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Abstract

Background: Approximately one third of patients undergoing core decompression (CD) for early-stage osteonecro-
sis of the femoral head (ONFH) experience progression of the disease, and subsequently require total hip arthroplasty
(THA). Thus, identifying adjunctive treatments to optimize bone regeneration during CD is an unmet clinical need.
Platelet-derived growth factor (PDGF)-BB plays a central role in cell growth and differentiation. The aim of this study
was to characterize mesenchymal stromal cells (MSCs) that were genetically modified to overexpress PDGF-BB (PDGF-
BB-MSCs) in vitro and evaluate their therapeutic effect when injected into the bone tunnel at the time of CD in an

in vivo rabbit model of steroid-associated ONFH.

Methods: In vitro studies: Rabbit MSCs were transduced with a lentivirus vector carrying the human PDGF-BB gene
under the control of either the cytomegalovirus (CMV) or phosphoglycerate (PGK) promoter. The proliferative rate,
PDGF-BB expression level, and osteogenic differentiation capacity of unmodified MSCs, CMV-PDGF-BB-MSCs, and
PGK-PDGF-BB-MSCs were assessed. In vivo studies: Twenty-four male New Zealand white rabbits received an intra-
muscular (IM) injection of methylprednisolone 20 mg/kg. Four weeks later, the rabbits were divided into four groups:
the CD group, the hydrogel [HG, (a collagen-alginate mixture)] group, the MSC group, and the PGK-PDGF-BB-MSC
group. Eight weeks later, the rabbits were sacrificed, their femurs were harvested, and microCT, mechanical testing,
and histological analyses were performed.
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Results: In vitro studies: PGK-PDGF-BB-MSCs proliferated more rapidly than unmodified MSCs (P<0.001) and CMV-
PDGF-BB-MSCs (P<0.05) at days 3 and 7. CMV-PDGF-BB-MSCs demonstrated greater PDGF-BB expression than PGK-
PDGF-BB-MSCs (P<0.01). However, PGK-PDGF-BB-MSCs exhibited greater alkaline phosphatase staining at 14 days
(P<0.01), and osteogenic differentiation at 28 days (P=0.07) than CMV-PDGF-BB-MSCs. In vivo: The PGK-PDGF-BB-
MSC group had a trend towards greater bone mineral density (BMD) than the CD group (P=0.074). The PGK-PDGF-
BB-MSC group demonstrated significantly lower numbers of empty lacunae (P<0.001), greater osteoclast density
(P<0.01), and greater angiogenesis (P < 0.01) than the other treatment groups.

Conclusion: The use of PGK-PDGF-BB-MSCs as an adjunctive treatment with CD may reduce progression of osteone-
crosis and enhance bone regeneration and angiogenesis in the treatment of early-stage ONFH.
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Background

Osteonecrosis is a chronic disease that results from vas-
cular disruption and leads to death of bone and mar-
row elements [1, 2]. Osteonecrosis of the femoral head
(ONFH) has the potential to progress to collapse of the
femoral head and subsequent osteoarthritis (OA) of the
hip [1, 2]. In fact, ONFH has been estimated to account
for about 10% of total hip arthroplasties (THA) per-
formed annually in the USA and up to half of those per-
formed in Korea and Taiwan [2-4]. Within the USA,
there is an incidence of about 20,000—30,000 new cases of
ONFH diagnosed annually; other reports have estimated
the annual incidence of osteonecrosis in China to be
between 75,000 and 150,000, and in Japan to be between
12,000 and 24,000 [2, 4]. Moreover, those affected by
ONFH are typically young, active individuals between
20 and 40 years old [4]. Although the exact etiology and
pathophysiology of ONFH is unknown, it has been well
established that glucocorticoid use, increased alcohol
intake, and chronic inflammation play important roles in
the development of the disease [1, 5].

Core decompression (CD) has become a mainstay
of surgical management for early-stage ONFH as it
improves clinical and radiographic outcomes when
compared to nonoperative treatment [1, 2, 6]. However,
despite widespread use, CD has an estimated success rate
of only 65% according to a recent meta-analysis; many
of the failed cases subsequently undergo THA [1, 7]. In
light of this shortcoming, many augmentative treatment
modalities, such as use of a tantalum rod insertion, bone
grafts, and cell-based therapy have been attempted in
order to improve outcomes of CD [1, 2]. However, these
combinatorial approaches have yielded mixed outcomes
and new complications. Consequently, the optimal treat-
ment for early-stage ONFH is still an unmet clinical need
[8]. Ultimately, these protocols must prioritize bone heal-
ing and revascularization, along with enhancement of
mechanical strength to improve outcomes.

Platelet-derived growth factor (PDGF)-BB is a
potential adjunctive therapy for improving outcomes

of early-stage ONFH treatment undergoing CD.
PDGEF-BB is a growth factor that stimulates many
cellular growth and differentiation processes [9].
Secretion of PDGF-BB by preosteoclasts increases
migration of mesenchymal stromal cells (MSCs) and
endothelial progenitor cells (EPCs) through the PI3K/
Akt/FAK pathway as well as differentiation of osteo-
blasts through the Sphk1/S1P pathway [10]. PDGE-
BB improved bone formation and strength in a mouse
model of osteoporosis [11]. Similarly, in a murine OA
model, PDGF-BB secreted by preosteoclasts increased
angiogenesis, osteogenesis, and nerve ingrowth [12].
The lack of PDGEF-BB secretion by preosteoclasts
has also been linked to decreased osteoclastogenesis
and bisphosphonate-related osteonecrosis of the jaw
(BRONJ) in rats treated with zolendronate, which
could be reversed with local PDGF-BB supplementa-
tion [13, 14]. Finally, PDGF-BB demonstrates immu-
nomodulatory effects and curtails the adverse effects
of pro-inflammatory stimuli. For example, the harm-
ful effects of interleukin-1-beta (IL-1B) on chondro-
cytes were mitigated by PDGF-BB supplementation,
which reduced activation of nuclear factor kappa B
(NF-kB) and limited cleavage of caspase-3, resulting
in decreased apoptosis [15].

