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Abstract
Bone regeneration by systemic transplantation of mesenchymal stem cells (MSCs) is problematic
due to the inability to control the MSCs’ commitment, growth and differentiation into functional
osteoblasts on the bone surface. Our research group has developed a method to direct the MSCs to
the bone surface by conjugating a synthetic peptidomimetic ligand (LLP2A) that has high affinity
for activated α4β1 integrin on the MSC surface, with a bisphosphonates (alendronate) that has
high affinity for bone (LLP2A-Ale), to direct the transplanted MSCs to bone. Our in vitro
experiments demonstrated that mobilization of LLP2A-Ale to hydroxyapatite accelerated MSC
migration that was associated with an increase in the phosphorylation of Akt kinase and
osteoblastogenesis. LLP2A-Ale increased the homing of the transplanted MSCs to bone as well as
the osteoblast surface, significantly increased the rate of bone formation and restored both
trabecular and cortical bone loss induced by estrogen deficiency or advanced age in mice. These
results support LLP2A-Ale as a novel therapeutic option to direct the transplanted MSCs to bone
for the treatment of established bone loss related to hormone deficiency and aging.

INTRODUCTION
The aging segment of the population is rapidly expanding, and with it osteoporosis has
become a significant health concern. The current treatment of osteoporosis is focused on
agents, such as the bisphosphonates, selective estrogen receptor modulators (SERM),
calcitonin, or receptor activator of nuclear factor kappa B ligand (RANKL) inhibitors, which
reduce bone loss by decreasing osteoclastic bone resorption and thereby preventing further
breakdown of bone. An important limitation of this class of drugs is that it does not restore
the lost bone structure. The only therapeutic option which stimulates bone formation and is
approved by Food and Drug Administration is teriparatide (recombinant human parathyroid
hormone 1–34; rhPTH 1–34), an anabolic agent that is limited to two years of use and is
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only effective in about 60% of treated individuals (1). One other bone anabolic agent, a
humanized monoclonal antibody against sclerostin (2), a protein of which the majority of it
is secreted by osteocytes and inhibits bone formation, is currently in a Phase III clinical trial
to determine its efficacy and safety in postmenopausal women with osteoporosis.

Mesenchymal stem cells (MSCs) are multipotent cells present in bone marrow that have the
potential to differentiate into osteoblasts and form bone (3). Aging is associated with a
reduction in marrow MSC numbers and a deficiency in the supportive mechanisms that are
required for MSCs to augment bone formation (4, 5). The decrease in the resident MSC
population with advanced age may be the most important factor responsible for reduced
bone formation and the subsequent increase in bone fragility (6). Therapeutic modalities that
target bone formation by either increasing the number of and/or activity of osteoblasts may
be a more attractive approach to enhance bone formation and promote bone regeneration.
Bone regeneration through induction of MSCs will promote osteogenesis and provide a
rational therapeutic strategy for preventing age-related osteoporosis.

Both autologous and allogeneic stem cells have been successfully infused into animals and
humans for the treatment of degenerative heart, neuronal diseases and for nerve or heart
injury repairs (7–10). However, systemic transplantation of MSCs in vivo have failed to
promote an osteogenic response in bone due to the inability of MSCs to home to the bone
surface unless they were genetically modified (11–13) or after certain injuries (14, 15). This
has become a major obstacle for MSC transplantation (16, 17). Even if the transplanted
MSCs make it to “bone”, they are usually observed engrafting in the upper metaphysis,
epiphysis, or within the sinusoids of bone marrow or the Haversian canals (15, 17, 18). The
transplanted MSCs are removed from bone marrow within 4–8 weeks and there is no
evidence of long term engraftment (15, 17, 18). To overcome this obstacle in employing
MSCs for bone regeneration, we synthetized a peptidomimetic ligand LLP2A that had both
high affinity and specificity for the integrin α4β1 (IC50 = 2 pM) (19), which is highly
expressed on the MSC surface. We conjugated this ligand, LLP2A, to alendronate, a
bisphosphonate with high affinity for bone. The resulting hybrid compound, LLP2A-Ale,
targets both bone and MSCs, with alendronate functioning as the bone-seeking component
to direct LLP2A to bone, and LLP2A directs MSCs to the surface of bone (20). In vitro,
LLP2A-Ale increased MSC migration, the commitment of MSCs to osteoblast
differentiation, osteoblast maturation and function as reflected by increased expression of
Runx2 and osteocalcin (OC) and increased calcified matrix deposition. Furthermore,
LLP2A-Ale did not affect either chondrogenic or adipogenic potential of the MSCs. Our
proof-of concept studies in animals indicated that LLP2A-Ale directs MSCs, naturally
present or transplanted, toward bone to enhance bone formation. In untreated mice, infused
human MSCs accumulated in lung, liver, and spleen while MSCs in the LLP2A-Ale treated
animals were visually imaged only at the bone surface and were found embedded in bone
matrix as osteocytes or adjacent to the bone surface as osteoblasts 21 days after the
transplantation (20, 21). In this report, we performed additional experiments demonstrating
LLP2A-Ale’s ability to direct MSC migration and osteoblast differentiation is highly
dependent on bone microenvironments, i.e., extracellular matrix proteins and
hydroxyapatite. More importantly, we evaluated the treatment efficacy of LLP2A-Ale in
clinical relevant animal models of bone loss, including bone loss induced by estrogen
deficiency and aging. We found that LLP2A-Ale + systemic MSC transplantation greatly
increased bone formation and bone strength in both the trabecular and cortical bone in mice
with established osteopenia associated with estrogen deficiency or advanced aging. We
demonstrated that LLP2A-Ale overcomes the challenges of MSCs bone homing and that it
also influences MSC's lineage commitment, growth, and differentiation into functional
osteoblasts on the bone surface, making LLP2A-Ale an efficacious therapy for restoring
bone loss related to age and hormone deficiency.
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METHODS
Animal experimental groups

