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Abstract
Human fetal mesenchymal stem/stromal cells (hfMSCs) display several advantageous properties
compared with their adult counterparts and human amniotic fluid stem cells (AFSCs) have been shown
to improve bone extracellular matrix quality and structure. However, the clinical translation of primary
hfMSCs remains limited by donor-to-donor variability, limited expansion capacity and replicative
senescence, which are associated with progressive loss of tissue-repair potential. To address these
limitations, we reprogrammed AFSCs to pluripotency and subsequently directed AFSC-derived hiPSCs
towards the mesodermal lineage to generate induced mesenchymal stem/stromal-like cells (AF-iMSCs).
AF-iMSCs retained key MSC features, including expression of canonical mesenchymal markers and
trilineage differentiation potential. Comparative gene-expression analysis showed that AF-iMSCs
expressed higher levels of genes associated with mesenchymal stromal identity, cell signalling,
adhesion, migration, extracellular matrix remodelling and osteogenic differentiation, whereas AFSCs
expressed higher levels of genes linked to proliferative and growth-factor signalling. In addition, AF-
iMSCs secreted small extracellular vesicles (iEVs) that promoted fibroblast migration and supported
type I collagen and elastin production in vitro, indicating functional pro-reparative activity. Together, these
findings suggest that iPSC-mediated derivation of AF-iMSCs provides a scalable and reproducible
strategy to overcome key limitations of primary AFSCs and support the development of cell-based and
extracellular vesicle-based regenerative therapies.

Introduction
Human mesenchymal stem cells (MSCs) have emerged as a promising tool in regenerative medicine due
to their multipotent differentiation capacity, immunomodulatory properties, and ability to promote tissue
repair. Their ability to differentiate into mesodermal lineages, including osteocytes, chondrocytes, and
adipocytes, make them valuable candidates for bone regeneration, cartilage repair, and other clinical
applications. While adult MSCs derived from bone marrow, adipose tissue, and other sources have been
extensively studied, fetal mesenchymal stem/stromal cells (hfMSCs) isolated during pregnancy from
various fetal tissues[1], placenta[2] and amniotic fluid[3, 4] have long attracted interest due to their
enhanced proliferative capacity, superior differentiation potential, and reduced immunogenicity
compared to their adult counterparts.[5–7] They also exhibit higher telomerase activity, longer telomeres,
and increased plasticity, allowing for more robust expansion in vitro.[7] These characteristics make
hfMSCs attractive for therapeutic applications and their regenerative potential has been reported in
various preclinical models, including Alport disease[8], brittle bone disease[9–13] and neonatal
encephalopathy[14] and in several clinical trials.[15],[16]

Human mid-trimester amniotic fluid, obtained by amniocentesis during ongoing pregnancy, represents a
well-established source of highly potent fetal stem cells, commonly refered to as amniotic fluid stem
cells (AFSCs)[3, 17], with applications in cell therapy, tissue engineering and disease modelling.[3, 4]
AFSCs are easy to reprogram to pluripotency and were shown to be receptive to chemically-induced
reprogramming using small molecule epigenetic modifiers.[18–20] They have also emerged as an
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effective therapeutic cell source for skeletal regenerative applications.[21, 22] When transplanted
perinatally into an experimental model of severe osteogenesis imperfecta, AFSCs reduced bone fragility
by decreasing fracture susceptibility, increasing bone strength, improving bone quality and micro-
architecture, normalising bone remodelling, and promoting endogenous osteogenesis and maturation of
resident osteoblasts.[13]

However, several challenges remain before primary AFSCs can be routinely translated into clinical use.
First, their therapeutic efficacy is donor-dependent, resulting in donor-to-donor variability and potentially
non-standardised clinical outcomes. [1, 6, 23] Additional challenges include the lack of robust protocols
for generating standardized cell preparations, as well as concerns regarding safety, ectopic engraftment
or differentiation, immunological rejection, and ethical concerns. Finally, obtaining a sufficient number of
donor cells typically requires extensive in vitro expansion. However, as primary AFSCs undergo repeated
divisions in vitro, they eventually enter a state of replicative senescence, characterised by a progressive
loss of proliferative capacity.[24] This restricts the scalable expansion cells and may limit the generation
of sufficient cell numbers for clinical applications, particularly in settings requiring high-dose or
repetitive-dose administration.[24] In addition, senescent stem cells exhibit reduced differentiation
potential across key mesenchymal lineages, and may show impaired paracrine efficacy, thereby limiting
their ability to modulate and normalise target cell behaviour. Senescence also reduces the capacity of
stem cells to home to injury sites and engraft within tissues, compromising their ability to support tissue
repair. This represents a major challenge for standardization, as the repeated identification of new
donors is required to generate new stem cell batches, thereby limiting clinical translation and introducing
variability in therapeutic intervention outcomes.

