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In Vivo Implanted Bone Marrow-Derived Mesenchymal
Stem Cells Trigger a Cascade of Cellular Events Leading
to the Formation of an Ectopic Bone Regenerative Niche

Roberta Tasso,? Valentina Ulivi,*? Daniele Reverberi? Claudia Lo Sicco,'?
Fiorella Descalzi? and Ranieri Cancedda'*?

We recently reported that mouse bone marrow stromal cells, also known as bone marrow (BM)-derived mes-
enchymal stem cells (MSCs), seeded onto a scaffold and implanted in vivo, led to an ectopic bone deposition by
host cells. This MSCs capacity was critically dependent on their commitment level, being present only in MSCs
cultured in presence of fibroblast growth factor-2. Taking advantage of a chimeric mouse model, in this study we
show that seeded MSCs trigger a cascade of events resulting in the mobilization of macrophages, the induction
of their functional switch from a proinflammatory to a proresolving phenotype, and the subsequent formation of
a bone regenerative niche through the recruitment, within the first 2 weeks of implantation, of endothelial
progenitors and of cells with an osteogenic potential (CD146+CD105+), both of them derived from the BM.
Moreover, we demonstrated that, in an inflammatory environment, MSCs secrete a large amount of prosta-
glandin E, playing a key role in the macrophage phenotype switch.

Introduction

ONE MARROW STROMAL CELLS (BMSCs), also known as

BM-derived mesenchymal stem cells (MSCs), are con-
sidered effective therapeutic agents in a variety of clinical
situations promoting the repair of injured tissues [1] not only
for their multipotent differentiation potential, but also for
their interesting role as cellular modulators [2-5]. However,
it’s still unknown why, in some cases, transplanted MSCs
directly contribute to form a new tissue, whereas in others
they activate endogenous mechanisms leading to new tissue
formation by the host cells. This could be explained taking
into account experimental evidences that indicate how dif-
ferent culture conditions promote the selection and the ex-
pansion of specific cell clones or subpopulations. It has been
argued that the differentiation/senescence dynamics inherent
to culture growth might work against stem cell retention or
self-renewal [6]. Literature data indicate that the transplan-
tation of cultures of human MSCs treated with fibroblast
growth factor-2 (FGF-2) results in efficient bone formation,
but abates the capacity of grafted cells to establish a hema-
topoietic microenvironment and to self-renew in vivo [7]. The
bone formed within implants of human MSCs in immuno-
deficient mice during the early phases of ossification was
shown to be of donor origin [8]. Chimerism has been de-
scribed only at a later implantation stage, 8—12 weeks after

surgery [9]. It must be noted that these and most of the similar
literature studies, have been performed under xenogenic
conditions, that is, implanting MSCs/scaffold combinations
into recipients of other species. We previously reported that
the murine MSCs capacity to activate endogenous regenera-
tive mechanisms was critically dependent on their commit-
ment level. We observed that MSCs expanded in vitro in the
presence of FGF-2, but not MSCs expanded in the absence of
the factor, were capable of inducing host regenerative re-
sponses in vivo leading to a bone formation by the recipient
cells [10]. It therefore, appears that either the existence of
species-specific intercellular signals, or the conditions of ex-
pansion in vitro, or both, could be critical in determining the
nature and the origin of the cells playing a role in the new
bone deposition.

To evaluate the cascade of cellular events activated by the
implantation of scaffolds seeded with the FGF-2 expanded
murine MSCs, we developed and implemented two models
of ectopic bone formation. The first model involved the im-
plantation of porous ceramic cubes seeded with mouse red
fluorescent protein (RFP)-labeled MSCs into syngenic im-
munocopetent mice, with the aim of isolating and charac-
terizing the inflammatory cells, such as macrophages,
recruited within the pores of the scaffolds. In the second
mouse model, lethally irradiated immunocompetent mice
were hematopoietically reconstituted with green fluorescent
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protein-positive (GFPP®) syngeneic BM nucleated cells and
used as hosts for transplants of combinations of bioceramic
scaffolds and RFP-positive (RFPP?®) syngeneic MSCs. This
chimeric mouse model allowed us to distinguish between
donor implanted and recipient cells originated from the BM
or from the surrounding tissues. Macrophage populations
were initially mobilized as a consequence of the scaffold
implantation, but the cascade of events that led to bone for-
mation was started by MSCs secreting large amounts of
prostaglandin E, (PGE,). This prostaglandin was responsible
of the functional switch of phenotype from proinflammatory
(M1) to anti-inflammatory (M2) macrophages, which, in turn,
led to the recruitment of endothelial progenitors (CD133F%°
VEGFR2P®® TLR2P®) and cells with an osteogenic potential
(CD146P°°CD105P°), both of them derived from the BM.

Materials and Methods
Mice

C57Bl/6 (MHC H2b haplotype) mice were purchased
from Charles River Laboratories. GFP-transgenic mice
[genotype C57BL/6-Tg (CAG-EGFP)10sb/J]] and RFP-
transgenic mice [B6.Cg-Tg (CAG-DsRed*MST)1Nagy/]]
were purchased from The Jackson Laboratory. Mice were
used between 5 and 8 weeks of age. Mice were bred and
maintained at the Institution’s animal facility. The care and
use of the animals were in compliance with the laws of the
Italian Ministry of Health and the guidelines of the European
Community.

BMSCs (MSCs) isolation and culture

Mice were euthanized, and BM cells were collected by
flushing nucleated cells out of the femurs and tibiae with cold
phosphate buffered saline (PBS), pH 7.2. Cells were cultured
(15x10° nucleated cells/10 cm Petri dish) in Coon’s modified
F12 medium (Biochrom AG), supplemented with 10% fetal
bovine serum (FBS; Lonza), 2mM of L-glutamine, and 50 mg/
mL of Penicillin/Streptomycin (standard medium). The cul-
tures were performed in presence of 1ng/mL of FGF-2 (Pe-
protech) (FGF + MSCs). Only cells from P1 or P2 passages
were used for the implantation experiments. For in vitro ex-
periments mimicking the inflammatory microenvironment,
confluent MSCs were incubated for 24 h in standard medium
containing 100 U/mL interleukin (IL)-1o. Cells were then
extensively washed with PBS to remove residual stimulant
factor and incubated in fresh medium with no supplements
for an additional 24 h. Conditioned media were collected for
western blot analysis or for macrophage treatment.

