REVIEW

W) Check for updates

ADVANCED
THERAPEUTICS

www.advtherap.com

Therapeutic Potential of Mesenchymal Stem Cell-Derived
Conditioned Medium for Diabetes Mellitus and Related

Complications

Basak Isildar, Serbay Ozkan, and Meral Koyuturk*

1. Introduction

Diabetes mellitus (DM) is one of the most life-threatening metabolic

disorders, with 9% of the global prevalence, and it is estimated to be rising to
12.2% in 2045. Currently, there is no definitive treatment for DM. Although
life-saving, insulin administration to control blood sugar is not a cure for DM
and is insufficient to prevent DM-related complications such as nephropathy,
neuropathy, or retinopathy. For this reason, studies are continuing to develop
treatments that will provide p-cell regeneration while suppressing
autoimmunity. Mesenchymal stem cells (MSCs) are multipotent stem cells

with a high proliferation capacity, immunosuppression, and

immunomodulation ability. MSCs have gained therapeutic importance with
these properties besides their differentiation ability. The immunosuppressive
and immunomodulatory properties of the cells arise from the soluble and
insoluble factors they secrete into the extracellular environment. Therefore,
the culture medium where these cells grow has therapeutic value and is
named conditioned medium (CM). In this context, CM obtained from

MSCs can provide a similar therapeutic effect with fewer safety concerns.
Furthermore, preconditioning of MSCs can improve the effectiveness of these
cells and associated cellular products. So, this review summarizes the recent
advances in MSC-derived CMs and their therapeutic potential for DM and

related complications.
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Mesenchymal stem cells (MSCs), which are
multipotent cells with self-renewal poten-
tial, were first identified by Friedenstein
with the observation of the bone-forming
abilities of the cells obtained from the
mouse bone marrow (BM).[!l In the litera-
ture, different descriptive names, including
mesenchymal stromal cells, mesenchymal
progenitor cells, and multipotent stromal
cells, have been used for MSCs.[2l There is
no single biomarker for the characteriza-
tion of these cells, so the International So-
ciety for Cellular Therapy proposed mini-
mal criteria for the definition of MSCs in
2006, which include being able to adhere to
a plastic substrate, differentiating into spe-
cialized cells, including osteoblasts, chon-
drocytes, and adipocytes and having cell sur-
face expressions of the cluster of differen-
tiation 90 (CD90), CD105, CD73 and not
expressing CD45, CD34, CD14, CD79 and
human leukocyte antigen (HLA)-DR cell
surface proteins.>] MSCs can be isolated
from a wide variety of tissues such as BM,
umbilical cord (UC), adipose tissue (AT), dental pulp, amniotic
membrane, and placenta.l®!

MSCs, with their high self-renewal capacity, ability to differ-
entiate into different cell lines, relative ease of isolation, and
immunomodulatory properties, have come to the forefront as
a new therapeutic potential for the treatment of a wide va-
riety of diseases.I?! Paracrine interaction, transfer of extracel-
lular vesicles (EVs) carrying RNAs and other molecules, mi-
tochondrial transfer, and differentiating into the affected cell
can be counted among the possible therapeutic mechanisms of
MSCs.[1%111 MSCs are the most studied cell type in clinical trials.
The findings of not reporting tumor development in the appli-
cations of MSCs in humans have encouraged the usage of these
cells in a series of clinical trials for various clinical conditions.!?]
Multifactorial characteristics of MSCs, easy manipulation, and
availability from several sources have brought about more than
1150 clinical trials listed in www.clinicaltrials.gov by January
2023. Most of these trials are based on applications of MSCs
as an alternative to conventional therapy to improve the qual-
ity of life and prolong the life expectancy of patients.3] Even
though promising results have been obtained in plenty of these
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Figure 1. Conditioned medium (CM) preparation steps and the strategies for preconditioning cells for modification of CM content.

clinical trials, MSCs-based treatments have not been considered
standard care at the clinic due to the lack of standards in iso-
lation, ex vivo expansion, culture conditions and delivery route,
dosage, frequency, and mode of infusion.[*] In preclinical stud-
ies, it was found that MSCs could show their recuperative effects
as a distant immunomodulator besides their ability to homing to
impaired sites.['] In this sense, applications of MSCs intraperi-
toneally, intravenously, or directly into the affected area have not
resulted in coherent results because most of the administered
cells did not survive more than 24 h in the host tissue.l'>!¢! Fur-
thermore, MSCs, regarding their “stemness,” are expected to re-
place the injured cell by engrafting into the affected tissue. How-
ever, it was found that very few or none of the administered cells
restore the functions by directly differentiating into the damaged
cells.['®] In spite of their limited survival time and in vivo differen-
tiation potential, observation of ameliorating effects following the
application of MSCs has made the researchers consider the non-
stem/progenitor cell properties of these cells.!?) Likewise, differ-
ent studies have shown that the application of paracrine factors
derived from MSCs had therapeutic effects at a similar level of di-
rect administration of these cells.!'718] At this point, the whole se-
cretions containing EVs, cytokines, and growth factors, referred
to as secretome, can be found in the medium where the cells are
cultured and is called the conditioned medium (CM).[1*2%) The
preparation of the CM is summarized in Figure 1.

Cell-free CM has several advantages over cell therapies. The
fact that it is easier to manufacture, freeze, thaw, package, and
transport makes CM ergonomically advantageous.[?!) CM could
be frozen without toxic cryoprotectants like dimethyl sulfoxide
(DMSO), unlike the cells, and stored for extended periods. In
addition, the current Good Manufacturing Practice (GMP) rules
that must be met during large-scale production for CM are
much simpler than the cells and are analogous to conventional
pharmaceuticals.??] In addition, poor survival of cells after trans-
plantation and differentiation capacity, localization, and secre-
tion of cells in nontarget sites eliminate the possibility of cell-
based therapy’s success.!"}] When the cells are transplanted into
an unhealthy microenvironment, they may not exhibit their bi-
ological characteristics, and the expected therapeutic effect may
not occur.!?®) Instead, a more controlled and standardized treat-
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ment procedure can be developed with the CM, and the nega-
tivities of cell therapies can be ruled out. Since MSCs isolated
from different sources may have different secretory contents!?*!
and even the secretome contents can be manipulated depend-
ing on the incubation conditions of the cells, such as hypoxia
and three-dimensional (3D) scaffolds,!?! the CMs could be pre-
pared as required by treatment of the target disease. Their re-
producible manufacturing processes and analyzable contents in-
crease the validation of the CMs and their possibility of usage
as therapeutic products compared to MSCs themselves.[2°! More-
over, there is no risk of rejection since donor-recipient matching
is not required.[**] Therefore, the general paradigm related to ex-
ploiting the therapeutic potential of MSCs is shifting from their
stem cell properties to their trophic effects, so that in this review
it was aimed to summarize the recent advances in MSC-derived
conditioned medium (MSC-CM) and their therapeutic potential
for the treatment of diabetes mellitus (DM) and related compli-
cations (Figure 2).

