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a b s t r a c t

The amniotic fluid is a new source of multipotent stem cells with a therapeutic potential for human
diseases. Cultured at low cell density, human amniotic fluid stem cells (hAFSCs) were still able to
generate colony-forming unit-fibroblast (CFU-F) after 60 doublings, thus confirming their staminal
nature. Moreover, after extensive in vitro cell expansion hAFSCs maintained a stable karyotype. The
expression of genes, such as SSEA-4, SOX2 and OCT3/4 was confirmed at early and later culture stage.
Also, hAFSCs showed bright expression of mesenchymal lineage markers and immunoregulatory prop-
erties. hAFSCs, seeded onto hydroxyapatite scaffolds and subcutaneously implanted in nude mice, played
a pivotal role in mounting a response resulting in the recruitment of host’s progenitor cells forming
tissues of mesodermal origin such as fat, muscle, fibrous tissue and immature bone. Implanted hAFSCs
migrated from the scaffold to the skin overlying implant site but not to other organs. Given their in vivo:
(i) recruitment of host progenitor cells, (ii) homing towards injured sites and (iii) multipotentiality in
tissue repair, hAFSCs are a very appealing reserve of stem cells potentially useful for clinical application in
regenerative medicine.

! 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Humanmesenchymal stemcells (hMSCs) constitute apopulation
of multipotent adherent cells able to give rise to multiple mesen-
chymal lineages such as osteoblasts, adipocytes, or chondrocytes [1].
So far, themost commonsourceof hMSCshas been thebonemarrow
(BM), however BM-MSCs harvesting and processing exhibit major
drawbacks and limitations, thus the identification and character-
ization of alternative sources of hMSCs are of great relevance. MSC
can be found in adult tissues or in fetal tissues like umbilical cord
blood, amniotic membrane and amniotic fluid (AF) [2,3]. Human
amniotic fluid stem cells (hAFSCs) are a promising cell source that is
abundantly available and contain pluripotent stem cells able to
differentiate in different lineages [2,4]. The recent isolation of fetal
stem cells from several sources either at early stage of development
or during the later trimester of gestation, provides strong support to

the notion that fetal stem cells, including hAFSCs, may be biologi-
cally closer to embryonic stem cells. Human AFSCs may represent
intermediates between embryonic stem cells and adult hMSCs, at
least regarding proliferation rate and plasticity features [4]. These
characteristics confer an advantage over postnatal MSCs derived
from adult bone marrow [5]. Fetal stem cells are particularly app-
ealing for clinical applications; these cells are readily isolated from
tissues normally discarded at birth, avoiding ethical concerns that
plague the isolation of embryonic stem cells [6]. These cells harbor
a high proliferative capacity and the potential to differentiate into
cells of all three embryonic germ layers [7]. The fact that hAFSCs are
not teratogenic anddonot raise the ethical concerns associatedwith
human embryonic stem cells, make them an optimal tool to study
and use in regenerative medicine and human genetic diseases.

Amniotic fluid has been used to screen fetal genetic and
congenital diseases for many years [8]. The volume and composi-
tion of AF change during the pregnancy; contact between AF and
compartments of the developing fetus explain the presence of
different cell types [5]. The population of cells in AF is heteroge-
neous; the cells, mostly of epithelial nature, derive either from the
developing fetus or from the inner surface of amniotic membrane
[5]. It has been shown that these cells can be considered as
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multipotent stem cells as they express several stem cell-specific
markers such as Oct-4, Nanog and SSEA-4 but not SSEA1 and 3 [7,9].
Moreover, hAFSCs exhibit typical mesenchymal markers and they
are negative for hematopoietic markers [2,4]. The presence of these
markers despite to the pluripotent gene expression demonstrates
that AF derived progenitor cells are not so primitive as embryonic
stem cells, rather they maintain a potential of adult stem cells.

In the last years, different groups studied and used hAFSC for
several tissue-engineering applications [10]. In the present study,
we describe the in vitro isolation and characterization of hAFSC
from second-trimester of AF samples and we report the stability in
morphology, karyotype, clonogenicity, pluripotency and mesen-
chymal markers profile and immunomodulatory properties of the
cells at early and late stage of cell culture. In vivo studies revealed
that isolated hAFSCs, seeded into hydroxyapatite (HA) scaffolds and
subcutaneously implanted in nudemice, left the scaffold by the first
week. The explanted constructs were populated of murine cells
able to generate different types of mesenchymal-derived tissues, as
recently described with murine MSC [11,12].

2. Materials and methods

2.1. Cell culture and AFSC growth kinetics determination

Amniotic fluid was obtained by amniocentesis performed between 15 and 17
weeks of gestation for fetal karyotyping from the clinical cytogenetic laboratory
(Ospedale Galliera, Genoa). All samples (20 different amniocentesis donors) were
collected after obtaining written informed consent. Amniotic fluid cells were iso-
lated by centrifugation of amniotic fluid; cell pellets were resuspended in the
expansion medium a"MEM (Gibco-Invitrogen, MI, Italy), 20% of Chang Medium
(Chang B þ Chang C, Irvine Scientific, CA), 15% of fetal bovine serum (FBS) (Gibco-
Invitrogen, MI, Italy), 1% of penicillin/streptomycin (Euroclone, MI, Italy) and
L-glutamine (Euroclone, MI, Italy). After 5e6 days, non-adherent cells and debris
were discarded and adherent cell cultivated until 70% confluence. Adherent cells
were detached from the plastic plate using a trypsin-EDTA solution (Sigma, MI, Italy)
for 5 min at 37 #C and re-plated; culture medium was changed 3 times a week. At
each culture passage the cells were detached pooled, counted, and re-plated. The
cumulative cell doublings of each cell populations were plotted against time in
culture to determine the growth kinetics of hAFSCs.