1, OVX study: Groups of C57BL/6 mice were ovariectomized (OVX) at two months of age.
Two weeks after OVX, the mice were treated with PBS, LLP2A, MSC (5 × 105), LLP2A-
Ale (0.9 nmol/mouse, IV at weeks 2, 6 and 10; total estimated alendronate dose was 2.2 µg/
mouse), MSC + LLP2A (LLP2A-Ale and MSCs were mixed together then given by IV at
weeks 2, 6 and 12) or human PTH (1–34) (30µk/kg, 3x/week; Bachem, Inc., Torrance, CA).
Mice were sacrificed at week 14 (n=8–14/group).

2, Aging studies: Twenty-four -week old or 24-month old female mice were treated with
either PBS, LLP2A, MSC (5 × 105), LLP2A-Ale (0.9 nmol/mouse, IV at baseline and week
six; total estimated alendronate dose was 1.5 µg/mouse), MSC + LLP2A (LLP2A-Ale and
MSCs were mixed together then treated by IV at baseline and week 6) or human PTH (1–
34) (30µk/kg, 5x/week). Mice were sacrificed at week 12 (n=8–14/group). All animals were
maintained in the Animal Facility of the UC Davis Medical Center. The experimental
protocols were approved by the Institutional Animal Care and Use Committee of UC Davis,
Davis, CA.

In Vitro migration and osteogenesis assays
Cell migration assays were performed using Transwell migration chambers coated with
bovine serum albumin (BSA) or with 10 µg/mL type I, type IV collagen (Col I, Col-IV),
fibronectin (FN) or laminin (LAM). The coated filters were rinsed with PBS and placed into
the lower chamber containing serum-free medium supplemented with 45 nM LLP2A-Ale.
Bone marrow derived MSCs (Texas A&M Health Science Center under a material transfer
agreement between UC Davis and the Institute for Regenerative Medicine in Texas A&M
HSC COM (Temple, TX, USA)) were added to the upper compartment of the Transwell
chamber at 50,000/well and allowed to migrate to the underside of the top chamber for 8
hours in serum-free media. Half of the bottom wells were pre-coated with 10%
hydroxyapatite. The cells that did not migrate on the upper membrane were removed and the
cells that migrated attached to the bottom surface of the membrane and were fixed with 10%
formaldehyde for one hour, and the cells remaining on the top of the polycarbonate
membrane were removed. The cells that had migrated through the pores to the lower surface
were stained with crystal violet. Subsequently, stained cells were eluted from membranes
and absorbance measure at 590nm (20). On days 14 of the culture, the CFU-forming
colonies were stained by crystal violet (CFU-F) followed by with alkaline phosphatase
(ALP) staining for ALP+ colonies (CFU-Ob) (Sigma-Aldrich, St. Loius, MO, USA).
Subsequently, stained cells were eluted from membranes and absorbance measure at 590nm
(crystal violet) or 410nm (ALP).

Receptor Tyrosine Kinases (RTK)-Phospho array and Western Blotting
Bone marrow derived MSCs were cultured to nearly 70–80% confluent in regular dishes or
in dishes coated with hydroxyapatite as described above, they were then incubated with PBS
or LLP2A-Ale (45nM) for 30 minutes, 2 hours or 4 hours. After the incubations, cells were
trypsinized, washed and lysed. Protein concentration was measured using the Bio-Rad
protein assay kit (Richmond, CA, USA). The PathScan® RTK Signaling Antibody Array Kit
(Chemiluminescent Readout) was used according to the manufacturer's instructions (Cell
Signaling, Beverly, MA, USA). This kit is a slide-based antibody array founded upon the
sandwich immunoassay principle. The array kit allows for the simultaneous detection of 28
receptor tyrosine kinases and 11 important signaling nodes, when phosphorylated at tyrosine
or other residues. Target-specific capture antibodies, biotinylated protein (positive control)
and nonspecific IgG (negative control) have been spotted in duplicate onto nitrocellulose-
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coated glass slides. Western blot analyses were performed to measure total and
phosphorylated Akt and S6-Ribosomal (rpS6) kinase proteins. Cells were lysed in cold
buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM β-Glycerophosphate, 15mmol/L NaF,
1 µg/mL Leupeptin, 1 mM PMSF, and centrifuged at 12000 rpm for 10 minutes. The protein
extracts (10 µg/lane) were subjected to electrophoresis on 4–10% SDS-PAGE gel and
transferred to a PVDF membrane, which was stained by Naphthol Blue-Black to confirm
equal protein loading. The membranes were blocked in Bovine serum albumin for 1 hour
and then incubated with the following primary antibodies: Akt, phosphor-Akt (Ser473),
rpS6, phosphor- rpS6 antibodies (Cell Signaling Technology, Beverly, MA, USA).
Membranes were then incubated with horseradish peroxidase-conjugated goat anti-rabbit or
anti-mouse IgG secondary antibody and detection was done using supersignal west pico
stable peroxide solution (Pierce, Rockford, IL). Films were scanned and band densities were
analyzed using a BIO-RAD ChemiDoc™ MP Imaging system (Bio-Rad Life Science
Research, Hercules, CA, USA).