2. Secretome Content of MSC-CM

The ability of MSCs to produce and secrete paracrine factors was
first demonstrated by Haynesworth et al.?’] Since then, the num-
ber of studies examining the secretome content of MSCs and the
therapeutic effects of the secretome has increased, and CM that
contains this secretome has begun to be analyzed. The secretome
content of CM is composed of two distinct components secreted
by MSCs: the soluble particles consisting mainly of cytokines,
chemokines, immunomodulatory molecules, and growth factors,
and the nonsoluble, vesicular particles composed of different
types of vesicles that play a crucial role in the delivery of microR-
NAs and proteins for cell-cell communication!?®! (Figure 3). The
soluble components of the secretome can be separated from the
vesicular fraction by centrifugation, filtration, and chromatog-
raphy. Both of these components independently have therapeu-
tic value and are used in tissue regeneration and tissue engi-
neering studies.[?”! However, to use this secretome effectively for
therapeutic purposes, it is necessary to determine the factors in
the content, reveal the differences in the secretomes of MSCs
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Figure 2. Therapeutic potential of MSC-derived conditioned medium for the treatment of diabetes mellitus and related complications.

isolated from different sources, and investigate the effects of dif-
ferent cultural conditions on the secretome content.

Initially, the ability of MSCs to secrete secretomes was thought
to be intrinsic. Nevertheless, recent studies have shown that the
variety and quantity of cytokines, growth factors, immunomod-
ulatory molecules, chemokines, and vesicular particles secreted
by MSCs can be regulated using different culture conditions
such as the inflammatory environment, extracellular matrix
components, hypoxia, and genetic manipulations.*°! Hypoxia,
for instance, has been identified as a method to manipulate
the secretion profile of MSCs.[*32] Preconditioning MSCs with
hypoxia positively affects their immune phenotype and paracrine
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secretion profile, enhancing their proliferation and migration
ability. Besides, hypoxic conditions could improve the expression
of pro-survival genes and various trophic factors in MSCs.3%341 In
addition to hypoxia, priming MSCs with inflammatory molecules
like tumor necrosis factor « (TNFa), interferon y (IFNy), and
lipopolysaccharide (LPS) also regulates the paracrine secretion of
cells.35-37] The tryptophan-catabolizing enzyme indoleamine 2,3-
dioxygenase (IDO) is secreted from MSC at deficient levels or not
at all under normal circumstances. In contrast, its secretion ele-
vates when MSCs are preconditioned with IFNy or hypoxia.[383]
Another approach to improve the MSC secretome involves
utilizing a 3D microenvironment. Unlike two-dimensional

© 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH

85UB017 SUOLILLOD A8 3 (dfed! dde 8u) Aq peueA0B 8.8 SOdILE VO ‘SN J0 S8JNI 0} AeIq 1T 8UIIUO A1 UO (SUONIPUOD-PUB-SWISIALI0Y A8 | I AReiq 1 BU1|UO//:SANLY) SUONIPUOD pue swie | 84} 88S * [202/90/.2] U0 Akeiqiauliuo A8l ' Aisiealun 1ssied - AiseAlun 1seyiied Aq 91200202 diPe/z00T 0T/10p/Wo A8 M AReiq 1 puljuo//Sdny wol) pepeojumoq ‘2T ‘€202 ‘28659962


http://www.advancedsciencenews.com
http://www.advtherap.com

ADVANCED
SCIENCE NEWS

ADVANCED
THERAPEUTICS

www.advancedsciencenews.com www.advtherap.com
Maijor therapeutic P i
outcomes e~
| =
' the PI3K/Akt signaling > Induction

GLUT4 expression and el ation (%

pathway!tt. 112 - Tissue repair "
Regeneration T

Mesenchymal Stem Cell Derived Secretome

L

& @

Dendritic Cell Tcell

Tegd T
The | THI7

BN J_ L

Soluble
Proteins  EXosomes  Suppress Stimulate

Possible effects of immune system cells

- Angiogenesis

F-B1-triggered MFT'1®

LR4INFxB signaling » - Matrix modulation » )
5 - Re-epithelization

on of HMGB-1, NF-kB/P65 . L
> Inhibition

of MEK 14142 - Apoptosis

'Sirt1/ AMPK/PGC-1a - ROS production

=]
thway 144

- Fibrogenesis

mTOR signaling pathway46

suonesidwo9 pajejay pue sajaqeiq

aling pathway .15, 154 > Immunomodulation b

wlo

ol
©® @

8 cell NKCell Proinflammatory
Macrophage

Figure 3. Soluble and nonsoluble composition of MSC-CM, their possible mechanisms along with major therapeutic outcomes.

(2D) traditional cell culture, a 3D setup provides the necessary
conditions for complex biological functions such as interactions
with the extracellular matrix, migration, transcriptional regula-
tion, and receptor expression. Moreover, it facilitates cell-to-cell
interactions and provides space for MSC proliferation.[*041]

2.1. Soluble Secretome Content of MSC-CM: Cytokines, Growth
Factors, Chemokines, Imnmunomodulatory Molecules

The secreted soluble factors from MSCs can be classified as cy-
tokines, chemokines, growth factors, and immunomodulatory
molecules. These components are pivotal in regulating vital bi-
ological processes encompassing anti-apoptotic, anti-microbial,
antioxidant, and pro-angiogenic activities. MSCs exert their
immunomodulatory and immunosuppressive effects through
the processes involving these factors.”®! Cytokines, a subset
of these soluble factors, are the signal proteins that play es-
sential roles in the initiation, maintenance, and resolution of
immune responses.[*?] These proteins are predominantly pro-
duced by cells within the human innate and adaptive immune
systems and are categorized into pro-inflammatory and anti-
inflammatory classes.[*’] Studies have shown that MSCs secrete
anti-inflammatory cytokines, including transforming growth fac-
tor B1 (TGFA1),#7) TL4,48) TL10,49-51) 112751 IL1Ra,15253 as
well as pro-inflammatory cytokines, including IL6(*5*%] and
IL8.2 Nevertheless, considering the available studies, the ques-
tion of which of these cytokines are secreted by MSCs isolated
from different sources and how effectively they are secreted with-
out external stimuli remains a matter of debate and needs further
clarification.>®! This is because there are studies indicating that
cytokines are absent or observed at deficient levels in MSC secre-
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tome under normal conditions.[**57] Indeed, it is widely acknowl-
edged that the secretion of cytokines from MSCs notably rises
in response to inflammatory circumstances.>®! Furthermore, re-
search has revealed that the production of cytokines improves in
the presence of external stimuli such as hypoxia and 3D culture
conditions.[147:5]

MSCs also secrete growth factors such as vascular endothelial
growth factor (VEGF), platelet-derived growth factor (PDGF), epi-
dermal growth factor (EGF), stromal cell-derived factor-1 (SDF-
1), insulin-like growth factor I (IGF-1), hepatocyte growth fac-
tor (HGF), fibroblast growth factor (FGF),[%¢-¢%] neural growth
factor (NGF), glial cell-derived neurotrophic factor (GDNF), and
brain-derived neurotrophic factor (BDNF).[**] Growth factors are
essential effectors, providing therapeutic benefits like tissue re-
pair, protection, fibrogenesis suppression,®®] and angiogene-
sis induction.[*®! Furthermore, they have regulatory impacts on
MSCs.1”] For instance, it was shown that MSCs that are primed
with genetically engineered hepatocyte growth factor-expressing
MSCs had enhanced recuperative potential.[®®]