To overcome these challenges, human induced pluripotent stem cells (iPSCs) have emerged as a
powerful alternative source for the generation of MSCs. Produced by reprogramming somatic cells
through the forced expression of key transcription factors, such as OCT4, SOX2, KLF4, and c-MYC,
hiPSCs can proliferate indefinitely while retaining the potential to differentiate into lineages of all three
germ layers. Importantly, iPSCs can be directed to generate MSC-like cells, commonly referred to as
induced MSCs (iMSCs), which share key phenotypic and functional properties with primary MSCs. This
approach provides a potentially unlimited source of patient-specific or allogeneic MSC-like cells, thereby
reducing donor-dependent variability and overcoming limitations associated with replicative senescence.
[25–28] This cost-effective strategy enables the consistent and reproducible manufacture of iMSCs at
commercial scale, while maintaining their therapeutic potential and eliminating the need for repeated
donors.

In this study, we reprogrammed human mid-trimester AFSCs into hiPSCs and established a directed
differentiation strategy to generate AFSC-derived induced MSC-like cells (AF-iMSCs). We show that AF-
iMSCs acquire key mesenchymal features, including spindle-shaped morphology, stable proliferative
capacity, expression of canonical MSC markers, loss of pluripotency marker expression, and
multilineage differentiation potential. We further demonstrate that AF-iMSCs express a broad repertoire
of extracellular matrix-associated genes upon osteogenic differentiation and release extracellular
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vesicles (iEVs) with pro-reparative activity, supporting cell migration and restoring matrix-associated
defects in vitro. Together, these findings identify AF-iMSCs and their extracellular vesicles as a scalable
platform with potential relevance for regenerative and skeletal therapeutic applications. Ultimately, this
approach may help address current limitations in MSC-based therapies and support the development of
more effective and scalable cell-based interventions.

Results

Mesodermal differentiation of human AFSC-derived
hiPSCs into AF-iMSCs
To differentiate AF-iMSCs, human iPSCs derived from mid-trimester amniotic fluid stem cells (hAF-
iPSCs) were initially plated on Geltrex matrix in essential 8 medium, which is a chemically-defined serum-
free, xeno-free cell culture medium that supports long-term pluripotency. AF-iPSCs formed distinct
clusters of colonies (Fig. 1A) which expressed markers associated with pluripotency such as live TRA-1-
60 (Fig. 1B), Nanog, OCT4A, SOX2, and KLF4 (Fig. 1C). The cells were subsequently detached and
replated as single cells on Geltrex matrix in essential 8 medium, with the medium being replaced by
mesoderm induction medium the following day, to induce early mesoderm differentiation over a 5-day
period (Fig. 1D). The cells were further differentiated down the mesenchymal lineage by replacing the
medium with L-glutamine-supplemented mesencult medium, which is animal component-free (ACF),
serum-free and extracellular vesicle (EV)-free, and plated on attachment substrate-coated plates. The
cells were passaged at 70% confluency and a 1 to 3 ratio for 3 weeks, upon which they displayed a
typical mesenchymal morphology, characterised by adherent, spindle-shaped, fibroblast-like cells
growing as a dispersed monolayer rather than as compact colonies (Fig. 2A).

Growth kinetic analysis over three weeks showed that AF-iMSCs maintained a stable proliferative profile,
with an average population-doubling time of 40 ± 2 h (mean ± SD, P < 0.05) (Fig. 2B). The cells lost
OCT4A expression and acquired a mesenchymal phenotype, characterised by vimentin expression and
robust expression of the canonical MSC-associated surface markers CD73, CD90 and CD105, with 90%
cells co-expressing these markers CD73, CD90 and CD105, as assessed by immunofluorescence and
flow cytometry (Fig. 2C, D and E). Consistent with a mesenchymal phenotype, AF-iMSC were negative for
the hematopoietic markers CD34 and CD45 (Fig. 2D).

Transcriptomic analysis reveals significant differences between AF-
iMSCs and AFSCs
We used an RT² Profiler™ PCR Array Human Mesenchymal Stem Cells (QIAGEN) to assess gene
expression differences between iMSCs and AFSCs for genes that define stromal identity and their
differentiation potential (Fig. 3). Out of the 84 target genes tested in triplicate, 31 genes were
differentially expressed, showing at least a two-fold difference in gene expression between both lines.
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Compared to AFSCs, AF-iMSCs showed higher expression of 26 genes, i.e. ANPEP (Alanyl (membrane)
aminopeptidase), CASP3 (Caspase 3, apoptosis-related cysteine peptidase), CTNNB1 (Catenin
(cadherin-associated protein), beta 1, 88kDa), ENG (Endoglin), GDF15 (Growth differentiation factor 15),
JAG1 (Jagged 1), KAT2B (K(lysine) acetyltransferase 2B), MCAM (Melanoma cell adhesion molecule),
PDGFRB (Platelet-derived growth factor receptor, beta polypeptide), PIGS (Phosphatidylinositol glycan
anchor biosynthesis, class S), SLC17A5 (Solute carrier family 17 (anion/sugar transporter), member 5),
SMAD4 (SMAD family member 4), TGFB1 (Transforming growth factor, beta 1), TGFB3 (Transforming
growth factor, beta 3), VCAM1 (Vascular cell adhesion molecule 1), ALCAM (Activated leukocyte cell
adhesion molecule), ANXA5 (Annexin A5), CD44 (CD44 molecule), COL1A1 (Collagen, type I, alpha 1),
FGF2 (Fibroblast growth factor 2 (basic)), ITGAV (Integrin, alpha V (, antigen CD51), ITGB1 (Integrin, beta
1), MMP2 (Matrix metallopeptidase 2), NT5E (5'-nucleotidase, ecto, CD73), THY1 (Thy-1 cell surface
antigen) and VEGFA (Vascular endothelial growth factor A). A total of 5 genes were expressed at a lower
level in iMSCs than in AFSCs, i.e. CSF3 (Colony stimulating factor 3), EGF (epidermal growth factor), INS
(insulin), KITLG (KIT ligand), and HAT1 (Histone acetyltransferase 1).