BM-derived macrophages isolation and culture

BM-derived macrophages were isolated from C57Bl/6
mice by flushing the BM with 5mL of PBS. Obtained cells
were washed in alpha-minimum essential medium («-MEM)
and plated in a 10mm diameter cell culture dish for 2h. The
supernatant was replated in a nontreated cell culture dish and
o-MEM supplemented with 10% FBS, 2mM L-glutamine,
50mg/mL Penicillin/Streptomycin and granulocyte macro-
phage-colony stimulating factor (GM-CSF) (25ug/mL) was
added (complete o-MEM). After 5 days, medium was re-
moved and macrophages were divided in three groups: (1)
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macrophages cultured for 3 days in control medium (¢-MEM),
(2) macrophages cultured for 3 days in MSC-conditioned
medium [serum free (SF)], (3) macrophages cultured for
3 days in IL-1a stimulated MSC-conditioned medium (IL-1).

CD146°P°°CD105°°°GFPP°° cells isolation
and culture

CD146P°°*CD105P°GFPP*® cells were isolated 11 days after
implantation by cell sorting from MSC-seeded implants.
Isolated cells were cultured in fibronectin-coated plates (BD
Biosciences) and Coon’s modified F12 medium supple-
mented with 10% FBS, 2mM of L-glutamine, and 50 mg/mL
of Penicillin/Streptomycin was added.

Surgical procedures

Bioceramic scaffolds were 100% synthetic calcium phos-
phate multiphase biomaterials containing 67% silicon-
stabilized tricalcium phosphate (TCP) (Skelite™). These
scaffolds had 60-65% porosity and were produced by Octane
Medical Group (Kingston). All scaffolds were cubes with a
dimension of about 4 x4 x4 mm. After 3 or 4 weeks expan-
sion, MSCs were detached from the dishes with 0.05%
trypsin/ethylenediaminetetraaceticacid, washed in serum-
free medium, and resuspended in aliquot at 2.5 x 10° cells per
20pL fibrinogen (2.5mg/mL) (Baxter). Each aliquot was
seeded onto a scaffold to which 20 uLL of murine thrombin
(500IU/mL) (Baxter) were then applied.

Recipient WT C57B1/6 (nine mice/each considered time
point; each mouse received four ectopic implants) or chi-
meric mice (12 mice/each considered time point; each mouse
received four ectopic implants) were subcutaneously im-
planted with MSCs/bioscaffold constructs. Experiments
were repeated at least three times. Some experiments in-
cluded also groups of animals implanted with nonseeded,
empty scaffolds. Groups of four animals were sacrificed after
3,7, 11, and 15 days postimplantation, respectively, and the
implants removed for further analysis.

Chimeric mouse model

Seventy-two C57Bl/6 recipient mice that have received a
total body lethal radiation with 10 Gy were intravenously in-
jected with 5x 10° BM-nucleated cells derived from syngeneic
GFP-Tg mice. Engraftment levels were assessed by the deter-
mination of the percentage of GFPP® cells in the peripheral
blood and BM of chimeric mice, 5 weeks post-transplantation.

Histological and immunohistochemical analysis

Formalin-fixed scaffolds were processed as previously
reported [4]. Briefly, samples were decalcified with Osteodec
(Bio-Optica) and embedded in paraffin using standard his-
tological techniques. Four-micrometer serial sections were
cut. Sections were stained with hematoxylin and eosin to
reveal bone tissue. To detect the presence of GFPP**CD146-
POSCD105P° cells within the pores of the implants, 4-mm
sections were treated with rabbit polyclonal anti-GFP anti-
body (clone A11122) (Molecular Probes Europe BV), fol-
lowed by biotinylated goat anti-rabbit secondary antibody
(Dako Cytomation). To detect the presence of RFPP®® MSCs
within the pores of the implants, 4-mm sections were treated
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with rabbit polyclonal anti-RFP antibody (Molecular Probes
Europe BV), followed by the same biotinylated goat anti-
rabbit secondary antibody. Negative controls with pre-
immune serum and positive controls were run in parallel.
Images were captured by transmitted light microscopy with
an Olympus C3030 digital camera and Camedia Master
Olympus software.

Cell sorting and flow-cytometric analysis

Cells, obtained by enzymatic digestions of RFPP** MSC-
seeded scaffolds from both wild-type (WT) and chimeric
recipient mice, were washed twice and suspended in 500 pL
PBS, and separated into RFPP*® and RFP"® fractions at
different times (1, 3, 7, 11, 15 days). Cells recovered after
11 days from implants conducted in chimeric mice under-
went an additional sorting passage to separate GFPP®®
CD146P°°CD105°° populations. All the experiments were
performed using the cell sorter FACSAria (Becton Dickinson).
CD146P*°CD105P°GFPP® cells were cultured in the standard
medium used for BMSC cultures. The immunophenotype of
freshly-isolated RFP™® cells obtained from both MSC-seeded
and empty scaffolds and the immunophenotype of BM-
derived macrophages cultured for 3 days in the presence of
MSC-conditioned medium were analyzed by flow-cytometry
using specific monoclonal antibodies. Antibodies for the flow-
cytometric analysis were: monoclonal antibodies to CD11b
(M1/70), CD31 (390), CD45 (30-F11), CD51 (RMV-7), CD86
(GL1), IAP (AF6-120.1) (BD Pharmingen), monoclonal anti-
bodies to CD36 (No.72-1), CD40 (1C10), CD133 (13A4), TLR2/
CD282 (6C2) (eBioscience), monoclonal antibodies to Ly6C
(1G7.G10), NK1.1 (PK136) (Miltenyi Biotec), monoclonal an-
tibodies to CD105 (M]7/18), CD206 (MR5D3), VEGFR2/
CD309 (89B3A5) (BioLegend), monoclonal antibody to CD146
(P1H12) (Santa Cruz Biotechnology), and rabbit polyclonal to
RAGE (Abcam).

All flow-cytometric analyses reported in this study were
performed using the cell sorter FACSAria (Becton Dick-
inson). Data are expressed as percentages of positive cells
and as ratio between mean fluorescence intensity (MFI) of
cells stained with a specific antibody/MFI of correspondent
isotype control (relative MFI).

