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Abstract

Alzheimer's disease is a progressive neurodegenerative disease that is characterized by
toxic Amyloid-B (AB) plaques and neurofibrillary tangles (NFTs). Treatment options
include the use of human umbilical cord mesenchymal stem cell (hUC-MSC)-based
therapy. Its secretome contains healing substances such as neprilysin (CD10), which
breaks down AP42; anti-inflammatory cytokines, which lower inflammation; and growth
factors, which promote neuronal regeneration. The aim of this study was to produce hUC-
MSC secretomes preconditioned with tumor necrosis factor-alpha (TNF-a) and/or
interferon-gamma (IFN-y) to enhance the secretion of these healing substances. hUC-
MSCs were sub-cultured in T-25 flasks at a seeding density of 5x103 cells/cm?2 in 10 mL
xeno-free medium. hUC-MSCs were preconditioned with TNF-a only, IFN-y only, and a
combination of TNF-a and IFN-y. This study used 10 ng/mL TNF-a and 20 ng/mL IFN-
y. The secretome was harvested after 48 hours of preconditioning and then filtered
through a 0.22 um filter. In vitro tests were conducted to assess the effects of the
secretome on neuronal survival using the neuroblastoma SH-SY5Y cell line. These cells
were differentiated with retinoic acid (RA) and then exposed to AB42 to mimic Alzheimer's
disease neurons. Secretome therapy was applied at concentrations of 5%, 10%, and 20%
to evaluate neuroprotective effects. Four types of secretome were tested:
unpreconditioned, TNF-a preconditioned, IFN-y preconditioned, and a combination of
TNF-a and IFN-y. High levels of CD10 (neprilysin) expression were observed in hUC-
MSCs treated with IFN-y and TNF-q, although they did not release sufficient soluble
neprilysin (sNEP). Viability results indicated that secretomes preconditioned with IFN-y
at 10% and 20% concentrations provided the highest increase in cell viability after 72
hours post-therapy. The combination of TNF-a and IFN-y preconditioned secretome
exhibited synergistic effects, particularly at 5% and 10% doses at 24- and 72-hours post-
therapy. In conclusion, preconditioned hUC-MSC secretome represents a promising
therapeutic approach for Alzheimer's disease, as it enhances neuronal cell viability and
promotes neuronal regeneration. However, further studies are required to optimize sSNEP
release and maximize therapeutic efficacy in in vivo models.
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Introduction

Alzheimer's disease (AD) is the most common and widespread progressive neurodegenerative
disease in the world, accounting for 60—70% of dementia cases [1]. AD-related dementia cases
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are rapidly increasing worldwide, with an estimated 55 million people diagnosed with dementia
[2]. AD is the sixth leading cause of death in the world and the leading cause of dementia in the
elderly [3]. AD is characterized by two pathological features: the accumulation of toxic amyloid-
B42 (AB42) plaques on the outside of nerve cells, which then lead to the formation of
neurofibrillary tangles (NFTs) within the nerve microtubules [4]. The accumulation of this
abnormal protein leads to memory loss and cognitive dysfunction in patients, including
progressive cognitive impairment, disorientation, and behavioral disorders [5,6]. In severe cases,
these cognitive and behavioral changes could significantly impact a person's ability to function
independently [7,8]. Brain damage in AD patients can lead to the failure to control the function
of the body's organs, especially in the late stages of the disease, which may result in death [9].

Neuroinflammation and oxidative stress are critical contributors to AD pathogenesis.
Microglial activation, a hallmark of neuroinflammation, exacerbates the deposition of amyloid-f3
(AB) plaques and tau protein pathology, further accelerating neurodegeneration [10,11].
Oxidative stress also contributes to the development of AD through macromolecular peroxidation
or metal ion redox reactions or mitochondrial dysfunction, all of which affect cellular
homeostasis, formation of reactive oxygen species (ROS), regulation of AB42 formation, and
regulation of Tau protein formation [12-14]. Together, these processes create a vicious cycle of
inflammation and oxidative damage that drives AD progression.

To mitigate these pathological effects, neprilysin (NEP) enzyme, also known as CD10, acts
as a zinc metalloendopeptidase that plays a crucial role in degrading AB42 peptides [15,16]. NEP
has a high affinity for AB42 and cleaves the peptide at the amine side of hydrophobic amino acids,
leading to a rapid reduction in AB40 and AB42 levels [17]. As a type IT integral membrane protein,
NEP could undergo ectodomain shedding, releasing a soluble form (sNEP) into circulation [18].
This sSNEP could potentially be utilized to degrade AP42 in the brains of AD patients.

