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Background. Islet isolation currently requires collagenase, neutral protease and other components. Thermolysin (TL) from
Bacillus thermoproteolyticus is the gold standard neutral protease. However, we speculated that neutral protease derived from
Clostridium histolyticum (Ch; ChNP) would be biologically superior for islet isolation. Tryptic-like activity has also been reported
to be important. Therefore, we focused on clostripain (CP), since it is one of the main proteases in Clostridium histolyticum which
possesses tryptic-like activity. We then examined the synergistic effects of highly purified ChNP and CP on rat islet isolation.
Methods. The same amount of collagenase was used in all four groups (TL, ChNP, TL+CP and ChNP+CP; n = 12/group).
The efficiency was evaluated by the islet yield and function. An immunohistochemical analysis, in vitro digestion assay for each
enzyme component and evaluation of the activation of endogenous exocrine proteases during islet isolation were also performed.
Results. The islet yield of the TL group was significantly higher than that of the ChNP group (P < 0.01). The islet yield was dose
dependently increased in the ChNP+CP group, but was decreased in the TL + CP group. The islet yield in the ChNP + CP group
was significantly higher than that in the TL group, but their islet function was similar. Different specificities for laminin, especially
laminin-511, were observed in the TL, ChNP, and CP groups. Conclusions. Clostripain had a strong synergistic effect with
ChNP, but not with TL. Therefore, ChNP and CP, in combination with collagenase derived from the same bacteria, may effectively
increase the isolation efficiency without affecting the quality of islets.

(Transplantation 2015;99: 1349–1355)

P

ancreatic islet transplantation can be beneficial for type
1 diabetic patients.1-3 However, the transplantation of
islets from a single donor is currently insufficient to render
a diabetic patient normoglycemic. A more efficient isolation
technique is required, wherein a large number of high quality islets can be consistently isolated from 1 donor pancreas.
Although several factors may be related to the results of islet
isolation,4-7 the complexities of the pancreatic extracellular

matrix (ECM) and the tissue dissociation enzymes are crucial
factors that affect islet isolation.4,5,8 Determining the optimal
enzyme combinations is critical for obtaining proper islet release from the ECM without damaging the structural and
functional integrity of the islets.
The current combination used for islet isolation comprises
collagenase subtypes (collagenase G [ColG] and collagenase
H [ColH]), neutral protease, and various poorly characterized components. Collagenases are the main components
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of the islet isolation enzyme combination and are produced by Clostridium histolyticum (Ch). We previously
reported that ColH is crucial, whereas ColG plays only a
supporting role in rat islet isolation using highly purified recombinant collagenases.9
Thermolysin (TL) derived from Bacillus thermoproteolyticus
is regarded as the gold standard neutral protease. This is likely
due to several practical aspects, such as its low cost, stable production,10 and strong digestion efficacy for pancreatic tissues.
However, the success rate of islet isolation is still less than
50%,4,8 even in the most advanced centers using refined procedures. Therefore, we speculated that neutral protease derived from Ch (ChNP) would be biologically superior to TL
in terms of the efficiency of islet isolation because both collagenase subtypes are also produced by Ch.
Tryptic-like activity (TLA) has also been reported to be
key for the isolation by Brandhorst et al.11 Their findings suggest that some unknown protease(s) other than collagenases
and neutral protease may affect the pancreatic dissociation
because collagenases and neutral protease do not have TLA.
In the present study, we focused on clostripain (CP) because
it is one of the main proteases from Ch which possesses
TLA.12,13 We speculated that CP might exhibit biological
synergy for islet isolation when combined with ChNP, but
not with TL because both CP and ChNP are produced by
the same bacteria (Ch).
In this study, we examined the synergistic effects of highly
purified recombinant CP, highly purified recombinant ChNP
and TLA-free collagenase (highly purified recombinant ColG
and ColH) on rat islet isolation. We also analyzed the activation of endogenous pancreatic exocrine enzymes (trypsin
and chymotrypsin) during rat islet isolation in each group
because trypsin has been reported to be detrimental to
the islets.14 Furthermore, we investigated the target ECM
of the neutral proteases (TL or ChNP) and/or CP using an
immunohistochemical analysis, in vitro digestion assay, and
mass spectrometry.
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were prepared as described in the SDC, Materials and
Methods (http://links.lww.com/TP/B131). The collagenase
activity was adjusted to equal that of the crude collagenase
from Ch (Sigma Chemicals, St. Louis, MO) using azocoll
and 2-furanacryloyl-L-leucylglycyl-L-prolyl-L-alanine as substrates. The same amount of collagenase (ColG, 2.03 mg;
ColH, 1.29 mg) was used in all of the experimental groups
(n = 12/group). The amount of TL and ChNP was determined as described in the SDC, Materials and Methods
(http://links.lww.com/TP/B131). The standard amount of CP
was adjusted to equal that of the crude collagenase from Ch
using Bz-L-Arg-pNA as a substrate. Five times the standard
amount of CP (0.049 mg) was added to the TL+CP and
ChNP+CP groups.
Rat Islet Isolation

