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Abstract
Islet transplantation is becoming an established treatment option for managing a subset of
adult patients who have type 1 diabetes mellitus. The success of this procedure is dependent
upon the recovery of a sufficient number of functional human islets from donor organs for
subsequent transplant. Here, the use of optimized bacterial collagenase-neutral protease
enzyme mixtures has been shown to affect the yield and quality (defined by viability and
glucose-stimulated insulin secretion) of islets recovered from human pancreata. However,
few reports provide a systematic approach to correlate the biochemical characteristics or
dose of collagenases and proteases to the recovery of functional islets. The focus of this
review is to close this gap.
The review summarizes five key advances toward an understanding of how Clostridium
histolyticum collagenase and bacterial neutral proteases support the release of islets from
human pancreata and key collagenase biochemical characteristics that lead to higher human
islet yields. This information provides a foundation to develop a model of enzymatic tissue
dissociation that can serve as a guide in assessing the effectiveness of collagenase or neutral
protease enzymes used for human islet isolation. One key conclusion is the importance of
excess amounts of collagen degradation activity in the islet isolation procedure to ensure
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effective degradation of native collagen. If achieved, the selection and dose of neutral
protease become the primary factors that determine the maximal release of islets from
tissue. Maximal collagen degradation activity is achieved when an appropriate dose of C.
histolyticum collagenase products containing primarily intact class I and class II collagenase
are used in the isolation procedure. The review concludes by presenting future directions for
research to develop new insights into enzymatic tissue dissociation with the goal of
improving the robustness of the islet isolation process.
Keywords
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1. Introduction
Human islet allotransplantation requires recovery of sufficient numbers of functional islets
from human pancreata for subsequent transplantation. Purified collagenase-protease enzyme
mixtures have been used to isolate islets for nearly all clinical human islet isolations since 1999 [1].
The success of the Edmonton Protocol for using islet transplantation to mitigate the risk of
hypoglycemic unawareness in adult type I diabetic patients [2] led to funding the Clinical Islet
Transplantation (CIT) consortium trial in 2004 [3]. This funding focused on standardizing the
human islet isolation procedure to be compliant with GMP Guidelines. These to islets were used in
clinical trials designed to assess the benefits of islet transplantation to manage adult type 1
diabetes patients. The ultimate goal for this funding was to enable institutions who participated in
the trial to submit their data to the United States Food and Drug Administration (FDA) to gain
regulatory approval for this treatment.
For many years, the sole product used for human and animal islet isolation and sold by
numerous commercial suppliers was crude or enriched collagenase, a minimally processed
Clostridium histolyticum culture supernatant. In the mid 1990’s, Liberase HI was developed at
Boehringer Mannheim Biochemicals to overcome the lot to lot variability found in these
collagenase products. The success of Liberase HI was dependent on the purity and performance of
the collagenase and protease enzymes required to release islets from tissue. In 2007, the National
Institutes of Health (NIH) forbade the use of Liberase HI in any NIH sponsored clinical trials
because of the potential risk for transmission of spongiform encephalopathy [4]. The CIT switched
to using the Nordmark/Serva purified collagenase and enriched neutral protease products, but
some laboratories had difficulties to achieve islet isolation results similar to those obtained with
Liberase HI [5-7]. In 2008, The CIT adopted VitaCyte’s and Roche’s purified collagenase and
protease enzymes that had minimal risk for passing Transmissible Spongiform Encephalopathy
(TSE) to patients who participated in the trial. Roche developed a new Liberase product
(Liberase MTF) to replace Liberase HI, discontinued in 2008.
Collagenase-protease enzyme mixtures are critical reagents for islet isolation since their
effectiveness to recover human islets determines if an islet transplantation procedure is
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performed. A recent paper summarizing the manufacture of human islets for use in the CIT-07
clinical trial showed only 52% of the islet isolations manufactured by eight centers provided a
sufficient number of islets for subsequent transplantation [8]. The success rate from each center
ranged from 24.3 to 89.5%. The failure to obtain a sufficient number of islets for transplantation
may curtail the application of this therapy to treat diabetic patients. The cost of one islet isolation
can be as high as $20,000 to $37,000, in the United Kingdom and the United States (U.S.),
respectively [9, 10]. These costs do not include that charged for the organ by the U.S. organ
procurement organization or the associated physician's fees and hospital costs related to
treatment. It’s imperative that the best knowledge be applied to human islet isolation to reduce
the percentage of failed islet isolations, further reducing costs and for maintaining this treatment
as a viable option for adult type 1 diabetic patients.
The key challenge for the manufacture of GMP human islets for clinical allotransplantation is to
define critical parameters that affect recovery of sufficient numbers of functional islets from
human pancreas for subsequent transplantation. Enzyme mixtures used for human islet isolation
are a critical process parameter for successful islet isolation, yet few systematic studies have
analyzed the influence of collagenase and protease activity on human islet yield and function. The
poor characterization of the enzymes used in many studies often confounds interpretation of the
results. The purpose of the current report is to review published literature that provides guidance
on key characteristics of enzymes that are likely to improve human islet yield, viability, and
function and is broken down into sections as follows.
 Successful human islet isolation requires the use of defined collagenase-protease enzyme
mixtures
 Intact class I (C1) and class II (C2) collagenase should be used to ensure maximal islet
recovery at the lowest dose of enzyme
 Model of tissue dissociation: defining the roles of collagenase and protease in releasing
cells from tissue
 Validating the premises of the model by using the design of experiment approach
 Different C1:C2 ratios within a defined range do not influence islet yields
 Differences in the efficiency of purified natural and recombinant collagenase to recover
functional human islets
 Selection and dose of neutral protease is critical for successful human islet isolation
 Perspectives and future directions for research
This review discusses selected aspects of the fundamental biochemical characteristics and
assays used to assess Clostridium histolyticum collagenase and other bacterial neutral proteases
used to isolate islets for transplantation. For additional information on the biochemical
characteristics of these enzymes, please refer to an earlier review [11]. A recent review also
discusses the use of enzymes for human islet isolation [12] but it does not focus on associating the
biochemical characteristics of these enzymes to human islet yield or function.
2. Successful Human Islet Isolation Requires the Use of Defined Collagenase-Protease Enzyme
Mixtures
The launch of Liberase HI Purified Enzyme Blend product at the end of 1994, was a
breakthrough reagent that directly contributed to the success of islet transplantation [13, 14].
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Before the introduction of the Liberase HI product, most laboratories dedicated significant
resources to screen different lots of crude or enriched collagenase for their effectiveness to isolate
porcine or human islets. In the early 1990’s, Boehringer Mannheim Biochemicals’ Collagenase P
became the favored product for this application, primarily driven by Camillo Ricordi, who used this
product to isolate islets for subsequent transplantation [15]. However, Collagenase P had several
limitations. Only about one-third of the lots were effective for human islet isolation and these
“good lots” were stable for at most 18 months when they became ineffective in recovering human
islets [16]. Moreover, the enzyme composition of good lots was unknown, making it difficult to
define the unique characteristics of an exceptional lot of product.
Camillo Ricordi was the individual primarily responsible for initiating the development of
Liberase HI at Boehringer Mannheim Biochemicals. His use of Collagenase P to prepare cells for
clinical islet isolation led the company to send representatives to Pittsburgh to meet with him to
discuss the clinical application of collagenase for islet transplantation. Ricordi later visited
Indianapolis and met with senior R&D staff at Boehringer Mannheim. This meeting led to funding
a project to develop a purified enzyme mixture for use in human islet isolation. The project started
at the end of 1992 and the Liberase HI product released for sale in North America in November
1994.
Liberase HI was the first purified enzyme formulation developed for a specific cell isolation
application. This composition reflected the conclusions from earlier studies that indicated
collagenase and protease enzyme activities were the key enzymes required to release cells from
tissue [17-19]. The initial report described the effectiveness of Liberase HI to isolate islets from 26
research donor pancreata [20]. Subsequent reports showed the superiority of this reagent over
crude or enriched collagenase [21, 22] but average islet yields were 56% (n=50) and 61% (n=13) of
those obtained in the initial report [20]. Several factors may be responsible for this difference. The
first study [20] did not measure islets purified after density gradient purification but quantitated
their kinetic release from the tissue using a custom imaging system that detected islets stained
with N-(6-methoxy-8-quinolyl)-p-toluenesulfonamide (TSQ) [23]; and the mean cold ischemia time
of the pancreata used in the initial report was shorter (4.9 hours) than the latter two reports (8.8
hours).
Liberase HI was the primary purified enzyme mixture used for human islet isolation from 1994
to 2007. Liberase HI served as a benchmark for comparison of all other purified enzyme products
used to isolate human islets [7, 24-26]. For many years, nearly all laboratories isolating islets for
clinical transplantation used this product, but the specifics of its development and changes made
to the enzyme formulation over its product lifetime were unknown to many users. These include
the rationale for selecting the collagenase composition and protease used in the product; and
changes to the enzyme formulation from 1994 to 2007. The review of Liberase HI summarized
below shows that at the time of product development, there was rudimentary knowledge of the
key enzymes responsible for tissue dissociation and no understanding of how these enzymes
contributed to successful islet recovery. Development of Liberase HI represented the first
commercial use of defined enzyme mixtures for cell isolation and provided the foundation to build
additional knowledge which is the subject of this review.
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2.1 Development of Liberase HI
The key factor responsible for the successful development of the Liberase HI product was
feedback from customers who evaluated selected lots of Collagenase P for recovery of porcine or
human islets. Customers categorized each lot as “good” or “bad” for this application. Table 1
summarizes the ranges of enzyme activities found in “good lots” of Collagenase P. Earlier reports
showed that successful cell isolations required the use of collagenase and protease activity [17-19].
These observations led the Liberase project team to develop assays to measure collagenase and
neutral protease activity using Pz peptide and fluorescein isothiocyanate-casein substrates,
respectively [27, 28].
Table 1 Enzyme activities per 1 g bottle from “good lots” of Collagenase P 1990-1993
Enzyme activity

