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ABSTRACT OF THE DISSERTATION

Systemic Therapy of Inactivated-Bisphosphonate-Conjugated PEGylated NELL-1 (BP-NELL-

PEG) for Spaceflight-Induced Osteoporosis

by

Jiayu Shi
Doctor of Philosophy in Oral Biology
University of California, Los Angeles, 2019

Professor Kang Ting, Chair

Osteoporosis affects more than 200 million people worldwide. Therapeutic approaches to
osteoporotic bone loss have focused primarily on anti-resorptive agents but with significant
clinical limitations. Therefore, there is pressing need to develop new agents, particularly anabolic
therapies that promote bone formation. Microgravity-induced bone loss is an important medical
consideration of long-duration space flight and has been measured to degrade bone at a rate up to
four times faster than disuse atrophy on Earth. As such, the microgravity model of osteoporosis
serves as a proxy for extreme cases of disuse osteoporosis on the ground.

NELL-1 is a potent pro-osteogenic protein most studied for its local bone forming effects.

Studies have demonstrated that recombinant NELL-1 acts as a combined anabolic and anti-
i



osteoclastic agent to protect against osteoporotic bone loss. In addition, through PEGylation, we
successfully increased the circulation half-life of NELL-1 (NELL- PEG) to be up to six times
longer. In this study, the therapeutic effects of NELL-PEG were further amplified by conjugation
with inactivated bisphosphonate (BP) to increase bone binding affinity. We verified inactivated
BP acts only as a targeting molecule to optimize NELL-PEG deposition in bone and does not exert
its own anti-osteoclastic effect. This has led to my central hypothesis that systemic BP-NELL-
PEG therapy will prevent bone loss and promote new bone formation in long-duration
spaceflight. This study was a part of the Rodent Research 5 spaceflight mission and supported by
the Center for the Advancement of Science in Space (CASIS) and the National Aeronautics and
Space Administration (NASA).

I tested my hypothesis through two AIMs: (1) Pre-Flight Ground Operation to optimize
the delivery route and dose of systemic BP-NELL-PEG for the reversal of ovariectomy (OVX)-
induced osteoporosis in mice; (2) Flight Operation to examine the effects of optimized systemic
delivery of BP-NELL-PEG for the reversal of microgravity-induced osteoporosis in mice. Results
showed that systemic BP-NELL-PEG therapy successfully prevented bone loss from long-duration
spaceflight by promoting new bone generation. Furthermore, our findings with inactivated BP
conjugation introduce a promising platform for improving skeletal delivery of systemic

therapeutics for bone diseases.
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1 INTRODUCTION
1.1 Review of Osteoporosis
1.1.1 Osteoporosis and Current Therapies

Osteoporosis is the most common metabolic bone disease and affects over 200 million
people worldwide with 10 million people affected in the United States alone'™. It contributes to
approximately 1.5 million fractures annually, resulting in over $25 billion in medical care spending
per annum’. The biomedical impact of osteoporosis and its associated complications is immense,
and predicted to cost over $25 billion worldwide by 2025%'°. Current treatments aim either to
prevent bone resorption (anti-resorptive agents) or to enhance bone formation (anabolic agents)'"
12 Although several approved anti-resorptive agents exist, including bisphosphonates (BP) and
RANK ligand antibodies, each demonstrates a limiting side effect profile. Furthermore, these

. . -15
agents do not induce bone formation'’

. The only FDA-approved anabolic therapy is parathyroid
hormone (PTH)'> ''®, however its use is limited to 24 months due to multiple, unwanted side
effects—including risk of osteosarcoma, as determined from rat preclinical studies'.
Consequently, there is pressing need to develop innovative therapies that will promote bone
formation with improved efficacy and safety for the treatment of osteoporosis.
1.1.2 Signaling Pathways in Bone Homeostasis

Wnt/B-catenin signaling is a key regulator in bone homeostasis. Broadly, osteoporosis
occurs from excessive bone resorption resulting from imbalance between osteoblast (OB) and
osteoclast (OC) activities. Among a multitude of signaling pathways, B-catenin dependent
wingless protein signaling has emerged as a critical component in governing OB and OC activity

20, 21

during fracture repair, bone maintenance, and skeletal development™ “". The presence or absence

of Wnt signaling determines the fate of f-catenin. When Wnt signaling is active, increased levels



of B-catenin can mobilize to the nucleus and ultimately activate Wnt target genes>>>*. Osteoporosis
can result from reduced Wnt signaling activity, while increased Wnt signaling via inactivation of
endogenous Wnt inhibitors (i.e. Dkk1 or Sclerostin) can lead to increased OB number and activity,
reduced OC number and activity, and consequent increases in BMD*”*'. Manipulation of Wnt/p-
catenin signaling offers therapeutic opportunities for effectively treating bone pathologies.
However, developing Wnt ligands to directly activate Wnt/B-catenin has been challenging. In
particular, recombinant Wnt proteins are not suitable for clinical settings, owing to their high
lipophilicity and insolubility”>*’. The insolubility of Wnt proteins challenges its production and

2
.29 Research

clinical delivery, since it requires lipid vesicle tethering®® for bioactive delivery
efforts have therefore focused on the inhibition of Wnt inhibitors, such as Dkk1, GSK3p, and
Sclerostin, via neutralizing antibodies and small molecules. However, tissue-specific targeting and
long-term safety remain a current challenge™, thus novel approaches to activate Wnt signaling
would constitute significant breakthrough.
1.1.3 Microgravity-induced Osteoporosis

Microgravity-induced bone loss is an important medical consideration of long-duration

31-34

space flight” ~". The microgravity environment serves as a proxy for extreme cases of osteoporosis
resulting from disuse atrophy from long-duration bedrest immobilization, injury, illness, or casting
on the ground. The central hypothesis of this study is that systemic BP-NELL-PEG therapy
will protect against bone loss and promote new bone formation in long-duration spaceflight.
This study was a part of the Rodent Research 5 spaceflight mission, supported by the Center for
the Advancement of Science in Space (CASIS) and the National Aeronautics and Space

Administration (NASA). The central hypothesis was tested in two AIMs: (1) Pre-Flight Ground

Operation to optimize the systemic BP-NELL-PEG delivery method and dose for the reversal of



ovariectomy (OVX)-induced osteoporosis in mice; (2) Flight Operation to examine the effects of
optimized systemic BP-NELL-PEG delivery in the reversal of microgravity-induced osteoporosis
in mice. SpaceX CRS-11 (SpaceX-11) was the rocket used for Flight Operations, and was
successfully launched on June 3™, 2017.

We utilized a spaceflight-induced osteoporosis model in aged mice because it provides three
key benefits. [1] Microgravity generates an extreme state of osteoporosis that is not replicable by
a single osteoporosis model on the ground. According to the International Osteoporosis Foundation,
1 out of 3 women over 50 will experience osteoporotic fractures, as will 1 out of 5 men* . On
average, while we lose around 0.5% of bone per year after the age of 50, astronauts lose around

1.5% of bone per month spent in space’™ >

, which is 36 folds more than on Earth. With respect to
the rate of bone loss in mice, we obtained micro computed tomography (micro-CT) and dual-
energy x-ray absorptiometry (DXA) data from two recent spaceflight mouse studies in similar
research settings to ours (data not shown, courtesy of University of Colorado and University of
North Carolina) and confirmed that (i) older mice (8 months old, middle-age female, B6 strain)
lose bone volume and density four times faster than by ovariectomy (OVX) on the ground (micro-
CT-measured bone mineral density (BMD) and bone volume/tissue volume (BV/TV) reduced by
15% and 30%, respectively, in RR-1 mission) and (ii) younger mice (3 months old, young adult
female, B6 strain) lose twice as much bone density than by OVX on the ground (DXA-measured
BMD decreased by 20%, in RR-2 mission). As such, we expected a considerable amount of bone
loss in a spaceflight-induced osteoporosis model. [2] Microgravity also accelerates the cellular and
physiologic effects of aging. Exposure to microgravity induces rapid degeneration in various cell

systems that mimic aging in older populations. Thus, it can be considered an excellent model for

degenerative diseases and allows us to efficiently study biological processes that occur in the
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normal aging process

. [3] Another benefit of utilizing a microgravity model for this study is
that it allows investigation of key mechanisms for osteoporosis while excluding the factor of
estrogen deficiency, since the most common way of inducing osteoporosis on the ground is by
ovariectomy (OVX).
1.2 Review of NELL-1
1.2.1 Whatis NELL-1

NEL-like molecule-1 (NELL-1) is a unique secretory molecule and was first implicated in
bone formation by its overexpression in human craniosynostosis*’. NELL-1 is a 700 kDa protein

43.4% and is most often studied for its local bone

that is recognized to be potently pro-osteogenic
forming effects™™'. Previously, an association between NELL-1 and osteoporosis was described,
where a genome-wide linkage study identified NELL-1 polymorphisms in patients with reduced
BMD™.

Consistent with this, we have discovered a protective role of NELL-1 in bone maintenance.
While complete Nell-1 deficiency results in neonatal lethality®, mice haplo-insufficient for Nell-
1 (generated by N-ethyl-N-nitrosourea (ENU)-induced mutagenesis), develop an osteoporotic
phenotype with age. This includes a reduction in BMD of the lumbar spine (as determined by
micro-CT), as well as reduced bone anabolism (as measured by F18 radioisotope uptake, a
surrogate measure of bone formation activity). This newly discovered protective function of
NELL-1 signaling led us to pursue the therapeutic use of recombinant (r)NELL-1 for the reversal
of osteoporosis.

Our preliminary studies indicate that, like Wnt/B-catenin, NELL-1 can also act as a

combined anabolic and anti-osteoclastic agent to protect against osteoporotic bone loss. Not only

are Nell-1 deficient mice more prone to osteoporosis, but local delivery of INELL-1 also reverses



48, 53 .
*>°. For example, in a femoral

osteoporotic bone loss in both small and large animal models
intramedullary injection model, local rNELL-1 treatment significantly increased trabecular and
endosteal bone formation in rats*®. rNELL-1 induces robust osseous healing of critical-sized rat

45, 54, 55,56

femoral segmental and calvarial defects . TNELL-1 also promotes lumbar spinal fusion in

#31"and non-human primates®’. In addition, the bone forming effects of INELL-1 have

rats, sheep
been verified by other independent research groups™ *’. We have also expanded the known
functions of INELL-1 to include suppression of OC activity, promotion of mesenchymal stem cell
(MSC) numbers, and suppression of adipogenesis™ .

Mechanistically, Nell-1selectively promotes osteochondroprogenitor cells and BMSC
differentiation*’. Alternatively, INELL-1 protein induces osteoblastic differentiation, apoptosis,
and mineralization only in the pre-osteoblastic cell lines and primary calvarial cells, but not in the
fibroblastic cell line®" ®*. Also, while Nell-1 was overexpressed in the MC3T3 cells, the expression
level of early gene markers for osteobastogenic differentiation (Alp and osterix) were inhibited,
which indicates that Nell-1 may act to promote bone differentiation at a relatively late stage. Nell-
1 can drive the differentiation of BMSCs towards osteochondral lineage in vitro and endochondral
bone formation in vivo*. Previous findings demonstrated that Nell-1 selectively promotes
osteochondral differentiation in both cells of osteochondrogenic lineage and multipotent cells.
Additionally, NELL-1 is directly regulated by Runx2 while also functioning as a downstream
mediator of Runx2>. Lastly, NELL-1 can activate JNK and ERK pathways to initiate signaling
transduction cascades. Regarding cell receptors of NELL-1, NELL-1 binds to the cell surface
receptor integrin beta 1°° and possibly to the receptor Cntnap 4°*. [Note: NELL-1 and NELL-1

indicate the human gene and protein, respectively; Nell-1 and Nell-1 indicate the mouse gene and

protein, respectively.]



