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Abstract 
Insulin represents a life-saving treatment in patients with type 1 diabetes, and technological advancements have improved glucose control in 
an increasing number of patients. Despite this, adequate control is often still difficult to achieve and insulin remains a therapy and not a cure 
for the disease. β-cell replacement strategies can potentially restore pancreas endocrine function and aim to maintain normoglycemia; both 
pancreas and islet transplantation have greatly progressed over the last decades and, in subjects with extreme glycemic variability and diabetes 
complications, represent a concrete and effective treatment option. Some issues still limit the adoption of this approach on a larger scale. One is 
represented by the strict selection criteria for the recipient who can benefit from a transplant and maintain the lifelong immunosuppression nec-
essary to avoid organ rejection. Second, with regard to islet transplantation, up to 40% of islets can be lost during hepatic engraftment. Recent 
studies showed very preliminarily but promising results to overcome these hurdles: the ability to induce β-cell maturation from stem cells may 
represent a solution to the organ shortage, and the creation of semi-permeable membranes that envelope or package cells in either micro- or 
macro- encapsulation strategies, together with engineering cells to be hypo-immunogenic, pave the way for developing strategies without im-
munosuppression. The aim of this review is to describe the state of the art in β-cell replacement with a focus on its efficacy and clinical benefits, 
on the actual limitations and still unmet needs, and on the latest findings and future directions.
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Graphical Abstract 

Pitfalls and overcoming hurdles in β-cell replacement therapies. β-cell replacement therapies represent a potential cure for T1D, but these 
approaches are still limited by several pitfalls. New strategies in improving differentiation and maturation of stem cells together with new 
advances in engineering and encapsulating cells before transplant and in immunoregulation and immunomodulation, may open the way to adopt 
β-cell replacement strategies on a larger scale. T1D, type 1 diabetes; HSCs, hematopoietic stem cells.
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Significance Statement
Differently from insulin therapy, restoring β-cell function allows us to achieve physiological glucose control. This represents a potential cure 
for type 1 diabetes, but organ shortage and the need for immunosuppression still limit these approaches. Safely inducing β-cell maturation 
from stem cells, together with engineering and encapsulating cells before transplant, may open the way to adopt β-cell replacement 
strategies on a larger scale.

Introduction
Type 1 diabetes (T1D) is a chronic autoimmune disease that 
results over time in an immune-mediated loss of functional 
pancreatic β-cell mass, leading to symptomatic diabetes and 
lifelong insulin dependence.1,2 In 2021, we celebrated the cen-
tenary of insulin discovery, the first therapeutic protein that 
was produced with recombinant DNA technology in 19823; 
insulin therapy determined a dramatic improvement in life 
expectancy,3,4 but people with T1D, even if inadequate glu-
cose control, still show an increased mortality risk compared 
to non-diabetic subjects.5 Year by year new technological 
devices are becoming available and allow improvements in 
metabolic control and quality of life6,7; however, insulin re-
mains a therapy and not a cure for the disease. On the other 
side, β-cell replacement strategies can potentially restore 
pancreas endocrine function and aim to maintain normogly-
cemia.8 Both pancreas and islet transplantation have greatly 
progressed over the last decades9 and, in subjects with ex-
treme glycemic variability and diabetes complications despite 
intensive insulin therapy, these techniques represent a con-
crete treatment option, able to improve metabolic control and 
prevent complications.10-14 Of course, the achievement of such 
results is not possible, at present time, without a cost, mainly 
in terms of surgical risks and long-term immunosuppressive 
treatment. The aim of this review is to describe the state of the 
art in β-cell replacement with a focus on its efficacy and clin-
ical benefits, on the actual limitations and still unmet needs, 
and on the latest findings and future directions to overcome 
these hurdles.

Rationale for Pancreatic β-Cells Replacement
Insulin therapy represents a daily burden for people with 
T1D. The combination of long-acting and rapid-acting insulin 
analogs tries to mimic the physiological secretion across day 
and night; however, since many variables, such as food intake 
and physical activity, contribute to glycemic variability, we 
are often far from achieving optimal control. New techno-
logical devices are year by year becoming available: insulin 
pumps allow more personalized insulin delivery and contin-
uous glucose monitoring helps predict glucose fluctuations; 
implementing these systems through an algorithm-driven 
interoperable controller makes automated insulin delivery 
possible.6,7,15,16 Studies have shown that even a slight re-
sidual insulin secretion is associated with a reduced risk of 
hypoglycemia and diabetes complications.17-20 There are 2 
main different strategies to increase insulin production in 
patients with long-standing T1D: expanding/enhancing en-
dogenous residual β-cells, or transplanting exogenous ones.10 
With regard to the first, several strategies showed promising 
results in preclinical models such as anti-CD3 monoclonal 
antibodies, anti-TNFα monoclonal antibodies, CXCR1/2 in-
hibitor, low-dose anti-thymocyte globulin, T-cell depletion, 
and GAD-alum immunization.21 A recent preclinical model 