Immunohistochemistry
Bone samples were fixed in 4% paraformaldehyde, decalcified in 10%
ethylenediaminetetraacetic acid (EDTA) for 10 days and embedded in paraffin. Four-µm
sections were obtained and incubated in 3% H2O2 in water to block endogenous
peroxidases. The slides were incubated with 1% normal goat serum in Tween 20 in PBS,
prior to incubation with the GFP or osteocalcin antibodies (Cell Signaling Technology,
Beverly, MA, USA). The sections were incubated with the Alexa Fluor 488 conjugated goat
anti-rabbit or Alexa Fluor 594 conjugated goat anti-mouse secondary antibodies for
detection.

Bone histomorphometry
Mice received subcutaneous injections of alizarin red (20 mg/kg) at baseline and calcein (10
mg/kg) 7 and 2 days before sacrifice. The 5th lumbar vertebral bodies, the right distal
femurs and mid-femurs were dehydrated and embedded un-decalcified in methyl
methacrylate. Sections were either stained in tetrachrome or left unstained sections were
used for assessing fluorochrome labeling and dynamic changes in bone. Bone
histomorphometry was performed using a semi-automatic image analysis system (Bioquant
Image Analysis Corp., Nashville, TN, USA) (22–25).

Micro-CT
The right distal femur from each of the animals was scanned using micro-CT with an
isotropic resolution of 10 µm in all three spatial dimensions. Mineralized bone was separated
from the bone marrow with a matching cube 3D segmentation algorithm. A normalized
index, trabecular bone volume/total volume (BV/TV), was utilized to compare samples of
varying size. Trabecular thickness (Tb.Th), trabecular separation (Tb.Sp) and trabecular
number (Tb.N) were also calculated (22, 23).

Biomechanical testing
For the vertebrae, the endplates of the lumbar vertebral body were polished using an 800-grit
silicon carbide paper to create two parallel planar surfaces. Each lumbar vertebra was then
loaded to failure under far-field compression along its long axis using an MTS 831 electro-
servo-hydraulic testing system (MTS Systems Corp., Eden Prairie, MN) at a displacement
rate of 0.01 mm/s with 90) N load cell; sample loads and displacements were continuously
recorded throughout each test. To analyze the biomechanical properties of the tibiae, the
ends of each tibia were removed. The tibia samples were subjected to three-point bending
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tests, with the bone loaded using an EnduraTEC Electro Force 3200 testing system (Bose
Corp., Eden Prairie, MN) such that the posterior surface was in tension and the anterior
surface was in compression; the major loading span was 14.5 mm. Each tibia was loaded to
failure in 37˚C HBSS at a displacement rate of 0.01 mm/s while its corresponding load and
displacement were measured using a calibrated 225 N load cell. Values for the maximum
load, maximum stress (bone strength) for compression and maximum load, ultimate strength
of bending tests were then determined (22, 23, 26).

Statistical analyses
The group means and standard deviations (SDs) were calculated for all outcome variables.
Nonparametric Kruskal-Wallis test and Tamhane Post Hoc were used to determine the
differences between the groups. Differences were considered significant at p<0.05. (IBM
SPSS Statistics 20; SPSS Inc., Chicago, IL, USA).

RESULTS
LLP2A-Ale – induced MSC migration was extracellular matrix specific and was associated
with increased Akt tyrosine kinases phosphorylation

Since the extracellular matrix (ECM) made by bone marrow cells plays an important role in
the maintenance of MSC function, migration and osteoblast differentiation (27–31), and
LLP2A-Ale increased MSC migration in vitro (20), we first evaluated if different
compositions of the marrow ECM would affect LLP2A-Ale induced MSC migration. MSC
migration was examined using a 24-well transwell system where the inserts were pro-coated
with 10 µg/ml of fibronectin (FN), laminin (LAM), collagen type I (Col-1) or collagen type
IV (Col-IV). MSCs were placed into the top inserts pre-coated with different ECMs at a
concentration of 15 × 104/well. The cells were allowed to migrate in serum-free conditions
with or without LLP2A-Ale, and with or without hydroxyapatite microparticle-coated
bottom well for 8 hours. Hydroxyapatite is the main component of bone mineral and
alendronate has very high affinity to the calcium component of the hydroxyapatite. In the
absence of coated hydroxyapatite we observed an increase in MSC migration when the cells
were plated on Col I (93% higher vs. control, p < 0.05), FN (19% higher than control), LAM
(55% higher than control) (Fig. 1A). When the bottom well was coated with hydroxyapatite,
most if not all of the LLP2A-Ale would have been immobilized, MSCs migration increased
significantly, particularly when the transwell was coated with Col I (118% higher than
control, p < 0.05) and Col IV (56% higher than control) (Fig. 1B). While LLP2A-Ale
slightly increased MSC migration in transwell without the bottom well coated with the
hydroxyapatite (Fig. 1C), MSC migration was increased by more than 300% (p < 0.05)
when the bottom well was coated with hydroxyapatite (Fig. 1D). These results confirmed
our previous finding that LLP2A-Ale increased MSC migration (20). More importantly,
LLP2A-Ale increased MSC migration towards hydroxyapatite, the main component of
mineralized tissue and in the presence of Col I, a principal component of bone matrix
protein and Col IV, a major structural component of basement membranes that also
expresses α1.