Rat islet isolation was performed as described previously.18 The islets were cultured in Roswell Park Memorial
Institute-1640 containing 5.5 mmol/L glucose and 10% fetal
bovine serum at 37°C in 5% CO2 and humidified air for
3 hours before examination.
In Vitro Evaluation of the Islet Function

Both the adenosine diphosphate (ADP)-to-adenosine triphosphate (ATP) and ATP-to-DNA ratios were measured to
evaluate the energy status of the cultured islets. After picking
up 60 islet equivalents (IEQs), the ApoGlow (Lonza Rockland
Inc., Rockland, ME) was used for the ADP and ATP measurements as described previously.19 Using the same sample,
the DNA content was measured using a DNA Quantify (Primary cell, Ishikari, Japan) as described.20 An static glucose
stimulation (SGS) test was performed to test the islet function in vitro. The stimulation index was defined as the ratio
of the total amount of insulin secreted during high glucose
stimulation (16.7 mM) to that released during low glucose
stimulation (1.67 mM).21 The insulin:DNA ratio was measured as described previously.20
Evaluation of the Activation of Endogenous
Pancreatic Exocrine Enzymes During Rat Islet Isolation

MATERIALS AND METHODS
Animals

Rat pancreases were obtained from 10- to 11-week-old
male inbred Lewis rats (Japan SLC Inc., Shizuoka, Japan)
weighing 280 to 300 g. All animals used in this study were
handled in accordance with the Guide for the Care and Use
of Laboratory Animals published by the National Institutes of
Health15 and related activities at Tohoku University (approved
protocol ID: 2012 NICHe-Animal-5). Maximal efforts were
made to minimize suffering.
Enzyme Activity and Blending

In the present study, recombinant enzymes (ColG, ColH,
ChNP, and CP) and TL (Peptide institution Inc, Osaka, Japan)
were used to prepare highly pure enzyme blends. It was confirmed that no TLA was detected in any component, except
CP, of the enzyme blends used in this study. The TLAwas measured by the cleavage of benzoyl-L-arginine-p-nitroanilide(BzL-Arg-pNA) (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) at 37°C and pH 7.5. The recombinant ColG and ColH
were separately produced by genetically modified Escherichia
coli transfected with ColG or ColH genes isolated from Ch as
described previously.16,17 The recombinant CP and ChNP

Before the removal of the pancreas, 10 mL of Hanks balanced salt solutions containing enzyme combinations was
injected via the bile duct. The removed pancreas was chilled
on ice with 10 mL of Hanks' balanced salt solutions for
90 minutes, then the pancreas was placed into a sample pack
(Eiken, Tokyo, Japan) and was digested at 37°C for 14 minutes. During the digestion, 250 μL of the digested solutions
were extracted every 3.5 minutes. Then, 250 μL of the digested
solution was centrifuged at 4°C, 16,100g for 10 minutes, and
200 μL of supernatant was obtained as the sample. The tryptic
and chymotryptic activities were assayed as described in the
SDC, Materials and Methods, http://links.lww.com/TP/B131.
Immunohistochemical Staining of Rat Pancreatic
Tissues Incubated With the Neutral Protease
(TL or ChNP) and/or CP

