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DM	 Diabetes mellitus
ESC	 Embryonic stem cell
EV	 Extracellular vesicles
HbA1c	 Glycosylated hemoglobin
HSC	 Hematopoietic stem cell
IPC	 Insulin-producing cell
iPSC	 Induced pluripotent stem cells
IPSC	 Insulin-producing stem cell
ISC	 Insulin-secreting cell
MSC	 Mesenchymal stem cell
MODY	 Maturity onset diabetes of the young
SCT	 Stem cell therapy
T1DM	 Type-1 diabetes mellitus
T2DM	 Type-2 diabetes mellitus
UCB	 Umbilical cord blood
WHO	 World Health Organization

2.1  �Review

2.1.1  �Introduction of Disease

Diabetes mellitus (DM) is a metabolic disease characterized by chronic hyperglyce-
mia resulting from defects in insulin secretion, insulin action, or both. The abnormali-
ties are found in carbohydrate, lipid, and protein metabolism in diabetics, because of 
deficient action of insulin on target organs. If ketones are present in blood/urine, treat-
ment is required urgently, because ketoacidosis can evolve rapidly.

2.1.2  �Historical Witnesses of Diabetes Mellitus and Discovery 
of Insulin

DM was described for the first time as “Madhumeha” (sweet-tasting urine) by noted 
Indian physician Charaka and surgeon Sushruta in the fifth and sixth century AD 
who observed that urine of diabetics attracted ants and was sticky to touch. The 
Egyptian physicians also described it about 3500 years ago. The word “diabetes” 
(“to go through”) was coined by Apollonius of Memphis around 250 BC. These 
patients drained more fluid than the amount consumed; hence, this term was coined 
(Mac Cracken et al. 1997). Then, in the second century AD, the term “diabetes” was 
once again adopted by Aretaeus of Cappadocia who stated that it was the fault of the 
kidney by which diabetes developed. This theory was also accepted by a Roman 
physician named Galen (AD 131–201). He proposed an alternative name to 
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diabetes, “diarrhea urinosa” for excessive urinary output and “dipsakos” for excessive 
thirst and drinking (Pickup and Willium 2003). However, the Indian description of 
diabetes was more scholastic, differentiating two types of diabetes: one affecting 
older and obese persons and the second affecting younger and thin persons. They 
also had observed that young diabetics had shorter life span. This description is fol-
lowed as of today also: as type-1 (T1) and type-2 (T2) DM (Kahn 1994). In 1809, 
John Rollo, an apothecary and chemist, was the first to use the term “mellitus,” the 
Latin and Greek root for honey. He documented high level of sugar in blood and in 
urine (MacCracken and Hoel 1997). It took about 60 years for further research in 
diabetes when Paul Langerhans noticed small clusters of cells in the pancreas in the 
year 1869 and described these structures without speculating about their possible 
function. In 1893, Edouard Laguesse suggested that these clusters of cells in the 
pancreas might constitute endocrine tissue of the pancreas, which he named as 
“islets of Langerhans” (after Paul Langerhans) (Pickup and Willium 2003). In 1909, 
a Belgian physician, Jean de Meyer isolated glucose-lowering hormone from pan-
creatic islet cells and named it as insulin (Latin, insula=Island) (De Meyer 1904). In 
1921, Frederick G. Banting and Charles Herbert Best (his student under Macleod’s 
patronization) proved that insulin is an active substance of the pancreas associated 
with hypoglycemia in diabetic dogs. On 1st January 1922, the insulin extract made 
by Banting and Best was injected for the first time in history, into Leonard Thompson, 
a 14-year-old boy with DM. This was repeated by Collip. Thompson’s blood sugar 
returned to normal in about 24 h along with disappearance of his glycosuria and 
ketonuria (MacCracken and Hoel 1997)! In 1922, Banting treated Elizabeth Evans 
Hughes. Her recovery from hyperglycemia due to DM was hailed around the world 
as a true medical miracle. Banting and Macleod won the Nobel Prize for the discov-
ery of insulin in 1923.The first commercial product of human insulin was developed 
by recombinant DNA technology in 1979 by Goeddel et al. (Ullrich et al. 1977), and 
human insulin was first prepared by Graham Bell et al. in 1980. In July 1996, the 
Food and Drug Administration of the USA approved the first recombinant DNA 
human insulin analogue, Lispro (Humalog). Currently more than 300 insulin ana-
logues have been identified, including 70 from animals, 80 chemically modified, 
and 150 biosynthetic insulin preparations (Drjer 1992). This historical review shows 
that most of the advancement in discovery, treatment, and management of diabetes 
occurred in the twentieth century and that has given the greatest benefit to mankind 
in the form of longer life with better quality.

2.1.3  �Classification of Diabetes Mellitus

The etiological classification was recommended by the “American Diabetes 
Association” (Diagnosis and Classification of Diabetes Mellitus 2009) and “WHO” 
expert committee on the classification and diagnosis of diabetes (World Health 
Organization WHO/NCD/NCS/99.2. 1999). Classification with minor modification 
is as below.
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	 I.	 Type-1 diabetes (β-cell destruction, usually leading to absolute insulin 
deficiency)

	1.	 Immune mediated
	2.	 Idiopathic

	II.	 Type-2 diabetes (may range from predominantly insulin resistance with relative 
insulin deficiency to a predominantly secretory defect with insulin resistance)

	III.	 Other specific types

	1.	 Genetic defects of β-cell function
	2.	 Genetic defects in insulin action
	3.	 Diseases of the exocrine pancreas
	4.	 Endocrinopathies
	5.	 Drug or chemical induced
	6.	 Infections
	7.	 Uncommon forms of immune-mediated diabetes
	8.	 Other genetic syndromes sometimes associated with diabetes

Genetic defects of β-cell function or insulin action, formerly termed “matu-
rity onset diabetes of the young” (MODY), was originally described as a dis-
order with the following characteristics: onset before 25  years of age, 
autosomal dominant inheritance, and nonketotic diabetes mellitus (Fajans 
et al. 2001; Murphy et al. 2008).

	IV.	 Gestational diabetes mellitus

(Patients with any form of DM may require insulin treatment at some stage of 
their disease. Such use of insulin does not, of itself, classify the patient.)

2.1.4  �Criteria for Diagnosis of Diabetes

Diagnostic criteria for DM are based on blood glucose measurements and the pres-
ence or absence of symptoms (DCDM 2009; WHO/NCD/NCS/99.2. 1999). Three 
ways to diagnose DM are possible and each, in the absence of unequivocal hyper-
glycemia, must be confirmed, on a subsequent day, by any one of the three methods 
given in Table 2.1.

2.1.5  �Spectrum of DM

T1DM, T2DM, and T1.5DM are differentiated from each other in Table 2.2 (Islets 
of Hope 2006; Zimmet et al. 2001; Leroith et al. 2003; Yoon and Jun 2005; Daneman 
2006; Wilkin 2008).
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2.1.6  �Epidemiology of T1DM

Occurrence of T1DM is increasing internationally, and it accounts for an approxi-
mate of 5–10% of all cases of DM (Daneman 2006) or 11–22 million globally 
(http://ghr.nlm.nih.gov/condition/type-1-diabetes 2013). According to Diabetes 
Control and Complications Trial (DCCT), the prevalence of T1DM in 2010 was 
0.1–0.5% worldwide among general population, more than six million patients  
(1 out of 100–300 newborns), and its incidence was 30–50 new patients per every 
100,000 individuals, with a 3% increase yearly, mainly in developing nations 
acquiring a Western lifestyle and diet (DCCTR 1993; Zimmet et al. 2001; Leroith 
et al. 2003, Lippincott and Williams, Yoon and Jun 2005, Daneman 2006; Wilkin 

Table 2.1  Criteria for the diagnosis of diabetes mellitus

1. Symptoms of diabetes plus casual plasma glucose concentration ≥11.1 mmol/L (200 mg/dL)
aCasual is defined as any time of day without regard to time since last meal. Or
2. �Fasting plasma glucose ≥7.0 mmol/L (≥126 mg/dL). Fasting is defined as no caloric intake 

for at least 8 h. Or
3. �2-h post-load glucose ≥11.1 mmol/L (≥200 mg/dL) during an OGTT. The test should be 

performed as described by WHO (86), using a glucose load containing the equivalent of 75 g 
anhydrous glucose dissolved in water or 1.75 g/kg of body weight to a maximum of 75 g (65)

aCorresponding values (mmol/L) are ≥10.0 for venous whole blood and ≥11.1 for capillary whole 
blood and ≥6.3 for both venous and capillary whole blood
Or
HbA1C ≥6.5%. The test should be performed in a laboratory using a method that is NGSP certified 
and standardized to the DCCT assay (In the absence of unequivocal hyperglycemia, criteria 1–3 
should be confirmed by repeat testing)

Table 2.2  Spectrum of diabetes

Feature T1DM (IDDM) T2DM (NIDDM) T1.5DM (LADA)

Nature of onset
Age of diagnosis

Usually rapid onset 
Occurs in usually 
childhood age

Onset is months/
years. Occur mainly 
in older adults

Onset is slow. Occurs 
in 35–40 years/earliest 
at 25 years

Genes, triggers 
factors

Autoimmune, 
idiopathic, genetic

Hereditary, sedentary 
lifestyle, obesity, etc.

