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Objective: This study aimed to characterize the mesenchymal stem cell (MSC) subpopulation migrating
towards a degenerated intervertebral disc (IVD) and to assess its regenerative potential.
Design: Based on initial screening for migration towards C-C motif chemokine ligand 5 (CCL5), the
migration potential of CD146+ and CD146- mesenchymal stem cells (MSCs) was evaluated in vitro and in
a degenerated organ culture model (degeneration by high-frequency loading in a bioreactor). Discogenic
differentiation potential of CD146+ and CD146- MSCs was investigated by in vitro pellet culture assay
with supplementation of growth and differentiation factor-6 (GDF6). Furthermore, trypsin degenerated
IVDs were treated by either homing or injection of CD146+ or CD146- MSCs and glycosaminoglycan
synthesis was evaluated by Sulphur 35 incorporation after 35 days of culture.
Results: Surface expression of CD146 led to a higher number of migrated MSCs both in vitro and in organ
culture. CD146+ and CD146- pellets responded with a similar up-regulation of anabolic markers.
A higher production of sulfated glycosaminoglycans (SGAG)/DNA was observed for CD146+ pellets, while
in organ cultures, sGAG synthesis rate was higher for IVDs treated with CD146- MSCs by either homing or
injection.
Conclusions: The CD146+ MSC subpopulation held greater migration potential towards degenerative
IVDs, while the CD146- cells induced a stronger regenerative response in the resident IVD cells. These
findings were independent of the application route (injection vs migration). From a translational point of
view, our data suggests that CD146+ MSCs may be suitable for re-population, while CD146- MSCs may
represent the primary choice for stimulation of endogenous IVD cells.

© 2019 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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endplate (CEP). While the proteoglycan-rich NP binds large
amounts of water, the AF and CEP build an envelope containing the

Introduction

The intervertebral disc (IVD), the largest avascular tissue in the
human body, is composed of three main tissues: the annulus
fibrosus (AF), the nucleus pulposus (NP) and the cartilaginous
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NP. This unique architecture allows the IVD to sustain high axial
load while providing a wide range of motion'.

Disc degeneration can be triggered by systemic and environ-
mental factors, such as inadequate load, trauma, smoking, and ge-
netic predisposition®. IVD degeneration is a complex, long-lasting
process and involves NP fibrosis, AF lamellar organizational
changes, and cell activity decrease®. Upon degeneration, the disc
can no longer sustain the applied mechanical forces, resulting in
disc height loss and tissue herniation. Current treatments range
from conservative management to surgical intervention. Dis-
cectomies and spinal fusions aim to reduce pain and gain stability;
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however, no existing clinical treatment induces IVD regeneration.
The IVD's avascularity limits the nutrients and oxygen available,
resulting in low regenerative capacity®.

Human mesenchymal stem cells (MSCs) hold promise for
biological regeneration of IVDs. In vitro, MSCs can differentiate to-
wards an NP-like phenotype under low oxygen culture conditions,
hydrostatic pressure or with growth and differentiation factor-5/6
(GDF5, GDF6)°~’. Co-cultures with cells isolated from disc tissues
induced an up-regulation of IVD markers in MSCs and triggered
proliferation and synthesis of extracellular matrix (ECM) by disc
cells® . Multiple in vivo studies described a regenerative response
in degenerated IVDs following MSC injection'?. The clinical trials
outcomes are mixed: some reported increased disc hydration and
pain reduction; others observed no changes after cell treatment'.
A potential limitation of cell injection is the harsh environment
inside degenerated IVDs, especially the low pH which can nega-
tively affect MSC survival'®. Additionally, the ideal MSC number
remains unclear: while clinical trials used up to 31 x 108 MSCs/disc,
in vivo studies suggest that lower cell numbers hold a higher
regenerative effect'>. Moreover, in vivo studies described a needle
size/disc height ratio-dependent degenerative response upon AF
damage by needle puncture'®,

MSC homing through the CEP may present an alternative MSC
delivery route into degenerated IVDs'”. This concept is based on the
natural healing process of MSC-induced regeneration, whereby
MSCs migrate towards chemokines released by degenerated disc
cells. Following migration, MSCs can induce remodeling of the
damaged ECM'®, However, only few MSCs migrate into the IVD'.
Identifying the migrating subpopulation would improve the
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understanding of the migration process and enable the develop-
ment of regenerative therapies based on selective MSC
subpopulations.

In the present work, we identified cluster of differentiation 146
(CD146, also known as melanoma cell adhesion molecule MCAM)
as a surface marker to distinguish MSC subpopulations with
distinct migration potential toward degenerated IVDs, and assessed
CD146+ and CD146- MSCs' direct (differentiation) and indirect
(paracrine stimulation) regenerative potential.

