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Abstract: Type 1 diabetes affects millions of people globally and requires careful 

management to avoid serious long-term complications, including heart and kidney disease, 

stroke, and loss of sight. The present standard-of-care for type 1 diabetes is exogenic insulin 

substitutional therapy. The most advanced stretegies in this area is the development of 

hybrid-closed loop system and the producing of long-acting insulins. Progresses in stem cell 

therapies have started to revolutionize the care of patients with type 1 diabetes; however, 

significant challenges remain including the limited islets availability, difficulties in 

maintaining the viability, the heterogeneity within a complex pathology and in patients’ 

responses to treatment. On the way, a considerable amount of efforts in maximizing the islet 

transplantation effectiveness by controlling the advantageous of different stem cell 

approaches. With the availability and the use of big data, the concept of precision medicine 

is gaining wide attention worldwide and could bring the dream of “presonlaized” therapies 

as a reality in the near future. Here we review the current range of treatments available as 

well as recent pre-clinical breakthroughs in the field of personlaized medicine for type 1 

diabetes. 
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1. Introduction 

Type 1 Diabetes (T1D) is a devastating, multifactorial autoimmune disorder characterized 

by T-cell-mediated destruction of pancreatic β cells, resulting in a deficiency of insulin 

synthesis and secretion [1]. The incidence of type 1 diabetes has been increasing globally 
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since the 1950s, with an average annual increase of 3–4% over the past three decades [2]. In 

particular, the incidence of childhood type 1 diabetes is increasing, most rapidly in 

populations that previously had a low incidence [3-5]. Worryingly, the disease incidence 

rate is larger than previously thought in this population and varies by ethnicity and race [4].  

Most standardised long-term incidence data focus on children <15 years old: here, 1-3 

children per 100,000 are affected per year in China and other Asian and South American 

countries, 10–20 per 100,000 in South European countries [2] and in the USA [6], and 30–60 

per 100,000 in Scandinavia [2]. The risk of T1D increases with age, peaking around 10–14 

years, but can occur at any age. Boys seem to be at a higher risk than girls in high-incidence 

countries, but the opposite pattern is seen in low-incidence countries [7]. 

 

Generally speaking, most countries have seen non-linear changes in T1D incidence over the 

long term, with periods of little or no increases such as in Norway from 2004 to 2012, in 

Finland from 2006 to 2011, and in the USA from 2002 to2012 [6]. 

 

The pancreas is the central organ involved in T1D pathogenesis. The healthy pancreas 

regulates macronutrient digestion and metabolic homeostasis via neuronally- and 

hormonally- regulated production of various digestive enzymes and pancreatic hormones 

[8]. Within the pancreas, pancreatic islets comprise a central core of insulin-producing β-

cells surrounded by α-cells (which express glucagon), ε-cells (ghrelin), δ-cells 

(somatostatin), and PP-cells (pancreatic polypeptide) [9]. When environmental factors such 

as infections [10], diet in early life [11], vitamin D levels [12], gut microbiota composition 

[13], vaccinations [14], pollutants and toxins [15], and  geographic variation [16] combine 

with genetic susceptibility, autoimmune destruction of pancreatic β cells is initiated, and 

T1D results [17] (Figure 1) . Recent studies also show that the gut microbiota, enteroviruses 

and epigenetic modifications are involved in T1D pathogenesis [18-26]. 
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Figure 1: Environmental factors associated with initiation of, or protection from islet autoimmunity and 
progression to type 1 diabetes. Adopted from: Craig, M.E. et al., Diabetologia 62, 1823–1834 (2019). 
https://doi.org/10.1007/s00125-019-4942-x [27].  
 [27]  

Despite these notable advances in understanding, there is no effective prevention or 

curative treatment for T1D. Achieving good glycemic control is necessary to prevent the 

long-term morbidity that is associated with poorly-controlled T1D; however the 

heterogeneity of factors initiating/exacerbating the disease in individual patients, patients’ 

diverse responses to these factors, and the variable efficacy of traditional therapies, render 

this simple aim complex to achieve in practice. An emerging move towards precision 

medicine may be the answer: precision medicine generates tailored diagnostic, prognostic, 

and therapeutic options for each patient based on their genetic background. By exploiting 

established clinical, phenotypic, physiological and pathological indexes this approach has 

the potential to provide the best available care for each patient, but is yet to be employed on 

a wide scale. In this review we summarize the current range of treatments available for T1D, 

as well as recent pre-clinical breakthroughs, and discuss how precision medicine might be 

implemented for the treatment of T1D in the future. 