Since the migration capacity of bone marrow MSCs is under the control of a large numbers
of receptor tyrosine kinases (RTKs) in response to growth factors or chemokines (32–34),
we evaluated how LLP2A-Ale regulates RTK activation in MSCs and their migration with
or without the presence of hydroxyapatite. We cultured mouse bone marrow-derived MSCs
with or without hydroxyapatite and LLP2A-Ale for 30 minutes, two and four hours, then
used a mouse slide-based antibody array to screen and simultaneously determine the relative
quantification of 28 RKTs that are phosphorylated at tyrosine or other residues (Cell
Signaling Technology Inc., Danvers, MA). MSCs cultured with LLP2A-Ale has higher
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immunoreactivity for Akt (Thr308 and Ser473) and S6 Ribosomal protein (rpS6), which
started to increase at 30 minutes and reached its peak compared to the control group after 2
hours (Fig. 1E). When MSCs were plated onto hydroxyapatite that were in contact with
LLP2A-Ale and hydroxyapatite, all the RTKs were expressed at much higher levels
compared to cells cultured without the hydroxyapatite (Fig. 1E). These results were
confirmed by western blot (Figs. 1F and G). Maximum expressions were detected at two
hours. LLP2A-Ale increased MSC osteoblast differentiation and maturation (Figs. 1 H and
I).

LLP2A-Ale partially and MSC + LLP2A-Ale fully restored bone loss and strength induced
by estrogen deficiency

We next investigated the therapeutic potential of LLP2A-Ale, with or without the
combination of MSC transplantation, in the treatment of ovariectomized (OVX) induced
bone loss, a standard preclinical model for osteoporosis.

We used anti-GFP staining to monitor if the transplanted MSCs homed to bone. In mice that
received MSC transplantation, we could only detect few transplanted MSCs within bone
marrow. In contrast, the GFP+-MSCs were found at bone surface as osteoblast-like cells
(Fig. 2A, yellow arrows) or embedded within bone matrix as osteocyte-like cells (Fig. 2A,
white arrows). We also observed weak GFP+ staining within trabecular bone, presumably
from previous two MSC IV injections that was associated with increased mineral
appositions between MSC transplantations (Fig. 2A, light green arrows). We measured bone
turnover by serum bone markers (PINP, osteocalcin, CTX-1) and surface-based bone
histomorphometry. Fourteen weeks after the ovariectomy (12 weeks after treatment), PINP,
osteocalcin, osteoblast surface and bone formation rate/BS were approximately 10～20%
higher in LLP2A-Ale or PTH treated groups as compared to PBS treated ovariectomized
mice (Figs. 3A and S1A). Although osteoblast surface were approximately 20% higher in
MSC treated group compared to the OVX group, bone formation rate/BS (BFR/BS) was
similar to OVX group. This was found to be from a reduced mineralizing surface in this
MSC-treated group compared to the ovariectomy group (Figs. 2 A and B). By contrast, MSC
+ LLP2A-Ale increased serum osteocalcin, osteoblast surface (p < 0.05 compared OVX,
MSC, LLP2A-Ale and PTH) and bone formation rate by 1～3 fold (p < 0.05 compared to
OVX and MSC) (Figs. 2A and B, and S1A). Osteoclast surface was higher in the OVX
group (p < 0.05 vs. Sham) but lower in both the LLP2A-Ale and the MSC + LLP2A-Ale
combination treatment group (p < 0.05 vs. OVX) (Fig.S1A). There were layers of
osteoblasts-like cells in the MSC + LLP2A-Ale treatment group that formed osteoid bridges
and connected the adjacent trabeculae (blue arrows), a critical step in the reestablishment of
trabecular connectivity (Fig. 2B). These osteoblasts were very active as evidenced by
increased mineral apposition rate (MAR) (yellow arrows, Fig. 2B). Twelve weeks after
treatment, while the OVX mice treated with PBS experienced more than 35% decrease in
their vertebral trabecular bone volume, the group receiving two injections of LLP2A-Ale
showed only a 45% trabecular bone gain relative to the OVX group (p < 0.05), which was
similar to PTH-treated group. While MSC transplantation failed to increase bone mass,
MSCs + LLP2A-Ale increased trabecular bone volume by more than 50% as compared to
the OVX + PBS group (p < 0.05) and completely restored vertebral trabecular bone loss
induced by OVX (Figs. 3A and C). Similarly, MSCs + LLP2A-Ale had a beneficial effect
on trabecular bone strength. At 12-weeks post treatment, the increase in vertebral
compression stress was approximately 15% higher than the OVX group (p <0.05) (Fig. 3A).

