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1 | INTRODUCTION

| Hideaki Okajima | Toshihiko Masui | Shinji Uemoto

Abstract

Pancreatic islet transplantation provides an effective treatment option for patients
with type 1 diabetes (T1D) with intractable impaired awareness of hypoglycemia and
severe hypoglycemic events. Currently, the primary goal of islet transplantation should
be excellent glycemic control without severe hypoglycemia, rather than insulin inde-
pendence. Islet transplant recipients were less likely to achieve insulin independence,
whereas solid pancreas transplant recipients substantially had greater procedure-
related morbidity. Excellent therapeutic effects of islet transplantation as a result of
accurate blood glucose level-reactive insulin secretion, which cannot be reproduced
by current drug therapy, have been confirmed. Recent improvement of islet transplan-
tation outcome has been achieved by refinement of the pancreatic islet isolation tech-
nique, improvement of islet engraftment method, and introduction of effective
immunosuppressive therapy. A disadvantage of islet transplantation is that donors are
essential, and donor shortage has become a hindrance to its development. With the
development of alternative transplantation sites and new cell sources, including por-
cine islet cells and embryonic stem/induced pluripotent stem (ES/iPS)-derived B cells,

“On-demand” and “Unlimited” cell therapy for T1D can be established.

KEYWORDS
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currently accepted as a commonly carried out therapy.3 To date,
more than 35 000 pancreas transplants have been carried out world-

Type 1 diabetes (T1D) is a chronic metabolic disorder characterized
by autoimmune-mediated destruction of insulin-secreting beta cells
in the pancreatic islets.! Estimated life expectancy for patients with
T1D in a population-based sample indicated lower life expectancy
compared with the general population without T1D.2 Whole organ
pancreas or pancreatic islet transplantation can potentially restore
long-term normoglycemia, and select patients with T1D can po-
tentially become insulin independent. Pancreas transplantation is

wide*; however, the procedure is associated with significant mortal-
ity and morbidity in the early transplant period.”> A major benefit of
islet transplantation is that it does not require major surgery. The
treatment involves extracting sufficient numbers of pancreatic islets
from the donor pancreas and infusing these through the portal vein
into the patient’s liver under local anesthesia. Excellent therapeutic
effects of islet transplantation as a result of accurate blood glucose
level-reactive insulin secretion, which cannot be reproduced by
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current drug therapy, have been confirmed. Currently, although all
patients with T1D who underwent islet transplantation are not insu-
lin independent, it is recognized as a safe and highly effective treat-
ment for patients with impaired awareness of hypoglycemia (IAH)
and severe hypoglycemic events (SHE). Meanwhile, some problems
need to be solved, such as severe donor shortage for islet transplan-
tation, necessity to search for alternative transplantation sites that
can be more efficiently engrafted, and to develop alternative cell
sources. In this review, we provide an outline on clinical islet trans-
plantation (CIT). We also introduce the refinement that has been
attempted to improve the clinical outcome, we then discuss future
prospects based on the latest findings.

2 | BRIEF OVERVIEW OF CLINICAL ISLET
TRANSPLANTATION

For patients with T1D, lifetime exogenous insulin administration is
required to control blood glucose level. Some patients are at risk of
IAH and SHE,® which have a negative impact on quality of life. In
addition, blood glucose instability can cause various complications,
such as retinopathy and neuropathy.” Treatment to improve blood
glucose instability of patients with T1D includes f-cell replacement
therapy, namely whole pancreas transplantation and pancreatic
islet transplantation. Insulin independence can be achieved after
pancreas transplantation from only one donor, and long-term insulin
independence can be expected. Numbers of transplantations have
increased with induction of improved immunosuppressive regimens,
progress of the organ preservation method, and improvement of
operative techniques.® Pancreas and combined kidney graft func-
tion has improved significantly over time. For instance, 1-year pri-
mary pancreas graft function increased from 77.2% in 1987-1993
to 85.5% in 2006-2010 in patients who underwent simultaneous
pancreas-kidney (SPK) transplant.* Although pancreas transplanta-
tion is considered a proven therapy, some physicians are reluctant to
recommend this procedure to patients because of its complexity and
risks, particularly for pancreas transplant alone.* Islet transplanta-
tion is carried out to intraportally transfuse isolated pancreatic islets
only, which constitute only 1%-2% of the pancreas.9 This procedure
was expected to be an ideal transplant therapy for patients with se-
vere glycemic instability, and development aiming to improve this
procedure has been undertaken worldwide. Ballinger and Lacy dem-
onstrated a method for isolating pancreatic islets from rodents and
confirmed in vivo function in 1972.1° By the establishment of the
islet isolation method called the Ricordi method,11 the first case of
clinical insulin independence was reported in 1990 by Scharp et al.r?
The number of clinical transplantations gradually increased; how-
ever, insulin independence after islet allotransplantation was diffi-
cult to achieve in the earliest years. The International Islet Transplant
Registry reported transplant outcomes of 237 patients with T1D
who received adult islet allografts between 1990 and 1999. The 1-
year islet allograft survival (defined by basal C-peptide >0.5 ng/mL)
rate was 41%, and 11% of the recipients were insulin independent