Assay (reference)

Range of Enzyme Units/Pancreas

Collagenase

Wunsch [27]

1,500 - 2,500

Clostripain

BAEE [29]

2,000 - 35,000

Neutral protease

Caseinase [28]

50,000 - 140,000

At the time of product development two isoforms of C. histolyticum collagenase, C1 and C2
collagenase, were defined by differences in substrate specificity. Purified C1 collagenase has low
specific peptidase activity (i.e., Wunsch U/mg protein), and high specific gelatinase activity (U/mg
protein) whereas the converse is true for C2 collagenase [30]. Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) of different purified fractions of crude collagenase
identified six different forms of the enzyme that ranged from 80—130 kDa [31].
Analytical anion exchange chromatography procedures were adopted to enable quantitative
assessment of the relative concentrations of C1 and C2 [32]. Figure 1 compares anion exchange
chromatography profiles of Collagenase P used as the raw material for collagenase purification
and Liberase HI. The appearance of multiple C1 peaks, (C1, C1b, C1c, C1d, C2b), indicated
degradation of C1 but the significance of this observation was unknown at the time.
The initial strategy to manufacture Liberase HI was to isolate C. histolyticum collagenase and
neutral protease enzymes from Collagenase P. As shown in Figure 1, Collagenase P contained
predominantly single C1 and C2 peaks whereas Liberase HI gave single symmetrical C1 and C2
peaks after analysis by analytical anion exchange chromatography. The high clostripain activity
found in most lots of Collagenase P was problematic as this enzyme is a common contaminant
found in purified collagenase and difficult to remove [33]. Variable contamination of collagenase
with clostripain led the initial formulation of Liberase HI to contain a fixed amount of clostripain
(7,000 BAEE U/bottle) to ensure consistency of the neutral protease activity [34].
Purification of C. histolyticum neutral protease (CHNP) was difficult because its activity was
unstable upon storage. Purified thermolysin or Dispase was used in place of CHNP, based on the
assumption that any other neutral proteases would be as effective as CHNP for human islet
isolation. Purified thermolysin and Dispase were found to have acceptable purity and stability.
Thermolysin was used instead of Dispase because of cost considerations. Dose-response
experiments correlating Liberase HI mass to islet yields showed the use of 0.75, 1.5, or 3.0 mg of
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Liberase HI per mL of solution did not affect the release of human islets from tissue [20]. The final
enzyme composition of version 1 of Liberase HI product was about 1600 Wunsch U of purified
collagenase and about 90,000 FITC-casein units per bottle. Seven mg of purified thermolysin and
7,000 BAEE U of clostripain contributed to this FITC casein activity.

Figure 1 Analytical anion exchange chromatographic analysis of Collagenase P (A) and
Liberase HI (B). Additional forms of collagenase are designated by class and alphabetical
lower case. 2000 All rights reserved, Roche Diagnostics Corporation, USA, reprinted
with permission.
Table 2 summarizes further changes to the Liberase HI formulation from 1994 to 2008. Version
1 was considered a first generation product since the project team realized that further
improvements would be made at a later date to improve the consistency of the enzymes and to
adapt the enzyme composition to meet user’s needs. An additional column chromatography step
was added to the collagenase purification procedure to minimize clostripain contamination in
version 2 Liberase HI. Clostripain is a proteolytic enzyme with trypsin-like activity and requires a
reducing environment for maximal activity [29]. Under normal conditions, the majority of the
sulfhydryl groups are oxidized, with only about 10% of the clostripain active. The enzyme activity is
measured by the hydrolysis of N-alpha-benzoyl-L-arginine ethyl ester (BAEE), a peptide substrate
used to detect trypsin activity. Removal of clostripain improved product consistency. Additional
thermolysin protease activity was added to the Liberase HI product to maintain the same amount
of neutral protease activity found in version 1 of the product.
Feedback from participants who were planning to participate in the Immune Tolerance
Network (ITN) clinical trial led to changes in enzyme composition in version 3 Liberase HI. The goal
of the ITN trial was to have other islet transplant centers verify the results from the Edmonton
Protocol [35]. This collaborative effort between scientists at Roche Applied Sciences (formerly,
Boehringer Mannheim Biochemicals) and the ITN participants led to a decrease in the neutral
protease activity used in the Liberase HI formulation.
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Table 2 Multiple versions of Liberase HI
Version

Wunsch
U/bottle
≈ 1600

BAEE
U/bottle
≈7,000

NP U/bottle

Comment

1

Estimate sale
dates
1994-1997

≈ 90,000

2

1997-2000

≈ 2000

N/A#

≈ 100,000

3

2001-2003*

≈2200

N/A#

≈ 65,000

4

2003*-2008*

≈2200

N/A#

≈ 65,000

Clostripain added to
standardize neutral
protease activity
Added chromatography
step to remove clostripain
Modifications based on
input from participants in
the ITN trial
Increased degradation of
class I collagenase

* Approximate dates

#

Not assessed

The changes in version 4 of Liberase HI were due to unintended consequences of a change in
the chromatography resin used to capture collagenase in the first chromatographic step of the
purification procedure. Lakey summarized the steps used to purify collagenase for Liberase HI at
an Islet Resource Center Workshop in 2005 [36]. After this change, more degraded C1 was present
than found in the three earlier versions of Liberase HI. This issue was unresolved, and the problem
persisted from about 2003 to the discontinuation of the manufacture of Liberase HI in 2008.
Several reports identified this change with newer lots of the Liberase HI product [37, 38] with one
indicating that it may be due to a change in the manufacturing procedure [37]. At the time of this
change, none of the key members of the original Liberase project team who had responsibility for
developing the enzyme purification process were employed by Roche Applied Sciences.
In retrospect, several critical factors fell into place during the development of Liberase HI at
Boehringer Mannheim Biochemicals. Collagenase P was an excellent raw material that led to the
development of cost-effective enzyme purification process. The proposed enzyme formulations
were rapidly tested by having a porcine islet isolation group as part of the Liberase project team.
This team rapidly assessed the performance of these enzyme mixtures by assessing their
effectiveness to recover porcine islets from market weight pigs sourced from a small pig farm in
central Indiana. Unbeknownst to the team, recovery of high numbers of intact islets from market
weight pigs was a unique observation. About a year after the launch of version 2 of Liberase HI,
porcine islet isolations were re-started, and the project team found that earlier porcine islet yields
were difficult to replicate. Further experiments showed that high yields of porcine islets correlated
with the pedigree of the boars who sired the pigs that were the source of pancreata for islet
isolation [39].
Jonathan Lakey’s contribution to the development of the Liberase products cannot be
underestimated. Jonathan was a postdoctoral fellow in Indianapolis at the time the project team
validated the Liberase HI formulation for human islet isolation. His efforts to procure human
research organs and the transitioning of the porcine islet isolation team to process human
pancreata were critical to the success of the project.

