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Abstract

Diabetes is one of the most common chronic diseases worldwide, with around 537 million adults aged 20-79 living with the disease. It is a global
epidemic and has a rapidly rising incidence. Traditional treatments for diabetes have limited efficacy in achieving long-term disease control. In
recent years, the autologous infusion of bone marrow-derived mononuclear cells (BMMNC) has become a novel and effective therapeutic approach
in treating autoimmune type 1 diabetes (T1DM). BMMNC contains two important types of stem cells, bone marrow-derived hematopoietic stem cells
(BMHSC) and bone marrow-derived mesenchymal stem cells (BMMSC), which are currently used independently or coordinately in the treatment of
T1DM. In this review, we summarize the clinical data concerning BMMNC, BMHSC, and BMMSC infusion in patients with diabetes (including Type 1,
Type 2, and secondary diabetes) and diabetes-related complications. Research suggests that the autologous infusion of bone marrow stem cells is
safe and effective, offering the potential to be widely used in patients with diabetes.
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Introduction

Diabetes is one of the most common chronic diseases world-
wide, with around 537 million adults aged 20-79 living with the
disease [1]. Diabetes mellitus, which includes type 1 (T1DM) and
type 2 (T2DM), leads to high morbidity and mortality, and as a
result, presents a huge global burden. According to the CDC (Cen-
ters for Disease Control and Prevention) [2], there are at least 37.3
million Americans (11.3% of the population) living with diabetes,
and another 38% of US adult population have prediabetes. In 2017,
the cost of diagnosed diabetes in the US was estimated at $327
billion [3]. Traditional therapeutic diabetes strategies such as diet
control, exercise, exogenous insulin treatment, and glucoregula-
tory pharmacological approaches do not have effective sustained
long-term outcome. Pancreatic and islet transplantation has been
considered for T1DM and bariatric surgery has exceptional effects
on refractory T2DM, but these applications have been limited thus
far [4,5]. Furthermore, both have potential surgery-related risks [6]
and long-term complications [7] associated with chronic immune
suppression [8,9] e.g. histocompatability leucocyte antigen (HLA)
sensitization).

In recent years, the use of bone marrow-derived mononuclear
(BMMNC) cells has shown to be a promising therapeutic strategy
for diabetes and some other diseases [6]. BMMNCs contain two
main types of bone marrow stem cells, bone marrow-derived he-
matopoietic stem cells (BMHSCs) and bone marrow-derived mes-
enchymal stem cells (BMMSCs) [6,7,9]. Widely located in the bone
marrow, BMHSCs play a key role in producing all types of blood
cells. BMMSCs reside in the bone marrow stromal compartment.
These cells mechanically support the hematopoietic microenviron-
ment, and have the capacity to differentiate into a variety of cell
types such as neuronal cells, cardiomyocyte, lung epithelial cells,
and pancreatic beta cells [10]. A systematic review [9,10] compared
different types of stem cells. The collective evidence for TIDM BMH-
SC infusion may help preserve or restore pancreatic $-cell function
through immunomodulatory effects, reducing autoimmune-medi-
ated f-cell destruction, while in T2DM, the combined transplan-
tation of BMMNCs shows promise in improving insulin sensitivity
and glycemic control by promoting S-cell regeneration, enhancing
insulin secretion, and mitigating chronic inflammation.

Stem cell transplants can be allogeneic or autologous, depend-
ing on the source of the cells. In autologous transplantation, the pa-
tient’'s own stem cells are collected, processed, and reintroduced
after a conditioning regimen. This approach minimizes the risk of
immune rejection or graft-versus-host disease (GVHD) because the
cells are genetically identical to the recipient. Historically, for auto-
immune conditions such as T1DM, where the patient’s cells may still
harbor disease-causing traits and autologous transplantation was
often underconsidered. However, clinical trials and preclinical stud-
ies support autologous the potential for BMMNC to play an integral
role in modifying the underlying T1DM and T2DM pathophysiolog-
ical processes. Compared to allogeneic transplantation, autologous
infusion of bone marrow stem cells is widely accepted as it reduces
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graft versus host disease and engraftment syndrome [11,12]. In this
review, we summarize the recent clinical data of BMMNC infusion
in the treatment of TIDM and T2DM. To our knowledge, this is the
first review paper of this topic.