- 3 . 35
1‘; AGSl‘[l‘g Aunnals of Gastroenterological Surgery _WI LEY

POran Accu ]

at 1 year post-transplant.’® The result seemed to be insufficient for
recognizing generalized treatment for T1D before 2000. In 2000,
the “Edmonton Protocol” was seen as a key advance in islet trans-
plantation when all seven patients treated achieved and maintained
insulin independence.’* These patients subsequently received two
or three different islet transplants, and the mean islet mass was
13 000 islet equivalents/kg in combination with a glucocorticoid-
free immunosuppressive regimen with anti-interleukin-2 receptor
antagonist antibody therapy. This success increased the interest and
activity among countries involved in the CIT program. Subsequently,
an international multicenter trial was conducted to explore the fea-
sibility and reproducibility using the Edmonton Protocol.?® This trial
showed that the protocol could successfully restore long-term en-
dogenous insulin secretion and glycemic stability in patients with
T1D; however, insulin independence was not sustainable. The pro-
tocol showed that the long-term results were not enduring; hence,
more advances were needed.

1*¢ introduced refinements in induction immunosup-

Hering et a
pressive therapy using T cell-depleting antibody (thymoglobulin)
and peritransplant management that increased the proportion of
subjects maintaining insulin independence with a single-donor islet
infusion. The use of T cell-depleting antibody for induction immuno-
suppressive therapy has become mainstream since the publication
of this successful result.

Based on a report of 677 cases of islet transplantation registered
in the Collaborative Islet Transplant Registry (CITR: https://citregis-
try.org/)), the insulin independence rate was 27% after transplanta-
tion from 1999 to 2002, and it improved to 44% from 2007 to 2010.
Release from SHE is maintained long-term even in cases where in-
sulin independence is not maintained. Multivariate analysis showed
that factors influencing transplantation outcome were age of the
recipient, transplanted islet yields, and viability of the pancreatic
islet. Particularly, initial T cell-depleting therapy and tumor necrosis
factor (TNF)-a inhibition had mainly contributed to improving insulin
independent rate.”’

These findings are progressing forward in phase lll trials to ob-
tain Biological Licensure Application for an islet product from the
FDA (CIT-07: Islet Alone Licensure Study), supported through the CIT
Consortium funded by the National Institutes of Health in the USA.
In this trial, T cell-depleting therapy and TNF-a inhibition induction
combined with maintenance calcineurin inhibitor with mammalian tar-
get of rapamycin (mTOR) inhibitor or mycophenolate mofetil (MMF)
were adopted as immunosuppressive therapy. This trial enrolled 48
patients and was completed in 2015. Although the insulin indepen-
dence rate was approximately 50% 1 year after transplantation, islet
transplantation was reported to provide glycemic control, restoration
of hypoglycemia awareness, and protection from SHE in 87.5% of par-
ticipants at 1-year follow up.*® Improvement of health-related quality
of life has also been reported.'? The effectiveness of similar protocols,
including thymoglobulin, tacrolimus, and MMF, has also been shown
in multicenter trials in Australia. In this trial, 14 of 17 (82%) recipients
achieved hemoglobin Alc (HbAlc) of <7% and cessation of severe
hypoglycemia. Nine (53%) recipients achieved insulin independence
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TABLE 1 Overview of selected clinical trials in islet transplantation

