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Diabetes

A SNAPSHOT

DIABETES

IN THE UNITED STATES

DIABETES

PREDIABETES

86 million people —

more than 1 out of 3 adults —
have prediabetes

XSIIEL L)

ouT do not know they
OF have prediabetes

@ [ Without weight
™™ |oss and moderate

I physical activity

15-30% of people

with prediabetes will
develop type 2 diabetes
within 5 years
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diabetes That's about 1 out of every 11 people

diabetes

COST

OF they have

- Total medical costs and lost
6 work and wages for people

BILLION with diagnosed diabetes

diabetes is

|
Medical costs
for people with
diabetesare ¢4 $ as for people
twice as high without diabetes

People who have diabetes are at higher risk
of serious health complications:
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BLINDNESS KIDNEY HEART STROKE LOSS OF

HIGHER diabetes

FAILURE DISEASE TOES, FEET,

OR LEGS

Risk of death iOO/ than for
for adults with o adults without

Pancreatic islets

Type 1 diabetes

Insulin injection

alpha cell

Type | diabetes-Autoimmune disease

Normal islet

beta cells destroyed

Side effects

* Injection site - ltching, mild pain,
redness, or swelling at the injection site
* Systemically - Hypoglycemia, weight
gain, insulin edema.

*|nconvenience

http://www.cdc.gov/diabetes/data/statistics/2014statisticsreport.htm|



Pancreatic islet tfransplantation

ISLETS OF LANGERHANS Intraportal islet transplantation

F cell (secretes Exocrine pancreas

pancreatic (acinar cell g 3

polypeptide) and duct cell) Donor Recipient
Islets (with type 1 diabetes)

Capillary

in pancreas
Esophagus 3
Diaphragm

Stomach e ¢ V2 i L o, Portal vein

Gall bladder

Pancreas
S Isolated
v Alpha cell Beta cell ol
Gucager (Secret-es Islets in portal vein
glucagon) insulin) 5
Pancreatic Delta cell
(secretes
somatostatin) Islets isolated '

Islets lodge in the liver,
beta cells produce insulin

m Alpha cells producing glucagon (15-20% of total islet cells)

m Beta cells producing insulin and amylin (65-80%)

m Delta cells producing somatostatin (3—10%)

- )
= hsulif &
sec«teze<i//. P\
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m PP cells producing pancreatic polypeptide (3-5%)

. . . Islets injected in a
m  Epsilon cells producing ghrelin (<1%) ;ercu:a:\eous;Jrocedure
into the portal vein

©2018

Ref) J. R. T. Lakey et al., Transpl. Int. (2003) 16:6 13-632



History of pancreatic islet transplantation

Reversal of diabetes mellitus in rats
with chemically induced diabetes

mellitus following intraperitoneal
162

Isolation protocol
for large animal
pancreas®’.

Allogenic pancreatic fragments in Islet isolation by
liver, spleen, peritoneum and the microdissection under

Description of : :
subcutaneous space in animals'®*. the microscope!*. autologous islet transplantation

pancreatic islets'.

Attempts of autologous
pancreatic microfragments

in humans?6°.

Pancreas distension with
saline before collagenase
dissociation followed by
islet handpicking®®°.

Feline pancreatic fragments
successfully transplanted in a
patient with TIDM?*¢,

Subcutaneous transplantation
of sheep pancreatic fragments
in patients with TIDM*2,

1869 1892 1893 1896 1901 1902 1903 1916 1964 1965 1967 1969 1972 1973 1977 1980 1981
Subcutaneous autologous Concept of physically Collagenase dissociation Physiological and First report of
pancreatic fragments separating endocrine of guinea pig pancreas. immunological successful allogeneic
successfully transplanted and exocrine pancreas'®®. consequences of pancreatic fragment
in dogs™. Introduction of transplanting isolated | ||transplantationin
Allogeneic pancreatic fragments density gradient | | pancreatic islets'®’. patients with TIDM*®,

Autologous pancreatic fragments successfully transplanted in a purification®’.
successfully transplanted in dog spleen?*3. patient with TIDM**7.

Intrahepatic islet

embolization in rats'®".

