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Abstract

Islet isolation is a minimally invasive treatment that has the potential to reverse Type 1
diabetes mellitus (T1DM) in selected patients. However, the variability of human islet
isolation remains a limiting factor in making this treatment more widely available.
Considering the shortage of suitable pancreas organ donors and the ongoing increase in
incidence of TIDM, research to understand and optimise the islet isolation procedure
needs to be made a priority. This forms the basis of the research outlined in this thesis.

This study started with detailed characterization of proteins within the pancreatic
matrix at the islet-exocrine interface. These studies demonstrated that the amount of
collagen I and laminin decreased with increased donor age and body mass index (BMI)
while perlecan increased with these two donor characteristics. These results suggested
that tailored digestions are required in order to optimise islet isolation from different
donor groups.

Time-dependent characteristics of the dynamic digestion process was then studied.
To achieve real-time observation, a post-labelling technique and a specially designed
perfusion system were developed and optimised. Focusing on collagen I'V and collagen
VI, a three-phase digestion profile was revealed.

To further exploit the newly developed system, impacts of enzyme combinations
and age-related variations on the digestion phase were also studied. Perfusion
experiments confirmed significant difference in enzymatic digestion with different
donor ages. The results recommend that a change in enzyme dose or a prolonged
digestion time should be conducted in younger donors in order to obtain consistently
higher islet yields.

Based on above results, a new digestion system involving an early separation
system was therefore developed. Using porcine pancreases for ‘proof-of-principle’
experiments, the new system demonstrates a superiority in islet protection compared
with the traditional Ricordi chamber.
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structure in mice islets, human islets show a scattered pattern. Sections were stained for
insulin (green), somatostatin (red), and glucagon (blue) and scanned with a Zeiss LSM
510 confocal microscope. Scale bar = 20um. Image adapted from Heller [75]. ......... 18
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Figure 2.5 Schematic representation of collagen IV assembly. (A) Triple-helical
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Figure 3.1 3D analysis of human pancreatic islets. Images of 80 consecutive sections
show that within an intact islet, continuous 3D networks are formed by insulin (red)-
and glucagon (green)-stained cells. Vascular channels were pointed as arrowheads.
Scale bar = 50um. Images were adopted from Bosco [72].....ccccviiriiiiiiniicniiciieee, 50

Figure 3.2 Spatial arrangement of f-cells within an adult mouse pancreas. (A), (B):
spatial assessments of B-cell in interactive 3D data-visualizations. (C): example of islet,
scale bar = 110um. Images were adapted from Alanentalo et al. [190]. ..................... 51

Figure 3.3 Distribution of donor age and BMI.......................oocooiiii, 56

Figure 3.4 MPM set -up. (A) & (B) Overall set-up of the MPM with all associated
apparatus; (C): Mercury lamp; (D): microscope; (E) oscilloscope.........c.ccvvveiiinennns 62

Xii



List of Figures

Figure 3.5 Insulin (A) and Collagen I (B) signals in ROI (HP 1249 Coll I)........... 64
Figure 3.6 Outline of insulin (A) and collagen I (B) measurement (HP 1249 Coll I)
...................................................................................................................................... 64

Figure 3.7 Impacts of different autofluorescence reduction methods. (A): non-
treated; (B): 2:1:3 methanol: dimethyl sulfoxide (DMSO): H>O»; and (C): Methanol
dehydration with free-thaw cycles. (D): Side view of samples treated with methanol
dehydration and free-thaw cycles. The images show insulin (red), collagen IV (green)
and CD31+ endothelial cells (blue). Scale bar = 20m. .......coovvvviiiiiiiiiniiiieiiiee e 67

Figure 3.8 Impacts of increasing antibody concentration to (A): 1x; (B): 2x; and
(O): 3x. (D): Top view of the obtained image with 3x antibody concentration. The
images show insulin (red), collagen IV (green) and CD31+ endothelial cells (blue).
Scale bar = 20[UM. ....coiiiiiiiiii s 68

Figure 3.9 Impacts of increasing antibody incubation time to (A): 0.5h; (B): 1h;
(O): 2h; (D): 8h; (E): 16h; (F): 26h; (G): 33h; (H): 48h. The images show insulin
(red), collagen IV (green) and CD3 1+ endothelial cells (blue). Scale bar =30um for (A)
—(F) and 40pm fOr (G) — (H) .oveeiieiieeeeee e s 69

Figure 3.10 Layer-by-layer display of collagen 1V, vessels and islet from a donor
aged 50 with a BMI of 27 (Isolation ID = 1506). The images show insulin (red),
collagen IV (green) and CD31+ endothelial cells (blue). Z-stack interval = 25um; (J):
Results from negative control, where samples were incubated with only secondary
antibodies for background check. Scale bar = 20pm. .........cccoovviiiiiiiiiis 70

Figure 3.11 Representative 3D images (left) and isosurfaces (right) of ECM
proteins (green) and insulin-positive cells (red) from a donor aged 44 with a BMI
of 23 (Isolation ID = 23). Immunostained insulin (red) indicated islets. Green indicated
immunostained proteins of interest: (A) & (B): collagen I; (C) & (D): collagen III; (E)
& (F): collagen 1V; (G) & (H): collagen VI; (I) & (J): perlecan; (K) & (L): laminin.
Scale bar = 20[M. ..o 72

Figure 3.12 Impact of donor age on protein content. The y-axis shows the ratio of
protein area*protein concentration to islet area. This ratio is used to represent the
amount of protein at peri-islet surface while eliminating the impacts of islet size. Large
variations were observed for samples from different donors. No significant results were
found for collagen III, collagen IV and collagen VI. The amount of collagen I and
laminin decreased with the increase of donor age (p<0.001) while the amount of
perlecan increased with increasing donor age (p<0.001).........cccoovvviiiiiiiiiiiicniiciene, 74

Figure 3.13 Impact of donor BMI on protein content. The y-axis shows the ratio of
protein area*protein concentration to islet area. This ratio is used to represent the
amount of protein at peri-islet surface while eliminating the impacts of islet size. Large
variations were observed for samples from different donors. No significant results were
found for collagen III, collagen IV and collagen VI. The amount of collagen I and
laminin decreased with the increase of donor age (p<0.001 and p=0.003, respectively)
while the amount of perlecan increased with increasing donor BMI (p<0.001). ........ 75

xiii



List of Figures

Figure 4.1 Quantitative analysis of collagen IV (A) and laminin-a5 (B) digestion.
Colour-coded for: control group, collagenase only, neutral protease only and combined
enzymes (from dark black to light grey), all at clinically relevant concentration.
Asterisks represent p<0.05 (*), p<0.01 (**) and p<0.001 (***) respectively. Adopted
TIOIM SPIETS [13]. oottt st e et e e b e e e sbee e 84

Figure 4.2 Schematic diagram showing the differences between control group and
eXPerimental GroUP. ..........cocuiiiiiiiii s 88

Figure 4.3 Initial design of the perfusion chamber for real-time observation. (A):
schematic design of the chamber. Arrows represent flow directions: red: inlet flow; blue:
outlet flow; (B): Engineering drawing of the improved design, all measurements were
100 T4 (S 1181 010 FO T U RO U R UR PR TPROPRPRRPPIS 90

Figure 4.4 Improved design of the perfusion chamber for real-time observation.
(A): schematic design of the chamber. Arrows represent flow directions: red: inlet flow;
blue: outlet flow; (B): Free components of the perfusion chamber; (C): Engineering
drawing of the improved design, all measurements were made in mm. .............cc...... 92

Figure 4.5 Final design of the perfusion chamber for real-time observation. (A):
schematic design of the chamber. Arrows represent flow directions: red: inlet flow; blue:
outlet flow; (B): Free components of the perfusion chamber; (C): Engineering drawing
of the improved design, all measurements were made in mm; (D): Final product of the
perfusion chamber, with a thin layer of PDMS as the bottom. ...........ccccovvviiiiiiinnne. 93

Figure 4.6 Perfusion system designed for real-time digestion. (A): The schematic
view of the perfusion system; (B): temperature control chamber with the perfusion
chamber placed inside; (C): Cotton-wrapped pump to avoid heat 10ss. .........ccoevvenees 95

Figure 4.7 Results of static digestion. The y-axis stands for the percentage of protein
left after digestion. (A): a comparison of digestion results obtained from antibody-
labelled pancreatic tissue with those obtained from native pancreatic tissue; (B) & (C):
the impact of prolonged exposure to enzyme on digestion of collagen IV and collagen
VI, 1@SPECLIVELY. ..ot 100

Figure 4.8 Images obtained during preliminary tests. (A): HBSS perfusion for
collagen IV; (B): HBSS perfusion for collagen VI; (C): digestion of collagen IV with
full enzyme preparation at T<30°C; (D): digestion of collagen IV with 7.2 PZU/ml
Collagenase NB1 and 0.14 DMCU/ml Neutral Protease NB. As the loss of proteins was
significant at T=37°C with clinical relevant enzyme concentration, further experiments
were carried out at the same condition. ECM protein (green) disappears from around
islets (insulin in red). ECM protein (green) disappears from around islets (insulin in red).
Scale bar = SOMM. ....ooiiiiiiiiii s 104

Figure 4.9 The impact of perfusion speed on percentage of remaining protein with
combined enzyme dosage for (A): collagen IV; (B): collagen VI. Results shown were
expressed as mean+/-SD. (C) & (D): Bubbled & blocked image obtained during
10ml/min perfusion. Insulin staining in red, collagen staining in green.................... 105

Figure 4.10 Images obtained during a real-time digestion experiment. (A):

Xiv



List of Figures

Collagen 1V; (B): Collagen VI. ECM protein (green) disappears from around islets
(INSUIN TN TEA). vttt e e e bb e e bee s 106

Figure 4.11 Collagen 1V quantification of one donor sample and perfused with
HBSS and full enzyme concentration (A & B) or HBSS control (C & D). (A) & (C):
digestion/perfusion curves, with blue representing islet area, orange representing
protein area and grey representing protein intensity; (B) & (D) percentage of protein
left around an islet with respect to original obtained image stacks. ..........ccccocvveennen. 108

Figure 5.1 Images obtained during a real-time digestion experiment. (A): Collagen
IV; (B): Collagen VI. ECM protein (green) disappears from around islets (insulin in
LU0 ) TSP P PR RPRT PP PRRPRPPN 120

Figure 5.2 Digestion profiles obtained for one donor sample stained with collagen
IV (A) and collagen VI (B) under different enzyme dosage combinations. Y-axis
represents the amount of protein remaining at peri-islet interface. Results shown were
expressed as mean+/-SD. As shown, the amount of protein in the control group reduced
steadily while the amount of protein reduced more significantly in the enzymatic
digestion groups. Large variations were observed during the experiments. .............. 121

Figure 5.3 The impact of donor age (n=6 for <35 years vs n=6 for >45years) on
percentage of remaining protein for collagen IV, with different enzyme
combinations. (A): collagenase only; (B): neutral protease only; (C): both collagenase
and neutral protease. Results shown were expressed as mean+/-SD. Upward arrows
with a star represents time points when significant losses of protein were observed while
downward arrows with star represents time points when insignificant losses of protein
Wwere 0bServed (P<O.05). oot 124

Figure 5.4 The impact of enzyme combinations (n=6 for each test group) on
percentage of remaining protein for collagen IV for (A): young donors (<35 years);
(B):old donors (=45years). Results shown were expressed as mean+/-SD. Data were
regrouped and plotted from Figure 5.3. ..., 125

Figure 5.5 The impact of donor age (n=6 for <35 years vs n=6 for >45years) on rate
of digestion for collagen IV, with different enzyme combinations. (A): collagenase
only; (B): neutral protease only; (C): both collagenase and neutral protease. Results
shown were expressed as mean ValUes. ..........ccovviiiiiiiiniiiic i 126

Figure 5.6 The impact of donor age (n=6 for <35 years vs n=6 for >4Syears) on
percentage of remaining protein for and collagen VI, with different enzyme
combinations. A): collagenase only; (B): neutral protease only; (C): both collagenase
and neutral protease. Results shown were expressed as mean+/-SD. Upward arrows
with star represents time points when significant losses of protein were observed while
downward arrows with star represents time points when insignificant losses of protein
Were 0bSErved (P<O.05). oo 129

Figure 5.7 The impact of enzyme combinations (n=6 for each test group) on
percentage of remaining protein for collagen VI for (A): young donors (<35 years);
(B):old donors (=45years). Results shown were expressed as mean+/-SD. Data were

XV



List of Figures

regrouped and plotted from Figure 5.6. ...........c.ccocoiiiiiniii 130

Figure 5.8 The impact of donor age (n=6 for <35 years vs n=6 for >45years) on rate
of digestion for collagen VI, with different enzyme combinations. (A): collagenase
only; (B): neutral protease only; (C): both collagenase and neutral protease. Results
shown were expressed as MEan VAIUES. ......coivvvviiiiiiiiieniiie i 131

Figure 6.1 Solution circulation port. (A) & (B): schematic design of the PDMS mould;
(C): final product of the mould; (D): final product of the solution circulation port, holes
are left for solution circulation and sampling ports. All measurements were made in mm.

Figure 6.2 Bespoke cap. (A) & (B): schematic design of the cap; (C): Three-view
drawing of the Bespoke cap. Rubber band was placed inside the cap for sealing. The
four ports were designed for recycling solution in/outlet, sampling and enzyme addition
for mastication bag and for recycling solution in/outlet, wash stream in/outlet and
sampling point. All measurements were made in MM. ..........ceoeeeieeriieeiienineeneennens 144

Figure 6.3 Initial design of the mastication plate. (A): Engineering drawing of the
initial design of the mastication plate; (B): schematic drawing of the initial design; (C):
product of the initial mastication plate with spikes enabling ‘biting’ of the plates. All
measurements Were Made 1N MM .....eoieeiieriieeiee e ne e 145

Figure 6.4 Improved second design of mastication plate. (A): Engineering drawing
of the improved design of the mastication plate; (B): engineering drawing of the spikes;
(C): 3D-pinted mastication plate; (D): ‘biting’ of the plates. All measurement was made
111181010 TP PT PRSP 146

Figure 6.5 ‘Leaky’ valve design. (A): Schematic design of the ‘leaky’ valve; (B): 3D-
printed and assembled product; (C): Three-view drawing and dimensions of the ‘leaky’
valve. Rubbers were placed in both chambers to allow one-way flow of the fluid. For
the outlet chamber, the rubber was not tightly fixed so that small stream of flow could

be injected back to the mesh bag for back wash. ..........cccocoiviiii 148
Figure 6.6 Schematic view of the hydrocyclone system. ....................ccccoeiininnn. 150
Figure 6.7 Schematic view of the filtration bag system .....................ccccoenn 151
Figure 6.8 Schematic view of the all-in-one system....................cccocoiiiiininn, 152
Figure 6.9 Circuit diagram of the PID temperature controller. ........................ 153

Figure 6.10 Schematic diagram showing the flow arrangement within the
bioreactor. Solution flow is controlled by peristaltic pump and leaky way as mentioned
ADOVE. .t 154

Figure 6.11 Spatial arrangement of the bioreactor. Red: mastication bag with
mastication plates and 400pm nylon mesh bag; Blue: filtration bag with 200um nylon
mesh bag; Green: final product COlleCtion. ..........coceiiiiiiiiiiiiiiiii e 155

Figure 6.12 Results for temperature control test for the filtration system and ‘all-
in-one’ system. Experiments were conducted by perfusion prewarmed PBS through the

XVi



List of Figures

system. No pancreatic tissue was placed in the system for temperature control test. 162

Figure 6.13 Pig pancreas for digestion experiment. (A): fresh pig pancreas obtained
from the abattoir, covered with fat and connective tissue; (B): pig pancreas after
dissection of fat and connective tissue; (C): pig pancreas residue after digestion..... 164

Figure 6.14 Tissue residue left in bioreactor. (A): tissue residue left on the
mastication plate. The tissue was teared off from the main body under the shearing
forces caused by plate movement; (B): tissue residue left on the 400um bag........... 164

Figure 6.15 Free dithizone-stained islets isolated from mastication bag at (A): Smin;
(B): 10min; (C): 15min; (D): 25min. Layers of connective tissue were also observed
suggesting incomplete digestion (arrowheaded). Scale bar = S0pum. ..........cccevvnenns 165

Figure 6.16 Free dithizone-stained islets isolated from collection point from the
designed bioreactor at (A): 15min; (B): 20min; (C): 25min; (D): 30min. Layers of
connective tissue were also observed suggesting incomplete digestion. Scale bar =
SOLUTL. ottt e e 165

Figure 6.17 Free dithizone-stained islets isolated from both methods. (A): Free
islets isolated using Ricordi chamber; (B): Free islets isolated using the bioreactor.
Scale bar = SOMML. ....coiiiiiiiiiiic 166

Figure 6.18 Size distribution of free islets for both methods. As shown, most islets
fell in the 50-100um, which is in accordance with previous studies [226]. Compared to
islets isolated using the Ricordi chamber, there are more 100-200um islets isolated
using the new device (P<O.0T). .oueiiiieiiiiee e 167

Xvii



List of Tables

List of Tables

TABLE 2.1 Cell types and excreted hormones in the adult human endocrine
pancreas. Adapted from In't Veld and Marichal [1]......ccccoeiiiiiiiiiinniiic e 16

TABLE 2.2 The distribution and composition for some of the vertebrate collagens.
Taken from Shoulders [83]. ....oi i 20

TABLE 2.3 Univariate analyses between donor variables and islet number and
successful isolation. Data expressed as median value with interquartile ranges in
parentheses. P-values are given to indicate statistical significance, with asterisks
represent p<0.05 (*), p<0.01 (**) and p<0.001 (***) respectively. Successful isolations

were defined as =250,000 IEQ with =20% purity. Taken from Nano et al. [152]. 36

TABLE 3.1 Summary of donor characteristics (Table to be continued in the next

TABLE 3.2 Parameters tested for native whole-islet staining. (Table to be continued
10 thE NEXE PAZE) ...veeuriiiiiiiieiii e 57

TABLE 4.1 Summary of donor characteristics and experimental arrangements.

TABLE 5.1 Summary of donor characteristics for real-time observation. (Table to

be continued in the NEXt PAZE) .....eeviiriiiiiiiiiii e 116

TABLE 6.1 Pig characteristics for bioreactor performance test. (Table to be

continued 1N the NEXE PAZE) ....covvrvviiieiriiieiieii e 156

Table 6.2 Performance of bioreactor and Ricordi chamber...................cccoevvrennnn. 167

xviii



List of Publications

List of Publications

Publications

1. Development of a novel perfusion chamber for studying islet ECM
digestion in real-time. Di Shen, Paul Bateman, Thomas Griffiths, Paul
Johnson, Zhanfeng Cui. Xenotransplantation, 2015 vol: 22 (S1) p: S109.

2. Characterization of pancreas islet-extracellular matrix with multiphoton
microscopy. Di Shen, Paul Bateman, Hua Ye, Paul Johnson, Zhanfeng

Cui. Manuscript in preparation

3. Anin vitro study for the time-course effects on pancreatic matrix
Digestion. Di Shen, Paul Bateman, Hua Ye, Paul RV Johnson, Zhanfeng

Cui. 2018. Manuscript in preparation

Xix



List of Publications

Conferences

1. 5th European Pancreas and Islet Transplant Association (EPITA) Winter
Symposium & 34™ Artificial Insulin Delivery, Pancreas and Islet
Transplantation (AIDPIT) Workshop

Igls, Austria; January 2015

Poster presentation on Three-dimensional characterization of the islet-
exocrine interface and method development of real-time islet ECM

digestion determination.

2. International Pancreas & Islet Transplant Association
(IPITA) dnternational Xenotransplantation Association
(IXA) <Collaborative Transplant Study (CTS) Joint Congress

Melbourne, Australia; 12-23 November 2015

Poster presentation on Development of a perfusion chambers for real-

time islet ECM digestion observation.

3. IPITA 16th International Congress
Oxford, the United Kingdom; 20-23 June 2017

Oral presentation on Development of a purpose-designed system for

studying real-time digestion of the pancreatic matrix

Poster presentation on Development of a method for characterization of

pancreas islet-extracellular matrix with multiphoton microscopy

XX



Chapter 1

Introduction



Chapter 1

1.1 Clinical motivation

Type 1 diabetes mellitus (T1DM) is a metabolic disorder resulting from the autoimmune
destruction of the insulin-producing cells within the pancreas [1], [2]. Exogenous
insulin administration is the mainstay treatment for maintaining stable glycaemia [3].
Over the last decade, insulin delivery has become more sophisticated, with mechanical
insulin pumps being increasingly used. However, for a subset of patients, fluctuating
glycaemia is associated with the development of chronic complications and more
frequent pulmonary-edema, cerebra-edema, infarctions of the brain and cervical spinal
cord even with tight glucose control [4]-[6]. Part of the reason is attributed to the failure
in restoring the precise glucose homeostasis [7].

One treatment approach for reversing life-threatening hypoglycaemia
unawareness is to replace the insulin-producing beta cells through transplantation. This
can either be in the form of a whole pancreas transplant or a selective islet cell transplant
[8], [9]. Compared to whole pancreas transplantation, islet transplantation is
particularly safe and, with a wide range of applicability [8].

Outcomes for this treatment method have improved dramatically since the first
clinical islet transplantation in 1977. Insulin independence, enduring graft function and
most importantly, the reduction of life-threatening hypoglycaemic episodes have been
reported [10]. Nevertheless, the application of this technique is limited by a shortage of
transplantable islets. The relatively low isolation yield with ongoing variability of
human islet isolation has long been discussed [11]. One of the primary reasons for this

is that the methods currently used are generic for all donor pancreases, rather than
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targeted or tailored based on various donor groups. Research in this area is limited by
several challenges:

1. A lack of detailed understanding of the correlation between pancreatic
structure and donor characteristics in healthy subjects [12]. More specifically,
studies conducted in pancreatic extracellular matrix (ECM) analyses are based
on 2-dimensional (2D) images obtained from 8-15um thick sections, while the
3-dimensional (3D) structure of ECM surrounding an entire islet is currently
absent. Moreover, most research focused on the impacts of donor age while
the effects of BMI have been overlooked;

2. A lack of detailed understanding of the dynamic tissue dissociation process.
Previous studies have been conducted on static digestions and as clinical
isolation is a continuous process [13], it is desirable to investigate the process
in a similar environment;

3. The apparatus used in current clinical isolation was designed based on a
grinding mechanism [14], which may result in damage of islets [15] and
therefore affect their viability and functionality. Although 30 years have passed
since its proposal, there were few modifications and the apparatus remained
unchanged.

To address the challenges above, this thesis aims to use biological and engineering

techniques to investigate and improve islet isolation with respect to donor-rated
variables. The main objective seeks to deepen the understanding of digestion phase and

to develop engineering tools promoting research on the improvement of isolation yield
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for specific donor groups. More specifically, this includes:

1. To improve current understanding of pancreatic ECM in relation to donor age and
BMI and development of a tool enabling 3D analysing the peri-islet ECM
structure in its native state. This not only helps to answer donor-related variations
faced by islet isolation but also forms a solid base for further analyses.

2. To investigate the dynamic digestion process of this substrate at molecular level.
This includes development of a specific tool enabling real-time observations and
proof-of-concept experiments using this novel system,;

3. Based on previous results, to develop a new bioreactor with better fitting to islet
isolation process for younger donors. This includes reducing fragmentation for

prolonged isolations and proof-of-concept experiments using porcine pancreases.

1.2 Thesis structure

To approach the proposed aim, the thesis is divided into 4 sections.

Chapter 2 presents a detailed literature review of current research on islet
transplantation and related topics. The chapter starts with an overview of diabetes and
its economic and social impact. With a focus on type 1 diabetes mellitus, discussions
on its current management methods are discussed. This chapter also includes pancreas
and islet anatomy, with an emphasis on the substrate of islet isolation, the pancreatic
extracellular matrix (ECM). Compared with insulin therapy and pancreas
transplantation, the history and outcomes of clinical islet transplantation are described.

One of the ongoing challenges, the shortage of transplantable islets, is highlighted with

4
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discussions on improving isolation yield from donor related variables, dissociation
enzymes and apparatus.

Chapter 3 presents an investigation of pancreatic ECM and its variation with
respect to donor characteristics. The 3D structure of pancreatic ECM surrounding an
intact islet was studied using a multi-photon microscope. For this purpose, a new
protocol for staining an intact islet was developed. Based on an established method
using immunofluorescent staining [13], [16], the presence of common ECM proteins,
including collagen I, collagen III, collagen 1V, collagen VI, laminin and perlecan, were
studied within donors of different age and BMI. Through measurement of fluorescent
intensity, quantification analyses were conducted to reveal the effects of these two
donor characteristics.

Chapter 4 reports the development of a novel system designed for the study of
time-course effects of enzymatic dissociation process. This was achieved by
developing a post-labelling technique for the digestion of specific pancreatic ECM
proteins. A specifically designed perfusion chamber was used in connection with a
recirculating pump and proper temperature control. The system was optimized in terms
of temperature and perfusion speed while its application in observing the digestion of
collagen IV and collagen VI was present.

Chapter 5 further exploits this designed perfusion system in observing real-time
digestion of collagen IV and collagen VI. Based on findings from Chapter 3, the impact
of donor age was studied using different enzyme combinations. The characteristics of

the digestion phase were shown with discussions on the competing nature between
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collagenase and neutral protease. Based on the results, prolonged digestion for
pancreases from younger donors was proposed.

Chapter 6 shows the development process of a new bioreactor for prolonged islet
isolation, as suggested in Chapter 5. An early-separation system was proposed and built.
To reveal the performance of this device, animal tests using juvenile pig pancreas were
conducted with analyses on the morphology, yield and purity of isolated islets. The
performance of this new device compared to the original Ricordi chamber was also
investigated.

Chapter 7 concludes the contribution of this thesis. Findings and relevant clinical
applications were further discussed. Improvements and potential future work were

subsequently suggested.
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2.1 Type 1 Diabetes mellitus: burden and management

2.1.1 The burden of diabetes mellitus

Diabetes mellitus is a metabolic disease characterized by long-term hyperglycaemia
which leads to severe complications. As discovered by Gepts [17], it is clear that two
primary forms of diabetes exist: Type 1 diabetes mellitus (T1DM), which is caused by
the loss of insulin-producing B-cells under autoimmune attack [1], [2], and Type 2
diabetes mellitus (T2DM), caused by insulin resistance and insulin deficit [1], [18]-
[20]. As the main anabolic hormone in human metabolic system [21], the consequence
of insulin deficiency is hyperglycaemia with characteristic symptoms such as thirst,
polyuria and weight loss. Without glycaemic control or effective treatment, a non-
ketotic hyperosmolar state or ketoacidosis can be developed, leading to stupor, coma or
even death [22].