1.2.2 PEGylation of NELL-1

The technical innovation of NELL-1 based therapy stems from the chemical modification
of rNELL-1 for improved pharmacokinetics. Anti-Wnt inhibitors (anti Dkk1 or anti-Sost) in
development were tested twice weekly in mice®. Systemic delivery of unmodified INELL-1 given
every 48 hours (3-4 doses/week) reversed osteoporotic bone loss in mice™. To decrease the
frequency of rNELL-1 administration, we explored various PEGylation methods to increase the

66-68  -hemical

systemic half-life (t1/2) of rNELL-1. PEGylation is an effective and non-toxic
process to modify a molecule’s physiologic and pharmacokinetic characteristics using
polyethylene glycol (PEG). PEGylation of NELL-1 increased plasma half-life in mice and
increased the window for bone uptake. The FDA has approved at least 9 marketed PEGylated
therapies®. After testing three PEGylation methods® delivering different PEG sizes and structures
(PEG at 5000Da, 20000Da and 40000Da), we found that all three methods maintained
osteoinductive bioactivity (82-95% of unmodified INELL-1, as assessed by in vitro mineralization
studies) while increasing the systemic half-life of INELL-1 from 5.5 hrs to 16-31 hrs (as assessed
by enzyme-linked immunosorbent analysis (ELISA) based detection of fluorescein isothiocyanate
(FITC) conjugated rNELL-1).
1.2.3 Systemic NELL-PEG Therapy

Previously, systemic delivery of unmodified rNELL-1 administered every-2-days (q2d)
reversed osteoporotic bone loss in mice™. As a result of PEGylation, systemic NELL-PEG therapy
can be administered on a clinically feasible injection schedule. We successfully demonstrated the
osteogenic capacity of systemic NELL-PEG to be comparable to that of unmodified rNELL-1
when IV injected either every 4 days (q4d) or every 7 days (q7d) in mice (Fig. 1)"°. Considering

that anabolic anti-osteoporosis agents currently in development are administered every 4 days, the



success of this research could significantly reduce the treatment cost and improve patient
compliance in chronic treatment settings. These exciting results encouraged us to further
investigate NELL-PEG as a systemic therapy to treat and prevent osteoporosis. As a result, in this
study we aimed to further enhance the pharmacokinetics of NELL-PEG therapy through the
conjugation with inactivated BP.
1.3 Bisphosphonate (BP) As a Bone Targeting Molecule

There are numerous bone disease therapeutics on the market and in development. However,
systemic drugs need prolonged and maintained concentrations in order to exhibit pharmacological
activity at targeted peripheral sites’'. Additional for consideration is that bone tissues possess a
membrane of lining cells, which functions as a marrow-blood barrier, therefore limiting the access
of exogenous large molecules to the bone surface’.

Bisphosphonates (BP) are bone seeking agents that have been very well-characterized in
recent years. Both in vivo and in vitro studies have shown that the main effect of BP is inhibition

: 3-75
of bone resorption”>”’

. BP are compounds with a chemical structure similar to that of inorganic
pyrophosphate (PPi), an endogenous regulator of bone mineralization’® ’’. BP are comprised of
two phosphonate groups linked by phosphoether bonds to a central (geminal) carbon atom (a P-C-
P structure)’"” " ’®. Osteoclasts (OC) are highly endocytic during the bone resorption process and
BP present in the resorption lacuna is likely to be internalized via endocytic vacuoles’®. The P-C-
P structure of BP is required for the chelation of Ca®" jons by these compounds and hence for their
tissue-selective targeting to bone. BP are rapidly and selectively trapped in calcified tissues after

entering systemic circulation”*. A significant and unique feature of OC treated with BP therapy

is the lack of a ruffled border®' ™, the convoluted region of plasma membrane adjacent to the bone



surface that is essential for the resorption process. BP can also disrupt the cytoskeleton within the
OC and cause the loss of actin rings, further inhibiting its functions®> *"™ |

After 50 years of clinical use, there are two distinct and clear intracellular mechanisms of
BP—discovered in recent decades. A review published by Rogers et al.”’, provides a thorough
summary of the signaling pathways involved in BP’s effects. For simple BP, studies have provided
convincing evidence that clodronate, etidronate and tiludronate act as prodrugs, being converted
to AppCptype metabolites following intracellular uptake by OC in vivo. The accumulation of these
metabolites has a cytotoxic effect on OC, thus inhibiting bone resorption by causing OC
apoptosis’ °; for nitrogen-containing BP, the enzyme farnesyl pyrophosphate (FPP) synthase is
inhibited, thereby disrupting the production of isoprenoid lipids in the mevalonate pathway. This
prevents the prenylation of small GTPase proteins necessary for OC function and causes

%69 BP therapy itself is an excellent

accumulation of toxic, isoprenoid-containing metabolites
bone-specific drug-delivery system that can seek target tissue accurately and exert
pharmacological effects preferentially on bone’'. The P-C-P bond in BP is resistant to chemical
and enzymatic hydrolysis'*, which helps BP to remain for longer periods of time once bound to
bone.

The nitrogen moiety holds a critical role in BP’s anti-OC function. Although the phosphate
and hydroxyl groups are essential for BP affinity to bone matrix, the nitrogen (in the R2 position
of N-BPs) bound to the central carbon is the primary determinant of a BP’s potency for inhibition
of bone resorption'®’. The presence of a nitrogen amino group can increase the antiresorptive

potency by 10 to 10000 fold relative to non-nitrogen-containing BP'** '*

. Recently determined
crystal structures of farnesyl pyrophosphate (FPP) synthase with bound N-BPs revealed that the

nitrogen in N-BP can form hydrogen bonds'™. Interestingly, whereas farnesyl pyrophosphate
g ydrog gly yl pyrop



synthase is ubiquitously expressed in mammalian cells and has a critical role in lipid production,
cellular apoptosis induced by nitrogen-containing bisphosphonates appears to occur only in OC'".
This likely results from bisphosphonates selectively adhering to and remaining within bone, which
is the target of osteoclast endocytosis during osteoclast-mediated bone mineral dissolution and
matrix digestion'®'. Theoretically, there are two ways to inactivate BP'"*: [1] Change the position
of the nitrogen in BP or [2] Completely remove the nitrogen from BP. Changing the position of
the nitrogen relative to the bisphosphonate group leads to a disruption in the hydrogen bond
geometry of the crystal structure. This usually leads to a loss in initial potency and to a reduced
ability to hold the enzyme—inhibitor complex in the isomerized state. With regards to Nitrogen
removal, the resulting phenyl analogue shows complete loss of slow-binding kinetics and an
overall reduction in potency, an indication that the nitrogen has a role both in the initial competitive
phase of the inhibition and in stabilizing the final isomerized state. In this study, during the
conjugation of BP to NELL-PEG, the BP is deactivated by altering the position of the nitrogen in
BP. This change leads to the non-ideal orientation of the nitrogen atom in the active BP,
significantly decreasing its pharmacological activity.

Due to the excellent bone binding characteristics of BP, we sought to use inactivated BP as a
bone targeting molecule to be conjugated with the NELL-PEG protein. The efficiency and potency

of this new systemic BP-NELL-PEG therapy was tested from multiple aspects in the following

study.

2  MATERIALS AND MAETHODS
2.1 Experimental Groups
All mice were handled according to the guidelines of the Chancellor’s Animal Research

Committee at UCLA and NASA Institutional Animal Care and Use Committees (IACUC). The
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mice housed at UCLA were in pathogen-free ventilated cages, in a light and temperature-
controlled environment, and were fed ad libitum.
2.1.1 Ground Operation
A. Develop new DXA guidelines
Previously, no standardized guideline for mice DXA imaging and analysis existed.
Therefore, we developed a new guideline to help improve the accuracy and
consistency of mice DXA usage and published this guideline in Tissue Engineering
Part C, Method (2016;22(5):451-63)'%.
30 12-week-old female BALB/c mice were purchased from Charles River

Laboratories.

B. Establish the bone maturation timeline of female BALB/c mice
24 12-week-old female BALB/c mice (Taconic Biosciences, NY) were used in this
study to plot out the bone maturation timeline of this strain. 6 mice were harvested
at each time point (week 0 (12-week-old), week 4 (16-week-old), week 14 (26-
week-old) and week 20 (32-week-old)).

C. Pharmacokinetics Study
Since the white fur of BALB/c mice would interfere with optical imaging signals,
CD-1 mice (black fur) were used in the NELL-1 biodistribution study.
20 12-week old female CD-1 mice (Charles River Laboratories, MA) were used for
the NELL-1 biodistribution study, grouped as below:
(1) Control: Injected with saline (n=5)
(2) NELL-1 group: Injected with 1.25mg/kg rNELL-1 protein (n=5)

(3) NELL-PEG group: Injected with 1.25mg/kg NELL-PEG (n=5)
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(4) BP-NELL-PEG group: Injected with 1.25mg/kg BP-NELL-PEG (n=5)

The 1.25mg/kg dose for all groups was based on NELL-1 protein content. For BP-
NELL-PEG conjugation process, the ratio of the three components were maintained
at 3:1:19.

All 20 mice were injected with the solution via lateral tail vein (100ul IV bolus
dose) 48h before examination. The protein was labeled with VivoTag 680XL first
and administered to the mice at a dose of 1.25 mg/kg. Organs were collected at 48h
and imaged by the IVIS (In Vivo Imaging System) imaging system.

D. NELL-1 Based Therapy Optimization Studies
165 16-week-old female BALB/c mice (Taconic Biosciences, NY) were used. 16-
week-old animals were used as studies have shown that mice of this strain reached
young adulthood by 12-16 weeks of age. A sample size of at least 8 mice per group
were used in all experiments. The detailed animal groups for each study are listed
below.
1. Systemic Administration Route for NELL-1 Therapy

(1) SHAM group: the non-osteoporotic control group

(2) OVX group: the osteoporotic control group

(3) Treatment groups:

a. [P Injected with NELL-PEG at 10mg/kg dose
b. SC Injected with NELL-PEG at 10mg/kg dose
2. Effective Treatment Dose of NELL-PEG Therapy
(1) SHAM group: the non-osteoporotic control group

(2) OVX group: the osteoporotic control group
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(3) Treatment groups:
a. Injected with NELL-PEG at S5mg/kg dose
b. Injected with NELL-PEG at 10mg/kg dose
3. Treatment Effects Comparison Between NELL-PEG and BP-NELL-PEG
(1) SHAM group: the non-osteoporotic control group
(2) OVX group: the osteoporotic control group
(3) Treatment groups:
a. Injected with NELL-PEG at 10mg/kg dose
b. Injected with BP-NEL-PEG at Smg/kg
c. Injected with BP-NELL-PEG at 10mg/kg
4. Conjugated Bisphosphonates Has No Therapeutic Effects
(1) SHAM group: the non-osteoporotic control group
(2) OVX group: the osteoporotic control group
(3) Carrier control group: injected with BP-bovine serum albumin (BP-BSA) at 5.11
mg/kg dose. The component ratio of BP to BSA was 3:1 in the BP-BSA conjugation
and the total molar concentration of BP molecules of BP-BSA was 5.11mg/kg;
identical to the 10mg/kg BP-NELL-PEG group.
(4) Treatment groups:
a. Injected with BP-NELL-PEG at S5Smg/kg dose
b. Injected with BP-NELL-PEG at 10mg/kg dose
2.1.2 Flight Operation
120 32-week-old female BALB/c mice (Taconic Biosciences, NY) were used. 32 weeks of

age was selected based on our ground preparation study which showed that female BALB/c mice
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reached their bone density plateau after 32 weeks of age. All mice were housed at Kennedy Space
Center (KSC) for 4 weeks before rocket launch and were randomly divided into groups as shown
in Table 1. On June 3", 2017, KSC-housed mice were transported to the ISS as part of SpaceX
CRS-11. At 5 weeks and half-way through the research mission, half of the Flight group mice
(n=20) were live-returned to earth and transported to the animal care facility at UCLA to continue
therapy for 4 additional weeks. Half of the Ground group mice (n=20) housed at KSC were also
transferred to UCLA for the same continued therapy. All mice returned to UCLA (n=40 in total)
in this time period are referred to as the Live-return groups (LAR). The other halves of Flight
group (n=20) and Ground group mice (n=20) were kept on the ISS or at KSC for the full 9 weeks
of experimentation (n=40 in total) and are referred to as the Terminal groups (TERM). Starting
at 1 week in orbit and every other week thereafter, mice received either PBS or BP-NELL-PEG
injections. All treatment time points of the Ground control mice matched exactly with the Flight
group mice in space. At the end of the study, all mice were euthanized. Carcasses from the
remaining groups on the ISS and in KSC were frozen and later returned to UCLA for multi-team

dissection and analyses (Fig. 2).