 

2. Therapeutic Approaches 

Before the discovery of insulin in 1921, it was remarkable for T1D patients to live more 

than one or two years after disease onset: one of the twentieth century’s utmost medical 

breakthroughs, insulin replacement, is still the only successful treatment for T1D patients 

today. That said, innovative ways of achieving improved insulin-mediated glycemic control 

are becoming accessible to patients, while tissue transplants, genetic modification and stem-

cell therapies are showing promise in pre-clinical models and human trials. 
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2.1. Insulin and Combination Drug Therapies 

The mainstay of traditional T1D treatment is manual testing of blood sugar levels 

followed by sub-cutaneous injections of insulin, repeated throughout the day. Insulin 

pumps may be used in place of traditional injections [28]]; these have the advantage of being 

able to continuously infuse small amounts of insulin sub-cutaneously, helping some 

patients achieve better control of their disease, especially when coupled with continuous 

glucose monitoring (CGM) technology. Since their first approval in 2016, CGM technologies 

have represented a significant step forward in insulin treatment, allowing the measurement 

of blood glucose levels in real-time and enabling patients to improve their control of blood 

glucose, thereby reducing long-term risks of diabetic complications[29, 30].  

 

Taking the combination of CGM and continuous insulin infusion to the next level is the 

advent of the artificial pancreas. By utilizing a CGM coupled via a control algorithm to an 

implanted insulin pump, people with T1D can achieve improved glycemic outcomes while 

reducing the burden of self-management [31-33].  A closed-loop artificial pancreas 

approach removes the need for the patient to manage their dosages at all, and some models 

also incorporate the pancreatic hormone glucagon, enabling glucose-responsive hormone 

delivery guided by real-time glucose sensor readings. This approach has the potential to 

accommodate highly variable day-to-day insulin/glucagon requirements and can ensure 

tight glycemic control in affected patients [34, 35]. Despite these advantages, still relatively 

few T1D sufferers are using an artificial pancreas approach, with the main obstacles being 

cost of the equipment, the need for a training infrastructure for users and clinicians, and a 

lack of clarity around which patient groups would benefit most from this technology 

(reviewed in [34]. 

 

Multidisciplinary approaches that combine nano-technologies with micro-technologies 

and tissue engineering are clearly advantageous in refining the therapeutic effectiveness of 

insulin. Here, a self-controlled drug-delivery profile as a function of glucose concentrations 

can be achieved, based on the activity of a glucose-sensing molecule and escalating drug 

stability[36-38]. In addition, the use of immunosuppressive drugs can be reduced, paving 

the way for long-term cell replacement therapy instead [39, 40]. 

 

Alongside developments in insulin replacement therapy, there has been a focus on 

identifying other drugs that can be combined with insulin to reduce hyper/hypoglycemia 
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and improve metabolic variables without increasing adverse events  (reviewed in [41]). Of 

these, promising candidates include metformin [42] and pramlintide, which have a role in 

glycemic control in both T1D and T2D and can modestly reduce triglyceride levels in T1D 

patients accompanied by HBA1c lowering and weight loss [43]. In addition, glucagon-like 

peptide-1 receptor agonists (GLP-RAs) combined with insulin can reduce the daily-weight 

required bolus insulin dose and improve glucose control and weight loss [44]. Dipeptidyl 

peptidase-4 inhibitors (DPP-4) are an adjunct therapy in a closed loop-system that can 

reduce postprandial blood glucose levels [45] and can significantly reduce the daily insulin 

dose but not the HBA1c level or the risk of hypoglycemia [46]. Finally, sodium-glucose co-

transporter inhibitors (SGLTi) are associated with improved glycemic control and a reduced 

insulin dosage leading to lower rate of hypoglycemic episodes [47].  

 

In summary, traditional and combined approaches to insulin therapy remain important 

tools in the treatment of T1D, but they do not represent a cure and may not be able to achieve 

the level of glucose control necessary to avoid long-term complications arising from 

diabetes. Thus increasing efforts are being made towards uncovering novel ways of 

restoring physiological regulation of glucose metabolism. 

 

2.2. Gene Therapy 

Gene therapy offers a promising alternative to insulin injection for T1D treatment and 

may aim to prevent or delay onset of T1D, correct insulin deficiency, promote β-cell 

proliferation and survival, modulate the immune/inflammatory response or induce insulin 

secretion by non-β cells (reviewed in [48]). Of particular interest is the induced over-

expression of insulin-like growth factor 1 (IGF1), which regulates immune functions and 

enhances the survival and proliferation of β-cells. Non-obese diabetic (NOD) mice 

spontaneously develop diabetes from around 10 weeks-of-age; however when 4-week-old 

NOD mice underwent intra-ductal injection of an adeno-associated virus (AAV) encoding 

IGF1 to specifically transduce pancreatic cells, normoglycemia remained in 80% of these 

mice at week 28 [49]. Importantly, the same study also showed that treating NOD mice with 

the IGF1-encoding virus at 11 weeks-of-age, by which time significant β-cell destruction was 

evident, was able to re-establish lasting normoglycemia in 75% of mice [49]. Gene therapy 

can also be used to induce insulin production in non-β-cells. Initial studies conducted on 

genetically engineered intestinal K cells [50] and hepatocytes [51] showed that these cells 

were sensitive to glucose and could be induced to produce insulin. More recently, Jaen et al. 

demonstrated that a single injection of AAV encoding insulin and glucokinase genes into 
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skeletal muscle of diabetic dogs was able to induce metabolic normalization and 

normoglycaemia lasting 8 years [52]. This study represents an important safety and efficacy 

step forwards for diabetes gene therapy, as although AAV vectors have been trialed in 

humans, their therapeutic use for gene transduction has yet to be tested clinically. There are 

concerns that transduced cells might be susceptible to recurring autoimmune attack, so 

enduring autoimmune protection must be demonstrated [53, 54]. It is also possible that the 

viral vectors themselves might trigger an immune response that could worsen the disease 

condition [55], though Jaen et al. did not report any evidence of this in their study [52]. 

