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Abstract

The periosteum is critical for bone repair and contains skeletal stem cells (SSCs), but
these cells are still poorly characterized. In the bone marrow, cells expressing the Nes-
GFP transgene have been described to be SSCs. Here, we investigated whether Nes-GFP
expression also typifies SSCs in the periosteum. We show that in adult mice, Nes-GFP
cells are present in the periosteum and localize closely to blood vessels, but periosteal
Nes-GFP cells express SSC and progenitor markers differently compared to Nes-GFP
cells in the bone marrow. Periosteal Nes-GFP cells show in vitro clonogenicity and tri-
lineage differentiation potential and they can form bone in vivo. Shortly after fracture,
they start to proliferate and they contribute to the osteoblast pool during the repair
process. However, periosteal Nes-GFP cells are not slow dividing nor self-renewing in
vivo. These results indicate that in adult mice, periosteal Nes-GFP expressing cells are
skeletal progenitors rather than true SSCs, and they participate in the fracture healing

process.

Highlights

o Periosteal Nes-GFP cells express SSC markers differently compared to their bone
marrow counterpart

o Periosteal Nes-GFP cells show properties of skeletal progenitors in vitro

e Periosteal Nes-GFP cells can form bone in vivo, but lack the characteristics of true SSCs

e During fracture repair, Nes-GFP cells start to proliferate and become osteoblasts in the

fracture callus

Keywords

Nestin; Periosteum; Skeletal stem cell; Skeletal progenitors; Osteoprogenitors; Bone repair



O©CO~NOOOTA~AWNPE

60
61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

1. Introduction

The bone is a rigid but dynamic tissue with a continuous turnover and a high regenerative
potential. Self-renewing skeletal stem cells (SSCs) are found in the bone marrow compartment
and are characterized by clonogenicity and the ability to differentiate into several mesodermal
cell lineages like chondrocytes, osteoblasts and adipocytes [1-3]. However, the contribution of
bone marrow-derived cells to fracture repair is limited [4]. Instead, the periosteum, the
membrane lining the outer bone surface, provides the majority of cells forming the fracture callus
[4—6]. Additionally, transplanting periosteum-derived cells (PDCs) at an ectopic site induces new
cartilage and bone formation with superior capacity compared to bone marrow-derived stromal
cells [7,8]. These data suggest that next to the bone marrow, a second SSC compartment exists
in the periosteum, which is of interest for regenerative medicine. However, characterization of

periosteal stem cells is still limited.

During recent years, several markers and combinations thereof have been described that label
SSCs, including Nestin, Leptin receptor (LepR) [9], CD105 [10,11], CD51 [10,12], CD200 [12],
PDGFRa [13,14] and Scal [13,14]. Nestin is a cytoskeletal protein that belongs to the family of
intermediate filaments and is expressed in a variety of stem and progenitor cells as well as in
several types of cancer cells [15]. In the bone marrow, cells expressing green fluorescent protein
(GFP) under the control of the regulatory elements of the Nestin promotor/enhancer (Nes-GFP*
cells) [16] are multipotent, display in vivo self-renewal and support the maintenance of
hematopoietic stem cells, suggesting that Nes-GFP identifies SSCs in the adult bone marrow
compartment [17]. During the endochondral ossification process in bone development, Nes-
GFP" cells are abundant in the perichondrium and are characterized as early cells in the
osteoblast as well as endothelial lineage [18]. The properties of Nes-GFP" cells in adult mouse

periosteum however remain poorly described, and their role during fracture healing unknown.
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In this study, we investigated whether the Nes-GFP transgene marks SSCs in the periosteum.
We show that Nes-GFP* cells are present in the periosteum at a perivascular localization and
that they express other SSC and progenitor markers, although at a different level compared to
Nes-GFP" cells in the bone marrow. Our data suggest that, in the periosteum, Nes-GFP is
primarily expressed by a population of skeletal progenitors that strongly proliferate and

contribute to the osteoblast pool during bone regeneration.
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2. Materials and methods

2.1. Animals and cell isolation

Nestin-GFP (Nes-GFP) transgenic mice (C57/BL6 background)[16] were kindly provided by Dr
Grigori Enikolopov at Cold Spring Harbor Laboratory. The mice were housed in conventional
conditions in our animal housing facility (Proefdierencentrum Leuven, Belgium) at 22°C under a
14-hour light/10-hour dark cycle, fed a normal chow diet (V1535; Ssniff GmbH, Soest, Germany)
and analyzed at 8 weeks of age. Previous bone-healing studies from our laboratory did not find
sex-specific differences and we therefore used both male and female mice. All animal
experiments were conducted according to the regulations and with approval of the Animal Ethics
Committee of the KU Leuven.