Western blot analysis

Western blot analysis was performed as previously de-
scribed [11]. Briefly, 5x 10° cells were plated, the protein
concentration of the lysate was measured using the Bradford
method and equal protein amounts were used for western
blot. Actin was blotted as an internal control. Equivalent
amounts of corresponding conditioned media were analyzed.
Sample were separated on NuPAGE™ 4-12% Bis-Tris gels
(Invitrogen) and transferred to a Protran BAS83 nitrocellulose
membrane (Whatman GmbH). The blot was incubated with
specific primary antibodies obtained from various sources.

Positive bands were revealed by an enhanced chemi-lumi-
nescence substrate mixture (GE Healthcare) and exposed to an
X-ray film (GE Healthcare) to capture the image. Images were
then scanned using the Epson perfection 1260 scanner, and band
densities were quantified using the image ] software (http://
rsbweb.nih.gov/ij/download.html). Mean pixel densities were
transferred to excel file formats and means and standard devi-
ations (SDs) were obtained for statistical analysis. Antibodies
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against CXCL1/KC and Lipocalin-2 (Lcn-2) were purchased
from R&D Systems. Antibodies to cycloxygenase 2 (COX-2),
mPGES-1, hPGD, synthase were from Cayman Chemical; anti-
actin antibody was supplied by Santa Cruz Biotechnology.

PGE> and 154PGJ» quantitation

Confluent MSCs were incubated in serum-free basal me-
dium supplemented or not supplemented with 100 U/mL IL-
lo for 24 h. Cells were then extensively washed with PBS to
remove residual stimulant factor and incubated in serum-
free medium for an additional 24 h after which media were
collected, centrifuged to remove particulate matter and
stored at —80°C. Aliquots were assayed for PGE, content
using a PGE;-specific competitive EIA kit-Monoclonal
(Cayman Chemical) according to the manufacturer’s in-
structions. A 15APG]J; specific competitive EIA kit (Enzo Life
Sciences, Inc.) was used according to the manufacturer’s in-
structions. Each sample was measured in triplicate in two
dilutions. Statistical analysis of the data was performed.

Nuclear factor-kappa B activation

Binding of the nuclear factor-kappa B (NF-kB) p65 subunit
to the NF-kB binding consensus sequence 5-GGGACTTTCC-3’
was measured with the enzyme linked immunosorbent
assay-based Trans Am NF-kB kit (Active Motif) using whole
cell lysates prepared from MSC cultures, as recommended by
manufacturer. All measurements were performed in tripli-
cate. The Trans-Am kit employs 96-well microtiter plates
coated with an oligonucleotide containing the NF-kB binding
consensus sequence. The active form of p65 subunit in the
whole cell lysates was detected using antibodies specific for
an epitope that is accessible only when the subunit is acti-
vated and bound to its target DNA. Specificity was checked
by measuring the ability of soluble WT or mutated oligo-
nucleotides to inhibit binding. Results are expressed as spe-
cific binding, that is, the absorbance values observed in the
presence of the mutated oligonucleotide minus those ob-
served in the presence of the WT oligonucleotide.

Statistical analysis

In this study, results are given as the mean values+SD. All
statistical analyses were performed using GraphPad soft-
ware. The two-tailed Student’s t-test was performed. A value
of P<0.05 was considered significant.

Results

Different macrophage populations infiltrate
the implanted scaffolds

We previously reported the enhancement of some biologi-
cal processes, including inflammation and innate immunity in
MSCs grown in FGF-2 [10]. In particular, chemokines impli-
cated in monocyte recruitment from the blood to inflamed tis-
sues, such as CCL8 (monocyte chemoattractant protein 2) and
CCL9 (macrophage inflammatory protein-1 gamma), were
oversecreted. Monocytes/macrophages (MC/Mph) led the in-
flammatory cascade reaction guiding revascularization and
tissue repair/regeneration at injury sites [12-14]. To investigate
whether implanted MSCs could trigger the mobilization of
macrophages and could alter the balance between M1
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(CD86+ /CD40+) and M2 (CD206 + /CD51 +) phenotypes, we
analyzed the nature of the host macrophages recruited within
the pores of both RFPP*® MSC-seeded and control empty scaf-
folds after implantation in vivo in C57Bl/6 immunocompetent
WT mice. Implants were harvested at different times, and col-
lagenase-digested to generate single cell suspensions. Re-
covered cells were sorted, based on RFP expression, to separate
implanted RFPP*® MSCs and recruited RFP™® cells.

The flow-cytometric analysis of host derived RFP™® cells
extracted from the scaffolds at 1, 3, and 7 days after im-
plantation showed that macrophages infiltrated both types
of ectopic implants, although the balance between M1
(CD86+ /CD40+) and M2 (CD206+ /CD51+) populations
was directly correlated to the presence of the seeded MSCs.

The analysis of the immunophenotype of the host cells
recovered from control empty scaffolds 1 and 3 days after
implantation evidenced an increased relative MFI of the
typical M1 markers compared to host cells extracted at the
same times from the MSC-seeded scaffolds (Supplementary
Fig. S1A, B; Supplementary Data are available online at
www.liebertpub.com/scd and Table 1). Indeed, the expres-
sion of the two main M1 markers, CD40 and CD86, turn out to
be significantly higher in the cells extracted from the empty
scaffolds. On the contrary, recruited cells extracted from MSC-
seeded scaffolds after 1 and 3 days showed an increased ex-
pression of the markers typically associated with a M2 phe-
notype. In particular, the relative MFI associated with CD51,
CD206, and receptor for advanced glycation end products
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(RAGE) were significantly increased in cell-seeded implants.
In particular, RAGE is known to be involved in tissue damage
and chronic inflammatory disorders, and to sustain the in-
flammatory response upon engagement with damage associ-
ated molecular pattern molecules (DAMPs), such as high
mobility group box 1 (HMGBI) [15]. At the last considered
time (day 7 after implantation), we observed a general re-
duction in the expression of all macrophage-specific markers,
although the cell surface antigen CD86, associated with the
M1 phenotype, remained significantly more expressed by host
cells extracted from empty scaffolds, whereas the cell surface
antigens CD206 and CD51, associated with the M2 profile,
were still significantly more expressed by cells recovered from
MSC-seeded scaffolds (Supplementary Fig. S1C; Table 1). To
confirm whether the heterotopic implantation of MSCs could
induce a strong inflammatory reaction, we performed also a
histological analysis on sections obtained from the previously
described implants (RFPP®® MSC/scaffold constructs im-
planted in syngeneic immunocompetent WT mice). After 3
days of implantation, a strong inflammatory infiltrate was
present within the pores of the scaffolds (Supplementary Fig.
S2A), confirming the flow-cytometric analysis conducted at
the same time point (Supplementary Fig. S1B).