Autologous infusion of BMMNC in T1DM

T1DM is caused by an autoimmune process leading to islet
beta-cell destruction that results in insulin deficiency and hyper-
glycemia. While it was once believed that islet damage resulting in
beta cell destruction was irreversible stem cell therapy has been
shown to restore functional S-cell mass. Compared to pancreatic
transplantation, stem cell transplantation has fewer limitations
and has wider applications due to its accessibility. The cells, such
as BMMNCs, can be obtained with relative ease from the individual.
BMMNCs can be infused through veins, arteries, or directly into tis-
sues. Jawale [13] harvested 7.86 x 107 bone marrow stem cells and
divided these into thirds: one third of the isolated cells were deliv-
ered into the omental pouch, another one third was delivered into
peritoneal cavity, and the remaining third was given intravenously.
This method was reported to be safe and effective for the long-term
treatment of T1DM (Figure 1).
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Figure 1: Autologous infusion of BMMNC in T1DM.

Cai, et al [14]. conducted a pilot randomized controlled trial
(RCT) in patients with TIDM. One year after a co-transplantation of
autologous BMMNCs plus umbilical cord mesenchymal stem cells
(MSCs) through the pancreatic artery, patients showed moderate
improvement of metabolic measures such as the levels of endog-
enous C-peptide, insulin, glucose, and hemoglobin A1C (HbAlc)
compared to controls. Mesples, et al [15] treated 2 patients with
recently diagnosed T1DM by infusing BMMNCs into the liver via an
ultrasound guided needle. The follow up at 12 months after treat-
ment exhibited negative values in anti-pancreatic islets cells anti-
bodies (ICAs), glutamic acid decarboxylase (GAD) antibodies, and
anti-insulin antibodies, with increased C-peptide concentration
and decreased glycemic levels [15]. In addition, the anti-T1DM ef-
fects of BMMNC can be further improved by the addition of exercise
in combination with the autologous BMMNC transplantation, which
showed better glycemic control than stem cell alone in patients
with T1DM [13].

The combined transplantation of MSCs and hematopoietic stem
cells (HSCs) has been used in treatments of diseases [10] including
T1DM. The combination of BMHSCs and other types of MSCs have

American Journal of Biomedical Science & Research 289



Am ] Biomed Sci & Res

been addressed in T1DM treatment. Thakkar, et al [16] performed a
prospective trial for patients with T1DM and found that autologous
BMHSCs plus adipose-derived insulin-secreting mesenchymal stro-
mal cells offered satisfactory long-term hyperglycemic control. The
co-infusion of BMMSC and other types of HSCs has not been studied
and warrants further research in clinical trials.