Murine periosteum-derived cells (mPDC), flushed bone marrow cells (mBMC-F) and bone
marrow cells digested from bone fragments (mMBMC-B) were isolated from Nes-GFP mice [19].
Briefly, the tibiae and femora were dissected and the muscles removed. The epiphyses were
embedded in 5% low melting point agarose (SeaPlaque; Lonza, Verviers, Belgium). Periosteal
cells were obtained by sequential digestion with a mixture of 3mg/ml collagenase and 4mg/ml
dispase in Minimum Essential Media (MEM) o medium (all from Gibco; Life Technologies,
Ghent, Belgium). Cells obtained after 10 minutes of digest were discarded. The cells obtained
during the second digest (50 minutes) were passed through a 70 ym nylon mesh and used for
further analysis. To collect the mBMC-F fraction, the epiphyses were removed and the bone
marrow was flushed out with 0.5 mL of phosphate-buffered saline (PBS) using a syringe with
26G needle. Finally, the mBMC-B fraction was obtained by crushing of the remaining bone and

digesting the bone fragments with the collagenase/dispase mixture.

2.2. Flow Cytometry Analysis and cell sorting
Freshly isolated mPDC, mBMC-F and mBMC-B were resuspended in PBS supplemented with
2% fetal bovine serum (FBS; Gibco) and 2mM EDTA. The cells were incubated for 30 min at 4°C

6
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with the respective antibodies at the indicated concentration (Table 1). Flow cytometry analysis
was performed on a Gallios Flow Cytometer (Beckman Coulter, Brea, USA) and analyzed by
using the Kaluza software (Beckman Coulter). Due to the high amount of hematopoietic cells in
the bone marrow fraction, a Lineage Cell Depletion Kit and CD45 MicroBeads were used
together with LD columns (all from Miltenyi biotech, Bergisch Gladbach, Germany) according to
manufacturer’s instructions before investigating the panels of markers described in Chan et al.
2015 [12].

To obtain Nes-GFP" cells from the periosteum, mPDC from Nes-GFP* mice were isolated and
incubated with Terl19-APC, CD45-APC and CD31-APC antibodies (eBioscience; Thermo
Fisher Scientific, Asse, Belgium). The Nes-GFP™ and Nes-GFP* cells in the Ter119°CD45CD31
population were then sorted by flow cytometry (BD FACSAria Ill, BD Biosciences,

Erembodegem, Belgium).

2.3. Mouse models

To determine whether Nes-GFP* cells are slow dividing cells, Nes-GFP* mice received 5-lodo-
2'-deoxyuridine (IdU) (Img/mL; Sigma-Aldrich, Diegem, Belgium) in their drinking water for 30
days followed by a chase period of 40 days with normal drinking water.

For the fracture model, an osteotomy was used to mimic a simple transverse fracture pattern.
Mice were anesthetized by peritoneal injection of a ketamine-xylazine mixture in saline
(ketamine at 100 mg/kg and xylazine at 15 mg/kg). The right leg was shaved, disinfected and the
tibia was exposed. A fracture was made with a diamond saw, taking care not to damage the
underlying muscle tissue. The fibula was cut and the tibia fracture was immobilized by
introducing from the knee joint a 26G needle into the bone marrow canal. The skin was then
sutured and analgesics administered by peritoneal injection (Temgesic diluted 1/50 in saline at

10mg/kg). After 1, 3 or 7 days, BrdU in saline (150 mg/kg BW; Sigma-Aldrich, Diegem, Belgium)
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was delivered by peritoneal injection 4h prior to sacrifice. The mice were then anesthetized and
perfused with heparinized PBS followed by 2% paraformaldehyde in PBS.

For the kidney capsule implantation, Nes-GFP* were sorted by flow cytometry and resuspended
in matrigel (Corning GmbH, Wiesbaden, Germany) at a concentration of 1000 cells/uL. 2uL of
matrigel was then injected underneath the renal capsule of 8 week old C57/BI6 mice. After 8
weeks recipient mice were euthanized, the kidney retrieved and fixed in 2% paraformaldehyde in

PBS.

2.4. Bone formation by Ex Vivo micro—computed tomography (uCT)

Upon sample retrieval and fixation in 2% paraformaldehyde in PBS, the presence of mineralized
tissues in the kidney was assessed by UCT analysis using a SkyScan 1172 uCT system (Bruker,
Kontich, Belgium) at a pixel size of 5um with 50kV tube voltage and 0.5mm aluminium filter.

Reconstruction was performed with NRecon software (Bruker).