To evaluate CFU frequency, 100 ml of the original amniotic fluid suspension were
plated in 100mmplastic petri dishes. Thefirstmedium changewasmade after 5 days
and then twice a week. After 2 weeks of culture, cells were washed with PBS pH 7.2,
fixedwith 3.7% formaldehyde in PBS, stainedwith 1%methylene blue in borate buffer
(10 nM, pH 8,8) for 30min, washed with distilled water, and the colonies counted. All
determinations were performed in duplicate on three different primary cultures.

During the expansion of hAFSCs in standard conditions, the cell plating density
was 4000 cells/cm2 [13]. In some experiments, to test the influence of a different cell
plating density on cell growth and maintenance of a clonogenic potential, cells were
plated also at clonogenic density (10 cells/cm2) and passaged the culture every 2
weeks. CFU analysis and cell counting was performed every 2 weeks on three
different primary cultures.

2.2. Gene expression analysis of hAFSCs

Total RNA was extracted from hAFSC using Trizol reagent according to the
manufacture’s instructions (Invitrogen, CA, USA). Reverse transcription reactions
were performed in a 20 ml volume with 2 mg of total RNA (Superscript first-strand
synthesis system, Invitrogen, CA, USA). Semiquantitative RT-PCR was performed
using the primers reported in Table 1.

2.3. Karyotype analysis of hAFSCs

The hAFSCs culture was performed at 25% confluence in SlideFlask (NUNC). The
cells were then incubated in Ham’s F10 (Celbio) with 0.1mg/ml colcemid (Sigma) for
3h. Themediumwas removed and hypotonic solution (0.075MKcl, 0.017MNa-citrate)
added. Cells were fixed with ethanol:methanol:acetic acid (1:2:1) and dried at 25 #C
and 45% humidity. Metaphase spreads were analyzed after staining with quinacrine
(Sigma) for karyotyping. Analysis was performed on three different primary cultures
counting 50 metaphases for each sample [14].

2.4. Monoclonal antibodies (mAbs) and reagents

The murine anti-human anti-CD45 mAbs (TA218/12, IgM), the anti-CD31 mAb
(89D3, Ig2a), the anti-CD16 mAbs (NK1, IgG1), the anti-CD18 mAb (70H12, IgG2a),
the anti-CD54 mAb (ICAM1, clone SM89, IgM), the anti-CD44 mAbs (T61/12, IgG1)

were obtained in our laboratory as described [15]. The anti-CD3 mAb (UCHT-1, IgG1)
was from Ancell (Bayport, MN55003, USA). The anti-HLA class-I W6/32 (IgG2a), the
anti-SH2 (CD105, IgG1), the anti-SH3 (CD73, IgG2b), the anti-SH4 (IgG1), the anti-
CD34 (clone IgG1) the anti-CD11a (LFA1a, TS1.22, IgG1), the anti-CD18 (LFA1b,
TS1.18, IgG1) and the anti-CD40 producing hybridomas were purchased from the
American Type Culture Collection (ATCC, Manassas, VA). Anti-HLA-ABC mAb (clone
3A3, IgM) and anti-CD14 mAb (63D3, IgG1) were kindly provided by E. Ciccone
(Institute of Anatomy, University of Genoa) and D. Vercelli (Scientific Institute San
Raffaele, Milan) respectively. The anti-b1integrin (CD29) mAb (3E1, IgG1) was a kind
gift of Dr L. Zardi (IST-Genoa). The anti-ICAM2 and anti-ICAM3 mAbs were from
BenderMedSystem (CA 94010, USA). The anti-prolyl-4-hydroxylasemAb (clone 5B5,
IgG1) was purchased from Dako (Glostrup, Denmark). The anti-human CD146 (clone
P1H12, IgG1), and the anti-CD56 (clone Leu19, IgG1) were from BD PharMingen, the
anti-CD90 (clone Thy-1A1, IgG2a) was from R and D System Inc. (Minneapolis, USA),
the anti-CD80 (clone P1.H5.A1.A1, IgG1), the anti-CD86 (clone BU63, IgG1) and the
anti-HLA-DR (clone TDR 31.1, IgG1) mAbs were from Ancell Corp. (Bayport, MN,
USA). The anti-murine (m) mAbs were APC conjugated-CD31 (clone 390 from
Ebioscience, San Diego, CA, USA), FITC-conjugated-CD14 (clone rmC5-3, BD Phar-
Mingen), PE-conjugated-CD146 (clone P1H12, from Santa Cruz, Biotechnology,
Heildelberg, Germany), mCD90 (clones 30-H12), mCD106 (clone 429), mCD45 (clone
104) (PE-conjugated were from BD PharMingen (San Diego, CA, USA). Phytohe-
magglutinin (PHA) and Staphylococcal enterotoxin B (SEB) were from Sigma
Chemicals Co. (St. Louis, MO, USA) and used at 1 mg/ml as the optimal concentration
to induce proliferation of T cells. Complete medium for culture of peripheral blood
mononuclear cells (PBMC) was composed of RPMI1640 (Biochrom, Berlin, Germany)
with 10% of fetal calf serum (FCS, Biochrom, Berlin, Germany) supplementedwith 1%
antibiotics (penicillin and streptomycin) and 1% L-glutamine (Biochrom, Berlin,
Germany).