Autoimmune

ICA(islet cell 
antibodies)
IAA(insulin 
autoantibodies)
IA2 (islet antigen 2)
GAD(GAD65-
AAGAD)
HLA
C-peptide

ICA – 80%
IAA – often detected
IA2 – 50–70%
GAD – positive
HLA – yes
C-peptides – always 
low

ICA – no
IAA – no
IA2 – no
GAD – negative
HLA – no
C-peptides – normal 
to high

ICA – positive
IAA – yes, often
IA2 – often
GAD – positive
HLA – yes, often
C-peptides – low

Treatment Insulin Oral hypoglycemic 
agents ± insulin

Insulin ± OHA

Prognosis and 
Complications

No complete cure No complete cure No complete cure
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2008). T1DM is one of the most common chronic diseases of childhood; however, 
it can be diagnosed at any age (Gale 2005). Peak in presentation of T1DM usually 
noticed in between 5 and 7 years of age and at or near puberty (Harjutsalo et al. 
2008). Whereas most autoimmune disorders disproportionately affect female, 
T1DM is slightly more common in male (Ostman et al. 2008). The incidence of 
T1DM varies with seasonal changes and birth month. More cases are diagnosed in 
autumn and winter (Moltchanova et al. 2009), and being born in the spring is associ-
ated with a higher chance of having T1DM (Kahn et  al. 2009). Development of 
T1DM-associated autoimmunity (i.e., formation of islet autoantibodies) in the 
months or years before onset of symptoms also shows some seasonal synchroniza-
tion (Kukko et al. 2005). The incidence of T1DM has been increasing globally for 
several decades (Dabelea 2009); still its incidence and prevalence vary substantially 
(Fig. 2.1) (Maahs et al. 2010). T1DM is most common in Finland (>60 cases/100,000 
people each year) and Sardinia (around 40 cases/100,000 people each year) 
(Patterson et al. 2009). By contrast, the disorder is uncommon in China, India, and 
Venezuela (around 0.1 cases per 100,000 people each year) (Thunander et al. 2008). 
A plethora of environmental influences have been purported to affect the epidemiol-
ogy of T1DM (Maclaren and Atkinson 1992), with infant and adolescent diets (Knip 
et al. 2010), vitamin-D and its pathway constituents (Svoren et al. 2009; Blanton 
et al. 2011; Cooper et al. 2011), and viruses receiving the most focus (Yeung et al. 
2011; Stene and Rewers 2012).

2.1.7  �Management of T1DM

The discovery of insulin in 1921–1922 was the most significant therapeutic event in 
the history of T1DM; however, exogenous insulin administration is not always nec-
essary to provide the metabolic regulation to avoid disease related-complications. 
Because of selective destruction of the insulin-producing β cells within the pan
creatic islets by triggers resulting in complete insulin deficiency, which causes 
hyperglycemia eventually leading to acute (ketoacidosis) and chronic (retinopathy, 
nephropathy, neuropathy) complications, hypercoagulability, dyslipidemia, and 
accelerated atherosclerosis, increased cardiovascular diseases, and reduced life 
expectancy (DCCTR 1993; Zimmet et al. 2001; Leroith et al. 2003). The impact of 
DM involves ≈10% of total health-care budget in developed nations with over US 
$100 billion spent every year in the USA alone and over US $200 billion world-
wide. The treatment of choice in association with tailored diet and physical exercise 
programs is daily exogenous insulin administration. Novel insulin formulations 
(e.g., glargine and lispro analogues) together with infusion-pump and glucose-
sensor technologies have improved metabolic control with limited benefits (DCCTR 
1993; Zimmet et  al. 2001; Leroith et  al. 2003; Daneman 2006). Treatment  
targets to achieve better glycemic control with T1DM in children and adolescents 
by plasma glucose and glycosylated hemoglobin (HbA1c) established in the 
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evidence-based 2003 clinical practice guidelines of the Canadian Diabetes 
Association (2003) (Table 2.3).

Currently no approved agents are available to arrest the autoimmune destruction 
of β cells. The interest in reversing T1DM has grown in the last 5 years (Greenbaum 
and Atkinson 2011). In addition to preserving C-peptide production, the key goal is 
to induce immune tolerance against β cells. Majority of the approaches involve 
provision of self-antigens like vaccination with specific islet-cell proteins like insu-
lin or glutamic acid decarboxylase (GAD) or immune suppression (Table 2.4).

Disappointingly, after promising phase 1–2 trials in patients with recent-onset 
T1DM and detectable endogenous insulin production, phase 3 trials of anti- 
CD3 antibodies (otelixizumab and teplizumab) and Diamyd vaccine (GAD-alum 
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Fig. 2.1  Global incidence and prevalence of T1DM
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immunotherapy) did not meet with primary end points (Walter et al. 2009; Pescovitz 
et al. 2009; Sherry et al. 2011; Orban et al. 2011; Bach 2011; Ludvigsson et al. 
2012; Wherrett et  al. 2011). Administration of DiaPep277, a synthetic immuno-
modulator at 3-month intervals, resulted in less decline in stimulated C-peptide con-
centrations at 1 year in adults with T1DM than in the cohort that received placebo 
(Buzzetti et al. 2011; Schloot et al. 2007). Other phase 2 studies of immunomodula-
tors showed evidence of therapeutic efficacy in settings of recent-onset T1DM; 
however, even with continued use, majority did not show long-lasting effects. For 
example, the fusion protein CTLA4-Ig (abatacept) preserved stimulated C-peptide 

Table 2.3  Glycemic and HbA1c targets by age for children and adolescents with T1DM

Age 
(years)

Plasma glucose 
(mmol/L) HbA1c (%) Considerations

<5 6.0–12.0 ≤9.0 Careful avoidance of hypoglycemia in this age 
group due to risk of cognitive impairment

5–12 4.0–10.0 8.0 Adapt targets to patient’s age
13–18 4.0–7.0 7.0 Appropriate for most patients
>18 4.0–6.0 6.0 Only if targets can be achieved safely

Source: 2003 clinical practice guidelines of the Canadian Diabetes Association (Canadian Diabetes 
Association 2003)
HbA1c hemoglobin A1c

Table 2.4  Agents assessed as immunomodulatory therapy to reverse T1DM

Study

Study 
phase  
and year Main finding

Insulin APL (NBI-6042) Phase 2; 
2009

No change in metabolic response (i.e., C-peptide 
preservation) 135

Anti-CD20 (rituximab) Phase 2; 
2011

Preservation of C-peptide concentrations at 1 year, but 
no difference from placebo at 2 years 136

Anti-CD3 (teplizumab) Phase 3; 
2011

Although phase 2 studies showed preservation of 
C-peptide concentrations, phase I trials (Protégé 
study) 137 showed no change in metabolic response 
and the study stopped early

CTLA4, (abatacept) 
immunoglobulin fusion 
protein

Phase 2; 
2011

T-cell co-stimulatory modulation slowed reduction in 
β-cell function over 2 years, although preservation of 
C-peptide was seen for 9–6 months 138

Anti-CD3 (otelixizumab) Phase 3; 
2011

Although phase 2 studies showed preservation of 
C-peptide concentrations, a phase 3 trial showed no 
change in metabolic response 139

GAD65 protein (Diamyd) Phase 3; 
2012

Phase 2 studies reported preserved C-peptide 
concentration, with no improvements in insulin needs. 
Two phase 3 trials did not meet end points140,141

HSP60 (DiaPep277) Phase 3; 
2012

Phase 2 trials suggested increased C-peptide 
concentrations; a phase 3 trial noted C-peptide 
preservation at 1 year but only in adults (age 
16–45 years) with type-1 diabetes 142
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concentration for only 9 months despite continuous intravenous administration for 
2 years (Orban et al. 2011). These results imply that single-agent immunosuppres-
sion alone might be insufficient to completely control the autoimmune destruction 
of β cells, or more specific and targeted therapies are required.

Glucose homeostasis requires finely regulated insulin secretion by pancreatic β 
cells present in islets of Langerhans (Mering and Minkowski 1889). In healthy per-
son, insulin is secreted at a rate of ~2 pmol/kg/min, under fasting basal conditions 
(Eaton et al. 1980; Polonsky et al. 1984), and it increases by rate of ~5 to tenfold, 
after meal ingestion (Meier and Butler 2005). To accomplish this requirement, nor-
mally functioning β cells, and adequate number of β cells, means β-cell mass should 
be present. The human pancreas contains ≈ 1 million islets, each containing approx-
imately 2000 β cells in healthy individual (Langerhans 1869; Stefan et al. 1982; 
Rahier et al. 1983; Bonner-Weir 1991). Thus, the β cells constitute ~1.5% of the 
total pancreas (1–2 g in total) (Bonner-Weir 1991).