Fourteen weeks after the ovariectomy (12 weeks after treatment), the OVX mice treated
with PBS, MSC or PTH experienced approximately 30% decrease in their endocortical bone
formation rate. In contrast, endocortical bone formation was increased by 46% and 66%,
respectively, in mice treated with LLP2A-Ale or MSC + LLP2A-Ale (p < 0.05 compared to
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OVX + PBS, MSC or PTH) (Fig. 3D). Twelve weeks after the treatment of OVX mice with
either of MSC, LLP2A-Ale or PTH, there was no significant change in cortical bone
thickness compared to the OVX group. However, cortical bone ultimate strength was
increased by 19% (p < 0.05), respectively, in the OVX+ MSC + LLP2A-Ale –treated groups
as compared to the OVX group (Fig. 3D).

We measured a number of cytokines in the serum reported to be associated with bone
remodeling which included INF-γ, IL-1β, IL-6, IL-10, IL-12, KC, TNF-α and TGF-β1.
Among these cytokines, only TGF-β, IL-10, and INF-γ were within detectable limits in the
serum. However, we found no differences among the different treatment groups for TGF-β1
and IL-10. INF-γ was 60% lower than OVX, MSC and PTH (p < 0.05 compared to sham)
while LLP2A-Ale or MSC + LLP2A-Ale treatments prevented the decrease of INF-γ
induced by OVX (Fig. S2).

LLP2A-Ale increased and MSC + LLP2A-Ale further augmented bone formation in adult
and in aged mice

Since aging might be associated with the reduced number of the MSCs in bone marrow and
the supportive microenvironment required maintaining the MSC osteoblast differentiation
(4, 5), we evaluated the effects of LLP2A-Ale in the augmentation of bone formation in the
skeleton of matured (24-week-old) or aged (24-month-old) female C57BL/6 mice.

In 24-week-old mice, the transplanted MSCs were observed at trabecular bone surface that
some if not all of them were also osteocalcin positive (Fig. 2B, white arrows). When
compared to the PBS-treated group, LLP2A-Ale increased osteoblast surface by 154%, MS/
BS by 25% and BFR/BS by 79% (p < 0.05, Fig. 3A). MSC + LLP2A-Ale significantly
increased osteocalcin by 87%, osteoblast surface by 180%, MS/BS by 80%, MAR by 62%
and BFR/BS by 191% (all p < 0.05 vs. PBS and MSC; Figs. 3A and S1B) compared to the
PBS control group. PTH increased osteoblast surface by 103%, MAR by 38% and BFR/BS
by 59 % from the PBS control (Figs. 4A and S1B). Serum CTX-1 and osteoclast surface did
not change significantly among the groups (Fig. S1B). Trabecular bone volume in the 5th

vertebral bodies were approximately 30% higher in MSC + LLP2A-Ale and PTH groups
compared to the PBS or MSC groups (p < 0.05); however, vertebral strength (maximum
stress) was higher only in MSC + LLP2A-Ale group (p < 0.05 vs. PBS) (Fig. 4A).
Osteoblasts in the MSC + LLP2A-Ale group appeared larger than those without MSC
transplantation groups (Fig. 4B) and had more double labeled surface and higher mineral
apposition compared to PBS, MSC, or PTH control groups (Fig. 4B).

Increased endocortical and periosteal bone formation was accompanied by increased cortical
bone thickness (8%) and a 32% increase in the ultimate strength in the MSC + LLP3A–Ale
group compared to PBS (p < 0.05 vs. PBS) (Figs. 4C and D).

In the 24-month-old mice, the transplanted MSCs were observed within bone marrow in
group that only received MSC transplantation. In contrast, the transplanted MSCs were
observed at trabecular bone surface that co-expressed osteocalcin (Fig. 2C, white arrows)
and within bone matrix as osteocytes in the MSC + LLP2A-Ale group. LLP2A-Ale
increased osteocalcin by 113% osteoblast surface by 22%, MS/BS by 20% and BFR/BS by
35% (Figs. 5A and S1C) when compared to the PBS-treated group. However, none of these
increases reached a statistically significant level, as compared to PBS. Serum CTX-1 and
osteoclast surface did not change significantly in any of the treatment groups (Fig. S1C).
MSC + LLP2A-Ale significantly increased MS/BS by 72%, BFR/BS by 192%, serum
osteocalcin by 278% and vertebral maximum stress by 18% as compared to all the other
groups (p < 0.05 for all of these parameters vs. PBS; Figs. 5A and S1C). Osteoblast bridges
were frequently present in the trabecular bone of the mice treated with LLP2A-Ale and
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MSC + LLP2A-Ale (fig. 5B). No significant changes in bone formation parameters were
found in PTH in relative to the PBS-treated group (Fig. 5).

Cortical bone thickness increased by 6% in MSC + LLP2A-Ale and by 6% in PTH-treated
group as compared to the PBS-treated group. MSC + LLP2A-Ale increased periosteal bone
formation rate by more than 2000% and cortical bone ultimate strength by 30% as compared
to the PBS-treated group (p < 0.05; Fig. 5 C and D).