2.2 Surgical Procedures
2.2.1 OVX & SHAM Surgery

Animals were housed in a light- and temperature-controlled environment and given food
and water ad libitum. All animals were handled in accordance with guidelines of the UCLA
Chancellor’s Animal Research Committee of the Office for Protection of Research Subjects.
(1) Ovariectomy (OVX). Buprenorphine was injected prior to any surgical incision. Mice were
anesthetized by 1.5% isoflurane inhalation in the chamber. A 3cm x 3cm area was shaved from

the iliac crest for each mouse. A 2cm dorsal incision between the bottom of the rib cage and the
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front of the hind limbs was made on the flank of each mouse. The tip of a double sharp scissors
was inserted through the muscle layer to separate the muscle fibers. The ovaries were grasped by
the surrounding fat pads and pulled through the incision with blunt tweezers. High-temperature
surgical cautery (Bovie Medical, Clearwater, FL) was used to dissect out the ovary and oviduct.
The adipose tissue was replaced into the abdominal cavity after confirming hemostasis. The skin
incision was closed using 4-0 vicryl sutures. Another incision was made in the contralateral fascia
and the above procedures were repeated.

(2) SHAM. All the steps were performed as with OVX surgery until the fat pad was pulled through
the incision with blunt tweezers. The fat pad was replaced into the abdominal cavity without
removal of the ovary and oviduct. The skin incision was closed using 4-0 vicryl sutures. Another
incision was made in the contralateral fascia and the above procedures were repeated.

2.2.2 Injection Procedures

(1) Intraperitoneal (IP) injection. Gently grab one mouse from the cage and restrain appropriately
in the head-down position. The top of multi-dose vial was disinfected with 70% alcohol. The
amount of solution to be administered (pre-warm if possible) was drawn up into the syringe. The
injection site was in the animal’s lower right quadrant of the abdomen to avoid damage to the
urinary bladder, cecum and other abdominal organs. Insert needle with bevel facing “up” towards
the lower right quadrant of the abdomen. Insert needle to the depth until the entire bevel is within
the abdominal cavity.

(2) Subcutaneous (SC) injection. Repeat the same steps as above for animal handling and
disinfection. Hold the mouse on a flat surface and insert the needle into the loose skin over the
neck and shoulder area.

2.2.3 Harvesting and Organs Retrieval Procedures
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At the end of each experimental procedure, we harvested critical organs, tissues, and bones,
listed below, from each mouse. Organs and tissues were dedicated for pathological evaluation
while bone samples were reserved for micro-CT scanning and histological analysis. Each mouse
was sacrificed by CO2 (3L/min) displacement of oxygen, continued for one minute after breathing
stopped, and subsequent cervical dislocation to ensure euthanasia. Each mouse was dissected using

precision forceps to carefully separate out each of the following organs and bone samples:

e Organs: liver, heart, ovary, lung, intestine, kidney, stomach, pancreas
e Bone samples: humerus, femur, tibia, lumber spine, cranium

e Tissues: inguinal fat (white fat), abdominal fat (white fat), intrascapular (brown fat)

All samples were placed in 4% paraformaldehyde (PFA) for 48h and transferred to 70%
ethanol afterwards.

2.3 Imaging Analysis
2.3.1 High Resolution X-ray Imaging

Radiographs were taken using a high-resolution Faxitron LX-60 Cabinet radiography
system at a resolution of 10 lp/mm. High-resolution Faxitron X-ray images of the knee joint and
lumbar vertebrae were obtained using a setting of 47 kV. The sedated mice were positioned in the
Faxitron just as they were during DXA scans —the standard position described in the new DXA
guideline. The location of key anatomic landmarks (e.g., epiphyseal plate) in the distal femur,
proximal tibia, and lumbar vertebrae (L5, L6) were defined using the Faxitron images and applied
to DXA analyses.
2.3.2 DXA Scan and Analysis

DXA images were acquired and analyzed following the new guidelines we developed'®.

DXA images (Fig. 3A) were taken using a PIXImus 2 mouse densitometer (GE Lunar PIXImus)
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after sedation. The steps to improved DXA image acquisition are as follows: (1) Fast mice
overnight to prevent calcified food pockets from appearing in the image. (2) Clean the whole
imaging area to avoid any noise caused by animal feces, fur, and so on. (3) Lay the mouse prone
with the head in the circular groove of the specimen tray. (4) Ensure that the tail of the mouse does
not cross any of the long bones. (5) Move the legs of the mouse away from its body. (6) Apply
gentle traction to the tail and back to straighten the spine and ensure that the skull is parallel to the
sagittal plane. (7) Set the front legs at a 45 angle to the spine to prevent overlap in image. (8)
Abduct the femurs so that when viewing a prone mouse from above the femurs appear at a 90
angle to the spine. (9) Set knees to an angle of 90. (10) Check every image immediately after each
DXA scan, and rescan poor quality images (Fig. 3A).
2.3.3 Micro-CT Scan and Analysis

The femurs, tibiae, and lumbar vertebrae were scanned using micro-CT (SkyScan 1172;
Bruker Micro-CT N.V.) at an image resolution of 10 um (55 kV and 181 mA radiation source,
0.5mm aluminum filter). Previously published methods™ were followed for the micro-CT
reconstruction and analysis. 3D images were reconstructed from the 2D X-ray projections by
implementing the Feldkamp algorithm and appropriate image corrections, including ring artifact
correction, beam hardening correction, and fine-tuning, were processed using NRecon software
(SkyScan 1172, Belgium). After acquisition and reconstruction of datasets, images were first
reoriented on each 3D plane using DataViewer software (SkyScan 1172, Belgium) to align the
long axis of the femur, tibia, or lumbar vertebrae parallel to coronal and sagittal planes. Next, 3D
morphometric analyses of the distal femur, proximal tibia and the body of lumbar vertebrae were
performed using CT-Analyzer software (SkyScan 1172, Belgium). The region of interest (ROI) is
specified for each study in the figure legends separately. For trabecular bone analysis, ROIs were
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delineated using a freehand drawing tool while maintaining 3.5-pixel clearance from the endosteal
surface. A clearance of certain distance was maintained from the growth plate (specified in the
figure legend for each study). For cortical bone analysis, cortical bone ROIs were generated by
taking whole bone ROIs (delineated for the outline of the entire bone, for each bone) and
subtracting trabecular bone ROIs, leaving only the cortical bone area. Morphometric parameters
were then computed from the binarized images using direct 3D techniques (marching cubes and
sphere-fitting methods), and included bone mineral density (BMD, g/cm’), percent bone volume
(BV/TV, %), trabecular number (Tb.N, mm"), trabecular thickness (Tb.Th, mm) and trabecular
separation (Tb.Sp, mm). All quantitative and structural parameters followed the nomenclature and
units recommended by the American Society for Bone and Mineral Research (ASBMR)
Histomorphometry Nomenclature Committee'*°.

2.4 Motor Function Test

Motor Function tests were performed in consultation with UCLA’s Behavior Testing Core
Facility. Mice were housed five per cage in a room with a 12 hr light/dark cycle (lights on at 7:00
A.M.) with ad libitum access to food and water. Motor function tests were performed between
9:00 A.M. and 6:00 P.M. Mice were handled gently for three to five days prior to testing. All cages
were transferred to the behavior testing room 60 min before the first trial began.

The previously described rota rod method described by Shiotsuki et al.'’” was adopted for
motor function testing. A rota rod machine with automatic timers and falling sensors (MK-660D,
Muromachi-Kikai, Tokyo, Japan) at UCLA’s behavioral core facility was used. Mice were placed
on a 9cm diameter drum whose surface was covered with hard chloroethylene to prevent gripping.
Before training sessions, mice were habituated to stay on the stationary drum for 3 min.
Habituation was repeated every day for 1 min just before the session. Rotational acceleration was
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abandoned and the rotation was set at a relatively slow speed (10 rpm, 2.8 m/min on the surface)
to make the task easier for learned animals. Mice were placed back on the drum immediately after
falling, up to 5 times in one session. A fall was overlooked when the animal remained on the drum

for 180 seconds.

2.5 Histology and Cell Culture
2.5.1 Histology, Immunohistochemical Analysis and TRAP staining

For histology, all samples were fixed in 70% ethanol until completion of micro-CT
scanning. Bone samples were decalcified in 19% EDTA solution for 14 days, dehydrated, then
processed for paraffin embedding. Five-micron-thick longitudinal sections were cut and the slides
were stained with haematoxylin and eosin (H&E), Masson’s Trichrome, tartrate-resistant acid
phosphatase (TRAP) staining (Sigma-Aldrich) and with markers of OB (osteocalcin (OCN)) and
OC (receptor activator of nuclear factor kappa-B ligand (RANKL)) as per standard protocols.
Histological and immunohistochemical (IHC) specimens were analyzed using the Olympus BX51
microscopes and images were taken with a MicroFire digital camera and Picture Frame software
(Optronics, Goleta, CA).
2.5.2 Dynamic Histomorphometric Analyses

For bone fluorescent-labelling studies, mice were injected intraperitoneally with calcein
(20 mg/kg), alizarin red complexon (50 mg/kg), then calcein (20 mg/kg) again at weeks 3, 5 and
7 post-launch, respectively. Femur samples were dissected, fixed in 70% ethanol, dehydrated,
embedded, and decalcified in methyl methacrylate. Coronal sections at 5 mm thickness were
analyzed using the OsteoMeasure morphometry system (Osteometrics, Atlanta, GA, USA). For
dynamic histomorphometry, the mineral apposition rate (MAR, mm per day), which is the distance

between the midpoints of the two labels divided by the time interval between the midpoints, were
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measured in unstained sections under ultraviolet light and used to calculate bone formation rate
with a bone surface referent (BFR/BS, um’*um™ per year). The bone formation rate per bone
surface (BFR/BS) is the volume of mineralized bone formed per unit time and per unit bone surface.
The fixed area and location beneath growth plate of distal femur trabecular bone was selected as
the ROI (3 measurement fields per sample). All image acquisition and analyses were repeated
three times and performed in a blinded manner.
2.5.3 Colony-forming Unit Fibroblast Assay

For the colony-forming unit fibroblasts (CFU-F) assay, bone marrow mesenchymal stem
cells (BMSCs) were freshly harvested from left and right humeri by flushing with 27 gauge needles.
Isolated marrow cells were seeded on 6-well plates (1x10° cells/well), and cultured for 14 days in
Complete MesenCult Medium (STEMCELL Technologies, Inc., Canada) with osteogenic
induction (10mM beta glycerophosphate and 50 mM ascorbic acid, Fisher Scientific, Pittsburgh,
PA) at 37 °C with 5% CO2. CFU-F derived colonies were stained using Alkine phosphonate
staining kits (Sigma-Aldrinch, USA) first and then Giemsa Staining Solution (EMD Chemicals,
Inc., NJ). Colony numbers were counted under a microscope.
2.5.3 Osteoclasts Isolation and Culture

OC were cultured and quantified according to previously described methods by Longaker

et al.'®

Bone marrow was flushed from mice humeri, and the remaining bone tissue gently
crushed by pestle and mortar in flow cytometry buffer. Bone marrow flush was centrifuged at 200
x g for 5 min at 4 °C to yield a cell pellet which was then resuspended and layered onto
commercially available density gradient cell separation media. Isolated marrow cells were seeded

on 24-well plate (2x10° per well) and cultured in macrophage stimulating media (PGE2, Mr

352.465 g/mol at 10”7 M, M-CSF at 10ng/ml) for 3 days at 37 °C. OC induction media (PGE2, Mr
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352.465 g/mol at 107 M, M-CSF at 10ng/ml, RANKL at 10ng/ml) was then used for 5-7 days with
daily change until large, multinucleated osteoclasts appeared on the culture plate.
2.5.4 TRAP Staining

The TRAP staining was performed per standard methods by Longaker et al.'™ as follows:
OC were fixed by adding 4% PFA solution to culture plates and incubated for 1 hr at 4 °C. TRAP
stain (Sigma-Aldrinch 387A) was pre-warmed to 37 °C. After 1 hr in PFA, PFA solution was
aspirated and the cells washed with PBS. 1 ml of pre-warmed TRAP stain was added into each
well. The cell plate was then placed into an incubator at 37 °C for 1 hr and protected from light.
After 1 hr, the wells were washed 3 times with pre-warmed deionized water. Gill’s Hematoxylin
was used to counterstain for 1-2 min, after which the wells were washed with deionized water
until adequate color intensity was achieved.
2.5.5 Biomechanical Analysis (Finite element analysis, FEA)

FEA was performed on a bone mesh model generated from micro-CT images which were
converted to DICOM files using a SkyScan Dicom Converter software (DicomCT application,
Skyscan 1172F, Skyscan). Tetrahedral 3D mesh models were created using a volume of interest
(VOI) of distal femur using the ScanlIP software (Simpleware Limited). A constant thickness of
Imm was used for all VOIs. FEAs were performed using the ABAQUS software (Dassault
Syste 'mes) with boundary conditions set as encastre, constrained in all directions. Next, we applied
a uniform compressive pressure of 0.5 MPa on the superior surface of the VOI. The force comes
from a superior to inferior direction, loading onto the axial cross-section. (This force direction was
chosen for the femur as it best simulates normal physiological conditions in humans. The limitation,
however, is that in rodents loading is not parallel to the long axis of the femur, as it is in humans).