Despite the acute symptoms, progressive insulin deficiency can lead to
dysfunction and eventually failure of many organs. The long-term effects include life-
threatening conditions like diabetic ketoacidosis and other chronic complications in the
forms of nephropathy, retinopathy, neuropathy and cardiovascular disease. These would
not only severely affect the patient’s health condition, increase the cost for treatment
and health care, but may lead to mortality. Studies have shown that an increase of 1%
glycated haemoglobin (HbAlc) level, a form of haemoglobin that could covalently
bound to blood glucose, is linked with an 15-17% increase in the risk of cardiovascular

events [23], a 17-36% increase in the risk of overt nephropathy, a 8-33% increase in the
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risk of heart failure and a 5-19% increase in the risk of death [24].

In the United Kingdom, the diagnostic criteria follow the standard published by
the World Health Organization (WHO): diabetes symptoms plus a random venous
plasma glucose concentration >11.1mmol/l (200mg/dl), or a fasting plasma glucose
concentration >7.0mmol/l (126mg/dl) or a 2-hour plasma glucose concentration
>11.1mmol/1 (200mg/dl) 2 hours after an oral glucose tolerance test [25].

Diagnosis using the HbA lc tests is also adapted. As the average life span of red
blood cells is about 120 days, tests of HbAlc could reflect the patient’s average blood
glucose level for the past 2-3 months [26]. The diagnostic criteria according the 2011
WHO report is >48mmol/mol (6.5%) [27].

Of all the diabetes patient, about 10-15% are diagnosed with TIDM. With an
incidence rates up to 50,000-100,000 population per year in western countries, it is also
the most common metabolic disease in childhood [28]. To achieve normal glycaemic
control, these patients require exogenous insulin administration. Due to the lack of
autopsy studies, current understanding of the disease progression is fragmentary. Some
report the process is caused by a CD8" T cell-mediated autoimmune reaction against
islet B-cells antigens in genetically susceptible individuals [29]. The reaction may be
initiated by certain environmental triggers [1], [29], possibly due to protection against
infectious agents [30], resulting in an increasing trend for T1DM.

Being the cause of 382 million patients and 5.1 million deaths in 2013 [31],
diabetes has already become a worldwide concern. Until 2016 there were 415 million

patients diagnosed worldwide [32] and according to International Diabetes Federation,
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this number will continue rise to 592 million in 2035 [33]. In the United Kingdom the
number of diabetes patients has doubled to 3.8 million since 1996 [34], costing the NHS
about £10 billion each year [35]. For TIDM, the prevalence rate increased at 4% each
year for the past 20 years [36]. Among 400,000 T1DM patients, over 29,000 of them
are children [36]. Direct patient care for these patients has cost NHS £1 billion with
another £0.9 billion spent for indirect cost such as increased illness and death [37].
Nevertheless, these numbers were estimated to be £1.8 billion and £2.4 billion,
respectively, in 2035 [37]. This booming trend, together with the huge economical cost,

lead to an urgent requirement for a proper and efficient treatment method.

2.1.2 Management of type 1 diabetes mellitus

Glycaemic control of TIDM is balanced between diet, exercise and exogenous insulin
administration. Consumption of food leads to a direct increase of blood glucose level,
where carbohydrates are broken down into monosaccharide and transported to portal
vein in the small intestine [38]. Healthy diet is therefore essential for glucose
homeostasis. Exercise and sport, however, have diverging effects depending on the
utilization of energy substrate [39], [40]. For TIDM patients doing prolonged aerobic
exercise, hepatic glucose production fails to match muscular glucose disposal, leading
to hypoglycaemia. On the other hand, during intense anaerobic exercise, glucose
production by the liver exceeds glucose utilization of the working muscles. With a
failure in circulating insulin level, hyperglycaemia can occur. Consequently, to achieve

glucose homeostasis, the amount of exogenous insulin administration needs to be
10
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carefully adjusted. Nevertheless, even with insulin therapy, morbidity and mortality
caused by long-term complications are still inevitable [41].

In 1993, the benefits of strict glycaemic control were reported from a 5-year study
carried out by Diabetes Control and Complications Trial (DCCT) Research Group. It is
reported that compared to less-strict insulin administration (<2 daily insulin injections),
intensive management (>3 daily insulin injections) significantly delays the onset and
slows the progress of renal failure, blindness and heart disease in TIDM patients [41].
Follow-up studies confirmed their findings in terms of glomerular filtration rate, risk of
cardiovascular disease and risk of progressive retinopathy [42], [43]. Therefore, at
present, most patients employ intensive exogenous insulin regimens to mimic
physiological insulin release. This involves daily subcutaneous injections of long-
acting and rapid-acting insulin, or the use of a subcutaneous insulin pump.

Despite its advantages in delaying chronic complications, intensive insulin therapy
relies on artificial insulin and fails to restore the intricate balance of normal glucose
homeostasis [44]. Part of the reason is due to a lack of continuous blood glucose level
monitoring and prompt insulin release. Further to this, using the HbAlc tests, a
persistent gap between attained and target glucose level was reported in several
multicentre studies [45].

The complexity of islet structure, synergetic effect among different islet cells and
its connections with surrounding vascular and nerve network also aids in this process,
which is unfeasible in exogenous insulin administration. This leads to an imbalance
between insulin and physiological needs, resulting in frequent and severe

11
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hypoglycaemia. A 2- to 3-fold increase of life-threatening hypoglycaemia episodes has
been reported for patients undertaken strict glycaemic control [46] and the rate is even
higher among adolescent patients [45]. On average, TIDM patients experience two
hypoglycaemia episodes a week and one disabling hypoglycaemia episode a year [47],
[48]. The mortality of T1DM patients caused by this adverse event is estimated to be 2-
4% [49]. To avoid severe organ or brain damage, hypoglycaemia requires prompt
recognition and treatment. However, recurrent hypoglycaemia results in impairment of
counter-regulatory system and may lead to impaired hypoglycaemia awareness [50],
vascular disease, brain damage and significantly impair the patients’ quality of life. For
children with T1DM, severe hypoglycaemia increases the risk of cognitive dysfunction,
brain abnormalities and structural brain changes [51].

Improvements in technology have enabled a closed-loop system with continuous
sensor and computerized program for insulin dosage to be developed. Different
prediction regimes have been proposed and preliminary results seem to be promising.
In a recent study, a fully closed-loop insulin-only system could reduce 50% of
hypoglycaemia events [52]. Nevertheless, the intrinsic glucose homeostasis is not
restored and glucose control relies heavily on sensor accuracy [7]. These together with
the inherent risk of pump failure limit its application. Treatment methods to achieve
precise restoration of glucose homeostasis with a more physiological approach are
highly demanded.

Further to this, even with tight control, the blood glucose level for certain T1DM
patients can be severely unstable. These patients experience unpredictable blood

12
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glucose swings from hyperglycaemia to hypoglycaemia. These episodes cause
disruptions to patients’ quality of life and the patients are termed as “brittle” diabetes
patients. Stressful life circumstances are often accompanied with these patients,
resulting in a higher prevalence rate of psychiatric disorders [6]. Compared to the
“stable” cohort, brittle diabetes patients are associated with more frequent pulmonary-
oedema, cerebra-oedema, infarctions of the brain and cervical spinal cord [6]. Extreme
cases of permanent disability and higher risk of death have been reported [4], [5]. For
those patients, an accurate and real-time continuous glucose monitoring system is
highly desirable. Considering limitations of current monitoring system mentioned
above, restoring endogenous insulin secretion provides a promising alternative to treat
brittle diabetes patients. In fact, a study comparing intraperitoneal insulin infusion
through an implantable pump and intraportal islet transplantation for brittle diabetes
patients reported better metabolic results were obtained with the latter method [53].
Despite many regimens developed for T1DM management, the glucose control of
endogenous islet cells has yet to be replicated. Replenishment of insulin-releasing -
cells in diabetic patients is one way to achieve tight glycaemic control. However the
replication of these cells peaks in gestation and is rarely observed in mature adults [54].
Consequently, transplanting insulin-producing tissue from an organ donor is highly

desirable.
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2.2 Anatomy of the human pancreas

2.2.1 Pancreas

Human pancreas is a yellow-pinkish gland located in the upper left part of the abdomen,
connecting the duodenum in the head region and the spleen in the tail region. The
anatomy of pancreas is shown in Figure 2.1. It has an elongated shape with a length of
14-20cm and an average weight of 80g (range 45-120g) for healthy adults. The pancreas
develops from two endodermal buds on the dorsal and ventral side of the duodenum.
The two buds are then rotated and fused in the later stage of embryonic development to
form dorsal and ventral pancreas [21], [22]. Part of pancreas head arises from ventral
part while dorsal part develops into body, tail and the rest of the head part. Blood supply
for ventral pancreas is from the mesenteric artery while celiac artery irrigates the dorsal
part.

The gland is composed of small lobules, and secretes both endocrine hormone and
exocrine digestive enzymes. Exocrine cells comprise 98% of pancreatic cells and are
arranged into acini surrounded by small intercalated ducts, which fuse into intralobular
ducts, interlobular ducts and finally the main pancreatic duct that connects to the
duodenum. Exocrine cells secret proenzymes that are cleaved and activated in the
duodenum to aid the digestion of food. These includes protease like trypsin for protein
digestion, amylase for carbohydrate digestion and lipase for lipid breakdown [57].
Endocrine cells comprise only 2% of the parenchyma [1] but are of extreme importance

to glucose homeostasis.
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Figure 2.1 Anatomy of pancreas. The pancreatic exocrine function involves the acinar
cells secreting digestive enzymes that are transported into the small intestine by the
pancreatic duct. Its endocrine function involves the secretion of insulin (produced by -
cells) and glucagon (produced by a cells) within the pancreatic islets. The micrograph
reveals pancreatic islets. (Micrograph provided by the Regents of University of
Michigan Medical School © 2012). Image adapted from OptenStax College [58]

2.2.2 Islet of Langerhans

Islets of Langerhans are formed by endocrine cell aggregates and are circumscribed by
thin layers of basement membranes and a glial sheet [59], which separate them from
the exocrine cells. The size of islets varies significantly, ranging from few micrometres
to more than Imm. The average diameter is around 140 to 200um [60]. These micro-
organs are dispersed throughout the exocrine component and there is a tendency of
increasing number towards the tail region [61]. It is estimated that there are more than
1 million islets in a healthy human adult.

Five different types of cells have been found in human islets: glucagon-secreting

a-cells, insulin-secreting p-cells, pancreatic polypeptide-secreting PP cells,
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somatostatin-secreting 6-cells and ghrelin-secreting e-cells [62]-[65]. The presence of
these cells, as well as the surrounding vascularization and innervation are different in
the dorsal and ventral part of the pancreas, due to the divergence of its origin. Table
2.1 lists the presence of cell types and their excreted hormones in adult human

endocrine pancreas.

TABLE 2.1 Cell types and excreted hormones in the adult human endocrine
pancreas. Adapted from In't Veld and Marichal [1].

Cell type
o p 5 PP £
Volume % (adult)
Dorsal 15-20 70-80 5-10 <1 1
Ventral <1 10-20 2 80 1
Total 15-20 70-80 5-10 15-25 1
Peptide Glucagon Insulin Somatostatin Pancreatic Ghrelin
hormone polypeptide
Molecular
. 3500 5800 1500 4200 3400
weight
No. of
) .29 51 14 36 28
amino acids
Regulate the Self-regulate
) Increase blood Decrease blood ) ) Regulate
Function endocrine pancreatic i
glucose level  glucose level appetite

system activities

The majority of pancreatic endocrine cells are B-cells, which secret insulin through
a nutrient-induced pathway. Insulin is stored in the small secretory granules and is the
prime hormone down-regulating blood glucose level through inhibition of
gluconeogenesis and stimulation of glucose uptake in tissues, while glucagon promotes
glycogenolysis and gluconeogenesis to increase blood glucose levels [66]. The

secretion activities are regulated by many factors including hormones released by other

16



Chapter 2

pancreatic endocrine cells [1], [67]. For instance, somatostatin could inhibit the release
of both insulin and glucagon [68] while ghrelin, secreted by e-cells, could inhibit insulin
secretion by selectively activating 6-cells and promoting somatostatin release [69].
Little is known about pancreatic polypeptide but its function is found to be related with
insulin sensitivity [70].

The cell arrangement may have a significant impact on islet signalling and function.
In rodents, most islets show a rosette structure, with B-cells present in the core and all
other types of cells present in the periphery [71]. Such organization is not observed in
human islet, which has scattered a-cells with central B-cells [72], [73] (Figure 2.2).
Therefore the differences between species may limit the application of findings from
mice [74].

The onset of TIDM is characterized by the presence of inflammatory infiltrates in
the islets [17]. With the progression of disease, although the pancreas remains normal
in appearance and weight, B-cell mass is significantly reduced. Islets in TIDM patients

were largely pseudoatrophic, where only non -cells remained, as shown in Figure 2.3

[1], [17].
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African Ice Rat

-

Figure 2.2 The anatomy of islets in African ice rat and human. Unlike the rosette
structure in mice islets, human islets show a scattered pattern. Sections were stained for
insulin (green), somatostatin (red), and glucagon (blue) and scanned with a Zeiss LSM
510 confocal microscope. Scale bar = 20um. Image adapted from Heller [75].

Figure 2.3 Comparison of islets from chronic TIDM patients (A) and normal
control (B). Islet stained for insulin (red) and glucagon (brown). Islets from chronic
T1DM patients are pseudoatrophic and consist primarily of a-cells while islets from a
normal control islet with both a- and B-cell. Images taken from In’t Veld and Marichal

[1].

2.2.3 Extracellular matrix

Due to its biochemical and structural properties, the ECM can be divided into two

groups: the basement membrane and the interstitial/stromal ECM. Basement membrane
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is a highly dynamic sheet-like structure separating cells from mesenchyme. It plays a
vital role in structure supporting and tissue homeostasis [76], [77]. The
stromal/interstitial ECM, on the other hand, is produced by mesenchymal cells [78].

The composition and arrangement of extracellular matrix (ECM) proteins in
pancreas is of great interest for islet isolation as well as scaffold design for 3D cell
culture. The composition of ECM changes with species and age [77], [79], but primarily
consists of water, polysaccharides and proteins [80]. Human pancreatic ECM proteins
are mainly structural proteins, like collagen, and adhesive proteins, such as laminin and
fibronectin [81].

Collagen is a trimeric molecule consists of three twisted a-chains, which then
assemble into a stable structure with extensive crosslinking based on their
macromolecular arrangement [82]. The repeating X-Y-Gly amino acids arrangement
results in a triple helical conformation with hydrogen bonding between a-chains [83],
[84]. Different amino acid compositions give rise to various a-peptide chains, resulting
in 28 different types of collagens [83]. Even for collagens from the same type, isoforms
of a-chains are also observed, resulting in an increased diversity [85].

Depending on their supermolecular conformations, collagens are grouped into
fibrillar collagens, such as collagen I, collagen 11l and collagen V, as well as non-
fibrillar collagens, such as collagen IV and collagen V1 [86]. Table 2.2 summarizes the
distribution and composition of some collagens found in vertebrate [83]. Figure 2.4
and Figure 2.5 show the assembly process for a fibrillar collagen (collagen 1) and a
network collagen (collagen V), respectively.
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TABLE 2.2 The distribution and composition for some of the vertebrate collagens.

Isoforms of a-chains are used to indicate the composition of different collagen subtypes.
Taken from Shoulders [83].

Type Class Composition Distribution
Abundant and widespread: dermis,
| Fibrillar al[I]202[1]
bone, tendon, ligament
i Fibrillar al[III]3 Skin, blood vessels, intestine
al[IV]202[IV]
v Network a3[IV]ad[IV]a5[IV]  Basement membranes
a5[IV]206[IV]
al[V]s
Widespread: bone dermis,
\Y/ Fibrillar al[V]202[V]
cornea, placenta
al[V]o2[V]a3[V]
al[VI]a2[VIJa3[VI]  Widespread: bone cartilage,
VI Network
al[VIJo2[VI]a4[VI]  cornea, dermis
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Figure 2.4 Schematic representation of collagen I assembly. (1) Precursor a-chains
are assembled to form triple-helical procollagen molecules; (2) Procollagen is
converted to collagen by enzymatic cleavage of the propeptides; (3) The collagen
molecules self-assemble into collagen fibrils; (4) The fibrils assemble laterally into
collagen fibres. Image taken from Friedrichs [87].
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Figure 2.5 Schematic representation of collagen IV assembly. (A) Triple-helical
protomers of a3, a4, and a5 chains; (B) Precursor a-chains are assembled to form triple-
helical structure; (C) Binding through 7s domains (shown in orange) completes the
lattice-like structure of the type IV collagen network. Image taken from Stephen and
Pusey [88].

In human pancreatic ECM, collagen IV and collagen VI are two of the most
abundant proteins [80], [89] while collagen I, collagen Ill and collagen V have also
been detected. Collagen IV has been reported as the main component of the basement
membrane while collagen I, collagen 1ll, collagen V and collagen VI are interstitial
collagens [90]. These proteins function as a structural support in ECM but could also
regulate cell adhesion, differentiation and insulin production [79], [91].

Laminin is a cross- or T-like heterotrimer assembled from a-, - and y-chains [89],
[92], [93]. Figure 2.6 shows the molecular structure of laminin and its relationship with
other basement membrane proteins. Different chain compositions give rise to 15

laminin isoforms [94]. In human pancreas, laminin-411/421 and laminin-511/521 have

21



Chapter 2

been identified [95], [96]. However, Laminin-a4 is found only in the vascular basement
membrane while laminin-a5 is found in both endothelial and endocrine leaflets,
suggesting a duplex layer of basement membrane surrounding human islets [95], [96].

Laminin have receptors for integrin and nonintegrin mediators [72]. They could
stabilize the ECM network and influence islet differentiation and survival [79], [91].
Studies have shown that insulin gene expression and proliferation in B-cells are
promoted by laminin-411 and laminin-511 [97]. Beneficial effects of culturing isolated
islets with laminin-521 in islet adhesion and spreading have also been demonstrated
[98].

(A) A chain (B) L — - -

B1 chain B2 chain

/

Collagen
binding

Entactin
binding

}Cell binding
integrin

Proteoglycan binding cell surface Y sulfatides

Cell binding

-y ) a-dystroglycan
Figure 2.6 Molecular structure of laminin and its relationship with other basement
membrane proteins. (A) Molecular structure of laminin; (B) Laminin in basement
membrane. The laminin network is anchored to the cell surface by interactions of the
long arms with cellular receptors (integrins, a-dystroglycan and sulphated
glycolipids/sulfatides). Collateral interactions are made with the heparan sulphate
proteoglycans agrin and perlecan. The laminin and collagen networks are linked by
nidogen and heparan sulphates (black double-headed arrows). Image taken from
Purdom [99] (A) and Hohenester and Yurchenco [100] (B).

In the pancreas, polysaccharides are present in the form of glycosaminoglycans

(GAGS) and control osmosis [91]. It is mainly composed of heparin sulphate, which
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binds to other ECM components and cell surface receptors. One of the most abundant
heparin sulphate proteoglycans found in the islet basement membrane is perlecan (a.k.a.
Heparan Sulphate Proteoglycan 2, HSPG2), which can interact with laminins and
collagen IV to affect 3-cell function.

In the human pancreas, dense capillaries pervade the islets for sufficient oxygen
supply and timely response for glycaemia control [80]. Islets secret VEGF-A to attract
blood vessels and this in turn results in the formation of basement membranes. Previous
studies have shown that compared to other species, human islets are surrounded by two
layers of basement membrane [101], which anchors to cytoskeleton via cell-surface
receptors [89]. The main component is laminin [95], which are connected to the stromal
collagen 1V, collagen VI, laminin, nidogen and perlecan [79], [89], [91]. Figure 2.7
shows a schematic view of the interaction between blood vessels and B-cells and the
role of vascular basement membrane.

Due to its direct relationship with islets, basement membrane not only provides
mechanical stability but also regulates cell behaviour as well as controlling functions
of B-cells [89]. Studies of ECM digestion suggest that disrupted islet basement
membrane may result in compromised islet survival [102]. Consequently, preserving
its integrity might be beneficial for islet transplantation. Studies on the underlying
mechanisms and links between basement membrane components and -cell function
have been carried out, with scaffolds coated with ECM proteins produced for islet
culture. In vitro studies using matrix-protein containing medium to culture islets
showed an improvement in islet viability and glucose-stimulated insulin secretion.
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Similar results were also observed in vivo, where diabetic rodents receiving islets kept
in the ECM exhibited enhanced glucose control. However, little is known of their
contents within a healthy pancreas and how these vary with normal physiological

changes like ageing, to facilitate islet isolation.
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Figure 2.7 Schematic view on the interaction between blood vessels and B-cells and
the role of vascular basement membrane. -cells secret VEGF-A, which attract blood
vessels to invade the islet. The presence of blood vessels in the islet is crucial for -cell
function as it depends on components of the specialized vascular basement membrane,
which communicate with cell surface receptors on B-cells. The interaction between
laminin and a6fB1-integrin affects insulin gene transcription, whereas binding of
collagen IV to alfl-integrin influences insulin secretion. Laminin binding to B1-
integrin receptors accounts for stimulation of B-cell proliferation. Image adapted from
Lammert and Kragl [75].

2.3 Pancreatic islet replacement therapy

B-cell replacement can be achieved through whole pancreas transplantation or islet

transplantation. Both methods result in improved glycaemia control, restoration of
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normal HbAlc level, minimization of micro- and macro-disease while reducing the

occurrence of the life-threatening risk of hypoglycaemia.

2.3.1 Whole pancreas transplantation

Transplanting the whole pancreas into a patient involves series of complicated surgical
operations. The first successful pancreas transplantation was achieved simultaneously
with a kidney graft in 1966, where insulin independence was established in a TIDM
recipient [103]. However, two months later, the patient died of pulmonary embolism
which might be caused by the transplantation. In the late 1970s a powerful
immunosuppressant, Cyclosporine A, was introduced. This polypeptide has a specific
action on lymphocytes, reducing the acute rejection and eventually leads to an increase
of the graft survival rate [104]. This together with the publication of the first
International Pancreas Transplantation Registry report and organization of international
meetings boosted the development of pancreas transplantation [105].

Pancreas transplantation takes in the form of simultaneous pancreas and kidney
transplantation (SPK), pancreas after kidney (PAK) or pancreas transplantation alone
(PTA), with SPK to end-stage nephropathy patients being the most commonly
performed [9]. One-year insulin independence rates for SPK, PAK and PT are 86%, 80%
and 78%, respectively [106].

Although pancreas transplantation is considered a well-established therapeutic

option with high success rate, the process is associated with frequent surgical
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complications and technical failure. Haemorrhage, infection, graft thrombosis and graft
pancreatitis have been reported [107] with a rate of relaparotomy up to 44% [108]. In
addition, perioperative mortality is around 4% [109] and a comparison between patients
receiving pancreas transplantation to those on the waiting list shows that this surgical
process could increase mortality hazard at a ratio of 2.18, 4.63 and 4.25 for SPK, PAK
and PTA, respectively, during the first 90 days after transplantation [110]. The relative
high rate of morbidity and mortality, together with increased financial burden due to
repeated relaparotomy limit the application of this technique, especially for children

with TIDM.

2.3.2 Pancreatic islet transplantation
2.3.2.1 A historical perspective

As an alternative approach to whole organ transplantation, transplanting isolated islets
provides a safer and more efficient approach and is believed to have a wider range of
applicability [8]. Physically separating endocrine and exocrine component in a pancreas
was first proposed in 1902 [111] but it was not until 60 years later when the separation
was performed.

Isolating islets from rodent models was first achieved in 1967 with intraductal
injection of Hank’s buffer solution (HBSS) followed by collagenase incubation and
sedimentation, where isolated islets were found to be morphologically and functionally

normal [112]. Further experiments transplanting these isolated islets into chemically
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induced diabetic rodent model resulted in successful correction of hyperglycaemia.
However, this method failed in large animals or humans, partly due to its inability to
cope with dense and fibrous gland.

It was not until 1977 when the first successful clinical islet transplantation in a
human patient was performed [113]. Nevertheless the success rates in the 1970s were
low, with only 10% of all recipients achieved insulin independence one-year post
transplantation [114]. International Human Pancreas and Islet Transplantation Registry
reported that until 1982, none of the 71 recipients achieved insulin independence from
76 islet transplantations [115]. The major cause for graft failure was attributed to
rejection.

A pivotal breakthrough was made in 2000, when the Edmonton group reported a
steroid-free  immunosuppressive protocol with much higher islet dose could
significantly improve the success rate [116]. The group used islets from multiple donors
to achieve a final transplantation mass >11,000 islet equivalents (IEQ, the number of
islets equivalent to that for islets of 150um diameter) per kilogram of the recipient
weight. According to their report, insulin independence was achieved in 7 consecutive
T1DM patients with a history of severe hypoglycaemia over a median follow-up of 11.9
months. The protocol was adapted in many centres worldwide and similar success was
achieved. Since then considerable efforts have been directed to the improvement of
Edmonton protocol and substantial improvements in technical procedure, recipient

management and clinical outcomes have been made.
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2.3.2.2 Procedures for islet transplantation

The process of islets transplantation comprises of organ retrieval, islet isolation, islet
purification, islet culture and final transplantation, with each step having a profound
impact on transplantation results.

After perfusion of preservation solution, the organ is retrieved and transported to
the isolation centre in cold preservation solution [117]. Duodenum, spleen, excessive
fat and connective tissue are subsequently removed before the organ is washed in
betadine solutions for decontamination. As efficient delivery of enzymes can reduce
undigested tissue, the pancreatic duct is then securely cannulated to allow enzyme
solution loading [118]. Details of enzymes used in clinical islet isolations can be found
in Chapter 2.4.2.1. To achieve this, infusion can be achieved either manually with a
syringe or automatedly with a recirculating pump, while the latter was shown to
improve islet yields [119].

Following enzyme perfusion, the pancreas is dissected and placed in a digestion
chamber, where recirculation of enzyme solutions at 37°C takes place. Detailed
operating procedures vary from centre to centre while most adapt an automated method
proposed by Ricordi in 1988 [120]. In these centres, a Ricordi chamber is used, where
mechanical agitation with 7-9 silicon nitride marbles accompanies enzymatic digestion
to free islets from surrounding exocrine tissue and ECM network. Samples are taken
intermittently from the circuit to monitor the progression of isolation. Dithizone, a

sulphur-containing chemical is used to stain the zinc ions associated within insulin,
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which is present in islets. When successive samples with high proportion of free islets
are observed, the process switches to the collection phase.

