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The journey of islet cell transplantation and future development
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ABSTRACT
Intraportal islet transplantation has proven to be efficacious in preventing severe hypoglycemia and
restoring insulin independence in selected patients with type 1 diabetes. Multiple islet infusions are often
required to achieve and maintain insulin independence. Many challenges remain in clinical islet
transplantation, including substantial islet cell loss early and late after islet infusion. Contributions to graft
loss include the instant blood-mediated inflammatory reaction, potent host auto- and alloimmune
responses, and beta cell toxicity from immunosuppressive agents. Protective strategies are being tested
to circumvent several of these events including exploration of alternative transplantation sites, stem cell-
derived insulin producing cell therapies, co-transplantationwithmesenchymal stem cells or exploration of
novel immune protective agents. Herein, we provide a brief introduction and history of islet cell
transplantation, limitations associated with this procedure and methods to alleviate islet cell loss as a
means to improve engraftment outcomes.
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Islet cell transplantation overview

Introduction and brief history

Globally, diabetes affects over 382 million people, with
roughly 10% presenting with type 1 diabetes mellitus
(T1DM) and is expected to rise to 592 million by
2035.1 An annual 3% growth rate affords an escalating
financial burden where the International Diabetes
Federation estimates in Canada alone diabetes-related
health care costs was $14 billion in 2015. These are
expected to climb to a staggering $16 billion per
annum by 2020.2 Although the etiology of T1DM is
incompletely elucidated, it is characterized as a multi-
factorial autoimmune disease resulting from specific
immune-mediated destruction of pancreatic beta (b)
cells within the islets of Langerhans. Classic symptoms
include polyuria, polydipsia, and polyphagia with con-
firmation of diagnosis marked by hyperglycemia, low
or indetectible serum C-peptide levels, elevated glyco-
sylated hemoglobin (HbA1c), and one or more positive
autoantibody markers.3 Those with T1DM must
administer frequent exogenous insulin therapy to
maintain normoglycemia. Continuous glucose moni-
toring systems (CGM) and insulin pumps may further
help mitigate glycemic fluctuation. Recently, the FDA

approved a closed-loop technology that infuses glu-
cose regulatory hormones (insulin and glucagon) in
response to glycemic fluctuations. While tighter glyce-
mic control with medical intervention has been clearly
shown to reduce secondary complications, it substan-
tially increases risk of severe hypoglycemic reactions.
T1DM is associated with a shortened life expectancy
by 13 years.4

In consequence, the research community has focused
on new avenues to arrest T1DM at the time of diagnosis.
Intensive “new-onset” pilot trials conducted by TrialNet,
a group of researchers aimed at identifying the prognosis
and prevention of T1DM, have demonstrated means to
sustained honeymoon periods and delayed diabetes
onset.5 In Brazil, Voltarelli and colleagues are currently
conducting clinical trials aimed to reset the immune sys-
tem in new-onset diabetes through administration of
peripheral blood autologous bone marrow-derived
hematopoietic stem cells coupled with immunodepleting
conditioning (NCT00315133).6-8 This approach led to
impressive reversal in the diabetic state in 21 children
and adolescents with new-onset T1DM, but was also
associated with substantial side-effects. To date, no pro-
tocol has yet to eradicate exogenous insulin therapy
entirely without substantial recipient risk. The growing
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prevalence of T1DM is concerning, and alternatives to
insulin injections are needed desperately.

Beta cell replacement therapy through islet trans-
plantation (IT) provides a potential alternative to
exogenous insulin. The history of IT extends 23 years
before the discovery of insulin, when Watson-Wil-
liams and Harsant in 1893 in Bristol UK attempted to
treat a 13 year old boy dying from acute ketoacidosis
with transplantation of pieces of sheep’s pancreas.9,10

Although the patient had minor glycemic improve-
ments, he ultimately died 3 days after this futile first
attempt at xenotransplantion. The concept of isolating
islets was not revisited till 1972, when Paul E. Lacy
restored glycemic control with intraportal vein infu-
sion of islets into chemically-induced diabetic rats.11

In 1980, David Sutherland and John Najarian, two
innovative surgeons working in Minnesota, demon-
strated successful intraportal islet transplantation in
10 patients with surgical induced diabetes, where the
patients’ own islets (autografts) were infused back
after islet isolation; ultimately 3 of these patients
achieved insulin independence for 1, 9 and 38 months,
respectively.12 The development of the Ricordi�

Chamber and the semi-automated method for islet
isolation was developed by Camillo Ricordi while
working in Paul Lacy’s laboratory in St. Louis.13 This
semi-automated method remains state-of-the-art
today, and is available commercially (BioRep, Miami,
FL, USA). In 1990 David Scharp, also working with
Camillo Ricordi and Paul Lacy in St. Louis, reported
the first case of transient insulin independence after
islet allotransplantation, in the context of recipient
immunosuppression.14 Despite substantial advances,
fewer than 8% of the 267 islet transplant attempts
between 1980 and 1999 resulted in insulin indepen-
dence for longer than one year.15 In 2000, the Edmon-
ton protocol developed by Shapiro et al. made IT a
feasible clinical procedure. The Edmonton protocol
was ground-breaking as it utilized a corticosteroid-
free immunosuppressive protocol by combining two
potent immunosuppressants: sirolimus and tacroli-
mus, together with an anti-CD25 antibody to protect
against rejection and recurrent autoimmunity. This
protocol augmented the islet mass with two or more
fresh islet preparations, infusing a total islet dose that
was substantially higher than had been used previ-
ously in clinical islet trials (>13,000 islet equivalents
(IE) kg¡1 recipient body weight).16 All seven-consecu-
tive treated T1DM subjects remained insulin

independent for >1 year with sustained C-peptide
production after portal vein infusion.16 A subsequent
5-year follow of the Edmonton protocol demonstrated
that most subjects lost complete insulin independence
by year 3–5, with only 10% remaining insulin free by
5 years. However 80% maintained strong C-peptide
secretion, which was sufficient to correct the HbA1C
<7%, and most importantly protected recipients from
severe hypoglycemic events.17 The success of the
Edmonton protocol rejuvenated global interest in clin-
ical IT and at least 30 new islet centres initiated activ-
ity. The Collaborative Islet Transplant Registry
(CITR) in 2001 allowed progress to be tracked closely.
The most recent CITR report registered 1,584 IT infu-
sions in 819 patients between 1999 to 2013, and cur-
rently, 27 active registered centers are active.18 IT has
improved substantially over the past 17 years with
multiple further refinements including more optimal
islet preparation, culture, safer transplant techniques
and more effective anti-inflammatory and immuno-
modulatory interventions. Likely cellular replacement
therapies will become mainstay treatment, more prac-
tical and cost effective, for larger numbers of T1DM
patients.

Islet cell transplantation procedure – isolation,
purification and infusion

IT requires sequential steps including donor pancreas
procurement, islet isolation, purification, culture and
infusion. Attention to detail throughout all steps in
this process are required to maximize islet integrity
and survival. Organ donation from a multiorgan
donor (neurological determination of death, or more
recently also deceased cardiac death donors), after
donor family consent. Donor characteristics, including
age, body mass index and absence of diabetes in the
donor (HbA1C <6.5%) may affect islet yield.19 While
obese donors previously provided the best islet mass,
improvements in collagenase enzymes and purifica-
tion protocols have improved the success of islet isola-
tion from the younger, thinner donors too. After the
pancreas is flushed and cooled with preservation solu-
tion University of Wisconsin (UW) or Histidine Keto-
glutatate (HTK) solutions via intravascular flush, the
pancreas is surgically removed and packaged for
transport to the isolation centre. It is essential that the
pancreatic capsule remains intact and uninjured if the
pancreas is to be distended with collagenase
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satisfactorily once the pancreas reaches the isolation
laboratory. Once in the clean room facilities (clinical
Good Manufacturing Practice (cGMP) approved), the
duodenum, spleen and fatty tissues are dissected away
from the pancreas, the pancreas transected at the neck
or mid-body, and the pancreatic duct cannulated in
both proximal and distal directions. The pancreatic
duct is then perfused with cold then warmed collage-
nase solutions under pressure for 10 minutes to load
the pancreatic acinar-islet interface with digestive
enzyme. The pancreas is then chopped into multiple
pieces (typically 9 or 10 large fragments), and trans-
ferred to the Ricordi Chamber where warm collage-
nase enzyme and serine protease solutions are
recirculated while the chamber is shaken to facilitate
separation of islets from their exocrine stromal matrix.
The Ricordi Chamber serves to both mechanically and
chemically digest islets. Once islets are liberated into
the solution, the digestion is halted by cooling to 4�C
and the enzyme is further quenched with the addition
of collagenase binding proteins (human albumin solu-
tion). The islet digest is then purified on a COBE 2991
cell processor using a continuous density gradient of
BioChrom Ficoll solution to separate islets from the
exocrine tissue, the islets being less dense on centrifu-
gation. Islets are then cultured for 24–72 hours at
20�C or 37�C (centre dependent) in media supple-
mented with insulin, transferrin and selenium. Before
transplantation, the purified islet preparation must
undergo detailed quality control testing to assess islet
viability, purity, insulin content, cell number and insu-
lin secretory response. Islets must have adequate
purity (>50%), dose (>5000 IEQ kg¡1), a settled tis-
sue volume <7cc, and be sterile on Gram stain.20,21

The islet culture step may minimize the number of
dying islets and acinar cells that are infused into the
recipient, but these dying cells also create a toxic
milieu for the remaining islets during culture.19,22

Maximizing the infused islet mass, matched to the
ABO-blood type of the recipient, is important as it
decreases the need for multiple donor islet infusions.
The fewer the donors required reduces the risk of
HLA-recipient sensitization. Although considerable
research efforts have been made in the field, the opti-
mal protocol has still to be standardized.

Currently intraportal islet infusion remains the gold
standard site for implantation. To date, this is the only
site that has reliably led to high rates of insulin inde-
pendence in patients with T1DM. The portal vein

may be safely accessed by a minimally invasive percu-
taneous transhepatic access route. The advantage of
this approach is that patients do not require surgery
or general anesthesia. The early disadvantage was that
some patients developed intraperitoneal bleeding
from the liver surface after the portal catheter was
withdrawn. Refinement in this technique with occlu-
sion and obliteration of the catheter track using solu-
ble hemostatic paste agents (Avitene paste or D-
STAT) have virtually eliminated this complication in
the larger centre experience. Administration of thera-
peutic heparin at 70 units per kg recipient weight
delivered intraportally with the islets, and a heparin
infusion initiated at 3–5 units/kg/hour then adjusted
to main a PTT between 60–80 seconds has further
eliminated the risk of branch vein portal venous
thrombosis, another recognized complication of this
procedure. Maintaining a purer islet preparation of
typically 2–3ccs of islet tissue coupled with systemic
heparinization has been an important component in
mitigating this thrombotic risk.20 Although intrahe-
patic infusion is associated now with minimal compli-
cations, the intravascular site fails to provide an
optimal environment for islet survival, and it has been
estimated that >60% of the infused islet mass is
destroyed within minutes to hours by innate immune
responses.23 Means to optimize islet survival through-
out all steps in the islet preparation process is seen as
key to the success of this approach (Fig. 1).

