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cord-derived mesenchymal stem
cell-conditioned medium has a dual

effect in type 1 diabetes model in rats:
immunomodulation and beta-cell regeneration
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Abstract

Background: Type 1 diabetes (T1D) is a T-cell-mediated autoimmune disease characterized by the irreversible
destruction of insulin-producing B-cells in pancreatic islets. Helper and cytotoxic T-cells and cytokine production,
which is impaired by this process, take a synergetic role in 3-cell destruction, and hyperglycemia develops due to
insulin deficiency in the body. Mesenchymal stem cells (MSCs) appear like an excellent therapeutic tool for autoim-
mune diseases with pluripotent, regenerative, and immunosuppressive properties. Paracrine factors released from
MSCs play a role in immunomodulation by increasing angiogenesis and proliferation and suppressing apoptosis. In
this context, the study aims to investigate the therapeutic effects of MSC's secretomes by conditioned medium (CM)
obtained from human umbilical cord-derived MSCs cultured in 2-dimensional (2D) and 3-dimensional (3D) environ-
ments in the T1D model.

Methods: First, MSCs were isolated from the human umbilical cord, and the cells were characterized. Then, two dif-
ferent CMs were prepared by culturing MSCs in 2D and 3D environments. The CM contents were analyzed in terms of
total protein, IL-4, IL-10, IL-17, and IFN-A. In vivo studies were performed in Sprague-Dawley-type rats with an autoim-
mune T1D model, and twelve doses of CM were administered intraperitoneally for 4 weeks within the framework of a
particular treatment model. In order to evaluate immunomodulation, the Treg population was determined in lym-
phocytes isolated from the spleen after sacrification, and 1L-4, IL-10, IL-17, and IFN-A cytokines were analyzed in serum.
Finally, 3-cell regeneration was evaluated immunohistochemically by labeling Pdx1, Nkx6.1, and insulin markers,
which are critical for the formation of 3-cells.

Results: Total protein and IL-4 levels were higher in 3D-CM compared to 2D-CM. In vivo results showed that CMs
induce the Treg population and regulate cytokine release. When the immunohistochemical results were evaluated
together, it was determined that CM application significantly increased the rate of B-cells in the islets. This increase
was at the highest level in the 3D-CM applied group.
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Conclusion: The dual therapeutic effect of MSC-CM on immunomodulation and homeostasis/regeneration of 3-cells
in the T1D model has been demonstrated. Furthermore, this effect could be improved by using 3D scaffolds for cul-

turing MSCs while preparing CM.
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Introduction

Type 1 diabetes (T1D) is an autoimmune disease char-
acterized by the destruction of insulin-producing B-cells
in the pancreas, leading to progressive insulin deficiency
and consequent hyperglycemia [1]. Hyperglycemia
causes complications such as cardiovascular diseases,
neuropathy, nephropathy, and retinopathy. Therefore,
hyperglycemia should be kept under control to prevent
these complications. Today, the most valid treatment
method for T1D is insulin injection, which replaces the
insulin that the body cannot produce. Exogenous insulin
could keep hyperglycemia under control, but it is insuffi-
cient to reduce diabetes-related complications because it
is not as effective and dynamic as endogenous insulin [2].
It is also ineffective in preventing autoimmunity and
regenerating destroyed [3-cells [3]. Islet transplantation is
another treatment option for T1D, but its applicability is
low due to donor scarcity, insufficient cell formation after
transplantation, and the risk of immune reaction [4]. It is
necessary to develop new treatment strategies that sup-
press autoimmunity, provide endogenous insulin release,
and are applicable to T1D, which affects a large popula-
tion worldwide.

Mesenchymal stem cells (MSCs) are multipotent pre-
cursor cells that show fibroblastic morphology; express
cell surface markers such as CD44, CD73, and CD90; and
have high proliferation capacities [5]. They can be isolated
from many tissues in the body such as the bone marrow,
umbilical cord, adipose tissue, and amniotic membrane,
and reproduced on a large scale in vitro. Since the umbil-
ical cord is a primitive tissue, cells isolated from it stand
out for regenerative treatments with their high prolifera-
tion capacity, strong immunomodulation, and immuno-
suppression abilities. In addition, it is advantageous that
cells can be collected without the need for invasive pro-
cedures and that the cell source can be reached relatively
easily, since the umbilical cord is waste tissue [6]. Recent
studies have shown that the therapeutic value of MSCs
is related to the secretomes rather than their differentia-
tion ability [7-9]. Appreciations to the secretome, MSCs
have a therapeutic effect by playing a role in mechanisms
such as tissue repair, immunomodulation, and immuno-
suppression. It has been revealed that the secretome con-
sists of cytokines such as IL-4; IL-6; IL-10; growth factors
such as TGF-p1, HGF, and VEGF; and immunomodula-
tory molecules such as HLA-G, PGE2, and chemokines

[10]. On the other hand, insoluble factors are membra-
nous particles of various sizes and contents that enable
the transport of microRNAs and proteins that play a
role in cell-cell interaction [11, 12]. MSCs secrete the
secretomes into the medium in which they are grown,
and it is defined as the conditioned medium. The condi-
tioned medium has therapeutic value and acts through
autocrine/paracrine mechanisms in pathophysiologi-
cal processes [13]. When MSCs are expected to exert a
therapeutic effect through the factors they secrete, it is
advantageous to use the conditioned medium instead of
the cells themselves. In this way, it is possible to develop
a more controlled and directive treatment option, and at
the same time, risks such as the cells going and settling
in unwanted places, differentiation into unwanted cell
types, and the possibility of forming tumors are not taken
[8, 9]. In addition, since pro-inflammatory cytokines
formed in the organism due to the target disease may
adversely affect the biological properties of transplanted
MSCs, it seems more advantageous to use cell products
instead of the direct use of cells [14].

Increasing the activity of MSCs with various external
stimuli and enabling them to secrete at a higher level per
unit area improves the therapeutic effectiveness of the
conditioned medium. These methods can be classified as
hypoxic conditioning, using chemical agents, 3-dimen-
sional (3D) scaffolds, and inflammatory cytokines. 3D
culturing of MSCs in vitro increases the paracrine secre-
tion capacity of these cells [15]. Because cell culture
analyses in a 2D environment cannot mimic the complex
biological functions of cells, such as extracellular matrix
interactions, migration, transcriptional regulation, and
receptor expression in their physiological environment,
translation of the outcomes to the clinic is insufficient.
3D culture medium handles this challenge and serves as a
better model that closely represents in vivo physiological
conditions [16]. Studies have shown changes in the gene
and protein expression profiles of cells cultured in 3D
and the amounts of paracrine factors they secrete. Grow-
ing cells by following a particular topography on scaf-
folds that mimic the extracellular matrix may change the
secretome profiles of MSCs and intensify the conditioned
medium content [17]. Alvetex® 3D scaffolds used to pre-
pare 3D conditioned medium in this study are highly
porous, cross-linked polystyrene material that does
not degrade during use, and it provides a suitable 3D
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environment for cells to perform their growth, migration,
and differentiation functions [8]. Since the material of the
2D culture dishes is polystyrene, the material of the scaf-
folds is also chosen so that the material-cell interaction is
not different.