Materials and methods
Human mesenchymal stem cell isolation and expansion

Human vertebral bone marrow aspirates were obtained with
written consent from patients undergoing spine surgery. MSCs,
isolated by Ficoll® gradient centrifugation and adherence to tissue
culture plastic, were expanded in alpha-minimum essential me-
dium (aMEM, Gibco, Invitrogen) containing 100 U/mL penicillin,
100 mg/mL streptomycin, 10% fetal bovine serum (FBS, Pan Biotech)
and 5 ng/mL basic fibroblast growth factor (Peprotech, Rocky Hill,
CT, USA). Early passage (P1—P2) human MSCs from 19 donors were
used (Suppl. Fig. 1).

Bovine intervertebral disc isolation

IVDs were harvested from young (n = 24, 6—8 months old)
bovine tails obtained from the local abattoir, excised with a band
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Fig. 1. Scheme representing the in vitro trans-well migration assay consisting of a top and bottom chamber, separated by an 8 pum porous membrane, used to isolate the migrating
sub-population (bottom chamber) from the non-migrating one (top chamber). Unsorted mesenchymal stem cells (MSCs) were seeded in the top chamber; after 16 h, cells were
collected, and RT-PCR was performed. Results are displayed as fold mRNA expression of the migrated subpopulation relative to the cells retained in the top chamber (non-migrated
MSCs) (n = 6, age 53 + 18.2 y). a) Negative CTRL, containing «MEM (red) in both the top and bottom chamber. Statistically significant higher expression of CD37, CD44, CD106 was
observed in the migrated subpopulation. b) Chemotaxis, containing aMEM in the top and CCL5 (100 ng/mL, blue) in the bottom chamber. Statistically significant higher expression
of CD202, CD146, CD73, CD44 and CD106 was found in the migrated subpopulation. ¢) Chemokinesis, containing CCL5 (100 ng/mL) in both chambers. No significant changes in the

gene expression profile in the migrating sub-population were observed.
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Table I
List of human genes analyzed by real-time RT-PCR in the migration experiments
Gene Name Function Assay ID

CD73 NT5E 5'-nucleotidase Converts AMP to adenosine Hs00159686_m1
CD90 Thy-1 glycophosphatidylinositol Cell-cell and cell-matrix interactions Hs00264235_s1
CD105 ENG endoglin Part of TGFb receptor complex Hs00923996_m1
CD202 Tie2 angiopoietin receptor Receptor for Ang1/4 Hs00176096_m1
CD271 LNGFR low-affinity nerve growth factor receptor TNF receptor Hs00609977_m1
CD44 HCAM homing cell adhesion molecule Cell adhesion and migration Hs01075861_m1
CD146 MCAM melanoma cell adhesion molecule Cell adhesion molecule Hs00174838_m1
CD106 VCAM-1 vascular cell adhesion molecule 1 Cell adhesion molecule Hs01003372_m1
18S — 18S ribosomal RNA Endogenous control Hs 99999901 _s1

saw (Exakt Apparatebau), rinsed in phosphate buffered saline (PBS)
containing 10% penicillin-streptomycin'® and cultured in:

1. LG-DMEM: Dulbecco's Modified Eagle Medium (DMEM) con-
taining 1 g/L glucose, 25 mM Hepes (Gipco, cat. n. 15,630—056),
2% fetal bovine serum (FBS), 100 U/mL penicillin, 100 pg/mL
streptomycin, 1% insulin-transferrin-selenium (ITS+, Corning,
cat. n. 354352), 50 ug/mL Primocin (for high-frequency loading-
induced IVD degeneration);

2. HG-DMEM: DMEM containing 4.5 g/L glucose, 2 mM Glutamax,
25 mM Hepes, 5% FBS, 100 U/mL penicillin, 100 pug/mL strepto-
mycin, 50 pg/mL L-ascorbate, 50 ug/mL Primocin (for trypsin-
induced IVD degeneration).

Induction of intervertebral disc degeneration

Bovine IVDs were punched (22G needle) and cultured in LG-
DMEM in a bioreactor system under degenerative high-frequency
loading (0.6 + 0.2 MPa; 10 Hz, 4 h/day) for 7 days'. Medium was
changed daily, pooled and collected as disc conditioned medium (CM).

Gene-expression profile of MSCs migrated towards CCL5

A 6-well trans-well system consisting of top and bottom
chambers separated by an 8 um porous membrane was used for the
migration assay (Costar, cat. n. 3428). Chambers were filled with
oMEM and pre-incubated at 37°C for 2 h. Following standard
migration protocols, MSCs (n = 6, age 53 + 18.2 y) were serum-
starved for 6 h prior to seeding (top chamber, oMEM,
3 x 10° cells/well)?°. C-C motif chemokine ligand 5 (CCL5), a key
chemokine released by degenerative IVDs, was used as chemo-
attractant®' in the bottom chamber at 100 ng/mL (chemotaxis
group, Fig. 1b)?%. Controls included random migration in CCL5 (=
chemokinesis; CCL5 in top and bottom chamber, Fig. 1c) and
migration without CCL5 (= CTRL; oMEM in top and bottom
chamber, Fig. 1a). After 16 h, migrated and non-migrated cells were
collected separately by trypsinization, washed in PBS, lysed with
0.5 mLTRI-reagent and 2.5 pL polyacryl carrier (Molecular Research
Center, Cincinnati) and reverse-transcribed with SuperScript Vilo
cDNA Synthesis kit (Invitrogen, Thermo Fisher Scientific). Expres-
sion levels of genes of interest (Table I) were measured by real-time
PCR (QuantStudio six Flex: Applied Biosystems) using Gene
expression assays (Thermo Fisher Scientific). For relative quantifi-
cation, the dCt method was used with 18s rRNA as endogenous
control. Genes were selected based on surface markers involved in
MSC homing, i.e.,, MSC markers found on degenerated IVD cells
(CD73, CD90, CD105)%3, NP-cell progenitor markers (CD202,
CD271)** and MSC migration-associated markers (CD44, CD146,
CD106)>> %7,