2.5. (Immuno)histochemistry

Isolated tibiae and kidneys were fixed overnight in 2% paraformaldehyde and decalcified in
EDTA (0,5M; pH 7,5) for 14 days at 4°C. For the fracture experiments, bones were embedded in
NEG-50 frozen section medium (Richard-Allen Scientific, Thermo Fisher Scientific), and
sectioned with a cryostat at 7 um using the CryoJane system. Kidneys with transplanted cells
were processed in the same way. The bones of the mice that received IdU in their drinking water
were embedded in paraffin and sectioned at 4 um. Hematoxylin and eosin (H&E) and
immunohistochemical stainings are routinely performed in our lab as described previously [20—
22]. The antibodies used in these experiments are listed in Table 1. Images were taken on a
Zeiss Axioplan 2 light microscope (Carl Zeiss Microscopy GmbH, Jena, Germany). The

guantification of cells that are double positive for BrdU/NesGFP, Osx/NesGFP or IdU/NesGFP
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as well as of the proportion of NesGFP" cells that are located next to blood vessels was

performed by using the ImageJ software (NIH, Bethesda, MD, USA, https://imagej.nih.goVv/ij/).

Table 1: List of antibodies used for immunofluorescence and flow cytometry analysis.

Antigen/reagent Host/Isotype Conjugate Supplier Catalog number| Dilution
BP1 Rat / 1gG2a PE eBioscience 12-5891-81 1/200
BrdU Rat / 1gG2a - Serotec OBT0030 1/100
CD31 Rat / 1gG2a - BD Biosciences 550274 1/100
CD31 Rat / 1gG2a APC eBioscience 17-0311-80 1/500
CD45 Rat / 19G2b APC eBioscience 17-0451-83 1/500
CD51 Rat / 1gG1 PE eBioscience 12-0512-81 1/40
CD51 Rat / 1gG1 Biotin eBioscience 13-0512-82 1/200
CD90.2 Rat / 1gG2b PE eBioscience 12-0903-81 1/200
CD105 Rat / 1gG2a Pacific Blue Biolegend 120412 1/200
Primary antibodies CD105 Rat/ IgG2a PE eBioscience 12-1051-81 1/40
CD200 Rat/1gG2a |PerCP-eFluor 710 eBioscience 46-5200-82 1/200
GFP Rabbit / IgG - Invitrogen A11122 1/200
[e]V] Mouse / IgG1 - Abcam ab8955 1/250
Leptin receptor Goat / 1gG Biotin R&D Systems BAF497 1/50

Osterix Rabbit / IgG - Santa Cruz sc-22536-R 1/10000
PDGFR-a Rat / 1gG2a PE eBioscience 12-1401-81 1/50
Sca-1 Rat / 1gG2a PE eBioscience 12-5981-82 1/200
SOX9 Rabbit / IgG - Novus NBP1-85551 1/100
Terl19 Rat / 1gG2b APC eBioscience 17-5921-83 1/200
anti-mouse Goat / IgG Alexa546 Life Technologies A11003 1/100
anti-rabbit Goat / 1IgG Alexa488 Life Technologies A11008 1/200
anti-rabbit Goat / 1gG Alexa546 Life Technologies A11010 1/200
Secondary antibodies anti-rat Goat / 1gG Alexa568 Life Technologies A11077 1/500
/ amplification kits Streptavidin - PE-Cyanine7 eBioscience 25-4317-82 1/200
Streptavidin - PE eBioscience 12-4317-87 1/200

TSA fluorescein system - - Perkin Elmer NEL701001KT -
TSA Cyanine 3 system - - Perkin Elmer NEL704A001KT

2.6. Cell cultures

For the in vitro fibroblastic colony-forming unit (CFU-F) assay, sorted mPDC were seeded at
very low density (10 cells/cm?) in Dulbecco's Modified Eagle Medium (DMEM) with 25mM of
glucose and containing 15% FBS and 2 mM Glutamine (all from Gibco). After 10 days, the
colonies were fixed with a solution of periodate-lysine-paraformaldehyde, stained with methylene
blue (Sigma-Aldrich, Diegem, Belgium) and the number of colonies containing at least 20 cells

was quantified.
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For the in vitro differentiation assays, colonies cultured for 10 days in normal medium were
switched to specific differentiation medium for additional 10 days: for osteogenic differentiation
medium was supplemented with 10 mM B-glycerophosphate and 50 pg/ml L-ascorbic acid (both
from Sigma-Aldrich); for chondrogenic differentiation 10 ng/ml recombinant human transforming
growth factor-p 1 (Peprotech, Rocky Hill, CT, USA), 50 pg/ml L-ascorbic acid and 20uM Y-27632
(ROCK inhibitor, Axon Medchem, Groningen, The Netherlands) were added and for adipogenic
differentiation 10nM Dexamethasone, 50uM Indomethacin, 10pg/mL Insulin and 500nM IBMX
(all from Sigma-Aldrich) were added. After the differentiation period, colonies were stained
respectively for Alkaline phosphatase activity (ALP), glycosaminoglycans (Alcian Blue 8GX; 1%

in 0.1 N HCI; pH 1.2; Sigma-Aldrich) and lipid droplets (Oil Red O; Sigma-Aldrich) [19].