Twenty genes associated with lineage specific lineages were also differentially expressed, with AF-iMSC
expressing higher levels of genes associated with the osteogenic lineages, i.e. BGLAP (bone gamma-
carboxyglutamate protein/osteocalcin), HDAC1 (histone deacetylase 1), PTK2 (protein tyrosine kinase
2/focal adhesion kinase), RUNX2 (runt-related transcription factor 2), SMAD4 (SMAD family member 4),
SMURF1 (SMAD-specific E3 ubiquitin protein ligase 1) and SMURF2 (SMAD-specific E3 ubiquitin protein
ligase 2), the adipogenic lineage, i.e. PPARG (peroxisome proliferator-activated receptor gamma) and
BMP4 (bone morphogenetic protein 4), chondrogenic lineage, i.e. GDF5 (growth differentiation factor 5),
GDF6 (growth differentiation factor 6), KAT2B (lysine acetyltransferase 2B), SOX9 (SRY-box transcription
factor 9), TGFB1 (transforming growth factor beta 1), tenogenesis lineage, i.e. GDF15 (growth
differentiation factor 15), SMAD4 (SMAD family member 4) and TGFB1 (transforming growth factor beta
1), and myogenic lineage i.e. JAG1 (jagged canonical Notch ligand 1) and NOTCH1 (Notch receptor 1),
whilst ACTA2 (actin alpha 2, smooth muscle) was more expressed in AFSCs than in AF-iMSCs (Fig. 4).

AF-iMSC trilineage differentiation potential
AF-iMSCs retained multilineage differentiation potential, as demonstrated by their ability to undergo
chondrogenic, adipogenic and osteogenic differentiation, evaluated through Alcian Blue staining of
glycosaminoglycan-rich extracellular matrix, Oil Red O staining of intracellular lipid droplets, and Alizarin
Red staining of mineralised matrix deposition, respectively (Fig. 5A and 5B).

AF-iMSCs secrete small extracellular vesicles (iEVs) that promote human fibroblast migration in vitro

TEM analysis of extracellular vesicles released by iMSCs into the culture medium (iEVs) revealed a
predominantly round cup-shaped morphology with a well-defined lipid bilayer, consistent with the typical
appearance of extracellular vesicles under electron microscopy (Fig. 5A). The AF-iEV size range and
concentration were determined using Tuneable Resistive Pulse Sensing (TRPS), which measures the
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change in electrical resistance as individual particles pass through a nanopore. This enables to provide
direct particle size and concentration measurement, unlike nanoparticle tracking analysis (NTA, which
estimates size based on particle movement/Brownian motion). Analysis showed an average iEV particle
diameter range of 96 ± 27.3 nm (mode 78 nm, maximum 238 nm, minimum 68 nm) and a total particle
concentration of 2.76e + 10 particles/ml (Fig. 5B). The expression of the canonical extracellular vesicle-
associated tetraspanins CD9, CD63 and CD81 on iEVs was assessed by nano-flow cytometry (NanoFCM)
(Fig. 5C). Fibroblast cell uptake assay revealed that iEVs are taken up into target fibroblast cell body to
deliver their cargo intracellularly (Fig. 6D).

iEV stimulate human fibroblast migration and production of production of type I collagen and elastin in
vitro

An in vitro cell-exclusion migration assay was performed to determine whether iEVs enhance human
fibroblast migration, as a functional measurement of of iEV bioactivity. Treatment of human fibroblasts
cultures with iEVs significantly promoted fibroblast migration, as shown by accelerated closure of the
cell-free area over 96 h (Fig. 7A). A significant effect was already evident after 24h, when iEV-treated
cultures showed a 17.86% reduction in the cell-free area compared with baseline, whereas untreated
fibroblasts showed no measurable gap closure (23.0 ± 1.0 vs. 28.0 ± 0.3, mean ± sem, P < 0.05). At 48h,
72h and 96h, untreated fibroblasts achieved 21.43%, 42.86% and 92.14% gap closure, respectively,
whereas iEV-treated cultures showed markedly enhanced closure of 79.29%, 97.54% and 99.21% gap
closure, respectively. Consistently, the remaining cell-free area was significantly smaller in iEV-treated
cultures than in untreated controls at each of these time points (5.8 ± 1.7 vs. 22.0 ± 0.6 at 48 h; 0.7 ± 0.1
vs. 16.0 ± 3.2 at 72h; 0.2 ± 0.1 vs. 2.2 ± 0.3 at 96 h; P < 0.01for all comparisons) (Fig. 7B).

