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Abstract: Type 1 diabetes mellitus (T1DM) is a highly prevalent autoimmune disease causing the
destruction of pancreatic islet β-cells. The resulting insulin production deficiency leads to a life-
long need for insulin re-placement therapy, systemic complications, and reduced life quality and
expectancy. Cell therapy has been extensively attempted to restore insulin independence (IID), and
autologous nonmyeloablative hematopoietic stem cell transplantation (AHST) has appeared to give
the most promising results, but with a highly variable quote of patients achieving IID across the
studies. We performed a comprehensive review of the trials involving stem cells, and in particular
AHST, for the treatment of T1DM. We then pooled the patients enrolled in the different trials and
looked for the patient characteristics that could be associated with the achievement of IID. We found a
significantly higher probability of achieving IID in older patients (OR 1.17, 95%CI 1.06–1.33, p = 0.002)
and a significantly lower probability in patients with a history of ketoacidosis (OR 0.23, 95%CI
0.06–0.78, p = 0.023). This suggests that there could be a population of patients more likely to benefit
from AHST, but further data would be required to depict the profile of the ideal candidate.

Keywords: T1DM; diabetes; CD34; HSPCs; AHST; cell therapy; cardiovascular disease

1. Introduction

Type 1 diabetes mellitus (T1DM) is an autoimmune disease affecting pancreatic islets
and, in particular, β-cells, which are responsible for insulin production [1,2]. Data from a
metanalysis performed in 2020 showed a worldwide incidence of 15 per 100,000 people
and a prevalence of 9.5%, with a constantly increasing trend [3]. Moreover, T1DM has
been found to account for 5.6% of diabetes cases in an American National Health Interview
Survey [4]. Its incidence rate peaks at 10–14 years, and only one quarter of cases are
diagnosed in adults [5]. Complications are mostly driven by hyperglycaemia and include
microvascular (retinopathy, nephropathy, neuropathy) and macrovascular (cardiovascular
disease, cerebrovascular accidents, peripheral vascular disease) damage. However, unlike
type 2 diabetes mellitus (T2DM), T1DM complications can extend beyond the common
effects of hyperglycaemia: for example, cardiac autoimmunity and cardiac autoantibodies
have been found to be associated with poor glycaemic control in T1DM but not in T2DM,
with a pathogenetic model more similar to Chagas cardiomyopathy [6]. On the other hand,
hyperglycaemia in T2DM is due to a combined mechanism of insulin resistance and insulin
production exhaustion; T2DM tends to onset at an older age and is usually associated with
other cardiovascular risk factors including obesity, hypertension, dyslipidaemia and physi-
cal inactivity [7]. Nevertheless, observational studies comparing T1DM and T2DM suggest
that T2DM, when similar to T1DM in terms of control and age of onset, is associated with an
overall higher number of complications, especially microvascular and cardiovascular [8,9].
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T1DM patients have been found to have a life expectancy at birth of 68.6 years, which
was 12.2 years less than in the general population in an Australian cohort [10]. Insulin
replacement therapy is the cornerstone treatment for T1DM, but it requires multiple daily
injections and glycaemia measurements, with careful planning of time and composition of
meals, and a significant detrimental effect on the quality of life [11]. Once β-cells are lost,
no oral drug can compensate for insulin production deficiency. Therefore, many efforts
have been made to find a curative option: several trials involving the administration of
anti-inflammatory drugs have been designed, with the aim of stopping and hopefully re-
verting the β-cell destruction process, but without substantial success [12]. Pancreatic islet
transplantation has been tested, but it requires a surgical procedure and lifelong immuno-
suppression, and usually T1DM relapses soon due to the destruction of the transplanted
islets [13]. The last, intriguing alternative was cell therapy; indeed, in this manuscript, we
will review the attempts made so far in treating T1DM with hematopoietic stem/progenitor
cell (HSPC) therapy. Based on the experience gathered by the trials designed in the last two
decades, we will also discuss the best patient candidate for tailored treatment.

2. Hematopoietic Stem/Progenitor Cells for Cell Therapy

HSPCs are self-renewing and multipotent cells that reside in specialized niches within
the bone marrow. Identified by the CD34 surface antigen, whose function is still unknown,
they are capable of differentiating in all types of blood cells, both of myeloid and lym-
phoid lineage, and to reconstitute the whole hematopoietic system after bone marrow
ablation [14,15]. A small number of CD34+ cells can also be found in the peripheral blood
(~3 cells/µL), from which they move throughout the body [16]. The physiological signif-
icance of their migration seems to correlate with the patrolling of peripheral organs, in
which they maintain tissue homeostasis and regeneration, and immune responsiveness [17].
The CD34 marker, although routinely used to identify and isolate human HSPCs, is also
expressed by a broader group of cell populations, including multipotent mesenchymal
stem/stromal cells (MSCs), vascular endothelial progenitor cells and epithelial progenitor
cells [18–21]. The isolation of CD34+ cells from peripheral or bone marrow blood yields
a mixture of cells characterized by different states of differentiation, including cells with
vasculotrophic function, namely endothelial progenitor cells (EPCs). The discovery of this
cell population, initially identified by double positivity for CD34 and KDR markers, by
Asahara at the end of the 1990s pioneered over 20 years of research in stem cell biology
and regenerative medicine [22]. Since then, numerous studies have attempted to charac-
terize EPC origin and phenotype. As reviewed in more detail elsewhere [17,23,24], two
different approaches have been used so far: one aiming at the identification of circulating
EPCs by flow cytometric assay of peripheral blood samples, and the other based on cell
culture methods. This latter led to the identification of early EPCs (CD45+, CD14+ CD31+

CD34− CD146−) and late EPCs (CD31+, CD146+, CD105+, CD45−, CD14−), whose effective
existence and function in vivo are elusive. Overall, both approaches led to controversial
results and a general lack of consensus. Today, due to the impossibility of physically sepa-
rating EPCs from HSPCs for their overlapping phenotype, scientists are inclined to identify
circulating EPCs with the more generic CD34+/CD133+ HSPC population because they
are ancestors of EPC [23,25]. In this regard, CD34+ cells as a whole are known to possess
vascular regeneration capacity and proangiogenic potential, and their circulating level
reduction is linked to poorer outcomes in cardiovascular diseases, in chronic haemodialysis
patients and after cerebral infarction [16,26–28]. Nevertheless, most of the preclinical and
clinical studies so far reported were performed in view of the putative cardiovascular
protective and pro-angiogenic role of HSPCs, overlooking that these cells are precursors
of immune system cells and that possess an immunoregulatory function. Consistently,
allogeneic bone marrow HSPCs transplantation in non-obese diabetic (NOD) mice has been
shown to prevent diabetes onset and to restore insulin independence (IID) in type 1 diabetic
mice, despite not being able to regenerate lost pancreatic islets. Such evidence, together
with the fact that transplanted islets from the same allogeneic donor could be accepted by
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diabetic recipients previously transplanted with bone marrow and transiently restore IID,
suggested that the main mechanism of action of HSPCs lies in their immunomodulatory
properties rather than a mere regenerative effect. This hypothesis was further supported
by clinical evidence that CD34+ cells exhibited immune system resetting and reconstitution
properties after autologous nonmyeloablative (as opposed to standard peripheral blood
stem cell transplantation, which generally implies bone marrow ablation of the host [29])
hematopoietic stem cell transplantation (AHST): in multiple sclerosis studies, AHST deter-
mined an increase in thymus-derived naive T cells, a decrease in central-memory T cells,
the recovery of a different T-cell receptor repertoire and immune system drifting towards
a more tolerant phenotype [30,31]. Similar evidence of the immunotolerant properties of
HSPCs was found when assessed for the treatment of systemic lupus erythematosus [32].

Besides CD34+ HSPCs, other cell types have been tested in trials for the treatment of
T1DM. These include the unselected bone marrow-derived mononuclear cell (BM-MNC)
fraction and mesenchymal stem cells (MSCs). The former consists of a pool of different
kinds of cells, typically obtained by bone marrow aspiration from the iliac crest, in which
CD34+ cells represent a fraction of about 0.5–6% and are most likely responsible for the
therapeutic effect [33,34]. On the other hand, MSCs are multipotent cells that can differ-
entiate in several cell types, such as osteoblasts, chondroblasts, myocytes, adipocytes and
β-cell-like cells [17,35–37]; can be collected from various tissues, including bone marrow,
fat and umbilical cord blood; and possess immunomodulatory properties and the potential
to protect pancreatic islets and promote their regeneration [38–40].