The pancreatic islets of Langerhans containing β cells are functionally complex 
endocrine structures which produce insulin, that detect minimal changes in blood 
glucose levels and other metabolites, and also maintain metabolic homeostasis by a 
fine real-time secretion of specific hormones. A single β cell with a size of 15 μm 
can store about 10,000 insulin granules, and a single insulin granule of the size of 
300  nm contains approximately 200,000 molecules of the crystallized insulin 
(Halban 2004). This is a well-orchestrated process, which is initially triggered by 
the glucose intake at the cell membrane and then eventually ends up with the 
glucose-responding insulin secretion (Ball and Barber 2003). Therefore, the genera-
tion of reliable pancreatic β cells is quite a difficult task.

These studies imply that a combination of therapies targeting multiple patho-
genic pathways and improving β-cell viability is needed to preserve endogenous 
insulin production in this group of patients.

2.1.8  �Pancreatic Transplantation

After ≈40  years of unsuccessful attempts by various researchers to control DM 
using partial pancreas transplantation, an English surgeon Charles Pybus (1882–
1975) made a statement in 1924 that resonates even today: “Not much can be said 
about the principles of grafting, but it seems that until we are able to understand 
them (and I feel we do not understand them at present, especially the chemical fac-
tors), then we must continue to fail in such operations, although they may appear the 
most rational treatment for the diseases for which they are attempted” (Benedum 
1999; Pybus 1924). The very first pancreatic transplant was surgically operated in 
1966 by Kelly and colleagues (1967), and in the same year, pancreatic transplanta-
tion for T1DM was achieved at the University of Minnesota by Lillehei and co-
workers (Jahansouz et  al. 2011). Afterward, >25,000 pancreatic transplants have 
been performed worldwide (Gruessner and Sutherland 2005). The apparent easiest 
solution was deceased donors’ pancreatic transplantation to replace diseased/
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destroyed β cells of islet of Langerhans, in T1DM. The pancreas can be grafted 
heterotopically under strict immunosuppressive regimen to avoid immune rejection. 
Data from the International Pancreas Transplant Registry shows encouraging results 
of metabolic control following whole pancreas transplantation with consequential 
discontinuation of the exogenous insulin administration. However, there are two 
major drawbacks with this approach, significant morbidity related to major surgery, 
and life-long immunosuppression requirement (Cefalu 2012).

As compared to kidney transplantation, pancreas transplantation has higher risk 
of surgical complications; also non-immunological complications of pancreas 
transplantation (including thrombosis and graft pancreatitis) account for graft loss 
in 5–10% of cases. These usually occur within 6 months of transplantation and are 
as important as etiology of pancreas graft loss in simultaneous pancreas and kidney 
transplantation (Ciancio et  al. 1996b; Gruessner et  al. 1996; Gruessner and 
Sutherland 2001, 2005).

All these problems related to pancreatic surgery led to introduce alternative 
approach of islet transplantation (Ballinger and Lacy 1972; Scharp et al. 1990). First 
clinical practice for pancreatic islet transplant was reported in 1977 to treat diabetic 
patients (Lakey et al. 2003). With further developments of the Ricordi method in 
1989 for islet extraction (Ricordi et al. 1989), Edmonton Protocol in 2000 (Shapiro 
et al. 2000), and recent refinements, islet transplantation is the feasible option to 
treat T1DM, but potential immunosuppression is needed to alleviate the graft 
survival.

2.1.9  �Islet Cell Transplantation

Islets of Langerhans are clusters of different endocrine cells scattered throughout 
the pancreas, each type secreting a specific hormone: α cells (glucagon), β cells 
(insulin and amylin), δ cells (somatostatin), and PP cells (pancreatic polypeptide). 
It is estimated that a normal human pancreas hosts about one million islet cells; 
however, the number varies with age, sex, weight of the donor, organ size, and with 
functional integrity (Ricordi 1992; Leroith et al. 2003; Cabrera et al. 2006; Leibiger 
and Berggren 2008). In 2000, a breakthrough protocol was developed for islet trans-
plantation without the use of glucocorticoids for immune suppression; (Shapiro 
et al. 2000) the initially promising results deteriorated so that at 5 years, only 10% 
of patients remained independent of exogenous insulin (Ryan et al. 2005). Therefore, 
islet transplantation still remains an experimental procedure with ongoing research 
focusing on new methods using biomaterials (e.g., encapsulation), immunomodula-
tion, site of delivery, and improved vascularization (Gibly et al. 2011). There are 
many reasons for poor outcome of clinical trials of islet transplantation, and only 
some of them are identified. In particular, during islet infusion, an intravascular 
instant blood-mediated inflammatory reaction (IBMIR) is believed to be responsi-
ble for destroying 50–70% of the infused β cells. An upregulation of tissue factor 
and other molecules on islet cell surface after isolation process is capable of 
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triggering innate immunity via activation of coagulation, complements, inflammation, 
and natural antibodies thereby destroying the islets. Peri-transplant anticoagulant 
prophylaxis with heparin can counteract this reaction (Moberg et al. 2002; Johansson 
et al. 2005; Eich et al. 2007).

Progressive decline in functioning of active β-cell mass from retrieval to the graft-
ing procedure and immediate posttransplant time period is due to immune and nonim-
mune factors including activation of coagulation cascade and hostile microenvironment 
(Balamurugan et al. 2014; Nilsson et al. 2011). Calcineurin inhibitor/mTOR inhibitor 
and the process of islet isolation itself may contribute to low islet viability (Posselt 
et  al. 2010; Balamurugan et  al. 2010; Webb et  al. 2012). The main hindrance to 
achieve consistent positive results is diabetogenic effect of corticosteroids and CNIs 
on β-cell function and survival, as well as on the development of peripheral insulin 
resistance. Posttransplant DM occurs in more than 50% solid organ transplant recipi-
ents, and the incidence increases with dose and duration of immunosuppressive ther-
apy. Moreover, drug-dependent increment of lipids is associated with increased 
allograft loss and toxicity. Glucolipotoxicity may cause β-cell dysfunction and loss 
(Subramanian and Trence 2007; Vantyghem et al. 2007; Poitout and Robertson 2008). 
These immunosuppressants result in both local and systemic toxicity that invariably 
impairs survival and functional competence of the grafted islet cells. Thus both pan-
creas and islet transplantation require immunosuppressive therapy, which carry the 
threat of recurrence of autoimmunity. Experiments were carried out in Japan for using 
living donors, but these may lead to clinical complications jeopardizing the donor to 
a risk of developing DM (Matsumoto et al. 2005, 2006).

Recipient- and graft-related complications post-islet transplantation include 
intra-abdominal bleeding, pleural/abdominal effusion, peripheral portal vein branch 
thrombosis, transient transaminitis, intrahepatic focal steatosis and amyloid depos-
its, common or opportunistic infections, profound neutropenia, pneumonia, ovarian 
cysts, viral reactivation, dyslipidemia, and renal toxicity. Tacrolimus may cause 
acute vasomotor vasculopathy with tubular necrosis and/or chronic fibrotic vascu-
lopathy with glomerulosclerosis and interstitial fibrosis. Moreover, sirolimus may 
induce acute renal dysfunction and/or chronic proteinuria by increasing glomerular 
permeability and injury or by suppressing the compensatory renal cell proliferation 
and repair capacity. Papillary thyroid carcinomas, squamous and basal-cell skin car-
cinomas, ovarian and breast cancer, and pulmonary nodule have also been reported 
(Mineo et al. 2010).

Thus surgeons/researchers must consider the chance of infections (zoonotic dis-
eases) into the hosts from the donating animal species by xenotransplantation, and 
also the limited availability of islet for transplantation from donated organs have 
driven efforts to introduce other potential sources of glucose-responsive insulin-
producing tissue, as well as the use of stem cells (SC) (human embryonic SCs, non-
pancreatic SCs, pancreatic SCs, and induced pluripotent SCs) as insulin-producing 
surrogates for β cells will provide a therapeutically meaningful advance.

Thus, therapeutic interventions to cure T1DM mainly focus on preservation of 
residual β cells, restoration of glucose-responsive, insulin-producing β cells using 
replacement or regeneration strategies, protection of replaced β cells from allo-/
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autoimmune destruction and/or restoration of β-cell-specific unresponsiveness in 
the absence of chronic immunosuppression (Chhabra and Brayman 2013).

The need for unlimited supply, of a substitute for β cells of primary human islet 
of Langerhans, has led to a research on the suitability of stem or progenitor cells to 
generate insulin-secreting cells (ISC), in replacement therapies for DM. Other than 
downregulating the immune system for subsequently preserving residual β cells, 
another way is to offer a cell-based therapy, with differentiation of SCs into func-
tional insulin-secreting β cell or a β-like cell, as the use of SCs to treat T1DM has 
been proposed for many years.