CD146 expression of MSCs exposed to intervertebral disc
conditioned medium

MSCs (n =5, age 58 + 12.7 y) were seeded (6 x 10 cells/cm?)ina
6-well plate containing either 2 mL LG-DMEM or CM (Fig. 2a). After
16 h, cells were trypsinized, and CD146 expression (PECy7 1:20, BD
cat. n. 562135) was analyzed by flow cytometry (BD FACSAria III).

Migration potential of CD146+ and CD146- MSCs in vitro

The trans-well migration was repeated using CM (Fig. 2¢). MSCs
(n = 6, age 44 + 219 y), separated in CD146+ and CD146-
populations through fluorescence-activated cell sorting (FACS,
Fig. 3c) using the PECy7 antibody (BD cat. n. 562135, 1:20), were
plated in LG-DMEM in the top chamber (3 x 10° cells/well). Purity
range after sorting was >97% and >98% for CD146+ and CD146-
MSCs, respectively. After 16 h, migrated and non-migrated cells
were collected as described above and counted (Scepter™ 2.0 Cell
Counter, Merck Millipore).

Homing of CD146+ and CD146- MSCs into whole intervertebral
discs

MSCs (n = 3, age 41.6 + 30.7 y), separated in CD146+ and
CD146- subpopulations by FACS, were stained with a fluores-
cent membrane dye (PKH Fluorescent Cell Linker Kit; Sigma-
—Aldrich) according to manufacturer’s instructions
(CD146+ and CD146- MSCs were labeled with PKH26 (red), and
PKH67 (green) respectively). Each MSC subpopulation was
placed on a separate, randomly selected, degenerative IVD
(Fig. 3a). A 30 pL suspension (containing 1 x 108 MSCs in
LG-DMEM) was added on the IVD endplate (Fig. 3b)"". After
20 min, IVDs were covered with LG-DMEM and cultured in free-
swelling conditions with medium change every 48 h. After 5
days of migration, IVDs were sagittally-cut with a Padgett blade
using a custom-made holding device and visualized on a
motorized microscope (Axiovert 200 m, Zeiss) in epifluor-
escence at 2.5x magnification. MSC engraftment was analyzed
by measuring the IVD area and manually counting the migrated
fluorescent-labelled cells.

Discogenic in vitro pellet differentiation of CD146+ and
CD146- MSCs

The differentiation potential towards a discogenic phenotype
was investigated using a pellet-culture model®®. Briefly, MSCs
(n = 4, age 61.4 + 7.1y) were separated in CD146+ and CD146-
subpopulations by FACS and dispensed into 15 mL tubes
(2.5 x 10° cells) in 2 mL of 4.5 g/L glucose Dulbecco’s Modified Eagle
Medium (DMEM) containing 1% FBS, 1% ITS+, 100 U/mL penicillin,
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Fig. 2. a) Scheme representing the in vitro induction assay. Unsorted MSCs were either exposed for 16 h to LG-DMEM (CTRL) or conditioned medium (CM) and
protein expression of CD146 was measured by flow cytometry. b) Exposure of unsorted MSCs to CM induced a significant upregulation of CD146 protein expression (n = 5,
age 58 + 12.7 y). ¢) Scheme representing the in vitro trans-well migration assay. FACS-sorted CD146 + or CD146- MSCs were seeded in the top chamber and CM was placed in
the bottom chamber; after 16 h the number of migrated cells was quantified. d) Protein expression of CD146 led to a statistically significant higher fraction of migrating cells

(n =6, age 44 + 219 y).

100 pg/mL streptomycin, 100 pM ascorbic acid-2- phosphate,
10~7 M dexamethasone, 40 pg/mL L-proline, 100 ng/mL GDF6 (BMP-
13, cat. n. AF-120-04, PrepoTech). Pellets were cultured for 14 days
with medium change every 48 h (Fig. 4a). A sample (2.5 x 10 cells)
of the unsorted MSC population was collected at day 0 for
reference.

Gene expression by quantitative real-time RT-PCR

After 14 days, pellets were lyzed in 0.5 mL TRI reagent and 2.5 pL
polyacryl carrier with a pellet grinder (Sigma—Aldrich, cat. n.
Z359971). RNA isolation and reverse transcription were performed
as described above. Expression levels of genes of interest (Table II)
were measured by real-time PCR (QuantStudio six Flex: Applied
Biosystems) using the dCt method with 18s rRNA as endogenous
control.