Blue colored regions represent bone regions which are stronger and therefore more resistant to
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fracture, while yellow and red colored regions represent weaker bone. The von Mises stress
experienced and total strain energy of the samples were analyzed.
2.6 BP-NELL-PEG Synthesis
2.6.1 NELL-PEG preparation

In accordance with previously published conjugation methods'”, NELL-PEG was
synthesized from linear PEG-NHS Mw 5 k (PEG 5k, Sigma-Aldrich, USA) %. Briefly, 0.5 mg of
NELL-1 (10 mg/mL) was diluted to a concentration of 2 mg/mL in PBS buffer (pH = 6.5, 0.1 M),
then added to 10 ml of 62.5 mg/mL PEG 5k at a NELL-1 to PEG molar ratio of 1:100. The
PEGylation system was reacted under 300 rpm magnetic stirring for 12 hrs at 4 °C. The obtained
NELL-PEG was purified by loading the reaction mixture onto a Sephadex G-25M column (Sigma-
Aldrich, USA), eluting with 3 mL of PBS solution (pH = 7.4), and collecting fractions (0.25
mL/fraction) which mainly consisted of NELL-PEG as determined by GPC method. 24 hrs of
dialysis against distilled water was then performed using suitable dialysis cassettes (Fisher, USA)

to remove any unreacted PEG molecules.

2.6.2 BP Conjugation and Inactivation

BP-NELL-PEG was synthesized in the following seven steps: (1) BP treatment: BP was
dissolved by 5SM HCI, precipitated with 95% ethanol, centrifuged (8k rpm, 2 min) to remove
supernatant, washed three times with 95% ethanol, and dried in a biohood for 24 hrs; (2)
Preparation of stock solution including NELL-PEG (5 mg/ml, 100 mM PBS, pH = 7), NEM stock
solution and100 mM Sulfo-SMCC stock solution; (3) NELL-PEG labeled with sulfo-SMCC:
NELL-PEG was incubated with 5 mM NEM for 60 min at 4 °C , then reacted with 10 mM Sulfo-
SMCC for 5 hrs and dialysis against dd water for 24 hrs at 4 °C ; (4) BP-IT synthesis: treated BP

(20 mM in 100 mM PBS, pH = 7) was thiolated with equal volume of IT (10 mM in 100 mM PBS,
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pH = 7) for 2 hrs; then the mixture was directly added to the above solution and reacted for 3 hrs
at 4 °C ; (5) Purification: the product was dialyzed against dd water for 24 hrs at 4 °C
(Mwco,12000 Da); (6) lyophilization: transfer the solution in dialysis bag to a glass vial, freeze 24
h, and dry 24 hrs on lyophilizer; (7)Reconstitution: the lyophilized protein was reconstituted by

PBS (pH =7.4), gently vortex (level 1, 1 min) to get dissolved, then stored at -80 °C prior to usage.

The average conjugation ratio of BP-NELL-PEG was estimated by fluorometric assay to be
3:1:19. BP-PEG-NELL solution (1.0 mg/ml, PBS, pH 8.0) was mixed with fluorescamine solution
(in DMSO at a concentration of 1.0 mg/mL) and incubated for 15 min at 25 °C. NELL-PEG was
used as a control to determine the amount of unreacted amine groups of the BP-NELL-PEG
solution. The fluorescence intensity of the solution was determined by plate reader (Infinite F200,
Tecan Group Ltd.) at an excitation wavelength of 390 nm and an emission wavelength of 475 nm.
The degree of conjugation was calculated by comparing pre-conjugation free amine levels to post-
conjugation free amine levels. The protein amount before and after synthesis was determined by
GPC (gel permeation chromatograph E2695, waters technologies corporation), and the ratio
between them was defined as the yielding ratio (the amount of obtained protein divided by the
amount of protein used x 100). NELL-PEG was used as a control in GPC analysis as well. The

yielding ratio was estimated to be 90% for NELL-PEG and 80% for BP-NELL-PEG.

2.7 Statistics

Statistics were performed in consultation with the UCLA Institute for Digital Research and
Education, Statistical Computing Group. All experiments presented in figures are representative
of at least three independent repetitions. Numerical data and histograms are expressed as the mean
+ standard error of the mean or mean + standard deviation. In comparisons between two groups,

two tailed Student’s t-test was performed. In multiple group comparisons, one way or two-way
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ANOVA was employed with Tukey’s method as a post-hoc adjustment. The precision of DXA
data generated by the new guideline was assessed by intra-class correlation (ICCs) coefficients.
The ICCs for one-way random effect models were used to assess intra-observer reliability, and
ICCs for two-way random effect models were used to assess inter-observer reliability. To model
the trajectory of DXA BMD over time, a linear mixed model was used, with a random intercept
term to account for repeated measures within each mouse for each bone site analyzed. In the DXA
methodology study, Levene’s equal variance test was performed to determine differences between
variances of conventional method and new method data sets. The accuracy of DXA BMD and
BMC data was assessed by Pearson’s correlation coefficient (r) and the standard error of estimate
(SEE) of a linear regression. In the Flight Operation DXA analysis, the fixed effects of the linear
mixed model include four-way interaction of the factors TIME, BP-NELL-PEG/PBS,
FLIGHT/GC, LAR/TERM and all lower-order terms to allow for flexibility in modeling of effects.
Linear mixed models were followed by likelihood ratio tests to assess 1) the cumulative
contribution of all factors to the fit of the model and 2) the individual contribution of each factor
(TIME, BP-NELL-PEG, FLIGHT, LAR) to the fit of the model (by testing model fit against a
model where a factor is omitted). When a test for an individual factor was significant, pairwise
comparisons were performed to test for specific effects of that factor across levels of the other
factors. For lipid count analysis in histology, a linear mixed model was used with random intercept
by mouse, and fixed effects of BP-NELL-PEG/PBS, FLIGHT/GC, and their interaction. Pairwise
contrasts were then performed to test for specific effects of BP-NELL-PEG/PBS and FLIGHT/GC.
All statistical analyses were performed with Stata 14 (StateCorp) software. Only p-values less
than 0.05 were considered statistically significant.

3 RESULTS AND DISCUSSION
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3.1 Ground Operation
3.1.1 Osteoporosis Model on Ground by Ovariectomy
Significant BMD decrease

4 weeks after OVX induction, OVX and SHAM groups were scanned by DXA. As shown
in Fig. 4A-C, all three bone sites (distal femur, proximal tibia and lumber vertebra) showed
significant decreases in BMD, induced by OVX. This confirms successful establishment of the
osteoporosis model. Between OVX and SHAM groups, BMD at 4 weeks post-OVX differed by
8.12% at distal femur, 7.76% at proximal tibia and 12.61% at lumbar vertebra (p < 0.05).
Uterus Atrophy

Uteri were carefully dissected and weighed from each mouse at time of harvest. OVX
groups showed significant uterus atrophy compared to SHAM (Fig. 4D-E).
3.1.2 Establishment of New DXA guideline

This part of study was published in Tissue Engineering Part C, Method (2016;22(5):451-63), Shi
& Lee et al.'”

Anatomic analysis

Anatomic analysis data were acquired from high resolution X-ray images of 60 femurs (30
left, 30 right), 60 tibiae (30 left, 30 right), and 60 lumbar vertebrae (30 L5, 30 L6). The X-ray
images revealed that the proximal end of the patella was located 0.47mm (standard deviation [SD]
— 0.09) inferior to the epiphyseal plate of the distal femur when the knee was flexed 90 (Fig. 5A).
Thus, placing the DXA ROI distal to the femur growth plate excluded the patella from the analysis.
The mean distances and angles measured for the distal femur, proximal tibia, and lumbar vertebrae
are shown in Table 2.

Precision of the new method
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Inter-observer reliability tests showed substantial agreement across sites. The distal femur
had the highest inter-observer reliability with an ICC of 0.945 followed by proximal tibia (ICC=
0.932) and L6 (ICC= 0.801). L5 had the lowest inter-observer reliability with an ICC of 0.743.
These values are similar to inter-observer reliability values across skeletal sites (Table 3).
Longitudinal analysis of BMD for 14 weeks (Fig. 6)

After obtaining longitudinal DXA data from both the new method (i.e., localized ROI) and
the conventional method (i.e., broad ROI), linear mixed models were used to reflect the growth
trajectory of DXA BMD at each location. Regardless of the method used, models that included the
quadratic effects of time yielded the best model fit for distal femur and linear function for proximal
tibia and lumbar vertebrae (p < 0.01 at all sites). All three sites using either method showed
significant changes in DXA BMD over time, compared to baseline.

Although both methods had similar linear mixed models, when the new method was
applied to the longitudinal DXA study, BMD gradually increased over time. In contrast, the
conventional method had higher variance in percent change/ 2 weeks. The range of non-outliers
(i.e., all data between the T-bars above and below the box plot in Fig. 6B) was similar between the
new and conventional methods, but the conventional method had more outliers for the distal femur
and proximal tibia. Lumbar vertebrae had a much larger range of non-outliers for the conventional
method than the new method (Fig. 6B). Levene’s test of equal variances was performed to
determine whether there was a significant difference between the variances from each method and
showed that the data obtained by the conventional method had significantly higher variances at all
sites (p < 0.05) (Table 4).

Accuracy of the New Method
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Correlation coefficients between DXA BMC and micro-CT BMC were 0.846 for the distal
femur, 0.879 for the proximal tibia, and 0.678 for lumbar vertebrae, significant at all sites with p
<0.01 (Fig. 7A). Because DXA BMD and micro-CT BMD are in different units (g/cm” and g/cm’,
respectively) the results showed a similar trend, but lesser correlation than that of DXA versus
micro-CT BMC (r = 0.752 for distal femur, r = 0.764 for proximal tibia, and r = 0.465 for lumbar
vertebrae; p <0.01 at all sites). The linear regression of DXA BMC against micro-CT BMC
obtained by the new method for the distal femur, proximal tibia, and lumbar vertebrae resulted in
SEEs of 0.00026, 0.00024, and 0.0006 g, respectively. The SEEs of all three sites were smaller
than the SD of micro-CT BMC measurements (SD: 0.00047 g for distal femur, 0.00049 g for
proximal tibia, and 0.00079 g for lumbar vertebrae).
3.1.3 Bone density plateau of BALB/c female mice

In order to confirm skeletal maturation of the female BALB/c mice, we performed a
longitudinal DXA study to monitor the BMD change while the mice aged until 32-week old. The
BMD of distal femur, proximal tibia and lumbar vertebrae gradually increased with age. The
plateau of BMD was reached in femur and tibia around 26-28wks old, while in lumbar at around

30-32wks. According to literature''*''?

