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Abstract

Mesenchymal stromal cells (MSCs) grown in high-density monolayers (sheets) are promising vehicles for numerous bio-
engineering applications. When MSC sheets are maintained in prolonged cultures, they undergo rapid senescence, limiting
their downstream efficacy. Although rapamycin is a potential agent that can inhibit senescence in cell cultures, no study has
investigated rapamycin’s effect on MSCs grown in high-density culture and its effect on downstream target gene expression.
In this study, placental-derived MSCs (PMSCs) were seeded at high density to generate PMSC sheets in 24 hours and were
then treated with rapamycin or vehicle for up to 7 days. Autophagy activity, cell senescence and apoptosis, cell size and
granularity, and senescence-associated cytokines (IL-6 and IL-8) were analyzed. Differential response in gene expression
were assessed via microarray analysis. Rapamycin significantly increased PMSC sheet autophagy activity, inhibited cellular
senescence, decreased cell size and granularity at all timepoints. Rapamycin also significantly decreased the number of cells
in late apoptosis at day 7 of sheet culture, as well as caspase 3/7 activity at all timepoints. Notably, while rapamycin decreased
IL-6 secretion, increased IL-8 levels were observed at all timepoints. Microarray analysis further confirmed the upregulation
of IL-8 transcription, as well as provided a list of 396 genes with 2-fold differential expression, where transforming growth
factor-p (TGF-p) signaling were identified as important upregulated pathways. Rapamycin both decreased senescence and
has an immunomodulatory action of PMSCs grown in sheet culture, which will likely improve the chemotaxis of pro-healing
cells to sites of tissue repair in future bioengineering applications.
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Introduction

Mesenchymal stromal cells (MSCs) grown in high-density
monolayers (MSC sheets) serve as promising therapeutics
for a variety of tissue regeneration applications [1, 2]. Due to
their multipotent nature, MSCs have been in the spotlight as
promising treatment vehicles for decades, including to aug-
ment bone repair, improve cartilage healing, and modulate
the immune response [3, 4]. When grown in sheets, MSCs
secrete extracellular matrix components and have cell-to-
cell interactions that are conducive for a healing response,
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as well as contribute to the sheets abilities to survive in host
tissues and their successful transplantation [5—7]. These
MSC sheets can be easily transferred from culture dishes
and utilized for numerous regenerative medicine and tis-
sue engineering applications, including bone defect repair
[6]. For such bioengineering applications, placenta-derived
MSCs (PMSCs) are a popular cell line due to their abun-
dance, ease of isolation, and potentially superior healing
properties, including in bone defect repair [8—10].

Despite the great promise of MSC sheets, one major chal-
lenge is that they undergo rapid senescence in as early as 3
days in high-confluency culture [11, 12]. There is a critical
need for techniques to prolong the function of these MSCs
and optimize their treatment capacity. MSCs within high-
confluency culture acquire the hallmarks of aging, such as
the absence of proliferative markers, increased senescence-
associated p-galactosidase (SA f-GAL) activity, expression
of the senescence-associated secretory phenotype (SASP),
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and expression of cell cycle inhibitors [11]. For many thera-
peutic applications, especially with transplantations for bone
regeneration applications, these MSC sheets must be grown
in culture for several days, or weeks, before transplantation.
Several examples of the need to prolong culture of MSC
sheets is (1) to allow time for an ECM to be established, (2)
to pre-treat with agents to prime the sheets for the desired
therapeutic application, and (3) to grow multiple-layer MSC
sheets [13—17]. For these approaches to be possible, there is
a great need for techniques, or culture-enriched conditions,
to prolong MSC function.

Rapamycin, the natural mechanistic target of rapamycin
(mTOR) inhibitor, is a promising remedy to potentially pre-
vent senescence and improve the function of MSC sheets.
While it is currently FDA-approved as a cancer treatment
and transplant rejection prevention agent, rapamycin has
arguably received the most press for its anti-aging and lifes-
pan prolonging effects in mice and other model organisms
[18-20]. The mTORC1 complex is poised to integrate the
status of growth factors, amino acids, and cellular energy
reserves to coordinate a broad range of cellular processes,
including proliferation, survival, protein synthesis, mito-
chondrial biogenesis, adipogenesis, lipid metabolism, and
more [19]. Many have shown that rapamycin decelerates
cellular senescence in various cell types and model organ-
isms by up-regulating autophagy as well as several novel
pathways [19, 21-23]. While inhibiting mTOR signaling has
proven to decelerate senescence by influencing hallmark, or
global, cellular processes [24, 25], less work has been done
to pinpoint specific pathways (downstream from mTOR) that
may drive these cellular process outside of the oncology lit-
erature. Further, it is likely that these downstream molecular
changes (1) depend on the cell type/cell origin and (2) may
affect important pathways which are crucial to the desired
bioengineering application such as for bone repair.

To our knowledge, rapamycin’s senescence-halting prop-
erties have not been tested in PMSCs, or in MSCs, grown
in prolonged sheet culture. Thus, the primary aim of this
preliminary study was to test if rapamycin could prevent
senescence and functional decline of PMSCs grown in sheet
culture to preserve them for downstream applications. The
second aim was to explore the molecular pathways affected
by rapamycin, with an interest on genes not only involved in
aging, but in the tissue healing response.

Materials and Methods

Stem Cell Isolation and Culture Placentas delivered dur-
ing routine birth were immediately collected. Since the
placenta is considered a medical waste, no consent from
the patients was needed. Collection of human placentas
for MSC isolation was approved by the IRB at Louisiana

State University Health Shreveport (LSUHS), and MSC
isolation was processed at the Department of Gynecology
and Obstetrics, LSUHSC-S. The procedures for PMSC
isolation, culture, and characterization were performed as
described before [10]. For these experiments, passage 6—8
PMSCs were cultured in 6-well plates at a specific density
to rapidly induce PMSC sheets after 24 hours. After 24
hours, the cells were washed and treated with either rapa-
mycin (10nM) or equal volume vehicle (DMSO). Treatment
media was changed every 2 days, unless specified. To con-
firm efficacy of the chosen rapamycin dose, PMSC sheets
were stained for autophagic vesicles (Abcam, ab139484)
after 4 days of rapamycin treatment. The cells were images
and then analyzed via Image] software (National Institutes
of Health, Bethesda, MD) [26]. All following experiments
were repeated in triplicate.