described that prolonged blockade of the death receptor 
TMEM219 in non-obese diabetic mice was associated with 
significant β-cell expansion, with consequent increase of both 
islet area and peripheral insulin levels.22 The mTOR inhib-
itor rapamycin has been tested in order to expand/enhance 
endogenous residual β-cells with contrasting results. Use of 
rapamycin and anti-CD154 monoclonal antibody in islet xen-
ograft allowed indefinite graft survival inducing tolerance in 
the post-transplantation period.23 In a non-human primate 
model rapamycin monotherapy was shown to be associated 
with long-term insulin-independent islet allograft survival 
and abrogation of donor-specific alloantibodies.24 Finally 
some evidence suggest that mTOR pathways have impor-
tant effects on peripheral blood mononuclear cells phenotype 
and cytokine production, on lymphocyte and natural killer 
cells metabolism involved in the autoimmune process at the 
basis of T1D and also on β-cell metabolism and prolifera-
tion.25 On the contrary, a phase II, single-center, randomized, 
double-blind, placebo-controlled trial in long-standing T1D, 
evaluating whether rapamycin was able to improve β-cell 
function, showed negative results.26 On the other side, pan-
creas transplantation and islet transplantation are well-es-
tablished techniques that restore insulin secretion.8,9 Islets of 
Langerhans can be considered as organs that are arranged 
in a highly organized structure, with functional interactions, 
and are part of a complex exocrine/endocrine network that 
regulates glucose levels and more generally nutrient metabo-
lism.3,27-30 Restoring the whole islet’s physiological function, 
may represent a cure, and permit to maintain the normal glu-
cose control, while insulin therapy, even with the most ad-
vanced technologies and devices, cannot reproduce this level 
of complexity.

Pancreas and Islet Transplantation
Procedures, Outcomes, and Hurdles
Clinical experience in the field of pancreas and islet transplan-
tation has been dynamic in the last decades, with the develop-
ment of more standardized protocols and clearer definition of 
clinical outcomes, but recommendations have been less well 
delineated until 2021.7 The main indication is represented 
by severe hypoglycemia unawareness, in specific patient 
populations with unstable diabetes; kidney transplantation 
can be combined if the end-stage renal disease is concomi-
tant.3,7,11,13,31 Importantly, a clear outcome definition of func-
tion and failure of β-cell replacement therapies was recently 
defined, which considers also continuous glucose monitoring 
metrics.32 Pancreas transplantation represents a long-term 
treatment that restores normal glucose homeostasis and 
may prevent, stabilize, or even reverse progressive diabetic 
complications12; it requires lifelong immunosuppression and 
is a major surgical procedure that entails non-negligible risks 
for the recipient, thus not suitable for all patients.3,9,12 Pancreas 
transplantation is more frequently performed simultaneously 
with a kidney transplant, or after kidney transplant, with a 
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positive impact on diabetes complications and life expect-
ancy.33,34 Recent data reported 10-year outcomes following 
pancreas transplantation alone in subjects with T1D and 
BMI <30 kg/m2, showing 7.6% overall mortality and good 
or excellent pancreas allograft function (death censored) in 
60% of participants. Both pancreas and allogenic islet trans-
plantation procedure have proven to be safe8,9; after pancreas 
and islet transplantation, an improvement in nephropathy,35,36 
retinopathy37,38 and neuropathy39,40 is observed. Islet trans-
plantation can be performed in both non-uremic and uremic 
(simultaneous islet and kidney and islet after kidney) patients 
with diabetes, with long-term function; the improvement 
in metabolic control persists even after subjects eventually 
require exogenous insulin administration (when subop-
timal islet mass is transplanted or when graft dysfunction 
develops).3,41 After islet transplantation, we observe a near-
normalization of hemostatic and cerebral abnormalities,42 
and a better function and longevity of the renal transplant.35 
Importantly, in subjects with severe hypoglycemic events 
and impaired awareness, restoring islet function allows to 
retrieve awareness of low glucose levels.43 Also in this case, 
the prevention of severe hypoglycemia persists long-term and 
in patients requiring exogenous insulin as far as C-peptide 
is measurable.44,45 Overall, islet transplantation is associated 
with improved quality of life.46,47 Some aspects need to be 
considered when choosing between these options, that in-
clude organ availability and biological costs in terms of organ 
consumption, surgical risks, and procedural complications, 
expected clinical outcomes, recipient baseline conditions, and 
comorbidities.11,13 Simultaneous pancreas-kidney transplant 
is indicated for subjects with T1D complicated by hypogly-
cemia unawareness and pre-final or end-stage chronic kidney 
disease if no contraindications are present, while pancreas 
transplantation alone is usually performed in younger people 
without obesity or coronary artery disease.7 Islet transplan-
tation is much less invasive and thus suitable for a larger 
number of patients, including older people and subjects with 
coronary artery disease.7 Whole pancreas and islets transplan-
tation are successful in treating hyperglycemia but requires 
immunosuppression. Although insulin independence may not 
be sustained, near-normal (80%-90%) time in range, minimal 
glycemic variability, and the abolition of hypoglycemia are 
usual, while automated insulin delivery systems cannot al-
ways achieve these results.48 At the present time, these devices 
are a concrete therapeutic option and may be considered a 
bridge to future cellular therapies, with the aim of a biological 
cure that will be discussed later in this review.