Studies have shown that human umbilical cord mesenchymal stem cells (hUC-MSCs) could
express NEP [16,19,20] and naturally secrete anti-inflammatory cytokines that help reduce
neuroinflammation in AD patients [21,22]. Additionally, a study suggested that mesenchymal
stem cells (MSCs) can be preconditioned to enhance the secretion of specific cytokines and
proteins [23]. By optimizing this preconditioning, MSC-derived secretome may offer a promising
therapeutic approach for AD through enhanced NEP activity and anti-inflammatory [24,25]
effects.

The aim of this study was to evaluate the therapeutic potential of secretome derived from
preconditioned hUC-MSC with tumor necrosis factor-alpha (TNF-a), interferon-gamma (IFN-y),
and their combination for AD. Specifically, the aims of this study were: (a) to assess the ability of
these secretomes to degrade toxic AB42 peptides through sNEP activity and to determine their
impact on reducing ApB42 accumulation in an in vitro AD neuronal model; (b) to analyze the anti-
inflammatory effects of secretome by measuring cytokine levels and their ability to suppress
neuroinflammation; (c) to determine their neuroprotective properties by evaluating their effect
in improving the levels of growth factors important for promoting neuronal survival and
regeneration, such as glial cell line-derived neurotrophic factor (GDNF), brain-derived
neurotrophic factor (BDNF), nerve growth factor (NGF), and vascular endothelial growth factor
(VEGF); and (d) to assess the impact of secretome treatment on neuronal viability and apoptosis.
This study also optimized the preconditioning conditions of hUC-MSC, identifying the best
inducers to enhance NEP production and maximize the therapeutic effects of the secretome.
These findings could contribute to the development of a novel cell-free therapy for AD.

Methods

Study design and setting

An in vitro study was conducted to test specific secretome produced from preconditioning hUC-
MSCs with IFN-y, TNF-a or their combination. It was hypothesized that the produced secretome
would have a higher content of NEP, anti-inflammatory cytokines, and growth factors compared
to standard unconditioned secretome. Therefore, this specific secretome was hypothesized to
have better therapeutic effects against AD.
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To test the therapeutic effect of this specific secretome, an AD neuronal cell model using
neuroblastoma SH-SY5Y cells was employed. The SH-SY5Y cells were preconditioned with
retinoic acid (RA) to differentiate into neuron-like cells. These cells were then exposed to AB42,
which is a toxic and pathogenic protein for neuronal cells, such as in the brains of AD patients.
Therefore, these neuron-like cells mimicked the condition of neuronal cells in AD patients. It was
hypothesized that in the absence of secretome, these AD neuronal cell models would experience
apoptosis or necrosis. By introducing the secretome containing sNEP into the culture, the Af42
peptides would be degraded, effectively reducing their accumulation and toxicity. This
degradation might prevent the cells from being exposed to a toxic environment, thereby
preserving cellular homeostasis and improving the viability of the neuron-like cells. As a result,
the therapeutic effect of the secretome could be demonstrated through increased survival rates
and enhanced health of the neuronal cells in comparison to untreated controls.

Three variations of specific secretome were prepared: those derived from hUC-MSC
preconditioned with IFN-y, preconditioned with TNF-q, and preconditioned with a combination
of IFN-y and TNF-a. Three different doses of secretome were used: 5%, 10%, and 20% of the
medium volume. The design of the study is presented in Figure 1.
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Figure 1. Study design and setting of the study.

Sub-culture of hUC-MSC cells
Before use, human umbilical cord-derived mesenchymal stem cells (hUC-MSCs) were evaluated
for compliance with the International Society for Cell & Gene Therapy (ISCT) criteria for
mesenchymal stem cells, which included adherence to plastic, trilineage differentiation potential,
and expression of specific surface markers (295% positive for CD73, CD9o, and CD105, and <2%
negative for CD34, CD45, CD14 or CD11b, CD79a or CD19, and HLA-DR). Flow cytometric
characterization of hUC-MSCs was performed using the BD FACSAria III (BD Biosciences, USA).
The hUC-MSCs were sub-cultured in a T-25 flasks (25 cm?2) with 10 mL of xeno-free culture
medium. A seeding density of 5x103 cells/cm?2 was used, and the culture medium was prepared
following the protocol by Pawitan et al. [26]. The a-Minimum Essential Medium (a-MEM)
(Gibco, Grand Island, USA) was used together with 10% volume of Human Platelet Lysate (HPL),
fibrinogen-depleted, xeno-free (StemCell Technologies, Vancouver, Canada), 1% volume of
GlutaMax Supplement (Gibco, Grand Island, USA), and 1% volume of antibiotic-antimycotic
solution (Sigma-Aldrich, St. Louis, USA).