Current limitations and possible alleviations in
clinical islet transplantation

Instant blood-mediated inflammatory reaction
(IBMIR)

The innate destruction of transplanted islet tissue occurs
through an intense reaction called the instant blood-
mediated inflammatory reaction (IBMIR). The process
is triggered by exposed tissue factor on the islet surface,
which attracts platelets that bind and undergo their
release reaction, and a cascade of clot adherence and
intense inflammatory cellular recruitment follows.24,25

Potential means to reduce inflammatory islet stress and
protect islets can be achieved through addition of anti-
inflammatory agents during islet culture and systemically
to the recipient, administration of anticoagulants, or islet
coating with a variety of protective macromolecules.26

The infusion of anticoagulation agents such as dextran
sulfate or heparin has been shown to improve islet

82 A. GAMBLE ET AL.



survival by downregulating the IBMIR response in the
experimental setting, but remains to be validated in clini-
cal studies.27-29

Alternative transplantation sites

As islets are infused intraportally, they embolize and
become trapped within the portal sinusoidal capillar-
ies. This may render islets ischemic, and apoptotic or
necrotic islet death may ensue.119,20-30 The inability to
locate, visualize or biopsy human islets within the
intrahepatic site creates a challenge, and has hampered
progress as the scale and relative nature of the various
insults affecting islet survival cannot be quantified eas-
ily. Several investigators have searched for more favor-
able extrahepatic sites that might obviate IBMIR and
provide more ready access for biopsy, imaging and
retrieval. Such sites have included the renal subcapsu-
lar space,31 striated muscle,32 pancreas,33 omentum,34

eye chamber,35 and testis.36Although these alternative
sites can reverse hyperglycemia in small animal mod-
els, thus far only the omentum has recently allowed a
small number of subjects to become insulin indepen-
dent for short periods of time. Thus far, all attempts
to develop a clinically applicable site that is proven to
be superior to the intraportal site have remained elu-
sive. The renal subcapsular site in favored and most
efficient for islet implantation in rodents over the
intraportal site, but this does not translate in species
larger than mice and rats.37The subcutaneous space
remains an attractive consideration as alternative
embryonic stem cell products are being developed for
the clinic, mainly because this site is easily retrievable.

However, the limited vascularization and low oxygen
tension of this site poses challenges. Efforts to improve
islet survival within the subcutaneous space may be
achieved by the use of a prevascularized technique,
which harnesses the natural foreign body reaction,
achieved by pre-implanting a catheter.38 Our labora-
tory developed a “deviceless” method that implants
islets into a prevascularized subcutaneous site created
by the temporary placement of a 5 or 6F hollow nylon
medical-grade catheter used in angiography.39 The
deviceless method was found to be highly effective in
reversing diabetes in full dose and marginal mass islet
transplants with human or mouse islets, and with
human derived-pancreatic endoderm cells.39,40 We
have yet to test this approach in larger animals or in
patients, so the utility of this approach remains
unknown in clinical translation.

A Canadian based biotechnology company, Sernova
Corp., developed a permanent plastic mesh-based device
with removable plugs called the Cell PouchTM. After
Health Canada approval, the device was loaded with
human islets and implanted into 3 patients treated at the
University of Alberta. While the device was able to reverse
diabetes successfully in mice, none of the patients demon-
strated any islet function, and had only de minimus islet
survival upon device explantation.41,42 Considerable fur-
ther research is required to refine these and other
approaches if they are to be useful in the clinic. Another
promising alternative IT site is the omentum based on the
expansive surface area, rich blood supply, portal drainage
and potential for minimal access surgery. By folding the
omentum upon itself, additional surface for oxygenation
and metabolic exchange may be accomplished.43 The

Figure 1. Drawbacks of islet transplantation. Islet transplantation is a temperate alleviation from exogenous insulin injections. Draw-
backs include, but not limited to failed engraftment, the need for a lifelong immunosuppressant therapy, and scarce donor supply. Dis-
played in colors are possible avenues to help alleviate these drawbacks.
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University of Miami is currently completing a Phase I/II
clinical trial with this approach, transplanting human allo-
genic islets coated in autologous plasma and placed using
laparoscopic instruments onto the wrapped omentum
(NCT02213003). Recently, a 43-year-old diabetic woman
was rendered normoglycemia with this approach, and its
clinical investigation is ongoing.44 The intramuscular site
is a vascular enriched site that has comparable blood flow
to the native pancreas.45 In Sweden, a 7-year-old girl
receiving intramuscular autologous islets after a total pan-
createctomy was reported; this subject had detectible C-
peptide but failed to gain insulin independence.46

Encapsulation technologies

The potential to shield transplant islets or stem cells
from immune attack through micro or macroencapsu-
lation approaches is a concept that has been explored
extensively over the past seven decades. Encapsulation
utilizes selectively permeable membranes that permit
passive diffusion of glucose, insulin, oxygen, carbon
dioxide and other nutrient exchange while preventing
direct cell-cell contact with immune cells. Factors to
consider in evaluating such devices include the site of
transplantation, the device configuration, the materi-
als used, and their ability to promote neovasculariza-
tion and biocompatibility.47

Macroencapsulation involves encapsulating multi-
ple islets within a device >1mm diameter and is usu-
ally placed in an extravascular space.48 The use of
macroencapsulation dates back to the 1950’s when
Algire, Prehn, and Weaver transplanted thyroid tissue
within a device made of lucite rings, membrane filters,
and lucite-acetone seal.49,50 Several studies demon-
strate islet cell survival within macroencapsulation
devices in mice, but translation to larger animals or
humans is often limited by fibroblastic overgrowth
around the device.51 In the 1990’s a double-membrane
sealed device called the TheracyteTM device was devel-
oped by Baxter Healthcare and showed initial prom-
ise, but failed to maintain euglycemia.50,52,53 In 2013,
Ludwig et al. used an oxygenated macro-chamber
(Beta-O2) to implant human islets without immuno-
suppression beneath the abdominal wall skin of
patients. Human islets were stabilized in an alginate
matrix.54 Preliminary published data confirmed that
patients had detectible human C-peptide in the com-
plete absence of immunosuppression, but none were
insulin independent.55 ViaCyte Inc. created a

macroencapsulation device termed EncaptraTM, which
also has an outer plastic weave support matrix and an
inner thin immune barrier layer to protect implanted
cells. In 2014, ViaCyte Inc. launched a Phase I/II com-
bination trial of human embryonic stem cells derived
product (PEC-01, derived from Cyt49 cells, implanted
within EncaptraTM) (VC-01TM, NCT02239354). In
2017 ViaCyte further initiated a second trial using a
perforated macroencapsulation device containing
PEC-01 cells, in which it is anticipated that cell sur-
vival will be improved by more optimal neovasculari-
zation, but recipients in that trial will require full
systemic immunosuppression (PEC-directTM (VC-
02TM, NCT03163511). Islet Sheet Medical developed a
flat sheet device made of ultra-thin biocompatible
polymer which showed early promise in small animal
models, but failed to be replicated in larger animal
studies.48 The concept of macroencapsulation has
been around for several decades, but is still plagued by
cell survival challenges as cells are cut off from physio-
logic gaseous and nutrient exchange. Ongoing studies
will help to define the utility of such approaches with
the hope that transplants could be conducted without
need for chronic immunosuppression. Importantly,
these devices have not been tested thoroughly in
human patients with autoimmune diabetes, and it
remains unknown how effective they may be in pre-
venting recurrent autoimmunity.

The alternative approach of microencapsulation
involves coating of individual islets or islet clusters in an
immunoprotective envelope. In 1964, Chang et al.
described microencapsulation.56 and in 1980 Lim and
Sun demonstrated islet survival with alginate-polylysine-
polyethyleneimine microcapsules.57 Alternative microen-
capsulation materials have been explored, including
polyethylene glycol, poly methyl methacrylates, alginate,
agarose, or chitosan.48,58 In one study, Vegas et al. main-
tained normoglycemic for 174 days and suppressed peri-
vascular overgrowth in mice.59 Human islets have
heterogeneous diameters ranging from <50-500mm,
and manufacturing a microencapsulation system that
accommodates this range has proven to be a challenge.60

Conformal coating has generated much interest, but
even this approach frequently leads to islets that breech
the microencapsulation barrier, and when transplanted
leave exposed donor antigens accessible to the recipient
immune system. Shielding of direct immune cell-to-cell
contact may be an over-simplistic approach as it over-
looks the cytokine and damage associated membrane
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products (DAMPs) small molecule cross-talk between
contained damaged and dying donor cells that can be
sensed by the recipient immune system. Clinical trials of
encapsulated pig islets by Diabecell� generated much
interest, but the final results of those trials are disap-
pointing as insulin requirements remain unchanged
from baseline and pig C-peptide was undetectable.61,62

Although microencapsulation holds potential promise,
materials and nutrient exchange remain suboptimal to
sustain islet survival. Ongoing studies will determine if
some of these barriers may be overcome with more
refined biomaterials and technologies.

Islet graft revascularization

The islets of Langerhans constitute»2% of the total pan-
creatic mass but receive up to 20% of the pancreatic
blood flow.63 Revascularization is imperative for islet sur-
vival after transplantation. Islets have a dense network of
sinusoidal capillaries that drain into peripheral venules.64

The process of islet isolation strips off these capillary net-
works, and islets must therefore neovacularize if they are
to survive. Angiogenesis begins between the first and day
post-transplant, and expands for the first 14 days, as
new arteriolar vessels grow in from recipient origin.65

Vascular remodeling may then continue for up to 3
months.65

Islets and vascular endothelial cells express high
levels of vascular endothelial growth factor (VEGF)
that serve to recruit neovascularization.64,66 Supple-
mentation of VEGF in the islet graft may have both
positive and negative impact, as VEGF also recruits
and amplifies inflammation that can also be destruc-
tive to islet survival. Cheng et al. utilize an adenovirus
containing cDNA from human VEGF isoforms and
transplants transfected islets into diabetic nude mice
and found improved islet revascularization with nor-
moglycemia.67 VEGF also stimulates release of inter-
leukin, increasing blood flow to ischemic tissue.68

Hepatocyte growth factor (HGF), fibroblast growth
factor (FGF), epidermal growth factor (EGF), and
matrix metalloproteinase (MMP) may also expedite
the islet vascularization process.69,70 Basterrechea et al.
applied a plasma-based scaffold containing fibroblasts
to augment subcutaneous IT function in mice.71

Brief overview of oxidative stress

Oxidative stress is associated with release of free radi-
cals especially reactive oxygen species (ROS).72 Islets

are especially vulnerable to pro-inflammatory cyto-
kines (e.g. TNFa), free radicals (i.e. H2O2 or peroxyni-
trite) and superoxide dismutases (SODs).73 Treatment
of islet preparations with potent antioxidants may
mitigate oxidative stress. Supplementation with gluta-
thione (GSH) was able to decrease apoptosis and
reduce intracellular ROS during islet isolation.74 This
supplementation may have the converse detrimental
effect of disrupting VEGF synthesis and thereby
impede neovascularization.75 An antioxidant metallo-
porphyrin analog BMX-010 improved islet function
and survival and was non-toxic to islets.72 A pilot
study using BMX-010 is currently underway at the
University of Alberta to evaluate the impact of this
agent in improving single donor islet engraftment.76

Controlling oxidative stress could provide promise for
improved islet survival.