Sulphated glycosaminoglycan production

Sulfated glycosaminoglycan (sGAG) production was assessed in
triplicate using a dimethylmethylene blue (DMMB, pH = 3) assay
and chondroitin sulfate C (shark cartilage, Sigma) as standard. The
total DNA content was measured by Hoechst dye assay, according to
manufacturer's instructions (Thermofisher, cat. n. 33-258). For
pellets, sGAG values were normalized to DNA content (ug/ug);
SGAG released in the medium during culturing was measured and
normalized to pellet DNA content.

ECM deposition by histology and immunohistochemistry

Pellets were washed (PBS), fixed (70% methanol, 4°C, 5 days),
rehydrated overnight (5% sucrose in PBS) and embedded in cry-
ocompound; 10 um sections were cut (Microm HM560) and
stained (Safranin O/Fast Green). Immunohistochemistry using
antibodies against collagen type I (Col1) and II (Col2) (Col1/CIIC1,
Department of Biological Services University of Iowa) was
performed?°.

Pellet stiffness and size

Pellets were washed, fixed and rehydrated as described above,
and stiffness of fully-hydrated pellets in PBS was determined using
the Piuma Nanoindenter (Optics 11) (indentation probe
stiffness = 47 N/m, tip radius = 29 um, Optics 11) at three different
points (pellet rotation in-between) with three measurements per
point. The Young's modulus was calculated using the Oliver and
Pharr's method®’. Results are represented as the mean of nine
measurements/pellet. Pellet diameter was measured from three
different angles (random location, 180° flip, 90° flip); the average
was used to calculate the volume of a sphere representing the pellet.

Intervertebral disc regeneration using CD146+ and CD146- stem cell
subpopulations

Bovine IVDs (n = 18 discs, diameter: 17—20 mm; two tails 7 and
8-months old) were enzymatically-treated by a single injection of
trypsin dissolved in PBS (750 pg trypsin/disc; 1995 BAEE U/mg,
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Fig. 3. Scheme representing the organ culture migration assay: a) High frequency loading in a bioreactor was used to induce degeneration in the isolated intervertebral disc
(IVD) (0.6 MPa + 0.2; 10 Hz, 7 d, 4 h/day); b) PKH-labeled CD146 + and CD146- MSCs were seeded on the endplate of induced degenerated IVDs; after 5 days, discs were fixed
and number of migrated MSCs was counted; c¢) Culture-expanded MSCs were sorted into CD146 + and CD146- subpopulations through fluorescence-activated cell sorting.
d) Fluorescent image of IVD cross-section: CD146- migrated cells were market by blue dots, yellow line indicates contour of the IVD. e) Fluorescent image of IVD cross-section:
CD146 + migrated cells were market by red dots, yellow line indicates contour of the IVD. f) Expression of CD146 resulted in a statistically significant higher number of migrated
MSCs towards induced-degenerative disc tissue (179.6 + 29.6 cells/cm?) compared to the CD146- MSCs (99.2 + 4.3 cells/cm?) (n = 3, age 41.6 + 30.7 y).

Sigma Aldrich, cat. n. T4799-5G) into the NP. Following a 14-day
free-swelling culture in HG-DMEM (Fig. 6)°!, FACS-sorted
CD146+/CD146- MSCs (n = 3, age 41.6 + 30.7 y) were either
seeded on the endplate (1 x 108 cells/disc, tail 1, Fig. 6a) or injected
(1 x 10° cells/disc in 30 uL PBS, tail 2, Fig. 6b) into the NP with a 22G
needle. The same MSC donors (ID: 17—19, Suppl. Fig.1) were used
for migration and injection experiments; discs were randomly
assigned to either treatment by CD146+ or CD146- cells. Each
experiment was performed with IVDs from one tail to exclude tail
variability. From each tail, an untreated IVD was used as a positive
control (ctr) and a trypsin-injected (without MSCs) IVD as a nega-
tive control (trypsin). After MSC application, discs (including con-
trols) were kept in culture for 21 days under free-swelling
conditions in HG-DMEM, with medium change every 48 h.

Sulphated glycosaminoglycan synthesis activity of stem-cell treated
intervertebral discs

Twenty-one days after MSC application (= 35 days total IVD
culture), endplates were removed with a scalpel. NP and AF were
separated with a biopsy punch; 30—40 mg from each tissue type
were placed in a 12-well plate, cultured for 18 h in HG-DMEM

containing 3°S-sulfate (2.5 pCi/mL), followed by washing in PBS
and digestion in 0.5 mL proteinase K solution (Roche, 0.5 mg/mL) at
56°C overnight. Incorporated 3°S-sulfate was analyzed using size
exclusion PD-10 columns and liquid scintillation counting'’. Total
DNA content of digested tissue (measured by Hoechst dye) was
used to normalize GAG synthesis activity.