The MSC secretome contains another important component
that includes immunomodulatory molecules such as human
leukocyte antigen-G (sHLA-G),[” prostaglandin E2 (PGE2),70-72]
nitric oxide (NO), IDO,”>7! intercellular adhesion molecule-
1 (ICAM-1),7%77) and chemokines such as chemokine ligand
2 (CCL2), CCL3, CCLS5, chemokine receptor type 4 (CXCR4),
CXCRS5, and CXCR7.[87°] The presence of these factors is sig-
nificant for the therapeutic value of the secretome. Even if the cy-
tokines that will take part in immunomodulation are not found
at sufficient levels in the secretome of MSCs, it is seen that
these immunomodulatory proteins increase the release of nec-
essary cytokines by regulating T and B cell mechanisms and play
a crucial role in treatment.®%] For instance, since the HLA-G
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is a nonclassical HLA class I molecule that exhibits immuno-
suppressive properties by inducing differentiation of T regula-
tory cells (Tregs), it plays an essential role in the immunomod-
ulatory potency of MSCs.[®!l It is known that the PGE2 con-
tained in the MSC secretome fulfills multiple functions. It in-
duces macrophages to produce the anti-inflammatory cytokine
IL10, which in turn suppresses Natural Killer cells (NK) and T
helper cell proliferation. PGE2 affects macrophage metabolic sta-
tus and plasticity.l®?] Secretion of PGE2, IDO, TGFp1, IL6, and
NO by MSCs has been shown to strongly attenuate NK cytotoxic
activity and proliferation.!”"]

2.2. Nonsoluble (Vesicular) Secretome Content: Extracellular
Vesicles

EVs are insoluble membranous vesicles secreted by MSCs and
represent a significant mechanism of communication with other
cells. EVs are the structures composed of cytoplasmic proteins,
lipids, DNA, and RNAs (miRNA, mRNA, pre-miRNA, and other
noncoding RNA) within a lipid bilayer containing transmem-
brane proteins first identified during the maturation of reticulo-
cytes in 1983.1831 EVs are a cluster of nano-sized vesicles formed
by different mechanisms with different sizes, surface charges,
and markers.[®* Three types of EVs have been defined based
on their sizes and mechanisms of release: exosomes (smaller
sizes of 150 nm in diameter), microvesicles or shedding parti-
cles, and apoptotic bodies (both of which have sizes larger than
100 nm).®3] On the other hand, the current consensus investi-
gates EVs as microvesicles and exosomes depending on their bio-
genesis while not excluding the presence of apoptotic bodies in
EV preparations.[®! EVs formed by breaking off the cell plasma
membrane through the process involving cytoskeleton reorgani-
zation and depending on the concentration of intracellular cal-
cium, are called as microvesicles (or ectosomes or microparticles
in the literature) and generally have 100-1000 nm in size.!33%]
Microvesicles contain a high amount of CD44 surface marker
protein.[®3] The other mechanism is the fusion of multivesicu-
lar bodies or endosomes formed within the cytoplasm with the
plasma membrane, which leads to the release of secret molecules
having 40~150 nm of diameter and called as exosomes.#”! The se-
cretion of exosomes is regulated and controlled by p53 and the cy-
toskeleton activation pathway, respectively, and is not affected by
calcium concentration in contrast to the former mechanism.®*!
Characterization of exosomes can be executed by ultrastruc-
tural evaluation of their morphologies and determination of ex-
pressions of specific exosome-associated marker proteins like
CD9, CD63, and CD81 tetraspanins, Alix, and tumor suscep-
tibility gene 101 (Tsgl01).33] EVs can be isolated by different
techniques, such as differential ultracentrifugation, size exclu-
sion chromatography, ultrafiltration, immunoaffinity chromatog-
raphy, flow cytometry, immunocapture, and commercial kits.[38]

Interaction of EVs with the recipient cells can occur in a
paracrine, autocrine, or endocrine manner. EVs could be re-
moved by macrophages or transported to detoxifying organs like
the liver, while they could cross biological barriers like the blood-
brain barrier through a mechanism that has not been thoroughly
elucidated. Progression of EVs towards recipient cells could be
modified by their interaction with extracellular and pericellular

Adv. Therap. 2023, 6, 2300216 2300216 (5 of 18)

www.advtherap.com

matrix enabling the specific engagement of EV-associated lig-
ands with recipient cell receptors, which is one of the main mech-
anisms defining the tropism of EVs for certain cell types.®! All
EVs have surface proteins that permit them to be targeted to the
recipient cell. They activate the signaling pathway by receptor-
ligand association or deliver their contents into the cytoplasm by
endocytosis or phagocytosis following their attachment to the tar-
get cell, which enables them to modify the physiological state of
the recipient cell by leading to activation of certain signaling cas-
cades, decoration of recipient cell surface and conferment of new
functions.®*?% However, the delivery or transfer of intraluminal
and surface content of EVs needs to be better defined.

The modulation mechanism through EVs is still not fully un-
derstood. Based on the first observation of when BM cells started
to produce albumin after incubating them with liver cells, the
micro-array analysis showed that the phenotypic changes seen
in BM cells occur through the transfer of tissue-specific mR-
NAs, miRNAs, and proteins via extracellular microvesicles.!!]
MSCs-derived EVs have been shown to be involved in many
physiological processes, such as immunomodulation, prolifera-
tion, angiogenesis, matrix modulation, homeostasis, and tissue
regeneration.”>?3 On the other hand, it has been determined
that the cytokine contents of EVs can vary dynamically accord-
ing to the physiological state of the cells.l!] Fitzgerald et al. in-
vestigated distributions of 33 cytokines in 8 different biological
systems and found that the types and quantity of cytokines in
free or encapsulated EV forms differ in each system.[**] Further-
more, it was noted that EVs’ contents, especially small RNA pro-
files, can show variations in 2D and 3D cell culture conditions.**]
In 3D cell culture conditions, small RNA next-generation se-
quencing analysis showed that EVs derived from cancer cells
have higher similarity to the ones derived from cervical cancer
patient plasma, which indicates that the contents of MSC-EVs
can also be regulated or modified by changing or mimicking the
environmental conditions in a desired manner. In addition to
all, bio-engineering the MSC-EVs content in favor of the deliv-
ery of therapeutically effective exogenous nucleic acids or pro-
teins to target tissue could provide a biological nano platform
for clinical drug delivery.®® It was found that RNA-binding pro-
tein synaptotagmin-binding cytoplasmic RNA-interacting pro-
tein (SYNCRIP) is a critical component of the exosomal miRNA
sorting mechanism in hepatocytes. Knockdown of SYNCRIP
leads to disrupted sorting of miRNA in exosomes. Moreover, it
was discovered that certain miRNAs sharing a common extra-
seed sequence (hEXO motif) are mostly enriched in the exo-
somes that are specifically sorted by SYNCRIP, which is a sig-
nificant finding that could enhance loading of poorly exported
miRNA into exosomes by embedding this hEXO motif into rele-
vant miRNA.*/] In this sense, MSCs can be genetically modified
to secrete EVs that have therapeutically effective mRNA informa-
tion of associated genes in the cargo, whereby being rendered to
home to the disease site so that being internalized by the targeted
cells.[?]

Even though the considerable potency of EVs secreted by
MSCs has been noted in preclinical studies, there are certain
challenges that must be satisfied for the clinical translation of
EVs-associated therapies. In this respect, defining standards
for characterization, fulfilling the purity and sterility criteria,
optimizing storage conditions, and improving their safety and
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potency in accordance with the disease-related interrupted
mechanisms can be counted as major issues that need to be
clarified before clinical applications. In addition to all, it has
been found that the concentration of these bioactive molecules
in these vesicles cannot be determined by conventional assays
such as the enzyme-linked immunosorbent method. This makes
it necessary to reevaluate the concentration analysis of soluble
proteins like cytokines or growth factors based on standard
methods in physiological and pathological conditions by using
new comprehensive methods.[®* The details of these limitations
for the therapeutic application of EVs have been well discussed
by Wiest and Zubair.[*®!