Ref) Nat Rev Endocrinol 13, 268-277 (2017)



N 1,
History of pancreatic islet transplantation ) ¢
N et

Reported 30% insulin independ-
ence after islet transplantation
using peritransplant antioxidant
management*®2,

Autologous intrahepatic islet
transplantation as a palliative
treatment of pain in patients
with chronic pancreatitis’2

I
Progress in islet isolation
techniques from dog and human
pancreata with the introduction
of intraductal collagenase
distension of the pancreas'’".

First case of insulin independence after
transplantation of a single donor allogeneic
islets obtained using the automated method*®.

First series of allogeneic islet
transplantation in patients
with TIDM and established or
incipient nephropathy'’®.

Edmonton Protocol: First series of
allogeneic islet transplantation alone
in patients with TIDM reporting 100%
insulin independence’.

The Islet Transplant Registry
was established in 1991, and
replaced by Collaborative Islet
Transplant Registry in 2001.

First clinical trial of
porcine fetal pancreas
transplantation in
patients with TLDM**,

First series of insulin
independence and/or
consistent graft function
following transplanta-
tion of allogeneic islets
(some of which were
cryopreserved islets)'?.

Progress in islet
isolation techniques
from dog and

Normoglycaemia after
intrahepatic transplantation
of purified islets in dogs'”>.

Multicentre international trial (ITN)
yielded 58% insulin independence at
1 year and revealed the important
effect of the centre experience in
islet cell processing and patient
management on clinical outcomes®.

human pancreata, [
introducing double
perfusion (venous
and ductal)*®s,

Introduction of the
‘automated method’ for
human islet isolation’.

1982 1983 1984 1985 1988 1989 1990 1991 1992 1994 1997 2000 2001 2006 2013 2016

Transplantation of
cryopreserved islets
in animals with
surgical and
chemically induced

First series of allogeneic

simultaneous islet and
kidney transplantation
in patients with TLDM'"".

diabetes mellitus'®’.

Pancreatic

Pilot clinical trials of

First series of sustained
insulin independence
following transplanta-
tion of allogeneic islet
preparations in

microfragment
transplantation in
the splenic
sinusoid in dogs'’.

Long-term (6
years) function
in patients
with TIDM
who received
allogeneic islet

Islet Transplant
Registry Report on
267 transplants
(1990-2001): 12.4%
insulin independence
for periods greater

allogeneic islet preparations®’.

Pennsylvania, USA.

isolation®*.

[ allogeneic islet transplantation patients undergoing and&kig;ley thana weel1(£68.2% for
in patients with TLDM'72, visceral exenteration'’s. gra |S 0 °"e'i 1year™.
First case of transient exogenous | | First meeting of the Cell | | New enzyme Collaborative Islet
insulin independence following Transplantation Society | | blend, Liberase, | | Transplant Registry
transplantation of pooled held in Pittsburgh, for humanislet | | established.

Completion of
the first FDA
phase Il
multicentre trial
of islet
transplantation
by the NIH
sponsored by the
Clinical Islet
Transplantation
Consortium.

The data available through the
Collaborative Islet Transplant Registry
confirm an overall trend toward an
improvement of insulin independence at
3 years (approximately 44% of patients)
following islet transplantation.

Reported 40% insulin
independence after high-dose
islet transplantation (~11,000
IEQ/kg)*®.

Ref) Nat Rev Endocrinol 13, 268-277 (2017)



N 0’194
Hurdles of Islet tfransplantation 6 :

Inflammation & Immune reaction

INTERVENTIONS
@ Anti-inflammatory agents

(2) immunomodulatory cytokines

(3) APC activation/phenotype
(@) Primed DCs

(8) Co-stimulatory molecule block

R. F. Gibly et al., Diabetologia (2011), 54:2494-2505, Harlan D M et al. Diabetes 2009;58:2175-2184



Immunosuppressive drugs

SWAN

UNG

5 /r)/(/
<§

ALy

1398

ly

SET A

Qa1

Immunomodulators: Immunosuppressive drugs

Intracelluar
(initiation)

Intracellular
(reception)

Extracellular

Antimetabolites

Macrolides/other IL-2 inhibitors

TNF inhibitor
IL-1 receptor antagonists

mTOR

Antibodies  Monoclonal  Serum target
(noncellular)