Our group recently demonstrated that murine MSCs
that were genetically modified to overexpress PDGF-
BB accelerated cellular proliferation and promoted
greater osteogenesis and mineralization in vitro [16].
Given these findings, we hypothesized that the addi-
tion of MSCs genetically modified to overexpress
PDGEF-BB may improve the outcomes of CD in the
treatment of ONFH. The aim of this study was to
evaluate the proliferative and osteogenic potential of
PDGEF-BB-overexpressing rabbit MSCs (PDGF-BB-
MSCs) in vitro and to characterize the therapeutic
effect of injecting these modified cells into the sur-
gically created bone tunnel at the time of CD in an
in vivo rabbit model of steroid-associated ONFH.
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Materials and methods

In vitro study

Establishment of genetically modified PDGF-BB
over-expressing rabbit MSCs

Rabbit bone marrow-derived MSCs were purchased
(Cyagen Biosciences, Santa Clara, CA) and expanded
in growth medium (GM) containing a-Minimal Essen-
tial Medium (a-MEM, Thermo Fisher Scientific, Rock-
ford, IL), supplemented 10% MSC-certified fetal bovine
serum (FBS, Life Technologies, Pleasanton, CA), and 1%
antibiotic and antimycotic solution (100 units of peni-
cillin, 100 pg of streptomycin, and 0.25 pg of ampho-
tericin B per mL, Life Technologies) until passage 5.
Two distinct types of PDGF-BB-MSCs were generated
by infecting MSCs with the lentiviral vector carrying
the human PDGF-BB gene under the cytomegalovirus
(CMV) and human phosphoglycerate kinase (PGK) pro-
moter, respectively. Briefly, the pCDH-CMV-PDGF-BB-
EFla-copGFP plasmid was constructed by insertion of
PDGEF-BB coded genes into the control transfer plasmid,
pCDH-CMV-MCS-EFla-copGFP (System Biosciences,
Palo Alto, CA), and the pCDH-PGK-PDGF-BB-EFla-
copGFP plasmid was constructed by replacing the CMV
promoter in pCDH-CMV-PDGEF-BB-EFla-copGFP with
the PGK promoter from pCDH-PGK (Addgene, Water-
town, MA) [16]. The control lentivirus vectors or PDGF-
BB-overexpressing lentivirus vectors were produced in
human embryonic 293 T cells (ATCC, Manassas, VA)
by co-transfecting with the control or PDGF-BB-overex-
pressing transfer plasmids, packaged plasmid (psPAX2),
and enveloped plasmid (pMD2G VSVG) using a calcium
phosphate transfection kit (Takara Bio USA, Inc., Moun-
tain View, CA) with 25 mmol/L chloroquine. The virus
was mixed in serum-free medium with 6 ug/mL of poly-
brene (Sigma Aldrich, St. Louis, MO) and was infected
into rabbit MSCs with culture for 6 h at the multiplicity
of infection (MOI) of 80 [17]. At 4 days after infection,
the infected cells were confirmed as GFP positive cells
under the fluorescence microscope. Unmodified MSCs,
CMV-PDGF-BB-MSCs, and PGK-PDGF-BB-MSCs from
passage 7 were stored in a liquid nitrogen tank and were
subsequently used for the in vitro and in vivo experi-
ments as described below.

Cell culture

After thawing, unmodified MSCs, CMV-PDGF-BB-
MSCs, and PGK-PDGE-BB-MSCs were seeded in T75
flasks and cultured with GM for one day. The GM was
then replaced with fresh GM and the cells were cultured
for an additional three days. The cells were then washed
with phosphate-buffered saline (PBS) three times, trypsi-
nized, and reseeded into well plates. Each cell type’s
proliferative capacity, PDGF-BB expression level, and
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capacity for osteogenic differentiation were subsequently
assessed.

Cell proliferation assay and PDGF-BB expression verification
Unmodified MSCs, CMV-PDGF-BB-MSCs, and PGK-
PDGEF-BB-MSCs were cultured in GM and seeded at
a density of 2x 10* cells/well onto 24-well plates. The
samples, which included the supernatant and cells, were
collected at one, three, and seven days. For the samples
collected at seven days, GM was replaced with fresh GM
at three days. After collecting the supernatants, each
plate was then washed three times with PBS and 1 mL
of DNase/RNase free water was subsequently added into
each well. Cellular DNA was released by three freeze—
thaw cycles and the quantity of dsDNA in each well was
measured by performing a Quant-iT PicoGreen dsDNA
Assay (Invitrogen, Carlsbad, CA) according to the man-
ufacturer’s instructions. Fluorescence was measured at
480/520 nm wavelength using a plate reader (SpectraMax
M2e Microplate Reader, Molecular Devices, San Jose,
CA), and the amount of dsDNA was calculated.

To verify expression of PDGF-BB, the supernatant at
three and seven days was analyzed. The concentration
of PDGF-BB was measured using a human PDGF-BB
ELISA kit (R&D Systems, Minneapolis, MN) according
to the manufacturer’s instructions. Optical absorbance at
450 nm was measured using a plate reader and PDGF-BB
expression level was calculated.

Osteogenic assessment

Unmodified MSCs, CMV-PDGF-BB-MSCs, and PGK-
PDGE-BB-MSCs were seeded at a density of 2 x 10* cells/
well onto 24-well plates for alkaline phosphatase (ALP)
staining at 14 days and Alizarin Red staining at 28 days.
The cells were cultured in osteogenic medium (OM) con-
taining a-Minimal Essential Medium (a-MEM, Thermo
Fisher Scientific) with 10% MSC-certified FBS, 1% antibi-
otic and antimycotic solution, 10 mM [B-glycerophosphate
(MP Biomedicals, Irvine, CA), 50 mM 1-ascorbic acid
(Sigma Aldrich), 100 mM Vitamin D3 (Sigma Aldrich),
and 100 nM dexamethasone (Sigma Aldrich). The culture
medium was replaced every three to four days.

For the ALP staining, the supernatant from each well
was aspirated after 14 days of culture, the cells were
washed twice with 0.9% normal saline, and then fixed
with 1 mL of 4% paraformaldehyde (PFA) for 15 min.
Thereafter, the cells were stained with 300 pL of an ALP
substrate solution (1-StepTM NBT/BICP substrate Solu-
tion, Thermo Fisher Scientific), and allowed to incubate
overnight at 37 °C. The cells were then washed twice
with PBS and allowed to dry. Each well was then imaged
using a BZ-X 810 digital microscope (Keyence, Osaka,
Japan) at 20x magnification. To quantify the percentage
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of each well that was stained, the area of positive staining
was divided by the total area of each well. Briefly, Image]
1.53e (NIH) was used by two independent evaluators to
set a threshold for positive staining, a consensus for the
final threshold was reached, and the same software was
used to measure the area of positive staining and the total
well area.

For the Alizarin Red staining, the cells were washed
twice with PBS, fixed with 4% PFA for 15 min, and then
stained with 300 pL of 40 mM pH 4.1-4.3 Alizarin Red S
(Sigma-Aldrich) and allowed to shake at 30 RPM at room
temperature for 20 min. Subsequently, the stain was aspi-
rated, and each well was washed with 1 mL of PBS and
allowed to shake at 30 RPM at room temperature for
5 min. The wash process was repeated twice more, after
which each well was imaged at 20x magnification as
above. The percentage of staining in each well was calcu-
lated using the same process as the ALP staining quantifi-
cation described above.

In order to control for variable amounts of starting
genetic material, all results, except those of the PDGF-
BB ELISA, were normalized by the average amount of
dsDNA present in each well for each cell type, after one
day of culturing. The results of the day three and day
seven PDGF-BB ELISA were normalized by the average
amount of dsDNA present in each well for each cell type,
after three and seven days of culturing, respectively.

