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Replacement of B cells is only a curative approach for type 1 diabetes (T1D)
patients to avoid the threat of iatrogenic hypoglycemia. In this pursuit, islet
allotransplantation under Edmonton’s protocol emerged as a medical miracle
to attain hypoglycemia-free insulin independence in T1D. Shortage of allo-islet
donors and post-transplantation (post-tx) islet loss are still unmet hurdles for
the widespread application of this therapeutic regimen. The long-term survival
and effective insulin independence in preclinical studies have strongly
suggested pig islets to cure overt hyperglycemia. Importantly, CRISPR-Cas9
technology is pursuing to develop "humanized” pig islets that could overcome
the lifelong immunosuppression drug regimen. Lately, induced pluripotent
stem cell (iPSC)-derived B cell approaches are also gaining momentum and
may hold promise to yield a significant supply of insulin-producing cells.
Theoretically, personalized B cells derived from a patient’s iPSCs is one
exciting approach, but B cell-specific immunity in T1D recipients would still
be a challenge. In this context, encapsulation studies on both pig islet as well as
iPSC—-p cells were found promising and rendered long-term survival in mice.
Oxygen tension and blood vessel growth within the capsules are a few of the
hurdles that need to be addressed. In conclusion, challenges associated with
both procedures, xenotransplantation (of pig-derived islets) and stem cell
transplantation, are required to be cautiously resolved before their
clinical application.
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adult pig islets (API), neonatal pig islets (NPIs), maximum survival time (MST), gal
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1 Introduction

Type 1 diabetes (T1D) is a devastating disease, where glucose
control in the body gets askew due to the destruction of B cells in
the pancreas by auto-reactive CD8" T cells (1, 2). In the United
States alone, approximately 1.5 million people suffer from T1D
(3). Therefore, for subjects with T1D, taking insulin is not an
option but a lifesaving commodity. Though insulin therapy
attempts to maintain normal glucose homeostasis in T1D
patients, iatrogenic hypoglycemia due to impaired insulin-
glucagon counter-regulatory responses (4) is a major
shortcoming of this treatment. Importantly, hypoglycemic
episodes can be fatal in T1D (5-7), and new treatment
strategies, either alone or in conjunction with current
modalities, aimed at both hyperglycemia and hypoglycemia
management in T1D patients are utmost required.

In the year 2000, James Shapiro developed a protocol,
dubbed as the Edmonton protocol, for the transplantation of
allo-islets under steroid-free immunosuppressants. In this study,
all patients had demonstrated repeated episodes of severe
hypoglycemia before the islet transplantation. This procedure
maintained normoglycemia in T1D patients without a threat of
hypoglycemia and had dramatically improved their quality of
life (8).Shortage of cadaveric pancreas donors challenged the
widespread application of allo-islet transplantation (9).
Owing to anatomical and physiological similarities, pig is now
being considered an alternative option (10), and various groups
achieved long-term survival of pig islets in cynomolgus monkeys
for more than a hundred days (11, 12). Despite the great success
of allotransplantation and then xenotransplantation of islets,
60% islet loss within 2 to 3 days in either case (via intraportal
transplantation strategy) turned out to be one of the hurdles in
restoring adequate islet mass secreting enough amount of
insulin. Induction of instant blood-mediated inflammatory
reaction (IBMIR) as a result of activation of thrombosis and
complement pathways is the sole reason for post-transplantation
islet loss (13-16). A multitude of strategies are now being
attempted to reduce instant islet loss as a result of IBMIR (17—
19). One recent advancement in this direction is CRISPR-Cas9-
mediated genetic modification for the development of IBMIR-
resistant pigs. Pig islets expressing human-derived complement-
regulatory protein (CD46) and tissue factor (CD39), either alone
or in combination, turned out to be beneficial in maintaining a
state of normoglycemia in diabetic monkeys for more than 1
year. Lately, abrogation of IBMIR in xenotransplantation of
neonatal pig islet cell cluster in nonhuman primates (NHPs)
by GGTA”" CD55*CD59" pigs further proved the hypothesis
(20, 21).

In addition to IBMIR, immune incompatibility between
donor and recipient is another major reason for xenogeneic
rejection, and a potent immune suppression regimen is therefore
needed to overcome xeno-immunity. Ironically, these
permanent immune suppressants have shown to be deleterious
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and toxic for both islet grafts as well as recipients. Therefore,
encapsulation of islets has been attempted in various clinical
trials to rescue the pig islets from the recipient’s immune
response (22). Though islets encapsulated in various kinds of
biocompatible materials are now being used in clinical trials,
the biocompatibility of the encapsulating material is still a
matter of debate. The concept of SC-derived B cells has also
proven fortuitously beneficial to minimize the use of
immunosuppressive drugs and to increase the antigen
similarity of the islets to be used for transplantation with the
recipient. Along these lines, the development of induced
pluripotent stem cell (iPSC)-generated B cells is also under
progress. Two groups—Douglas Melton’s and T] Kieffer’'s—
independently achieved a major success in the conversion of
iPSCs into functional B cells (23, 24). Scaling up this process to
obtain the total number of B cells required to restore
normoglycemia (i.e., ~10° cells/average weight of human:
70 kg) and to protect transplanted B cells from an aberrantly
activated immune system in T1D patients are two hurdles to be
resolved before transitioning them towards the clinic. In this
review, we discuss the challenges associated with human and pig
islet transplantation and explore whether stem cells could evolve
as better technology to cure T1D (Figure 1).

2 Allotransplantation of human islets

Insulin therapy is dependent on the absorption and
clearance rates of injected insulin (4). Importantly, T1D
patients under intensive insulin therapy gradually develop the
attenuation of sensitivity towards hypothalamus-dependent
insulin-regulating glucagon-epinephrine responses (25, 26). To
prevent loss of these glucose counter-regulatory responses, cell-
based therapy—islet transplantation—may be best suited to
prevent overt hyperglycemia in T1D patients (8). Overall, islet
transplantation is less invasive than whole pancreas
transplantation—the patient of which, most of the time, suffers
from complications due to the drainage of exocrine secretion
into the intestine and/or the bladder (27). Islet transplantation,
pioneered by Paul Lacy in 1967, was first used to restore
normoglycemia in rats (28). Subsequently, in the year 2000,
James Shapiro, under the Edmonton protocol, successfully
reported insulin independence in all of the seven recipients
(T1D patients) at 1 year after transplantation. Steroid-free
immune suppression, multiple-donor islet transplantation
(more than one time), fine-tuning of isolation method, and
immediate transplantation of islet without culture are the salient
features of the Edmonton protocol (8, 29). The results of the
Edmonton protocol were further substantiated by the Immune
Tolerance Network multi-center trial (30). Furthermore, a more
recent phase 3 trial of transplantation of human islets in T1D
demonstrated the successful achievement of insulin
independence without severe hypoglycemic episodes (31). In
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Schematic representation of the promising sources of pancreatic  cells and possible strategies for the treatment and management of type 1
diabetes. Tx, transplantation; SC, stem cell; iPSC, induced pluripotent stem cells. As per FDA recommendations, any xeno- or stem cell-derived

cell will have to be contained in a removable device for use in humans.

this study, the achievement of two imperative goals were
interrogated after human islet transplantation (1): primary
endpoint included the reduction of HbAlc level of <7.0% (53
mmol/mol) (2), the glycemic goal encompassed the
independence from severe hypoglycemic episodes (SHEs) from
day 28 to 365 after the first islet transplant. Interestingly, 87.5%
of islet transplantation subjects achieved the first endpoint for 1
year, and 71% individuals had demonstrated it for 2 years. The
median HbAIc¢ level was maintained as 5.6% (38 mmol/mol) in
both years. Furthermore, these individuals have highly
significant improvements in Clarke and HYPO scores (P >
0.0001)—hypoglycemia awareness. Therefore, human islet
transplantation fostered the protection from SHEs in subjects
who had earlier shown significant episodes of intractable
impaired awareness of hypoglycemia and SHEs even after
insulin treatment (31). Importantly, the median insulin use
was dramatically dropped from 0.49 to 0.13 units/kg at day 75
and 0.00 units/kg at day 365 (P < 0.0003) in these subjects.
Individuals with functioning islet graft also demonstrated basal
or stimulated serum C-peptide level as >0.3 ng/ml (31).
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3 Xenotransplantation promises
a relentless supply of
good-quality islets

The successful application of islet transplantation under
Edmonton protocol suffers from the shortage of adequate
donor islets. Even if we consider one pancreas per T1D
patient, there would still be an extreme shortage of donors to
establish it as a widespread clinical reality. Importantly,
sometimes two or more donors are needed to induce long-
term normoglycemia in T1D patients due to the loss of islets in
the first 60 min of intraportal transplantation via IBMIR (8). In
this pursuit, the concept of xenotransplantation of pig islets
promised to resolve the islet donor shortage (10, 29, 32-34).

Pig is considered as a good source of islets due to the following
reasons (1): human and pig insulin differs only by one amino acid
(35), as exemplified by the fact that humans have been treated
successfully with porcine insulin for >40 years (10) (2); adult pig
pancreas consists of an ample number of islets that respond to
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glucose stimulation (3); pigs are easily bred, sacrificed for food, and
have large litters with offspring that rapidly attain adult size (4); pig
islets, if coming from a single donor, could be more consistent as
compared with human cadaveric islets that have different degrees of
functionality, cold ischemia injury, and islet damage due to the
presence of disease (5); the autoimmune responses against pig islets
are different from those against human islets; and (6) genomic
editing of pigs with required immune-modulatory gene(s) can make
pig islets less prone to degradation mechanisms (10, 36). Despite all
these advantages, the glucose-stimulated insulin secretion capacity
of adult and juvenile pig islets was reported as one-third compared
with human islets. Muller et al. performed glucose-stimulated
insulin secretion (GSIS) on human islets, adult pig islets (APIs),
and juvenile pig islets (JPI) by challenging them separately with
basal glucose (2.5 mM) and high glucose (16.7 mM). This study
demonstrated that GSIS of API and JPI was one-third and one-
sixth, respectively, compared with human islets, thereby
emphasizing that a substantially higher dose of porcine islets is
needed to reverse hyperglycemia compared with human islets (37).