Trial ID Patient N Investigators Transplant type
N/A N=7 Alberta ITA
NCT00014911 N =36 Multicenter (Alberta ITA
etc.)
NCT00285194 N=6 Minnesota ITA
N/A N=8 Minnesota ITA
NCT00434811 N =48 Multicenter ITA
(Minnesota etc.)
ACTRNO083020 N=17 Australia, multicenter ITA
NCT01148680 N=25vs France, multicenter ITA and IAK
24 (RCT)
UMINO0O0003977 N =20 Japan, multicenter ITA and IAK
NCT00468117 N =24 Multicenter 1AK
(Minnesota etc.)
N/A N=8 San Francisco ITA
NCT01722682 = Italy ITA
NCT02213003 N=6 Miami ITA
NCT02064309 N=4 Uppsala ITA
NCT02239354 N =65 Multicenter (Alberta hESC-derived
etc.) pancreatic beta
cells
NCT01739829 N=8 Argentina Porcine islets

Transplant site Induction Maintenance
Liver Daclizumab Tacrolimus, sirolimus
Liver Daclizumab Tacrolimus, sirolimus
Liver Anti-CD3 Tacrolimus, sirolimus
Liver ATG, Tacrolimus, sirolimus or MMF
daclizumab,
etanercept
Liver ATG, Tacrolimus, sirolimus or MMF
daclizumab,
etanercept
Liver ATG, Tacrolimus, sirolimus, MMF
daclizumab,
etanercept
Liver ATG, Tacrolimus, MMF
daclizumab,
etanercept
Liver ATG, Tacrolimus or cyclosporine, MMF
daclizumab,
etanercept
Liver ATG, Tacrolimus, sirolimus or MMF
daclizumab,
etanercept
Liver ATG Efalizumab, sirolimus or MMF
Bone marrow vs liver Unknown Unknown
Omentum ATG, Tacrolimus, MMF
etanercept
Subcutaneous, No No immunosuppression
macroencapsulation immunosup-
devices pression
Subcutaneous, No No immunosuppression
macroencapsulation immunosup-
devices pression
Microencapsulation, No No immunosuppression
intraperitoneal immunosup-
pression

ATG, antithymocyte globulin; HbAlc, hemoglobin Alc; hESC, human embryonic stem cell; IAK, islet after kidney; ITA, islet transplant alone;

MMF, mycophenolate mofetil; N/A, not applicable.

for a median of 26 months (range, 7-39 months).20 Recently, another
phase Il study has been completed. This was a multicenter, open-
label, randomized controlled trial to assess the efficacy and safety of
islet transplantation compared with insulin therapy in patients with
T1D with severe hypoglycemia or after kidney transplantation. This
trial showed that islet transplantation effectively improves metabolic
outcomes compared with insulin therapy.?! This is the first random-
ized controlled trial in the field of islet transplantation. Future re-
search is necessary to establish the role of islet transplantation versus
new technologies, such as sensor-augmented pump therapy and auto-
mated insulin delivery.

Determining whether islet transplantation can suppress the

onset of diabetic complications is important. A prospective,

crossover, cohort study indicated that islet transplantation is as-
sociated with lower progression of microvascular complications,
including nephropathy, retinopathy, and polyneuropathy, com-
pared with intensive medical therapy.22 In addition, a health eco-
nomic analysis showed that islet transplantation is cost-effective
in the short term and cost-saving in the long term compared with
standard insulin treatment.?® Because the clinical significance of
the islet transplant is accumulating, islet transplantation is ap-
proved and reimbursable by insurance companies or covered by
national health systems in several countries, including Canada,
Australia, and several European countries.?* Table 1 summarizes
the current and completed clinical trials and their results in islet

