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Abstract

Achieving bone union remains a significant clinical dilemma. The use of osteoinductive agents, specifically bone morphogenetic proteins (BMPs),
has gained wide attention. However, multiple side effects, including increased incidence of cancer, have renewed interest in investigating
alternatives that provide safer, yet effective bone regeneration. Here we demonstrate the robust bone healing capabilities of the main
megakaryocyte (MK) growth factor, thrombopoietin (TPO), and second-generation TPO agents using multiple animal models, including mice, rats,
and pigs. This bone healing activity is shown in two fracture models (critical-sized defect [CSD] and closed fracture) and with local or systemic
administration. Our transcriptomic analyses, cellular studies, and protein arrays demonstrate that TPO enhances multiple cellular processes
important to fracture healing, particularly angiogenesis, which is required for bone union. Finally, the therapeutic potential of thrombopoietic
agents is high since they are used in the clinic for other indications (eg, thrombocytopenia) with established safety profiles and act upon a
narrowly defined population of cells.
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Lay Summary

Fractures that fail to heal can be devasting injuries. Treatment options are limited and center on stimulating bone growth. However, this treatment
does not fully stimulate the many cell types in natural healing. Megakaryocytes (MKs) are “first responders” to injury and begin the healing
process. We have investigated delivering thrombopoietic agents, which stimulate MK growth, directly to fractures incapable of healing. We
found these agents can aid in healing such fractures in mice, rats, and pigs. Thrombopoietic agents are currently Food and Drug Administration
(FDA)-approved for certain blood conditions. Our work suggests repurposing these agents to help heal fractures that may otherwise never heal.
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Introduction

Fractures and skeletal defects are wounds that can heal with-
out significant scarring. The initial wounding event stim-
ulates platelet-forming megakaryocytes (MKs) to establish
hemostasis, quickly followed by innate immune cell recruit-
ment, including neutrophils and M1-type macrophages in the
local area.! The cellular recruitment, molecular cues, and
eventual anatomic remodeling of an intact skeletal structure
are extremely complex.>? This complexity gives rise to many
opportunities to forestall healing, such as dysregulation of the
inflammatory response* and insufficient vascular invasion.’
Indeed, the incidence of delayed or failed healing in skeletal
defects has been persistently high despite advances in surgical
methodology and improved implants.®

Many pharmacological approaches have been examined for
enhancing fracture healing, including local or systemic admin-
istration of bone anabolic agents, such as various cytokines
(eg, BMPs, PDGF, VEGF), parathyroid hormone, neutralizing
antibodies (eg, a-SOST, «-DKK antibodies), and minimally
manipulated patient-derived platelet-rich plasma. To varying
degrees, these agents can successfully stimulate bone growth in
animal models, but to date only bone morphogenetic proteins
(BMPs) and platelet-derived growth factor (PDGF) have been
approved by the Food and Drug Administration (FDA) for
fracture healing indications, with much of the clinical use
being off-label. Unfortunately, since BMP-2 received approval,

Bone Anabolic Pathways

f Healing &
Bone Quality

it has been associated with significant side-effects, including
heterotopic ossification and an increased risk of developing
cancer.”

Interestingly, multiple mouse genetic models have demon-
strated that increases in bone marrow MKs are associated
with a high bone mass phenotype and that MKs stimulate
osteoblast proliferation and bone formation.?~'# These obser-
vations raise the possibility that increasing MKs locally at
the fracture site could enhance bone healing. Thrombopoietin
(TPO), the main MK growth factor, works through its cognate
receptor, Mpl. TPO is exquisitely selective for binding to Mpl,
having little cross-reactivity with receptors for structurally
related hematopoietic growth factors (eg, erythropoietin or
EPO and its receptor EPOR).!%-1¢ Additionally, the tissue
distribution of Mpl expression is restricted compared to sev-
eral other receptors for agents used to enhance bone healing.
Figure S1 shows gene expression levels in several tissues
for Mpl, BMPR 1a, Flt1 (VEGFR1), PDGFRg, TGFSR1, and
PTHR1 compiled from the Human Protein Atlas.'” Mpl is
not broadly expressed in bulk tissue preparations compared
to these other receptors, which is consistent with previous
reports.'® Combined, the specificity for TPO with Mpl and
limited receptor expression are consistent with the profile of
an attractive therapeutic target. Indeed, a TPO-mimetic and
small-molecule agonist of Mpl are FDA-approved agents to
treat idiopathic thrombocytopenic purpura with established
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safety profiles.!?>20 Thus, expanding the therapeutic potential
of this axis to include bone healing is an intriguing possibility.

Materials and methods
Scaffolds

Poly(propylene) fumarate/tricalcium phosphate scaffolds
were synthesized by utilizing a 3D-printed mold in various
sizes as described previously.”! Photos of rat and mouse
scaffolds as well as rat scaffold dimensions are detailed in
Figure S2. Specifically, the scaffolds for rats were manufac-
tured with a 4 mm outer diameter, a 2 mm inner diameter,
and a 5 mm height (length). Scaffolds used in mice were
similarly manufactured as for rats, except the outer diameter
was 2 mm, the inner diameter was 1 mm, and 4 mm in height
(length). Four side-holes (0.4 mm diameter) were contained
within these scaffolds to allow the drug to access the bone
marrow environment. Larger scaffolds for pigs were also
synthesized as above, with the addition of 2 mm holes through
the scaffold shell to allow communication between marrow
space and periosteal space. Holes were offset from the center
and separated from each other by 2 mm (see Figure S3). The
outer diameter was 16 mm, the inner diameter was 9 mm, and
25 mm in height (length).