3. Therapeutic Effects of MSC-CM on Diabetes and
Related Complications

3.1. Type-1 Diabetes

Type-1 Diabetes (T1D) is an autoimmune disease characterized
by the destruction of insulin-producing f-cells in the pancreas
by the immune system, leading to progressive insulin deficiency
and consequent hyperglycemia.®! Hyperglycemia brings com-
plications such as cardiovascular diseases, blindness, and kidney
failure in individuals.['% In the brief pathogenesis of T1D, ac-
tivation of T cells against pancreatic islets is the first step lead-
ing to f-cell destruction. As a result of the combination of ge-
netic predisposition and environmental factors, the decrease in
regulatory T cells (Treg) and the increase in auto-reactive CD8+
cytotoxic T (TC) cells initiate the autoimmune process. Proteins
released from f-cells due to post-translational modifications are
recognized as auto-antigens by T cells, and antigen-presenting
cells present these autoantigens to CD4+ helper T cells (TH).[*1]
TH cells are activated by IL12 released from macrophages and
dendritic cells. TH1 cells reduce TH2 cells and their protective
effects by secreting IL2 and IFNy, which trigger TC cells and cy-
totoxicity. TH17 cells that secrete IL17 in response to f-cell auto-
antigens contribute to the progression of this process. In addi-
tion, B-cells can be damaged by perforin and granzymes secreted
by TC cells. Thus, activated macrophages, TH cells, and TC cells
act synergistically in f-cell destruction, resulting in autoimmune
T1D.1%2] As a result, it is seen that the disrupted T cell mech-
anism and cytokine balance play a role in the pathogenesis of
T1D.

Today, despite all the advances in insulin analogs and blood
glucose monitoring, there is no cure for T1D, and life-threatening
complications develop as the disease progresses. The strategy in
treatment should be to prevent the destruction of f-cells by regu-
lating the disrupted T-cell mechanism and to enhance the num-
Dber of existing f-cells. In this context, the MSC-CM is a promis-
ing therapeutic agent for treating T1D due to its immunomodula-
tor, anti-apoptotic, and cytoprotective components. The informa-
tion regarding the secretome composition of MSCs, the signal-
ing pathways affected by this secretome, and the resulting ther-
apeutic benefits for ameliorating diabetes and associated com-
plications are briefly summarized in Figure 3. In a study con-
ducted for this purpose, it was emphasized that the effects of
MSCs on T1D occur through paracrine mechanisms, and the
effects of BM-MSC-CM on streptozotocin (STZ) damaged islets
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were studied in vitro and in vivo. Accordingly, after green fluo-
rescent protein (GFP)-labeled MSCs were transplanted into di-
abetic mice, no staining was detected in any newly formed g-
cells, thus indicating that MSCs did not exert their therapeutic ef-
fects through transdifferentiation. Subsequently, with the MSC-
CM application, in vitro and in vivo examinations revealed an in-
crease in islet and p-cell numbers. This application was shown
to activate the phosphatidylinositol 3-kinase (PI3K)/ protein ki-
nase B (Akt) pathway. Since this pathway is one of the potential
regulators of f-cell regeneration, the importance of detailed eval-
uation of CM applications in treating diabetes has been pointed
out.['] In another study investigating the effects of MSC-CM on
T1D, a diabetes model was formed by destroying all islet cells
by applying Alloxan to Wistar Albino rats. Then, the CMs pre-
pared from the human UC-MSC (hUC-MSC) were applied to
these rats, and the new islet formation was evaluated histologi-
cally. After CM application, islets began to appear in pancreatic
sections, and insulin-positive cells were shown in these islets. Ac-
cording to these results, it was stated that MSC-CM might be an
important agent that can trigger endogenous islet formation in
the treatment of T1D.!'] Nojehdehi et al. used AT-MSC-derived
exosomes as therapeutics in the autoimmune experimental T1D
model created in mice. They declared that exosome administra-
tion increased the Treg population among the spleen mononu-
clear cells and the level of IL4 and IL10 cytokines released from
them. Histological evaluation of pancreatic sections revealed that
the number of islets was higher in the exosome-treated groups.
Biochemical findings also showed a significant decrease in blood
glucose levels.'%] In another study, the effect of AT-MSCs and
AT-MSC-CM on experimental T1D was evaluated by compar-
ing routes of administration. The MSC-CM administered intra-
venously and intraperitoneally were evaluated regarding inflam-
mation by examining Treg, IL4, IL10, IL17, IFNy, and TGEFp,
and p-cell regeneration by labeling pancreatic sections with in-
sulin antibodies. Accordingly, both routes of administration have
shown that CMs are effective in the T1D model, but the intraperi-
toneal route is more effective in immunosuppression.l'%! Dias
et al. used CM obtained by culturing AT-MSCs in 2D and 3D
environments to treat T1D in a mouse model. 3D cell culture
was performed for MSCs to form spheroids, and CMs were ad-
ministered in two consecutive doses to the animals. The results
of this study indicate that CMs do not lower the glycemic in-
dex or prevent f-cell apoptosis in the pancreas. Pdx1, a f-cell
marker, was increased in the 2D-CM group, but this effect was
not seen in the 3D-CM.['] In our previous study, content anal-
ysis was performed on CMs produced with UC-MSCs cultured
in 2D and 3D environments before examining their in vivo ther-
apeutic effects. Scaffolds were used for the 3D culture, and the
cells were grown following a specific topography. Then 2D-CM
and 3D-CM were applied to the Sprague-Dawley rats with the ex-
perimental autoimmune T1D model within a specific treatment
plan as 12 doses. When the results were evaluated in the context
of immunomodulation and f-cell regeneration, it was seen that
MSC-CMs started to regulate cytokine release by increasing Treg
cells. f-cell regeneration was evaluated immunohistochemically
with Nkx6.1 and Pdx1 markers and insulin labeling. According
to the results, the number of f-cells increased significantly in the
treatment groups, especially in the 3D group, and newly formed
p-cells in exocrine pancreatic sections have been demonstrated.
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These results suggest that UC-MSC-CM is effective in the context
ofimmunomodulation and f-cell regeneration in the T1D model,
and this effect could be enhanced by using 3D scaffolds.[*®] Al-
though studies are still in their infancy, the MSC-CM applica-
tion appears to be a promising option for T1D. In addition, it is
predicted that MSC-CMs may delay the onset of diabetes-related
complications by showing protective effects on other tissues and
organs, as well as their positive effects on immunomodulation
and p-cell regeneration.