Rat pancreatic tissues were divided into small pieces on ice.
The reaction solutions were prepared in 24-well tissue culture plates (BD Falcon, Franklin Lakes) containing 20 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 8.0),
1 mM CaCl2 and protease inhibitor cocktail (Complete ethylenediaminetetraacetic acid–free, Roche, Basel, Switzerland).
Thermolysin and ChNP were prepared at 1 mg/mL with the
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reaction solution, and CP was prepared at 5 mg/mL. The tissue pieces were incubated for 1 hour in the reaction solutions
with 100 μL of each enzyme solution under 4 conditions: TL,
ChNP, TL+CP, and ChNP+CP. As a control, a tissue piece
was also incubated with the buffer solution. The experiments
were conducted in quadruplicate (n = 4). The tissue pieces
were then transferred to 4% paraformaldehyde solution overnight, and embedded in paraffin. After being sliced into 4-μm
sections, each section was incubated with Proteinase K (Dako,
Glostrup, Denmark) for 10 minutes at room temperature,
followed by immunolabeling with primary antibodies against
laminin (Abcam, Cambridge, UK) for 30 minutes at room
temperature. After washing the samples with phosphatebuffered saline 3 times, secondary antirabbit antibodies conjugated to horseradish peroxidase (Dako) were used, and
antibody binding was localized with diaminobenzidine hydrochloride, and samples were counterstained with hematoxylin. Forty sections from the each experimental group
were evaluated and scored in terms of the intensity of laminin staining and the maintenance of tissue structure using
double-blind systems by 3 independent investigators. Representative photomicrographs of laminin staining and summary of scoring are shown in Figure S2 and SDC Table
(http://links.lww.com/TP/B131), respectively.
In Vitro Laminin Digestion by the Neutral Protease
(TL or ChNP) and/or CP

The enzyme solutions (ChNP, TL, and CP) were prepared at 0.1 mg/mL in 100 mM 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (pH 8.0) and 1 mM CaCl2.
Laminin digestions were performed under five enzyme conditions: TL, ChNP, CP, TL+CP, and ChNP+CP (n=3, respectively), using laminin-511 and laminin-411 as the substrates
(BioLamina, Stockholm, Sweden). Each laminin solution
(20 μL, 0.1 mg/mL) was mixed with 2 μL of enzyme solution
and incubated at 30°C for 10 minutes. The reaction solutions
(10 μL) for each enzyme condition were mixed with 4 μL sodium dodecyl sulfate (SDS) sample buffer containing 10 mM
ethylenediaminetetraacetic acid and then applied to SDSpolyacrylamide gel electrophoresis (PAGE).
Liquid Chromatography Mass Spectrometry
Analysis of Laminins

The SDS-PAGE bands of laminin-511 and laminin-411
were subjected to in-gel digestion by trypsin after alkylation
with acrylamide (n=3, respectively). The tryptic digested samples were concentrated and desalted with GL-Tip GC and SDB
(GL Sciences, Tokyo, Japan). The liquid chromatography mass
spectrometry system was composed of an EASY-nLC 1000
system (Thermo Fisher Scientific, Waltham, MA) connected to
the EASY-Spray column (25 cm length and 75 μm inner diameter; Thermo Fisher Scientific), and a linear trap quadrupoleorbitrap Elite (Thermo Fisher Scientific). The raw data were
processed with the Proteome Discoverer version 1.4.0.288
software program (Thermo Fisher Scientific) according to
the standard workflow. The database search was performed
using the Proteome Discoverer with Mascot search engine
(Matrix Science, London, UK) against SwissProt.
Statistical Analysis

All values were expressed as the means±standard error of
the mean and were analyzed using the Excel program
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(Statcel3). The islet yield and functions were compared using
a Kruskal-Wallis test. The Steel-Dwass test was used as post
hoc multiple comparisons to determine the significance of
differences. The activity of endogenous exocrine enzymes
was compared using a 2-factor repeated-measure ANOVA.
A value of P less than 0.05 was considered to indicate statistical significance.
RESULTS
The Effects of the Neutral Protease (TL or ChNP)
and/or CP on the Yield, Functions and Appearance
of Isolated Rat Islets