One last cell type, i.e., embryonic stem cells (ESCs), is under evaluation in some
clinical trials (NCT02239354, NCT04678557, NCT03163511, NCT05210530, NCT04786262).
Unlike other cell types, these are manipulated to obtain pancreatic endodermal cells that
can be administered to patients to restore insulin production directly [41]. Furthermore,
studies with immunodeficient mice have shown their capability to correctly differentiate to
stem cell-derived β-like cells and become insulin-sensitive when transplanted [42]. Being
allogeneic by definition, they require host immunosuppression, to be engineered to evade
immune response, or to be encapsulated in subcutaneous immunoisolation devices [43].
Another downside of these cells is that they are not available worldwide due to ethical
concerns. Attempts have been made to reproduce them with patient-derived induced
pluripotent stem cells (IPSCs), which have proved a useful model for research but are still
unsuitable for therapeutic use due to potential instability [44].

Nevertheless, HSPCs among all cell types have given the largest body of promising
results in the treatment of T1DM so far [45–47]. Therefore, trials involving these cells
(summarised in Table 1) will be our focus.

Table 1. Clinical trials testing AHST in the treatment of T1DM.

Study Population Study Design Outcomes Adverse Events

[31,48]

Twenty-three pts
(12–35 y.o.), diagnosis of

T1DM within the previous
6 weeks. Only 1

DKA patient.

Phase I/II open-label
clinical trial. Immune

ablation with
cyclophosphamide and

ATG, followed by i.v.
infusion of autologous

CD34+ cells
(10.52 × 106 cells/kg)

and GCSF.

Most pts showed a
reduction in HbA1c levels

and an increase in
C-peptide levels
after treatment.

Twenty pts experienced IID
(12 until the end of

follow-up, up to 4 yrs).

Bilateral nosocomial
pneumonia (2 pts),

posttransplant
oligospermia (9 pts),

Graves’ disease
(1 pt), transient

hypergonadotropic
hypogonadism (1 pt),

autoimmune
hypothyroidism (1 pt).
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Table 1. Cont.

Study Population Study Design Outcomes Adverse Events

[49,50]

Twenty-four pts
(12–35 y.o.), diagnosis of

T1DM within the previous
6 weeks, sustained

endogenous secretion of
insulin and WHO

performance status ≤ 2.
No history of DKA.

Phase II open-label clinical
trial. Preliminary

plasmapheresis, then
immune ablation with
cyclophosphamide and

ATG, followed by i.v.
infusion of autologous

CD34+ cells
(4.19 × 106 cells/kg)

and GCSF.

General reduction in
HbA1c levels and increase

in C-peptide levels
after treatment.

Twenty pts achieved IID
insulin (4 until the end of
follow-up, up to 80 mo).

ATG-related skin
reaction/vasculitis (4 pts),
neutropenic fever (12 pts),
sepsis (4 pts, out of which

1 was fatal).

[51]

Thirteen pts (<25 y.o.)
symptom insurgence
within 12 months and
positive for at least 1

between GADA, IA-2A,
ICA, IAA.

Open-label study. Immune
ablation with

cyclophosphamide and
ATG, followed by i.v.

infusion of autologous
CD34+ cells

(2.05–9.60 × 106/kg)
and GCSF.

Eleven pts exhibited
increased levels of C-peptide
and required a significantly
reduced dose of insulin after
AHST, 3 of which achieved

and maintained IID for
7 months, more than 3, or
4 y, respectively. HbA1c

levels normalized in 7/8 pts.

Mild side effects (cytotoxic
drug-related nausea,

vomiting, fever, alopecia),
1 case of sub-clinical

hypothyroidism.

[52]

Twenty-eight pts
(14–27 y.o.), recent

diagnosis of T1DM with
time from symptom onset

to AHST 4–26 weeks.

Phase II open-label clinical
trial. Immune ablation with
cyclophosphamide and ATG,
followed by i.v. infusion of

autologous CD34+ cells.

Fifteen pts achieved IID
(7 relapsed). General

decrease in HbA1c and
GADA and increase in

C-peptide levels.

Most patients experienced
febrile neutropenia, nausea,

vomiting, alopecia, bone
marrow suppression,
Graves’ disease (1 pt),
hypothyroidism (1 pt).

[53]

Nine pts (15–25 y.o.)
diagnosed with T1DM
within 6 months and

GADA positivity. No DKA.

Open-label study. Immune
ablation with

cyclophosphamide and
ATG, followed by infusion

via peripheral vein of
autologous CD34+ cells.

Six pts achieved IID with
increase in C-peptide

levels. HbA1c and GADA
levels dropped in 8 pts.

Staphylococcus and
streptococcus infection
(4 pts), vulvovaginal

candidiasis (1 pt).

[54]

Sixteen pts (8–25 y.o.)
diagnosed with T1DM
within 3 months and

GADA positivity.

Open-label study. Immune
ablation with

cyclophosphamide and
ATG, followed by infusion

via peripheral vein of
autologous CD34+ cells
(mean 11.5 × 106/kg).

Reduction in HbA1c levels
and insulin dose in

13 patients, 7 of which
achieved IID. General

reduction in GADA titres.

Mild side effects (nausea,
vomiting, fe-ver, alopecia),
neutropenic fever (4 pts),

haemorrhagic cystitis
(1 pt).

[55]

Forty pts (14–27 y.o.),
recent diagnosis of T1DM
with time from symptom

onset to AHST 4–26 weeks.

Phase II,
parallel-assignment,

non-randomized clinical
trial. Treatment group pts

underwent immune
ablation with

cyclophosphamide and
ATG, followed by i.v.

infusion of autologous
CD34+ cells. Control group

pts received regular
insulin therapy.

Increase in C-peptide levels
in treatment group and

decline in control group at
48 mo. Comparable

reduction in HbA1c levels
in both groups. Fourteen

pts in treatment group
experienced IID (3 until the

end of follow-up, up to
48 mo). One pt in control

group experienced
transient insulin

independence for 7 mo.

Graves’ disease (2 pts on
treatment, 1 pt in control

group), autoimmune
thyroid disease (2 pts in

control group).

Abbreviations: ASHT = autologous hematopoietic stem cell transplantation; ATG = anti-thymocyte globulin;
DKA = diabetic ketoacidosis, HbA1c = glycated haemoglobin; GADA = glutamic acid decarboxylase antibody;
GCSF = granulocyte colony stimulating factor; IAA = insulin autoantibody; IA-2A = protein tyrosine phosphatase
antibody; ICA = islet cell antibody (ICA); IID = insulin independence; pt = patient; T1DM = type 1 diabetes
mellitus; y.o. = years old; WHO = World Health Organization.
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3. Hematopoietic Stem/Progenitor Cells in Clinical Trials
3.1. Autologous Nonmyeloablative Hematopoietic Stem Cell Transplantation

The usefulness of HSPCs for the treatment of T1DM has been evaluated in several
clinical trials employing the AHST approach. Since T1DM is an autoimmune disease
characterized by autoreactivity against pancreatic islet β-cells, with consequent impaired
insulin production [2], the researchers aimed to verify if AHST could interrupt or at least
decelerate the β-cell destruction by the immune system in a setting of new-onset/early
T1DM, with benefits in terms of independence from insulin administration or a reduction
in dose [31]. This approach had the potential to prove a more effective, less risky and
expensive, and lifelong immunosuppression-free curative alternative to pancreatic islet
transplantation [13].

The typical protocol design was rather consistent among the different clinical trials.
Generally, it included a stem cell mobilization phase with cyclophosphamide and granulo-
cyte colony-stimulating factor (GCSF), and consequent leukapheresis with a continuous-
flow blood cell separator for the isolation of CD34+ cells, followed by a conditioning
(immune ablative) phase with cyclophosphamide and antithymocyte globulin. At the end
of the conditioning treatment, the patients underwent stem cell infusion and antimicrobial
prophylaxis in an isolated environment. All protocols were approved by local regulatory
authorities/ethical committees.

3.2. The Brazilian Study

The first study was conducted by Voltarelli et al. in Brazil (NCT00315133). They
enrolled 15 patients, including Black, White, and mixed races with T1DM diagnosed within
the previous 6 weeks between November 2003 and July 2006, with a follow-up of 7 to
36 months. Stem cells were mobilized with cyclophosphamide and GCSF; afterwards, the
patients underwent leukapheresis, and the cells were frozen in 10% dimethyl sulfoxide in a
rate-controlled freezer and stored in the vapor phase of liquid nitrogen. The conditioning
phase consisted of a 5-day treatment with cyclophosphamide and rabbit antithymocyte
globulin; prophylaxis of the antithymocyte globulin reactions was performed with dex-
chlorpheniramine, except for patient n◦1 (treated with corticosteroids due to diabetic
ketoacidosis = DKA). After conditioning, stem cell infusion (at least 3 × 106/kg) was deliv-
ered, followed by GCSF administration after 5 days. The patients were isolated in rooms
equipped with high-efficiency particulate air filters and received antimicrobial prophylaxis.
Exclusion criteria were positive serology for human immunodeficiency virus, hepatitis B or
C, pregnancy and underlying hematologic, nephrological, cardiac, psychiatric, or hepatic
disease and DKA (see below).