2.5. Immunofluorescence and cytofluorimetric analysis

Immunofluorescence on cultured hAFSCs either at an early stage (20 db, 25 days)
or at a late stage (60 db, 120 days) or on PBMC was performed with the above
described mAbs followed by the addition of anti-isotype specific goat anti-mouse
(GAM) antisera (Southern Biotechnology, CA, USA) conjugated with phycoerythrin
(PE), or fluorescein isothyocianate (FITC) or AlexaFluor647 (Invitrogen) as indicated.
Control samples were stained with isotype-matched irrelevant mAb (Becton Dick-
inson) followed by anti-isotype specific GAM-PE or GAM-FITC or GAM-Alexa-
Fluor647. Samples were run on Cyan ADP cytofluorimeter (Beckman-Coulter, Brea
CA, USA). Data were analyzed using the Summit 4.3.1 computer program and are
expressed as Log fluorescence intensity vs. number of cells or as mean fluorescence
intensity (MFI) expressed in arbitrary units (a.u.) [16].

2.6. hAFSCs-PBMCs co-culture experiments

PBMC were separated from blood samples of healthy donors as described [16].
hAFSCs were co-cultured with 105 PBMC at different AFSC:PBMC ratios (1:2, 1:4, 1:8,
1:16 and 1:32) in medium alone or in the presence of anti-CD3mAb (JT3A. IgG2a),
PHA (1 mg/ml) or SEB (1 mg/ml) in U-bottomed microplates in 200 ml and prolifer-
ationwas evaluated at 3, 5 and 7 days of culture. Cell proliferationwas assessed after
labeling PBMC with carboxy fluorescein succiminidyl ester (CFSE, Invitrogen s.r.l.
Molecular Probes, Carlsbad, CA) according to manufacturer’s instructions. Prolifer-
ation was assessed by cytofluorimetric evaluation of progressive loss of CFSE with
increasing culture passages proportional to cell division, on gated T cells labeled
with anti-CD3 mAb (UCHT-1, IgG1) [16,17]. In preliminary experiments, this assay
gave comparable results to assays based on uptake of radiolabelled thymidine. In
some experiments, 10 ng/ml of recombinant IL2 (Invitrogen) was added on day 5 to
determine at day 7 the responsiveness of lymphocytes to this cytokine. To determine
the role of hAFSC-PBMC contact in regulating T cell proliferation, in some

Table 1
RT-PCR primers.

OCT-4 245 bp (TA 55 #C)
F 50-CGTGAAGCTGGAGAAGGAGAAGCTG-30

R 50-CAAGGGCCGCAGCTCACACATGTTC-30

SCF 275 bp (TA 55 #C)
F 5’-CCATTGATGCCTTCAAGGAC-30

R 5’-CTTCCAGTATAAGGCTCCAA-30

Rex-1 298 bp (TA 64 #C)
F 5’-GCTGACCACCAGCACACTAGGC-30

R 5’- TTTCTGGTGTCTTGTCTTTGCCCG-30

Nanog 163bp (TA 61 #C)
F 5’-GCTGAGATGCCTCACACGGAG-30

R 5’-TCTGTTTCTTGACTGGGACCTTGTC-30

GAPDH 451bp (TA 59 #C)
F 50-ACCACAGTCCATGCCATCAC-30

R 5’-TCCACCACCCTGTTGCTGTA-30
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experiments, PBMC were seeded on Millicell transwell (TW) with 0.3 mm pores
(Millipore Corporation, Billerica, MA) put in 24w plates with hAFSCs seeded on the
bottom to avoid hAFSC-PBMC contact.

2.7. In vivo analysis of cell recruitment

Cell recruitment in in vivo implants was assayed according to a protocol
previously optimized in our laboratory [18]. Briefly, 2.5$106 hAFSCs were loaded on
a 100% hydroxypatite (HA) 4$4$4 mm support (EngiPore-EP, FinCeramica, Faenza,
Italy) and the constructs were implanted subcutaneously on the back of twelve nude
CD-1 nu/nu mice (Charles River- Calco, LC, Italy). Animals were sacrificed 1, 2, 4 and
8 weeks after implantation, and the grafts removed and processed for histological
analysis to investigate and analyze tissue formation. The scaffolds were harvested,
washed in HBSS/30mMHEPES (Euroclone, MI, Italy) plus penicillin and streptomycin
and digested twice with 100 U/ml type I and II collagenase (Biochrom, AG Berlin,
Germany) plus 2.5% Trypsin (Gibco, MI, Italy) for 40min at 37 #C [19]. At least 8$ 105

cells obtained from the digestions were analyzed by citofluorimeter using mAb
against mousemCD90, mCD106, mCD45, mCD31, mCD14 andmCD146 in addition to
the mAb against the human antigens above reported. For each time point we
implanted threemice with four scaffolds, two scaffolds were loaded with hAFCS and
two control scaffolds were empty.

The care and the use of the animals were in compliance with the laws of the
Italian Ministry of Health and the guidelines of the European Community.

2.8. In vivo cell tracing of hAFSCs

Cells were trypsinized, suspended (106/ml) in serum freemedium and incubated
with 10 mM CM-Dil (Invitrogen, Molecular Probes, MI, Italy), for 10min at 37 #C plus
15min at 4 #C. After three washes in PBS, 2.5 $ 106 labeled cells were loaded into
each scaffold. Constructs were subcutaneously implanted in nude mice for 1 week.
Explanted constructs were digested as reported above, cells were harvested and
analyzed at flow cytofluorimeter for CM-Dil fluorescence and for the presence of
HLA-ABC mAB, followed by GAM- AlexaFluor647.