The main goal of stem cell therapy (SCT) is to achieve stable and normalized 
glycemic control with the absence of severe hypoglycemic attacks and improving 
quality of life, preventing long-term complications related to T1DM, and reducing 
procedure ± immunosuppression-related adverse effects. Insulin independence is 
not necessarily the primary goal of SCT, although desirable; however, a reduction in 
insulin requirement and restoration of C-peptide secretion should be desired and 
with beneficial effects.

2.1.10  �Alternative Approach to Islet/Pancreas Transplantation

In 1925, Nobel Prize winner Banting described in his lecture that, “Insulin is not a 
cure for diabetes; it is a treatment” (Banting 1965). Advances in clinical transplanta-
tion of pancreas/pancreatic islets of Langerhans have some limitations to generate 
insulin-producing cells from renewable SCs to treat DM. A recently reported work 
in Nature Biotechnology strengthens the evidence that SCs can give rise to cells that 
secrete insulin in a glucose-responsive manner, which is the characteristic of pan-
creatic β cells. This encourages hope of curing T1DM patients with cell therapy.

Cell therapy in actual sense involves “immunological resetting” by SC rescue 
through its reproducibility under strict proliferating control to generate sufficient 
quantity of tissue by differentiation into desired cell type(s) with surrounding tissue 
integrity and survival even after transplantation via proper function throughout  
the life of recipients without any untoward effects. The replaced cells must have the 
ability to synthesize, store, and release insulin in response to ambient glycemia and 
to avoid development of hyper-insulinemic hypoglycemia from induction of insulin-
producing cells (IPCs) (pancreatic β cells) either by differentiation of SCs in vivo or 
transplantation of ex vivo differentiated cells in the pancreas in T1DM.

2.1.11  �Stem Cells Transplantation

Canadian scientists Ernest A. McCulloch and James Till from the Ontario Cancer 
Institute in Toronto, with their colleagues Andy Becker and Lou Siminovitch, 
reported the presence of self-renewing cells within the bone marrow (BM) of mice 
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and postulated that these cells were regenerative SCs. In 1924, cell morphologist 
Alexander A. Maximow has been the first to discover a type of cell within the mes-
enchyme that develops into various types of blood cells. However, McCulloch and 
Till were the first to reveal the clonal nature of marrow cells (Becker et al. 1963; 
Siminovitch et al. 1963; Zhang et al. 1999), now identified as the first described 
adult SCs, the hematopoietic SCs (HSC).

Then, SCs were reported in 1963 by Becker and colleagues (1963) and are 
defined by two characteristics; (I) they can differentiate into many cell types in 
response to appropriate signals, (II) in undifferentiated state, and SCs have the abil-
ity to regenerate themselves by cell division. SCs can be divided into two subtypes: 
embryonic SCs and adult SCs. Embryonic SCs are pluripotent cells derived from 
inner cell mass of blastocysts and have the ability to differentiate into any of the 
three germ cell types (Thomson et  al. 1998). These were initially derived from 
embryos of mouse in 1981 (Evans and Kaufman 1981; Martin 1981), and in 1998 
James Thomson and colleagues successfully cultivated and continuously cultured 
embryonic SCs from human blastocysts (Thomson et al. 1998). On the other hand, 
adult SCs are self-renewed and undifferentiated cells found in adult organ niches 
and also known as somatic SCs. Adult SCs function as repair cells to regenerate 
damaged tissues. For example, mesenchymal stem cells (MSC) (capable of generat-
ing bones, fats, and cartilage), HSCs (derived from mesoderm, give rise to adult 
blood lineages), mammary SCs, intestinal SCs, endothelial SCs, neural SCs, and 
testicular cells.

2.1.12  �Strategies for β-Cell Repair by Stem Cells

SC-based strategies represent significant therapeutic potential owing to both the 
intrinsic regenerative capacity and the immunomodulatory potential of SCs to 
restore glycol-metabolic and immune homeostasis (Fig.  2.2). This regenerative 
capacity can be harnessed to make available a self-replenishing supply of glucose-
responsive insulin-producing cells, and the immunomodulatory properties help in 
arresting β-cell destruction, preserving residual β-cell mass, facilitating endogenous 
β-cell regeneration, ameliorating innate/alloimmune graft rejection, and preventing 
the recurrence of autoimmunity (Fiorina et al. 2011; Barcala Tabarrozzi et al. 2013; 
Fandrich and Ungefroren 2010; Sims and Evans-Molina 2012). Thus, SCs with 
immunomodulatory properties can potentially be used to reverse hyperglycemia, 
alone or in combination with β-cell replacement strategies (Madec et  al. 2009; 
Jurewicz et al. 2010; Rackham et al. 2011).

SCs obtained from a different sources, have been tested for their β-cell regenera-
tive capacity and ability to restore immune homeostasis or promote longitudinal 
islet graft survival. These include embryonic SCs (ESCs), induced pluripotent SCs 
(iPSCs), BM-HSCs and umbilical cord blood-derived MSCs (UCB-MSCs), adipose 
tissue-derived MSCs, and pancreas-derived multipotent precursor cells, as well as 
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pancreatic β-cell progenitors that reside in the ductal epithelium, exocrine tissue, 
and within islet proper, neural progenitor cells, and facultative β-cell progenitors 
from spleen, liver, and the endometrium.

2.2  �Role of Stem Cells in Treatment of Diabetes

2.2.1  �Embryonic Stem Cells

The continued need for an alternate of replacing β cells in T1DM patients has 
fostered scientific and public interest in ESC as a potential therapy. ESCs have char-
acteristic of pluripotency and self-renewal ability, which allowed researchers to 
explore the application of SCs in a number of medical conditions contributing to 
destructive etiology. T1DM fits in category of such diseases. Islet transplantation 
has revealed significant potential to achieve insulin independence (Shapiro et  al. 
2006). Theoretically, ESCs can be differentiated into any cell line, including pancre-
atic β cell over an appropriate time span and when exposed to appropriate signal in 
correct sequence (Martin 1981). It is also hypothesized that if pancreatic islet cells 
have been developed from ESCs differentiation, the shortage of β cell of the pan-
creas would be overcome in diabetics. The discovery of methods of isolation and 
growth of human ESCs in 1998 renewed the hopes of researchers, clinicians, and 
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Fig. 2.2  Stem cell-based strategies for β-cell regeneration and immunomodulation
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diabetic patients and their families to cure the T1DM, and perhaps T2DM as well 
may be within striking distance.

First in vitro attempt to produce islet cells from mouse ESCs was reported in 
2000; Soria and team were able to achieve a degree of control in hyperglycemia 
which lasted for few months (Soria et al. 2000). Bernat Soria and his colleagues 
added DNA containing part of the insulin gene to ESC from mice. The insulin gene 
was linked to another gene which rendered the mice resistant to an antibiotic drug. 
In the presence of antibiotics, only activating insulin promoter cells were able to 
survive. These cells were cloned and then cultured under different conditions. Cells 
were cultured in low concentrated glucose medium and responded accordingly 
with changes in glucose concentration by increasing insulin secretion nearly seven-
fold. Unfortunately, production of insulin-positive cells was low due to contami
nation of non-islet insulin-producing cells and selection of cells before full 
differentiation. Other results have also been reported in different experiments over 
the next few years with variable degrees of successes. These experiments were car-
ried out on human (Assady et al. 2001; Segev et al. 2004) and mouse (Lumelsky 
et al. 2001; Blyszczuk et al. 2004) ESCs, but factors like differentiated cells, imma-
turity (Segev et al. 2004), low glucose-insulin response (Assady et al. 2001), low 
number of insulin-producing cells (Hori et al. 2005), and by low cell homogeneity 
(Lumelsky et  al. 2001) limit the success of the strategy. Ron McKay and his 
colleagues described many experiments, in which they induced mouse ESC to 
differentiate into insulin-secreting structures, which resembled pancreatic islets 
(Lumelsky et al. 2001). Several research groups are trying to apply McKay’s results 
with mice, to induce human ESCs to differentiate into insulin-producing islets. All 
these studies made the researchers to rethink the existing strategies for cell differ-
entiation techniques. Kubo’s method (Kubo et al. 2004) to retain culture conditions 
to convert mouse ESCs into definitive endoderm was updated and refined by 
D’Amour et al. (2005) to achieve to nearly 100% output to produce pure definitive 
endoderm cell population. This research work was continued until a five stage 
in vitro process was introduced after in vivo development of the pancreas (D’Amour 
et al. 2006).

