carefully evaluated after

switching from sirolimus to everolimus because of the cross-reactivity of the antibody with sirolimus.

Keywords: everolimus; sirolimus; tacrolimus; pancreatic islet transplantation

Introduction

Pancreatic islet transplantation is a critical treatment
for type 1 diabetes when it is difficult to control blood
glucose levels despite an optimal insulin regimen and less
invasive than pancreatic transplantation. With the Ed-
monton protocol," results of pancreatic islet transplanta-
tion improved markedly. According to the Edmonton
protocol, Kyoto University Hospital performed 17 trans-
plantations from non-heart-beating donors for 9 patients
as of the end of 2006. The first successful living-donor is-
let transplantation was carried out on January 19, 2005.%

The  Edmonton protocol consists of high-dose siroli-
mus (rapamycin) and low-dose tacrolimus for im-
munosuppression.” Sirolimus suppresses the prolifera-

tion of lymphocytes by blocking growth factor-driven sig-

nal transduction through the inhibition of mammalian
target of rapamycin (mTOR).” In Japan, however, siroli-
mus is not approved by the Japanese government as an
immunosuppressant. Everolimus, a derivative of siroli-
mus, has a shorter elimination half-life than sirolimus,*®
and is expected to achieve a steady-state more quickly
and adjust blood concentrations more easily. Everolimus
has already been approved as an immunosuppressant in
Europe and in March 2007, was approved as an im-
munosuppressant for heart transplant patients in Japan.
Hence, we conducted a switch of mTOR inhibitors from
sirolimus to everolimus in pancreatic islet transplant
patients. Generally, clinical studies on everolimus in or-
gan transplant patients have been performed with the
concomitant administration of cyclosporine and steroids.
There are a few reports on everolimus using tacrolimus.
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Since everolimus as well as cyclosporine and tacrolimus
are metabolized by cytochrome P450 (CYP) 3A and also
transported via P-glycoprotein,7"9’ pharmacokinetic inter-
actions may vary between everolimus and tacrolimus or
cyclosporine.

Here, we report pharmacokinetic differences between
sirolimus and everolimus in two pancreatic islet trans-
plant patients concomitantly administered tacrolimus.
The blood concentration of everolimus was measured by
fluorescence polarization immunoassay (FPIA) method as
well as high performance liquid chromatography with
mass spectrometry (LC/MS).

Methods

Ethics: These studies were conducted in accor-
dance with the Declaration of Helsinki and its amend-
ments and were approved by the Kyoto University
Graduate School and Faculty of Medicine Ethics Commit-
tee. Written informed consent was obtained from each
patient.

Monitoring of blood concentrations for im-
munosuppressants’ Whole blood concentrations of
sirolimus (Rapamune‘ Wyeth, Madison, NJ) were meas-

ured by high performance liquid chromatography with
ultraviolet detection (HPLC-UV) as described previous-
ly.!% The whole blood concentration of everolimus (Cer-
tican®, Novartis Pharma AG, Basel, Smtzerland) was de-
termined by a FPIA (InnofluorBJ Certican® Assay, Ser-
adyn, Inc., Indianapolis, IN) using a TDxFLx® analyzer
(Abbott Japan Co. Ltd., Tokyo, Japan).

Remnant blood samples after measurement of everoli-
mus by FPIA were stored at —80°C. Everolimus and
sirolimus whole blood concentrations were determined
by a liquid-liquid extraction procedure and analysis of the
extract by LC/MS in selected ion monitoring mode using
atmospheric pressure chemical ionization as an interface
at the laboratory of Novartis Pharma S. A. S. (Rueil
Malmaison, France). Assay quantification limits were 0.3
ng/mL for everolimus and 0.5 ng/mL for sirolimus.

Cross-reactivity of sirolimus with the antibody
for everolimus: To evaluate the cross-reactivity of
sirolimus with the antibody for everolimus used in the as-
say, sirolimus was spiked in control human whole blood
and sirolimus concentration was measured using FPIA
for everolimus. Sirolimus concentrations were prepared
at 5, 10, 20 and 50 ng/mL and tested in triplicate.