3.2. Type 2 Diabetes

Type 2 Diabetes (T2D), one of the most common metabolic disor-
ders worldwide, is characterized by elevated blood glucose levels,
which leads in progress of time to damage to the heart, vascula-
ture, eyes, kidneys, and nerves. It is caused by defective insulin
secretion by pancreatic f-cells and insulin resistance, which is
the inability of insulin-sensitive tissues to respond to insulin.['%!
Ideal therapeutic options for T2D include strategies to improve
insulin resistance and promote f-cell regeneration, and MSC-
CM may be an essential agent for the treatment of T2D.['%]
Hao et al. investigated the effects of multiple BM-MSC infusions
on the experimental T2D model, suggesting that paracrine ef-
fects of cells are important in therapy due to the low therapeu-
tic role of MSC differentiation. Hyperglycemia, serum insulin,
and c-peptide levels of BM-MSC-CM treatment were examined
to observe the paracrine effects of MSCs. The results showed
that MSC-CM effectively reversed hyperglycemia and improved
serum c-peptide and insulin levels.['1 Sun et al. used exosomes
isolated from the hUC-MSCs to treat T2D. This study revealed
that intravenous single-dose exosome administration effectively
decreases blood glucose levels and partially reverses insulin resis-
tance. Exosomes restored the phosphorylation (tyrosine domain)
of insulin receptor substrate 1 and protein kinase B in T2D, pro-
moted the expression and membrane translocation of glucose
transporter 4 in muscle (GLUT4), and increased glycogen stor-
age in the liver to maintain glucose homeostasis. In addition, it
was pointed out that exosome administration could be used to
restore the insulin-secreting function of T2D by inhibiting STZ-
induced f-cell apoptosis.[''!] An in vitro study by Kim et al. con-
cluded that UC-MSC-CM improved insulin resistance in C2C12
cells, and UC-MSC-CM improved glucose uptake by increasing
membranous GLUT4 expression and insulin-signaling pathway.
This study also showed the enhancement of mitochondrial con-
tents and functions after the UC-MSC-CM application.[''?] An-
other study demonstrated the antioxidant capacity of liver and
adipose tissue-derived MSCs-CMs and their therapeutic applica-
bility in T2D. Accordingly, it was observed that the biochemical
data of the liver-MSC-CM group were better in terms of blood
glucose, liver and renal function tests, and lipid and inflamma-
tion markers. At the same time, both CMs were effective in the
regeneration of pancreatic islets, oxidative stress, and relief of
insulin resistance.l'¥] Song et al. evaluated the association be-
tween BM-MSC-CM and T2D in the context of a-cells different
from the other studies. For this purpose, palmitate-induced a-
cell line (aTC1-6 cells) and high fructose diet (HFD)-induced
mice were used. The glucagon secretory capacities of a-cells were
analyzed in the supernatant, and the serum and the potential
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signaling pathways were investigated. BM-MSC-CM improved
blood glucose levels and insulin tolerance. It protected against
HFD-induced hyperglycemia and hyperglucagonemia and ame-
liorated HFD-induced islet hypertrophy, decreased a- and f-cell
area. Consistent with in vivo, glucagon secretion from a-cells
or primary islets was inhibited by BM-MSC-CM, accompanied
by a reduction of intracellular phosphatase and tensin homolog
deleted on chromosome 10 (PTEN) expression and restoration of
AKT signaling. Moreover, miR-181a-5p overexpression was ob-
served in BM-MSCs but this expression was prominently lower
in aTC1-6 cells. Glucagon secretion in aTC1-6 cells was alleviated
or aggravated via the PTEN/AKT signaling pathway due to overex-
pression or downregulation of miR-181a-5p, respectively. In this
context, they suggest that miR-181a-5p derived from MSCs miti-
gates glucagon secretion of a-cells by regulating PTEN/AKT sig-
naling, which gives us novel evidence revealing the potential of
MSCs for treating T2DM.!M4

3.3. Nephropathy

Diabetic nephropathy (DN) is a severe microvascular complica-
tion caused by DM)and is the most common cause of end-stage
kidney disease (ESKD).I'"®] Characterization of DN includes spe-
cific morphological and functional alterations in the renal tissue.
In the early period of DN progression, increased glomerular
filtration rate (GFR), hypertrophy, microalbuminuria, thickened
glomerular basal membrane (GBM), and mesangial expansion is
noted, while the progressive decline in GFR, reduced creatinine
clearance, increased fibrosis, and macroalbuminuria are the
features of advanced stage DN.I"® When the microvascular
nature of the DN is considered, the glomeruli and tubular areas
are expected to be primarily affected due to the presence of
glomerular and peritubular capillaries, respectively.!’’] In the
glomerulus, the integrity of the glomerular filtration barrier
(GFB), which is composed of podocytes along with fenestrated
endothelium of capillaries and its basal lamina, is compromised
under diabetic conditions, which in turn leads to a slow decline
in renal function.'™®! Currently, available treatments, including
the application of anti-hypertensive drugs and sodium-glucose
co-transporter 2 protein inhibitors, slow the progression of the
disease. However, they are not able to prevent the development
of ESKD, which is the situation necessitating the development
of novel therapies capable of stopping disease progression.!'”]
In this respect, the application of CM obtained from MSCs have
promising results in in vitro and in vivo experiments. It was
shown that human AT-MSC-CM reduced high glucose-induced
apoptosis of podocytes and maintained expressions and arrange-
ments of podocyte-specific synaptopodin and nephrin proteins
via increased concentration of EGF.I'"! In another study, treat-
ment of mesangial cells with UC-MSC-CM following exposure to
the high concentration of glucose led to decreased extracellular
matrix depositions and fibrosis by inhibiting TGF-f1-triggered
myofibroblast transdifferentiation (MFT) and cell proliferation
and increasing the expressions of matrix metalloproteinase 2
(MMP2) and MMP9.["¢] In two different diabetic kidney injury
models induced by a high-fat diet and application of STZ,
administration of MSC and MSC-CM have a similar level of
ameliorating effect with respect to inhibition of exacerbated
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albuminuria by each one of the two. They exert their therapeutic
effects by inhibiting the expressions of pro-inflammatory cy-
tokines and the formation of fibrosis in the tubular interstitium
and by maintaining the expressions of tight junction proteins like
zonula occludens (ZO-1) which are critical for the suppression of
epithelial-to-mesenchymal transition (EMT) of tubular epithelial
cells (TECs). In the same study, it was also noted that exosomes
obtained from MSC-CM were injected into the subcapsular space
of STZ-induced diabetic kidneys, improving the tubulointerstitial
degeneration including inflammatory cell infiltration, vacuoliza-
tion, atrophy, and loss of tight junction proteins of TECs.['8]
Furthermore, incubation of TECs isolated from STZ-induced di-
abetic rats with exosomes derived from MSCs reduced diabetes-
related apoptotic cell death and suppressed EMT of these cells.!8!
Similarly, CM and specifically exosomes obtained from UC-MSC
reduced the secretion of pro-inflammatory cytokines, including
TNFa, IL1g, and IL6, and pro-fibrotic factor TGFf in the high
glucose treated renal TECs and glomerular endothelial cells.['2°]
In the study conducted by our group, it was demonstrated that
CM obtained from UC-MSCs preconditioned with deferoxamine
(DFX), a hypoxia mimetic agent, led to better improvement of
DN compared to CM derived from unpreconditioned MSCs by
restoring podocyte loss, reducing apoptosis in cortical tubular
area, and regulating the autophagic activity.>*! Moreover, this
improvement was found to be associated with more concentrated
content of DFX-CM, specifically NGF and GDNF neuroprotec-
tive growth factors and pro-angiogenic factor VEGF all of which
are crucial for the structural and functional integrity of podocytes
and capillary endothelium.(*'”] This study is also important from
another point of view that suitable preconditioning strategies
which improve secretome content in favor of therapeutically ef-
fective paracrine factor could provide better recuperative results.

