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Abstract

Type 1 diabetes (T1D) is a chronic autoimmune disease associated with complications that reduce the quality of life of affected individuals
and their families. The therapeutic options for T1D are limited to insulin therapy and islet transplantation; these options are not focused on
preserving p-cell function and endogenous insulin. Despite the promising outcomes observed in current clinical trials involving allogeneic
Wharton's jelly-derived mesenchymal stem cells (WJ-MSCs) infusion for the management of T1D, the precise underlying mechanism of action
remains to be elucidated. In this correspondence, we propose prospective mechanisms of action of WJ-MSCs that may be mediating their
observed capability to preserve p-cell function and prevent T1D progression and provide recommendations for further investigations in clinical
settings. We also highlight the efficacy of WJ-MSCs for therapeutic applications in comparison to other adult MSCs. Finally, we recommend the
participation of muti-centers governed by international organizations to implement guidelines for the safe practice of cell therapy and patients’
welfare.
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Significance Statement

treatment of T1D.

Wharton's jelly-derived mesenchymal stem cells (WJ-MSCs) have been shown to be safe and effective in the clinical trials of type 1
diabetes (T1D), with no adverse events reported. While WJ-MSCs have been shown to be effective in preserving pancreatic p-cell function,
the precise mechanism of action is still unknown and requires further investigation. WWe hypothesized that the secretome of WJ-MSCs
may play a role in enhancing -cell proliferation, progenitor cell differentiation, and/or modulating the immune system. Future multi-center
clinical studies should include cellular dynamics and kinetics studies to further elucidate the mechanism of action of WJ-MSCs in the

Introduction

Type 1 diabetes (T1D) is a chronic autoimmune disease asso-
ciated with complications that reduce the quality of life of af-
fected individuals and their families. It accounts for 5%-10%
of all diabetes cases worldwide.! The therapeutic options for
T1D are limited to insulin therapy and islet transplantation?;
these options are not focused on preserving B-cell function
and endogenous insulin, resulting in a substantial increase in
the risk of complications. To tackle this, recent approaches

involve the use of cellular therapeutic interventions to prevent
the progression of T1D by preserving pancreatic f3-cell func-
tion. A relatively new treatment option for cellular therapy is
the use of mesenchymal stem cells (MSCs), which has gained
much attention in the medical field for treating several diseases
including diabetes. MSCs are multipotent non-hematopoietic
cells with distinctive stemness characteristics.* MSCs resides
primarily in the bone marrow, but they are also detected in
different adult and fetal tissues.>® In adults, MSCs exist in
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adipose tissue, dental pulp, skin, hematopoietic tissues, and
others.” In fetuses, MSCs are enriched in fetal tissues in-
cluding umbilical cord stroma, placenta, amniotic fluid, and
endometrium.”® Generally, MSCs express common cell sur-
face markers and have multipotency capacities to differen-
tiate into the different germ layers,”!® nevertheless, they also
possess different properties depending on their tissue source.

Remarkably, MSCs isolated from fetal tissues are supe-
rior for regenerative medicine applications because, unlike
adult cells, they have a higher proliferation rate, longevity,
and immune privilege. These unique properties are due to
the absence of genetic alternations or modulations that
are associated with aging and exposure to environmental
toxins.'! Furthermore, fetal MSCs have a naive embryonic
nature and express pluripotency markers, such as NANOG,
Oct 3/4, and Sox2, which are characteristic of human em-
bryonic stem cells.'>!® Nevertheless, MSCs isolation from
fetal tissues and placental/endometrium are less favorable
for clinical applications due to ethical concern related to
fetal apportionment, and perspective heterogeneity with the
mother’s cells, respectively. Therefore, the use of umbilical
cord tissues is appreciable since they are also considered
medical waste. Worth mentioning, umbilical cord blood-
and amniotic fluid-derived MSCs share similar character-
istics to that of umbilical cord stroma MSCs, also known
as Wharton jelly-derived MSCS (W]J-MSCs), however, they
are less attractive for clinical application due to their low
frequency, poor proliferation rate and culture limitations.'
Taking together, the Wharton jelly- umbilical cord stroma
is an attractive source for MSCs for prospective therapeutic
applications (best reviewed in').