Functional Assays PMSC sheets were treated with rapamy-
cin or vehicle for 4 and 7 days. PMSC sheets were stained
for Senescence associated B-Galactosidase activity (SA
B-GAL) at both timepoints (Cell Signaling, #9860). Sheets
were imaged on an EVOS phase-contrast microscope
(Advanced Microscopy Group, Bothell, WA) at 40X, and
quantified (percent-positive (%-positive) area) using ImageJ.
Cell size and granularity between groups were indirectly
assessed via forward and size scatter, respectively, via flow
cytometry. Apoptosis was detected using Annexin V FITC
apoptosis detection kit (BD Biosciences, San Jose, CA).
Flow cytometry was used to analyze the cells and deter-
mine the percentage of cells in different apoptosis stages.
As a secondary measure of apoptosis, a Caspase-Glo 3/7
luminescence assay (Promega, #G8090) was used to assess
caspase 3 and 7 activity at day 4 and 7 of sheet culture. The
secretion of senescence-associated cytokines IL-6 and ILS8
were measured in the sheet culture media at 24, 48, and
96 hours after treatment using enzyme-linked immunosorb-
ent assays (ELISA) (IL-6 assay: Invitrogen, #EH2IL6; IL-8
assay: R&D Systems, #D8000C).

Microarray and Network Analysis Total RNA was extracted
from PMSC sheets treated for 24 hours. This experiment
was repeated on three independent occasions. RNA qual-
ity was determined with Agilent TapeStation RNA assay
(Agilent Technologies). RNA quantity was assessed with
the Qbit Broad Range RNA assay (Invitrogen). RNA sam-
ples were labeled for hybridization according to the stand-
ard GeneChip WT PLUS Reagent Kit. Approximately 150
nanograms of total RNA were input into this assay. The frag-
mented, biotin-labeled sense-strand ss-cDNA were hybrid-
ized to Affymetrix GeneChip Clariom S Human Arrays.
Pixel intensity measurement, feature extraction, data sum-
marization, normalization and differential gene analysis
were performed in Transcriptome Analysis Console (TAC)
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version 4.0. Arrays were normalized using the SST-RMA
(Signal Space Transformation Robust Multi-Chip Analy-
sis) algorithm, which consists of background adjustment,
quantile normalization and summarization. The integrated
WikiPathways tool within TAC was used to explore enriched
pathways and genes by rapamycin treatment. Briefly, the
TAC tool uses a Fisher’s Exact Test to assess whether the
observed overlap between the gene set of interest and the
pathway is statistically significant compared to what would
be expected by chance. The p-value obtained after converted
to -log10 is called the Significance value. Further, individual
genes with a significant 2-fold difference in gene expres-
sion (and false discovery rate-adjusted p-value < 0.05) were
selected for input into the search tool for retrieval of interact-
ing genes (STRING) (https://string-db.org) database using
the geneset-based analysis to acquire protein-protein interac-
tions (PPIs). The interaction sources consisted of STRING’s
text mining, database, experiments, co-occurrence, and co-
expression with an interaction score of greater than 0.7 (high
confidence) to construct the PPI network.

Statistics All statistical analyses were performed using
GraphPad Prism version 10.0.0 for MacBook (GraphPad
Software, Boston, Massachusetts USA). Data are presented
as mean =+ standard deviation (SD). A p-value less than
0.05 was used as the threshold for significance. For multi-
ple tests carried out on one sample, a Bonferroni correction
was applied.

Results and Discussion

To test rapamycin’s ability to improve the functionality of
PMSC:s in long term sheet culture, a set of functional experi-
ments were carried out to assess the global effects of rapa-
mycin. In a preliminary experiment, we found that PMSC
cells had little-to-no colony forming unit (CFU) potential
after being cultured for as little as 4 days in high-density
sheet culture. However, we found that rapamycin (10 nM)
treatment could retain CFU potential of PMSCs grown in
this way (Supplemental Fig. S1A). Further, we also found
that PMSCs grown in high-density sheet culture were dif-
ficult to differentiate into osteoblasts, where cells began to
shown signs of cell detachment and apoptosis after 7-14
days of osteogenic induction, as shown and explained in
Supplemental Fig. S1B. However, PMSC sheets pre-treated
with rapamycin (10 nM) had far less cell detachment and
could maintain culture for 3—4 weeks. While preliminary
experiments found that rapamycin decreased the osteo-
genic potential of PMSC sheets, it was evident that they had
improved attachment and improved ability to withstand the
stressful high-density culture and highly metabolic process
of osteogenesis (Supplemental Fig. S1B). These finding
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led our group to further investigate rapamycin’s effect on
more defined functional parameters, and then to investigate
the molecular underpinnings of its ability to improve the
function of PMSC sheets. First, we assessed autophagy,
senescence, apoptosis, and senescence-associated cytokine
secretion.

Rapamycin Increases Autophagy and Prevents Senescence
of High-Density PMSC Monolayers As shown in Fig. 1A,
autophagy-associated vacuoles were stained and imaged at
day 4 of rapamycin treatment. The relative autophagy level
was quantified by determining the percentage of area that
stained positive for autophagy-associated green (FITC)
stain, normalized to nuclear stain (DAPI). Rapamycin at 10
nM markedly increased the level of autophagy-associated
vacuoles. For the vehicle group, the mean percent-positive
autophagy stain was 2.88 + 0.64%, compared to 14.23 +
4.9% for the rapamycin group (Fig. 1B), which is a 3.94-
fold increase in autophagy-associated stain (p =0.004,
n=35). Senescence of high-density PMSC monolayers was
assessed by quantifying %-positive area of SA pB-Gal stain.
At both timepoints, the rapamycin group showed less SA
B-Gal activity (Fig. 1C). At day 4, the mean %-positive area
of SA B-Gal stain for the vehicle group was 4.02 + 0.9%,
compared to 1.3 + 0.5% for the rapamycin group (p = 0.007,
n=15). At day 7, the mean %-positive area for the vehi-
cle was 10.96 + 5.05%, compared to 2.97 + 0.99% for the
rapamycin group (Fig. 1D). Thus, rapamycin accounted for
an average 67.7% decrease (p =0.0067, n=15) and 72.9%
(p=2.2x10""1, n=15) decrease in SA B-Gal activity at day
4 and 7, respectively. As shown in Fig. 1E and F, PMSCs
treated with rapamycin also had decreased forward and side
scatter (size and granularity, respectively), when analyzed
with flow cytometry. Rapamycin-treated PMSC sheets had
a 5.52% decrease in forward scatter (p = 1.4x107%, n=3)
at day 4 and 8.0% (p=6.8x1077, n=3) at day 7. Similarly,
rapamycin decreased side scatter by 3.4% (p=4.6x107%,
n=3)atday 4 and 4.7% (p=4.1x107>, n=3) at day 7.