Cold minimum essential medium (MEM) solution with human serum albumin
(HAS) is used to inhibit enzyme activity and to dilute the enzyme concentration. The
solution is added progressively to the circuit. The homogenized tissue is collected and
purified by isopycnic density gradient centrifugation, where the less dense islets are
separated from exocrine tissue. The weight of undigested tissue is recorded to assess
the digestion efficiency. Purification of isolated islets not only reduces the volume for
transplantation but also removes activated proteolytic enzymes secreted by exocrine
tissue, which may affect islet function in vivo [11].

An important predictor for better graft function is transplantable islet mass [121].
To meet the requirement of 5000 IEQ/kg recipient weight for a first transplantation
[122], isolations with high yield and purity are highly desirable. The criteria for a
successful isolation vary from centre to centre while a requirement of yield >200,000
IEQ and a viability of >70% is applied in the UK Islet Taskforce.

Purified islets are cultured, usually for 24-48h before they are transferred to the
transplant bag for hepatic intraportal transplantation into the recipient’s liver [122].
Culturing islets could provide additional quality control tests and allow preparations for
immunosuppressive protocol [123]. This includes viability tests using DNA-binding
dye [124], [125] and functional assays such as insulin content assessments and glucose-
stimulated insulin secretion assay [124]. To quantify the insulin content, an enzyme-
linked immunosorbent assay (ELISA) can be applied. The ability of insulin secretion
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under different glucose concentrations can therefore be performed to assess the in vitro
function of cultured islets.

Most patients receive multiple transplantations for a large islet mass,
ideally >8,000-9,000 IEQ/kg in total, to achieve and maintain sufficient endogenous
insulin production, as introduced by the Edmonton protocol [116], [126]. To prevent
acute rejection and maintain the graft function, lifelong immunosuppressive therapy is

required for the recipients.

2.3.2.3 Clinical outcomes of islet transplantation

Since the introduction of Edmonton protocol, significant improvements in functional
outcome have been achieved. According to the most recent Collaborative Islet
Transplant Registry (CITR) report [127], 819 islet transplant alone (ITA) have been
reported in the period between 1999 to 2013 from all 37 centres worldwide, with the
insulin independence rate of 50% at 1-year post-transplantation and 28.6% after 5 years.
C-peptide levels, as the measurement for graft function, was 80% at 1-year post-
transplantation and 45.1% after 5 years, proving the enduring effect of this technique.
The occurrence of severe hypoglycaemic episodes has dropped significantly, with 88.5%
free of any even after 5 years.

Compared to death rates for those on the waiting list (30%) and recipients of
pancreas transplantation (9%) [128], islet transplantation provides much more

considerable survival benefits. As the process involves only minimally invasive

30



Chapter 2

operations, cumulative mortality is reported as <3% 1-year post transplantation. Of all
30 deaths, 25 cases are believed to be unrelated to islet transplantation but caused by
long-term complications of TLDM. Moreover, death rate has been reduced from 7.1%
during 1999-2002 period to only 0.3% in 2011-2014. Life-threatening events, generally
with neutropenia and abnormal liver function involved, are reported with an occurrence
significantly reduced during the past decades. Other adverse events post-islet
transplantation could be divided into infusion-related and immunosuppression-related
groups. The majority of the adverse events, such as abnormal lymphocyte count and
abnormal liver function, are not unexpected and the many have also declined over the
era.

The improved success in functional results and minimal complications has made
islet transplantation an attractive approach for TLDM patients with unstable glycaemic
control. In fact, although it is still deemed as an experimental and investigational
therapy in the United States, this technique is reimbursed by health insurance providers

in Canada, mainland Europe and Australia.

2.4 Challenges for islet transplantation: shortage of

transplantable islets

Although significant improvements for long-term graft function has been made, islet
transplantation has long been challenged by limited organ source and graft attrition over

time.
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Compared to the continuous booming trend in TIDM, the number of available
healthy donated pancreas is relatively limited, not to mention the competition with
pancreas transplantation. As a newly emerging therapy, islet transplantation is usually
discriminated against by most organ allocation schemes. Pancreases for islet
transplantation are usually from obese and older donors, which are linked with inferior
function compared to those from young and lean donors [101]. Although the superiority
of using higher-grade pancreases remains to be shown, the relatively poor graft survival
rate of islet transplantation might be the direct result of using lower grade pancreases.

Since the steroid-free immunosuppressive therapy proposed by Edmonton group,
a large array of relevant agents and immunosuppressive regimes have been developed
[45]. Sirolimus and tacrolimus, the two agents used in the Edmonton protocol, are
reported to impair both p-cells and kidney [129]-[131]. Since then, new therapy with
alemtuzumab, mycophenolate mofetil and etanercept in combination with prednisone,
daclizumab and rabbit antithymocyte globulin, have emerged with promising
preliminary results [45]. However, reduction of islet graft function is also observed in
autotransplantations, where the isolated islets are transplanted to the patient him/herself
due to chronic pancreatitis and no further immunosuppression regimen is applied [132].
This suggests that innate immune reactions such as instant blood mediated
inflammatory reactions are not the only reason causing long-term graft attrition. In fact,
it has been proposed a series of reasons, including low islet yield, lack of islet

vascularization and suboptimal transplant site might all contribute to the gradual loss
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of graft function [133], [134]. Clinical trials aiming at solving above-mentioned
obstacles have been carried out.

To compensate for the large loss of B-cell mass in the early post-transplant period
and the long-term graft attrition, multiple infusions with large islet numbers are
commonly conducted during routine islet transplantations, as suggested by the
Edmonton group [116], [126]. This in turn calls for an expansion of cell numbers, either

from isolation of donor pancreas, or in vitro generation of islet cells.

2.4.1 Expanding sources for islets

Expanding the donor pool is probably the most direct approach to increase available
islets for transplantation. This could be achieved by encouraging pancreas donation and
improving pancreas allocation scheme. Changing of the current donation system in the
United Kingdom to an opt-out system, which makes donation a default option unless
otherwise stated or registered, is expected to come into effect in early 2020.

Identifying pancreas suitable for islet transplantation but suboptimal for pancreas
transplantation may also benefit the expansion of organ source for this technique. In
2010, a new national Pancreas Allocation Scheme was introduced in the United
Kingdom, which provides islet transplantation equal access to donated pancreases.
Significant increase in islet transplants was observed, with >20 islet transplantations
conducted annually ever since [135].

Using marginal donors for islet transplantation has been studied. Pancreases for

islet transplantation can be retrieved from both Donation after Brain Death (DBD)
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donors and Donation after Circulatory Death (DCD) donors. A study systematically
comparing 15 DCD and 418 DBD donors in terms of islet transplantation was carried
out by Edmonton group in 2016 [136]. Islet yield, metabolic function and mean
decrease in insulin requirements were found to be similar between the two groups,
supporting the using of DCD donors.

Another method to overcome the scarcity of islets is xenotransplantation. Animal
donors like pigs have been proposed, as their insulin structural properties are similar to
those from human [137]. With cell encapsulation, the ability of porcine islet in blood
glucose level control and even for achieving insulin independence were reported [138]-
[141]. Although many reports successful results using xenotransplantation, there are
still concerns regarding ethical and safety issues. Scientific hurdles like virus safety,
donor age, transplant sites and the intrinsic differences between pig and human islets
have also been pointed out, requiring further investigations to be taken [142].

In vitro expansion of B-cells or islets has also been proposed as an alternative
source of cells for transplantation. This includes differentiation from stem cells,
transdifferentiation, de- and re-differentiation of differentiated cells [143], [144]. At the
current stage, production of islet-like clusters from differentiated cells involves
complicated gene engineering in vitro, where genes of crucial transcription factors are
over- or under-expressed in tested animals to direct differentiation towards pancreas
endocrine [145]-[147]. The process is under relatively poor control while its
applicability in humans remains unknown. On the other hand, studies on differentiation
from embryonic stem cells (ESC) and mesenchymal stem cells (MSC) to insulin-
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producing cells have proved to be achievable although not all p-cell attributes have been
present [143], [148], [149]. Nevertheless, a recent review of 16 clinical trials shows that
the c-peptide and HbAlc level are improved in TIDM patients receiving stem cell
therapy [150], confirming the feasibility and safety of this technology. Although
researchers agree the potential of stem cells in diabetes treatment, technical hurdles like
maturation and optimisation of the differentiated cells remains to be solved [151], [152].

Compared to relatively immature techniques like in vitro islet expansion and
xenotransplantation, the most immediate approach to overcome islet shortages is to
improve current islet isolation results. Although decades have passed since the publish
of Edmonton protocol, the isolation yields are still relatively low and unstable. With
only 30-50% of transplantable islets could be isolated from a healthy pancreas,
improving the isolation process itself could provide an efficient solution [11], [44],

[153], [154].

2.4.2 Factors influencing the isolation success rate
2.4.2.1 Donor age & BMI on islet isolation success

Studies have shown that islet isolation outcome is linked with many donor-related
variables [153], [155]-[158]. Among the numerous factors affecting a donor pancreas,
donor age and BMI have been found to be the most common ones [159]-[161]. A
massive study of isolation variables and islet yield and successful isolation was carried

out in 2005 [158]. 437 islet isolations were analysed with some of the donor variables
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summarized in Table 2.3. Using univariate analyses, it was found islet yield correlated
with donor age and BMI. Moreover, isolation success was found to be significantly
associated with donor BMI in univariate but not multivariate analyses. Another study
analysed 171 islet isolations and found islet yield was significantly associated with
donor age (p<0.005) and BMI (p<0.05) in univariate analyses [157]. Age was also
found to be associated with isolation success (IEQ=250,000) in multivariate analyses

(p<0.05).

TABLE 2.3 Univariate analyses between donor variables and islet number and
successful isolation. Data expressed as median value with interquartile ranges in
parentheses. P-values are given to indicate statistical significance, with asterisks
represent p<0.05 (*), p<0.01 (**) and p<0.001 (***) respectively. Successful isolations

were defined as =250,000 IEQ with =20% purity. Taken from Nano ef al. [158].

Successful
Isolation variables Individuals Characteristics Islet number
isolation
Sex 431 261 males; 170 females 0.0981 0.0708
Age (years) 430 42 (30-52) 0.0009*** 0.0204*
BMI (kg/m?) 338 24 (22-26) 0.0004*** 0.0074**

140 traumatic;
Cause of death 398 0.1195 0.8957
258 non-traumatic

Intensive care unit

272 2 (1-4) 0.4797 0.8652
days
Blood glucose

205 7.8 (6.1-9.9) 0.8916 0.8717
(mmol/l)
Amylase level (U/I) 191 90 (51-195) 0.4942 0.48859
Dopamine dose (kg

185 6 (3-8) LU 0.6344 0.7190

! min?)
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Noradrenalin dose 0.000
155 0.2252 0.4017
(g kgt mint) (0.000-0.001)

People with high BMI but normal glycaemia level are believed to be ideal donors,
due to the fact that pancreases from those donors are generally larger and can cope with
higher metabolic demand [44], [159]. It is also proposed that the enzymatic digestion
is more efficient with the accumulation of acinar fat in obese donors (BMI1>24) [162].
Nevertheless, there is controversy regarding the effect of fat accumulation on islet
viability, as it may lead to B-cells lipotoxicity [163]. An analysis of 104 islet isolations
reported that although not statistically significant, islets from lean donors (BMI<21)
resulted in better islet recovery and viability [164]. This, however, was not reflected in
recent studies [156]. Moreover, the isolation yield from normal and obese donors were
found to be significantly higher in comparison with lean donors [165]. The glucose-
stimulated insulin secretary ability of islets from obese donors with normal glucose
homeostasis is reported to be comparable with lean BMI donors [156], [159], making
such pancreases highly attractive.

Compared to donor BMI, there is much more debate around the impact of donor
age. Many suggest that high isolation yield is achieved with older donors while others
report a lower post-digestion yield followed by a comparable post-purification yield
[166]. Nevertheless, most report that islets from old donors have a decreased B-cell
function and proliferation ability, resulting in relatively poor transplantation results
[166]-[169]. On the other hand, juvenile pancreatic islets generally result in low yield
and purity, due to contaminating exocrine acinar tissues [101], [166]. Also, the islets
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are generally smaller and more difficult to be efficiently purified. However, improved
isolation techniques, such as changes in enzyme combination and delivery method,
could enhance yield [101], [170]. In addition, there have been few investigations on
the histologic features of pancreas from healthy young and older donors [12], leading
to a poor understanding of the effects of ageing.

Overall, higher isolation yields could be obtained from older donors with a higher
BMI. However, considering their functionality, islets from those donors may not be
ideal for islet transplantation. Detailed investigations are thus required to determine the
impact of those donor characteristics on the islet-exocrine interface, which acts as the
substrate during islet isolation, to improve isolation yields from younger and leaner
donors. Understanding the molecular ultrastructure of this interface and the impact of
such donor variables on it may enable the development of tailored isolation strategies
for each different donor type, resulting in improved isolation outcomes from the full

range of donors available.

2.4.2.2 Enzymes for pancreas dissociation

To liberate islets from the surrounding exocrine tissue, enzyme blends are used to digest
the islet-exocrine interface. As discussed in Chapter 2.2.3, the pancreatic ECM
consists mainly of collagens and laminin. Therefore, clinical isolations use a
combination of collagenase and non-collagenolytic components.

Collagenase used for islet isolation is derived from Clostridium histolyticum. It is

a collagenolytic protease that could degrade collagen efficiently as well as remove
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proteoglycans and glycoproteins [171]. During the digestion, collagenase binds to
collagens and unravels their triple helical structure to initiate degradation through a
step-wise process [172]. Immunohistological studies show that perfused collagenase
was found to be colocalized with pancreatic collagen and the binding of collagenase to
collagen was not inhibited even at room temperature [173].

There are two isoforms of collagenase. Class I collagenase (CC1) has a high
activity toward native collagen while class II collagenase (CC2) has a low collagen
digestion activity toward synthetic peptides. Studies with rats have shown that CC2
plays a major role in pancreas digestion while CC1 acts synergistically with CC2 [171].
Digestions of pancreases from human, however, depends more on the stability of intact
CC1 [174]. Decreasing the CC2/CC1 ratio also result in better enzyme performance
[175] but the digestion was more effective only when a balanced CC2/CCI ratio is
presented [176], [177].

An efficient enzyme blend is desirable to achieve successful islet isolation.
Digestion with collagenase alone only results in an inadequate release of islets from
the exocrine tissue [171], [177]. Studies have shown that the introduction of neutral
protease 1is necessary for pancreatic dissociation [178]. However, prolonged
dissociation in the presence of neutral protease resulted in islet fragmentation [178] and
a reduction in islet viability [179]. Further to this, it has been suggested that non-
collagenolytic protease could degrade collagenase non-specifically, reducing
collagenase activity [180]. Therefore, the amount of this enzyme used and time for
islets or collagenase exposed to this enzyme needs to be carefully controlled.
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The hydrolysis of collagens by collagenase starts from the Y-Gly bonds in the
repeating X-Y-Gly sequences, resulting in a mixture of small peptides [181], [182].
Histochemical analyses reveal that glycoprotein and proteoglycan can also be affected
by this enzyme [12]. Nevertheless, the kinetics of digestion is accelerated when neutral
protease is added [12]. Currently there is little understanding on the mechanism of these
two enzymes in pancreatic ECM digestion and the dynamic process at molecular level
remains to be revealed.

In early 1990s, the islet community use crude enzymes like Sigma Collagenase V.
The composition and activity of crude enzyme preparations vary significantly between
enzyme batches, making it difficult to compare results from different centres. Some
companies provide purified enzyme blend to reduce this lot-to-lot variability. In the late
1990s, Liberase HI, a product from Roche Applied Science, was introduced. In addition
to CC1 and CC2, this product also contains thermolysin, a non-collagenolytic enzyme
derived from Bacillus thermoproteolyticus. Studies show that this enzyme led to
enhanced islet yield and function [183], [184] and over the next 10 years Liberase HI
became the gold standard enzyme. However, in 2007 it was found that this enzyme
blend potentially contained bovine neural component and might lead to prion disease
transmission. Consequently, the islet community began to use other alternative
collagenase sources. Many centres use products from Serva Electrophoresis:
Collagenase NB1, which contains only CC1 and CC2, in combination with separately
packaged Neutral Protease. Other enzymes, such as Collagenase HA (VitaCyte),
Liberase Mammalian Tissue-Free (Roche) are also proposed and studied [12], [133],
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[136], [185]. The group from University of Minnesota even make their own blends
using intact CC1/CC2 and neutral protease [186].

Although the change of enzyme resulted in a decreased isolation outcomes
worldwide [26], many centres reported successful isolations with Serva blend. Using
an average of 1,600 units of collagenase and 200 units neutral protease/100g pancreas,
Szot et al. achieved a high rate of islet isolation success rate for young donors [187].
According to their report, the amount of enzyme used were significantly lower using
Serva products than with Liberase HI [187]. They also suggest that separately packaged
collagenase and neutral protease also provide possibility to adjust enzyme proportion
based on donor characteristics. This could potentially help to improve isolation
outcomes from young and/or lean donors, as discussed in Chapter 2.4.2.1.

To date, considerable efforts have been put in enzyme optimization and new
enzyme development. Although many have reported improved isolation results, the
process still faces problems like batch-to-batch variation [157], [188]. Investigations
of non-enzymatic pancreas dissociation have also been conducted. Methods like
dielectrophoresis and in situ cryopreservation of islets while selective destruction of
acinar tissue have been proposed. However, there is still a long way to go before

translating these strategies into clinical islet isolation.

2.4.2.3 Apparatus used in islet isolation

During clinical isolation, a dissociation chamber, known as the Ricordi chamber, was

developed to provide mechanically enhanced enzymatic digestion [120]. Although
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successful and repeatable results were obtained, no further development or adaption of
this device has been promoted or marketed since. Figure 2.8 shows the schematic
diagram of the digestion process using the Ricordi chamber.

Recirculation- Dilution Pump Heating Circuit  Heating
Switch * Bypass Circuit

Hank’s Collecting Recirculation  Cooling Isolation Shak
Solution Flask Cylinder Circuit Chamber aker

Figure 2.8 Automated procedure for isolation of human pancreatic islets. Briefly,
collagenase-perfused pancreas is placed in the Ricordi chamber with 1cm glass marbles.
A screen is placed to keep tissue in the lower compartment while the system is perfused
with enzyme-contained recirculation media. Samples are taken from the circuit to
determine the endpoint of recirculation. Once sufficient free islets are observed, the
system is switched to the dilution circuit. The digest is then drawn into prepared Hank’s
solution and cooled at 4°C to inactivates the collagenase. Image taken from Ricordi
[120].

The device Ricordi firstly introduced was a 300ml chamber made of stainless steel,
as shown in Figure 2.9 (A). A 280um stainless steel mesh separated the chamber and
kept pancreatic tissue in the lower compartment. Seven glass marbles with lcm
diameter were placed in the chamber. There were four openings for the chamber: one
for the temperature probe, 2 for the inlets at the bottom and 1 for the outlet at the top.
The two parts of the chamber were held together by screws and sealed by an O-ring.

Coupled with the recirculating circuit and the collection circuit, this device has become
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the gold standard for human and large animal pancreas processing. Chambers of sizes
ranging from 50 to 1000ml and various materials are readily available for different
purposes. Silicon nitride marbles with larger diameter were also adapted to improve
mechanical dissociation of the tissue. However, as uncontrolled battering and grinding
were involved in this process, the viability and functionality of isolated islets might be

affected [15].

Figure 2.9 Ricordi chamber and marbles. (A) Metal chamber with shaker, taken from
Ricordi [120]; (B): Ultem Ricordi chamber; (C) Silicon nitride marbles, diameter =
15.875mm. Figure (B) & (C) are obtained from Biorep®

In 2004, a modified chamber, named the Oxford chamber, was proposed by Gray
[15]. The new chamber uses shear forces generated by fluid movement to facilitate
mechanical agitation. As shown in Figure 2.10, a central threaded tie-rod with attached
hooks was secured in a glass cylinder sealed with Teflon plates. A ring-shaped piston
was introduced to push the fluid through the cylinder and was connected to an external
handle for manual or automated operation. Vortex could then be formed with the travel

of the piston, resulting in the stir of the fluid. Pancreatic tissue section could thus be
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caught by the hooks and teared by the shear forces. It was proposed that tissue
dissociation in this way could be less destructive and the isolation yield could be

potentially increased.
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Figure 2.10 The Oxford chamber. (A): Picture of the completely assembled chamber; (B):
Diagram showing the principles of operation of the new chamber. Adapted from Gray [15]

The performance of this modified chamber was assessed. For human pancreas
digestion, >200,000 IEQ were obtained and intact islets were observed. For pig

pancreas digestion, >5,000 islets/g pancreas were isolated from juvenile pigs (n=2)
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using this modified chamber while insignificant numbers of islets were obtained with
Ricordi chamber. Although the group planned parallel experiments comparing the
performance of both chambers, no results have yet been reported. Further to this, islets
isolated from the pancreatic tissue are still soaked in a harmful enzymatic environment
and no prevention of further fragmentation could be provided.

In 2017, a method for mouse islet isolation using a multi-layer centrifuge tube
(MCT) was proposed. Briefly a 50ml centrifuge tube was divided into several sections
with detachable joints. Mouse pancreatic tissue sections were placed on a coarse sieve
in the upper layer. After collagenase addition, the tube was incubated upside down at
37°C for 8-20min followed by thorough vortexing until the solution became slurry. The
tube was then placed upright and the bottom part was carefully detached from the main
tube. Isolated products were collected from the detached part while further digestion
could also be performed for residual tissue to improve the isolation yield. The whole

process is summarized in Figure 2.11.
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Figure 2.11 Device and flow chart of islet isolation and purification. 1: Centrifuge
cap; 2: Matte surface of tube outer wall; 3: Pancreatic tissue; 4: Coarse sieve; 5 and 8:
Detachable joints; 6: Islets; 7: Fine sieve; 9: Single-cell suspension; DD, device
description; AP, acquisition of pancreas; IP, inverted position; DWB, digestion in water
bath; UP, upright position; IP, islet purification; SD, second digestion; IC, islet
collection. Image taken from Yin [189]

Compared to Ricordi chamber and the Oxford chamber, this simple device
provides a protection of early-released islets by separating them from toxic enzymatic
environment. Therefore, the residual tissue could be further digested to achieve
complete dissociation. The purity, function and yield of islets were found to be superior
than digestion using simple perfusion of collagenase while no significant differences
were found in islet viability. However, the device was designed for mouse pancreas
digestion and works in a batch mode. For clinical human islet isolation, an automated

method with large capacity is required.

2.5 Overall summary

As a viable treatment strategy for TIDM, islet transplantation has become a clinical
option for patients suffering from severe life-threatening hypoglycaemic episodes. This

treatment method could significantly improve patients’ blood glucose level and quality
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of life. However, <50% of islets present in a healthy human pancreas can be recovered
from clinical islet isolations [44], and generally multiple infusions are required for one
patient to achieve and maintain sufficient endogenous insulin production [116], [126].
Considering the shortage of organs available, improving the process efficiency to
enhance the isolation yield is necessary.

Human islets are surrounded by double basement membranes, which separates
them from exocrine tissue. Clinical isolations use enzyme blends to degrade
surrounding ECM proteins and to isolate islets for transplantation. However, large
variations in isolation outcomes were found from donors of different ages and BMI.
Investigations in ECM network and development of new enzyme blends were
conducted but the dynamic digestion process at molecular level is yet to be elucidated.
Further to this, the equipment used for current clinical isolation has remained
unchanged for over 30 years. With advances in our knowledge on the structure of
pancreas and islet as well as enzymatic dissociation process, modifications of this

apparatus may provide a better approach to improve the isolation efficiency.
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Chapter 3

An investigation of the islet-exocrine interface using
high resolution MPM imaging: 3D structure, age
and BMI related variations of the normal human

pancreas
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3.1 Introduction

As discussed in Chapter 2.3.1, one of the key issues limiting successful islet isolation
is the lack of understanding about the substrate of the digestion enzymes, the islet-ECM
interface. Imaging of the pancreas, islet and ECM could provide a better understanding
and form a firm foundation for the design of tailored digestions based on donor peri-
islet ECM profile. Although more than one century has passed since the discovery of
islets and an enormous amount of studies have been carried out, there is still little by
way of available images on the detailed microstructure of a pancreas [81]. Even for
those who study the prevalence of peri-islet ECM proteins, most were carried out with
8-15um thick samples while little focus on the intact structure.

One study involving the concept of ‘entire’ islet was carried out by Bosco [72],
who sectioned 80 consecutive Sum thick sections from one human pancreas sample.
The sections were than stained for insulin and glucagon before imaging with an
Axiokop fluorescence microscope (Zeiss, Feldbach, Germany). This method was
successful in generating a semi-continuous 3D network for an entire islet, as shown in
Figure 3.1. The group also observed empty spaces within an islet and by triple labelling
with CD34, they attribute these gaps to the presence of vascular channels. However, no
investigation on the peri-islet ECM was carried out and the cellular structure might
have been seriously affected during sectioning. Moreover, as no analysis on the z-axis

was performed, only semi-continuous qualitative analysis was reported.
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Figure 3.1 3D analysis of human pancreatic islets. Images of 80 consecutive sections
show that within an intact islet, continuous 3D networks are formed by insulin (red)-
and glucagon (green)-stained cells. Vascular channels were pointed as arrowheads.
Scale bar = 50pm. Images were adopted from Bosco [72].

In 2007, Alenentalo et al. described a method to image an adult mouse pancreas
using methanol for antigen retrieval with prolonged immunofluorescence staining
[190]. Coupled with tomographic molecular imaging, the 3D structure within an intact
adult mouse pancreas was shown for the first time. Using this technology, the group
discovered a correlation between the reduction of -cell volume and the onset of type-
1 diabetes. Although the structure of an intact islet was observed (Figure 3.2), no

studies on peri-islet ECM were carried out. Nevertheless, this is the first research on
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imaging an intact islet without much disturbance to its surrounding structure.

Splenic pancreas Duodenal pancreas Islet

Figure 3.2 Spatial arrangement of f§-cells within an adult mouse pancreas. (A), (B):
spatial assessments of B-cell in interactive 3D data-visualizations. (C): example of islet,
scale bar = 110um. Images were adapted from Alanentalo et al. [190].

Optical devices, such as laser scanning microscopy (LSM), as well as nuclear imaging
have been suggested in pancreas imaging and each technique has its own strengths and
limitations [191]. Compared to other methods, 2-photon LSM, or multi-photon microscopy
(MPM) has advantages in high resolution 3D imaging without out-of-focus photon-damage
[192], [193]. It is also versatile to sample preparation methods thus has a wide range of
applications [191], [194], [195]. MPM uses a long wavelength infrared laser to excite
fluorophores which emits short wavelength laser [196]. This is achieved by restricting
the probe activation to the focal plane for simultaneous absorption of two photons [191].
As photons are limited to the focal plane, longer penetration depth can be obtained
allowing 3D visualization [197]. Despite its potential, the application of this technology
for pancreas imaging has yet to be explored.

