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digestion. Many neutrophils were activated (red-brown staining) by collagenase
digestion in islet isolation using both UW and ET-Kyoto solutions (Fig. 2A), but their
number (cells/field) was significantly reduced by the addition of 20 uM of sivelestat in
ET-Kyoto solution (UW: 10.2+1.1, S-UW: 6.8+0.4, ET-Kyoto: 9.2+1.3, S-Kyoto:
3.6£0.5) (UW, ET-Kyoto vs. S-Kyoto: p<0.001, S-UW vs. S-Kyoto: p<0.01) (Fig. 2B).
These results suggest a marked increase in enzyme activity by collagenase digestion in
all types of isolation solutions (Fig. 2C). However, the enzyme activity was
significantly suppressed in S-Kyoto islet isolation than those in other isolations (UW,

- S-UW and ET-Kyoto-isolation).

Sivelestat su apoptosis in islets after warm digestion during islet isolation

digesﬁon'(Fl‘g A) whereas no sUch ceilswere detected befor ‘

shown). Quantitative analysis indicateei a sigglyimf\iﬁcenﬂ‘yA iower nurr;ber of TUNEL-
positive cells within the islets of the S-Kyoto group (6.6+1.5) compared with those of
UW, S-UW, and ET-Kyoto groups (23.1+3.9, 20.8+5.0, and 15.3£2.6, respectively)

(p<0.001, each) (Fig. 3B).

Improvement of islet yield elicited by islet isolation with S-Kyoto solution

To investigate the beneficial effects of sivelestat in islet isolation, islet isolations
were performed using either UW or ET-Kyoto solution, with or without 20 pM of
sivelestat. Islet yield, isolation index and islet purity after purification were

significantly improved by S-Kyoto islet isolation (Table 1). The recovery rate of
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purification was also significantly improved by S-Kyoto islet isolation, compared to
those by other isolation solutions (UW: 55.8+£10.4%, S-UW: 56.6+12.7%, ET-Kyoto:
56.6+4.6%, S-Kyoto: 76.0+5.2%). Based on the results of UW isolation groups (UW,
S-UW), no beneficial effects of sivelestat were elicited under these islet isolation
parameters. With regard to islet size distribution, the percentage of large islets (>150
nm in diameter) in the S-Kyoto group was markedly higher than that in other isolation
groups (Fig. 4A). |

To further examine the morphological changes in isolated islets, SEM was
employed. As shown in Figure 4B, islets obtained from the UW groups (UW, S-UW)
were poot, based on the irregular islet surface and detection of islet damage during the

-Similarly, islets obtained from ET-Kyoto isolation had irregular

Improvement of islet viability elicited by islet isolation with S-Kyoto solution

Next, we evaluated islet viability using fluorescence labeling with TMRE and 7-
AAD (Fig. 5). In the UW groups (UW, S-UW), no significant difference was noted in
islet viability assay using TMRE and 7-AAD between with or without sivelestat (UW
(n=5) vs. S-UW (n=5) (60.0+5.6% vs. 63.3+4.4%, not significant). However, the
percentage of dead cells, represented by 7-AAD-positive cells, was significantly
reduced in S-UW isolation group [UW (n=5) vs. S-UW (n=5), 25.8+£5.3% vs.
17.2+1.3%, p<0.05]. In contrast, the viability of islets isolated with S-Kyoto solution

was significantly better relative to that of ET-Kyoto isolation [ET-Kyoto (n=5) vs. S-
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Kyoto (n=5), 67.0+1.2% vs. 75.4+2.0%, p<0.001]. Moreover, the percentage of dead
cells in the S-Kyoto group was also lower compared with that in ET-Kyoto isolation
[ET-Kyoto (n-5) vs. S-Kyoto (n=5), 18.6+£2.2% vs. 11.6£2.4%, p<0.01]. Similar
findings of islet viability were noted by MTS assay (Fig. 6A). The highest viability of
fresh islets was noted with S-Kyoto solution [ET-Kyoto (n=5) vs. S-Kyoto (n=5),
0.172+0.013 vs. 0.206+0.026, p<0.05, Fig. 6A]. With regard to the in vitro culture
after islet isolation, although islet viability in each group decreased gradually, that of

the S-Kyoto group was well preserved compared with other isolation groups (Fig. 6B).

Improvement of islet function elicited by islet isolation with S-Kyoto solution

luated insulin function of islets using static glucose change.

glucose (2.8 mM) using each solution nsuhnconntratlon under h1gh g cose (20
mM) and the SI improved signiﬁcantly}lkay S—Kyoto isiét isolatiéﬁ ’in co;npériéon \;vith
those of other isolation solutions (Table 2). Based on the results of UW isolation

groups (UW, S-UW), no beneficial effects of sivelestat were elicited as determined by

the SI.