Cell suspensions were prepared from the skin overlying the implant
(1 cm $ 0.5 cm flap) [20] and from kidney [21], liver [22] and spleen [23], using
enzymatic digestion. CM-Dil fluorescence intensity of recovered cells was analyzed
at Cyan ADP (Beckman-Coulter, Hyalea, USA). Cells isolated from organs of not
implanted nude mice were used as negative control. The presence of hAFSCs in
derma was also demonstrated by CM-Dil fluorescence observed on histological
sections.

2.9. Histological analysis

Formalin-fixed HA scaffolds were processed as reported [11]. Briefly, samples
were decalcified with Osteodec (Bio-Optica, Milano, Italy) and embedded in paraffin
using standard histological procedure. Four-micrometer serial sections were cut;
sections were stained with hematoxylin and eosin (H&E) to reveal tissue formation.
The histology sections were analyzed using a brightfield light microscope (Axiovert
10, Zeiss, Germany) equipped with a digital camera (Olympus DP10, Olympus
Optical, Japan). Images were acquired at 100$, 200$ and 400$ magnifications.

2.10. Statistical analysis

The datawere analyzed by two-tailed t-tests. A p-value% 0.05 was considered to
be statistically significant.

3. Results

3.1. Isolation and expansion of hAFSCs

The morphology of the total adherent population of cells
isolated from 20 samples of human amniotic fluid was monitored
during the culture. In the initial culture dishes (passage 0 of the
primary culture) this population displayed a heterogeneous

Fig. 1. Phenotypic characterization of hAFSCs in culture: (A) Cell morphology: fibroblast-like cells (upper panel), epithelial-like cells (middle panel) at 7 days of culture; homo-
geneous spindle cells at 100 days of culture (lower panel). (B) The growth curves of low density (10cells/cm2) plated hAFSCs, (black line) compared to high density (4000 cells/cm2)
plated hAFSCs (grey line). (C) Karyotype analysis at 20 db and at 45 db. D) hAFSCs clonogenic potential: (CFU assay) and (E) cellular morphology of the colonies obtained. All the
results are representative of three independent experiments.
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morphology and two main types of cells were observed; epithelial-
like and fibroblastic-like. After one passage all hAFSCs in the culture
dishes presented a fibroblast-like morphology (Fig. 1A).

We obtained a median of 3 CFU/ml of amniotic fluid, confirming
the low number of mesenchymal progenitors present in the amni-
otic fluid that can be effectively expanded in culture. Nevertheless,
these few MSC cells were sufficient to obtain extremely high
numbers of “in vitro expanded” hAFSCs. After the first passage, cells
were re-plated both under clonogenic conditions (10 cells/cm2) and
split every 2 weeks, and at high density (4000 cells/cm2). In both
culture conditions, we never allowed the cells to reach confluence.
During the first 40 days of culture the cell doubling time was
between 24 and 36 h in all culture conditions with a tendency to
ahigher proliferation ratenot statistically significantobserved in the
high density passaged cultures during the first two weeks. During
the thirdmonth of culture, in the same high density cultures the cell
doubling time dramatically decreased while in the cultures pas-
saged at clonal density remained essentially unchanged (Fig. 1B).
Despite to the high proliferative capacity of hAFSCs, we did not
observe any karyotypic abnormality; indeed, hAFSCs analyzed at 0,
20 db (25dayculture) and45db (86dayculture), displayed anormal
karyotype (Fig. 1C). In the clonal density passaged cultures, hAFSCs
gradually lost their ability to generate new colonies and the size of
the colonies progressively decreased with the increase of the cell
doublings (Fig. 1D). Only after 60 db we start to observe some flat-
tened senescent cells (Fig. 1E) [24].

3.2. Phenotype of hAFSCs

Human AFSCs were further analyzed for the expression of
a series of stem cell-specific or “stemness” marker. RT-PCR analysis
showed that hAFSC cells at 20 db and 45 db consistently expressed

Oct-4, Nanog, Rex-1 and SCF genes (Fig. 2A). Characterization by
flow cytometry of early 20 db (25 days) and late population 60 db
(120 days) of hAFSCs confirmed the expression of “genes”, such as
SSEA-4, SOX2 and Oct3/4 (Fig. 2B). Moreover, the cells showed
bright expression of CD146, CD56, CD73, CD105, CD44, CD90, CD29
and HLA-ABC. These markers were expressed at 20 db in culture
and were maintained, except CD73 that was enhanced at late stage,
while the neuroectodermal crest marker CD56 was lost along
culture. Moreover, hAFSCs did not express the hematopoietic
lineage-specific markers CD45, nor co-stimulatory molecules like
CD80 and CD86 and HLA-DR (Fig. 2C) or molecules involved in cell-
to cell interactions as ICAM2 and ICAM3 (not shown). However,
they expressed at low levels molecules relevant for interactionwith
leukocytes as CD54 (ICAM1) (25e45%, n ¼ 5) and CD40 (70e85%,
n ¼ 5) antigens [17]. It is of note that the percentage of cells
expressing these antigens was strongly reduced in culture. Indeed,
after 60 db only a small fraction of hAFSCs expressed CD40 (10e20%
on 60 db vs, 50e85% after 20 db, n ¼ 5) or CD54 (20e25% on 60 db
vs 25e45% after 20 db n ¼ 5).