Clinical Evidence of the Use of WJ-MSCs

Carlsson et al. recently published the results of a clinical trial
on allogeneic Wharton’s jelly-derived mesenchymal stem cells
(WJ-MSCs) treatment via ProTrans in adults with recent-
onset T1D.'* A combined Phase I/II trial was conducted in
which escalating does of allogenic WJ-MSCs were intrave-
nously administered, followed by a randomized, double-blind,
placebo-controlled study. The inclusion criteria included
adult patients (age 18-40 years, BMI < 30) with no chronic
complications or viral infections, who were diagnosed with
type 1 diabetes (<2 years) and had a fasting plasma C-peptide
concentration > 0.12 nM. Initially, patients received low
dose (25 x 10°) of the WJ-MSCs. Then, patients were divided
into two groups, with three participants receiving 100 x 10°
cells and three participants receiving 200 x 10° cells. Based
on the safety results of the initial study, the randomized,
double-blind, placebo-controlled trial was conducted using an
interventional system.!® The ProTrans technology comprises
a bag of thawed WJ-MSCs isolated from different umbilical
cord donors, which is mixed with a saline solution and paired
with a standard blood infusion bag and is finally introduced
intravenously to the patient (nextcellpharma.com). In par-
allel, the control-placebo participants received 5% wt/vol
human serum albumin without the cell products. The in-
tervention design was remarkably detailed by Carlsson and
Svahn.'” During 12-months follow up, the authors observed
a significant decline in C-peptide levels in the placebo-treated
individuals (47% to baseline values). Alternatively, patients
on the ProTrans intervention were presented with only
10% decline in the C-peptide levels. In addition, the insulin
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requirements were notably increased in placebo-treated
individuals, but not with the ProTrans-treated individuals.'®

In 2013, Hu et al. conducted a randomized, double-blind
study in patients with recent-onset T1D, aged <25 years.'s
Initially, all patients were treated with intensive insulin therapy
to maintain glycemic baseline control. Then, the patients in
the intervention group received WJ-MSCs intravenously, while
the patients in the control group were treated with normal
saline. The treatments were administered twice over a period
of 4 weeks. All patients were followed up monthly and quar-
terly for a period of 24 months. No adverse conditions were
detected, similar to the Carlsson et al. study.'® Clinically,
patients receiving WJ-MSCs showed a significantly lower
HbA1c, elevated levels of fasting C-peptide and C-peptide/
glucose ratio, and significantly reduced insulin requirements
during the intervention, compared to the control group.'®

In 2016, Cai et al. performed a pilot randomized controlled
open-label clinical study in patients aged 18-40 years with > 2
and <16 years of T1D history and absence of associated
complications.!” Before the intervention, all patients received
intensive insulin therapy, exercise, and a healthy diet for a
period of 3 months. Then, the patients were randomized
into the intervention group, who received WJ-MSCs and
BM-MSCs by pancreatic arterial infusion, and the con-
trol group, with no cell therapy application. Standard clin-
ical treatment was applied to both groups.' Patients were
followed for 12 months at 3-month intervals. The authors re-
ported a significant increase in insulin and C-peptide levels in
the intervention group. Additionally, the intervention group
showed a significant improvement in HbAlc, fasting gly-
cemia, and daily insulin requirements. Notably, patients from
both groups experienced severe hypoglycemia, abdominal
pain, and upper respiratory infections."”