Page 7/30

OBM Transplantation 2018; 2(4), doi:10.21926/obm.transplant.1804024

The challenges faced by the project team that developed the Liberase product line should not
be understated. C. histolyticum culture supernatants contain proteases that led to degradation of
collagenase, a problem that contributes to the lot to lot variability typically found in crude and
enriched collagenase products. Schemes had to be developed to limit this degradation. Next, there
was little understanding of the basic biochemistry of collagenase. Van Wart and colleagues
identified six different forms of C. histolyticum collagenase, but it was uncertain whether each
form reflected proteolysis, differential translation, or expression of separate genes [40]. Moreover,
there was little understanding of the mechanism of how collagenase and protease released cells
from the extracellular matrix. Despite this limited knowledge, the launch of Liberase HI laid the
groundwork to make further improvements to collagenase-protease enzyme mixtures. These
improvements are the subject of the remainder of this review.
3. Intact Class I (C1) and Class II (C2) Collagenase Should be Used to Ensure Maximal Islet
Recovery at the Lowest Dose of Enzyme
The unintentional consequences of a resin change used in the collagenase purification process
led to significant changes in the ability of Liberase HI to recover human islets. Lakey and Barnett
et al. showed the appearance of multiple C1 peaks in Liberase HI correlated with their date of
manufacture [36, 37]. They believed this was due to a change in the manufacturing process and
not in the instability of the product during storage. They developed a kinetic, fluorescent
microplate assay using a commercial substrate, fluorescein-labeled DQ gelatin conjugate, to show
that lower gelatinase activities found in sub-optimal lots of Liberase HI contained multiple C1
peaks as detected by anion exchange chromatography. Further analysis of four different lots of
Liberase HI used to recover human islets from 12 isolation procedures were categorized as
“successful” (> 300,000 IEQ/pancreas) or “unsuccessful” (< 300,000 IEQ/pancreas). Comparison of
the effectiveness of the enzymes used to recover these islets showed that lots with a higher
specific gelatinase activity resulted in significantly more successful isolations when compared to
those isolations that used low specific gelatinase activity.
A subsequent report confirmed Barnett’s et al. conclusions, showing variability in human islet
yields when 169 islet isolations were performed using different lots of Liberase HI [38]. This
retrospective analysis showed a significant decrease in pre and post-purification islet yields when
two different lots of product were analyzed over a 15 month period, indicating loss of activity
during storage.
Barnett’s et al. data indicated the presence of multiple C1 peaks appeared to correlate with
decreased islet yields, but there was no mechanistic explanation of how the change in collagenase
activity led to decreased islet yields [37]. The development of fluorescent microplate collagen
degradation activity (CDA) assay that detected collagenase enzymes that could cut tropocollagen
[41], the triple alpha-helical protein chain, a common motif found in all types of collagen [42],
explained Barnett’s results. Analyses of peak fractions (C2, C1, C1b, and C1c) recovered after
passing purified collagenase over an anion exchange chromatography column by SDS-PAGE or
assay of collagen degradation activity (CDA), showed that the specific CDA correlated with the
molecular form of collagenase as defined by Matsushita et al. [43]. Figure 2 shows the threedimensional protein domain structure of C1 and C2 collagenase. C1 or C2 has four protein domains:
an amino-terminal catalytic domain, one or two linking domains (function unknown) that have
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OBM Transplantation 2018; 2(4), doi:10.21926/obm.transplant.1804024

homology to polycystic kidney disease-like domains [44], and one or two collagen binding domains.
Functionally active collagenase, defined by the ability to degrade tropocollagen, must contain a
catalytic domain and at least one collagen binding domain. The three functionally active forms
shown on the left side of Figure 2 are:
 intact C1 (C1116 kDa) containing a catalytic domain, a linking domain, and two collagen
binding domains;
 intact C2 (C2114 kDa) containing a catalytic domain, two linking domains, and one collagen
binding domain;
 and truncated C1 (C1100 kDa) containing three domains, a catalytic domain, a linking
domain, and only has one collagen binding domain.
Proteolysis at a 24 amino acid random coil segment that connects the two collagen binding
domains on intact C1 led to the formation of a truncated C1 form. These shorter molecular forms
contain one collagen binding domain. This proteolysis likely occurs during the fermentation and/or
the enzyme purification process. These analyses showed that these truncated forms of C1 (C1b,
and C1c), had lower specific CDA. Later studies showed that the C1c form had 12 more amino
acids than the C1b form when these purified forms were sequenced using mass
spectrophotometry [45]. This observation is the likely reason for the different elution patterns off
the anion exchange chromatography column.
C1 or C2 without a collagen binding domain are termed non-functional collagenase because
they cannot degrade tropocollagen (right side of Figure 2). These two forms are common nonfunctional, degraded forms of collagenase but any form of C1 < 85 kDa or C2 < 100 kDa created by
further proteolysis of these enzymes cannot digest tropocollagen. It is important to note when
SDS-PAGE is used to characterize collagenase, it is subject to artifacts. Contaminating clostripain or
other proteases can degrade collagenase rapidly during the sample preparation process. The
addition of 10 mM EDTA into the sample before heat denaturation of the protein eliminates this
artifact [31].
The table at the bottom of Figure 2 shows the correlation of enzyme activities to the molecular
form of C1 or C2 collagenase. All forms of collagenase with a functional catalytic domain can digest
gelatin or cleave collagen-specific peptides (Pz or FALGPA peptide). These assays detect both
functional and non-functional forms of collagenase. If the catalytic domain is damaged or lost,
then no gelatinase or peptidase enzymatic activity is detected. Only those forms of collagenase
with a functional catalytic domain and at least one collagen binding domain have CDA. Intact C1
(C1116 kDa) with two collagen binding domains had about a 7 to 9 fold higher specific CDA than the
molecular forms containing a single collagen binding domain: truncated C1 (C1 100 kDa) or intact C2
(C2114 kDa) [41]. These data indicate that enzyme preparations with more intact C1 may be more
efficient in human islet isolation than preparations containing truncated C1.
Balamurugan et al. [7] confirmed the validity of the assumption that intact C1 is more effective
in human islet recovery than truncated C1. They correlated biochemical analysis of collagenase to
its effectiveness to recover high numbers of human islets. Three different lots of purified
collagenase from Roche Applied Sciences (Liberase HI), Nordmark/Serva (NB-1 Collagenase), and
VitaCyte (CIzyme Collagenase HA) were analyzed by anion exchange chromatography and for
specific CDA (CDA U/mg) using the assay cited above [41]. These results supported the
observations made during the development of the CDA assay: the higher amount of the C1 116 kDa as
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a percentage of total collagenase, the higher the CDA specific activity of the collagenase
preparation.
Functional Collagenase
Intact class I
116 kDa