The inflammatory milieu decreased after 7 days of im-
plantation, when a predominant fibrous connective tissue
was observed (Supplementary Fig. S2B) in agreement with
the decrease in the percentages of macrophage populations
analyzed at this time point (Supplementary Fig. S1C).

TABLE 1. RELATIVE MEAN FLUORESCENCE INTENSITY OF MACROPHAGE MARKERS ON HosT-DERIVED CELLS RECRUITED
AT DI1FFERENT TiMES WITHIN MSC-SEEDED AND CONTROL EMPTY SCAFFOLDS

Relative MFI
Relative MFI empty MSC-seeded scaffold Statistical significance
scaffold (average+SD) (average = SD) (two-tailed P value)
Cells recovered 1 day
after implantation
CD11b 4.52+0.94 2.85+£0.42 Not statistically significant
CD40 6.31+1.10 1.00+0.07 0.0011
CD86 14.90+3.81 0.86+0.09 0.0031
CD36 1.62+0.07 4.37+1.80 Not statistically significant
CD206 3.37+1.12 11.30+£2.98 0.0125
CD51 2.53+0.84 7.75+1.96 0.0133
RAGE 1.30+0.37 1.78+£0.46 Not statistically significant
Cells recovered 3 days
after implantation
CD11b 10.10+3.76 2.58+0.97 0.0285
CD40 12.35+3.89 1.44+0.02 0.0083
CD86 9.19+£2.12 2.32+0.47 0.0054
CD36 1.68+0.90 9.40+2.52 0.0075
CD206 1.00£0.08 18.40+4.76 0.0032
CD51 1.50+0.05 8.39+2.78 0.0127
RAGE 1.19+0.08 10.05+3.47 0.0115
Cells recovered 7 days
after implantation
CD11b 3.33+1.86 474+1.34 Not statistically significant
CD40 4.07+1.99 1.26+0.08 Not statistically significant
CD86 3.04+0.96 1.24+0.06 0.0316
CD36 1.05+0.04 3.04+1.77 Not statistically significant
CD206 1.15+0.10 14.07+£4.98 0.0109
CD51 1.05+0.06 5.85+2.12 0.0172
RAGE 2.85+0.36 7.02+3.01 Not statistically significant

MFI, mean fluorescence intensity; SD, standard deviation; MSC, mesenchymal stem cell.
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After 11 days, the fibrous tissue was the main component
within the pores of the scaffolds (Supplementary Fig. S2C).

To better define the balance between macrophages with
M1 and M2 phenotypes at different implantation times, we
performed two consecutive sorting passages. Implants, har-
vested at different times, were collagenase-digested to gen-
erate single cell suspensions. The first sorting passage, based
on RFP expression, was performed to separate donor RFPP*®
MSCs from recipient RFP™® recruited cells. The second
sorting passage was carried out to isolate, from the bulk of
RFP"®8 recruited cells, macrophages with proinflammatory
(M1) and anti-inflammatory (M2) characteristics. CD86 and
CD40 were selected as M1 markers, CD206 and CD51 as M2
markers. M1 (CD86F**CD40P%) and M2 (CD206P°°CD51P%)
macrophages were isolated from the host cells recovered
from empty scaffolds and from the RFP"*® populations ex-
tracted from MSC-seeded scaffolds (Supplementary Fig. S3).
We detected a higher percentage of M1 cells infiltrating the
empty scaffolds compared to the MSC-seeded ones. This
difference was statistically significant 1 and 7 days after
implantation in vivo (Fig. 1A). Conversely, implanted MSCs
induced a significantly augmented infiltration of M2 cells at
day 3 and 7 (Fig. 1B). Moreover, the ratio between M2 and
M1 cells (M2/M1) progressively increased from day 1 to 7 in
the populations recovered from the scaffolds seeded with
MSCs, whereas it remained constant in the populations iso-
lated from the nonseeded implants (Fig. 1C).

Quantification of cytokine expression by real-time poly-
merase chain reaction in M1 and M2 cells isolated from both
types of implants confirmed the nature of the two recovered
cell populations. Being the differences relative to the ex-
pression of M1 and M2 markers more pronounced 3 days
after in vivo implantation, we performed this analysis on the
cells sorted at day 3. Compared to the M2 counterparts, M1
cells isolated from both types of implants had higher ex-
pression of both the proinflammatory cytokine tumor ne-
crosis factor-o. (TNF-or) (M1 Empty scaffold vs. M2 Empty
scaffold: P<0.005; M1 MSC-seeded scaffold vs. M2 MSC-
seeded scaffold: P<0.025) and HMGB1 (M1 Empty scaffold
vs. M2 Empty scaffold: P<0.0001; M1 MSC-seeded scaffold
vs. M2 MSC-seeded scaffold: P <0.0001) (Supplementary Fig.
S4A, B). HMGBI is a nuclear protein that can act as a cyto-
kine to regulate different biological processes, such as in-
flammation, cell migration and metastasis. HMGB1 directs
the migration of vascular and transformed cells. It has been
described that RAGE, as well as the members of the toll-like
receptors TLR-2 and TLR-4, binds HMGBI, causing the ac-
tivation of different cell pathways, such as NF-kB, ERK1/2,
and p38.

A higher expression of IL-10, an anti-inflammatory cyto-
kine, was instead detected in the M2 populations isolated
from both empty and MSC-seeded scaffolds (M1 Empty
scaffold vs. M2 Empty scaffold: P<0.05; M1 MSC-seeded
scaffold vs. M2 MSC-seeded scaffold: P<0.001) (Supple-
mentary Fig. S4C).