BMHSC therapy has also been used as stand-alone treatment
for autoimmune diseases including T1DM [15]. The rationale of this
therapy is that BMHSC are likely to influence immunity and correct
immune aberration [16]. Voltarelli, et al [17]. conducted a prospec-
tive study of 15 patients with T1DM (aged 14-31 years) diagnosed
within the previous 6 weeks by clinical findings and hyperglycemia
and confirmed with positive antibodies against glutamic acid de-
carboxylase. During a follow-up period of 7 to 36 months (mean
18.8), 14 patients achieved insulin independence, with 1 patient
resuming insulin use 1 year after AHST. At 6 months, C-peptide
response curves were significantly improved, and anti-glutamic
acid decarboxylase antibody levels decreased, while 13 out of 14
patients maintained HbAlc levels < 7% with minimal adverse ef-
fects. Although there was no mortality, numerous adverse events
were reported in a significant percentage of patients. Snarski, et al
[18-20]. demonstrated similar findings in a study of eight patients
with newly diagnosed T1DM after performing BMHSC transplanta-
tion. Following transplantation, all patients were less dependent on
exogenous insulin and exhibited lower HbA1lc levels. Li, et al [21].
did BMHSC transplantation in patients with T1IDM who developed
symptoms within 12 months of diagnosis. In 31-54 months, 11 out
of 15 patients had decreased HbA1c and increased C-peptide con-
centrations, along with reduced doses of insulin for glycemic con-
trol, indicating an improvement of beta-cell function. A follow-up
study by Couri, et al also exhibited an increase in C-peptide and a
reduction in insulin consumption [22].
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With the ability to differentiate into islet cells and modulate
the microenvironment, BMMSC therapy is also used stand-alone in
T1DM treatment, although the reports of using BMMCS alone are
fewer compared to using BMHSC alone. In an RCT [23], an IV injec-
tion of autologous BMMSC or placebo was performed in 21 patients
with newly diagnosed T1DM demonstrating patients who under-
went BMMSC treatment improved C-peptide levels and HbAlc. In-
terestingly, BMMSC induced an anti-inflammatory response as op-
posed to the pro-inflammatory cascade apparent prior to treatment
[23]. Similarly, Carlsson, et al [24]. analyzed C-peptide concentra-
tions in blood in response to a mixed-meal tolerance test (MMTT)
at 1-year follow-up in 20 T1DM patients randomized to IV autol-
ogous BMMSC treatment or serving as controls. Among those in
the control arm there was a loss in both C-peptide peak values and
C-peptide when calculated as area under the curve during the 1st
year while among MSC-treated patients’ responses were preserved
or even increased [24].

Based on the above evidence about the use of BMMNCs as a
promising therapeutic strategy for diabetes, our team recently re-
ported a novel approach for BMMNC collection using a cohort of
six young diabetic patients [25]. After using Filgrastim for 4 days,
bone marrow was aspirated on day 5 and stem cells were extracted
from the anterior superior iliac spine, which was followed by an
IV injection. The qualified autologous BMMNC were collected and
identified as mononuclear cells >180x106 /kg and CD34+ cells
>0.22%. These patients had a diagnosis of T1DM for <120 days (60-
120 days) and were aged 12 years old on average. At six months
after stem cell transplantation, 5 patients demonstrated decreased
blood glucose and HbA1C levels along with improved values of ICA,
GAD, and tyrosine phosphatase-related islet antigen 2 antibodies
[25]. In this study, BMHSCs were stimulated and BMMSCs were not
stimulated.
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Figure 2: BMMNCs have inherent regenerative properties, they are limited in their ability to fully replace damaged S-cells.
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While BMMNCs have inherent regenerative properties, they
are limited in their ability to fully replace damaged S-cells. How-
ever, reprogramming BMMNCs into induced pluripotent stem cells
(iPSCs) can provide a renewable source of S-like cells. BMMNC can
be reprogrammed into iPSCs by introducing specific transcription
factors (e.g., OCT4, SOX2, KLF4, c-MYC) [19]. iPSCs derived from
BMMNCs possess the ability to differentiate into any cell type, in-
cluding insulin-producing S-cells. This approach combines the im-
muno-compatibility of autologous BMMNCs with the pluripotency
of iPSCs, potentially addressing the need for personalized diabetes
therapies [20]. The immunological advantage resides in the use of
BMMNCs from the patient to generate iPSCs avoids issues of im-
mune rejection associated with allogeneic iPSCs or other stem cell
sources, especially critical in autoimmune conditions like T1DM
[21]. In essence, BMMNCs can serve as an autologous, readily
available cell source for generating iPSCs, offering a path to more
personalized and effective regenerative therapies for diabetes and
other conditions (Figure 2).

Our group has capitalized on the immunological advantage.
In preclinical research showing the effects of engineered islets in
diabetic murine models, histological evaluation shows successful
integration of engineered islets into the host tissue post-transplan-
tation. These studies demonstrate E-ISLET-treated groups exhibit
significantly reduced HbA1c levels compared to untreated diabet-
ic mice, nearing levels seen in healthy controls in six weeks, em-
phasizing the ability of these modified islets to reduce both blood
glucose and HbA1c levels, demonstrating their functional efficacy
in restoring glucose regulation. Omentum implantation of alginate
double coated (APA) human PSC islet cell capsule into a pig with
total pancreatectomy model, ~60% c-peptide was detected at one-
week post-transplantation [22]. In the primate STZ T1DM model,
we show injection of human iPCS, c-peptide is detected as early as
two weeks post-transplantation [23].