Synthesis of TMP

Dimerized TPO mimetic peptides (TMP) have been demon-
strated to have essentially the same activity as the full TPO
protein,’® and AF13948, the dimer of AF12505, has been
demonstrated to have particularly high potency and stability
and was synthesized to be used as a systemically administered
drug. AF13948 (TMP) was synthesized according to standard
Fmoc solid-phase peptide synthesis procedures. Briefly, TMP
was synthesized in a solid-phase peptide synthesis vial under a
stream of argon. 2-chlorotrityl resin (0.6 mmol/g) was loaded
at 0.6 mmol/g with Na,Ne-di-Fmoc-L-lysine for 60 min
in dichloromethane (DCM) and diisopropylethylamine.
The resin was then capped with four washes of HPLC-
grade MeOH, followed by three washes with DCM and
N-dimethylformamide (DMF), consecutively. After each
amino acid coupling reaction, 9-fluorenylmethoxycarbonyl
(Fmoc) groups were removed by two 10-min incubations
with 20% (v/v) piperidine in DMF. The resin was then
washed twice with DMF prior to the addition of the next
amino acid. Each amino acid was reacted in a 3-fold excess
with  2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU)/N-methylmorpholine (NMM)
for 30 min. Followed by a double coupling with 3-
fold excess benzotriazol-1-yl-oxytripyrrolidinophosphonium
hexafluorophosphate (PyBOP)/N-methylmorpholine (NMM)
for 30 min. All amino acids were added according to the
conditions above. Thereafter, the following peptide sequence
was added onto the peptide using the solid phase procedures
listed above using the AAPPTEC FOCUS XC automated
peptide synthesizer: Ile-Glu-Gly-Pro-Thr-Leu-Arg-GIn-Npa-
Leu-Ala-Ala-Arg-Sar. Upon completion of the synthesis, the
terminal Fmoc was removed using the same conditions as
listed above, and then the resin was washed three times with
DMF and then three times with DCM and then twice with
methanol and then dried with argon gas. The dried resin
with the peptide was cleaved using 95:2.5:2.5 trifluoroacetic
acid:water:triisopropylsilane for 2 hr. The peptide was then
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precipitated from the cleavage solution using 10 times the
volume of cold diethyl ether. The solution was spun at 2000
rcf for 5 min and then decanted. The pellet was then desiccated
and submitted to LCMS for confirmation of synthesis. The
crude peptide was dissolved in a mixture of DMF and water
and purified via reverse phase preparatory high-performance
liquid chromatography. A C-18 column with a 0%-50%
ammonium acetate: acetonitrile mobile phase for 40 min was
used to purify the TMP. The fraction that contained only pure
TMP as assessed by LCMS was lyophilized and stored as a
lyophilized powder at —20 °C.

Animals and animal surgeries

All animals used in these studies were purchased from
approved vendors and were free of known pathogens. Long
Evans rats were purchased from Charles River (Malvern, PA),
C57BL/6] mice were purchased from Jackson Laboratories
(Bar Harbor, ME, RRID:IMSR_JAX:000664), ND4 Swiss
Webster mice were purchased from Envigo (Indianapolis,
IN), and Yucatdn miniature pigs were purchased from Sinclair
Bio Resources (Auxvasse, MO). The rodent colonies at both
institutions were tested quarterly for pathogens using indirect
sentinel exposure. The animal facilities were maintained at
2242 °C, and 30%-70% relative humidity. All rodents had
ad libitum access to water and Teklad Rodent Diet (Envigo
2018SX) at both Indiana University and Purdue University.
Miniature pigs were provided Purina Lab Diet (#5081 or
#5084, Orchard Country Store) according to large animal
veterinarian recommendations. Mice were housed 5 animals
per cage, rats were housed 2 per cage, and Yucatdn miniature
pigs were individually housed in accordance with JACUC
regulations.

Rodent critical-sized defect (CSD) surgeries were performed
to induce a femoral segmental bone defect (Figure S2),
as previously described?’22; pig surgeries were performed
to induce a tibial segmental bone defect (Figure S3) as
previously described.>>=>° All CSD animal experiments
were performed in accordance with protocols approved
by Indiana University’s Institutional Animal Care and
Use Committee (IACUC). Closed fracture mouse studies
were performed in accordance with protocols approved
by Purdue University’s JACUC as previously described.?®
Figures 1H, 2E and E 31, and 4E illustrate the experimental
timeline for each of the animal studies completed in
chronological order, starting with our original pilot study
with rats, followed by our mouse studies, and ending with
our in vivo pig study. We note the number of animals at the
beginning of the study, the number of animals that made it to
the terminal time point, how many specimens were included
in outcome measures, and account for any excluded samples
during the studies. Detailed methods for each of the animal
surgeries have been previously published,>!=>¢ but are also
contained within the Supplementary Information. Briefly, for
the Rat CSD study, 10 adult male Long Evans rats weighting
450-500 g were used. For the mouse CSD studies, 10-wk-old
male C57BL/6] mice were used; 15 for the studies in which
dicalcium phosphate dihydrate (DCPD) cement was used to
deliver drugs, and 37 for the studies in which collagen sponges
were used to deliver drugs. In the closed-fracture mouse
study, 23 female Swiss Webster mice at 12-wk of age were
used. For rodents, cages of animals were randomly assigned
into treatment groups. Finally, 24 male Yucatdn miniature
pigs at 20 mo of age were used for the large-animal CSD
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Figure 1. TPO promotes bone healing in a rat CSD model. Male Long Evans rats
X-rays taken at 15-wk post-surgery with control (saline, n=3), BMP-2 (10 ng, n
drugs. (B) Bridging X-ray scoring for rats at 15-wk post-surgery. 0 =no bony cal

(450-500 g) underwent CSD surgeries for a pilot study. (A) Representative
=3), or TPO (10 ug, n=4) scaffolds. DCPD cement was used to carry the
lus, 1 =partial healing across the gap, 2 = complete callus bridging across

the gap, based on MG, by Chu et al.22 (C) «CT of rat midshaft femoral defects at 15-wk post-surgery. (D) Widest callus diameter measured in histological

sections shown in panel E. (E) MacNeal's staining of the fractured femur indic

ates presence of more bone in calluses of TPO-treated rats compared to

BMP-2 or saline treated rodents. Arrows indicate mineralization at the boundary between the scaffold and pin in TPO group. (F and G) Quantitation of
callus area and % bony callus, respectively. While callus area is not significantly different, the percentage of bone tissue in the calluses is, with TPO having

greatest percentage of bony callus. (H) Rat CSD study flow chart conducted on

Long Evan males. Data in panel B compared by Kruskal-Wallis test due to

nonparametric data distribution. Data in panels D, F, and G are parametric and therefore were compared by one-way ANOVA with Tukey-Kramer post-hoc

test, * =p < .05, ** = <.01. "S"” indicates scaffold in panel E.

study and were randomly assigned into treatment groups.
All investigators were blinded to the treatment group while
outcome analyses were completed.