2.7. RNA extraction and quantitative real-time (qRT)-PCR analysis

RNA from differentiated and undifferentiated colonies was extracted using the Nucleospin RNA
isolation Kit (Macherey-Nagel GmbH, Duren, Germany) according to the manufacturer's
instructions. Reverse transcription was performed using the Superscript Il Reverse
Transcriptase (Invitrogen, Thermo Fisher Scientific) and the analysis of quantitative reverse
transcriptase polymerase chain reaction (QRT-PCR) was performed on the StepOnePlus Real-
Time PCR System (Applied Biosystems, Thermo Fisher Scientific) using specific forward and
reverse oligonucleotide primers as well as probes with fluorescent dye (FAM) and quencher
(TAMRA) (Supporting Information Table 2). Expression levels were normalized for the
expression of the housekeeping gene hypoxanthine-guanine phosphoribosyl transferase (mHprt)

by using the AACT method.

Table 2: Mouse primer sequences of target genes.
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gene forward primer probe reverse primer

Alp CGCACGCGATGCAACA CACTCAGGGCAATGAGGTCACATCCA CGGACTTCCCAGCATCCTT
Colll TGTCCCAACCCCCAAAGAC ACGTATTCTTCCGGGCAGAAAGCACA CCCTCGACTCCTACATCTTCTGA
Coll2 | AGAACATCACCTACCACTGTAAGAACA CCTTGCTCATCCAGGGCTCCAATG TGACGGTCTTGCCCCACTT
Pparg CCCAATGGTTGCTGATTACAAA CTGAAGCTCCAAGAATACCAAAGTGCGATC | AATAATAAGGTGGAGATGCAGGTTCT
Sox9 TCTGGAGGCTGCTGAACGA CAGCACAAGAAAGACCACCC TCCGTTCTTCACCGACTTCCT

2.8. Statistical analysis

Data are presented as mean = SD and analyzed by Student’s t-test or ANOVA as indicated in

the figures. n values represent the number of individual mice or pools of cells that have been

studied. Differences were considered statistically significant at p<0.05.

2.9 Figure art

Schematics included in the figures were created using Servier Medical Art templates, which are

licensed under a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com.

11
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3. Results

3.1. Mouse periosteal and bone marrow-derived Nes-GFP* cells differ in stem cell marker
expression

In contrast to the thorough characterization of bone marrow skeletal stem cells (SSCs),
knowledge on periosteal SSCs is only emerging recently. The Nes-GFP transgene has been
described to label SSCs in the bone marrow [17] and we therefore investigated whether Nes-
GFP can also be used to mark periosteal SSCs. Histological analysis of adult mouse tibia
showed that Nes-GFP" cells are detected in the periosteum and 73+9% of Nes-GFP* cells was
localized in close proximity to blood vessels (Figure 1A). We next analyzed what the proportion
is of Nes-GFP" cells in the stromal fraction of the periosteum (mPDC) in comparison to their
percentage in the stromal fraction of the flushed bone marrow (MBMC-F) or after digestion of the
bone fragments (MBMC-B). Flow cytometry analysis showed that almost 37.7+4.3% of the total
mPDC population were stromal cells (Terl19°CD45CD31’), whereas stromal cells were scarce
in the two bone marrow fractions (1.3+0.3 and 4.4+0.6% in respectively mBMC-F and mBMC-B;
Figure 1B). Nes-GFP" cells were more abundant in the total mPDC population (6.5+1.8%)
versus bone marrow populations (0.006+0.002 and 0.10£0.08% in respectively mBMC-F and
mBMC-B; Figure 1C), as well as in the stromal fraction of the periosteum (17.3+4.8%) compared
to the bone marrow (1.3+£0.2%; Figure 1D). We also noticed that the expression of other markers
that are reported to label stem cells and/or progenitors differed between these two cell sources,
with more Scal® cells, but less CD105" and PDGFRa" cells in periosteum compared to bone
marrow (Figure 1D). Cells expressing LepR or CD51 were equally abundant in periosteal and
bone marrow stromal fractions. In addition, the expression of these stem cell and progenitor
markers by Nes-GFP" cells depended on their origin, with fewer periosteal Nes-GFP" cells
expressing LepR or PDGFRa, but more periosteal Nes-GFP™ cells expressing Scal compared to

bone marrow Nes-GFP" cells (Figure 1E). Taken together, Nes-GFP" cells are present in the

12
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periosteum at a perivascular location, but they differ in the expression of stem cell and

progenitor markers from Nes-GFP" cells in the bone marrow.