The study gave very promising results: all patients except for n◦1 (diagnosed with
DKA) achieved IID at a certain point of the follow-up (which lasted for a median of
14.8 months and a maximum of 35 months); thus, thereafter, DKA was listed among the
exclusion criteria. Thirteen patients became continuously IID and one resumed insulin
treatment 1 year after ASHT. Moreover, the mean area under the curve (AUC) of C-peptide
levels before transplantation (92.0 ng/mL per 2 h) showed a statistically significant increase
at 6 months, 12 and 24 months; anti-glutamic acid decarboxylase antibody (GADA) levels
were significantly lower after 6 months; at the beginning of the study, 11 of 14 patients
presented glycated haemoglobin (HbA1c) values above 7%, but in 3 months a persistent
drop was observed except for one patient, who eventually relapsed [31].

After ASHT, mild side effects were observed in most patients (such as febrile neu-
tropenia, nausea, vomiting, alopecia), plus a case of bilateral pneumonia that required
supplementary oxygen therapy and responded completely to broad-spectrum antibiotics.
Further, during follow-up, there was a case of autoimmune hypothyroidism and transient
renal dysfunction associated with rhabdomyolysis and a case of mild hypergonadotropic
hypogonadism. No mortality was associated with the treatment.

This study provided the first clinical evidence of sustained recovery of IID in T1DM
patients after treatment with AHST. Two years later, the same group published the results of
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the extended follow-up with the addition of eight new patients, for a total of 23 [48]. After
a follow-up of 7–58 months, 12 had become continuously IID and 8 only transiently, among
which 4 resumed insulin after an upper respiratory tract infection; interestingly, two patients
recovered IID after the addition of the dipeptidyl peptidase 4 inhibitor sitagliptin, with
the restoration of β-cell function witnessed by the upturn of C-peptide levels. The authors
suggested that the beneficial effects of sitagliptin could be due to the rapid suppression
of glucagon levels in parallel with further increase in insulin production, together with a
potential immunoregulatory function in autoimmune insulitis [48,56]. Unfortunately, the
combination of AHST and sitagliptin has not been further tested in other studies. Only three
patients never became IID, two of which developed DKA and two underwent corticosteroid
treatment. HbA1c levels in continuously IID patients constantly remained under 7% and
AUC of C-peptide levels increased significantly in all patients with at least transient
IID. Concerning adverse reactions, an additional patient developed bilateral nosocomial
pneumonia that effectively responded to intravenous broad-spectrum antibiotics, three
patients developed late endocrine dysfunction (autoimmune hypothyroidism, Graves’
disease and transient hypergonadotropic hypogonadism), and nine patients developed
oligospermia. No mortality was documented [48].

In summary, Voltarelli et al. confirmed that AHST was capable of reversing T1DM in
humans, at least for up 4 years and with an acceptable burden of adverse effects.

3.3. The Polish Study

A subsequent study was performed by Snarsky et al. in Poland, initially on a small
cohort of eight patients [49]. The Brazilian study protocol was modified by implementing
2–3 preliminary plasmapheresis sessions to remove circulating antibodies and immuno-
logical complexes, based on the observation that plasmapheresis can change the clinical
course of diabetes [57]. All patients became IID after AHST, and only one resumed insulin
treatment later; six patients were given acarbose additionally to improve glycaemic control.
After AHST, HbA1c mean levels significantly dropped, and C-peptide levels rose. There
were no major complications and some mild adverse effects such as nausea and fever [49].

The cohort of patients was later expanded to 24 participants: 20 remained insulin-
free for at least 9.5 months, and 4 of them were still IID at the end of follow-up (up to
80 months). Unfortunately, four patients developed important antithymocyte globulin-
related skin reaction/vasculitis, one patient developed pulmonary emphysema after the
insertion of a central venous catheter and one patient died from Pseudomonas Aeruginosa
sepsis [50].

3.4. The Chinese Studies

Two different Chinese clinical trials have been officially registered (NCT01341899 and
NCT00807651), involving patients recruited in Shanghai and Nanjing; however, multiple
papers have been published by the authors, presenting the outcomes of different pools
of patients with sometimes very similar baseline characteristics. For this reason, a clear
assessment of their overall findings is difficult to perform.

Li et al. recruited 13 Chinese patients and designed a protocol similar to the Brazilian
one [51]. Only three patients developed IID, one of which relapsed after 7 months; eight
patients simply required reduced insulin doses for adequate glycaemic control and two
patients were non-responders. The reason for a lower IID rate compared to the previous
studies was ascribed to an average longer time from T1DM onset (up to 12 months),
a more aggressive disease (10 patients experienced DKA, although among them were
two of the three patients who achieved IID) and stronger immunity (more than 50% of
patients developed autoantibodies against two β-cell antigens before AHST). Nevertheless,
the levels of serum fasting and post-prandial C-peptide in responding patients for at
least 6 months after AHST were significantly higher than before treatment, while plasma
HbA1c levels were significantly lower. Only mild side effects were documented, plus a
case of autoimmune thyroiditis 6 months after AHST. The researchers also characterized
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the immunological state of the patients after AHST and found out that only CD4+ T
lymphocytes, unlike other cells, remained persistently lower after immune reconstitution;
the concentrations of serum IL-1, IL-17 and TNF-α at 3 months and TNF-α and TGF-β
at 6 months after AHST were significantly lower than before treatment, while TGF-β
levels raised at 36 months. Moreover, the number of infused CD34+ cells was positively
correlated with the concentrations of serum IL-10, IL-4 and TGF-β but negatively with
TNF-α (despite IL-10 and IL-4 levels remaining globally unchanged over time). Four out
of seven GADA+ patients became persistently negative, and another three cases became
only transiently negative after AHST; six islet cell antibodies (ICA)+ patients became either
transiently or continuously ICA-. Only two cases developed insulin autoantibodies (IAA)
during follow-up. These findings were consistent with the reconstitution of a tendentially
anti-inflammatory environment after AHST [51].

Another Chinese study aimed to clarify the impact of a history of DKA on the outcome
of AHST: Gu et al. enrolled 28 patients with a recent T1DM diagnosis (up to 26 weeks
before), 11 of which presented with DKA at diagnosis. After AHST, only three patients with
previous DKA achieved at least transient IID, versus 12 patients without previous DKA
(p = 0.051). Moreover, the DKA patients showed a delayed response to AHST and trended
towards a higher insulin dose requirement after 1 year, while in the other patients, the
ongoing destruction of the remaining β-cells slowed or stopped, and the fasting C-peptide
concentration and AUC increased significantly [52].

Zhang et al. found no significant difference in immune cell populations between six
patients who became insulin-free after AHST and three patients who remained dependent,
either pre-AHST or after 6 months; they also performed an array-based genomic study
and analysed the transcriptome in the peripheral blood mononuclear cells of these patients
(PBMC) [53]. They discovered that most of the immune-related genes were upregulated in
both groups, except for regulatory genes such as FoxP3 and IL-10, leading to the speculation
that the beneficial effects of AHST could be due to the deletion of autoreactive clones rather
than the activation of immunoregulatory response. Furthermore, they identified two major
gene expression pathways: the selective expression of chemokine receptors during T-cell
polarization, and IL-12 and Stat4-dependent signalling pathways in Th1 development. This
finding suggests a predominant differentiation of T lymphocytes in Th1 type after AHST
and possibly with a new T-cell receptor (TCR) repertoire, as is consistent with observations
in former systemic sclerosis studies [31,53,58].

In 2014, D’Addio et al. performed a pooled analysis of the results of the trials con-
ducted by Snarsky et al., Li et al. and Gu et al. (65 patients in total) [50–52,59]. Overall, 59%
of patients accomplished IID within the first 6 months after treatment, while only 32% were
still IID at the end of their follow-up. There was no significant correlation between HbA1c
and C-peptide levels and the number of CD34+ cells; a multivariate analysis was negative
for sex, age and baseline HbA1c and C-peptide levels. However, the authors found out
that patients treated earlier (within 6 weeks of the onset of T1DM) were twice as likely to
achieve IID (82% versus 40%) [59].

In 2017, Gu et al. published the results of a phase II non-randomized trial involving
20 patients treated with AHST (four patients withdrew their consent, and one was lost
to follow-up) and 20 patients regularly treated with insulin injections (four were lost to
follow-up), with a disease duration of fewer than 6 months. Fourteen patients in the
AHST branch became IID, three of which were up to the end of follow-up (48 months),
while only one patient in the insulin treatment branch became transiently IID and then
relapsed. The adverse event rate was in line with the other studies and, interestingly,
there was no substantial difference between the two branches in terms of the develop-
ment of endocrinopathies: two patients were diagnosed with Graves’ disease after AHST,
while among insulin-treated patients, two developed Graves’ disease and one developed
autoimmune hypothyroidism [55].