According to Jon Odorico from the University of Wisconsin in Madison, ESCs 
can differentiate and express the insulin gene. Itskovitz-Eldor and colleague further 
characterized insulin-producing β cells ~1–3% from embryoid bodies (Assady et al. 
2001). However as compared to previous experiments, there was no insulin secre-
tion found in response to glucose even when C-peptide was released in response to 
stimuli like KCI and cAMP. The cells resembled to 6–9 weeks of embryo; in vitro 
differentiation was stopped at that time to achieve more specific and successful 
results (Kroon et al. 2008). These differentiated cells were transplanted into epi-
didymal fat pad in immune-deficient mice. Insulin secretion was measured in 
glucose-dependent manner. Posttransplantation C-peptide secretion levels were low 
at 1 month, and at the 90th day, it was reached at those levels where they could be 
seen with 3000–5000 human islets transplantation.

2  Stem Cell Therapy for Type-1 Diabetes Mellitus



50

2.2.2  �Obstacles in Application of Embryonic Stem Cells 
in Clinics

ESCs-based β-cell replacement therapy for T1DM has several major obstacles that 
must be overcame to before this approach can be considered as a therapeutic option.

Ethical and religious sensitivities: There are ethical and religious sensitivities 
concerning with the use of human embryos which still hamper its use for research 
purposes, and many governments ban or at least highly restrict association with this 
research (Watson 2003; Gruss 2003). The Roman Catholic Church has repeatedly 
demanded an international ban on the use of human ESC for research purpose, 
because it requires the destruction of embryos who has all the moral rights and pro-
tection as any other human being (Copland 2004; Oakley 2002). Owing to these 
moral concerns, the United States Congress has enacted a broad ban on federal 
funding for human ESC research. Later, this ban was loosened to allow research on 
human SC lines that already existed. A highly debated question is whether SCs from 
human embryos should be given to use for generation of SC lines, which were 
unsuitable for fertilization programs and discarded. The US President George 
W. Bush stated that, “There is no such thing as a spare embryo” to the religious 
authorities on this matter (New York Times, May 26, 2005). Landry and Zucker 
(2004) pointed out that death before the onset of neural development, a significant 
fraction of these human embryos will be found to be “organismically” dead. So, 
using such embryos to generate human SC lines would not contradict the ethics of 
the Catholic Church and other religious authorities. Recently, novel techniques to 
derive mouse SCs without affecting the subsequent development of the embryo 
have been described (Chung et al. 2006; Meissner and Jaenisch 2006). These types 
of techniques may resolve some of the ethical concerns regarding the generation of 
ESC line.

There were some potential risks imposed by continued replication of ESCs-
derived transplants including loss of cell cycle control and the induction of tumor 
cell growth. Teratomas have been observed in IPSC lines derived from ESCs con-
sistent with it (Fujikawa et  al. 2005). To provide an ultimate cure for diabetes, 
human ESCs-derived islets or β cells would either need to maintain their ability to 
proliferate or the transplantation procedure would have to be repeated at regular 
intervals. Therefore, maintaining of a physiologic balance between replication and 
cell death appears to be a major challenge for β-cell replacement therapies based on 
ESCs.

Functional β-cell mass requires more than 18 months to establish in developing 
humans (Bouwens et al. 1997; Kassem et al. 2000), which is not yet clear if it will 
be possible to drive ESCs to a useful mass of β cells or β and other cell-type aggre-
gates, ex vivo tend to undergo senescence and differentiation within days in culture 
thereby losing their pluripotency (Halvorsen et al. 2000).
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2.3  �Adult Stem Cells

2.3.1  �Adult Pancreatic Stem Cells

Islet comprises functional cells of four types: glucagon-producing α cells, insulin-
producing β cells, somatostatin-producing δ cells, and pancreatic polypeptide-
producing cells (Liu et al. 2013). Adult pancreatic SCs can also be another source 
for pancreatic β cells as they carry the characteristics of multipotency and clono-
genic potential. By applying pancreatic duct ligation model of injury, differentiation 
and proliferation characteristics of ductal cells of the pancreas have been proposed 
as the major source for β cells for regeneration of tissues (Wang et  al. 1995). 
Experiments on rats have revealed that β cells and pancreatic tissues would be 
regenerated expeditiously if 90% of the pancreas undergo resection (Bonner-Weir 
et al. 1993). β-cells mass was reported after the activation of duct lining NGN3+ 
endocrine precursors in adult mice (Xu et al. 2008). Advanced strategies are needed 
to be developed to isolate and grow adult pancreatic cells and to differentiate into β 
cells. Epithelial cells of pancreatic duct were harvested and induced in  vitro to 
become functional islets (Ramiya et  al. 2000). Clonal characteristics of multiple 
progenitor cells from the pancreas of adult mouse were reported; at differentiation 
stage, endocrine, exocrine, neuronal, and glial cell populations were produced by 
clonal colonies. Produced β cells express the insulin secretion and glucose-
dependent reactivity (Seaberg et al. 2004). To identify pancreatic SCs, clonal ana
lysis was performed which is capable of differentiating the pancreatic SCs into 
pancreatic endocrine and exocrine cells (Suzuki et al. 2004). Future targets will be 
to tackle all challenges of harvesting, purifying, and growing various populations of 
pancreatic progenitor cells and also for inducing the β-cell differentiation without 
genetic mutations.

2.3.2  �Adult Non-pancreatic Stem Cells

MSCs and HSCs have the capability to proliferate and refill the damaged or dead 
tissues and cells as these possess multipotency.

2.3.3  �Mesenchymal Stem Cells

MSCs were first identified by Friedenstein and his colleagues (Friedenstein et al. 
1966). They described it as bone-forming progenitor cells from rat BM. MSCs can 
be harvested from adipose tissues, BM, and other organs, but the richest source 
remains BM.  They are reported as pericytes which were localized in the blood 
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vessels’ wall (Meirelles Lda and Nardi 2009; Masoud et al. 2012). MSCs have high 
potential to self-renew and to differentiate in vitro and in vivo. Immunomodulatory 
properties of MSCs inhibit several components of immune systems in  vitro 
(Hoogduijn et al. 2010). Hence, severe refractory diseases have been treated using 
MSCs in human (Dazzi and Marelli-Berg 2008). Several lines of evidence have 
shown that under appropriate environments, MSCs are able to differentiate into 
mesodermal, endodermal, and even ectodermal cells. MSCs are known as hypoim-
munogenic cells because of its properties like escaping immune recognition and 
inhibiting immune responses. Therefore, MSCs appear to be a very promising tool 
for regenerative and immunoregulatory cell therapy. The Mesenchymal and Tissue 
Stem Cell Committee of the International Society for Cellular Therapy has pro-
posed a minimal set of four criteria to define human MSC (Dominici et al. 2006):

	1.	 MSCs have to be plastic adherent when maintained under standard culture 
conditions.

	2.	 MSC must have the ability for osteogenic, adipogenic, and chondrogenic 
differentiation.

	3.	 MSC must express CD73, CD90, and CD105.
	4.	 MSC must lack expression of the hematopoietic lineage markers c-kit, CD14, 

CD11b, CD34, CD45, CD19, CD79α, and human leukocyte antigen (HLA)-DR.

MSCs obtained from BM, adipose tissue, and umbilical cord were same for its 
morphology, immune phenotype, success rate of isolating MSC, colony frequency, 
and differentiation capacity. (Kern et  al. 2006; Izadpanah et  al. 2006). Adipose 
tissue is the most attractive source for generation of MSC for researchers and clini-
cians of nearly all medical subspecialties as it requires simple surgical procedure 
and uncomplicated enzyme-based isolation procedures, and easy and repeatable 
access to the subcutaneous adipose tissue is possible (Casteilla et  al. 2005; 
Oedayrajsingh-Varma et  al. 2006). Therefore, ADSC do represent an alternative 
source of autologous adult SCs which can be obtained repeatedly in large quantities 
under local anesthesia with a minimum patient discomfort.