Preconditioning hUC-MSC to produce specific secretome

Four types of secretome were generated: unpreconditioned, preconditioned with TNF-a alone,
preconditioned with IFN-y alone, and preconditioned with a combination of TNF-a and IFN-y.
The hUC-MSCs were preconditioned with 20 ng/mL IFN-y to enhance NEP expression and
stimulate the production of anti-inflammatory cytokines. Human recombinant IFN-y (animal-
component free, ACF) from Stemcell Technologies was used (Catalog No. 78141.1, Vancouver,
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Canada). For TNF-a preconditioning, hUC-MSCs were treated with 10 ng/mL Human
Recombinant TNF-a (ACF) (Catalog No. 78157.1, Stemcell Technologies, Vancouver, Canada).
For the combination, 20 ng/mL IFN-y and 10 ng/mL TNF-a were used. All preconditioned hUC-
MSCs were incubated for 48 hours at 37°C and 5% CO..

Measuring the impact of preconditioning on neprilysin expression

It was predicted that UC-MSC preconditioning with TNF-a and/or IFN-y would modulate the
NEP production. To quantify NEP expression, flow cytometry was performed by measuring the
mean fluorescence intensity (MFI) of a fluorescein isothiocyanate (FITC)-tagged monoclonal
antibody against NEP. The FITC emits green light when excited by blue light, with an excitation
maximum of 495 nm and an emission maximum of 519 nm [27]. MFI was used to determine the
expression level of NEP on the cell surface. By comparing the MFI of a stained sample to that of
a control, relative changes in expression were measured [28]. Relative MFI was calculated by
subtracting the MFI of the control—representing cells without NEP monoclonal antibody
staining—from that of the stained sample. This approach was used to provide a quantitative
measure of NEP expression on the cell surface. Given that NEP undergoes cleavage to generate
sNEP, which retains enzymatic activity, the secretome containing SNEP was further evaluated for
its ability to degrade toxic AB42 peptides. Since AB42 accumulation is highly toxic to neuronal
cells and leads to cell death, the impact of reducing AB42 was assessed by measuring cell viability.
Higher cell viability in treated samples would indicate a reduction in AB42-induced toxicity,
supporting the potential neuroprotective role of the secretome. For NEP measurement, the
reagent CD10 Monoclonal Antibody LT10 FITC (Invitrogen, Carlsbad, USA) was used.

Secretome harvesting

After 48 hours, the flask was removed from the incubator, and secretome isolation was performed
following the protocol described by Gorgun et al. [29], with modifications, as illustrated in
Figure 2. The conditioned medium, referred to as the secretome, was filtered using a 0.22 pum
filter to ensure complete removal of cells. A Millex-OR Filter Unit (Merck, Darmstadt, Germany)
was used for filtration. The filtered secretome was then stored at -80°C in a deep freezer to
preserve the stability and biological activity of its bioactive components [30,31], including
proteins, enzymes, cytokines, and growth factors.

Incubated at 37°C Supernatant Centrifuged at Centrifuged at
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Figure 2. Main steps of secretome isolation process.

Secretome characterization
To investigate the potential anti-inflammatory and neuroprotective properties of the secretome,
its bioactive components were analyzed including sNEP, anti-inflammatory cytokines (IL-4, IL-
10, and TGF-B), and neurotrophic growth factors (BDNF, GDNF, NGF, and VEGF).
Quantification was performed using enzyme-linked immunosorbent assay (ELISA) for sNEP,
VEGF, and TGF-f3, and a multiplex assay based on Luminex xMAP technology for BDNF, GDNF,
NGF, IL-4, and IL-10.

sNEP concentrations were measured using the Human Neprilysin (MME) ELISA Kit
(Invitrogen, Carlsbad, USA). BDNF, GDNF, NGF, IL-4, and IL-10 levels were quantified using the
Human Magnetic Luminex Assay, Premixed Multiplex (Bio-Techne, Minneapolis, MI, USA).
TGF-B1 level was assessed using the Human TGF-f1 Quantikine ELISA Kit (Bio-Techne,
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Minneapolis, MI, USA), and VEGF levels were measured using the Human VEGF Quantikine
ELISA Kit (Bio-Techne, Minneapolis, MI, USA). All assays were conducted in accordance with
the manufacturer's protocols.

Alzheimer's disease neuronal cell modeling

To establish an AD neuronal cell model, the SH-SY5Y neuroblastoma cell line was obtained from
the European Collection of Authenticated Cell Cultures (ECACC) (SA 94030304-1VL, Sigma-
Aldrich, Merck, Darmstadt, Germany). The cryopreserved SH-SY5Y cells were thawed and seeded
at a density of 7,500 cells/cm?2 for expansion.