transplantation.
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Percentage of participants that Insulin independent rate (atany  Year of
Status Primary endpoint achieved the primary endpoint point throughout the trial) publication®®f
Completed N/A N/A 7/7 (100%) 2000
Completed Insulin independence with adequate glycemic control 44% 21/36 (58%) 2006
1y after the final transplantation
Completed Safety, tolerability, immune activity, and pharmacoki- N/A 4/6 (67%) 2004%
netics of hOKT3y1 (Ala-Ala) antibody induction
therapy
Completed Proportion of recipients who achieve insulin 100% 8/8 (100%) 2005%
independence in the first year after a single-donor
islet transplant
Completed Achievement of HbA1c <7.0% at day 365 and freedom  87.5% 25/48 (52.1%) 2016
from severe hypoglycemic events from day 28 to day
365 after the first transplant
Completed HbA1c of <7% and cessation of severe hypoglycemia 82% 9/17 (53%) 2013%°
Completed Proportion of patients with a modified p-score (in 64% vs 0% (Immediate transplanta- 11/25 (44%) 2018%
which an overall score of O was not allocated when tion group vs 6 mo after randomiza-
stimulated C-peptide was negative) of 6 or higher at tion in the insulin group)
6 mo after first islet infusion
Recruiting Achievement of HbAlc <7.4% at day 365 and freedom Not yet Not yet Not yet
from severe hypoglycemic events from day 28 to day
365 after the first transplant
Completed Proportion of patients with HbA1c </= 6.5% and an Not yet Not yet Not yet
absence of severe hypoglycemic events or a
reduction in HbA1c of at least 1 point and an absence
of severe hypoglycemic events
Completed N/A N/A 8/8 (100%) 2010%
Completed Insulin secretion under stimulation Not yet Not yet Not yet
Recruiting HbA1c </= 6.5% and no severe hypoglycemia Not yet Not yet Not yet
Completed Safety of device, as evaluated by incidence of adverse N/A 0/4 (0%) 2018%7
events or serious adverse events judged probable or
highly probable related to the device
Active, not 1. Incidence of all adverse events Not yet Not yet Not yet
recruiting 2. Change in C-peptide
Completed Reduction in the unaware hypoglycemic event rate 4/4 (100%; High-dose group) 0/8 (0%) 2016%
combined with no increase in HbAlc
3 | REFINEMENTS IN ISLET still needed. In brief, islet isolation methods are as follows. The pro-

TRANSPLANTATION

Figure 1 shows the possible factors that can lead to loss of pancre-
atic islets before, during, and after intraportal transplantation. Many
improvements have been attempted to improve the loss of islet mass

as a result of these factors.

3.1 | Isletisolation

Transplantation of a sufficient mass of viable islets is essential to
achieve better graft survival. Although great progress has been

made in the standardization of islet isolation, improvements are

cured and cold-preserved pancreas is distended with cold enzyme
solution through the pancreatic duct in the cell processing unit. The
distended pancreas is digested using the semiautomated method.!!
The pancreatic digest is purified by continuous density gradient
on a COBE 2991 cell processor (Terumo BCT, Gambro BCT, Inc.,
Lakewood, CO) under cold conditions. Liberated islets from grafts
are cultured, and the islets are transplanted if the following releasing
criteria are met: islet mass 25000 islet equivalents (IE)/kg (recipient
body weight), islet purity 230%, membrane integrity-viability 270%,
packed-tissue volume <10 mL, negative Gram stain, and content <5
endotoxin U/kg (recipient body weight). The islet isolation proce-

dure seriously damages cellular and noncellular components of the
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pancreas.???° The graft may be damaged by hypoxia, warm ischemia,
activated proteolytic enzymes released from the acinar cells, me-
chanical stress, and oxidative stress. The pancreas digestion step,
in particular, remains an empirical undertaking dependent on the
activity of tissue-digesting enzymes. Research efforts should focus
on understanding the detailed molecular ultrastructure of the pan-
creatic islet-exocrine matrix®! within the full range of donors (age,
body mass index etc.), and on developing new, targeted clinical grade
enzyme (recombinant) blends that can be used on all available donor
pancreata.32

Purification outcome after density gradient separation is
highly variable as a result of inconsistencies in tissue densities.
Prior measurement of densities of islet and acinar tissue to cus-
tomize the gradient range for actual purification likely maximizes
islet recovery. A test gradient approach using multiple discon-
tinuous gradients33 and an analytical/continuous test gradient
method, for predicting pancreatic tissue densities before large-
scale purification,®* have been successfully introduced to mini-

mize islet loss during purification.