3.3. hAFSCs inhibit T-cell proliferation

We analyzed whether hAFSCs can inhibit T cell proliferation as
reported for MSC isolated from bone marrow. To this aim, periph-
eral blood lymphocytes were stimulated with PHA or anti-CD3mAb
(polyclonal stimuli for T cells) or SEB (olygoclonal stimulus for
T cells) and co-cultured with hAFSC in the presence of grading
amount of hAFSCs. A representative experiment out of 8 performed
is shown in Fig. 3A. Interestingly, we found that hAFSCs strongly
reduced T cell proliferation triggered through the polyclonal stim-
ulus PHA (Fig. 3A). Indeed, about 80% of T cells (range 60e85%,
n ¼ 8) were proliferating on day 4 of culture upon stimulationwith

Fig. 2. Cytofluorimetric analysis of phenotype of hAFSCs. (A) RT-PCR expression of Oct-4, Res1, Nanog, and Scf at 20 and at 45 db. (B) Intra-cytoplasmic expression of the indicated
transcription factors in hAFSCs after 20 db (upper subpanels) or 60 db (lower subpanels). In each subpanel, cells stained with an unrelated mAb matched for isoptype (grey
histogram) or with mAbs to the indicated molecules (black histograms), the mean fluorescence intensity (MFI) and the percentage of positive cells are shown as well. (C) Surface
expression of the indicated molecules. Human AFSCs were stained with mAbs to different markers (black histograms). In each subpanel, it is shown (grey histogram) the isotype
matched mAb used as control. The percentage of positive cells beyond unstained cells (black bar) and MFI are indicated. Results are expressed as Log fluorescence intensity arbitrary
units (a.u.) vs number of cells and are representative of five independent experiments.
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PHAwhereas in co-culture with hAFSCs at 20 db a strong inhibition
of T cell proliferationwas detected (from 80% to 15% of proliferating
T cells). It is note that the inhibition of T cell proliferation was dose
dependent reaching a maximum when PBMC were co-cultured
with hAFSCs at 2:1 ratio (about 15% of proliferating T cells on day 4,
range 10e35%, n ¼ 8). At PBMC:hAFSCs ratio of 8:1 T cell prolifer-
ationwas 45% (range 40e60%, n ¼ 8) of that observed in absence of
hAFSCs (Fig. 3A) and responsiveness of T cells to PHA was
completely restored at 32:1 PBMC:AFSCs ratio (not shown).
Furthermore, it appeared that hAFSCs maintained this immuno-
suppressive effect throughout all their in vitro expansion up to at
least 60 db (Fig. 3A, compare upper with lower dot plots). On day 5,
also T cell proliferation to anti-CD3mAb or SEB was strongly
reduced by the co-culturewith hAFSCs (Tcell proliferation of 55% vs
15% to anti-CD3mAb or 35% vs 17% to SEB) (Fig. 3B). The addition of
exogenous IL2 on day 5 further increased T cell proliferation,
assessed on day 7, either when PBMC was cultured alone or with
hAFSCs (Fig. 3B). However, T cells in the presence of hAFSCs
proliferated at a very lower extent compared to T cells cultured
without hAFSCs (Fig. 3B, compare results reported on day 7). In

parallel experiments, we analyzed whether hAFSCs could exert any
inhibition on T cell proliferation when PBMC were separated from
hAFSCs by a transwell (TW) (Fig. 3C). In this culture system, hAFSCs
were less effective in inhibiting T cell proliferation (that decreased
from 100 to 65% for CD3-mediated stimulation at PBMC:hAFSC
ratio of 2:1, range 50e75%, n ¼ 8) compared to PBMC-hAFSCs
cultured in contact (from 100 to 15% at PBMC-hAFSCs ratio of 2:1,
range 10e25% n ¼ 8) (Fig. 3C). Again, it appeared that hAFSCs
maintained this level of immunosuppressive effect throughout all
their in vitro expansion up to at least 60 db (Fig. 3C).

3.4. In vivo tracing of hAFSCs

We labeled hAFSCs with CM-Dil to follow their fate in vivo.
Indeed, CM-Dil labeled hAFSCs (Fig. 4A) were seeded into scaffolds
and the constructs implanted in nude mice. After 1week mice were
sacrificed, and cell suspensions were obtained by enzymatic diges-
tion from the scaffold and from different organs including skin,
spleen, liver and kidney. Recovered cells were run on a cyto-
fluorimeter to detect red fluorescence of CM-Dilþ-hAFSCs. Cell

Fig. 3. Human AFSCs inhibit T cell proliferation. (A) Peripheral blood mononuclear cells (PBMC) labeled with CFSE were cultured on hAFSC at 20 doubling time (db) (upper
quadrants) or at 60 db (lower quadrants) at different PBMC:hAFSCs ratios (8:1, 4:1 and 2:1) and stimulated with PHA (1 mg/ml). Proliferation was assessed as decrement of CFSE cell
staining in CD3þ T cells. Each quadrant was subdivided in four regions (lower left: CD3 negative proliferating cells; lower right: CD3 negative non proliferating cells; upper left:
proliferating CD3þ cells; upper right: non proliferating CD3þ cells). The first upper quadrant on the left indicates basal proliferation of PBMC without PHA in the absence of hAFSCs
while the lower first quadrant the proliferation of PBMC alone in the presence of PHA. In each quadrant the percentage of proliferating T cells is shown. Data are expressed as Log
green fluorescence intensity vs Log red fluorescence intensity arbitrary units (a.u.) and are representative of 8 independent experiments with similar results. (B) Kinetics of
proliferation of CD3þ T cells stimulated with PHA (left) or anti-CD3 mAb (middle) or SEB (right), alone (rombs) or with hAFSCs at 20 db (triangles) or with hAFSCs at 60 db (squares)
at the PBMC:hAFSCs ratio of 2:1. On day 5, 10 ng/ml of IL2 was added and proliferation of T cells analyzed on day 7. T cell proliferationwas assessed as in (A). Results are shown as the
mean ' SD of 8 independent experiments. (C) PBMC alone (grey bar) was stimulated with anti-CD3 mAb or with hAFSCs in contact or separated by a transwell (TW) at different
PBMC:hAFSCs ratios as indicated and proliferationwas evaluated on day 3. hAFSCs at 20 db (black bars) or at 60 db (white bars) were used for comparison. Data are expressed as % of
T cell proliferation normalized to proliferation of PBMC in the absence of hAFSCs. Proliferation was assessed as in panel A. *p < 0.05 by student t test analysis on 8 independent
experiments.
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suspensions isolated from skin, kidney, liver and spleen of not
implanted nude mice were used as negative control. We found that
at 1 week from implantation 5e10% of hAFSCs were retrieved in the
scaffold (Fig. 4AeB), whereas high percentages of CM-Dilþ cells
(about 40%) were recovered from the skin overlaying the implant
site (Fig. 4C). We did not find hAFSCs in the spleen, kidney and liver
(Fig. 4C). Analysis of the recovered skin showed that hAFSC (CM-Dil
positive cells) were present in the derma over scaffold loaded with
the hAFSC, while no fluorescence signal was detected in the derma
over empty scaffold (Fig. 4D).