To assess the functional activity of iEVs in an extracellular matrix-deficient context, human fibroblasts
were cultured in the presence of SB431542, a TGF-β receptor inhibitor. SB431542 treatment reduced
elastin and type I collagen deposition, as shown by immunofluorescence staining, and decreased soluble
type I collagen levels measured by ELISA (1424.0 ± 12.7 in untreated fibroblasts vs. 1224.0 ± 14.0 in
SB431542-treated fibroblasts). Notably, addition of iEVs to SB431542-treated fibroblasts restored type I
collagen production to levels comparable with untreated controls (1435.0 ± 7.3, P < 0.01), supporting a
pro-regenerative effect of iEVs on extracellular matrix production (Fig. 8A and 8B).

Discussion
In this study, we generated mesenchymal stem cell-like cells, referred to as AF-iMSCs, from hiPSCs
previously reprogrammed from mid-trimester amniotic fluid [29]. Characterisation of AF-iMSCs showed
that the cells acquired a typical adherent, spindle-shaped, fibroblast-like morphology, and displayed a
mesenchymal immunophenotype, with more than 90% of cells expressing the canonical MSC-associated
markers CD73, CD90 and CD105, together with absence of detectable CD45 and CD34 expression. AF-
iMSC also retained multilineage differentiation potential, as demonstrated by their ability to undergo
osteogenic, adipogenic and chondrogenic differentiation under appropriate induction conditions. In
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addition, growth-kinetic analysis showed that AF-iMSCs maintained a stable proliferation rate over four
weeks in culture, with an average population-doubling time of approximately 41 hours[30].

Compared with primary AF cells, AF-iMSCs showed increased expression of genes associated with
mesenchymal stromal identity, extracellular matrix interaction, tissue remodelling and paracrine
regenerative activity. Higher expression of ENG/CD105, NT5E/CD73 and THY1/CD90, together with CD44
and ALCAM/CD166, supports the acquisition of an MSC-like stromal phenotype, consisten with
established criteria used to define MSC and iMSC-like populations. [31–33] Upregulation of the
perivascular-associated markers MCAM/CD146 and PDGFRB may further indicate acquisition of a
pericyte-like stromal programme, a phenotype linked to tissue repair and vascular support.[34, 35]
Increased expression of adhesion and matrix-interaction molecules, including ALCAM, VCAM1, CD44,
ITGAV and ITGB1, may enhance cell–cell and cell–matrix interactions, migratory capacity and
responsiveness to the extracellular microenvironment.[36–39] In parallel, higher COL1A1, MMP2 and
ANPEP/CD13 expression suggests an enhanced capacity for extracellular matrix deposition, remodelling
and pericellular proteolytic activity, processes that may support matrix repair and tissue integration.[40–
43] The concomitant enrichment of trophic, angiogenic and developmental signalling mediators,
including FGF2, VEGFA, GDF15, JAG1, TGFB1 and TGFB3, together with the signalling regulators CTNNB1
and SMAD4 and the chromatin-modifying enzyme KAT2B, may further support pro-reparative, pro-
angiogenic and lineage-regulatory functions.[44–50] Finally, increased expression of ANXA5, PIGS and
SLC17A5 may reflect enhanced membrane organisation, cell-surface protein regulation and vesicle-
associated activity, whereas CASP3 expression may indicate preserved regulation of cell turnover and
differentiation-associated remodelling rather than simply increased apoptosis.[51–53]

Conversely, AF-iMSCs showed reduced expression of CSF3, EGF, INS, KITLG and HAT1 compared with
primary AF cells. Although these differences require functional validation, this transcriptional profile may
be advantageous by suggesting a more restricted stromal programme, with reduced inflammatory,
haematopoietic/endocrine and excessive mitogenic signalling. Lower CSF3 expression may limit
granulopoietic and neutrophil-associated inflammatory cues[54], while reduced KITLG expression may
decrease c-KIT-dependent support of haematopoietic progenitors and mast-cell survival or expansion.
[55] Similarly, lower expression of EGF and INS may reduce autocrine growth-factor and metabolic
signalling, potentially limiting unwanted epithelial, endocrine or adipogenic bias and avoiding excessive
proliferative stimulation.[56, 57] Finally, decreased HAT1 expression may reflect reduced replication-
associated chromatin acetylation and proliferative stress, which could be beneficial for maintaining a
stable MSC-like phenotype.[58, 59] Together, the lower expression of these genes may contribute to an
AF-iMSC profile that is less inflammatory, less haematopoietic/endocrine-biased and more compatible
with controlled stromal cell-based regenerative applications.