3.2 | Islet engraftment

The isolated islets are transplanted from a catheter placed in the
portal vein percutaneously under local anesthesia by infusing the
product suspended in the transplant media by gravity. General an-
esthesia and laparotomy are unnecessary, and transplantation is
completed in a short time. The portal vein can be accessed by inter-
ventional radiology under ultrasonographic and fluoroscopic guid-
ance. If this approach is not possible, such as in cases of large hepatic
hemangioma, the portal vein system can be accessed surgically by
limited laparotomy with i.v. infusion following catheterization of the
mesenteric vein.®®

Approximately 25%-50% of the transplanted islets have been
reported to maintain their functional reserve based on metabolic
tests after transplantation.® Instant blood-mediated inflammatory
reaction (IBMIR) is considered a main reason of substantial loss of
islets during intraportal transplantation.’” IBMIR is characterized by
platelet activation, coagulation, and complement systems triggered
when islets are exposed to ABO-compatible blood.%” Further stud-
ies showed that tissue factor plays an important role in mediating
IBMIR.2® Several approaches demonstrated value in preventing
IBMIR, including low molecular weight dextran sulfate,®” islet sur-
face heparinization,*® and activated protein C.*!

Strategies to inhibit inflammatory cytokines, including TNF-«
and interleukin 1 (IL-1), have been considered therapeutic targets to
improve islet engraftment. Hering et al*® applied TNF-o receptor an-
tibody and etanercept in the clinical setting, and etanercept has cur-
rently been included in many islet transplant protocols.!” IL-1 receptor
antagonist, anakinra, has also been applied in the clinical setting.*?
Combination of etanercept and anakinra led to the improvement in
islet engraftment by the marginal-dose transplantation model.*®

Yasunami et al** have shown that early graft loss after islet
transplantation is caused by natural killer T (NKT) cell-dependent

interferon (IFN)-y production by Gr-1+CD11b+ cells and is success-
fully prevented by treatment of NKT cells with repeated stimula-
tion with their synthetic ligand, «-galactosylceramide (x-GalCer),
to downregulate IFN-y production of NKT cells, or by depletion of
Gr-1+CD11b+ cells with anti-Gr-1 antibody. In addition, treatment
with high-mobility group box 1 (HMGB1)-specific antibody inhib-
ited IFN-y production by NKT cells and Gr-1+CD11b+ cells and pre-
vented early islet graft loss. HMGB1-mediated pathway is a potential
therapeutic target to improve the efficiency of islet engraftment.45
The CXCL1-CXCR1/2 axis was indicated as a therapeutic target for
improving engraftment. The CXCR1/2 inhibitor significantly reduces
post-transplant recruitment of polymorphonuclear leukocytes and
NKT cells. The CXCR1/2 allosteric inhibitor reparixin was already
used for a phase Il randomized, open-label pilot study of CIT and
indicated improved outcome.*® Identification of pathways that reg-
ulate post-transplant detrimental inflammatory events seems to
be a promising step toward improvement of islet transplantation
outcome.

3.3 | Immunosuppression

As mentioned earlier, the Edmonton Protocol has shown the useful-

1415 and the useful-

ness of steroid-free immunosuppressive therapy,
ness of T cell-depleting antibody has been demonstrated in recent
clinical outcomes.” Alemtuzumab (anti-CD52 antibody) is also used
similarly to T cell-depleting antibody, apart from thymoglobulin,
which adopted CIT-07." The Edmonton group reported that the
immunosuppressive method using alemtuzumab and etanercept in-
duction combined with maintenance tacrolimus and MMF was well
tolerated and showed higher 5-year insulin independence rates than
the conventional Edmonton Protocol.?* T cell-depleting antibody
might suppress autoimmunity, and development of future research
is expected.