SH-SY5Y neuroblastoma cells were preconditioned with RA (SA R2625-50MG, Sigma-
Aldrich, Darmstadt, Germany) to induce differentiation into neuron-like cells. Briefly, SH-SY5Y
cells were seeded in 24-well plates at a density of 1.0x104 to 1.0x105 cells/ecm2. RA was
administered at a concentration of 10 uM (3 mg/mL) for four days (96 hours). Preconditioning
with RA was terminated after the fourth day upon observing a substantial number of neuron-like
cells. These neuron-like cells were then exposed to 0.82 mg/mL of AB42 peptide. The AP42
peptide used was the human beta-amyloid 1-42 protein transduction domain recombinant (03-
112, Thermo Fisher, Waltham, MA, USA). Exposure to AB42 was not discontinued; rather, its
effects were observed on neuron-like cells that were either untreated or treated with various types
of preconditioned secretome.

Since it was expected that the neuron-like cells exposed to Ap42 underwent apoptosis, post-
exposure cell viability was then assessed using flow cytometry with the Annexin V-FITC/PI
Apoptosis Kit (Elabscience, Wuhan, China).

Evaluating the effects of secretome on cell viability of Alzheimer's disease
neuronal cell model
Four types of secretome at three concentrations (5%, 10%, and 20%) were introduced into
cultures of AD neuronal cell model (neuron-like cells exposed to AB42) for 24, 48, and 72 hours.
This resulted in 14 treatment groups: secretome without preconditioning (three doses),
secretome preconditioned with TNF-a (three doses), secretome preconditioned with IFN-y (three
doses), secretome preconditioned with a combination of TNF-a and IFN-y (three doses), a
positive control (normal neuronal cells), and a negative control (AD neuronal cell model). Sample
size was determined using Walter T. Federer's formula [32], yielding three replicates per group.
The cell viability was then assessed using flow cytometry with the Annexin V-FITC/PI
Apoptosis Kit (Elabscience, Wuhan, China). Analysis focused on viable cells (Quadrant 3),
assuming that cells outside this quadrant were either undergoing apoptosis or necrosis. The
viability of the cells was evaluated at 24, 48, and 72 hours post-secretome treatment.

Morphological assessment of neuronal cell model pre and post therapy

To confirm the differentiation of SH-SY5Y neuroblastoma cells into neuron-like cells following
RA preconditioning, morphological observations were performed on the third day. A Nikon
Eclipse Ti inverted microscope (Nikon Corporation, Tokyo, Japan) was used at different
magnifications: 40x to assess cell density, 200x to examine cellular interactions, and 400x to
observe detailed structures such as neurons, axons, and dendrites. This served as a pre-therapy
morphological assessment of the neuronal cell model.

The morphology, density, and overall health of the AD neuronal cell model were then re-
assessed at 48 and 72 hours post-secretome treatment. This evaluation aimed to determine
apoptosis persistence and to assess whether an improved microenvironment enhanced neuronal
viability and function. These observations provided insights into the therapeutic potential of
secretome in promoting neuronal survival and regeneration, potentially mitigating
neurodegeneration.

Statistical analysis

One-way ANOVA was performed to determine whether sNEP, cytokine, and growth factor levels
differed significantly among the various secretome types. Post hoc tests were conducted to
identify specific group differences following ANOVA. Multiple comparison procedures were
applied to evaluate differences in group means or medians. Tukey's Honest Significant Difference
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(HSD) test was used when the assumption of homogeneity of variance was met. For data that
were not normally distributed, non-parametric tests, such as the Kruskal-Wallis test, were
utilized as appropriate. Pearson correlation analysis was used to assess potential correlations
between cytokines and growth factors. All statistical analyses were conducted using IBM SPSS
Statistics, Version 26 (IBM Corp., Armonk, NY, USA).

Results

Phenotypic confirmation of hUC-MSCs

hUC-MSC cultures exhibited fibroblast-like morphology, a characteristic of mesenchymal stem
cells [33,34]. Flow cytometry analysis revealed that CD9o+ expression was 100%, CD73+ was
99.9%, and CD105+ was 99.6%, while Lineage (-) expression was 1.3%. The results indicate that
the hUC-MSCs used as the source of the secretome met the standards set by the International
Society for Cellular Therapy (ISCT) for mesenchymal stem cells [34].

Neprilysin (CD10) levels in the four types of secretome

MFT values for the four secretome types, indicating NEP protein expression levels on the cell
surface, are presented in Figure 3. One-way ANOVA revealed a statistically significant difference
in relative MFI among the groups (p<0.05). NEP expression was highest in hUC-MSCs
preconditioned with IFN-y and lowest in those induced with TNF-a. The IFN-y—preconditioned
group exhibited the greatest MFI, suggesting the highest level of membrane-bound NEP. This
upregulation was significantly greater compared to the other preconditioning groups and the
unconditioned control.

p=0.384
I p<0.001 !
p<o.001 | 1
[ 1
800 P<0.001 P<0.001
[ ] 1
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1
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©
= 200
o
100
[¢}
-200 P ditioned
Without Preconditioned Preconditioned wft?f %I‘I;._En:l d
preconditioning with TNF-a with IFN-a

IFN-y

Figure 3. Comparison of relative mean fluorescence intensity (MFI) indicating neprilysin (CD10)
expression among different types of secretome.