Finally, Ye et al. compared immune responses after AHST versus insulin-only therapy,
reporting reduced proportions of Th1 and Th17 cells, and IFN-γ, IL-2, IL-12p40 and IL-17A
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levels in the PBMC culture supernatants from these patients; they also found increased
IL-10, TGF-β and Foxp3 mRNA expression but no significant Treg cell expansion [60].

3.5. The Mexican Study

Due to the well-known potential adverse reactions related to immune ablation, Cantú-
Rodríguez et al. designed a simplified AHST protocol contemplating the use of fludarabine
instead of antithymocyte globulin and a lower dose of cyclophosphamide for conditioning.
Of note, the subjects enrolled (16 patients less than 3 months from T1DM diagnosis) were
managed in an outpatient setting: the aim was to reduce toxicity, limit the cost of the
procedure and lower the risk of nosocomial infections. No serious adverse event was
documented, but 52% of patients experienced side effects: the most common included
nausea, vomiting, fever and alopecia; four patients developed neutropenic fever, but none
required hospitalization, and they were all managed with an oral amoxicillin regimen;
one patient experienced haemorrhagic cystitis that was resolved in less than 36 h with
intense hydration. Outcomes were comparable to other studies, with seven patients (44%)
achieving and maintaining complete IID and six (37%) achieving only partial IID [54].

4. Other Cell Therapy Approaches in Clinical Trials

The infusion of different types of stem cells/stem cell-enriched blood for the treatment
of T1DM has been attempted, with heterogeneous results and an overall lower efficacy
profile than HPSCs [45–47]. Nevertheless, the general mechanism of action appears to be
similar, i.e., immunomodulation rather than β-cell regeneration. A brief summary of the
most relevant examples is reported here for completeness.

Autologous BM-MNCs were tested in a very small trial, with two patients in the
treatment arm and one control with standard therapy, with a diagnosis of diabetes not
older than 60 days. Bone marrow was stimulated with GCSF for 4 days and then collected
on the fifth. The authors documented negativization of antibody levels, increased levels
of C-peptide and decreased blood glucose and HbA1c, with a lower daily insulin dose
required compared to the standard therapy patient [61].

The transfusion of autologous umbilical cord blood has been tested in children without
substantial success [62–65]. On the other hand, allogeneic umbilical cord MSCs were
tested against standard therapy in two different trials, alone with a second infusion after
3 months [66] or combined with autologous BM-MNCs [67]. Both showed a good safety
profile and improvement in metabolic parameters, the former allowing 3/27 patients to
achieve IID lasting up to 12 months.

In addition, the infusion of allogeneic Wharton’s jelly-derived MSCs from the umbilical
cord in a small double-blind study gave encouraging results, with 3/15 patients in the
treatment group discontinuing insulin after 21 months, an overall improvement of the
laboratory parameters and lowering of the required insulin dosage [68]. Other clinical trials
have been designed with Warton’s jelly-derived MSCs [69], but there are no published
results to our knowledge to date.

An Iranian group has also attempted allogeneic transplantation of foetal liver-derived
stem cells in three different trials, with an overall improvement of metabolic parameters
and the achievement of IID in three patients for up to 3 months [70–72].

Autologous bone marrow-derived MSCs infusion was tested against insulin therapy
in a 20-patient study, showing preserved or improved C-peptide peak values and C-peptide
AUC in the first year in the treatment arm [73].

Another group tested, in a non-controlled study, the intraportal infusion of a com-
bination of allogeneic adipose tissue-derived insulin-secreting MSCs and BM-MNCs in
11 patients, after a nonmyeloablative low-intensity conditioning phase involving the irradi-
ation of lymph nodes, spleen, part of the pelvic bones, and lumbar vertebrae, as well as
the administration of Anti-T cell antibody and Anti-B cell antibody. They documented a
decreased exogenous insulin requirement and HbA1c values, increased serum C-peptide
levels and freedom from DKA events [74]. They subsequently designed a second study to
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compare allogeneic vs autologous cell infusion and observed better metabolic parameters
in the autologous group [75]. Unfortunately, this trial lacked a standard therapy control.

5. The Profile of the Responder Patients

Although the clinical studies presented above were rather homogeneous in terms of
AHST protocol, sometimes with just small variations, there was a significant difference in
outcomes, especially between the Brazilian and Polish studies and all the others. Many
factors could contribute to explaining this, including the pre-treatment duration of the
disease, the history of DKA, the HLA haplotype, the insulin dose before treatment and
the ethnicity of the patients. In the attempt to identify the characteristics associated with a
better outcome after AHST, we pooled the patients from the different trials and performed
a multiple logistic regression analysis (RStudio version 2022.12.0+353) to determine the
most likely contributors in the achievement of at least transient IID after AHST, and in
maintaining IID for at least 12 months. Due to significantly similar baseline characteristics
shared by some of the patients enrolled in the different Chinese studies, in order to avoid
potential duplication, only the first study published by Gu et al. [52], which included the
highest number of AHST-treated patients, was considered.

Our final population accounted for 90 patients; due to the low sample number, we only
selected the variables available for all the population (sex, age, body mass index, history
of DKA and time from diagnosis to treatment). The time from diagnosis to treatment was
transformed in a binomial variable (≤/> 12 weeks) due to the lack of accurate information
in some of the studies. Characteristics of the patients can be found in Table 2.

Table 2. Characteristics of patients enrolled in the clinical trials selected for statistical analysis.

Study Population (n) Male Sex
(n) Age (y) Early

Treatment * (n)
DKA

History (n)
BMI

(kg/m2) IID (n) IID > 12
Months (n)

[48] 23 17 18.4 (4.6) 23 1 19.7 (2.2) 22 15

[50] 23 † 16 24.8 (4.6) 24 0 20.8 (1.6) 22 17

[52] 28 14 17.6 (3.8) 21 11 18.7 (1.9) 15 8

[54] 16 9 12.0 (2.6) 16 3 19.6 (2.7) 7 7

* Within 12 months after diagnosis. † One patient died shortly after AHST due to treatment complication; therefore,
they were not included in the statistical analysis. Age and BMI are presented as mean (standard deviation).
Abbreviations: BMI = body mass index; DKA = diabetic ketoacidosis; IID = insulin independence.

We performed a univariable analysis and then built a multivariable model with the
characteristics we found to be significant during the analysis (Figure 1).

As a result, we found a significantly higher probability of achieving IID in older
patients (OR 1.17, 95%CI 1.06–1.33, p = 0.006) and a significantly lower probability in
patients with a history of DKA (OR 0.23, 95%CI 0.06–0.78, p = 0.021). We did not find a
significant interaction between the covariates (p for interaction = 0.18). We then verified the
model fit with the Hosmer and Lemeshow goodness of fit test (p = 0.73).

Conversely, we did not find any significant statistical association between the proba-
bility of maintaining IID for at least 12 months and any of the variables tested, with just a
non-significant trend towards a higher probability for older age (OR 1.08, 95%CI 1.00–1.17,
p = 0.053) and higher BMI (OR 1.17, 95%CI 0.08–1.01, p = 0.059), and a lower probability in
DKA history patients (OR 0.37, 95%CI 0.09–1.32, p = 0.14); therefore, in this case we did not
build a multivariable model.
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6. Discussion

What have we learnt from these trials? Is the recovery of IID with AHST a realistic
objective to date? Although the current evidence propends for an overall efficacy of
AHST in terms of insulin requirement, C-peptide concentration and HbA1c levels, as
already assessed in multiple metanalyses [45–47], several limitations make it challenging
to implement in clinical practice. First, the scientific evidence behind the trials is low
quality: all trials were open-label, and only one trial included a control group [55], but it
was non-randomized. Although this may have had a lesser impact on objective parameters
such as C-peptide concentration, it could have influenced the choice to declare a patient
insulin-independent or the insulin dose to administer. Second, it is hard to draw overall
conclusions from the Chinese studies due to the similarity of the baseline characteristics in
some patients. Third, AHST is a demanding treatment for the patient, requires transient
immunosuppression and could potentially lead to serious adverse events (there was a death
during the Polish study due to P. Aeruginosa sepsis). Fourth, improving the patient quality
of life, with the long-term restoration of IID, would probably be the only achievement
that could make it worth the effort, unless future data prove a prognostic benefit of AHST.
Although many patients have been observed to achieve IID after the treatment, far fewer
have been able to continue this until the end of follow-up.

What should be done to increase the feasibility and appeal of AHST? First, the selection
of the ideal candidates for this treatment would improve its overall efficacy. Our findings
support an important role of a previous episode of DKA in determining a lower probability
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of restoring IID after treatment; nevertheless, this was already intuited by Voltarelli et al.
More interesting is the significantly higher number of patients who achieved IID we found
associated with older age: this could be explained by a higher severity of the disease
when it manifests in the younger population. In fact, younger children progress more
rapidly than older children and adults from antibody positivity to T1DM; moreover, in
children diagnosed before 7 years, the percentage of insulin-containing islets with evidence
of insulitis is much higher than in older teenagers (>75% vs. 25%) [76].