3.5. Characterization of cells and tissue formation within
AFSC-constructs

To determine the fate of the implanted hAFSCs and the type,
nature and origin of the tissues neo-formed within the scaffold
pores, we implanted hAFSC-constructs in nude mice and we

determined by cytofluorimeter the human or murine origin of cells
present into scaffold at different time intervals. Further, the tissue
formed within the scaffold pores was analyzed by histology.

Constructs were harvested at 1, 2 and 4 weeks after implanta-
tion, and enzymatic digested to obtain single cell suspensions. After
1 week, only 5e10% of the recovered cells expressed HLA-ABC
(Fig. 4B). At 2 weeks from implantation, all cells recovered were
HLA-ABC negative and they did not react with antibodies to human
mesenchymal markers including CD73, CD90, CD105 and CD146
(Fig. 5A). On the other hand, these cells were positive for some
murine antigens as CD90, CD106 (Fig. 5B). Analysis of cells
harvested after 4 weeks from implantation, confirmed the absence
of human cells, and importantly, recovered cells were positive for
mCD90 and mCD106 surface markers (Fig. 5C).

Recovered cell suspension harvested from scaffold, were
further cultured in vitro. We obtained in 4e7 days a quite
homogeneous cell population of cells strongly expressing mCD90

Fig. 4. “in vivo” tracing of hAFSCs: (A) (left panel) CM-Dil labelled hAFSCs before implantation: black histogram is meant for the red fluorescence of labeled hAFSCs respect to
unlabeled cells (grey histogram). (A) (right panel) presence of CM-Dilþ hAFSCs in cells extracted from the scaffold: black histogram shows cells extracted from hAFSCs loaded
biomaterials, grey histogram is for cells extracted from empty biomaterials. (B) The presence of residual hAFSCs is investigated by the retrieval of HLA-ABC antigen in extracted cells
at 1 week; black histogram shows HLA-ABC positive cells, grey histogram is the isotype control. (C) hAFSCs (CM-Dil positive cells) in the skin adjacent to the implant site, in spleen,
kidney and liver. The percentage of positive cells beyond unstained cells (black bar) is indicated; black histograms show the digested organs of implanted mice, grey histograms
show organs of not implanted mice. (D) H&E histology staining and red fluorescence of CM-Dilþ hAFSCs retrieved in derma. Bar: 200 mm. Analyses of four independent experiments.
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(Fig. 5D). It is of note that mCD106þ cells were still present in this
culture.

When we compared the recruitment of host cells in empty and
hAFSC-seeded scaffolds at different implantation times, we

observed that the expression of murine CD14 and CD31 decreased
in both types of constructs, but in the scaffolds seeded with hAFSCs
there was a significantly higher recruitment of CD14þ (Fig. 6A) and
CD31þ (Fig. 6B) cells of host murine origin. On the other hand the

Fig. 5. Phenotype of cells harvested from implanted scaffolds. Ex-vivo constructs were collected at 2 weeks (A and B) and 4 weeks (C) and digested; cells were harvested and
analyzed at cytofluorimeter for some human and mouse mesenchymal markers. Cells were stained with mAbs to the indicated human (h) or murine (m) antigens (black line); in
each histogram, it is shown the isotype matched negative control (grey line). (D) Cells recovered from the 4 weeks scaffold were in vitro cultured for additional 7 days and analyzed
for the expression of the indicated surface markers. The percentage of positive cells (gated by black bar in each histogram) and the MFI of these cells are shown. Results are
expressed as Log fluorescence intensity in arbitrary units (a.u.) vs number of cells and are representative of three independent experiments.

Fig. 6. Recruitment comparison between empty and hAFSC-seeded scaffolds through time. Cells harvested from 1, 2 and 4 weeks explanted scaffolds, were analyzed by cyto-
fluorimeter for murine CD14 (A), CD31 (B), CD45 (C) and CD146 (D) antigens. Results are expressed as percentage of positive cells and are representative of three independent
experiments.
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percentage of CD45þ cells retrieved in hAFSC-seeded scaffolds
increased with time, remaining low in the empty scaffolds (Fig. 6C).
The number of CD146þ cells, present in hAFSC-seeded scaffolds,
reached the 30% at 4 weeks, while remained stable at 8e12% in the
empty scaffolds (Fig. 6D).