The islet yield of the ChNP group was significantly lower
than that of the TL group (651.7±191.4 IEQs (358.3±36.7 islet number [IN]) vs 1507.8±316.6 IEQs (1,024.0±64.3 IN),
P < 0.01, n = 12, respectively) (Figure 1A). When CP was
added to ChNP, the islet yield was the highest of the 4 groups
(1967.3±347.6 IEQs (1456.3±59.7 IN), n = 12). On the other
hand, the islet yield of the TL+CP group (1307.0±332.9 IEQs
(1,352.1±62.3 IN), n = 12) was slightly lower than that of the
TL group. The islet yield was dose-dependently increased in
the ChNP + CP, whereas it was found to decrease in the
TL + CP group.
In the in vitro functional assays using the isolated islets, the
ADP:ATP ratio of the ChNP group (n = 8) was significantly
higher than that of the ChNP+CP group (P < 0.05, n = 12),
but there were no significant differences among the other
groups (Figure 1B). In addition, the ATP:DNA ratio of the
ChNP group (n = 8) was significantly lower than that of the
ChNP+CP group (P < 0.01, n = 12), but there were no significant differences among the other groups (Figure 1C). No significant differences were detected among any of the groups
in terms of the insulin:DNA ratio (Figure 1D) or stimulation
index in the SGS test (Figure 1E).
The proportion of small islets was apparently increased
in the TL+CP group compared with the TL group. However,
no obvious fragmentation was seen when CP was added to
ChNP (Figure 2).
The Activation of Endogenous Pancreatic Exocrine
Enzymes During Rat Islet Isolation

In the TL group, both the tryptic and chymotryptic activities were elevated from the initial stage of digestion. This
tendency was more pronounced when CP was added to TL.
In contrast, neither tryptic nor chymotryptic activity was induced in the ChNP group. Of particular interest, when CP
was added to ChNP group, the chymotryptic activity markedly elevated, whereas there was only a marginal increase in
the tryptic activity (Figure 3).
Immunohistochemical Analysis of Rat Pancreatic
Tissues Incubated With the Neutral Protease
(TL or ChNP) and/or CP

In the control group (Figure 4A), the lobular and acinar
septa and the pancreatic ducts in the exocrine tissues were
positively stained for laminin (score 4, 99.2%) (see Figure S2
and SDC Table, SDC, http://links.lww.com/TP/B131). In the
TL group (Figure 4B), the reaction for laminin was weak
(score 1, 31.7%; score 2, 68.3%), and this tendency was further accelerated when CP was added (Figure 4D) (score 1,
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FIGURE 1. The effects of the neutral protease (TL or ChNP) and/or CP on the yield and functions of isolated rat islets. A, The islet yield of
the ChNP group (white bar) was significantly lower than that of the TL group (P < 0.01). When CP was added to ChNP (white dotted bar),
the islet yield was the highest among the 4 groups. On the other hand, the islet yield of the TL+CP group (gray dot bar) was slightly lower
than that of the TL group. B and C, The ADP:ATP ratio (B) and ATP:DNA ratio (C) were measured to evaluate the energy status of the isolated islets. The ADP:ATP ratio of the ChNP group was significantly higher than that of the ChNP+CP group (P < 0.05), but there were no significant differences among the other groups. In addition, the ATP:DNA ratio of the ChNP group was significantly lower than that of the ChNP +
CP group (P < 0.01), but there were no significant differences among the other groups. D and E, The insulin:DNA ratio (D) and the stimulation index in the SGS test (E) were measured to evaluate the functions of the islets. No significant differences were detected among the
four groups in these parameters.

55.8%; score 2, 43.3%). As shown in these groups (Figure 4B
and D), the tissue structure was not well maintained. In
contrast, the reaction for laminin and the tissue structure
was well maintained in the ChNP group (Figure 4C) (score
4, 95.0%). When CP was added to the ChNP group
(Figure 4E), the laminin staining was still relatively retained
(score 3, 64.2%; score 2, 32.5%), despite a substantial destruction of pancreatic tissues.