These advantage and properties of MSCs triggered the researchers to find out the 
effects of MSCs in autoimmune diseases like T1DM. Differentiation of MSCs gives 
rise to mesodermal tissues, but other tissues including IPSCs have also been reported 
(Davani et al. 2009). Many protocols have been devised to differentiate MSCs into 
IPSCs. Some researchers used pancreatectomy model to release unknown pancreas 
regenerative factors. MSCs were grown in this extract of regenerative factors trans-
formed to insulin-producing islet-like clusters which were responsive to glucose 
concentration (Jahr and Bretzel 2003). Another research group used defined culture 
conditions and successfully differentiated the BM-derived stromal cells to insulin-
producing islet-like aggregates which resemble to β cells in gene expression pattern 
as well as active production of insulin (Oh et  al. 2004). Serial differentiation of 
BM-derived MSCs in a three step differentiation mechanism using endocrine dif-
ferentiation inducers and primed with stromal-derived factor-1-α to enhance its 
therapeutic potential and survival has been reported, and the resultant IPSCs were 
found to respond to glucose tolerance test as well as lowered blood glucose levels 
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when transplanted in streptozotocin-induced diabetic rats (Tariq et al. 2013). In animal 
models of T1DM alone (Lee et al. 2006; Fiorina et al. 2009) and in combination 
with HSCs (Urban et al. 2008), MSCs exhibit beneficiary effects in glycemic con-
trol. The HSCs were used along with AD-MSC because HSC transplantation with 
immunosuppression conditioning is believed to create active and passive tolerance 
by clonal deletion/T-cell suppression and helps in angiogenesis. Researchers also 
used them to revive nonfunctioning pancreatic β cells. Co-infusion of HSCs with 
Ad-MSC-ISCs that was examined on five patients with T1DM showed a decrease in 
exogenous insulin requirement and an increase in C-peptide level (Trivedi et  al. 
2008). In another trial on mice, researchers injected a mixture of MSCs and HSCs 
into the BM of mice with STZ-/radiation-induced injury, and the normal blood glu-
cose level was regained successfully. It is reported that MSCs have the capability to 
inhibit the proliferation of pancreatic β-cell-specific T-cells, ultimately reducing the 
damage induced by T-cells on new β cells (Liu et al. 2013). Although it is impossi-
ble to elaborate all mechanisms in detail, BM SCs can stimulate the regeneration of 
damaged pancreatic β cells. Without any doubt, BM SCs have therapeutic effects on 
DM, and these are ideal adjuvants for cell treatment and therapy in future.

2.3.4  �MSC-Derived Extracellular Vesicles as Novel 
Immunomodulator in T1DM

Depending on the cellular sources, extracellular vesicles (EV) may induce immune 
cell activation or inhibition because of their different immunomodulatory functions 
(Théry et al. 2009). The EVs have emerged as paracrine factors of MSC actions. In 
fact, MSC-derived EVs released proteins and nucleic acids, capable to mimic the 
effect of originating cells. Antigen-presenting cells/B lymphocytes-released vesicles 
activate the T cells by direct peptide-MHC complex presentation to transfer antigen 
and/or peptide-MHC complex, from dendritic cells (DCs), natural killer (NK) cells, 
macrophages, and B cells and to induce DC maturation (Théry et al. 2009; Robbins 
and Morelli 2014). Conversely, EV released from tumor cells or from MSC exhib-
ited inhibitory functions on T cells, NK cells, and DCs (Robbins and Morelli 2014). 
Moreover, EVs of MSCs promoted the regulatory T-cell activity and induced the 
monocyte differentiation into myeloid-derived suppressor cells (MDSCs). In an 
autoimmune encephalomyelitis experiment, MSC-derived EVs inhibited autoreac-
tive lymphocyte proliferation and induced tolerogenic signaling, via PD-L1, TGF-β, 
IL-10, and CD4+ CD25+ Foxp3+ Treg cells (Mokarizadeh et al. 2012).

EV released from heterologous human BM-MSC mimic the immunomodulatory 
characteristic of the cells in T1DM by inducing a shift toward an anti-inflammatory 
and regulatory T-cell. After an integrin-mediated EV internalization in patient’s periph-
eral blood mononuclear cells (PBMCs), a downregulation of Th1 responses, observed 
as IFN-γ production, number of Th17 cells, and levels of pro-inflammatory IL-17 was 
observed (Favaro et al. 2014). These Th17 effecter cells participate in T1DM pathways 
paralleling Th1 cells, and their secreted IL-17 contributes to β-cell death.
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T-cells have shown to produce PGE2 and TGF-β, involved in immunomodulation 
which is the property of MSC (Spaggiari et al. 2009). TGF-β conveyed as protein 
and as mRNA within and on the surface of EV (Pap et al. 2011). It also inhibits the 
lymphocyte proliferation and promotes the Treg generation (Bruno et  al. 2015). 
Thus, EV-associated functional miRNAs can be transferred to target cells (Ratajczak 
et al. 2006; Deregibus et al. 2007; Valadi et al. 2007). MSC-derived EV expressed 
miRNAs, miR-21, known to enhance TGF-β signaling. RNA depletion of EV 
reduced the TGF-β transcript in PBMCs that suggested increasing the TGF-β 
production by transfer of TGF-β mRNA or miRNA. Hence, EV may increase the 
TGF-β activation pathway and its release, in a paracrine/autocrine way in 
T-lymphocytes. MSC-derived EVs may restore Th1/Th2 balance and preserve Treg 
cells in T1DM. In fact, EV) enhanced the production of IL-10 and induced higher 
frequencies of Foxp3+ Treg cells (Favaro et al. 2014). The production of IL-6 was 
increased in the presence of EV by PBMCs, which is known to suppress maturation 
of inflammatory DC and mediate β-cell repair (Boumaza et al. 2009). Researchers 
also observed that MSC-derived EV mimics the effect of MSC on DC maturation, 
impairing antigen presentation.

2.3.5  �MSCs as Cellular Vehicle for Insulin-Producing Gene 
Therapy

MSCs are a promising tool for cell-based gene therapy against a variety of different 
diseases (Hamada et  al. 2005). Their high self-renewal potentiality makes them 
strong candidates for delivering genes and restoring function of organs and tissues. 
The ability to genetically modify MSCs provides durable expression of therapeutic 
genes.

Human insulin gene is located on chromosome 11p15.5 (Ohneda et al. 2000). 
Insulin synthesis and its release from islet β cells is complex and tightly regulated 
mechanism. Glucose affects insulin at all levels, including transcription, translation, 
and release. Mature insulin results from a processing pathway starting from the 
rough endoplasmic reticulum and ending at the Golgi apparatus. Translation of 
insulin mRNA yields pre-pro-insulin, cleaved by endoproteinases PC1 and PC2/
PC3 to give pro-insulin first and mature insulin + C-peptide subsequently. In the 
secretory granule, six insulin molecules are coordinated by a Zn atom, seen under 
microscope by dithizone stain.

With better assays for SCs and improving the vector biology, gene transfer effi-
ciency into MSCs has been increased. The transfected MSCs expressed the insulin 
gene and secreted insulin in culture media consistently. Xu et al. reported that dia-
betes could be relieved effectively for up to 6 weeks in mice model by intrahepatic 
transplantation of BM-derived murine MSCs infected with the recombinant retrovi-
rus carrying human insulin gene. In further study, implantation of engineered cells 
using diabetic animal models and observed its therapeutic effect with more tests of 
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efficacy and safety of engineered human MSCs as surrogate β cells (Xu et al. 2007). 
Further work was also carried out for modified herpes I virus as a vector for the 
human insulin gene (Calne 2005). The theoretical advantages of the herpes I virus 
are (i) its large capacity to accommodate a construct; (ii) its ability to infect primary 
and secondary cell lines in vitro; (iii) even though its entry in to the nucleus not 
integrate with the host DNA and functions separately as an episome which is not 
likely to unmask ontogenesis; (iv) most of the patients have already had contacts 
with the herpes I virus, which normally resides in a quiescent state in neurological 
tissue; (v) relatively mild immune reaction against the virus; and (vi) antiviral treat-
ment against the herpes virus is established and available. Thus, herpes I virus could 
serve as a new vector for human insulin gene delivery into MSCs.

2.3.6  �Minimum Requirements for Replacement β Cells

IPCs act as replacement β cells for cell therapy of T1DM which could be generated 
either by trans-differentiation of MSCs or by delivery of insulin gene into MSCs. 
These MSC-derived IPCs may solve the problem of donor shortage for islet cell 
transplantation and provide a cure for T1DM.  Any options for primary islets of 
Langerhans will require some minimum essentiality. The basic requirements for 
surrogate β cells are:

	1.	 Large numbers of replacement β cells will be required for significant therapeutic 
impact. Current transplantation protocols use up to 1 × 106 primary human islets 
per recipient, equivalent to approximately 2–4 × 109 β cells. As a result, the abil-
ity of MSCs to replicate and to differentiate toward pancreatic endocrine pheno-
type makes them attractive candidates for producing replacement β cells.

	2.	 Replacement β cells must have synthesize, store, and release ability of insulin in 
response to changes in the ambient glycemia. Understanding β-cell function at 
the molecular level will likely facilitate the manufacturing of physiologically 
competent IPCs from MSCs.

	3.	 Proliferative capacity of replacement β cells must be tightly controlled to avoid 
development of hyperinsulinemic hypoglycemia because of its expansion can 
occur in vivo. Excluding proliferative cells from the transplant material will help 
to overcome this problem. In the case of insulin gene transferred MSCs, the pos-
sibility of tumor formation has to be considered.

	4.	 The transplanted replacement β cells must not be destroyed by the recipient’s 
immune system (Burns et al. 2004).

With appropriate immunosuppressive medication, autologous MSCs-derived 
IPCs transplantation will circumvent the immune-rejection dilemma. On the other 
hand, Burt et al. indicated that HSC transplantation may reintroduce tolerance to 
islet cells in T1DM (Burt et al. 2002). Thus, co-transplantation of MSCs-derived 
IPCs and HSC from the same donor (autologous/allogeneic) could evade the risks 
of recurring autoimmunity. Furthermore, the pathways of β-cell differentiation were 
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different in “in vitro” and “in vivo” (Houard et  al. 2003). However, in  vitro 
differentiation protocols can generate surrogate β cells having some phenotypic and 
functional similarity to authentic β cells, which is actually not the β cells. Since, 
MSCs-derived IPCs are developmentally and immunologically distinct from pri-
mary β cells, who may escape the recipient’s autoimmune assault.