In 2021, Lu et al. conducted an open-label parallel-arm,
non-randomized clinical study in patients aged 8-55 years
with adult-onset (>18 years) and juvenile-onset T1D.?° All
participants were treated with intensive insulin therapy. Later,
the intervention group received an intravenous infusion of
WJ-MSCs followed by a second dose after 3 months, while
the control group was sustained on intensive insulin therapy.
The patients were followed up every 3 months for a period of
12 months.?® The authors reported a 10% increase in fasting
C-peptide levels from baseline in almost 50% of patients in
the intervention group. Relative to the control group, the
percent change of postprandial C-peptide was significantly
increased in adult patients who received the WJ-MSCs treat-
ment. However, the changes in fasting C-peptide were not
significantly different between the two groups among the
juvenile-onset T1D. Notably, three patients in the interven-
tion group achieved insulin independence and maintained in-
sulin freedom for 3 to 12 months.?

Together, despite the differences in the experimental design
of the mentioned trials, all concluded the safety and efficacy of
the clinical application of WJ-MSCs, along with their capability
to preserve B-cell function and prevent the long-term progres-
sion of T1D. Nevertheless, the authors did not investigate the
cellular dynamics and plasticity of the applied WJ-MSCs and
explore how these cells mediate the observed phenotype.

Clinical Translation Perspectives

Remarkably, the current approach establishes a foundation
for the development of clinical programs for treating T1D.
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Figure 1. A schematic represents prospective mechanism of action of Wharton's jelly-derived mesenchymal stromal cell infusion in preserving
pancreatic beta-cell function and endogenous insulin in patients with type 1 diabetes. The secretome released by WJ-MSCs include factors such

as 1110, TGF-B, VEGF, and PGE2. These factors may (1) enhance pancreatic p-cell proliferation, progenitor cells differentiation, or pancreatic o- and/or
v-cells trans-differentiation into B-cells (2) inhibit the activity or macrophages, B-cells, and/or T-cells; (3) increase the activity of regulatory T-cells (Tregs).
Abbreviations: IL-10, interleukin-10; PGE2, prostaglandin E2; TGFp, Transforming growth factorbeta; regulatory T-cells, Tregs; VEGF, vascular endothelial

growth factor; WJ-MSCs, Wharton's jelly-derived mesenchymal stem cells.

In the current trial of Carlsson et al.,'® a single infusion of
W]J-MSCs was sufficient to preserve endogenous insulin for
a year in adult patients with recent-onset T1D. These results
are unprecedented because in other existing clinical trials, sev-
eral infusions have been required to achieve improvements in
postprandial C-peptide and Hb1Ac levels.'$2

Despite the notable use of MSCs in successful clinical
trials for the treatment of various diseases, there is a crit-
ical concern related to the fact that the majority of intrave-
nously administered MSCs end up in the lungs*"** and are
also detected in the liver and spleen tissues.? In fact, the
biodistribution of systematically applied MSCs remains elu-
sive and requires further intensive investigations to justify
the observed healing capacity of MSCs.?* Worth mentioning,
homing a small number of MSCs within the target organ

could be sufficient to stimulate the recovery process due to
their enriched exosomes, signaling proteins, and microRNAs
contents.” Therefore, the most predominant therapeutic ef-
fect of systematically administrated MSCs could be through
their paracrine signaling, cell-cell interactions, and possible
differentiation into specialized cell types to replace dam-
aged or diseased cells in the body. In general, it is likely that
the route of administration of MSCs plays a role in deter-
mining which of these mechanisms of action are most im-
portant. For example, intravenously administered MSCs are
more likely to exert their effects through paracrine signaling,
while MSCs that are injected directly into a tissue are more
likely to differentiate into specialized cell types. It is impor-
tant to note that these approaches are still in the early stages
of development. More research is needed to determine the
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optimal route of administration and dose of MSCs for clin-
ical applications.

Another key factor in the success of clinical applications
of MSCs is their source.” To elucidate the fundamental im-
portance of the MSCs source for prospective clinical trials
and regenerative potential, Ganguly et al. compared the
transcriptome-proteome integrity of WJ-MSCs, BM-MSCs,
and adipose tissue AD-MSCs.?* The multi-parametric analyses
revealed that WJ-MSCs promote a robust host innate immune
response by activating the anti-inflammatory markers and
secreting immune-cell mediators. On the other hand, adult-
MSCs were found to stimulate the host angiogenic signaling
cascades due to their enrichment in factors related to extra-
cellular matrix remodeling.?® Together, these data highlight
the importance of molecular signatures to characterize MSC
therapies for clinical applications.