Rapamycin Decreases Apoptosis of High-Density PMSC Mon-
olayers The percentage of cells in early and late apoptosis,
as well as the percentage of dead cells, was assessed at day
4 and 7. Figure 2A displays an example of flow cytome-
try result from one replicate, where the rapamycin-treated
PMSCs had a decrease in early and late apoptosis popula-
tions at each timepoint. At day 7, the rapamycin group had a
significant decrease in the percentage of cells in late apopto-
sis (9.46 + 0.62% compared to 14.42 + 0.85%, p= 3.8x1078,
n=3) (Fig. 2B). Further, the rapamycin-treated PMSCs had
an insignificant decrease in number of cells in early apop-
tosis (1.66 + 0.05% compared to 2.63 + 0.175, p=0.033,
n=3) and a nonsignificant decrease in dead cells (0.866 +
0.5% compared to 1.14 + 0.31%, p=0.51, n=3). At day
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Fig.1 A PMSCs in high-density monolayer were stained for
autophagy-associated vacuoles and DAPI. The %-positive area of
autophagy stain was normalized to DAPI to quantify the relative
change of autophagy level. At day 4, the PMSCs with 10nM rapamy-
cin showed a marked increase in autophagy. B The rapamycin treated
cells had a 3.94-fold increase in autophagy-associated stain compared
to the vehicle control (p=0.004, n=5). C High-density PMSC mon-
olayers were stained for senescence-associated f-galactosidase activ-

4, the rapamycin treated PMSCs had less cells in early and
late apoptosis, as well as less dead cells. However, these
decreases did not reach statistical significance. To further
confirm rapamycin decreases apoptosis, relative caspase 3/7
activity was assessed after 4 and 7 days in high-density cul-
ture (Fig. 2C). The caspase 3/7 assay measures luminescence
produced by caspase 3/7 activity, allowing the comparison
of relative caspase activity. At day 4 and 7, the rapamycin
treatment group had a 52.4% decrease (p=1.3x10"%, n=3)
and a 61.4% decrease (p=1.3x107%, n=3) at day 4 and 7,
respectively. This finding of rapamycin’s ability to reduce
apoptosis of PMSCs in sheet culture helps partially explain
the improved CFU potential (Supplemental Fig. S1A), as
there are more viable cells in the rapamycin group with the
ability to resume proliferation.

Senescence-Associated IL-6 and IL-8 Secretion Rapamycin-
treated PMSC sheets had decreased section of IL-6 at 48
and 96 hours of treatment compared to the control group
(Fig. 3A). Rapamycin-treated PMSC sheets showed a

ity on day 4 and 7. D At day 4, the rapamycin group had 67.7% less
SA f-Gal positive area (p=0.0067, n=15). At day 7, the rapamycin
group had 72.9% less SA B-Gal positive area (p=2.16x10""!, n=15).
E Forward scatter and (F) side scatter were used as measures of rela-
tive cell size and complexity. The rapamycin group had a 5.52% and
8% decrease in forward scatter at day 4 and 7, respectively. Addition-
ally, side scatter decreased by 3.4% and 4.7% at day 4 and 7, respec-
tively. Note: *p <0.05, **p <0.01, ***p <0.0001

decrease in IL-6 secretion from day 1 (1231 + 26 pg/ml, n =
3) to day 2 (1020 + 18.7 pg/ml, n = 3). The IL-6 secretion
at day 2 was significantly less than the control group (1020
+ 18.7 pg/ml compared to 1634 + 53.0 pg/ml of the DMSO
group, p=4.6x1073, n=3). From day 2 to 4, the rapamycin-
treated cells began to increase secretion of IL-6 from base-
line, however, this secretion was still significantly less than
the control group (1563 + 53.5 pg/ml compared to 1850 +
15.1 pg/ml of the DMSO group, p=8.7x107%, n=3). The
difference in IL-6 secretion between the treatment and con-
trol group was insignificant after 24 hours of treatment, with
an average difference of only 17.83 pg/ml (p =0.321, n=3).
IL-8 levels, however, were significantly increased in the
rapamycin group compared to DMSO at all three time points
measured (Fig. 3A). After 24 hours, rapamycin increased
IL-8 secretion by 1.98-fold (349.8 + 30.6 pg/ml compared
to 176.7 + 3.1 pg/ml for the DMSO group, p =6.2x107%,
n=23). At 48 hours, rapamycin increased IL-8 secretion by
2.44-fold (608.6 + 119.4 pg/ml compared to 249.3 + 24.0
pg/ml, p=0.0069, n=3). Rapamycin continued to increase
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Fig.2 A Annexin-V and Propidium Iodide (PI) staining was used to
assess apoptosis at days 4 and 7 of sheet culture, where the bottom
right segment of each plot represents the population of cells in early
apoptosis, the top right segments represent the late apoptosis popula-
tions, and the top left segments represent the dead cell populations
(B) At day 4, the rapamycin treated PMSCs had less cells in early and
late apoptosis, however, these decreases did not reach statistical sig-
nificance. The rapamycin group had an average of 0.79 + 0.026% of
cells in early apoptosis, compared to 0.95 + 0.157% for the vehicle
group (p=0.69, n=3). Further, the rapamycin group had 6.5 + 0.46%
of cells in late apoptosis, compared to 7.54 + 0.53% for the vehi-
cle group (p=0.02, n=3). The rapamycin PMSCs also had a slight,
non-significant decrease in the percentage of dead cells (p=0.33,

IL-8 secretion at 96 hours, where the treatment group had
3.7-fold higher levels of IL-8 (1245 + 132.5 pg/ml compared
to 264.8 + 10.0 pg/ml, p=2.1x107%, n=3).

Deeper Dive with Microarray and Pathway Analysis As evi-
dent by functional studies, rapamycin has great potential in
maintaining PMSCs in high density culture by increasing
autophagy and decreasing both senescence and apoptosis.
However, the differential regulation of IL-6 and IL-8 was
seemingly paradoxical through a senescence lens, and others
have shown rapamycin decreases both I1-6 and IL-8 [21].
Given that mTOR is a major regulator of a myriad of cellular
processes, it is not surprising that its inhibition could result
in complex molecular adaptations, which are likely affected
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n=3). At day 7, the rapamycin group had a significant decrease in
the percentage of cells in late apoptosis (9.46 + 0.62% of rapamycin-
treated PMSCs vs. 1442 + 0.85% for control, p=3.8x10_8, n=3).
Further, the rapamycin-treated PMSCs had an insignificant decrease
in number of cells in early apoptosis (1.66 + 0.05% versus 2.63 +
0.175, p=0.033, n=3). The rapamycin-treated PMSCs had a non-
significant decrease in the percentage of dead cells (0.866 + 0.5%
vs. 1.14 £ 0.31%, p=0.51, n=3). C Caspase 3 and 7 activity was
assessed as a secondary measure of apoptosis at day 4 and 7, which
confirmed a decrease in apoptosis at both timepoints. The rapamycin
treatment group had a 52.4% decrease at day 4 (p=1.3x10"% n=3)
and a 61.4% decrease at day 7 (p=1.3x10"%, n=3). Note: *p <0.05,
*#p <0.01, ¥**p <0.0001