2.3.7  �Hematopoietic Stem Cells

Multipotent SCs that give rise to all the other blood cells located in red BM and are 
derived from mesoderm are called HSC. BM is an important source of relatively 
easily accessible adult SCs. BM transplantation is considered to be effective for the 
treatment of autoimmune T1DM. However, there is a great debate on the issue of 
the fate of transplanted BM-SC.  Based on animal models, autoimmune diseases 
have been effectively treated with combination of HSC and high-dose immunosup-
pression (Sykes and Nikolic 2005; Burt et al. 2008), and the very first patient was 
treated with HSC for autoimmune diseases in 1996 (Voltarelli et al. 2011). To date, 
approximately 1500 patients carrying autoimmune disease have been treated 
(Passweg and Tyndall 2007; Vanikar et al. 2012) with HSC transplantation because 
of low risk of complications. After decades of clinical use of HSC transplantation 
for severe and stubborn autoimmune diseases, it can be speculated that this approach 
may also be useful for treating T1DM. In an experiment in nonobese diabetic mice, 
clinically observable T1DM has been easily precluded by allogeneic HSC trans-
plantation and not by autologous HSC. Results could be predicted by the genetic 
nature of the disease in this animal model (Atkinson and Leiter 1999). However, the 
clinically observable T1DM in nonobese diabetic mice cannot be reversed only by 
the allogeneic HSC transplantation but also require efficient source of pancreatic β 
cells (Sykes and Nikolic 2005; Kang et al. 2005). Allogeneic HSC can restore toler-
ance to pancreatic β cells but cannot restore the cells pool if once destroyed by 
autoimmune system.

The pancreatic duodenal homeobox-1 (PDX-1) gene-modified MSCs derived 
from the human BM can be induced to differentiate into functional IPCs (Li et al. 
2007; Karnieli et al. 2007). In addition, Sun et al. demonstrated that BM-derived 
MSCs can differentiate into IPCs under appropriate conditions in vitro in diabetics. 
This study provides the information regarding the feasibility of using autologous 
BM-MSCs as a source of IPCs for β-cell replacement therapy (Sun et al. 2007).

2.3.8  �Umbilical Cord Blood Stem Cells

SCs from umbilical cord can also be used for treating DM (Kucia et al. 2006). These 
SCs have higher regenerative potency and have low rate of rejection than BM cells 
after allogeneic transplantation. In human UCB, the presence of MSCs was reported, 
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when cells isolated from UCB exhibited the characteristic immunephenotype and 
differentiation of BM-MSC (Lu et al. 2006; Kern et al. 2006). In animal models to 
prevent or reverse T1DM, MSC (Wang et al. 2011), cord blood mononuclear cells 
(Ende et al. 2004), combination of T-regulatory cells, and UCB-SC (McGuckin and 
Forraz 2008) have been used. Cord blood MSCs have been obtained from cord walls 
with greater efficiency than the cord blood, and these cells have the capability to 
treat T1DM (Anzalone et al. 2011). In an experiment, in Florida University, no sig-
nificant improvements have been reported as compared to control group when 15 
T1DM patients were injected with autologous mononuclear cord blood cells (Haller 
et al. 2009). In 1988, after first productive transplantation of UCB (Gluckman et al. 
1989), it has been recognized as the ultimate source for HSC to treat blood diseases 
and genetic disorders. In addition to human UCB, Wharton’s jelly of the UCB is 
rich in MSC. UCB-SC has gained substantial attention for the therapeutic options in 
regenerative medicine.

2.3.9  �Hepatic Stem Cells

In developmental biology, endoderm gives rise to the pancreas and liver, and these 
contain similar progenitor cells, so it has been proposed that liver cells would be an 
ultimate source for β cells because of their easy availability by biopsy and their 
strong regenerative capability (Zaret and Grompe 2008). By using adenoviral trans-
duction, pancreatic endocrine and exocrine gene expressions have been reported in 
liver cells when NGN3 and PDX1 have been expressed in mouse liver (Liu et al. 
2013). Newly grown pancreatic tissues form clusters around the central veins of the 
liver secreting insulin and without disturbing the normal liver functions. Moreover, 
insulin-producing cells maintain STZ-induced hyperglycemia and glucose levels 
for 8-month time period (Ber et al. 2003; Yechoor et al. 2009). To date, no in vitro 
evidence has been reported to show that modified liver cells can be proliferated 
in vitro conditions. In the future, efficient methodology needs to be developed for 
getting in vitro expressions of trans-differentiated cells from liver.

2.3.10  �Induced Pluripotent Stem Cells

The process of formation of pluripotent SC (PSC) from non-pluripotent cells is 
referred to as induced pluripotency. Somatic cells can be transformed to PSC under 
specific conditions, and such cells are called iPSCs. This ground breaking discovery 
led to an outburst in the studies of reprogramming of cells (Takahashi and Yamanaka 
2006). Induced PSCs have the same characteristics like ESCs. These have high 
telomerase activity as well as gene promoters are also hypo-methylated. Human 
iPSCs obtained by reprogramming of human somatic cells (skin fibroblasts) can 
represent an alternate to human ESCs and eliminate the ethical issues pertaining to 
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ESCs. Therefore, these are ethically more acceptable. Induced PSCs can be the 
preferred cell type for the treatment of DM for autologous cell transplantation. 
Autoimmunity in T1DM may lead to the immune rejection of transplanted autolo-
gous iPSCs. However, this strategy may be successful for T2DM where autologous 
SCT is required. Second problem pertaining to iPSCs is same as with ESCs: the 
formation of teratoma. These PSCs are formed due to the expression of some spe-
cific factors which involve the use of genome-integrating viruses. In IPSCs, the use 
of DNA-based reprogramming strategy could lead to the insertional mutagenesis 
and the use of oncogenic reprogramming factors could add to the risk of tumor for-
mation (Okita et al. 2013). Reprogramming of cells using nonintegrating approach 
may be required before it moves toward clinics. The problem of genome integration 
was addressed by the study of Stadtfeld et al., by introduction of four factor of plu-
ripotency using nonintegrating adenoviral vectors (Stadtfeld et al. 2008).

2.3.11  �Induction of Insulin-Producing Cells from Stem Cells 
by Protein Transduction Technology

Protein transduction technology has been recently emerged for induction of IPCs 
from SCs. A variety of peptides, like protein transduction domains (PTDs) or cell-
penetrating peptides (CPPs), have been characterized for their ability to translocate 
into live cells. When proteins and peptides synthesized as recombinant fusion pro-
teins or covalently cross-linked to PTDs, these can be directly internalized into 
cells. Biologically active full-length proteins and peptides have been delivered  
to cells both in  vitro and in  vivo. The homeodomain transcription factors  
like Antennapedia (Antp), HSV type-1 protein VP22, and HIV-1 trans-activator 
TAT protein are most commonly studied PTDs. The involved mechanism is endo-
cytosis followed by passage from the vesicle into the cytoplasm for PTD-mediated 
protein transduction (Noguchi and Matsumoto 2006). This technology facilitates 
the differentiation of SCs into IPCs, so it can cure the T1DM. Two pancreatic endo-
crine transcription factors, PDX-1 protein and BETA2/NeuroD protein, have a PTD 
sequence in their structure. Noguchi et  al. observed that PDX-1 (Noguchi et  al. 
2003) or BETA2/NeuroD (Noguchi et al. 2005) protein induced insulin expression 
in pancreatic ductal progenitor cells. Similarly, Domínguez-Bendala et al. (2005) 
reported that in vitro pancreatic endocrine differentiation was stimulated by TAT-
mediated neurogenin-3 (ngn3) protein transduction. Gräslund’s group (Kilk et al. 
2001) showed that the third helix of the homeodomain of transcription factor Isl-1 
internalized into cells. Thus, delivery of exogenous transcription factors (PDX-1, 
BETA2/Neuro D, ngn3, Isl-1, etc.) by protein transduction technology could be a 
novel strategy for generating IPCs from SCs/progenitor cells without requiring 
gene transfer technology. Thus, MSC is the strong candidate for this emerging 
modality.
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2.3.12  �Our Experience with Insulin-Secreting Cells 
from Adipose Tissue-Derived MSC for T1DM