In the present study, we aimed to investigate the effects
of CM obtained by 2D and 3D culturing of the human
umbilical cord-derived MSCs and reveal the therapeu-
tic effects of two different CMs on the autoimmune T1D
model in the context of immunomodulation and [-cell
regeneration.

Materials and methods

Ethics statement

This study was approved by the Clinical Trials Ethics
Committee of Cerrahpasa Faculty of Medicine (Approval
number: 83045809-604.01.02), and the umbilical cord
was collected with written consent from the patient. In
order to keep the risk of contamination low, the patient
who had a cesarean section was preferred. The animal
experiments were conducted following Turkey’s Regu-
lation of Animal Research Ethics. The ethical approval
required for animal experiments was granted by the
Bezmialem Vakif University Local Ethics Committee
(Ethics Committee No: 2019/38), and forty-eight male
Sprague-Dawley rats were used.

Isolation of UC-MSC

MSCs were isolated from the umbilical cord by the tissue
explant method. Leibovitz L-15 Medium (PanBiotech,
Germany) with 1% (v/v) of amphotericin B (Sigma, USA)
was used to transport the umbilical cord. The cord tis-
sue was washed with phosphate-buffered saline (PBS) to
eliminate the blood clots, and two arteries and one vein
in the cord were carefully removed. The tissue explant
method was briefly applied as follows. First, the cord tis-
sue was divided into 1-2-mm? pieces. Then, the pieces
were placed onto sterile and plastic Petri dishes and incu-
bated in a culture medium [Dulbecco’s modified Eagle’s
medium (DMEM/F12:1/1: Sigma, USA)] supplemented
with 10% (v/v) of fetal bovine serum (FBS: Hyclone, UK),
1% (v/v) of penicillin/streptomycin (Hyclone, UK), and
amphotericin B (2.5 pg/ml) for 3 h at 37 °C in a humidi-
fied atmosphere, with 5% CO,. Then, 6 ml of medium
was added to the tissue pieces. The medium in the Petri
dishes was carefully renewed three times a week. The
areas around the tissue pieces were examined with an
inverted microscope (Olympus IX71), and the isolation
was followed. After the cells reached sufficient conflu-
ency, the tissue pieces were removed from the Petri dish,
and when the confluency reached 80-90%, the cells were
passaged and were obtained from the first passage [6].
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Characterization of UC-MSC

Immunophenotypic characterization

When the isolated cells reached the third passage in the
culture conditions, their cell surface antigen expressions
were evaluated by flow cytometric analysis for characteri-
zation. For this purpose, MSC-specific markers CD44-PE
and CD90-APC were analyzed as positive markers, and
endothelial CD34-FITC and hematopoietic CD45-APC-
Cy were used as negative markers for MSCs (BD the
Biosciences, USA) [18]. Isotype antibodies determined
for each antibody were used as negative control (Biole-
gend, San Diego; APC mouse IgGl, k isotype control,
APC/Cyanine7 mouse IgGl, k isotype control, PE mouse
IgG1, « isotype control, FITC mouse IgGl, « isotype
control). Briefly, the cells were first collected by trypsini-
zation and pelleted by centrifugation at 1500 rpm for 5
min. The number of viable cells was determined by stain-
ing the cells with trypan blue and counting. 10° of cells
were pipetted through a 70-pm filter, and the cells were
separated from each other for flow cytometry analysis.
After washing twice in staining buffer (2% FBS in PBS),
primary and isotype antibodies were added to the mix-
tures and incubated in the dark for 30 min. After incuba-
tion, the cells were washed two more times with staining
buffer and then analyzed by BD FACS Callibur [6, 18].
This analysis was repeated three times, and the results
are given as mean + SD.

MSC differentiation into adipocyte and osteoblast lineages
Differentiation was performed following the instructions
of commercially purchased adipogenic and osteogenic
differentiation medium. For adipogenic differentiation,
the cells at the third passage were seeded in a 12-well
plate at 1.6 x 10° per well. After the cells reached 70%
confluency in standard culture conditions, the medium
was replaced with the adipogenic differentiation medium
(Sigma: 417D-250). During the differentiation period,
the differentiation medium was refreshed every 3 days.
At the end of the 21st day, differentiation-induced cells
were fixed with 4% paraformaldehyde for 20 min after
washing with PBS. After fixation, washing with PBS was
repeated, and cells were incubated with Oil Red O for 20
min to show the cell’s lipid content. Following staining,
cells were washed with PBS until the background became
translucent.

For osteogenic differentiation, cells in the third passage
were seeded in a 12-well plate at 8x 10° per well. After
the cells reached 70% confluency in the normal culture
medium, the medium was replaced with the osteogenic
differentiation medium (Sigma: 811D-250). The osteo-
genic differentiation medium was refreshed every 3 days
during the differentiation period. At the end of the 21st
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day, Alizarin Red staining was performed to show extra-
cellular calcium accumulation due to the differentiation
process. For this purpose, the cells were washed with PBS
and fixed with 4% paraformaldehyde for 20 min. After
repeating the washing step, the cells were incubated with
Alizarin Red for 45 min in the dark and at room tem-
perature and then washed with distilled water until the
background became translucent. The cells undergoing
adipogenic and osteogenic differentiation were exam-
ined and photographed with the BioTek LionHeart FX
microscope.

Preparation of 2D and 3D conditioned medium
Conditioned medium prepared in two different ways
were used to treat T1D. The first was a 2-dimensional
(2D) traditional culture environment (2D-CM), while the
other was a 3-dimensional (3D) Alvetex® scaffold (3D-
CM). Briefly, the conditioned medium preparation steps
are as follows. First, the wells of the Alvetex® culture
dishes were washed with 70% ethanol and then with the
culture medium twice. When the cells were in the third
passage, they were seeded into 12-well culture dishes
at 2 x 10° cells in 3 ml of medium. In both conditions,
cells were first cultured in culture medium [fetal bovine
serum (FBS), DMEM F12 containing 1% penicillin-strep-
tomycin/amphotericin B], in an incubator containing 5%
CO, at 37 °C. The cells in the 2D culture medium were
followed to reach 80% density, and then the medium of
both 2D and 3D media was replaced with a serum-free
medium. The resulting medium was collected cell-free
after the cells were cultured in this medium for 48 h.
The remaining cells were trypsinized, and the viability
was evaluated by staining with trypan blue. The medium
obtained from the wells in which the viability was pre-
served above 80% was called the conditioned medium.
Following centrifuging and clearing the cell debris, the
conditioned medium was passed through a 0.22-um filter
and stored at — 80 °C until used [19, 20].