3.2. Nes-GFP labels skeletal progenitors in the periosteum

In order to determine whether periosteal Nes-GFP™ cells are SSCs, we first investigated whether
they are slow-dividing cells, a characteristic of many stem cells [23-27]. To this end, the
thymidine analogue (IdU) was added to the drinking water during 30 days to 8-week-old mice.
Histological analysis showed that 27.2+11.8% (n=3; mean * SD) of the Nes-GFP" cells in the
periosteum were labeled by IdU, indicating that these cells have divided at least once during this
period (Figure 2A). Next, mice received normal drinking water during 40 days, which will result in
loss of 1dU in proliferating cells whereas the slow-dividing cells will still contain 1dU [24,28]. We
could not detect IdU* Nes-GFP" double positive cells following the chase period of 40 days,
indicating that periosteal Nes-GFP" cells do not exhibit the slow-dividing property of SSCs

(Figure 2A).

Next, we investigated the in vitro colony forming and trilineage differentiation capacity of sorted
periosteal Ter119°CD45CD31 Nes-GFP" cells, known characteristics of SSCs. Nes-GFP" cells
were able to form both primary and secondary colonies, but the colony forming efficiency was
comparable to the Nes-GFP’ fraction (Figures 2B-C). Furthermore, the colonies formed by Nes-
GFP* and Nes-GFP™ cells had a comparable capacity to differentiate along the osteogenic,
chondrogenic and adipogenic lineage, as evidenced by respectively ALP staining and Alp and
Col1 expression (Figure 2D-F), Alcian Blue staining and Sox9 and Col2 expression (Figure 2G-I)

and Oil red O staining and Ppary expression (Figure 2J, 2K).

In their study, Chan et al. 2015 [12] described panels of markers that label SSCs (Ter119'CD45
CD31CD51'CD90'BP1'CD105CD200%), pre-Bone Cartilage and Stromal Progenitors (pre-

13
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BCSPs; Ter119°CD45CD31'CD51"CD90 BP1'CD105CD200) and Bone, Cartilage, and Stromal
Progenitors (BCSPs; Terl119'CD45CD31 CD51'CD90'BP1'CD105°CD200). These three
populations have been described to be multipotent cells that form bone, cartilage and marrow
after in vivo implantation. We investigated if Nes-GFP* expression overlaps with these three
populations in periosteum and bone marrow. Of the periosteal Nes-GFP™ stromal cells, less than
5% are immunophenotypic SSCs, about 14% are pre-BCSPs and 8% are BCSPs (Figure 3A). In
contrast, more than half of the Nes-GFP" stromal cells in the bone marrow have the cell surface
marker profile of SSCs, about 7% that of pre-BCSPs and only less than 2% that of BCSPs
(Figure 3B). Altogether, the SSC/pre-BCSP/BCSP cells are 26.6£3.1% (n=4; mean * SD)
(Figure 3A) of Nes-GFP" stromal cells in the periosteum versus 61+3.2% (n=4; mean * SD) in
bone marrow (Figure 3B). We further tested the properties of periosteal Nes-GFP" cells in vivo
by sorting and transplanting these cells under the kidney capsule in wildtype recipient mice. The
kidney capsule provides an environment rich in blood vessels and nutrients that promotes
survival and growth of implanted cells [29,30]. True SSCs, but also pre-BCSPs and BCSPs, will
form bone, cartilage and hematopoiesis-supportive stroma in this model [11]. We retrieved the
kidneys and implanted cells after 8 weeks and assessed the presence of mineralized tissue by
MCT analysis. Mineralized tissue was found in 4 out of the 12 samples (Figure 3C), which was
confirmed to be bone tissue by histological analysis (Figure 3D). However, no cartilage or
hematopoietic tissue was observed. In addition, no Nes-GFP" cells were found in any of the
transplants (Figure 3E). However, the Nes-GFP transgene does not allow to trace the progeny of
the implanted cells as its expression is lost upon differentiation. Therefore, these data show that
Nes-GFP" periosteal cells have the in vivo potency to form bone, but they are not self-renewing
SSCs. These findings are in line with our flow cytometry analysis showing that the proportions of
SSCs, pre-BCSPs and BCSPs are low in the periosteal Nes-GFP* cell pool.