MSC-secreted PGE, promotes the switch
of proinflammatory macrophages to an alternatively
activated phenotype

MSCs are very sensitive to inflammatory stimuli [16,17].
Since the injury generated by the ectopic implant induces per
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FIG. 1. Quantification of M1 and M2 macrophages recov-
ered from empty and bone marrow stromal cell (BMSC)-
seeded scaffolds. Percentage of M1 (CD86 + CD40+) (A)
and M2 (CD206 + CD51+) (B) macrophages isolated 1, 3,
and 7 days after implantation of both control empty and
mesenchymal stem cell (MSC)-seeded scaffolds. In (A), “*”
indicates P<0.05, comparing the percentage of CD86 +
CD40+ M1 cells isolated from control empty scaffolds to the
percentage of M1 cells isolated from MSC-seeded scaffolds
after 1 and 7 days. In (B), “*” indicates P <0.05, comparing
the percentage of CD206 + CD51+ M2 cells isolated from
MSC-seeded scaffolds to the percentage of M2 cells isolated
from control empty scaffolds. (C) Ratio between M2 (CD206
+ CD51+) and M1 (CD86 + CD40+) macrophages isolated
from empty and MSC-seeded scaffolds at different implan-
tation times. All results are averaged from three independent
experiments, and data are represented as mean=*standard
deviation (SD).

se a strong inflammatory response, we mimicked in vitro the
inflammatory environment surrounding the implanted
MSCs to investigate whether the activated microenviron-
ment affected the release of factors possibly involved in the
macrophage functional switch. MSC confluent monolayers,
were treated either with SF medium or SF medium supple-
mented with 100 U/ml IL-1a (IL-1). After 24 h, culture media
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were replaced with fresh medium with no supplements and
cells were incubated for additional 24h before media col-
lection. To evaluate the direct effect of MSC-released factors
on the macrophage phenotype, collected conditioned media
were used to treat cultures of BM-derived MC/Mph. The
flow-cytometric analysis of the MC/Mph isolated before and
after the treatments showed that, when the cells were cul-
tured in standard o-MEM (no conditioned medium treat-
ment), they expressed high levels of the proinflammatory
immature markers CD11lb and Ly6C (48.2%+9.7 and
61.6%+18.5, respectively; Supplementary Fig. S5, upper
panels). In these culture conditions, the expression of protein
markers of classically activated M1 macrophages, such as
CD40 and CD86, was less than 2% (Supplementary Fig. S5,
middle panels). Moreover, the BM-MC/Mph did not express
any of the typical M2 markers, such as the scavenger receptor
CD36, the mannose receptor CD206, or the o3 integrin CD51
(Supplementary Fig. S5, lower panels). The frequency of
Ly6C+ macrophages decreased after 3 days of treatment with
MSC-conditioned medium (SF) compared to treatment with
the control standard medium (a-MEM), although this differ-
ence was not statistically significant. The percentage of
Ly6C+ cells decreased significantly when MC/Mph were
cultured with the conditioned medium obtained from IL-1-
stimulated MSCs (P <0.05; Fig. 2). Interestingly, the percent-
age of CD206-expressing macrophages significantly increased
after the cell treatment with both SF and IL-1 conditioned
media (P<0.025 and P <0.025; Fig. 2).

A characterization of the pathways activated in MSCs
cultured in inflammatory conditions was performed and we
searched for bioactive molecules released in the culture me-
dia capable of turning the macrophage phenotype into a
proresolving profile.

We observed that the IL-1 treatment strongly increased
NF-kB activity in the MSCs compared to the no supplement
control (P<0.0001; Fig. 3A). In parallel, we checked the
synthesis and secretion of keratinocyte chemoattractant (KC)
and Len-2. The amount of both KC and Len-2 present in the
conditioned media of IL-1-stimulated MSCs was signifi-
cantly increased (P <0.002 and P <0.0001; Fig. 3B, C). More-
over, IL-1 treatment induced in the MSCs the expression of
COX-2 and the downstream enzyme mPGE synthase, whose
products play a key role in the inflammatory cascade leading
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to the acute phase response [11]. It is noteworthy that PGD
synthase expression level was unaffected (Fig. 3D).

In agreement with these findings, PGE, production and
secretion in MSC-culture medium was strongly induced by
the IL-1 treatment, increasing from 3.7+1.1ng/mL in SF
medium up to 29.5+11ng/mL in the medium of cells
maintained in inflammatory conditions (P <0.0001; Fig. 3E).
The production and secretion of the PGD, metabolite 15
APGJ2 was only slightly reduced (Fig. 3E). PGE; has been
described to modulate the cytokine profile of macrophages
[18,19]. To establish a possible involvement of MSC-secreted
PGE; in the macrophage functional switch from a proin-
flammatory to an anti-inflammatory phenotype, BM-derived
MC/Mph were stimulated with conditioned media from: (1)
MSCs cultured in SF medium without any further supple-
ment (SF); (2) supplemented with IL-1a (IL-1); (3) supple-
mented with the COX-2 specific inhibitor NS-398 to block
PGE; production (NS-398); (4) supplemented with IL-1o and
NS-398 (IL-1+NS-398). MSC-conditioned media from cells
incubated in the presence of the inhibitor NS-398 yielded less
than 1% of CD206P°® macrophages; thus, indicating that a
COX-2 product was involved in the macrophage switch
(Fig. 4). The involvement of PGE, in the BMSC-induced
macrophage polarization was confirmed by the observation
that the percentage of recovered CD206F° cells progressively
augmented when macrophages were cultured in (IL-1 + NS-
398)-MSC conditioned medium supplemented with increasing
concentrations of PGE,. The PGE, concentrations tested ran-
ged from 1 to 100nM, being the intermediate concentration
(15nM) roughly equivalent to the concentration of PGE,
found in the SF condition, and the highest dose (100nM)
equivalent to the concentration found in the medium of IL-1-
treated MSCs (Fig. 3E, left panel). Less than 3% of CD206P
cells were detected when PGE, was added at the lower con-
centration (1nM) (Fig. 4), whereas a statistically significant
increase in the percentage of CD206* cells was observed
when PGE; was used at 15 and 100nM (P <0.02 and P <0.005)
(Fig. 4).