, mice in general reach skeletal maturity around 28-32wks,
though there is large variance between different sexes and strains. Considering our longitudinal
BMD monitoring results along with data from literature, we decided to use 32-week old BALB/c
female mice in our Flight Operations to ensure that no further skeletal growth occurred.
3.1.4 Discussion for 3.1.1-3.1.3

From multiple aspects, we confirmed that OVX is a suitable model for osteoporosis, in

agreement with literature'®, and can mimic postmenopausal osteoporosis or general bone loss

caused by disuse atrophy. From our study, we confirmed that with the OVX model: (1) BMD

26



significantly decreased (around 10-15%, variable by sites); (2) uterus atrophy was observed (3) a
small number of nucleated epithelial cells and few leukocytes were observed in virginal smear
analysis for diestrus stage (data not shown here). These results furthered our confidence in
employing OVX as a reliable animal model for the study of osteoporosis.

The dynamic measurement of BMD in live subjects is an important step in musculoskeletal
tissue engineering research. DXA is currently the most widely used noninvasive technique to
assess BMD and BMC in animal research due to its simple, quick, low-radiation, and cost effective
features. DXA is incapable of trabecular bone analyses because a DXA scan yields a 2D projection
image that represents the full thickness of the mouse, similar to an X-ray image. Thus, any DXA
ROI containing trabecular bone will also contain the tissues that are above and below the trabecular
bone within the ROIL. To our knowledge, this is the first study designed to develop a protocol to
obtain precise and accurate BMD measurements specific to trabecular bone-rich regions, via DXA
and could provide great benefit to osteoporosis investigators.

The results of this methodology study show that adherence to the new method can improve
the precision and accuracy of DXA BMD measurements; which will reduce the need for micro-
CT and the number of animals used in longitudinal research.

This study was initially designed during preparation for the later Flight Operation that
collaborated with CASIS-NASA. The method developed in this study was implemented in later
studies of our systemic therapy for microgravity-induced osteoporosis. DXA was chosen to
quantify the changes in BMD throughout the longitudinal medical therapy study on the ISS
because it is fast, easy to perform, economical, and suitable for space use. In addition, for
spaceflight, DXA is the only method of BMD analysis that can be carried out onboard the ISS and

also the only radiographic equipment available in the same model at all locations involved in the
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research project (the animal vendor, ISS, KSC in Florida, and UCLA). To enhance the accuracy
and reproducibility of DXA measurements in all experiments, we conducted this separate study to
standardize the scanning and analysis methods (Fig. 8 summarizes the workflow for the new
standardized method). This part of the research was published in Tissue Engineering Part C,
Method (2016;22(5):451-63) and was officially adopted by NASA to use in all the future space
flight rodent missions.

Apart from standardizing the animal model and DXA scanning and analyses methods,
another important part of preparation was to determine the appropriate age for mice in the
spaceflight mission. In the literature, it is stated that for female C57BL/6J mice, there are two
physiological BMD peaks. The first peak in BMD is reached at 17 weeks of age, followed by slight
decline and fluctuations until around 30 weeks of age, at which point bones will reach the second
BMD peak''?. Also, Buie et al.''' published a comprehensive study which includes lumbar
vertebra and tibia of C57BL/6, BALB/c and C3H/HeN mice. Their study concludes that for all
three strains, peak BMD is not reached until around 32 weeks of age and is consistently preceded

by a slight increasing trend of BMD. Beamer et al.''’

confirmed this in a longitudinal study
utilizing CT analyses on mouse femurs. Beamer’s results showed that bone density does not
stabilize until around 8 months of age, observed in four different mouse strains. Due to the
information from the afore discussed literature, we monitored BMD changes until 32 weeks of age,
however, observed peak BMD at around 28 weeks of age. Femur and tibia data are generally more
consistent, with lumbar BMD having more fluctuation. With these results and literature in
consideration, we decided to age the mice to 32 weeks of age before transportation to the ISS to

ensure full skeletal maturity.

3.1.5 BP-NELL-PEG Activity Test and Biodistribution Study
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Conjugation of inactivated-BP with NELL-PEG was one of the key technologies we
performed to overcome the challenges in this project. The hydroxyapatite binding test was carried
out to test the binding affinity of the conjugates to bone. As shown in Fig. 9A, the binding affinity
of BP-NELL and BP-NELL-PEG were significantly higher than the unmodified NELL-1 and
NELL-PEG groups. With conjugation to inactivated-BP, BP-NELL-PEG had binding affinity that
was 3 times stronger than NELL-PEG. Thermal shifting tests (Fig. 9B) showed that compared to
unmodified NELL-1, BP-NELL-PEG had significantly higher thermal stability (4.75 °C higher).
For in vitro bioactivity testing (Fig. 9 C-D), both Alkaline phosphatase (ALP) staining and
Alizarin red (AR) staining corroborated that BP-NELL-PEG has comparable osteogenesis activity
to unmodified NELL-1 and NELL-PEG, all of them significantly increasing osteogenic ability
compared to control.

Additionally, the conjugated protein was labeled with VivoTag 680XL and injected
systemically into mice. 48h post tail vein injection, the protein was visualized by an optical
imaging system. A comparison of saline control, NELL-1, NELL-PEG and BP-NELL-PEG
accumulation in each of the mouse organs 2 days after IV injection is presented in Fig. 10.
PEGylation increased the circulation half-life of the protein and also increased the deposition in
bone tissues such as femur, tibia, and vertebrae. BP conjugation further enhanced protein
specificity to bone, resulting in significantly increased NELL-1 deposition in the bones, including
femurs, tibias and the maxillary and mandibular bones for the first time in NELL-1 research (data
not shown). This result suggests that this inactivated-BP conjugated therapy could be used for
dental bone loss defects, such as in periodontal disease and TMD. Also, there was significantly
less accumulation in the metabolic and excretory organs such as the liver, spleen, and lungs

compared to earlier forms of NELL-1. For all types of NELL-1, there was no accumulation in
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critical organs (heart and brain). These results inspired confidence in systemic use and possible
reduction of off-target side effects after administration.
3.1.6 Systemic Administration Route for NELL-1 Therapy

Due to technical limitations on the ISS, astronauts are unable to perform tail vein injections
in space. In order to explore an easier, effective injection method, we investigated systemic
treatment by IP or SC injections in OVX- induced osteoporotic mice for 8 weeks, administered
every other week (4 injections in total). Trabecular bone analysis results are shown in Fig. 11.
Both IP and SC injection groups reflected treatment effects, however, no significance between the
SC group and OVX control was observed. The IP injected group showed significant treatment
results in most of the parameters in both distal femur and proximal tibia. For distal femur, IP
injected NELL-PEG increased the BMD by 21.3% and BV/TV by 16.6%; for proximal tibia, the
BMD was increased by 10.6% and BV/TV by 18.7%. From these results, we can conclude that an
IP injection route is more effective than SC injection and can promote bone growth similarly to
previous IV injection studies (measured by micro-CT changes in trabecular bone, 15% BMD
increase at distal femur and 12% at lumbar vertebrae).
3.1.7 Effective Treatment Dose of NELL-PEG Therapy

After selecting IP injection as the administration route, we further tested treatment doses
that could generate consistent treatment effects. As shown in Fig. 12, the Smg/kg NELL-PEG
significantly increased BMD in lumbar vertebrae (15.8%) but not distal femur. Tb.Th at both
lumbar vertebrae and distal femur were increased. However, 10mg/kg treatment had more
consistent results, with BV/TV (17.6% at distal femur, 12.5% at lumbar vertebrae), BMD (16.8%

at distal femur, 20.9% at lumbar vertebrae) and Tb.Th all significantly increased and with no site
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difference. From these results we conclude that although 5mg/kg NELL-PEG generates decent
treatment results, 10mg/kg dosage has more stable, systemic improvements.

Additionally, to assess bone strength, we applied simulated biomechanical tests on micro-
CT image sets of the trabecular bone using FEA by generating bone mesh models of cubic
trabecular regions, selected from consistent femoral locations across all groups. Fig. 12C-D shows
the results of simulated biomechanical tests between 10mg/kg IP NELL-PEG treated group and
OVX control. Blue regions and lower Von Mises Stresses represent bone which is stronger and
more resistant to fracture, observed in the NELL-PEG treated group. Yellow and red regions and
higher Von Mises Stresses, as shown in the OVX control group, represent bone which is weaker
(Fig. 12D). The 10mg/kg IP injection group had markedly improved anti-compression ability
versus control.

In addition, we looked into the treatment effects of systemic NELL-PEG therapy for dental
alveolar bone. Excitingly, we found that NELL-PEG therapy increases the density, volume, and
quality of alveolar bone as well. As shown in Fig. 13, the BMD and BV/TV of the ROI under mice
maxillary first molar was significantly higher in NELL-PEG treated group and accompanied by
greater Tb.Th. These signified stronger and more functional dental bone in all dimensions. This
first peak into the dental alveolar bone effects of NELL-PEG systemic therapy was promising and
encouraged further investigation, executed in our later experiments.

3.1.8 Treatment Effects Comparison Between NELL-PEG and BP-NELL-PEG

Results of BP-NELL-PEG experimentation, which employed IP injections of different
treatments at every other week for 8 weeks, are shown in Fig. 14. For all three bone sites, 10mg/kg
BP-NELL-PEG showed the most consistent and strongest treatment effect of all groups.

Interestingly, with bone-specific targeting of BP, bone density and bone volume improvements
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exceeded Sham control levels at distal femur and proximal tibia sites. Although the Smg/kg BP-
NELL-PEG group showed treatment effects as well, they were slightly lower than the 10mg/kg
treatment group. The 10mg/kg NELL-PEG group also showed increased bone density and volume
compared to OVX control, but were not always significant. DXA results (Fig. 14) were consistent
with trabecular bone micro-CT results, with 10mg/kg BP-NELL-PEG having the strongest
treatment effects, increasing BMD by 8-10% in general. Again, although the 5Smg/kg BP-NELL-
PEG group had similar treatment effects, they were not as appreciable as in the 10mg/kg BP-
NELL-PEG group. From these results, we conclude that with the help of BP, NELL-PEG can bind
to bone with greater affinity and for longer durations and presents more osteogenesis even with
reduced dosage.

The BMSCs colony assay results showed trends consistent with our in vivo data. As shown
in Fig. 15, humeri-flushed BMSCs cultured for 14 days showed differential colony formation in
each group. The results display a statistically significant increase in both BMSCs numbers and
ALP expression in the 10mg/kg BP-NELL-PEG treated group compared to other groups, except
for Sham, suggesting that after the BP conjugation BP-NELL-PEG further enhances the
proliferation of BMSCs when administered systemically. The 5mg/kg BP-NELL-PEG and
10mg/kg NELL-PEG treatment groups increased BMSCs number as well, however not as
effectively. This result further confirmed that BP modified NELL-PEG at 10mg/kg dose has the
strongest osteogenic effects.

3.1.9 Validation of inactivation of bisphosphonate (BP)’s anti-osteoclastic effects.

In order to confirm that conjugated BP is inactivated, we performed 4 injections every other

week in our OVX control group, Sham control group, 5.11mg/kg BP-BSA group (the dose of BP

in this group matching the BP in BP-NELL-PEG group) and 10mg/kg BP-NELL-PEG group. A

32



BP-BSA group was employed as a carrier control since the conjugation method between BP and
BSA was exactly the same as BP-NELL-PEG conjugation. At the end of the study, all mice were
harvested and scanned with micro-CT to quantify trabecular bone quality and quantity. From
micro-CT results (Fig. 16), both distal femur and proximal tibia showed significant increases to
BMD and BV/TV with 10mg/kg BP-NELL-PEG treatment. For lumbar vertebrae, some increases
to BMD and BV/TV with BP-NELL-PEG treatment were observed but were not statistically
significance. In DXA analysis, there were 8.7%, 10.5% and 12.3% BMD increases at distal femur,
proximal tibia, and lumbar vertebra, respectively. For the BP-BSA group, BMD and BV/TV were
maintained at baseline levels as OVX control and showed no difference (<3% in DXA) compared
to the starting point. These results prove inactivated BP exhibits no therapeutic effects in vivo.