With LSM, an autofluorence signal, called second-harmonic generation (SHG) can
be observed for non-centrosymmetrical crystalline molecules [194], [196]. An SHG
signal has a wavelength which is exactly at the half that of incident light and has a sharp
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and narrow peak in the spectrum, making them easily identified [193], [196], [198],
[199]. Despite from SHG, autofluorescence has also been observed for both laser
scanning microscopy of tissue imaging, which shows a monotonously decaying
fluorescence spectral [195], [200]. Fluorophores contributing to the autofluorescence
consist of both endogenous and extracellular ones. Despite the fact that
autofluorescence could provide an approach to selective imaging without staining, its
presence may interfere with fluorescent labelling [197], calling for extreme care in filter
settings.

One of the research interests for pancreas imaging is to reveal the differences in
peri-islet ECM with respect to certain donor characteristics and how these could
influence islet isolation. As discussed in Chapter 2.3.1, donor age and body mass index
(BMI) have been shown to be the most common factors affecting isolation results
[159]-[161]. To date, there have been few investigations on the histologic features of
pancreas from healthy younger and older donors [12], leading to a poor understanding
of the effects of ageing. Moreover, isolated islets from young and lean donors are often
mantled, i.e. surrounded by layers of ECM proteins, leading to higher density and
poorer separating during the purification stage of isolation and thus to poor yields and
low purity [101]. As donor age and BMI could potentially affect the amount and
structure of peri-islet ECM, the correlation between these two factors and specific ECM
proteins might be important in optimizing islet isolation.

With the aim of improving the current understanding of islet isolation for further
yield improvement, this study focuses on the characterization of the islet-exocrine
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interface in its native state. High resolution 3D images were obtained with MPM, where
spatial arrangement and interactions of islet-ECM interface were studied. The impact
of age and BMI on the islet ECM were also investigated, which may aid in the design
of tailored digestions for different donors. To the best of our knowledge, this is also the
first time that the islet-ECM relationship has been revealed for an intact islet in its

native state.

3.2 Methodology

3.2.1 Donor pancreas characteristics

Thirty human adult pancreases were retrieved from DBD (donated after brain death)
donors, with appropriate consent and ethical approval obtained. Samples were taken
from the head of the pancreas and snap frozen in liquid nitrogen. All samples were
stored at -20°C before sectioning.

The average donor age was 38 (ranged from 24 to 60) with an average BMI of 26
(ranged from 18 to 34). For all organs, cold ischemia time was less than 10 hours. The
donor characteristics are summarized in Table 3.1. Due to the limitations on donor
availability, there was a small positive co-linear relationship between age and BMI, but

this did not reach statistical significance (Figure 3.3, R?>=0.068, p=0.113).
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TABLE 3.1 Summary of donor characteristics. (Table to be continued in the next

page)
Isolation ID  Age (years) BMI Imaging involved
1029 24 25 Thin sample characterization
1031 51 28.7 Thin sample characterization
1035 44 31 Thin sample characterization
1044 28 23 Thin sample characterization
1046 25 24 Thin sample characterization
1101 30 28.4 Thin sample characterization
1106 20 22.6 Thin sample characterization
1107 21 23 Thin sample characterization
1123 44 23 Thin sample characterization
1203 45 31 Thin sample characterization
1215 26 30 Thin sample characterization
1218 53 29 Thin sample characterization
1222 46 26 Thin sample characterization
1232 38 20 Thin sample characterization
1249 46 27 Thin sample characterization
1253 60 31 Thin sample characterization
1256 49 23 Thin sample characterization
1257 18 29 Thin sample characterization
1328 22 21 Thin sample characterization
1332 53 29 Thin sample characterization
1335 26 24 Thin sample characterization

(Table to be continued in the next page)
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Isolation ID  Age (years) BMI Imaging involved

1337 54 22 Thin sample characterization

1410 41 34 Thin sample characterization

1413 42 29 Thin sample characterization

1423 33 29 Thin sample characterization

1425 35 29 Thin sample characterization

1430 56 26 Thin sample characterization

1431 46 26 Thin sample characterization

1444 53 31 Thin sample characterization

1455 39 23 Thin sample characterization

1506 50 27 Thin & thick sample characterization
1510 54 23 Thin & thick sample characterization
1524 51 26 Thick sample characterization

1525 52 29 Thick sample characterization

1528 53 28 Thick sample characterization

1536 49 25 Thick sample characterization
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Figure 3.3 Distribution of donor age and BMI.

3.2.2 Native whole-islet staining

Because of the penetration depth achievable with MPM, it was possible to generate
continuous 3D images using thicker samples, which allows the study of the islet-ECM
interface, as well as their relationship with surrounding vessels in intact islets.
Samples from 6 donors were imaged for native whole-islet staining. Donors were
chosen to represent standard donors for clinical isolation process. The average donor
age was 52 (ranged from 49 to 54) and the average BMI was 26 (ranged from 23 to 29).
After removal of the attached spleen, duodenum, surface fat and blood vessels,
samples were taken from the head of the pancreas and stored in formalin at 4°C before
further treatment. As the average diameter for an islet is 140-200pum [60], 200pm thick
sections were prepared with a Leica VT1000 S vibratome (Leica, Germany) and stored

in PBS (Thermo) at 4°C. Unless specified, all experiments were carried out at room
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temperature.

The method for sample preparation was developed based on a protocol for whole-
islet staining [190]. Modifications were made to increase penetration depth of protein
antibodies. To optimize parameters such as autofluorescence reduction and antibody
penetration, conditions for permeabilization and incubation were tested. Table 3.2

shows parameters tested for each step with results shown in Section 3.3.3.

TABLE 3.2 Parameters tested for native whole-islet staining. (Table to be continued

in the next page)

Step Parameters Tested Optimized Conditions

2:1:3 methanol: dimethyl
Autofluorescence

sulfoxide (DMSQO): H.O2/ Methanol dehydration &
reduction & antigen

methanol dehydration & freeze thaw
retrieval

freeze thaw/ not treated

0.1% Triton X-100/
Permeabilization 0.1% Triton X-100
1% Tween-20

Blocking time 0.5h, 1h, 2h, 3h, 4h, 5h, 6h, 8h 8h
Primary antibody 0.5h, 1h, 2h, 4h, 8h, 16h, 22h,
33h

incubation Time 26h, 33h, 48h
Primary antibody

1x, 2%, 3x 2X
concentration
Secondary antibody

1x, 2%, 3x 2X

concentration

(Table to be continued in the next page)
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Step Parameters Tested Optimized Conditions

Secondary antibody 0.5h, 1h, 2h, 4h, 8h, 16h, 22h,
37h
incubation Time 37h, 48h

Tris-NaCl buffer (TBS)
with 0.1% Triton X-100 4min, 0.5h, 1h, 2h, 4h, 8h 4h

washing time

With above optimized parameters, tissue sections were stained. Briefly, the
sections were firstly dehydrated in methanol for 1 hour with one change of solution
after 30 minutes. For antigen retrieval, sections were firstly frozen at — 80°C for 1 hour
and thawed at room temperature for an additional hour. The freeze-thaw cycle was
repeated for three times before the sections were rehydrated back in a series of TBST
(TBS with 0.1% Triton X-100) - methanol solution (33%, 66%, 100% TBST, >15min
for each wash). Normal goat serum (1:20 in TBST) was used to block non-specific
binding for 5 hours, followed by 33 hours of primary antibody incubation (1:50 Dako
polyclonal guinea pig anti-insulin, with cue of 1:150 Abcam polyclonal rabbit anti-
human pan-laminin or 1:150 polyclonal rabbit anti-human collagen IV, 1:25 Dako
monoclonal mouse anti-human CD31 endothelial cell, 1:10 DMSO, all in TBST).
Excess antibodies were washed off 3 times in TBST solution, each for 4 hours.
Secondary antibody incubation (1: 250 Invitrogen goat anti-rabbit Alexa 488-
conjugated, 1:25 Vectorlabs goat anti-guinea pig Texas Red-conjugated, 1:50 Vectorlab
AMCA-conjugated horse anti-mouse IgG antibody, 1:10 DMSO, all in TBST) lasted
for 37 hours in dark. Post incubation the tissue was washed as previously described.
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Details of the antibodies are listed in Appendix 7.1. Finally, the samples were mounted
(Vectorshield Hard-Setting Mounting Media) and imaged. Tissue sections incubated

with only TBST and DMSO served as negative controls.

3.2.3 Thin section staining

To demonstrate the suitability of using MPM imaging to study the impact of age and
BMI on the pancreatic matrisome, pancreatic tissue sections were stained for ECM
proteins. Due to the difficulties in antibody penetration and extensive time requirement,
thin sectioned samples (10-15um), instead of thick samples were used.

Three 10um samples were cryosectioned onto Superfrost Plus slides (Thermo
Fisher) at -20°C. Collagens I, III, IV, VI, laminin and perlecan were chosen as the
proteins of interest for their abundance and representativeness of collagenase and
neutral protease substrate, as discussed in Chapter 2.2.1. The proteins were identified
by double immunolabeling and the optimal staining conditions were determined for
each protein subtype. Briefly, tissue samples were firstly blocked with normal goat
serum (1:20) for 30 minutes, followed by a 1-hour incubation with primary polyclonal
antibodies (1:100 Dako guinea pig anti-insulin, with one of: 1:300 Abcam rabbit anti-
human pan-laminin, 1:300 Abcam rabbit anti-human collagen I, 1:300 Abcam rabbit
anti-human collagen III, 1:300 Abcam rabbit anti-human collagen IV, 1:300 Abcam
rabbit anti-human collagen VI, or 1:300 Abcam rabbit anti-human perlecan, all diluted
in TBS). The excess antibodies were washed off in TBS solution (Thermo) 3 times,

with each wash lasting for 4 minutes. Tissue sections were then incubated in secondary
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polyclonal antibodies (1: 500 Invitrogen goat anti-rabbit Alexa 488-conjugated, 1:50
Vectorlabs goat anti-guinea pig Texas Red-conjugated, both in TBS) for 30 minutes in
dark, followed by a similar washing process in TBS. Details of the antibodies are listed
in Appendix 7.1. Finally, the samples were mounted (Vectorshield Hard-Setting
Mounting Media) and imaged. An average of ten 3D images were taken and analysed
for each specimen. To avoid interruptions from SHG signals, tissue sections incubated

in TBS but not stained were imaged to determine the background signal level.

3.2.4 Imaging

Images were taken with a multi-photon dedicated laser scanning imaging system. The
microscope uses a Verdi laser with Mira laser booster (Coherent UK Ltd). The imaging
system comprises an upright microscope (Nikon E600FN) coupled to a multi-photon
dedicated laser scanning imaging system (Bio-Rad Radiance 2100MP). The upright
microscope is also equipped with a bright field microscope and mercury lamp. The

spatial arrangement of the imaging system is shown in Figure 3.4.
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Figure 3.4 MPM set -up. (A) & (B) Overall set-up of the MPM with all associated
apparatus; (C): Mercury lamp; (D): microscope; (E) oscilloscope

The objective used was a Nikon CFI Fluor 40x with water being the immersion
media. The direct detectors used were non-descanned photomultiplier tubes and a
spectral interferometer (SpectraCube®) was used for fluorescence signals
characterization. For our experiments, the inlet laser power was around 10W with a
wavelength of 800nm. The spectral interferometer divided the emission light into blue,
red and green channels. However, due to the current arrangement of the spectral
detection system, in which a CCD camera was used for acquiring an image, the system
was not suitable for spectral characterization of fluorophore sources located deep in
scattered tissue. As a result, same settings were used for both thin and thick sample
imaging while for native islet staining experiments, samples were imaged from both top
and bottom sides, to confirm the penetration of antibodies. Images produced from MPM

were made in planes with 0.45um intervals and processed in Lasersharp 2000 software.
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3.2.5 Analysis and statistics

Qualitative and quantitative analyses were achieved with /maris (Bitplane) and Fiji
software, respectively. Both Imaris and Fiji were used to build 3D images and
incorporate information from individual channel colours. Imaris was used for its set-up
functions, like iso-surfaces building or volume calculations. However, it was time-
consuming for users to select their own region of interests (ROIs) based on signal
intensity. In contrast, Fiji is open-source thus easier for users to write their own
operations. To make the most use of the software, qualitative analysis was achieved
with Imaris, which clearly showed islet-exocrine interface in 3D. Images obtained with
MPM were first deconvolved to enhance contrast then iso-surfaces were built which
could provide more clarity of the interface.

Difficulties were encountered when trying to conduct quantitative analysis with
Imaris software, where full or semi-automatic ROI selection of islet boundary based
on image intensity proved to be difficult. For this purpose, a method was developed for
3D quantification based on a method developed by the Islet Transplant Research Group
[13]. The full test of operations is listed in Appendix 7.2, which is divided into
preparation, islet area and intensity measurement and protein area and intensity
measurement. Briefly, the 3D images were first reconstructed to a series of 2D images,
with the space the same as laser scanning (0.45um). Islets were identified based on an
automatically detected threshold value and were measured for their area on each plane.
Since the research interests were placed on the islet-exocrine interface, ideal ROIs were

slightly larger by 5% than the islet boundary. The principle was to draw, select and
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measure ROIs based on automatic or user-defined threshold. Therefore, the extent of
the area and intensity of proteins surrounding each islet (105% of the islet area) were
quantified.

Montages of islets and proteins signals in ROI, as well as the outlines of islet and
proteins measurement are shown in Figure 3.5 and 3.6 as examples. The numbers at

the bottom of images are slides number in z-axis.

Figure 3.5 Insulin (A) and Collagen I (B) signals in ROI (HP 1249 Coll I)

(A) Insulin . - (B) Collagen |
24 26 28 24 26 o8
30 32 34 30 3 2
36 38 40 36 38 40

Figure 3.6 Outline of insulin (A) and collagen I (B) measurement (HP 1249 Coll I)

During the analysis, brightness and contrast were first adjusted for all images for
optimal analysis. Background noise was measured and subtracted from the whole image.

The threshold of the islet channel was then adjusted, and the ROIs were automatically
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selected based on this. The ROIs were then expanded where islet and protein signals
were measured. The protein signals are normalized with those of islets to enable
comparisons among samples of different islet size.

Data were expressed as the sum of the area times the intensity of protein on each

plane surrounding the islet over the sum of islet area on each plane, as shown below:

Y.(Intensityp,otein * AT€Aprotein)
2 Areaislet

Ratio =

This normalization was applied to exclude the effects of islet size. Data were
expressed as mean+SD and statistical analyses were achieved with analysis of variance
(ANOVA), mixed linear modelling or multiple linear regression (p<0.05 for significant),
with IBM SPSS version 24 (Chicago, USA). The analysis included ‘donor’ as a co-

variant to determine the effect of potential confounders.

3.3 Results
3.3.1 Whole-islet staining

Thick pancreas sections (150-200pm) were imaged from 6 donors (age 5143 years,
BMI 2942 kg/m?, CIT<10h). The donors were selected to represent standard donors
for clinical islet isolation. The protocol used was adapted from whole-organ staining
using tomographic molecular imaging [190]. The method was optimized to reduce
autofluorescence as well as increase penetration depth of the antibodies. Variables
tested are summarized in Table 3.2. Figure 3.7 illustrates the effects of two

autofluorescence reduction methods in comparison to untreated samples. As shown,
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freeze-thaw cycles after methanol dehydration resulted in the best image quality and
was conducted for further experiments. Figure 3.8 shows the effects of antibody
concentration, where a direct improvement on image quality was observed by doubling
the antibody concentration. Further increase the antibody concentration resulted in little
improvement of the antibody penetration depth and was therefore abandoned. Similarly,
prolonging the incubation time resulted in a significant improvement of the antibody
penetration depth, as illustrated in Figure 3.9.

Collagen IV, insulin and CD3 1+ endothelial cells were labelled to study the islet-
ECM interface and vessel distribution surrounding the whole islet. With optimum
staining conditions, the penetration depth of antibodies could reach the whole section,
which was confirmed by double imaging from both sides of the section. However,
further than 70pm, photons were relatively insufficient to excite attached fluorophores.
Nevertheless, data-rich 3D images were obtained for all 6 donors, proving the
applicability of this optimized protocol.

The protein distributions for thick sections could be seen as a stack of thin section
series with improved tissue continuity (Figure 3.10). For small islets (<50um) or tips
of large islets, proteins form a sheet-like structure surrounding them while for large
islets they also intrude into the centre. Vessels, as represented by endothelial cells,
showed a similar structure. They are prevalent in exocrine tissue, periphery of islets, or
intruding into the centre of large islets, which were in accordance to previous thin-
section studies [72]. Careful examination showed that within an islet, vessels were
always juxtaposed with ECM proteins, possibly due to the structural support and cell
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communication function provided by the latter. The observed structural features were
found to be consistent among all 6 donors.

Compared to conventional 2D images, 3D imaging of an intact islet enables
detailed investigations at peri-islet interface. Unlike image sets obtained from serial
sections, 3D imaging allows continuous observation of the structural features at
arbitrary region. Furthermore, as the structural integrity is preserved, it allows analyses

for the spatial arrangement and porosity of ECM proteins.

Figure 3.7 Impacts of different autofluorescence reduction methods. (A): non-
treated; (B): 2:1:3 methanol: dimethyl sulfoxide (DMSO): H>0»; and (C): Methanol
dehydration with free-thaw cycles. (D): Side view of samples treated with methanol
dehydration and free-thaw cycles. The images show insulin (red), collagen IV (green)
and CD31+ endothelial cells (blue). Scale bar = 20um.
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Figure 3.8 Impacts of increasing antibody concentration to (A): 1x; (B): 2x; and
(O): 3x. (D): Top view of the obtained image with 3x antibody concentration. The

images show insulin (red), collagen IV (green) and CD31+ endothelial cells (blue).
Scale bar = 20pum.
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Figure 3.9 Impacts of increasing antibody incubation time to (A): 0.5h; (B): 1h;
(O): 2h; (D): 8h; (E): 16h; (F): 26h; (G): 33h; (H): 48h. The images show insulin
(red), collagen IV (green) and CD3 1+ endothelial cells (blue). Scale bar = 30um for (A)
— (F) and 40pm for (G) — (H)
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Figure 3.10 Layer-by-layer display of collagen IV, vessels and islet from a donor aged 50 with a BMI of 27 (Isolation ID = 1506). The images
show insulin (red), collagen IV (green) and CD31+ endothelial cells (blue). Z-stack interval = 25um; (J): Results from negative control, where
samples were incubated with only secondary antibodies for background check. Scale bar = 20pum.
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3.3.2 Thin section staining: impact of donor age & BMI

Thin pancreas sections (10-15um thick) from 30 donors (Table 3.1) with varying age
and BMI were double immunostained and analysed. Peri-islet content of collagen I,
collagen III, collagen IV, collagen VI, perlecan and laminin were assessed where islets
were identified by insulin labelling of the B-cells. Examples of 3D structure of islet-
ECM relationship for all proteins are shown in Figure 3.11. The ECM proteins of
interest form a network structure as a sheet-like structure circumscribing the islet.
These proteins also protruded into islet centre possibly to provide necessary structure
supporting and aid cell communication. SHG signals from endogenous and
extracellular molecules were observed. However, their intensity was considerably

weak and were corrected in background calculations.

(Image to be continued in the next page)
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Figure 3.11 Representative 3D images (left) and isosurfaces (right) of ECM
proteins (green) and insulin-positive cells (red) from a donor aged 44 with a BMI
of 23 (Isolation ID = 23). Immunostained insulin (red) indicated islets. Green indicated
immunostained proteins of interest: (A) & (B): collagen I; (C) & (D): collagen III; (E)
& (F): collagen 1V; (G) & (H): collagen VI; (I) & (J): perlecan; (K) & (L): laminin.
Scale bar = 20pum.
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The effects of donor age and BMI on the content of ECM proteins at islet-ECM
interface were assessed. The results for collagen I, collagen III, collagen IV, collagen
VI, perlecan and laminin with respect to donor age and BMI are shown in Figures 3.12
and 3.13 respectively. As shown, age and BMI resulted in significant variations in
specific peri-islet proteins, which were independent of donor co-variance. Peri-islet
collagen I and laminin declined slightly, but significantly, with increasing age (both
p<0.001) and BMI (p<0.001 and p=0.003, respectively). In contrast, peri-islet perlecan
increased marginally, though significantly, with age and BMI (both p< 0.001). There
was no significant effect of age or BMI on peri-islet collagen 11, collagen IV or collagen

VL
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Figure 3.12 Impact of donor age on protein content. The y-axis shows the ratio of
protein area*protein concentration to islet area. This ratio is used to represent the
amount of protein at peri-islet surface while eliminating the impacts of islet size. Large
variations were observed for samples from different donors. No significant results were
found for collagen III, collagen IV and collagen VI. The amount of collagen I and
laminin decreased with the increase of donor age (p<0.001) while the amount of
perlecan increased with increasing donor age (p<0.001).
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Figure 3.13 Impact of donor BMI on protein content. The y-axis shows the ratio of
protein area*protein concentration to islet area. This ratio is used to represent the
amount of protein at peri-islet surface while eliminating the impacts of islet size. Large
variations were observed for samples from different donors. No significant results were
found for collagen III, collagen IV and collagen VI. The amount of collagen I and
laminin decreased with the increase of donor age (p<0.001 and p=0.003, respectively)
while the amount of perlecan increased with increasing donor BMI (p<0.001).

3.4 Discussion

Although decades have passed since the first islet was isolated, little research has been
conducted on characterization of the extracellular matrix. Previous studies have shown

that, compared to mouse islets, human islets are surrounded by two layers of basement
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membrane, providing the necessary structure support and bridges for cell
communication [96]. Some of the main components, such as collagen, laminin, elastin
and fibronectin, have been identified in humans [201], [202]. Their composition,
structure and quantity have been studied in normal pancreases [81], [203]. Nevertheless,
with the increasing demand in islet transplantation, there is an urgent requirement to
obtain a thorough understanding and characterization of islet basement membrane as
well as how it varies with normal physiological changes such as age and BMI. This
would not only help improve clinical isolation results but would also provide
information for in vitro 3D cell culture. To the best of our knowledge, this is the first
experiment in 3D characterization of ECM proteins within islets, as well as the study
of their relationship associated with physiological parameters using high resolution

MPM imaging.

With MPM, SHG signals from endogenous and extracellular molecules were
observed. For thin sections, as antibodies could easily penetrate and attached to tissue
sections, the intensity for SHG signals was relatively weak and could be easily
excluded in background corrections. However, for 150-200um sections, the diffusion
of antibodies into the centre of tissue sections became difficult and autofluorence was
relatively prominent. To avoid confounding of labelled proteins, methods for reducing
autofluorence and increasing antibody penetration depths were applied. Detailed tested
parameters are listed in Table 3.2. Freeze-thaw cycles, doubling antibody concentration
and prolonging incubation time proved to be efficient. Nevertheless, an increase of

TBST washing was required to remove excessive antibodies at the surface of tissue
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sections. Moreover, to facilitate optimal antibody penetration, long incubation periods
were introduced. The final protocol was a balance between time and image quality.

Here, insulin positive B-cells were chosen to represent islets. Due to the structure
of human islets, where B-cells are more likely to be observed in the centre and
surrounded by a-cells [72], there might be a slight underestimation for the actual size
of islet, and hence affect the incorporation of basement membrane. Nevertheless,
reconstructive 3D images of human islets have shown that although B-cells generally
occupy central positions, cytoplasmic extension is widely seen to reach the surface of
islets [72]. Therefore, they could be considered as a reasonable representation of the
whole native islet.

In our study, we find collagens and laminin are widely distributed, forming a
perforated structure surrounding islets as well as extending to the exocrine part of
pancreas. 3D images from thick samples reveal that they are organized into a constant
pattern, where the large protein sheet is formed and encapsulate the entire islet. This
complete-wrapping structure not only helps to separate the endocrine part from
exocrine tissue, but also provides the required structural support for islets. In medium
or large islets, these proteins were found co-localized with endothelial cells, providing
necessary mechanical support, biological separation as well as cues for cell
communication and normal function.

Here we successfully developed a protocol for imaging an intact islet and
surrounding ECM in their native state. With high resolution MPM images, the detailed
islet-exocrine interface could be studied. 3D models could also be built to investigate
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the spatial arrangement and porosity of these proteins. This could provide valuable
information for 3D islet culture as well as scaffold construction.

The amounts of different collagens and laminin vary with many factors. Upon
maturation, collagens have a high resistance to enzyme digestion and a relatively long
biological half-life [204]. As a result, their content is expected to increase within old
donors. A previous study of collagen VI shows that age has little impact on its content
[80]. However, the method employed was an immunohistochemistry (IHC) method,
where only the presence of collagen rather than the concentration of collagens at the
site of observation was measured. In our experiment, both the area of observation and
the amount or concentration of protein on site, as represented by its fluorescence
intensity, were included. With this method, decreases in collagen I and laminin were
found with increasing donor age. Similar results were also obtained in a recent study
using hydroxyproline measurement, where a reduction trend of total collagen content
towards ageing was observed [205]. As laminin and collagen are important in
stabilizing the ECM network, its reduction may result in an increase in the susceptibility
to enzyme digestion. Perlecan, on the contrary, is less abundant in young donors, and
its content increased with donor age.

We have further analysed the impact of donor body mass index and found that the
content for collagen I and laminin decreased slightly, but significantly, with increased
donor BMI. This slight reduction might be caused by fat accumulation within islets, as
observed in heavier donors [162]. Fat infiltration may also destabilize the whole ECM
network and thus increase the susceptibility to enzyme digestion. Nevertheless it needs
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to be mentioned that high BMI donors tend to have hypertrophic islets [20], thus the
overall amount of these proteins might be increased, as the content shown here have
been normalized to islets size.

It needs to be mentioned large variations were observed during the analyses,
leading to difficulties in reaching statistically significant results. Part of the reason was
attributed to the intrinsic variations among and within humans. Factors such as
hospitalisation, smoking, drinking history could all affect the results and a co-variant
was therefore introduced in the analyses to determine the effects of these confounders.
The variations were also considered in the interpretation of the results.

A successful islet isolation, which is generally defined as the production of a
sufficient number of islets, has been found to correlate with many factors, including
donor age and BMI [157], [160]. With the same dosage of enzymes, success isolations
are more easily obtained with older and heavier donors, while young and lean donors
tend to result in poor isolation with low purity [101], [156]. A close look at islets from
young donors shows that they are surrounded by layers of basement membrane [168],
suggesting insufficient digestion. Although the isolation efficiency is low, islets from
young and lean donors may be preferred as they function better in terms of viability and
post-transplantation function [156], [167].