Cellular
target

Unsorted

Purine synthesis inhibitor: Azathioprin, Mycophenolic acid
Pyrimidine synthesis inhibitors: Leflunomide, Teriflunomide
Antifolate: Methotrexate

FKBP/Cyclophilin/Calcineurin: Tacrolimus, Cyclosporin, Pimercrolimus
Abetimus, Lenalidomide

Anakinra

Sirolimus, Everolimus, Ridaforolimus, Temsirolimus, Umirolimus, Zotarolimus

Compliment component 5 (Eculizumab), TNFs (Infiximab, Adalimumab, Certolizumab pegol,
Afelimomab, Golimumab), Interleukin 5 (Mepolizumab), Immunoglobulin E (Omalizumab),
BAYX (Nerelimomab), Interferon ( Faralimomab), IL-6 (Elsilimomab)

IL-12 and IL-23 (Lebrikizumab, Ustekinumab)

CD3 (Muromonab-CD3, Otelixizumab, Visilizumab), CD4 (Clenoliximab, Keliximab,
Zanolimumab), CD11a (Efalizumab), CD18 (Erlizumab), CD20 (Afutuzumab, Rituximab,
Ocrelizumab, Pascolizumab), CD23 (Gomiliximab, Lumiliximab), CD40 (Teneliximab,
Toralizumab), CD62L/L-selectin (Aselizumab), CD80 (Galiximab), CD147/Basigin
(Gavilimomab), CD154 ( Ruplizumab)

Blys (Belimumab), CTLA-4 (Lipilimumab, Tremelimumab), CAT (Bertilimumab,
Lerdelimumab, Metelimumab), Intergrin (Natalizumab), Interleukin-6 receptor (Tacilizumab),
LFA-1 (Odulimomoab), IL-2 receptor/CD25 (Basiliximab, Daclizumab, Inolimomab), T-
lymphocyte (Zolimomab aritox)

Atorolimumab, Cadelizumab, Fontolizumab, Maslimomab, Morolimumab, Pexelizumab,
Resizumab, Rovelizumab, Sipizumab, Talizumab, Telimomab aritox, Vapaliximab,
Vepalimomab

Polyclonoal Anti-thymocyte globulin, Anti-lymphocyte globulin

-cept CTLA-4 (Abatacept, Belatacept), TNF inhibitor (Etanercept, Pegsunercept), Aflibercept, Alefacept, rilonacept)

(Fusion)

Ref) Modified from wikipedia



Edmonton Protocol for Immunosuppression

Daclizumab (2 mg/kg -2 hours prior, for 5 days)

@ @
Sirolimus (12-15 ng/ml -3 months) (7-10 ng/ml after 3 months)
o @-----mmmneaaa>
Tacrolimus (4-6 ng/ml)
>
2 -1 0 I 2 3 4 5 10 30 90 180
T Islet infusion Days post-transplant
> 4,000 IE/k .
g Insulin therapy
100 & re-transplantation
. 73%
Update on Islet Transplantation 80- C-peptide postve.
g 60 T
Michael McCall and A.M. James Shapiro a
Clinical Islet Transplant Program and Department of Surgery, University of Alberta, Edmonton, 3 407
Alberta T6G 2B7, Canada
Correspondence: amjs@islet.ca 20 15%
o I I I I I I T T I

0 12 24 36 48 60 72 84 96 108
Time (months)

Figure 3. Nine-year insulin independence and C-pep-
tide islet graft function rates with the original Ed-
monton Protocol immunosuppression. (Data from
the University of Alberta.)

Ref) Cold Spring Harb Perspect Med, 2012 Jul;2(7):a007823.