We further validated the inactivation of conjugated BP in vitro. Bone marrow cells were
flushed from mouse femurs then cultured according to the previously mentioned OC induction
protocol. There were four groups in total: control group, BP-BSA group (408.8ng/ml), BP-NELL
PEG group (800ng/ml), NELL-PEG group (800ng/ml). Treatments were added to OC induction
medium, after macrophage induction stages, every day for 6 days continuously. According to the
results in Fig. 17, OC suppression effects of BP-NELL-PEG are comparable to NELL-PEG, with
no significant differences between BP-BSA and blank control, indicating that the anti-OC effects
of NELL-PEG was not altered by BP conjugation and that inactivated BP completely loses its anti-
OC effects.
3.1.10 Discussion for 3.1.5-3.1.10

Before proceeding to Flight Operations, we optimized NELL-1 based therapy’s
administration route, dosage, and structural modification to make the treatment more effective.

Partial results of our study of IP vs SC injections of NELL-PEG therapy has been published in
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BioResearch Open Access (2016;5(1): 159—70.)l !5 The rationale for and difference between IP and
SC administration routes are as such: In the laboratory setting, IV, IP, and SC routes constitute the

most frequently used drug delivery methods''®

. While IV administration allows rapid dispersal of
the drug into the circulatory system, the method is quite challenging to master and entails
noteworthy risks of inflammation, thrombophlebitis of the vein, and necrosis of the surrounding
tissues. IP administration, however, is less invasive than IV administration and facilitates
absorption due to the large surface area of the abdominal cavity and abundant blood supply at the
injection site. Conversely, SC administration has the slowest rate of absorption. Compared with
the IV route, the IP and SC routes are more favorable for drug delivery because they are not only
less invasive but also allow for a greater volume of injection that serves as a slow-release and long-
acting deposit of the drug''® """, For long-term drug delivery formulations in humans, factors such
as the drug safety profile, ease of administration, subject accessibility and mobility, target area and
injection site, and cost of therapy should be taken into consideration. Nonetheless, in laboratory
settings, the IP route has been more widely used due to its induction of greater drug effects in a

. 116-119
shorter period

. In addition, IP injection was preferred over SC by NASA to reduce the risk
of needle prick injury to astronauts.

In a biodistribution study (data not shown), we found that in comparison to the SC group,
the IP group showed greater NELL-PEG signal intensities in the liver, fat, and ovary, suggesting
that the protein was absorbed and metabolized via the IP route but not via the SC route. This
observation may be attributable to the high molecular weight of NELL-PEG (863.1kDa), which
hinders diffusion into the capillaries near the injection site and subsequent distribution by systemic
circulation. For the in vivo study, the mice were injected every 14 days and treatment effects were

examined at the end of 8-weeks. IP injection had greater treatment effects compared to SC,
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suggesting that an IP route facilitates slow absorption of the protein from the injection site and
thus maintaining higher protein concentrations for longer periods.

For treatment dosage, we previously found 1.25mg/kg of NELL-PEG to be effective,
however with IV administrated injection interval every 7 days maximal. Going from IV to IP and
doubling the injection interval to every 14 days was a significant change, the extreme microgravity
environment notwithstanding. In order to ensure that treatment effects of NELL-PEG were not lost
with this change, we tested treatment with doses 4 times (Smg/kg) and 8 times (10mg/kg) of the
initial basic dose of 1.25mg/kg. From the results in 3.1.8, we conclude that 10mg/kg treatment
works much better than Smg/kg. However, due to the challenging injection protocol, even the high
dose of 10mg/kg only achieved about the same level of bone volume increase as previous IV
injections at 2 to 4 days. These results prompted us to consider how to further improve the
treatment efficiency in ways other than increasing dose.

BP are among the most well-known drugs and are frequently used as bone targeting tools.
They can be easily conjugated with protein drugs if there are proper molecular structures can be
matched. The BP molecule used in this study is alendronate, one of the two most widely prescribed
BP therapeutic (Alendronate (Fosamax) and Risedronate (Actonel)) medicines in the United States.
Also, long-term safety and efficacy of alendronate (10 years results) for postmenopausal
osteoporosis treatment has been demonstrated'”. Alendronate shows stronger binding affinity

. . 88, 121, 122
compared to most other BPs, because of its unique structure™

. In a study by Nancollas et
al.'>, under conditions likely to simulate BP binding onto bone, there were significant differences
in affinity constants among the BP for HA growth (pH 7.4) with a rank order of zoledronate >

alendronate > ibandronate > risedronate > etidronate > clodronate. In addition, the rank order of

urinary excretion 24 h after first dose, in clinical studies, was zoledronate (38%) < alendronate
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(44%) < risedronate (65%) < clodronate (73%)'**. This is consistent with results for binding
affinity, which suggest that BP with higher binding affinities have lower 24 hrs urinary excretion.
3-D configuration and nitrogen orientation in nitrogen-containing BP (N-BP) may play an
important role in mineral binding affinity as well. Alendronate is able to form N-H-O bonds at
132°, which favors H bonding'**.

Also, for molecular structure, Alendronate has an amine group (-NH2) which can be used
for conjugation with NELL-PEG. Interestingly, the conjugation may decrease the antiprenylation
effect of BPs in bone, reported by Dunford. et al.'™. They found that even very small changes in
nitrogen position relative to the BP motif leads to movement of the nitrogen group which disrupts
hydrogen bond geometry significantly. This usually leads to a loss in initial potency and reduced
ability to hold the enzyme—inhibitor complex in the isomerized state. The degree of reduced
activity of BP depends on cleavage of the linkage between BP and NELL-PEG, which releases
free BPs in the cell, and the enzymatic degradation of drug in the liver. Therefore, the BP activity
of BP-PEG-NELL could be inactivated or significantly decreased.

From other peer-reviewed structure-activity relationships studies, we infer that the specific
orientation of the nitrogen atom in active BP, such as alendronate, risedronate, zoledronate, et al.,
is responsible for pharmacological activity'**. Thus, suboptimal nitrogen orientation and enzyme
binding will significantly decrease pharmacological activity, effectively inactivating BP even
under normally effective concentrations.

Because these reasons, Alendronate was used in this study, conjugated to PEG-NELL, to
enhance the bone-seeking function in BP-NELL-PEG. Furthermore, recent reports on BP-
modified proteins illustrate the feasibility of bone-specific delivery of biologically active protein

125, 126

drugs such as cytokines and growth factors. In our case, BP-NELL-PEG is the conjugation
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of BP with large pentamer protein (NELL-PEG) to achieve prolonged local exposure of bone to
high concentrations of the targeting drug and thereby enhancing pharmacological efficacy and
minimizing systemic side effects.
3.2 Flight Operation
3.2.1 Motor Function

Rota Rod tests were performed to evaluate the motor function of rodents immediately upon
live return and after 4 weeks of recovery on the ground. To quantify motor function level, we
evaluated the length of time and maximal rotational speed that mice could endure. The results
shown in Fig. 18 suggests that after 5 weeks of space travel, flight group was 20% weaker than
the ground control when coming back from space despite of the NELL-1 treatment or not,
indicating that microgravity can weaken the motor function of the mice significantly. The mice
partially recovered (10%) after 4 weeks back on Earth in the PBS groups. This is in line with
human studies which show that post-flight recovery period for astronauts is twice the period of
spaceflight and can take up to 9 months to recover 50% of lost bone. Excitingly, we found that in
NELL-1 treated groups, motor function recovery rate was significantly increased. Over 20% of
recovery were observed in the length of time that mice could stay on the rod and maximum rod
speed tolerated. Within the same housing conditions, NELL-1 treated groups showed two-fold
more recovery as compared to PBS groups.
3.2.2 Systemic BP-NELL-PEG Therapy in Space

In order to longitudinally monitor BMD change, we performed DXA scans for all groups
pre-flight, at the live return time point (half way of study), and at the terminal time point. DXA
results showed significant treatment effects of BP-NELL-PEG therapy regardless of whether in

space or on ground. BP-NELL-PEG treated groups showed significantly higher BMD% change
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compared to PBS groups and was clearly observed in both flight and ground animals. In addition,
similar trends were observed at both live return (Swks in Space, or Owk on Earth) and terminal
time points (9wks in Space, or 4wks on Earth). These results show that strong and consistent BP-
NELL-PEG treatment effects (up to 18% increase of BMD) can be achieved under different
conditions and at different time points. Microgravity effects on bone loss were also observed in
the DXA data. For the terminal groups, significant microgravity-induced bone loss was observed
in proximal tibia by both 5 weeks and 9 weeks of spaceflight, which was improved successfully
by treatment. For live-returned mice, microgravity effects were observed immediately upon return
to Earth, but were gradually eliminated by the final time point due to reambulation and recovery.
Treatment expedited bone gain. In lumbar vertebrae, similar microgravity-induced bone loss was
noticed, but in lower magnitude than observed in proximal tibia. The details of the DXA data are
presented in Fig. 19.

All groups were harvested at the same end time point at week 9 (in space, at KSC or at
UCLA) with subsequent high resolution micro-CT scanning of bone samples. In cortical bone
analysis for distal femur and proximal tibia (Fig. 20B and 21B), more bone volume was observed
in BP-NELL-PEG treated groups in both LAR and TERM groups. For trabecular bone analysis,
the BP-NP treated groups have consistently higher BMD and BV/TV regardless of loading
environment (on ground or in space) (Fig 20C and 21C). In lumbar analysis, growth plate regions
were selected and customized for each sample, the results are presented in Fig 22. Comparable to
long bones, significantly higher BMD and BV/TV was observed in all BP-NELL-PEG treated
groups compared to PBS controls.

At the time of harvest of live return mice, bone marrow was flushed from humeri and

cultured. Pre-macrophage cells were isolated and induced into OC. As shown in Fig. 23, the BP-
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NELL-PEG treated flight group had significantly higher OC numbers compared to its PBS control.
The flight treatment group had significantly higher numbers of osteoclasts than the ground
treatment group. The BMSCs were also flushed out and cultured for CFU-F assays for 14 days.
As shown in Fig. 24, the colonies were stained with ALP and Giemsa sequentially to show the
number of osteogenic colonies and total colonies. ALP staining shows significantly more
osteogenic colonies for both BP-NELL-PEG treated groups, regardless of whether in space or on
ground. There are no differences between flight BP-NELL-PEG treated groups and ground control
BP-NELL-PEG treated groups, which suggests that treatment can recover BMSC osteogenesis
ability to ground levels. For the Giemsa staining, significantly more colonies were present in the
BP-NELL-PEG treated group compared to their PBS controls, regardless of whether on ground or
post-microgravity. There were significantly fewer colonies in both of the flight groups compared
to their ground controls, indicating that microgravity induced decreases in colony formation.

We performed dynamic histomorphometric analyses for all TERM groups to further
evaluate bone formation rate (Fig 25). The BP-NELL-PEG treated flight group showed
significantly wider space between labels, which translates to higher MAR and BFR/BS during
quantification. The ground control group treated with BP-NELL-PEG showed slightly higher bone
formation rate as well, compared to PBS groups.

Histology staining confirmed increased bone formation and trabeculation in the
metaphyseal area of the distal femur in the BP-NELL-PEG treatment group (Fig. 26). Consistently
with these results, OCN immunostaining demonstrated increased OB numbers and both RANKL
immunostaining and TRAP staining demonstrated increased OC numbers as well in the BP-NELL-
PEG treated group compared to the PBS control groups (Fig. 26).

Additionally, there were significant increases in bone marrow fat caused by microgravity
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exposure (flight PBS group) (Fig. 27). We observed that in the femoral bone marrow area close to
growth plate, drastically more lipid vacuoles were present in the flight PBS group. The flight and
ground treatment groups have significantly fewer number of lipid vacuoles compared to their PBS

controls.