Unfortunately, current data are not exhaustive enough to determine a comprehensive
profile of patients that are more likely to respond. The low overall number of patients,
the heterogeneity in data available from the different trials and the significantly different
outcomes were the major limitations to our analysis. The relationship between the outcome
and the immunophenotype would have been very interesting to observe but, unfortunately,
we only had partial data for the HLA haplotypes of the patients, and a statistical analysis
would have been impossible to perform. Inflammation and infections could have played
significant roles as well, but these we were unable to describe accurately: for example, some
patients lost IID after upper respiratory tract infections, suggesting that the autoimmune
process could be awakened by inflammatory/infectious stimuli. In addition, although we
could not find any statistically significant association between the time from diagnosis and
the probability of achieving and maintain IID, which the need to transform the variables
in binomial has probably contributed to, a shorter time from the insurgence of the disease
likely remains one of the most determinant factors, for physio-pathological reasons: the
sooner we stop the autoimmune process of β-cell destruction, the more will be left to pro-
duce endogenous insulin. AHST does not induce pancreatic islet regeneration [77], and its
potential to restore IID supports a significant role of inflammation in β-cell dysfunction [76],
which is capable of reducing the production of insulin beyond the mere effect of β-cell
destruction, therefore generating a quota of insulin production impairment that is indeed
reversible. Ideally, even better would be intercepting T1DM at its earlier stages, before
its clinical manifestation. Screening tools are being developed [78], and this could prove
feasible in the future. The potential role of the combination with drug therapy deserves
to be further assessed as well: Couri et al. documented a second restoration of IID after
relapse in two patients following the administration of sitagliptin, but this has not been
explored further [48]. Moreover, stronger scientific evidence is required, with the design of
a solid phase II randomized controlled trial, although blinding could be unfeasible with
the immune ablation step. Finally, avoiding immune ablation could reduce the risks and
costs of this treatment. The necessity for immune ablation itself needs to be verified, since
we have learnt from trials involving other kinds of stem cells that it might not be required
to restore IID [66,68,71].

7. Conclusions

In conclusion, although the efficacy of AHST in the treatment of T1DM has been
assessed in multiple clinical trials, several limitations hamper the implementation of this
treatment in routine clinical practice. Selecting the ideal candidates for AHST, with the high-
est chances of obtaining long-lasting IID, could prove crucial, but very little evidence exists
on the profile of these patients and further studies are required to address this question.

Author Contributions: Conceptualization, E.C. and M.C.V.; methodology, E.C.; software, E.C.;
validation, E.C., M.C.V. and G.P.; formal analysis, E.C.; investigation, E.C.; resources, G.P.; data
curation, E.C.; writing—original draft preparation, E.C. and M.C.V.; writing—review and editing, E.C.,
M.C.V. and G.P.; visualization, E.C. and M.C.V.; supervision, M.C.V. and G.P.; project administration,
M.C.V. and G.P.; funding acquisition, G.P. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Ricerca Corrente of the Ministry of Health (RC 2022_2771963).

Acknowledgments: We wish to thank Lukas Mach (Imperial College London) for his valuable help
with the statistical analysis.



Cells 2023, 12, 1054 12 of 15

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. American Diabetes Association. Diagnosis and classification of diabetes mellitus. Diabetes Care 2004, 27 (Suppl. S1), S5–S10.

[CrossRef]
2. Gillespie, K.M. Type 1 diabetes: Pathogenesis and prevention. Can. Med. Assoc. J. 2006, 175, 165–170. [CrossRef]
3. Mobasseri, M.; Shirmohammadi, M.; Amiri, T.; Vahed, N.; Hosseini Fard, H.; Ghojazadeh, M. Prevalence and incidence of type 1

diabetes in the world: A systematic review and meta-analysis. Health Promot. Perspect. 2020, 10, 98–115. [CrossRef]
4. Xu, G.; Liu, B.; Sun, Y.; Du, Y.; Snetselaar, L.G.; Hu, F.B.; Bao, W. Prevalence of diagnosed type 1 and type 2 diabetes among US

adults in 2016 and 2017: Population based study. BMJ 2018, 362, k1497. [CrossRef]
5. Maahs, D.M.; West, N.A.; Lawrence, J.M.; Mayer-Davis, E.J. Epidemiology of type 1 diabetes. Endocrinol. Metab. Clin. N. Am.

2010, 39, 481–497. [CrossRef]
6. Sousa, G.R.; Pober, D.; Galderisi, A.; Lv, H.; Yu, L.; Pereira, A.C.; Doria, A.; Kosiborod, M.; Lipes, M.A. Glycemic Control,

Cardiac Autoimmunity, and Long-Term Risk of Cardiovascular Disease in Type 1 Diabetes Mellitus. Circulation 2019, 139, 730–743.
[CrossRef] [PubMed]

7. Galicia-Garcia, U.; Benito-Vicente, A.; Jebari, S.; Larrea-Sebal, A.; Siddiqi, H.; Uribe, K.B.; Ostolaza, H.; Martín, C. Pathophysiology
of Type 2 Diabetes Mellitus. Int. J. Mol. Sci. 2020, 21, 6275. [CrossRef]

8. Song, S.H. Complication characteristics between young-onset type 2 versus type 1 diabetes in a UK population. BMJ Open Diabetes
Res. Care 2015, 3, e000044. [CrossRef]

9. Dabelea, D.; Stafford, J.M.; Mayer-Davis, E.J.; D’Agostino, R., Jr.; Dolan, L.; Imperatore, G.; Linder, B.; Lawrence, J.M.; Marcovina,
S.M.; Mottl, A.K.; et al. Association of Type 1 Diabetes vs Type 2 Diabetes Diagnosed During Childhood and Adolescence with
Complications During Teenage Years and Young Adulthood. JAMA 2017, 317, 825–835. [CrossRef]

10. Huo, L.; Harding, J.L.; Peeters, A.; Shaw, J.E.; Magliano, D.J. Life expectancy of type 1 diabetic patients during 1997–2010: A
national Australian registry-based cohort study. Diabetologia 2016, 59, 1177–1185. [CrossRef]

11. Cho, M.K.; Kim, M.Y. What Affects Quality of Life for People with Type 1 Diabetes?: A Cross-Sectional Observational Study. Int.
J. Environ. Res. Public Health 2021, 18, 7623. [CrossRef]

12. Tsalamandris, S.; Antonopoulos, A.S.; Oikonomou, E.; Papamikroulis, G.A.; Vogiatzi, G.; Papaioannou, S.; Deftereos, S.; Tousoulis,
D. The Role of Inflammation in Diabetes: Current Concepts and Future Perspectives. Eur. Cardiol. 2019, 14, 50–59. [CrossRef]

13. Shapiro, A.M.; Lakey, J.R.; Ryan, E.A.; Korbutt, G.S.; Toth, E.; Warnock, G.L.; Kneteman, N.M.; Rajotte, R.V. Islet transplantation
in seven patients with type 1 diabetes mellitus using a glucocorticoid-free immunosuppressive regimen. N. Engl. J. Med. 2000,
343, 230–238. [CrossRef]

14. Siminovitch, L.; McCulloch, E.A.; Till, J.E. The Distribution of Colony-Forming Cells among Spleen Colonies. J. Cell Comp. Physiol.
1963, 62, 327–336. [CrossRef]

15. Aggarwal, R.; Lu, J.; Pompili, V.J.; Das, H. Hematopoietic stem cells: Transcriptional regulation, ex vivo expansion and clinical
application. Curr. Mol. Med. 2012, 12, 34–49. [CrossRef]

16. Fadini, G.P.; Rigato, M.; Cappellari, R.; Bonora, B.M.; Avogaro, A. Long-term Prediction of Cardiovascular Outcomes by
Circulating CD34+ and CD34+CD133+ Stem Cells in Patients with Type 2 Diabetes. Diabetes Care 2017, 40, 125–131. [CrossRef]

17. Vinci, M.C.; Carulli, E.; Rurali, E.; Rinaldi, R.; Damiano, G.; Raucci, A.; Pompilio, G.; Genovese, S. The Long Telling Story of
“Endothelial Progenitor Cells”: Where Are We at Now? Cells 2022, 12, 112. [CrossRef]

18. Fina, L.; Molgaard, H.V.; Robertson, D.; Bradley, N.J.; Monaghan, P.; Delia, D.; Sutherland, D.R.; Baker, M.A.; Greaves, M.F.
Expression of the CD34 gene in vascular endothelial cells. Blood 1990, 75, 2417–2426. [CrossRef]

19. Lin, C.S.; Ning, H.; Lin, G.; Lue, T.F. Is CD34 truly a negative marker for mesenchymal stromal cells? Cytotherapy 2012, 14,
1159–1163. [CrossRef]