In vivo study

Fabrication of the MSC-laden hydrogel

In order to inject MSCs into the surgically created bone tun-
nel at the time of CD, unmodified MSCs and PGK-PDGF-
BB-MSCs were encapsulated in a hydrogel (HG) prior to
surgery, as previously described [18]. Briefly, sodium algi-
nate (Pfaltz & Bauer Inc, Waterbury, CT) was dissolved in
calcium-free DMEM (Thermo Fisher Scientific) at 1% (w/v)
concentration, after which 8 pL. of NaOH (1 N) was added
to 1 mL of solution. This alginate solution was stored at 4 °C.
One hundred mg of sterile CaSO, was then mixed with
1 mL of sterile deionized (DI) water and vortexed for 5 min
at room temperature. Separately, calcium-free DMEM was
added to collagen stock solution which contained collagen
type 1 from rat tail (Corning Inc, NY) at 1:1 volume ratio
at 4 °C. Then, 20 pL of the vortexed CaSO, suspension was
added to 1 mL of the collagen solution. Afterwards, unmod-
ified MSCs or PGK-PDGF-BB-MSCs were added to this
collagen precursor solution at a density of 10 million cells/
mL, and this mixture was then added to the alginate solution
at a 1:1 volume ratio. A previous study demonstrated that
this resulted in calcium-driven alginate crosslinking within
15 min and a resultant hydrogel that was injectable through
commercially available needles and stable right after injec-
tion into the bone tunnel [18]. This finalized MSC-laden HG
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contained cells at a density of 5 million cells/mL and was
stored on ice prior to injection. Previously, this HG-MSC
system demonstrated greater than 90% cell viability, 6.2-fold
increase in DNA, and greater than 90% protein release at
14 days after encapsulation [18].

Rabbit surgery

All animal experiments were approved and performed in
accordance with our institution’s Animal Care and Use
Committee guidelines. Twenty-four male mature New
Zealand rabbits (West Oregon Rabbit Company, OR),
five to six months of age and weighing from 4.0 to 4.5 kg,
received a single, intramuscular injection of 20 mg/kg of
methylprednisolone acetate (MPS: Depo-Medrol®, Pfizer
Inc, NY) four weeks prior to surgery [19-22]. Rabbits
were divided into four groups (n=6 in each): (1) the CD
group, (2) the HG group, (3) the MSC group, and (4) the
PGK-PDGE-BB-MSC group. Note, the cells in groups 3
and 4 were encapsulated in HG identical to that used in
group 2.

Prior to surgery, rabbits were anesthetized with xyla-
zine (4 mg/kg) and ketamine (40 mg/kg) and inhaled
isoflurane was provided for additional anesthesia.
Buprenorphine SR (0.15 mg/kg) and enrofloxacin
(25 mg/kg) injections were also given. For the CD group,
a 20 mm skin incision was made over the left proximal
lateral thigh, and the vastus lateralis muscle was reflected
[21, 22]. A 2-mm-diameter round burr was used to create
a small hole at the distal end of the third trochanter, and
fluoroscopy was subsequently used to guide the inser-
tion of a 0.9-mm guide wire from the hole to the center
of the femoral head. Next, a cannulated drill bit was used
to drill over the guide wire to create a 3-mm-diameter
bone tunnel from the third trochanter to 2 mm distal to
the surface of the femoral head. For the HG group, 200
uL of HG, prepared as described above, was injected into
the bone tunnel prior to wound closure. For the MSC
and PGK-PDGEF-BB-MSC groups, 1 million unmodi-
fied MSCs or PGK-PDGF-BB-MSCs encapsulated in
200 pL of HG were injected into the bone tunnel prior
to wound closure. The wound was closed with non-
absorbable suture and antibiotics were administered for
two days, postoperatively. Rabbits were kept in cages and
allowed free activities until eight weeks after surgery, at
which point they were euthanized, and the femurs were
harvested.

MicroCT analysis

A microCT (SkyScan 1276 micro-CT system, Bruker,
Kontich, Belgium) with 20 um resolution at 2016 x 1344,
AI'1 mm, 85KkV, 200 pA, with two average frames at every
0.4° angle step was used to scan the proximal femurs.
NRecon software (version 1.6) and GEMS MicroView
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software (eXplore MicroView v.2.5, Analysis Plus, GE
Healthcare, Toronto, Canada) were used for data recon-
struction and analysis, respectively. Bone mineral den-
sity (BMD, mg/mm?®) and bone volume fraction (BVF),
inside and outside the CD area in the femoral head, were
calculated. Briefly, a cylindrical region of interest (ROI)
with an 11-mm diameter x 6-mm length was positioned
to cover the entire femoral head, and a second cylindrical
ROI with a 3-mm diameter was co-centrally positioned
inside the CD area at the bottom of the 6-mm thickness
of the femoral head. The total volume (TV, mm?), bone
volume (BV, mm?), and bone mineral content (BMC,
mg) within each region were measured. The area outside
the CD was defined as the entire femoral head excluding
the area within the CD, and BMD and BVF were calcu-
lated using the data for the whole femoral head minus
the data within the CD. A threshold of bony tissue was
determined by a phantom. Specimens were then stored
in a—80 °C freezer prior to subsequent biomechanical
testing.

Biomechanical testing

A Materials Testing System fitted with a 2 kN load cell
(5944 Instron Corporation, Norwood, CA) was used for
mechanical testing. Specimens were thawed and kept
moist with PBS throughout testing at room temperature.

First, the stiffness of the femoral head surface was cal-
culated by performing an indentation test [21, 22]. Speci-
mens were transversely cut 60 mm distal to the femoral
head, and the distal end was potted with polymethyl-
methacrylate (PMMA). Additional PMMA was packed
under the inferior surface of the femoral neck to avoid
bone deflection/fracture while testing. Specimens were
secured in a swivel vise with the long axis of the femur
placed 17° from the vertical in the coronal plane, result-
ing in a 17° laterally directed load vector on the femoral
head. Although not physiologic in rabbits, this orienta-
tion was chosen to approximate the frontal plane angle
at peak load during a variety of daily activities in humans
[23]. A 1.6 mm-diameter indenter was aligned with the
Ligamentum Teres in the sagittal plane and used to
indent the surface of the femoral head. A 1 N compres-
sive preload was applied, and the specimens were subse-
quently loaded at a displacement rate of 10 mm/min until
0.5 mm of displacement or 300 N of load were reached.
Load and displacement data were recorded at 100 Hz,
and stiffness of the femoral head surface was calculated
from the linear portion of the load vs. displacement
curve.

Next, the stiffness of the central portion of the femo-
ral head was calculated by performing another inden-
tation test [21, 22]. The femoral head was cut into two
4-mm-thick segments using a 0.5-mm-hand saw with a
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hand-made saw guide set perpendicular to the bone tun-
nel axis. The proximal segment was stored in PFA (pH
7.4) for subsequent histological analysis, while the middle
fragment was used for the indentation test. A 2.3-mm-
diameter indenter was positioned to indent the fragment
through the axis of the bone tunnel. Again, a 1 N com-
pressive preload was applied, and the specimens were
then loaded at 10 mm/min until failure was observed.
Data recording and stiffness calculation were completed
the same way as the first indentation test described
above.