Time course study of everolimus in islet trans-
plant patients:  On the day immediately before the dis-
charge of each patient, a time course study of everolimus
was conducted. Blood samples were collected just before
and 1, 2, 4, and 8 hrs after the morning administration.
Whole blood concentrations of everolimus were deter-
mined using LC/MS at the laboratory of Novartis.

Results

Case report: Patient I, a 48-year-old Japanese wo-
man, hag been treated with sirolimus and tacrolimus
(Prograf’ B Astellas Pharma Inc., Tokyo, Japan) after islet
transplantation, according to the Edmonton protocol.')
Thirty-six days after the transplantation, the mTOR inhi-
bitor was converted. We called the day of conversion day
0. Both everolimus and sirolimus were administered on
day O and only everolimus was administered after that.
She kept taking tacrolimus as before (3~4 mg/day). Siroli-
mus was administered once a day. Everolimus and
tacrolimus were administered twice daily. Blood sam-
pling was performed once a day in the morning before
the next administration of drugs. Before day 0, the whole
blood concentration of sirolimus was quantified by
HPLC-UV to adjust the trough concentration of sirolimus
to 12-15 ng/mL. After day O, the dosage of everolimus
was adjusted to achieve a target trough blood concentra-
tion of 12-15 ng/mL as determined by FPIA. On day O,
the administration of everolimus was started at 4 mg/day,
which was less than the dosage of sirolimus on day — 1 (5
mg/day). Since the trough concentration of everolimus
gradually decreased, the everolimus dosage was in-
creased to 10 mg/day and the blood concentration
reached the target level (Fig. 1, upper panel).

Patient 2, a 41-year-old Japanese woman, started the
administration of everolimus 63 days after transplanta-
tion. Based on experience with patient 1, from the start,
she was administered 12 mg/day of everolimus, this being
greater than the dosage of sirolimus on day —1 (9
mg/day). As a result she did not experience a remarkable
fall in the trough concentration of everolimus (Fig. 1,
lower panel). During the switch from sirolimus to
everolimus, she was concomitantly administered 4-6
mg/day of tacrolimus.

Neither patient showed remarkable change in tacroli-
mus trough concentration, which remained at 3-6
ng/mL, or had clinical complications during the study
period. Neither patient was treated with potent inducers
or inhibitors of CYP3A and P-glycoprotein.

Pharmacokinetic analysis: Whole blood concen-
trations of everolimus and sirolimus after the conversion
were determined using LC/MS. After discontinuance of
administration, sirolimus remained in the blood for
several days (Fig. 1). The concentration of everolimus
measured by FPIA was greater than that obtained by
LC/MS, especially immediately after the conversion. To
evaluate the cross-reactivity of sirolimus with the an-
tibody for everolimus in the assay, we measured concen-
trations of sirolimus spiked in control human whole
blood using FPIA for everolimus. As shown in Figure 2,
the antibody for everolimus showed extensive cross-reac-
tivity with sirolimus ([Detected as everolimus]=1.43 +
0.47 X [Sirolimus concentration], = 0.992).
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Figure 3 shows the trough concentration per dose
(C/D) ratio profiles of sirolimus and everolimus. C/D ra-
tios of everolimus were calculated from concentrations
determined by LC/MS and the dosage administered on
the previous day. In patient 1, C/D ratios of sirolimus and
everolimus were 3.26 +0.35 (ng/mL)(mg/day) (mean %
standard deviation, n=4) and 0.87 £0.12 (n =22, ex-
cept day 1), respectively. In patient 2, the ratios were
1.67£0.03 (n=3) and 0.52£0.09 (n =13, except day
1), respectively. In each patient, the C/D ratio of everoli-

Pt1
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.)A-

10 20

/A“A
5 .
Day

Fig. 3. The trough concentration per dose (C/D) ratios of siroli-
mus (open circles) and everolimus (closed circles) were plot-
ted for each patient

mus was approximately three times less that of sirolimus.
C/D ratios of everolimus and sirolimus in patient 1 were
twice those in patient 2.