by cell type, culture conditions, and more. To gain a better
understanding of the molecular adaptations of PMSC sheets
treated with rapamycin, we performed a microarray to assess
gene expression alterations after 24 hours of rapamycin
(10nM) treatment. A total of 396 genes were differentially
expressed (2-fold differential expression and p <0.05) by the
rapamycin group. The genes with at least 3-fold difference
in expression and an FDR-adjusted p-value of less than 0.05
are presented in Fig. 3B. A full list of all 396 genes (with
2-fold differential expression), along with their unabbrevi-
ated names and fold-changes are provided by Supplemental
Table 1. Of genes with at least 3-fold change, three were
of particular interest: F-box protein 32 (FBX032), trans-
forming growth factor beta 2 (TGFB2), and chemokine
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Fig.3 A The concentration of IL-6 and IL-8 secreted in culture
media was assessed via ELISA at 1, 2, and 4 days of sheet culture.
At day 1, there was an insignificant difference in IL-6 concentration
between groups (p=0.32). At day 2, the rapamycin group had 37.6%
less IL-6 secretion (1020 + 18.7 pg/ml compared to 1634 + 53.0 pg/
ml of the DMSO group, p<0.001, n = 3). At day 4, the rapamycin
group had 15.5% less IL-6 secretion (1563 + 53.5 pg/ml compared
to 1850 + 15.1 pg/ml of the DMSO group, p <0.001, n = 3). Further,
the rapamycin-treated group had a 1.98-, 2.44-, and 3.7-fold greater
IL-8 secretion at day 1, 2, and 4 respectively (p <0.001, p<0.01, and

(C-X-C motif) ligand 8 (CXCLS8). FBX032 had the greatest
fold-change expression of +7.37 (FDR p-value=0.0025).
While FBXO032’s actions are not fully characterized, it is a
known ubiquitin E3 ligase and targets proteins for degrada-
tion that are involved in skeletal muscle integrity, playing
a positive role in muscle atrophy. In addition, it has also
been shown to have a tumor suppressor role, downregulated
in several cancers including ovarian cancer cell lines and
esophageal squamous cell carcinoma [27, 28]. Thus, the sig-
nificant induction of FBX032 by rapamycin likely plays a
central role in halting PMSC proliferation and senescence,
as well as decreasing cell size. Further, the upregulation of
TGFB2 (+3.31 fold-change, FDR p-value = 0.0309) was an
unexpected finding. TGF-p2 signaling is a known to favor
bone formation by enriching osteoprogenitors, serving as
a chemoattractant for osteoblast-like cells [29, 30]. Lastly,
not only does the upregulation of CXCLS, or IL-8, gene
expression (3.19-fold upregulation, FDR p-value =0.0138)

p<0.01, respectively). Data represents mean + SD for n=3 experi-
ments. Note: *p <0.05, **p <0.01, and ***p <0.0001. B A microar-
ray was performed to assess differential gene expression profiles for
rapamycin-treated PMSC sheets. The gene expression fold change
(relative to DMSO-treated PMSC sheets) for 42 genes with at least
a 3-fold change and FDR-adjusted p-value of <0.05 is presented.
Three genes of particular interest (FBX032, CXCL8, and TGFB2)
are highlighted by red boxes. All gene abbreviations and full list of
gene expression data (with at least 2-fold change in gene expression)
are presented in Supplemental Table 1

confirm our previous ELISA results, but it also suggests that
rapamycin has an immunomodulatory effect on PMSCS, as
IL-8 is also a well characterized chemoattractant of immune
cells and bone healing cells in the context of bone repair
applications [31, 32].

Together, the decrease in cell senescence and poten-
tially bone-positive immunomodulatory effects are promis-
ing findings for the use of rapamycin on PMSC sheets to
augment bone healing applications. To investigate which
pathways and signaling cascades are altered by rapamycin
to produce these effects, we performed a gene enrichment
and protein-protein interaction analysis. The WikiPathway
tool within TAC was used to explore significantly enriched
pathways (Fig. 4A). For analysis, 316 genes were chosen
which had a 2-fold differential expression and an FDR-
adjusted p-value less than 0.05 (genes taken from original
Supplemental Table 1) and input into STRING’s normal
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specific pathways (using WIkiPathways tool in Transcriptome Anal-
ysis Console) involved in cancer, cell cycle, and PI3K-Akt-mTOR
signaling. Of importance, the TGF-f signaling pathway was sig-
nificantly enriched. The number of genes enriched within each path-
way is the x-axis, where blue are downregulated genes, and red are
upregulated genes. On the right-most side, the significance (-log10(p-
value)) is presented for each enriched pathway. * denotes significance
(»<0.05). B A total of 316 genes with 2-fold differential expression
and FDR-adjusted p-value of less than 0.05 were input into STRING
to acquire protein-protein interactions (PPIs). A gene enrichment

geneset analysis tool. The functional gene enrichment analy-
sis reveals that rapamycin treatment elicits significant dif-
ferential gene expression within specific pathways involved
in cell cycle and proliferation (Fig. 4A). The “retinoblastoma
genes in cancer” (significance =11.74, p=1.82x10"'2) and
“cell cycle” (significance =8.68, p=2.09x10~7) pathways
were the most significantly enriched. Of importance, genes
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map was constructed from genes with a 2-fold or greater change in
expression between rapamycin and DMSO groups using the STRING
database. Panel B focused on a group of 18 protein-protein interac-
tions that are unconnected to the larger group of interactions, which
involves cytokine (IL-8), TGF-p2, and PI3K-Akt signaling. Nodes
represent proteins encoded by their labelled gene locus. Edges repre-
sent protein-protein associations of high confidence (0.7). Halo color
and intensity signifies gene down-regulation (red) or up-regulation
(blue) and fold-change value, respectively. The nodes correspond
to the gene/proteins and the edges represent the interactions. After
network analysis and removing unconnected nodes, 310 nodes were
identified

within these pathways, including the “mitotic G2-G2/M
phases” pathway (significance =1.70, p=0.020), were pre-
dominantly downregulated. 16 of the 17 genes within the
“retinoblastoma genes in cancer”, 14 of the 16 genes within
the “cell cycle” pathway, and all 11 genes within the “mitotic
G2-G2/M phases” pathway were downregulated (Fig. 4A).
This halt in proliferation and cancer-associated gene, as
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well as differential expression of genes within the PI3K-
Akt-mTOR pathways is expected with mTOR inhibition and
confirms findings from ours, and others, functional assays
showing halted cellular replication and metabolism [21, 22].
Consistent with this, MKI67 (Ki-67) and CDC20, which
are two widely-accepted markers of proliferation, were sig-
nificantly downregulated (2.45-fold decrease and 4.79-fold
decrease, respectively)(FDR p-value =0.004 and 0.001,
respectively). However, we found the TGF-f signaling path-
way to also be significantly enriched (significance =2.84,
p=0.00145).