Rodent X-rays (CSD)

Rodents were anesthetized using isoflurane inhalation and
quickly transferred to the X-ray chamber in the prone posi-
tion, being careful to isolate the surgical leg in the beam path.
X-rays taken with a Faxitron machine (PiXarray 100, BioOp-
tics Inc.) and images cropped to include proximal and distal
ends of the femur. Scoring of X-ray images was conducted
based on T.M.G. Chu et al., whereby a score of 0 =no healing
or callus formation, 1 =partial healing or partial callus, and
2 =healed fracture with callus bridging.>?

uCT

Rodent CSD

Bones were dissected and fixed as above, then stored in 70%
alcohol at 4°C until imaging. Bones were scanned using a
SkyScan 1172 uCT (SkyScan) with the following parameters:
60 kV, 167 pA, 9.83 um voxel size, Al filter of 0.5 mm,

rotation step of 0.7°, and frame averaging of 2. A hydroxyap-
atite phantom was used for calibration purposes. Individual
slices were reconstructed using NRecon software (v.1.7.3),
and 3D visualization was performed using CTVox software
from SkyScan. Images were exported as TIFF files and scaf-
folds manually colored. A threshold of 110 (711 mg/cm? of
hydroxyapatite as determined by the calibration phantoms)
was used to determine the presence of mineralized tissue that
formed 15 wk following surgery at the facture site, which
was higher than that used in the closed mouse fracture model
intended to measure callus healing at 3 wk post-surgery.

Closed mouse fracture

Fracture healing was assessed using a Quantum FX uCT
(Perkin Elmer). The uCT was scanned at high resolution with
a voxel size of 10 um. A phantom was used for calibration
purposes. The Perkin Elmer quantum FX uCT (Perkin Elmer)
was run at 90 kV and 88 A, with a 14-min scan time and
an Al 0.5 mm+ Cu 0.06 mm filter. The scanning detector
rate was 117 fps. The images were analyzed in Image] using
the Bone] package. In Image], a grayscale threshold of 45
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Figure 2. Thrombopoietic agents promote bone healing in mouse CSD models. Ten-wk-old, male C57BL/6J mice underwent CSD surgeries (n=5/group).
(A) Representative X-rays of mouse femurs 2-, 4-, and 6-wk post-surgery with control (saline), BMP-2 (4 ng), or TPO (1 ng) scaffolds. DCPD cement was
used to carry the drugs. Periosteal bridging evident in 4- vs 6-wk TPO femurs. Arrows: unhealed periosteum; brackets: bridged callus. (B) Representative
uCT reconstructions of mouse midshaft femoral defects 15-wk post-surgery, with control (saline), BMP-2 (4 ng), or TPO (1 ng) scaffolds (green). DCPD
cement was used to carry the drugs. (C) Representative X-rays of mouse femurs 10-wk post-surgery with control (saline), BMP-2 (1 ng), TPO (5 ug), or
romiplostim (25 ug). A collagen sponge secured around the scaffold was used to carry the drugs. (D) Bridging X-ray scoring for mice at 10-wk post-surgery.
0=no bony callus, 1= partial healing across the gap, 2 = complete callus bridging across the gap, based on MG, by Chu et al.?2 Each therapy induced
more partial or full healing of fracture compared to control mice, as would be expected in a CSD model. (E) Experimental design flow chart for murine CSD
experiments shown here in Figure 2A and B. (F) Experimental design flow chart for murine CSD figures shown here in Figure 2C and D. Nonparametric
data compared by Kruskal-Wallis test. * = <.05, ** = <.01, *** = <.001. n=8 saline, n=9 BMP-2 and TPO, n= 10 for Romiplostim.
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Figure 4. TPO promotes bone healing in a pig CSD model. Skeletally mature Yucatdn miniature pigs were approximately 20 mo of age at the time of
CSD surgery. (A) X-ray of pig tibial CSD, 6 mo post-surgery with control (n=7), 1.5 mg BMP-2 (n=8), or 1.5 mg TPO treated scaffolds (n=8 total; n=4
healed and n=4 not healed). A collagen sponge secured around the scaffold was used to carry the drugs. (B) Radiographic union score for tibial fractures
(RUST score) indicates that all BMP-2 treated pigs healed, 4 of 8 TPO treated pigs healed, and none of the saline treated pigs healed. (C) Torsion stiffness
of operated tibia as a percentage of contralateral tibia confirms healing/non-healing RUST scores. Significant differences determined by ANOVA with
Tukey—Kramer post-hoc test. (D) Correlation between RUST score and torsional stiffness determined by Pearson’s correlation test demonstrates an R2
value of 0.8396. (E) Experimental design flow chart for male Yucatadn miniature pig CSD data shown here in Figure 4.

(380 mg/cm? of hydroxyapatite as determined by the cal-
ibration phantoms) was used to determine the presence of
mineralized callus. Morphometric parameters were quantified
in a prespecified region of interest (ROI) that included just
the fracture callus. Trabecular thickness (Tb.Th), trabecular
separation (Tb.Sp), total volume (TV), and volume of calcified
callus (BV) were calculated.

Rat histology (CSD surgeries)

Fifteen weeks following surgery, rat surgical femurs were dis-
sected and debrided of soft tissue attachments, being careful
to avoid disturbing healing calluses and scaffolds. Bones were
fixed in 10% neutral buffered formalin for 72 hr. Thereafter,
tissue was dehydrated in graded concentrations of ethanol
(70%, 80%, 85%, 90%, 95%, 100%—approximately 24 hr
in each), followed by 50% ethanol and 50% methyl methacry-
late (MMA) for 24 hr. Bones were then embedded in 100%
MMA and thin slices (8 uM) sectioned and then underwent
MacNeal’s staining in batches (saline and BMP-2 samples
in batch 1, followed by TPO samples in batch 2). Of note,
histological sectioning procedures for callus evaluation were
designed by the then Director of our Bone Histology Core,
Dr. David Burr. Briefly, specimens were trimmed, and sections
discarded until the edge of the callus was visible. Every
fifth section was then collected until the center of the bone
marrow cavity was reached (widest bone marrow diameter).
The widest callus diameter, callus area, and % bony callus
were then measured from these sections and analyzed using
Image ] software.