Calculation of empty lacunae outside of the CD area

The proximal segment of the femoral head was decal-
cified with 0.5 M ethylenediaminetetraacetic acid
(EDTA, pH 7.4) and subsequently embedded in opti-
mal cutting temperature (OCT) compound to obtain
8-um-thick longitudinal frozen sections collinear with
the long axis of the bone tunnel. After hematoxylin
and eosin (H&E) staining, seven consistent fields out-
side of the CD area, four subchondral fields and three
fields bordering the edge of the bone tunnel, were
imaged at 200x magnification using a BZ-X 810 digi-
tal microscope (Keyence) (Fig. la—c). The tissue was
considered to contain osteonecrotic lesions when the
following two requirements were satisfied: (1) empty
lacunae and pyknotic nuclei of osteocytes within the
bone, (2) bone marrow cell necrosis, fatty bone mar-
row without hematopoietic cells, scant bone marrow,
or reparative tissue such as accumulating multinuclear
cells, granulation tissue, fibrosis, or appositional bone
formation with osteoblast-like cells around the oste-
onecrotic lesion within the region of bone marrow [19,
22, 24]. To further quantify the degree of osteonecro-
sis, a deep convolutional neural network was utilized
to classify cells in histological sections to determine
the percentage of empty lacunae. Briefly, a model was
developed to classify objects into one of two classes:
osteocyte or empty lacunae. A total of N=135 H&E
images were manually counted by two independent
and blinded evaluators to establish the ground truth.
Of this data, N=27 images were randomly selected
and segmented into 3 x 3 matrices for a total of n =243
sub-images. The sub-images were then split into train-
ing and validation sets according to the Pareto princi-
ple (80—20 rule). Each object within the sub-images in
the training and validation set was annotated using the
ground truth labels. The classifier was then trained via
supervised learning using the Faster RCNN framework
and Inception-V2 model, which were downloaded
directly from the Tensorflow Object Detection reposi-
tory. Training ended when the reported loss value, the
cumulative measure of error between predicted and
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Subchondral Bone

acid phosphatase, CD31 cluster of differentiation 31

C

Fig. 1 Methods for histology field selection. Histology slides of the femoral head were imaged using a Keyence light microscope at x40
magnification to visualize the entirety of each specimen. a Representative image of an H&E stained specimen with the borders of the CD area
outlined with a dashed yellow quadrilateral. b The same image is used to demonstrate the position of the four fields that were used to image the
subchondral bone at x 200 magnification for H&E, TRAP, and CD31 stained sections. ¢ The same image is used to demonstrate the position of the
three fields that were used to image the bone surrounding the bone tunnel at x 200 magnification for H&E, TRAP, and CD31 stained sections. d
The same image is used to demonstrate the position of the three fields that were used to image the newly formed bone within the bone tunnel at
%200 magnification for the CD31 stained sections. Scale bar: 1000 um. H&E hematoxylin and eosin, CD, core decompression, TRAP tartrate-resistant

observed outputs, consistently fell below 0.05. The
accuracy of the model was then validated by compar-
ing the model predictions for new images with the
results from manual counting (the ground truth). After
confirming a high correlation between the predic-
tive results and ground truth (adjusted R*=0.96), the
percentage of empty lacunae in the remaining H&E
stained images was evaluated using the cell classifier.

Histological assessment of osteoclastogenesis

and angiogenesis

Frozen sections of the proximal femoral head fragment
were also stained to detect tartrate-resistant acid phos-
phatase (TRAP) and CD31 (Platelet Endothelial Cell
Adhesion Molecule-One; PECAM-1). The TRAP histo-
chemical staining kit (Sigma Aldrich) was used according
to the manufacturer’s instructions. For CD31 staining,
sections were treated with proteinase K (53020, Dako
Cytomation, CA) and endogenous peroxidase activity
was blocked with 0.3% hydrogen peroxide treatment. A
mouse monoclonal anti-rabbit CD31 antibody (diluted

1:800, NB600-562; Novus Biologicals, Littleton, CO) was
used as a primary antibody. A secondary antibody (Hist-
ofine Simple Stain MAX-PO (M), 414132F, Nichirei Bio-
science, Tokyo, Japan) and 3,3/-diaminobenzidine (DAB)
solution (34002, Thermo Fisher Scientific) were used to
visualize the bound primary antibody. The TRAP and
CD31 stained sections were then counterstained with
hematoxylin.

The same seven fields that were imaged in the H&E
stained sections were selected in each of the TRAP
stained sections and captured at 200x magnification
(Fig. 1b, c). For CD31 stained sections, in addition to the
seven aforementioned fields, three fields from within
the region of the bone tunnel were imaged at 200x and
analyzed in order to assess the angiogenic effects of the
treatment groups on the newly formed bone (Fig. 1b—d).
Image] was used to quantitatively assess the images as
follows: For TRAP staining, the number of osteoclasts
in each image was counted by two independent, blinded
evaluators. The total bone area for each image was then
measured by imaging each field at 200x with green
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fluorescence light (Fig. 2) in accordance with prior meth-
ods, and the number of osteoclasts per area of bone was
subsequently calculated for each image [25]. For CD31
staining, the number of CD31-positive stained microves-
sels in each image was also counted by two blinded evalu-
ators. In order to ensure objective manual counting, each
image was assigned a randomized number so that the
evaluators would be blinded to the treatment group cor-
responding to each image. Note: one section from each
rabbit sample was used for each of the three stains per-
formed (e.g., 24 sections underwent H&E, TRAP, and
CD31+ staining for a total of 72 stained sections).

Statistical analysis

Data are reported as mean +/— standard deviation. All
of the in vitro experiments were completed in triplicate.
An unpaired t test was used for comparison of PDGF-
BB expression level between CMV-PDGEF-BB-MSCs
and PGK-PDGEF-BB-MSCs. A one-way ANOVA with
post hoc Tukey test was used for the remaining in vitro
studies, microCT analysis, and mechanical testing. A
multivariable mixed-effects model was used for the his-
tological analyses, in which treatment group and femo-
ral head position served as fixed effects in order to also
consider how the relative position within the femoral
head of each image may influence the result. To evalu-
ate the accuracy of manual counting the internal reli-
ability of the number of TRAP-positive osteoclasts and
number of CD31-positive microvessels between the two
investigators was assessed by intraclass correlation coef-
ficients (ICC). Statistical significance was set as P<0.05.
The statistical analysis was conducted using Prism 9.0.0
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(GraphPad Software) and RStudio version 1.2.5402.
Power analysis using previous data indicated that a sam-
ple size of six per group would provide 80% statistical
power to detect significant differences among the groups
(¢=0.05, =0.20) [21].

A prior study from our group utilized samples from
the first three treatment groups (i.e., the CD, HG, and
MSC groups) in the current study for a separate set of
analyses [26]. However, the current study has expanded
the methods used for evaluation in two important ways.
Firstly, the current study employed a novel deep learning
algorithm to measure the percentage of empty lacunae in
each of the H&E stained sections, and thus allowed for a
consistent, unbiased evaluation of the histologic evidence
of osteonecrosis. Secondly, each histologic section was
assessed by dividing the image into two separate fields:
the subchondral bone area, i.e., the area immediately
beneath the articular cartilage where the early changes of
osteonecrosis are typically first noted; and the bone sur-
rounding the bone tunnel within the femoral head, adja-
cent to the site where the cells were injected.