The PPI map created from STRING is presented in
Fig. 4B, which is focused on a group of 18 genes, uncon-
nected to the larger groups of gene interactions. In Fig. 4B,
the nodes represent genes encoding their respective pro-
tein, while edges resemble the confidence of the interaction
(>0.7), where the band width reflects the strength of data
support. The halo color and intensity around each node sig-
nifies gene down-regulation (red) or up-regulation (blue).
This focused interaction group (red circle in Fig. 4B) high-
lights the potential key differentially expressed genes within
the PI3K-Akt and TGF-} pathways. The interaction network
within this cluster was separate from the larger interaction
network (full network in Supplemental Fig. 2). As evidenced
by the enrichment analysis, the full network consisted pri-
marily of genes involved in the cell cycle, and, broadly,
cellular metabolism, ribosomal biogenesis, purine metabo-
lism, cytoskeletal regulation, and protein binding (data not
shown), which are likely downstream of mTOR inhibition.
However, this focused interaction network highlights a sepa-
rate cluster of genes, which included CXCLS8, TGFB2, and
insulin like growth factor 1 receptor (IGF1R).

Rapamycin induced a 2.39-fold upregulation of IGF1R
(FDR p-value=0.012), as well as a 2.61-fold up-regu-
lation of the insulin receptor substrate 2 (IRS2) (FDR
p-value =0.0254). mTOR signaling has been shown to
decrease IGF-1/Akt signaling via negative feedback from
activated ribosomal protein S6 kinase (S6K) [33, 34]. Thus
this finding suggests an increase in IGF-1/Akt signaling
due to the relief of negative inhibition, which has been
described in other cell lines [33, 35]. Further, rapamycin
treatment not only induced a 3.31-fold up-regulation (FDR
p-value=0.031) of TGFB2, but also induced a 2.02-fold
upregulation (FDR p-value =0.0124) of transforming
growth factor beta receptor 1 (TGFpR1). Others have also
shown that mTOR inhibition activates TGF-p signaling and
may play a role in pulmonary fibrosis [36-39]. Osman et al.
found that rapamycin increased binding of co-smad proteins
to the Smad-binding element (SBE) in rat mesangial cells,
leading to the increase in connective tissue growth factor
downstream of TGF-f signaling [40]. This was also seen
by Wu et al. in hepatic progenitor cells [38]. We also found
an upregulation of connective tissue growth factor (CTGF)

(2.95-fold upregulation, FDR p-value =0.0124, Supple-
mental Table 1), suggesting rapamycin induces the TGF-f/
Smad/CTGF pathway in PMSCs as well. From the PPI anal-
ysis, the CXCLS (IL-8) gene has interactions with IGFIR
and TGFBR1 shown by the focused interaction network
(Fig. 4B), meaning its upregulation is likely due to altera-
tions in IGF-1 and TGF-p signaling pathways. TGF-p and
IGF-1 signaling have been linked to both upregulation and
downregulated IL-8 [41-44], thus, it is still unclear which
alteration is leading to its upregulation. However, most evi-
dence leans toward IL-8’s upregulation being dependent
on the TGF-p pathway, evidenced by some studies show-
ing increased IL-8 secretion after TGF-f1 treatment [44].
The PI3K/Akt/Snail axis has been linked to IL-8 transcrip-
tion and secretion, which then positively regulates its own
receptor, C-X-C chemokine receptor 1 and 2 (CXCR1/2),
which could explain the continuous rise in IL-8 secretion of
rapamycin-treated PMSC sheets (Fig. 3A) [45, 46]. TGF-p
has also been shown to activate the PI3K/Akt pathway
[47-49]. Therefore, it is possible that IL-8 is upregulated
via a TGF-B/PI3K/Akt/Snail axis. However, this needs to
be explored further.

Conclusion

When grown in high density monolayer (sheet) culture,
PMSCs have great potential for bioengineering applica-
tions, including bone tissue repair; however, the volume
and culture conditions required to produce PMSC sheets
induces senescence. In this report, we show for the first
time to our knowledge that rapamycin can prolong the use
of PMSCs in high density monolayers, decreasing markers
of senescence, decreasing apoptosis, and modulating inflam-
matory cytokines. We found rapamycin upregulated IL-8
secretion in long term sheet culture. To further support the
significance of IL-8 in these cells, Li et al. found that IL-8
is important for PMSC survival and proliferation, and when
knocked out, PMSCs undergo accelerated senescence [50].
We further explored the molecular causes of IL-8 secretion
with a microarray gene expression analysis, which indicated
an increase in TGF-p/PI3K/Akt and TGF-f/Smad axis are
likely involved. Along with TGFR1, TGFB2 was upregu-
lated, which is a well characterized regulator of immune
function (anti-inflammatory) and blood vessel formation, as
well as key regulator of bone repair and maintenance [29,
51, 52].

With an interest in bone healing applications, the lit-
erature has conflicting findings on rapamycin’s effect on
osteogenesis and osteoblast function [53-58]. Given that
rapamycin resulted in a stark slowing of cellular metabolic
processes, it is unlikely that rapamycin treated PMSCs
themselves will more rapidly differentiate and contribute
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to the bone healing effect, as we found in our preliminary
experiments (Supplemental Fig. S1B). However, it is more
likely that the immunomodulatory effect will have the
greatest influence on the bone healing process via trans-
plantation. IL-8 is a potent chemoattractant of pro-healing
immune cells, including in osteoprogenitors to the site of
bone defects [31, 32, 59]. Further, Cen et al., found that the
rapamycin-induced increase in IL-8 and TGF-f1 in MSCs
leads to improved CD4 + T-cell migration and shifted to a
predominantly regulatory T-cell (Treg) population vs the
pro-inflammatory T helper 1 (Thl) subtype [60]. The cur-
rent report is the first to our knowledge to show this finding
in PMSC sheets, as well as suggest this finding is a result
of mTOR-dependent differential feedback resulting in
increased IGF-1/Akt and TGF- pathways. Further, specific
target genes identified in this study may lay the groundwork
to explore future therapeutic targets and synergistic mol-
ecules for the continued improvement of not only the main-
tenance of MSCs in culture, but their therapeutic potential.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12015-024-10682-x.

Acknowledgements The authors would like to give special thanks
to the Research Core Facility at Louisiana State University Health
Shreveport for their help with flow cytometry and microarray analy-
sis. Specifically, David Custis, MS, (flow cytometry research special-
ist) and Camille Cannon, MS, (genomics research specialist) for their
technical and logistic support.