Discussion
We have developed a synthetic high affinity α4β1 integrin ligand (LLP2A), which, when
conjugated to alendronate, becomes a bone seeking agent (U.S. Provisional Application No.
61/379,643). This report is an expansion of a previous "proof-of-concept" study on the
technology, in which we used a single IV MSC injection with or without LLP2A-Ale in an
xenotransplantation model and in the prevention of rapid bone loss induced by estrogen
deficiency (20). Our current studies extended these observations in animal models of
clinically relevant bone diseases including estrogen deficiency and aging to demonstrate the
efficacy of bone homing of mesenchymal stem cells with LLP2A-Ale to treat established
bone loss. We found that this hybrid compound, LLP2A-Alendronate (LLP2A-Ale),
increased the phosphorylation of the Akt kinase and that was associated with increased MSC
migration and osteogenesis. LLP2A-Ale increased the transplanted the number of MSCs
adjacent to the bone surface, embedded within the bone matrix and increased bone mass and
bone strength in estrogen deficiency and aging models of osteoporosis in mice.

Extracellular matrix (ECM) made by bone marrow cells, including fibronectin, laminin,
collagens, play important roles in the maintenance of MSC function, migration and
osteoblast differentiation (27). The adhesion of the integrins to the extracellular matrix
(ECM) disarms cell adhesion and drives cell migration. For example, α5β1-integrin-
mediated adhesion of osteoblasts is more effective than αvβ3-mediated adhesions on
fibronectin and results in more cell migration (35). Additionally, the stiffness of the ECM
also affects cell fate (36, 37). At the same time, stem cells can also exert a mechanical force
on collagen fibers and give feedback to alter cell-fate decisions (38). MSCs are more likely
to differentiate into osteoblastic lineage when the stiffness of the matrix in which they are
embedded is more rigid and contains hydroxyapatite (39, 40). This study demonstrated that
both LLP2A and LLP2A-Ale induced MSC migration was differentially affected by cell
adhesion to specific ECM ligands. In particular, collagen I-rich matrix was a crucial
regulator of LLP2A–mediated mesenchymal cell migration. Furthermore, collagen I, but not
laminin or fibronectin, was associated with accelerated MSC migration in responding to
LLP2A-Ale treatment especially when the hydroxyapatite was present. Thus, collagen I may
accelerate MSCs migration towards hydroxyapatite/bone following LLP2A-Ale treatment.

Phosphorylation of receptor tyrosine kinases (RTKs) RTKs is required for the stem cell
migratory response (33, 41). We studied Akt, a serine threonine kinase that provides a
powerful survival signal for cells and may prevent the transplanted MSC from undergoing
apoptosis (42), and reported activation of Akt in murine MSCs in response to LLP2A-Ale
stimulation. Inhibition of Akt is reported to led to reduced MSC osteogenic potential (43),
while Akt promotes BMP2-mediated osteoblast differentiation (44). Genetically modified
MSCs that overexpress Akt facilitated the repair of infarcted heart tissue by increasing the
homing and retention of the transplanted MSCs in the damaged heart (42). Akt
phosphorylation is also the main mechanism associated with PTH’s protective effects on
osteoblast and osteocyte viability in a glucocorticoid excess model (45). These data support
our previous finding that treatment with LLP2A-Ale stimulated differentiation of the
progenitor cells into osteoblasts (20). Also, LLP2A-Ale activated other RTKs, especially
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when hydroxyapatite was present. One of these activated RTKs was the ribosomal protein 6.
Ribosomal protein 6 was reported to regulate cell size and lifespan (46, 47). Together,
mechanical adhesion to bone matrix protein (Col I) and mineral (hydroxyapatite) induces the
activation of RTKs that are associated with accelerated MSC migration and osteoblast
maturation following LLP2A-Ale treatment.

We found that two to three IV injections of LLP2A-Ale yielded comparable bone anabolic
effects as those of daily PTH injection in mice. In the estrogen deficient bone loss model in
mice, LLP2A-Ale increased serum osteocalcin, osteoblast surface, and bone formation rate
and trabecular bone volume over the ovariectomized group in both the lumbar vertebral
body and the distal femurs. In adult female mice, LLP2A-Ale increased vertebral osteoblast
surface, mineral apposition rate and bone formation rate. Bone resorption was increased by
OVX and was lowered by LLP2A-Ale treatment to the sham-operated level and was not
altered by LLP2A-Ale treatment in the intact animals. Since the total alendronate dose in our
compound from two IV injections was approximately ½- 1/5th of the therapeutic dose of
alendronate over a three-month treatment period, we did not observe any anti-resorptive
effects when bone turnover was relatively “normal” in the intact animals. However, LLP2A-
Ale reduced bone resorption in the estrogen deficient state. Similar uncoupling of bone
remodeling with bone formation exceeding bone resorption is also observed with other
anabolic agents, including hPTH (1–34) (48) and sclerostin antibody (2, 49). The long-term
effects of LLP2A-Ale on bone resorption certainly warrant further studies.

We have previously reported that one IV injection of LLP2A-Ale increased the bone
homing, retention of the transplanted MSCs at the bone surface, and increased the osteoblast
differentiation of the transplanted MSCs using an xenotransplantation model (20). Our
current studies confirm the ability of LLP2A-Ale in directing the transplanted MSCs to bone
and enhanced their osteoblast differentiation in an established osteopenic skeleton following
14 weeks of estrogen deficiency. Moreover, our functional outcomes of osteogenesis in vivo
using multiple outcome measures that include bone mass, turnover and strength
measurements in two trabecular bone sites (distal femur and lumbar vertebral body) and
cortical bone (mid-femur), Remarkably, three intravenous administrations of LLP2A-Ale
plus MSCs further increased these bone formation parameters in trabecular bone.
Additionally, the combination treatment induced higher rates of bone formation at both the
endocortical and periosteal bone surfaces and resulted in higher cortical bone strength in the
OVX animals.