Content analysis 2D and 3D conditioned medium

The total protein content of the conditioned medium
obtained from MSCs in 2D and 3D cultures was meas-
ured by the bicinchoninic acid (BCA) method, a col-
orimetric method. The procedure was performed with

Table 1 The experimental groups
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the directions in the commercially purchased protein
quantification kit (KTD3001, Abbkine Co., USA), the
absorbances were measured with a microplate reader
(Allsheng AMR-100 Microplate Reader AS-16050-00),
and the protein amount was calculated as pg/ml. For the
cytokine analysis in the conditioned medium, commer-
cially purchased “enzyme-linked immunosorbent assay”
(ELISA) kits were used, and the levels of IFN-y (EK0373,
Boster, Wuhan, China), IL 17 (EK0430, Boster, Wuhan,
China), IL-4 (EK0404, Boster, Wuhan, China), and IL-10
(EK0416, Boster, Wuhan, China) were detected. The
manufacturer’s instructions were followed during the
analyses, and the measurements were made with a 450-
nm microplate reader (Allsheng AMR-100 Microplate
Reader AS-16050-00). Each sample was performed in
duplicates to reduce the error. The concentrations of the
samples were calculated as pg/ml.

Experimental design and induction of autoimmune T1D
model

In order to examine the in vivo effects of the 2D and 3D
CMs on the T1D model, 10-12-week-old Sprague-Daw-
ley-type male rats with a body weight of 350-450 g were
used. They were housed at constant room temperature
for 12-h light and dark cycles and fed standard laboratory
chow and water ad libitum. The animals were randomly
divided into six groups first. Then, to establish an auto-
immune type 1 diabetes model, 20 mg/kg streptozotocin
(STZ) (Sigma-Aldrich) freshly dissolved in citrate buffer
(0.1 M, pH 4.5) was administered intraperitoneally once
a day for five consecutive days [21]. Only citrate buffer
was applied to the control group rats for the same period.
During this process, blood glucose was monitored with
a glucometer in the blood taken from the tail vein of the
rats, and rats with blood glucose higher than 250 mg/dl
were considered diabetic [22]. The rats’ blood glucose
values and weights were monitored weekly until the
experiment was terminated. The experimental groups
were assembled as given in Table 1.

Treatment procedure

As mentioned in Table 1, the first diabetic group did not
receive any intervention during the treatment period. In
the third week of the experimental procedure, 2D-CM

Control group (C):Rat group treated with citrate buffer 8
Control 4 conditioned medium with the 2D culture of 8
MSCs (C+2D-CM)

Control 4+ conditioned medium with the 3D culture of 8

MSCs (C43D-CM)

Diabetes group (D):Rat group treated with STZ in citrate buffer 8

Diabetes + conditioned medium with the 2D culture of MSCs 8
(D4-2D-CM)

Diabetes + conditioned medium with the 3D culture of MSCs 8
(D+3D-CM)
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was applied to the second diabetic group and 3D-CM
to the third diabetic group, three times a week, 1 ml
intraperitoneally, and this application was continued
for 4 weeks. Similarly, no treatment was applied to the
first control group during the treatment period. 2D-CM
was applied to the second control group, and 3D-CM
to the third control group was applied intraperitoneally
simultaneously with the experimental groups, and this
application was continued for 4 weeks. The rats were sac-
rificed under ketamine/xylazine 1 week after the last CM
administration. The animals’ blood glucose levels and
weights were monitored throughout the experiment. The
time flow regarding the creation of the disease model and
the treatment process is given in Fig. 1.

Treg population analysis

Treg cell population analysis was performed on the mon-
onuclear cells isolated from the spleen, and the following
protocol was applied [23]. Briefly, 1/3 of the spleen tissue,
which was taken into RPMI medium (21875034, Thermo
Fisher), was used, transferred to a Petri dish, and cut into
coarse pieces. In order to isolate the mononuclear cells,
spleen tissue was mashed properly between two slides,
and the slides were washed with Hanks’” Balanced Salt
Solution (HBSS). Thus, a cell solution was created in the
Petri dish and collected in a Falcon tube. The solution’s
volume was completed to 25 ml by adding HBSS. It was
then centrifuged at 4 4 °C at 2000 RPM for 10 min. In
order to remove the erythrocytes, the pellet was dis-
solved with 5 ml of 1x erythrocyte lysis buffer (420301,
Biolegend) and incubated for 3 min at room temperature.
After incubation, the solution was made up to 40 ml by
cold PBS. It was centrifuged for 10 min at 2000 RPM. In
the last step, the supernatant was discarded, and the cell
pellet was dissolved in 30 ml of medium. The solution
was passed through a 70-pm cell filter, and the viabil-
ity was controlled with trypan blue analysis. Then, flow
cytometric analysis was performed on the cells.

The cells were analyzed for CD4 (201509, Biolegend),
CD25 (202103, Biolegend), and FoxP3 (320008, Biole-
gend) by using specific primary antibodies with flow
cytometry to determine the Treg ratio in the isolated
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cell population. Briefly, approximately 2 x 10° cells were
washed with 2 ml of PBS, then the cells were centrifuged
at 3000 rpm for 5 min, and the pellet was dissolved with
100 pl of staining solution. CD4 and CD25 antibodies
were added to the solution and incubated for 45 min in
the dark at + 4 °C. After incubation, 500 pl of staining
solution was added to the tubes and centrifuged. The
pellet was dissolved by discarding the supernatant, and
this step was repeated. Subsequently, the pellet was dis-
solved with 500 ul of permeabilization and fixation solu-
tion (424401, Biolegend) and incubated overnight at + 4
°C. After incubation, the tubes were centrifuged at + 4 °C
and 3000 rpm for 5 min. The cell pellet was thawed with
permeabilization wash buffer (424401, Biolegend). After
15 min of incubation, it was centrifuged again. Finally,
cells were labeled with FoxP3 antibody and incubated
for 1 h at 4 4 °C. Then, permeabilization wash buffer was
added to the tubes, and the tubes were centrifuged at + 4
°C, 3000 rpm for 5 min. The final cell pellet was dissolved
in 500 pl of staining solution, and analysis was performed
with the BD FACS Callibur system [23]. The results are
given as mean + SD.