Authors Contributions All authors contributed to the study conception
and design. Experiments were designed by Yufeng Dong, and funding
was obtained by Richard S Barton. Material preparation, data collec-
tion and analysis were performed by Aaron J Sheppard, Ann Marie
Barfield, Kristin Delgado, Qinqin Xu, and Patrick A Massey. The first
draft of the manuscript was written by Aaron Sheppard and all authors
commented on previous versions of the manuscript. All authors read
and approved the final manuscript.

Funding This work was supported in part by the following grants:
a grant from the National Institute of Arthritis and Musculoskeletal
and Skin Diseases of the National Institutes of Health (Grant No.
RO1AR073277-01A1) to S.B.

Data Availability All data are available upon request to the correspond-
ing author.

Declarations

Ethical Approval Collection of human placentas for MSC isolation for
research was approved by the IRB at Louisiana State University Health
Shreveport (LSUHS)

Consent to Participate All participants have signed consent.

Consent to Publish All participants have consent to publish the
research data.

Competing Interests The authors declare that there is no conflict of
interest in this study.

@ Springer

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Yorukoglu, A. C., Kiter, A. E., Akkaya, S., Satiroglu-Tufan, N. L.,
& Tufan, A. C. (2017). A concise review on the use of mesenchy-
mal stem cells in cell sheet-based tissue engineering with special
emphasis on bone tissue regeneration. Stem Cells International,
2017, 2374161.

2. Owaki, T., Shimizu, T., Yamato, M., & Okano, T. (2014). Cell
sheet engineering for regenerative medicine: current challenges
and strategies. Biotechnology Journal, 9(7), 904-914.

3. Morrison, S. J., Shah, N. M., & Anderson, D. J. (1997). Regula-
tory mechanisms in stem cell biology. Cell, 88(3), 287-298.

4. Mezey, E. (2022). Human mesenchymal stem/stromal cells in
immune regulation and therapy. Stem Cells Translational Medi-
cine, 11(2), 114-134.

5. Wang, Z., Han, L., Sun, T., Ma, J., Sun, S., Ma, L., & Whu,
B. (2020). Extracellular matrix derived from allogenic decel-
lularized bone marrow mesenchymal stem cell sheets for the
reconstruction of osteochondral defects in rabbits. Acta Bioma-
terialia, 118, 54-68.

6. Nakamura, A., Akahane, M., Shigematsu, H., Tadokoro, M.,
Morita, Y., Ohgushi, H., Dohi, Y., Imamura, T., & Tanaka, Y.
(2010). Cell sheet transplantation of cultured mesenchymal stem
cells enhances bone formation in a rat nonunion model. Bone,
46(2), 418-424.

7. Thummarati, P., Laiwattanapaisal, W., Nitta, R., Fukuda, M.,
Hassametto, A., & Kino-oka, M. (2023). Recent advances in
cell sheet engineering: From Fabrication to clinical translation.
Bioengineering, 10(2), 211.

8. Sun, J., Luo, Z., Wang, G., Wang, Y., Wang, Y., Olmedo, M.,
Morandi, M. M., Barton, S., Kevil, C. G., Shu, B., Shang, X., &
Dong, Y. (2018). Notch ligand Jagged1 promotes mesenchymal
stromal cell-based cartilage repair. Experimental & Molecular
Medicine, 50(9), 1-10.

9. Jeon, Y. J., Kim, J., Cho, J. H., Chung, H. M., & Chae, J. L.
(2016). Comparative analysis of human mesenchymal stem
cells derived from bone marrow, placenta, and adipose tissue
as sources of cell therapy. Journal of Cellular Biochemistry,
117(5), 1112-1125.

10. Fan, Z. X., Lu, Y., Deng, L., Li, X. Q., Zhi, W,, Li-Ling, J.,
Yang, Z. M., & Xie, H. Q. (2012). Placenta- versus bone-
marrow-derived mesenchymal cells for the repair of segmental
bone defects in a rabbit model. The FEBS Journal, 279(13),
2455-2465.

11. Xu, Y., Tian, Y., Tong, D., Zhang, H., Luo, Z., Shang, X., & Dong,
Y. (2020). Wnt signaling inhibits high-density cell sheet culture
induced mesenchymal stromal cell aging by targeting cell cycle
inhibitor p27. Frontiers in Bioengineering and Biotechnology, 8,
946. https://doi.org/10.3389/fbioe.2020.00946


https://doi.org/10.1007/s12015-024-10682-x
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fbioe.2020.00946

Stem Cell Reviews and Reports (2024) 20:816-826

825

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Tian, Y., Xu, Y., Xue, T., Chen, L., Shi, B., Shu, B., Xie, C., Max
Morandi, M., Jaeblon, T., Marymont, J. V., & Dong, Y. (2017).
Notch activation enhances mesenchymal stem cell sheet osteo-
genic potential by inhibition of cellular senescence. Cell Death
and Disease, 8(2), €2595-e2595.

Shang, F., Yu, Y., Liu, S., Ming, L., Zhang, Y., Zhou, Z., Zhao,
J., & Jin, Y. (2021). Advancing application of mesenchymal stem
cell-based bone tissue regeneration. Bioactive Materials, 6(3),
666—683.

Zhang, D. Y., Pan, Y., Zhang, C., Yan, B. X., Yu, S. S., Wu,D. L.,
Shi, M. M., Shi, K., Cai, X. X., Zhou, S. S., & Wang, J. B. (2013).
Whnt/B-catenin signaling induces the aging of mesenchymal stem
cells through promoting the ROS production. Molecular and Cel-
lular Biochemistry, 374(1), 13-20.

Novoseletskaya, E., Grigorieva, O., Nimiritsky, P., Basalova, N.,
Eremicheyv, R., Milovskaya, I., Kulebyakin, K., Kulebyakina, M.,
Rodionov, S., Omelyanenko, N., & Efimenko, A. (2020). Mesen-
chymal stromal cell-produced components of extracellular matrix
potentiate multipotent stem cell response to differentiation stimuli.
Frontiers in Cell and Development Biology, 8, 555378.

Nakao, M., Kim, K., Nagase, K., Grainger, D. W., Kanazawa,
H., & Okano, T. (2019). Phenotypic traits of mesenchymal stem
cell sheets fabricated by temperature-responsive cell culture plate:
structural characteristics of MSC sheets. Stem Cell Research &
Therapy, 10(1), 353.

Bou-Ghannam, S., Kim, K., Grainger, D. W., & Okano, T. (2021).
3D cell sheet structure augments mesenchymal stem cell cytokine
production. Scientific Reports, 11(1), 8170.