Comparison of sNEP levels among the four types of secretome

The results for sNEP levels are presented in Figure 4. Statistical analysis using the Kruskal—
Wallis test yielded a p-value of 0.554, indicating no statistically significant differences among the
four secretome types. In contrast, analysis of membrane-bound CD10/NEP expression revealed
significant differences in response to the various secretome treatments.
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Figure 4. Comparison of soluble neprilysin (sSNEP) levels among four types of secretome.

Comparison of IL-4 and IL-10 levels among the four types of secretome

The comparison of IL-4 concentrations across the four secretome types is presented in
Figure 5A, while the comparison of IL-10 concentrations is presented in Figure 5B. Statistical
analysis revealed no significant difference in IL-4 levels among the groups (p=0.772). Similarly,
IL-10 levels did not exhibit any statistically significant variation between the secretome types
(p=0.739).

Comparison of TGF-} levels among the four types of secretome

The comparisons of TGF-f levels across the different secretome types are presented in Figure 6.
The Kruskal-Wallis test showed a significant difference in the levels of TGF-3 only between the
unconditioned secretome and the TNF-a—preconditioned group. These findings suggest that
TNF-a preconditioning significantly enhances the secretion of the anti-inflammatory cytokine
TGF-B.

The results indicated that differences in IL-4 and IL-10 levels were not statistically
significant between secretome types. The reasons for the observed differences in TGF-f3 levels
remain unclear. Pearson correlation analysis revealed that all correlations between variables were
very weak and not statistically significant (p>0.05). These findings suggest that no meaningful
associations were observed between the secretome type and the concentrations of IL-4, IL-10, or
TGF-f in this study.

Comparison of BDNF, GDNF, and NGF among the four types of secretome

The comparison of BDNF concentrations across the different secretome types is presented in
Figure 7A. Statistical analysis showed no significant difference in BDNF levels among the groups
(p=0.083). In contrast, a statistically significant difference was observed among secretome types
(p=0.006) in GDNF concentrations, as illustrated in Figure 7B. Post-hoc analysis using the
Tukey HSD test revealed that this difference was specifically between the unconditioned
secretome and the group preconditioned with a combination of TNF-a and IFN-y. No significant
differences were detected across the secretome types (p=0.424) in NGF levels, as presented in
Figure 7C.
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Figure 6. Comparison of TGF-f levels for each type of secretome.
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Figure 7. Comparison of (A) brain-derived neurotrophic factor (BDNF), (B) glial cell line-derived
neurotrophic factor (GDNF), and (C) nerve growth factor (NGF) concentrations for each type of
secretome.

Comparison of VEGF among the four types of secretome

The comparison of VEGF levels across different secretome types is presented in Figure 8. The
independent-samples Kruskal-Wallis statistical test showed no significant difference in VEGF
levels among the secretome types.

From the results of the growth factor analysis, no significant differences were observed
among the secretome types, except for GDNF, which showed a statistically significant difference.
The highest GDNF levels were obtained from hUC-MSCs preconditioned with a combination of
TNF-a and IFN-y. Among the growth factors, NGF secretion was the lowest, followed by VEGF,
BDNF, and GDNF.
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Figure 8. Comparison of vascular endothelial growth factor (VEGF) levels for each type of
secretome.

Viability assay in an Alzheimer's neuronal cell model post secretome therapy

Cell viability in an Alzheimer's neuronal cell model following secretome treatment was assessed
at 24 hours (Figure 9A), 48 hours (Figure 9B), and 72 hours (Figure 9C) post-treatment. At
24 hours, the secretome preconditioned with a combination of TNF-a and IFN-y resulted in a
higher viability rate compared to the untreated Alzheimer's condition, in which cell viability had
declined to 38.17% due to AB42 exposure (Figure 9A). This finding indicates that TNF-a and
IFN-y preconditioning enhances the neuroprotective effect of the secretome, improving cell
viability in the early post-treatment phase.

ANOVA analysis assessing the effect of secretome dose on cell viability showed no
statistically significant difference (p=0.399). However, ANOVA results for secretome type
revealed a statistically significant difference (p=0.023), indicating that the type of
preconditioning influences therapeutic efficacy. Post hoc analysis identified a significant
difference in cell viability between the secretome preconditioned with IFN-y alone and the one
preconditioned with the combination of TNF-a and IFN-y.