Mesenchymal stem cells to improve islet
engraftment

Mesenchymal stem cells (MSCs) were first identified by
Friedenstein et al. in rat bone marrow in 1966.77 MSCs
are non-hematopoietic precursor cells that can differenti-
ate into mesoderm lineages: osteocytes, chondrocytes,
myocytes, and adipocytes.78 MSCs may be isolated from
amniotic fluid,79 skeletal muscle,80 adipose tissue,81

umbilical cord,82 and human umbilical cord perivascular
cells.83 MSCs may be transdifferentiated into insulin-
producing cells, but have yet to be rendered as fully func-
tional b-like cells.84 MSCs also secrete trophic factors
that may stimulate and support tissue regeneration,85

and also hold immune regulatory properties that could
also suppress allograft rejection86 (Fig. 2).

Trophic factors

MSCs may promote angiogenesis through gene
expression of cytokines, including VEGF, fibroblast
growth factor (FGF), Angiopoietin-1 (Ang-1), matrix
metalloproteinase (MMPs) and transforming growth
factor-b (TGF-b).87,88 Such growth factors may facili-
tate islet survival. MSCs can migrate to sites of injury
and release paracrine factors that regulate local
inflammation, and may promote revascularization
and repair at the transplant site.89-91 Ongoing studies
will help define the potential role of MSC co-trans-
plantation aimed at improving islet survival.92
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Immunomodulatory effects of MSCs

MSCs may immunomodulate both innate and adaptive
immune responses in experimental islet transplantation,
both through direct and indirect antigen presenta-
tion.88,93,94 MSCs suppress T lymphocyte proliferation
and have low human leukocyte antigen (HLA) Class I
expression. Low but inducible Class II MHC expression
by MSCs could further modulate allogeneic rejection.95

MSCs may decrease B cell proliferation,96 natural killer
cells,97 and monocyte-derived dendritic cells.93 MSCs
suppress T cell reactivity and proliferation, and increase
recruitment of T-regulatory cells (Tregs).98 MSC secre-
tion of matrix metalloproteinases 2 and 9 may block T
cell expansion and activation.99 Tregs are master regula-
tors of immune reactivity and involution, and could
potentially facilitate immune tolerance induction or min-
imize the need for chronic long term immunosuppres-
sion in transplant recipients.100 Berman et al. noted
Tregs recruitment occurred with co-transplantation of
allogeneic islets and third-party MSCs, and led to pro-
longed islet survival.101 MSCs decrease T cells through
reduced differentiation, maturation, and dendritic cell
(DC) function.102 CD11c (DCs phenotype derived from
monocytes) and CD83 (mature DCs phenotype) can be
down-regulated in mice using co-transplantation of pan-
creatic islets with MSCs.103 Co-transplantation of bone
marrow MSCs co-cultured with different agonist anti-
bodies including anti-CD40, or anti-IL-4 markedly

inhibited B cell and immunoglobulin production.96

MSCs alter natural killer (NK) cell function by suppress-
ing proliferation and cytotoxicity. Spaggiari et al. found
that MSCs inhibited NK cell function.97 The role of
MSCs in cross-regulation of cytokine production and
immune cell function merits ongoing intense research.104

Reversing autoimmunity in type 1 diabetes

All future strategies that aim to reverse diabetes with cel-
lular replacement of insulin secreting cells will require
some adjunctive strategy to prevent recurrent autoim-
mune destruction of the newly transplanted cells. Trial-
Net is a group of international scientists that have
focused efforts in reversing autoimmunity in T1DM.
Over 500 strategies have proven effective in NOD auto-
immune mouse models, but very few have translated to
clinical benefit. This suggests that the mouse model is an
inadequate representation of the human disease, and
that strategies that interrupt autoimmunity in mice are
inadequate when applied to the far more complex
human immune system. Haller et al. gave newly diag-
nosed T1DM subjects autologous umbilical cord blood
and reported lower HbA1c and reduced insulin require-
ment.105 This study is small and underpowered, and
lacked appropriate control groups to demonstrate clear
efficacy in the intervention arm. Voltorelli et al., and
more recently Couri et al. infused with hematopoietic
stem cells after myeloablative conditioning in children

Figure 2. Mesenchymal stem cell differentiation and co-transplantation. The benefits of MSCs effectiveness to ameliorate islet cell trans-
plantation and MSCs capability to differentiate is displayed. The multipotent capability of MSC can differentiate into mesodermal line-
ages such as adipocytes, osteocytes, myocytes, and chondrocytes. MSCs co-transplanted with pancreatic islets can decrease the
proliferation of natural killer cells, dendritic cells, monocytes, B cells and T cells. The inhibition of T cells promotes regulatory T cells
(Tregs). Alongside, MSCs release trophic factors that can improve islet engraftment.
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with new onset T1DM, and reported remarkably high
rates of insulin independence with restoration of endoge-
nous C-peptide production.7 This approach was associ-
ated with infectious and other complications related to
the conditioning regimen, including sterility. Bluestone
et al. infused autologous polyclonal reactive ex vivo
expanded Tregs into patients with new onset T1DM and
markedly prolonged the honeymoon period with that
approach.106,107

Alternative islet cell sources

The available organ donor supply will never be suffi-
cient to match the potential demand if cellular
replacement therapies are to play a greater role in the
treatment of all patients with T1DM and T2DM.
Thus, alternative strategies including gene therapy,
xenotransplantation and stem cell transplantation are
being explored to bridge this gap. Transfecting non-
islet cells to contain and express glucose-regulated
insulin is an attractive approach that has been tested
in keratinocytes,108 adipose-derived stem cells,109 and
hepatocytes.110 Hepatocytes share a common endo-
dermal origin with pancreatic islets, and hepatocyte
adenoviral transfection with genes encoding for
human proinsulin have demonstrated ability to secrete
human insulin and C-peptide and maintained normo-
glycemia in small and large animal models.111 If a glu-
cose-sensitive promoter could be included in these
constructs, and if the vectors were less antigenic, their
potential could be substantial in the future manage-
ment of all forms of clinical diabetes.

Xenotransplantation

Xenotransplant sources of islet replacement have been
considered for many years. Neonatal or adult pig islets
provide an attractive source.112 First-in-human trials by
Carl Groth and colleagues in 1994 involved transplanta-
tion of fetal pig islets placed beneath the kidney capsule of
human kidneys in patients with diabetes and renal fail-
ure.113 These studies were remarkable as porcine C-pep-
tide was detectable for >300 days in many subjects, and
no serious side effects were observed. However, no reduc-
tion in insulin requirement and no insulin independence
was ever observed. The opportunity to genetically manip-
ulate the pig genome initially with knock-out construc-
tions for decay accelerating factor, and Gal epitopes, and
more recently the potential to humanize the pig genome
using CRISP-Cas9 technologies, offers great potential.114-

117 These technologies have been used recently to elimi-
nate porcine endogenous retroviruses from the pig
genome. CRISPR-Cas9 was used to inactivate 62 copies of
the PERV pol gene in a porcine cell line and resulted in
>1000-fold reduction in PERV transmission to human
cells.118 Nui et al. formulated PERV-inactivated pigs with
this approach. In New Zealand, encapsulated neonatal
porcine islets have been transplanted into non-immuno-
suppressed T1DM patients but with minimal if any
detectable function to date.119 Detectable porcine C-pep-
tide has been strikingly absent in these subjects, and insu-
lin requirement reduction has been modest, suggesting
that these cells are non-functional to date. A similar study
in Argentina with encapsulated porcine islets showed sim-
ilar findings, but claimed modest reduction in HbA1c and
some correction of hypoglycemic unawareness, but these
studies lack sufficiently rigorous controls to validate that
the function is all derived from the transplanted xenogenic
cells.120 Ongoing studies are required to validate such
approaches, and the further application of CRISP-Cas9 to
humanize the porcine genome will generate more prom-
ise, but additional ethical challenges too.

Pluripotent stem cell transplantation

Human embryonic stem cells (hESCs)

Human embryonic stem cell (hESC) and induced plurip-
otent stem cells (iPSC) are being intensively investigated
for their ability to differentiate into insulin producing
cells. Essential expression of a series of transcription fac-
tors including pancreatic homeodomain transcription
(PDX1), the homeobox transcription factor NKX61, and
MafA have been used to generate pancreatic progenitor
cells.121-123 In 2004, Kubo et al.124 successfully differenti-
ated hESCs into pancreatic endoderm cells (PEC). In
2006, a California-based company called ViaCyte Inc.
generated PEC-01 cells that experimentally displayed
positive C-peptide, proinsulin, and key transcription fac-
tors that led to regulated insulin production after trans-
plantation and in vivo differentiation.125 ViaCyte Inc.
utilizes a single pluripotent embryonic stem cell line,
termed CyT49, that differentiates into PEC-01 cells. The
PEC-01 cell population is intended to mature into glu-
cose-responsive and insulin-producing cells and contin-
ues to differential in vivo after implantation. Two clinical
trials of Viacyte’s PEC-EncapTM (VC-01TM) and PEC-
DirectTM (VC-02TM) utilize these hESC-derived pancre-
atic endoderm cells contained in a macroencapsulation
device. In trial VC-01, the device has an intact membrane
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that prevents direct immune cell-to-cell contact, whereas
in VC-02 the device has laser microperforations designed
to improve neovascularization and stem cell survival, but
recipient subjects in this second trial require full dose
immunosuppression. Ongoing data is eagerly awaited to
validate the safety and preliminary efficacy of these
promising approaches.