Taken together, these data demonstrate that MSCs re-
sponded to the inflammatory environment activating NF-kB
and secreting PGE,, in turn, triggering the functional switch
of macrophages from the inflammatory M1 to the anti-
inflammatory M2 phenotype.
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FIG. 2. Phenotypic characterization of cultured BM-derived macrophages treated with MSC-conditioned medium. Flow-
cytometric analysis of BM-macrophages cultured for 3 days in control standard medium alpha-minimum essential medium
(x-MEM), in MSC-conditioned medium [serum free (SF)], and in conditioned medium derived from interleukin (IL)-1a
stimulated MSCs (IL-1). CD206 was selected as marker of anti-inflammatory macrophages, Ly6C as marker of proin-
flammatory macrophages. Results show one representative experiment, and five independent experiments were performed.
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FIG. 3. Activation of nuclear factor-kappa B (NF-kB)-de-
pendent inflammatory pathways in MSCs in response to IL-
1o.. (A) Ten milligrams of cell lysate was tested for binding of
the activated p65 NF-kB subunit to an NF-kB consensus se-
quence. Results are expressed as specific binding. The aver-
ages of three experiments each one performed in triplicate are
shown as averagetstandard error of the mean (SEM);
*P <0.0001, comparing the activity of NF-kB in MSCs and in
no supplement control. (B, C) Modulation of KC and Lcn-2
secretion. After incubation with the factors cells were washed
with PBS, and incubated with SF medium for 24h before
conditioned medium collection. Left panels: western blot of
MSC-conditioned media with specific antibodies. Right panels:
Average densitometric analysis+SD of five western blots
performed on five independent experiments. (D) Western blot
of MSC lysates with specific antibodies. (E) prostaglandin E,
(PGE,) and (F) 15APG]J, content in MSC-conditioned media.
All values were normalized to the value of the unstimulated
sample. The averages of three experiments each one per-
formed in triplicate are shown as average+SEM.

Mobilization of BM-derived endothelial progenitor
cells into MSC-seeded scaffolds

We previously reported that the neovascularization of the
implants was one of the first host responses to the graft and
that cells with endothelial features could be recovered from
the scaffolds 7 days after implantation in vivo [5]. By flow-
cytometric analysis, we checked for the presence of endo-
thelial progenitor cells (EPCs) in the host cell population
migrated into scaffolds either seeded or not seeded with
BMSCs after 7 days of implantation. Implants were per-
formed in chimeric mice lethally irradiated and reconstituted
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with GFPP*® donor BM cells to identify the possible BM or-
igin of the mobilized cells. We harvested the implants, re-
covered the cells through an enzymatic digestion, and sorted
out the RFPP® cells originally seeded on the scaffold (Fig.
5A). We observed the presence of GFPP*® BM-derived cells
within the RFP"™® recruited host cells from both empty
scaffold and MSC-seeded scaffold (gate R6), although to a
different extent [27.5% + 6.8 and 49.8 +12.6, respectively; Fig.
5B (upper panel), C (upper panel)]. Since EPCs express
the HMGBI1 receptor TLR2 [20], we searched for TLR2-
expressing cells within the recruited populations. All the
TLR2P®® cells were BM derived, being also GFPP®* [Fig. 5B
(bottom-left panel), C (bottom-left panel)]. Among the
TLR2P**GFPP®* populations (gate R11), observed in both
types of implants, we searched for cells coexpressing CD133
and VEGFR?2, whih are specific markers of EPCs. A 4.3% of
CD133P**VEGFR2P** EPCs was detected within the cells
from MSC-seeded scaffold (gate R16) (Fig. 5C, bottom-right
panel). No EPCs were observed in the cells from the control
empty scaffold (Fig. 5B, bottom-right panel); thus, indicating
that the paracrine activity mediated by implanted MSCs was
crucial in triggering the specific recruitment of BM-derived
EPCs, the main responsible for vasculogenesis.

To evaluate whether the recruited EPCs could differentiate
into mature endothelial cells (ECs), we checked for the
presence of CD31-expressing cells in the bulk of the host-
derived population after 15 days from implantation in vitro.
CD31P**GFP"*® ECs were recovered from both implanted
empty scaffolds and MSC-seeded scaffolds, indicating that a
sprouting phenomenon from surrounding pre-existing ves-
sels occurred in both types of implants (Fig. 5D). On the
contrary, CD31P**GFPP® ECs were present only in the MSC-
seeded scaffolds, confirming the presence of BM-derived
mature ECs possibly differentiated from the previously de-
scribed recruited EPCs (Fig. 5D).

BM-derived CD146°°°CD105°°° cells are recruited
into the bone regenerative niche

We previously reported that CD146P°® host cells with an
osteogenic potential were mobilized into the MSC-seeded
scaffolds and that the bone observed within the pore of the
scaffold after 60 day implantation was derived from host
cells [5] (see also Supplementary Fig. S6). Microvascular and
BM pericytes are characterized by the expression of the cell
surface marker CD146 [7,21], and in addition to play an
important role in the stabilization of nascent capillaries and
prevention of vascular regression [22], they possess mesen-
chymal plasticity and robust mesodermal developmental
potential [21]. However, CD146 antigen is expressed by a
variety of mouse cells, including myeloid, ECs, and natural
killer T cells (NKT). To investigate whether tissue resident/
local pericytes or BM-derived pericyte-like cells migrated
toward the bone regenerative niche, scaffolds, either seeded
or not seeded with MSCs, were implanted in the chimeric
mouse model, harvested after 11 days, and enzymatically di-
gested to recover migrated cells (Fig. 5A). To evaluate the
authentic contribution of CD146P** cells in the regenerative
process, we checked the sorted RFP™® host cells for the
presence of cells coexpressing CD146 with: (1) the mesen-
chymal marker CD105; (2) the myeloid marker CD45; (3) the
typical NKT cells marker NK1.1. The flow-cytometric analysis
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FIG. 4. Effect of the PGE, content in MSC-conditioned culture media on macrophage switch from M1 to M2 profile. Flow-
cytometric analysis of BM-macrophages cultured for 3 days in: control standard medium (¢-MEM); MSC-conditioned me-
dium (SF); MSC-conditioned medium supplemented with the COX-2 specific inhibitor NS-398 (NS-398); conditioned medium
derived from IL-1a stimulated MSCs (IL-1); conditioned medium derived from IL-1o stimulated MSCs and supplemented
with NS-398 (IL-1 + NS-398); and (IL-1 + NS-398) conditioned medium supplemented with different concentrations of PGE,
(1,15, and 100nM) (IL-1 + NS-398 + PGE, 1nM, IL-1 + NS-398 + PGE, 15nM, IL-1 + NS-398 + PGE, 100 nM, respectively).
CD206 was selected as marker of M2 macrophages. The black line represents the expression of the specific marker on tested
cell populations. The gray line indicates nonreactive immunoglobulin of the same isotype, which was included as a negative

control. Presented data refer to one representative experiment.