Our results indicated relationships between donor age, BMI and pancreas ECM
protein content, thus helping to answer the question of variation in isolation success
with respect to these donor characters. Compared to BMI, age was more significantly
correlated with protein quantity, where higher collagen I and laminin but lower perlecan
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content was found in young donors. Nevertheless, the amount of collagen III, collagen
IV and collagen VI were not significantly influenced. This suggests that an increase in
enzyme concentration or a prolonged digestion may be required to achieve complete
isolation for such a donor group. In fact, centres with elevated protease dosage for
young donors have proved their ability in production of sufficient amount of islets with
desired purity [187]. A recent study using increased protease combination also showed
an elevation of post-purification islet recovery compared to increased collagenase
combination [205].

Similar changes might also be applied to lean donors, as their collagen I and
laminin content was also higher than overweight donors. However, this correlation is
relatively weak and no impact of BMI on other collagen subtypes is observed. The high
isolation yield from high BMI donors might be a combined result of hypertrophic islets,
fat infiltration and destabilization of ECM network, as suggested by a reduction of
laminin content.

Together with donor variations and regional variations among different centres, the
optimum enzyme dosage might only be achieved in an empirical way. On the other
hand, prolonging digestion time provides flexibility and better controllability. However,
this needs to be implemented with extreme care to avoid over-digestion and islet

fragmentation.

3.5 Conclusion

In conclusion, our experiment reveals the first 3D image of pancreas islet ECM
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with a multi-photon microscope. It was found that collagen and laminin are prevalent
in islet ECM, forming a network-like structure in exocrine part and a sheet-like
membrane wrapping the entire islet. Quantification analyses show the content of
collagen I and laminin decrease with donor age and BMI, while perlecan increases with
both donor age and BMLI. In terms of clinical significance, our results suggest a specific
enzyme blend in islet isolation for different donor groups rather than an “all-in-one”
solution, for the improvement in isolation efficiency. However, the exact composition
might vary among centres with regional impacts taken into consideration. Also, this
analysis could not determine how these proteins interact with each other. Consequently,
studies on detailed digestion process with respect to donor age were conducted to help

answer above questions in the next chapter.
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Chapter 4

Creation and development of a novel perfusion
chamber for in vitro studying real-time digestion of

the pancreatic matrix
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4.1 Introduction

With an understanding of the ECM distribution at peri-islet interface, the focus of this
study moves to the digestion process. Although almost 20 years have passed since
Edmonton protocol [116], there has been little investigation of the digestion process
itself. Most research has focused on the development of new enzyme blends [177],
[185], [206] while little attention has been paid to digestion process parameters or
chamber design [15], [207]. As the digestion process involves enzyme-protein binding
[172], the composition of enzyme and process parameters, such as retention time and
perfusion flowrate, may have a significant impact on the digestion results.

Currently, the understanding of these variables in islet isolation is relatively limited,
partly due to a lack of tools for studying the digestion process in detail at the molecular
level. In 2012, the Oxford Islet Transplant Group [208] described a method to
investigate the distribution of enzymes in isolated islets. Briefly, samples were taken at
various stages during clinical isolations and stained for insulin and collagenase. It was
found that following intraductal collagenase administration, the enzyme was detected
in the exocrine pancreas and at the periphery of islets. Penetration into the islets was
also observed in samples after intraductal administration but not in post-digestion or
post-purification samples.

Focusing on the islet-ECM interface, a simple slide-based method was proposed
by the same group [209]. Briefly, slide-loaded pancreatic samples were digested
statically with enzymes at clinically relevant concentration for 2 and 5 minutes while

samples incubated with HBSS were used as control. A semiautomated quantitative
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measurement similar to the method employed in Chapter 3, Section 3.2.5 was
introduced. The reproducibility of using different samples from the same pancreas was
confirmed [13].

With the aid of an in-house macro in ImageJ, the group then investigated the
digestion of some key matrix proteins during human islet isolation [102]. Significant
but differential loss of collagen IV, pan-laminin, perlecan and laminin-a5 was
demonstrated. The group also studied ECM proteins in isolated islets and suggested the
disruption of intact basement membrane may have major translational significance.
The application of this method to study the impact of various enzyme dosage patterns

was also demonstrated. As shown in Figure 4.1, significant loss of collagen IV and
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Figure 4.1 Quantitative analysis of collagen IV (A) and laminin-a5 (B) digestion.
Colour-coded for: control group, collagenase only, neutral protease only and combined
enzymes (from dark black to light grey), all at clinically relevant concentration.

Asterisks represent p<0.05 (*), p<0.01 (**) and p<0.001 (***) respectively. Adopted
from Spiers [13].
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Despite improvements discussed above, currently all the studies were conducted
using static digestion. Clinical islet isolation, however, is a continuous perfusion

process with varying enzyme concentrations in different centres [187], [205]. A better
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understanding of these parameters and their impact in digestion is therefore required.
Not only could this help to reveal the mechanism of the isolation process and improve
the isolation yield, but also to establish a firm foundation for enzyme development and
process optimization.

With the aim of improving the current understanding of islet isolation for further
yield improvement, this study focused on the developing a tool to observe real-time
digestion of the islet-exocrine interface. To investigate the digestion mechanism, a
perfusion device was developed, allowing real-time observation with a fluorescent
microscope. The time-course changes caused by enzyme digestion were also recorded.
Process parameters, such as flow rate and temperature were adjusted to optimize the
system. To our knowledge, this is the first time that the digestion profile for peri-islet

ECM has been reported.

4.2 Methodology

4.2.1 Donor pancreas characteristics

Eight human adult pancreases were retrieved from DBD (donated after brain death)
donors in Oxford, the United Kingdom, with appropriate consent and ethical approval
obtained. All donors, as shown in Table 4.1, fell within an age range of 24 to 60 years
and a BMI range of 23 to 26, with cold ischemia times of <18 hours. All pancreatic
samples were taken from the head region of donor organs before being snap frozen in
liquid nitrogen. Three 10um samples were cryosectioned onto Superfrost Plus slides

(Thermo Fisher, UK) at -20°C.
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The proteins were identified by double immunolabeling similar to the protocol
described in Chapter 3, Section 3.2.2. Details of the antibodies are listed in Appendix
7.1. However, after secondary antibody incubation the samples were washed three times

with TBS but not mounted.

TABLE 4.1 Summary of donor characteristics and experimental arrangements.

Isolation ID  Age (years) BMI Digestion involved
Static/perfused digestion;
1029 24 25
Prolonged digestion;
Static/perfused digestion;
1511 30 26 Prolonged digestion;
Optimization
Static/perfused digestion;
1521 32 26 Prolonged digestion;
Optimization
Static/perfused digestion;
1531 60 25
Prolonged digestion
Static/perfused digestion;
1554 59 23
Prolonged digestion
Static/perfused digestion;
1564 32 26
Prolonged digestion
Optimization;
1106 20 23
Perfusion digestion
Optimization;
1430 56 26

Perfusion digestion
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4.2.2 Static digestion of human pancreatic sample

To prove that labelling pancreatic tissue with antibodies would not interfere with
enzymatic digestion, static digestion experiments were carried out on 6 donors, as listed
in Table 4.1. Collagen IV, collagen VI, perlecan and laminin were chosen as being
representative of collagenase and neutral protease substrate [80], [173]. Briefly,
samples stained as described in Chapter 4, Section 4.2.1 were incubated with Hank’s
Balanced Salt solution (HBSS, Lonza, Switzerland), Collagenase NB1 (7.2 PZU/ml in
HBSS, Serva, LOT: 140619) and Neutral Protease NB (0.14 DMCU/ml in HBSS, Serva,
LOT: 10058) at 37°C for Smin. The samples were then washed under cold running water
for Smin before being mounted (Vectorshield Hard-Setting Mounting Media, UK) and
imaged with a fluorescent microscope (Nikon TS100, Japan). The control group was
prepared following a similar procedure, where samples were firstly incubated with
enzymes, washed and then stained for insulin and desired proteins before mounting and
imaging. Samples incubated in HBSS were used for both groups to calculate the
percentage of digestion. Schematic diagrams showing differences between the
experimental and the control groups are shown in Figure 4.2. An average of 10 images
were taken and analysed for each specimen. Proteins of which digestion was not

significantly influenced by antibody-labelling were selected for further experiments.
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Figure 4.2 Schematic diagram showing the differences between control group and
experimental group.

To test the effects of prolonged exposure to enzymes on islet digestion, samples
from 6 donors were co-stained with insulin and collagen IV or collagen VI, as their
digestions were not significantly affected by antibody-labelling. Details of donor
characteristics are listed in Table 4.1. Briefly tissue sections were incubated with full
enzyme preparation (7.2 PZU/ml for collagenase and 0.14 DMCU/ml for neutral
protease in HBSS) at 37°C for 5, 10, 15 and 20min. The samples were then washed
under cold running water for Smin before mounting and imaging. The control group
was prepared following a similar procedure, where samples were incubated with only
HBSS. 5-10 images were taken and analysed for each specimen at corresponding

condition.

4.2.3 Design & build for the perfusion system

In order to achieve real-time observation of pancreatic tissue digestion, a perfusion

chamber was designed and built. The perfusion chamber serves for two purposes: to
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enable perfusion of enzyme solution; and to enable imaging of the pancreatic tissue in
a perfused environment. To this end, polydimethylsiloxane (PDMS) was chosen due to
its biocompatibility, transparency and deformability.

For cost-saving purpose, the system was designed to minimize its volume thus the
total enzyme requirement could be reduced. As crysosectioned pancreatic tissue-loaded
slides were used, a cuboid chamber was preferred. Consequently, the chamber should
have an internal shape same as a Superfrost Plus slide (Thermo Fisher).

Another important design criterion was to ensure non-turbulent flow over tissue
surface. For this purpose, three designs were proposed, as shown from Figure 4.3 to

Figure 4.5.
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Figure 4.3 Initial design of the perfusion chamber for real-time observation. (A):
schematic design of the chamber. Arrows represent flow directions: red: inlet flow; blue:
outlet flow; (B): Engineering drawing of the improved design, all measurements were

made in mm.

Figure 4.3 shows the initial conceptual design, where a solution collection sink

was adopted. Once infused, solution could be pre-mixed in the sink before it was split

into five sub-streams for laminar flow. Although these internal designs enabled smooth

flow over tissue sections, the chamber was difficult to construct as a single unit.

Figure 4.4 illustrates an improved design for the perfusion chamber, which

consisted of four different parts for easy assembly: bottom wall, outer wall and two

slide fixers. These components were produced separately. Once the outer wall and
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bottom wall were bonded using PDMS, microscope slides could be placed inside. Slide
fixers were used to hold the slides in place within the chamber as well as to reduce the
internal volume. Inlet flow was introduced vertically from the head fixer (green part in
Figure 4.4 B) to avoid extra mixing space. Although this design provided minimum
internal volume, it was difficult to place the slides within the chamber.

Taking the best of the above designs, Figure 4.5 shows the final version of the
perfusion chamber. This design consisted of three components: surrounding wall,
bottom wall and a slide fixer. Instead of introducing solution vertically, a solution
collection sink was designed to allow uniform flow over the slide. This was formed by
a small contraction of the surrounding wall at the inlet. To ensure smooth flow over
tissue sections, the inlet diameter was 1mm, the same size as the height of the slide. The
outlet was 2mm to avoid clogging. PDMS-made slide fixer was used to reduce internal
volume and to fix the slides in the chamber. A 300pm PDMS layer was made as the

bottom wall.
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Figure 4.4 Improved design of the perfusion chamber for real-time observation. (A): schematic design of the chamber. Arrows represent flow
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Figure 4.5 Final design of the perfusion chamber for real-time observation. (A): schematic design of the chamber. Arrows represent flow
directions: red: inlet flow; blue: outlet flow; (B): Free components of the perfusion chamber; (C): Engineering drawing of the improved design,
all measurements were made in mm; (D): Final product of the perfusion chamber, with a thin layer of PDMS as the bottom.
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In short, the chamber was prepared by pouring 10:1 wt/wt PDMS (Sylgard® 184
Silicone Elastomer, LOT: 0007466100, Sigma, United Kingdom) and elastomer
(Sylgard® 184 Silicone Elastomer Curing Agent, Batch No. HO5S2H8R006, Sigma,
United Kingdom) into moulds and then solidified in an oven at 60°C for 2 hours.
Microscope slides with cryosectioned pancreatic tissue could be placed in the bottom

of the chambers and enzyme solutions could be perfused through this chamber.

For real-time observation, the chamber was placed on an inverted microscope
(Nikon TS100, Japan) within a temperature-controlled chamber and connected with a
recirculating pump (PPS2, Multichannel Systems, Germany) (Figure 4.6). A bubble
trap was provided by the pump to minimize disturbance to observation. Sensors were
placed in the perfusion chamber and temperature control chamber to ensure that the
temperature was maintained around 37°C. Solutions were placed in a water bath
connected to the system to reduce heat loss during perfusion. The total internal volume

was 30ml including piping.
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Figure 4.6 Perfusion system designed for real-time digestion. (A): The schematic
view of the perfusion system; (B): temperature control chamber with the perfusion
chamber placed inside; (C): Cotton-wrapped pump to avoid heat loss.

4.2.4 Optimization of the perfusion system

With the system built, preliminary tests were carried out to optimize the system.
Perfusion of deionized water up to 30ml/min was used for to check for leaks. Chambers
passed the test were carefully washed with 70% ethanol and perfused with HBSS before
further experiments.

For system set-up, slides loaded with antibody-labelled pancreatic tissue sections
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were placed inside the perfusion chamber. Details of donor characteristics are listed in
Table 4.1. Twenty-five ml of HBSS was infused to the chamber to ensure full
immersion of the tissue sections.

To determine the effects of mechanical perfusion, samples were perfused with
HBSS alone at 37+2°C (n=3) for 20mins. Images were taken every 15s by the inverted
microscope.

To test the influence of temperature control, samples were perfused with full
enzyme preparations (7.2 PZU/ml for collagenase and 0.14 DMCU/ml for neutral
protease in HBSS) at 30+2°C and 37+2°C (n=3) for 25min. Enzymes were added 2min
after start of perfusion when temperature and flowrate were stable.

With significant digestion observed at 37+2°C, one process parameter, flowrate,
was manipulated to optimize the system. Perfusion at 20min/min and 10ml/min were
tested with full enzyme preparations (n=6). The flowrates were selected to provide
smooth flow without significant washing-off of samples or choking of solution.

To ensure non-turbulent flow over the surface of tissue samples, the Reynolds

number was calculated as follows:
_pvd
il

Re (1)
where p represents the density of the fluid, v represents the velocity, p represents

the viscosity coefficient and d represents the characteristic length, which can be

calculated as:

4ab

PR CEY)) @)

where a,b represents the width of the chamber and the depth of the fluid respectively.

96



Chapter 4

4.2.5 Time-course study of pancreatic tissue digestion

According to results obtained in Section 4.2.2, collagen IV and collagen VI were
chosen as the proteins of interest as their digestions were not significantly affected by
antibody-labelling and prolonged digestion time.

Sample preparation and system set-up were same as described in Section 4.2.4.
Details of donor characteristics are listed in Table 4.1. HBSS solution with Collagenase
NB1 (Coll, 7.2 PZU/ml in HBSS) and Neutral Protease NB (NP, 0.14 DMCU/ml in
HBSS) was perfused in the dark through the chamber for 20min at 37+2°C with a
flowrate of 20ml/min. Perfusion with HBSS under the same conditions were taken as
the control group. Images were taken every 15s by the inverted microscope for further

analyses.

4.2.6 Image and statistical analysis

Qualitative and quantitative analyses were achieved with NIE Elements and Fiji
software. For quantitative analysis, the final protein quantity was calculated based on a

method developed before[13]:

Z(Intensitypmtem * Areaprotein)
Z Areaislet

Relative protain quantity = 3)
This normalization was applied to exclude the effects of islet size.
For static digestion, data were expressed as mean+SD and statistical analysis was

carried out using Student’s t-test (p<<0.05 for statistically significance).
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To enable studies of the time-course effects, the average value for the first 2min of
perfusion was used to determine the initial protein quantity at time t0. The percentage

of absolute remaining protein for time t1 was then calculated as:

o ] Relative protein quantity;,
Absolute remaining protein% = - - - *100% (4)
Relative protein quantity;,

For real-time observation, data were expressed as mean+SD and statistical analysis
was carried out using analysis of variance (ANOVA) or repeated measures ANOVA

(p<0.05 for statistically significance).

4.3 Results

4.3.1 The impact of antibody labelling on pancreatic ECM

digestion

As shown in Figure 4.7 (A), the digestion results of antibody-labelled tissues were
similar to those from non-labelled for collagen IV and VI (p>0.05). No extra loss of
protein signal was observed compared to their non-labelled counterpart suggesting that
the digestion of these two proteins would not be interfered by this pre-treatment.
Whereas, the results for perlecan and laminin were significantly different from non-
treated tissues (p<0.01), implying that the enzyme-protein binding sites might be
shielded or blocked by previous antibody labelling. As a result, only collagen IV and
collagen VI were studied further.

Figure 4.7 (B) shows the impact of extended exposure of pancreatic tissue to

enzyme blends. The percentage of collagen IV left experiences a sharp decrease in the
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first Smin after the enzyme was introduced; it is then gradually reduced for the next
10min. Further to that the percentage of protein left remained at a similar level (P<0.05),
proving that the digestion rate became extremely low after a certain amount of time.
This trend also holds true for collagen VI, as shown in Figure 4.7 (C). Despite the
impact of the enzymes on islets’ function and viability, these results suggest that
extending the digestion time might not help to release islets from surrounding ECM

network on a static basis.
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Figure 4.7 Results of static digestion. The y-axis stands for the percentage of protein
left after digestion. (A): a comparison of digestion results obtained from antibody-
labelled pancreatic tissue with those obtained from native pancreatic tissue; (B) & (C):
the impact of prolonged exposure to enzyme on digestion of collagen IV and collagen
VI, respectively.
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4.3.2 Design & built of the perfusion system

In order to achieve real-time observation of pancreatic tissue digestion, a perfusion
chamber was created and built. PDMS was chosen as the main material due to its
biocompatibility, transparency and deformability. All three proposed designs fulfilled
requirements of uniform flow over tissue sections as well as to reduce operational cost.

The initial design, as shown in Figure 4.3, provides pre-mixing and uniform flow
by a solution collection sink with split inlets. Practical problems, however, were
encountered in manufacturing the mould for this PDMS chamber. The complicated
internal designs were difficult to be manufactured as a whole unit. To solve this problem,
an improved design with several components was proposed, as shown in Figure 4.4.
The surrounding wall and bottom layer could be easily assembled. A vertical inlet was
adopted to further minimize the internal volume. However, as the chamber had exactly
the same shape of the slide, sample-loaded slides could only be pushed into the chamber.
Gas could be easily trapped between the slide and the bottom wall, resulting in poor
image quality.

The final design, as shown in Figure 4.5, overcame above problems by adding a
contraction part at the inlet of the chamber. With this extra space, the slide could be slid
in. The inlet had a same diameter as the slide height thus once the slide was placed in,
a small sink could be formed. Solution infused into the chamber would be accumulated
in this small sink before it flowed uniformly across the slides. A PDMS block was used

to fix the slide as well as reduce the amount of solution required.
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To enable perfusion of the system, the chamber was placed in a temperature control
chamber and attached to a recirculating pump. A bubble trap was provided by the pump
to minimize disturbance to observation. Water bath and heat-insulating layers were used

to reduce heat-loss of the system. The set-up of the system is shown in Figure 4.6.

4.3.3 Optimization of the perfusion system

Preliminary tests were carried out for the perfusion system, with results shown in
Figure 4.8. Perfusion with HBSS was conducted to observe the mechanical effects of
perfusion, where after 20min not much disturbance was observed (Figure 4.8 A & B).
The influence of temperature control is shown in Figure 4.8 (C), where little digestion
was observed when the chamber temperature was at 30°C. Nevertheless, digestion with
clinical relevant enzyme concentration at 37°C resulted in significant loss of proteins

(Figure 4.8 D) and was used for further tests.
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(Image to be continued in the next page)

103



Chapter 4

&
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Omin 4min 8min

12min 16min 20min

Figure 4.8 Images obtained during preliminary tests. (A): HBSS perfusion for
collagen IV; (B): HBSS perfusion for collagen VI; (C): digestion of collagen IV with
full enzyme preparation at T<30°C; (D): digestion of collagen IV with 7.2 PZU/ml
Collagenase NB1 and 0.14 DMCU/ml Neutral Protease NB. As the loss of proteins was
significant at T=37°C with clinical relevant enzyme concentration, further experiments
were carried out at the same condition. ECM protein (green) disappears from around
islets (insulin in red). ECM protein (green) disappears from around islets (insulin in red).
Scale bar = 50pm.

With successful real-time observation of pancreatic tissue digestion, the impact of
one process parameter, flowrate, was tested. Figure 4.9 shows the impact of perfusion
speed on the digestion of both protein with full enzyme preparation, where the
percentage of relative remaining protein was used for comparison. Although the results
at the endpoint were statistically insignificant for collagen VI (p>0.05), it was found
that lowering the speed of perfusion resulted in less protein loss when perfused with
HBSS only, while a slight improvement in protein digestion was observed in the
enzyme perfused group (Figure 4.9 A & B). Nevertheless, blockage of the system by
washed-off tissue was more likely to happen when perfused at a lower speed, which
resulted in bubbles and blurred images (Figure 4.9 C). Consequently, large fluctuations
were observed among different donors. As a result, to achieve easy comparison, further
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experiments were carried out with the higher flowrate (20ml/min). Further increases of
perfusion speed resulted in turbulent flow over tissue samples. Not only did this result
in bubbles blurring the images but also increased tissue sections being washed off from

the slides. Consequently, no experiments were conducted at flowrate over 20ml/min.

120%
120%

M~
w0
N

(A) EEFT = 10ml/min
I =10ml/min 10004 & Li11
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Figure 4.9 The impact of perfusion speed on percentage of remaining protein with
combined enzyme dosage for (A): collagen IV; (B): collagen VI. Results shown were
expressed as mean+/-SD. (C) & (D): Bubbled & blocked image obtained during
10ml/min perfusion. Insulin staining in red, collagen staining in green.

Taking the fluid depth inside the chamber as 7mm, the characteristic length and

Reynolds number was calculated as:
g= 4ab _ 4%0.05%0.25
~ 2x(a+b) 2x(0.05+0.25)

_pvd _10° % (20  1073/0.07/0.25/60) * 0.1094
oon 0.7 *1073

= 0.1094m

Re = 2976 < 4000
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Therefore the flow inside the chamber is in the transient state. With the increase of fluid

depth, there is a tendency to form laminar flow.

4.3.4 Time-course study of the pancreatic tissue digestion

Figure 4.10 shows the typical image stacks obtained during a real-time perfusion
experiment. For enzyme perfused groups, the protein area was gradually reduced and
for some regions it was totally removed. Furthermore, qualitative analyses show that

the intensity of the signals was markedly reduced, which was also observed in the HBSS

perfused experiments.

D T T e
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(Control)

Collagenase

+ Neutral

Protease 50um
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(Control)

Collagenase

+ Neutral

Protease 50um

Figure 4.10 Images obtained during a real-time digestion experiment. (A):
Collagen 1V; (B): Collagen VI. ECM protein (green) disappears from around islets
(insulin in red).

Figure 4.11 (A) shows the typical digestion curve after quantitative analysis for a
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sample stained with collagen IV and perfused with combined enzymes at 20ml/min.
Fluctuations were observed, which might be caused by tissue sections being washed off
either by digestion or by perfusion. As the reduction of protein quantity might be
affected by antibodies washing off and the mechanical impacts of solution, control
groups with HBSS perfusions were also carried out for further comparison. When
perfused with only HBSS, a reduction in the protein intensity was observed, but both
the extent and the rate were limited compared to the enzymatic digestion groups

(Figure 4.11 C). Moreover, the protein area remained almost the same.
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Figure 4.11 Collagen IV quantification of one donor sample and perfused with HBSS and full enzyme concentration (A & B) or HBSS
control (C & D). (A) & (C): digestion/perfusion curves, with blue representing islet area, orange representing protein area and grey representing
protein intensity; (B) & (D) percentage of protein left around an islet with respect to original obtained image stacks.
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When perfused with the full enzyme preparation, digestion started immediately
after enzyme infusion and the overall protein quantity reached almost zero after 15min
(Figure 4.11 A & B). Based on the digestion rate, the curve could be divided into three
different phases: an initial stage, an accelerated stage and an end stage.

The initial stage of digestion was characterized by an immediate reduction of the
signal intensity of specific peri-islet ECM proteins and a delayed loss of the protein
area after enzyme introduction. Compared to the control group, the overall protein
quantity was significantly different 2 minutes after collagenase and neutral protease
infusion (p<0.05), while the protein area was significantly different after 8 minutes
(p<0.01). This suggests that at an early stage it was protein thickness or density was
lost instead of protein area. After 8min, 54% of collagen IV remained for enzyme
perfused group while 70% remained in the HBSS control group.

As shown in Figure 4.11, both the signal intensity and the area of peri-islet ECM
protein were significantly lost in the accelerated stage. This resulted in a total loss of
41% collagen IV from 8min to 11min while only 10% collagen IV was lost in the
control group.

Further than 11min, the digestion proceeded to the end stage, where the rate of
digestion reduced significantly (p<0.05). The reduction of protein area and protein

intensity were in a similar pattern to those for the control group.

4.4 Discussion

The digestion phase is one of the key areas for improving islet isolation success rates.
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With the increasing demand in islet transplantation, there is an urgent requirement to
obtain a thorough understanding of this process. To the best of our knowledge, this is
the first observation of real-time enzymatic digestion of the peri-islet ECM of

pancreatic tissue.

As discussed in the previous three chapters, ECM proteins like collagen IV,
collagen VI, perlecan and laminin could be found in the ECM surrounding human islets.
Other subtypes of collagens were also found in human pancreas, but here we examined
the digestion of collagen IV and VI, due to their abundance [16], [80], [201], [202] and
representation of basement membrane and stromal ECM, respectively. Compared to
results obtained in static digestion [13], difficulties were found in observing the loss of
perlecan and laminin with antibody labelling prior to digestion. These differences might
be caused by the competition of binding sites between antibodies and the enzymes.
However, no such difficulties were observed with the digestion of collagen IV and
collagen VI.

For real-time observation of the digestion process, a chamber was designed and
connected to a perfusion system with adequate temperature control. Three designs were
proposed for the perfusion chamber and practical problems were encountered in the
manufacturing and system assembly process. With complicated internal designs, the
initial proposed chamber was difficult to be manufactured as a single unit.
Improvements were made in the second design by introducing several free components,
which could be assembled afterwards. However, once assembled, it was difficult to

place slides inside the chamber. Nevertheless, this was optimized in the final design and
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the system was successful for observing real-time digestion process.