ELISA analysis for C-peptide, insulin, IL-4, IL,10, IL-17,

and IFN-y

Cardiac blood was collected from animals at week 7 for
cytokine analyses. Serum levels of C-peptide Cloudclone
(CEA447Ra, Uscn Life Science Inc. Wuhan, China), insu-
lin (CEA448Ra, Uscn Life Science Inc. Wuhan, China),
Thl-related IFN-y (SEA049Ra, Uscn Life Science Inc.
Wuhan, China), Th17-related IL-17 (SEA063Ra, Uscn
Life Science Inc. Wuhan, China) as pro-inflammatory,
and Th2-related IL-4 (SEA063Ra, Uscn Life Science
Inc. Wuhan, China) and Treg-related IL-10 (SEA056Ra,
Uscn Life Science Inc. Wuhan, China) cytokines as anti-
inflammatory were evaluated by ELISA analysis. The
manufacturer’s instructions were followed during the
analyses, and the measurements were made with a 450-
nm microplate reader (Allsheng AMR-100 Microplate
Reader AS-16050-00). With the measured absorbance
values, the concentrations of the samples were calculated
as pg/ml.
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Fig. 1 Timeline of disease modeling and treatment process
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Histological analysis

The pancreatic tissues were fixed with a 10% neutral buff-
ered formalin solution, dehydrated with ethanol, then
embedded in paraffin for light microscopic analysis.
Four-micrometer um sections were taken from the par-
affin blocks and stained with hematoxylin-eosin (H&E)
for histological examinations. Briefly, hematoxylin was
applied to the sections for 20 min, bruised in tap water
for 15 min, then stained with eosin and closed by passing
through toluene with a rising alcohol series. As a result
of this staining, the nuclei were stained purple and cyto-
plasm pink. The H&E-stained sections were examined to
evaluate the islet morphology with the Olympus BX61
light microscope [24]. In addition, the area of 20 islets per
group was measured with the Image] program, and the
average size of the islets was calculated.

Immunohistochemical analysis

The pancreas sections were labeled immunohistochemi-
cally for Pdx1 and Nkx6.1 markers, which are critical for
the formation of B-cells, and the B-cell ratio was evalu-
ated. To determine the insulin expression of p-cells, the
sections were labeled with the anti-insulin antibody.
Immunohistochemistry applications were performed
as follows [25]. First, the sections were deparaffinized in
toluene and then rehydrated in graded series of ethanol.
The slides were kept in Tris/EDTA (pH = 9.0) for Nkx6.1
and insulin and in citrate buffer (pH = 6.0) for Pdx1 10 x
2 min to perform antigen retrieval step in the microwave
oven. After washing in Tris buffer saline (TBS), endog-
enous peroxidase activity was inhibited by applying 3%
H,0, (Merck, Darmstadt, Germany) to the sections for
10 min. TBS wash was repeated, then the sections were
kept in the blocking solution (SHP125; ScyTek, West
Logan, UT) for 10 min for Nkx6.1 and insulin antibodies
and 1 h for Pdx1 antibody to prevent non-specific anti-
body binding. After the blocking step, the sections were
incubated overnight at + 4 °C at the indicated dilutions
with anti-Pdx1 (1/500, ab47267, Abcam, USA), anti-
Nkx6.1 (1/200, ab221544, Abcam, USA), and anti-insulin
(1/500, ab181547 Abcam, USA) antibodies. Following
incubation, the sections were washed with TBS, kept in
the biotinylated secondary antibody solution (SHP125;
ScyTek, West Logan, Utah) for 10 min, and washed again.
Then, streptavidin peroxidase solution (SHP125; ScyTek,
West Logan, UT) was applied to the sections for 10 min.
The reaction was made visible with the 3-amino-9-ethyl
carbazole (AEC) (ACJ500; ScyTek, West Logan, UT). The
samples have been counterstained with Mayer’s hematox-
ylin (Thermo Fisher, Waltham, MA, USA) and examined
with light microscopy (Olympus BX61). During the eval-
uation, 7-10 islets per animal for Nkx6.1 and 5 islets per
animal for Pdx1 were examined. The cells were counted,
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and the number of positive cells in an islet was calculated
as a percentage. In order to evaluate the insulin antibody,
an average of 7 islets were examined for each animal, and
the percentage of the area showing insulin positivity in an
islet in the total islet area was calculated with the Image]
program.

Statistical analysis

The SPSS version 21.0 statistical program was used for
statistical analysis, and data were expressed as mean =+
standard error of the mean. The normality of the data
was evaluated with the Shapiro-Wilk test. The mean
of more than two groups with normal distribution was
compared with parametric one-way analysis of variance
(one-way ANOVA), and the significance between the
groups was analyzed using the post hoc Tukey HSD test.
In cases where data were not normally distributed, the
significance between the groups was evaluated using the
non-parametric Kruskal-Wallis test. A value of p < 0.05
was considered statistically significant.

Results

Isolation, immunophenotypic characterization,

and differentiation analyses of MSCs

MSCs isolated from the human umbilical cord were plas-
tic adherent and proliferative cells showing characteris-
tically spindle- and star-shaped morphology (Fig. 2A).
Flow cytometric analysis showed that they were positive
for MSC markers CD44 (98.15 % 0.86%) and CD90 (99.50
£ 0.22%) while negative for CD34 (0.34 £ 0.02%) and
CD45 (3.21 £ 2.73%) (Fig. 2B). The differentiation experi-
ments demonstrated that the cells have adipogenic and
osteogenic differentiation potential (Fig. 2C, D).

Content analysis 2D and 3D conditioned medium

The protein content of the 2D-CM and 3D-CM was
measured by the BCA method. The analysis revealed that
the protein concentration in 2D-CM was 47,931 ug/ml,
and in 3D-CM, it was 64,310 pg/ml. When CM contents
were evaluated by ELISA analysis in terms of cytokine
levels, IL-4, an anti-inflammatory cytokine, was 17.11 pg/
ml in 2D-CM and 23.25 pg/ml in 3D-SM. For IL-10, an
anti-inflammatory cytokine, and IL-17 and IFN-y, pro-
inflammatory cytokines, no measurable protein level
could be detected in 2D-CM and 3D-CM.

