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Stephen Hughes'?, Julia Saphorster®, Manfred Kurfiirst®,
Olle Korsgren*, Thierry Berney®, and Paul R. V. Johnson'?

Abstract

Animal-free (AF) SERVA Collagenase AF-I and Neutral Protease (NP) AF GMP Grade have recently become available for
human islet isolation. This report describes the initial experiences of 3 different islet transplant centers. Thirty-four human
pancreases were digested using | vial of the 6 different lots of Collagenase AF-1 (2,000-2,583 PZ-U/vial) supplemented with 4
different lots of NP AF in a range of 50 to 160 DMC-U per pancreas. Isolation, culture, and quality assessment were performed
using standard techniques as previously described. All data are presented as mean + standard error of the mean (SEM).
Variability of pancreas weight was associated with a wide range of collagenase and NP activities, ranging from 12.7 to 46.6
PZ-U/g (26.0 + 1.5 PZ-U/g) and 0.4 to 3.0 DMC-U/g (1.5 + 0.1 DMC-U/g), respectively. Postpurification islet yield was
296,494 + 33,620 islet equivalents (IEQ) equivalent to 3,274 + 450 IEQ/g with a purity of 55.9% + 3.2%. Quality assessment
performed after 2 to 4 d of culture demonstrated a viability of 88.1% + 1.5% and a stimulation index of 3.7 + 0.7. Eighteen of
the 34 preparations were transplanted into type | diabetic patients equivalent to a transplantation rate of 52.9%. Six pre-
parations, which were infused into patients as first transplant, could be analyzed and increased the fasting C-peptide level from
0.11 + 0.08 pretransplant to 1.23 + 0.24 and 2.27 + 0.31 ng/mL 3 and 6 mo posttransplant (P < 0.05), respectively. Insulin
requirements were simultaneously reduced at the same time from 39.2 + 3.8 IU/d before transplantation to 10.8 + 4.1 and
4.0 + 2.3 1U/d, after 3 and 6 mo posttransplant (P < 0.05), respectively. This study demonstrates the efficiency of AF SERVA
Collagenase AF-1 and NP AF for clinical islet isolation and transplantation. The new plant-based production process makes
these products a safe new option for the islet field.
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Introduction

The transplantation of isolated human islets has been estab-
lished as a treatment for patients with type 1 diabetes to
restore glucose counterregulation and to improve the insulin

secretory response.' > The successful release of islets from
the human pancreas essentially requires the synergistic inter-
action between collagenase and supplementary proteases
produced by the bacterium Clostridium histolyticum or
Bacillus thermoproteolyticus rokko.* Until now, the produc-
tion of enzymes by different bacteria depends on the fermen-
tation of animal-derived nutrients. In the past, manufacturing
of some enzyme blends used the fermentation of material
derived from bovine brain and heart tissue. Neuronal tissue
from cattle was identified as one of the main risks for
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zoonotic transmission of misfolded proteins, termed prions,
to humans.” Prions are the causative agent for a group of
neuronal disorders that include the bovine spongiform ence-
phalopathy and different variants of the Creutzfeldt-Jakob
disease (CJD).° For that reason, reagents from animal origin,
such as bovine serum or bovine serum albumin (BSA), have
been banned from the human islet isolation procedure when
performed for clinical purposes.” In addition to mammals,
even distantly related species, such as fish, are under inves-
tigation for the potential risk of prion transmission.®’

In accordance with this preventive strategy, SERVA and
Nordmark developed a manufacturing process that uses
plant-based ingredients to produce animal-free (AF) Good
Manufacturing Practice (GMP)-grade collagenase and neu-
tral protease (NP). This report describes the initial experi-
ences made in 3 different islet transplant centers utilizing
Collagenase AF-1 and NP AF for the isolation of islets from
34 human pancreases.