At 48 hours post-treatment, all secretome types resulted in higher cell viability compared to
the Alzheimer's condition, in which viability was reduced to 41.30% (Figure 9B). This suggests
a general improvement in cell survival following secretome administration. The highest viability
was observed with the 10% dose of secretome preconditioned with IFN-y (Figure 9B). However,
ANOVA analysis revealed no statistically significant effect of secretome dose on cell viability
(p=0.144). Likewise, no significant difference in cell viability was observed among the different
secretome types (p=0.713), indicating that neither dose nor secretome type produced a
statistically distinct effect at this time point.

At 72 hours post-treatment, all secretome types at 10% and 20% doses resulted in higher cell
viability compared to the Alzheimer's condition, in which viability was reduced to 55.60%
(Figure 9C). The highest viability was observed in the group treated with the 10% dose of IFN-
y—preconditioned secretome, reaching 79.40%. This value was remarkably close to the viability
of healthy control cells (81.23%), with a minimal difference of only 1.83% (Figure 9C). Despite
these improvements, ANOVA analysis for secretome dose revealed no statistically significant
differences in cell viability across the different doses (p=0.064). Similarly, the ANOVA test for
secretome type indicated no significant differences among the treatment groups (p=0.415),
suggesting that neither dose nor secretome type significantly affected cell viability at this time
point.
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Figure 9. Percentage of viable cells in populations treated with four types of secretome at three
different doses after 24 hours (A), 48 hours (B) and 72 hours (C).
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Effect of secretome dose on cell viability over time

The increase in healthy cell numbers following treatment was evaluated at 24, 48, and 72 hours
for the 5% secretome (Figure 10A), 10% secretome (Figure 10B), and 20% secretome
(Figure 10C). For the 5% secretome, the non-preconditioned group exhibited the greatest
increase in cell viability between 24 and 48 hours; however, a decline was observed at 72 hours
(Figure 10A). In contrast, secretomes preconditioned with TNF-a or with a combination of TNF-
a and IFN-y exhibited a more consistent increase in cell viability over time, with the combination
preconditioning yielding the highest viability at 72 hours (59.10%). Preconditioning with IFN-y
alone resulted in a substantial increase in viability between 24 and 48 hours, followed by
stabilization at 72 hours. Among all groups, the secretome derived from hUC-MSCs
preconditioned with TNF-a and IFN-y produced the highest percentage of viable cells at 72 hours,
followed by preconditioned with TNF-a alone. Although the non-preconditioned secretome
maintained relatively high viability for up to 48 hours, its effect diminished by 72 hours
(Figure 10A).

The viability test results for the 10% secretome dose, presented in Figure 10B, revealed that
preconditioning with IFN-y resulted in the highest percentage of viable cells (79.40%) at 72 hours
post-treatment, indicating the most effective condition among all groups. Preconditioning with a
combination of TNF-a and IFN-y also led to a substantial increase in viability, reaching 73.27%
simultaneously. In contrast, the non-preconditioned secretome demonstrated a steady increase
in cell viability up to 48 hours, followed by a decline at 72 hours. Secretome preconditioned with
TNF-a alone exhibited a consistent increase over time; however, its final viability at 72 hours
remained lower compared to that observed with IFN-y alone or the TNF-a and IFN-y
combination (Figure 10B). These findings suggest that IFN-y preconditioning is the most
effective approach for enhancing cell viability at a 10% secretome dose, particularly over longer
durations. The combination of TNF-a and IFN-y also produced promising outcomes, supporting
its potential for further investigation in future studies.

For the 20% secretome dose, as illustrated in Figure 10C, preconditioning with IFN-y
resulted in the highest cell viability at 72 hours (74.33%), indicating it as the most effective
strategy for enhancing the proportion of healthy cells at this dose. Preconditioning with TNF-a
also produced consistent and favorable results, with viability reaching 67.27% at 72 hours post-
treatment. The non-preconditioned secretome showed a steady increase in cell viability, although
the improvement was less pronounced compared to the TNF-a— and IFN-y—treated groups.
Preconditioning with the combination of TNF-a and IFN-y led to a notable increase in viability
at 48 hours; however, the final viability at 72 hours was slightly lower than that achieved with
IFN-y alone (Figure 10C). These findings suggest that IFN-y preconditioning at a 20%
secretome dose is the most effective approach for sustaining cell viability over time, followed by
TNF-a preconditioning.

Microscopic observation results of neuron-like cell formation

Cells that did not adhere to the bottom of the dish, suggesting that they may have perished prior
to the initiation of the differentiation process, are presented in Figure 11A and Figure 11B.
Most of the cells remain fibroblastic, resembling SH-SY5Y neuroblastoma cells, while a minor
fraction has commenced differentiation into neuron-like cells following induction with RA.