Preliminary tests showed that although signal was lost with HBSS perfusion, not
much disturbance was caused by this mechanical impact. Quantitative analyses showed
that the signal reduced gradually against perfusion time. This was thought to be caused
by fluorophores washed-off by the solution and needed to be considered in further
experiments. To compensate this effect, perfusion with HBSS was used as controls and
all the digestion results were corrected with corresponding controlled condition.

With the immunofluorescent labelling technique, the time-course digestion
processes for some ECM proteins in pancreatic tissue was shown for the first time. Our
study showed that the protein signal intensity decreased once enzyme was introduced,
but a time lag existed between the start of digestion and the loss of protein area, which
was not observed in the control group. These results suggested that the initial enzyme-
binding stage was relatively fast and the protein was thinned or its density was lost
before the actual disappearance of protein area.

As discussed in Chapter 2, Section 2.3.2, clinical islet isolation relies heavily on
dissociation enzymes. The enzyme blend could either be self-made [186] or pursed
from various commercially available manufactures [12], [133], [136], [185]. A
complete characterization of all available enzymes and their potency in human islet
isolation seems to be impossible. Even with commercially available purified enzyme
blends, the batch-to-batch variations in efficiency are inevitable. Our perfusion system,
however, provides easy comparison for enzymes from different lots and could be used
in quality control improvement for clinical isolations.
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However, all the results obtained in this study were based on tissue sections and no
mechanical agitation was introduced during the digestion. The flowrate used was also
much lower compared to the 55ml/min used during clinical isolations. Nevertheless,
this system provides a simplified perfusion model to mimic clinical isolations. It
enables direct perfusion of enzymes over tissue sections thus allowing samples from
arbitrary regions of pancreas to be assessed. Moreover, this system enables dynamic
studies of enzymatic digestions, allowing detailed investigations on proteins digestions

and end-point determination for various donor groups.

4.5 Summary

In conclusion, this chapter has presented a method to enable studies of the time-
dependent characteristics of the digestion phase of islet isolation. A post-labelling
technique was developed and its application in enzyme digestion for specific pancreatic
ECM proteins was proved. Three designs for the perfusion chamber were proposed and
their application was discussed. With the built perfusion system, operating parameters
such as temperature and flowrate were optimized. Focusing on collagen IV, enzymatic
digestion at clinically relevant concentrations were studied. The results showed a three-
phase digestion profile, which provided valuable information for enzyme designs. With
successful real-time observation of the dynamic digestion process, further proof-of-
principle tests will be conducted in the next chapter for donors of different ages with

different enzyme combinations.
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Chapter 5

An in vitro study for the time-course effects on
pancreatic matrix digestion: age related variations of

the normal human pancreas
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5.1 Introduction

During routine clinical isolation it has been reported that higher isolation yields are
generally obtained from older donors but the isolated islets are of inferior function [101],
[156], [166], [167]. Many studies have attempted to characterize donor variables and
link these variables with isolation results but few reports are consistent [154], [157],
[158]. Following our detailed histological study for the presence of ECM proteins
around an islet in Chapter 3, it was found that age and BMI have a significant impact
on specific peri-islet proteins. This suggested that the higher yields found with old and
obese donors may be the consequence of improved digestion of these proteins [168].
Detailed investigations are thus required to determine the impact of these donor
characteristics on the islet-exocrine interface during pancreas digestion, to help
development of new specific enzymes and to improve clinical isolation yields.

As discussed in Chapter 2, Section 2.3.2, both collagenase and neutral protease
are required for an efficient and successful isolation. Various concentrations of these
two enzymes used during clinical isolations have been reported [187], [205].
Nevertheless, many report incomplete digestion from juvenile donors as their islets are
often mantled by layers of exocrine tissues [101], [166]. According to Meier [170], the
difficulty in isolating islets from these donors is not related to body weight or BMI.
Balamurugan [101] reports part of the reason arises from anatomical features of
juvenile donors and changing the enzyme delivery method helped in obtaining mantle-
free islets. Nevertheless, considerable efforts have been directed to manipulating

enzyme dosage combinations, including modifying digestion protocol and optimizing
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enzyme concentration [210], [211]. A detailed study on the digestion phase at molecular
level is thus required, not only to improve current understanding but also aid in new
enzyme formulation.

Compared to static digestion on a slide [13], [102], [208], the perfusion system
developed in Chapter 4 provides a simplified model mimicking clinical isolations.
Coupling with the pre-labelling technique, this allows a direct observation of the
digestion phase and samples from arbitrary regions of pancreas can be assessed.
Enzyme-containing solutions could be perfused directly over the pancreatic tissue
sections so that a real-time observation of the digestion phase could be achieved.

With the aim of improving current understanding of islet isolation for further yield
improvement, this chapter focuses on exploiting the newly developed chamber in the
investigation of pancreatic tissue dissociation in relation with donor age and enzyme
combinations. Using the system developed in Chapter 4, the digestion kinetics for
collagen IV and VI under three enzyme dosage combinations were investigated.
Moreover, the impact of donor age on islet isolation were investigated, which may aid

new enzyme formulation in the future.

5.2 Methodology
5.2.1 Donor pancreas characteristics

Seventeen human adult pancreases were retrieved from DBD (donated after brain

death) donors (11 male, 6 female) in Oxford, the United Kingdom, with appropriate
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consent and ethical approval obtained. All donors, as shown in Table 5.1, fell within an
age range of 24 to 60 years and a BMI range of 22 to 26, with cold ischemia times of
<18 hours. All pancreatic samples were taken from the head region of donor organs
before being snap frozen in liquid nitrogen. Three 10um samples were cryosectioned
onto Superfrost Plus slides (Thermo Fisher, UK) at -20°C. The proteins were identified

by double immunolabeling technique developed in Chapter 4.

TABLE 5.1 Summary of donor characteristics for real-time observation. (Table to
be continued in the next page)

Age (years) Sex  BMI Isolation ID Digestion involved
20 F 23 1106 Perfusion test with collagen IV, VI
24 M 25 1029 Perfusion test with collagen VI
26 M 23 1439 Perfusion test with collagen VI
27 F 23 1622 Perfusion test with collagen IV, VI
30 M 26 1511 Perfusion test with collagen 1V, VI
32 M 26 1521 Perfusion test with collagen 1V, VI
32 M 26 1564 Perfusion test with collagen IV
35 M 24 1530 Perfusion test with collagen IV
46 F 26 1222 Perfusion test with collagen 1V, VI
46 M 26 1431 Perfusion test with collagen 1V, VI
49 F 24 1610 Perfusion test with collagen IV
51 F 22 1552 Perfusion test with collagen VI

(Table to be continued in the next page)
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Age (years)  Sex BMI  Isolation ID Digestion involved
56 M 22 1534 Perfusion test with collagen IV
56 F 26 1430 Perfusion test with collagen IV, VI
57 M 26 1555 Perfusion test with collagen VI
59 M 23 1554 Perfusion test with collagen IV
60 M 25 1531 Perfusion test with collagen VI

5.2.2 Perfused digestion of human pancreatic tissue from

young and older subject with different enzyme combinations

To study the effects of donor age and enzyme combinations on pancreatic ECM
digestion, real-time observation experiments were carried out for collagen IV and
collagen VI.

Sample preparation and system set-up were the same as described in Chapter 4,
Section 4.2.4. In order to study the impact of donor age, donors were divided into young
(<35) and old (= 45) age groups (n=6 for each group). Details of donor characteristics
are listed in Table 5.1. For enzymatic digestion, Collagenase NB1 alone (Coll, 7.2
PZU/ml in HBSS), Neutral Protease NB alone (NP, 0.14 DMCU/ml in HBSS) or both
enzymes together (7.2 PZU/ml for collagenase and 0.14 DMCU/ml in HBSS) were
perfused in the dark through the chamber for 20min at 37+2°C. The enzymes were
added 2min after start of perfusion when temperature was stable and steady state was

fully achieved. Images were taken every 15s and for each condition and the digestion
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was repeated three times. Perfusion with HBSS under the same conditions were taken
as the control group.

Practical problems such as losses of focus, clogging of the system and tissue
sections being washed off were encountered. Manual adjustment was therefore applied.
Nevertheless, repeated experiments were conducted to compensate for these

fluctuations.

5.2.3 Image and statistical analysis

Qualitative and quantitative analyses were achieved with NIE Elements and Fiji
software. For quantitative analysis, the final protein quantity was calculated based on a

method developed before[13]:

Z(Intenswyprotem * ATeprotein)
Z Areaislet

Relative protain quantity = (D
This normalization was applied to exclude the effects of islet size.

To enable studies of the time-course effects, the average value for the first 2min of
perfusion was used to determine the initial protein quantity at time ¢,. The percentage
of absolute remaining protein for time t; was then calculated as:

Relative protein quantity;,

Absolute remaining protein% = - - - *100%  (2)
Relative protein quantityy,

To enable comparison of protein digestion among various donors or different
enzyme combinations, the percentage of remaining protein was introduced. This value
was used to represent protein remained sorely due to enzymatic digestion, with

mechanical impacts from perfusion excluded:
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Remaining protein% =1 —

Absolute remaining protein % ontrol, 11 — Absolute remaining protein %gigestion, r1

*100% (3
Absolute remaining protein Yocontrol, t1 63

To determine the digestion kinetics, the rate of digestion was calculated as:

Digested protein% = 1 — Remaining protein% (4)

Remianing proteint%,, — Remianing proteint%
Rate of digestion = 9P ;O . il 2 (5)
1~ to

It needs to be mentioned that with continuous perfusion and above-mentioned practical
problems, large variations were observed. This resulted in negative rate of digestion for
certain time points, which were considered as ‘0’ in further analyses

Data were expressed as mean+SD and statistical analysis was carried out using
analysis of variance (ANOVA) or repeated measures ANOVA (p<0.05 for statistically

significance) with IBM SPSS version 22 (Chicago, USA).

5.3 Results

5.3.1 Time-course study of digestion of pancreas from one

donor (ID: HP1511)

Figure 5.1 shows the typical image stacks obtained during a real-time perfusion
experiment. For enzyme perfused groups, the protein area was gradually reduced and
for some regions before it was totally removed. Furthermore, qualitative analyses show
that the intensity of the images was markedly reduced, which was also observed in the

HBSS perfused experiments.
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Figure 5.1 Images obtained during a real-time digestion experiment. (A): Collagen
IV; (B): Collagen VI. ECM protein (green) disappears from around islets (insulin in
red).
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Figure 5.2 Digestion profiles obtained for one donor sample stained with collagen
IV (A) and collagen VI (B) under different enzyme dosage combinations. Y-axis
represents the amount of protein remaining at peri-islet interface. Results shown were

expressed as mean+/-SD. As shown, the amount of protein in the control group reduced
steadily while the amount of protein reduced more significantly in the enzymatic
digestion groups. Large variations were observed during the experiments.

Figure 5.2 shows the typical digestion profiles obtained during a real-time

perfusion experiment. As shown, perfusion with HBSS resulted in gradual reduction of

the protein signal. Nevertheless, this reduction was more significant when enzymes
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were added. To compensate mechanical impacts caused by HBSS perfusion, results for
further experiments were corrected with HBSS control group, as demonstrated in
Equation (3). Digestion with collagenase alone was found to be the fastest when
compared with digestion using neutral protease or combined, although the differences
were statistically insignificant (p>0.05). Previous studies and our static digestion
experiment in Chapter 4, Section 4.3.1 showed that it was difficult to digest collagen
VI [212]. However, in our system, up to 80% of collagen VI was found to be lost, even

with collagenase alone.

5.3.2 Impact of enzyme combinations and donor age group on

the digestion of collagen IV

To further investigate the impact of enzyme combinations and age group on the
digestion of collagen IV, enzymatic perfusion experiments were conducted for 12
donors, as characterized in Table 5.1.

Figure 5.3 shows the digestion profiles of collagen IV for two age groups (young,
age<35 vs old, age >45) under three enzyme dosage combinations. When perfused with
collagenase alone (Figure 5.3 A), significant loss of protein was observed after 2min
for young donors and 1min for old donors. Nevertheless, the digestion ended at
13.75min for both donor groups. Differences between the digestion of the two donor
groups became significant after 13min (p=0.01), with only 38.41%+3.18% collagen IV
remaining in the young old group and 22.93%+3.37% collagen IV remaining in the old

donor group (p=0.001).
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When perfused with neutral protease alone (Figure 5.3 B), significant loss of
protein was observed after 1.75min for young donors and 3.25min for old donors.
Insignificant loss of protein was observed after 15.75min for young donors and 16min
for old donors. The digestion was found to be similar between the two groups (p>0.05),
with 34.96%+3.97% collagen IV remained for younger donors and 38.16%+3.76%
remained for older donors (p>0.05).

When perfused with combined enzymes (Figure 5.3 C), the loss of protein starts
at 2.75min for young donors and 3.5min for old donors, and ends at 14.25min and
16.75min for young and old donor group, respectively. Insignificant differences were
observed between the two groups (p>0.05). However at the end of digestion, 37.68%+
3.515 of collagen IV remained in the young donor group while 27.11% +2.78%
remained in the old donor group (p=0.02).

Focusing on the same data but with respect to enzymes used on samples from
young donors (Figure 5.4 A), digestion using collagenase alone was found to be the
fastest, although a significant difference was only found between collagenase and
neutral protease group (1.5 to 18.5min, p=0.05). The amount of remaining protein was
similar among all three groups (p>0.05).

Focusing on old donors (Figure 5.4 B), a similar observation was made. However,
differences were found among all three enzyme combination groups (p<0.05 for all
comparations). The amount of remaining protein was significantly higher in the neutral
protease alone group than compared with collagenase alone group (p=0.004) or
combined enzyme group (p=0.02).
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Figure 5.3 The impact of donor age (n=6 for <35 years vs n=6 for >45years) on
percentage of remaining protein for collagen IV, with different enzyme
combinations. (A): collagenase only; (B): neutral protease only; (C): both collagenase
and neutral protease. Results shown were expressed as mean+/-SD. Upward arrows
with a star represents time points when significant losses of protein were observed while
downward arrows with star represents time points when insignificant losses of protein
were observed (p<0.05).

124



Chapter 5

(A)120% W Collagenase
100% g i I ® Neutral protease
% ¥ 3 ? i ! I Combined enzymes
80% |5 i * 16} i
60% ;; i i i i
40% % I i 1 i E ; E ; 1
F IT41
2 l J’
20%
o Time (min)
" 0 10 1 20
(B) 120% B Collagenase
& v ® Neutral protease
100% § ; B f ; ¥ Combined enzymes
I IREE:
80% |5 . é ! 1
2 ;;l¥%f1
60% | 2 T T
R EY i % .
40% E f } i I f }
SRS
20% E f
Time (min)
0%
0 5 10 15 20

Figure 5.4 The impact of enzyme combinations (n=6 for each test group) on
percentage of remaining protein for collagen IV for (A): young donors (<35 years);
(B):old donors (>45years). Results shown were expressed as mean+/-SD. Data were
regrouped and plotted from Figure 5.3.

Figure 5.5 shows the rate of digestion against the percentage of remaining protein.
At the beginning of digestion, binding between enzyme and collagen IV may limit the
rate of digestion. Over time, the overall digestion speed increased. The digestion may

have been limited by insufficient amount of substrate and the rate of digestion decreased.
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Figure 5.5 The impact of donor age (n=6 for <35 years vs n=6 for >45years) on rate
of digestion for collagen IV, with different enzyme combinations. (A): collagenase
only; (B): neutral protease only; (C): both collagenase and neutral protease. Results

shown were expressed as mean values.
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Due to large variations observed in the experiments, none of the comparisons on
rate of digestion was of statistical significance. However, it was found that when
perfused with collagenase alone, the rate and extent of digestion were both higher in
the old donor group. Introducing neutral protease resulted in a reduction in the digestion
speed in the old donor group while the opposite trend was observed in the young donor
group. Nevertheless, perfusion with combined enzymes resulted in a similar pattern
between the donor groups to perfusion with collagenase alone group. Furthermore, time
to reach the maximum digestion rate was the shortest when perfused with collagenase

alone.

5.3.3 Impact of enzyme combinations and donor age group on

the digestion of collagen VI

To further investigate the impact of enzyme combinations and age group on the
digestion of collagen VI, enzymatic perfusion experiments were conducted for 12
donors, as characterized in Table 5.1.

Figure 5.6 shows the digestion profiles of collagen VI for the two donor age
groups under three enzyme dosage combinations. When perfused with collagenase
alone (Figure 5.6 A), significant loss of protein was observed immediately after 0.5min
while the digestion ended at 15.75min for young donors. Similar observation was
observed from 1.75min to 17.25min for old donors. Differences between the digestion
of the two donor groups were insignificant, with only 31.91%+3.59% collagen VI

remained in the young old group and 25.97%+1.25% collagen VI remained in the old
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donor group (p>0.05).

When perfused with neutral protease alone (Figure 5.6 B), significant loss of
protein was observed after 4.5min for young donors and 3.75min for old donors.
Insignificant loss of protein was observed after 14.25min for young donors and 15.5min
for old donors. The digestion was found to be similar between the two groups (p>0.05),
with 37.38%+3.16% collagen VI remained for younger donors and 33.13%+4.12%
remained for older donors (p>0.05).

When perfused with combined enzymes (Figure 5.6 C), the loss of protein started
at 4.5min for young donors and 3.5min for old donors, and ended at 15min and
12.75min for young and old donor group, respectively. Insignificant differences were
observed between the two groups during the digestion (p>0.05). However at the end of
digestion, 43.50%+4.35% of collagen VI remained in the young donor group while
34.50%+5.85% remained in the old donor group (p=0.02).

Focusing on young donors (Figure 5.7 A), digestion using collagenase alone was
found to be the fastest, although only insignificant differences were observed (p>0.05).
At the end of digestion, the amount of remaining protein was lower in the collagenase

alone group when compared with combined enzyme group (p=0.05).
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Figure 5.6 The impact of donor age (n=6 for <35 years vs n=6 for >45years) on
percentage of remaining protein for and collagen VI, with different enzyme
combinations. A): collagenase only; (B): neutral protease only; (C): both collagenase
and neutral protease. Results shown were expressed as mean+/-SD. Upward arrows
with star represents time points when significant losses of protein were observed while

downward arrows with star represents time points when insignificant losses of protein
were observed (p<0.05).
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Figure 5.7 The impact of enzyme combinations (n=6 for each test group) on
percentage of remaining protein for collagen VI for (A): young donors (<35 years);
(B):old donors (>45years). Results shown were expressed as mean+/-SD. Data were
regrouped and plotted from Figure 5.6.

Focusing on old donors (Figure 5.7 B), similar observation was obtained, where
the digestion seemed to be faster with collagenase alone group. However, differences
caused by the three enzyme combinations were found to be of statistically
insignificance (p>0.05). At the end of digestion, the amount of remaining proteins was

also similar in all three groups (p>0.05).

130



Chapter 5

(A

e

Rate of digestion (%/min)

(B)

Rate of digestion (%/min)

©)

Rate of digestion (%/min)

® Young ®0ld
2.5%
]
2.0% @
[
1.5% o ® . ° e ° .0
[ ] ]

1.0% ° ]

[ ] ° °

[ ]
0.5% ] ] )
Digested protein%o

0.0% & ® L *—0 @ @

0% 10% 20% 30% 40% 50% 60% 70% 80%

®
2.5% °
2.0% .. ] .
1.5% ¢ @ ®
1.0% ° .
0.5% e o
0.0% ® e ° ‘ e e oo e Digested protein %

0% 10% 20% 30% 40% 50% 60% 70% 80%

2.5% ®
2.0% ° ¢ °
P o e )
1.5%
0 ® °
1.0%
® ®

[ ]
0.5% o ®
0 P ) °
0.0% ® ° o IS

0% 10%  20%  30%  40%  50%  60%  70%  80%

Digested protein%

Figure 5.8 The impact of donor age (n=6 for <35 years vs n=6 for >45years) on rate
of digestion for collagen VI, with different enzyme combinations. (A): collagenase
only; (B): neutral protease only; (C): both collagenase and neutral protease. Results
shown were expressed as mean values.

Figure 5.8 shows the rate of digestion against the percentage of remaining
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collagen VI, fitted to polynomial equations. Due to large variations observed in the
experiments, none of the comparisons on rate of digestion was of statistical significance.
Nevertheless, similar observations to the digestion of collagen IV were obtained. The
rate and extent of digestion were both higher in the old donor group when perfused with
collagenase alone. However, the opposite trend was observed when perfused with
neutral protease. Perfusion with combined enzymes resulted in a similar pattern

between the donor groups to perfusion with collagenase alone group.

5.4 Discussion

The digestion phase is one of the key areas for improving islet isolation success rates.
With the increasing demand in islet transplantation, there is an urgent requirement to
obtain a thorough understanding of this process. In Chapter 4, we developed a method
for real-time observation of enzymatic digestion process. To further explore this and to
answer clinically relevant questions on donor-related variations, this chapter continued
the study of the time-course effects of enzymatic digestions. To the best of our
knowledge, this is the first study of the dynamic enzymatic digestion process of
pancreatic tissue at molecular level with relation to physiological variables.

Following our experiments in Chapter 4, collagen IV and collagen VI, two ECM
proteins representing basement membrane and stromal ECM proteins, were chosen as
their digestion was not interfered with by the pre-labelling technique. Collagen IV is a
network collagen and has been reported as the main composition of basement

membrane [90]. Collagen VI has been identified as one of the major stromal ECM
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proteins at islet-exocrine interface [80] and is resistant to collagenase digestions [213].

With this technique we observed the digestion of collagen VI with collagenase
alone. Part of the reason was attributed to the continuous perfusion of the system. In
Chapter 4, we found the proteins was firstly thinned before the reduction of protein
area was observed. With continuous mechanical impacts of perfusion, these thinned
proteins might be easier to be torn apart. This applies not only to collagen VI but also
to other peri-islet proteins. As a consequent, although only collagen VI was labelled, its
loss was affected by other proteins surrounding the islets as well. In fact, the digestion
of collagen IV and collagen VI was not significantly different from each among all
tested groups.

The real-time perfusion system also enabled studies on the rate of digestion during
the process. As shown in Figure 5.5 and 5.8, upon binding to the substrate (100%
remaining protein and 0% digested protein), enzymatic digestion started at a relatively
low rate. With increased exposure of substrate to the enzymatic environment, the rate
of digestion continued to rise until maximum rate of digestion was achieved. The
progress of digestion resulted in a reduction of available protein. The rate of digestion
was therefore limited by this reduced substrate concentration, as suggested by
Michaelis-Menten model. Although reaction constant could not be calculated due to
large variations, comparisons using fitted models provide a potential method for
enzyme evaluation.

Similar to previous chapters, large variations were also observed during the
analyses. As suggested in Chapter 3, the intrinsic variations among and within humans
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lead to difficulties in reaching statistically significant results. Moreover, although
manual adjustment of focus and careful operations were conducted, digested tissue
samples were easily washed off, which may affect the ECM structure in the area of
interest. Further to this, to achieve comparison among different experimental conditions,
the digestion results were normalised to the control group, which resulted in
propagation of error. All these variations were considered in the interpretation of the
results.

Previous studies have shown the introduction of collagenase and neutral protease
could accelerate the digestion process [12], [206]. A very recent study focusing on
young donors by Balamurugan group shows a positive correlation between mantle-free
islets and increased enzyme dosage [205]. Within a “trisected” pancreas model, a
threefold increase of collagenase concentration from 20 units/gram pancreas to 60
units/gram pancreas resulted in a 5% decrease of mantled islets. Interestingly, a fivefold
increase of neutral protease led to a more significant reduction of mantled islets from
60% to 17%. The results were confirmed in 13 whole pancreas islet isolations and the
ability of isolated islets in reversing diabetes was demonstrated. Nevertheless, the group
didn’t propose any potential causes for the differences between the two enzyme groups.

Here, it suggests that collagenase alone resulted in an early start of uncontrolled
digestion compared with a combination of collagenase and neutral protease, suggesting
a controlling effect of Neutral Protease. It suggested that when only collagenase is
present, digestion of pancreatic tissue starts directly from the breakdown of collagens,
but when neutral protease is introduced, a competition between the two enzymes may
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take place thus lowering the efficiency. For collagen IV, introducing neutral protease
also resulted in prolonged digestions. However, this was not observed in the digestion
of collagen VI.

The impact of donor age was found to depend heavily on enzyme blends. When
only collagenase was perfused, greater extent of digestion was found in older donors,
although significant differences were observed only for collagen IV. Analysis on the
rate of digestions revealed that digestion in pancreatic tissue from old donors were
usually faster than that from young donors. The difference could potentially be caused
by a change in the composition and quality of ECM proteins in relation with donor age.
In Chapter 3, we reported a decreasing trend in collagen IV and collagen VI in older
donors. Consequently, although the digestion in older donors were more thorough, the
total amount of protein digested might be less or equal to that for younger donors.
Furthermore, glycation of collagens, which results in deteriorated proteins and is
expected to more prevalent in old people [214], might also contribute to the difference
in rate of digestion.

When neutral protease was introduced, the above-mentioned trends were distorted,
suggesting the competition between the two enzymes might dominant in digestion thus
reducing the impact caused by donor age. For combined enzyme preparations, greater
extent of digestion was always observed in older donors, which complies with clinical
observations, where old donors tend to result in higher rate of successful isolations.

With the same dosage of enzymes, successful isolations are more easily obtained
with old and overweight donors, while young and lean donors tend to result in poor
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isolation with low purity [101], [156], [166]-[168]. Considering the competing nature
of enzymes involved, this proves that clinical isolations could benefit from perfusion
of collagenase ahead of the introduction of neutral protease, as suggested by Edmonton
group [180], [215]. For further improvements of isolation yield for this donor group, a
change or tailored enzyme dosage pattern for specific donor groups might be required.
However, with large variations of donor characteristics, it is impractical to find an
optimal enzyme dosage combination for each individual donor. Prolonging the
digestion sounds more feasible, but this requires prompt removal of early-released islets

to avoid further fragmentation.

5.5 Conclusion

In conclusion, we have successfully developed a method to enable detailed studies of
‘real-time’ pancreas digestion. With a focus of collagen IV and collagen VI, it is found
that digestion is the fastest when only collagenase is involved. With the introduction of
neutral protease, a competing effect is observed. Donor age leads to differences in
digestions when perfused with collagenase, potentially caused by glycation of collagens.
The results suggest that a change in enzyme dosage combination or prolonging the
digestion time should be conducted in younger donors for optimized human islet
isolation and consistently better islet yields. Considering the time and effort required to
find optimal enzyme dosage pattern for each individual donor, prolonging the digestion

is more feasible and practical. This calls for prompt removal of early-released islets,
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which is currently absent in clinical isolation. For this purpose, a new bioreactor with

an early-separation system was built and tested in the next chapter
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Chapter 6

Development of a novel bioreactor with an early
separation system to protect isolated islets against

fragmentation in prolonged isolations
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6.1 Introduction

As mentioned in Chapter 2.4.2.3, research focusing on the improvements of digestion
process and device design is relatively limited. For pancreas digestion, the fine collagen
framework separating the exocrine and endocrine components can be removed by
intraductal injection of collagenase. For thick interlobular and ductal framework,
further mechanical agitation can be used to accelerate the breakdown process.