Mouse (closed fracture surgeries) biomechanical
testing

Fractured femurs were tested for strength in a four-point
bend to failure using an Instron dual column 5960 (Instron,
Norwood, MA) with a 500 N load cell. Lower supports were
10 mm apart on the anterior face of the femur in contact
with the proximal and distal diaphysis. Upper supports were

4 mm apart and spanned the entire fracture callus on the
diaphysis. Force was applied from the posterior face of the
femur with a displacement rate of 0.3 mm/s. We report the
stiffness, maximum load, and work to fracture data that were
generated. Of note, femurs that were grossly non-intact (as
determined by manual manipulation) were excluded from
biomechanical testing.

Pig RUST scoring

Six months following CSD surgery, pigs were euthanized
and surgical tibiae dissected wrapped in saline-soaked gauze.
Images were obtained using a fluoroscope (Philips BV Pulsera
C-arm, Philips) to include orthogonal views of the tibial dia-
physis (anterior, posterior, medial, and lateral). Fracture heal-
ing was assessed using the Radiographic Union Score for Tib-
ial Fractures (RUST) method. Each cortex was given a score
from 1 to 3 (1 =not healed, 2 = partial union, 3 = complete cor-
tical union), and the scores summed for each animal ranging
from 4 (no healing) to 12 (complete healing).?”

Platelet measurements
Rodents

Peripheral blood (~50 uL) was obtained from mice via tail
vein in an EDTA tube (Becton Dickinson) at the time of CSD
surgery (prior to incision), 2 wk after surgery, and 15 wk after
surgery. Complete blood count (CBC) analysis was completed
on the HEMAVET 950FS Hematology System (Drew Scien-
tific). Of note, the first TPO bone healing studies completed by
our team were the rat pilot studies. It was not until after those
studies were conducted that we began collecting peripheral
blood for platelet analysis, which was subsequently completed
in mice and pigs.

Yucatan minipigs

Peripheral blood (~3 mL) was obtained from the jugular vein
from each pig prior to initial skin incision on the day of the
CSD surgery, 2 wk following surgery, and 3 mo following
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surgery in a purple top EDTA tube (Becton Dickinson). CBCs
from each sample were completed (ANTECH Diagnostics).

Microarray

Whole bone marrow and collagenase-digested femurs
(90 min of incubation, see procedure below) of 12-wk-
old male C57BL/6] mice were cultured with saline, BMP-2
(200 ng/mL), or TPO (100 ng/mL) for 48 hr. Total RNA was
extracted using RNeasy Mini kit (QIAGEN), and quantified
and qualified using the BioAnalyzer (Agilent Technologies,
Inc.). The RNA integrity number (RIN) of all the samples was
more than 8. Next, these mRNA samples were processed by
the whole mouse genome cDNA microarray with 7 = 4/group
following the protocol described earlier.”® The microarray
slides from Agilent contained 44000 probes, including
more than 26 000 unique mouse genes covering the whole
mouse genome. Purified RNA of interest and reference RNA
(Agilent Technologies, Inc.) was labeled with Cy-5 and Cy-
3, respectively. The labeled samples were simultaneously
hybridized on a ¢cDNA array for 17 h at 55 °C. After
hybridization, slides were processed in a series of washes
and scanned using an Agilent DNA microarray scanner.
Features were extracted using the default setting of the Feature
Extraction software v.11.5.1.1 (Agilent Technologies, Inc.).

GeneSpring v.14.9 (Agilent Technologies, Inc., RRID:SCR_
010972) was used for data quality control, intra-chip normal-
ization was completed using the locally weighted scatter-plot
smoothing method (LOWESS), and statistical analysis.

Principal component analyses of microarray readouts were
generated and visualized using GeneSpring v.14.9 (Agilent
Technologies, Inc., RRID:SCR_010972). DEGs were curated
by two selection criteria: (1) fold change >11.5l, where the fold
change was defined by the ratio of gene expressions between
TPO and saline, BMP-2 and saline, or BMP-2 and TPO;
and (2) the moderate #-test p <.05. Pathway analysis using
the DEGs was complete using Ingenuity Pathway Analysis
software (Qiagen, RRID:SCR_008653), and the pathways
meeting the hypergeometric #-test p < .05 were curated. The
regulations of the pathways were determined by their z-scores.
We defined that the networks with z-score greater than and
lower than 1.0 were activated and inhibited, respectively. A
panel of genes relevant to this study was validated by RT-PCR
as detailed below.

Microarray validation using real-time PCR

RNeasy Mini kit (QIAGEN) was used to isolate RNA,
and ¢cDNA was synthesized using the QuantiTect Reverse
Transcription Kit (Qiagen) using total RNA as per recommen-
dations. Quantitative real-time PCR using QuantitectSYBR
Green PCR Master Mix (Qiagen) was performed on a
Quantstudio Real-Time PCR Detection System (CA). Table S1
contains the primers with sequences for the genes examined:
angiopoietin 1 (ANGPT1), cyclin dependent kinase inhibitor
1A (CDKN1A), platelet and endothelial cell adhesion
molecule 1 (PECAM1), protein phosphatase 1 regulatory
inhibitor subunit 16B (PPS16B), vascular endothelial growth
factor receptor 1 (FLT-1), SRC proto-oncogene, non-receptor
tyrosine kinase (SRC), C-X-C motif chemokine ligand 10
(CXCL10), extracellular signal-related kinase 3 (ERK3),
platelet factor 4 (PF4), and PDGF subunit B (PDGFB).
The glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene served as the internal control. Melting curve analysis
was used to confirm that each primer pair produced a
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single amplification product. Relative gene expression was
calculated using the 2=22CT method.?’