In aged mice, while both LLP2A-Ale and PTH monotherapy failed to generate anabolic
response, the combination treatment significantly increased bone formation parameters and
translated into substantial increases in bone strength for both the trabecular and cortical bone
sites. Additionally, there were increases in both osteoblast s and mineralizing surface
suggesting either increased recruitment of the osteoblasts to bone surface or improved
lifespan of the existing osteoblasts. The higher mineral apposition rates observed with
LLP2A-Ale or the combination treatment suggest that osteoblast activity were increased and
that there was more mineral being deposited and mineralized. Our finding from the adult
mice (24-week-old) demonstrated that combination treatment of LLP2A-Ale and MSC was
not superior to LLP2A-Ale monotherapy in these relatively young individuals. However, the
addition of MSC transplantation to LLP2A-Ale may augment LLP2A-Ale efficacy and may
allow for a complete restoration of bone trabecular and cortical bone volume and strength
with profound bone loss either induced by prolong estrogen deficiency or advanced aging.

The MSCs may also have immunomodulatory effects that may alter the local bone marrow
environment and augment bone formation. The MSCs are reported to exert a strong
immunosuppressive effect on cells of both innate and adaptive immunity, such as on NK
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cells dendritic cells, T cells and B cells (50–52). One or two IV infusions of MSCs were
shown to improve the survival rate in graft-versus-host disease model (GvHD) in mice and
in humans (53–55). The immunomodulatory effects of MSCs were associated with the
secretion of cytokines and chemokines such as TGF-β, prostaglandin E2, hepatocyte growth
factor, IL-10 and interferon-gamma (IFN-γ) (52, 53, 56–59). Among these cytokines, TGF-
β1 is reported to be the most critical growth factor in coupling bone resorption with the
endogenous stem cell recruitment to bone, and high dose alendronate may blunt this action
following PTH treatment (60, 61). As estrogen deficiency is associated with inflammatory
responses that promote osteoclastogenesis (62), we monitored systemic cytokine levels
following ovariectomy and MSC transplantation. Interestingly, we did not observe a change
in levels of total serum TGF-β1 levels for any of the intervention studies. However we
observed lower SERUM or GENE EXPRESSION???? IFN -γ levels 14-weeks post-
ovariectomy; this decrease was prevented in the LLP2A-Ale treated animals. Since MSC
transplantation by itself did not alter IFN-γ levels, the change in IFN-γ that we observed
might be from LLP2A-Ale treatment rather than a direct therapeutic effect of MSCs on IFN-
γ similar to what has been reported for the prevention of GvHD (63). Nevertheless,
prevention of the decline in IFN-γ levels by LLP2A-Ale may contribute to the anti-
proliferative, immunoregulatory and anti-inflammatory activities and is thus may be
important in host defense mechanisms.