3.1 Neonatal and adult porcine islets
restored long-term hyperglycemia

Initially, due to the easy isolation process, fetal pig islet-like
cell clusters (ICCs) and neonatal pig islets (NPIs) have been used
to reverse hyperglycemia in mice studies. In addition to their
easy isolation process, ICCs and NPIs are apparently resistant to
ischemic and inflammatory damage. Despite these advantages,
the following demerits questioned their clinical applicability: 2 to
3 months of maturation time to achieve in vivo functionality (38,
39), poor insulin response to glucose (40, 41), and complete
destruction of ICCs within 12 days post-transplantation in
diabetic monkeys (42). After that, the transplantation biologist
focused on neonatal pig islets—comprised of differentiated

10.3389/fendo.2022.1001041

pancreatic endocrine cells (about 35%) and primarily epithelial
cells (about 57%). In contrast to ICCs, NPIs present the
following important attributes: B cell expansion, significant
ability for differentiation of epithelial cells into B cells, and
comparatively higher responsiveness to glucose (43-45).
Ironically, the use of NPI, however, was questioned by the
high expression of xeno-antigens including sialic acid antigens,
Hanganutziu-Deicher antigens, and Galol-3Galf1-4GlcNAc-
R (21). Furthermore, just 50,000 NPIs per neonatal pancreas are
not sufficient for its large-scale clinical applicability, and as a
result, four neonate pig donors are required to treat a diabetic
primate weighing 6-8 kg (46). However, less harvesting time and
reduction in the housing cost of pigs led to the use of these islets
in various trials (discussed later in this article). On the contrary,
approximately 255,000 adult pig islets (APIs) with high purity
(80-95%) can be isolated from an adult pig donor, and based on
the Edmonton protocol, 5,000-10,000 IEQ/kg is needed to treat
hyperglycemia (11, 32). Therefore, APIs are considered as a
better source to correct hyperglycemia compared with ICCs and
NPIs. Anticipating the efficient action of immune suppression
agents as used in the Edmonton protocol, pig islets were
transplanted in monkeys, and in Table 1, the success stories of
independent clinical studies towards the restoration of glucose
control upon pig islet transplantation are shown. Interestingly,
both NPIs and APIs have been demonstrated to attain long-term
survival of the islet graft in monkeys (Table 1).

3.2 Instant blood-mediated inflammatory
reaction in APl and NPI and its
therapeutic interventions

Apparently, in allo-transplantation of human islets, instant
blood-mediated inflammatory reaction (IBMIR) results in the
loss of a significant portion of transplanted islets within the first

TABLE 1 Various immune suppression regimens used to increase islet survival.

Immunosuppression therapy Donor islets
Rapamycin + FTY720 + basiliximab + anti-CD154 API
CTLA4-Ig + rapamycin + basiliximab + anti-CD154 NPI
anti-IL-2R + anti-CD154 + belatacept + sirolimus (rapamycin) NPI
CTLA4-Ig + rapamycin + anti-IL-2R + anti-CD40 NPI
MMF + CTLA4-Ig + LFA-3-Ig + anti-IL-2R + anti-LFA-1 NPI
ATG + CVF + rapamycin + anti-TNF + anti-CD154 (+Treg) NPI

Recipient nonhuman primates MST Reference(s)
Cynomolgus monkey >187 days (11)
Rhesus monkey >260 days (12)
Rhesus monkey >187 days (47)
Rhesus monkey >203 days (48)
Rhesus monkey 114 days (49)
Rhesus >603 days (50)

Rapamycin (mTOR inhibitor): FTY720 (targets the sphingosine-1-phosphate receptor 1), SIPR1 (an essential component for egress of lymphocytes from lymph organs into circulation),
basiliximab (anti IL-2R inhibitor), anti-CD154 (anti-human CD154 monoclonal antibody ABI793 inhibits the interaction of CD40 receptors on antigen-presenting cells and CD154 on
T cells; blocking co-stimulatory signals), anti CD40 (chimeric antibody: mouse Fab and rhesus IgG4 Fc fragments; blocks CD40 and CD154 co-stimulatory signals), MMF
(mycophenolate mofetil; inhibits inosine monophosphate dehydrogenase), IMPDH (an essential enzyme for the de novo synthesis of guanine and adenine MMF and thereby prevents
the proliferation of both T cells and B cells and also antibody production), LFA-3-Ig (alefacept; bindings at CD2 receptors of T cells and blocks proliferation and cytokine release), CVF

(suppresses the deposition of circulating complement in an efficient manner to prevent hyperacute rejection), anti-TNF (etanercep).
T regs, regulatory T cells; API, adult porcine islets; NP, neonatal porcine islets; MST, maximum survival time.
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60 min of intraportal transplantation (8). Initially, it was
attempted to be overcome by increasing the number of
transplanted islets in order to withstand an adequate islet mass
for the post-IBMIR reversal of hyperglycemia (8). Exposure of
cells and their extracellular matrix to a non-physiologic state—
which is the intraportal bloodstream for the islets—might result
in platelet consumption, activation of complement, and spikes of
insulin release due to B3 cell death. The induction of tissue factor
(TF)—-constitutively expressed on islets as a result of
inflammatory response on vessel endothelium, platelets, and
neutrophils—has also been strongly suggested as pivotal for
IBMIR (51, 52). Similar to the allotransplantation of islets,
IBMIR-mediated loss has also been observed in pig-to-monkey
intraportal islet transplantation studies (53, 54). Therefore,
before testing these pig islets for human trials, it would be
better if we could make the islets IBMIR-resistant (54).
Xenogeneic IBMIR is also characterized by the activation of
the complement and coagulation pathways (55, 56).

4 |njection of complement
and coagulation inhibitors
during transplantation

Various efforts towards overcoming IBMIR-induced islet
damage have been made. Olle Korsgren’s group developed an
ex vivo system that would mimic the post-transplantation
situation (55). In this system, islets obtained from adult and
fetal porcine pancreas were exposed to human blood for 5-60
min in heparinized polyvinyl chloride tubes. The addition of
soluble complement receptor 1 (sCR1) along with heparin to
these tubes prevented complement activation and also clotting
by reducing the generation of coagulation factors: FXIIa-AT,
FXIa-AT, and TAT (55). Furthermore, they tested the effect of
sCR1 and heparin in pig to cynomolgus monkey (CM)
transplantation studies. An abrupt increase in C-peptide, a
marker of islet death, was found to be significantly reduced in
CMs pretreated with sCR1 and heparin (56). van der Windt et al.
examined pig or human islets that were selectively exposed to
autologous, allogeneic, or xenogeneic blood with the following
treatment conditions (1): low molecular weight dextran sulfate,
(LMW-DS) for the prevention of blood clotting (2), nacystelyn
(NAC) as tissue factor inhibitor (3), inhibitory protein for
complement activation (hCD46) expressed on pig islets (4),
compstatin (complement inhibitory drug), and (5) neutralizing
anti-IgM antibody. All these treatments were shown to affect
islet viability or function and C-peptide release. While LMW-
DS, NAC, and hCD46 were not fully sufficient to block
coagulation and complement activation and also the release of
C-peptide by pig islets exposed to human blood, compstatin and
neutralizing anti-IgM antibody treatment of human blood
attenuated complement activation and prevented islet damage

Frontiers in Endocrinology

05

10.3389/fendo.2022.1001041

(57). This group also inhibited IBMIR by transplanting the pig
islets in the gastric submucosal space of a pig in an
allotransplantation model, wherein direct contact of blood and
islets is avoided (58).

5 Genetic modification of
pigs to avoid IBMIR and
hyper-acute rejection

The IBMIR induced by porcine islets in human blood is
most likely very similar to the allogeneic IBMIR, as it
encompasses a gamut of innate immune components:
complement proteins, macrophages, neutrophils, and platelet
aggregation, which facilitate the destruction of porcine islet graft.
To become an alternative strategy for a clinical islet replacement,
pig islets must survive the imitation immune destruction dubbed
as IBMIR to foster the long-term reversal of hyperglycemia (59,
60). Compared with API, neonatal islet cell clusters (NICCs) are
more susceptible to bind anti-aGal antibodies due to the high
expression of xenoantigen-galactose-o.1,3-galactose (0.Gal).
This condition is more likely to result in the application of
complement activation, IBMIR, and thrombosis. Even though
adult pig islet may survive IBMIR, it is also reported to undergo
hyper-acute rejection in preclinical studies (61). Typically, as
soon as pig tissues loaded with Gala (1, 3) are recognized by a
nonhuman primate’s immune system, antibody ligation
activates the classical complement pathway, leading to the
formation of the membrane attack complex and culminating
with cell lysis (60, 62). A significantly reduced amount of Gal
epitopes on API compared with neonatal and fetal pig ICCs
makes API less potent to activate anti-Gal-mediated IBMIR
compared with its neonatal counterpart. Thus, removal of the
oGal epitope from the islet surface is a reasonable option, as it
may add one more safety feature to the islets used
in transplantation.