Together, these data indicate that periosteal Nes-GFP* cells are not true SSCs but rather
display properties of skeletal progenitors.

14
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3.3. Periosteal Nes-GFP® cells proliferate and contribute to the osteoblast pool in
response to fracture

Skeletal stem and progenitor cells drive bone regeneration by proliferating and subsequently
differentiating to chondrocytes or osteoblasts. Since our data show that periosteal Nes-GFP*
cells are skeletal progenitor cells, we investigated the behavior of Nes-GFP" cells during the
early phases of bone healing, at 1, 3 and 7 days after fracture of the tibia in mice (Figure 4A).
These time points correspond respectively to the inflammatory phase, the thickening of the
periosteum with increased proliferation of skeletal cells and the formation of the soft callus
consisting of cartilage and immature bone tissue. (Figure 4B). First, to assess proliferation, mice
were injected with BrdU 4h before sacrifice (Figure 4A) and the percentage of proliferative
(BrdU") Nes-GFP" cells was quantified in a pre-defined region of the periosteum close to the
fracture site (boxed area in Figure 4B). Of note, BrdU" cells were not detected in the periosteum
of a non-fractured tibia (Figure 4C). One day after fracture, 15.2+5.9% of Nes-GFP" cells were
BrdU" and this proportion increased up to 24.9+2.5% at day 3 and then decreased again to
16.5+3% at day 7 (Figure 4C-D). In accordance, the total number of Nes-GFP" cells per callus
area increased from 4.8+0.8 at day 1 to 20.4+11.8 and 60.5+24.5 at respectively day 3 and 7
after fracture (n=4; mean * SD). These data show that Nes-GFP" cells contribute substantially to
the proliferative response of the periosteum after fracture, with a peak of proliferation detected 3

days after the fracture.

We then investigated whether the location of Nes-GFP" cells in the periosteum changed after
fracture. As mentioned, the majority of Nes-GFP" cells localize close to blood vessels in
unstressed conditions (Figure 1A) and this presence of Nes-GFP* cells in direct contact with
CD31" cells remained similar at day 1, 3 and 7 after fracture (Figure 4E-F). Thus, most Nes-
GFP" cells stay in a perivascular location during the process of bone repair.
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Finally, we investigated whether periosteal Nes-GFP" cells exhibit properties of chondro- or
osteoprogenitors by analyzing whether Nes-GFP™ cells express respectively Sox9 or Osterix
(Osx) 7 days after fracture (Figure 4G-H). Cells expressing both Nes-GFP and Sox9 were not
detected, but Nes-GFP*/Osx" cells were observed, confirming the notion that Nes-GFP labels
osteoprogenitors in the periosteum. The proportion of Nes-GFP* cells that expressed Osx did
not change significantly after fracture, ranging from 15.2+2.7% in unfractured periosteum to
8.8+4.2% at day 7 after fracture (n=3; mean * SD). Conversely, 5+0.6% of the Osx" cell
population was positive for Nes-GFP (n=3; mean £ SD), and this fraction was not different from
the unfractured condition (9.3+5.7%; n=3; mean = SD). Thus, while the total number of Nes-
GFP" cells increases during the early phases of fracture healing in mice, the percentage of Nes-
GFP" cells committed to the osteogenic lineage does not change. These data reveal that also
during fracture healing periosteal Nes-GFP" cells behave like osteoprogenitor cells, showing a

strong proliferative response and contributing to the osteoprogenitor pool.
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4. Discussion

The periosteum has a critical role during bone repair [4,5], but consists of a heterogenous pool
of cells, including SSCs. To better understand periosteal biology and optimize the therapeutic
potential of stem cell strategies for bone regeneration [31-33], cell markers that identify
periosteal SSCs are needed. Since Nes-GFP labels SSCs in the bone marrow, we questioned
whether this marker also identifies SSCs in the periosteum. We here report that Nes-GFP labels
osteolineage-restricted skeletal progenitors in the adult mouse periosteum rather than true

SSCs, and that these cells proliferate during bone fracture healing.