A turning point for clinical islet transplantation in its early stage was the
introduction of an ‘automated’ process, as shown in Chapter 2, Figure 2.8 [216]. In
the Ricordi system, this was achieved by introducing glass ball bearings into the
chamber to impact on the pancreatic tissue under vigorous shaking. Although this could
enhance the dispersion of pancreatic tissue, the method is designed based on grinding
[14] or particle size reduction mechanism rather than using any separating technique.
Consequently, it is not ideal for breaking down fibrous tissue like pancreatic ECM [15].
Moreover, islets could potentially be damaged due to the battering between ball
bearings and the tissue, which may result in necrosis of the tissue, reduced islet size
and potentially impaired islets viability and functionality.

In Chapter 4 and 5 we revealed that a time lag exists between the start of digestion
and the release of islets following an initial enzyme-binding stage. This suggests that
with the progress of digestion, the number of released islets would increase
exponentially, and the early-released islets would face not only mechanical impact but
also a toxic enzymatic environment [178]. This calls for a system with improved

controllability, where early-released islets could be separated and protected from
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fragmentation.

As discussed in Chapter 2.4.2.3, two improved designs, the Oxford chamber [15]
and the MCT system [189] were proposed. The first design tackled improving
mechanical destruction of the tissue while the latter one aimed for early separation of
isolated islets. However, for the Oxford chamber no clinical results have yet been
reported and the system still faces the problem of a harmful enzymatic environment for
released islets. For the MCT system, although early-released islets were separated and
protected from toxic enzymatic environment, the process was designed for mice
pancreas digestion and worked in batch mode. Another study on the gradual removal
of released islet for clinical islet isolations was conducted in 2003 [217]. After
observing free intact islets, 75ml solution was manually extracted from the circuit and
centrifuged to separate isolated islets. Although the isolation yield was significantly
higher with this method, continuous extraction and centrifugation were required during
the digestion phase. Furthermore, intervention of the system also increases the risk of
contamination. Consequently, an automated system with a large capacity is desired.

Pig pancreases are favoured in diabetes research and islet transplantation. Part of
the reason is the high similarity of their insulin structural properties to those from
human [137], as well as being readily available from slaughterhouses. Further to this,
porcine islets are much more fragile and the dissociation process is relatively rapid
[218], making them attractive in studies involving early separations.

With the aim of improving the current islet isolation technique for further yield
and greater viability, this study focuses on designing a new bioreactor for the digestion
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of the islet-exocrine interface that could be potentially used in clinical isolation centres.
To avoid massive mechanical impact, a mastication bag with internal spiky plates was
designed. Several prototypes for the early separation system were designed and
compared. The final design was settled on, and the prototype was assessed for

enzymatic digestion using pig pancreas in proof-of-principle experiments.

6.2 Methodology
6.2.1 Design & build of the digestion system
6.2.1.1 Mastication bag

Clinical isolations use rigid Ricordi chambers, which cannot be altered to fit the shape
of pancreatic tissues. As a result, extra enzyme solution is required to fill the entire
chamber to ensure the tissue is fully immersed. A better fitting of the digestion chamber
to the pancreatic tissue could therefore reduce the total volume of recirculating solution
or enzyme required. In addition, replacing the expensive solid chamber with disposable
products could also avoid problems in sterilization. For this purpose, a deformable
mastication bag to hold pancreatic tissue was designed.

The first design of mastication bag consisted of two pieces of PVC sheet heat
welded while the top side could be clipped once the tissue was placed in. A solution
circulation port was designed and heat-bonded to the bag so that additional enzymes
could be added at any required time point (Figure 6.1). This allowed flexible enzyme
dosage pattern if prolonged digestion was required. The port was prepared by pouring
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10:1 wt/wt PDMS (Sylgard® 184 Silicone Elastomer, LOT: 0007466100, Sigma,
United Kingdom) and elastomer (Sylgard® 184 Silicone Elastomer Curing Agent,
Batch No. HO52H8R006, Sigma, United Kingdom) into a specially made mould and
then solidified in an oven at 60°C for 2 hours.

However, difficulties were found in assembling the mastication bag by simple
heat-welding. Leakages were found at the connection of the solution circulation port.
Consequently, a commercially available hydration bladder water bag was used to hold
the tissue. A bespoke cap (Figure 6.2) was designed for tube connection and sampling
as well as to avoid leakage. The cap was 3D-printed with Formlabs® Clear Resin or
Durable Resin using a Formlabs® Form 2 SLA 3D Printer and double washed in ethanol
for 10min. The top side of the bag could be clipped once tissue samples were placed in.

The outlet tube was surrounded by a Nylon mesh bag.
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@ E—

Figure 6.1 Solution circulation port. (A) & (B): schematic design of the PDMS mould;
(C): final product of the mould; (D): final product of the solution circulation port, holes
are left for solution circulation and sampling ports. All measurements were made in mm.
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Figure 6.2 Bespoke cap. (A) & (B): schematic design of the cap; (C): Three-view
drawing of the Bespoke cap. Rubber band was placed inside the cap for sealing. The
four ports were designed for recycling solution in/outlet, sampling and enzyme addition
for mastication bag and for recycling solution in/outlet, wash stream in/outlet and
sampling point. All measurements were made in mm.

6.2.2.2 Internal designs

In order to accelerate tissue dissociation, two iterations of mastication plates were also
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3D printed with Formlabs® Durable Resin, as shown in Figure 6.3 and Figure 6.4. The
Christmas-tree-like spikes act as barbed hooks which could help to tease apart the tissue
and release isolated islets. This design would also help to avoid massive mechanical
impact and the released islets could thus be kept integrate. With pressing, the bag could
be squeezed, and the plates could ‘bite’ together to provide mechanical agitation. The

initial design was composed of only 24 10mm-long spikes.

( A) 70

06060
0060
60060
0660
0000
il

100

Figure 6.3 Initial design of the mastication plate. (A): Engineering drawing of the
initial design of the mastication plate; (B): schematic drawing of the initial design; (C):
product of the initial mastication plate with spikes enabling ‘biting’ of the plates. All
measurements were made in mm.
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Figure 6.4 Improved second design of mastication plate. (A): Engineering drawing
of the improved design of the mastication plate; (B): engineering drawing of the spikes;
(C): 3D-pinted mastication plate; (D): ‘biting’ of the plates. All measurement was made
in mm.
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As shown in Figure 6.4, the improved design provides much denser spikes of
varying lengths. Small holes throughout the plates (Figure 6.4 A) and spikes (Figure
6.4 B) were also incorporated which could help local fluid mixing and circulation.
Springs were attached to the plates to avoid excess compression movement and provide
the repulsion force pulling the spikes out from the tissue.

A ‘leaky’ one-way valve was also designed to regulate the flow direction and to
provide back-wash solution for the filters (Figure 6.5). The valves were printed with
Formlabs® Clear Resin and rubbers were placed in the chamber and fixed with the
printed screw. The two parts of the valve were held together by screws and sealed by a

layer of rubber sheet.
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Figure 6.5 ‘Leaky’ valve design. (A): Schematic design of the ‘leaky’ valve; (B): 3D-
printed and assembled product; (C): Three-view drawing and dimensions of the ‘leaky’
valve. Rubbers were placed in both chambers to allow one-way flow of the fluid. For
the outlet chamber, the rubber was not tightly fixed so that small stream of flow could
be injected back to the mesh bag for back wash.

6.2.3 Design & build of the early separation system

An early separation system was designed to protect isolated islets from harmful

enzymatic solutions to avoid further fragmentation. The size range of early-released
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islets was determined based on average islet diameter (150um) and the smallest
counting diameter in standard IEQ calculation (50um). It is true that cell clusters larger
than 150pum might also be islets rather than exocrine tissue and if left in the solution,
might be fragmented. To compensate this and to avoid clogging, Nylon meshes with
slightly larger mesh size (400um and 200um) were used. Three designs were proposed

for the early separation system (see below).

6.2.3.1 Hydrocyclone

Figure 6.6 shows the schematic view of the hydrocyclone system designed based on
centrifugation. In brief, a 400pm Nylon mesh bag was used to hold pancreatic tissue.
Fluid was recirculated through the system using a rotary pump and cell clusters were
separated from the main solution by the hydrocyclone. Concentrated solution was then
filtered with a 200pm Nylon mesh. Solution passed through the filter could then join
with the overflow of hydrocyclone and be recycled back to the mastication bag. The
collected cell clusters were accumulated in the ice cooling zone where enzymatic

activities were quenched.
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Figure 6.6 Schematic view of the hydrocyclone system.

6.2.3.2 Filtration bag

Figure 6.7 shows the schematic view of the tank system design based on simple
filtration. In brief, a 400um Nylon mesh bag was used to hold pancreatic tissue while.
Fluid was recirculated through the system using a rotary pump and cell clusters were
separated from the main solution by a 200um Nylon mesh bag. Cell clusters
accumulated were dropped down to the ice cooling zone where enzymatic activities
could be stopped. The liquid would pass through and be recycled back to the mastication
bag. For further improvement, several filtration bags could be run in cascade, with

Nylon mesh bags of different sizes.

150



Chapter 6

Neutral Protease port

Collagenase port Redirculating flow

400um mesh bag

Mastication plate

Pancreatic tissue ——|

\¥ 200um mesh bag

Ice cooling zone

Figure 6.7 Schematic view of the filtration bag system

6.2.3.3 All-in-one system

Figure 6.8 shows the schematic view of the all-in-one system design based on simple
filtration. In brief, a 400um Nylon mesh bag was used to hold pancreatic tissue. A
syringe pump was used to recirculate fluid through the system and a 200um filter would
be placed at the outlet of the mastication bag. A sponge placed at the bottom of the bag
was used to collect and trap isolated cell clusters from the main solution. Once most of
the solution was sucked out of the bag, cell clusters would then be trapped and
accumulated in the sponge. Once the fluid was injected back into the bag, the sponge
would fall into the ice cooling zone where enzymatic activity could be quenched. A
‘leaky’ one-way valve was placed at the outlet of the mastication bag thus when fluid

is injected back into the bag, a small portion of it could be used as back-wash solution
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for the 200um filter. For further improvement, a small stream of buffer solution could
be introduced to the sponge area to reduce the local enzyme concentration.

Neutral Protease port

Collagenase port Recirculating flow

Syringe
pump

§§¥ Leaky valve

>

400um mesh bag

Mastication plate

.
Pancreatic tissue ———

Sponge
(Islet collecting pot)

Ice cooling zone W 200um mesh bag

Figure 6.8 Schematic view of the all-in-one system

6.2.4 Set up of the bioreactor

For temperature control, a self-built system with a 3 wire PT100 temperature sensor
(RS Components Ltd., United Kingdome) and a silicone heater mat (RS Components
Ltd., United Kingdome) was used. An Arduino Uno board (Arduino, Italy) with LCD
interface (Cool Components, United Kingdom), was used to achieve precise PID
control. The circuit is shown in Figure 6.9 and the system was attached to the

mastication bag.
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Figure 6.9 Circuit diagram of the PID temperature controller.
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Comparison and analyses of the filtration system and ‘all-in-one’ system were
made. Leak testing and temperature control testing (n=3) were conducted for the
filtration bag system and the ‘all-in-one’ system without the pancreatic tissue. Briefly,
the two systems were filled with 37°C Gibco Phosphate-buffered saline (PBS,
ThermoFisher, United Kingdom) and placed in a 37°C chamber. Two MCP Standard
Digital Peristaltic Pumps (Ismatec, Germany) were used to perfuse PBS through the
filtration bag system for 30s every 2min while a Aladdin AL300-220 syringe pump
(World Precision Instruments, United States) with a 50ml syringe (BD Plastipak, UK)
was used to perfuse PBS through the ‘all-in-one’ system once every 2min. After 20min,
temperature in the mastication bag was recorded and compared. Based on the results, it
was decided that further experiments would be carried out with a modified filtration

bag system. Figure 6.10 shows the flow arrangement for the designed system.

Mastication bag

Filtration bag Final collection point

- =
e TR
Mastication ‘
plate
4
- Cold PBS

400um Filter bag 200um Filter bag
|q lce Bath -|

Figure 6.10 Schematic diagram showing the flow arrangement within the
bioreactor. Solution flow is controlled by peristaltic pump and leaky way as mentioned
above.

Figure 6.11 shows the actual set-up of the bioreactor. Briefly, a 1500ml
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thermoplastic urethane bladder bag (Outdoor Local Lion, China) was used to as the
mastication bag while a 1000ml thermoplastic urethane bladder bag (Outdoor Local
Lion, China) was used as the filtration bag. 200pm and 400um Nylon monofilament
filter bags (Cole-Parmer, United Kingdom) were used to separate isolated cell clusters
in the desired range. The mastication bag and filtration bag were connected using
Masterflex L/S 16 C-Flex tubing (Cole-Parmer, United Kingdom) and two MCP
Standard Digital Peristaltic Pumps (Ismatec, Germany) were used to circulate solution

through the system.

Figure 6.11 Spatial arrangement of the bioreactor. Red: mastication bag with
mastication plates and 400pm nylon mesh bag; Blue: filtration bag with 200um nylon
mesh bag; Green: final product collection.

6.2.5 Pig pancreas digestion

Nine pig pancreases were retrieved from Long Compton Abbatoir, Shipston-on-Stour,
the United Kingdom, with appropriate consent and ethical approval. All pigs fell within

an age range of 50-55months and weight range of 50-60kg. Porcine pancreases were
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placed in 4°C PBS solution (ThermoFisher, United Kingdom) and transported in an ice
box. The warm ischemia times were kept within one hour and the cold ischemia times
were less than 24 hours. Details of all the pigs and experimental arrangement are listed
in Table 6.1.

As pancreases were not processed and procured in an aseptic environment,
contaminations, sometimes even faecal contaminations were observed. Although
excessive washing with antibiotic antimycotic solution (Sigma Aldrich, UK) was
conducted, the culture of islets proved to be difficult. Almost all islets died 12 hours
after culture. Consequently, no further comparison on the purity, viability and recovery
of cultured islets could be carried out.

To test the performance of this bioreactor, digestion with pig pancreas was
conducted (n=3). Isolating solution was composed of Hank’s Balanced Salt solution
(HBSS, Sigma Aldrich) with 15mM CaCl; (Sigma Aldrich). The solution was filter-
sterilized through a 0.22um filter and adjusted to pH 7.2—-7.4 prior to storage at 4°C

until use.

TABLE 6.1 Pig characteristics for bioreactor performance test. (Table to be
continued in next page)

Age Pig Pancreas Digestion
Isolation  Breed (mor?ths) Sex  Weight weight chamber
ID (kg) (9) involved
1 Lop 4 Female 55 207 Bioreactor
Sandy
2 5 Female 50 62 Bioreactor
& Black

(Table to be continued in next page.)
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Age Pig Pancreas Digestion
Isolation  Breed (mor?ths) Sex  Weight weight chamber
ID (kg) (9) involved
Sandy
3 5 Female 50 61 Bioreactor
& Black
Large
4 5 Female 65 177 Bioreactor
White
Large
5 5 Female 55 104 Bioreactor
White
Large
6 5 Female 60 147 Bioreactor
White
Large Ricordi
7 5 Female 60 121
White chamber
Large Ricordi
8 5 Female 55 108
White chamber
Large Ricordi
9 5 Female 60 139
White chamber

After removing the extraneous tissue and cannulation of the duct, Collagenase
NB1 (6.77U/ml in HBSS, Serva) and Neutral Protease (NB, 0.14U/ml in HBSS, Serva)
was injected into the ducts. The pancreatic tissue was then placed between the spiky
plates in the mastication bag. After addition of 200ml of HBSS solution, the bag was
sealed at the top.

For the first 10min, pancreatic tissue was digested in the mastication bag at 37°C

with manual pressing of the bag. 1ml samples were taken from the bulk solution as well
157



Chapter 7

as from the 400um Nylon mesh bag at 5 and 10min to monitor the digestion process.
After 10min of digestion, solution was recirculated through the filtration bag for 90s
and stopped before a 30s back wash from the collection point took place.

Samples were taken at the end of PBS wash from bulk solution in the mastication
bag, 400um Nylon mesh bag, residual solution in filtration bag, 200um Nylon mesh
bag and the final collection point. Due to the difficulties in prompt analyses of free
islets, the digestion lasted for 35min for each test. The system was then stopped and the
collected digest was diluted with approximately 1L of room temperature PBS. The
digest was collected in 250ml conical tubes and centrifuged at 1500 rpm for 10 min.
All centrifuged pellets were then washed and recombined in PBS solution three times.
Iml of sample was taken for postdigestion islet size, purity and viability comparison

To compare the effects of the bioreactors with traditional Ricordi chamber,
digestion with a Ricordi chamber was also conducted (n=3 for each group).
Collagenase-perfused pig pancreas was chopped into 4 pieces and digested with
collagenase and neutral protease at 37°C. The pancreases used for the two groups were
matched for breed, age, sex, pig weight and cold ischemia time. 1ml of sample was
taken at 5 and 10min and every 2.5min till 35min. The digest was collected and treated

using the same method as above.

6.2.6 Postdigestion analysis

For postdigestion islets, viability was determined using Trypan blue, which stains dead

cells blue while viable cells remain unstained. Briefly, 100ul of sample was mixed with
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100l of 0.4% Trypan blue (Thermofisher, United Kingdom) and imaged with a Nikon
TS100 microscope (Japan).

The size distribution, yield, purity and morphology of islets was determined with
dithizone (Sigma Aldrich, United Kingdom) staining and assessed manually. For islet
yield, measurements were made based on the criteria established at the Second
Congress of the International Pancreas and Islet Transplantation Association [219]. In
short, the diameter of individual islets would be directly measured manually and
categorized according to their diameters within 50-pum increments. The number of islets
in each category was then multiplied by a related factor that converts the islet number
and diameter category to islet equivalent (IEQ) for yield calculation. For islets of
irregular shape, the equivalent diameter with same area was used for further analyses.

For statistical analysis, results from both methods were compared. Data were
expressed as meantSD and statistical analysis was carried out using analysis of
variance (ANOVA) or t-test (p<0.05 for statistically significance) with IBM SPSS

version 22 (Chicago, USA).

6.3 Results
6.3.1 Bioreactor design

The bioreactor was designed to reduce mechanical battering as well as to achieve
controllable enzyme introduction and early separation of released islets. For this

purpose, a mastication bag with two spiky plates (Figure 6.4) was designed. Compared
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to a solid device, bags are more flexible and could easily fit to the shape of internal
designs. This could reduce the total volume and minimise enzyme requirement. Further
to this, bags could be disposed after usage and avoid the need of complex sterilization.

The use of spiky plates instead of marbles introduces shearing forces aiding the
dissociation of lobular fibrous tissue. To hold the pancreas in place, spikes of different
lengths were used. Shorter spikes were arranged at the bottom thus once the pancreas
tissue is placed in, the plates could form a Y-shape to hold the pancreas while enabling
compression of the plates. Long and sharp spikes are preferable as they could easily
pierce into the tissue and tear it apart. However, those spikes are more fragile and could
be easily broken during digestion process. For this purpose, a flat bottom was adopted
for each spike and a Christmas-tree like arrangement was used to increase total spike
numbers. Manual compression of the plate results in mechanical agitation and in this
way the Christmas-tree-like spikes could tear the tissue apart. Small holes throughout
the spikes would also assist local fluid distribution thus help the digestion of pancreatic
tissue.

Difficulties were encountered in the design of the separation system. The most
straightforward idea was to introduce centrifugation forces, as used in purification
process. For this purpose, a hydrocyclone system based on centrifugation was proposed.
However, it was believed to be the most complex and least feasible design. Not only
does it require delicate pressure control for cell separation, but also a subsequent
filtration system to collect separated islets. Pumping fluid was also difficult, since the
overflow of hydrocyclone would be of positive pressure while the filtration system may
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require excess pressure drop for smooth fluid flow. Introducing another pump between
the two systems may result in low separation efficiency or by-passing of the unit. No
back wash would be provided for the system thus the filter could be blocked relatively
easily. Moreover, multiple units would increase total volume and thus increase
operational cost for enzymes. Therefore, this design was abandoned for further
experiments.

Compared to the hydrocyclone system, the filtration bag system provided a much
easier and simpler approach. The initial idea was to have tubular Nylon mesh bags
attached to the inlet tube and cell clusters accumulated could be dropped into a bag
placed in the ice cooling zone. However, it was found that with perfusion, mixing and
heat transfer within the filtration bag could take place, resulting in poor temperature
control. As a result, a modified version was used, as shown in Figure 6.10.

The all-in-one system was an improved version compared to the filtration tank
system. The idea was to integrate all the units into the mastication bag. This could help
to reduce heat loss during recirculation and the total volume of the system. The sponge
to trap cell clusters could be a porous scaffold with further coatings of proteins like
collagen IV or laminin to protect released islets. Moreover, the ‘leaky’ one-way valve
provides backwash of the system thus blocking is believed to be minimised.

Problems like heat loss and clogging are expected during recirculation and cold
PBS wash. A PID temperature control system was therefore used to maintain the
temperature in the mastication bag at 37°C (Figure 6.9). Compared to conventional by-
pass heating circuit used in clinical isolations, the PID system provides a moderate but
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direct control of the temperature as well as reduce volume required for by-pass heating.
As for clogging, backwash provided by the ‘leaky’ one-way valve was used. Filter bag
instead of filter screen was also used to improve surface area and to avoid complete
clogging of the system.

Preliminary leakage and temperature tests were conducted for the filtration and
‘all-in-one’ system where temperature control was found to be a problem in the latter
design. As shown in Figure 6.12, the temperature for the ‘all-in-one’ system was
always lower than 35°C. Consequently, the filtration tank system was used for the
digestion experiments.

50
40

30

Temperature (oC)

20

10

0
Filter bag system All-in-one system

Figure 6.12 Results for temperature control test for the filtration system and ‘all-
in-one’ system. Experiments were conducted by perfusion prewarmed PBS through the
system. No pancreatic tissue was placed in the system for temperature control test.

6.3.2 Pig pancreas digestion

To test the performance of the bioreactor, pig pancreases were digested with the new
bioreactor (n=3, isolation 1D 1-3). With observation of free islets, the performance of

this bioreactor was compared with traditional Ricordi chamber (isolation 1D 4-9). As
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shown in Table 6.1, the pancreases used for the two groups were matched for breed,
age, sex, pig weight and cold ischemia time. All experiments were conducted at 37°C
with 6.77U/ml collagenase and 0.14U/ml neutral protease.

Figure 6.13 shows the pig pancreas after procurement, fat and connective tissue
removal and enzymatic digestion. As shown in Figure 6.13 (A), fresh pig pancreases
obtained directly from the abattoir were covered with fat and connective tissue. Efforts
were put to carefully remove these extraneous tissues, leaving only pancreas for further
tests (Figure 6.13 B). For enzyme injection, the pig pancreases were generally cut into
2-4 pieces to find the pancreatic duct. Pieces of tissue were then put between the
mastication plates in the mastication bag. After introduction of HBSS the bag was
sealed from the top. Manual compression of the bag was performed to provide
mechanical agitation and to help tearing of the tissue.

After 35min of digestion, the pig pancreases were significantly thinned, as shown
in Figure 6.13 (C). Small pieces of tissues torn from the pancreas were found on the
mastication plates and the 400um bag (Figure 6.14). Nevertheless, problems like

significant clogging were not observed in all the experiments.
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Figure 6.13 Pig pancreas for digestion experiment. (A): fresh pig pancreas obtained
from the abattoir, covered with fat and connective tissue; (B): pig pancreas after
dissection of fat and connective tissue; (C): pig pancreas residue after digestion.

Figure 6.14 Tissue residue left in bioreactor. (A): tissue residue left on the
mastication plate. The tissue was teared off from the main body under the shearing
forces caused by plate movement; (B): tissue residue left on the 400pum bag.

To observe the isolation outcome, dithizone was used to stain islet for morphology,
purity and size distribution analyses. Figure 6.15 shows free islets in the mastication
bag during digestion. Compared to Smin after digestion, more free islets were observed
found at 10min. Further to this, as free cell clusters were continuously transported to
the collection point, the number of free islets in the mastication bag remained almost
constant. On the contrary, at the collection point, a steady increase of free islets was
observed, as shown in Figure 6.16. Overall, the bioreactor allowed the separation of

more than 100,000IEQ islet with >38% purity.
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Figure 6.15 Free dithizone-stained islets isolated from mastication bag at (A): Smin;
(B): 10min; (C): 15min; (D): 25min. Layers of connective tissue were also observed
suggesting incomplete digestion (arrowheaded). Scale bar = 50pm.
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Figure 6.16 Free dithizone-stained islets isolated from collection point from the
designed bioreactor at (A): 15min; (B): 20min; (C): 25min; (D): 30min. Layers of

connective tissue were also observed suggesting incomplete digestion. Scale bar =
S50pum.
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With the observation of free islets, the performance of bioreactor was then
compared to Ricordi chamber (n=3 for each group, isolation ID 4-9). The weight and
cold ischemia time of pancreas allocated to each experiment were managed to be the
same (p>0.05). Unlike what was observed by Gray et al.[15], digestion of pig pancreas
was achieved with Ricordi chamber (Figure 6.17). The performance of the two methods

are shown in Table 6.2.

@) ®

° ‘ .

Figure 6.17 Free dithizone-stained islets isolated from both methods. (A): Free
islets isolated using Ricordi chamber; (B): Free islets isolated using the bioreactor.
Scale bar = 50um.

As shown in Table 6.2, about 50% of the pancreas were digested using the two
methods. Insignificant differences were found for purity and viability (p>0.05) while
IEQ and IEQ/g pancreas were slightly higher using the bioreactor (p=0.03 and p=0.05
respectively). Nevertheless, a significant increase of islet number was found using the
Ricordi chamber (p<0.01), suggesting islets obtained in this group were generally
smaller. In fact, as shown in Figure 6.17 (A), most islets obtained using this device
were <50pm and were discarded for IEQ calculation. Figure 6.18 shows the islet size
distributions from both methods. It is apparent that isolations using the traditional

device results in relatively small islets (p<0.01). Detailed performance for each
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isolation can be found in Appendix 7.3.

Table 6.2 Performance of bioreactor and Ricordi chamber. Asterisks represent
p<0.05 (*) and p<0.01 (**) respectively.