ViaCyte cells are considered ‘Stage 4’ and are imma-
ture at the time of transplantation. The advantage of this
approach is that the metabolic demands of cells at this
stage may be less than their fully mature metabolically
active counterparts. Furthermore, expression of Class II
HLA antigens may be less, and so the cells may be less
immunogenic. This remains to be proven; however, such
cells take 2–3 months to fully mature in mice, and are
not expected to work instantly when transplanted into
patients. Those with longstanding T1DM may be more
than happy to wait the 2-3-month maturation period
which may be inconsequential. However, other groups
including Rezania et al. have further differentiated these
types of cells to a more mature ‘Stage 7’ phenotype,
which are more mature and engraft faster after implanta-
tion in mice.121 Paglucia et al. used similar ‘Stage 7’ cells
to avert diabetes onset in mice, and demonstrated more
robust function in vitro.126 Russ et al. confirmed earlier
diabetes reversal with similar cellls.127 Doug Melton and
colleagues within the Harvard Stem Cell Institute and
Semma Therapeutics have used a 6-step protocol to cre-
ate more mature human b cells from hESC-derived
cells.126,128 The potential risk of teratogenicity warrants
caution in all approaches that use hESC-derived product.
Whether a benign teratoma would have serious conse-
quences in patients, or whether unregulated growth
would pose high risk of hypoglycemia remains to be
tested, but these remain of concern in first-in-human tri-
als. There are potential ethical and religious considera-
tions when hESCs are used, as the starting cell
population is derived from discarded human embryos
taken at the blastocyst stage. ViaCyte’s Cyt49 and subse-
quent PEC-01 derivation was obtained from just one
human discarded embryo. Many, but not all might con-
sider that a small ethical price to pay for the potential to
provide a limitless cell source for future diabetes
treatments.

Induced pluripotent stem cells (iPSCs)

In 2006, Shinya Yamanaka’s group from Kyoto Japan
developed a protocol for dedifferentiating and

transdifferentiating adult human pluripotential stem
cells.129 The Yamanaka genetic factors Oct3/4, Sox2,
Klf4 and c-Myc allowed human skin fibroblasts to
dedifferentiate and to mature into human cardiomyo-
cytes. Ongoing intense research will determine the
utility of generating patients’ own b cells with the iPS
approach. Controlling recurrence of islet autoimmu-
nity will be key to the success of this approach.
Patients will not require immunosuppression, but the
costs associated with good manufacturing practice
(GMP) manufacture of individualized stem cells could
be astronomical, and there are still many hurdles to
cross.

Post-Transplant limitations

Protecting against immunosuppressant-related
toxicity

Islet and future stem cell therapies will not be consid-
ered truly ‘curative’ until such treatments can be deliv-
ered and maintained without need for chronic
immunosuppression. Antirejection drugs paralyze
immune responses to alloantigens effectively, but also
increase the risk of life-threatening infection or malig-
nancy. Furthermore, the most potent antirejection
drugs (tacrolimus and cyclosporine) have direct toxic-
ity to b cells.130-132 Approaches that limit need for
immunosuppression will lower the barrier for future
patients with diabetes being considered for cellular
therapy. Gala-Lopez et al. found that an anti-aging
glycopeptide (AAGP) protected human islets from
tacrolimus toxicity and promoted graft survival and
function.133 Ongoing work in the area of tolerance
induction using myeloablative chemotherapy or non-
ablative cellular therapeutics including facilitating cells
or Tregs could transform future opportunities across
all aread of transplantation.

Conclusion

T1DM remains a chronic autoimmune disease result-
ing from permanent destruction of b-cells. Improve-
ments in new insulin formulations, continuous insulin
and now coupled glucagon infusion pumps, and con-
tinuous glucose monitoring systems represent advan-
ces in care, but are still cumbersome, imprecise and
costly. Cellular replacement with IT has also advanced
considerably, and this therapy is of proven benefit in
protecting against hypoglycemia, correcting HbA1C,

88 A. GAMBLE ET AL.



and in many cases providing sustained periods of
insulin independence. The need for lifelong immuno-
suppressive therapy and attendant risks of infection,
cancer and nephrotoxicity pose their own unique
additional challenges, making this treatment unattrac-
tive for all but those with severe risk of brittle hypogly-
cemia. IT success is also hampered by limited islet
survival after implantation, resulting from a combina-
tion of innate immune attack through IBMIR, recur-
rent autoimmune islet destruction or alloimmune
rejection. Optimizing neovascularization with better
control of angiogenesis, suppressing inflammation
and reducing oxidative stress all offer to further
improve outcomes with IT. Access to human islets
from available scarce organ donors makes cellular
replacement therapy impractical if indications are to
be broadened to include patients with both T1DM
and T2DM. Alternative cell sources are therefore
required. Intense efforts to improve islets derived
from xenogenic sources are underway, and in parallel
remarkable progress has occurred in the science and
application of pluripotential stem cells, which are now
entering early pilot clinical trials. The possibility that
cellular transplantation could be accomplished with
less need for immunosuppressant’s remains a tangible
possibility, and advances in immune regulation con-
trol with Treg infusions, MSC co-transplantation and
other innovative approaches are underway. Further,
advances in vascularized macroencapsulated oxygen-
ated devices offer potential to shield transplanted cells
from immune attach. It remains to be seen whether
any of these approaches will prove to be as promising
in patients as they have offered to date in mice.

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.

Funding

AG is supported through Alberta Diabetes Institute Blanch
Graduate Award and Gladys Woodrow Wirtanen Studentship.
ARP is currently funded by Alberta Innovates – Health Solu-
tions Post-Doctoral Fellowship. AB is supported by Canadian
Institutes of Health Research – Proof of Principle and Stem
Cell Network. AMJS is supported through a Canada Research
Chair Tier One in Transplantation Surgery and Regenerative
Medicine from the Canada Research Council. The Shapiro lab
is further supported through the Diabetes Research Institute
Foundation of Canada (DRIFCan), the Juvenile Diabetes
Research Foundation (JDRF), the National Institutes of Health,

from the Canadian Stem Cell Network and from the Canadian
National Transplant Research Project (CNTRP) via the Cana-
dian Institutes of Health Research (CIHR).

ORCID

Anissa Gamble http://orcid.org/0000-0002-5178-2976
Antonio Bruni http://orcid.org/0000-0002-7984-7030
A. M. James Shapiro http://orcid.org/0000-0002-6215-0990

References

1. Guariguata L, Whiting DR, Hambleton I, Beagley J, Linnen-
kamp U, Shaw JE. Global estimates of diabetes prevalence
for 2013 and projections for 2035. Diabetes Res Clin Pract.
2014; 103:137–49. doi:10.1016/j.diabres.2013.11.002

2. Vanikar AV, Trivedi HL, Thakkar UG. Stem cell therapy
emerging as the key player in treating type 1 diabetes
mellitus. Cytotherapy. 2016; 18:1077–86. doi:10.1016/j.
jcyt.2016.06.006

3. Harjutsalo V, Sjoberg L, Tuomilehto J. Time trends in the
incidence of type 1 diabetes in Finnish children: A cohort
study. Lancet. 2008; 371:1777–82. doi:10.1016/S0140-6736
(08)60765-5

4. Miller RG, Secrest AM, Sharma RK, Songer TJ, Orchard TJ.
Improvements in the life expectancy of type 1 diabetes: The
Pittsburgh Epidemiology of Diabetes Complications study
cohort. Diabetes. 2012; 61:2987–92. doi:10.2337/db11-1625

5. Skyler JS, Greenbaum CJ, Lachin JM, Leschek E, Rafkin-
Mervis L, Savage P, Spain L. Type 1 Diabetes TrialNet–an
international collaborative clinical trials network. Ann N Y
Acad Sci. 2008; 1150:14–24. doi:10.1196/annals.1447.054

6. Malmegrim KC, de Azevedo JT, Arruda LC, Abreu JR, Couri
CE, de Oliveira GL, Palma PV, Scortegagna GT, Stracieri AB,
Moraes DA, et al. Immunological Balance Is Associated with
Clinical Outcome after Autologous Hematopoietic Stem Cell
Transplantation in Type 1 Diabetes. Front Immunol. 2017;
8:167. doi:10.3389/fimmu.2017.00167

7. Couri CE, Oliveira MC, Stracieri AB, Moraes DA, Pieroni F,
Barros GM, Madeira MI, Malmegrim KC, Foss-Freitas MC,
Sim~oes BP, et al. C-peptide levels and insulin independence
following autologous nonmyeloablative hematopoietic stem
cell transplantation in newly diagnosed type 1 diabetes mel-
litus. JAMA. 2009; 301:1573–9. doi:10.1001/jama.2009.470

8. Voltarelli JC, Couri CE, Stracieri AB, Oliveira MC, Moraes
DA, Pieroni F, Coutinho M, Malmegrim KC, Foss-Freitas
MC, Sim~oes BP, et al. Autologous nonmyeloablative hemato-
poietic stem cell transplantation in newly diagnosed type 1
diabetes mellitus. JAMA. 2007; 297:1568–76. doi:10.1001/
jama.297.14.1568

9. Banting FG, Best CH, Collip JB, Campbell WR, Fletcher
AA. Pancreatic Extracts in the Treatment of Diabetes
Mellitus. Can Med Assoc J. 1922; 12:141–6.

10. Williams P. Notes on diabetes treated with extract and by
grafts of sheep’s pancreas. Br Med J. 1894; 2:1303–4.

ISLETS 89

http://orcid.org/0000-0002-5178-2976
http://orcid.org/0000-0002-7984-7030
http://orcid.org/0000-0002-6215-0990
https://doi.org/10.1016/j.diabres.2013.11.002
https://doi.org/10.1016/j.jcyt.2016.06.006
https://doi.org/10.1016/j.jcyt.2016.06.006
https://doi.org/10.1016/S0140-6736(08)60765-5
https://doi.org/10.1016/S0140-6736(08)60765-5
https://doi.org/10.2337/db11-1625
https://doi.org/10.1196/annals.1447.054
https://doi.org/10.3389/fimmu.2017.00167
https://doi.org/10.1001/jama.2009.470
https://doi.org/10.1001/jama.297.14.1568
https://doi.org/10.1001/jama.297.14.1568


11. Ballinger WF, Lacy PE. Transplantation of intact pancre-
atic islets in rats. Surgery. 1972; 72:175–86.

12. Najarian JS, Sutherland DE, Baumgartner D, Burke B,
Rynasiewicz JJ, Matas AJ, Goetz FC. Total or near total
pancreatectomy and islet autotransplantation for treat-
ment of chronic pancreatitis. Ann Surg. 1980; 192:526–
42. doi:10.1097/00000658-198010000-00011

13. Ricordi C, Lacy PE, Scharp DW. Automated islet isola-
tion from human pancreas. Diabetes. 1989; 38 Suppl
1:140–2. doi:10.2337/diab.38.1.S140

14. Scharp DW, Lacy PE, Santiago JV, McCullough CS,
Weide LG, Falqui L, Marchetti P, Gingerich RL, Jaffe AS,
Cryer PE, et al. Insulin independence after islet trans-
plantation into type I diabetic patient. Diabetes. 1990;
39:515–8. doi:10.2337/diab.39.4.515

15. Brendel M HB, Shulz A, Bretzel R. International Islet
Transplant Registry Report. University of Giessen.
1999:1–20.

16. Shapiro AM, Lakey JR, Ryan EA, Korbutt GS, Toth E,
Warnock GL, Kneteman NM, Rajotte RV. Islet trans-
plantation in seven patients with type 1 diabetes mellitus
using a glucocorticoid-free immunosuppressive regimen.
The New England journal of medicine. 2000; 343:230–8.
doi:10.1056/NEJM200007273430401

17. Ryan EA, Paty BW, Senior PA, Bigam D, Alfadhli E, Kne-
teman NM, Lakey JR, Shapiro AM. Five-year follow-up
after clinical islet transplantation. Diabetes. 2005;
54:2060–9. doi:10.2337/diabetes.54.7.2060

18. Collaborative Islet Transplant Registry. Ninth Annual
Report. Rockville, MD: CITR Coordinating Center; 2016
Dec 8 [accessed 2018 Jan 24]. https://citregistry.org/sys
tem/files/9AR_Report.pdf.