3.4. Neuropathy

Diabetic neuropathy (DNeu) is the most prevalent diabetic com-
plication. DNeu is a group of clinical manifestations caused by
damage to the peripheral and autonomic nervous systems and
occurs in approximately half of the diabetic patients.!'21122] The
most common form of DNeu is distal symmetric polyneuropathy,
which manifests as loss of sensory function beginning in the dis-
tal ends of extremities in a “stocking and glove” distribution.!'??!
In addition, diffuse neuropathies, including disorders resulting
from impairment of the sympathetic and parasympathetic ner-
vous system, such as diabetic cytopathy and impotence, gastroin-
testinal dysmotility, and cardiac autonomic neuropathy, can oc-
cur secondary to diabetes. Focal neuropathies, which are less
common, encompass injury of individual peripheral nerves or
nerve roots, leading to isolated mononeuropathies and radicu-
lopathy or polyradiculopathy, respectively.'??] In DNeu, multi-
ple cells, including dorsal root ganglion neurons, neuronal ax-
ons, and associated Schwann cells, are primarily affected by
hyperglycemia and dyslipidemia.'’] Even if glycemic control
slows down the progression of the disease, especially in T1D
patients, there is no definitive treatment due to the multifacto-
rial etiology of DNeu.['??] In this respect, reduced expressions
of neuroprotective, anti-inflammatory, and angiogenic growth
factors in peripheral nerves have been implicated in the oc-
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currence and progression of DNeu.!'#125] Unlike conventional
pharmacological treatments, the secretome profile of MSCs with
neuroprotective, immunomodulatory, angiogenic, and antioxi-
dant factors could provide a multitarget recuperative solution
for the treatment of DNeu.['?] Systemic application of CM-AT-
MSCs ameliorated DNeu-related functional and structural im-
pairments of transgenic mice (BKS db/db) that spontaneously
develop T2D by ameliorating the thermal and mechanical sen-
sitivity, restoring intraepidermal nerve fiber density, decreas-
ing apoptotic deaths of neuron and Schwann cells, and reduc-
ing chronic inflammation in peripheral nerve and improving
angiogenesis.['?] In another study, exosomes isolated from CM
of mouse MSCs were applied to the diabetic peripheral neuropa-
thy model of mice (BKS.Cgm+/+ Leprdb/J, db/db). The exo-
some application significantly improved thermal and mechan-
ical hypoalgesia, nerve conduction velocity, and histopathologi-
cal parameters, including the number of intraepidermal nerve
fibers, axonal diameters, and myelin sheat thickness of sciatic
nerves by shifting the macrophages from pro-inflammatory (M1)
to anti-inflammatory (M2) phenotype, and suppressing the pro-
inflammatory cytokines such as TNFa, IL18, and interfering
with the Toll-like receptor (TLR)—4/NF-x B signaling pathway.[?’]
These therapeutic effects of exosomes were found to be related
to their enriched miRNAs content, specifically miR-17, miR-
23a, and miR-125b involved in the regulation of macrophage
phenotype and activation of inflammatory cascade.['?’] At this
point, exosome contents of MSCs can be engineered to amplify
their therapeutic potential. The study conducted by Fan et al.
showed that MSC-exosomes loaded with miR-146a, which is well
known anti-inflammatory miRNA, have enhanced therapeutic
efficiency on diabetic peripheral neuropathy compared to naive
exosomes Dy inhibiting (TLR)—4/NF-xB signaling pathway.!®!
Diabetic cardiac autonomic neuropathy (DCAN) is another life-
threatening condition in which parasympathetic nerves that in-
nervate the heart are initially affected, leading to the relative pre-
dominance of sympathetic activity and increased risk of ventric-
ular arrhythmia.'?®] In the rat DCAN model, the application of
MSCs and MSC-CM which contains a detectable concentration
of Neurotrophin-3 (NT-3) and NGF, have a similar therapeu-
tic effect on the recovery of parasympathetic and sympathetic
nerve fiber density and imbalanced autonomic neural denerva-
tion. These findings also support the notion of MSCs showing
their recuperative effects in a paracrine fashion.'? Furthermore,
studies conducted by our group showed that preconditioning of
MSCs with hypoxia mimetic agents like DFX or dimethyloxal-
Iyl glycine (DMOG) led to an increased concentration of neu-
roprotective growth factors, including NGF and GDNF. There-
fore, CMs obtained from MSCs which are preconditioned with
hypoxia mimetic agents, could be potential therapeutic options
for the treatment of diabetes-associated neuropathies.

3.5. Retinopathy

Diabetic retinopathy (DR) encompasses a series of
hyperglycemia-associated pathological changes, including
inflammation in the optic nerve, aberrant vascular permeability,
decomposition of the blood-retinal barrier, and glial hyperplasia
is one of the main reasons for vision loss in older adults.['*]
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It was noted that increased expressions of pro-inflammatory
cytokines such as IL18, IL14, and caspase-1 in the retinas of
DM rats could bring about apoptotic death of retinal cells. In
one study, administration of exosomes obtained from MSCs
inhibited the production of inflammatory cytokines and reduced
vascular endothelial injury by significantly downregulating
high glucose-induced expressions of high mobility group box
1 (HMGB-1), NF-kB/P65 and NOD-like receptor family pyrin
domain containing 3 (NLRP3).[3% The same study also showed
that MSC-derived exosomes with enhanced expression of
miRNA-126 have a similar regulative effect on the expression of
HMGB-1 and the activity of NLRP3 in human retinal endothelial
cells.3 In another study, rabbit AT-MSC-derived exosomes im-
proved retinal damage by delivering bioactive factors, including
miRNA-222, which is important for the inhibition of abnor-
mal neovascularization in advanced DR by regulating signal
transducer and activator of transcription 5A (STATS) protein
expression.3! Miiller cells are the major type of glial cells in
the retina and provide homeostatic, metabolic, and structural
support to retinal neurons.['*?] In an in vitro study, it was shown
that application exosomes derived from BM-MSCs inhibited
inflammation, oxidative stress, apoptosis, and increased prolif-
erative capacity of the Mtiller cells treated with high glucose via
suppression of TLR4/NF-xB axis by their enriched content of
miRNA-486-3p.[1*3] Similarly, different study groups have shown
that EVs have therapeutic effects like delaying DR development
exerting anti-apoptotic, and anti-inflammatory effects through
the delivery of miRNA-912, miRNA-18b, and miRNA-30c-5p
separately.l!3*13¢] In each of the above studies,'3*13*138] amelio-
rative effects of one specific miRNA (some of which expressions
were enhanced by transfection) oligonucleotides in the EVs
have been focused on and evaluated. At this point, it would be a
good idea to evaluate all the aforementioned miRNAs following
enhancing their expressions in vesicles, which could amplify
the observed therapeutic effect in a synergistic manner. On the
other hand, when the uptake and distribution of intravitreally
administered EVs by the cells of the retina is investigated in
Sprague Dawley rats, it was found that EVs were not able to
get deeper than the inner nuclear layer.3%) Therefore, it is also
necessary to modify the surface of EVs for more efficient delivery
through the whole retina thickness, enabling better therapeutic
results.