Materials and Methods

Pancreases were retrieved with appropriate consent and ethi-
cal approval from 34 human multiorgan donors utilizing cold
perfusion with Institute Georges Lopez—1(IGL-1) solution
(IGL, Lissieu, France, n = 15), University of Wisconsin solu-
tion (Bridge to Life Ltd., London, United Kingdom, » = 10),
histidine—tryptophan—ketoglutarate (Custodiol, Kohler Che-
mie GmbH, Alsbach, Germany, n = 3), Solution de
Conservation des Organes et des Tissus (SCOT)-15 solution
(Maco Pharma, Mouvaux, France, n = 4), and Celsior solu-
tion (IGL, n = 2). The donors (16 female/18 male) were
characterized by a mean age of 51.4 + 1.9 years, a body mass
index of 25.3 4+ 0.7, and a cold ischemia time of 7.3 + 0.3 h.

After arrival at the human islet isolation facilities (Cell
Isolation and Transplantation Center, Department of Sur-
gery, Geneva University Hospital, Geneva, Switzerland,
Switzerland; Department of Immunology, Genetics and
Pathology, Uppsala University, Sweden; and Nuffield
Department of Surgical Sciences, Oxford University,
United Kingdom), islets were isolated and purified as pre-
viously described.'®'? In detail, pancreas digestion was
performed utilizing 1 vial of the 6 different lots of intra-
ductally infused Collagenase AF-1 (2,000-2,583 PZ-U per
vial) supplemented with 4 different lots of NP AF (SERVA/
Nordmark Arzneimittel GmbH & Co. KG, Uetersen, Ger-
many) added in a range of 50 to 160 DMC-U per pancreas.
Integrity of collagenase classes I and II was previously
assessed by a chromatograph equipped with an anion
exchange Mono-Q column.

Subsequent to purification and after 2 to 4 d of culture,
islet yield was determined in a standardized procedure
converting islet yield to islet equivalents (IEQ) with an
average diameter of 150 pum.'? Isolated islets were distin-
guished from exocrine tissue using insulin-specific dithi-
zone staining (Sigma-Aldrich AB, Stockholm, Sweden)."?
Viability and in vitro function of purified islets were
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Fig. I. Mono-Q chromatography analysis of animal-free collage-
nase | (AF-1) performed at a wavelength of 280 nm (Nordmark
Arzneimittel GmbH & Co. KG, Uetersen, Germany). The graph is
representative for the 6 collagenase lots used in this study.

assessed after 2 to 4 d of culture at 37 °C as previously
described in detail.'®'?

Isolations were categorized as failed when less than
100,000 IEQ were isolated from 1 donor pancreas.'*'* Iso-
lation outcome was defined to be successful when total islet
yield was more than 250,000 IEQ per pancreas.'®'” Product
release criteria for clinical islet transplantation were >5,000
IEQ per kg recipient’s body weight, viability of >70%, pur-
ity of >30%, packed tissue volume of <7 mL, stimulation
index of >1.0, endotoxin of <5 EU/kg, and the absence of
bacterial contaminations determined as gram negative
stain.'® Posttransplant function of islets transplanted into
patients with type 1 diabetes mellitus was assessed by self-
monitoring of blood glucose levels and documentation of
insulin requirements. Plasma C-peptide levels and HbAlc
were measured at follow-up visits 3 and 6 mo after trans-
plantation utilizing standard methods.'>*° The C-peptide to
glucose ratio was calculated as described by Faradji et al.*'

Data Analysis

All statistical analysis was performed utilizing Prism version
6.0h for MacIntosh (GraphPad, La Jolla, CA, USA) and SPSS
version 24.0.0.1. Correlation analysis of data was carried out
by Spearman’s rank correlation. Islet graft function was ana-
lyzed at 3 and 6 mo posttransplant utilizing Dunn’s multiple
comparison following the Friedman test. Differences were
considered significant at P <0.05. P values > 0.05 are termed
nonsignificant. For clarity, results are expressed as mean +
standard error of the mean (SEM) rather than the correct
nonparametric measures of median and quartiles.

Results

Collagenase integrity was assessed using Mono-Q chroma-
tography. As shown in Fig. 1, the new manufacturing process
did not affect the integrity of collagenase classes I and II.
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Fig. 2. Individual amount of intraductally perfused animal-free (AF)
collagenase | (AF-1; black bars, left y-axis) and neutral protease AF
activity (gray bars, right y-axis) per gram trimmed pancreas weight.
The dashed and dotted lines indicate the mean of collagenase and
neutral protease activity, respectively.