19. Shapiro AM, Pokrywczynska M, Ricordi C. Clinical pan-
creatic islet transplantation. Nat Rev Endocrinol. 2017;
13:268–77. doi:10.1038/nrendo.2016.178

20. Kawahara T, Kin T, Kashkoush S, Gala-Lopez B, Bigam DL,
Kneteman NM, Koh A, Senior PA, Shapiro AM. Portal vein
thrombosis is a potentially preventable complication in clini-
cal islet transplantation. Am J Transplant. 2011; 11:2700–7.
doi:10.1111/j.1600-6143.2011.03717.x

21. Yamamoto T, Horiguchi A, Ito M, Nagata H, Ichii H, Ric-
ordi C, Miyakawa S. Quality control for clinical islet trans-
plantation: Organ procurement and preservation, the islet
processing facility, isolation, and potency tests. J Hepatobili-
ary Pancreat Surg. 2009; 16:131–6. doi:10.1007/s00534-009-
0064-z

22. Berney T. Islet culture and counter-culture. Commentary on:
Effect of short-term culture on functional and stress-related
parameters in isolated human islets by Ihm et al. Transpl Int.
2009; 22:531–3. doi:10.1111/j.1432-2277.2008.00794.x

23. Shapiro AM, Ryan EA, Lakey JR. Diabetes. Islet cell trans-
plantation. Lancet. 2001; 358(Suppl):S21. doi:10.1016/S0140-
6736(01)07034-9

24. Kanak MA, Takita M, Kunnathodi F, Lawrence MC, Levy
MF, Naziruddin B. Inflammatory response in islet transplan-
tation. Int J Endocrinol. 2014; 2014:451035. doi:10.1155/
2014/451035

25. Biarnes M, Montolio M, Nacher V, Raurell M, Soler J,
Montanya E. Beta-cell death and mass in syngeneically
transplanted islets exposed to short- and long-term
hyperglycemia. Diabetes. 2002; 51:66–72. doi:10.2337/
diabetes.51.1.66

26. Nilsson B, Ekdahl KN, KorsgrenO. Control of instant blood-
mediated inflammatory reaction to improve islets of Langer-
hans engraftment. Curr Opin Organ Transplant. 2011;
16:620–6. doi:10.1097/MOT.0b013e32834c2393

27. KohA, Senior P, SalamA, Kin T, Imes S, Dinyari P,Malcolm
A, TosoC,Nilsson B, KorsgrenO, et al. Insulin-heparin infu-
sions peritransplant substantially improve single-donor clin-
ical islet transplant success. Transplantation. 2010; 89:465–
71. doi:10.1097/TP.0b013e3181c478fd

28. Johansson H, Goto M, Dufrane D, Siegbahn A, Elgue G,
Gianello P, Korsgren O, Nilsson B. Low molecular weight
dextran sulfate: A strong candidate drug to block IBMIR
in clinical islet transplantation. Am J Transplant. 2006;
6:305–12. doi:10.1111/j.1600-6143.2005.01186.x

29. McCall M, Shapiro AM. Update on islet transplantation.
Cold Spring Harb Perspect Med. 2012; 2:a007823.
doi:10.1101/cshperspect.a007823

30. Al-Jazaeri A, Xu BY, Yang H, Macneil D, Leventhal JR,
Wright JR, Jr. Effect of glucose toxicity on intraportal
tilapia islet xenotransplantation in nude mice. Xeno-
transplantation. 2005; 12:189–96. doi:10.1111/j.1399-
3089.2005.00220.x

31. Szot GL, Koudria P, Bluestone JA. Transplantation of
pancreatic islets into the kidney capsule of diabetic mice.
J Vis Exp. 2007:404.

32. Weber CJ, Hardy MA, Pi-Sunyer F, Zimmerman E,
Reemtsma K. Tissue culture preservation and intramuscular
transplantation of pancreatic islets. Surgery. 1978; 84:166–74.

33. Stagner JI, Rilo HL, White KK. The pancreas as an
islet transplantation site. Confirmation in a syngeneic
rodent and canine autotransplant model. JOP. 2007;
8:628–36.

34. al-Abdullah IH, Anil Kumar MS, Kelly-Sullivan D,
Abouna GM. Site for unpurified islet transplantation is
an important parameter for determination of the out-
come of graft survival and function. Cell Transplant.
1995; 4:297–305. doi:10.1177/096368979500400308

35. Adeghate E, Donath T. Morphological findings in long-
term pancreatic tissue transplants in the anterior eye
chamber of rats. Pancreas. 1990; 5:298–305. doi:10.1097/
00006676-199005000-00009

36. Ferguson J, Scothorne RJ. Extended survival of pancreatic
islet allografts in the testis of guinea-pigs. J Anat. 1977;
124:1–8.

37. Sakata N, Tan A, Chan N, Obenaus A, Mace J, Peverini R,
Sowers L, Chinnock R, Hathout E. Efficacy comparison
between intraportal and subcapsular islet transplants in a
murine diabetic model. Transplant Proc. 2009; 41:346–9.
doi:10.1016/j.transproceed.2008.08.155

38. Pepper AR, Pawlick R, Bruni A, Gala-Lopez B, Wink J,
Rafiei Y, Bral M, Abualhassan N, Shapiro AM. Harnessing
the Foreign Body Reaction in Marginal Mass Device-less

90 A. GAMBLE ET AL.

https://doi.org/10.1097/00000658-198010000-00011
https://doi.org/10.2337/diab.38.1.S140
https://doi.org/10.2337/diab.39.4.515
https://doi.org/10.1056/NEJM200007273430401
https://doi.org/10.2337/diabetes.54.7.2060
https://citregistry.org/system/files/9AR_Report.pdf
https://citregistry.org/system/files/9AR_Report.pdf
https://doi.org/10.1038/nrendo.2016.178
https://doi.org/10.1111/j.1600-6143.2011.03717.x
https://doi.org/10.1007/s00534-009-0064-z
https://doi.org/10.1007/s00534-009-0064-z
https://doi.org/10.1111/j.1432-2277.2008.00794.x
https://doi.org/10.1016/S0140-6736(01)07034-9
https://doi.org/10.1016/S0140-6736(01)07034-9
https://doi.org/10.1155/2014/451035
https://doi.org/10.1155/2014/451035
https://doi.org/10.2337/diabetes.51.1.66
https://doi.org/10.2337/diabetes.51.1.66
https://doi.org/10.1097/MOT.0b013e32834c2393
https://doi.org/10.1097/TP.0b013e3181c478fd
https://doi.org/10.1111/j.1600-6143.2005.01186.x
https://doi.org/10.1101/cshperspect.a007823
https://doi.org/10.1111/j.1399-3089.2005.00220.x
https://doi.org/10.1111/j.1399-3089.2005.00220.x
https://doi.org/10.1177/096368979500400308
https://doi.org/10.1097/00006676-199005000-00009
https://doi.org/10.1097/00006676-199005000-00009
https://doi.org/10.1016/j.transproceed.2008.08.155


Subcutaneous Islet Transplantation in Mice. Transplanta-
tion. 2016; 100:1474–9. doi:10.1097/TP.0000000000001162

39. Pepper AR, Gala-Lopez B, Pawlick R, Merani S, Kin T,
Shapiro AM. A prevascularized subcutaneous device-less
site for islet and cellular transplantation. Nat Biotechnol.
2015; 33:518–23. doi:10.1038/nbt.3211

40. Pepper AR, Pawlick R, Bruni A, Wink J, Rafiei Y, O’Gor-
man D, Yan-Do R, Gala-Lopez B, Kin T, MacDonald PE,
et al. Transplantation of Human Pancreatic Endoderm
Cells Reverses Diabetes Post Transplantation in a Prevas-
cularized Subcutaneous Site. Stem Cell Reports. 2017;
8:1689–700. doi:10.1016/j.stemcr.2017.05.004

41. Gala-Lopez B. L. PAR, Dinyari P., Malcolm A. J., Kin T.,
Pawlick L. R., Senior P. A., Shapiro A.M. J. Subcutaneous
clinical islet transplantation in a prevascularized subcutane-
ous pouch – preliminary experience. CellR4. 2016; 4:e2132.

42. Pepper AR, Pawlick R, Gala-Lopez B, MacGillivary A,
Mazzuca DM, White DJ, Toleikis PM, Shapiro AM. Dia-
betes Is Reversed in a Murine Model by Marginal Mass
Syngeneic Islet Transplantation Using a Subcutaneous
Cell Pouch Device. Transplantation. 2015; 99:2294–300.
doi:10.1097/TP.0000000000000864

43. Kin T, Korbutt GS, Rajotte RV. Survival and metabolic
function of syngeneic rat islet grafts transplanted in the
omental pouch. Am J Transplant. 2003; 3:281–5.
doi:10.1034/j.1600-6143.2003.00049.x

44. Baidal DA, Ricordi C, Berman DM, Alvarez A, Padilla N,
Ciancio G, Pileggi A, Alejandro R. Bioengineering of an
Intraabdominal Endocrine Pancreas. The New England
journal of medicine. 2017; 376:1887–9. doi:10.1056/
NEJMc1613959

45. Christoffersson G, Henriksnas J, Johansson L, Rolny C,
Ahlstrom H, Caballero-Corbalan J, Segersv€ard R, Permert J,
Korsgren O, Carlsson PO, et al. Clinical and experimental
pancreatic islet transplantation to striated muscle: Establish-
ment of a vascular system similar to that in native islets.
Diabetes. 2010; 59:2569–78. doi:10.2337/db10-0205

46. Rafael E, Tibell A, Ryden M, Lundgren T, Savendahl L,
Borgstrom B, Arnelo U, Isaksson B, Nilsson B, Korsgren O,
et al. Intramuscular autotransplantation of pancreatic islets
in a 7-year-old child: a 2-year follow-up. Am J Transplant.
2008; 8:458–62. doi:10.1111/j.1600-6143.2007.02060.x

47. Desai T, Shea LD. Advances in islet encapsulation technolo-
gies. Nat Rev Drug Discov. 2016; 16:338–350. doi:10.1038/
nrd.2016.232

48. Vaithilingam V, Bal S, Tuch BE. Encapsulated Islet
Transplantation: Where Do We Stand? Rev Diabet Stud.
2017; 14:51–78. doi:10.1900/RDS.2017.14.51

49. Algire GH, Weaver JM, Prehn RT. Growth of cells in vivo
in diffusion chambers. I. Survival of homografts in
immunized mice. J Natl Cancer Inst. 1954; 15:493–507.