Antibody arrays

Following euthanasia, the midshaft of CSD mouse femora
were isolated (—2 mm on each end of the femur), cleared of
soft tissue, and stored at —80 °C. For protein isolation, femora
were suspended in 1x RIPA buffer containing Halt Protease
& Phosphatase Inhibitors (ThermoFisher Scientific, #78425)
and homogenized using a Bullet Blender (Next Advance)
in Navy RINO tubes at 4 °C for two consecutive, 5-min
cycles. Following centrifugation (15 min at 14000 rpm at
4 °C), supernatants were analyzed using a BCA Assay Kit
(ThermoFisher Scientific, #23235) for determining protein
concentration, and 50 ug total protein lysate for each sample
(saline n=4, TPO n=4, BMP-2 n=3) was examined by mul-
tianalyte phospho-profiling arrays as previously described.”
Briefly, lysates were applied to the TGF-beta Phospho Anti-
body Array (Full Moon Biosystems, #PTG176) according to
the manufacturer’s directions using Cy3-streptavidin (Ther-
moFisher Scientific, #434315) with the following modifica-
tion: incubations were carried out at 4 °C in the protein
labeling and coupling steps. Signal intensity was determined
by Full Moon Biosystems on a GenePix 4000B scanner imager
using GenePix Pro software and normalized against GAPDH,
or the total amount of each specific protein as indicated in the
text.

Additional materials and methodological information
can be found in the Supplementary Information for the
following experiments: isolation of CD45-CD31+ cells,
angiogenesis assays, and vessel-like formation assay. Angio-
genesis was analyzed using primary mouse bone marrow
endothelial cells (BMECs) from 6-wk-old males as previously
described.??>31532

Statistical analysis and study design

The animal study design for each experiment is described in
the legend of appropriate figures.

Statistical analyses as well as assessments of data normality
were performed with GraphPad Prism (version 8 and 10,
GraphPad Software, RRID:SCR_002798). Results are dis-
played as mean+SD or Box and Whisker plots with lines
at the median. To compare two groups of parametric data,
a two-tailed Student’s #-test was used. To compare three or
more groups, a one-way ANOVA with Tukey—Kramer post
hoc test was performed for parametric data; if the data were
determined to be nonparametric, then they were compared
via Kruskal-Wallis test with a Dunn’s multiple comparison
post-hoc test. p-values <.05 were considered significant. A
Pearson’s correlation test was used to determine linear rela-
tionships between sets of data.

Minimum numbers of mice and pigs were used in fracture
healing studies and were determined using power calculations
as detailed below. Please note that initial studies in rats were
viewed as pilot studies and not included in these calculations.
For mouse and pig CSD studies, our primary outcome was
radiographically scored bone healing, and a power analysis
was performed based on earlier work with a rat CSD model.??
In their study, radiographic bone healing scores in control
groups showed virtually no healing as would be expected in a
CSD model (1 of 32 rats, or 3.125%). With use of rhBMP-2,
maximal radiographic bone healing scores were observed in
all 16 rats (5 of 5 for their scale). Therefore, for two-tailed
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comparisons, 6 animals would be needed per group for an
alpha significance of 0.05 and a power of 0.80. To account
for animals that do not survive surgery or were excluded due
to complications, 8-10 mice and 8 pigs were used per group.
For Einhorn mouse fracture studies, Max Load was used as
our primary biomechanical outcome, and BV/TV from pCT
analysis was used as our secondary outcome. We selected our
biomechanical variable as our primary outcome, as it is the
gold standard for bone healing. Based on the variance seen
in our previous mouse CT and 4-point bend biomechanical
experiments,”® we found that for two-tailed comparisons, 7
animals would be needed per group for an alpha significance
of 0.05, and a power of 0.80. Again, to account for mice that
do not survive surgery or were excluded due to complications,
10-13 animals were used per group.

Results
TPO treatment enhances bone healing in rodent
femoral CSD models

Based on the anabolic regulation of bone formation by
MKs, !0 we sought to determine whether local administration
of TPO at the time of surgery enhances bone healing. This
timing/route of administration mimics current clinical usage
of BMP-2. In a pilot study using male Long Evans rats,
clear bridging callus formation was observed by X-ray
and uCT imaging with both BMP-2 and TPO treatment
in bones retrieved 15 wk post-surgery (Figure 1A and C).
X-ray scoring of the bones using methods by T-MG. Chu
et al.?> demonstrated significantly greater healing in BMP-2
and TPO-treated animals compared to saline-treated controls
(Figure 1B). Additionally, BMP-2 treatment resulted in a large
callus that is not completely mineralized (Figures 1D-G).
On the other hand, the bridging callus in the TPO group
had a thicker cortex, smaller diameter, and more physiologic
contour than the BMP-2 group, suggesting different healing
modalities between these agents (Figure 1A and C-G). Repre-
sentative images and quantitation of rat bone calluses stained
with MacNeal’s showed that callus areas are not different
among the groups (Figure 1E and F), but the callus diameter
at the widest point trended narrower in the TPO-treated group
as compared to that observed in the saline and BMP-2 treated
groups (Figure 1D and E, p =.13). Yet the percentage of bone
within the callus was significantly higher in the TPO-treated
animals; the BMP-2 treatment also increased the percentage
of bony callus compared to saline treatments, but not to the
extent that the TPO therapy did (Figure 1E and G). In a mouse
femoral CSD model, the average time to obtain bridging callus
formation in BMP-2 treated mice (4 ug, positive control) was
2 wk, which was several weeks earlier than TPO-treated mice
(1 ug) (Figure 2A). However, both BMP-2 and TPO treatment
resulted in bridged callus by 6 wk; saline-treated (negative
control) scaffolds failed to form a bridged callus, even 15 wk
post-surgery (Figure 2A-C). Importantly, these data establish
that TPO can stimulate CSD healing in rodents.

TPO-mimetics enhance bone healing

To further examine the translational nature of using
thrombopoietic agents for bone healing, we examined the use
of a collagen sponge carrier (vs cement used in the studies
above, Figures 1 and 2A and B) and the FDA-approved
second-generation TPO-mimetic romiplostim. These studies
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revealed that romiplostim (25 ug) was capable of stimulating
healing of a mouse CSD after 10 wk (Figure 2C and D). As
expected, BMP-2 and TPO also stimulated bone healing,
whereas saline did not. X-ray scoring analysis confirmed the
qualitative healing observed with the three different therapies
(Figure 2C and D). Of note, one mouse died during the early
peri-operative recovery period within the TPO-treated group,
as indicated in Figure 2F.