Unmet Needs
With regards to pancreas and islet transplantation, there are 
still some unmet needs that limit the adoption of this ap-
proach on a larger scale. First, the scarcity of donors limits the 
eligibility criteria only to patients with severe hypoglycemia 
or unstable T1D. Despite this, data from the Eurotransplant 
foundation show that in Northern European countries, in 
2020, only 163 deceased donors have been available against 
an active waiting list of 385 patients (including kidney-
pancreas and liver-pancreas) and an estimated number of 
50 000 subjects with T1D in that region.49 As concerns islet 
transplantation, the most effective transplantation technique 
seems to be an intra-portal infusion of human allograft is-
lets, but also when it is successfully achieved, the benefit is 
sometimes incomplete and transient, so that 12 months after 

transplant functional capacity decreases to 60%.50 This is 
probably due to β-cell loss during engraftment, the persistence 
of autoimmunity, unfavorable engraftment conditions related 
to local chronic tissue inflammation in recipient tissues, and 
poor oxygen supply to the graft.51 Importantly, the lifelong 
need for immunosuppression represents the major limitation 
because of non-negligible side effects for both the recipient 
and the graft. All these limitations rouse the need to find new 
therapeutic strategies, and recent studies showed promising 
data to overcome those issues.

Future Solutions
Different ploys have been proposed to overcome barriers 
encountered in islet transplantation, such as unconventional 
sites of infusion and innovative encapsulation techniques with 
both new casing strategies or new biomaterials. Classically 
the pancreatic islets are infused into the liver via the hepatic 
portal vein. Islets in liver are subjected to instant blood-
mediated immune responses, hypoxia, inflammation, and 
autoimmune attack that form the basis for the loss of nu-
merous islets, the need for repeated implants and, therefore, 
for transplant failure.52 Although various anti-hypoxic, anti-
coagulant, and anti-inflammatory strategies have been tested 
to overcome these drawbacks and are still being studied, only 
heparin has been approved in clinical practice and its effec-
tiveness is limited. Some data have been published showing 
an advantage in patients receiving potent induction immuno-
suppression, with FcR non-binding anti-CD3 or either anti-
thymocyte globulin or alemtuzumab with TNF-α inhibitors 
in terms of sustained insulin independence up to 5 years after 
islet allotransplantation for T1D.53 Data published in 2013 
indicate that a CIT07 protocol on single donor engrafted islet, 
using anti-thymocyte globulin and etanercept induction, islet 
culture, heparinization, and intensive insulin therapy with 
low dose tacrolimus and sirolimus maintenance immunosup-
pression lead to significant amelioration of β-cell mass and 
increase in recipients insulin independent.54 Liver is currently 
the gold standard implantation site with the best functional 
outcomes post-implantation of isolated human islet cells, 
but new sites are being studied: skin (subcutaneous space), 
eye (anterior chamber of the eye), spleen, omentum, kidney, 
bone marrow, muscle, gastric submucosa, genitourinary tract, 
testis, and thymus; here we discuss the most relevant ones. 
Since the skin offers a wide extension, the subcutaneous space 
has been proposed as an alternative site as it can be used for 
multiple implants and is easily accessible. Its scant vasculari-
zation can be responsible for the engraftment failure observed 
in some studies.52 However, other studies reported successful 
subcutaneous transplantation of pancreatic islets admixed 
with a device-free islet viability matrix.55,56 Of course these 
approaches are at present time only hypothetical because 
data available are still limited and no large animal model of 
diabetes is rendered insulin independent with this approach. 
The omentum was evaluated in preclinical studies since it 
associates different physical characteristics such as the vast-
ness of the surface and the great vascularity.52 In the open-
label interventional trial NCT02213003 patients affected by 
T1D were enrolled and allogeneic cells were implanted in the 
omentum. The results of the entire patients’ cohort will be 
published later this year. However, the insulin independence 
for more than 1 year obtained in a patient from the trial by 
the same authors is promising.57 The bone marrow offers a 
unique microenvironment, protected and well-vascularized. 
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Very promising results had been suggested by studies in an-
imal models, while recently Maffi et al, comparing liver versus 
bone marrow for islet transplantation, concluded that bone 
marrow does not offer the same possibility of transplanta-
tion.58 The muscle (NCT03977662) and the anterior chamber 
of the eye (NCT02916680 and NCT02846571) are also cur-
rently being assessed as alternative sites. An effective delivery 
and maintenance of transplanted cells remain a challenge. 
One promising strategy is the co-transplantation of mesen-
chymal stem cells with islets, to convey protection toward 
hypoxia- and cytokine-induced stress.59 Other strategies 
for co-transplantation with islet cells have been researched. 
Transfection of mouse and human pancreatic islet cells mRNA 
treated with the angiogenic growth factor vascular endothe-
lial growth factor A (VEGF-A) mRNA before transplantation 
in mice showed to improve engraftment vascularization and 
β-cell mass after 30 days providing a possible safe and effective 
approach.60 In addition the possibility of co-transplantation 
of endothelial progenitor cells coated to human islet surfaces 
to promote islet vascular engraftment, has been studied in 
non-obese diabetic/severe combined immunodeficiency mice. 
This work showed as 4 weeks post-transplantation this ap-
proach lead to higher blood perfusion and oxygen tension 
and higher vascular density when compared to control 
grafts.61 Aghazadeh et al showed that engraftment survival 
and glucose-insulin response can be improved also by trans-
plantation of adipose-derived microvessels.62 This approach 
also leads to an early connection to the host vasculature both 
in hESC-derived pancreatic progenitors and human islets. A 
pilot study demonstrated that autologous mesenchymal stem 
cells and islet co-transplantation is safe and enhances islet en-
graftment in patients with chronic pancreatitis undergoing 
total pancreatectomy with islet auto-transplantation.63 