Interestingly, Rita Bottino’s group exposed aGal knockout
(GTKO) pig tissues and islets separately with human serum in
vitro. The presence of IgG and IgM on the islet surface suggested
the presence of non-Gal antigens (58). N-glycolylneuraminic
acid, encoded by cytidine monophospho-N-acetylneuraminic
acid hydroxylase (CMAH), and Sid antigen, encoded by B1,4
N-acetylgalactosaminyltransferase, are two noticeable non-Gal
antigens identified on pig cells in addition to aGal (63, 64). In
this pursuit, Tector’s group demonstrated that the removal of
both CMAH and GGTA1 gene is necessary to inhibit xeno-
immune reactions against pig organs in a xenotransplantation
setting (65, 66). This group also explored the possible role of
4GalNT2 gene in xeno-rejection, but the role of f4GalNT2 in
pig islet xenotransplantation is still unexplored (67, 68).

Additionally, transgenic expression human CD46 (blocks C3
convertase complex), CD55 (regulates cell susceptibility to
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complement attack by inhibiting the formation of C3 and C5
convertases), and CD59 (regulates the final stage of the
complement enzyme cascade by blocking C8 and C9 and
the polymerization of C9) are still needed to further inhibit
the activation of complement and thrombosis in the intraportal
vein upon pig islet transplantation (69). Furthermore, the
transgenic expression of coagulation system inhibitors, viz.,
human tissue factor pathway inhibitor (hTFPI) and CD39,
providing anti-thrombotic and anti-inflammatory effects, is
beneficial to the islets (69, 70). In another study, the
transgenic expression of hemo oxygenase-1 rendered
protection to the islets from ischemic injury during isolation
until engraftment and vascularization after liver transplantation
(71). Table 2 underscores the positive effects of the
aforementioned genetic modifications along with an immune
suppression regimen on increasing the maximum survival time
of pig islet grafts in nonhuman primates.

5.1 Islet encapsulation: Capable of
evading IBMIR and gradual activation of
islet-specific immune responses

The long-term survival of pig islets will only be possible if we
could promote the survival of the transplanted islets from the
deleterious effects of IBMIR and donor-specific immune
responses during chronic rejection. Encapsulation of islets
using a semipermeable membrane is one of the strategies to
protect the islets in such way that it could allow normal insulin
secretion in response to fluctuating blood glucose levels and
permits the diffusion of oxygen and essential nutrients. Based on
the size of the capsule and the number of islets that they can

10.3389/fendo.2022.1001041

accommodate, three encapsulation systems have emerged:
macro-encapsulation (size in centimeters), micro-
encapsulation (250-1,000 um), and nano-encapsulation (<100
pm). In macro-encapsulation, first proposed by Algire, Prehn,
and Weaver in the 1950s, a large number of pancreatic cells
entrapped in a capsule of centimeter range were tested (77).
Furthermore, the oxygenated islet macrocapsules generated by
Ludwig et al. demonstrated the long-term survival of human
allogenic islets without any immune suppression (78). Similarly,
one case report published by Elliot et al. claimed the very long-
term survival of macroencapsulated pig islets (9.5 years) without
immune suppression (79). Bair® devise, TheraCyteTM, VC-01,
and cell pouch and islet sheet devices are examples of the macro-
encapsulation of islets that are currently under preclinical
studies. All these devices are transplanted at subcutaneous sites
without immune suppression (80-86) (Table 3).

Subsequent to their success in NHP models, micro-
encapsulated pig islets are being used to correct hyperglycemia
in T1D patients and have shown promising results in countries
including the United States (Table 4). These pilot clinical trials
have confirmed the biosafety of islet-encapsulated capsules, but
the efficacy of the treatment is still under review. The
immunological responses against microcapsules pose a difficulty
in choosing the right microcapsule material without having the
potential threat of imminent inflammatory immune responses
(93). Therefore, to avoid an adaptive immune response to
microcapsule materials, several immunosuppressive coating
molecules, e.g., Fas ligand (FasL), tumor necrosis factor (TNF)-
related apoptosis-inducing ligand, and CD200, have been
immobilized on the surface of these islet-containing capsules
(94-96). Above all, FasL has been the most extensively studied
strategy to eliminate graft-specific T effector cells. Yolcu et al.

TABLE 2 Exploring genetic modification in donor pig islets with immune suppression regimen to increase the post-transplantation survival time.

Type of genetic modification Donor  Recipient nonhu- Immune suppression MST  Reference
HEH man primates regimen (days) (s)

GTKO API Rhesus monkey MMF + anti-CD154mAb + anti- 249 (48)
LFA-ImAb + CTLA4-Ig

hCD46 API Cynomolgus monkey MMF + ATG + anti-CD154mAb >396 (72)

hCD55 Fetal Cynomolgus monkey Cyclosporine + steroids + 7 (73)
cyclophosphamide or brequinar

GTKO/hCD55/hCD59 NP! Baboon MMEF + ATG + tacrolimus 28 (74)

Multi-transgenic APT Cynomolgus monkey MMF + ATG + anti-CD154mAb 5 (75)

(GTKO/CD46 universal expression, and beta cell- months

specific h\TFPI/CD39/porcine CTLA4-Ig

GnT-III API Cynomolgus monkey None 5 (76)

GTKO (galactosyltransferase gene knockout pig), hCD46 (membrane cofactor protein that controls complement activation), hCD55 (also known as hDAF; decay-accelerating factor
that accelerates the decay of the C3 and C5 convertases), hCD59 (human complement regulatory protein; CRP, perturbs the complement activation cascade by inhibiting the formation
of the membrane attack complex during the final stage of complement activation), hTFPI (human tissue factor pathway inhibitor; inhibits the activation of TF : FVIIa coagulation
protease pathways, leading to fibrin deposition and activation of platelets during the course of hyperacute rejection), CD39 (via its ATPase activity, it decreases platelet activation and
inhibits clotting), anti-LFA-1 (anti-lymphocyte function-associated antigen-1 monoclonal antibody; efficient in eliminating memory T cells).

ATG, antithymocyte globulin; CM, cynomolgus monkey; GnT-III, N-acetylglucosaminyltransferase IIl; MMF, mycophenolate mofetil; MTS, maximum survival time.
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TABLE 3 Enumeration of devices containing macroencapsulated islets being used in various preclinical and clinical trials.

Name of Pre-clinical/clinical trials Design advantage Reference

device (s)

B-Air Transplantation of porcine islets into monkeys Promises adequate oxygen supply and comparatively (80, 81)
Clinical trial with human islets transplanted into humans improved protection from recipient immune system

3D printed Transplantation of human islets in mice Contains growth factors for optimized vascularization of (82)

vascularized islets

device

Bioplotted scaffold | Transplantation of human islets into mice without Enhanced vascularization and efficient diffusion owing (83)
immunosuppression to adjustable pore size; also avoids islet clumping

Silicon nanopore Mouse islets into pig islets Adequate pore size (10 nm) and more cell viability (84)

membrane device

TheraCyte Lewis rats were islet donors, and alloimmunized, diabetic Wistar-  More vascularization and optimum inner membrane (85)
Furth rats were used as recipients pore size (0.4 im) to embargo immune response

Encaptra Implantation of pancreatic progenitor cells into mice. Clinical The device allows the growth of pancreatic progenitor (86)
trial: implantation of pancreatic progenitor cells into humans cells

recently demonstrated the long-term engraftment of allogeneic
and xenogeneic islets coated with FasL protein combined with
short-term rapamycin treatment (97). Additionally, micro-
encapsulation of islets with hydrogel containing immobilized
inhibitory peptide for interleukin-1 receptor efficiently protected
the islets from IL-1f3, TNF, and interferon-y in vitro and also in
vivo by B cell-specific T cells (98-101). Furthermore,
immobilization of CXCL12 and CCL22 has proven to be very
effective in different studies in prolonging the protection of islet
allograft and restoring normoglycemia without immune
suppression (102).

6 Stem cells as the next alternative
source to generate o and 3 cells

Typically, the cell replacement therapies targeting T1D use a
two-pronged approach (1): replenishment/restoration of 3 cell
mass by transplantation and (2) rescuing 3 cell mass by inducing

immune suppression. As discussed above, the allo- and
xenotransplantation of islets made great promises to manage
overt hyperglycemia, but destruction of graft after tapering
off immune suppression more often results in chronic
rejection. To this end, researchers are now seeking answers in
the regeneration of B cells from stem cells and their
transplantation in the recipients. Recently, stem cell biologists
systematically recapitulated the needed differentiation events to
develop beta cells during pancreas development, and they have
pursued the conversion of embryonic stem cells in beta-like cells
in a dish. At the time of transplantation, these in vitro-
transdifferentiated cells were not functionally mature but were
demonstrated to express both insulin and glucagon (103-108).
Though not functionally mature, these cells were converted into
mature beta cells on transplantation in mice and surprisingly
maintained normal glucose levels after ablation of the pancreas
(106). Following these pioneering studies, Rezania et al. and
Paliguca et al. made insulin-producing functional beta cells after
slightly modifying the array of reagents (23, 24). This process

TABLE 4 Devices containing microencapsulated islets used in various preclinical and clinical trials.

Islet type Pre-clinical/clinical trials Reference
(s)

API Microencapsulated in alginate and transplanted in the kidney capsule of CM 6 months (87)

Human Type 1 diabetes patients received an intraperitoneal transplant of microencapsulated human islets 35 (88)

islets months

API Microencapsulated in single alginate coats and double alginate coats, separately, and transplanted into diabetic >6 (89)
B6AF1 mice months

NPI Alginate microencapsulated islets in CM 36 weeks (90)

NPI Alginate microencapsulated islets in NOD mice 8 weeks 91)

API Alginate-polylysine-alginate microencapsulated islets intraperitoneally in CM 3 months (92)

API, adult porcine islets; NP, neonatal porcine islets; CM, cynomolgus monkey; MST, maximum survival time.
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TABLE 5 Comparison between pig islets and stem cell (SC)-derived B cells for the imminent cure of type 1 diabetes.