Intact class II
114 kDa

Non-functional Collagenase

Truncated class I
100 kDa

Degraded class II
100 kDa

Degraded class I
85 kDa

Catalytic
Domain

Linking
Domain

Collagen
Binding
Domain

Collagen degrading
activity
Gelatinase activity
Peptidase activity
(PZ
peptide,
FALGPA)

++++

++

++

-

-

++++

++

++++

++

++++

+

++++

+

++++

+

Figure 2 Functional and non-functional forms of C. histolyticum collagenase and enzyme
activity profile. The 3-dimensional structures are individual domains of class I C.
histolyticum collagenase obtained from the Protein Database [46-48]. For illustrative
purposes, the class I domains are also used to represent class II collagenase domains. The
collagen degradation activity assay used to assign relative activity [41].
Further experiments compared human islet yields from isolations using either Nordmark/Serva
NB-1 Collagenase-NB Protease enzyme mixtures (n=27: 17 research, 10 clinical) or VitaCyte
Collagenase HA-Thermolysin (n=14: 4 research, 10 clinical) enzyme mixtures. The results showed
that the Nordmark/Serva enzymes gave significantly longer digest times and significantly lower
post-digest IEQ/pancreas, post-digest IEQ/g pancreas, post-purification IEQ/pancreas, and postpurification IEQ/g pancreas when compared to isolations using VitaCyte’s enzymes. The lower islet
yields obtained when using the Nordmark/Serva products reflected the lower percentage of these
islet preparations used for subsequent transplant. Twenty (2/10) and forty percent (4/10) of the
islet preparations isolated using the Nordmark/Serva and the VitaCyte’s enzyme, respectively,
were used for clinical islet transplantation [7].
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Results reported by the Clinical Islet Transplant Registry, an international registry that collects
and analyzes data from centers that perform allo-islet transplantation, showed that the lowest
number of islet transplants performed during the period from 2001 to 2013 was in 2007. The likely
reason for this low number was the forced change in 2007 from use Liberase HI to the Serva
enzymes at centers participating in the CIT study. This change occurred because of the potential
risk of TSE transmission when using Liberase HI for islet isolation [4].
The number of islet isolations reported to the registry increased from 2008 to 2013, reflecting
funding for islet transplantation from the CIT. An increased percentage of these isolations used the
Nordmark/Serva enzymes where many laboratories made adjustments to their islet isolation
procedure based on the different characteristics of these enzymes when compared to isolations
using Liberase HI.
Although the NB-1 Collagenase and NB Protease continues to be used by many laboratories,
one group found that those lots with higher amounts of clostripain activity gave higher human
islet yields [49]. Another group found the addition of clostripain to Collagenase HA/thermolysin
enzyme mixtures increased islet yields [50]. The relevance of adding clostripain to purified
collagenase-protease enzyme mixtures will be discussed in more detail below.
A direct comparison of the effectiveness of intact or truncated C1 to recover islets from porcine
pancreas was reported recently [51]. Two recombinant C. histolyticum collagenase-BP Protease
enzyme mixtures were prepared that differed only in the molecular form of C1 (intact or truncated
C1- rC1) and assessed for their ability to recover islets from an adult split porcine pancreas. All
isolation used equivalent enzymatic activities: 25,000 CDA U/g trimmed tissue, 7.5 Wunsch U/g,
and 12,000 FITC-BSA U/g for rC1116kDa or C1100kDa, rC2114kDa, and BP Protease, respectively.
Isolations with rC1116kDa (n=8) and rC1100kDa (n=8) were equally stratified across splenic and
duodenal/connecting lobes to avoid confounding factors. Analyses of results from these isolations
showed that the percentage of undigested tissue, packed tissue volume per g pancreas and postpurification islet yield expressed as islet equivalents per g tissue were similar for isolations
performed with either intact or truncated C1. Switch times were also similar. The striking
observation was the total mass of intact C1 protein required to maintain a 25,000 CDA U/g
trimmed tissue target averaged 37.6 ± 2.7 mg when compared to 504.6 ± 52.5 mg for truncated
C1. This ≈ 13 fold difference in mass required to achieve this targeted CDA U/g tissue reflects
differences in CDA specific activity: 5,050 for truncated C1 as compared to 87,500 CDA U/mg for
intact C1.
The importance of intact C1 for successful human islet isolation raises questions regarding
enzyme characteristics required for successful human islet isolation; a topic reviewed earlier [11].
Foremost among them is the reliance of Wunsch activity to determine the dose of collagenase
used in human islet isolation. Wunsch activity is a reliable and convenient measure of collagenase
activity, but its limitations are clear with the new knowledge of the structure-function of
collagenase. The Pz peptide used in the Wunsch assay detects C2 collagenase activity. The
difference in the specific Wunsch activity for C2 is at least 50 fold higher than the specific activity
for C1. Moreover, Wunsch activity cannot distinguish between functional and non-functional
forms of collagenase if functionality is defined by the ability of collagenase to degrade
tropocollagen. Therefore, this reproducible and reliable assay has limited application as a
surrogate measure of collagenase activity to predict the successful islet recovery as was shown in
an earlier report from the University of Alberta [52].
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There is a need to develop a transferable, verified, and validated CDA assay that would enable
laboratories to qualify new lots of purified collagenase before use. The fluorescent, kinetic,
microplate assay used in earlier experiments [41] is not amenable to transfer because fluorescent
assays are difficult to replicate between laboratories. This difference is primarily due to the
inability to calibrate the fluorescent measurements. Many different adjustments can be made to
fluorescent instruments that are difficult to control between instruments. The answer to this
limitation is to develop a spectrophotometric CDA assay that can be used to correlate CDA with
islet yield. VitaCyte has developed a modified Mandl CDA assay that may prove to be a reliable
surrogate collagenase assay for this application (F.E. Dwulet unpublished data). Further work must
be performed to correlate the results from this assay to those obtained from the fluorescent,
kinetic, microplate CDA.
Finally, what does the present biochemical analysis reveal about the characteristics of C2
collagenase? Unfortunately, there are no reports that use physicochemical analysis of C2
collagenase to assess enzyme integrity, so one has to assume that if the C1 is intact, then the C2 is
also likely intact. SDS-PAGE may be used, but it is an imprecise method, subject to artifacts as
noted above. Nor is a decrease in the specific Wunsch activity an indicator of degraded C2 simply
because this activity is resistant to proteolysis [41]. A decrease in specific Wunsch activity more
likely represents contamination of the C2 collagenase with degraded C1.
4. Model of Tissue Dissociation: Defining the Roles of Collagenase and Protease in Releasing
Cells from Tissue
The information above shows the importance of using intact C1 collagenase in enzyme mixtures
for porcine or human islet isolation, but no model explains the advantage of using this form of
collagenase. A hypothetical model needs to provide practical direction as to how all three enzymes,
C1 and C2 collagenase, and neutral protease interact to release cells from tissue. A simple model
of how these enzymes may degrade the extracellular matrix is re-stated [11] and refined below,
including additional data that support the primary premises of the model.
The key assumptions of the hypothetical model of enzyme-mediated tissue dissociation using C.
histolyticum collagenase and neutral protease enzymes to release cells from the extracellular
matrix (ECM) are summarized below.
1. The ECM is a complex mixture of macromolecules secreted by cells into intercellular
spaces [53]
2. The ECM molecules include collagen, elastin, proteoglycans, glycosaminoglycans, and
other proteins that anchor cells to the ECM [53]
3. Collagen fibrils (10-300 nm diameter) and fibers (0.5 to 3 μm diameter) are the
predominant proteins in the matrix and are composed of collagen monomers (1.5 nm