Body weight change and blood glucose analysis

in experimental animals

The body weights of the experimental animals followed
for 7 weeks were examined, and it was detected that
there was no sudden weight loss due to STZ applica-
tion. However, when the weight changes calculated over
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the values at the beginning and end of the experimental
procedure were compared, a statistically significant dif-
ference has seen among the groups. The D, D+2D-CM,
and D+3D-CM groups showed significantly higher
weight loss than the C groups (C, C+2D-CM, C+3D-
CM). The data are presented in Fig. 3A. When blood
glucose levels were examined, it was observed that the
animals’ blood glucose levels increased gradually dur-
ing the STZ administration. In the second week, blood
glucose levels were measured above 250 mg/dl in all
animals treated with STZ. Thus, the T1D model was
established, and the animals maintained their diabetic
status until the end of the experiment. No significant
difference was seen among the groups at the begin-
ning of the experimental period (day 1). However, the
data at the end of the experimental period (47th day)
were analyzed, and it was noticed that there was a sig-
nificant difference among the groups (p < 0.001). The
D, D+2D-CM, and D+3D-CM groups showed signifi-
cantly higher blood glucose levels than the C groups
(C, C+2D-CM, C+3D-CM). The average data of the
groups regarding weekly blood glucose levels and the
data graph are given in Fig. 3B.

Serum C-peptide and insulin analysis

C-peptide levels were used to confirm diabetes classifica-
tion. The low C-peptide level associated with high blood
glucose indicated that the model was compatible with
T1D. Serum C-peptide and insulin analysis were per-
formed by the ELISA method in the blood taken from
non-fasting animals, just before sacrification at week 7.
C-peptide levels showed that there was a significant dif-
ference between the groups (p < 0.01), and this difference
was caused by the C+2D-CM and D groups (p < 0.05)
and the C+3D-CM and D groups (p < 0.01). Consistent
with C-peptide results, insulin levels revealed a signifi-
cant difference between the groups (p < 0.01), and this
significance was evident for the C+2D-CM and D groups
and the C+3D-CM and D groups. The results are pre-
sented in Fig. 3C, D.

Treg population analysis

To evaluate the immunomodulatory properties of 2D
and 3D conditioned medium, the percentage of Treg,
which is known to play an essential role in preventing
autoimmune reaction by regulating T-cell proliferation



Isildar et al. Inflammation and Regeneration (2022) 42:55 Page 8 of 18
= 600" 1 “—)
120 c C+2D-CM C+3D-CM D D+2D-CM D+3D-CM = 55 ,./5»”/6”“\.@
: > g =
£ —
A W i
2 100 [3
] % 300
2 s 2 200
3 =3
0 — 2 A -
2B e o] 100 —p——a
@~ B
2 x 8 0 . .
e 40 - = 1 | 3 ] s 12 | 19 | 26 | 33 | 40 | 47 |
Ez |——c | 102,13 | 98 | 9363 | 92,25 | 100,25 | 97,75 | 114 | 101,75 | 9588 |
L |~#-C+2D-CM | 106,13 | 9975 | 98 | 9688 | 9963 | 9025 | 1045 | 94 | o1 |
ib %7—.—C+BD-CM; 92,63 ‘ 92,763 llOO,ZS : 104 798,25 | 96,63 118,5 104,5 7‘ 88,75 ‘
H 2 el B3 | — 98,14 | 129,86 | 318 | 456,29 | 523,71 | 529,43 | 572,14 | 583,71 | 574,29 |
g 20 a,b,c ab,c | =—D+2D-CM | 104,38‘ 135,75 ‘ 351,88 | 451,38 | 514,75 | 510,75 | 587,5 594,625‘ 557 ‘
= = ab,c o T T i T
4 {—ﬁr-D+3D~CMw 102,75‘ 137,5 ‘268,25 473,38 | 445,43 | 508,5 | 530,25 | 563,25‘ 524,5 ‘
-40 - B Day
4000 10000
55 I : 9500 -+
] ® 9000 - L
Q ; I
2 3000 < 8500 |
S L
2 5500 T @ — 8000 -
- [
B = L 3 é 7500 =
o T 2000 £ 2 7000 |
T o S a,b
§_ 5 sy ab E 6500 T
Q
S I 1 s 6000 -
E 3 5500 |
2
@ . ! 5000 -+ - T e T y
g c C+2D-CM  C+3D-CM D D+2D-CM  D+3D-CM D c C+2D-CM  C+3D-CM D Di2D:eM. " D33D:CM
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and cytokine production, was determined by flow cyto-
metric analysis in the mononuclear cells isolated from
the spleen. This analysis was performed by selecting
CD25 and Foxp3-positive cells within CD4-positive
T-cells. The results obtained in spleen mononuclear
cells showed that the Treg population was 10.7 £
0.86% in the C group, 8.54 + 0.62% in the C+2D-CM
group, and 19.49 £ 3.65% in the C+3D-CM group.
The Treg population percentage was 7.83 + 0.49% in
the D group, 17.67 £ 1.23% in the D+2D-CM group,
and 19.51 & 2.01% in the D+3D-CM group. Consider-
ing these results, it was observed that the percentage
of Treg in the D group decreased relatively compared
to the C groups. In the D+2D-CM and D+3D-CM
groups, the percentage of Treg showed a significant
increase compared to the D group. In addition, it was
remarkable that the increase in Treg in the C+3D-CM
group with healthy rats treated with 3D conditioned
medium was statistically significant compared to the
C and C+2D-CM groups. The flow cytometric gating
strategy is given in Fig. 4A, and the graph created over
the averages of these data is given in Fig. 4B.

ELISA analysis for IL-4, IL,10, IL-17, and IFN-y

Blood samples were collected from the animals to
investigate the immunomodulatory properties of CMs.
IL-4, IL-10, IL-17, and IFN-\ levels were determined
by ELISA analysis in the serum obtained from the
blood collected before the sacrification of the animals.
When the IL-4 results were analyzed, it was seen that
there was a significant difference between the groups
(p < 0.001). There was an increase in IL-4 levels in the
diabetes groups compared to the control groups, and
the increase in the D+2D-CM (p < 0.01) and D+3D-
CM (p < 0.05) groups were statistically significant
compared to the C group. When it comes to IL-10 level
analysis, it was seen that there was no measurable level
of IL-10 in the groups except the D4+2D-CM group.
The IL-10 level in the D+42D-CM group was deter-
mined as 9173 pg/ml on average, and this increase was
found to be statistically significant (p < 0.01). While
IL-17 levels, one of the pro-inflammatory cytokines,
could not be detected in the C groups, they increased
in the D groups. However, this increase was not sta-
tistically significant. Finally, IEN-A levels were evalu-
ated, and it was observed that there was a significant



Isildar et al. Inflammation and Regeneration (2022) 42:55

Page 9 of 18

(See figure on next page.)