We performed a time course study on everolimus. On
day 23 for patient 1 and day 13 for patient 2. Everolimus
concentration profiles measured by LC/MS are shown in
Figure 4. Patient 1 was administered 4.5 mg everolimus
and the peak concentration (17.1 ng/mL) was obtained at
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Fig. 4. Everolimus blood concentration profiles after oral ad-

ministration in the two patients
Open and closed circles show everolimus concentration of patient
1 and patient 2, respectively.

2 h after the administration. Patient 2 was administered 7
mg everolimus and the peak concentration (31.8 ng/mL)
was obtained at 1 h. The areas under the concentratioin-
time curve from 0 to 8 h (AUCs) calculated by the
trapezoidal method were 94 and 142 ng-hr/mL in
patient 1 and patient 2, respectively, while the concen-
trations at pre-dose and 8 h in patient 1 were nearly the
same as those in patient 2, respectively.

Discussion

As shown in Figure 1, our patients were ad-
ministered 8—14 mg/day of everolimus (with tacrolimus),
and achieved trough concentrations of 5-10 ng/mlL as
measured by the LC/MS. Compared with other reports in
which 1.5 or 3 mg/day of everolimus with cyclosporine
were administered to renal transplant patients to main-
tain trough concentrations in a similar range,'"'? our
doses were quite large. We consider that this discrepancy
mainly resulted from the difference in calcineurin inhibi-
tor used, namely tacrolimus or cyclosporine. Everolimus
as well as tacrolimus and cyclosporine are substrates of
CYP3A and P-glycoprotein,7‘9’ but lower blood concen-
trations of tacrolimus than cyclosporine in the clinical
situation compared with each affinity value may have lit-
tle influence on the pharmacokinetics of everolimus. Re-
cently, Kovarik et al.?® reported that the level of exposure
to everolimus was 2.5 fold higher with cyclosporine than
tacrolimus. It has been reported that average everolimus
predose blood concentrations were significantly lower by
2.9 fold in the absence compared with the presence of
cyclosporine.'” The trough concentrations of sirolimus
with cyclosporine are reported to be 1.42 times higher
than those with tacrolimus.'” Taking these findings into
consideration, cyclosporine has a more profound effect
on everolimus than sirolimus pharmacokinetics and our
patients may need a considerably larger dosage of everoli-
mus due to the lack of pharmacokinetic interaction with
tacrolimus.

Interestingly, the C/D ratio of everolimus was three

times smaller than that of sirolimus in the same patients
(Fig. 3). Coadministration of inhibitors or inducers of
CYP3A or P-glycoprorein would be expected to alter
sirolimus or everolimus pharmacokinetics, but comedica-
tions in the two patients did not change during the study
period. Hepatic impairment would decrease the oral
clearance of sirolimus,'® but neither patient had clinical
complications such as hepatic dysfunction. Actually, the
trough concentrations of tacrolimus, also metabolized by
CYP3A and transported via P-glycoprotein, remained in a
similar range during the conversion from sirolimus to
everolimus in these patients. Therefore, we consider that
a larger dosage is needed for everolimus than sirolimus to
maintain the same trough blood concentration in the
same patients with tacrolimus. As discussed in the previ-
ous paragraph, in the case of concomitant administration
of cyclosporine, dosage of everolimus might not be so
different from that of sirolimus, because of the more
profound pharmacokinetic interaction of cyclosporine
with everolimus compared to sirolimus. Pharmacokinetic
differences between sirolimus and everolimus with cy-
closporine in the same patient should be clarified in fu-
ture study.

Everolimus has been reported to have a large inter-in-
dividual variability in the pharmacokinetics,'® as also
found in our cases. In the time course study, the trough
concentrations of everolimus in patients 1 and 2 were
similar and peak concentrations and AUCo- in patient 2
were approximately twice those in patient 1 at dosage of
7 mg and 4.5 mg, respectively (Fig. 4). Apparent clear-
ance of everolimus approximately estimated by the dose-
normalized AUCy.s seems similar in these patients. In
contrast, dose-normalized trough concentrations for
everolimus and sirolimus were different as also shown in
Figure 3. One possible reason for these findings is that
the patients had different absorption profiles. In general,
the recommended therapeutic range for everolimus is
reported as a trough concentration of 3 to 8 ng/mL'” and
the clinical significance of AUC monitoring for everoli-
mus remains to be elucidated.