diameter) that associate in an overlapping pattern to form fibrils and the fibrils associate
to form fibers [42]
4. Collagen fibrils and fibers are the skeletal backbones of the ECM, holding other
macromolecules in a tight structure, resistant to proteolysis
5. Collagenase has a restricted substrate specificity: it degrades tropocollagen in many types
of collagen (collagen types I, II, III, etc…) and degrades denatured collagen (i.e., gelatin)
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6. Functional collagenase must bind to tropocollagen using its collagen binding domain
before the catalytic domain can degrade this protease resistant, alpha triple helical
protein structure
7. Functional and non–functional collagenase degrade gelatin
8. Some bacterial neutral proteases may degrade specific collagen types, but most
proteases have broad specificity for degrading any protein, including gelatin
9. C1 and C2 collagenase, and neutral protease work synergistically to degrade extracellular
matrix proteins, leading to the release of cells from tissue
Functional C. histolyticum collagenase initiates the tissue dissociation procedure by binding of
the collagen binding domain to a site on tropocollagen. The model below emphasizes the role of
C1 collagenase since more is known about this isoform than C2. However, it is clear from
functional analysis of different mixtures of C1 and C2 using CDA assays and the use of BP Protease
and a 30:70 recombinant collagenase C1:C2 enzyme mixtures that C2 collagenase plays an
important role in collagen degradation and release of human islets from tissue [45, 54].
Recombinant C1 collagenase has been shown to bind to tropocollagen within a fibril [55]. Once
bound, collagenase’s catalytic domain can cut the collagen, leading to the unwinding of the triple
helix to form denatured collagen (i.e., gelatin) that is degraded by functional or non-functional C1
or C2 collagenase or by neutral proteases. As the C1 collagenase continues to progress down the
length of tropocollagen, the entire triple helical structure is degraded into smaller peptides [55].
The tight packing of tropocollagen in collagen fibrils appears to lead to binding of additional C1
collagenase to other tropocollagen molecules within the fiber, leading to rapid degradation of the
collagen fibrils. It is thought that functional C2 collagenase binds in the middle portion of the
tropocollagen molecule and works synergistically with C1, but a detailed mechanism of this role is
unknown.
Collagen degradation leads to relaxation within the extracellular matrix, exposing protease
sensitive sites in non-collagen, matrix proteins. These proteins include those that hold cells to the
matrix (i.e., cell anchoring proteins) that include integrins, discoidin domain receptors, and
syndecans. Once a sufficient number of these proteins are degraded, there is a maximal release of
cells from the tissue. For human islet isolation, this is referred to as the “switch time” when the
closed digestion circuit is opened and flushed with excess media with the cells collected into
vessels and washed by centrifugation.
If this model is accurate, then excess collagenase activity is unlikely to affect the yield or
function of cells recovered from tissue. Nearly all collagen types are found only in the extracellular
matrix except types XIII, XVII, XXIII, and XXV that are membrane collagens that have restricted cell
distribution [56]. Collagenase has been shown to diffuse into the interstices of exocrine and
endocrine (i.e., islet) pancreas after retrograde infusion of the enzyme into the main pancreatic
duct [57]. Collagenase could potentially digest the islets into cell clusters, but the digest is usually
stopped before the fragmentation of the islet structure.
The exogenous proteases typically used are from Bacillus thermoproteolyticus (thermolysin),
Paenbacillus polymyxa neutral protease (Dispase, BP Protease), or C. histolyticum neutral
protease. Prolonged cold ischemia storage time of pancreata (> 10 hours) or by contaminants in
the collagenase or protease enzymes used for cell isolation leads to an increase in endogenous
neutral protease enzyme activity [58-60]. This increase in activity is likely due to activation of
serine protease enzymes from pancreatic proenzymes. One report showed the addition of purified
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collagenase alone was sufficient for islet release [60]. In these cases, there was prolonged cold
ischemia time, and the purified collagenase contained contaminating clostripain. It is likely that
the clostripain contaminant (trypsin-like protease) in purified collagenase contributed to the
increase in endogenous protease activity by activating pancreatic proenzymes during the cell
isolation process.
Several implications from the model above are:
• Intact forms of collagenase should be used for islet isolation to ensure efficient
degradation of collagenase at the lowest dose of enzyme
• If intact collagenase is used in excess, the optimization of an enzyme formulation used for
islet isolation should focus on the choice and dose of neutral protease.
5. Validating the Premises of the Model by Using the Design of Experiment (DOE) Approach
The hypothetical model of tissue dissociation presented above provides a framework to
understand the contributions of C1, C2, and protease for successful human islet isolation. To
validate this framework, rigorously characterized enzymes with minimal contaminants should be
used in prospective human islet isolations, designed to test different premises of the model.
Moreover, adopting a design of experiment approach provides the greatest insight into factors
that affect islet isolation.
Table 3 summarizes the key differences in knowledge output between one factor at a time
(OFAT) versus the design of experiment (DOE) approach. For both approaches, critical variables
should be controlled before performing the experiment so that the results represent the effect of
the independent experimental variable(s). In the OFAT approach, only one variable is changed at a
time whereas for DOE, multiple variables can be assessed simultaneously using a design tied to
statistical analysis. Greater insight into key factors that affect human islet isolation is likely to be
obtained from using a DOE approach than one designed using OFAT. In a DOE, “all the
observations can be used to estimate the effect and interaction (property of hidden replication),
while typically only two of the observations in an OFAT experiment are used to estimate the effect
of each factor” [61].
SAS (Cary NC) has developed a user-friendly software package (jmp) that enables the power of
DOE to be adopted by any laboratory that wants to improve the insights gained from performing
expensive human islet isolation procedures.
The DOE approach was used by the Liberase project team to determine the optimal dose of
collagenase and protease enzymes on porcine islet isolation [62]. Porcine islets were used in place
of human islets for two reasons: the Liberase project team established a consistent model of islet
recovery from market weight pigs, and at that time, porcine islets were commonly used to prescreen new lots of collagenase before use for human islet isolation.
The DOE used for the Liberase project was a two factor, three-level test, with the islet isolations
performed in duplicate. The design focused on determining an optimal composition and dose of
enzymes for porcine islet isolation. The factors used in this experiment were purified C.
histolyticum collagenase at a 60:40 C1:C2 ratio and the mass of purified Dispase. The dose was
determined by pairing one of three different doses of collagenase activity (Wunsch U) with one of
three different masses of Dispase used to isolate islets from intact porcine pancreas. An
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automated, fluorescent imaging system was used to remove any observer bias in performing the
islet count [63]. Figure 3 shows a response surface plot that summarizes the experimental results.
This plot showed the optimal dose for maximal islet release to be about 2200 Wunsch U per
pancreas and 30 mg of BP Protease. This dose was confirmed by performing further isolations to
validate this dose, and enzyme formulation. This enzyme composition was sold as Liberase PI from
1997-2008.
Table 3 Comparison of outcomes obtained from One Factor at a Time (OFAT) vs Design of
Experiment (DOE) experimental designs [59]
Parameter