Data are presented as mean =+ SEM (n = 8)

Fig.4 Treg and cytokine analysis. A Representative dot blots showing the CD4+ cell population in lymphocytes isolated from the spleen. B
Representative dot blots showing the CD25+4 cell population within the CD4+- cells. C Representative dot blots showing the FoxP3 cell population
in the CD44-CD25+ cells. D Percentage of CD25+ Foxp3+Treg in the CD4+ lymphocytes isolated from the spleen. ?p < 0.05 versus the C+2D-CM
group, bp < 0.05 versus the C+2D-CM group, °p < 0.01 versus the C+3D-CM group, %p < 0.05 versus the C4+2D-CM group, ¢p < 0.01 versus the D
group, fp < 0.05 versus the C group, 9p < 0.01 by the C+2D-CM group, "p < 0.01 versus the D group. E- Cytokine levels of the groups. p<0.01 versus
the C group (IL-4), bp < 0.05 versus the C group (IL-4), °p < 0.05 versus all groups (IL-10), dp < 0.05 versus the C group (IFNy), °p < 0.05 versus the
C+2D-CM group (IFNy), 'o < 0.01 versus the C group (IFNy), 9 < 0.001 versus the C+2D-CM group (IFNy), "p < 0.05 by the C+3D-CM group (IFNy).

difference between the groups (p < 0.001). Cytokine
level graphs are given in Fig. 4C.

Histological analysis

Pancreatic sections were stained with H&E to evalu-
ate islet morphology. As a result of the evaluations,
islets with irregular contours and smaller sizes were
observed in the diabetes groups compared to the con-
trol groups. The decrease in islet sizes was statistically
significant (p < 0.001). Pancreatic islet micrographs
stained with H&E are given in Fig. 5A—F, and the aver-
age size of the islets is in Fig. 5G.

Immunohistochemical analysis

Nkx6.1

To evaluate the effects of 2D-CM and 3D-CMs on
[B-cell homeostasis and regeneration on the T1D model,
Nkx6.1, a B-cell marker, was labeled immunohisto-
chemically in the pancreatic sections (Fig. 6A). Then,
7-10 sections were examined for each animal. Nkx6.1-
positive cells with nuclear staining were counted in the
sections, and the percentage of these cells in the islets
was calculated (Fig. 6B). Accordingly, the rate of posi-
tive cells in the islets was determined as 74.44% in the
C group, 74.95% in the C+2D-CM group, and 78.33%
in the C+3D-CM group. In the D group, this positivity
was detected at a rate of 8.14% with weakened expres-
sion intensity. In the D+2D-CM and D+3D-CM treat-
ment groups, Nkx6.1 expression intensity showed
strong staining consistent with the control groups,
and the percentage of positive cells was determined as
11.52% and 12.49%, respectively. When the data were
evaluated statistically, it was observed that there was
a significant difference between the groups (p < 0.001).
The D, D+2D-CM, and D+3D-CM groups showed sig-
nificantly lower Nkx6.1-positive cell percentage in the
pancreatic islets than the C, C4+2D-CM, and C+3D-
CM groups. The positive cell percentage tended to
increase in the D+2D-CM and D+3D-CM treatment
groups, but this increase was not at a level that would

make a significant difference (Fig. 6B). In addition,
when the exocrine pancreas was examined in the sec-
tions, it was noted that there were Nkx6.1-positive cells
among the acinar cells in the D+2D-CM and D+3D-
CM groups (Fig. 7) importantly.

Pdx1

The Pdx1 marker, which plays a critical role in pancreatic
development, endocrine cell differentiation, and main-
tenance of mature P-cell function, was labeled immu-
nohistochemically (Fig. 6A) to evaluate the effects of
conditioned medium on the protection and regeneration
of B-cells. Then, five sections for each animal were ana-
lyzed, and the average percentage of Pdx1-positive cells
in an islet was calculated (Fig. 6C). Accordingly, Pdx1-
positive cells were found in 76.99% in the C group, 77.54%
in the C+2D-CM group, and 77.54% in the C+3D-CM
group. It was observed that this positivity decreased to
17.11% in the D group, while the percentage of Pdx1-
positive cells in the D+2B-CM and D+3B-CM treatment
groups increased to 29.72% and 32.20%, respectively. As
a result of the statistical evaluation, it was observed that
there was a significant difference between the groups
(p < 0.001). The D, D+2D-CM, and D+3D-CM groups
showed significantly lower Pdxl-positive cell percent-
age in the pancreatic islets than the C, C4+2D-CM, and
C+3D-CM groups. Furthermore, it was found that the
percentage of Pdx1-positive cells in the D+2D-CM and
D+3D-CM treatment groups increased compared to the
D group, and this increase was statistically significant.

Insulin

For the analysis of insulin-producing p-cells in the islets,
the pancreatic sections were labeled with the anti-insulin
antibody (Fig. 6A). An average of 7 sections for each ani-
mal was examined during the analysis. The percentage of
the insulin-positive area in an islet within the total islet
area was calculated with the Image] program, and the
results were compared (Fig. 6D). Accordingly, 74.82%
area in the C group’s islets, 74.90% in the C+2D-CM
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group’s islets, and 79.60% in the C+3D-CM group’s islets
were insulin-positive. It was observed that this positivity
decreased to 16.63% in the D group, while the percentage
of insulin-positive areas in the D+2D-CM and D+3D-
CM treatment groups increased to 20.54% and 30.22%,
respectively. As a result of the statistical evaluation, it was
observed that there was a significant difference between
the groups (p < 0.001). The D, D+2D-CM, and D+3D-
CM groups showed a significant decrease in the percent-
age of the insulin-positive area of islets compared to the
C groups (C, C+2D-CM, and C+3D-CM). In addition,
the increase in insulin positivity in the D+3D group was
statistically significant. Moreover, the exocrine pancreas
parts were examined in the sections. It was discovered

that there were cells showing insulin positivity between
the acinar cells in the D+2D-CM and D+3D-CM groups
(Fig. 7).

Discussion

Here, we demonstrate for the first time the therapeutic
effects of a conditioned medium prepared by cultur-
ing human umbilical cord-derived MSCs in 2D and 3D
environments on immunomodulation and B-cell protec-
tion/regeneration in an in vivo T1D model. Mesenchymal
stem cells (MSCs) have been prominent cells with their
differentiation abilities since they were discovered. How-
ever, the factors secreted by MSCs have been revealed
recently. Due to the secretomes, it is now emphasized
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that MSCs exert their therapeutic effects through parac-
rine mechanisms [7-9], and the studies need to be fur-
ther advance. As it is known, MSCs have anti-apoptotic,
anti-inflammatory, and cytoprotective effects and play
a role in immunomodulatory and immunosuppressor
mechanisms [26]. Considering these, MSCs as crucial
cells, and their CMs appear to respond to the treatment
needs of T1D with their characteristic features.