The higher expression of lineage-associated genes in undifferentiated AF-iMSCs compared with primary
AF cells suggests that these cells maintain an MSC-like stem/stromal phenotype while exhibiting
increased transcriptional readiness to respond to multilineage mesenchymal differentiation signals.
Increased expression of osteogenic-associated genes, including RUNX2, BGLAP, PTK2 and KAT2B, may
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indicate enhanced readiness to engage bone-forming programmes, as RUNX2 is a central regulator of
osteoblast lineage commitment, BGLAP/osteocalcin is associated with osteoblast maturation,
PTK2/FAK links extracellular matrix adhesion to osteogenic mechanotransduction, and KAT2B/PCAF has
been implicated in BMP-dependent osteogenic differentiation.[50, 60, 61] In parallel, higher expression of
BMP4 and PPARG may reflect broader mesenchymal plasticity and responsiveness to
adipogenic/osteogenic lineage cues.[62] The concomitant upregulation of GDF5, GDF6, SOX9, TGFB1
and SMAD4 further supports chondrogenic and matrix-regulatory competence, consistent with the
established roles of SOX9 and TGF-β/BMP signalling in cartilage lineage specification and extracellular
matrix production.[49, 63, 64] Increased expression of SMURF1 and SMURF2 may provide an additional
regulatory layer by modulating TGF-β/BMP pathway intensity, potentially preventing excessive or
premature signalling activation while maintaining responsiveness to differentiation cues.[65] Finally,
higher expression of GDF15, JAG1 and NOTCH1 may indicate acquisition of regenerative, stress-
adaptive and Notch-responsive stromal features, which could support tissue repair, cell–cell
communication and myogenic/tenogenic lineage responsiveness.[46, 47] Overall, this transcriptional
profile suggests that AF-iMSCs may represent a more developmentally competent MSC-like population,
transcriptionally poised for multilineage differentiation and regenerative activity.

As many of the regenerative effects of MSCs are mediated through paracrine mechanisms, including the
release of extracellular vesicles (EVs), we next investigated whether AF-iMSCs secrete bioactive iEVs
capable of modulating key cellular processes involved in tissue repair. AF-iMSCs released iEVs with an
average diameter of approximately 96 nm, consistent with the expected size range of small EVs.
Functional assays showed that AF-iMSC-derived iEVs enhanced human fibroblast migration and
supported extracellular matrix production in vitro, including type I collagen and elastin deposition. This is
relevant because fibroblast recruitment and extracellular matrix remodelling are essential steps in
wound closure and tissue restoration. Thus, these data suggest that AF-iMSC-derived iEVs are not only
phenotypically consistent with extracellular vesicles, but also biologically active, and may contribute to
the regenerative potential of AF-iMSCs through paracrine regulation of stromal cell behaviour.

In conclusion, the derivation of iMSCs from AFSC-derived iPSCs provides a strategy to address key
limitations associated with primary AFSCs, including donor-to-donor variability, limited expansion
capacity and replicative senescence, which can restrict scalability and reproducibility for clinical
applications. By combining the proliferative potential of hiPSCs with directed mesenchymal
differentiation, this approach enables the generation of a more standardised and expandable MSC-like
cell population while retaining relevant stromal, multilineage and pro-reparative properties. These
findings support AF-iMSCs as a robust and reproducible platform for regenerative applications and
suggest that iPSC-mediated reprogramming may help reset or stabilise donor-specific cellular features
that otherwise limit the therapeutic use of primary AFSCs.

Methods

Cell culture
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Human mid-trimester amniotic fluid mesenchymal stem cells (AFSCs) (passage 7–10), were isolated
from the amniotic fluid of a healthy pregnancy at 12 weeks of gestation, which was obtained under
ultrasound guidance and according to the ethical approval given by the Research Ethics Committees of
Hammersmith & Queen Charlotte’s Hospitals (08/H0714/87) in compliance with national guidelines
(Polkinghorne) for the collection of fetal tissue for research, as we previously described.[13] Informed
consent was obtained from all subjects and/or legal guardians.

In brief, the cells from three individuals were selected for c-KIT positive expression and expanded on
plastic culture dishes without feeders in Dulbecco’s modified Eagle’s medium (DMEM-HG) (Thermo
Fisher) supplemented with 10% fetal bovine serum (Biosera), 2 mM L-glutamine, 50 IU/ml penicillin and
50mg/ml streptomycin (Thermo Fisher), at a density of 104 cells/cm2 at 37° C in a 5% CO2 incubator.

Human primary dermal fibroblast isolated from neonatal foreskin (PCS-201-010, LGC Standards) were
cultivated in Dulbecco’s modified Eagle’s medium (DMEM-HG) (Thermo Fisher) supplemented with 10%
fetal bovine serum (Biosera), 2 mM L-glutamine, 50 IU/ml penicillin and 50mg/ml streptomycin (Thermo
Fisher), at a density of 104 cells/cm2 at 37° C in a 5% CO2 incubator. When indicated, cells were
cultivated in expansion medium supplemented with 10 µM SB43152 (Sigma).

Derivation of AF-iMSCs from human AFSCs
AFSC were reprogrammed to pluripotency using non-integrative episomal reprogramming, following the
manufacturer’s instructions (A15960, Thermo Fisher). In short 500,000 AFSC were dissociated with
TrypLE and resuspended in 90 µl electroporation buffer supplemented with 20 µl of hSK, hUL and hOCT4.
The cells were electroporated using an electroporator (Neon Transfection System, Thermo Fisher),
programme C17 and plated in AFSC expansion medium onto a Geltrex-coated vessel (Thermo Fisher)
vessel at 37° C in a 5% CO2 incubator. Upon reaching confluence the next day, the cells were detached
and reseeded onto a Geltrex-coated in in Essential E8 culture medium (both from Stemcell
Technologies). Colonies were picked on day 20 using a p200 pipette tip, pooled and reseeded in E8
medium supplemented with ROCK inhibitor (Thermo Fisher).