In Vitro Assay of the Laminin Digestion by the Neutral
Protease (TL or ChNP) and/or CP

Laminin-511 showed 2 main bands in SDS-PAGE (Figure 5).
After protease treatment, the intensity of the upper band was
reduced. The digestion of the upper band was found to be in
the order TL > ChNP >> CP for single enzyme digestion, and
TL + CP > ChNP + CP for double enzyme digestion. On the
other hand, laminin-411 showed a similar digestion pattern
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band under the main band in laminin-411 was identified as
the α4 chain.

FIGURE 2. The effects of the neutral protease (TL or ChNP) and/or
CP on the appearance of isolated rat islets. The proportion of small
islets was increased in the TL + CP group (C) compared with the
TL group (A). On the other hand, no obvious fragmentation was seen
when CP was added to the ChNP group (D). Magnification, 40.

for all enzyme groups. However, enzyme treatment produced
new bands that appeared under the main bands (Figure 5).
Liquid chromatography mass spectrometry analyses were
conducted for the main bands of the intact protein and the
new bands (asterisks in Figure 5). The upper and lower bands
of laminin-511 were identified as the α5 and β1/γ1 chains,
respectively. For laminin-411, it was verified that the single band included α4, β1, and γ1 chains. After digesting
laminin-511, a new band appeared between the 2 main
bands, and this band was identified as the α5 chain. The

DISCUSSION
A number of studies have investigated the roles of neutral
protease during pancreatic islet isolation, but the results have
been contradictory.8,13,22-25 One possible explanation is the
enzyme combinations used in those studies. In most of the
previous studies, crude enzymes were purified by anion exchange chromatography. Therefore, a risk of contamination
with an unwanted collagenase subtype or unknown proteases could not be ruled out.26 In the present study, we performed the first examination of the roles of TL, ChNP, and
CP using highly purified enzymes. The recombinant technology used in this study provides more accurate and highly reproducible outcomes compared with the conventional anion
exchange chromatography technique. We have clearly demonstrated that TL8,25 is more effective for dissociating rat pancreatic tissues and releasing islets from the acinar cells than
ChNP. In contrast, Balamurugan et al24 reported that ChNP
more efficiently yielded human pancreatic islets. Although
a possible involvement of species differences cannot be
ruled out, this discrepancy is most likely due to the enzyme preparations used in each study. Considering that
the SERVA neutral protease NB (SERVA GmbH,
Heidelberg, Germany), which was used in Balamurugan's
study, contains a large amount of other proteins (Figure S1,
SDC, http://links.lww.com/TP/B131)19 and also possesses
considerable TLA, the present study offers a more accurate
assessment of the effects of ChNP. Balamurugan's data suggested that ChNP, combined with components that possessed
TLA, but not ChNP alone, is more effective for human islet
isolation than TL. In agreement with this interpretation, we
have clearly shown that ChNP combined with CP (originated
from the same Ch and possessing TLA) was significantly
more effective for isolating rat pancreatic islets than TL,

FIGURE 3. An evaluation of the activation of endogenous pancreatic exocrine enzymes during rat islet isolation. In the TL group, both the tryptic and chymotryptic activities were increased from the initial stage of digestion. This tendency was further pronounced in the TL+CP group.
In contrast, neither tryptic nor chymotryptic activity was induced in the ChNP group. Of particular interest, in the ChNP+CP group, the chymotryptic activity was remarkably increased, whereas there was only a marginal increase in the tryptic activity.
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FIGURE 4. Immunohistochemical staining of rat pancreatic tissues incubated with the neutral protease (TL or ChNP) and/or CP. In the No
enzyme group (A), the lobular and acinar septa, and the pancreatic ducts in the exocrine tissues, were positively stained for laminin. In the
TL group (B), the reaction for laminin was weak, and this tendency was further accelerated when CP was added (D). As shown in the TL
(B) and TL+CP (D) groups, the tissue structure was not well maintained. In contrast, the reaction for laminin and the tissue structure
were well maintained in the ChNP group (C). When CP was added to the ChNP group (E), the laminin staining was still relatively maintained in spite of a substantial destruction of the pancreatic tissues. Magnification, 200.