FPIA is easy and convenient to determine whole blood
concentrations of everolimus, but it is known to overesti-
mate everolimus concentrations due to cross-reactivity of
the antibody with metabolites of everolimus.'® Actually,
the everolimus concentration measured by FPIA was
greater than that obtained by LC/MS over the study
period (Fig. 1). This finding is consistent with a report
using samples from renal transplant recipients.lg’ In are-
cent report,”” FPIA gave a positive bias of 1.2 ng/mL
compared with HPLC-UV. The antibody for everolimus
may cross-react with sirolimus because of the similarity
in chemical structure between everolimus and sirolimus.
Immediately after switching of the mTOR inhibitors, it
was considered that few metabolites of everolimus were
present in blood, but the values obtained were greater
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with FPIA than LC/MS (Fig. 1). We consider the differ-
ence between the two methods to be caused by cross-
reactivity with sirolimus and clarified the cross-reactivity
of sirolimus with the antibody used in FPIA for everoli-
mus (Fig. 2), as consistent with recent reports.'>"
However, since the values measured by FPIA exceeded
the sum of everolimus and sirolimus concentrations
measured by LC/MS immediately after the conversion
(Fig. 1), we consider that metabolites of sirolimus may
also cross-react with the antibody of FPIA. These results
indicate that the values of everolimus by the FPIA
method should be carefully evaluated especially when
transplant patients are switched from sirolimus to
everolimus.

In conclusion, we report two cases of changing mTOR
inhibitors from sirolimus to everolimus with tacrolimus
after pancreatic islet transplantation. Each patient need-
ed a considerably larger dosage of everolimus compared
to sirolimus to maintain the same trough blood concen-
trations, which may be explained by lack of pharmacoki-
netic interaction between tacrolimus and mTOR inhibi-
tors. The concentrations of everolimus measured by FPIA
were considerably greater than those by LC/MS. These
findings should provide useful information regarding the
replacement of sirolimus with everolimus in transplant
patients,
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Comparison of Trypsin Inhibitors in Preservation Solution for Islet Isolation
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Islet transplantation has recently emerged as an effective therapy and potential cure for type 1 diabetes
mellitus, Recent reports show that the two-layer method (TLM), which employs oxygenated perfluorochemi-
cal (PFC) and University of Wisconsin (UW) solution, is superior to simple cold storage in UW for pancreas
preservation in islet transplantation. Moreover, we recently reported that islet yield was significantly higher
in the ET-Kyoto solution with ulinastatin (MK)/PFC preservation solution compared with the UW/PFC
preservation solution in the porcine model and that the advantages of MK solution are trypsin inhibition and
Iess collagenase inhibition. In this study, we compared ulinastatin with another trypsin inhibitor, Pefabloc,
in preservation solution for islet isolation. Islet yield before purification was higher in the MK/PFC group
compared with the ET-Kyoto with Pefabloc (PK)/PFC group. The stimulation index was higher for the MK/
PFC group than for the PK/PFC group. These data suggest that ET-Kyoto with ulinastatin was the better
combination for pancreas preservation than ET-Kyoto with Pefabloc. Based on these data, we now use ET-
Kyoto solution with ulinastatin for clinical islet transplantation.
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INTRODUCTION

Since the report of the Edmonton protocol (37), islet
transplantation has advanced significantly and more than
600 type 1 diabetes patients in more than 50 institutions
have undergone islet transplantation to cure their dis-
ease. The cadaveric pancreas is injured due to brain death,
hypotension, and vasopressor therapy, and subsequently
from warm ischemia after donor cross-clamping and
cold ischemic storage. There is a clear relationship be-
tween these injuries and the reduced success of subse-
quent islet isolation (4,12). In Japan, pancreatic islets
are isolated from non-heart-beating donors (NHBDs) for
clinical islet transplantation because donations from
heart-beating brain-dead donors are only two to five
cases per year and most of their pancreata are used for
pancreas organ transplantation. We therefore need to de-
velop an efficient isolation technique for NHBD pan-
creata.