Pig islets SC-derived f cells

Advantages Promise to overcome donor shortage

Unlimited supply

Encapsulation to render long-term function

Sufficient insulin secretion capacity for long-term survival in

mouse, monkey, and human

Disadvantages | Immunosuppression a major challenge
High risk of rejection

PERYV infection

further needed to be scaled up as about half to a billion cells per
transplant, which is equivalent to 10,000 IEQ/kg (8), are needed
to restore hyperglycemia in human.

6.1 Strategy to generate beta cells from
iPSCs: Game-changer strategy

Though the concept of employing iPSCs was initially very
attractive in T1D, scaling this strategy up involved the activation
of four Yamanaka transcription factors (Oct-3/4, Sox-2, KIf-4,
and c-Myc) (109), thus posing several issues. Yamanaka’s group
orchestrated the reprogramming of human fibroblasts through
the retroviral transduction of the aforementioned transcription
factors (109). This approach was questioned by the tumorigenic
potential of retroviruses and the activation of oncogene c-Myc
during the process. Therefore, to avoid imminent disapproval by
regulatory agencies, the RNA-based Sendai virus (SeV)-centered
approach was developed. SeV-mediated reprogramming was
proven to be efficient and highly reliable as SeV replicates
outside of the cell, thereby preventing integration into the host
DNA (110).

More recently, the conversion of functional beta cells was
reported from iPSCs by adding multiple chemical inducers and
inhibitors of Wnt and Notch pathways in a particular sequence.
Based on the sequential activation of genes, this mimics the
ontogeny of the pancreas development over 30 days using 2D
and 3D culture techniques. Importantly, the crux of this process is
the conversion to mono-hormonal, i.e., insulin-positive, cells in
the end (23, 24). This seven-stage process to develop functional
beta cells involves the use of various inhibitors at each stage:
vitamin C until stage 4, a combination of ALK5iII inhibitor and
thyroid hormone (T3) from stages 4 to 7, GSKixx at stages 5 and 6,
and N-Cys at stages 6-7 turned out to be the key components.
Rezania et al. outstandingly delineated the roles of each
compound in terms of the stage-specific signatures using RT-
qPCR (24). These iPSC-derived beta cells were then transplanted
under the kidney capsules of immunocompromised mice, and
human insulin was detected (23, 24).

Douglas A. Melton’s group compared the insulin secretion of
iPSC-derived P cells with human islets. The amount of insulin

Frontiers in Endocrinology

Promise to overcome donor shortage
Encapsulation to render long-term function
Sufficient insulin secretion capacity for long-term survival in mice

Immunosuppression a major challenge, as these are never tested prevalent
immunosuppressant (Edmonton’s protocol)

Scaling up: challenging—only a promise

Not tested in large animals (viz nonhuman primates)

secreted by primary human beta cells and iPSC-derived B cells
was found to be 1.6 + 0.2 and 3.6 + 0.7 pIU/10, respectively.
They have also measured the total insulin content per cell, which
was comparable: 240 + 50 uIU/10? cell (SC-B clusters) and 200 +
40 pIU/10” (primary islets). Furthermore, a similar insulin ratio
and Ca®" (upon glucose challenge) both in primary human
islet cells and SC-B cells supported the SC-B cells as an
imminent alternative sanctuary of insulin-producing cells to
reverse hyperglycemia.

6.2 Encapsulation of beta cells and
reverting hyperglycemia

Transplantation of 3 cells derived from T1D patient-derived
iPSCs can correct hyperglycemia. However, these SC-B cells
succumb to destruction due to B cell-specific autoimmunity in
these individuals (111). The use of a systemic immunosuppressant
is therefore needed to protect these cells from autoimmune attack.
To avoid lifelong immune suppression, encapsulation is one of the
most plausible solutions. Daniel Anderson and Song’s group
independently attempted the encapsulation of SC-B cells and
tested it in immunocompetent mice. Anderson’s group recently
used triazole-thiomorpholine dioxide (TMTD) alginate for
encapsulation, showing that it could inhibit fibrosis in both
rodents and nonhuman primates (112). Interestingly, TMTD
alginate-encapsulated SC-§ cells provided long-term glycemic
correction without immunosuppressive therapy in immune-
competent diabetic C57BL/6] mice for 174 days. However,
naked SC-B cells were unable to correct overt hyperglycemia
irrespective of the site. Song et al. encapsulated the islets and stem
cell-derived B cells in polylactic acid-derived microporous 3D
printed device and studied the outcomes when transplanted in
mice. Insulin secretion was successfully reported for 12 weeks.
However, the group did not evaluate the extent of immune
tolerance to this material (112). Like porcine islet tx, iPSC-
derived beta cell therapy for patients with T1D has a few
limitations. The key barrier of transplantation is the control of
the immune response. However, the autologous transplantation of
iPSCs might be useful for avoiding rejection because they are not
thought to initiate immune responses (113, 114). The second
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disadvantage is that there is a potential for the transplanted cells to
become cancerous. The c-Myc gene, one of the Yamanaka factors,
is known to cause cancer in iPSCs (115), but oncogenesis can be
prevented by using L-Myc instead of the c-Myc gene (116). The
third limitation is the possibility that the insulin secretion of the
transplanted cells may be insufficient. iPSCs-derived islet cells
transplanted into mice reportedly secreted insulin for several
months or more after transplantation (PMID: 30623004).
However, long-term studies are required to investigate whether
the insulin secretion capacity is sufficient for clinical application.

7 Future perspectives

Xenotransplantation of pig islets has proven equally effective as
human islets in preclinical trials; therefore, scientists are striving
hard to make this approach a clinical reality. The idea of pig islet
transplantation may overcome the shortage of good-quality islets.
Strong immune suppression with xeno-antigens and IBMIR is a
major challenge faced by pig islets’ transplantation in preclinical
studies. Extensive gene editing by user-friendly CRISPR-Cas9
system promises to rewrite the bright future of pig islet
transplantation by developing IBMIR-resistant islets. Though
ideal biocompatible material is still a matter of debate,
encapsulation techniques offer overall protection of islets from the
recipient’s immune system. Several preclinical trials of encapsulated
pig islets are underway with some promising results. Excitingly, 9.5-
year survival of encapsulated neonatal pig islets in a human trial in
Auckland has been reported (76). Meanwhile, the groundbreaking
work of Alireza Rezania, DA Anderson, and D Melton have
leveraged the use of stage 7 (functional) beta cells to cure T1D.
Contrary to pig islets, encapsulated SC-derived {3 cells equivalent to
10,000 IEq/kg of T1D patients might overt T1D with the minimal
use of immunosuppressant if derived from iPSCs obtained from the
same T1D patient (Table 5).

In conclusion, SC beta cells for the treatment of T1D
increase quality-adjusted life years (115, 117) and prevent

References

1. Roep BO. Islet autoreactive CD8 T-cells in type 1 diabetes. Licensed to kill?
Diabetes (2008) 57(5):1156-6.

2. Graham KL, Sutherland RM, Mannering SI, Zhao Y, Chee J, Krishnamurthy
B, et al. Pathogenic mechanisms in type 1 diabetes: The islet is both target and
driver of disease. Rev Diabetes Stud (2012) 9(4):148-68. doi: 10.1900/
RDS.2012.9.148

3. Available at: http://www.diabetes.org/diabetes-basics/statistics/.

4. Cryer PE. Glycemic goals in diabetes: Trade-off between glycemic control
and iatrogenic hypoglycemia. Diabetes (2014) 63:2188-95. doi: 10.2337/
db14-0059

5. Seaquist ER, Anderson J, Childs B, et al. Hypoglycemia and diabetes: A report
of a workgroup of the American diabetes association and the endocrine society.
Diabetes Care (2013) 36:1384-95. doi: 10.2337/dc12-2480

Frontiers in Endocrinology

09

10.3389/fendo.2022.1001041

complications, although a reduction in manufacturing costs
will be essential to achieve cost-effectiveness. By scaling up the
manufacturing, as promised, facilitating the supply chain
management, and reducing the manufacturing costs, iPSC-
based B cell replacement therapies may become a tangible reality.

Author contributions

Conceptualization and writing: RN, AS, and AN, review and
editing: MP, AB, and BL. RN and AS: instrumental in revising
the manuscript. All authors contributed to the article and
approved the submitted version.

Funding

This work is funded by a grant from Wach Fund, College of
Dentistry, University of Illinois at Chicago.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

6. The Diabetes Control and Complications Trial Research Group.
Hypoglycemia in the diabetes control and complications trial. Diabetes (1997)
46:271-86. doi: 10.2337/diab.46.2.271

7. Cryer PE. Hypoglycemia in diabetes: pathophysiology, prevalence and
prevention. 2nd ed. Alexandria, VA: American Diabetes Association (2012). p. 236.