Similar to Nes-GFP" cells in the bone marrow [17], we found that periosteal Nes-GFP* cells
localize primarily perivascular. However, Nes-GFP" cells in these two compartments differed in
most other characteristics. First, the number of Nes-GFP* cells in the stromal fraction of the
periosteum is much higher compared to the bone marrow. Second, periosteal Nes-GFP" cells
express stem cell and progenitor markers at different levels compared to those in the bone
marrow, with lower expression of LepR and of PDGFRa, but higher expression of Scal. The
differences between Nes-GFP" cells from these two cell sources is further underscored by our
flow cytometry analysis using the markers first described by Chan et al. [12]. Indeed, periosteal
Nes-GFP* contain much less multipotent cells compared to bone marrow Nes-GFP" cells, and
the proportion of SSCs is less than 5% of Nes-GFP* cells in periosteum versus more than half of
Nes-GFP" cells in the bone marrow. Our findings differ from recently reported data, which show
a much lower abundance of Nes-GFP* cells in the periosteum (0.64% of total pool vs 6.5% in
our study) and a higher expression level of PDGFRa [34]. A possible explanation is the different
method of isolation of mPDC, where Gao et al. used mechanical dissection of the periosteum
followed by an enzymatic digestion, whereas we only used a histologically validated enzymatic
digestion [19]. In vitro testing of the properties of periosteal Nes-GFP" cells revealed that these

cells can form both primary and secondary fibroblastic colonies and exhibit trilineage
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differentiation potential, both characteristics that are often used as a proxy for the presence of
SSCs. However, the same in vitro SSC properties were found in periosteal Nes-GFP" cells. Our
subsequent in vivo analyses revealed that Nes-GFP™ periosteal cells derived from 8 week-old
mice are not slow dividing, do not renew themselves and give rise to only bone tissue after
transplantation, thus showing the characteristics of osteoprogenitor cells rather than SSCs.
Again, periosteal Nes-GFP* cells differ from the ones in the bone marrow compartment which
show in vivo self-renewal and multipotency when seeded on ceramic carriers and implanted
under the skin in mice [17]. Although a different model was used to investigate the in vivo
properties of periosteal Nes-GFP" cells in our study, the high proportions of SSCs, pre-BCSPs
and BCSPs in bone marrow Nes-GFP" cells suggest potential self-renewal and multipotency
also in the kidney capsule model [12]. These results again highlight the risk of relying solely on
in vitro assays, and underscore the importance of performing adequate in vivo assays to assess
stem cell properties, as has been advocated before [1]. Interestingly, Nes-GFP does seem to
label self-renewing SSCs in the mouse periosteum during bone development, but the number of
Nes-GFP" periosteal cells decreases with age [34]. Together with our current results, these data
show that the periosteal SSC subset marked by the Nes-GFP transgene during development is
lost in adulthood. While it is clear that SSCs exist in the adult mouse periosteum, as recently
evidenced by serial transplantation and fracture experiments [6], markers to readily isolate these
cells remain elusive. One interesting tool is the LepR-cre mouse line, which labels SSCs in the
adult mouse periosteum [9,34], but the constitutive nature of this transgene makes it unclear
whether adult periosteal SSCs still express LepR and could be isolated using an antibody-based
approach. A recent study used the cathepsin K-cre mouse line in combination with a panel of
cell surface markers to identify periosteal skeletal stem cells [35], providing for the first time a

promising approach to specifically identify and isolate periosteal SSCs.
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While they may not be true SSCs, periosteal Nes-GFP" cells in adult mice do play a role in the
bone healing process, as they start to proliferate after fracture and contribute to Osx" osteogenic
cells in the callus. It is unclear whether all osteoblasts in the fracture callus are derived from
Nes-GFP* progenitors or only a fraction, since the nature of the Nes-GFP transgene does not
allow lineage tracing. We did find that none of the Nes-GFP® cells express the early
chondrogenic marker Sox9 after fracture, making it likely that Nes-GFP" periosteal cells are
restricted to the osteogenic lineage also during bone healing. Given that nearly all osteoblasts in
a fracture callus are marked by LepR-cre [9], the Nes-GFP" fraction may represent an
intermediate osteoprogenitor cell state that derives from SSC marked by LepR-cre and gives
itself rise to Osx” preosteoblasts. It is important to note that the skeleton of 8 week old mice, as
used in this study, is still growing [36,37]. Therefore, it is possible that murine periosteal Nes-

GFP" cells may undergo further changes with skeletal maturation.

Overall, our study highlights important differences between periosteal and bone marrow cells
with regards to cell identity markers, and urges caution in translating markers between the two
cell sources. The Nes-GFP transgene, while marking SSCs in the adult mouse bone marrow and

developing periosteum, labels adult mouse periosteal skeletal progenitors, but not SSCs.
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Figurel: Mouse periosteal and bone marrow-derived Nes-GFP* cells differ in stem cell
and progenitor marker expression. (A) CD31-immunostaining of blood vessels in periosteum
of Nes-GFP mice. Nuclei are stained with Hoechst (scale bar: 20um; b, bone; bm, bone marrow;
m, muscle; p, periosteum). (B) Flow cytometry analysis of periosteal cells (mPDC), flushed
(mBMC-F) and digested (mBMC-B) bone marrow cells, with quantification of Terl19°CD45
CD31 cells as stromal fraction. (C) Flow cytometry analysis of Nes-GFP*Ter119'CD45CD31
cells as percentage of total mPDC, mBMC-F and mBMC-B. (D-E) Flow cytometry analysis of
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fraction (D). Data are mean = SD. n=4. *, p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 (one-