Modifications to the AAV vectors might hold some of the answers: in response to concerns 

that constitutive over-expression of insulin might risk hypo-glycaemia, one group has 

developed a Tet-Off regulatable AAV vector for insulin expression that was able to both 

induce the expression of human insulin in diabetic mice, and be reversibly switched off to 

reduce insulin levels [56]. Thus fine tuning of viral vectors combined with more long-term 

studies will be required to move towards vector-mediated reinstatement of insulin 

production in human patients. 

 

In addition to induced insulin expression, several studies have looked at other targets 

implicated in T1D pathogenesis. For example, Klotho is an anti-aging gene that is expressed 

in pancreatic islets in mice [57] and humans [58]; a Klotho deficiency is linked with β-cell 

apoptosis, and reinstating its expression in mice under the control of a β-cell-specific 

promoter led to protection of β-cell function [57]. In human islet cells, treatment with the 

T1D drug gamma-aminobutyric acid in vitro significantly increased Klotho expression [59], 

indicating the possible clinical potential for this approach. Combining gene therapy with 

immune modulation may also be promising. When NOD mice were pre-treated with anti-

T-cell receptor β chain monoclonal antibody followed by hepatic gene therapy with 

Neurogenin-3 (which determines islet lineage) and the islet growth factor betacellulin, the 

researchers observed sustained induction of insulin-producing cells in the liver that 

achieved enduring reversal of new-onset or overt diabetes [60]. 

 

Lastly, a novel approach to gene therapy for T1D involves targeting post-transcriptional 

modifications that give rise to pathogenic splice variants. Cytotoxic T-lymphocyte–

associated antigen-4 (CTLA-4) is an immune-modulatory protein where expression of 

different forms has been linked to T1D susceptibility or resistance [61]. To modulate the 

immune response leading to T1D onset, Mourich et al, employed an antisense-targeted 

splice-switching approach to produce CTLA-4 splice forms in NOD mouse T-cells [62]. In 
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this study, when the antisense approach was used to mask pre-mRNA splice recognition 

sites and redirect the splicing machinery to skip selected exons, induced over-expression of 

the protective ligand-independent form of CTLA-4 protected NOD mice from disease [62]. 

 

2.3. Whole Pancreas and Pancreatic Islets Transplantation 

The ideal T1D treatment would restore a fully functioning pancreas to patients, and one 

way of achieving this is by transplantation of a whole donor pancreas or pancreatic islets. 

Presently, over 50,000 patients with diabetes have been transplanted in more than 200 

centers worldwide [63], but this procedure is far from a panacea: despite major 

improvements in patient survival rate, pancreatic transplantation is a complicated and risky 

procedure that is accompanied by the need for lifelong immunosuppressive and anti-

inflammatory agents that increase the risk of infections and tumors [64]. 

 

To avoid the major risk of pancreatic transplant surgery, transplantation of human 

pancreatic islets isolated from cadaver and pig pancreases has been developed. Initial 

clinical trials with a T1D patient demonstrated some success, with external insulin-

independence lasting for up to 1 month before rejection of the graft due to inadequate 

immunosuppression [65-67], [68], [69]. It was not until 2000 that sustained long-term 

insulin-independence was achieved via the Edmonton Protocol (Figure 2). The fundamental 

principle of this protocol is the use of up to three cadaveric donor pancreases per recipient, 

allowing the infusion of an adequate islet cell mass (>9,000 islet equivalents per kg of 

recipient body weight) in combination with an immunosuppressant cocktail to prevent 

rejection [70]. At the 5-year follow up, only 15% of patients in the program had lost the graft, 

and ~25% had required a second transplant within 2-3 years of the initial graft; overall the 

procedure had been a success, achieving comparable survival rates to whole pancreas 

transplants without needing major surgery, and with almost half of patients reducing the 

amount of external insulin needed to control their disease [71]. 
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Figure 2. The Edmonton protocol relies on cadaveric islet cells that undergo several steps of digestion and 
purification before being cultured with immunosuppressants and monoclonal antibodies. Finally, the purified 
treated islets are injected into the portal vein of the liver of the T1D patient.  