which is currently the gold standard. Taken together, the
present and previous data suggest that our novel findings
may also be applicable in the clinical setting.
Of particular interest, the islet yield was decreased when
the CP was added to TL, which originated from a different
bacterium, Bacillus thermoproteolyticus. Furthermore, some
fragmented islets were observed in the TL+CP group, suggesting that ChNP+CP could exert synergistic effects on the
efficiency of rat islet isolation, possibly because the collagenase was also produced by Ch.
An analysis of the activation of endogenous pancreatic
exocrine enzymes during rat islet isolation showed that both
the tryptic and chymotryptic activities were increased from
the initial stage of digestion in the TL group. This tendency
was further pronounced when CP was added to the TL group,
likely because this caused “over-digestion” in the TL + CP
group. Notably, when the CP was added to the ChNP, the
chymotryptic activity was remarkably elevated, whereas
only a slight elevation was seen in the tryptic activity. These

FIGURE 5. In vitro digestion of laminins by the neutral protease (TL or
ChNP) and/or CP. The arrows indicate the upper band of laminin-511
showing the different intensities between the TL and the ChNP+CP
groups. On the other hand, laminin-411 showed a similar digestion
pattern for all enzyme groups. The bands selected for the LC-MS
analyses are marked by asterisks (*) on the left side of the band.
LC-MS, liquid chromatography mass spectrometry.

results suggest that the digestion is effectively facilitated by
chymotrypsin, without direct damage to the islets by trypsin,
when ChNP was combined with CP. Corroborating our
findings, Li et al27 demonstrated an improvement of the islet
yield by adding a trypsin inhibitor during rat islet isolations.
Trypsin may exert indirect effects on the pancreases by activating other serine proenzymes.28
In the present study, no significant differences were detected in terms of the functions or appearances of isolated
rat islets between the TL and ChNP + CP groups. However,
previous study has reported that the serine protease inhibitor has protective effects on rat islet viability and morphology and has a high ability to secrete insulin.27,29 Therefore,
under more severe conditions than that of our study, such
as long cold storage time and long digestion time, the beneficial effects of the ChNP + CP combination not only on islet
yield, but also on preserving the cellular functions, might
be observed.
Because the digestion pattern was proven to be completely
different for the neutral proteases (TL or ChNP) and/or CP,
we also investigated the molecular composition of the target
ECM of them using an immunohistochemical analysis, in
vitro digestion assay, and mass spectrometry. In the immunohistochemical analysis, when the CP was combined with the
ChNP, the laminin staining was moderately maintained despite a substantial destruction of pancreatic tissues, whereas
most of the laminin was digested, and the tissue structure
was damaged, in the TL group. Considering that laminin expression in the pancreatic tissues was reported to be crucial
for islet survival,30-32 it may be speculated that the beneficial
effects of ChNP + CP could, at least in part, be explained by
its specificity for laminins.
We further focused on laminin-411 and laminin-511, and
conducted in vitro digestion assays, because these were
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reported to be expressed around islet capillaries33 and to exert crucial roles for the survival of islets.34 Both the in vitro
digestion assay and mass spectrometry suggested that the digestion pattern for laminin-511(especially for the α5 chain),
but not for laminin-411, was considerably different between
the TL and ChNP + CP groups. Because the α5 chain of laminin is intimately related to the structure of proteoglycans, the
ChNP + CP combination might be expected to better maintain the crucial proteoglycans, such as heparin sulfate,35 on
the islets. Further investigations of the expressed proteoglycans on the islets and the other target ECM by the neutral
protease (TL or ChNP) and/or CP are topics of interest for
future studies.
The present study demonstrated, for the first time, that CP
has a strong synergistic effect with ChNP, but not with TL.
Therefore, ChNP and CP, in combination with collagenase
derived from the same bacteria, could potentially represent
a promising strategy to increase the efficiency of islet isolation
without affecting the quality. Further investigations using a
preclinical model are required.
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