When reaching 50% confluency, AFSC-derived iPSCs were detached using ReLeSR (Stemcell
Technologies) and replated as single cells in Essential E8 culture medium. The following day, the culture
medium was replaced by mesoderm induction medium, and replaced every day for the following 4 days,
upon which the medium was replaced by L-Glutamine-supplemented mesencult ACF medium (Stemcell
Technologies), replaced every 48 hours. On day 10, the cells were detached using TrypLE Express
(Thermo Fisher) and reseeded at a density of 5x104 cells/cm2 on attachment substrate-coated plastic
vessels in mesencult medium. Once the cells had reached 70% confluency, they were detached and
reseeded at a density of 3x104 cells/cm2 on attachment substrate-coated plastic vessels in mesencult
medium. The cells were cultivated at 37° C in a 5% CO2 incubator.
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In vitro differentiation

Cells were differentiated along the osteoblast lineage for 3 weeks in DMEM-LG supplemented with 10
mM β-glycerophosphate, 0.2 mM ascorbic acid and 10− 8 M dexamethasone, then fixed in 10% formalin.
Cells were differentiated along the adipocyte lineage over 2 weeks in DMEM supplemented with 0.5 mM
hydrocortisone, 0.5 mM isobutyl methylxanthine and 60 mM indomethacin, then fixed and stained with
oil red O. Cells were differentiated along the chondrocyte lineage over 3 weeks in DMEM-LG
supplemented with 0.01 µg/ml TGF-β3, 0.1 µM dexamethasone, 0.17 mM ascorbic acid, 1 mM sodium
pyruvate, 0.35 mM L-proline, 1% ITSS, 50 µg/ml Linoleic Acid (all reagents from Merck), then cells were
fixed in and stained with alcian blue (2%).

Flow cytometry
The cells were detached, washed in flow buffer (PBS + 3%BSA, Merck) and centrifuged at 5000g for 2
minutes before 105 cells were resuspended in the appropriate primary antibody, i.e. CD73-PE, CD90-APC
and CD105-FITC (Biolegend) at 1:10 dilution in flow buffer and incubated for 1 hour at 4° C. The cells
were then washed again with the FACS buffer and analysed using a Becton Dickinson FACScalibur flow
cytometer (BD Biosciences) using Cell Quest Pro and FlowJo software. Negative controls were
unstained cells.

Immunofluorescence
The cells were washed in PBS, fixed in 4% paraformaldehyde (PFA, Merck) and permeabilized using
TritonX (Merck). The cells were then blocked for 30 minutes with blocking buffer (PBS supplemented
with 2% bovine serum albumin and 0.1% Tween) and incubated overnight with primary antibodies at their
optimal dilution, i.e. OCT4A (Santa Cruz), KLF4 (Stemgent), SOX2 (Abcam), NANOG (Miltenyi Biotec),
TRA-1-60 (Invitrogen), CD90 (Abcam), CD73 (BD Biosciences), CD105 (BD Biosciences), CD34 (Dako
Cytomation), CD45 (Dako Cytomation), Type I Collagen Collagen I (Biorad, Cat# 2150-001 - Mouse
monoclonal IgG anti human Collagen I used 1:50), elastin (Proteintech, Cat# 15257-1AP - affinity purified
rabbit polyclonal IgG anti human ELN used at 1:100) then washed and incubated with secondary
antibody (Alexa Flour 488 Goat anti-rabbit IgG, Alexa Flour 488 Goat anti-mouse IgG, all from Abcam
1:500) for 1 hour at room temperature. Cells were then counter-stained with 4’,6-diamidino-2-
phenylindole (DAPI) and visualized immediately. Live cell imaging was performed using TRA-1-60 Alexa
Fluor 488 conjugated kit, following the manufacturer’s instructions (Thermo Fisher Scientific). Images
were collected using a Leica DM 6000 fluorescence microscope (40x PLAN APO objective) and
transferred to Adobe Photoshop (Adobe Systems).

Growth kinetics
Growth kinetics were assessed for each cell type (iMSCs and AFSCs) in triplicates at 104 cells/cm2 in 10
cm plates in expansion growth medium. Cells were detached when sub-confluent and counted in trypan
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blue to exclude dead cells in a hemocytometer before replating in similar density. The doubling times
were calculated via this formula: DT = t/(Log2[y/m]), with DT=doubling time, t=time in culture, y=number
of cells at end of culture, m=number of cells at beginning of culture, as described previously.[7]

Gene expression analysis
Primary human AFSCs (P7) and human AF-iMSCs (P7) were seeded at a density of 5x104 cell/cm2 in 6-
well plates and cultured for up to 8 days in Mesencult AFC plus growth medium (Stemcell Technologies).
Media changes were performed every 2 days and cells were detached upon reaching 80–90%
confluency. Total RNA was extracted from either cell type using TRIzol (Thermo Fisher Scientific),
followed by RNA clean-up (RNeasy Qiagen) and cDNA synthesis using RT2 First Strand Kit (Qiagen,
Germany). Gene expression was examined by RT2 Profiler human PCR arrays (PAHS-082Z, Qiagen) and
analysed according to the manufacturer’s instructions (n = 3 per group).