 

There is accumulating evidence that successful human islet transplantation 

dramatically decreases the occurrence of hypoglycemic events and reduces the frequency of 

long-term complications of T1D [72]. Thus, this approach might be a particularly powerful 

strategy for those patients with hard-to-manage T1D, enabling them to avoid or delay 

potentially life-threatening complications, such as renal failure. Despite this promise, <1,000 

islet transplants have been performed in Western countries in the past 10 years, largely 

because of a shortage of donor organs [73], and the high cost of this therapy over traditional 

insulin-injection approaches [74]. One possible way of overcoming the limitations of few 

donor organs is to develop techniques to expand pancreatic β-cells ex vivo. Normally β-cell 

proliferation is restricted to a brief developmental window between birth and 1 year-of-age, 

but several studies have now managed to induce β-cell proliferation following a variety of 

genetic or pharmacologic interventions: cell division protein kinase 6 (cdk6) supported 

human β-cell proliferation and function in vivo [75], while aminopyrazine compounds 

stimulated robust β-cell proliferation in healthy adult primary islets in vitro, and these cells 

retained functionality in vivo after transplantation into diabetic mice [76]. Similarly, 

treatment with the herbal medicines, harmine, which is isolated from peganum harmala 

seeds, reported to possesses several pharmacological activities such as stimulate the 

proliferation of adult primary human β-cells grafted into diabetic mice [77]. These studies 
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show the potential for expansion of functional donor β-cells that might in future enable more 

widespread use of islet cell transplants for patients. 

 

In addition to the donor selection, further improvements in islet transplantation 

outcomes are expected as we further refine the pancreatic islet isolation technique and 

improve transplantation strategies including the immune suppressive protocols, islet 

quality, and β-cell mass and purity [78, 79]. Moreover, the development of alternative 

transplantation sites and new cell sources, including porcine islet cells and the expansion of 

donor cells, might yet unlock an era of “on-demand” unlimited cell therapy for diabetes 

[80]. 

 

2.4. Pancreatic β-Cell Regeneration and Reprogramming 

It was long held that the diabetic pancreas was devoid of functional β-cells, but there 

are now several lines of evidence that indicate the possibility to restore a degree of function 

to a T1D patient’s own pancreas. This approach would have the major advantage of 

avoiding the need for cadaveric donors, surgery and immunosuppression. Altered β-cell 

identity, rather than β-cell apoptosis, in the setting of chronic hyperglycemia was first 

reported in Sprague-Dawley rats [81]; others subsequently reported a loss of mature β-cell 

identity accompanied by dedifferentiation in human Type 2 diabetes [82]. The gradual loss 

of β-cell-specific transcription factors (TFs) including PDX1, MAFA, and FOXO1 [83-85]; 

and re-expression of the developmental endocrine progenitor markers NGN3 and octamer-

binding transcription factor 4 (Oct4)[86], also suggest the trans-differentiation of β-cells to 

α-cells in diabetic animals and humans [82, 87, 88] (Figure 3, a). 
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Figure 3. (a) Schematic of pancreatic cell-lineage showing the role of defined TFs. The differentiation from 
multipotent pancreatic progenitors to different islet cells is governed by a combination of TFs that determine the 
specialization of endocrine and exocrine cells. (b) Activation/repression of expression of defined sets of TFs during 
the determination of β-cell identity. 

 

While the transformation of β-cells into α-cells might be considered a hallmark of T1D, 

the possibility of inducing the reverse process therapeutically is now starting to be explored. 

Collombat and colleagues demonstrated that overexpression of PAX4 [89] or selective 

inhibition of Aristaless Related Homeobox (ARX) [90] could induce α-cell conversion into 

functional β-cells and restore normoglycemia in streptozotocin-induced diabetic mice [91]. 

More recently, in vivo viral transduction of the TFs PDX1 and MAFA into both chemically-

induced and autoimmune NOD mice achieved α to β-cell conversion that resulted in 

normoglycemia [92]. Epigenetic modification can also be used to regulate α-cell-to-β-cell 

transdifferentiation. When the gene encoding Adox, a non-specific inhibitor of histone 

methyltransferase, was introduced into cultured human islets it induced colocalization of 

glucagon and insulin, and glucagon and the β-cell-specific TF Pdx1 in individual cells, 

indicating endocrine reprogramming consistent with transdifferentiation [93]. Importantly, 

it seems that age is no barrier to the potential for therapeutic transdifferentiation, as α-cells 

from diabetic juvenile or aged mice were equally able to undergo epigenetic reprogramming 

into β-cells; while in pre-pubertal diabetic mice, spontaneous δ-cell to β-cell conversion 

occurs readily and massively [94]. Acinar cells can also be converted into β-cells either by in 

vivo overexpression of key β-cell TFs (PDX1, NGN3 and MAFA) leading to decreased 

hyperglycemia in mice [95], or by overexpression of four pancreatic TFs (PDX1, NGN3, 

a
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PAX4 and MAFA) in human exocrine pancreatic cells leading to the generation of functional 

β-cell-like cells that could normalize glycemia upon transfer into diabetic mice [96]. In 2016, 

the same group confirmed the possibility of generating functional and clinically relevant β-

cells from the human exocrine pancreas, adding Arx knockdown to the strategy [97]. 

Pancreatic ductal cells have also been transdifferentiated into β-cells both in vitro and in vivo 

in mice [98, 99] (Figure 3, b). 

 

In 2018, researchers proposed that neutrophils contribute to T1D development through 

their role in the innate immune system [100]. Specifically, leukocytes expressing the 

CXCR1/2 receptor are attracted by the CXCL8 chemokine to the site of inflammation. 