Approaches to improve survival of transplanted islets

Systemic immunosuppression

= Tacrolimus (FK506)

= Sirolimus/rapamycin

= Cyclosporine

= Tofacitinib

= Daclizumab (binding to CD25)
= Anti-thymocyte globulin (ATG)

Edmonton Protocol (2000) NEJM

Cell empowerment

BetaO, device

Encapsulation

Gene transfection

Surface modification

Particles

Local immunosuppression
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Alginate encapsulation as long-term immune
protection of allogeneic pancreatic islet cells
transplanted into the omental bursa of macaques
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Immune responses in pancreatic islet transplantation

Innate

Macrophages

Activated tissue
macrophages

Pathogen-associated
immunostimulants

! TNF-a
i NO synthesis, COX \

\ B cells

IFN-y

Perforin Active APC
Granzyme B
" I
—
Redrawn an fromR. F. Gibly e ogia (2011), 54:2494-2505
! \ %‘
CD8T cells CD4 T cells

Adaptive

Redrawn and modified from R. F. Gibly et al., Diabetologia (2011), 54:2494-2505



Immunoprotection by alginate encapsulation

Innate

Semi-permeable membrane

B cells

Macrophages _
Neutrophils

f: \‘: -
Ly
R Par ereatiANNN ~ .Anti ens
\ J Active APC

Tissue
macrophages

Pathogen-associated
immunostimulants

\
CD8 T cells

-

CD4 T cells

Adaptive

Redrawn and modified from R. F. Gibly et al., Diabetologia (2011), 54:2494-2505



Alginate encapsulation

Syringe

Sodium alginate
cell suspension

k—__ffflz___,/ | Immobilized

biocatalyst

OH
OH o) OH
.-1-O -0 o) -Q
HO/\ HO InO
0~ TOH]

Alginic acid, also called algin, is a naturally
occurring, edible polysaccharide found
in brown algae. 0.5% IESYsSediumpAlginater (w/w)

Alginate encapsulated porcine islets

G. A. Juarez et al., Fron. Bioeng. Biotechnol, 2(2014), Article 26



Limitations of droplet-based encapsulation technology

Large capsules

Nutrients and oxygen
Vg

. \
» Thickness of alginate layer > 150 um results in
insufficient diffusion of nutrients and oxygen.

» Larger capsules increase the transplantation
volume =2 limit the transplantation site

Multi-cell encapsulation
4 .
-
. o s -
» ® 0
® s .
/} <
® -
Nutrients and oxygen ®

Incomplete encapsulation

Immune cells

» More than 20% of capsules containing
protruding cells leads to immediate graft failure.

High percentage of empty capsules

» Cells experience different levels of nutrients and oxygen,
causing biased outcome.

» High percentage of empty capsules leads to the increase of
transplantation volume -2 limit the transplantation site to
only abdominal cavity.
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A better encapsulation technology?

/ \
,' Critical factors in cell encapsulation ‘\
: Thickness !
I Pore size 1
| I/ Diffusion of nutrients I
1 Penetration of antibody, \ o By Oy, waste I
\ immune cells e S |
\ ' /

\ ‘ Integrity/Cell egress ,

\ Immunoprotective effect J
\ /
\

/

\ \_ Stability /
. Biocompatibility 7

\
< Ve
7/
S 7
N 7
~ -~
~ -~
\\~ ”

-—————

Individual cell encapsulation

*

. Individual encapsulation

J. b ?

Thin layer cell encapsulation

e . a
Nutrients
LN and oxygen

Nutrients and oxygen

Complete cell encapsulation

Immune cells



Surface triggering in situ gelation (STIG) for cell en

Mechanism of STIG

CaCOs; particles o o @
“ﬂm e HﬂM(OH x e
@ OH "0  .H,0 OH e .
GDL Gluronic acid e + Alginate
> ' e
. . Chelation
CaCO;+ Gluronic acid > ﬁ e
Ca?* + Gluronate + CO, + H,O

PD-CaP conjugated ?
cell spheroids

Precisely-controlled thickness of alginate capsule by STIG

PD-CaMS

Controllable capsule thickness
Alginate capsules

(1-hundreds of micrometer)
* Complete cell encapsulation
* Individual cell encapsulation

* No empty capsules

* No equipment requirement




STIG for encapsulation of pancreatic islets

Time

+ 5-10 min

Conjugate PD-CaP
with islets

Collagen

K¢

Fibronectin ‘}-.i‘ Laminin éﬂ\’{{x Hyaluronic acid
AN

+ 1-10 min

+ Alginate
+ Glucono-delta-lactone (GDL)

Incubate in alginate
+ GDL solution




Proposed mechanism

0 High
o &1 + GDL oL,
e — —— — » re —
o X o Yy s
Q 9 J g
CaP-islets " Low

Confocal

OV +

oneus3UGBREE]