20. Blanpain, C.; Lowry, W.E.; Geoghegan, A.; Polak, L.; Fuchs, E. Self-renewal, multipotency, and the existence of two cell populations
within an epithelial stem cell niche. Cell 2004, 118, 635–648. [CrossRef]

21. Sidney, L.E.; Branch, M.J.; Dunphy, S.E.; Dua, H.S.; Hopkinson, A. Concise review: Evidence for CD34 as a common marker for
diverse progenitors. Stem Cells 2014, 32, 1380–1389. [CrossRef]

22. Asahara, T.; Murohara, T.; Sullivan, A.; Silver, M.; van der Zee, R.; Li, T.; Witzenbichler, B.; Schatteman, G.; Isner, J.M. Isolation of
putative progenitor endothelial cells for angiogenesis. Science 1997, 275, 964–967. [CrossRef]

23. Vinci, M.C.; Gambini, E.; Bassetti, B.; Genovese, S.; Pompilio, G. When Good Guys Turn Bad: Bone Marrow’s and Hematopoietic
Stem Cells’ Role in the Pathobiology of Diabetic Complications. Int. J. Mol. Sci. 2020, 21, 3864. [CrossRef]

24. Basile, D.P.; Yoder, M.C. Circulating and tissue resident endothelial progenitor cells. J. Cell. Physiol. 2014, 229, 10–16. [CrossRef]
25. Pozzoli, O.; Vella, P.; Iaffaldano, G.; Parente, V.; Devanna, P.; Lacovich, M.; Lamia, C.L.; Fascio, U.; Longoni, D.; Cotelli, F.; et al.

Endothelial fate and angiogenic properties of human CD34+ progenitor cells in zebrafish. Arterioscler. Thromb. Vasc. Biol. 2011, 31,
1589–1597. [CrossRef]

26. Rigato, M.; Avogaro, A.; Fadini, G.P. Levels of Circulating Progenitor Cells, Cardiovascular Outcomes and Death: A Meta-Analysis
of Prospective Observational Studies. Circ. Res. 2016, 118, 1930–1939. [CrossRef]

http://doi.org/10.2337/diacare.27.2007.S5
http://doi.org/10.1503/cmaj.060244
http://doi.org/10.34172/hpp.2020.18
http://doi.org/10.1136/bmj.k1497
http://doi.org/10.1016/j.ecl.2010.05.011
http://doi.org/10.1161/CIRCULATIONAHA.118.036068
http://www.ncbi.nlm.nih.gov/pubmed/30586738
http://doi.org/10.3390/ijms21176275
http://doi.org/10.1136/bmjdrc-2014-000044
http://doi.org/10.1001/jama.2017.0686
http://doi.org/10.1007/s00125-015-3857-4
http://doi.org/10.3390/ijerph18147623
http://doi.org/10.15420/ecr.2018.33.1
http://doi.org/10.1056/NEJM200007273430401
http://doi.org/10.1002/jcp.1030620313
http://doi.org/10.2174/156652412798376125
http://doi.org/10.2337/dc16-1755
http://doi.org/10.3390/cells12010112
http://doi.org/10.1182/blood.V75.12.2417.2417
http://doi.org/10.3109/14653249.2012.729817
http://doi.org/10.1016/j.cell.2004.08.012
http://doi.org/10.1002/stem.1661
http://doi.org/10.1126/science.275.5302.964
http://doi.org/10.3390/ijms21113864
http://doi.org/10.1002/jcp.24423
http://doi.org/10.1161/ATVBAHA.111.226969
http://doi.org/10.1161/CIRCRESAHA.116.308366


Cells 2023, 12, 1054 13 of 15

27. Maruyama, S.; Taguchi, A.; Iwashima, S.; Ozaki, T.; Yasuda, K.; Kikuchi-Taura, A.; Soma, T.; Ishii, H.; Murohara, T.; Takahashi, H.;
et al. Low circulating CD34+ cell count is associated with poor prognosis in chronic hemodialysis patients. Kidney Int. 2008, 74,
1603–1609. [CrossRef]

28. Taguchi, A.; Nakagomi, N.; Matsuyama, T.; Kikuchi-Taura, A.; Yoshikawa, H.; Kasahara, Y.; Hirose, H.; Moriwaki, H.; Nakagomi,
T.; Soma, T.; et al. Circulating CD34-positive cells have prognostic value for neurologic function in patients with past cerebral
infarction. J. Cereb. Blood Flow Metab. 2009, 29, 34–38. [CrossRef]

29. Craig, J.I.; Turner, M.L.; Parker, A.C. Peripheral blood stem cell transplantation. Blood Rev. 1992, 6, 59–67. [CrossRef]
30. Muraro, P.A.; Douek, D.C.; Packer, A.; Chung, K.; Guenaga, F.J.; Cassiani-Ingoni, R.; Campbell, C.; Memon, S.; Nagle, J.W.; Hakim,

F.T.; et al. Thymic output generates a new and diverse TCR repertoire after autologous stem cell transplantation in multiple
sclerosis patients. J. Exp. Med. 2005, 201, 805–816. [CrossRef]

31. Voltarelli, J.C.; Couri, C.E.; Stracieri, A.B.; Oliveira, M.C.; Moraes, D.A.; Pieroni, F.; Coutinho, M.; Malmegrim, K.C.; Foss-Freitas,
M.C.; Simões, B.P.; et al. Autologous nonmyeloablative hematopoietic stem cell transplantation in newly diagnosed type 1
diabetes mellitus. JAMA 2007, 297, 1568–1576. [CrossRef]

32. Burt, R.K.; Traynor, A.; Statkute, L.; Barr, W.G.; Rosa, R.; Schroeder, J.; Verda, L.; Krosnjar, N.; Quigley, K.; Yaung, K.; et al. Non-
myeloablative hematopoietic stem cell transplantation for systemic lupus erythematosus. JAMA 2006, 295, 527–535. [CrossRef]

33. Sahoo, S.; Klychko, E.; Thorne, T.; Misener, S.; Schultz, K.M.; Millay, M.; Ito, A.; Liu, T.; Kamide, C.; Agrawal, H.; et al. Exosomes
from human CD34(+) stem cells mediate their proangiogenic paracrine activity. Circ. Res. 2011, 109, 724–728. [CrossRef]

34. Kawamoto, A.; Iwasaki, H.; Kusano, K.; Murayama, T.; Oyamada, A.; Silver, M.; Hulbert, C.; Gavin, M.; Hanley, A.; Ma, H.; et al.
CD34-positive cells exhibit increased potency and safety for therapeutic neovascularization after myocardial infarction compared
with total mononuclear cells. Circulation 2006, 114, 2163–2169. [CrossRef]

35. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.; Keating, A.; Prockop, D.; Horwitz,
E. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position
statement. Cytotherapy 2006, 8, 315–317. [CrossRef]

36. Karnieli, O.; Izhar-Prato, Y.; Bulvik, S.; Efrat, S. Generation of insulin-producing cells from human bone marrow mesenchymal
stem cells by genetic manipulation. Stem Cells 2007, 25, 2837–2844. [CrossRef]

37. Wan, X.X.; Zhang, D.Y.; Khan, M.A.; Zheng, S.Y.; Hu, X.M.; Zhang, Q.; Yang, R.H.; Xiong, K. Stem Cell Transplantation in the
Treatment of Type 1 Diabetes Mellitus: From Insulin Replacement to Beta-Cell Replacement. Front. Endocrinol. 2022, 13, 859638.
[CrossRef]

38. Boumaza, I.; Srinivasan, S.; Witt, W.T.; Feghali-Bostwick, C.; Dai, Y.; Garcia-Ocana, A.; Feili-Hariri, M. Autologous bone marrow-
derived rat mesenchymal stem cells promote PDX-1 and insulin expression in the islets, alter T cell cytokine pattern and preserve
regulatory T cells in the periphery and induce sustained normoglycemia. J. Autoimmun. 2009, 32, 33–42. [CrossRef]

39. Gao, F.; Wu, D.Q.; Hu, Y.H.; Jin, G.X.; Li, G.D.; Sun, T.W.; Li, F.J. In vitro cultivation of islet-like cell clusters from human umbilical
cord blood-derived mesenchymal stem cells. Transl. Res. 2008, 151, 293–302. [CrossRef]

40. Chao, K.C.; Chao, K.F.; Fu, Y.S.; Liu, S.H. Islet-like clusters derived from mesenchymal stem cells in Wharton’s Jelly of the human
umbilical cord for transplantation to control type 1 diabetes. PLoS ONE 2008, 3, e1451. [CrossRef]

41. Kroon, E.; Martinson, L.A.; Kadoya, K.; Bang, A.G.; Kelly, O.G.; Eliazer, S.; Young, H.; Richardson, M.; Smart, N.G.; Cunningham, J.;
et al. Pancreatic endoderm derived from human embryonic stem cells generates glucose-responsive insulin-secreting cells in vivo.
Nat. Biotechnol. 2008, 26, 443–452. [CrossRef]