Results

In vitro study

The PGK promoter led to more accelerated cellular
proliferation than the CMV promoter

The results of the PicoGreen Assay used to assess the pro-
liferative rate after three and seven days of culturing are
shown in Fig. 3a. At three days, the quantity of dsDNA in
the PGK-PDGF-BB-MSCs was 6.674/—0.65 fold greater
than at day one, which was significantly greater than both
the CMV-PDGF-BB-MSCs (4.37+4/—0.70, P<0.05) and

tartrate-resistant acid phosphatase

Fig. 2 Methods for osteoclastogenesis evaluation. Femoral head specimens were stained for TRAP. a Representative image of TRAP stained
specimen at x 200 magnification using a brightfield light. The number of osteoclasts (red arrows) in each brightfield image was manually counted
by two blinded evaluators. b The same field was imaged using green fluorescent light in order to specifically image the bone. The area of bone
was then calculated using imageJ software and osteoclast density was calculated as number of osteoclasts divided by bone area (#/mm?2). TRAP

Green Fluorescence
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Fig. 3 In vitro characterization of MSCs. a The proliferation rate of each cell type was evaluated by measuring the fold increase in dsDNA from
day one, according to the PicoGreen dsDNA quantitation assay results. After three days of culturing, the PGK-PDGF-BB-MSCs demonstrated
significantly greater proliferation than the unmodified MSCs (P<0.001) and the CMV-PDGF-BB-MSCs (P < 0.05). After seven days of culturing,

the PGK-PDGF-BB-MSCs demonstrated significantly greater proliferation than the unmodified MSCs and CMV-PDGF-BB-MSCs (P <0.0001 for
both). The CMV-PDGF-BB-MSCs also demonstrated greater proliferation than the unmodified MSCs (P< 0.01). b Expression level of PDGF-BB

was measured by ELISA and normalized by the amount of dsDNA present for each cell type. Expression of PDGF-BB by the unmodified MSCs
was undetectable. After three and seven days of culturing, the CMV-PDGF-BB-MSCs exhibited significantly greater expression of PDGF-BB than
the PGK-PDGF-BB-MSCs (P<0.0001 and P<0.01, respectively). Osteogenic differentiation capacity of each cell type was assessed by staining

for (c, @) ALP and with (d, f) Alizarin Red and normalizing by the amount of dsDNA that was present for each cell type on day one. After

14 days of culturing, PGK-PDGF-BB-MSCs demonstrated greater staining for ALP than unmodified MSCs (P< 0.0001) and CMV-PDGF-BB-MSCs
(P<0.05). Additionally, CMV-PDGF-BB-MSCs demonstrated greater staining than the unmodified MSCs (P < 0.0001). After 28 days of culturing,
PGK-PDGF-BB-MSCs demonstrated a trend towards greater staining than the CMV-PDGF-BB-MSCs (P=0.072). PDGF-BB platelet-derived growth
factor-BB, MSCs mesenchymal stromal cells, CMV-PDGF-BB-MSCs genetically modified cytomegalovirus promoter PDGF-BB over-expressing MSCs,
PGK-PDGF-BB-MSCs genetically modified phosphoglycerate kinase promoter PDGF-BB over-expressing MSCs; dsDNA double-stranded DNA, ELISA
enzyme linked immunosorbent assay, ALP alkaline phosphatase. *P<0.05, **P < 0.01, ***P<0.001, ****P <0.0001

unmodified MSCs (2.864+/—053, P<0.001). At seven expression of PDGF-BB in the unmodified MSCs
days, the quantity of dsDNA in the PGK-PDGF-BB-MSCs  was undetectable. Conversely, the expression of
was 11.14+/—0.69 fold greater than at day one, which PDGF-BB in the CMV-PDGEF-BB-MSCs was sig-
was significantly greater than both the CMV-PDGF-BB-  nificantly greater than the PGK-PDGF-BB-MSCs at
MSCs (6.85+/—0.39, P<0.0001) and unmodified MSCs  three days (5.25+/—0.25 vs. 0.52+/—0.05 pg/ng
(4.144/—0.28, P<0.0001). Furthermore, the increase in dsDNA, P<0.0001) and seven days (8.51+/—1.83 vs.
dsDNA in the CMV-PDGF-BB-MSCs trended towards 0.76+/—0.14 pg/ng dsDNA, P<0.01).

being greater than unmodified MSCs after three days of

culturing (P=0.058) and was significantly greater after =~ PDGF-BBenhances ALP expression but not mineralization

seven days of culturing (P<0.01). The presence of ALP in each well was quantified by stain-

ing the enzyme after 14 days of culturing, as is seen in
The CMV promoter led to greater expression of PDGF-BB Fig. 3c, e. PGK-PDGF-BB-MSCs (0.145+/—0.005%/ng
than the PGK promoter dsDNA) resulted in a greater percentage of staining than

The results of expression level of PDGF-BB by ELISA
at three and seven days are shown in Fig. 3b. The
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CMV-PDGF-BB-MSCs (0.116+/—0.012%/ng dsDNA,
P<0.01) and unmodified MSCs (0.019+/—0.003%/
ng dsDNA, P<0.0001). Furthermore, CMV-PDGF-BB-
MSCs resulted in greater staining than unmodified MSCs
(P<0.0001).

The results of Alizarin Red staining at 28 days are shown
in Fig. 3d, f. PGK-PDGF-BB-MSCs (0.795+/—0.147%/
ng dsDNA) trended towards increased staining than
CMV-PDGF-BB-MSCs (0.565+4/—0.068%/ng dsDNA,
P=0.072), but was not significantly different than
unmodified MSCs (0.773 +/— 0.068%/ng dsDNA). More-
over, no significant differences were detected between
CMV-PDGF-BB-MSCs and unmodified MSCs.

In vivo study

PDGF-BB-overexpressing MSCs enhanced mineralization
outside of the CD area

The results of the microCT analysis are shown in
Fig. 4. The rabbits in the PGK-PDGF-BB-MSC group
(1243 +/—58.9 mg/mm?®) had a trend towards greater
BMD in the area of the femoral head outside of the
bone tunnel compared to the CD group (1171 +/—46.9,
P=0.074), but there were no significant differences when
comparing with the HG group (1233 +/—53.4) or MSC
group (1202 +/—27.3). Additionally, no other significant
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differences were detected between any of the treatment
groups with regards to BMD or BVFE, inside or outside of
the bone tunnel area.

No significant differences in bone stiffness were detected

The results of the mechanical testing are shown in Fig. 5.
Although the PGK-PDGF-BB-MSC group had a greater
absolute femoral head and bone tunnel stiffness than the
other three groups, these differences did not reach statis-
tical significance. Likewise, there were no significant dif-
ferences between any of the remaining treatment groups.