While promising, without dosing studies, it is premature to
speculate about effective doses in humans. However, based on
our results, to augment bone healing would likely exceed the
1500 wg of romiplostim provided to patients each week, but a
single dose implanted at the time of surgery would be far less
than a total cumulative life-time dose of 78 000 ug currently
used systemically without serious drug-related sequelae.>*

Systemic delivery of TMPs enhance bone healing

Next, we investigated if TMPs could stimulate bone healing in
a closed fracture model with systemic administration. TMP—
AF13948 is a stabilized dimer of AF12505 (Figure 3A), a syn-
thetic peptide Mpl agonist that has almost equal TPO activity
as the whole TPO protein.'> It was discovered by directed
evolution of phage®’ and has been demonstrated to have par-
ticularly high potency and stability and was synthesized to be
used as a systemically administered drug. TMPs are 14 amino
acid branched chain synthetic peptides (Figure 3A), which
illicit the biological response of TPO.!3-3¢ Dosing studies
showed that TMPs improved bone healing (Figure S4). During
the course of this study, a total of 4 mice died (3 in the saline
group and 1 in the TMP group) during the post-operative
period prior to the 15-wk terminal time point. Quantitative
wCT analyses with the optimal dose (33 nmol/kg/d, S.Q. for
3 wk) demonstrated that TMP treatment (nz=9) resulted in
a significant increase in mineralized tissue in the callus com-
pared to vehicle treatment (z=10) (245 +42%), due in part
to significant increases in bone density (59 & 17%) and Tb.Th
(74 £17%) in the callus (Figure 3B-E). Next, biomechanical
testing was completed in appropriately intact specimens as
described above. This yielded 4 TMP-treated and 5 saline-
treated samples, which were able to undergo biomechanical
testing (40.0% and 38.5% of specimens, respectively). In
TMP-treated mice, the increase in mineral deposition led
to a marked improvement in the overall strength of intact
fractured femurs with a greater than 2-fold increase in work
to fracture (Figure 3F),a 27 £+ 10% increase in maximum load
(Figure 3G) endured before failure, and a 31 £+ 6.6% increase
in stiffness (Figure 3H).

TPO can heal a CSD in a large animal model

Motivated by promising rodent data, we sought to further
test thrombopoietic agents in a large animal model. We chose
adult Yucatdn miniature pigs due to their similar body weight
to adult humans, the availability of implants that are used
clinically, and the similarity of pig bone and blood physiology
to humans.3” A CSD was created in the right tibia and treated
with saline, 1.5 mg BMP-2, or 1.5 mg TPO delivered by an
FDA-approved sponge for BMP-2 delivery (Medtronic/Integra
Life Sciences). Figure S3 shows the pig surgery and tibia
with the scaffold held in place using an intramedullary nail
(n=8 pigs/group). Following surgery, 1 pig developed an
infection at the surgical site, which could not be managed;
this animal was euthanized prior to the study endpoint of
6 mo per advice from the attending veterinarian. Healing
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was assessed following examination of X-rays (Figure 4A)
using the RUST score (4 minimum to 12 maximum) and
through biomechanical testing (Figure 4B-D). Saline-treated
pigs did not heal (RUST score: 6.0 +1.7), whereas all 8 pigs
treated with BMP-2 did heal (RUST score: 11.140.5). In
the TPO group, 4 animals healed (RUST score: 8.6 £0.9)
and 4 animals did not heal (RUST score: 4.8 +0.5). Non-
destructive torsional testing was completed to measure the
percent torsional stiffness in the operated tibiae compared to
the non-operated contralateral tibiae. All operated tibiae in
the BMP-2 treated group healed, as demonstrated by a tor-
sional stiffness of 114 4+ 15%. Conversely, all of the operated
tibiae in the saline-treated group remained unhealed with a
torsional stiffness of 26 +13%. Interestingly, 4 of 8 tibiae
in the TPO-treated group healed with a torsional stiffness
of 100+ 12%. However, 4 of 8 tibiae in the TPO-treated
group did not heal (5+6%). The torsional stiffness in the
unhealed TPO group was not significantly different from the
saline group (p =.06). RUST scores and torsional stiffness
scores showed a strong correlation (Figure 4D), which was
used to subdivide the TPO group (healed vs unhealed). While
this single, unoptimized TPO dose did not heal all pigs, it is
possible that optimizing dosing and/or timing would allow
more pigs to heal. To this point, we observed no CSD healing
in 3 of 3 animals treated with a higher TPO dose (7.5 mg,
data not shown), suggesting that the bone healing benefits of
locally delivered TPO are abolished at high concentrations.

To summarize our data thus far, we have shown that throm-
bopoietic agents are capable of augmenting bone healing
across 3 animal models (mouse, rat, and pig), using multiple
classes of agents (recombinant TPO, small molecule agonist,
and synthetic peptide mimetics), and through local and sys-
temic delivery mechanisms.

Platelet concentrations following local delivery
of TPO

Because thrombopoietic agents are used clinically to increase
platelets, we examined whether a single local dose of TPO at
the time of surgery impacts circulating platelet concentrations
in mice and pigs. For mice, platelet concentrations were not
significantly different between pre-surgical values at 2 wk and
15 wk post-surgery (1103 +132,1086 + 146, and 1034 + 75,
respectively) (normal range: 732-1160 x 103/uL).>® For pigs,
a similar trend was observed: pre-surgery (445 £63), 2 wk
post-surgery (540+44), and 3 mo post-surgery (487 +92)
(normal range: 311-585 x 103/uL).3” These data suggest that
a single, local delivery of TPO is sufficient to stimulate bone
healing, but did not lead to a sustained elevation of circulating
platelets.