L
Q
>

Low

Tunable thickness by STIG

-6~ Capsule thickness

Volume increase

w
o
o

N
=
o

100+

N
o

-
=]

(6)]

Volume increase
(fold over control)

Capsule thickness (um)
o

0 5 1015 20 25 30
Incubation time (min)

o

DAPI /Al.ginate



Viability
Live/dead staining CCK-8 assay

Live/Dead

-*

100{ vt

o
P

Relative cell viability
(% of control)

e

Control Encapsulated

Glucose-stimulated insulin secretion Stimulation index
e Low glucose 1 (2.8 mM)
=150- " High glucose (16.7 mM) 20
%, 4 Low glucose 2 (2.8 mM) v ®
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Selective permeability of alginate caps

Immunoisolation by selective permeability Relative diffusion rate
Metabolies l9G complements lgM B 10kDa BE 70kDa EE 150k Da
> 1007 oo
'(g‘f';"li(%a) 10kDa 70kDa 150 kDa 500 kDa 800 kDa 80
Nutrients @ Y& mmune Cells

n.s

N b
S 3

intensity (innner/outer)
»
<

Relative % fluorescent

<

Fluorescence intensity profiles

Antibodies Insulin — 10k Da — 70k Da — 150k Da

Confocal images 80
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O I

" !
|
20 40 60 80
Length (um)

Normalized
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Method

+ Donor: Male SD rats

+ Recipient: Male C57BL/6 mice

+ Transplantation site: Kidney capsule
% Mass of islets: 400 IEQ

Transplanted islets

Intraperitoneal glucose tolerance test

-2 Diabetic control
-5~ Non-diabetic control

~©- Encapsulated islets (Day 30'")
-9~ Encapsulated islets (Day 90'")

800+
600+

4
4004

2007
o S

Blood glucose level (mg/dL)

O T T T T 1
0O 20 40 60 80 100120
Time (min)

Non-fasting blood glucose levels

3

S Control

2 600-

9

2 400+

§ MST: 11 days

i;’ 0040
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m 0 20 40 60 80 100120 140
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Preparation of incomplete capsules

ALG + GDL
Centrifugation

i Remove free ALG and GDL

Antigen exposure

v

Graft survival rate

Graft survival rate (%)

100+
-©- Control
50+
1} Complete
- Incomplete
r= Complete (80%)
+Incomplete (20%)
o Avrd

O T T T T 1
0 20 40 60 80 100 120
Day after transplantation (days)

Confocal images
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20%

Alginate
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Graft retrieval

Incomplete Complete encapsulation

Complete (80%)
+ Incomplete (20%)

Incomplete Complete

Mixture

Masson’s Trichrome

Incomplete

Insulin

80% complete
+ 20% incomplete
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Surface triggering in situ gelation (STIG) for cell encapsulatic

3
>

Pancreatic islets Advantages

/Cell clusters

/‘.\

+ Easy manufacturing into a kit form

(only includes basic materials:

HO
Wﬂo
o]
HO
1as

calcium carbonate particles,

alginate + GDL mixture, HBSS

O%H + %00 + @reuoIn|o + D
& pre oo +£Qoen

<+ —
HO
iﬁ@
HO
pioe o1uoin|e

solution, Ca?* and Ba?* solution).

* FDA-approved materials.

4

CaP-islets
—| 88

Drop
generation

+ Can be performed in all labs and

transplantation center without the
need for specific devices.

« Can be applied for multiscale

objects (from single cells to cell

Conventional droplet- Surface-triggering in situ
based technology gelation technology

clusters to biomedical devices).
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Single cells Cell clusters/Organoids Biomedical devices

. 1 4 >
| | | |
Universal conformal
Individual encapsulation Individual encapsulation hydrogel coating
of stem cells of pancreatic islets
/ Nuclear g %”‘f @ 6 “‘
%?x N “’*5 %
IV U A :
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o 50,
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T.T. Pham et al. Advanced Functional Materials, 2021



Lab interconnected keyworks

Encapsulation

Surface
modification

Pancreatic islets

Heterospheroid

Drug

Delivery

System
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