Calcineurin inhibitor (tacrolimus) is mainly used in maintenance
immunosuppressive therapy. In addition, sirolimus, an inhibitor of
mTOR or MMF, is used in combination with calcineurin inhibitor.
Side-effects of calcineurin inhibitor, such as nephrotoxicity and im-
paired glucose tolerance, are of concern, but, currently, it shows the
most effective maintenance immunosuppressive effect. Several at-
tempts have been made to establish more effective immunosuppres-
sive therapy by calcineurin inhibitor/steroid-sparing protocols. The
University of California, San Francisco group proposed two immuno-
suppressive regimens based on the costimulation blocker belatacept
or antileukocyte functional antigen-1 antibody efalizumab.*’ This
group described the efficacy of two immunosuppression regimens
that consisted of antithymocyte globulin induction and maintenance
with sirolimus or mycophenolate and belatacept or efalizumab. Both
calcineurin inhibitor/steroid-sparing protocols could achieve long-
term insulin independence after one or two islet transplantations.
Unfortunately, efalizumab was withdrawn from clinical use because
of a rare incidence of progressive multifocal leukoencephalopa-
thy when used in a different clinical setting. However, these find-
ings showed that transplantation results can be improved by novel
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FIGURE 1 Processtoislet
transplantation and factors that
contribute to islet loss. Procurement of
pancreas from the deceased donor and
preservation, islet isolation; pancreatic
islets are then transplanted into the portal islets
vein. Islets are lost during these processes
due to the influence of many factors.
Attempts to avoid loss as a result of these

Islet mass

Pancreatic

Influence factors

Purification

Islets after
islet isolation

Engrafted
islets

factors are important for improving islet
transplantation outcome. BMI, body mass
index; HbA1c, hemoglobin Alc; HMGB1,
high-mobility group box 1; IBMIR, instant

Donor characteristics
(Age, HbAlc, BMI etc)
Warm ischemic time
Cold ischemic time
Preservation and
transportation

Islet isolation technique
Selection of dissociation enzyme
Purification method
Culture conditions

Early loss of transplanted islets
(IBMIR, Inflammatory response,
HMGB1-mediated,etc)
Allogeneic rejection
Recurrence of autoimmunity
Drug toxicity

blood-mediated inflammatory reaction

maintenance immunosuppressive therapy, and further development

in the future is possible.

4 | FUTURE PROSPECTS

4.1 | Alternative transplant site

The liver might not be the “ideal site” for islet transplantation be-
cause early graft loss can occur by IBMIR, it is inaccessible for graft
biopsy, and graft removal is impossible. Research should focus on al-
ternative sites that ensure that islet transplantation remains a safer,
well tolerated, and minimally invasive treatment, but that ensures
improved islet graft survival.

Several clinical trials have been conducted or are ongoing to verify
the safety and efficacy of an alternative transplant site. In a pilot study
of autologous islet transplantation to test feasibility and safety of the
bone marrow as a site for islet transplantation in humans, islets were
successfully engrafted as shown by measurable C-peptide levels and
histopathological evidence of insulin-producing cells in the biopsy of
four patients who developed diabetes after total pancreatectomy.*®
This group started a clinical trial to evaluate safety and efficacy of the
bone marrow as the site for pancreatic islet transplantation for T1D in
humans (NCT01722682). In contrast, islets transplanted in the bone
marrow seem to be less protected from the adaptive immune response
in the presence of anti-CD3 treatment in a mouse model.*’ At the mo-
ment, the evidence is poor, and the expectation as an alternative trans-
plant site is not very high, but future research is expected.

The omentum, which covers the abdominal organs, is highly
vascularized, easily accessible, and drains into the portal system, is
a part considered as an effective transplant site. Recent approach
using an in situ-generated adherent, resorbable plasma-thrombin
biological scaffold showed the potency of islets implanted onto
the omentum by evaluation in diabetic rat and non-human primate
(NHP) models.”® Based on feasibility/efficacy data from this study,
they proceeded to a pilot phase I/1l clinical trial for allogenic islet

transplantation (NCT02213003). In this trial, the authors reported
a case of insulin independence under induction immunosuppression
consisting of antithymocyte globulin and etanercept and mainte-
nance immunosuppression consisting of tacrolimus and mycopheno-
late sodium.®! This trial is still under investigation.