Augmentation of CD with PDGF-BB-overexpressing MSCs led
to diminished histological evidence of osteonecrosis

Representative images of the H&E staining in the
femoral head are shown in Fig. 6. Empty lacunae and
pyknotic osteocytes were observed in all groups, indi-
cating the presence of osteonecrotic lesions within the
femoral head of all rabbits. The results of the quanti-
tative analysis of empty lacunae are shown in Table 1.
When evaluating the subchondral bone, the PGK-
PDGEF-BB-MSC group demonstrated significantly
lower percentage of empty lacunae (P<0.001 for all)
than the CD, the HG, and the MSC groups. Similarly,
analysis of the bone immediately surrounding the

A) Representative images in each group B) Inside the CD C) Outside the CD
BMD BMD
p=0.07
12004 o . 14009 | ]
l}. ° @
900 _E_ ° ’}E‘ ° ° %_ " °
o t 12001 ,_:E. P = *;E
£ 600 g °
£ £ 1000
300 —
BVF BVF
1.0 1.0
0.8+ 0.8+
L]
0.6 - . 064 o & °
{g . , == T eemg
0.4+ ';{[' % 0.4
o
0.2+ 0.2
L]
0.0 0.0
PGK-PDGF-BB-MSC
« CD * HG * MSC < PGK-PDGF-BB-MSC
Fig. 4 MicroCT analysis. BVF and BMD were assessed using micro-CT. a Representative images of the femoral head for each treatment group are
shown. b Within the CD area, no significant differences were observed between treatment groups. ¢ Outside of the CD area, the PGK-PDGF-BB-MSC
group demonstrated a trend towards greater BMD than the CD group (P=0.07). No differences were noted between treatment groups with
regards to BVF. CD core decompression, HG hydrogel, MSC mesenchymal stromal cell, PGK-PDGF-BB-MSC genetically modified phosphoglycerate
kinase promoter platelet-derived growth factor-BB over-expressing MSC, BMD bone mineral density, BVF bone volume fraction
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Fig. 6 Assessment of osteonecrotic lesions. H&E staining was performed to evaluate the extent of osteonecrotic lesions within the femoral

head. a Representative images of each treatment group are shown. Empty lacunae and pyknotic cells were observed in all treatment groups.
Additionally, degenerative changes of the bone marrow such as granulation tissue were observed, indicating that osteonecrosis had taken place
in all groups. b Within the subchondral bone and in the bone surrounding the bone tunnel area, the PGK-PDGF-BB-MSC group demonstrated a
significantly lower percentage of empty lacunae than the other treatment groups (P<0.001 for all). Scale bar: 100 um. H&E, hematoxylin and eosin;
CD core decompression, HG hydrogel, MSC mesenchymal stromal cell, PGK-PDGF-BB-MSC genetically modified phosphoglycerate kinase promoter
platelet-derived growth factor-BB over-expressing MSC. ***P<0.001, ****P < 0.0001
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Table 1 Results of the evaluation of osteonecrosis
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Average percentage (%) of empty lacunae by position in femoral head (SD)

Subchondral bone

1 2 3 4 Total P value

[@D) 414 (28.7) 512226 65.8 (16.7) 356(19.2) 485 (23.8) <0.001
HG 46.6 (22.6) 65.8 (199) 50.9 (20.9) 28.8(20.3) 480 (23.7) <0.001
MSC 589(31.7) 716(16.7) 40.7 (34.2) 8(3.1) 45.0 (334) <0.001
PGK-PDGF-BB-MSC 16.1 (15.7) 12.0(9.9) 1(12.5) 23.0(22.2) 17.5(15.3) 1.0

Surrounding tunnel

5 6 7 Total P value
cD 59.8(23.1) 52.8(22.1) 46.2 (11.5) 529(19.3) <0.0001
HG 64.2 (22.8) 449 (24.9) 27.1(13.2) 454 (25.1) <0.001
MSC 72.6(134) 55.7(21.9) 504 (25.7) 59.6 (21.9) <0.0001
PGK-PDGF-BB-MSC 30.3(20.7) 244(17.6) 14.0 (7.8) 229 (16.8) 1.0

The average percentage of empty lacunae for each position in the femoral head as described in Fig. 1 was calculated for each treatment group. The average
percentage of empty lacunae for each region in the femoral head was calculated for each treatment group. A mixed effects model, where treatment group and
femoral head position served as fixed effects, was used to perform the statistical analysis. The P values shown correspond to comparisons with the PGK-PDGF-BB-MSC
treatment group. Comparisons between all other treatment groups did not reach statistical significance. SD standard deviation, CD core decompression, HG hydrogel,
MSC mesenchymal stromal cell, PGK-PDGF-BB-MSC genetically modified phosphoglycerate kinase promoter platelet-derived growth factor-BB over-expressing MSC

surgically created bone tunnel showed that the PGK-
PDGE-BB-MSC group resulted in significantly lower
percentage of empty lacunae than the CD (P<0.0001),
the HG (P<0.001), and the MSC group (P<0.0001).
However, no significant differences were observed
between any of the other treatment groups in either
region of the femoral head.

PDGF-BB-overexpressing MSCs accelerated
osteoclastogenesis in a localized fashion

Representative images of the TRAP staining in the
femoral head are shown in Fig. 7. The ICC for the
two investigators counting the number of osteo-
clasts was r=0.85 (95% confidence interval: 0.81—
0.89, P<0.0001). Results of the analysis are shown in
Table 2. Within the subchondral bone, the osteoclast
density of the PGK-PDGF-BB-MSC group was not sig-
nificantly different than that of the CD, the HG, nor
the MSC group. However, when assessing the area sur-
rounding the bone tunnel, the PGK-PDGF-BB-MSC
group demonstrated a significantly greater osteoclast
density than the CD (P<0.05), the HG (P<0.001)
and the MSC group (P<0.01). No differences were
detected between any of the other treatment groups.

Angiogenesis is enhanced throughout the femoral head

by PDGF-BB-overexpressing MSCs

Representative images of the CD31+ microvessel stain-
ing in the femoral head are shown in Fig. 8. The ICC for
the two investigators counting the number of CD31+
microvessels was r=0.93 (95% confidence interval:
0.91-0.95, P<0.0001). The results of the analysis are
shown in Table 3. When evaluating the high-power fields
(HPF) within the subchondral bone, the PGK-PDGF-BB-
MSC group had significantly greater microvessel forma-
tion than the CD (P<0.01), the HG (P<0.0001), and the
MSC group (P<0.01). Similarly, in the area surround-
ing the bone tunnel, the PGK-PDGF-BB-MSC group
had significantly greater microvessel formation than the
CD (P<0.01), the HG (P<0.0001), and the MSC group
(P<0.0001). Moreover, with regards to angiogenesis
within the bone tunnel, the PGK-PDGF-BB-MSC group
demonstrated significantly greater microvessel formation
than the CD (P<0.01), the HG (P<0.001), and the MSC
group (P<0.01).