Histological evaluation

At day 35, positive and negative control discs were sagittally-
cut using a Padgett blade with a custom-made holding device.
Disc halves were fixed (4% buffered paraformaldehyde, 3 days),
and decalcified (ethylenediaminetetraacetic acid, 4 weeks);
paraffin sections (5 pm thick) were stained with Safranin-O/Fast
Green®? and immunohistochemical staining for collagen type I
(Acris #R1038, 1:400) and collagen type II (CIIC1, 2 pg/mL IgG,
Department of Biological Services University of lowa) was per-
formed after enzymatic pre-treatment (25 mg/mL hyaluroni-
dase, Sigma #H3506 + 0.25 U/mL chondroitinase ABC, Sigma
#C2905, at 37°C for 30 min). The antibody incubation was per-
formed overnight at 4°C. After enzymatic pretreatment (as
described above), immunohistochemical staining for aggrecan
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days the gene expression, sulfated glycosaminoglycan (sGAG) production, pellet stiffness, and matrix deposition were analyzed. The gene expression data represents 2-94¢t
relative to the unsorted population at day 0. b) CD146 expression was unchanged over time for CD146- pellets, whereas CD146+ pellets responded with a statistically significant
down-regulation of CD146 following 14 days of culture. ¢) CD146+ and CD146- pellets responded with a similar and statistically significant up-regulation of ACAN and
downregulation of Col 10 compared to day 0 sorted populations. d) Deposition of sGAG was measured by DMMB assay and normalized to the pellets DNA content. No difference
was found for SGAG in CD146-+ vs CD146- pellets. e) A statistically significant higher production of total SGAG/DNA (= pellet and medium) was observed for CD146+ pellets

(n =4, age 614 + 71 y).

(12/21/1-C-6, 4 ug/mL IgG, Developmental Studies Hybridoma
Bank, University of lowa) was performed overnight at 4°C, and
followed by reduction and alkylation®>. This was followed by
incubation with a biotinylated secondary antibody (Col2 and
aggrecan: horse anti-mouse, Coll: goat anti-rabbit), avidin-
biotin-peroxidase (Vectastain Elite ABC kit, Vector Laboratories)
and DAB (Vector Laboratories). Negative control sections were
incubated without the primary antibody. Sections were imaged
in transmitted light using an Axioplan 2 (Zeiss) with a 1.25x
objective and a Bx63 (Olympus) microscope with a 40x
objective.

Statistical analysis

Statistical analyses were conducted in R Studio v1.1.456
(R v3.44) with P < 0.05 considered statistically different. Data
distribution was displayed as QQ-Plots and normality checked
with the Shapiro—Wilk test. When the normality assumption was
satisfied, a paired Student t-test was chosen to compare

CD146+ and CD146- MSC subpopulations from the same MSC
donor. Results of the organ culture regeneration assay (Fig. 6d)
were not normally distributed and a paired non-parametric t-test
was conducted (Wilcoxon matched-pairs signed rank test). Each
data point in the figures represents an MSC donor; lines connect
same-donor results. Gene expression results are displayed as box
plots (Figs. 1 and 4). Error bars of organ culture regeneration assays
indicate 95% CI (Fig. 6). Unless indicated otherwise, “n = " refers to
the number of MSC donors. For additional clarity, means + standard
deviations are provided in the results section.

Results

CD146/MCAM characterizes an MSC subpopulation with a higher
migration potential towards intervertebral discs

To characterize the gene expression profile of the migrating MSC
subpopulation, an in vitro trans-well assay using CCL5 as chemo-
attractant was performed. Overall, migrated MSCs showed an up-

Table II
List of human genes analyzed by real-time RT-PCR in the differentiation experiments
Abb.  Name forward primer seq reverse primer seq Probe seq
ACAN Aggrecan 5'-AGT CCT CAA GCC TCC TGT ACT CA-3' 5-CGG GAA GTG GCG GTA ACA-3’ 5'-CCG GAA TGG AAA CGT GAA TCA
GAA TCA ACT-3'

Col1 Collagen 1 alphal
Col2  Collagen 2 alpha2 5'-GGC AAT AGC AGG TTC ACG TAC A-3'

Col 10 Collagen 10 5'-ACG CTG AAC GAT ACC AAA TG-3’

5'-CCC TGG AAA GAA TGG AGA TGAT-3"  5'-ACT GAA ACC TCT GTG TCC CTT CA-3’

5’-CGG GCA ATC CTC GAG CAC CCT -3/

5'-GAT AAC AGT CTT GCC CCA CTT ACC-3' 5'-CCT GAA GGA TGG CTG CAC GAA

ACA TAC-3’
5'-TGC TAT ACC TTT ACT CTT TAT 5’-ACT ACC CAA CAC CAA GAC ACA GTT
GGT GTA-3' CTT CAT TCC-3’