Isolation and characterisation of extracellular vesicles
(iEVs)
Size exclusion chromatography (SEC) was used to isolate iEVs from the conditioned culture supernatant
of iMSCs cultivated without serum. The iMSCs culture supernatant was collected and subjected to
differential centrifugation, i.e. 300×G for 10 min, followed by 2000×g for 10 min, and 14,000×g for 30
min. The supernatant was then concentrated to 500–1000 µl using 100 KDa Amicon Ultra centrifugal
filter units (Merck) before iEVs isolation. A commercially available size exclusion chromatography (SEC)
column qEV original/70 nm (Izon Sciences) was used for the isolation of iEVs by following the standard
manufacturer protocol. In brief, the column was prewashed with 17 ml of filtered (0.2 µm Minisart
syringe filters) Dulbecco’s phosphate-buffered saline (DPBS, Merck Life Science) and 500 µl of the
concentrated sample was added to the top of the column filter. After the sample had passed down, 6 ml
of DPBS was added immediately on the top of the column filter. The first 2.5 ml were discarded and the 5
following fractions (each 500 µl) were pooled and concentrated using 100 KDa Amicon Ultra 2 ml
centrifugal filter units. The size profile and concentration of iEVs were then determined using Tuneable
Resistive Pulse Sensing (TRPS), using a 150 nm nanopore calibrated with CPC200 particles (NIST-
traceable carboxylated polystyrene, 200 nm), and PBS as electrolyte (Izon Sciences).

Transmission Electron Microscopy (TEM) of iEVs
iEV suspension was deposited on Formvar-carbon-coated 200 mesh copper grids (Agar Scientific,
Stansted, UK) and fixed using 2% paraformaldehyde (Merck Life Science, UK) with 1% glutaraldehyde
(Polysciences). The vesicles were contrasted in uranyl oxalate and embedded in a mixture of
methylcellulose (Merck) and uranyl acetate (Polysciences). Samples of iEVs were then observed using
Phillips/FEI CM 120 BioTwin TEM at 120 kV for imaging.

Cellular uptake
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iEVs were incubated with BioTracker 655 Red Cytoplasmic Membrane Dye (SCT108- Merck) for 15 min at
RT at a dilution of 1:200 before being subjected to two steps of centrifugal filtration of 20 min at 4000g
at + 4° C using a 100000kDa MWCO 0.5 ml Amicon ultra centrifugal filter (Merck) to remove any
unbound dye. Labelled iEVs were then resuspended in DMEM basal culture medium and administered to
fibroblast cells. Cells were visualised after 2 h with fluorescence microscopy using a Zeiss Axio Observer
A1 inverted microscope. Negative controls with no dye and positive controls with dye only were also
acquired.

I n vitro migration assay

5x104 human fibroblasts were seeded into each side a removable 2 well culture insert in a µ-Dish 35 mm
plate, to create a cell-free gap for migration assays (Ibidi). After removing the insert, iEVs were added to
the growth medium (DMEM supplemented with 5% EV-depleted FBS) at a concentration of 108 iEVs/ml
and the gap was monitored at 0, 24, and 48 h and until complete closure. Phase contrast images were
acquired using a Zeiss or Leica inverted microscope using a 5x objective. Gap width and cell-free area
were measured using the open-source ImageJ wound healing tool. The assay was used to assess the
effects of novel therapeutics like EVs in increasing the migration/proliferation of fibroblasts in vitro.

Quantification of pro-collagen I alpha1 (COL1A1)
Concentrations of human pro-collagen I alpha1 in cell culture supernatants were determined using
human Pro-Collagen alpha1 DuoSet ELISA (Catalog #DY6220-05, R&D Systems, USA) following the
manufacturer's protocol. Prior to assaying, samples were centrifuged at 2000xg for 10 min to remove
debris and diluted 1:10 in the recommended reagent diluent (1% BSA in PBS). Recombinant standards
and samples were loaded in duplicate onto 96-well microplates pre-coated with the capture antibody.
Following sequential incubations with the detection antibody and streptavidin-horseradish peroxidase
(HRP), colorimetric signal was developed using tetramethylbenzidine (TMB) substrate and terminated
with a sulfuric acid (0.2N) stop solution. Optical density was measured at 450nm on a microplate reader
(SpectraMax i3x, Molecular Devices, USA), with wavelength correction at or 570. Concentrations were
calculated using a four-parameter logistic (4-PL) curve-fit of the standard curve.

Statistical analysis
Statistical analysis was performed using GraphPad 7.0b. Two-way ANOVAs, followed by Bonferroni’s
multiple comparison post-hoc test, were used to obtain p values. P < 0.05 was considered significant.
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Figure 1

Characterisation of hiPSCs and directed differentiation into iMSCs. A. Phase-contrast image showing
hiPSCs growing as compact colonies with typical pluripotent stem cell morphology. Original
magnification, ×40. B. Live immunofluorescence staining showing expression of the pluripotency-
associated surface marker TRA-1-60 in hiPSCs (green). Original magnification, ×40. C.
Immunofluorescence analysis showing expression of the pluripotency-associated markers NANOG,
OCT4A, SOX2 and KLF4 in hiPSC colonies. Nuclei were counterstained with DAPI (blue). Scale bars, 100
µm. D. Schematic representation of the protocol used to differentiate hiPSCs into iMSCs, including
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expansion of hiPSC colonies, single-cell replating, mesoderm induction, culture in MesenCult ACF
medium, substrate transition and assessment of MSC marker expression at approximately day 30.