The collagenase classes Il to I ratio of the 6 lots used in this
study varied with a standard deviation of 0.09.

The variability of pancreas weight (47-164 g) was asso-
ciated with a wide range of collagenase and NP activities
which varied from 12.7 to 46.6 PZ-U/g and 0.4 to 3.0 DMC-
U/g, respectively (Fig. 2). As a result, recirculation time
required for significant islet release from the digested pan-
creas ranged from 13 to 41 min (21.5 + 0.9 min). The
percentage of nondigested tissue remaining in the digestion
chamber after pancreas dissociation was 14.1% + 1.3%
varying from 1.3% to 33.0%.

The postpurification total islet yield was 296,494 + 33,620
IEQ per pancreas (27,826—823,125 IEQ). This corresponded to
3,274 + 450 IEQ per gram of trimmed pancreas (218-10,624
IEQ/g) with an average purity of 55.9% + 3.2% (21-86%).
Islet yield per gram correlated positively with NP and with
collagenase activity (Fig. 3A). In agreement with this observa-
tion, an inverse correlation was found between trimmed pan-
creas weight and islet yield per gram (r = —0.420, P < 0.05).

Quality assessment performed after 2 to 4 d of culture
demonstrated an average viability of 88.1% + 1.5%
(75-95%) and a glucose stimulation index of 3.7 + 0.7
(0.7-12.7). When the stimulation index was opposed to NP
or collagenase activity, an inverse correlation was observed
for both enzymes (Fig. 3B). To specify the influence of the
different activities, the ratio of PZ-U/g over DMC-U/g was
calculated and a positive correlation between this ratio and
the stimulation index was found (» = 0.535, P < 0.01). The
average intracellular insulin content of isolated islets was
10.3 + 2.2 ngfislet (1.6-30.4 ng/islet) and also correlated
positively with the PZ to DMC ratio (» = 0.639, P < 0.01).

Defining isolation failure by a purified islet yield
<100,000 IEQ per pancreas, 7 of the 34 isolations (20.6%)
failed with respect to islet yield. Nineteen of the 34 islet
preparations (55.9%) fulfilled the release criteria for clinical
islet transplantation. From these successful preparations, 18
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Fig. 3. Effect of intraductally perfused animal-free (AF) neutral
protease and collagenase AF-| activity on purified islet yield per
gram trimmed pancreas (A) and on glucose stimulation index (B).
The correlation coefficient (r) was calculated using Spearman’s rank
correlation.

were actually transplanted into patients with type 1 diabetes,
which is equivalent to a transplant rate of 52.9%. Eleven of
these preparations were infused as the first transplant, 5 as
the second, and 2 as the third transplant.

Data from 13 of the 18 transplanted preparations were
made available and could be analyzed. Six of these prepara-
tions were infused into patients as the first transplant and
substantially increased the fasting C-peptide level of 0.11 +
0.08 ng/mL before transplantation when compared to 3 and 6
mo after transplantation (Fig. 4). The corresponding
C-peptide to glucose ratio increased from 0.28 + 0.25 pre-
transplant to 1.23 + 0.27 and 1.89 + 0.36 after 3 and 6 mo
posttransplant (P < 0.05), respectively. At the same time, the
recipients’ need for exogenous insulin simultaneously
decreased from 39.2 + 3.8 IU/d prior to transplantation to,
respectively, 10.8 + 4.1 1U/d and 4.0 + 2.3 IU/d 3 and 6 mo
posttransplant (P < 0.05). Daily insulin requirements deter-
mined per kg body weight are shown in Fig. 4.