Interestingly, developing a matrix or encapsulation devices to 
protect cells may represent a promising strategy64; most im-
portant recent studies55,62-69 are summarized in Table 1. For ex-
ample, with the aim of promoting angiogenesis, experiments 
are underway on different encapsulation devices consisting of 
biomaterials reproducing subcutis capable of containing the 
islets as pouches (NCT03513939); scaffolds are implantable 
in the subcutis, facilitating exchange between the inside and 
outside as well as promoting the engraftment and reducing fi-
brotic reaction, and may contain cells other than pancreatic is-
lets, with the aim of facilitating angiogenesis and nourishment. 
Another solution may be represented by the bio-fabrication 
of functional vascularized islet organs ex-vivo.66 One re-
cent and extraordinary result comes from the combination 
of producing stem-cell-derived β-cells and developing a spe-
cific site for implant. In a first-in-human phase I/II study, pan-
creatic endoderm cells, implanted in non-immunoprotective 
macroencapsulation devices, were demonstrated to be safe, 
well-tolerated, and able to produce meal-regulated insulin se-
cretion.68,69 Achieving this revolutionary result still required 
immunosuppression, but other devices (Encaptra device, 
ViaCyte, Inc., USA) are being developed to bypass this need, 
this being the first clinical trial that demonstrated functional 
β-cells also if the levels of meal regulated insulin secretion 
with this approach are limited. Moreover, an ongoing phase 
I/II clinical trial by Vertex Pharmaceuticals Incorporated 
(NCT04786262) showed the efficacy of a novel embryonic 
stem cell-derived and fully differentiated pancreatic islet 
cell replacement therapy.70 This approach is well tolerated 
and leads to improvement in fasting and peak stimulated 
C-peptide, HbA1c, and daily exogenous insulin requirement 
dose. As concerns microencapsulation strategies, one of the 
most used is the hydrogel alginate combined with divalent 

Table 1. Summary of recent finding showing the effects of different devices use on islet transplantation.

Publication Year Cell type Strategy Islet 
transplant site 

Species Comment on outcome 

Fiorina et al.14 2008 Human islets Immunosuppression Liver Human Increased mass and function 
Increased C-peptide hypoglyce-
mia reduction

Fiorina et al.104 2011 ESCs
CB-SCs
MSCs
HSCs
iPSC

Immunomodulation Liver Human Reverse T1D

Citro et al.65 2019 Cadaveric  
pancreatic islets

Endothelialized  
acellular lung matrixes

Subcutis Mice Increased engraftment, vasculari-
zation, survival, and function

Robert et al.67 2019 hiPS-PE Macroencapsulation 
devices

Subcutis Mice Increased mass and function

Kim et al.56 2020 hADSC Heparin-esterified 
collagen

Subcutis Mice Increased engraftment, and vas-
cularization

Wang et al.66 2021 hSCs Nanofibrous device Peritoneal 
cavity

Mice, dogs Increased function

Aghazadeh et al.62 2021 Human islets
ESCs

Adipocyte 
microvessels

Subcutis Mice Increased survival and function

Shapiro et al.68 2021 PECs Macroencapsulation 
devices

Subcutis Human Increased C-peptide

Ramzy et al.69 2021 PECs Macroencapsulation 
devices

Subcutis Human Increased fasting and stimulated 
C-peptide

Abbreviations: ESCs, embryonic stem cells; CB-SCs, cord blood stem cells; MSCs, mesenchymal stem cells; HSCs, hematopoietic stem cells; iPSC, human 
induced pluripotent stem cell; iPSC hiPS-PE, human induced pluripotent stem cell-derived pancreatic endoderm; hADSCs, human adipose-derived stem 
cells; SCs, stem cells; PECs, pancreatic endoderm cells.
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ions which develop into a gel matrix suitable for cellular en-
capsulation that provides a selectively permeable membrane, 
which allows for the diffusion of oxygen, nutrients, and in-
sulin and in the same time protects transplanted islets from 
intrinsic immune cell infiltration.71