Finally, we analyzed at the different times the nature of tissues
present within the pores of the hAFSCs seeded scaffolds after
implantation invivo.An initial (at 1week) inflammatory reactionwas
clearly detectable in these scaffold constructs (Fig. 7A). Subsequently
the formationofvessels and tissueswasobserved (Fig. 7C).While, the
empty implanted control scaffold was poorly populated by cells and
no organized tissues were evident (Fig. 7B). After 8 weeks, in the
same scaffolds we observed a variety of different tissues of meso-
dermal origin: stroma (Fig. 7D), adipose tissue (Fig. 7E), muscle
(Fig. 7FeG) and a tissue similar to immature bone (Fig. 7H).

4. Discussion

Recent findings point to amniotic fluid as a possible new source
of multipotent stem cells [4]. Multipotent stem cells can be found in
adult tissues or in fetal tissues such as the umbilical cord blood,
amniotic membrane, or amniotic fluid [5]. Human AFSCs have
intermediate properties between embryonic and adult MSC, which
make them particularly attractive for regenerative medicine com-
pared to other multipotent stem cell counterpart and gives them
apparent advantages for accessibility, renewal capacity and multi-
potentiality and no ethical issues.

In this study, we have described the isolation and the extensive
expansion of fetal mesenchymal stem cells from amniotic fluid.
Human AFSCs maintained, at least up to 45 db, morphology,
karyotype, stem cell gene transcription andMSCmarker expression.
In spite of the several works reporting an aneuploid karyotype in
human and mouse MSC cultures after several in vitro passages
[25,26], we observed a stability of the chromosomal asset even at
late culture stages. Moreover, at late culture stages, the stem cell
genes were still expressed as shown by RT-PCR and flow cytometry
analysis.

As previously reported for hMSC, cell density is critical during in
vitro expansion of hAFSCs. Passaging of the cells at low cell density
strongly increased hAFSCs expandability through the maintenance

of their original morphology, given another proof of the staminal
potential of these cells [24,27]. By re-plating the cells at low
density, few milliliters of amniotic fluid can readily produce more
than 100 million of cells to be potentially used for different clinical
applications. Only after 60 db, we observed a drastic decrease of
colony formation and some flattened senescent cells.

The cytofluorimetric analysis of the cultured cells showed that
hematopoietic markers were not expressed. Mesenchymal markers
were detected at early stage andmaintained throughout the culture,
with the exception of CD73, ecto-5-nucleotidase, whose expression
was enhanced after 60 doublings. It has been described that the
coordinate regulation of CD73 and its receptor may modulate the
proliferation and CFU formation ofmurineMSC cells [28].Moreover,
it has been demonstrated that the adenosine generated by the CD73
activity plays an important tissue-protective role by attenuating
inflammatory and apoptotic processes [28,29]. Thus, we could
speculate that at late passage hAFSCs up regulate the CD73 in order
to increase the production of adenosine. On the contrary, CD56 was
lost at latepassagehAFSCs cultures. AsMariotti et al. observed, CD56
was consistently expressed on a cell subset of humanplacentaMSCs
and not in bone marrow MSCs [30,31]. The expression of CD56 by
neuroepithelial and sketelal muscle cell lineage and the presence of
this marker at early stage of hAFSCs culture could suggest a possible
application of this source of cells in neuro and muscular differenti-
ation protocols [32].

We also investigated the immunological properties of hAFSCs.
These cells displayed immunosuppressive effects on T cell prolifera-
tion initiated through the engagementof CD3-Tcell receptor complex
or triggered bymitogen as PHA or bacterial toxins. This suggests that
hAFSCsmaydownregulate bothantigendependent and independent
stimulation of lymphocytes [33,34]. The lack of expression ofHLA-DR
and co-stimulatory molecules as CD80 and CD86 would suggest that
hAFSCs are not able to stimulate allo-reaction and thus they could be
good candidates for transplantation protocols. On the other hand,
hAFSCs expressed detectable amounts of CD40 antigen. CD40 may
interact with CD40 ligand expressed by lymphocytes leading to their
activation as it happens during interaction between CD40þ dendritic
cells and CD40 ligandþ T cells [35,36]. It should be noted that the
expression of CD40 on hAFSCs was strongly reduced after 60 db,
suggesting that long-term culture of hAFSCs would be more suitable

Fig. 7. Histology of explanted constructs. H&E analysis of hAFSC-constructs at 1 week (A), 4 weeks (C) and 8 weeks (DeH). Empty construct is the control (B). At 8 weeks, different
types of mesenchymal tissues are shown: dense fibrous tissue (D), fat (E), muscle (FeG), and immature bone like tissue (H). Bar 200 mm: C, Bar 100 mm: A, B, D, E, F, Bar 50 mm: G, H.
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for transplantation lacking allo-stimulating molecules [37]. In addi-
tion, down-regulation of T cell proliferation was detected also when
lymphocytes were not in direct contact with hAFSCs in a transwell
culture system. This suggests that soluble factors may involve in
hAFSCs-mediated inhibition of T cell proliferation. However, the
inhibiting effect detected in a transwell culture system was signifi-
cantly lower than that detected when hAFSCs-T cell interaction was
allowed indicating that cell-to cell contact was needed to optimal
immunosuppressive effect. It is of note that the direct and indirect
inhibiting effect exerted by hAFSCs was still evident using the cells
after 60 db, further reinforcing the idea that also long termed hAFSCs
are suitable candidate to employ in regenerative medicine in alloge-
neic setting.