Bioreactor Ricordi chamber p-value
CIT (h) 7.3+1.5 7.3+2.5 p>0.05
Pancreas weight (g) 143+37 122+16 p>0.05
Digested tissue (%) 50+4 49+3 p>0.05
Yield (*1,000 IEQ) 221450 162450 p<0.05 *
Islet number (*1,000) 40+8 78+4 p<0.01 **
IEQ/g Pancreas 1533+70 1332480 p<0.05 *
Purity (%) 55% 55% p>0.05
Viability (%) 42%+4% 43%+6% p>0.05
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Figure 6.18 Size distribution of free islets for both methods. As shown, most islets
fell in the 50-100pm, which is in accordance with previous studies [226]. Compared to
islets isolated using the Ricordi chamber, there are more 100-200um islets isolated
using the new device (p<0.01).
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6.4 Discussion

Although decades have passed since the introduction of Ricordi chamber, the isolation
of islets was still conducted using the same device and method. Improvements have
been made for enzyme dosage and purification [133], but there has been little research
focus on the device itself. With the increasing demand in islet transplantation, there is
an urgent requirement to develop an efficient and economic device to improve isolation
yield.

As discussed in Chapter 3, isolated islets from younger donor are often mantled
with exocrine tissue due to insufficient digestion [168]. This results in an increase in
the density and poor isolation yields after purification [101]. In Chapter 5, the results
suggested that prolonged digestion time may aid in complete digestion of pancreas from
young donors. Nevertheless, exposing isolated pancreatic cells to the toxic enzymatic
environment increases the risk of fragmentation and impairment of islet function [217].
Furthermore, the basement membrane is also digested during islet isolation [13], [209]
and this is linked with pancreatic cell apoptosis [220]. Consequently, a prompt removal
of released islets from enzymatic solution is desirable.

In this study, we have designed a mastication bag with spiky plates in connection
to early separation system allowing complete digestion without further fragmentation.
The digestive process involves little human intervention, reducing the risk of
contamination and toxicity. Overall, this device meets the requirement of safe operation
and easy sterilization.

The performance of this newly designed device was tested with pig pancreas
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digestion. Juvenile pigs were used as these are the most common market pigs in the
United Kingdom. Compared to human islets, the basement membrane at peri-islet
interface for pigs is weakly expressed [221], [222]. This results in fragile porcine islets
[218] and extra care is required to avoid fragmentation. Prolonged digestion with
reduced enzyme concentration and static digestion with minimized mechanical
agitation have been suggested [223]-[225]. Here with an early-separation system, we
showed an improvement in preserving larger porcine islets after prolonged isolations.

Unfortunately, due to the problem in contamination, no comparisons on islet
function could be conducted. However, as islets with 100-200um were mostly present
in digest using the new bioreactor, it was expected that with reduced fragmentation, the
functionality of islets isolated using the new bioreactor system is at least comparable,
if not superior than the islets isolated from the Ricordi chamber.

As shown in Figure 6.15 and 6.16, free islets were observed after 10min of
digestion using the new bioreactor and an increase of free islets was observed at the
collection point suggesting the continuous separation of cell clusters from the digestion
system. Fee islets isolated from juvenile pigs tended to be smaller than human islets.
Most islets fell in a size range of 50-200um and islets larger than 200um were seldom
observed. This shows accordance with literature, where juvenile porcine islets tends to
be smaller and 59.8-68.9% of porcine islets are 50-100um [226].

After 35 minutes of digestion, the percentage of digestion, islet viability and purity
were found to be the same with either new bioreactor or the Ricordi chamber. The IEQ
and IEQ/g pancreas, on the other hand, were found to be higher using the new device.
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The increased isolation yield might be a result from improved digestion with shearing
forces. As discussed in Chapter 2, Section 2.4.2.3, compared to uncontrolled battering,
shearing forces are more suitable in the dissociation of lobular fibrous tissue. The
lobular ECM fibres could be torn apart and this might reduce destructions to the tissue.
Not only does this increase the isolation yield but also protect the viability and
functionality of the islets. Consequently it helps to relieve the shortage of transplantable
islets and benefits outcomes of clinical transplantations.

As suggested in Chapter 3 and Chapter 5, prolonged digestion was conducted,
where the digestion time was extended to 35min. With an early-separation system, the
islet number using the new device was found to be significantly lower than using the
Ricordi chamber. A close look at the size distribution revealed that most islets isolated
from Ricordi chamber were <100um, indicating increased fragmentation. On the
contrast, more islets in the size range of 50-200um were obtained in the digest from the
new bioreactor, suggesting its advantages in protecting early-released islets for
prolonged digestion. This proves the protective effects of the early-separation system
in prolonged digestions, which would help to achieve complete digestion, especially

for pancreas from young and lean donors.

6.5 Conclusion

In summary, a bioreactor for prolonged pancreas isolation was successfully designed
and built. This new device provided a method to achieve prolonged digestion with

limited islet fragmentation. With subsequent animal testing, this device overcame some
170



Chapter 7

of the shortcomings of the conventional Ricordi chamber, showing comparable quality
and improved yield of islets. With a significant improvement in preserving the integrity
of isolated islets, it is proposed that this device could provide researchers and clinicians

with an alternative option for islet isolation.
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Chapter 7

Conclusions and future work
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7.1 Conclusions and contributions

Diabetes mellitus is a metabolic disorder associated with life-threatening
hypoglycaemia events and other chronic complications [22]. Insulin administration is
the mainstay method to control normal glycaemia [3]. However, for certain TIDM
patients, swings of blood glucose occur regardless of their blood glucose control,
leading to life-threatening complications [4]-[6], [SO]. As a viable treatment strategy
for T1DM, islet transplantation has become a clinical option for those patients suffering
from severe hypoglycaemia unawareness [8]. Islets isolated from donated pancreas can
significantly improve patients’ blood glucose level and quality of life [8]. Nevertheless,
the isolation yield is always less than half of the number of islets the pancreas
potentially contains, and generally multiple infusions are required for one patient to
reverse hypoglycaemic events [11], [44]. As the demand for islets for transplantation
outstrips supply, actions need to be taken to improve the availability of islets for
transplant.

As discussed in Chapter 2.4, there are many approaches to expand islet source
[135], [136], [140], [144]. However, the most effective and immediate method is to
improve current isolation results. For this purpose, this thesis aimed to use biological
and engineering techniques to investigate and improve islet isolation with respect to
donor-rated variables. The main objective seeks to deepen the understanding of
digestion phase and to develop engineering tools promoting research on the
improvement of isolation yield for specific donor groups.

To achieve this, an analysis of current isolation situation was conducted, as shown
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in Chapter 2.4.2.1. Age and BMI are two of the most common factors associated with
variations in clinical isolations [159]-[161]. The isolation yield from older and obese
donors tends to be much higher [165], [166]. However, isolated islets from older donors
are found to be associated with worse function and poor transplantation results [166]—
[169]. Consequently, improving the isolation yields from younger and/or lean donors
is of particular interest. Throughout the literature, investigations in the substrate, the
ECM network [13], [80], [89], and development of new enzyme blends [12], [133],
[179], [185] were conducted but the dynamic digestion process at molecular level has
yet to be elucidated. Further to this, the equipment used for current clinical isolation
remains unchanged for over 30 years. Modifications of this apparatus based on better
understanding of the digestion process may provide a better approach to improve the
isolation efficiency.

The first step to solve the above problems was to improve current understanding
of pancreatic ECM and the influences of donor characteristics, as shown in Chapter 3.
Revealing the 3D molecular ultrastructure of the islet-ECM interface and the impact of
donor variables on it could also enable the development of tailored isolation strategies.
For this purpose, multiphoton microscopy was used due to its long penetration depth.
A new protocol for staining an intact islet embedded in pancreatic tissue was developed.
The presence of common ECM proteins, including collagen I, collagen III, collagen 1V,
collagen VI, laminin and perlecan, was studied within donors of different age and BMI.
Quantification analyses were conducted to reveal the effects of these two donor
characteristics.
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Unlike studies where donors were grouped into “older” (usually >45 years old)
and “younger” (usually <35 years old), here a continuous range of donor age and BMI
was investigated. Results from 3D images showed that collagen and laminin were
prevalent in islet ECM, forming a network-like structure in exocrine part and a sheet-
like membrane wrapping the entire islet. Quantification analyses showed the content
of collagen I and laminin decreased with donor age rather than BMI, while perlecan
increased with both donor age and BMI. In terms of clinical significance, these results
suggest a specific enzyme blend in islet isolation for different donor groups, rather than
an “all-in-one” solution, for the improvement in isolation efficiency and use of
resources.

With an understanding of the ECM network, investigations into the digestion
process at molecular level were conducted in Chapter 4. As clinical isolation is a
continuous process, it was desirable to investigate the process in a similar environment.
To achieve this, a perfusion system with an inverted microscope was developed.
Building the chamber holding the tissue was challenging, as it needed to (1) hold tissue
and perfused solution without leaking; (2) have a thin bottom to allow light to pass
through; (3) allow even flow of solutions over the tissue surface and (4) be easily
manufacturable and reproducible. PDMS was chosen due to its availability,
biocompatibility, transparency and deformability. To fulfil condition (2), a very thin
PDMS layer was produced and attached to the PDMS wall to finish the making of this
observation chamber. When slides with tissue samples were placed in, a sink could be
formed at the entrance surrounded by the glass slide and the chamber wall. This
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allowed accumulation of solutions which could subsequently flow evenly over the
slides.

With the built chamber, digestions of one stromal ECM protein, collagen VI, and
one basement membrane protein, collagen IV, were conducted. The effects of
individual enzymes as well as their combinations and one donor characteristic, age,
were investigated in Chapter 5.

The digestion process was fastest when only collagenase was involved. With the
introduction of neutral protease, a competitive effect was observed. This was obvious
for the digestion of collagen IV in pancreatic samples obtained from older donors,
where greater extent of digestion was achieved when only collagenase was used. Part
of the reason was attributed to a change in the composition and quality of ECM proteins
in relation with donor age. The results suggest that a change in enzyme dosage pattern
or prolonging the digestion time should be conducted in younger donors for optimized
human islet isolation and consistently better islet yields. Considering the time and effort
required to find optimal enzyme dosage pattern for each individual donor, prolonging
the digestion is more feasible and practical. This calls for prompt removal of early-
released islets, which is currently absent in clinical isolation.

With the above drawn conclusion, a new digestion system was designed, built and
tested in Chapter 6. The new system composed of a mastication bag and an early
separation system to remove isolated islets the from toxic enzymatic environment. This
allowed the preservation of islet integrity in prolonged islet isolations. Challenges were
encountered in the designing process and three systems were proposed. With a
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comparison of feasibility and operationality, a filtration tank system was adopted.
Moreover, unlike the Ricordi chamber, which uses silicon nitride marbles to induce
mechanical agitation, the new system uses shearing forces induced by two spiky plates
to tear the tissue apart. Compared to uncontrolled battering caused by marbles, the
shearing forces are more suitable in digestion of lobular ECM fibres. The plates were
3D-printed and assembled into the mastication bag. Furthermore, the mastication bag
is attached to an enzyme introduction port, where additional enzymes could be added
at any desired time point. This allows adjustment of enzyme concentrations in
prolonged isolations.

To investigate the performance of this device, animal tests using porcine
pancreases were conducted. Juvenile pig pancreases were obtained from an abattoir
and transported in an ice box. After enzyme infusion, the pancreas was placed in the
digestion chamber for 35min. With dithizone staining, the morphology, yield and
viability of isolated islets were analysed. The performance of this new device compared
to the original Ricordi chamber were also tested with porcine pancreases.

The new system was successful in the digestion of juvenile pig pancreases. With
the early separation system, it helped to achieve complete digestion with limited islet
fragmentation. Overall, the bioreactor allowed the separation of more than 100,000IEQ
islet with >38% purity from each juvenile pig pancreas. Compared to Ricordi chamber,
insignificant differences were found for purity (55% for both methods) and viability
(42%+4% and 43%=6% for bioreactor and Ricordi chamber respectively). However,
total IEQ and IEQ/g pancreas were significantly higher using the bioreactor
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(221,000+£50,000IEQ and 162,000+50,000IEQ, 1533+£70IEQ/g pancreas and
13324+80IEQ/g pancreas for the bioreactor and Ricordi chamber respectively).
Furthermore, about 40,000+8,000 free islets were obtained using the bioreactor and
78,000+4,000 were obtained using the Ricordi chamber. This significant increase in
islets number, especially the number of those in the range of 50-100um in diameter,
suggested that more fragmentation occurred using this traditional device. The results
favour the use of this new system in prolonged digestion.

To conclude, this thesis contributed to a deepened understanding of the 3D
structure of pancreatic ECM network and indicated the dynamic digestion process of
the matrix in an enzymatic environment. Further to this, several engineering tools were
built to improve the digestion efficiency and to allow further improvements of this

process.

7.2 Limitations and future perspectives

In Chapter 3, the 3D structure of ECM proteins surrounding an intact islet was
revealed. Although efforts were put into the staining process, penetration of antibodies
into the tissue sample proved to be difficult. Prolonging the incubation time results in
excess antibodies attached to the surface of the sample. This severely affected image
quality, where the surface of the sample was always much brighter than the inner core.
Fine tuning of the microscope and programmed laser scanning strategy helped to
relieve but not resolve the problem. As a result, only qualification analyses were

conducted using the 200um-thick samples. Further improvements of image quality rely
178



Chapter 7

on the development of microscopy, such as new filters and spectral detection systems.

In Chapter 4 a new system for real-time observation of the digestion system was
developed. The new system allowed imaging of the digestion process on a sample-
loaded slide where enzymatic solution was perfused over the surface. However, in
clinical isolations, enzyme solutions are injected into the ducts rather than perfused to
the surface of tissue. This was hard to reproduce as (1) it is hard to fix a large chunk of
tissue sample at a certain place in a perfusion system; (2) imaging of thick tissue
samples proved to be difficult using fluorescence microscopy while long-time imaging
using laser-induced microscopy resulted in burning of the sample. Consequently, only
slides loaded with thin samples (<15um-thick) were used. The results may not reflect
the real digestion process in a clinical isolation, and this was considered in the
interpretation of the results.

For real-time observation, as the tissue sample was placed in a perfusion
environment, manual adjustment of the focus was sometimes necessary. To further
improve the efficiency, it is recommended that an automated programme based on
image tracking and machine learning to be developed. This could massively reduce
human intervention and consequently improve the accuracy of the results.

Another limitation needs to be mentioned is the intrinsic variations among and
within humans, as discussed in Chapter 3 and Chapter S. The presence of these large
variations leads to difficulties not only in the experimental design but also in statistical
analyses. Methods to reduce these variations were proposed and the extra care was
taken in the interpretation of the results.
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In Chapter 6 a new digestion system was developed. Bags instead of a solid
chamber was used due to its flexibility and disposability. To achieve mechanical
agitation, spiked plates were designed and assembled into a Y-shape to hold the
pancreas. Consequently, the bag needs to have a wide opening allowing the assembling
of internal designs as well as connections to a perfusion system. Difficulties were
encountered in the bag-making process and therefore a commercially available bladder
bag was used. This limits the layout of internal structures and may affect the isolation
efficiency.

Juvenile pig pancreases were used for the proof-of-principle experiments.
Compared to the human pancreas, porcine islets are much more fragile, and the
dissociation of a pig pancreas is relatively rapid. Their islets were also smaller
compared to human islets. Consequently, the digestion process may differ from clinical
isolation and this was considered in results interpretation.

Despite the above-mentioned limitations, methods and tools designed in this
thesis could be applied in many other studies. Although complicated and time-
consuming, 3D imaging of an intact islet enabled detailed studies at the islet-exocrine
interface. Compared to image sets obtained from serial thin sections, the integrity and
continuity of structural features are perfectly preserved. This allows studies on the
interaction between islet and surrounding ECM, which could provide valuable
information not only for islet isolation but also for 3D islet culture. Unlike conventional
2D cell culture system, where cells are grown in a flat layer, 3D cell culture involves
scaffolds to support cell adhesion and growth and could mimic ir vivo histoarchitecture
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more closely [227]. The scaffolds are engineered to provide high surface area or coated
with specific cues which promote cell growth and differentiation. Moreover, its porous
structure allows easy access to nutrients for cells at centre [228]. In fact, 3D culture of
islets has been conducted, where isolated islets are attached to scaffolds made of
various materials such as polyactic-co-glycolic acid (PLGA) [229], [230], poly-L-
lactide acid (PLA) [231], chitosan [232], collagen [231], [233], hyaluronic acid [234]
and decellularized mouse pancreas [235]. It was found that islets after 3D culture
functioned generally more efficiently than those cultured in a 2D system [227]. A better
understanding of the 3D structure of peri-islet ECM and its interaction with islets will
form a firm foundation for scaffolds design.

Using the 15um-thick samples, a large image set of various pancreatic ECM
proteins from donors of different age and BMI were obtained in Chapter 3. Here, as
the research interest for this thesis was placed on properties related to digestion phase,
only the presence and abundance of ECM proteins at the ECM-islet interface was
analysed. This is only the first step to understand donor-related variations in isolation
outcomes. The information-rich image set obtained in this thesis could also be used for
the study of other ECM properties such as variations of protein porosity among
different donor groups. Detailed mechanisms, such as interactions of these proteins and
their deformations along with ageing and fat accumulation are also important and could
be studied in a similar manner.

In Chapter 4 and S, to achieve real-time observation, the ECM proteins were
firstly antibody-labelled. It was found that the digestions of collagen IV and collagen
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VI were not interfered by this labelling technique. However, the results for perlecan
and laminin were significantly different from the control group. Part of the reason was
attributed to the block or shield of enzyme-protein binding sites by antibody labelling.
As a result, only the digestion of collagen IV and collagen VI were conducted for
further perfusion experiments. For further analyses for perlecan and laminin, a change
and selection of antibodies is recommended.

To improve the understanding on the digestion process and donor-related
variations, it is recommended that a thorough analyses of other common pancreatic
ECM proteins and effects of other donor characteristics to be carried out. Due to its
small volume, the system provides a cost-effective approach for such analyses.
Similarly, the performance of other enzymes and even lot-to-lot variations could also
be directly compared with this system.

In Chapter 6, the performance of the new system was compared with the Ricordi
chamber with a focus on islet yield and purity. The next step is to test the performance
of this bioreactor using human pancreases rejected from clinical transplantation with
appropriate ethical approval. This includes a comparison of isolation time, yield, purity,
viability and islet functionality between the bioreactor and the Ricordi chamber using

clinical standards.

7.3 Summary

The research presented in this thesis focused on development of techniques and

engineering tools to promote research on the improvement of isolation yield for specific
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donor groups. This task was approached from 3D imaging of the peri-islet ECM with a
focus on donor-related variables, real-time observation of the dynamic digestion
process and development of a bioreactor for prolonged digestions. Challenges were
encountered during the development of these techniques but were overcome by specific
modifications and careful adjustment. Future work could aim to investigate the islet-
ECM interface and its digestion process using the presented approaches. With potential
for clinical and research use, the performance of designed devices on digestion of

human pancreases is also interesting and might be examined in the future.
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7.1 Antibodies used in staining experiments

Primary Antibody | Supplier Host Dilution Secondary Antibody
Collagen | Abcam: Polyclonal Rabbit | 1:500 Polyclonal goat anti-
Ab34710 rabbit Alexa 488
Collagen 111 Abcam: Polyclonal Rabbit | 1:500 (Invitrogen: A11034)
Ab7778 1:500
Collagen IV Abcam: Polyclonal Rabbit | 1:500
Ab6588
Collagen VI Abcam: Polyclonal Rabbit | 1:500
Ab6588
Pan-Laminin Abcam: Polyclonal Rabbit | 1:300
Abl11575
Perlecan (HSPG2) | Abcam: Monoclonal Mouse | 1:500 Horse anti-mouse FITC
Ab23418 (Vectorlabs: DK-8828)
1:50
Insulin Dako: Polyclonal Guinea | 1:100 Polyclonal goat anti-
IR002 Pig Guinea pig Texas Red
(Vectorlabs: TI-1000)
1:100
CD31 Dako: Monoclonal mouse | 1:25 AMCA-conjugated
M0823 horse anti-mouse 1gG

(Vectorlab: CI1-2000)
1:50
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7.2 Macros used for image analyses

//B&C control
run(”Duplicate...
run{"32-bit™);
run{"HilLo™);
setSlice(48);
run("Brightness/Contrast...");
waltForUser("Adjust Brightness/Contrast™);
selectWindow("B&C");

run("Close™);

» "title=Base duplicate™);

B I I I N FUR S S

=
[ ]

S /Background

setSlice(48);

13 setTool("freehand”);

14 waitForUser("Select all ROI™);
15 roiManager("Add™);

16 run("Clear Outside™, "“stack");
17 selectWindow("ROI Manager™);
roiManager(“Delete™);
run("Select None™);
run("Close™);

[ 8]

[ Vo I+ ]

=

setTool("Line™);

waltForUser("Draw an line to measure background™);
run{"Measure”);

selectWindow("Results"™);

c=getResult("Mean”, 8);

print(c);

[}

.

[

R B2 R R R R R PRI R R
. [}

(=T )

waltForUser("Subtract value™);
run{"Grays");
selectWindow("Log");
run{"Close™);

33 selectWindow("Results");

34 run("Clear Results™);

Ly L
et

[ 8]

38 //Threshold

37 run{"Duplicate...”, "title=[For Threshold] duplicate™);
38 run("8-bit"™);

33 run{"Auto Threshold”, "method=Default white stack™);

41 ffAnalysis

42 run("Make Binary™, “method=Default background=Light calculate™);

43 run("Invert™, "stack™);

44 run("Analyze Particles...", "size=15.8@-588808.88 show=0Outlines display include summarize add stack™);

48 //Close
47 selectWindow("For Threshold");
48 run("Close™);

Figure 7.1 Macro for start/preparation stage
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1 //Merge & Measure

2 selectWindow("Base™)
3 run("Duplicate...”, "title=Binary duplicate™);
4 run("Subtract...”, "wvalue=254 stack");
5 selectWindow("ROI Manager")
& runf"select Al1"};
7 run{"Enlarge...”, “enlarge=8.@5");
g setForegroundColor(255, 255, 255);
9 roiManager("Draw™};
10 roiManager(“Fill"};
11 roiManager(“Show None™);
2
13 run("Invert”, "stack™);
14 run("Merge Channels...", "cl=Base c2=Binary keep™);
15 imageCalculator("Subtract create stack™, "RGB","Binary™);
16
17 //Close
18 selectWindow("Base™);
9 runf{™Close™);
a

selectWindow("RGB™);
run{"Close™);
selectWindow("Result of RGB™);
rename | "Whole Islet Threshold™);

[

[£4)

S/ Save
waitForUser("Save Image window for intensity measurement™);

oo

S/Detailed Analysis

selectWindow( "Results™);

run{"Clear Results™);

selectWindow("ROI Manager™);
run{"Close™);

33 selectWindow("Summary of For Threshold™);
34 run("Close");

[t T S L T T S L S I S T I
=

L L
= oo oo

%]

38 //Threshold

37 run("Duplicate...
B run{™8-bit");

3% run("Autoc Threshold”, "method=Default white stack™);
u]

an

» "title=[For Measurement] duplicate™);

41 f/Analysis

2 run("Make Binary", "method=Default background=Light calculate™);

43 run("Invert”, "stack");

44 run("Analyze Particles...”, "size=15.8@-50060.88 show=Outlines display include summarize add stack™);
45 selectWindow("ROI Manager™);

run{"Close™);

s
o

s

S/5ave data

waitForUser("Save summary window™);
waitForUser("Save results window™);
selectWindow("For Measurement™);
run{"Close™);

Lo e
(SRS IR

i
[¥L]

Figure 7.2 Macro for islet area & intensity measurement
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=
uw

L L R B3 R RS RS R RS ORI R RS

[, )

o

L5 T B [ L R
oo

== T = T = T = R = R

o

1 //2ND Channel
waltForUser("Select Protein Channel™);

= La P

S/B&C control

run{"Duplicate...”, "title=Base duplicate™);
run("32-bit™);

run{HiLo™);

g setSlice(48);

S run{"Brightness/Contrast...");

0 waitForUser("Adjust Brightness/Contrast™);
11 selectWindow("B&C");

2 run{"Close™);

=] &

14 //Background
15 setSlice(48);

17 setTool("Line™);

waitForUser("Draw an line to measure background™);
run{"Measure™);

selectWindow("Results™);

c=getResult("Mean™, @);

print(c);

(]

= L R

waltForUser("Subtract value");
run("Grays");
selectWindow("Log");
run("Close™);

=] &

g |selectWindow("Results™);
S run{"Clear Results™);
i
1/ /Merge
32 run("Merge Channels...", "cl=Base c2=Binary keep");

33 imageCalculator("Subtract create stack™, "RGB","Binary™);
34 run("32-bit™);

35 run("Green™);

36 run("RGB Color™);

g //Close
38 selectWindow("Base™);
40 run{"Close™);
41 |selectWindow("RGB™ )} ;
2 run{"Close™);
43 selectWindow("Result of RGE™);
44 rename("Whole Protein Threshold™);

48 //Save
7T waitForUser("Save Image window for intensity measurement™);

i

9 //Threshold
i

Com ]

-1 o

Lo T I o B e

run{"Duplicate...”, "title=[For Measurement] duplicate™);
1 run{"8-bit");
2 run{"Auto Threshold™, "method=Default white stack™);
S/Analysis
run("Make Binary™, "method=Default background=Light calculate™);
run("Invert™, “stack™);
run("Analyze Particles...”, "size=15.88-58080.08 show=0utlines display include summarize add stack™);
selectWindow("ROI Manager™);
run{"Close™);
//5ave data
waitForUser("Save summary window");
waitForUser("Save results window");
selectWindow("For Measurement™);
run{"Close™);

Figure 7.3 Macro for protein area & intensity measurement
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7.3 Performance of bioreactor & comparison with Ricordi chamber

[solation CIT Pancreas weight Digested Yield Islet number I[EQ/g Purity Viability
D (h) (2) fests tissue (%)  (*1000 IEQ) (*1000) Pancreas (%) (%6)
1 5 207 Bioreactor 54 236+49 4018 1143+238 60 4515
2 5 62 Bioreactor 58 200+44 2045 3226+703 40 4515
3 7 61 Bioreactor 56 160+34 3545 2623+568 40 4343
9 7 177 Bioreactor 52 290144 455 1638+246 55 4216
5 9 104 Bioreactor 53 150144 27+5 14424419 55 42+3
6 6 147 Bioreactor 46 223150 4818 1519335 55 4216
7 10 121 Ricordi chamber 47 160+10 7218 1322483 50 4218
8 5 108 Ricordi chamber 48 156x15 69112 1451+141 55 4515
0 7 139 Ricordi chamber 52 170126 80+21 1223+190 60 3843
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