Stem Cells Derived Pancreatic β-Cells
Procedures, Outcomes, and Hurdles
The desire for a renewable source of insulin-secreting cells 
encouraged studies for the development of pancreatic cells de-
rived from stem cells, including embryonic stem cells. Direct 
differentiation of embryonic stem cells toward pancreatic 
progenitors was developed in 2005 by D’Amour et al72; they 
are obtained from a monolayer culture of the inner cell mass 
of a human blastocyst to whom are applied specific growth 
factors and signaling molecules in a stepwise sequence that 
resembles the 5-stages physiological process of differentiation 
of pancreatic islets and functional β-cells. At the end of the 
process, those cells are multi-hormonal, but after transplant 
they differentiate into glucose-sensing and insulin-secreting 
cells.73 Subsequently, ameliorations of the original protocol 
have been proposed by other authors, relying on activation 
or inhibition of molecular pathways (WNT, TGF-β, Sonic 
Hedgehog, FGFs, BMPs, Notch, thyroid hormones, PKC) and 
employing suspension culture instead of single layer cultured 
cells; this lead to the reduction of poly-hormonal cells and 
improved glucose responsiveness.73 Finally, new protocols 
have been developed to further differentiate stem cells72 and 
multiple cell lines have been obtained including α-, β- and 
enteroendocrine-like cells.74 Despite these improvements, stem 
cell-derived β-cells sometimes still show signs of incomplete 
maturation that prevent the achievement of optimal glucose 
control. An alternative technology consists in reprogramming 
adult somatic cells into pluripotent cells (induced pluripotent 
stem cells or iPSCs) similar to embryonic stem cells and then 
re-differentiating them into insulin-producing cells.75 This 
technique overcomes some limits of embryonic stem cells 
such as the possible alloimmune response against ectopic em-
bryonic stem-cell-derived cells. Major problems in generating 
β-cells from induced pluripotent stem cell are the generation 
of poly-hormonal cells and the tendency to produce teratomas 
as observed in embryonic stem-cell-derived implants.76 The 
de-differentiation process is often incomplete so that induced 
pluripotent stem cells maintain many characteristics of the 
original cell type which limits reprogramming and leads to 
β-cells with limited functionality.77 Differentiation protocols 
for induced pluripotent stem cells are modified from those 
used for embryonic stem cells and include several cytokines 
and signaling factors.78 Recently, it has been developed a fur-
ther optimized planar technology protocol that eliminates the 
need for a 3D culture and substantially simplifies differentia-
tion methodology.79 This protocol highlights the importance 
of longer plated culture (up to stage 6) as it regulates the actin 
cytoskeleton polymerization which controls differentiation to 
endocrine cells and basically permits to obtain β-cells from 
human pluripotent stem cell firstly inducing definitive endo-
derm with Activin A and CHIR99021, then PDX1+/NKX6-
1+ pancreatic progenitors through the timed application of 
keratinocyte growth factor, SANT1, TPPB, LDN193189, and 
retinoic acid, and finally endocrine induction and β-cell spec-
ification with a cocktail of the cytoskeletal depolymerizing 
compound latrunculin A and XXI, T3, ALK5 inhibitor II, 

SANT1 and retinoic acid.78 Main differentiation protocols 
are summarized in Table 2.72,74,75,78,80,81 Islet-like aggregates 
have also been recently generated from induced pluripotent 
stem cells adopting several biomaterials (ie, matrigel, lam-
inin, fibronectin, and decellularized scaffolds), which have 
been transplanted into diabetic mice as vascularized islet-like 
organoids with promising but still limited results.82 Other 
authors underlined the importance of culturing environment 
and in particular of the capillary interface that with basement 
membrane proteins polarizes and induces insulin secretion, 
showing that culturing human stem cells-derived β-cells on 
basement membrane proteins significantly enhances glucose-
stimulated insulin secretion.83 Last protocol developed has 
been described in a paper84 recently published in which authors 
further defined a method to differentiate pancreatic islets from 
human pluripotent stem cells, able to cure diabetes in murine 
models. Then, 5 non-human primates received transplanted 
islets obtained from human pluripotent stem cells trough 
such protocol with the improvement of the glycaemia control 
and HbA1c levels (from 7.2 ± 1.4% to 5.4 ± 0.5%) after 3 
months of follow-up, thus representing an important step to-
ward clinical studies. Unfortunately, this procedure needs ag-
gressive immunosuppression and among those primates 3 had 
a loss of islets function for T-cell mediated graft rejection and 
2 had severe adverse events due to immunosuppression.84 Of 
course the adverse events due to rejection and immunosup-
pression led to an incomplete evaluation of long-term ther-
apeutic effects of the procedure. Standing to these advances 
induced pluripotent stem cells could potentially be a resource 
but they have to be improved in efficacy and safety before en-
tering a valid clinical use.85