Microscope observation 48 hours post-therapy

An intriguing phenomenon occurred 48 hours post-therapy, suggesting that the activity of the
neprilysin enzyme had concluded and the cellular microenvironment had begun to ameliorate.
Consequently, two concurrent processes emerged: proliferation, particularly of SH-SY5Y
neuroblastoma cells, and differentiation, resulting in an increased formation of neuron-like cells
(Figure 12A, 12B, 12C).

Microscope observation 72 hours post-therapy

An interesting phenomenon occurred 72 hours post-therapy, suggesting an enhancement in the
microenvironment supporting the cells. Consequently, two concurrent processes were observed:
proliferation, particularly in SH-SY5Y neuroblastoma cells, and increased differentiation of
neuron-like cells (Figure 13A, 13B, 13C).
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Figure 11. Representative microscopic images of SH-SY5Y cells on day three of retinoic acid (RA)-
induced differentiation. Some cells retain a fibroblast-like morphology, while others exhibit
neuronal characteristics, including soma and axon formation. (A) 200x magnification, (B) 400x
magnification.

Figure 12. Representative microscopic images at 48 hours post-treatment showed increased cell
proliferation and a higher number of morphologically differentiated cells. (A) 40x magnification,
(B) 200x magnification, (C) 400x magnification.

Figure 13. Representative microscopic images at 72 hours post-treatment, demonstrating
enhanced cell proliferation and an increased number of morphologically differentiated cells. (A)
40x magnification, (B) 200x magnification, (C) 400x magnification.

Discussion
The highest relative MFI, reflecting the quantity of CD10 protein on the cell surface, was
attributed to the secretome type group of hUC-MSC preconditioned by IFN-y. This is in line with
several studies conducted by other researchers who stated that IFN-y can cause an increase in
CD1o0 expression [19,35]. TNF-a induced metalloproteinase activity, leading to the cleavage and
release of CD10 from the cell surface. Additionally, TNF-a triggered CD10 internalization via
receptor-mediated endocytosis and downregulated its transcription through NF-kB signaling.
This study demonstrated that IFN-y enhanced CD10 (neprilysin) expression on hUC-MSCs, while
TNF-a reduced surface CD10 levels, likely due to cleavage, release, or internalization via
endocytosis. However, further analysis was required to confirm these mechanisms.

The neprilysin assay results showed no substantial variation in sNEP levels across the
examined secretome types. The lack of increased sNEP levels, despite elevated CD10 expression
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in hUC-MSCs preconditioned with various stimuli, could be explained by multiple interrelated
biological pathways. This study demonstrated that although CD10 expression increased—
indicating its association with neprilysin in the cell membrane—preconditioning with TNF-a did
not lead to the expected release of neprilysin/CD10 into the culture medium as sNEP.

Literature reviews indicated that this release of CD10 from the cell surface was primarily
facilitated by proteolytic enzymes known as matrix metalloproteinases (MMPs) [36]. The
administration of TNF-a as a preconditioning factor in cell cultures was reported to enhance the
activity of specific MMPs, such as MMP-3 and MMP-7, which play a critical role in the proteolytic
cleavage of CD10. However, if these MMPs were not sufficiently activated by TNF-a or if their
activity was inhibited, the release of SNEPs remained limited, despite high CD10 expression on
the cell surface [37,38].

Additionally, previous studies suggested that hypoxic conditions could upregulated the
expression of certain MMPs, particularly MMP-2 and MMP-9, through the HIF-1a pathway.
Incubating cell cultures under hypoxia has been reported to naturally enhance MMP production,
thereby facilitating the release of CD10 into sNEP in the culture medium [39]. However, this study
did not investigate the effects of hypoxia due to the unavailability of a hypoxic incubator in the
laboratory.

The findings of this study support the therapeutic potential of anti-inflammatory cytokines
in mitigating neuroinflammation in AD. Prior studies by Kapoor, et al. [40] and Von Bernhardi,
et al. [41] highlighted the role of IL-4, IL-10, and TGF-3 in AD therapy, with TGF-3 emerging as
the most critical cytokine for inflammation control. This study demonstrated that TNF-a
preconditioning induced greater anti-inflammatory cytokine secretion than IFN-y. However,
optimizing TNF-a levels is essential, as excessive concentrations (>10 ng/mL) may induce cellular
stress or apoptosis. Additionally, prolonged preconditioning may reduce anti-inflammatory
cytokine production due to cellular homeostasis mechanisms. Literature suggests that TNF-a
levels should not exceed 10 ng/mL [42,43] to prevent cytotoxicity, particularly when combined
with IFN-y.