In summary, LLP2A-Ale activated the Akt pathway and was associated with increased MSC
migration, osteogenic differentiation of mesenchymal precursor cells especially in
hydroxyapatite-rich environment. Our studies further established LLP2A-Ale as a vehicle to
guide the transplanted MSCs to bone to treat bone loss related to aging and hormone
deficiency. Additional preclinical and possibility clinical studies that further our
understanding of the efficacy and toxicity LLP2A- Ale with and without MSC
transplantation are now warranted.
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Figure 1.
LLP2A-Ale induced MSC migration was matrix and mineral dependent. A, Mouse bone
marrow-derived MSCs were seeded in the upper chamber of transwell plates with inserts
that were pre-coated with bovine serum albumin (BSA) or 10µg/ml collagen type I (Col I),
fibronectin (FN), laminin (LAM), or collagen type IV (Col IV) in serum-free conditions.
The bottom wells were loaded with either media alone or containing 45 nM LLP2A-Ale.
The cells that had migrated through the pores to the lower surface of the membrane were
stained with crystal violet. Subsequently, stained cells were eluted from membranes and
absorbance measure at 590nm. B, A similar set of experiments was performed as described
in “A” except that the bottom wells were pre-coated with 10% hydroxyapatite. C, A similar
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set of experiments was performed as described in “A” that the upper chamber of transwell
plates with inserts were pre-coated with 10 µg/ml Col I in serum-free conditions. The bottom
wells were loaded with either media alone or containing 45 nM Alendronate (Ale), LLP2A
or LLP2A-Ale. D, Same experiments were performed as described in “C” except that the
bottom wells were pre-coated with 10% hydroxyapatite. E, Murine phosphorylated RTK
arrays were used to examine Col I-induced RTK phosphorylation levels in MSC lysates
without hydroxyapatite or with hydroxyapatite following LLP2A-Ale (45nM) for 2 hours. F,
Western blotting analyses were performed for total Akt, rpS6, phosphorylated Akt, rpS6 and
actin. G, Quantitation for F. H, MSCs were cultured with LLP2A-Ale for 10 days. Ratio of
CFU-Ob/CFU-F was measured. I, Osteocalcin levels were measured in for media in
experiment described in “H”. Experiments were performed in duplicate and for at least three
times. Data are means ± SD. *: p<0.05 vs. control (BSA or PBS). All the studies were done
in triplicate.
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Figure 2.
MSCs bone homing and osteoblast differentiation following LLP2A-Ale treatment. A,
Representative decalcified vertebral body sections were obtained from ovariectomized mice
that received three injections of MSC or MSC + LLP2A-Ale. The transplanted MSCs were
accessed by anti-GFP staining (green) at week 14 of the study. B, Representative decalcified
vertebral body sections were obtained from 24-week-old mice that received two injections
of MSC or MSC + LLP2A-Ale. The transplanted MSCs were stained in green, osteocalcin
were stained in red. Cells that were positive for both GFP and osteocalcin appeared in
yellow. C, Representative decalcified vertebral body sections were obtained from 24-month-
old mice that received two injections of MSC or MSC + LLP2A-Ale. The transplanted
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MSCs were stained in green, osteocalcin were stained in red. Cells that were positive for
both GFP and osteocalcin appeared in yellow.
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Figure 3.
LLP2A-Ale or with the combination of MSC transplantation increased bone formation in
OVX mice. Two-month-old C57BL/6 were ovariectomized (OVX) and left un-treated for
four weeks. They were then treated with PBS, MSC (5 × 105), LLP2A-Ale (0.9 nmol/
mouse, IV at weeks 2, 6 and 10), MSC + LLP2A-Ale (LLP2A-Ale, 0.9 nmol/mouse; MSC 5
× 105/mouse, IV at weeks 2, 6 and 10) or human PTH (1–34) (30µg/kg, 3x/week). Mice
were sacrificed at week 16. Alizarin red was injected prior to the treatments and two
tetracycline injections were given 7 and 2 days before the mice were sacrificed. A,
Osteoblast surface, bone formation rate, bone volume and maximum stress were measured
from the lumbar vertebral bodies. B, Representative sections from the lumbar vertebral
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bodies that were stained in tetrachrome and von kossa or left unstained. Bone was stained in
black. Green arrow heads illustrate osteoblasts at the bone surface. Blue arrow heads
illustrates osteotoid bridge. Yellow arrows illustrate double tetracycline-labeled bone
surfaced. C, Representative trabecular thickness maps were obtained from the distal femurs
by micro-CT where the trabecular thickness is color coded with blue-green color-codes
thinner trabeculae while yellow-red color-codes thicker trabeculae. D, Endocortical bone
formation rate, cortical bone thickness, maximum load and ultimate strength were measured
at the right femurs. Double-side white arrows illustrate total bone gain at the endocortical
compartments during the treatment period. *: p<0.05 between the indicated groups.
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Figure 4.
LLP2A-Ale or with the combination of MSC transplantation increased trabecular and
cortical bone formation and strength in adult mice. Twenty-four -week old female mice were
treated with PBS, MSC (1× 105), LLP2A-Ale (0.9 nmol/mouse, IV at baseline and week 6),
MSC + LLP2A-Ale (LLP2A-Ale, 0.9 nmol/mouse; MSC 5 × 105/mouse, IV at baseline and
week 6) or human PTH (1–34) (30µg/kg, 5x/week). Mice were sacrificed at week 12.
Alizarin red was injected prior to the treatments and two calcein injections were given 9 and
2 days before the mice were sacrificed. A, Osteoblast surface, mineralizing surface, bone
formation rate, bone volume, maximum load and stress were measured from the lumbar
vertebral bodies. B, Representative sections that were stained in tetrachrome and von kossa
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or left unstained. Bone was stained in black. Green arrows illustrates osteoblasts at the bone
surface, white arrows illustrate double calein-labeled bone surfaces. C, Representative
cortical bone sections and D, bone formation rates measured at the endocortical and
periosteal surfaces, ultimate strength of the femurs. White arrows illustrate double calein-
labeled periosteal bone surface.*: p<0.05 between the indicated groups.
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Figure 5.
Combination treatment of MSC and LLP2A-Ale increased trabecular and cortical bone
formation and bone volume in aged mice. Twenty-four -month old female mice were treated
with PBS, MSC (5 × 105), LLP2A-Ale (0.9 nmol/mouse, IV at baseline and week 6), MSC
+ LLP2A-Ale (LLP2A-Ale, 0.9 nmol/mouse; MSC 5 × 105/mouse, IV at baseline and week
six) or human PTH (1–34) (30µg/kg, 5x/week). Mice were sacrificed at week 12. Alizarin
red was injected prior to the treatments and two calcein injections were given 9 and 2 days
before the mice were sacrificed. A, Osteoblast surface, mineralizing surface, bone formation
rate, bone volume, maximum load and stress were measured from the lumbar vertebral
bodies. B, Representative sections that were stained in tetrachrome and von kossa or left
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unstained. Bone was stained in black. Green arrows illustrates osteoblasts and osteoid
bridging the trabeculae in the MSC + LLP2A-Ale treated group; white arrows illustrate
double calein-labeled bone surfaces. C, Representative cortical bone sections and D, bone
formation rates measured at the endocortical and periosteal surfaces, ultimate strength of the
femurs. White arrows illustrate calein-labeled periosteal bone surface.*: p<0.05 between the
indicated groups.
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