Harrison, D. E., Strong, R., Sharp, Z. D., Nelson, J. F., Astle,
C. M., Flurkey, K., Nadon, N. L., Wilkinson, J. E., Frenkel, K.,
Carter, C. S., Pahor, M., Javors, M. A., Fernandez, E., & Miller,
R. A. (2009). Rapamycin fed late in life extends lifespan in geneti-
cally heterogeneous mice. Nature, 460(7253), 392-395.
Laplante, M., & Sabatini, D. M. (2013). Regulation of mTORC1
and its impact on gene expression at a glance. Journal of Cell
Science, 126(8), 1713-1719.

Urfer, S. R., Kaeberlein, T. L., Mailheau, S., Bergman, P. J.,
Creevy, K. E., Promislow, D. E. L., & Kaeberlein, M. (2017). A
randomized controlled trial to establish effects of short-term rapa-
mycin treatment in 24 middle-aged companion dogs. GeroScience,
39(2), 117-127.

Antonioli, E., Torres, N., Ferretti, M., Piccinato, C. A., & Sertie,
A. L. (2019). Individual response to mTOR inhibition in delaying
replicative senescence of mesenchymal stromal cells. PloS one,
14(1), €0204784. https://doi.org/10.1371/journal.pone.0204784
Mannick, J. B., & Lamming, D. W. (2023). Targeting the biology
of aging with mTOR inhibitors. Nature Aging, 1-19.

Chaib, S., Tchkonia, T., & Kirkland, J. L. (2022). Cellular senes-
cence and senolytics: the path to the clinic. Nature Medicine,
28(8), 1556-1568.

Demidenko, Z. N., Zubova, S. G., Bukreeva, E. 1., Pospelov, V.
A., Pospelova, T. V., & Blagosklonny, M. V. (2009). Rapamycin
decelerates cellular senescence. Cell Cycle Georget Tex, 8(12),
1888-1895.

Blagosklonny, M. V. (2022). Cell senescence, rapamycin and
hyperfunction theory of aging. Cell Cycle Georget Tex, 21(14),
1456-1467.

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH
Image to Imagel: 25 years of image analysis. Nature Methods,
9(7), 671-675.

Mei, Z., Zhang, D., Hu, B., Wang, J., Shen, X., & Xiao, W. (2015).
FBXO032 Targets c-Myc for Proteasomal Degradation and Inhib-
its c-Myc Activity*. Journal of Biological Chemistry, 290(26),
16202-16214.

Guo, W., Zhang, M., Shen, S., Guo, Y., Kuang, G., Yang, Z., &
Dong, Z. (2014). Aberrant methylation and decreased expression

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

of the TGF-p/Smad target gene FBXO32 in esophageal squamous
cell carcinoma. Cancer, 120(16), 2412-2423.

Wu, M., Chen, G., & Li, Y. P. (2016). TGF-p and BMP signaling
in osteoblast, skeletal development, and bone formation, homeo-
stasis and disease. Bone Research, 4, 16009.

Pfeilschifter, J., Wolf, O., Naumann, A., Minne, H. W., Mundy, G.
R., & Ziegler, R. (1990). Chemotactic response of osteoblastlike
cells to transforming growth factorp. Journal of Bone and Mineral
Research, 5(8), 825-830.

Yang, A, Lu, Y., Xing, J., Li, Z., Yin, X., Dou, C., Dong, S., Luo,
F., Xie, Z., Hou, T., & Xu, J. (2018). IL-8 Enhances Therapeutic
Effects of BMSCs on Bone Regeneration via CXCR2-Mediated
PI3k/Akt Signaling Pathway. Cellular Physiology and Biochem-
istry, 48(1), 361-370.

Lin, D., Chai, Y., Ma, Y., Duan, B., Yuan, Y., & Liu, C. (2019).
Rapid initiation of guided bone regeneration driven by spatiotem-
poral delivery of IL-8 and BMP-2 from hierarchical MBG-based
scaffold. Biomaterials, 196, 122—-137.

Wan, X., Harkavy, B., Shen, N., Grohar, P., & Helman, L. J.
(2007). Rapamycin induces feedback activation of Akt signaling
through an IGF-1R-dependent mechanism. Oncogene, 26(13),
1932-1940.

Dienstmann, R., Rodon, J., Serra, V., & Tabernero, J. (2014). Pick-
ing the point of inhibition: a comparative review of PI3K/AKT/
mTOR pathway inhibitors. Molecular Cancer Therapeutics, 13(5),
1021-1031. https://doi.org/10.1158/1535-7163.MCT-13-0639
Yoon, S. O., Shin, S., Karreth, F. A., Buel, G. R., Jedrychowski,
M. P, Plas, D. R., Dedhar, S., Gygi, S. P., Roux, P. P., Dephoure,
N., & Blenis, J. (2017). Focal Adhesion- and IGF1R-dependent
survival and migratory pathways mediate tumor resistance to
mTORCI1/2 Inhibition. Molecular Cell, 67(3), 512-527e4.
Chung, E. J., Sowers, A., Thetford, A., McKay-Corkum, G.,
Chung, S. L., Mitchell, J. B., & Citrin, D. E. (2016). Mammalian
target of rapamycin inhibition with rapamycin mitigates radia-
tion-induced pulmonary fibrosis in a murine model. International
Journal of Radiation Oncology, 96(4), 857-866.

Song, K., Wang, H., Krebs, T. L., & Danielpour, D. (2006). Novel
roles of Akt and mTOR in suppressing TGF-pB/ALKS5-mediated
Smad3 activation. Embo Journal, 25(1), 58-69.

Wu, Y., Wang, W., Peng, X. M., He, Y., Xiong, Y. X., Liang,
H. F., Chu, L., Zhang, B. X., Ding, Z. Y., & Chen, X. P. (2018).
Rapamycin upregulates connective tissue growth factor expres-
sion in hepatic progenitor cells through TGF-p-Smad2 dependent
signaling. Frontiers in Pharmacology, 9, 877. https://doi.org/10.
3389/fphar.2018.00877. https://www.frontiersin.org/articles/10.
3389/fphar.2018.00877

Danielpour, D., & Song, K. (2006). Cross-talk between IGF-I and
TGF-p signaling pathways. Cytokine & Growth Factor Reviews,
17(1), 59-74.

Osman, B., Doller, A., Akool, E. S., Holdener, M., Hintermann,
E., Pfeilschifter, J., & Eberhardt, W. (2009). Rapamycin induces
the TGFbetal/Smad signaling cascade in renal mesangial cells
upstream of mTOR. Cellular Signalling, 21(12), 1806—1817.
Haleagrahara, N., Chakravarthi, S., & Mathews, L. (2011). Insu-
lin like growth factor-1 (IGF-1) causes overproduction of IL-8,
an angiogenic cytokine and stimulates neovascularization in iso-
proterenol-induced myocardial infarction in rats. International
Journal of Molecular Sciences, 12(12), 8562-8574.