Interfering with leukocyte homing using reparixin to disrupt the CXCR1/2 signaling 

pathway might, therefore, improve islet transplantation outcomes [101]. Indeed, promising 

effects of reparixin have been shown in terms of extending the survival time of NOD mice 

that have undergone islet transplantation [102]. This therapeutic strategy is currently being 

evaluated in phase 3 clinical trials to compare with the efficacies of standard, clinically 

available therapies [101].  

  Alongside the pathological trans-differentiation of β-cells, there is now evidence of 

marked heterogeneity within the β-cell pool of the T1D pancreas: data from two studies 

showed that most individuals with established diabetes possess a population of β-cells that 

can still secrete proinsulin [103] [104]. Thus, efforts to harness the potential of this 

population of cells are now underway. β-cells isolated by biopsy from a small cohort of 

newly-diagnosed adults with T1D exhibited improved functions after several days ex vivo 

simply by removal from the in vivo diabetogenic environment [105]. Fasting of diabetic mice 

also improved β-cell function, which was associated with stepwise expression of SRY-Box 

17 (Sox17) and Pdx-1, followed by Ngn3-driven generation of β-like cells; recapitulating key 

stages of pancreatic development [106]. Importantly, applying either serum from fasting 

T1D patients, or fasting-mimicking medium, to human cultured T1D pancreatic islets 

significantly increased insulin production [106].  

Epigenetic manipulations to induce β-cell proliferation are another emerging strategy 

that focuses on improving pancreatic differentiation protocols by influencing methylation 

and histone modifications of β-cell TFs. Genome-wide mapping of epigenetic marks might 

allow for the design of strategies that can directly modulate gene function through 

epigenetic control [107]. Currently available broad-acting treatments for this aim include 

histone deacetylase inhibitors that are designed to target apoptosis-associated cytokines 

[108]. Recent methodologies to control islet proliferation and biological function without 
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inducing changes to the DNA sequence have used mutated transcription activator-like 

effector nucleases (TALENs) [109] and clustered regulatory interspaced short palindromic 

repeat (CRISPR)/Cas proteins. These approaches show promise to contribute to developing 

precision medicines in diabetes [110] 

 

2.5. Stem Cell Therapies 

Perhaps the most promising innovation in T1D therapy has been the exploration of the 

potential of stem cells. This unique population is able to self-renew indefinitely, form single 

cell-derived clonal cell populations, and differentiate into various cell types [111]. Stem cells 

from diverse sources have been investigated for their potential in β-cell regeneration (Figure 

4), as discussed below. 

 

Figure 4. The various tissue sources of stem cells and different conversion methods to yield β-cell-like-cells for 
transplantation into T1D patients.  

 

2.5.1. Embryonic Stem Cells (ESCs) 

ESCs are derived from the undifferentiated inner cell mass of human embryos and have 

the advantage of being completely pluripotent. Several different approaches to generating 

insulin-producing cells (IPCs) from ESCs have been explored. Human ESCs (hESCs) in 

feeder-free cultures avoid the risk of animal pathogen transfer and are readily scalable, 

making this approach best-suited to clinical use [112]. Such a system has been successfully 

used to produce functional pancreatic progenitors from human ESCs.  These cells have 

typically been cultivated using a mouse embryonic fibroblast feeder layer to support their 

continuous growth while in an undifferentiated state. However, the use of human ESCs in 
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human therapy requires them to be free from animal cells or culturing systems, to avoid any 

risk of contamination with animal retroviruses. The feeder layer-free ESC culture system 

relies on a medium complemented with 15% serum replacement, transforming growth 

factor beta 1(TGF-β1), basic fibroblast growth factor (bFGF), leukemia inhibitory factor (LIF) 

and a fibronectin (FN) matrix. All ESC features can be maintained throughout prolonged 

culture under these conditions, including the ability to differentiate into different tissues of 

the three embryonic germ layers, to maintain an unlimited and undifferentiated 

proliferation capacity and to retain the normal karyotype [113, 114]. 

 

Kroon et al. instructed the differentiation of hESCs by directly overexpressing essential 

β-cell TFs including PDX1, SOX9, NKX6.1 and NGN3; following engraftment into diabetic 

mice, the resulting cells recapitulated key features of pancreatic β-cells and protected against 

hyperglycemia [115]. Subsequently, an important step forwards in the use of hESCs for T1D 

therapy occurred when scientists from the University of British Columbia developed a 

seven-stage protocol that efficiently converted hESCs into IPCs. This protocol generated 

endocrine cells with insulin content similar to that of human islet cells and that were capable 

of glucose-stimulated insulin secretion in vitro as well as rapid reversal of diabetes in vivo in 

mice [116]. Additional studies have highlighted the possible roles of other growth and 

extracellular matrix factors, including laminin, nicotinamide, insulin [117] and retinoic acid 

[118] in the generation of IPCs from ESCs, but these findings have yet to be integrated into 

a combined approach suitable for clinical use. 