Discussion

This study sought to assess the proliferative and osteo-
genic potential of PDGF-BB-MSCs in vitro and to evalu-
ate their therapeutic effect as an adjunctive treatment
of CD in an in vivo rabbit model of steroid-associated
ONFH. We found that MSCs that overexpress PDGEF-
BB had greater proliferative and osteogenic differentia-
tion potential than unmodified MSCs. Additionally, the
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Fig. 7 Assessment of osteoclastogenesis. TRAP staining was performed to evaluate osteoclast presence within the femoral head. a Representative
images of each treatment group are shown. b Within the subchondral bone, no differences were noted between treatment groups. Within
the bone surrounding the bone tunnel area, the PGK-PDGF-BB-MSC group demonstrated a significantly greater osteoclast density than the
other treatment groups (P < 0.05 for all). Scale bar: 100 um. TRAP tartrate-resistant acid phosphatase, CD core decompression, HG hydrogel,

MSC mesenchymal stromal cell, PGK-PDGF-BB-MSC genetically modified phosphoglycerate kinase promoter platelet-derived growth factor-BB
over-expressing MSC. *P<0.05, **P<0.01, ***P<0.001

Table 2 Results of the evaluation of osteoclastogenesis

Average osteoclast density (#/mm?) by position in femoral head (SD)

Subchondral bone

1 2 3 4 Total P value

cD 13.9(5.9) 14.0 (4.4) 10.2 (1.9) 104 (7.2) 12.1(5.2) 0.361
HG 16.4(9.5) 10.0 (5.5) 11.7 3.0) 9.2(7.7) 11.8 (7.0) 0.298
MSC 15.0 (6.4) 14.8 (7.0) 16.2(124) 1Q27) 13.8(7.9) 0.816
PGK-PDGF-BB-MSC 13.7 (3.8) 14.2 (6.6) 16.5(7.7) 129(7.3) 143 (6.2) 1.0

Surrounding tunnel

5 6 7 Total P value
D 10.7 (4.1) 5.6 (4.8) 134 (6.0) 9.8 (5.8) <0.05
HG 9.9(12.5) 49 (4.8) 0(3.0) 6.3(7.9) <0.001
MSC 10.6 (4.5) 6.9 (4.1) 8(53) 84 (4.7) <0.01
PGK-PDGF-BB-MSC 17.5(8.2) 13.7 (8.6) 17.8 (14.6) 164 (10.4) 1.0

The average osteoclast density for each position in the femoral head as described in Fig. 1 was calculated for each treatment group. The average osteoclast density
for each region in the femoral head was calculated for each treatment group. A mixed effects model, where treatment group and femoral head position served as
fixed effects, was used to perform the statistical analysis. The P values shown correspond to comparisons with the PGK-PDGF-BB-MSC treatment group. Comparisons
between all other treatment groups did not reach statistical significance. SD standard deviation, CD core decompression, HG hydrogel, MSC mesenchymal stromal cell,
PGK-PDGF-BB-MSC genetically modified phosphoglycerate kinase promoter platelet-derived growth factor-BB over-expressing MSC
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Fig. 8 Assessment of angiogenesis. Immunohistochemistry was performed to stain for CD314 microvessels within the femoral head. a
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use of these genetically modified MSCs as an augmen-
tative therapy leads to improved bone mineralization,
decreased osteonecrotic lesions, increased osteoclas-
togenesis, and enhanced angiogenesis.

A wide array of promoters has been used for gene
expression in various cell types transduced with lenti-
viral vectors [27-29]. Specifically, the CMV and PGK
promoters have been previously utilized to stimulate
gene expression in genetically modified MSCs [16, 30,
31]. Interestingly, prior studies have noted that the CMV
promoter activity may be greater or lower than the PGK
depending on the type of cell that is transduced [31-33].
These discrepancies may be due to the epigenetic modi-
fications that are made to the CMV promoter post-
transduction, which lead to variable amounts of gene
silencing [34, 35]. Here, we found that the CMV pro-
moter led to significantly greater expression of PDGF-BB
than the PGK promoter; however, this did not translate
to enhanced cellular function. Our results suggest that
a low, rather than a high level of PDGF-BB expression
leads to greater acceleration of cellular replication. Fur-
thermore, we found a similar pattern when evaluating the
osteogenic potential of these engineered cells. The latter
result is supported by a previous in vitro investigation

that demonstrated increasing mineralization with PDGE-
BB concentrations of 0.3 and 3.0 ng/ml, but minimal
mineralization when 30 ng/ml were used [11]. These
results suggest that lower concentrations of PDGF-BB
initially have a stimulatory effect on MSCs, but higher
concentrations may cause PDGF-BB to have an inhibi-
tory effect on MSCs. Additionally, the observed increase
in ALP staining without a reciprocal increase in Alizarin
Red staining for the genetically modified cells may sug-
gest that PDGF-BB’s stimulatory effect may be strongest
in the early stages of osteogenesis. Prior in vitro studies
have also demonstrated that EPC migration and tube
formation are stimulated after activation of the PI3K/
Akt pathway by PDGEF-BB signaling, which has estab-
lished the role of PDGF-BB in angiogenesis [36]. Lastly,
osteoclastogenesis has also been shown to be enhanced
in vitro by PDGE-BB signaling [37]. Given the findings
of our in vitro experiments, coupled with the results of
other studies, we determined that the use of PGK-PDGEF-
BB-MSCs would be best suited for the in vivo portion of
our study.

In our in vivo rabbit model of steroid-associated
ONFH, injection of PGK-PDGF-BB-MSCs at the time
of CD demonstrated a trend towards greater BMD in
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Table 3 Results of the evaluation of angiogenesis
Average number of CD31+ microvessels by position in femoral head (SD)
Subchondral bone
1 2 3 4 Total P value

(@D 20(3.2) 55(4.0) 2.0(2.5) 38(3.1) 33(33) <0.01
HG 04(0.7) 0.3(0.6) 16(3.2) 0.5(1.0) 0.7 (1.7) <0.0001
MSC 23(5.0) 43(7.5) 22(3.7) 13(24) 25(4.8) <0.01
PGK-PDGF-BB-MSC 10.5(10.6) 6.3 (4.7) 94 (6.6) 6.3(5.3) 8.1(7.0) 1.0

Surrounding tunnel

5 6 7 Total P value
[@D] 1.6(2.3) 52(43) 7.1 (44) 46(4.2) <0.01
HG 0.6(1.2) 1.7 (2.9) 36(54) 2.1 (3.6 <0.0001
MSC 0.3(04) 1.7(1.7) 1.9 (2.4) 1.3(1.8) <0.0001
PGK-PDGF-BB-MSC 84 (3.6) 11.0(6.2) 11.3(5.4) 103 (5.0) 1.0

Inside CD

8 9 10 Total P value
cD 10.0 (8.5) 10.3 (6.6) 8.5(8.2) 9.6 (7.4) <0.01
HG 6.0(5.2) 57(54) 5.1(5.3) 5.6(5.0) <0.001
MSC 4.6 (4.6) 79(8.9) 10.2 (13.5) 7.6(9.4) <0.01
PGK-PDGF-BB-MSC 16.5 (6.8) 204 (8.5) 259(11.8) 20.9(9.6) 1.0