Prolongation of islet graft survival in S-Kyoto group and in in vivo experiments
Transplantation of 500 allogeneic islets of the ET-Kyoto group was associated

with graft survival of 7.4+1.1 days (Fig. 7A, Table 3). A significant prolongation of

islet graft survival was noted after transplantation of the S-Kyoto group, compared

with islet grafts of the ET-Kyoto group (11.2+1.3 days, p<0.05). Importantly, islet
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transplantation coupled with 15-day intraperitoneal administration of 2 mg/day
sivelestat elicited significant prolongation of graft survival, compared with both ET-
Kyoto and S-Kyoto groups, respectively (Figure 7A, Table 3). Next, NE activity in
sera of recipient mice was measured. NE activity increased gradually after islet
transplantation in the S-Kyoto group. However, sivelestat significantly suppressed the
enzyme activity measured at day 28 after‘ transplantation (Fig. 7B). These results
suggest that prolongation of islet graft survival in the sivelestat ip group is due to
inhibition of NE enzyme activity and the anti-inflammatory properties of sivelestat.
To examine islet graft function in vivo, IPGTT was performed at day 7 after

transplantation. In non-diabetic wild-type mice, injection of glucose induced

e peak blood glucose level recorded at 15 min, but the level

On the other hand, blood glucose le?els of micc; &énsplanéd with ET—Kyoto group and
untreated diabetic mice were significantly higher than those of the control wild-type
mice before injection and at 15, 60 and 120 min after injection of glucose (Fig. 7C).
Immunohistochemical staining for insulin confirmed that islet transplantation with S-
Kyoto and S-Kyoto with sivelestat prolonged graft survival. Small islet grafts with
many infiltrating inflammatory cells were detected at day 7 after transplantation in the
ET-Kyoto group, whereas insulin-positive islet grafts with well preserved islet

structure were found in the S-Kyoto and S-Kyoto with sivelestat groups (Fig. 7D).
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Sivelestat suppresses proinflammatory cytokines after warm digestion during islet
isolation

We measured the levels of proinflammatory cytokines (IL-2, 4, 6, 10, 17A, IFN-
v, TNF-0) in the isolation solution at each step of islet isolation, including before warm
digestion, at the end of warm digestion and after purification. The levels at the end of
warm digestion were markedly higher than before warm digestion (Fig. 8). On the
other hand, IL-6 and TNF-a level were significantly lower at the end of warm
digestion in S-Kyoto solution compared with other isolation solutions such as UW and

ET-Kyoto (Fig. 8).

at 7 and 14 post-transplantation days than before transplantation (day -1), whereas no

significant increases were noted in the levels of other cytokines except IL-6 and TNF-
a (Fig. 9). The serum levels of IL-6 and TNF-a were significantly lower in the
sivelestat intraperitoneal (ip) group compared with non-sivelestat ip group at 7 and 14

post-transplantation days (Fig. 9).
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DISCUSSION

Islet transplantation is currently one of the most attractive strategies for the
treatment of type 1 diabetes. One important key to achieving successful insulin-
independence after islet transplantation is acquiring a sufficient donor islet mass
(1,10). The number and quality of islets recovered from isolation are influenced by
several factors (10). Tissue damage of donor pancreas starts to occur as early as the
onset of brain death associated with hypotension, peripheral vasoconstriction, tissue
ischemia, and release of stress hormones and inflammatory mediators (10,20,24,38).
Moreover, at the time of procurement, donor pancreas is exposed to warm ischemia

after donor cross-clamping and cold ischemia storage in preservation solution, such as

to design an efficient isolation method to reduce cell damage toward donor pancreata.

The major finding of the present study was identification of the crucial role of
NE in islet isolation and transplantation. First, we showed a marked increase in NE
activity during islet isolation, especially at the end of warm digestion by collagenase
(Fig. 2C), and that NE was cytotoxic against isolated islets (Fig. 1A). Second, the
addition of sivelestat to the isolation solution during islet isolation inhibited NE
activity (Fig. 2C) and significantly improved islet yields, islet viability and insulin

function of isolated islets (Tables 1 and 2). Furthermore, we also showed that
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treatment of recipient animals with sivelestat significantly prolonged the survival of
insulin secreting islet allografts (Fig. 7A, Table 3)

In clinical liver transplantation, IRI, an exogenous antigen-independent
inflammatory event, remains a major problem, because IRI causes early transplant
graft failure and can lead to a higher incidence of both acute and chronic rejections
(6,54,55). The mechanisms underlying liver IRI involve leukocyte accumulation and
activation of neutrophils, Kupffer cells (macrophages), and T cells, secretion of
proinflammatory cytokines and chemokines, complement activation and activation of
vascular cell adhesion molecules (49,51,53-55). Recent reports also indicated that the
cross-talk interaction between NE and toll like receptor (TLR) 4 promotes liver

dt t NE inhibitors, such as sivelestat, ameliorated the hepatocellular

In islet transplantation, proinflammatory cytokines such as TNF-a and IL-1f

induce B-cell apoptosis (1,3,27). These proinflammatory cytokines are produced by
acinar and ductal cells (10). Moreover, in isolated islets, resident macrophages and
monocytes produce cytokines (3,10,25). During islet isolation, the pancreatic tissues
are warmed up to 37°C for collagenase digestion (10). As shown in Figure 2, many
neutrophils were activated and released NE at the end of warm digestion. The released
NE caused injury to membrane components of macrophages, acinar cells and islets.
Activated macrophages and acinar cells produce proinflammatory cytokines, including
TNF-0 and IL-6 (3). In fact, significantly high levels of TNF-a and IL-6 were found