Kahraman, D. C., Kahraman, T., & Cetin-Atalay, R. (2019). Tar-
geting PI3K/Akt/mTOR pathway identifies differential expression
and functional role of ILS8 in liver cancer stem cell enrichment.
Molecular Cancer Therapeutics, 18(11), 2146-2157.

Guo, X., & Wang, X. F. (2009). Signaling cross-talk between
TGF-B/BMP and other pathways. Cell Research, 19(1), 71-88.
Qi, W., Chen, X., Polhill, T. S., Sumual, S., Twigg, S., Gilbert,
R. E., & Pollock, C. A. (2006). TGF-f1 induces IL-8 and MCP-1

@ Springer


https://doi.org/10.1371/journal.pone.0204784
https://doi.org/10.1158/1535-7163.MCT-13-0639
https://doi.org/10.3389/fphar.2018.00877
https://doi.org/10.3389/fphar.2018.00877
https://www.frontiersin.org/articles/10.3389/fphar.2018.00877
https://www.frontiersin.org/articles/10.3389/fphar.2018.00877

826

Stem Cell Reviews and Reports (2024) 20:816-826

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

through a connective tissue growth factor-independent pathway.
American Journal of Physiology-Renal Physiology, 290(3),
F703-F709.

Long, X., Ye, Y., Zhang, L., Liu, P., Yu, W,, Wei, F., Ren, X., &
Yu, J. (2016). IL-8, a novel messenger to cross-link inflammation
and tumor EMT via autocrine and paracrine pathways (Review).
International Journal of Oncology, 48(1), 5-12.

Fousek, K., Horn, L. A., & Palena, C. (2021). Interleukin-8: a
Chemokine at the intersection of cancer plasticity, angiogenesis,
and immune suppression. Pharmacology & Therapeutics, 219,
107692.

Rahman, M. S., Akhtar, N., Jamil, H. M., Banik, R. S., & Asaduz-
zaman, S. M. (2015). TGF-p/BMP signaling and other molecular
events: regulation of osteoblastogenesis and bone formation. Bone
Research, 3(1), 1-20.

Zhang, Y. E. (2009). Non-Smad pathways in TGF-f signaling.
Cell Research, 19(1), 128-139.

Bakin, A. V., Tomlinson, A. K., Bhowmick, N. A., Moses, H. L.,
& Arteaga, C. L. (2000). Phosphatidylinositol 3-Kinase function
is required for transforming growth factor f-mediated epithelial to
mesenchymal transition and cell migration*. Journal of Biological
Chemistry, 275(47), 36803-36810.

Li,J.J, Ma, F. X., Wang, Y. W., Chen, F,, Lu, S. H., Chi, Y., Du,
W. J., Song, B. Q., Hu, L. D., Chen, H., & Han, Z. C. (2017).
Knockdown of IL-8 Provoked Premature Senescence of Placenta-
Derived Mesenchymal Stem Cells. Stem Cells and Development,
26(12), 912-931.

Heldin, C. H., & Moustakas, A. (2012). Role of Smads in TGFf
signaling. Cell and Tissue Research, 347(1), 21-36.

TGF-p2 Suppresses Macrophage Cytokine Production and
Mucosal Inflammatory Responses in the Developing Intestine
- PMC [Internet]. [cited 2023 Aug 31]. Available from: https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC3008335/

Isomoto, S., Hattori, K., Ohgushi, H., Nakajima, H., Tanaka, Y.,
& Takakura, Y. (2007). Rapamycin as an inhibitor of osteogenic
differentiation in bone marrow-derived mesenchymal stem cells.
Journal of Orthopaedic Science: Off Journal Japan Orthopaedic
Association, 12(1), 83-88.

Huang, B., Wang, Y., Wang, W., Chen, J., Lai, P., Liu, Z., Yan,
B., Xu, S., Zhang, Z., Zeng, C., Rong, L., Liu, B., Cai, D., Jin, D.,

@ Springer

55.

56.

57.

58.

59.

60.

& Bai, X. (2015). mTORCI1 prevents preosteoblast differentia-
tion through the Notch Signaling Pathway. PLoS Genetics, 11(8),
e1005426.

Li, X., Chang, B., Wang, B., Bu, W., Zhao, L., Liu, J., Meng,
L., Wang, L., Xin, Y., Wang, D., Tang, Q., Zheng, C., & Sun, H.
(2017). Rapamycin promotes osteogenesis under inflammatory
conditions. Molecular Medicine Reports, 16(6), 8923-8929.
Lee, K. W., Yook, J. Y., Son, M. Y., Kim, M. J., Koo, D. B., Han,
Y. M., & Cho, Y. S. (2010). Rapamycin promotes the osteoblastic
differentiation of human embryonic stem cells by blocking the
mTOR pathway and stimulating the BMP/Smad pathway. Stem
Cells And Development, 19(4), 557-568.

Singha, U. K., Jiang, Y., Yu, S., Luo, M., Lu, Y., Zhang, J., &
Xiao, G. (2008). Rapamycin inhibits osteoblast proliferation
and differentiation in MC3T3-E1 cells and primary mouse bone
marrow stromal cells. Journal of Cellular Biochemistry, 103(2),
434-446.

Martin, S. A., Riordan, R. T., Wang, R., Yu, Z., Aguirre-Burk,
A. M., Wong, C. P,, Olson, D. A., Branscum, A. J., Turner, R. T.,
Iwaniec, U. T., & Perez, V. I. (2021). Rapamycin impairs bone
accrual in young adult mice independent of Nrf2. Experimental
Gerontology, 154, 111516.

Rennekampff, H. O., Hansbrough, J. F., Kiessig, V., Doré, C.,
Sticherling, M., & Schrdder, J. M. (2000). Bioactive interleukin-8
is expressed in wounds and enhances wound healing. Journal of
Surgical Research, 93(1), 41-54.

Cen, S., Wang, P, Xie, Z., Yang, R., Li, J., Liu, Z., Wang, S.,
Wu, X, Liu, W,, Li, M., Tang, S., Shen, H., & Wu, Y. (2019).
Autophagy enhances mesenchymal stem cell-mediated CD4+T
cell migration and differentiation through CXCLS8 and TGF-f1.
Stem Cell Research & Therapy, 10, 265.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3008335/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3008335/

	Rapamycin Inhibits Senescence and Improves Immunomodulatory Function of Mesenchymal Stem Cells Through IL-8 and TGF-β Signaling
	Abstract
	Introduction
	Materials and Methods
	Results and Discussion
	Conclusion
	Acknowledgements 
	References