RunX2 Runt-related transcription 5-AGC AAG GTT CAA CGA TCT GAG AT-3' 5'-TTT GTG AAG ACG GTT ATG GTC AA-3' 5-TGA AAC TCT TGC CTC GTC CAC TCC G-3'

factor 2
Sox9  SRY (sex determining
region Y)-box 9

Assay ID: Hs00165814_m1
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regulation of the investigated genes relative to non-migrated cells
(Fig. 1a and b, n = 6, age 53 + 18.2 y). A statistically significantly
higher mRNA expression (migrated vs non-migrated) was detected
in the CTRL and chemotaxis groups for CD44, CD73 and CD106
(Fig. 1a and b). No differences could be observed in the chemo-
kinesis group (Fig. 1c). A significant up-regulation of CD146
(12.7 + 6.4 fold, P = 0.004) and CD202 (15.9 + 13 fold, P = 0.013)
was observed solely in the chemotaxis group (Fig. 1b). Thus, these
two markers were further assessed at the protein level by flow
cytometry on culture-expanded MSCs. Less than 1% of the MSCs
expressed CD202, while CD146 was expressed on 60—90% of the
MSCs. With clinical translation as the end-goal, we focused on
CD146 as a potential predictive marker.

Migrating MSCs are exposed to a complex combination of fac-
tors released by the degenerated IVDs?'. To investigate their effect
on CD146 surface protein expression, we exposed MSCs to CM from
induced-degenerative IVDs (Fig. 2a). This induced a significant in-
crease in CD146 expression (61.7 + 18.8%) compared to culture in
basal medium (43.5 + 28%) (Fig. 2b; P = 0.023).

To investigate if CD146 identifies an MSC subpopulation with
enhanced migration potential, in vitro and organ culture migration
assays were performed. Using CM as chemoattractant in the trans-
well assay (Fig. 2c), the proportion of migrating MSCs was higher
for CD146+ (22.5 + 6.8% migrated cells) compared to CD146-
(15.7 + 5.6 % migrated cells) MSCs (Fig. 2d; P = 0.0001). Organ
cultures confirmed that CD146+ MSCs migrated in higher numbers
towards induced-degenerative disc tissue (179.6 + 29.6 cells/cm?)
compared to CD146- MSCs (99.2 + 4.3 cells/cm?) (Fig. 3d—f;
P = 0.016).

CD146+ MSCs have higher discogenic differentiation potential
in vitro

The discogenic differentiation potential of CD146+ vs CD146-
MSCs was analyzed following a 14-day pellet culture in GDF6-

supplemented medium (Fig. 4a). Gene expression levels at day
14 were normalized to the unsorted MSC population on day 0 to
allow for comparison of CD146+ and CD146- MSC sub-
populations. Gene expression of CD146 decreased in the
CD146+ pellets (2.1 fold; P = 0.027) following a 14 day-culture,
whereas it did not change significantly (1.5 fold; P = 0.187)
over time in the CD146- sorted subpopulation (Fig. 4b).
CD146+ and CD146- pellets responded with a similar, statistically
significant, up-regulation of ACAN (CD146+: 10.07 fold;
P = 0.025. CD146-: 8.32 fold; P = 0.014) and down-regulation of
Col 10 compared to the day 0 sorted populations (CD146+: 0.22
fold; P = 0.027, CD146-: 0.32 fold P = 0.004) (Fig. 4c). Col1l and
Col2 expression in the CD146+ and the CD146- pellets did not
differ over time (Fig. 4c).

While no difference in sGAG/DNA ratios was found inside
CD146+ pellets and CD146- pellets (6.9 + 3.4 and 5.9 + 2.7,
respectively) (Fig. 4d), a higher production of total SGAG/DNA (=
pellet + medium) was observed for CD146+ pellets (28.3 + 8.6 and
21.3 + 7.1, respectively) (Fig. 4e; P = 0.015). Immunohistochemical
staining for Col1 and Col2 showed that CD146+ and CD146- pellets
were mostly composed of Coll with a denser structure in the
CD146- pellets (Fig. 5a). The CD146+ pellets, capable of producing
more GAG, were also less stiff compared to CD146- pellets
(respectively, 45.6 + 9.7 kPa and 64.3 + 12.7 kPa), as attested by
nanoindentation (Fig. 5b; P = 0.002). Pellet size was similar for both
groups (Fig. 5¢).

CD146- MSCs induce a higher regenerative response in degenerative
intervertebral discs

To investigate the regenerative capacity of CD1464- and CD146-
MSCs in organ culture, we treated degenerated IVDs with either
MSC injection or homing (Fig. 6). For both strategies, the sGAG
synthesis rate was higher in CD146- treated IVDs, suggesting that
the secretome of this subpopulation might hold a higher
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Fig. 6. Scheme representing the trypsin-induced IVD degeneration; 14 days following the trypsin injection, degenerated IVDs were treated by either a) injection of MSCs with a 22G
needle or b) MSC migration. ¢/d) Trypsin-injected IVDs (trypsin) had a lower sGAG synthesis rate than the untreated control (ctr). In both injection and homing groups, all discs had
a higher sGAG synthesis rate when treated with CD146- sorted MSCs compared to CD146+ MSCs. e) Safranin-O fast green staining of trypsin injected IVDs did not reveal changes of

disc cell morphology after 35 days (IVDs n = 16/2 tails, MSCs n = 3, age 41.6 + 30.7 y).

regenerative potential. Interestingly, this trend was consistently
observed both with CD146- MSC injection and migration (Fig. 6
c,d). From a translational point of view, our data suggest that MSC
homing might have a similar stimulatory effect on IVD cells as in-
jection (Suppl. Fig. 2a). Safranin-O/Fast Green staining of trypsin-
injected IVDs did not reveal changes of disc cell morphology after
35 days [Fig. Ge].