We have recently demonstrated that islet isolation

and transplantation with NHBDs using the modified Ri-
cordi method (Kyoto islet isolation method) effectively
cures type 1 diabetes (23). The transplantation rate (trans-
plantation number/isolation number) is more than 80%,
higher than recently published data using brain-dead
heart-beating donors (14,21,31). The isolation method
includes an in situ cooling system for pancreas procure-
ment (19), ductal injection (28), the modified two-layer
method (MK/PFC) (27,30), and iodixanol-based purifi-
cation (14). We previously showed that MK/PFC preser-
vation significantly improved islet yields, compared
with UW/PFC preservation (30). MK solution includes
a trypsin inhibitor (ulinastatin), which is one of the ad-
vantages of this solution. Indeed, pancreas preservation
using MK solution was superior to preservation with
ET-Kyoto solution without the trypsin inhibitor in a rat
model (30).

In this study, we compared ulinastatin with another
trypsin inhibitor, Pefabloc, in preservation solution for
islet isolation.
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MATERIALS AND METHODS
Preservation Solution

We used ET-Kyoto solution (5,32) with ulinastatin
(Miraclid®, Mochida Pharmaceutical, Tokyo, Japan;
ET-Kyoto + ulinastatin = “MK solution™) or Pefabloc
(Roche Applied Science, Germany; ET-Kyoto + Pefa
bloc = “PK solution”). The components of the solutions
are shown in Table 1.

Measurement of Trypsin Inhibition Ability of Solutions

In order to assess the trypsin inhibition of MK solu-
tion, PK solution, and ET-Kyoto solution without tryp-
sin inhibitors (control), 3 ml of 0.3 mM N-benzoyl-L-
arginine ethylester reagent (BAEE; Sigma, Tokyo, Japan)
were incubated for 5 min at 25°C and then 5 pl of 1
mg/ml trypsin and 45 pl of each solution were added.
Trypsin activity was measured by absorption spectro-
photometry (A253 nm) using BAEE for the trypsin sub-
strate, according to a previous report (17). Absorbance
was measured every minute for 6 min. A BAEE unit
was defined as a change in optical density of 0.001/min.

Porcine Islet Isolation

Porcine pancreata were obtained at a local slaughter-
house. The operation was started about 10 min after the
cessation of heart beating. After removing the pancreas,
we immediately inserted a cannula into the main pancre-
atic duct, infused each preservation solution for ductal
protection, and put the pancreas into a two-layer preser-
vation container that had one of the preservation solu-
tions (preservation solution/PFC). Operation time was
defined as the time elapsed between the start of opera-
tion and removal of the pancreas. Warm ischemic time
(WIT) was defined as the time elapsed between cessa-
tion of heart beating and placement of the pancreas into
the preservation solution. Cold ischemic time (CIT) was
defined as the time elapsed between placement of the
pancreas into the preservation solution and the start of
islet isolation.

Islet isolation was conducted in accordance with the

Table 1. Composition of Each Preservation Solution

MK PK
Na (mmol/L) 100 100
K (mmol/L) 43.5 435
Gluconate (mmol/L) 100 100
Phosphate (mmol/L) 25 25
Trehalose (mmol/L) 120 120
Hydroxyethyl starch (g/L) 30 30
Ulinastatin (x10° U/L) 100 —
Pefabloc (mg/L) —_— 1000

NOGUCHI ET AL.

method described in the Edmonton protocol (15,16,33,
34,37). In brief, after decontamination of the pancreas,
the ducts were perfused in a controlled fashion with a
cold enzyme blend of Liberase HI (1.4 mg/ml; Roche
Molecular Biochemicals, Indianapolis, IN). The dis-
tended pancreas was then cut into nine pieces, placed in
a sterilized Ricordi chamber, and shaken gently. While
the pancreas was being digested by recirculating the en-
zyme solution through the Ricordi chamber at 37°C, we
monitored the extent of digestion with dithizone staining
by taking small samples from the system. Once diges-
tion was completed, RPMI-1640 medium (Gibco, Carls-
bad, CA) was introduced into the system, and the system
was cooled to stop further digestive activity. The di-
gested tissue was collected and washed with fresh me-
dium to remove the enzyme. The phase I period was
defined as the time between placement of the pancreas
in the Ricordi chamber and the start of collecting the
digested pancreas. The phase II period was defined as
the time between the start and end of collection.