 

Human ESCs also have the potential to generate cells uniquely tailored for the recipient. 

Recently, Sui et al. showed that transferring the nucleus of skin fibroblasts from T1D patients 

into hESCs gave rise to differentiated β-cells with comparable performance to naturally-

occurring β-cells when transplanted into mice [119]. 

 

Despite the promise of hESCs, great concern around their potential to initiate teratomas 

has largely limited their clinical exploration in T1D. However, Qadir et al. recently 

demonstrated a means of overcoming this risk: the authors modified hESCs to include two 

suicide gene cassettes, whose expression results in cell death in the presence of specific pro-

drugs [120]. Their method is designed to provide a double fail-safe control such that i) only 

IPCs survive selection; and ii) cells that may de-differentiate after transplantation can be 

eliminated. Furthermore, ensuring that undifferentiated cells are sensitive to two pro-drugs 

makes it less likely than any tumorigenic cells would survive or became resistant [121]. 
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2.5.2. Human Pluripotent Stem Cells (hPSCs) 

In vitro, a functional β-like cells from human pluripotent stem cells (hPSCs) has been 

successfully generated involving human embryonic stem cells (hESCs)[122-125],  human 

induced pluripotent stem cells (hiPSCs) from patients with T1D [125, 126] and from non-

diabetic donors[123, 126], and fibroblasts from non-diabetic donors [127].  

Naturally, the hPSCs are immature cells that have the capacity to become nearly any cell 

type originated in the body. In order to impressionist the normal pancreatic cell 

development, a sequence of specific stages of cellular differentiations including the 

involvement of of certain growth factors, and signaling pathways activating/inhibiting 

molecules [128, 129] .   

 

Another approach of transplantation is through in vitro differentiated β-cells. A 

differentiation protocol to generate β- like cells with enhanaced function from pancreatic 

progenitors through modeulating EGF- β signaling, ceelular cluster size controlling in 

addition to use an enhanced serum free medica which lead to produce stem cells-derived β-

cells with the ability to express β-cell markers and insulin [130, 131]. Results indiacted that 

certain time-frame is needed to control the TGF- β signaling during the differentiation 

process in order to achieve vigorous function, which is the ultimate requirments that make 

these cells a promising cellular therapy for diabetes[132]     

 

2.5.3. Hematopoietic Stem Cells (HSCs) 

Taking a different approach, myeloablation coupled with autologous HSC 

transplantation aims to halt the autoimmune destruction of the pancreas and reestablish 

tolerance. The first autologous HSC transplantation in a T1D patient was executed by 

Voltarelli’s group in 2007: 15 patients aged between 14-31 years and with recent T1D onset 

(previous 6 weeks) diagnosed by clinical findings, hyperglycemia and GAD autoantibodies 

(glutamic acid decarboxylase) were involved in the study [133]. When these patients were 

treated with autologous HSCs, most achieved insulin independence with good glycemic 

control lasting until the final 29.8 month follow-up, together with a notable increase in -

cell function [134]. Autologous HSC transplantation has also been used successfully to treat 

diabetic sequelae, including vascular complications [135] and retinopathy [136]. Other 

studies have focused on understanding the mechanisms underlying successful HSC 

transplantation in T1D: for example, Ye et al., found that autologous HSC treatment was 

associated with the inhibition of T-cell proliferation and pro-inflammatory cytokine 

production [137]; while Xiang et al. uncovered a critical role for the remaining functional β-

cells on the autologous transplant of HSCs [138]. 
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Despite the evident successes of autologous HSC transplantation for T1D, various 

complications can occur, ranging from relatively mild symptoms such as febrile 

neutropenia, nausea, and alopecia to more severe complications such as de novo 

autoimmunity and systemic infections, which in one case resulted in death [139, 140]. The 

development of new strategies involving autologous HSC therapy for newly diagnosed T1D 

patients considering the need for multiple immunosuppressive drug approach is crucial to 

(1) maximize the frequency and function of T and B regulatory cells and (2) to minimize 

autoreactive islet-specific T and B memory cells. In this way, we should be able to improve 

treatment outcomes in T1D patients undergoing transplantation. 

  

2.5.4. Mesenchymal Stem Cells (MSCs) 

MSCs are multi-potent stromal cells able to differentiate in vitro into a range of cell types; 

characteristically adipocytes, chondrocytes, myocytes and osteoblasts [141]. MSCs are 

relatively easy to isolate from different sources in the body and numerous studies have 

assessed their use in T1D therapy. 

 

Historically, the bone marrow has been the main source of MSCs [142]. Xie et al. first trialed 

generating IPCs from T1D patients’ bone marrow MSCs (BM-MSCs) and showed the co-

expression of insulin and C-peptide in cells injected into diabetic mice, leading to attenuated 

hyperglycemia [143]. Alongside, genetically-modified human BM-MSCs expressing 

vascular endothelial growth factor and PDX1 reversed hyperglycemia in more than half of 

diabetic mice and enabled survival and weight maintenance in all animals [144]. These 

promising pre-clinical results led to human trials: when BM-MSCs were injected into the 

splenic artery of T1D patients, they induced an increase in C-peptide levels that was 

maintained for 3 years; unfortunately, this had no significant effects on glycemic control due 

to insufficient production of insulin by the grafted cells [145]. Since then, new methods have 

been developed aiming to improve in vivo outcomes. For example, Zhang et al. co-cultured 

BM-MSCs with pancreatic stem cells which led the MSCs to adopt a pancreatic islet 

morphology; when these cells were injected into diabetic rats they attenuated glycated 

albumin levels and significantly increased serum insulin and C-peptide [146]. 