8. Shapiro AM, Lakey JR, Ryan EA, Korbutt GS, Toth E, Warnock GL, et al. Islet
transplantation in seven patients with type 1 diabetes mellitus using a
glucocorticoid-freeimmunosuppressive regimen. N Engl ] Med (2000) 343
(4):230-8. doi: 10.1056/NEJM200007273430401

9. Available at: https://optn.transplant.hrsa.gov/data/view-data-reports/
national-data/.

10. Cooper DK, Gollackner B, Sachs DH. Will the pig solve the transplantation
backlog? Annu Rev Med (2002) 53:133-47. doi: 10.1146/annurev.med.53.082901.103900

frontiersin.org


https://doi.org/10.1900/RDS.2012.9.148
https://doi.org/10.1900/RDS.2012.9.148
http://www.diabetes.org/diabetes-basics/statistics/
https://doi.org/10.2337/db14-0059
https://doi.org/10.2337/db14-0059
https://doi.org/10.2337/dc12-2480
https://doi.org/10.2337/diab.46.2.271
https://doi.org/10.1056/NEJM200007273430401
https://optn.transplant.hrsa.gov/data/view-data-reports/national-data/
https://optn.transplant.hrsa.gov/data/view-data-reports/national-data/
https://doi.org/10.1146/annurev.med.53.082901.103900
https://doi.org/10.3389/fendo.2022.1001041
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Naquvi et al.

11. Hering BJ, Wijkstrom M, Graham ML, Hardstedt M, Aasheim TC, Jie T,
et al. Prolonged diabetes reversal after intraportal xenotransplantation of wild-type
porcine islets in immunosuppressed nonhuman primates. Nat Med (2006) 12:301—
3. doi: 10.1038/nm1369

12. Cardona K, Korbutt GS, Milas Z, Lyon ], Cano J, Jiang W, et al. Long-term
survival of neonatal porcine islets in nonhuman primates by targeting
costimulation pathways. Nat Med (2006) 12(3):304-6. doi: 10.1038/nm1375

13. Saudek F, Jirak D, Girman P, Herynek V, Dezortova M, et al. Magnetic
resonance imaging of pancreatic islets transplanted into the liver in humans.
Transplantation (2010) 90(12):1602-6. doi: 10.1097/TP.0b013e3181ffba5e

14. Cantarovich D, Blancho G, Potiron N, Jugeau N, Fiche M, Chagneau C, et al.
Rapid failure of pig islet transplantation in non human primates.
Xenotransplantation (2002) 9(1):25-35. doi: 10.1034/j.1399-3089.2002.00144.x

15. Moberg L. The role of the innate immunity in islet transplantation. Ups J
Med Sci (2005) 110(1):17-55. doi: 10.3109/2000-1967-181

16. Ozmen L, Ekdahl KN, Elgue G, Larsson R, Korsgren O, Nilsson B. Inhibition
of thrombin abrogates the instant blood-mediated inflammatory reaction triggered
by isolated human islets: Possible application of the thrombin inhibitor melagatran
in clinical islet transplantation. Diabetes (2002) 51(6):1779-84. doi: 10.2337/
diabetes.51.6.1779

17. Tjernberg J, Ekdahl KN, Lambris JD, Korsgren O, Nilsson B. Acute
antibody-mediated complement activation mediates lysis of pancreatic islets cells
and may cause tissue loss in clinical islet transplantation. Transplantation (2008) 85
(8):1193-9. doi: 10.1097/TP.0b013e31816b22f3

18. Goto M, Tjernberg J, Dufrane D, Elgue G, Brandhorst D, Ekdahl KN, et al.
Dissecting the instant blood-mediated inflammatory reaction in islet
xenotransplantation. Xenotransplantation (2008) 15(4):225-34. doi: 10.1111/
j.1399-3089.2008.00482.x

19. Mastellos DC, Yancopoulou D, Kokkinos P, Huber-Lang M, Hajishengallis
G, Biglarnia AR, et al. Compstatin: A C3-targeted complement inhibitor reaching
its prime for bedside intervention. Eur J Clin Invest (2015) 45(4):423-40. doi:
10.1111/eci.12419

20. Hawthorne WJ, Salvaris EJ, Phillips P, Hawkes J, Liuwantara D, Burns H,
et al. Control of IBMIR in neonatal porcine islet xenotransplantation in baboons.
Am ] Transplant (2014) 14(6):1300-9. doi: 10.1111/ajt.12722

21. Cooper DK, Hara H, Ezzelarab M, Bottino R, Trucco M, Phelps C, et al. The
potential of genetically-engineered pigs in providing an alternative source of organs
and cells for transplantation. ] BioMed Res (2013) 27(4):249-53.

22. Tuch BE, Keogh GW, Williams LJ, Wu W, Foster JL, Vaithilingam V, et al.
Safety and viability of microencapsulated human islets transplanted into diabetic
humans. Diabetes Care (2009) 32(10):1887-9. doi: 10.2337/dc09-0744

23. Pagliuca FW, Millman JR, G€urtler M, Segel ,M, Van Dervort A, Ryu JH,
et al. Generation of functional human pancreatic b cells in vitro. Cell (2014) 159
(2):428-39. doi: 10.1016/j.cell.2014.09.040

24. Rezania A, Bruin JEJ, Riedel MJM, Mojibian M, Asadi A, Xu J, et al. Reversal
of diabetes with insulin-producing cells derived in vitro from human pluripotent
stem cells. Nat Biotechnol (2014) 32(11):1121-33. doi: 10.1038/nbt.3033

25. Arbelaez AM, Tsalikian E, Mauras N, Wilson DM, Tamborlane W, Sherr J,
et al. Counterregulatory hormone responses in youth with short duration of type 1
diabetes. Diabetes (2012) 61 Suppl:A320-0.

26. Bolli G, de Feo P, Compagnucci P, Cartechini MG, Angeletti G, Santeusanio
F, et al. Abnormal glucose counterregulation in insulin-dependent diabetes
mellitus: Interaction of anti-insulin antibodies and impaired glucagon and
epinephrine secretion. Diabetes (1983) 32(2):134-41. doi: 10.2337/diab.32.2.134

27. Gruessner AC. 2011 update on pancreas transplantation: comprehensive
trend analysis of 25,000 cases followed up over the course of twenty-four years at
the international pancreas transplant registry (IPTR). Rev Diabetes Stud (2011) 8
(1):6-16. doi: 10.1900/RDS.2011.8.6

28. Lacy PE, Kostianovsky M. Method for the isolation of intact islets of langerhans
from the rat pancreas. Diabetes (1967) 16(1):35-9. doi: 10.2337/diab.16.1.35

29. Ricordi C, Lacy PE, Finke EH, Olack BJ, Sharp DW. Automated method for
isolation of human pancreatic islets. Diabetes (1988) 37:413-20. doi: 10.2337/
diab.37.4.413

30. Shapiro AM, Ricordi C, Hering BJ, Auchincloss H, Lindblad R, Paul Robertson

R, et al. International trial of the Edmonton protocol for islet transplantation. N Eng J
Med (2006) 355(13):1318-30. doi: 10.1056/NEJMoa061267

31. Hering BJ, Clarke WR, Bridges ND, Eggerman TL, Alejandro R, Bellin MD,
et al. Clinical islet transplantation consortium. Phase 3 trial of transplantation of
human islets in type 1 diabetes complicated by severe hypoglycemia. Diabetes Care
(2016) 39(7):1230-40. doi: 10.2337/dc15-1988

32. van der Windt DJ, Bottino R, Kumar G, Wijkstrom M, Hara H, Ezzelarab M,
et al. Clinical islet xenotransplantation: How close are we? Diabetes (2012) 61
(12):3046-55. doi: 10.2337/db12-0033

Frontiers in Endocrinology

10.3389/fendo.2022.1001041

33. Ricordi C, Socci C, Davalli AM, Staudacher C, Baro P, Vertova A, et al.
Isolation of the elusive pig islet. Surgery (1990) 107(6):688-94.

34. Hering B, Walawalkar N. Pig-to-nonhuman primate islet xenotransplantation.
Transpl Immunol (2009) 21(2):81-6. doi: 10.1016/j.trim.2009.05.001

35. Sonnenberg GE, Berger M. Human insulin: much ado about one amino
acid? Diabetologia (1983) 25(6):457-9. doi: 10.1007/BF00284450

36. Sachs DH. The pig as a potential xenograft donor. Vet Immunol
Immunopathol (1994) 43(1-3):185-91. doi: 10.1016/0165-2427(94)90135-X

37. Mueller KR, Balamurugan AN, Cline GW, Pongratz RL, Hooper RL,
Weegman BP, et al. Differences in glucose-stimulated insulin secretion in vitro
of islets from human, nonhuman primate, and porcine origin. Xenotransplantation
(2013) 20(2):75-81. doi: 10.1111/xen.12022

38. Otonkoski T, Ustinov ], Rasilainen S, Kallio E, Korsgren O, Hayry P.
Differentiation and maturation of porcine fetal islet cells in vitro and after
transplantation. Transplantation (1999) 68(11):1674-83. doi: 10.1097/00007890-
199912150-00010

39. Korsgren O, Jansson L, Eizirik D, Andersson A. Functional and
morphological differentiation of fetal porcine islet-like cell clusters after
transplantation into nude mice. Diabetologia (1991) 34(6):379-86. doi: 10.1007/
BF00403174

40. Tan C, Tuch BE, TuJ, Brown SA. Role of NADH shuttles in glucose-induced
insulin secretion from fetal beta-cells. Diabetes (2002) 51(10):2989-96. doi:
10.2337/diabetes.51.10.2989

41. Hardikar AA, Wang XY, Williams L], Kwok J, Wong R, Yao M, et al.
Functional maturation of fetal porcine beta-cells by glucagon-like peptide 1 and
cholecystokinin. Endocrinology (2002) 143(9):3505-14. doi: 10.1210/en.2001-
211344

42. Soderlund J, Castafios-Velez E, Biberfeld P, Zhu S, Tibell A, Groth CG, et al.
Fetal porcine islet-like cell clusters transplanted to cynomolgus monkeys: an
immunohistochemical study. Transplantation (1999) 67(6):784-91. doi: 10.1097/
00007890-199903270-00002

43. Trivedi N, Hollister-Lock J, Lopez-Avalos MD, O'Neil JJ, Keegan M,
Bonner-Weir S, et al. Increase in beta-cell mass in transplanted porcine neonatal
pancreatic cell clusters is due to proliferation of beta-cells and differentiation of
duct cells. Endocrinology (2001) 142(5):2115-22. doi: 10.1210/endo.142.5.8162

44. Yoon KH, Quickel RR, Tatarkiewicz K, Ulrich TR, Hollister-Lock J, Trivedi
N, et al. Differentiation and expansion of beta cell mass in porcine neonatal
pancreatic cell clusters transplanted into nude mice. Cell Transplant (1999) 8
(6):673-89. doi: 10.1177/096368979900800613

45. Weir GC, Quickel RR, Yoon KH, Tatarkiewicz K, Ulrich TR, Hollister-Lock
J, et al. Porcine neonatal pancreatic cell clusters (NPCCs): a potential source of
tissue for islet transplantation. Ann Transplant (1997) 2(3):63-8.