First, the isolation and characterization of MSCs
required for preparing conditioned media to be used
therapeutically in the T1D model were performed in this
study. MSCs used during conditioned medium prepa-
ration were isolated from the umbilical cord of a single
donor. Then, the isolated cells were proven to be MSCs
by performing the characterization experiments. Donor-
dependent differences in isolated cells could constitute
a problem for adult tissues such as bone marrow and
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adipose tissue. Many factors affect the biological charac-
teristics of cells in adult tissues, especially age. However,
since the umbilical cord is a primitive tissue, individual
differences are minimized. Raileanu et al. investigated the
donor-dependent difference in umbilical cord mesenchy-
mal stem cells in a large-scale study (n = 71) and found
consistent results. The results showed that MSCs from
different donors all have typical MSC properties, similar

cytokine profiles, and good therapeutic potential [27]. In
our previous studies, we examined the MSC character-
istics, which we isolated from different donors, for eight
passages, and we did not detect any individual differences
[6, 18]. For the characterization of these cells, the follow-
ing criteria are expected to be met since there is no sin-
gle marker to prove that the isolated cells are MSCs [28].
MSCs should be plastic-adherent under standard culture
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conditions and differentiate into trilineage mesenchymal
differentiation pathways, and the cells must have a spe-
cific cell surface antigen expression. After the cells were
shown to be plastic adherent, they were characterized by
immunophenotypic markers. The positive and negative
markers for immunophenotypic evaluation were chosen
based on the referenced studies. The studies in the litera-
ture showed that, generally, a set of antigens among these
antigens are used for characterization [8, 29-31]. Naga-
mura-Inoue et al. described the biomarkers of umbilical
cord MSCs [32], and the selected markers are compat-
ible with the markers specified in this study. As a result
of these experiments, CD44 and CD90 positivity over
95% of the cells and CD34 and CD45 negativity below 5%
were other parameters indicating that the isolated cells
were MSCs. Finally, we demonstrated the isolated cells’
adipogenic and osteogenic differentiation abilities. Thus,
by choosing two of the three primary tissues of meso-
derm origin, we showed that our cells have MSC char-
acteristics, in line with the studies in the literature [29,
33-35].

Following the isolation and characterization stages,
2D-CM and 3D-CM were obtained as a result of cultur-
ing the same number of cells simultaneously, and when
protein concentrations were compared, it was deter-
mined that there was a 34% increase in 3D-CM compared
to 2D-CM. The data in the literature show that MSCs
cultured on scaffolds secrete a higher rate of secretome
[8, 16, 36], consistent with this finding. Because the 3D
environment provides a more suitable environment for
the normal physiological conditions of the cells, the bio-
logical behaviors of the cells such as phenotype, prolifera-
tion, migration, and protein expression can be regulated
more effectively in 3D environments. The regulation
could lead to a change in the amounts of paracrine fac-
tors and paracrine profile [8, 20, 37]. IL-4, IL-10, IL-17,
and IFN-y, which are closely related to T1D pathogenesis,
were selected for analysis in the serum of rats. IL-4 level
was found to be 17.11 pg/ml in 2D-CM and 23.25 pg/ml
in 3D-CM. However, IL-10, IL-17, and IFN-y could not
be detected at a measurable level in CMs. While these
analyses were limited beneficent for us to detect condi-
tioned medium content, they were necessary to under-
stand whether a possible cytokine increase seen in in vivo
experiments was due to the applied conditioned medium.
In addition, these findings are valuable for discussions
about whether MSCs are capable of secreting cytokines,
which is still controversial in the literature. The cytokine
secretion profiles of MSCs derived from different sources
and cultured under different conditions still contain con-
tradictions. Some studies have reported that MSCs do
not secrete cytokines such as IL-4 and IL-10 under nor-
mal conditions [38] and can detect only inflammatory
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conditions and the presence of cytokines [39]. However,
studies showing that amniotic fluid and adipose tissue-
derived MSCs secrete cytokines such as IL-4, IL-6, and
IL-10 are also available in the literature [40, 41]. In this
context, CMs analyzed showed that hUC-derived MSCs
secrete IL-4, but it is evident that future studies need
to examine the relevant cytokines of CM contents pre-
pared under different circumstances from umbilical cord
MSCs.