From this perspective, WJ-MSCs are more suitable for
clinical studies associated with systemic cell infusion due to
their molecular signature, juvenility, and minimal exposure
to environmental toxins and associated genetic modulation.?”
Alternatively, adult-MSCs are more suitable for clinical trials
associated with topical application such as wound healing
and diabetes foot ulcers. In support to this notation, a sim-
ilar study was previously reported by Carlsson and his team,
who infused autologous bone marrow MSCs in patients
with T1D.?® In this study, the patients’ inclusion and exclu-
sion criteria were identical to that of the ProTrans study.'®
The bone marrow MSCs were isolated from each patient,
characterized for authenticity, and infused to back to the same
patient, however, no ProTrans intervention was applied.?®
During the first year, the authors reported significant elevation
in C-peptide levels in BM-MSC-treated patients, as compared
to the control group.?® Together, despite differences in cell in-
fusion approaches, both clinical trials concluded the safety
and efficacy of the clinical application of MSCs, along with
their capability to preserve p-cell function and prevent the
long-term progression of T1D. Notably, both the WJ-MSCs?¢
and BM-MSCs?® clinical trials were successfully conducted by
the same research group at Karolinska University Hospital,
Stockholm, Sweden. We anticipate that the rationale behind
W]J-MSCs utilization in the ProTrans clinical trial is due to
their superior characteristics, non-invasive isolation protocol,
and facilitated purification procedures, as well as their high
titer and proliferation capacities relative to that of BM-MSCs.

Prospective Mechanism of Action

Currently, the exact mechanism of action of WJ-MSCs is not
well elucidated. We anticipate several possible explanations
for how WJ-MSCs may be contributing towards the observed
benefits (Figure 1). One such explanation is that WJ]-MSCs
release various factors that can modulate the immune system,
such as interleukin-10 (IL-10), transforming growth factor-
beta (TGF-B), vascular endothelial growth factor (VEGEF),
and/or prostaglandin E2.2%3° These factors can help in re-
ducing inflammation, promoting tolerance, and protecting
cells from damage."” The released growth factors may en-
hance the proliferation of existing {3 cells, or at least in part,
may enrich FoxP3* regulatory T cells (Tregs), a specialized
subset of helper T cells that play a key role in attenuating
T1D autoimmunity.*"3 Another possible explanation would
be that WJ-MSCs may differentiate and/or mediate the differ-
entiation of residual progenitors into new (-cells. In addition,
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W]J-MSCs’ factors could facilitate changes in the fate of
other pancreatic cells, such as a- and & cells, to be able to
transdifferentiate into B cells. Altogether, these prospective
mechanisms may lead to the observed increase in total $-cell
mass and function in Carlsson et al. study.'®

Recommendations for future clinical trials

Lastly, the use of WJ-MSCs in clinical trials seems to be
facilitating a new era in the treatment of T1D.!%33 Therefore,
we encourage researchers to explore the mechanism of ac-
tion of the introduced WJ-MSCs, their cytokine profile, and
pancreatic 8 cells mass and function. In addition, clinical
trials should also enroll participants with a long-term his-
tory of T1D with sustained residual functional B cells.’*%
Further, clinical studies should involve multi-centers with
larger cohorts of different ethnicities. We also believe that
the involvement of international societies and organizations
would be highly beneficial in implementing guidelines and
consensuses pertaining to the safe practice of cell therapy.

Conclusion

WJ-MSCs are promising cell therapeutic agents. Besides
the therapeutic outcome, clinical trials should also focus on
the cellular dynamics and kinetics to understand the mech-
anism of action of WJ-MSC. In addition, multi-center clin-
ical studies should be implemented with large multi-ethnic
cohorts, enrolling patients with a well-established long-term
history of T1D.
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