Unmet Needs
Despite all the refinements to differentiation protocols, in-
duced pluripotent stem cells derived islet cells remain still 
different from human islets both from a structural and a 
functional point of view. Mature cells are identified with sur-
rogate markers for β-cell maturation such as transcription 
factors GLIS3, MAFA, NEUROD1, NKX6.1, PAX6, PDX1, 
SIX2, and UCN3, or by the absence of some genes that in-
terfere with β-cell function including Ldha, Mct1, SLC16A1, 
Hk1, Hk2, and Res.86 Studies with scRNA-seq on stem cell 
islets comparing in vitro-generated stem cell islets and pri-
mary cadaveric islets demonstrated that after transplantation 
both embryonic stem cells and induced pluripotent stem cells 
undergo transcriptional changes, in particular an increase in 
many β-cell maturation genes (MAFA, G6PC2, MNX1, and 
INS), that lead to a closer similarity to β- and α-cells from ca-
daveric islets.87 Moreover, those studies described other mo-
lecular pathways being activated in the grafted β- and α-stem 
cells (such as increased expression of metallothionein and 
FOS/JUN genes), which probably lead to further development 
and terminal differentiation, indicating a possible target for 
further improving of differentiation protocols.88 One limit in 
the process of differentiation of induced pluripotent stem cells 
into β-cells is the heterogeneity of cells obtained. In fact, cur-
rent protocols lead to extremely inhomogeneous populations 
with a percentage of mature β-cells that can vary widely from 
40% up to 80%.74 Based on single-cell transcriptomic studies, 
during the subsequent stages of the induced pluripotent stem 
cell differentiation process, most cells show substantial endo-
crine commitment even if they do not reach a complete β-cell 
maturation.88 At later stages of differentiation, a significant 
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Table 2. Summary of advances in differentiation protocols from stem cells to insulin producing cells.

Publication Year Cell 
type 

Differentiation 
factors added 
or removed 

Cellular 
stage 

Differentiation 
markers 
obtained 

Effects on 
differentiation 

Comment on outcome 

D’Amour et al.72 2005 hESC Activin A,
BMP4

S5-
Definitive 
endoderm

CXCR4
CDX2
HSA

Only 10% cells 
obtained express 
pancreatic markers.

Aberrant multi-hormonal 
cells; need further  
differentiation after transplant 
to glucose-sensing and  
insulin-secreting cells

Pagliuca et al.80 2014 hPSCs Activin A
CHIR99021
KGF
SANT1
LDN193189
PdBU
Y27632
RA
Alk5i
T3
Betacellulin
CMRL

S6-β-cells NKX6.1
INS+

30,000 cells 
generated by a single 
flask;
High glucose 
stimulated insulin 
response from sus-
pension culture

Mature pancreatic cells,
glucose responsive insulin  
secretion after transplant

Rezania et al.75 2014 iPSCs GDF8
(TGFb family 
member),
GSK3b,
FGF7, TPB 
(PKC activa-
tor),
 BMP receptor 
inhibitor,
 vitamin C

S7-Insulin 
producing 
cells

 MAFA
NKX6.1
INS+

High number of cells 
obtained;
High glucose 
stimulated insulin 
response from plated 
culture

Mature pancreatic insulin 
secreting cells, reduction of 
multi-hormonal cells, more 
insulin secreting cells reverting 
T1D in mice

Veres et al.74 2019 hPSCs Activin A
CHIR99021
KGF
SANT1
LDN193189
PdBU
Y27632
RA
Alk5i
T3
Betacellulin

S6-β-cells CD49a 
(ITGA1)
INS
NKX6.1
ISL1
PAX4
PDX1

High number of cells 
with functional glu-
cose sensitive insulin 
secretion

Inhomogeneous populations 
with multiple cell lines α-, 
β- (from 40% up to 80%) and 
enteroendocrine-like cells
Reaggregation technique to 
increase purity

Velazco-Cruz  
et al.81

2019 hPSCs Activin A
CHIR99021
KGF
SANT1
LDN193189
PdBU
Y27632
RA
Alk5i
T3
Betacellulin
ESCM

S6-β-cells g INS, CHGA, 
NKX2-2, 
PDX1, NKX6-
1, MAFB,
GCK, and 
GLUT1

Acquisition of GLUT 
for dynamic insulin 
release obtained via 
cluster size control

Mature pancreatic cells,  
glucose responsive insulin  
secretion after transplant, 
amelioration of glucose  
tolerance in mouse 
transplanted

Hogrebe et al.78 2021 hPSCs Activin A
CHIR99021
KGF
SANT1
Y27632
RA
Alk5i
T3
Enriched 
serum free 
medium

S6-β-cells INS
NKX6.1
ISL1
PDX1
NEUROG3
CHGA

Increased insulin 
secretion,
Increased glucose 
sensitivity

Planar methodology, no need 
for 3D culture,
Simplified protocol, faster 
method only ~34 d to  
generate functional SC-β cells, 
and additional 1–2 weeks for
stem cell expansion and final 
cell assessment.