The in vivo immunomodulatory effects of CMs
obtained from MSCs were evaluated by Treg popula-
tion analysis in T-cells isolated from the spleen and pro-
inflammatory and anti-inflammatory cytokine analysis
in the peripheral blood. According to these analyses,
it was observed that the Treg population decreased in
group D, and the Thl-related IFN-A and Thl7-related
IL-17 cytokines increased in the peripheral blood. This
situation develops due to the chronic inflammation state
and indicates that the fine balance between autoreactive
T-cells and regulatory T-cells is disturbed because of the
T1D model [42]. The increase in both cytokines with the
induction of diabetes may have occurred as a result of the
inability to inhibit Th1 and Th17 due to the decrease in
Tregs [43]. In order to revert the imbalance mechanism
of T1D, it may need to be restored. In the evaluations
made after applying 2D-CM and 3D-CM for 4 weeks to
the diabetic groups, it was determined that there was
a significant increase in the Treg population. In addi-
tion, a significant increase in Treg cells was observed in
the C+3D-CM group. These results imply that MSC-
CMs could induce Treg cells through the molecules they
secrete and that was critical in restoring the impaired
T-cell mechanism and the balance between autoreac-
tive T-cells and Tregs. As for the results of cytokine
analysis, it was determined that there was an increase in
IFN-X and IL-17 levels in the treatment groups (D+2D-
CM, D+3D-CM), and the increase in IFN-\ was statis-
tically significant. Contrary to the general paradigm,
the increase in these pro-inflammatory cytokines,
known to play essential roles in diabetes pathogenesis,
was remarkable after the treatment [44]. Since it was
shown that IL-17 and IFN-A were not found in the CMs
administered to animals, it can be said that the cytokine
increases were not due to the direct effects of the applied
treatment but the result of the immune cells’ regulat-
ing abilities. T1D has traditionally been considered a
Thl-mediated pathology in which Th2 cells play a pro-
tective role. However, studies in the literature show that
both Thl and Th2 responses have inducing and protec-
tive effects on the pathogenesis of T1D [45]. It has been
demonstrated that a deficiency in IFN-)\ or its receptor
did not prevent the development of diabetes, only a slight
delay [46]. Also, some studies showed that the injection
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of recombinant IFN-\ did not accelerate diabetes and
could even restore normoglycemia [47, 48]. Moreover,
the literature review indicates that diabetogenic T-cells
and IFN-A can paradoxically help islet-specific Tregs
provide sustained protection from diabetes [49, 50]. In
another study, when mycobacterial adjuvant treatment
was applied to non-obese diabetic (NOD) mice, it was
reported that IFN-\ and IL-17 levels increased with the
protection from the disease [51]. It becomes clear that
the traditional Thl mechanism should be questioned,
because different data and approaches in the literature
state that it is difficult to name a cytokine as pro-inflam-
matory or anti-inflammatory because all cytokines act at
different stages of both mechanisms [39]. Understand-
ing cytokines, the cells with which they interact, and the
disease mechanisms with which they are associated will
only be possible with the cumulative effect of new stud-
ies that will be included in the literature. When the levels
of IL-4 and IL-10 in the peripheral blood were examined,
it was observed that Treg-related IL-10 levels could not
be detected in the C groups and increased significantly in
the D+2D-CM group. In the D+3D-CM group, despite
the increase in the Treg cell population in the spleen,
IL-10 was not detected in the peripheral blood. The situ-
ation may be related to the Treg cells, which increase in
number in the spleen; have not been transferred to the
peripheral blood at the same rate; or their activation has
not been completed even if the transition has taken place.
It also brings to mind other possibilities related to uni-
dentified CM’s content except for the Treg cell rates. In
addition, cytokine levels in the peripheral blood interact
with many factors and show many changes. Although
the IL-10 level was increased in the D+2D-CM group,
its absence in the D+3D-CM group may have developed
due to the changes in cytokines and growth factors in the
3D CM content. Considering the diversity of cytokines
and growth factors in CMs, revealing the content profile
in future studies will make it possible to explain possible
interactions. Finally, it was observed that the IL-4 level
was not detectable in the C groups but increased rela-
tively in the C4+2D-CM, C+3D-CM, and D groups, while
it increased significantly in the D4+2D-CM and D+3D-
CM treatment groups. It was suggested that the release
of IL-4 from Th2 cells induced due to the increased Treg
population helps immunomodulation [2]. Considering
all these findings, it can be suggested that 2D-CMs and
3D-CMs improve the autoimmune T1D model by regu-
lating the imbalance between Thl, Th2, T17, and Treg
cells.

In order to evaluate the ability of MSC-CM to
induce B-cell protection and regeneration by trig-
gering endogenous mechanisms, two major tran-
scription factors, Pdx1l and Nkx6.1, were examined
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immunohistochemically in the pancreatic sections.
Accordingly, the rate of positive cells detected between
74 and 78% in the control groups for both antibodies is
consistent with the information that the rate of B-cells
in rodents is 70-80% [52]. When the results of the
Nkx6.1 were examined, it was seen that the percent-
age of positive cells in the D group showed a significant
decrease. The rate tended to increase in the treatment
groups, but this increase was not statistically signifi-
cant. In the results of the Pdx1 marker, the percentage
of positive cells in the D group showed a significant
decrease compared to the C groups. In the meantime,
the D+2D-CM and D+3D-CM treatment groups
increased significantly compared to the D group. When
these two markers are evaluated together, it can be said
that the applied CMs are effective in -cell homeostasis
and regeneration. Following these findings, the insulin
level of B-cells in the islets was evaluated immunohis-
tochemically. Accordingly, the percentage of insulin-
positive areas in the control groups was consistent with
the percentage of positive cells in Pdx1 and Nkx6.1
markers. The percentage of insulin-positive areas in
the D group decreased significantly compared to the
C groups, which increased in the treatment groups. It
was determined that this increase was significant in
the D+3D-CM group compared to the D and D+2D-
CM groups. Based on these results, it can be said that
MSC’s secretome could help P-cell protection and
induce B-cell regeneration by playing a role in immu-
nomodulation and also with their anti-inflammatory,
anti-apoptotic, and cytoprotective properties. A study
examining the anti-diabetic effects of MSCs reported
that the islet structures and B-cells of diabetic mice
treated with MSCs improved, but no MSC was found
in the pancreas. On the contrary, it has been said that
MSCs localize to secondary lymphoid organs such
as the spleen and lymph nodes, thus contributing to
recovery by reversing the disrupted T-cell mechanism
[53]. In addition, many studies have shown that MSCs
have no or minimal ability to transdifferentiate into
B-cells [53, 54]. In this context, our findings showed
that MSCs could heal B-cells only with their secretomes
and trigger new [-cell formation in the exocrine pan-
creatic regions, and it has brought a new insight to
the literature on the anti-diabetic effects of MSCs. It
is known that the increase in B-cells in the treatment
groups may have been caused by the mechanisms such
as B-cell proliferation and regeneration, a-cell trans-
differentiation, or neogenesis of the progenitor cells
[55, 56]. Moreover, Nkx6.1-positive and insulin-pos-
itive cells in the exocrine pancreas in D+2D-CM and
D+3D-CM groups suggest that CMs may have trig-
gered local progenitor cell niches. In addition, since the
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pancreatic exocrine cells and p-cells both develop from
the foregut endoderm, which means they have the same
embryological origin [57], it is thought that these newly
formed p-cells may have arisen by reprogramming the
exocrine cells into insulin-expressing p-cells [56]. The
available findings are insufficient to comment on this
issue, but it draws attention as an important finding
that needs to be examined with further research.

Conclusion

In this study, it has been shown that human umbilical
cord-derived MSC-CM induces the Treg cell population
regulates cytokine release and increases the number of
Pdx1, Nkx6.1, and insulin-positive cells in the pancre-
atic islets in the T1D model. These data revealed that a
conditioned medium could exert dual therapeutic effects
on the T1D model in the context of immunomodulation
and [B-cell protection and regeneration. Changes in the
islet structure, expression levels of -cell markers in CM-
treated groups, and the localization of positive cells in the
pancreatic tissue have provided new approaches to -cell
homeostasis and regeneration. In addition, the increase
in the Treg population and the number of Pdx1, Nkx6.1,
and insulin-positive cells in the islets were higher in the
3D-CM group than in the 2D-CM group. This finding
together with higher protein content suggested that the
therapeutic effects of the conditioned medium could be
enhanced by growing MSCs on 3D scaffolds with a spe-
cific topography.
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