42. Rezania, A.; Bruin, J.E.; Riedel, M.J.; Mojibian, M.; Asadi, A.; Xu, J.; Gauvin, R.; Narayan, K.; Karanu, F.; O’Neil, J.J.; et al.
Maturation of human embryonic stem cell-derived pancreatic progenitors into functional islets capable of treating pre-existing
diabetes in mice. Diabetes 2012, 61, 2016–2029. [CrossRef]

43. Basile, G.; Qadir, M.M.F.; Mauvais-Jarvis, F.; Vetere, A.; Shoba, V.; Modell, A.E.; Pastori, R.L.; Russ, H.A.; Wagner, B.K.;
Dominguez-Bendala, J. Emerging diabetes therapies: Bringing back the β-cells. Mol. Metab. 2022, 60, 101477. [CrossRef]

44. Kondo, Y.; Toyoda, T.; Inagaki, N.; Osafune, K. iPSC technology-based regenerative therapy for diabetes. J. Diabetes Investig. 2018,
9, 234–243. [CrossRef]

45. El-Badawy, A.; El-Badri, N. Clinical Efficacy of Stem Cell Therapy for Diabetes Mellitus: A Meta-Analysis. PLoS ONE 2016,
11, e0151938. [CrossRef]

46. Zhang, Y.; Chen, W.; Feng, B.; Cao, H. The Clinical Efficacy and Safety of Stem Cell Therapy for Diabetes Mellitus: A Systematic
Review and Meta-Analysis. Aging Dis. 2020, 11, 141–153. [CrossRef]

47. Pires, I.G.S.; Silva, E.S.J.A.; de Melo Bisneto, A.V.; Passos, X.S.; Carneiro, C.C. Clinical efficacy of stem-cell therapy on diabetes
mellitus: A systematic review and meta-analysis. Transpl. Immunol. 2022, 75, 101740. [CrossRef]

48. Couri, C.E.; Oliveira, M.C.; Stracieri, A.B.; Moraes, D.A.; Pieroni, F.; Barros, G.M.; Madeira, M.I.; Malmegrim, K.C.;
Foss-Freitas, M.C.; Simões, B.P.; et al. C-peptide levels and insulin independence following autologous nonmyeloablative
hematopoietic stem cell transplantation in newly diagnosed type 1 diabetes mellitus. JAMA 2009, 301, 1573–1579. [CrossRef]

49. Snarski, E.; Milczarczyk, A.; Torosian, T.; Paluszewska, M.; Urbanowska, E.; Król, M.; Boguradzki, P.; Jedynasty, K.; Franek, E.;
Wiktor-Jedrzejczak, W. Independence of exogenous insulin following immunoablation and stem cell reconstitution in newly
diagnosed diabetes type I. Bone Marrow Transpl. 2011, 46, 562–566. [CrossRef]

http://doi.org/10.1038/ki.2008.495
http://doi.org/10.1038/jcbfm.2008.92
http://doi.org/10.1016/0268-960X(92)90008-E
http://doi.org/10.1084/jem.20041679
http://doi.org/10.1001/jama.297.14.1568
http://doi.org/10.1001/jama.295.5.527
http://doi.org/10.1161/CIRCRESAHA.111.253286
http://doi.org/10.1161/CIRCULATIONAHA.106.644518
http://doi.org/10.1080/14653240600855905
http://doi.org/10.1634/stemcells.2007-0164
http://doi.org/10.3389/fendo.2022.859638
http://doi.org/10.1016/j.jaut.2008.10.004
http://doi.org/10.1016/j.trsl.2008.03.003
http://doi.org/10.1371/journal.pone.0001451
http://doi.org/10.1038/nbt1393
http://doi.org/10.2337/db11-1711
http://doi.org/10.1016/j.molmet.2022.101477
http://doi.org/10.1111/jdi.12702
http://doi.org/10.1371/journal.pone.0151938
http://doi.org/10.14336/ad.2019.0421
http://doi.org/10.1016/j.trim.2022.101740
http://doi.org/10.1001/jama.2009.470
http://doi.org/10.1038/bmt.2010.147


Cells 2023, 12, 1054 14 of 15

50. Snarski, E.; Milczarczyk, A.; Hałaburda, K.; Torosian, T.; Paluszewska, M.; Urbanowska, E.; Król, M.; Boguradzki, P.; Jedynasty, K.;
Franek, E.; et al. Immunoablation and autologous hematopoietic stem cell transplantation in the treatment of new-onset type 1
diabetes mellitus: Long-term observations. Bone Marrow Transpl. 2016, 51, 398–402. [CrossRef]

51. Li, L.; Shen, S.; Ouyang, J.; Hu, Y.; Hu, L.; Cui, W.; Zhang, N.; Zhuge, Y.Z.; Chen, B.; Xu, J.; et al. Autologous hematopoietic stem
cell transplantation modulates immunocompetent cells and improves β-cell function in Chinese patients with new onset of type 1
diabetes. J. Clin. Endocrinol. Metab. 2012, 97, 1729–1736. [CrossRef] [PubMed]

52. Gu, W.; Hu, J.; Wang, W.; Li, L.; Tang, W.; Sun, S.; Cui, W.; Ye, L.; Zhang, Y.; Hong, J.; et al. Diabetic ketoacidosis at diagnosis
influences complete remission after treatment with hematopoietic stem cell transplantation in adolescents with type 1 diabetes.
Diabetes Care 2012, 35, 1413–1419. [CrossRef] [PubMed]

53. Zhang, X.; Ye, L.; Hu, J.; Tang, W.; Liu, R.; Yang, M.; Hong, J.; Wang, W.; Ning, G.; Gu, W. Acute response of peripheral blood cell
to autologous hematopoietic stem cell transplantation in type 1 diabetic patient. PLoS ONE 2012, 7, e31887. [CrossRef]

54. Cantú-Rodríguez, O.G.; Lavalle-González, F.; Herrera-Rojas, M.; Jaime-Pérez, J.C.; Hawing-Zárate, J.; Gutiérrez-Aguirre, C.H.;
Mancias-Guerra, C.; González-Llano, O.; Zapata-Garrido, A.; Villarreal-Pérez, J.Z.; et al. Long-Term Insulin Independence in
Type 1 Diabetes Mellitus Using a Simplified Autologous Stem Cell Transplant. J. Clin. Endocrinol. Metab. 2016, 101, 2141–2148.
[CrossRef]

55. Gu, B.; Miao, H.; Zhang, J.; Hu, J.; Zhou, W.; Gu, W.; Wang, W.; Ning, G. Clinical benefits of autologous haematopoietic stem cell
transplantation in type 1 diabetes patients. Diabetes Metab. 2018, 44, 341–345. [CrossRef]

56. Kim, S.J.; Nian, C.; Doudet, D.J.; McIntosh, C.H. Dipeptidyl peptidase IV inhibition with MK0431 improves islet graft survival in
diabetic NOD mice partially via T-cell modulation. Diabetes 2009, 58, 641–651. [CrossRef]

57. Ludvigsson, J.; Heding, L.; Liedén, G.; Marner, B.; Lernmark, A. Plasmapheresis in the initial treatment of insulin-dependent
diabetes mellitus in children. Br. Med. J. (Clin. Res. Ed.) 1983, 286, 176–178. [CrossRef]

58. Tsukamoto, H.; Nagafuji, K.; Horiuchi, T.; Mitoma, H.; Niiro, H.; Arinobu, Y.; Inoue, Y.; To, K.; Miyamoto, T.; Iwasaki, H.;
et al. Analysis of immune reconstitution after autologous CD34+ stem/progenitor cell transplantation for systemic sclerosis:
Predominant reconstitution of Th1 CD4+ T cells. Rheumatology 2011, 50, 944–952. [CrossRef]

59. D’Addio, F.; Valderrama Vasquez, A.; Ben Nasr, M.; Franek, E.; Zhu, D.; Li, L.; Ning, G.; Snarski, E.; Fiorina, P. Autologous
nonmyeloablative hematopoietic stem cell transplantation in new-onset type 1 diabetes: A multicenter analysis. Diabetes 2014, 63,
3041–3046. [CrossRef]

60. Ye, L.; Li, L.; Wan, B.; Yang, M.; Hong, J.; Gu, W.; Wang, W.; Ning, G. Immune response after autologous hematopoietic stem cell
transplantation in type 1 diabetes mellitus. Stem Cell Res. Ther. 2017, 8, 90. [CrossRef]

61. Mesples, A.; Majeed, N.; Zhang, Y.; Hu, X. Early immunotherapy using autologous adult stem cells reversed the effect of
anti-pancreatic islets in recently diagnosed type 1 diabetes mellitus: Preliminary results. Med. Sci. Monit. 2013, 19, 852–857.
[CrossRef] [PubMed]