The subcutaneous space has been considered to have several ad-
vantages as a promising site for pancreatic islet transplantation, of-
fering better acceptability, possible graft removal, and better safety.
However, as a result of poor vascularization and low oxygenation,
engrafting the islet in the subcutaneous space is difficult. Various ap-
proaches, such as islet encapsulation in a semipermeable membrane
(bioartificial pancreas)®? or prevascularization before islet transplant,
have been carried out. A particularly interesting approach is a method
proposed by Luan and Iwata to achieve long-term allogeneic islet graft
survival in prevascularized subcutaneous sites of diabetic rats without
immunosuppression. Agarose rods with basic fibroblast growth factor
and heparin were implanted in subcutaneous sites before transplanta-
tion. The islets were transplanted into the prevascularized sites after
rod removal. Allogeneic islets transplanted into this site showed long-
term graft survival and function in a diabetic rat model without immu-
nosuppression.”® This prevascularized method led to granulomatous
tissue formation containing regulatory T cells that suppressed immune
reactions for the grafts.>* A similar approach was reported from the
Edmonton group. They reported “device-less” islet transplantation
into a prevascularized, subcutaneous site created by temporary place-
ment of a vascular access catheter.>®

Other clinical reports of islet transplantation to intramuscular®® or
intraperitoneal28 sites and other similar procedures have been made,

and future development of an ideal transplantation site is desired.

4.2 | Alternative cell sources

Donor shortage is a major problem for patients who need islet trans-
plantation. Realization of xenogeneic (porcine) islet transplantation

and stem cell-derived p cells has been expected to overcome donor
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shortage and to achieve on-demand cell supply. Recent research re-
sults have been clinically developed and become a realistic option.

Pig insulin has shown clinical efficacy because it was the main
insulin treatment for diabetes before the advent of genetic re-
combinant technology in the 1980s. In addition, there are sev-
eral advantages, such as unlimited and on-demand supply, and
it is ethically acceptable.’” For the success of xenogeneic islet
transplantation, control of xenogeneic immune reaction, includ-
ing hyperacute rejection and the possibility of zoonotic infection
of porcine endogenous retrovirus (PERV), has been regarded as
obstacles to clinical development. To prevent xenogeneic immune
reaction, a method of giving a plurality of immunosuppressive
agents to NHP was attempted, and success in the NHP model has
been reported.’® More recently, the utilization of new technol-
ogies has been studied, including genetic engineering,59 cellular
therapy,® and encapsulating devices.®* Clinical trials have already
been conducted in Oceania and South America for intraperito-
neal porcine islet transplantation using microencapsulation.?® The
transmission of PERV has been a major safety concern; however,
no transmission has been observed to date in human or NHP re-
cipients.57 Recent advances in genome-editing technology may
become a major solution in the near future.®?

Research on ES/iPS cell-derived pancreatic f-cell (insulin-
producing cells) transplantation has been rapidly progressing in
recent years. The possibility of curing diabetes at the small ani-
mal level has been shown.®®%* Establishment of a functional and
large amount of insulin-producing cell preparation technology and
development of an effective and safe transplantation method has
been considered to be necessary for clinical application. Phase I/Il
trial has already been undertaken (NCT02239354) wherein human
embryonic stem cell (ESC) is implanted at the differentiation stage
of endocrine progenitors. The authors adopted a method of sub-
cutaneous implantation using a macroencapsulation device to mit-
igate the risk of tumor formation and protect cells from allogeneic
immunity and autoimmunity.®>% Furthermore, next-generation
devices that enable angiogenesis of encapsulated ESC-derived f
cells have been developed, and clinical trials using such devices
have also been approved (NCT03162926). For the development of
stem cell-derived p-cell transplantation, clarification of the signif-
icance of cell therapy is necessary based on the clinical results of
islet transplantation and the development of a safe and effective
alternative transplant site.

5 | CONCLUSIONS

During the last 10 years, islet allotransplantation has developed into
an established treatment modality for patients with T1D compli-
cated by IAH and SHE. Further improvement of islet transplantation
outcome is expected in the near future as a result of development
of pancreatic islet isolation technique, improvement of islet engraft-
ment method, and refinement of immunosuppressive therapy. In ad-
dition, with the development of alternative transplantation sites and

new cell sources, including porcine islet cells and ES/iPS-derived B
cells, “On-demand” and “Unlimited” cell therapy for diabetes will be
established.

The minimally invasive nature of the procedure leads to the
possibility of expanding the target disease in the future. For exam-
ple, in the future, we can discuss strategies for implementing islet
transplantation for children, as well as for conditions with severe f-
cell failure other than T1D (ie, type 2 diabetes, cystic fibrosis, after
pancreatectomy). To achieve target expansion, alternative transplant
sites and alternative cell sources of pancreatic § cells are clearly a key
to implementing this goal.
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