3.2.3 Discussion for 3.2 and Future Directions

Our spaceflight mission was the first live-return of drug-treated rodents from the space
environment. Through collaboration with the UCLA Behavior Testing Core Facility, we were able
to conduct motor function tests on live-returned mice immediately upon return to Earth and after
4 weeks of recovery. Results show that motor function recovery doubled in NELL-1 treated groups
as compared to PBS controls.

Abundant Nell-1 was reported by other groups to be found in developing and adult neural
systems® '*” [Note: Nell-1 (protein) and Nell-I (gene): in mice; NELL-1 (protein) and NELL-I
(gene): in human]. Transcriptome analyses have implicated Nell-1/NELL-1 in several
neurodegenerative and neuropsychiatric disorders such as ASD and Alzheimer’s disease®” 2%,
This has linked NELL-1 to cognitive function and neurologic development. Recent behavioral
studies from our lab (unpublished data) have shown that Nell-1 * "OR mice developed attention
deficient hyperactivity disorder (ADHD)-like symptoms. For example, in marble bury assays,
Nell-1 ""*® mice buried almost all 12 marbles, while Nell-1 *'* mice did not bury any in the same
amount of time.

The large molecular weight of NELL-1 (90kDa before N-glycosylation and
oligomerization) prevents it from penetrating the blood-brain barrier. Therefore, we hypothesized
that NELL-1’s cognitive functions are realized through either paracrine or endocrine systems. A

possible candidate molecule which might work with NELL-1 on the cognitive function is
40



osteocalcin (OCN). OCN is an osteoblast- and osteocyte-derived factor with endocrine actions'".
OCN secreted by OB was found to regulate systemic glucose and energy metabolism, reproduction

and cognition"'

. OCN-null mice displayed severe behavioral phenotypes such as deficit in spatial
learning and memory with decreased synthesis of all monoamine neurotransmitters, while

intracerebroventricular infusion of OCN corrected the neurotransmitter deficiency and defect in

131 131-133

cognition . Also, OCN favors hippocampal development by preventing neuronal apoptosis
Our lab previously found higher OCN levels in SHAM or OVX+ systemic thNELL-1 treated mice
compared to non-treated OVX or SHAM control>.

Both literature and our previous studies link NELL-1 and OCN to possibly explain the
faster motor function recovery by NELL-1 treatment observed in our study. Further investigations
will be needed to explore the roles and mechanisms of NELL-1 in cognitive function from multiple
aspects.

From the study, we observed significant osteogenic effects of BP-NELL-PEG systemic
therapy at both the tissue and cellular level. Surprisingly, we found that BP-NELL-PEG promoted
both OB and OC activities. From our previously reported data, Nell-1 haploinsufficient mice (Nell-
1'%y exhibited impaired OB and excessive OC activity and systemic NELL-1 treatment showed
both pro-OB and anti-OC effects™. Our current results lead us to assess the reasoning behind the
discordant observations. From literature, we hypothesize that close coupling of OB and OC activity
along with the increased bone-specificity and direct effect of NELL-1 on bone is involved. It has

134
1.

been proposed by Martin et al.” ™ that activated OC are necessary for the control of bone formation

response by OB in bone remodeling. There are multiple different mechanisms proposed for the
coupling effects, such as matrix-derived signals'®, secreted contributors (IL-60/gp130 and

134,136, 137

cardiotrophin-1) , membrane bound contributors (RANK drives reverse signaling through
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RANKL in the OB lineage, perhaps in co-operation with other paracrine factors, and thus
providing another possible coupling pathway)'*®, signals to and from other marrow components

139, 140
, etc.

(hemotopoietic stem cells)

Our hypothetical model for BP-NELL-PEG’s mechanism of action incorporates BP’s
strong bone affinity and NELL-PEG’s osteogenic stimulation. First, a reservoir of BP-NELL-PEG
is formed on remodeling bone surface via BP’s high bone-affinity as a pyrophosphate analog—
binding to HA by electrostatic interaction with BP’s phosphonate groups. Then, as OC resorb the
bone, BP-NELL-PEG is released and binds to OB receptors, promoting bone formation. Some
molecules are thought to be ingested by OC while others are degraded by lysosomes and eventually
released as free particles in the extracellular matrix. NELL-1 is deemed to have an advantage over
other protein drugs (e.g. BMP2, 26kDa) because its molecular mass (400 kDa) allows it to

withstand several surface modifications without notably affecting bioactivity'*

. Also, even with
PEGylation and inactive-BP conjugation, the protein (in nano scale) is significantly smaller than
the diameter of capillaries (through which red cells of 6-8 micrometer diameter travel) and allows
systemic administration. In our biodistribution study (Fig. 10), we show that BP makes NELL-
PEG more bone-specific, which could lead NELL-1 to exert a direct therapeutic effect on both OB
and OC, enhancing their coupling effect. This could be verified in future OB and OC co-culture
experiments. Separated by porous membranes permeable to soluble molecules, we could observe
NELL-1 treatment induced changes between OB and OC signaling interactions.

Another possible reason for increased OC activity is the effect of microgravity.
Microgravity is known to robustly increase OC bone resorption pit formation'*' and upregulate

osteoclastogenesis by increasing OB RANKL/OPG ratios'*>. However, simulated microgravity

(e.g. via hindlimb suspension rodent model and in vitro rotating wall vessel) may not have the
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same effects on OC. The hindlimb unloading (HLU) model is a well-known in vivo model for
simulated microgravity, but there have been conflicting reports regarding the effects of HLU on
bone resorption, with some reporting that HLU increases bone resorption'*> while others
suggesting that bone resorption remains unaltered'** '*. Stressful situations due to tail wounds
can interfere with experimentation. For the in vitro simulation system, the high-gradient magnetic

fields directly affect pre-osteoclasts survival and differentiation'*®

and fluid shear stress may
introduce artifacts as well'”’. Simulated microgravity cannot mimic real microgravity with
complete fidelity. In vitro exposure to microgravity causes modifications in the morphology, cell
viability, cytoskeleton, gene expression, and matrix proteins of bone cells'*’. Further investigation
of microgravity + BP-NELL-PEG’s effect on OC would require another spaceflight study. In the
meantime, for the use of the therapy on the ground, i.e. for immobilized osteoporotic patients, we
could utilize a hindlimb suspension rodent model. Immobilization (mechanical unloading) is a
common clinical scenario in osteoporotic fracture patients and not only impedes fracture healing,
but also aggravates osteoporotic conditions and increases risk of more fractures. As such, BP-
NELL-PEG’s effect on preventing and treating osteoporosis either induced or complicated by
mechanical unloading, as we have tested via this spaceflight mission, is highly clinically relevant.

Another exciting discovery of this study were the changes in bone marrow adipocytes with
microgravity and treatment. As presented in Fig. 27, there was significant difference in marrow
fat volume between treatment and non-treatment groups and between flight and ground control
groups. This drastic and consistent difference leads us to ponder the cause of fat composition

differences and which types of fat are mainly affected. From this study, we conclude that NELL-

1 can reverse the severe bone marrow adipogenesis caused by microgravity.
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Immobility and spaceflight alike induce fat cell formation in the bone marrow cavity,
which is deemed to impair MSC activity and HSC niches in bone. Literature reports a close
partnership between the two distinct somatic stem-cell types and a unique niche in the bone
marrow made of the heterotypic stem-cell pairs'**"*'. Due to the interplay of MSC and HSC,
increased bone marrow adipogenesis not only defers MSCs from osteogenic differentiation, but
also inhibits HSC differentiation into blood cells, platelets, and immune cells. Adipocytes not only
compete with OB for limited pool of BMSC, thereby influencing the structure and mechanical
strength of bone, but also release adipokines to negatively affect bone health'>*'**. They also
replace hematopoietic elements of the bone marrow and are associated with hematological
problems leading to anemia, propensity to infection, inflammation and allergy, as well as impaired

wound healing'*> '*°

, which collectively contribute to delayed or compromised fracture healing.
In a 6-month bedrest study, patients showed increased marrow fat and disrupted hematological
values (suspected to have resulted from fat replacement of hematopoietic elements in the marrow)
that did not return to normal after 1 year of resuming normal daily activity'>®. NASA’s Twin Study
on Scott and Mark Kelly astronaut twin brothers also released preliminary finding showing that
“93% of Scott’s gene expression returned to normal after landing but the remaining 7% point to
possible longer term changes in genes related to his immune system, DNA repair, bone formation
networks, hypoxia, and hypercapnia”’. Recognizing the clinical importance of regulating
marrow adipogenesis for health, NASA has initiated “The Marrow Study” in late 2018 to
investigate the extent of spaceflight effects and recovery in bone marrow and blood cells. As such,
a therapy that can simultaneously promote bone healing and inhibit pathologic marrow

adipogenesis would be phenomenal in protecting both bone and general health. NELL-1 was

known to suppress adipogenesis, previously reported®, but the mechanism and the effects on
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hematopoietic stem cells are not clear. Combined with our recent spaceflight study results, there
is need to further investigate how NELL-1 affects bone marrow hematopoietic stem cells.

DXA and Micro-CT analyses showed bone loss from 2 months of spaceflight was less than
initially expected, based on literature and previous flight experiments. RR-1 (C57BL/6, 32 weeks
old) showed around 15% bone loss at proximal tibia (BMD measurement by Micro-CT) after 21
days in space. RR-2 (C57BL/6, 12 weeks old) showed up to 20% bone loss at distal femur,
proximal tibia and lumbar vertebrae (BMD measurement by DXA) after 54 days in space. RR-3
which used 12 weeks old BALB/c mice showed 7% decrement in BMD by DXA and 11% in
BV/TV by Micro-CT at distal femur [findings provided by ISS Mission Scientist Dr. Yasaman
Shirazi]. We propose two possible reasons for this: (1) An animal habitat component known as an
“Enrichment Hut” was developed by the NASA Ames Research Center to provide animals with
the ability to rest and huddle during long duration space travel. The enrichment hut is made of
stainless steel mesh with an interior volume of 473ml (2.33” high, 5.5” wide and 4.75” deep). Our
RR-5 mission was the first habitat configuration to use this enrichment hut and video monitoring
analysis showed that mice did use the hut on orbit for significant amounts of time. According to
the on-orbit video analysis, it was common for multiple (up to 5-6) mice to squeeze into the small
hut space, taking up to 24% of the total volume or more. This crowding is equivalent to having
five people in a closet that is 6.5ft high and 3x3ft wide. Studies have shown that huddling events
are abundant in mice social behavior, more frequent during the light cycle than during the dark
cycle, and can account for 55% of video frames during monitoring'*®. Enrichment huts are just
like igloo houses in regular laboratory mice cage setting, which offers the mice a small and
relatively enclosed space with meshed wall, thus any distances between the mice or between the

mice and a surface would be small and could support pushing off and loading of the limbs.

45



Considering the tendency of mice to huddle and push in small spaces, having 5-6 mice in the
enrichment hut could incur an “exercising effect”. This may have provided the mice with
significant opportunity for the musculoskeletal loading with pushing, jostling and climbing, and
may have decreased the amount of bone loss compared to previous RR missions. Additionally, the
enrichment hut is designed for better animal welfare, possibly reducing the stress of the mice and
allowing them to sleep better with better thermoregulation. This may have further prevented bone
loss as well. (2) Another possible cause for the observed decrease in bone loss are the effects of
strain and age used. Muscle atrophy was not observed in RR-6 (C57BL/6, 30-40 weeks old at
launch) which used the same enrichment hut configuration (bone not yet analyzed). There may
possibly be a strain effect, with bone loss patterns differing from previously used C57BL/6 strains.
In general, the magnitude of bone loss seems to be less in BALB/c mice compared to C57BL/6
mice in RR spaceflight studies. However, literature show BALB/c mice to be a good model for
osteoporotic therapy testing because it responds well to OVX and subsequent therapies compared
to other strains'”’. In our preflight preparations as well, we validated the osteoporosis model in 4
months old BALB/c mice by inducing osteoporosis via OVX and monitoring BMD for 3 months.
We showed significant bone loss by OVX in 4-5 weeks, and therefore selected the strain and age
for Flight operations. While there is a chance that strain / age effects could have reduced the total
bone loss by microgravity that was not foreseen in OVX model, this is thought to be a less likely
cause.