3.6. Diabetic Wound

Diabetic wound healing has been the most studied area in the
literature regarding the relationship between MSC-CM and dia-
betes. In particular, diabetic foot ulcer is a common complication
of diabetes and may result in amputation following infection af-
ter the nonhealing wound. It is one of the most common causes
of limb loss.[**] Wound healing is a complex cellular response
to injury coordinated by numerous growth factors and cytokines
which are secreted from keratinocytes, fibroblasts, endothelial
cells, macrophages, and platelets.'*!) Numerous growth factors
and cytokines released by these cell types are necessary to
coordinate and heal wounds. Since MSCs secrete growth factors,
cytokines, and chemokines that increase angiogenesis, reduce
inflammation, and stimulate fibroblast migration and collagen
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production, the CM obtained from these cells is considered
a crucial therapeutic for wound healing. Proper keratinocyte
migration and proliferation during re-epithelialization are inter-
rupted in diabetic individuals; therefore, Li et al. investigated the
effects of MSC-CM on the migration and proliferation of ker-
atinocytes in vitro by forming a diabetes-like microenvironment
by the application of high glucose medium and LPS. The admin-
istration of MSC-CM improved the migration and proliferation
of rat keratinocytes by reducing ROS overproduction, revers-
ing the downregulation of MAPK/ERK kinase (MEK) 1/2 and
extracellular signal-regulated kinase (Erk) 1/2 phosphorylation,
which were induced by high glucose and/or LPS stimulation.!'*?!
In another study, pulse-wave low-level laser therapy with in-
traperitoneal application of BM-MSC-CM was used to treat open
skin wounds in diabetic rats and wound healing was evaluated
by biochemical parameters. The results of this study revealed
that laser therapy and BM-MSC-CM, both separately or together,
improved the biochemical parameters in the wound healing
process, but laser therapy was statistically more effective.l'*]
In a study examining the possible effects of hUC-MSC-CM
on diabetes-related epithelial dysfunction, an in vitro and in
vivo evaluation was performed using human umbilical vein
endothelial cells (HUVEC) grown in high glucose medium and
STZ-induced diabetic rat model. When they investigated the
mechanism underlying the positive effects, it was concluded that
the mitochondrial bioenergetics was improved through the silent
information regulator 1 (Sirtl)/ AMP-activated protein kinase
(AMPK)/ peroxisome proliferator initiated receptor gamma and
coactivator 1 alpha (PGC-la) signaling pathway, resulting in
an amelioration in epithelial dysfunction.['** Keratinocytes are
used as autologous or allografts for wound healing, especially in
burn patients, and hence effective cryopreservation of epidermal
stem cells is required. A study in which AT-MSC-CM was used
for keratinocyte culture and cryopreservation aimed to create
a xenograft-free transplantation opportunity by removing the
feeder layer required for keratinocyte culture, thus paving the
way for safer and cheaper clinical applications. According to
the results, keratinocytes treated with MSC-CM rather than
commercial solution expressed stem cell and differentiation
markers similarly to those treated with the commercial solution
and had similar proliferation and migration abilities.'*¥! In
another study, VEGF overexpressed MSC-CM was shown to
ameliorate palmitate-induced diabetic endothelial dysfunction
through the PI3K/ protein kinase B (AKT)/mammalian target of
rapamycin (mTOR) pathways and p38 mitogen-activated protein
kinase (p38/MAPK) signaling pathway.l'*¢] In a study on diabetic
wound healing, photobiomodulation therapy, and BM-MSC-CM
were used separately and in combination to treat infected wound
models in diabetic rats. The evaluation was performed in terms
of stereological parameters and expression of basic FGF (bFGF),
hypoxia-inducible factor (HIF-1a), and SDF-1la. The findings
showed a decrease in macrophages and neutrophils and an
increase in fibroblast counts and angiogenesis in all treatment
groups compared to the control group. bFGF, HIF-1a, and SDF-
la expressions were higher in the photobiomodulation therapy
group in most cases. At the same time, stereological evaluations
revealed that the best results were in the photobiomodulation
therapy and BM-MSC-CM group.'*! In another study, as dia-
betes causes intervertebral disc degeneration, the extracellular
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matrix production of MSCs was investigated in the nucleus pul-
posus following hUC-MSC-CM applications. For this purpose,
nucleus pulposus-MSCs were induced with high glucose in
vitro, and then the effects of hUC-MSC-CM on these cells were
investigated. High glucose triggered apoptosis in cells, decreased
aggrecan and collagen II synthesis, and increased p38 MAPK
phosphorylation. After the hUC-MSC-CM application, these
effects were reversed in nucleus pulposus MSCs. In conclusion,
UC-MSC-CM alleviated high glucose-induced extracellular ma-
trix degeneration via p38 MAPK.['*8] Saheli et al. examined the
effects of BM-MSC-CM on human dermal fibroblasts. In vivo
administration of BM-MSC-CM improved wound healing kinet-
ics in diabetic animals; in particular, the rate of wound closure
was significantly increased. At the same time, inflammatory
response, remodeling, angiogenesis, EGF, and bFGF expres-
sions increase with the application of MSC-CM. Consistently, in
vitro findings showed that fibroblasts in high glucose medium
treated with MSC-CM showed higher viability, proliferation, and
migration, as well as an increase in bFGF gene expression.!'*]
Hendrawan et al. investigated the effects of CM prepared from
hUC-MSCs under hypoxic conditions on wound healing of di-
abetic rats along with the growth and collagen production of rat
fibroblasts. Accordingly, CM prepared under hypoxic conditions
contained higher growth factors associated with wound healing.
In vitro, results showed that hUC-MSC-CM increased fibroblast
cell growth and collagen synthesis, although statistical signifi-
cance was not observed. In vivo, re-epithelialization and collagen
production were increased using hUC-MSC-CM.[*1 MSC-CM
applications seem promising for wound healing models. How-
ever, as an alternative to systemic application, which is the pre-
dominant route of administration in the literature, it is thought
that topical applications or the development of a CM-containing
patch may be beneficial for accelerating wound healing.

3.7. Effects of MSC-CM During Islet Transplantation

The effect of MSC-CM is not restricted to the systemic treatment
of diabetes; it could also be effective in vitro or in vivo for other
diabetic treatments, such as islet transplantation. Islet transplan-
tation is considered to be an effective treatment option, but its
applicability is low due to the lack of donor number, insuffi-
cient cell formation after transplantation, and the risk of immune
reaction.[’!] Implantation difficulties can occur for several rea-
sons, including ischemic injury during removal and delivery of
the donor pancreas, enzymatic digestion during islet isolation,
and reperfusion injury in the recipient after transplantation.!'?]
In this regard, the proliferative, angiogenic, and anti-apoptotic
properties of MSCs can increase survival, and cell formation after
transplantation, and their immunosuppressive properties may
reduce the likelihood of rejection. It was indicated in a study
that protein fractions secreted by MSCs could activate preserved
islets. So, protein fractions concentrated as 3, 10, 30, 50, and
100 kDa from the CM prepared from adipose tissue MSCs were
used, and their effects were evaluated by adding them to the
preservation solutions of the isolated islets. According to the re-
sults, some islets were seen with relative luminescence intensi-
ties above 150% of the baseline values by four days. Using these
factors, it could be possible to return islets to their pre-culture
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conditions.['>?] Hypoxia is one of the crucial factors reducing
the survival of islet cells after transplantation. The angiogenic
and protective effects of MSCs can be exploited to increase their
chances of survival in the hypoxic microenvironment in which
they are transplanted. In another study, CM obtained from MSCs
preconditioned under hypoxic conditions increased the recovery
and survival rates of the human islets exposed to hypoxia-induced
damage compared to the one obtained under normoxic condi-
tions. In addition, mRNA analyses showed that the islets treated
with hypoxia preconditioned CM had lower pro-apoptotic Bax
and higher anti-apoptotic Bcl2 expressions, all of which indicated
that the transition from a pro- to an anti-apoptotic islet phenotype
and this could be resulted from the increased secretion of VEGF
by the cells exposing to hypoxia.[53] In a study aiming to increase
post-transplant survival by protecting islets from hypoxia, MSC-
derived exosomes were used, and f-cells (BTC-6) were cultured
in the presence and absence of exosomes under 2% oxygen. The
results showed that high miR-21 levels in exosomes inhibit ER-
stress proteins (GRP78, GRP94, p-eIF2a, CHOP) and p38 MAPK
phosphorylation, thus increasing cell viability and reducing apop-
tosis in islet cells.'>* In another study, when treated with the CM
from porcine adipose tissue MSCs, islet cells were activated, and
the intracellular ATP concentration increased by 160% compared
to the initial level.'>] These studies suggest that the secretome
of MSCs can be utilized to increase the survival of islets dur-
ing islet transplantation. MSC-derived secretome could increase
transplantation success, especially by protecting the islets from
hypoxia.