Vertex Pharmaceuticals conducted a phase 1/2 clinical trial
using iPSC-derived S-cell clusters (VX-880) in T1D patients with
severe hypoglycemia unawareness. Early results showed that after
transplantation, patients exhibited significant improvements in glu-
cose control, with reduced insulin requirements and restored fast-
ing C-peptide levels (indicating functional insulin production). One
patient achieved nearly insulin independence post-transplantation,
marking a major breakthrough. In addition, ViaCyte and CRISPR
Therapeutics have also collaborated to leverage iPSC capacity [24].
ViaCyte developed PEC-01 cells, derived from iPSCs, which mature
into f-cell precursors after implantation. Their product, VCTX210,
uses gene-edited (CRISPR-modified) iPSC-derived cells to avoid
immune rejection without requiring lifelong immunosuppression.
Early trials indicate successful engraftment and measurable insulin
production in T1D patients [25].

Recent advancements in stem cell therapy highlight a shift to-
ward autologous approaches as an alternative to allogeneic iPSC-de-
rived therapies like Vertex’s VX-880 and ViaCyte-CRISPR Therapeu-
tics’ VCTX210. While VX-880, has demonstrated significant glucose
control improvements in T1D patients, with some achieving near
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insulin independence autologous therapies, utilizing a patient’s
own cells reprogrammed into f-cell precursors, offer the potential
to bypass immune rejection entirely, reducing dependence on ge-
netic modifications or immunosuppressive drugs, thus paving the
way for personalized and safer solutions in T1D treatment.

Autologous infusion of BMMNCs in T2DM

T2DM, is characterized by a combination of insulin resistance
and islet beta-cell dysfunction accounting for > 90% of diagnosed
diabetes cases. A meta-analysis26 showed that BMMNC therapy
for T2DM resulted in improved glycemic control, insulin secretion
and biosynthesis in patients, and suggested that it might prevent
the loss of islet cells. Bhansali, et al [26,27]. found that BMMNC
transplantation led to a reduction in the required insulin dose and
an improvement in C-peptide response in patients with T2DM, al-
though insulin sensitivity remained unchanged. Huy, et al. conducted
a 3-year data analysis? that indicated similar improvements [28].

The approach of infusing stem cells in T2DM varies from that
used in T1DM. Sood, et al [29]. divided 21 patients with T2DM into
three groups according to route of transplantation of BMMCs. Sev-
en patients received BMMNC in the superior pancreaticoduodenal
artery under fluoroscopic guidance, seven received the infusion in
the splenic artery, and seven received the peripheral IV route. At
6-months post-treatment, infused through the artery had signifi-
cantly reduced insulin dose requirements while no changes were
observed among those who received transplantation via IV, sug-
gesting the IV route may not be recommended for T2DM therapy
[30]. Other arterial routes have also been utilized to deliver BMMNC
for T2DM therapy. Wehbe, et al [7]. conducted a study in which six
patients with T2DM underwent autologous infusion of BMMCs into
the celiac and superior mesenteric arteries. Five patients showed
normalization of fasting glucose and HbA1C with a concomitant re-
duction of medication required. Infusion through the great pancre-
atic artery has been shown to be safe and effective [31].

The effectiveness of the autologous stem cell on T2DM may
be enhanced by a combination with hyperbaric oxygen treatment
(HOT). Estrada, et al. studied 48 patients with T2DM [32,33]. One
year after the combined treatments, the patients exhibited in-
creased metabolic control and reduced insulin requirements com-
pared to either the standard treatment or baseline groups. However,
this conclusion contrasted with Wu, et al study [34], who found in
80 patients at 12 months after treatment significant improvement
compared with the control group, but no remarkable change was
observed in the HOT group. More research is needed to understand
these potential synergistic effects.