Islets were purified with a continuous density gradi-
ent with Jodixanol-Kyoto solution in an apheresis sys-
tem (COBE 2991 cell processor, Gambro Laboratories,
Denver, CO). Because lodixanol has a lower viscosity
than Ficoll, it needs less force during centrifugation,
which causes less damage to islets. For the solution,
low-density (density: 1.077) and high-density (density:
1.100-1.125) Iodixanol-Kyoto solutions were produced
by changing the volumetric ratio of Iodixanol and Kyoto
solution.

Islet Evaluation

The crude number of islets in each diameter class was
determined by counting islets after dithizone staining (3
mg/ml, final concentration) (Sigma Chemical Co., St.
Louis, MO) using an optical graticule. The crude num-
ber of islets was then converted to the standard number
of islet equivalents (IE; diameter standardizing to 150
um) (35). Gross morphology was qualitatively assessed
by two independent investigators scoring the islets for
shape (flat vs. spherical), border (irregular vs. well-
rounded), integrity (fragmented vs. solid/compact), uni-
formity of staining (not uniform vs. perfectly uniform),
and diameter (least desirable: all cells <100 pm/most
desirable: more than 10% of the cells >200 um) (16,35).
Each parameter was graded from O to 2 with 0 equaling
the worst and 2 the best score, so that the worst islet
preparations were given a cumulative score of 0 and the
best a score of 10. Spherical, well-rounded, solid/com-
pact, uniformly stained, and large islets were character-
ized as the best islets.

Islet viability after purification was assessed using
acridine orange (10 pumol/L) and propidium iodide (15
ptmol/L) (AO/PI) staining to visualize living and dead
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islet cells simultaneously (3,16,35). Fifty islets were in-
spected and their individual viability was determined vi-
sually, followed by calculation of their average viability
(16).

In Vitro Assessment of Islet Function

Islet function was assessed by monitoring the insulin
secretory response of the purified islets during glucose
stimulation according to a procedure described by Sha-
piro and colleagues (37). Briefly, 1200 IE were incu-
bated with either 2.8 or 25 mM glucose in RPMI-1640
for 2 h at 37°C and 5% CO,. The supernatants were
collected and insulin levels were determined using a
commercially available enzyme-linked immunosorbent
assay (ELISA) kit (ALPCO Insulin ELISA kit; ALPCO
Diagnostics, Windham, NH). The stimulation index was
calculated by determining the ratio of insulin released
from islets in high glucose concentration to the insulin
released in a low concentration. The data were normal-
ized to total protein from the cell lysate. All assessments
were made in triplicate and the data (mean * SE) were
expressed as a percentage of the control values in each
experiment to eliminate variables caused by differences
among donor pancreata.

Recently, Goto et al. showed that the measurement
of the ADP/ATP ratio correlated with transplantation
outcome (8). The ADP/ATP ratio was measured to eval-
uate the energy status of cultured islets, using the Apo
Glow™ kit (Cambrex Bio Science Nottingham Itd.,
Nottingham, UK). In brief, 80 IEs were washed in PBS
and then mixed with 100 pl of nucleotide-releasing re-
agent for 10 min at room temperature. Thereafter, 20
ul of nucleotide-monitoring reagent was added to the
solution. The ATP levels were measured using a lumino-
meter (FB 12 Luminometer, Berthold Detection Systems
GmbH, Pforzheim, Germany) and expressed as the num-
ber of relative light units (RLU). After 10 min, the ADP
in the solution was converted to ATP by adding 20 i
ADP converting reagent and then measured as the num-
ber of RLU. Subsequently, the ADP/ATP ratio of the
islets was calculated.