The average number of CD31+ microvessels for each position in the femoral head as described in Fig. 1 was calculated for each treatment group. The average number
of CD31+ microvessels for each region in the femoral head was calculated for each treatment group. A mixed effects model, where treatment group and femoral head
position served as fixed effects, was used to perform the statistical analysis. The P values shown correspond to comparisons with the PGK-PDGF-BB-MSC treatment
group. Comparisons between all other treatment groups did not reach statistical significance. SD standard deviation, CD core decompression, HG hydrogel, MSC
mesenchymal stromal cell, PGK-PDGF-BB-MSC genetically modified phosphoglycerate kinase promoter platelet-derived growth factor-BB over-expressing MSC

the area of the femoral head outside of the bone tunnel,
compared to the CD-only treatment. Given that bone
mineralization is a process that involves a primary stage
that may last several months and a secondary stage that
may last several years, it is possible that our findings
reflect only the initial divergence in bone mineralization
capacity between treatment groups [38, 39]. Therefore, a
timepoint of greater than eight weeks may have allowed
for better detection of significant differences in BMD
between treatment groups. Interestingly, we did not see
a similar trend with regard to BVFE. However, it is possi-
ble that this latter finding may have been influenced by
enhanced bone resorption in the PGK-PDGF-BB-MSC
group given its enhanced osteoclastogenesis. Indeed,
the demonstration that PDGF-BB can stimulate osteo-
clast formation and maturation in this study parallels
the findings of others [10, 12-14]. Although the ability
of osteoclasts to resorb and remodel bone is essential for
skeletal homeostasis, osteoclastic activity is linked to and
balanced with the function of osteoprogenitors to main-
tain bone homeostasis [40—42]. This balance may also
translate to the physical properties of bone and, as our
mechanical testing results suggest, augmentation of CD

with cell-based therapy may be insufficient to enhance
this property. Therefore, the addition of an osteoinduc-
tive scaffold may be necessary to improve the mechanical
properties of bone in the treatment of early-stage ONFH
[21].

The exact pathophysiology of ONFH is yet to be
described; however, glucocorticoid use is a well-estab-
lished risk factor for its development [43-47]. Histo-
logically, diffuse bone marrow damage and osteocyte
death is a common feature of steroid-associated ONFH
[48, 49]. Moreover, in early-stage ONFH, such as Asso-
ciation Research Circulation Osseous (ARCO) stages
1 and 2 collapse of the femoral head has not yet taken
place [50]. Therefore, given that disease progression can-
not be determined on the basis of X-ray findings in the
stages where CD is the most common treatment modal-
ity, histologic evaluation of osteonecrotic lesions is para-
mount to assessment of potential treatments [50]. We
qualitatively confirmed that osteonecrosis developed in
the femoral head of all rabbits, as each specimen con-
tained changes in bone marrow reflective of this degen-
erative process, such as the presence of enlarged fat cells
and granulation tissue within marrow spaces [19, 24].
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Furthermore, apoptotic changes in osteocytes such as
shrunken and eccentric nuclei were also observed in all
specimens [51, 52]. To perform a quantitative evaluation,
we compared the percentage of empty lacunae, an estab-
lished sign of osteonecrosis, between treatment groups
[3]. We found that augmentation of CD with PGK-
PDGEF-BB-MSCs was associated with a lower percentage
of empty lacunae than all other treatment groups. Apop-
tosis in steroid-associated ONFH develops by upregu-
lated expression of caspase-3 via activation of signal
transducer and activator of transcription 1 (STAT-1) [53].
PDGEF-BB leads to a reduction in caspase-3 cleavage in
cells such as chondrocytes, cardiomyocytes, and neurons
after subjecting them to inflammatory conditions [15, 54,
55]. Additionally, PDGE-BB also increases the expression
of the anti-apoptotic protein, Bcl-2, in intervertebral disc
cells [56]. Together, these reports highlight PDGF-BB’s
ability to function as an anti-inflammatory molecule and
may explain why we observed a reduction in the osteone-
crotic lesions in our model of steroid-associated ONFH.

Vascular damage is a frequently cited issue in the
pathogenesis of ONFH [1, 2, 4, 47, 48, 57]. Enhancement
of angiogenesis had a regenerative and healing effect in
other animal models of steroid-associated ONFH [58,
59]. Moreover, PDGF-BB is known to increase EPC
migration and promote angiogenesis [10, 12—-14, 36]. We
found that the addition of PGK-PDGF-BB-MSCs to CD
led to greater angiogenesis within the bone tunnel and in
the surrounding femoral head. This pro-angiogenic effect
may have been a contributing factor in the reduction in
the prevalence of the osteonecrotic lesions observed.

Interestingly, all of our histological analyses demon-
strated that the effect of PGK-PDGF-BB-MSCs was
more pronounced in the area of bone surrounding the
bone tunnel than in the subchondral bone. This local-
ized effect suggests that PDGF-BB signaling may prefer-
entially occur in a paracrine fashion. In fact, paracrine
effects of PDGF-BB have been reported previously, in
different tissue types [60—62]. This observation may have
important implications for PDGF-BB-based treatments
of early-stage ONFH as these may need to be planned in
a spatially aware manner so as to optimize the effect and
benefit of the growth factor.

Several limitations must be considered when interpret-
ing the results of our study. First, our conclusions may
not be directly translatable to human disease as we used
a rabbit model of ONFH. Microanatomical analyses of
rabbit hips have shown that they are somewhat differ-
ent from humans, which may have consequences with
regards to treatment outcomes between species [63].
Furthermore, as this is a model of early-stage ONFH,
femoral head collapse prior to the time of the CD proce-
dure would not be present radiographically. Prior studies
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have demonstrated that magnetic resonance imaging can
detect changes six weeks after steroid injection at the ear-
liest, despite there being histologic changes in the femoral
head by this time [64, 65]. However, this protocol suc-
cessfully induced ONFH in rabbits in prior investigations
in a similar timeframe [20, 66, 67]. The HG used to sus-
pend the MSCs has been demonstrated to be a suitable
environment for cell replication for at least 28 days after
suspension [18]. However, the viability of the unmodified
MSCs and PGK-PDGEF-BB-MSCs after injection into the
bone tunnel must also be verified. A prior murine study
demonstrated that injected MSCs are initially viable, yet
more than 90% of them may be lost by four weeks post-
injection [17]. Therefore, our results may reflect the effect
of PDGEF-BB in the first few days to weeks after injection.
Lastly, our study utilized an intervention that requires
genetic modification in order to facilitate osteogenesis
and angiogenesis, and to serve as a chemotactic factor
for other immune cells that assist in these processes [68].
However, as of 2017, many clinical trials investigating
gene therapies have taken place, 196 of which specifically
used lentiviral vectors for gene modification [69]. Future
work would need to establish the safety profile, as well as
the efficacy and cost-effectiveness of an intervention like
the one used in this study.

Conclusions

In conclusion, PDGF-BB over-expressing MSCs are able
to accelerate cellular proliferation and osteogenic dif-
ferentiation in vitro. Additionally, augmentation of CD
with PGK-PDGEF-BB-MSCs led to greater BMD, osteo-
clastogenesis, angiogenesis, and decreased histologi-
cal findings of osteonecrosis in an in vivo rabbit model
of steroid-associated ONFH. These findings suggest that
augmentation of CD with PDGF-BB-MSCs may allow for
greater bone healing and regeneration during treatment
of early-stage ONFH.
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