Discussion

Previous production techniques for collagenase using the fer-
mentation of bovine neuronal tissue by C. histolyticum or B.
thermoproteolyticus rokko carry the risk of incorporating
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Fig. 4. Fasting C-peptide (white bars, left y-axis) and daily require-
ment of exogenous insulin per kg body weight (gray bars, right
y-axis) measured in recipients with type | diabetes mellitus prior
to and after islet allotransplantation. *P < 0.05 versus pretransplant.

prions as potentially infectious vectors for CJD within the final
enzyme product.® As a consequence, new manufacturing stra-
tegies had been developed to produce mammalian tissue-free
(MTF) collagenase blends.”** Indeed, the risk for the trans-
mission of CJD into the human population by transplantation of
collagenase-isolated islets had been regarded as low,>* but it
was recently shown that prions can be transmitted between a
variety of widely disparate species®> which are partially con-
sidered as clinically silent carriers of replicating prions.*® Tak-
ing this incalculable risk into account, an advanced
manufacturing process was developed to use plant-based mate-
rial for the production of AF GMP collagenase and NP.
Different variables such as pH, temperature, selection,
and concentration of nutrients have a significant effect on
the amount of collagenase produced by microbial organ-
isms.?”*8 Nevertheless, it is unknown so far whether the
selection of different categories of nutrients has an effect
on the quality and specific activity of collagenolytic
enzymes produced by different bacteria for enzymatic islet
isolation. Our study demonstrates that a vegan diet for
C. histolyticum has no detrimental effects on the specific
activity and efficiency of collagenase or NP. A preliminary
study by Parnaud et al. demonstrated a similar efficiency for
collagenase AF-1 to release islets from the human pancreas
compared with collagenase NB-1 premium grade.?’ The iso-
lation success and transplantation rates obtained using col-
lagenase AF-1 indicate a high efficiency when compared
with previously published data collected from MTF
collagenase-digested pancreases.”>>> We are aware of the
fact that the thresholds for success and failure are arbitrarily
chosen figures that have not been defined by an international
consent. When isolation outcome is dichotomized,'> it
becomes evident that a gray zone exists between the cutoff
for success or failure. Islet preparations from this gray zone
may nevertheless fulfill the worldwide established product
release criteria for clinical islet transplantation particularly
when the body weight of the potential recipient is relatively
low or when the preparation is used as top-up transplant.

The present study demonstrates a transplant rate of more
than 50% despite the large variability of perfused collage-
nase and NP activities. This observation also suggests that
human islets can be successfully isolated within a wide range
of varying isolation protocols.''*'? An explanation for this
finding might be provided by previous experiments reveal-
ing that approximately only 35% of the total amount of
collagenase activity perfused into the pancreas is bound to
pancreatic tissue.*>** Conversely, this means that intraduc-
tally perfused enzymes are usually administered in excessive
activities are usually administered in excess. The most
rational and effective method for optimizing the enzyme
concentration without the risk of under- or overdosing seems
to be conversion of the worldwide established vial-based
enzyme administration to adjustment of collagenase and pro-
tease activity on a per gram basis.*

On the other hand, our correlation analysis showed the
ambivalent effect of enzymes on isolation outcome. While
higher enzyme concentrations seem to favor a higher yield of
isolated islets, lower enzyme activities seem to be beneficial
for islet functional integrity. To specify the detrimental
effect of the different enzymes on islet integrity, we calcu-
lated the ratio between collagenase and NP activity. As this
ratio correlated positively with the stimulation index and the
insulin content, we assume that a careful and balanced reduc-
tion of NP activity benefit islet function and viability which
is in accordance with previous studies.>*®

One of the disadvantages of our study is that only a mar-
ginal number of the pancreases processed were from donors
younger than 30 years of age. This lack of younger donors is
observed in nearly all islet isolation centers worldwide and
reflects the allocation system differentially selecting
younger and leaner donors for solid pancreas transplantation,
whereas older and obese donors are allocated for islet
transplantation.>”

In summary, this study investigates the efficiency of
SERVA Collagenase AF-1 and NP AF produced from
C. histolyticum by fermentation of plant-based material. This
newly established production process excludes the risk of
incorporating prions or other animal-derived infectious
agents in the final enzyme products. The efficiency of the
enzymes is demonstrated by a transplant rate of more than
50% that was reached within a broad range of collagenase
and NP activities.
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