50. Desai T, Shea LD. Advances in islet encapsulation tech-
nologies. Nat Rev Drug Discov. 2017; 16:367.
doi:10.1038/nrd.2017.67

51. Scharp DW, Marchetti P. Encapsulated islets for diabetes
therapy: history, current progress, and critical issues

requiring solution. Adv Drug Deliv Rev. 2014; 67-68:35–
73. doi:10.1016/j.addr.2013.07.018

52. Brauker J, Martinson LA, Young SK, Johnson RC. Local
inflammatory response around diffusion chambers contain-
ing xenografts. Nonspecific destruction of tissues and
decreased local vascularization. Transplantation. 1996.
61:1671–7. doi:10.1097/00007890-199606270-00002

53. Kumagai-Braesch M, Jacobson S, Mori H, Jia X, Takahashi
T, Wernerson A. The TheraCyte device protects against
islet allograft rejection in immunized hosts. Cell Transplant
2013. 22:1137–46. doi:10.3727/096368912X657486

54. Ludwig B, Reichel A, Steffen A, Zimerman B, Schally AV,
Block NL, Colton CK, Ludwig S, Kersting S, Bonifacio E,
et al. Transplantation of human islets without immuno-
suppression. Proc Natl Acad Sci U S A. 2013; 110:19054–
8. doi:10.1073/pnas.1317561110

55. Barkai U, Weir GC, Colton CK, Ludwig B, Bornstein SR,
Brendel MD, Neufeld T, Bremer C, Leon A, Evron Y, et al.
Enhanced oxygen supply improves islet viability in a new
bioartificial pancreas. Cell Transplant. 2013; 22:1463–76.
doi:10.3727/096368912X657341

56. Chang TM. Semipermeable Microcapsules. Science. 1964;
146:524–5. doi:10.1126/science.146.3643.524

57. Lim FS, A. M.. Microencapsulated islets as bioartificial endo-
crine pancreas. Science. 1980; 210:908–10. doi:10.1126/
science.6776628

58. Wang T, Lacik I, Brissova M, Anilkumar AV, Prokop A,
Hunkeler D, Green R, Shahrokhi K, Powers AC. An
encapsulation system for the immunoisolation of pancre-
atic islets. Nat Biotechnol. 1997; 15:358–62. doi:10.1038/
nbt0497-358

59. Vegas AJ, Veiseh O, Gurtler M, Millman JR, Pagliuca FW,
Bader AR, Doloff JC, Li J, Chen M, Olejnik K, et al. Long-
term glycemic control using polymer-encapsulated human
stem cell-derived beta cells in immune-competent mice.
Nat Med. 2016; 22:306–11. doi:10.1038/nm.4030

60. Calafiore R, Basta G, Luca G, Boselli C, Bufalari A, Bufa-
lari A, Cassarani MP, Giustozzi GM, Brunetti P. Trans-
plantation of pancreatic islets contained in minimal
volume microcapsules in diabetic high mammalians.
Ann N Y Acad Sci. 1999; 875:219–32. doi:10.1111/j.1749-
6632.1999.tb08506.x

61. Fung J, Wong T, Chok K, Chan A, Cheung TT, Dai J, Sin
SL, Ma KW, Ng K, Ng KT, et al. Long Term Outcomes of
Entecavir Monotherapy for Chronic Hepatitis B after
Liver Transplantation: Results up to 8 years. Hepatology.
2017; 66:1036–1044. doi:10.1002/hep.29191

62. Fu L, Wei N, Wang JS, Wu L, Wang YN, Huang DY, Liu
JL, Wang Z. [The clinical characteristics of adult hemo-
phagocytic lymphohistiocytosis treated with haploidenti-
cal donor hematopoietic stem cell transplantation].
Zhonghua Nei Ke Za Zhi. 2017; 56:273–8.

63. Stendahl JC, Kaufman DB, Stupp SI. Extracellular
matrix in pancreatic islets: relevance to scaffold design
and transplantation. Cell Transplant. 2009; 18:1–12.
doi:10.3727/096368909788237195

ISLETS 91

https://doi.org/10.1097/TP.0000000000001162
https://doi.org/10.1038/nbt.3211
https://doi.org/10.1016/j.stemcr.2017.05.004
https://doi.org/10.1097/TP.0000000000000864
https://doi.org/10.1034/j.1600-6143.2003.00049.x
https://doi.org/10.1056/NEJMc1613959
https://doi.org/10.1056/NEJMc1613959
https://doi.org/10.2337/db10-0205
https://doi.org/10.1111/j.1600-6143.2007.02060.x
https://doi.org/10.1038/nrd.2016.232
https://doi.org/10.1038/nrd.2016.232
https://doi.org/10.1900/RDS.2017.14.51
https://doi.org/10.1038/nrd.2017.67
https://doi.org/10.1016/j.addr.2013.07.018
https://doi.org/10.1097/00007890-199606270-00002
https://doi.org/10.3727/096368912X657486
https://doi.org/10.1073/pnas.1317561110
https://doi.org/10.3727/096368912X657341
https://doi.org/10.1126/science.146.3643.524
https://doi.org/10.1126/science.6776628
https://doi.org/10.1126/science.6776628
https://doi.org/10.1038/nbt0497-358
https://doi.org/10.1038/nbt0497-358
https://doi.org/10.1038/nm.4030
https://doi.org/10.1111/j.1749-6632.1999.tb08506.x
https://doi.org/10.1111/j.1749-6632.1999.tb08506.x
https://doi.org/10.1002/hep.29191
https://doi.org/10.3727/096368909788237195


64. Figliuzzi M, Bonandrini B, Silvani S, Remuzzi A. Mesen-
chymal stem cells help pancreatic islet transplantation to
control type 1 diabetes. World J Stem Cells. 2014; 6:163–
72. doi:10.4252/wjsc.v6.i2.163

65. Emamaullee JA, Shapiro AM. Factors influencing the loss
of beta-cell mass in islet transplantation. Cell Transplant.
2007; 16:1–8. doi:10.3727/000000007783464461

66. Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand
SJ, Holash J. Vascular-specific growth factors and blood
vessel formation. Nature. 2000; 407:242–8. doi:10.1038/
35025215

67. Cheng K, Fraga D, Zhang C, Kotb M, Gaber AO, Gun-
taka RV, Mahato RI. Adenovirus-based vascular endo-
thelial growth factor gene delivery to human pancreatic
islets. Gene Ther. 2004; 11:1105–16. doi:10.1038/sj.
gt.3302267

68. Haynesworth SE, Baber MA, Caplan AI. Cytokine
expression by human marrow-derived mesenchymal pro-
genitor cells in vitro: Effects of dexamethasone and IL-1
alpha. J Cell Physiol 1996; 166:585–92. doi:10.1002/
(SICI)1097-4652(199603)166:3%3c585::AID-
JCP13%3e3.0.CO;2-6

69. Golocheikine A, Tiriveedhi V, Angaswamy N, Benshoff
N, Sabarinathan R, Mohanakumar T. Cooperative signal-
ing for angiogenesis and neovascularization by VEGF
and HGF following islet transplantation. Transplanta-
tion. 2010; 90:725–31. doi:10.1097/TP.0b013e3181ef8a63

70. Dubois S, Madec AM, Mesnier A, Armanet M, Chikh K,
Berney T, Thivolet Ch. Glucose inhibits angiogenesis of
isolated human pancreatic islets. J Mol Endocrinol. 2010;
45:99–105. doi:10.1677/JME-10-0020

71. Perez-Basterrechea M, Esteban MM, Alvarez-Viejo M,
Fontanil T, Cal S, Sanchez Pitiot M, Otero J, Obaya AJ.
Fibroblasts accelerate islet revascularization and improve
long-term graft survival in a mouse model of subcutane-
ous islet transplantation. PLoS One. 2017; 12:e0180695.
doi:10.1371/journal.pone.0180695

72. Bruni A, Pepper AR, Gala-Lopez B, Pawlick R, Abualhas-
san N, Crapo JD, Piganelli JD, Shapiro AM. A novel
redox-active metalloporphyrin reduces reactive oxygen
species and inflammatory markers but does not improve
marginal mass engraftment in a murine donation after
circulatory death islet transplantation model. Islets. 2016;
8:e1190058. doi:10.1080/19382014.2016.1190058

73. Ramkumar KM, Sekar TV, Bhakkiyalakshmi E, Foygel K,
Rajaguru P, Berger F, Paulmurugan R. The impact of oxi-
dative stress on islet transplantation and monitoring the
graft survival by non-invasive imaging. Curr Med Chem.
2013; 20:1127–46. doi:10.2174/0929867311320090003

74. do Amaral AS, Pawlick RL, Rodrigues E, Costal F, Pepper
A, Galvao FH, Correa-Giannella ML, Shapiro AM. Gluta-
thione ethyl ester supplementation during pancreatic islet
isolation improves viability and transplant outcomes in a
murine marginal islet mass model. PLoS One. 2013; 8:
e55288. doi:10.1371/journal.pone.0055288

75. Grzenkowicz-Wydra J, Cisowski J, Nakonieczna J, Zareb-
ski A, Udilova N, Nohl H, J�ozkowicz A, Podhajska A,

Dulak J. Gene transfer of CuZn superoxide dismutase
enhances the synthesis of vascular endothelial growth
factor. Mol Cell Biochem. 2004; 264:169–81. doi:10.1023/
B:MCBI.0000044386.45054.70

76. L. G-LB. Themetalloporphyrin BMX-010 in human islet iso-
lation and clinical transplantation. CellR4. 2016; 4:2066.

77. Friedenstein AJ, Piatetzky S, II, Petrakova KV. Osteogen-
esis in transplants of bone marrow cells. J Embryol Exp
Morphol. 1966; 16:381–90.

78. Brusko TM. Mesenchymal stem cells: A potential border
patrol for transplanted islets? Diabetes. 2009; 58:1728–9.
doi:10.2337/db09-0749

79. Loukogeorgakis SP, De Coppi P. Stem cells from amni-
otic fluid–Potential for regenerative medicine. Best Pract
Res Clin Obstet Gynaecol. 2016; 31:45–57. doi:10.1016/j.
bpobgyn.2015.08.009

80. Williams JT, Southerland SS, Souza J, Calcutt AF, Car-
tledge RG. Cells isolated from adult human skeletal mus-
cle capable of differentiating into multiple mesodermal
phenotypes. Am Surg. 1999; 65:22–6.