in isolation solution at the end of warm digestion compared with those before warm
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digestion (Fig. 8). Moreover, NE may also serve as a putative endogenous TLR4
ligand, causing TLR4 up-regulation on macrophages and islets during the isolation
process (5,39,54,55). Such excessive expression of TNF-o and TLR 4 affects the
surrounding islets causing their apoptosis (7,19). Indeed, to detect apoptotic cells
during islet isolation, TUNEL staining was performed before and at the end of warm
digestion. Many TUNEL-positive cells were detected in UW solution at the end of
warm digestion, whereas no such cells were detected in pancreatic tissue before warm
digestion (Fig. 3A). What is the mechanism of NE-induced islet injury ? Sivelestat
effectively prevented the cross-talk between NE and inflammation responses,

including the expression of proinflammatory cytokines (TNF-a, IL-6) and TLR4,

ignificant improvement in islet yields, islet viability and insulin function

significant increase in IL-6 and TNF-’a produétién in seruﬁl at 1 and 2 weeks after islet
transplantation, compared with those before islet transplantation (day -1), whereas no
such increase was observed in the production of other cytokines before/after islet
transplantation (Fig. 9). As shown in Figure 7B, NE activity increased gradually after
islet transplantation. However, sivelestat significantly suppressed NE activity and the
increase in IL-6 and TNF-a production in mice (Fig. 7B and 9). Taken together, local
inflammatory reaction, resulting in functional loss of islet grafts occurred after
transplantation and treatment with sivelestat inhibited such inflammatory reactions, as
evidenced by reduced IL-6 and TNF-o production, and resulted in prolongation of islet

allograft survival.
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Trypsin released from pancreatic acinar cells directly destroys islets (35).
Previous studies demonstrated that inhibition of trypsin by pefabloc or ulinastatin
during pancreas digestion improved islet yield and reduced the fraction of embedded
islets (22,35). These findings suggest that trypsin may degrade pancreatic ductules,
resulting in reduced delivery of collagenase solution (35). However, the molecular
weight of the new recombinant NE inhibitor sivelestat is much lower than alpha-1
protease inhibitors, and appears to exert its cytoprotective effect in the
microenvironment between neutrophil and pancreatic tissues (12,30). In this study,
we examined the effects of the addition of sivelestat to ET-Kyoto solution. ET-Kyoto
solution has a high sodium/low potassium composition with comparatively low

viscosity (35 fore, it allows sufficient organ flushing after harvesting the

cytoprotection when added to the UW solution. This conclusion was based on the

finding that the decrease in the number of activated neutrophils and neutrophil
elastase activity in the S-UW group tended to be larger than in the UW group (Fig. 2B
and 2C), albeit statistically insignificant. The islets isolated from the UW solution are
easily damaged by mechanical stress due to the high viscosity of the UW solution
(13). Indeed, in our experiment, membrane shear damage had a negative impact on
the isolated islets of the UW group during the isolation process, as shown in Figure
4B. This was probably due to one or more of the following reasons: 1) higher
viscosity of the UW solution relative to that of the ET-Kyoto solution, 2) the high

percentage of activated neutrophils present in the pancreatic tissue, and 3) the higher
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level of neutrophil elastase released in the UW than in ET-Kyoto. We speculate that
the balance between the amount of released neutrophil elastase and its inhibition by
collagenase digestion tilts towards excess elastase activity when sivelestat is added to
the UW solution. We also assessed the synergistic effects of ulinastatin and
sivelestatin on improvement of islet yield and islet viability. However, no additive
effects were observed in comparison with S-Kyoto solution alone and S-Kyoto
solution with ulinastatin (data not shown).
As shown in Figure 4B, SEM showed well preserved islets that were isolated by
S-Kyoto solution, as evident by their round and smooth surface. NE is reported to
increase the permeability of vascular endothelial cells, a process known to be involved

ma (30): Indeed, during islet isolation, inhibition of NE activity by

and insulin function of isolated islets.

In conclusion, we succeeded in isolating large numbers of islets using a new
preservation solution, S-Kyoto solution, and in significant prolongation of islet graft
survival in recipient mice treated with sivelestat. Our results emphasize the role of NE
in the pathophysiology of islet damage during islet isolation and after transplantation.
NE contributes to the accumulation of neutrophils and secretion of proinflammatory
mediators during the isolation procedure and after islet transplantation. Therefore,
treatment with NE inhibitors is potentially suitable for better harvest of transplantable
islets and long-term islet allograft survival, allowing successful management of

diabetes with islets from a single donor. We plan to assess in the near future the
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beneficial effects of S-Kyoto solution and monotherapy with sivelestat in human islet

transplantation.
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