62. Giannopoulou, E.Z.; Puff, R.; Beyerlein, A.; von Luettichau, I.; Boerschmann, H.; Schatz, D.; Atkinson, M.; Haller, M.J.; Egger, D.;
Burdach, S.; et al. Effect of a single autologous cord blood infusion on beta-cell and immune function in children with new onset
type 1 diabetes: A non-randomized, controlled trial. Pediatr. Diabetes 2014, 15, 100–109. [CrossRef] [PubMed]

63. Haller, M.J.; Wasserfall, C.H.; Hulme, M.A.; Cintron, M.; Brusko, T.M.; McGrail, K.M.; Sumrall, T.M.; Wingard, J.R.;
Theriaque, D.W.; Shuster, J.J.; et al. Autologous umbilical cord blood transfusion in young children with type 1 diabetes fails to
preserve C-peptide. Diabetes Care 2011, 34, 2567–2569. [CrossRef]

64. Haller, M.J.; Wasserfall, C.H.; Hulme, M.A.; Cintron, M.; Brusko, T.M.; McGrail, K.M.; Wingard, J.R.; Theriaque, D.W.; Shuster, J.J.;
Ferguson, R.J.; et al. Autologous umbilical cord blood infusion followed by oral docosahexaenoic acid and vitamin D supplemen-
tation for C-peptide preservation in children with Type 1 diabetes. Biol. Blood Marrow Transpl. 2013, 19, 1126–1129. [CrossRef]
[PubMed]

65. Haller, M.J.; Wasserfall, C.H.; McGrail, K.M.; Cintron, M.; Brusko, T.M.; Wingard, J.R.; Kelly, S.S.; Shuster, J.J.; Atkinson, M.A.;
Schatz, D.A. Autologous umbilical cord blood transfusion in very young children with type 1 diabetes. Diabetes Care 2009, 32,
2041–2046. [CrossRef]

66. Lu, J.; Shen, S.M.; Ling, Q.; Wang, B.; Li, L.R.; Zhang, W.; Qu, D.D.; Bi, Y.; Zhu, D.L. One repeated transplantation of allogeneic
umbilical cord mesenchymal stromal cells in type 1 diabetes: An open parallel controlled clinical study. Stem Cell Res. Ther. 2021,
12, 340. [CrossRef]

67. Cai, J.; Wu, Z.; Xu, X.; Liao, L.; Chen, J.; Huang, L.; Wu, W.; Luo, F.; Wu, C.; Pugliese, A.; et al. Umbilical Cord Mesenchymal
Stromal Cell with Autologous Bone Marrow Cell Transplantation in Established Type 1 Diabetes: A Pilot Randomized Controlled
Open-Label Clinical Study to Assess Safety and Impact on Insulin Secretion. Diabetes Care 2016, 39, 149–157. [CrossRef]

68. Hu, J.; Yu, X.; Wang, Z.; Wang, F.; Wang, L.; Gao, H.; Chen, Y.; Zhao, W.; Jia, Z.; Yan, S.; et al. Long term effects of the implantation
of Wharton’s jelly-derived mesenchymal stem cells from the umbilical cord for newly-onset type 1 diabetes mellitus. Endocr. J.
2013, 60, 347–357. [CrossRef]

69. Kamal, M.M.; Kassem, D.H. Therapeutic Potential of Wharton’s Jelly Mesenchymal Stem Cells for Diabetes: Achievements and
Challenges. Front. Cell Dev. Biol. 2020, 8, 16. [CrossRef]

70. Maryam, G.; Ramin, H.; Mahsa, A.; Abbas-Ali, K.; Babak, A.; Hamidreza, A.; Parviz, H.; Ali Mohammad, S.; Bagher, L. The Effect
of Fetal Liver-Derived Cell Suspension Allotransplantation on Patients with Diabetes: First Year of Follow-up. Acta Med. Iran.
1970, 50, 541–546.

http://doi.org/10.1038/bmt.2015.294
http://doi.org/10.1210/jc.2011-2188
http://www.ncbi.nlm.nih.gov/pubmed/22419704
http://doi.org/10.2337/dc11-2161
http://www.ncbi.nlm.nih.gov/pubmed/22723579
http://doi.org/10.1371/journal.pone.0031887
http://doi.org/10.1210/jc.2015-2776
http://doi.org/10.1016/j.diabet.2017.12.006
http://doi.org/10.2337/db08-1101
http://doi.org/10.1136/bmj.286.6360.176
http://doi.org/10.1093/rheumatology/keq414
http://doi.org/10.2337/db14-0295
http://doi.org/10.1186/s13287-017-0542-1
http://doi.org/10.12659/msm.889525
http://www.ncbi.nlm.nih.gov/pubmed/24121994
http://doi.org/10.1111/pedi.12072
http://www.ncbi.nlm.nih.gov/pubmed/24102806
http://doi.org/10.2337/dc11-1406
http://doi.org/10.1016/j.bbmt.2013.04.011
http://www.ncbi.nlm.nih.gov/pubmed/23611977
http://doi.org/10.2337/dc09-0967
http://doi.org/10.1186/s13287-021-02417-3
http://doi.org/10.2337/dc15-0171
http://doi.org/10.1507/endocrj.EJ12-0343
http://doi.org/10.3389/fcell.2020.00016


Cells 2023, 12, 1054 15 of 15

71. Maryam, G.; Farzaneh, A.; Ali, T.; Ramin, H.; Camelia, R.; Bagher, L. Insulin Independence after Fetal Liver-Derived Cell
Suspension Allotransplantation in Patients with Type 1 Diabetes: A Pilot Study. Iran. J. Public Health 2015, 44, 27–35.

72. Ali, T.; Ensieh, N.E.; Maryam, G.; Farideh, R.; Moham madreza, A.; Bagher, L.; Ramin, H. Application of Allotransplantation of
Fetal Liver-derived Stem-Cells for Treatment of Type 1 Diabetes: A Single-arm, Phase 3 Clinical Trial. Iran. J. Public Health 2015,
44, 36–41.

73. Carlsson, P.O.; Schwarcz, E.; Korsgren, O.; Le Blanc, K. Preserved β-cell function in type 1 diabetes by mesenchymal stromal cells.
Diabetes 2015, 64, 587–592. [CrossRef] [PubMed]

74. Vanikar, A.V.; Dave, S.D.; Thakkar, U.G.; Trivedi, H.L. Cotransplantation of adipose tissue-derived insulin-secreting mesenchymal
stem cells and hematopoietic stem cells: A novel therapy for insulin-dependent diabetes mellitus. Stem Cells Int. 2010, 2010, 582382.
[CrossRef]

75. Thakkar, U.G.; Trivedi, H.L.; Vanikar, A.V.; Dave, S.D. Insulin-secreting adipose-derived mesenchymal stromal cells with bone
marrow-derived hematopoietic stem cells from autologous and allogenic sources for type 1 diabetes mellitus. Cytotherapy 2015,
17, 940–947. [CrossRef]

76. Roep, B.O.; Thomaidou, S.; van Tienhoven, R.; Zaldumbide, A. Type 1 diabetes mellitus as a disease of the β-cell (do not blame
the immune system?). Nat. Rev. Endocrinol. 2021, 17, 150–161. [CrossRef]

77. Kang, E.M.; Zickler, P.P.; Burns, S.; Langemeijer, S.M.; Brenner, S.; Phang, O.A.; Patterson, N.; Harlan, D.; Tisdale, J.F. Hematopoi-
etic stem cell transplantation prevents diabetes in NOD mice but does not contribute to significant islet cell regeneration once
disease is established. Exp. Hematol. 2005, 33, 699–705. [CrossRef]

78. Dayan, C.M.; Besser, R.E.J.; Oram, R.A.; Hagopian, W.; Vatish, M.; Bendor-Samuel, O.; Snape, M.D.; Todd, J.A. Preventing type 1
diabetes in childhood. Science 2021, 373, 506–510. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.2337/db14-0656
http://www.ncbi.nlm.nih.gov/pubmed/25204974
http://doi.org/10.4061/2010/582382
http://doi.org/10.1016/j.jcyt.2015.03.608
http://doi.org/10.1038/s41574-020-00443-4
http://doi.org/10.1016/j.exphem.2005.03.008
http://doi.org/10.1126/science.abi4742

	Introduction 
	Hematopoietic Stem/Progenitor Cells for Cell Therapy 
	Hematopoietic Stem/Progenitor Cells in Clinical Trials 
	Autologous Nonmyeloablative Hematopoietic Stem Cell Transplantation 
	The Brazilian Study 
	The Polish Study 
	The Chinese Studies 
	The Mexican Study 

	Other Cell Therapy Approaches in Clinical Trials 
	The Profile of the Responder Patients 
	Discussion 
	Conclusions 
	References