The major difference between IVDs (Safranin O/Fast green-
stained) was observed when comparing discs with and without
trypsin injection, independent of MSC type and application mode
(Figs. 6e and 7 and Suppl. 3). Indeed, trypsin-injected discs
showed a faint Safranin O staining, thus attesting proteoglycan
depletion, in agreement with findings by Haglund's group®'.
When comparing CD146+ vs CD146- MSCs, no major differences
between treated IVDs were observed (i.e., the original proteo-
glycan content was not restored). When comparing MSC injection
and migration, no major differences were observed between
treated IVDs (Fig. 7 and Suppl. Fig. 3). With injected MSCs, cell
agglomerates were visible in the center of the IVD, while with
migrated MSCs, these cells cannot be distinguished from the IVD
cell population (Fig. 8).

Closer examination of immunohistochemical staining of MSC-
injected IVDs allowed the evaluation of both MSC differentiation
and IVD tissue response (with three MSC donors). Both IVD tissue
and MSCs were positive for aggrecan; CD146+ and CD146- MSCs

showed a similar staining intensity, but tissues treated with CD146-
MSCs always showed a more intense aggrecan staining (Fig. 8 d-f, k-
m). Both injected MSCs and IVD tissues were positive for Coll,
although the staining was faint in all trypsin-injected IVDs. MSCs
agglomerates and surrounding tissue were more intensely stained
for CD146- compared to CD146+ MSCs (two out of three donors,
Fig. 8 b,e,i,l). CD146+ and CD146- MSCs were negative for Col2, but
IVD tissue was more intensely stained when CD146- MSCs were
injected (Fig. 8 ¢,f,j,m).

Discussion

This study investigated the ability of MSC populations to
migrate into IVDs and initiate a regenerative reaction. Concerning
the MSC source, it has been shown that MSCs from vertebral bi-
opsies exhibited the same phenotype, proliferative and adipogenic
potential, but higher osteogenic and chondrogenic differentiation
capabilities than MSCs from the iliac crest>*. Only bone marrow
biopsies from vertebral bodies were included in this study because
vertebral bone marrow MSCs would naturally be recruited towards
a degenerative disc in a physiological setting'”. As MSCs lose the
differentiation and migration potential with increasing passage
number, only early passage (P1—-P2) human MSCs were
included'”>. Moreover, early passage MSCs are generally used in
clinical trials*® 38,
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Fig. 7. Overviews of the trypsin-induced degenerated IVDs following treatment by MSC injection. Immunohistochemical staining for aggrecan, collagen type I and type II, and
Safranin O/Fast Green staining were performed on intact discs (a-d), trypsin-injected (trypsin ctrl) (e-h), discs treated with CD146- MSCs (CD146-) (i-1) and discs treated with
CD146+ MSCs (CD146+) (m-p). The selected images were taken from discs treated with MSCs from the same donor and bovine tail to allow a direct comparison among groups. Note
that the orientation of the sections varies to allow the best visualization of the endplates and the disc annulus and nucleus regions. Scale bar equals 1 mm.

To characterize the migrating MSC subpopulation's gene
expression profile, an in vitro migration assay towards CCL5, the
main chemoattractant released by induced-degenerated IVDs, was
performed?!. Most of the surface markers analyzed (Table 1) were
more highly expressed in migrated compared to non-migrated cells
(e.g., chemotaxis or tMEM control group, Fig. 1), suggesting that the
migration process itself might influence the MSC phenotype. The
concept of mechanotransduction (i.e., translation of mechanical
stimuli to intracellular signals) has been described in various tissue
types>°. Specifically, actin cytoskeleton rearrangement during cell
migration is considered an important regulative factor, influencing
MSC phenotype by mechanical activation?*~#2, Therefore, the
migration process may activate MSCs, allowing them to quickly
adapt as they migrate towards the injury site. However, further
investigation is required to determine whether MSCs up-regulate
the analyzed markers during migration or the migrating subpopu-
lation already expresses them in higher amounts.

CD146 expression has been connected to different biological
functions, involving cell migration, proliferation, and differ-
entiation”>*~*8, We found that CD146 expression was associated
with enhanced migration both in vitro and in organ culture (Figs. 2 and
3), in agreement with findings by Harkness et al, who reported a

higher migration of CD146+ MSCs following intravenous injection in
an immuno-deficient mouse closed femoral fracture model compared
to CD146- cells?”. The higher migration capacity of CD146+ MSCs has
been related to Wnt5a mediated activation of c-jun amino-terminal
kinase (JNK) leading to increased cell protrusion®>.