TPO stimulates a greater number of growth factor
cytokine pathways than does BMP-2

Bone healing requires stimulation of multiple anabolic path-
ways in bone marrow mesenchymal and hematopoietic cells.
In order to understand some of the similarities and differ-
ences between BMP-2 and TPO in this regard, we treated
collagenase-digested bone cells and bone marrow from mouse
femurs with BMP-2 (200 ng/mL), TPO (100 ng/mL), or saline
for 48 hr and collected total RNA for microarray analysis.
From these heterogeneous preparations, we found remark-
ably different profiles of gene expression changes between
the two treatments (Figure SA and B). Ingenuity Pathway
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Analysis of differentially expressed genes (DEGs) in the BMP-
2 and TPO groups vs saline revealed angiogenesis as a major
pathway affected by these two agents, with the majority
of genes regulated by TPO. Additionally, TPO treatment
resulted in the upregulation of numerous growth factors and
cytokines compared to BMP-2 (eg, VEGE, angiopoietin, and
PDGE, Tables S2, S3, and S6), many of which are known
to participate in bone healing.*" Consistent with this, mul-
tianalyte phospho-profiling arrays using protein from mouse
femora subjected to fracture and treated for 3 d with saline,
BMP-2, or TPO (5 pug each via collagen sponge) revealed
broader regulation of effector phosphorylation status with
TPO as compared to BMP-2 (Tables S4 and S5). For instance,
increased activation-related phosphorylation of AKT1 and
AKT2, which are downstream of several of these growth fac-
tors and cytokines, was observed with TPO treatment but not
BMP-2 treatment (Figure 5C and D). Similarly, we measured
increased activation-related phosphorylation of MAP kinase
pathway components (MKK3, MEKK1) with TPO-treatment
(Tables S4 and S5) but not BMP-2. Finally, phosphorylation
of PAK1, which is involved in actin cytoskeletal dynamics
and motility, was increased with TPO treatment but not
BMP-2 treatment (Figure SE). These molecular signals are
consistent with broader activation of healing pathways by
TPO treatment compared to BMP-2 treatment.

TPO stimulates endothelial cell proliferation in vivo
and in vitro

Three weeks post-surgery, mice treated with TPO or BMP-
2 had a significantly higher percentage of CD45-CD31+
endothelial cells within the bone regenerate than did saline-
treated mice (Figure S5). Of note, given the restricted pattern
of Mpl expression, we first used qPCR to confirm its expres-
sion in CD45-CD31+ endothelial cells (cell digested from the
bone regenerate or bone/callus in the fracture defect region).
Mpl was found to be robustly transcribed in these cells
as compared to the CD45-CD31— population (Figure S6),
consistent with prior reports showing that endothelial cells
express Mpl.#!

Next, we investigated the effect of TPO on bone mar-
row endothelial cells (BMECs) in vitro. Specifically, to test
the effect of TPO on BMECs, we looked at several cellular
parameters using validated 2D culture assays.22-31,32:42,43
TPO significantly increased cell number and the length of
vessel-like structures/tube length in WT BMECs (Figure 6A
and B). However, TPO treatment did not increase cell num-
ber or vessel-like structure length (tube length) in Mpl KO
BMEC:s (Figure 6A and B), showing the importance of Mpl
expression in TPO-induced increases. Consistent with prior
studies,** BMP-2 treatment stimulated a trending increase in
WT BMEC number and a significant increase in vessel-like
structure length (Figure 6A and B). It is unclear why BMP-2
did not increase BMEC number or vessel-like structure length
in the absence of Mpl expression. It is possible that BMP-2
stimulates autocrine signaling through the Mpl receptor, but
this requires further study (Figure 6A and B).

Discussion

Fracture non-unions represent an ongoing clinical challenge.
Compared with properly healed fractures, non-unions
account for an outsized proportion of morbidity for patients


https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae191#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae191#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae191#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae191#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae191#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae191#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae191#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae191#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae191#supplementary-data

134 Journal of Bone and Mineral Research, 2025, Volume 40 Issue 1

Lees )

A. Extracellular Space % Q-un/-‘_\ Other

Nucleus ¢ 0 )"“‘ z Sdl S @reoz)

ORN IR A Q“) 5
,U‘ @@1 2 w’“’“‘/'\.
Cexxes> AYO.:) ey X
B.
o)
Q
=
o
=
w
C. 0.0350 D 0:0378
3.0 14+
09219 — | s 00104 !
T 1 T :
g = g 124
2.0+ A 0]
2 A 2 *
[0} [} 1.04
® 10 — = ° °
E & 084 °
X
< < ——
0.0 : r r 0.6 : : T
Saline BMP2 TPO Saline BMP2 TPO
E 0.0082
20+ 0.9984 0.0134
1
cIJ —
% 1.5+ A
L
B
[
g 05-
o
00 : T r
Saline BMP2 TPO

Figure 5. TPO promotes the upregulation of the angiogenesis pathway and growth factor activation. Bone/bone marrow cells were cultured with saline,
BMP-2 (200 ng/mL), or TPO (100 ng/mL) for 48 hr and were processed for transcriptomic analysis (n=4/group). (A) Functional network analysis found the
angiogenesis pathway, as one of the key differential markers between BMP-2 and TPO treatment. The angiogenesis pathway was significantly activated
in TPO treated samples (z-score = 1.15) but inhibited in BMP-2 treated samples (z-score = —1.86). Genes enriching the angiogenesis pathway are listed in
Table S2. Network shown for TPO treatment only. Oval shaped nodes represent DEGs. (B) The color key with respect to genes logs (fold change) is shown
at the bottom of the network for TPO and BMP-2; red and green colored genes were upregulated and down regulated, respectively. Genes are clustered
into cellular compartments where the corresponding proteins are typically expressed. (C-E) Fracture callus was assessed 3-d post-surgery for mice treated
with saline, BMP-2 (5 ng), or TPO (5 g) and was then examined by multianalyte TGF-beta phospho-profiling arrays (n = 4/group). TPO increased activation
of AKT1 (C), AKT2 (D), and PAK1 (E), whereas BMP-2 did not. Significant differences were determined by ANOVA with Tukey-Kramer post-hoc test.
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Figure 6. TPO treatment promotes endothelial cell growth in vivo and in vitro. (A and B) Treatment of WT bone marrow endothelial cells (BMECs) with TPO
(100 ng/mL) or BMP-2 (200 ng/mL) increased BMEC numbers (A) and vessel-like structure length or tube length (% relative to WT + saline control) (B).
However, treatment of Mpl KO BMECs with TPO or BMP-2 did not increase BMEC numbers (A) nor tube length (B). Of note, cell number (A) and tube length
(B) were significantly higher (or trending higher) in WT BMEC cultures compared to KO BMEC cultures with the same treatment (n=3/group). Significant
differences were determined by ANOVA with a Tukey—Kramer post-hoc test. (C) Working model as to how TPO stimulates angiogenesis and bone healing.
TPO treatment upregulates the expression of PDGF, Angpt1, AKT, and MAPK, which can promote angiogenesis, a critical process of successful fracture
healing. TPO also stimulates MKs, which increase osteoblast proliferation and bone formation. Further, TPO increases osteoclastogenesis, which is
important to remove necrotic tissue and to remodel the fracture callus.