81. Mahmoudifar N, Doran PM. Mesenchymal Stem Cells
Derived from Human Adipose Tissue. Methods Mol Biol.
2015; 1340:53–64. doi:10.1007/978-1-4939-2938-2_4

82. Lazarus HM, Koc ON, Devine SM, Curtin P, Maziarz RT,
Holland HK, Shpall EJ, McCarthy P, Atkinson K, Cooper
BW, et al. Cotransplantation of HLA-identical sibling
culture-expanded mesenchymal stem cells and hemato-
poietic stem cells in hematologic malignancy patients.
Biol Blood Marrow Transplant. 2005; 11:389–98.
doi:10.1016/j.bbmt.2005.02.001

83. Sarugaser R, Lickorish D, Baksh D, Hosseini MM, Davies JE.
Human umbilical cord perivascular (HUCPV) cells: A
SOURCE OF MESENCHYMAL PROGENITORS. STEM
CELLS. 2005; 23:220–9. doi:10.1634/stemcells.2004-0166

84. Xin Y, Jiang X, Wang Y, Su X, Sun M, Zhang L, Tan Y,
Wintergerst KA, Li Y, Li Y, et al. Insulin-Producing Cells
Differentiated from Human Bone Marrow Mesenchymal
Stem Cells In Vitro Ameliorate Streptozotocin-Induced
Diabetic Hyperglycemia. PLoS One. 2016; 11:e0145838.
doi:10.1371/journal.pone.0145838

85. Zhang Y, Li C, Jiang X, Zhang S, Wu Y, Liu B, Tang
P, Mao N. Human placenta-derived mesenchymal
progenitor cells support culture expansion of long-
term culture-initiating cells from cord blood CD34C
cells. Exp Hematol. 2004; 32:657–64. doi:10.1016/j.
exphem.2004.04.001

86. Fiorina P, Shapiro AM, Ricordi C, Secchi A. The clinical
impact of islet transplantation. Am J Transplant. 2008;
8:1990–7. doi:10.1111/j.1600-6143.2008.02353.x.

87. Gruber R, Kandler B, Holzmann P, Vogele-Kadletz M, Los-
ert U, Fischer MB, Watzek G. Bone marrow stromal cells
can provide a local environment that favors migration and
formation of tubular structures of endothelial cells. Tissue
Eng. 2005; 11:896–903. doi:10.1089/ten.2005.11.896

88. Liu M, Han ZC. Mesenchymal stem cells: biology and clini-
cal potential in type 1 diabetes therapy. J Cell Mol Med.
2008; 12:1155–68. doi:10.1111/j.1582-4934.2008.00288.x

92 A. GAMBLE ET AL.

https://doi.org/10.4252/wjsc.v6.i2.163
https://doi.org/10.3727/000000007783464461
https://doi.org/10.1038/35025215
https://doi.org/10.1038/35025215
https://doi.org/10.1038/sj.gt.3302267
https://doi.org/10.1038/sj.gt.3302267
https://doi.org/10.1002/(SICI)1097-4652(199603)166:3%3c585::AID-JCP13%3e3.0.CO;2-6
https://doi.org/10.1002/(SICI)1097-4652(199603)166:3%3c585::AID-JCP13%3e3.0.CO;2-6
https://doi.org/10.1002/(SICI)1097-4652(199603)166:3%3c585::AID-JCP13%3e3.0.CO;2-6
https://doi.org/10.1002/(SICI)1097-4652(199603)166:3%3c585::AID-JCP13%3e3.0.CO;2-6
https://doi.org/10.1002/(SICI)1097-4652(199603)166:3%3c585::AID-JCP13%3e3.0.CO;2-6
https://doi.org/10.1097/TP.0b013e3181ef8a63
https://doi.org/10.1677/JME-10-0020
https://doi.org/10.1371/journal.pone.0180695
https://doi.org/10.1080/19382014.2016.1190058
https://doi.org/10.2174/0929867311320090003
https://doi.org/10.1371/journal.pone.0055288
https://doi.org/10.1023/B:MCBI.0000044386.45054.70
https://doi.org/10.1023/B:MCBI.0000044386.45054.70
https://doi.org/10.2337/db09-0749
https://doi.org/10.1016/j.bpobgyn.2015.08.009
https://doi.org/10.1016/j.bpobgyn.2015.08.009
https://doi.org/10.1007/978-1-4939-2938-2_4
https://doi.org/10.1016/j.bbmt.2005.02.001
https://doi.org/10.1634/stemcells.2004-0166
https://doi.org/10.1371/journal.pone.0145838
https://doi.org/10.1016/j.exphem.2004.04.001
https://doi.org/10.1016/j.exphem.2004.04.001
https://doi.org/10.1111/j.1600-6143.2008.02353.x.
https://doi.org/10.1089/ten.2005.11.896
https://doi.org/10.1111/j.1582-4934.2008.00288.x


89. Sordi V, Malosio ML, Marchesi F, Mercalli A, Melzi R, Gior-
dano T, Belmonte N, Ferrari G, Leone BE, Bertuzzi F, et al.
Bone marrow mesenchymal stem cells express a restricted
set of functionally active chemokine receptors capable of pro-
moting migration to pancreatic islets. Blood. 2005; 106:419–
27. doi:10.1182/blood-2004-09-3507

90. Caplan AI, Dennis JE. Mesenchymal stem cells as trophic
mediators. J Cell Biochem. 2006; 98:1076–84. doi:10.1002/
jcb.20886

91. Chen L, Tredget EE, Wu PY, Wu Y. Paracrine factors of
mesenchymal stem cells recruit macrophages and endo-
thelial lineage cells and enhance wound healing. PLoS
One. 2008; 3:e1886. doi:10.1371/journal.pone.0001886.

92. Yeung TY, Seeberger KL, Kin T, Adesida A, Jomha N, Sha-
piro AM, Korbutt GS. Human mesenchymal stem cells pro-
tect human islets from pro-inflammatory cytokines. PLoS
One 2012. 7:e38189. doi:10.1371/journal.pone.0038189

93. Le Blanc K, Tammik L, Sundberg B, Haynesworth SE,
Ringden O. Mesenchymal stem cells inhibit and stimu-
late mixed lymphocyte cultures and mitogenic responses
independently of the major histocompatibility complex.
Scand J Immunol. 2003; 57:11–20. doi:10.1046/j.1365-
3083.2003.01176.x.

94. Vija L, Farge D, Gautier JF, Vexiau P, Dumitrache C,
Bourgarit A, Verrecchia F, Larghero J. Mesenchymal
stem cells: Stem cell therapy perspectives for type 1 dia-
betes. Diabetes Metab. 2009. 35:85–93. doi:10.1016/j.
diabet.2008.10.003

95. Ryan JM, Barry FP, Murphy JM, Mahon BP. Mesenchy-
mal stem cells avoid allogeneic rejection. J Inflamm
(Lond). 2005; 2:8. doi:10.1186/1476-9255-2-8

96. Corcione A, Benvenuto F, Ferretti E, Giunti D, Cappiello
V, Cazzanti F, Risso M, Gualandi F, Mancardi GL, Pistoia
V, et al. Human mesenchymal stem cells modulate B-cell
functions. Blood. 2006; 107:367–72. doi:10.1182/blood-
2005-07-2657

97. Spaggiari GM, Capobianco A, Becchetti S, Mingari MC,
Moretta L. Mesenchymal stem cell-natural killer cell
interactions: evidence that activated NK cells are capable
of killing MSCs, whereas MSCs can inhibit IL-2-induced
NK-cell proliferation. Blood. 2006; 107:1484–90.
doi:10.1182/blood-2005-07-2775

98. De Miguel MP, Fuentes-Julian S, Blazquez-Martinez A,
Pascual CY, Aller MA, Arias J, Arnalich-Montiel F.
Immunosuppressive properties of mesenchymal stem
cells: Advances and applications. Curr Mol Med. 2012;
12:574–91. doi:10.2174/156652412800619950

99. Ding Y, Xu D, Feng G, Bushell A, Muschel RJ, Wood KJ.
Mesenchymal stem cells prevent the rejection of fully
allogenic islet grafts by the immunosuppressive activity
of matrix metalloproteinase-2 and -9. Diabetes. 2009;
58:1797–806. doi:10.2337/db09-0317

100. Cabrera SM, RigbyMR,Mirmira RG. Targeting regulatory T
cells in the treatment of type 1 diabetes mellitus. Curr Mol
Med. 2012; 12:1261–72. doi:10.2174/156652412803833634

101. Berman DM, Willman MA, Han D, Kleiner G, Kenyon
NM, Cabrera O, Karl JA, Wiseman RW, O’Connor DH,

Bartholomew AM, et al. Mesenchymal stem cells enhance
allogeneic islet engraftment in nonhuman primates. Dia-
betes. 2010; 59:2558–68. doi:10.2337/db10-0136

102. Parekkadan B, Tilles AW, Yarmush ML. Bone marrow-
derived mesenchymal stem cells ameliorate autoimmune
enteropathy independently of regulatory T cells. Stem
Cells. 2008; 26:1913–9. doi:10.1634/stemcells.2007-0790

103. Li FR, Wang XG, Deng CY, Qi H, Ren LL, Zhou HX.
Immune modulation of co-transplantation mesenchymal
stem cells with islet on T and dendritic cells. Clin Exp
Immunol. 2010; 161:357–63.

104. Spaggiari GM, Capobianco A, Abdelrazik H, Becchetti F,
Mingari MC, Moretta L. Mesenchymal stem cells inhibit
natural killer-cell proliferation, cytotoxicity, and cytokine
production: Role of indoleamine 2,3-dioxygenase and
prostaglandin E2. Blood. 2008; 111:1327–33.
doi:10.1182/blood-2007-02-074997

105. Haller MJ, Viener HL, Wasserfall C, Brusko T, Atkinson
MA, Schatz DA. Autologous umbilical cord blood infu-
sion for type 1 diabetes. Exp Hematol. 2008; 36:710–5.
doi:10.1016/j.exphem.2008.01.009

106. Bluestone JA, Buckner JH, Fitch M, Gitelman SE, Gupta
S, Hellerstein MK, Herold KC, Lares A, Lee MR, Li K, et
al. Type 1 diabetes immunotherapy using polyclonal reg-
ulatory T cells. Sci Transl Med. 2015; 7:315ra189.
doi:10.1126/scitranslmed.aad4134

107. Tang Q, Bluestone JA. Regulatory T-cell therapy in trans-
plantation: moving to the clinic. Cold Spring Harb Perspect
Med. 2013; 3:pii: a015552. doi:10.1101/cshperspect.a015552

108. Mauda-Havakuk M, Litichever N, Chernichovski E,
Nakar O, Winkler E, Mazkereth R, Orenstein A, Bar-
Meir E, Ravassard P, Meivar-Levy I, et al. Ectopic PDX-1
expression directly reprograms human keratinocytes
along pancreatic insulin-producing cells fate. PLoS One.
2011; 6:e26298. doi:10.1371/journal.pone.0026298

109. Lin G, Wang G, Liu G, Yang LJ, Chang LJ, Lue TF, Lin
CS. Treatment of type 1 diabetes with adipose tissue-
derived stem cells expressing pancreatic duodenal
homeobox 1. Stem Cells Dev. 2009; 18:1399–406.
doi:10.1089/scd.2009.0010