In Vivo Assessment of Islet Function

Mice with severe combined immunodeficiency dis-
ease (SCID; CLEA Japan, Inc., Meguro, Tokyo) were
used for the experiments. The recipients were rendered
diabetic by a single injection of streptozotocin (STZ) at
a dose of 220 mg/kg. Hyperglycemia was defined as a
glucose level of >350 mg/d]l detected twice consecu-
tively after STZ injection. The 2000 IE pig islets ob-
tained from each group were transplanted into the renal
subcapsular space of the left kidney of diabetic SCID
mice. During the 30-day posttransplantation period, the
nonfasting blood glucose levels were monitored three
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times per week. Normoglycemia was defined when two
consecutive blood glucose level measurements showed
less than 200 mg/dl. No statistical differences in either
pretransplantation blood glucose levels or pretransplan-
tation body weight were observed among the four groups
of mice. Mouse studies were approved by the Institu-
tional Animal Research Committees of Kyoto Univer-
sity, Nagoya University, and Fujita Health University.

Statistical Analysis

Values for the data represent the mean £ SE. Two or
three groups were compared by Student’s r-test with
Bonferroni correction.

RESULTS
Inhibition of Trypsin Activity

Previous reports show that trypsin inhibition with
TLM preservation improves islet yields (17,30). We ex-
amined whether MK and PK solutions inhibited trypsin
activity. Both solutions inhibited trypsin activity (Fig. 1)
compared with ET-Kyoto solution (control) (p < 0.01),
suggesting that these solutions could be useful in reduc-
ing trypsin activity during pancreas preservation.
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Figure 1. Impact of MK or PK solution on trypsin activity,
BAEE was incubated for 5 min at 25°C and then trypsin along
with MK solution (n =7), PK solution (n =7), or ET-Kyoto
(control; n =7) was added. Trypsin activity was measured by
absorption spectrophotometry (A253 nm) using BAEE reagent.
Absorbance was measured every minute for 6 min. A BAEE
unit was defined as a change in optical density of 0.001/min.
MK and PK solutions inhibited trypsin activity significantly
more than ET-Kyoto (p <0.01). Data are expressed as the
mean + SE.
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Table 2. Pig Islet Isolation Characteristics

NOGUCHI ET AL.

Table 3. Pig Islet Characteristics

MK PK MK PK
Pancreas size (g) 105.0+£8.9 873134 Viability (%) 97.5 £0.5 965 + 1.6
Operation time (min) 8.0%+1.0 43109 Score 9.2 £03 8.7 + 0.2
Warm ischemic time (min) 272+1.7 257+28 Purity (%) 66.0 6.8 700 * 5.8
Cold ischemic time (imin) 1236+ 1.6 1223+1.2 Recovery rate (%) 68.1 =84 70.5 £13.6
Phase 1 period (min) 102+1.8 77+12 Stimulation index 2.50 £0.21* 137+ 0.18
Phase II period (min) 350£3.0 297132

Data are expressed as mean £ SE.

Porcine Islet Isolation Characteristics

The characteristics of porcine islet isolation protocols
are shown in Table 2. There were no significant differ-
ences in pancreas size, operation time, WIT, or CIT be-
tween the two groups. Phase I and phase II periods were
also similar for the two groups.

Islet yield before purification was significantly higher
in the MK/PFC group (n =5) than the PK/PFC group
(n=3) (MK/PFC; 9676 + 635 1E/g, PK/PFC; 6999 +
844 1E/g, p < 0.05) (Fig. 2A). The islet yield after purifi-
cation for the MK/PFC group was higher than the PK/
PFC group (MK/PFC; 6608 + 927 IE/g, PK/PFC; 4964 +
1153 IE/g) but not significantly so (Fig. 2B). Other por-
cine islet characteristics are shown in Table 3. The stim-
ulation index was higher for the MK/PFC group than
for the PK/PFC group (p <0.05). There were no other
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Data are expressed as mean + SE.
*Stimulation index was higher for the MK/PFC group than for the PK/
PFC group (p < 0.05).

significant differences in characteristics between the two
groups.

Assessment of Islet Function In Vitro and In Vivo

Recently, Goto et al. showed that the measurement
of the ADP/ATP ratio correlated with transplantation
outcome (8). To assess the islet graft function of each
group in vitro, the ADP/ATP ratio was measured. There
was no significant difference in ADP/ATP ratio between
the groups (data not shown).