 

The main disadvantage of BM-MSCs is the difficulty in isolating the cells and the morbidity 

associated with the procedure. These issues led to interest in the use of Muscle-Derived 
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Stem/Progenitor Cells (MDSPCs), which exist in skeletal muscle and have the capacity for 

long-term proliferation, are resistant to oxidative and inflammatory stress, and show multi-

lineage differentiation potential [147]. To investigate the therapeutic potential of autologous 

MDSPCs transplantation for T1D, Lan et al. applied a four-stage MDSPC differentiation 

protocol to generate IPCs in vitro and injected them into diabetic mice: these β-cell-like-cells 

effectively improved hyperglycemia and glucose intolerance and increased the survival rate 

in diabetic mice without the use of immunosuppressants [148]. 

 

Building on the promise of BM-MSCs and MDSPCs, researchers sought an equally potent 

but more abundant and easily-accessed source of stem cells. Adipose-Derived Stem Cells 

(ADSCs) have recently been explored for T1D treatment, and have the advantage over 

MDSPCs of being readily accessible and harvested, even in older patients [149]. IPCs 

differentiated from ADSCs show significant expression of β-cell markers, insulin and c-

peptide following transfer into diabetic mice [150]. In 2019, IPCs derived from ADSCs using 

a novel 3D xeno-antigen-free protocol were shown to exhibit key features of pancreatic β 

cells in vitro and differentiated into IPCs in diabetic nude mice in vivo [151]. Another study 

showed the potential for combining ADSC treatment with gene therapy by transducing 

ADSC with a furin-cleavable insulin gene which led to enhanced insulin expression in the 

differentiated adipocytes, and alleviated hyperglycemia in diabetic mice [152]. 

 

Removing the need for adult stem cell donors completely, the umbilical cord is now 

used as a successful alternative stem cell source for regenerative medicine. Umbilical cord 

blood (UCB) is rich in HSCs, can be easily harvested without the need for interventions, and 

also contains a large number of naive functioning T-regulatory cells (Treg) with the potential 

to reduce auto-immunity [153, 154]. Moreover, the MSCs within UCB (UCB-MSCs) have 

high proliferative capacity, are easily bankable and have low tumorigenicity [155]. Together 

these features make UCB-MSCs the preferred option for potential T1D cell-based therapies. 

Studies in animal models have showed encouraging results: when Prabakar et al. adapted 

an ESC protocol for IPC culture and applied it to UCB-MSCs they generated expanded 

populations of undifferentiated IPCs expressing the key pancreatic TFs PDX1, NGN3, 

NEUROD1, NKX6.1, NGN3, NEUROD1, and ISL1 [156]. Following transplantation into 

mice, these cells subsequently differentiated into glucose-responsive IPCs [156]. Zhao et al. 

took a different approach to exploiting stem cells for T1D treatment, instead focusing on 

their capacity to downregulate immune responses. The authors achieved reversal of the 

autoimmune response in NOD mice by transferring autologous Tregs that had been co-
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cultured with human UCB-MSCs; this led to increased insulin secretion, reduced 

hyperglycemia and preservation of islet architecture [157-159].  

 

Despite promising signs in rodent studies, the potential of UCB-MSC treatment for T1D 

in humans has yet to be fully realized. Haller et a, attempted the first autologous UCB-MSC 

transplantation in recently-diagnosed T1D patients in 2008: early indications were 

encouraging, with transplanted patients showing slowed loss of endogenous insulin 

production and an increase in peripheral blood Treg cells after 6 months [160]. However, a 

subsequent study by the same group found no significant difference in C-peptide levels after 

autologous transfusion of UCB-MSCs combined with oral docosahexaenoic acid and 

vitamin D supplementation [161]. Similarly, in a non-randomized controlled trial in seven 

new-onset T1D children who underwent autologous UCB-MSC infusion, there was no 

evidence of improvements in metabolic regulation or immune function at the one-year 

follow-up [162]. Further investigations with different parameters and larger sample sizes 

will be important to understand how to translate the successful application of UCB-MSC 

infusion from mouse to human. 

 

Cord blood is not the only source of stem cells within the human UC: Wharton’s jelly is 

a mucoid connective tissue in the UC that can also serve as a source of clinically-relevant 

MSCs (Wharton’s jelly-derived mesenchymal stem cells, WJ-MSCs) for both IPC derivation 

and immunosuppression [163]. Briefly, WJ-MSC collection occurs at the time of delivery and 

avoids the known adverse effects associated with adult stem cell collection from the bone 

marrow or adipose tissue. Furthermore, features including a high WJ-MSC proliferation 

rate, an immune privileged status, minimal associated ethical concerns, and non-

tumorigenic capacity render these cells an excellent option to be used in regenerative 

medicine applications [164].  