46. Korbutt GS, Elliott JF, Ao Z, Smith DK, Warnock GL, Rajotte RV. Large
Scale isolation, growth, and function of porcine neonatal islet cells. J Clin Invest
(1996) 9):2119-29. doi: 10.1172/JCI118649

47. Russell MCCK, Olivia VL, Korbutt G, Cano J, Jiang W, et al. Engraftment of
neonatal porcine islets in diabetic non-human primates by blockade of the CD28/
CD40 costimulatory pathways. Xenotransplantation (2007) 423(3):221-9.

48. Thompson P, Cardona K, Russell M, Badell IR, Shaffer V, Korbutt G, et al.
CDA40-specific costimulation blockade enhances neonatal porcine islet survival in
nonhuman primates. Am J Transplant (2011) 11(5):947-57. doi: 10.1111/j.1600-
6143.2011.03509.x

49. Thompson P, Badell IR, Lowe M, Turner A, Cano J, Avila ], et al. Alternative
immunomodulatory strategies for xenotransplantation: CD40/154 pathway-
sparing regimens promote xenograft survival. Am ] Transplant (2012) 12
(7):1765-75. doi: 10.1111/j.1600-6143.2012.04031.x

50. Shin JS, Kim JM, Kim JS, Min BH, Kim YH, Kim HJ, et al. Long-term
control of diabetes in immunosuppressed nonhuman primates (NHP) by the
transplantation of adult porcine islets. Am J Transplant (2015) 15(11):2837-50. doi:
10.1111/ajt.13345

51. Ji M, Yi S, Smith-Hurst H, et al. The importance of tissue factor expression
by porcine NICC in triggering IBMIR in the xenograft setting. Transplantation
(2011) 91:841-6. doi: 10.1097/TP.0b013e3182106091

52. Mackman N. Role of tissue factor in hemostasis and thrombosis. Blood Cells
Mol Dis (2006) 36:104-7. doi: 10.1016/j.bcmd.2005.12.008

53. Buhler L, Deng S, O’Neil ], Kitamura H, Koulmanda M, Baldi A, et al. Adult
porcine islet transplantation in baboons treated with conventional
immunosuppression or a non-myeloablative regimen and CD154 blockade.
Xenotransplantation (2002) 9(1):3-13. doi: 10.1034/j.1399-3089.2002.10044.x

54. Cantarovich D, Blancho G, Potiron N, Jugeau N, Fiche M, Chagneau C, et al.
Reversal of diabetes in non-immunosuppressed rhesus macaques by intraportal
porcine islet xenografts precedes acute cellular rejection. Xenotransplantation
(2004) 9(1):25-35.

frontiersin.org


https://doi.org/10.1038/nm1369
https://doi.org/10.1038/nm1375
https://doi.org/10.1097/TP.0b013e3181ffba5e
https://doi.org/10.1034/j.1399-3089.2002.0o144.x
https://doi.org/10.3109/2000-1967-181
https://doi.org/10.2337/diabetes.51.6.1779
https://doi.org/10.2337/diabetes.51.6.1779
https://doi.org/10.1097/TP.0b013e31816b22f3
https://doi.org/10.1111/j.1399-3089.2008.00482.x
https://doi.org/10.1111/j.1399-3089.2008.00482.x
https://doi.org/10.1111/eci.12419
https://doi.org/10.1111/ajt.12722
https://doi.org/10.2337/dc09-0744
https://doi.org/10.1016/j.cell.2014.09.040
https://doi.org/10.1038/nbt.3033
https://doi.org/10.2337/diab.32.2.134
https://doi.org/10.1900/RDS.2011.8.6
https://doi.org/10.2337/diab.16.1.35
https://doi.org/10.2337/diab.37.4.413
https://doi.org/10.2337/diab.37.4.413
https://doi.org/10.1056/NEJMoa061267
https://doi.org/10.2337/dc15-1988
https://doi.org/10.2337/db12-0033
https://doi.org/10.1016/j.trim.2009.05.001
https://doi.org/10.1007/BF00284450
https://doi.org/10.1016/0165-2427(94)90135-X
https://doi.org/10.1111/xen.12022
https://doi.org/10.1097/00007890-199912150-00010
https://doi.org/10.1097/00007890-199912150-00010
https://doi.org/10.1007/BF00403174
https://doi.org/10.1007/BF00403174
https://doi.org/10.2337/diabetes.51.10.2989
https://doi.org/10.1210/en.2001-211344
https://doi.org/10.1210/en.2001-211344
https://doi.org/10.1097/00007890-199903270-00002
https://doi.org/10.1097/00007890-199903270-00002
https://doi.org/10.1210/endo.142.5.8162
https://doi.org/10.1177/096368979900800613
https://doi.org/10.1172/JCI118649
https://doi.org/10.1111/j.1600-6143.2011.03509.x
https://doi.org/10.1111/j.1600-6143.2011.03509.x
https://doi.org/10.1111/j.1600-6143.2012.04031.x
https://doi.org/10.1111/ajt.13345
https://doi.org/10.1097/TP.0b013e3182106091
https://doi.org/10.1016/j.bcmd.2005.12.008
https://doi.org/10.1034/j.1399-3089.2002.1o044.x
https://doi.org/10.3389/fendo.2022.1001041
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Naquvi et al.

55. Bennet W, Sundberg B, Lundgren T, Tibell A, Groth CG, Richards A, et al.
Damage to porcine islets of langerhans after exposure to human blood in vitro, or
after intraportal transplantation to cynomologus monkeys: protective effects of
sCR1 and heparin. Transplantation (2000) 69(5):711-9. doi: 10.1097/00007890-
200003150-00007

56. Bennet W, Groth C-G, Larsson R, Nilsson B, Korsgren O. Isolated human
islets trigger an instant blood mediated inflammatory reaction: Implications for
intraportal islet transplantation as a treatment for patients with type 1 diabetes. Ups
J Med Sci (2000) 105(2):125-33. doi: 10.1517/03009734000000059

57. van der Windt DJ, Marigliano M, He ], Votyakova TV, Echeverri GJ, Ekser
B, et al. Early islet damage after direct exposure of pig islets to blood: Has humoral
immunity been underestimated? Cell Transplant (2012) 21(8):1791-802. doi:
10.3727/096368912X653011

58. Echeverri GJ, McGrath K, Bottino R, Hara H, Dons EM, van der Windt D],
et al. Endoscopic gastric submucosal transplantation of islets (ENDO-STI):
technique and initial results in diabetic pigs. Am ] Transplant (2009) 9
(11):2485-96. doi: 10.1111/j.1600-6143.2009.02815.x

59. Platt JL, Fischel RJ, Matas AJ, Reif SA, Bolman RM, Bach FH.
Immunopathology of hyperacute xenograft rejection in a swine-to-primate
model. Transplantation (1991) 52:214-20. doi: 10.1097/00007890-199108000-
00006

60. Galili U. Interaction of the natural anti-gal antibody with o-galactosyl
epitopes: A major obstacle for xenotransplantation in humans. Immunol Today
(1993) 14(10):480-2. doi: 10.1016/0167-5699(93)90261-1

61. Bennet W, Bjorkland A, Sundberg B, Davies H, Liu J, Holgersson J, et al. A
comparison of fetal and adult porcine islets with regard to gal alpha (1, 3) gal
expression and the role of human immunoglobulins and complement in islet cell
cytotoxicity. Transplantation (2000) 69(8):1711-7. doi: 10.1097/00007890-
200004270-00030

62. Rayat GR, Rajotte RV, Hering BJ, et al. In vitro and in vivo expression of gal-
alpha (1, 3) gal on porcine islet cells is age dependent. J Endocrinol (2003) 77
(1):127-35. doi: 10.1677/j0e.0.1770127

63. Padler-Karavani V, Varki A. Potential impact of the non-human sialic acid
n-glycolylneuraminic acid on transplant rejection risk. Xenotransplantation (2011)
18(1):1-5. doi: 10.1111/j.1399-3089.2011.00622.x

64. Byrne GW, Du Z, Stalboerger P, Kogelberg H, McGregor CG. Cloning and
expression of porcine P1,4 n-acetylgalactosaminyl transferase encoding a new
xenoreactive antigen. Xenotransplantation (2014) 21(6):543-54. doi: 10.1111/
xen.12124

65. Lutz AJ, Li P, Estrada JL, Sidner RA, Chihara RK, Downey SM, et al. Double
knockout pigs deficient in n-glycolylneuraminic acid and galactose o.-1,3-galactose
reduce the humoral barrier to xenotransplantation. Xenotransplantation (2013) 20
(1):27-35. doi: 10.1111/xen.12019