4, Limitations of the CM Studies on Diabetes

The studies summarized above show that systemic administra-
tion of MSC-CM is promising for the treatment of diabetes and
related complications. However, to create an effective CM and a
treatment plan accordingly, studies should be progressed by con-
sidering some issues. The first of these is content analysis, which
is one of the essential advantages of CM treatments over cell ther-
apies. Before the therapy plan is made, the factors in the CM con-
tent should be determined and revealed in detail, the factors that
may be important for treating diseases should be focused on, and
the content balance should be studied. However, as used in most
studies, techniques like ELISA and antibody arrays to character-
ize MSC-CM offer only a limited view of the secreted factors. Pro-
teomic methods would offer a more comprehensive understand-
ing of the MSC secretome’s complexity. This approach seeks to
create well-defined profiles of MSC-CM, ensuring tailored usage
based on each CM’s distinct profile. At this point, artificial intel-
ligence (AI) can play a significant role in the secretome profil-
ing of MSCs. Secretome data can be integrated with other omics
data, such as transcriptomics and genomics. Al techniques like
machine learning and deep learning can analyze these complex
multidimensional datasets to identify patterns and relationships
and to uncover the biological pathways, networks, and cellular be-
havior that are influenced by the secreted proteins, all of which
may enable to fully unleash the therapeutic capacity of the MSCs.

The half-lives of these factors in CM are another critical aspect
that must be taken into consideration for treatment success. De-
termining the half-life is important both to understand how long
CMs can be used effectively after preparation and to know how

© 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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often to repeat the dose in vivo. Secondly, the in vivo outcomes
of CM therapies should be explained by associating them with
the factors in the CM content and revealing the mechanisms. As
these studies increase, more effective CMs could be produced.
Another critical issue is the stem cell source of CMs. It should
always be considered that different MSCs may secrete different
secretomes. The type, age, and physiological state of the stem cell
source will be important in terms of the secretome. The stud-
ies in the literature highlight the variations in MSC secretomes
based on their cellular origins.[?*1°¢157] Consequently, prior to the
clinical implementation of MSC secretome-based products, it be-
comes crucial to identify the cell sources that hold the most sig-
nificant promise for specific applications linked to tissue regen-
eration. This targeted approach ensures optimal utilization for
each regenerative context. A wise choice regarding the source of
stem cells would have a significant impact on the target disease.

The optimal number of cell passages used in MSC-CM produc-
tion is also a critical consideration. Initial passages exhibit con-
siderable heterogeneity, while a more homogeneous population
of MSCs is obtained as the passage progresses, which improves
CM content quality. However, late-passage cells might undergo
senescence and differentiation, altering the secretome composi-
tion. Hence, precise definition and standardization of cell pas-
sage numbers are crucial in CM preparation. This guarantees
consistent quality, safety, reproducibility, and efficiency, aligning
with intended outcomes. In addition, preconditioning or prim-
ing strategies which have been a hot topic recently to enrich the
therapeutic potential of MCS-CM could be a very promising but
it must also be kept in mind that such manipulation could bring
their own side-effects along with the expected improvement in
recuperative effect that is on focus, which is the situation that
imposes the more elaborate and comprehensive analysis is im-
perative following the MSC-CM application.

The availability of cost-effective large-scale production of con-
ditioned medium with defined standards is still a problem that
needs to be finalized for utilization of the therapeutic potential of
MSCs-derived CMs for therapeutic purposes. As MSC-CM stud-
ies progress, our knowledge of optimizing the secretion proper-
ties of MSCs will increase and thus the GMP-compliant proce-
dures necessary to create large-scale MSC-CM will be developed.
Apart from production, storage and transport processes are also
important. Itis vital in preserving the qualities and functions that
the content of MSC-CMs does not change at any of these stages.

5. Conclusion and Prospects

In this review, the current status of the therapeutic potential of
MSC-derived soluble and nonsoluble paracrine factors, collec-
tively found in the CM, was evaluated in the context of a treat-
ment option for diabetes and its complications (Table 1), which
imposes unequivocally a major health challenge in the last two
decades. At this point, when the limited implantation time and
survival of MSCs and the potential ameliorating effects of a wide
range of bioactive factors produced by MSCs in the regulation
of various physiological processes are taken into account, the se-
cretome content of MSCs has been a focus point for the clini-
cal implementation of these cells in regeneration and repair of
diabetes-related damage, dysfunction and failure of the organs.
Studies indicate that the secretome of MSC reverses the decrease
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in Treg in the pathogenesis of diabetes, and the cytokine profile
changes depending on the modifications of the immune system
cells. These findings mark a significant stride toward treatment
as Tregs are essential for suppressing autoimmunity that de-
stroys f cells. Furthermore, significant discoveries have emerged
from studies aiming to restore diminished # cell mass and re-
verse the damage in the kidney, retina, skin, and nerve tissue that
develops due to complications related to diabetes. This progress
is attributed to secretome factors that trigger cell growth, tissue
repair, and regeneration. In addition, reduction of ROS produc-
tion and suppression of apoptosis due to MSC secretome also
contribute to this cellular recovery. Nevertheless, despite the po-
tential demonstrated by MSC-CM in in vitro and in vivo research
to meet the various treatment needs of diabetes and its compli-
cations, a definitive therapeutic approach has not yet been estab-
lished. One of the reasons for this predicament is that the mech-
anisms of the progression of diabetes-related complications are
not fully deciphered, which hampers the determination of ac-
tive pharmaceutical ingredients that could be possibly obtained
from MSCs. Moreover, the secretory profiles of MSCs with re-
spect to soluble and insoluble components show variations de-
pending on many parameters like sources of the MSCs and under
which culture conditions they are obtained, which is the situation
that imposing the necessity of forming a repertoire of secretome
profile. Preconditioning strategies are crucial in this context to
enhance the concentration of key proteins identified within the
secretome, particularly those pivotal for effective treatment. In
this way, the most therapeutically effective matching of disease-
secretome content can be achieved. In conclusion, unveiling the
regulation of secretory mechanisms of MSCs in correlation with
their in vivo paracrine effects is of paramount importance for the
development of prospective treatments that can readily be used
in clinic.
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