of the host-derived cell population isolated from control
empty scaffolds revealed that 17.6% of the cells migrated into
the ectopic implants were BM-derived GFPP®® cells (Fig. 6A,
upper-left panel). Nevertheless no CD146P°CD105P cells
were present, while 13.9% of CD146P* cells expressed the
nonspecific marker CD45 and the 3.1% coexpressed the mar-
ker NK1.1 (Fig. 6A, upper-right, bottom-left, and bottom-right
panels, respectively).

Isolated host-derived RFP"® cells obtained from MSC-
seeded scaffolds underwent an additional sorting passage to
separate BM-derived GFPP®® from GFP"® cells. Both RFP"®
GFPP®® and RFP"™& GFP"™® populations were cyto-
fluorimetrically analyzed to confirm the successful outcome
of the sorting steps. Since some GFP"*® contaminating cells
were present in the initially sorted RFP"® GFPP*® popula-
tion, only confirmed GFPP®* cells (Gate R6 in Fig. 6B, upper-
left panel) were considered for further analysis. Instead, no
contaminant GFPP®® cells were present in the sorted RFP"®
GFP"® population (Fig. 6C, upper-left panel).

Only the GFPP®® population was characterized for the
presence of a large number of cells coexpressing the myeloid
marker CD45 and the CD146, whereas the GFP"*® popula-
tion was characterized by [Fig. 6B (bottom-left panel), C
(bottom-left panel)]. In both populations, less than 1% of
CD146P cells coexpressed the NKT marker NK1.1 [Fig. 6B
(bottom-right panel), C (bottom-right panel)]. Interestingly,
the 5.6% of BM-derived GFPP®® cells coexpressed the mes-
enchymal markers CD146 and CD105 (Fig. 6B, upper-right

panel), whereas no CD146P°°CD105P°* cells were observed in
the GFP"®6 counterpart (Fig. 6C, upper-right panel).

CD146P°°CD105P°GFPP*® cells were isolated by cell sort-
ing from the MSC-seeded scaffold and culture-expanded
utilizing the same medium used for MSC cultures (Fig. 7A).
After 2 months of culture, cells still expressing high levels
of GFP, CD105, and CD146 (Fig. 7B) were tested for their
osteogenic differentiation potential in vivo. Cell seeded
scaffolds were subcutaneously implanted into immunocom-
petent syngeneic recipient mice. The histological analysis of
transplants harvested after 60 days revealed the presence of a
forming bone within the pores of the scaffolds (Fig. 7C).
Immunohistochemical analysis revealed that the cells en-
trapped in the bone matrix were GFPP®; thus, indicating that
the bone tissue was of donor origin (Fig. 7C).

Discussion

Although the improvement observed in injured tissues
after administration of exogenous stem/progenitor cells
could be due to their direct engraftment and differentiation
to replace injured cells, it became evident that in many sit-
uations the exogenous progenitors acted by producing bio-
active factors without a significant engraftment and
differentiation [2,23,24]. We recently reported that in an ec-
topic bone formation model, BM-derived stromal cells im-
planted in vivo triggered regenerative mechanisms by
recruiting specific host cells in the bone regenerative niche
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FIG. 5. Phenotypic characterization of host-derived endothelial cells recovered from scaffolds implanted for 7 days in
chimeric mice. (A) Representative cartoon of experimental procedures of the ectopic bone formation model performed in
chimeric mice. (B) Representative flow-cytometric analysis of cells recovered from empty scaffolds. (C) Representative flow-
cytometric analysis of cells recovered from MSC-seeded scaffolds. In both (B, C) the upper panels show the green fluorescent
protein-positive (GFPP°®) BM-derived cells (gate R6). The bottom-left panels show the coexpression of TLR2 and GFP (gate
R11). The bottom-right panels show the coexpression of CD133 and VEGFR2 among the TLR2P**GFPP*® population. Gate R16
indicates the BM-derived CD133FP**VEGFR2P**TLR2P**GFPP®® population. (D) Left and right panels show the coexpression of
CD31 and GFP in cells recovered 15 days after implantation from control empty and MSC-seeded scaffolds, respectively.

Color images available online at www.liebertpub.com/scd

[4,5,25]. Since we used BM cell cultures of passage 1 or 2 for
the implantation experiments, to rule out the possibility
that a massive presence of contaminating macrophages
could have played an important role in eliciting the effects
attributed exclusively to MSCs, we performed experiments

in which we implanted scaffolds loaded with CD45"®
MSCs further depleted of the CD11b+ and CD14+ com-
ponents. Also in that case, we observed a new bone tissue of
host origin formed within the implants 60 days after im-
plantation [4].
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In this study, we show that implanted MSCs generated
a cascade of events resulting in the mobilization of cells of
the innate immune system, such as macrophages, the in-
duction of their functional switch from a proinflammatory
to a proresolving phenotype, and the recruitment of

BM-derived specific progenitors with vasculogenic and
osteogenic properties. Moreover, we demonstrated that
MSCs, in an inflammatory environment, secreted a large
amount of PGE, playing a key role in the macrophage
polarization.
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staining. Arrows indicate GFP+ osteoblasts. Color images available online at www.liebertpub.com/scd

Among the several biological functions hypothesized
as related to the trophic effects of MSCs [26], the most sig-
nificantly upregulated by FGF-2 were immune response,
inflammatory response, response to wounding, and chemo-
taxis; thus, suggesting that a “wound” signature was in-
duced in MSCs in presence of this factor [10]. Indeed, the
bulk of cytokines and chemokines upregulated in treated
cells contributed to orchestrate a microenvironment typically
activated during wound healing and repair. We tested the
hypothesis that the appearance of a localized host-derived
bone tissue in grafts conducted with MSCs cultured in
presence of FGF-2 could be mediated by cellular events also
occurring in wound healing, and involving the recruitment
of competent cells otherwise not found in the local tissue

environment. The immuno-ablated strains of mice, such as
nude mice, normally employed, could not represent the op-
timal model for this type of studies. In our reported experi-
ments, the employment of immunocompetent recipient mice
was possible because we used scaffold seeded with synge-
neic MSCs.