This study found no significant variation in BDNF, GDNF, NGF, and VEGF secretion across
the four secretome types, indicating that preconditioning did not affect growth factor production.
While an increase was not expected, maintaining stable levels suggests successful preservation of
factors essential for cellular health, growth, and proliferation, particularly in progenitor stem
cells. The findings indicate that preconditioning did not significantly alter neuronal cell viability
across different secretome types, aligning with the similar composition of sSNEP, cytokines, and
growth factors. This supports the previous study [44], who suggested that variations in secretome
composition influence biological effects, whereas comparable compositions yield similar
outcomes.

Notably, preconditioning with IFN-y at a 10% dose resulted in the highest neuronal viability
at 48 and 72 hours, approaching normal conditions. This suggests that IFN-y preconditioning
enhances the neuroprotective potential of hUC-MSC-derived secretome, making it a promising
approach for improving neuronal survival. Cell viability depended on AB42 plaques, pro-
inflammatory cytokines, anti-inflammatory cytokines, and growth factors. A limited increase in
one or two factors, while others remained unchanged, did not ensure a cumulative or synergistic
effect on neuronal survival. This study demonstrated a healthier microenvironment with
increased anti-inflammatory cytokines, which reduced inflammation and likely optimized growth
factor function. The synergy between these factors enhanced neuron-like cell viability, supporting
neuronal survival, proliferation, and differentiation, thereby promoting tissue repair and
regeneration.

TNF-a and IFN-y should be administered sequentially due to their distinct roles. IFN-y
should be applied first to enhance CD10 expression on hUC-MSC, as it modulates immune
responses and surface marker expression. Following IFN-y preconditioning, the cells should be
washed with phosphate-buffered saline (PBS) to remove residual IFN-y, ensuring its effects do
not interfere with subsequent TNF-a exposure. Fresh culture medium should then be added
before introducing TNF-a as a new preconditioning agent. This step minimizes potential cross-
interactions that could exacerbate inflammation.
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Simultaneous administration may induce cytotoxicity and compromise MSC function
through necroptosis and inflammatory signaling pathways. IFN-y predominantly activates
immune-related gene transcription, whereas TNF-q, if not carefully regulated, can trigger cell
death [45,46]. To prevent excessive inflammation and preserve MSC immunomodulatory
properties, TNF-a preconditioning should be restricted to a maximum of three hours [42,47].

IFN-y preconditioning is the most effective strategy for sustaining long-term neuronal
viability, particularly at 10% and 20% secretome doses. The combination of TNF-a and IFN-y
provides a synergistic effect but does not surpass IFN-y alone at later time points. Un-
preconditioned and TNF-a preconditioned secretome offer some benefits, but their effects are
either transient or less potent, underscoring the superior role of IFN-y in optimizing secretome
therapeutic potential.

While these findings have limitations, their theoretical foundation is well established. To
improve therapeutic efficacy, further optimization of IFN-y and TNF-a preconditioning levels is
essential, with careful management of potential toxicity risks. Future studies should refine IFN-y
and TNF-o administration, incorporate washing steps between preconditioning phases to
prevent antagonistic effects, and determine the optimal duration for IFN-y and TNF-a exposure.
These optimizations are expected to significantly enhance sNEP production and increase levels
of anti-inflammatory cytokines (IL-4, IL-10, and TGF-) and growth factors (BDNF, GDNF, NGF,
and VEGF) compared to non-preconditioned secretome.

Optimizing culture conditions, including temperature, pH, and oxygen levels (hypoxia), is
crucial for enhancing cellular responses to IFN-y and TNF-q, thereby improving sNEP, anti-
inflammatory cytokine, and growth factor production. In vivo studies using AD animal models
are essential to evaluate the safety, efficacy, and therapeutic mechanisms of hUC-MSC-derived
secretome before clinical application.

Conclusion

Across all three doses (5%, 10%, and 20%), IFN-y proved to be the most effective factor for hUC-
MSC preconditioning, significantly enhancing neuronal cell viability, with its impact being
particularly strong and sustained at higher doses (10% and 20%), where it consistently yielded
the highest viability up to 72 hours post-therapy. Preconditioning with a combination of TNF-a
and IFN-y produced synergistic effects, particularly at 5% and 10%, but at 20%, IFN-y alone was
more effective, indicating a dose-dependent shift in effectiveness. TNF-a preconditioning alone
showed stable and consistent effects across all doses but was less potent than IFN-y alone or the
TNF-a + IFN-y combination in promoting long-term viability. Secretome derived from hUC-
MSCs without preconditioning provided short-term benefits, particularly within the first 48
hours, but failed to sustain optimal neuronal viability over time. Therefore, for applications
requiring long-term neuronal support, preconditioning with IFN-y alone or in combination with
TNF-a is the most effective strategy.
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