 

One of the first studies to use β-cell-like cells derived from WJ-MSCs tested their effects 

following transplantation into patients with new-onset T1D [165]. Interestingly, a 

concurrent study suggested that the WJ-MSCs might restore the function of -cell in type 1 

diabetic patients but it could be affected by the patient’s ketoacidosis history [166], though 

the underlying mechanism to support this has not yet been tested. A genetically and 

chemically combined approach for WJ-MSC induction into IPCs has also been shown to 

improve the cells’ homing efficiency to the pancreatic gland of diabetic rats [167]; taken 
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together with a growing body of clinical data, these findings may help optimize the use of 

differentiated WJ-MSCs in T1D. 

 

Undifferentiated WJ-MSCs also have the capacity to induce a protective immune-

suppressive state in animal models of T1D and in patients. A study in mice performed by 

Tsai et al. showed that undifferentiated WJ-MSCs implanted into NOD mice both 

differentiated into IPCs in vivo, leading to islet repair and maintaining levels of C-peptide 

and insulin production, and induced beneficial immunosuppression [168]. Such evidence in 

rodents has since led to the initiation of human trials. A safety and dose-escalation trial is 

ongoing: in the first stage, Carlsson et al. are carrying out WJ-MSC allotransplantation into 

newly-diagnosed (< 2 years) T1D adult men with dose-escalation to establish safety 

parameters; in the second double-blinded, parallel, placebo-controlled stage, a cohort of 

T1D patients (men and women) will undergo WJ-MSC allotransplantation aiming to achieve 

immunosuppression and preserve endogenous insulin production [169]. Altogether, 

comparing WJ-MSCs, UCB-MSCs [170] and BM-MSCs [171], it seems that WJ-MSCs are the 

better anti-diabetic agents, being more homogenous and having greater potential to initiate 

pancreatic regeneration. 

 

3. Future Standpoints  

Despite advances in the various therapies discussed above, an ongoing challenge in 

T1D treatment is the extreme heterogeneity in patients’ disease triggers, prognosis, 

pathological pathways and hence their response to treatment [103, 104, 172, 173]; this is 

compounded by the recent explosion in the less-understood fulminant T1D subtype, which 

occurs suddenly and is associated with rapid and complete β-cell destruction [174]. This 

heterogeneity across the T1D patient population suggests that we are unlikely to discover a 

“one-size-fits-all” therapy able to cure every case: thus there is the need for more precise 

treatment approaches that are personalized and tailored to individual patients’ situations. 

This is the aim of Precision Medicine [175]. In diabetes, the precision medeicine approach 

has been inspired by work including that of Zhao et al., who first developed stem cell 

educator therapy where T1D patients’ lymphocytes are briefly separated from the blood and 

co-cultured with UC-MSCs within a closed-loop-system, before being returned to the 

patient; this treatment dramatically improved metabolic control, reversed autoimmunity 

and promoted β-cell regeneration [176]. Al-Anazi et al. used a similar approach to try and 

treat multiple myeloma in 45 adults with T1D who had undergone autologous HSCs; 
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surprisingly the patients were also cured of their diabetes and became insulin-independent 

[177]. 

The next step towards stem-cell-mediated precision medicine for T1D is likely to 

involve synergizing existing stem cell approaches with advances in cellular and genetic 

engineering techniques, such as nuclear transfer and genome editing. Moreover, an 

emerging understanding of the TFs and epigenetic processes that control pancreatic islet 

lineage-commitment [178], as well as the role of microRNAs in driving cell lineage 

differentiation [179] are beginning to unlock new knowledge on T1D pathogenesis [25, 26] 

and are opening fresh possibilities in β-cell generation [180, 181]. New schemes conceived 

to regulat the immune system in T1D including the utilization of antigen-based 

immunotherapies[182].   

 

 

Together these factors can all be used towards designing a successful protocol for 

precision medicine in T1D. Alongside, the reframing of T1D as primarily a metabolic 

disorder (rather than an autoimmune condition) that reflects the combined genomic and 

environmental landscape of the patient, has facilitated the discovery of new therapeutic 

targets and diagnostic/prognostic biomarkers [183, 184]. Finally, the ongoing discovery of 

new and important influences on diabetic pathology, such as the role of gut microbiota [185], 

xxxxxxxx and the latest perceptions into the mechanism of T1D and the accumulated recent 

data that being translated into prospects for tissue-specific prevention trials toward eliminating 

progressive β-cell loss[182], continues to add to our understanding of this important disease, 

and thereby our ability to rationally design and test novel interventions with the promise of 

the future eradication of T1D (Figure 5). 
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Figure 5. The multiple data sources and approaches that could efficiently connect existing factors and fill 
remaining knowledge gaps: together they will yield a clear diagnosis enabling tailored treatment and 
monitoring of responses to therapy.  
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