In 2008, Trivedi et al. reported safe and effective treatment in five insulinopenic 
diabetes using intra-portal infusion of insulin-secreting AD-MSC with BM-HSC. No 
xenogeneic material was used in this study. There was 30–50% fall in insulin 
requirement with 4- to 26-fold rise in serum C-peptide levels. This effect was found 
to be sustained for 3 years. No further follow-up was available. No immunosuppres-
sion was used. Subtotal lymphoid irradiation of 200 cGY for 5 days followed by 
rabbit antithymocyte globulin, 1.5  mg/kgBW, was used for conditioning, before 
infusing the SC in liver, subcutaneous tissue, and thymus. No infective episodes or 
graft versus host disease were observed (Trivedi et al. 2008). Vanikar et al., in 2010, 
have generated in  vitro MSC from human adipose tissue (Vanikar et  al. 2010), 
which qualify the definition standardized by the Mesenchymal and Tissue Stem Cell 
Committee of the International Society for Cellular Therapy (Ya˜nez et al. 2006). 
Our cells fulfilled these criteria. They were further differentiated into insulin-
secreting cells (ISC) under defined culture conditions; these cells were phenotypi-
cally identical to pancreatic β cells (Trivedi et  al. 2008). These cells expressed 
transcription factors pdx-1, pax-6, and isl-1; all three are central controlling genes 
capable of reprogramming non-pancreatic cells to surrogate β-cell functions. 
Further infusion of AD-MSC-ISC with BM-HSC was carried out safely in 11 dia-
betics with 1 to 24 years of disease duration. Over a mean follow-up of 23 months, 
all patients responded, with a decreased mean exogenous insulin requirement from 
1.14 to 0.63  units/kg BW/day, Hb1Ac dropped from 8.47% to 7.39%, serum 
C-peptide levels increased from 0.1 to 0.38 ng/mL, and all of them became free of 
diabetic ketoacidosis events.

In 2015, Thakkar et al. have treated 20 T1DM patients, 10 with autologous SCT 
and 10 with allogeneic SCT (Thakkar et al. 2015). Both groups received exactly 
similar treatment of AD-MSC-ISC with BM-HSC into the liver via intra-portal 
route, thymic circulation, and subcutaneous fat pad. Thymic infusion was carried 
out to achieve central tolerance (Sprent and Kishimoto 2001), and portal circula-
tion was performed to take advantage of tolerogenicity of the liver and for better 
grafting (Starzl 2001). Subcutaneous tissue is an immunologically privileged site; 
hence, we decided to inject part of the cells into abdominal subcutaneous tissue so 
that it could serve as a “back-up reservoir” for insulin supply (Prokhorova et al. 
2009). Results in both groups were compared, autologous SCT was found to be 
better than allogeneic source vis a vis long-term control of hyperglycemia. This 
study also established one important fact that patients with any type of DM need 
not search for donors; they can use their own fat reservoir for treating their own 
disease.
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2.3.13  �Lessons Learned

Still some researchers and clinicians are disappointed because of limited benefits 
with recent advancement of T1DM research and therapy. Large investments in 
terms of time, finances, and patient resources have been required for SCT, islet-cell 
transplantation, genetics, primary/secondary prevention, and reversal of T1DM 
(Greenbaum and Atkinson 2011). It is difficult to decide whether the goal is disease 
prevention or reversal even with therapeutic interventions using conventional or 
experimental agents (Staeva et  al. 2013). T1DM is a multifactorial etiology that 
overcomes its autoimmune nature; permanent cure of the disease is not achieved 
and till now requires more intense research. Similarly, islet-cell transplantation 
depends on overcoming recurrent autoimmunity and averting alloimmunity 
(Vendrame et al. 2010). Even islet/pancreas transplantation have their limitations/
hurdles as described previously in this review, so investigators are focusing now on 
xenotransplantation, encapsulation, novel sites for cell delivery (e.g., eye), and 
development of surrogate insulin-producing cells (Gibly et  al. 2011). T1DM has 
polygenic nature, in which more than 40 loci have been identified with disease sus-
ceptibility/resistance (Concanon et al. 2009), combined with environmental factors 
suggesting the unpredictable pathogenesis of the disease. Experiments are going on 
to improve understanding of the genetic risk for T1DM by genotyping at multiple 
susceptibility loci (Winkler et al. 2012). Genetic involvement for disease develop-
ment is complex in nature regarding the immune response in T1DM. Mechanism of 
selective destruction/loss of pancreatic β cells remains unclear apart from antigen-
specific immune response till now for this disease (Atkinson et  al. 2011). Many 
researchers have described the putative role for adaptive rather than innate immune 
responses in the disease pathogenesis which is crucial for the development of 
improved management. Luckily, trial networks like NIH TrialNet and Immune 
Tolerance Network and registries like T1D Exchange can judge the ability of thera-
peutic agents and effects in terms of improvement of patient recruitment and 
increase the precision of disease prediction (Sosenko et  al. 2012). Modification/
changes in clinical trial design like adaptive trial design, utilization of animal model 
(Atkinson 2011a, b), identifying more practical therapies, and better defining dis-
ease heterogeneity (Pozzilli 2012) could improve the applicability of T1DM 
research and which will be more effective. If the therapeutic intervention is applied 
during the natural history of the disease with silent or asymptomatic state, this may 
be more effective.

2.3.14  �Road Map for Future Generation

The most pressing questions are: Will the recipients’ immune response to infused 
cells destroy them eventually? Whether more number of SCs are required or 
repeated stem cell infusion cycles are required? Is there any better engraftment 
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technique available? Whether requirement of more potent/supporting cells like 
regulatory T/B cells? Are SCs capable for producing long-term immunological tol-
erance? For predicting disease development, can improved markers be obtained? 
Can replication and neogenesis of β cell induce safely in humans? Is it possible to 
develop safe and effective closed-loop therapy system?

These questions make a road map of investigations for the next generation and if 
properly addressed, should result in substantial improvements in the quality of life 
of T1DM patients.

2.3.15  �Current Challenges and Future Perspectives

SCs are the potentially unlimited source of functioning surrogate β cells of the pan-
creas; still its research is in fundamental stage (Hansson et al. 2004; Dor et al. 2004). 
Induced surrogate β cells from the SCs by differentiation and its infusion technique 
should be improved and maintained them functionally in a specialized microenvi-
ronment termed as SC niche. The niches maintain the SCs quantum, and multiple 
signals are required to maintain a balanced control of SC self-renewal (Hou and 
Singh 2008; Singh et al. 2007; Singh and Hou 2008, 2009; Scheres 2007; Fuchs 
2009; Yamashita 2009; Meirelles and Nardi 2009; Discher et al. 2009). Advance 
technology is required for successful transplantation of β cells into suitable niches 
to achieve maximum therapeutic effects.

SCT has some technical and clinical limitations. Various cytoprotective strate-
gies and agents are under investigation for improving the SC yield and outcome. 
Patients should get the benefit of insurance and/or reimbursement for the therapy.

Several pathological conditions have regulatory mechanism via microRNAs (Liu 
et al. 2008; Mishra et al. 2009; Wang and Wu 2009). This experience suggests that 
they may have a role in mechanisms underlying differentiation of SCs into β cells. 
Adenovirus genes for cell engineering reduce cell immunogenicity, allowed suc-
cessful transplantation across allogeneic barriers, without immunosuppression/
immune-isolation. Genetic modification can be applied in the future to cultured 
human islets, to derive a universal donor β cells because of current use of adenovi-
rus genes in cell engineering. Genetically engineered β cells hold the promise of 
replacing exogenous administration of insulin as an accurate, convenient, and safe 
way for long-term control of euglycemia in T1DM (Orlando et  al. 2014). Thus 
in vitro generated ISC from SCs to treat T1DM appears extremely promising, with 
bona fide hope for a complete cure.

2.3.16  �Unanswered Questions

The key goal of research in T1DM is detection of ex vivo islet autoreactive T cells 
and their functions. This may provide the markers for detection of patients at risk 
and to design intervention strategies to preserve surrogate β cells.
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Why islet β cells are target specific for destruction/elimination and do inherent 
processes for developing the disease? Is the clinical dilemma involving the autoim-
mune issue? How can control continuously generated autoantibodies against β 
cells? Understanding the innate and adaptive immune response helps in improving 
the therapies.

This is a review of change with respect to understanding of the epidemiology, 
current ongoing research in management, and prospects for curing T1DM with cell-
based therapy. In hindsight, many long-held goals once thought readily achievable 
have been difficult to realize, and concepts regarded as dogmas have proven to be 
flawed.

2.3.17  �Raised Issue

The major raised question is whether it is reasonable to expose diabetics to such 
type of therapies with some/minimal degree of untoward effects with risk, when the 
therapeutic option of exogenous insulin administration is effectively available.

2.4  �Conclusion

SCT is a better alternative to islet/pancreas transplantation. It is safe, viable, and 
easily reproducible treatment modality for T1DM which has recently achieved suc-
cessful graft function, with long-term better metabolic control without any untow-
ard effects. However, intense work needs to be addressed properly before pushing 
the cell-based therapy from bench to bedside.
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