Abbreviations: hESCs, human embryonic stem cells; iPSC, induced pluripotent stem cell; hPSC, human pluripotent stem cell.
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number of cells attributable to non-pancreatic endoderm 
still exists, showing liver markers and markers from pancre-
atic components such as ductal, stromal, and acinar cells.88 
scRNA-seq in transplanted-embryonic stem cells and in-
duced pluripotent stem cells showed a consistent off-target 
population of stem-cell-derived enterochromaffin cells.87 The 
non-endocrine markers described with transcriptomic studies 
could help to characterize new targets and signaling molecules 
in order to drive complete differentiation into β-cells. One 
other limitation is that the islet-like clusters currently being 
produced in laboratories worldwide contain fewer functional 
β-cells than adult human islets and do not contain the full 
complement of endocrine cells.89 This, together with reducing 
the differentiation in non-endocrine cells, are the steps that 
still need to be fine-tuned.90 One of the major limitations of 
embryonic stem cells and induced pluripotent stem cells are 
the potential development of teratomas and the presence of 
other types of undesirable non-islet cells.82 Preclinical testing 
must necessarily overcome this problem, based on 3 princi-
ples that are: minimizing undifferentiated cells, minimizing 
culture stress, and monitoring genomic stability to detect 
signs of aberration.88 As concern use of induced pluripotent 
stem cells, they carry an increased risk of mutagenesis and 
tumorigenesis because they are generated with retro/lentiviral 
methods of transduction overexpressing oncogenic genes (ie, 
c-MYC, KLF4).

Future Solutions
Strategies to overcome the limits related to potential tumor-
igenesis have been assessed, such as self-inactivating vectors 
that inactivate oncogenic genes just after induced pluripo-
tent stem cells generation,91 or non-integrating adenoviral 
or Sendai virus vectors, purified proteins, transposons, mod-
ified RNAs, and miRNAs.92 To reduce undifferentiated cells, 
Qadir et al93 tested a strategy with engineered (genetically 
modified pluripotent embryonic stem cells) cells, obtaining, 
after appropriate in vitro treatment with 2 pro-drugs, a more 
specific selection of insulin-secreting β-cells. Selection of un-
differentiated cells can also be obtained with pretreatment 
with PluriSIn1, which inhibits key enzymes in embryonic 
stem cells and induced pluripotent stem cells.91 The possible 
accumulation of DNA alterations in induced pluripotent 
stem cells poses an adjunctive risk for tumorigenesis; how-
ever, it is possible to screen induced pluripotent stem cells 
with surface antigens for pluripotency, to inhibit overgrowth 
with γ-secretase,94 or to selectively induce apoptosis in un-
differentiated cells.95 Finally, the inducible caspase-9 (iC9) 
suicide gene is able to eradicate tumors derived from induced 
pluripotent stem cells in vivo, thus representing an important 
safety mechanism.96 In the same way, genome editing tools, 
such as CRISPR/CAS9 technologies, have been developed to 
correct disease-driving mutations in many conditions dif-
ferent from diabetes, and represent a potential technology 
for β-cell production in the future.97 Various groups studied 
the effects of single or multiple infusions of Treg in non-
human primates undergoing pancreatic islet transplantation 
but also heart and kidney transplantation showing results 
from immunosuppression-free graft survival to exacerba-
tion.98 Particular, Huang et al99 found that stimulation with 
pig peripheral blood mononuclear cell and expansion of ba-
boon autologous Tregs could prevent porcine islet xenograft 
rejection in mouse models. On the contrary, another study 
showed that pancreatic islets from porcine models treated 