To assess the islet graft function of each group in
vivo, 2000 IE of each group were then transplanted be-
low the kidney capsule of STZ-induced diabetic SCID
mice. There was no significant difference between the
groups with respect to the attainability of posttransplan-
tation normoglycemia (data not shown). Morphologic
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Figure 2. Islet yield before purification (A) and after purification (B). The MK/PFC group had significantly better islet yield before
purification than the PK/PFC group (p < 0.05). Data are expressed as the mean + SE.
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studies showed the presence of islets under the kidney
capsule of all SCID mice 30 days after transplantation.
The islet grafts of each group in the normoglycemic
mice showed intense insulin staining (data not shown).
Taken together, these data suggest that MK/PFC
preservation is superior to PK/PFC preservation.

DISCUSSION

Islet allotransplantation can achieve insulin indepen-
dence in patients with type 1 diabetes (37). Since the
Edmonton protocol was announced, islet transplanta-
tions from brain-dead donors (9,10) as well as from non-
heart-beating donors (13,14,21) and living donors (15)
have been performed. These advances were based on
advanced pancreas transport systems (10,16,17,30), re-
vised immunosuppressant protocols (24,25), improved
islet isolation methods (17), and enhanced islet engraft-
ment (26). Although experiments of B-cell regeneration
from stem cells have proceeded (20,22,29), there is still
no reliable method for producing fB-cells. Until a new
method to generate B-cells is developed, improving the
efficacy of islet transplantation seems the most realistic
and prudent method to cure diabetes.

Donor pancreata are usually preserved with Univer-
sity of Wisconsin (UW) solution. Recent reports have
shown that the two-layer method (TLM), which employs
oxygenated perfluorochemical (PFC) and UW solution,
is superior to simple cold storage in UW to preserve not
only the whole pancreas but also individual islets for
transplantation (16,17). However, UW solution has sev-
eral disadvantages: it is chemically unstable, it must be
cold stored until use, and its short shelf life makes it
expensive. It is also highly viscous, which may compli-
cate the initial organ flush (39). Recently, our university
developed a new preservation solution, ET-Kyoto solu-
tion, and its effectiveness in cold lung storage has been
demonstrated in clinical lung transplantation (5,32). It
also is effective for skin flap storage and its clinical ap-
plication is beginning in this field (40). Although high
potassium in UW solution causes insulin release from
pancreatic B-cells (7), ET-Kyoto solution has a high so-
dium/low potassium composition. Moreover, UW solu-
tion inhibits the activity of Liberase, an enzyme blend
for pancreatic digestion (6,36), but ET-Kyoto solution
with ulinastatin inhibits Liberase less (30).

Trypsin from pancreatic acinar cells destroys islets.
Previous studies have shown that trypsin inhibition by
Pefabloc during human pancreas digestion improves is-
let yield and reduces the fraction of embedded islets
(11,17), suggesting that trypsin may degrade the duct-
ules and thus reduce the delivery of collagenase solution
to the immediate neighborhood of the islets. Previously,
we demonstrated that modifying TLM preservation, by
including ulinastatin, eliminated trypsin activity during
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pancreas preservation, and ET-Kyoto/PFC preservation
without ulinastatin resulted in lower islet yields (30). In
this study, we showed that MK solution was syntheti-
cally superior to PK solutions. It may be due to differ-
ences in inhibitory effects of cytokines. Ulinastatin has
been shown to inhibit not only trypsin activity but also
the release of neutrophil elastase. It also downregulates
transcription of tumor necrosis factor mRNA, the activa-
tion of endothelial cells, and the expression of ICAM-1
induced by endotoxin in vitro (1,2,18). It has been
shown that administration of ulinastatin decreased the
ischemia-reperfusion injury (38) and attenuated the ele-
vation of inflammatory cytokines and C-reactive protein,
a marker of inflammation (41) in transplanted small in-
testine.

In conclusion, we show that ET-Kyoto with ulinas-
tatin is a better combination for pancreas preservation
than ET-Kyoto with Pefabloc. Based on these data, we
now use the ET-Kyoto solution with ulinastatin for clini-
cal islet transplantation from NHBD pancreata. MK/
PFC preservation makes it feasible to use NHBDs for
efficient islet transplantation into type 1 diabetes pa-
tients.
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