66. Wang ZY, Burlak C, Estrada JL, Li P, Tector MF, Tector AJ. Erythrocytes
from GGT A1/CMAH knockout pigs: implications for xenotransfusion and testing
in non-human primates. Xenotransplantation (2014) 21(4):376-84. doi: 10.1111/
xen.12106

67. Estrada JL, Martens G, Li P, Adams A, Newell KA, Ford ML, et al.
Evaluation of human and non-human primate antibody binding to pig cells
lacking GGTA1/CMAH/P4GalNT2 genes. Xenotransplantation (2015) 22
(3):194-202. doi: 10.1111/xen.12161

68. Fischer K, Kraner-Scheiber S, Petersen B, Rieblinger B, Buermann A,
Flisikowska T, et al. Efficient production of multi-modified pigs for
xenotransplantation by 'combineering’, gene stacking and gene editing. Sci Rep
(2016) 29:6:29081. doi: 10.1038/srep29081

69. Dwyer KM, Robson SC, Nandurkar HH, Campbell DJ, Gock H, Murray-
Segal L], et al. Thromboregulatory manifestations in human CD39 transgenic mice
and the implications for thrombotic disease and transplantation. J Clin Invest
(2004) 113(10):1440-6. doi: 10.1172/JCI19560

70. Dwyer KM, Mysore TB, Crikis S, Robson SC, Nandurkar H, Cowan PJ, et al.
The transgenic expression of human CD39 on murine islets inhibits clotting of
human blood. Transplantation (2006) 82(3):428-32. doi: 10.1097/
01.tp.0000229023.38873.c0

71. Yeom HJ, Koo OJ, Yang J, Cho B, Hwang JI, Park SJ, et al. Generation and
characterization of human heme oxygenase-1 transgenic pigs. PloS One (2012) 7
(10):e46646. doi: 10.1371/journal.pone.0046646

72. van der Windt DJ, Bottino R, Casu A, Campanile N, Smetanka C, He J, et al.
Long-term controlled normoglycemia in diabetic non-human primates after
transplantation with hCD46 transgenic porcine islets. Am J Transplant (2009) 9
(12):2716-26. doi: 10.1111/j.1600-6143.2009.02850.x

73. Mandel TE, Koulmanda M, Cozzi E, Waterworth P, Tolan M, Langford G,
et al. Transplantation of normal and DAF-transgenic fetal pig pancreas into
cynomolgus monkeys. Transplant Proc (1997) 29(1-2/01):940. doi: 10.1016/
S0041-1345(96)00261-8

Frontiers in Endocrinology

10.3389/fendo.2022.1001041

74. Chen Y, Stewart JM, Gunthart M, Hawthorne W], Salvaris EJ, O'Connell PJ,
et al. Xenoantibody response to porcine islet cell transplantation using GTKO,
CD55, CD59, and fucosyltransferase multiple transgenic donors.
Xenotransplantation (2014) 21(3):244-53. doi: 10.1111/xen.12091

75. Bottino R, Wijkstrom M, van der Windt DJ, Hara H, Ezzelarab M, Murase
N, et al. Pig-to-monkey islet xenotransplantation using multi-transgenic pigs. Am J
Transplant (2014) 14(10):2275-87. doi: 10.1111/ajt.12868

76. Komoda H, Miyagawa S, Omori T, Takahagi Y, Murakami H, Shigehisa T,
et al. Survival of adult islet grafts from transgenic pigs with n-
acetylglucosaminyltransferase-III(GnT-III) in cynomolgus monkeys.
Xenotransplantation (2005) 12(3):209-16. doi: 10.1111/j.1399-3089.2005.00206.x

77. Prehn RT, Weaver JM, Algire GH. The diffusion-chamber technique applied
to a study of the nature of homograft resistance. ] Natl Cancer Inst (1954) 15
(3):509-17.

78. Elliott RB, Escobar L, Tan PL, Muzina M, Zwain S, Buchanan C. Live
encapsulated porcine islets from a type 1 diabetic patient 9.5 yr after
xenotransplantation. Xenotransplantation (2007) 14(2):157-61.

79. Ludwig B, Reichel A, Steffen A, Zimerman B, Schally AV, Block NL, et al.
Transplantation of human islets without immunosuppression. Proc Natl Acad Sci
USA (2013) 110(47):19054. doi: 10.1073/pnas.1317561110

80. Available at: https://clinicaltrials.gov/ct2/show/NCT02064309.
81. Available at: https://clinicaltrials.gov/ct2/show/NCT02064309.

82. Farina M, Ballerini A, Fraga DW, Nicolov E, Hogan M, Demarchi D, et al.
3D printed vascularized device for subcutaneous transplantation of human islets.
Biotechnol J (2017) 12(9). doi: 10.1002/biot.201700169

83. Marchioli G, van Gurp L, van Krieken PP, Stamatialis D, Engelse M, Van
Blitterswijk CA, et al. Fabrication of three-dimensional bioplotted hydrogel
scaffolds for islets of langerhans transplantation. Biofabrication (2015) 7
(2):025009. doi: 10.1088/1758-5090/7/2/025009

84. Song S, Blaha C, Moses W, Park ], Wright N, Groszek J, et al. An
intravascular bioartificial pancreas device (IBAP) with silicon nanopore
membranes (SNM) for islet encapsulation under convective mass transport. Lab
Chip (2017) 17(10):1778-92. doi: 10.1039/C7LC00096K

85. Kumagai-Braesch M, Jacobson S, Mori H, Jia X, Takahashi T, Wernerson A,
et al. The TheraCyte™ device protects against islet allograft rejection in immunized
hosts. Cell Transplant (2013) 22(7)::1137-1146. doi: 10.3727/096368912X657486

86. ViaCyte. ClinicalTrials.gov. A safety, tolerability, and efficacy study of VC-
01™ combination product in subjects with type I diabetes mellitus. Bethesda (MD:
U.S. National Library of Medicine. Available at: https://clinicaltrials.gov/ct2/show/
NCT02239354%20Identifier:%20NCT02239354.

87. Basta G, Montanucci P, Luca G, Boselli C, Noya G, Barbaro B, et al. Long-
term metabolic and immunological follow-up of nonimmunosuppressed patients
with type 1 diabetes treated with microencapsulated islet allografts: four cases.
Diabetes Care (2011) 34(11):2406-9. doi: 10.2337/dc11-0731

88. Duvivier-Kali VF, Omer A, Lopez-Avalos MD, O'Neil JJ, Weir GC. Survival
of microencapsulated adult pig islets in mice in spite of an antibody response. Am J
Transplant (2004) 12:1991-2000. doi: 10.1111/j.1600-6143.2004.00628.x

89. Elliott RB, Escobar L, Tan PL, Garkavenko O, Calafiore R, Basta P, et al.
Intraperitoneal alginate-encapsulated neonatal porcine islets in a placebo-
controlled study with 16 diabetic cynomolgus primates. Transplant Proc (2005)
37(8):3505-8. doi: 10.1016/j.transproceed.2005.09.038

90. Elliott RB, Escobar L, Tan PL, Garkavenko O, Calafiore R, Basta P, et al.
Transplantation of micro- and macroencapsulated piglet islets into mice and
monkeys. Transplant Proc (2005) 37:466-9. doi: 10.1016/
j.transproceed.2004.12.198

91. Sun Y, Ma X, Zhou D, et al. Normalization of diabetes in spontaneously
diabetic cynomologus monkeys by xenografts of microencapsulated porcine islets
without immunosuppression. J Clin Invest (1996) 98(6):1417-22. doi: 10.1172/
JCI118929

92. Ekser B, Bottino R, Cooper DKC. Clinical islet xenotransplantation: A step
forward. EbioMedicine (2016) 12:22-3. doi: 10.1016/j.ebiom.2016.09.023

93. Falschlehner C, Schaefer U, Walczak H. Following TRAIL's path in the
immune system. Immunology (2009) 127(2):145-54. doi: 10.1111/j.1365-
2567.2009.03058.x

94. Pearl-Yafe M, Yolcu ES, Yaniv I, Stein J, Shirwan H, Askenasy N. The dual
role of fas-ligand as an injury effector and defense strategy in diabetes and islet
transplantation. Bioessays (2006) 28(2):211-22. doi: 10.1002/bies.20356

95. Miller SD, Turley DM, Podojil JR. Antigen-specific tolerance strategies for
the prevention and treatment of autoimmune disease. Nat Rev Immunol (2007) 7
(9):665-77. doi: 10.1038/nri2153