Two different mechanisms of action have been described for
MSCs' regenerative role in damaged tissues. Firstly, MSCs can
differentiate into specific phenotypes and produce new ECM. Sec-
ondly, cytokines from damaged tissues can induce MSCs to release
trophic factors that foster the endogenous cell population's
regenerative capacity. Hence, we analyzed both the differentiation
potential and paracrine effect of CD146+ and CD146- cells on
induced-degenerative IVDs.

To characterize the discogenic differentiation potential of
CD146+ and CD146- subpopulations, we performed GDF6-
supplemented in vitro pellet culture*®. While CD146- MSCs main-
tained a low CD146 expression, CD146+ MSCs lost CD146 expres-
sion over time, suggesting that the more progenitor-like
CD146+ cell population loses this marker as it differentiates to-
ward a more mature cell phenotype (Fig. 4b)?”. CD146+ pellets
produced significantly higher amounts of sGAG/DNA, confirming
their higher NP cell-like differentiation potential in response to
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GDF6 (Fig. 4e). Based on the work of Ye et al., CD146 negatively
regulates canonical Wnt signaling at the B-catenin level and acts as
Whnt5a receptor in the regulation of non-canonical Wnt signaling®>.
As reviewed by Ma et al.*® and Usami et al.°, increase in Wnt5
expression and decrease in B-catenin are distinctive features of
early-stage chondrogenesis. Hence, we hypothesize that the higher
GAG/DNA ratio observed in CD146-+ vs CD146- MSC pellets could be
due to their commitment toward the chondrogenic phenotype
resulting from the activation of the Wnt5 non-canonical signaling
and inhibition of canonical Wnt signaling at the B-catenin level.

While Coll was present in both pellets at the protein level
(Fig. 5), the Runx2/Sox9 ratio of the CD146- (0.95 + 0.22) and
CD146+ (0.75 + 0.18) was lower than the critical value of 2 (pre-
dictive of osteogenic differentiation)°’. The measured stiffness (64.3
and 45.6 kPa for CD146-and CD146-+ pellets, respectively) lied
within the range of human NP (~6 kPa) and AF tissue (~110 kPa)*2.

To investigate the regenerative capacity of CD146+ and CD146-
MSCs in organ culture, we treated degenerated IVDs with either
MSC injection or homing (Fig. 6)*'. For both strategies, SGAG syn-
thesis rate and staining intensity for aggrecan were higher in
CD146- treated IVDs, suggesting that these more mature cells
release a secretome conducive to higher regeneration of damaged
tissue. Overall, CD146- MSCs were more effective in promoting an
anabolic response in trypsin-induced degenerated and ECM-
depleted IVDs.

Limitations

This study solely investigated the regenerative potential of
bone-marrow derived MSCs, which can be obtained autologously

during fusion surgery, or from an allogeneic source. IVD progenitor/
stem cells from the CEP** or niche areas within the IVD represent
alternative allogeneic sources®*. Further investigations are needed
to compare the potential of bone-marrow derived MSCs vs IVD
progenitor cells. Since most MSC donors used in this study were
male trauma patients there might be a selection bias. However, no
differences were observed between female and male, or younger
and older donors (Suppl. Figs. 2b and c). A single marker charac-
terization was used to increase the translatability toward a clinical
application; nonetheless, multiple markers might reveal an even
more potent (although smaller in number) subpopulation. The
bovine degenerated IVD organ culture model does not fully reca-
pitulate the human disease but enables the establishment of a
proof-of-concept of a potential clinical treatment. Notably, given
the limited number of MSC donors investigated, the experiments
presented in this work should be viewed as exploratory and hy-
pothesis-generating.

Conclusions and perspectives

Our data indicate for the first time that CD146 distinguishes stem
cell subpopulations with distinct migration and regenerative po-
tential in degenerative IVDs. In vitro and organ culture experiments
characterized a CD146+ MSC subpopulation with higher migration
potential toward degenerative IVDs. The CD146+ subpopulation
in vitro showed a superior disc-like differentiation, while the
CD146- subpopulation induced a stronger regenerative response in
organ culture, highlighting the importance of testing regenerative
treatments in advanced whole tissue culture models of damaged
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tissues. In our future work, we intend to confirm our findings in vivo
using an adapted transpedicular approach for MSC delivery>°.
With respect to clinical translation, IVDs adjacent to a fused
segment and IVDs with an AF defect represent potential clinical
targets. Unlike MSC injection, homing from the endplate into the
IVD avoids iatrogenic AF damage, which potentially leads to
degeneration'®. Independent of the application route (injection vs
migration), our results indicate that CD146- MSCs induce a higher
regenerative response, possibly due to a more differentiated state.
Thereby, CD146+ MSCs would be applied for cell re-population,
while CD146- cells would be preferred for stimulation of endoge-
nous IVD cells. Importantly, given the limited number of donors
used in this study, further investigations are required to assess the
feasibility of this approach from a clinical translation perspective.
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