110. Bouwens L, Houbracken I, Mfopou JK. The use of stem cells
for pancreatic regeneration in diabetes mellitus. Nat Rev
Endocrinol. 2013; 9:598–606. doi:10.1038/nrendo.2013.145

111. Gan SU, Notaridou M, Fu ZY, Lee KO, Sia KC, Nathwani
AC, Della Peruta M, Calne RY. Correction of Murine Dia-
betic Hyperglycaemia With A Single Systemic Administra-
tion of An AAV2/8 Vector Containing A Novel Codon
Optimized Human Insulin Gene. Curr Gene Ther. 2016;
16:65–72. doi:10.2174/1566523216666160122113958

112. Zhu HT, Wang WL, Yu L, Wang B. Pig-islet xenotrans-
plantation: recent progress and current perspectives.
Front Surg. 2014; 1:7. doi:10.3389/fsurg.2014.00007

113. Groth CG, Korsgren O, Tibell A, Tollemar J, Moller E,
Bolinder J, Ostman J, Reinholt FP, Hellerstr€om C, Ander-
sson A. Transplantation of porcine fetal pancreas to dia-
betic patients. Lancet. 1994; 344:1402–4. doi:10.1016/
S0140-6736(94)90570-3

ISLETS 93

https://doi.org/10.1182/blood-2004-09-3507
https://doi.org/10.1002/jcb.20886
https://doi.org/10.1002/jcb.20886
https://doi.org/10.1371/journal.pone.0001886.
https://doi.org/10.1371/journal.pone.0038189
https://doi.org/10.1046/j.1365-3083.2003.01176.x.
https://doi.org/10.1046/j.1365-3083.2003.01176.x.
https://doi.org/10.1016/j.diabet.2008.10.003
https://doi.org/10.1016/j.diabet.2008.10.003
https://doi.org/10.1186/1476-9255-2-8
https://doi.org/10.1182/blood-2005-07-2657
https://doi.org/10.1182/blood-2005-07-2657
https://doi.org/10.1182/blood-2005-07-2775
https://doi.org/10.2174/156652412800619950
https://doi.org/10.2337/db09-0317
https://doi.org/10.2174/156652412803833634
https://doi.org/10.2337/db10-0136
https://doi.org/10.1634/stemcells.2007-0790
https://doi.org/10.1182/blood-2007-02-074997
https://doi.org/10.1016/j.exphem.2008.01.009
https://doi.org/10.1126/scitranslmed.aad4134
https://doi.org/10.1101/cshperspect.a015552
https://doi.org/10.1371/journal.pone.0026298
https://doi.org/10.1089/scd.2009.0010
https://doi.org/10.1038/nrendo.2013.145
https://doi.org/10.2174/1566523216666160122113958
https://doi.org/10.3389/fsurg.2014.00007
https://doi.org/10.1016/S0140-6736(94)90570-3
https://doi.org/10.1016/S0140-6736(94)90570-3


114. Hering BJ, Walawalkar N. Pig-to-nonhuman primate
islet xenotransplantation. Transpl Immunol. 2009;
21:81–6. doi:10.1016/j.trim.2009.05.001

115. van der Windt DJ, Bottino R, Kumar G, Wijkstrom M,
Hara H, Ezzelarab M, Ekser B, Phelps C, Murase N, Casu
A, et al. Clinical islet xenotransplantation: how close are
we? Diabetes. 2012; 61:3046–55. doi:10.2337/db12-0033

116. SamyKP,Martin BM, TurgeonNA, Kirk AD. Islet cell xeno-
transplantation: a serious look toward the clinic. Xenotrans-
plantation. 2014; 21:221–9. doi:10.1111/xen.12095

117. Phelps CJ, Koike C, Vaught TD, Boone J, Wells KD, Chen
SH, Ball S, Specht SM, Polejaeva IA, Monahan JA, et al. Pro-
duction of alpha 1,3-galactosyltransferase-deficient pigs. Sci-
ence. 2003; 299:411–4. doi:10.1126/science.1078942

118. Yang L, Guell M, Niu D, George H, Lesha E, Grishin D,
Aach J, Shrock E, Xu W, Poci J, et al. Genome-wide inac-
tivation of porcine endogenous retroviruses (PERVs).
Science. 2015; 350:1101–4. doi:10.1126/science.aad1191

119. Matsumoto S, Tan P, Baker J, Durbin K, Tomiya M, Azuma
K, Doi M, Elliott RB. Clinical porcine islet xenotransplanta-
tion under comprehensive regulation. Transplant Proc.
2014; 46:1992–5. doi:10.1016/j.transproceed.2014.06.008

120. Matsumoto S, Abalovich A, Wechsler C, Wynyard S,
Elliott RB. Clinical Benefit of Islet Xenotransplantation
for the Treatment of Type 1 Diabetes. EBioMedicine.
2016; 12:255–62. doi:10.1016/j.ebiom.2016.08.034

121. Rezania A, Bruin JE, Arora P, Rubin A, Batushansky I,
Asadi A, O’Dwyer S, Quiskamp N, Mojibian M, Albrecht
T, et al. Reversal of diabetes with insulin-producing cells
derived in vitro from human pluripotent stem cells. Nat
Biotechnol. 2014; 32:1121–33. doi:10.1038/nbt.3033

122. Hori Y, Rulifson IC, Tsai BC, Heit JJ, Cahoy JD, Kim SK.
Growth inhibitors promote differentiation of insulin-pro-
ducing tissue from embryonic stem cells. Proc Natl Acad
Sci U S A. 2002; 99:16105–10. doi:10.1073/pnas.252618999

123. Lumelsky N, Blondel O, Laeng P, Velasco I, Ravin R,
McKay R. Differentiation of embryonic stem cells to
insulin-secreting structures similar to pancreatic islets.
Science. 2001; 292:1389–94. doi:10.1126/science.1058866

124. Kubo A, Shinozaki K, Shannon JM, Kouskoff V, Kennedy
M, Woo S, Fehling HJ, Keller G. Development of defini-
tive endoderm from embryonic stem cells in culture.
Development. 2004; 131:1651–62. doi:10.1242/dev.01044

125. D’Amour KA, Bang AG, Eliazer S, Kelly OG, Agulnick
AD, Smart NG, Moorman MA, Kroon E, Carpenter MK,
Baetge EE. Production of pancreatic hormone-expressing
endocrine cells from human embryonic stem cells. Nat
Biotechnol. 2006; 24:1392–401. doi:10.1038/nbt1259

126. Pagliuca FW, Millman JR, Gurtler M, Segel M, Van Dervort
A, Ryu JH, Peterson QP, Greiner D, Melton DA. Genera-
tion of functional human pancreatic beta cells in vitro. Cell.
2014; 159:428–39. doi:10.1016/j.cell.2014.09.040

127. Russ HA, Parent AV, Ringler JJ, Hennings TG, Nair GG,
Shveygert M, Guo T, Puri S, Haataja L, Cirulli V, et al.
Controlled induction of human pancreatic progenitors
produces functional beta-like cells in vitro. EMBO J.
2015; 34:1759–72. doi:10.15252/embj.201591058

128. Zhou Q, Brown J, Kanarek A, Rajagopal J, Melton DA. In
vivo reprogramming of adult pancreatic exocrine cells to
beta-cells. Nature. 2008; 455:627–32. doi:10.1038/
nature07314

129. Takahashi K, Yamanaka S. Induction of pluripotent stem
cells from mouse embryonic and adult fibroblast cultures
by defined factors. Cell. 2006; 126:663–76. doi:10.1016/j.
cell.2006.07.024

130. Nir T, Melton DA, Dor Y. Recovery from diabetes in mice
by beta cell regeneration. J Clin Invest. 2007; 117:2553–61.
doi:10.1172/JCI32959

131. Oetjen E, Baun D, Beimesche S, Krause D, Cierny I,
Blume R, Dickel C, Wehner S, Knepel W. Inhibition of
human insulin gene transcription by the immunosup-
pressive drugs cyclosporin A and tacrolimus in primary,
mature islets of transgenic mice. Mol Pharmacol. 2003;
63:1289–95. doi:10.1124/mol.63.6.1289

132. Rostambeigi N, Lanza IR, Dzeja PP, Deeds MC, Irving
BA, Reddi HV, Madde P, Zhang S, Asmann YW,
Anderson JM, et al. Unique cellular and mitochon-
drial defects mediate FK506-induced islet beta-cell
dysfunction. Transplantation. 2011; 91:615–23.
doi:10.1097/TP.0b013e3182094a33

133. Gala-Lopez BL, Pepper AR, Pawlick RL, O’Gorman D,
Kin T, Bruni A, Abualhassan N, Bral M, Bautista A, Man-
ning Fox JE, et al. Antiaging Glycopeptide Protects
Human Islets Against Tacrolimus-Related Injury and
Facilitates Engraftment in Mice. Diabetes. 2016; 65:451–
62. doi:10.2337/db15-0764

94 A. GAMBLE ET AL.

https://doi.org/10.1016/j.trim.2009.05.001
https://doi.org/10.2337/db12-0033
https://doi.org/10.1111/xen.12095
https://doi.org/10.1126/science.1078942
https://doi.org/10.1126/science.aad1191
https://doi.org/10.1016/j.transproceed.2014.06.008
https://doi.org/10.1016/j.ebiom.2016.08.034
https://doi.org/10.1038/nbt.3033
https://doi.org/10.1073/pnas.252618999
https://doi.org/10.1126/science.1058866
https://doi.org/10.1242/dev.01044
https://doi.org/10.1038/nbt1259
https://doi.org/10.1016/j.cell.2014.09.040
https://doi.org/10.15252/embj.201591058
https://doi.org/10.1038/nature07314
https://doi.org/10.1038/nature07314
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1172/JCI32959
https://doi.org/10.1124/mol.63.6.1289
https://doi.org/10.1097/TP.0b013e3182094a33
https://doi.org/10.2337/db15-0764

	Abstract
	Islet cell transplantation overview
	Introduction and brief history
	Islet cell transplantation procedure - isolation, purification and infusion

	Current limitations and possible alleviations in clinical islet transplantation
	Instant blood-mediated inflammatory reaction (IBMIR)
	Alternative transplantation sites
	Encapsulation technologies
	Islet graft revascularization
	Brief overview of oxidative stress
	Mesenchymal stem cells to improve islet engraftment
	Trophic factors
	Immunomodulatory effects of MSCs
	Reversing autoimmunity in type 1 diabetes
	Alternative islet cell sources
	Xenotransplantation

	Pluripotent stem cell transplantation
	Human embryonic stem cells (hESCs)
	Induced pluripotent stem cells (iPSCs)

	Post-Transplant limitations
	Protecting against immunosuppressant-related toxicity

	Conclusion
	Disclosure of potential conflicts of interest
	Funding
	References