Some literature reports, including publications from our
laboratory, indicated that signal from implanted stemcells can induce
themobilization into the site of a lesion of host stem/progenitor cells
that can mediate the tissue repair [11,38,39]. We investigated the
possible recruitment of host stem/progenitor by hAFSCs, we deter-
mined the in vivo fate of the implanted hAFSCs, the origin and the
nature of the recruited cells and the cascade of events leading to the
formation of new tissues. After 1 week, only few human cells were
isolated fromthe implants,whileat2weeks thewhole cellpopulation
recovered from the scaffold was of murine origin and we could not
retrieve any human cells.

The isolated murine cells were positive for CD90. CD90 is
expressed on a variety of fibroblasts from different tissues, as a reg-
ulator of cellecell and cellematrix interaction and of cell motility.
CD90 expression is important to mediate tissue repair, since prevent
thewound to become a fibrotic lesion [40]. Wewould speculate that
the CD90þ cells are host’s cells that together with cytokines released
by inflammatory cells such as CD45þ cells, also present in the lesion
microenvironment, play a role in determining a milieu favoring the
tissue reparative processes.

Cells extracted from late implants (2 and 4 weeks) were CD14"

and CD45þ. Since CD45 is expressed on the surface of all leucocytes,
while CD14 is found on cells of themyelo-monocytic line, one could
speculate that at least part of the implanted hAFSCwere phagocyted
by murine CD14þ cells during the first week, and that the resulting
inflammatory cascade could had a role in attracting lymphocytes.
The direct release of chemotacticmolecules by the implanted hAFCS
must also be considered as a possible alternative or complementary
mechanism to explain the lymphocyte recruitment. Further, the
absence of CD45þ cells in empty scaffolds indicates that the surgical
procedure and the biomaterial alone are not sufficient to drive host
cell mobilization and the regenerative cascade.

The retrieval of CD31þ, CD146þ and CD106þ cells in late imp-
lants suggests that activated endothelium occurs when hAFSC are
seeded onto scaffolds; moreover the expression of CD106 is the
ulterior proof that microvascular endothelial cells are activated and
ready to orchestrate localization and diapedesis of leukocytes
during early stages of tissue inflammation [41]. In short, hAFSCs
create a microenvironment where inflammation, vessel perfusion
and recruitment of progenitor cells (circulating progenitors or
niche progenitors coming from the adjacent sites of implantation)
regenerate amorphous tissues.

Human AFSCs were detected in the skin overlying implant site
but not in other organs, like spleen, kidney and liver. This would
suggest that subcutaneously implanted hAFSCs migrated to the
surgically wounded skin adjacent to the implantation site, but
could not target distal organs by the systemic circulation, or that, at
least, our in vivo tracing system was not so sensitive to detect the
presence of very few cells that could have homed in those tissues.
Recent papers reported that hAFSCs topically injected into different
injured organs have a protective effect and are able to resolve the
damage [42,43]. Moreover, many evidences show that hAFSCs

release paracrine factors able to accelerate the wound healing
process by stimulating proliferation and migration of progenitors
cells through the secretion of various cytokines and chemokines
including IL-6, IL-8, TGF-b, VEGF and EGF [44]. Also data of our
group show an active secretion of growth factors, chemokines
involved in progenitor cells recruitment (paper in preparation).

The histology of the recovered implants confirmed that the
presence of hAFSCs into scaffold created an inflammatory highly
vascularized microenvironment driving neo-tissue formation into
the construct. Moreover, the timing was critical for the type of
response observed: after 1 week the histological samples were
characterized by the presence of a high number of leucocytes, while
at 4e8 weeks the presence of vessels and neo-formed heteroge-
neous tissues were predominant in the hAFSC-seeded scaffolds, but
not in the empty scaffolds. Therefore, if appears that the implanted
hAFSCs play a pivotal role in mounting an immediate inflammatory
response that possibly mediates a subsequent recruitment of host’s
endothelial progenitors and other progenitor cells able to form
tissues of mesodermal origin such as fat, muscle, fibrous tissue and
immature bone. It is to note that in the samemouse model, scaffold
seeded with human bone marrow derived MSCs remain into the
scaffold, become osteoblasts and directly deposit bone tissue on the
ceramic surface [45]. Therefore, it appears that only the more
uncommitted hAFSCs would have migratory properties to wounds
and tissue lesion sites and a chemoattractant capacity toward
a wide spectrum of different cell types involved in tissue regener-
ation/repair processes. Interesting, mouse bone marrow derived
MSCs, which are less committed than their human counterpart,
were able to recruit cells migrating from the host to the MSC-
seeded ceramic [11]. At late implantation times the only new tissue
inside the scaffold pore was bone formed through an endochondral
process [46]. It is tempting to speculate that the mouse bone
marrow derived MSC maintain some “memory” of the tissue of
origin and possibly contribute to the formation of a stem cell niche
specifically promoting bone formation. On the contrary, hAFSCs can
recruit endothelial and multipotent mesenchymal stem/progeni-
tors, but do not have “memory” of a specific tissue and cannot
contribute to the formation of a specific tissue stem cell niche.
Therefore different types of mesenchymal tissues could be formed
by the host recruited multipotent stem cells.

5. Conclusion

Here, we provided information about the stem characteristics
and functional properties of the in vitro expanded hAFSCs at
different culture stages and we showed in vivo behavior of hAFSCs
in terms of: (i) recruitment of host progenitor cells, (ii) homing
towards injured sites and (iii) multipotentiality in tissue repair.
Indeed, these cells are a very appealing source of stem cells that
may be useful for clinical application in regenerative medicine.
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