Cells belonging to the innate immunity and, in particular,
MC/Mph lead the inflammatory cascade reaction guiding
revascularization and repair/regeneration of tissue at injury
sites [12,13,27]. They exert this function by secreting induc-
tive cytokines responsible for progenitor cell migration, a
critical step in tissues that heal by regenerative processes
rather than by a mere repair [28]. Macrophages are a het-
erogeneous subset of the mononuclear cell population that
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comprises multiple phenotypes that are induced in response
to local stimuli during the wound healing process [29].
Classically activated (M1) macrophages exhibit potent anti-
microbial properties, high capacity to present antigen, and
consequent activation of Thl responses. Alternatively acti-
vated (M2) macrophages possess the capacity to facilitate
tissue repair and regeneration [30].

Consistent with the MSC-mediated anti-inflammatory
capacities already described by different authors [19] and
with previous studies conducted using different experimen-
tal approaches [27,31], we showed that implanted MSCs
caused an increased percentage of alternatively activated
(CD206P°°CD51P°%) M2 macrophages infiltrating the ectopic
implants, and a decrease in the percentage of infiltrating
proinflammatory (CD86P°*CD40P°®) M1 macrophages. The
secretory pattern of MSCs is highly influenced by their mi-
croenvironment, and, in particular, they are very sensitive to
inflammatory stimuli [2,16,17]. To gain more insight in the
contribution of MSCs to the tissue regeneration, we mim-
icked in vitro the inflammatory environment surrounding
the implanted cells and we studied whether it could affect
the activation of intracellular pathways and the release of
factors possibly involved in the macrophage functional
switch. It has been described that MSCs express high levels
of IL-1Ra, enabling them to modulate the expression profile
of M1 activated macrophages [32]. We here reported that, in
response to the IL-1o, MSCs activated NF-kB-dependent in-
flammatory pathways leading to the enhanced expression of
COX-2 and acute phase proteins, such as KC/CXCL1, related
to angiogenesis [33], and Lcn-2, controlling the expression of
the SDF-1, a chemokine playing a major role in both tissue
repair and mobilization of progenitor cells [34]. We focused
on COX-2 downstream enzymes since prostaglandins play
an important role in modulating the macrophage cytokine
profile [19]. Our in vitro data demonstrated that the MSC-
mediated secretion of PGE, was responsible for the macro-
phage switch to the proresolving phenotype, and suggested
that the enhanced percentage of alternatively activated
macrophages in the MSC-seeded implants was related to the
secretion of PGE,. This bioactive molecule plays also a role in
the control of angiogenesis and vasculogenesis, inducing the
mobilization of EPCs [35].

Moreover, the polarization of macrophages skews the se-
cretion of DAMPS, including HMGBI, as well as TNF-q,
vascular endothelial growth factor (VEGF), and MMP-9
(metalloproteinase-9), all molecules involved in the regula-
tion of cell diapedesis and migration.

In a regenerative microenvironment, both angiogenesis
and vasculogenesis can occur [36]. We previously showed
that the vascularization of the implant was one of the first
host reactions to the graft [5,25]. To define the compart-
mental origin of the ECs recruited within the pores of the
scaffolds, and to evaluate whether cells present in the scaf-
fold (still present seeded MSC and host-derived macro-
phages) were effective at inducing BM-derived EPCs
migration within the scaffold, we took advantage of the
chimeric mouse model. The empty scaffold implantation
induced the migration into the scaffold, of only locally resi-
dent mature CD31P°*GFP"*® cells. On the contrary, seeded
MSCs triggered the mobilization toward the implanted
scaffold of both mature locally resident CD31P**GFP"*® cells
and BM-derived TLR2P**CD133P**VEGFR2P**GFPP>* EPCs,
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indicating that the vasculature of the cell-seeded scaffolds
originated from both the sprouting of pre-existing vessels
and the recruitment of circulating BM progenitor cells.

In our in vivo model, donor cells were dismissed from the
graft within 2-3 weeks, whereas host cells competent to form
bone were recruited to a direct osteogenic function at a later
time [4,5]. In principle, this phenomenon can reflect two
conceivable events. Local mesenchymal cells residing in
proximity of the graft site can be reprogrammed to an oste-
ogenic fate/commitment by factors known to act as key os-
teogenic inducers. Alternatively, cells competent to form
bone can be recruited from the circulation and/or mobilized
from the BM.

Our previous published data indicated that a population
of CD146F* cells could be recovered from the MSC-seeded
scaffold, but not from the empty scaffolds, 11 days after
implantation [5]. Taking advantage of the chimeric mouse
model, we could determine that a significant percentage of
BM derived CD146P*°CD105P° cells were recovered from
the MSC-seeded scaffolds, but not from the empty scaffolds.
These cells were isolated, expanded in vitro and shown to
maintain an osteogenic potential after 2 months in culture.
When these cells were investigated for the expression of
markers characteristic of mesenchymal lineages, they were
shown to express markers expressed also by pericytes.
Pericytes are important in the stabilization of nascent capil-
laries and in the prevention of vascular regression. In fact,
during angiogenesis pericytes are recruited to growing mi-
crovessels, where they directly inhibit EC proliferation and
migration through contact and secretion of growth inhibitory
factors [37,38]. In an osteogenic environment, pericytes can
become osteoblasts and participate in the bone deposition.
Taken together, our data indicate that the role of MSCs as
factories of bioactive molecules could explain many of the
beneficial effects observed with administration of these cells
for tissue repair. The recruitment of endogenous cells toward
an induced regenerative niche may represent a new strategy
for tissue repair.
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