OFAT

DOE

Tight control of all experimental
variables
Multiple variables assessed
simultaneously
Resource requirements to translate
results into knowledge
Estimate of the effect for each
factor are more precise
Estimate of interaction between
factors

Yes

Yes

No

Yes

More

Less

Medium

High

Not possible

Possible

Figure 3 Response surface plot of two factor three level design of experiment to
determine optimal enzyme composition for isolation of porcine islets from market weight
pigs.  2000 All rights reserved, Roche Diagnostics Corporation, USA, reprinted with
permission.
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Figure 3 also shows the interaction between collagenase activity and protease mass. There is a
small flat plateau, centered around 2200 Wunsch U and 30 mg of Dispase. The response surface is
consistent with the hypothetical model of tissue dissociation presented above. From about 2000
to 2400 Wunsch U, the islet yield plateaus when using an optimal dose of protease in the isolation
procedure. Once collagenase is below 2000 Wunsch U, islet yield decreases, indicating the
importance of using excess collagenase in the islet isolation procedure. By contrast, the mass of
neutral protease has a narrower plateau where the optimal dose is between 30-34 mg of Dispase.
At a suboptimal dose, islet yield drops because there is insufficient protease to accelerate
degradation of the extracellular matrix. At a supra-optimal dose, islets are likely fragmented,
leading to lower islet yields.
An attempt was made to use DOE to determine an optimal dose for human islet isolation but
was unsuccessful because of the variability between donors. The Liberase project team
determined the formulation for version 1 Liberase HI from their analysis of good lots of
Collagenase P [62].
6. Different C1:C2 Ratios within a Defined Range do not Influence Islet Yields
Review of the DOE approach by the Liberase project team provided partial validation of the
major premise of the model presented above that neutral protease activity is likely a more critical
factor to control than collagenase. Several factors limit the interpretation of the results from
Liberase DOE. First, the enzyme dose was delivered to the entire organ and not adjusted by the
mass of tissue. By basing the enzyme dose on the organ and not on the weight of trimmed
pancreatic tissue, there is less control of a key variable since collagenase or protease activity per g
pancreas can vary significantly between different isolations. Moreover, Wunsch activity does not
measure functional collagenase activity since it reflects the activity of both functional and nonfunctional collagenase and is biased to detect only C2 collagenase.
A DOE designed experiment that directly answered the question of the influence of C.
histolyticum C1 or C2 on human islet yield and function was reported recently [64]. Recombinant
intact collagenase C1 (rC1116kDa) or intact C2 (rC2114kDa) used in these experiments were expressed
separately as a cytoplasmic protein in E. coli from the gene sequence reported by Matsushita et al.
[65]. The purified rC1116kDa and rC2114kDa used in a two factor, two-level DOE, with each condition
performed in triplicate. The scientists who performed these isolations were blinded and unaware
of the collagenase composition. For these experiments, islets were recovered from the body-tail
portions of the pancreas. The head portion was used as a control to assess the effectiveness of the
New Enzyme Mixture (NEM) to recover islets (details of this enzyme mixture described below).
The doses of recombinant collagenase used were 100,000 or 200,000 CDA U of rC1, and 12 or 20
Wunsch U/g tissue of rC2, mixed with a fixed amount of purified BP Protease (23,400 NP U/g
tissue). A wide range of C1:C2 ratios were used in these isolations: 55:45, 43:57, 38:62, and 27:73.
The results from these experiments showed that the dose or ratio of C1 or C2 did not significantly
influence islet yield (Figure 4) or islet function [64].
This experiment validates a major premise of the model presented above that human islet yield
or function will be unaffected by a wide range of C1 or C2 collagenase activity. The key factor to
control will be the selection and dose of the neutral protease, assuming that functional
collagenase is in excess.
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rC2 + = 20 Wunch U/g tissue
rC1 + = 200,000 CDA U/g

rC2 - = 12 Wunsch U/g tissue
rC1 - = 100,000 CDA U/g

Figure 4 Effect of C1 and C2 dose on recovery of human islets from the body-tail of the
pancreas.
7. Differences in the Efficiency of Purified Natural and Recombinant Collagenase to Recover
Functional Human Islets
The DOE studies above showed a wide range of rC1 and rC2 doses were successfully used to
recover human islets [64]. The surprising finding from this experiment was the collagenase doses
used in the DOE were 46 to 83 % (2.09-3.75 mg/g tissue) of the amount typically used for human
islet isolation using natural, purified collagenase at a 60:40 C1:C2 ratio (4.5 mg/g tissue for NEM).
Further studies by Balamurugan’s group at the University of Louisville showed that the lowest
dose collagenase used in the DOE above (2.09 mg/g tissue at a 30:70 C1:C2 ratio) gave similar
results when they were used to isolate human islets from intact pancreas (Figure 5) [54]. Further
studies compared the effectiveness of purified natural or purified recombinant collagenase to
isolate functional islets at a low (12 Wunsch U/g tissue) or a standard dose (20 Wunsch U/g tissue)
of collagenase. BP Protease at 23,400 NP U per g tissue was used in all islet isolations. These
results showed similar yield and function from islets isolated with 12 or 20 Wunsch U/ g tissue of
recombinant collagenase or 20 Wunsch U/g of natural, purified collagenase. In contrast, there was
a significantly lower islet yield when 12 Wunsch U/g tissue of natural, purified collagenase was
used in the isolation procedure [54].
Functional analysis of the four different islet preparations by basal insulin release after 48 hours
of culture showed a significantly lower insulin release when islets were isolated with the standard
dose of natural collagenase (20 Wunsch U/g) when compared to islets isolated with the low dose
of recombinant collagenase (12 Wunsch U/g). There were no significant differences in glucosestimulated insulin release between the four groups [54].
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Figure 5 Comparison of effectivenss of recombinant collagenase-BP Protease (BPP) vs
purified natural collagenase-CHNP enzyme mixtures for human islet recovery. NEM: 20
Wunsch U Collagenase HA/g and 1.75 DMC U NB Protease/g pancreas; rC1rC2 + BPP
(body/tail): four different rC1rC2 ratios + 23,400 NP U BPP/g pancreas; rC1rC2 + BPP
(intact organ): 12 Wunsch U/g and 100,000 CDA U/g + 23,400 NP U BPP/g pancreas.
Presently, there is no explanation for the increased efficiency of recombinant collagenase to
recover human islets or for the higher basal secretion of insulin after 48 hours of culture. There is
a 4 and 13 amino acid sequence difference for C1 and C2 respectively when the sequences of the
natural and recombinant collagenase were compared [45]. These differences represent a 0.4 and
1.3% change as a percentage of the total amino acid residues for C1 and C2, respectively.
8. Selection and Dose of Neutral Protease is Critical for Successful Human Islet Isolation
The information presented above emphasizes the importance of native collagen in the
formation of a protease-resistant extracellular matrix. The model above proposes that C1 and C2
collagenase play a critical, but a very specific role in enzymatic tissue dissociation. Collagenase
initiates the degradation of the extracellular matrix that in turn leads to loosening of the matrix,
exposing protease sensitive sites on other matrix proteins. Purified collagenase can degrade
completely purified collagen fibrils or fibers, but digestion of the extracellular matrix requires
neutral protease activity to accelerate collagen degradation as well as other extracellular matrix
proteins that directly or indirectly hold cells to the matrix. Once a sufficient number of these
“anchoring” proteins are cut, then the cells can be released from tissue.
McShane et al. [19] initially showed the importance of neutral protease when they used 18
different lots of crude or enriched collagenase products from Sigma for human islet isolation and
categorized these lots for their ability to recover human islets. The lots were scored from 1 to 5
where 1 was “poor” and 5 was “very good.” After further analysis of the enzyme activities
reported on the Certificate of Analysis, they selected lots that had similar collagen degradation
activities as detected by the Mandl assay but had different neutral protease activities. Those with
higher neutral protease activities were effective in recovering human islets where the converse
was not true. In 6 islet isolations, they found that supplementing poorly performing lots of
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collagenase with Dispase led to a significant increase in islet yield. The addition of Dispase alone
did not digest the pancreas. Supplementation of poor lots with trypsin or papain led to no
improvement of islet yield.
The validity of this observation was confirmed in a subsequent report comparing the
effectiveness of Nordmark/Serva, Roche, and VitaCyte purified collagenase and protease enzymes
to recover human islets. This report summarized results from 90 human islet isolations using eight
different enzyme mixtures [66]. The NEM composed of intact C1 and C2 (VitaCyte CIzyme
Collagenase HA) mixed with CHNP (Nordmark/Serva NB Protease) gave significantly shorter
digestion times and higher post purification islet yields (n=12) when compared to those isolations
using Nordmark/Serva GMP grade enzymes (n=20) or Nordmark/Serva Premium Grade enzymes
(n=5).
Further experiments compared the effectiveness of CHNP or thermolysin mixed with a fixed
dose of purified collagenase containing intact C1 and C2, to recover islets from a split human
pancreas [64]. These results showed that NEM gave significantly higher purified total islet yield
and percentage of islets with mean diameters > 200 μm. Analysis of these data expressed as
purified IEQ per g pancreas was not significantly different likely because of the small number of
experiments performed to compare the performance of these enzymes.
An additional problem arose when Roche changed the extinction coefficient used to estimate
the protein concentration of thermolysin in the MTF Kit. Liberase HI and VitaCyte’s Thermolysin
product assumed that 1 mg of purified thermolysin had an absorbance of 1.1 at 280 nm (0.1% at
280 nm = 1.1). In contrast, the Liberase MTF product used 0.1% at 280 nm = 1.76 (from Liberase
MTF specification) which means that there is at least 60% more enzyme activity per mg of
thermolysin than found in Liberase HI. This estimate is consistent with internal studies at VitaCyte
that showed the amount of neutral protease activity contained in one 15 mg bottle of thermolysin,
a component of the Liberase MTF kit, is equivalent to the activity found in two 12 mg bottles of
VitaCyte’s Thermolysin product (unpublished observation). Many laboratories are unaware of this
change and continue to assume that thermolysin in the MTF kit is at a similar concentration as
Liberase HI (version 4). Others addressed the problem by reducing the amount of thermolysin
used in the isolation procedure [6, 50].
An alternative to thermolysin or C. histolyticum neutral protease is the P. polymyxa protease
(Dispase or BP Protease). BP Protease is an animal origin-free product, purified from
Paenibacillus polymyxa culture supernatants that do not contain any animal proteins. This protein
belongs to the M4 protease family whose members include thermolysin and C. histolyticum
neutral protease. Although all members of this family have the same specificity for cleavage at the
amino-terminal side of hydrophobic amino acids, they have different selectivity for different
amino acids. For example, a study comparing the effectiveness of thermolysin or Dispase to
remove epithelial cells from cryopreserved human amniotic membranes showed that each
enzyme gave a different degradation pattern of the extracellular matrix proteins associated with
this tissue, as detected by immunohistochemical staining methods. Dispase eliminated staining of
type VII collagen, laminin 5, and integrins 6 and 4 but retained staining of collagen type IV. By
contrast, there was no loss of staining of these proteins after treatment with thermolysin. The
relevance of these results shows the ability of similar proteases to digest extracellular matrix
proteins differently, depending on the tissue [67]. In contrast, thermolysin, CHNP or BP Protease
has been shown to be very effective in recovering islets from human tissue.
Page 19/30