way ANOVA).
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Figure 2: Nes-GFP is expressed by skeletal progenitors in the periosteum. (A)
Experimental set-up (top panel) and anti-ldU staining on Nes-GFP femur (bottom panel), after
IdU administration for 30 days and after a chase period of 40 days (70 days). Nuclei are stained
by Hoechst (arrows point to Nes-GFP'/IdU* cells). (B, C) Methylene Blue staining and
guantification of primary (B) and secondary (C) colony formation by sorted Terl19°CD45CD31
NesGFP™ and Ter119CD45CD31 NesGFP" periosteal cells (B, n=8 ; C, n=6). (D) Osteogenic
differentiation of sorted Nes-GFP™ and Nes-GFP" periosteal cells shown by staining for alkaline
phosphatase activity (ALP) and quantification of ALP® colonies (n=8). (E, F) Alp (E) and
Collagenl (Coll) (F) gene expression in differentiated vs undifferentiated mPDC (n=3). (G)
Chondrogenic differentiation of sorted Nes-GFP™ and Nes-GFP® periosteal cells, shown by
Alcian blue staining of proteoglycans and quantification of positive colonies (n=8). (H, I) Sox9 (H)
and Collagen 2 (Col2) (I) gene expression in differentiated vs undifferentiated mPDC (n=3). (J)
Adipogenic differentiation of sorted Nes-GFP™ and Nes-GFP" periosteal cells, shown by Oil Red
O staining and quantification of positive colonies (n=8). Ppary gene expression in differentiated
vs undifferentiated mPDC (K) (n=3). Data are mean * SD. *, p<0.05; **,p<0.01 ((B, C, D, G, J)

paired t-test and (E, F, H, I, K) two ways ANOVA).
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Figure 3: Periosteal Nes-GFP" cells are low in immunophenotypic SSCs and behave as
osteoprogenitors in vivo. (A, B) Flow cytometry analysis of the proportion of Skeletal Stem
Cells (SSCs; Ter119CD45CD31'CD51°CD90 BP1 CD105CD200"), pre-Bone, Cartilage and
Stromal Progenitors (pre-BCSPs; Ter119°CD45CD31'CD51°CD90 BP1'CD105CD200) and
Bone, Cartilage and Stromal Progenitors (BCSPs; Ter119°CD45CD31'CD51°'CD90BP1
CD105'CD200) in the Nes-GFP* fraction of periosteal cells (A) and flushed bone marrow cells
after lineage and CD45 depletion (B). (C-E) Analysis of periosteal Nes-GFP" cells implanted

beneath the kidney capsule. (C) uCT based visualization of mineralized tissue under the kidney

28



O©CO~NOOOTA~AWNPE

640

641

642

643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672

capsule 8 weeks after implantation. (D) Histological analysis (H&E staining) of bone formed

under the kidney capsule. (E) Nes-GFP" cells are not present in the implants 8 weeks post

implantation. Scale bars are 20 um. Data are mean + SD. n=4.
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Figure 4: Nes-GFP" cells proliferate in response to fracture. (A) Scheme of experimental
set-up. (B) H&E staining of the fractured tibia showing inflammatory response at day 1 (D1),
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thickening of periosteum at D3 and initiation of callus formation at D7 (magnification of boxed
area shows cartilage tissue). (C) Proliferating cells, shown by BrdU immunostaining, in the tibia
of Nes-GFP mice before (DO) and after fracture (arrows point to proliferating Nes-GFP™ cells).
(D) Quantification of proliferating (BrdU®) cells in the Nes-GFP* population (n=4). (E) CD31
immunostaining (blood vessels) on fractured tibia. (F) Quantification of Nes-GFP™ cells in direct
contact with CD31" cells (n = 4). (G) Sox9 immunostaining, showing chondrocytes in the callus,
7 days after fracture, which do not express Nes-GFP. (H) Osterix (Osx) immunostaining,
showing osteoprogenitors in unfractured bone (DO) and 7 days after fracture. The boxed areas
are enlarged in the lower panels (arrows point to Osx” Nes-GFP" cells). Nuclei are stained by
Hoechst. b, bone; bm, bone marrow; c, callus; p, periosteum. Scale bars are 50 um. Data are

mean * SD. *, p<0.05 (one-way ANOVA).
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