Figure 2

Characterisation of iMSCs. A. Phase-contrast image showing AF-iMSCs displaying an adherent, spindle-
shaped, fibroblast-like morphology. Original magnification, ×40. B. Growth-kinetic analysis of AF-iMSCs
cultured in expansion medium over approximately 600 h, showing population-doubling time over time.
Data are presented as mean ± SEM. C. Immunofluorescence analysis showing absence of detectable
OCT4A expression and expression of the mesenchymal-associated markers vimentin, CD73, CD90 and
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CD105 in AF-iMSCs. Nuclei were counterstained with DAPI (blue). Original magnification, ×40. D. Flow-
cytometry analysis of CD73, CD90, CD105, CD34 and CD45 expression. Red histograms represent
stained AF-iMSCs, orange histograms represent stained parental AFSCs, and blue histograms represent
unstained AF-iMSCs used as negative controls. E. Immunofluorescence analysis showing expression of
the MSC-associated markers CD105, CD90 and CD73 in AF-iMSCs. Nuclei were counterstained with DAPI
(blue), and F-actin was counterstained with phalloidin (red). Scale bars, 20 µm.

Figure 3

Comparative gene-expression profiling of AF-iMSCs and primary AFSC. Gene expression analysis of
AF-iMSCs and primary human amniotic fluid stem cells (AFSCs) was performed using the RT² Profiler
PCR Array for human mesenchymal stem cell-associated genes (PAHS-082Z). Gene-expression levels
are shown for AF-iMSCs (red bars) and AFSCs (black bars) and are expressed as 2^-ΔCt values relative
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to the housekeeping genes GAPDH, ACTB, B2M and HPRT1. The upper and lower graphs show genes
plotted on different y-axis scales to accommodate differences in expression range.

Figure 4

Comparative expression of lineage-associated genes in AF-iMSCs and primary AFSC. Gene expression
analysis of AF-iMSCs and primary human amniotic fluid stem cells (AFSCs) was performed using the RT²
Profiler PCR Array for human mesenchymal stem cell-associated genes (PAHS-082Z). Gene-expression
levels are shown for AF-iMSCs (red bars) and AFSCs (black bars) and are expressed as 2^-ΔCt values
relative to the housekeeping genes GAPDH, ACTB, B2M and HPRT1. Genes are grouped according to
their association with osteogenic, adipogenic, chondrogenic, tenogenic and myogenic lineage
programmes. Broken y-axes indicate genes with substantially higher expression levels.
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Figure 5

Trilineage differentiation potential of AF-iMSCs. A.Representative phase-contrast images of AF-iMSCs
cultured under chondrogenic, adipogenic and osteogenic induction conditions for 21, 14 and 21 days,
respectively. Original magnification, ×20. B.Lineage-specific staining confirming multilineage
differentiation potential. Chondrogenic differentiation was assessed by Alcian Blue staining of
glycosaminoglycan-rich extracellular matrix, adipogenic differentiation by Oil Red O staining of
intracellular lipid droplets, and osteogenic differentiation by Alizarin Red staining of mineralised matrix
deposition. Original magnification, ×20.
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Figure 6

Characterisation of extracellular vesicles secreted by AF-iMSCs. A. Transmission electron microscopy
(TEM) image of AF-iMSC-derived extracellular vesicles (iEVs), showing membrane-bound vesicles with a
round to cup-shaped morphology. Scale bar, 500 nm. B. Particle concentration and size distribution of
iEVs assessed by tunable resistive pulse sensing (TRPS; IZON). C.Nano-flow cytometry analysis of iEVs
positive for EV-associated tetraspanins CD9, CD63 and CD81, showing particle concentration and size
distribution for each marker-positive population. D.Representative fluorescence image showing uptake
of BioTracker 655 red-labelled iEVs by human fibroblasts. Nuclei were counterstained with DAPI (blue).
Original magnification, ×40.
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Figure 7

AF-iMSC-derived iEVs promote human fibroblast migration in vitro. A. Representative phase-contrast
images of human fibroblast cultures immediately after generation of a cell-free gap using an ibidi culture
insert (0 h), and after 24, 48, 72 and 96 h in the absence (control) or presence of AF-iMSC-derived iEVs
(108 iEVs/ml). Original magnification, ×5. B. Quantification of the remaining cell-free area over time using
Fiji/ImageJ. The WHPlugin measures the fraction of the total area covered by wound (Percent wound
area). Data are presented as mean ± SD, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 8

Potential of iEVs to stimulate human fibroblast migration in vitro. A. Representative
immunofluorescence images of human fibroblasts cultured for 24 h under control conditions, in the
presence of the TGF-β receptor inhibitor SB431542 (SB), or in the presence of SB431542 with AF-iMSC-
derived iEVs. Type I collagen and elastin are shown in green, and nuclei were counterstained with DAPI
(blue). Original magnification: ×40. B. ELISA quantification of type I collagen in fibroblast culture
supernatants under control, SB-treated and SB + iEV-treated conditions. Data are presented as individual
values with mean, n = 3. **P < 0.01; ns, not significant.

Page 25/25