OBM Transplantation 2018; 2(4), doi:10.21926/obm.transplant.1804024

Lakey et al. compared the effectiveness of thermolysin and BP Protease to recover human islets
when he used Collagenase HA mixed with either 6 mg of VitaCyte’s Thermolysin or 1.1 million
neutral protease units (NP U) of BP Protease to digest the pancreas [68]. He performed 12 islet
isolations, alternating the enzyme mixtures used for each isolation. Islets were purified over
continuous Ficoll gradients, counted, assessed for glucose-stimulated insulin response, and
cultured for 48 hours. There were no significant differences in digest time, islet yield per g tissue
(3517 ± 156 and 3824 ± 202), and glucose stimulation index (2.4 ± 0.5 and 2.8 ± 0.8) for islets
isolated with thermolysin and BP Protease, respectively. However, there was a significant
difference (p < 0.05) in cell viability after 48 hours of islet culture (74 ± 5% and 86 ± 2% for
thermolysin and BP Protease, respectively) [68].
Further studies by Balamurugan et al. confirmed Lakey et al. observation when they isolated
human islets with either purified natural or recombinant C. histolyticum collagenase mixed with
23,400 NP U of BP Protease [54, 64]. In these isolations, the body-tail or the entire pancreas was
used to recover islets. Data from 18 human islet isolations are shown in Figure 6, where the mean
± one standard deviation for islet recovery was 5,316 ± 818 IEQ/g pancreas under conditions
where the purified natural or recombinant collagenase was in excess. Only a limited number of
isolations compared the performance of recombinant collagenase– BP Protease enzyme mixtures
to the NEM. Here, a higher mean islet yield was obtained with recombinant collagenase-BP
Protease mixture, but this difference was not statistically different [64].

Figure 6 Effectiveness of BP Protease for human islet isolation. Box and whiskers plot
shows the range (error lines), upper and lower quartile (box), the median (line in the box),
and mean (+ in the box). Each point represents results from one isolation. 23,400 NP U of
BP Protease/g tissue was added to excess purified natural or recombinant collagenase
and used to recover islets from intact pancreata.
A recent report showed intact C1 was more effective in islet recovery than truncated C1 when
enzyme mixtures contained C2 but no supplemental protease [69]. In contrast, there was no
difference in islet recoveries when the enzyme mixtures above contained supplemental neutral
protease activity. The authors suggested that differences in the efficiencies of C1 molecular forms
to recover human islets can be overcome if supplemental protease is used in the enzyme mixture.
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Their conclusion is not supported by the earlier studies cited above where Nordmark/Serva
enzymes that contained primarily truncated C1 and neutral protease gave lower islet yields than
Collagenase HA–thermolysin or the NEM which contained primarily intact C1 [7, 66]. These
conclusions may be confounded by clostripain contamination of the Nordmark/Serva collagenase
which may activate endogenous pancreatic proteases that increase with cold ischemia time [11,
60].
The model presented above serves as a touchstone to formulate a mechanism of how
collagenases and proteases degrade the extracellular matrix. As shown above, many different
proteases can be used to complement C. histolyticum collagenase for degrading the extracellular
matrix. It is assumed that combinations of proteases with different specificities are likely to be
more efficient in degradation. Several reports showed improved human islet yields when purified
collagenase contaminated with clostripain or when clostripain-thermolysin enzyme mixtures are
used in the isolation procedure [49, 50]. However, the islet yields from these reports appear to be
equivalent or inferior to those that use either the NEM or VitaCyte’s Collagenase HA- BP Protease
enzymes [54, 66].
The results from experiments using neutral protease enzyme mixtures containing clostripain
highlight the limitations of interpreting a “one factor at a time” (OFAT) experimental design to
assess the contribution of clostripain to improve human islet yields. An alternative design is to use
a DOE approach that enables analysis of two or more factors on measured responses. As noted
above, DOE is a more complicated approach than the OFAT experiments but the knowledge
gained with this extra effort can be worth the investment.
9. Perspectives and Future Directions for Research
9.1 Perspectives
The model of tissue dissociation presented above serves as a practical guide for selecting
enzymes used in the tissue dissociation process. Here, C. histolyticum collagenase plays a very
specific role since the digest will not progress until functional collagenase cuts a sufficient number
of collagen fibrils or fibers, leading to loosening of the ECM and exposing protease-sensitive sites
on ECM proteins. Once the native collagen is cut, neutral protease activity accelerates the
degradation of the extracellular matrix. After degradation of a sufficient number of cell anchoring
proteins that hold the cells to the ECM, islets are released from the tissue.
Purified collagenase alone is sufficient to degrade native collagen fibrils or fibers. However,
collagenase must contain supplemental neutral protease activity to accelerate collagen
degradation and degrade other ECM proteins for effective release of islets from the tissue. The
ECM is a complex structure where purified collagenase or neutral protease alone are ineffective in
releasing islets from tissue. An optimal combination of these enzymes will result in recovery of
functional islets.
An interesting implication from this model is that neutral protease is the key enzyme to control
when optimizing or validating an enzyme formulation to isolate human islets as long as
collagenase CDA is in excess. Excess collagen-degrading activity will have little to no adverse effect
on cell isolation because of the narrow selectivity of collagenase to degrade only native collagen
or gelatin. The success of this approach is dependent on the characterization of the enzymes used
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in the isolation process. The collagenase must contain primarily intact enzyme to ensure the
highest specific CDA is used for islet isolation. If these criteria are met, then there will be minimal
variability between collagenase lots for effective recovery of human islets.
Figure 7 presents an illustrative matrix which summarizes the relationship between neutral
protease and collagenase activity and how it impacts cell recovery and viability. This matrix
emphasizes the importance of controlling neutral protease activity. The range of optimal activities
is likely to be dependent on the dose of a specific protease.