96. Lau HT, Yu M, Fontana A, Stoeckert CJ. Prevention of islet allograft
rejection with engineered myoblasts expressing FasL in mice. Science (1996) 273
(5271):109-12. doi: 10.1126/science.273.5271.109

frontiersin.org


https://doi.org/10.1097/00007890-200003150-00007
https://doi.org/10.1097/00007890-200003150-00007
https://doi.org/10.1517/03009734000000059
https://doi.org/10.3727/096368912X653011
https://doi.org/10.1111/j.1600-6143.2009.02815.x
https://doi.org/10.1097/00007890-199108000-00006
https://doi.org/10.1097/00007890-199108000-00006
https://doi.org/10.1016/0167-5699(93)90261-I
https://doi.org/10.1097/00007890-200004270-00030
https://doi.org/10.1097/00007890-200004270-00030
https://doi.org/10.1677/joe.0.1770127
https://doi.org/10.1111/j.1399-3089.2011.00622.x
https://doi.org/10.1111/xen.12124
https://doi.org/10.1111/xen.12124
https://doi.org/10.1111/xen.12019
https://doi.org/10.1111/xen.12106
https://doi.org/10.1111/xen.12106
https://doi.org/10.1111/xen.12161
https://doi.org/10.1038/srep29081
https://doi.org/10.1172/JCI19560
https://doi.org/10.1097/01.tp.0000229023.38873.c0
https://doi.org/10.1097/01.tp.0000229023.38873.c0
https://doi.org/10.1371/journal.pone.0046646
https://doi.org/10.1111/j.1600-6143.2009.02850.x
https://doi.org/10.1016/S0041-1345(96)00261-8
https://doi.org/10.1016/S0041-1345(96)00261-8
https://doi.org/10.1111/xen.12091
https://doi.org/10.1111/ajt.12868
https://doi.org/10.1111/j.1399-3089.2005.00206.x
https://doi.org/10.1073/pnas.1317561110
https://clinicaltrials.gov/ct2/show/NCT02064309
https://clinicaltrials.gov/ct2/show/NCT02064309
https://doi.org/10.1002/biot.201700169
https://doi.org/10.1088/1758-5090/7/2/025009
https://doi.org/10.1039/C7LC00096K
https://doi.org/10.3727/096368912X657486
https://clinicaltrials.gov/ct2/show/NCT02239354%20Identifier:%20NCT02239354
https://clinicaltrials.gov/ct2/show/NCT02239354%20Identifier:%20NCT02239354
https://doi.org/10.2337/dc11-0731
https://doi.org/10.1111/j.1600-6143.2004.00628.x
https://doi.org/10.1016/j.transproceed.2005.09.038
https://doi.org/10.1016/j.transproceed.2004.12.198
https://doi.org/10.1016/j.transproceed.2004.12.198
https://doi.org/10.1172/JCI118929
https://doi.org/10.1172/JCI118929
https://doi.org/10.1016/j.ebiom.2016.09.023
https://doi.org/10.1111/j.1365-2567.2009.03058.x
https://doi.org/10.1111/j.1365-2567.2009.03058.x
https://doi.org/10.1002/bies.20356
https://doi.org/10.1038/nri2153
https://doi.org/10.1126/science.273.5271.109
https://doi.org/10.3389/fendo.2022.1001041
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Naquvi et al.

97. Yolcu ES Zhao H, Bandura-Morgan L, Lacelle C, Woodward KB, Askenasy
N, Shirwan H. Pancreatic islets engineered with SA-FasL protein establish robust
localized tolerance by inducing regulatory T cells in mice. J Immunol (2011) 187
(11):5901-9.

98. Elias D, Reshef T, Birk OS, van der Zee R, Walker MD, Cohen IR.
Vaccination against autoimmune mouse diabetes with a T-cell epitope of the
human 65-kDa heat shock protein. Proc Natl Acad Sci USA (1991) 88(8):3088-891.
doi: 10.1073/pnas.88.8.3088

99. Zanin-Zhorov A, Cahalon L, Tal G, Margalit R, Lider O, Cohen IR. Heat
shock protein 60 enhances CD4+ CD25+ regulatory T cell function via innate
TLR2 signaling. J Clin Invest (2006) 16(7):2022-32. doi: 10.1172/JCI28423

100. Takasaki W, Kajino Y, Kajino K, Murali R, Greene MI. Structure-based
design and characterization of exocyclic peptidomimetics that inhibit TNF o
binding to its receptor. Nat Biotechnol (1997) 15(12):1266-70. doi: 10.1038/
nbt1197-1266

101. Chen T, Yuan J, Duncanson S, Hibert ML, Kodish BC, Mylavaganam G,
et al. Alginate encapsulant incorporating CXCL12 supports long-term allo- and
xenoislet transplantation without systemic immune suppression. Am J Transplant
(2015) 15(3):618-27. doi: 10.1111/ajt.13049

102. Montane ], Obach M, Alvarez S, Bischoff L, Dai DL, Soukhatcheva G, et al.
CCL22 prevents rejection of mouse islet allografts and induces donor-specific
tolerance. Cell Transplant (2015) 24(10):2143-54. doi: 10.3727/096368914X685249

103. D’Amour KA, Bang AG, Eliazer S, Kelly OG, Agulnick AD, Smart NG, et al.
Production of pancreatic hormone-expressing endocrine cells from human embryonic
stem cells. Nat Biotechnol (2006) 24(11):1392-401. doi: 10.1038/nbt1259

104. Guo T, Landsman L, Li N, Hebrok M. Factors expressed by murine
embryonic pancreatic mesenchyme enhance generation of insulin-producing
cells from hESCs. Diabetes (2013) 62(5):1581-92. doi: 10.2337/db12-0167

105. Kroon E, Martinson LA, Kadoya K, Bang AG, Kelly OG, Eliazer S, et al.
Pancreatic endoderm derived from human embryonic stem cells generates

glucoseresponsive insulin-secreting cells in vivo. Nat Biotechnol (2008) 26
(4):443-52. doi: 10.1038/nbt1393

106. Rezania A, Riedel MJ, Wideman RD, Karanu F, Ao Z, Warnock GL, et al.
Production of functional glucagon-secreting a-cells from human embryonic stem
cells. Diabetes (2011) 60(1):239-47. doi: 10.2337/db10-0573

Frontiers in Endocrinology

12

10.3389/fendo.2022.1001041

107. Rezania A, Bruin JE, Riedel MJ, Mojibian M, Asadi A, Xu J, et al
Maturation of human embryonic stem cell-derived pancreatic progenitors into
functional islets capable of treating pre-existing diabetes in mice. Diabetes (2012)
61(8):2016-29. doi: 10.2337/db11-1711

108. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell (2006) 126(4):663—
76. doi: 10.1016/j.cell.2006.07.024

109. Nakagawa M, Koyanagi M, Tanabe K, Takahashi K, Ichisaka T, Aoi T, et al.
Generation of induced pluripotent stem cells without myc from mouse and human
fibroblasts. Nat Biotechnol (2008) 26(1):101-6. doi: 10.1038/nbt1374

110. Schlaeger TM, Daheron L, Brickler TR, Entwisle S, Chan K, Cianci A, et al.
A comparison of non-integrating reprogramming methods. Nat Biotechnol (2015)
33(1):58-63. doi: 10.1038/nbt.3070

111. Vegas AJ, Veiseh O, Giirtler M, Millman JR, Pagliuca FW, Bader AR, et al.
Long-term glycemic control using polymer-encapsulated human stem cell-derived
beta cells in immune-competent mice. Nat Med (2016) 22(3):306-11. doi: 10.1038/
nm.4030

112. SongJ, Millman JR. Economic 3D-printing approach for transplantation of
human stem cell-derived B-like cells. Biofabrication (2016) 9(1):015002.

113. Araki R, Uda M, Hoki Y, Sunayama M, et al. Negligible immunogenicity of
terminally differentiated cells derived from induced pluripotent or embryonic stem
cells. Nature (2013) 494(7435):100-4. doi: 10.1038/naturel1807

114. Guha P, Morgan JW, Mostoslavsky G, Rodrigues NP, Boyd AS. Lack of
immune response to differentiated cells derived from syngeneic induced pluripotent
stem cells. Cell Stem Cell (2013) 12(4):407-12. doi: 10.1016/j.stem.2013.01.006

115. Inoue R, Nishiyama K, Li J, Miyashita D, Ono M, Terauchi Y, et al. The
feasibility and applicability of stem cell therapy for the cure of type 1 diabetes. Cells
(2021) 10(7):1589. doi: 10.3390/cells10071589

116. Okita K, Matsumura Y, Sato Y, Okada A, Morizane A, et al. A more
efficient method to generate integration-free human iPS cells. Nat Methods (2011) 8
(5):409-12. doi: 10.1038/nmeth.1591

117. Bandeiras C, Cabral JMS, Gabbay RA, Finkelstein SN, Ferreira FC.
Bringing stem cell-based therapies for type 1 diabetes to the clinic: Early insights
from bioprocess economics and cost-effectiveness analysis. Biotechnol J (2019) 14
(8):€1800563. doi: 10.1002/biot.201800563

frontiersin.org


https://doi.org/10.1073/pnas.88.8.3088
https://doi.org/10.1172/JCI28423
https://doi.org/10.1038/nbt1197-1266
https://doi.org/10.1038/nbt1197-1266
https://doi.org/10.1111/ajt.13049
https://doi.org/10.3727/096368914X685249
https://doi.org/10.1038/nbt1259
https://doi.org/10.2337/db12-0167
https://doi.org/10.1038/nbt1393
https://doi.org/10.2337/db10-0573
https://doi.org/10.2337/db11-1711
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1038/nbt1374
https://doi.org/10.1038/nbt.3070
https://doi.org/10.1038/nm.4030
https://doi.org/10.1038/nm.4030
https://doi.org/10.1038/nature11807
https://doi.org/10.1016/j.stem.2013.01.006
https://doi.org/10.3390/cells10071589
https://doi.org/10.1038/nmeth.1591
https://doi.org/10.1002/biot.201800563
https://doi.org/10.3389/fendo.2022.1001041
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	The future treatment for type 1 diabetes: Pig islet- or stem cell-derived β cells?
	1 Introduction
	2 Allotransplantation of human islets
	3 Xenotransplantation promises a relentless supply of good-quality islets
	3.1 Neonatal and adult porcine islets restored long-term hyperglycemia
	3.2 Instant blood-mediated inflammatory reaction in API and NPI and its therapeutic interventions

	4 Injection of complement and coagulation inhibitors during transplantation
	5 Genetic modification of pigs to avoid IBMIR and hyper-acute rejection
	5.1 Islet encapsulation: Capable of evading IBMIR and gradual activation of islet-specific immune responses

	6 Stem cells as the next alternative source to generate α and β cells
	6.1 Strategy to generate beta cells from iPSCs: Game-changer strategy
	6.2 Encapsulation of beta cells and reverting hyperglycemia

	7 Future perspectives
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