136

and financial burden on our health care system. Here, we
show that thrombopoietic agents have potential as a novel
bone-healing agent. The in vivo healing trajectory in
conjunction with cellular and molecular studies strongly
supports a unique mode of action from the currently FDA-
approved treatment (BMP-2). In this work, we present
evidence that multiple thrombopoietic agents (recombinant
proteins, small-molecule agonists, and mimetic peptides) are
capable of supporting fracture healing. Our cellular studies
and the use of multiple agents strongly suggest that the Mpl
receptor mediates this support by activation of a myriad
of pathways. Clinically, TPO peptidomimetics and small-
molecule Mpl agonists (used in this work) are approved
for an unrelated blood disorder. Repurposing previously
approved medications with an established safety profile to
support fracture healing in at-risk patients is an attractive
possibility.

We have shown that thrombopoietic agents stimulate bone
healing in rodents and large animals. Indeed, local delivery
of TPO stimulates bridging of CSDs in mice and rats. In
both species, time to bridging was longer than that following
treatment with BMP-2; however, the bridged fracture sites
were more mineralized and lacked the large fracture callus
associated with BMP-2. A similar dynamic was observed in
the Yucatan pigs, for which bone healing occurred. Our bi-
modal pig data suggests the need to continue to optimize
this potential treatment. Further supporting the need for
optimization, a pilot study of 3 Yucatan pigs receiving 5x
the TPO dose presented here failed to heal a similarly sized
CSD (data not shown). This failure was likely due to excess
resorption. Given the known side-effect profile of BMP-2,
an optimized thrombopoietic agent treatment may achieve
a better risk—benefit trade-off for CSD healing. Overall, the
collection of agents used in this work, across multiple frac-
ture models and multiple species, offers a novel treatment
avenue for problematic fractures that appears conserved and
robust.

Our transcriptomic analyses and cellular studies show
that TPO enhances angiogenesis (Figures 5 and 6), which
is required for successful bone healing. To the best of our
knowledge, this is the first demonstration of exogenous
TPO enhancing vessel formation in the context of fracture
healing and is consistent with reports of TPO simulating
vasculogenesis following ischemic injury*® and vascular
cell therapies enhancing fracture healing through increased
perfusion to bone defects.*®*” Primary cells being harvested
at 6 wk is indicative of cells from adolescent/young adult
mice and is a common age for experiments using primary
bone marrow stromal cells (BMSCs), osteoclast progenitors,
and primary osteocytes. 4287313347 We recognize, though,
that using cells isolated from older mice may lead to lower
baseline angiogenesis in controls. However, published results
demonstrate that BMEC angiogenesis can be induced in 70-
wk-old mice (1.3 yr) by altering components of angiogenic
pathways, even genes identified in our microarray, such
as FLT-1 and PDGFb.*® Also, we previously showed that
TPO increased the number of vascular nodules and meshes
in aged female BMECs, suggesting enhanced angiogenic
connectivity and complexity, as well as increased expression
of Angiopoietin 1 and 2 in mice of both sexes aged 22-
24 mo.>? Taken together, studies in older mice manipulating
angiogenesis using TPO and other factors lead us to speculate
that the benefit of treating fractures with thrombopoietic
agents is preserved with age. While it is understood that
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fracture healing is more efficient in younger animals, the
cellular and molecular mechanisms of the healing process are
conserved with age and similar across mammalian models of
fracture.*’ However, this hypothesis of using thrombopoietic
agents in aged mice to assist fracture healing remains to
be formally tested. Similarly, the use of these agents in
animals with comorbidities that delay healing (eg, diabetes,
osteoporosis) remains to be examined.

Here, we also provide protein-level data (Figure SC-E)
showing TPO stimulates signal transduction events in path-
ways that are also upregulated in our gene expression studies.
These data, and previously published results, suggest a model
in which TPO stimulates bone healing via multiple pathways
(Figure 6C). Specifically, TPO stimulates protein signaling
that induces angiogenesis, a critical process of successful
fracture healing. TPO also stimulates MKs, which in turn
increase osteoblast proliferation and bone formation.!0:12-14
Additionally, TPO increases osteoclastogenesis, which is
important to remove necrotic tissue and to remodel the
fracture callus.’® Thus, thrombopoietic agents are capable
of increasing angiogenesis, bone formation, and bone resorp-
tion—all processes fundamental to proper fracture healing.

As with most fracture studies, there are a number of limita-
tions, including the exclusion of animals due to poor surgical
outcome, death during the perioperative period, and sam-
ple processing issues. In addition, in our study, mechanical
testing was only completed on femurs that were intact at
the time of euthanasia. This reduced our sample size below
what was required by power analysis, but even with this
limitation, we still report significant changes. Conducting a
full spectrum of biomechanical tests in these various groups
of animals, including peak load, yield load, and displacement
post-yield, would expand our understanding of the potential
these thrombopoietic agents have to improve bone healing
and quality. Finally, the complexity of large animal studies
precluded thorough dose optimization studies.

Limitations notwithstanding, we showed the ability of
TPO/TPO-mimetics to heal fractures and that mechanical
testing showed improved healing compared to control
CSD (Figures 1-4). Specifically, multiple laboratories within
multiple institutions demonstrated the ability of TPO/TPO-
mimetics to heal bones in three animal species (mice, rats,
and pigs), two mouse strains (C57BL/6] and ND4 Swiss
Webster), and in multiple injury models, including arguably
one of the most difficult bone healing models, a CSD. We also
administered thrombopoietic agents through multiple routes
and, where applicable, with multiple drug carriers. Together,
these data show the robustness of the results, supporting the
usage of thrombopoietic agents in bone healing, which was
further evidenced by cellular/molecular studies showing that
thrombopoietic agents stimulate a multifaceted response to
augment fracture healing. Finally, thrombopoietic agents are
FDA-approved for platelet disorders, which suggests a rapid
translational pathway for including bone healing as a new
indication.
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