Figure 7 Illustrative matrix showing the effect of the combination of collagenase and
neutral protease activities on cell yield and viability
The cost to perform these optimization/validation experiments can be reduced by adopting a
human islet isolation method that recovers islets from the head, body, or tail of the same
pancreas [70]. This trisected pancreas islet isolation method has recently been used to determine
an optimal dose of collagenase and protease for use in isolating human islets from young donors.
The validation experiment requires a fixed dose of intact collagenase at ≥ 20 Wunsch U per g
tissue. The mid-range point for neutral protease activity will be either 1.75 DMC U/g tissue for the
Nordmark NB Protease, 25,000 NP U/g tissue for VitaCyte’s BP Protease, or 6 mg/g tissue for
VitaCyte thermolysin (or 3.8 mg/g tissue of the Roche MTF thermolysin assuming the protein
concentration is determined using 0.1% at 280 nm = 1.76 ). A screening experiment should be
performed using a dose of neutral protease activity at 50% or 200% of the midpoint value stated
above. The results from two or three isolation should provide a guide to the range of neutral
protease activity used in subsequent experiments. These isolations can be performed using intact
or trisected pancreas.
There has been long-standing interest to include clostripain in collagenase-protease mixtures
used for human islet isolation. Clostripain activity contaminates purified C. histolyticum
collagenase or is added as a purified enzyme supplement to purified collagenase-protease enzyme
Page 22/30

OBM Transplantation 2018; 2(4), doi:10.21926/obm.transplant.1804024

mixtures [49, 50]. There are at least two limitations in interpreting the results from these islet
isolation experiments. The majority of clostripain is inactive in an oxidizing environment with only
about 10% of the enzyme expressing trypsin activity. This activity is reported as “trypsin-like
activity” on the certificate of analysis. This activity may fluctuate depending on the oxidation
environment in the digest procedure. Moreover, it is difficult to interpret if clostripain is directly or
indirectly influencing neutral protease activity. Clostripain’s trypsin-like activity can activate the
pancreatic proenzymes, increasing neutral protease activity in the pancreatic tissue digest.
Endogenous neutral protease activity dramatically increases immediately before switch time when
the closed Ricordi circuit is opened and cells harvested for subsequent processing [71], an
observation repeated at VitaCyte during isolation of adult porcine islets (McCarthy, Breite
unpublished results). The effect of the addition of clostripain on the kinetics of endogenous
neutral protease activity has not been studied to see if there is any correlation between neutral
protease activity and islet yield and function.
The addition of multiple proteases with complementary selectivity to excess collagenase CDA is
likely to improve islet yield and function for two reasons. It is anticipated that a combination of
these enzymes can be used at a lower dose and will release islets at a rapid rate when compared
to the use of a single protease. Moreover, recent studies using recombinant C. histolyticum
collagenase showed that lower doses of exogenous collagenase increased islet in vitro function
without affecting islet yield when compared to islets isolated with higher doses of natural, purified
collagenase [54]. The best way to validate this assumption is to use a DOE approach where an
excess dose of intact collagenase is fixed with the experimental variables being different doses of
neutral proteases with complementary protease activities. The use of the trisected pancreas islet
isolation method will reduce the cost of these experiments. The DOE approach should be adopted
whenever and wherever possible to ensure that the maximal amount of information is obtained
from these expensive and time-consuming cell isolation procedures.
9.2 Future Directions for Research
The information presented above stresses the importance of characterization and definition of
the enzyme reagents used in the cell isolation process. The new knowledge on C. histolyticum
collagenase structure and function coupled with further studies correlating the specific CDA
activity to three functional forms of this enzyme provides a foundation for users to choose the
best available collagenase enzymes for human islet isolation. Reports on the three-dimensional
structure of collagenase focused primarily on C1 collagenase since there is minimal information on
the role C2 collagenase plays in the tissue dissociation process. C2 collagenase has been shown to
be more effective in rodent islet isolation than C1 collagenase [72, 73] but this same effect was
not observed with porcine islet isolation [74]. Moreover, biochemical studies using purified natural
C1 and C2 collagenase to degrade collagen fibrils [45] and a recent report using a 30:70 C1:C2
recombinant collagenase-BP Protease enzyme mixtures [54] have shown the effectiveness of C2 in
the degradation of collagen fibrils and human islet release, respectively. The elucidation of the
role C2 plays in collagen degradation will likely be answered by applying innovative tools, such as
atomic force microscopy, to study the role C1 and C2 collagenase play in collagen degradation [55].
This knowledge should provide greater insight into using optimal collagenase enzymes for human
islet isolation.
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Today’s knowledge of the composition and dose of collagenase-protease enzyme mixtures for
human islet isolation is based primarily on donor pancreata recovered from older individuals. Islet
recovery from younger donors (< 35 years old) often results in suboptimal islet yields because of
the high proportion of embedded and mantled islets [70]. Mantled islets, defined as those islets
surrounded by acinar cells, are difficult to purify by density gradient centrifugation because of
their different density when compared to non-mantled islets.
As noted above, a recent report used the trisected pancreatic islet isolation model showed that
by increasing the dose of neutral protease activity, islet yields from younger donors were
comparable to those from older donors. This same method can be applied to improving the
recovery of islets from pancreata recovered from chronic pancreatitis patients undergoing total
pancreatectomy-autologous islet transplantation to manage their disease. Presently, there are no
reports on the development of modified collagenase-protease enzyme formulations to recover
human islets from fibrotic pancreata.
The methods to recover human islets should also be re-evaluated since the amount of purified
collagenase required to recover human islets from a 100 g pancreas using a modified Ricordi
procedure is approximately 5 to 10 times the amount required for digestion of the same mass of
human liver tissue used to recover hepatocytes. Comparing results of porcine islet recovery using
either a static islet isolation method or the modified Ricordi method, showed no differences in
islet yield when the enzyme solution was infused into the main pancreatic duct [75]. There were
also no differences in the percentage of digested tissue, the islet size distribution, or the isolation
index when these procedures were compared. There were significant differences in the volume of
the tissue pellet and the time of the digest (68 ± 2 vs 34 ± 6 min for the static and Ricordi methods,
respectively). The decreased tissue pellet volume and longer digestion with the static method
suggest that this digestion procedure may provide improved tissue digestion with the smaller
pellet volume reflecting less acinar cells in the preparation. In contrast, it is not surprising that the
tissue volume is higher when using the Ricordi procedure since the combination of enzymatic and
mechanical tissue digestion accelerates the digest process.
A report using a modified static isolation procedure for porcine islet isolation showed the dose
of the collagenase-protease enzyme mixtures could be reduced by as much as 67% without any
significant difference in islet yield when compared to the control group using the standard dose of
enzyme and perfusion volume [76]. Islets were encapsulated into a macrobead and then assessed
for basal insulin secretion for 24 hours, once a week during a 12 week period. There was no
difference in insulin secretion between islet isolated by the low enzyme versus the standard islet
isolation procedure.
The three areas for further study were noted above: the role of C2 in collagen degradation,
optimization of enzyme formulations for islet isolations from subsets of pancreata, and reevaluation of the Ricordi method for islet isolation to determine if islet yield and function could be
improved while using lower doses of enzyme. Further studies into these or other areas should
focus on improving islet quality as assessed by successful engraftment of an adequate number of
human islets required to achieve insulin independence after allo- or auto-islet transplant. Ideally,
the correlation of molecular markers or functional assays to estimate the probability of islet
engraftment would improve the cost-effectiveness of islet isolation. For this to occur, it will be
critical to control the collagenase-protease enzyme mixtures used in the isolation process. The
ultimate goal will be to align the biochemical characteristics of these enzyme mixtures to the
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pancreas characteristics to ensure that the majority of human islet isolations are used in
transplants that lead to improved management of adult type 1 diabetic patients.
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