BMMSCs can be used as a stand-alone therapy in patients with
T2DM and demonstrated good results. There are no reports using
autologous BMHSC therapy in patients with T2DM, however the
use of BMMSC therapy has demonstrated satisfactory outcomes
35. Bhansali, et al [35]. randomly assigned patients with T2DM
into groups receiving either BMMNCs or BMMSCs via superior
pancreaticoduodenal arterial injection. At 12 months after treat-
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ment, both groups showed a reduction in HbA1C level and insulin
requirements, and BMMSC infusion was shown to increase insulin
sensitivity and the C-peptide response.

Autologous Infusion of BMMNC in other
types of Diabetes

To date, BMMNC infusion has not been used in the treatment
of gestational diabetes (GDM), although it has been applied in the
prevention of pancreatogenic diabetes (also called type 3C diabetes
36). In a pilot study by Wang, et al [30], infused autologous BMMSC
via the portal vein along with the islet transplantation to patients
with chronic pancreatitis. Compared to untreated controls, these
patients required lower doses of insulin and had lower levels of
blood glucose. Thakkar, et al [16]. reported a successful treatment
for one patient with pancreatogenic diabetes implanting BMHSC
along with adipose tissue derived insulin-secreting MSCs into sub-
cutaneous tissue, portal and thymic circulation. Relative to baseline
measures, the patient maintained euglycemia (postprandial blood
sugar from 389 mg/dl to 165 mg/dl) and HbA1C (from 8.9% to
6.8%) results with less insulin consumption (from 72 1U/day to 36
[U/day) at the 27-month follow-up [38-40].

Autologous infusion of BMMNC in Diabetic
Complications

BMMNCs also play a role in attenuating the complications of
T1DM and T2DM. In a study by Wu, et al., results from 8-year follow
up after the co-transplantation of autologous BMMNCs and umbil-
ical cord MSCs reduced incidence of T1DM chronic complications
was observed [31]. Similarly, Gaipov, et al. revealed that the infusion
of autologous BMMNCs improved nephropathy in patients with
T1DM [32]. Further, findings from a phase I trial showed that intra-
vitreal injection of autologous BMMNCs inhibited the progression
of hereditary retinal dystrophy [41].

BMMNCs therapy has also be shown to relieve foot ulcers and
critical limb ischemia in both T1DM and T2DM [42-45]. Accord-
ing to a study by Gu, et al [33], a single IV infusion of autologous
BMMSCs in patients with non-proliferative diabetic retinopathy
improved visual acuity and central macular and subfield thickness,
with decreased fasting blood glucose and hypersensitive C-reactive
protein levels. Al Demour, et al. [34] reported intracavernous autolo-
gous BMMSCs as a safe and effective treatment for diabetic patients
with erectile dysfunction. Similarly, studies by Dash, et al [35] and
Lu, et al [36] demonstrated that the topical application of BMMSCs
in patients with chronic diabetic foot ulcers promoted blood flow
and resulted in decreases pain during walking, reduced wound size
and decreased ulcer recurrence rate. The role of BMMSCs in curing
critical limb ischemia [37] and recurrent lower limb bullosis dia-
beticorum [38] in patients with T2DM was also reported. However,
it was also reported that the function of BMMSCs might be compro-
mised with a long-term exposure to chronic inflammation [46-52]
or reduced due to a long history of T2DM and obesity [53-56], al-
though these side effects need to be confirmed and explored further
in future research.
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Conclusion

BMMNCs and its components of BMHSCs and BMMSCs have the
capacity to treat diabetes and diabetes-related complications. Sev-
eral studies have been performed and different approaches have
been explored. Preliminary research has shown that autologous
infusion of bone marrow stem cells is feasible, safe, and effective. In
the future, rigorous RCT data using larger groups and longer-term
follow-up, with more comparisons between studies may be needed
to standardize and optimize autologous bone marrow stem cell in-
fusion therapies for diabetes and other diseases.
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