with immunosuppression including anti-thymocyte glob-
ulin, cobra venom factor, anti-CD154 mAb, and sirolimus 
plus expanded autologous Tregs were rejected after immu-
nosuppression discontinuation.100 Despite these contrasting 
results this approach is an interesting advance in the search 
for a strategy to eliminate immunosuppression. Many 
studies have been conducted on different cell types in order 
to find therapeutic strategies based on immunomodulation 
to overcome some limits imposed by pancreas and islet 
transplantation.73,101-103 Despite being promising for the 
ability to perform an immunological reset and to increase 
the tolerogenicity of the immune system, cell therapy for 
T1D is limited by adverse events related to immunosuppres-
sion and still needs a lot of effort to standardize and im-
prove procedures, guaranteeing safety in clinical practice.104 
Hematopoietic stem cells, initially implemented in the he-
matological field, were proposed for the treatment of T1D, 
systemic sclerosis, systemic lupus erythematosus, and other 
autoimmune diseases.105 Immunosuppression followed by 
autologous hematopoietic stem cell transplantation can re-
store insulin production in most patients with recent onset 
of T1D.106 Although a wide heterogeneity regarding inclu-
sion criteria, studies with autologous hematopoietic stem 
cells differ for therapeutic regimens of immunosuppression, 
stem cell mobilization protocol, conditioning regimen, and 
the number of autologous hematopoietic stem cells infused; 
an optimal β-cells reserve and low levels of autoantibodies 
seem to be associated with an effective response.107,108 Other 
criticalities are the lack of randomization and the low 
number of patients involved. Immunomodulatory abilities 
are possessed by some cell types such as autologous hema-
topoietic stem cells and progenitor cells like mesenchymal 
stem cells. The modulation of the immunity is exerted in 
part through the ligand for the inhibitory programmed cell 
death receptor PD-L1, which is a known immune check-
point expressed by hematopoietic stem and progenitor 
cells under certain conditions.109 Once activated, T cells 
can express the inhibitory programmed cell death receptor 
PD-1: the interaction between programmed cell death re-
ceptor-1 and its ligand activates cell pathways that lead to 
cell death.110 Programmed cell death receptor-1 is central for 
immunoregulation, and it has been speculated that its defi-
ciency could play a role in the pathogenesis of autoimmune 
diabetes. Hematopoietic stem and progenitor cells from the 
bone marrow of non-obese diabetic mice have reduced levels 
of programmed cell death receptor-1 as shown by analysis 
of mRNA, western blotting, and confocal imaging. Starting 
from these premises, Ben Nasr et al devised transgenic pro-
grammed cell death receptor-1 Lineage-c-kit+ (PD-L1.Tg 
KL) to preserve immunotolerance in vitro and restore nor-
moglycemia in vivo in preclinical murine models. Other 
experiments have shown that pharmacologically induced 
increased levels of programmed cell death receptor-1 can also 
modulate immunity in vitro and restore euglycemia in vivo. 
Like a preclinical model, T1D patients’ circulating hemato-
poietic stem and progenitor cells as well as cells from bone 
marrow express reduced levels of programmed cell death 
receptor-1 ligand.111 The innovative gene therapy proposed 
would lead to the production of immunoregulatory stem 
cells that could cure or even prevent T1D. At the roots of 
the failure of human pluripotent stem cell transplant, as well 
as others tissues, is the rejection by the immune system; this 
is the basis of the need for long-term immunosuppression. 
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Among various solutions hypothesized to overcome this 
barrier, we find the setting up of encapsulation devices to 
hide cells, but also the production of genetically modified 
cells. Engineering of functional human pancreatic islets that 
can avoid attacks from host immune cells would provide an 
alternative resource for transplantation therapy, also if it has 
some limits in particular the possible development of un-
desired populations which elude the immune recognition.112 
Parent et al genetically edited the expression of human leu-
kocyte antigens on pluripotent stem cells. This innovative 
approach allowed to abolish only specific human leukocyte 
antigens (human leukocyte antigens-A, human leukocyte 
antigens-B, human leukocyte antigens-C) and the trans-
activator of human leukocyte antigens II, which involved in 
immune rejection, but preserving human leukocyte antigens 
A2 and so guaranteeing immune-surveillance and cellular 
functions. When these genetically engineered pluripotent 
stem cells were transplanted into a humanized mouse model, 
the host’s immunological T-cell response was reduced even 
though it was observed an initial reduction of pluripotent 
stem cells due to ischemia until neo-vascularization devel-
oped.113 Taken together, these results suggest that the clinical 
translation of regenerative medicine could represent a valid 
strategy for the treatment of autoimmune diseases.

Conclusion
The most important advantage of β-cell replacement is that 
it makes it possible to near-normalize glycometabolic con-
trol. The reason lies in the highly organized structure of is-
lets that allows functional interactions and optimal glucose 
control, while insulin therapy, even with the most recent 
technologies, cannot reproduce this level of complexity. 
In some cases, patients also become insulin-independent 
and experience a life-changing improvement; thus, it re-
ally represents a potential cure for the disease and may 
revolutionize the field. At present time, some aspects still 
need to be improved to make this approach an effective 
standard of care available to all patients who could ben-
efit from it. However, the ability to induce β-cell matura-
tion from ESCs and iPSCs may represent a solution to the 
organ shortage, and the creation of encapsulation devices 
for islet encapsulation, together with engineering cells to be 
hypoimmunogenic, opens the way for developing the repro-
ducible and effective β-cell replacement without the need 
for immunosuppression, also if safety, durability, and toler-
ability of this approach should still be further implemented. 
These promising advancements and the commitment of the 
scientific community make up the ground for a novel thera-
peutic approach for T1D.
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