For the micro-CT analysis, we can further refine and detail our data by looking into
different bone layers. As observed in our samples, most treatment effects were localized near the

growth plate. We can further differentiate bone layers in our analyses to endosteal and periostel
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surfaces to look into the differences in outer and inner bone formation affected by microgravity

and NELL-1 treatment.

With space travel to Mars on the horizon, microgravity exposure on the order of 2-3 years
is forthcoming. The muscular skeletal system, bone marrow hematologic function and immunity
to fight against infections are key considerations for research. Potentially, NELL-1 based therapies
could one day be used to help astronauts maintain better bone quality during space travel and upon

return to Earth.
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Figure 1. Systemic NELL-PEG therapy induces bone formation in mice (Figure excerpted from Kwak & Zhang,
2015, Biomaterials)’’. NELL-PEG was IV injected (1.25 mg/kg, at q4d and q7d) for 4 weeks (n=6/group). (A)
Weekly DXA analysis for femoral BMD, (B) high-resolution micro-CT 3D reconstruction, and (C) micro-CT
quantification of the distal femur trabecular bone BMD, BV/TV, and Tb.Th, Tb.N, Tb.Sp after 4 weeks of treatment.
The ROI for femoral trabecular bone analysis was defined as 3mm extending up from growth plate (a clearance of
0.1mm from the growth plate was maintained). Both q4d and q7d NELL-PEG groups presented statistically significant
increase of bone quantity and quality compared to control, but with no substantial difference between each other.
*p<0.05, **p<0.01. NELL-PEG, PEGylated NELL-1; BMD, bone mineral density; BV/TV, bone volume/tissue
volume; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; ROI, region of interest.
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Figure 2. Timeline of flight operation (Rodent Research-5 mission). Mice were aged to 8 months at time of launch
to ensure skeletal maturity. Flight groups were housed onboard the ISS (International Space Station). Matching
Ground control groups were housed at the Kennedy Space Center (KSC) in Florida. Starting at approximately 1 week
in orbit and every 2 weeks thereafter, mice received either BP-NELL-PEG or PBS injections. Fluorescent bone labels
were injected simultaneously at week 3, 5, and 7 post-launch. Half way through the mission (after 4 weeks of
treatment), half of the Flight group mice (n=20) were live-returned to Earth and transported to the animal care facility
at UCLA to continue therapy for an additional 4 weeks. Half of Ground control mice (n=20) in KSC were also
transferred back to UCLA for the same continued treatment. DXA scans and behavioral tests were performed before
launch, after live return, and at the terminal time point. After 9 weeks of experimentation, all mice were euthanized.
Carcasses from the remaining groups on the ISS and at KSC were frozen and later returned to UCLA for multi-team
dissection and analyses. DXA, dual-energy x-ray absorptiometry.
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Distal

Proper Position
Proximal
Tibia

Improper Position

Lumbar
Vertebrae

Figure 3. Mouse positioning and ROI locations in DXA and micro-CT. Proper mouse positioning is necessary for
optimal DXA images. (A) The knee joint should be set to 90 degrees to pull down the patella and make the knee joint
line obvious. The spine should be as straight as possible. Improper mouse positioning makes ROI placement difficult.
The conventional method ROI (A: improper position) consisted of the whole bone. Knowing the location of trabecular
bone-rich regions of interest and the location of the structures to exclude from analysis (e.g., epiphyseal plate and
patella) allowed small ROIs specific to trabecular bone-rich regions to be properly positioned, consistently. The ideal
ROI location for distal femur, proximal tibia, and lumbar vertebrae L6 are shown. (B) DXA ROIs. For the practical
anatomical landmark, the indentation of the bone line (arrow) can be used to determine the end of the proximal tibia.
To make proper comparisons between DXA and micro-CT, the same ROI was chosen in micro-CT as in DXA for the
distal femur, proximal tibia, and lumbar vertebrae as shown in (C). Scale bar in A= 1 cm; B=2 mm; C= 1 mm. ROI,
region of interest; DXA, dual-energy x-ray absorptiometry.
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Figure 4. Successful establishment of the OVX induced osteoporosis model. 12-week-old female BALB/c mice
underwent OVX surgery. The distal femur, proximal tibia, and lumber vertebra were scanned with DXA before and
4-weeks after surgery. (A-C) DXA results showed significant decrease of BMD at all three bone sites (8.12% at distal
femur, 7.76% at proximal tibia and 12.61% at lumbar vertebra). (D) At the conclusion of the experiment, uteri of OVX
and Sham groups were dissected and weighed. As shown in the bar graph, OVX mice had significantly atrophied uteri
compared to the Sham group. (E) Representative images of an OVX and Sham mouse uterus. Scale bar = Smm. *
p<0.05, ** p<0.01. BMD, bone mineral density; DXA, dual-energy x-ray absorptiometry.
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Figure 5. Key anatomic landmarks and proper DXA ROI placement steps. Anatomic analysis via high-resolution
X-ray imaging. (A) For the distal femur and proximal tibia, the EPD and EPA were defined as the distance between
“Line 2°” and ‘‘Line 3’ and the angle between ‘‘Line 3’ and ‘‘Line 4’ respectively. To ascertain the patella’s
location the knee joint was set to a 90 angle and the PD measured from the patella proximal tip to ‘‘Line 3.”” To predict
the location of lumbar vertebrae L5 and L6, the distance from the IC to the intervertebral space of L5/L6 was measured
(ID). To fit the ROI in the vertebral body we measured the height (H) and width (W) of LS and L6. The height was
measured between the end plates and the width was measured at the cranial margin of each vertebral body. Following
the anatomic analysis, ROIs were placed on each trabecular bone-rich region. (B) For the distal femur and proximal
tibia each ROI was placed at the articular edge of the bone and aligned perpendicular to the longitudinal axis of the
bone (Step 1). Then, the ROI was moved proximally (femur) or distally (tibia) as depicted in Step 2. The final step
involved rotating the ROI (Step 3) based on the angles measured during the anatomic analysis. Proper lumbar ROI
positioning required initial ROI placement parallel to IC at the middle of the lumbar vertebrae (Step 1). The ROI was
then moved cranially to meet the cranial boarder of L6 (Step 2). Arrows in B show the direction of movement or
rotation. Line 1: longitudinal axis of femur or tibia, Line 2: perpendicular line to ‘‘Line 1°’ that starts from the end of
each long bone, Line 3: parallel line to “‘Line 2’ that starts from the most proximal point of epiphyseal plate in femur
and the most distal point of epiphyseal plate in tibia, Line 4: the line that connects the anterior and posterior margin
of epiphyseal plate. DXA, dual energy x-ray absorptiometry; EPA, epiphyseal plate angle; EPD, epiphyseal plate
distance; IC, intercristal line; ID, intercristal distance; PD, patella distance; ROI, region of interest. Scale bar = 2 mm.
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Figure 6. Longitudinal change of DXA BMD for 14 weeks at distal femur, proximal tibia, and lumbar vertebrae.
To evaluate the precision of the new method, DXA BMD was analyzed longitudinally for 14 weeks. The longitudinal
analysis of DXA BMD via the conventional method had higher variance compared to the new method for all sites (i.e.,
distal femur, proximal tibia, and lumbar vertebrae), as shown in (A). The solid line fluctuates significantly more than
the dashed line, which reflects the greater BMD percent-change/2 weeks, as acquired by conventional method versus
the new method. Box plots of percent-change/2 weeks show significant variance at all sites. (B) For distal femur and
proximal tibia, the range of non-outliers (distances between T-bars above and below the box plot) for BMD percent
change per 2-week interval was similar between the conventional and new method, with more outliers in the
conventional method. There were no femur BMD measurement outliers for measurements obtained via the new
method, but for the conventional method, 3.97% of the measurements were outliers. Tibial BMD outlier percentage
was 0.74% by the new method, and 4.29% by the conventional method. Lumbar vertebral BMD outlier percentage
was 2.21% for the new method and 0.71% for the conventional method, however the conventional method had a much
wider range of non-outlier measurements compared to the new method. Levene’s test of equal variances was
performed to compare the variance from each method (p < 0.05 significance). Solid line: conventional method; dashed
line: new method. DXA, dual-energy x-ray absorptiometry; BMD, bone mineral density.
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Figure 7. Correlation between DXA BMC and micro-CT BMC. Correlation analysis of the new method shows
that the BMC of DXA significantly correlates with the BMC of micro-CT at all sites: distal femur, proximal tibia, and
lumbar vertebrae (A) (p <0.01). The correlation coefficient of the new method was greatest for proximal tibia (0.879),
followed by distal femur (0.846), then lumbar vertebrae (L5, L6) with 0.678. However, the conventional method for
DXA BMC does not significantly correlate with micro-CT BMC (p> 0.05 in all sites). (B) Pearson’s correlation
coefficients were used (p< 0.05 significance; r = correlation coefficient). DXA, dual-energy x-ray absorptiometry;
BMC, bone mineral content.
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Analysis procedure

Flex knee joint 90 degrees

Straighten the spine

Locate femur ROI

a. ROI parallel to the farthest articular surface of distal femur.
b. Shift the ROI proximally for around 3.8 mm.
¢. Rotate the ROI for 15 degrees.

a. Rectangle ROI
b. ROI fits the width of metaphyseal trabecular bone at femur and tibia.
¢. Approximate ROl size for L5 and L6: 3.0 x 1.8 mm?

Locate tibia ROI

()

a. ROI parallel to the farthest articular surface of proximal tibia.
b. Shift the ROI distally for around 2.4 mm.
c. Rotate the ROI for 8 degrees.

Locate L5/L6 ROI

a. ROI parallel to the intercristal line and along the lumbar vertebrae middle line.
b. Move it up for around 1.1 mm.
¢. Move the ROl upward to cover LS.

specific mouse model if the di ion of the bone devi.

The exact size and position of ROI described above are for the mouse used in this study. Examiners are rec ded to ¢ ize their own for their

iderably from that of this study.

Figure 8. Flowchart of new DXA method. A brief guideline flow chart of the steps for the new DXA method of
scanning and analysis. DXA, dual-energy x-ray absorptiometry.

55



A B

HA Binding Test (The affinity of cojugates) Thermal Shifting Test

-]
o
J
b4
©
=]
]

ATm 13.67 4.75
*%

v

@
3
L
o
<

N
o
L

Protein absorption rate (%)
8
Il
N
[~}
Il

Melting temperature (°C)
»
(=]
L

0- 0-

N O <)
S Y Y & g W
¥ ¥ & &
° Q°
<@ &
ALP Bioactivity Test (d6) AR Test (d21)
o 250- gzoo-
< <
%5 200~ ©
s & 1504
Z% 1504 g
S 8 1004
2 1004 T <
g °
2 50+ N 507
g E
[]
14 0 0
0 \. § 0
&
& ®

Figure 9. BP-NELL-PEG binding affinity, thermal stability and bioactivity tests. (A) The hydroxyapatite binding
tests showed that after BP conjugation, binding ratio of BP-NELL-PEG increased up to 3 times compared to NELL-
PEG. Meanwhile, (B) the thermal stability of BP-NELL-PEG was significantly higher compared to unmodified
NELL-1. (C-D) Bioactivity tests showed activity levels between NELL-1, NELL-PEG and BP-NELL-PEG were
comparable and were all significantly higher than control. *p<0.05, **p<0.01. HA, hydroxyapatite; ALP, alkaline
phosphatase; AR, alizarin red.
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Figure 10. Biodistribution of NELL-1, NELL-PEG and BP-NELL-PEG. A biodistribution study was performed
to compare the distribution of saline control (1st row), unmodified NELL-1 (2nd row), NELL-PEG (3rd row), and
BP-NELL-PEG (4th row) labeled with VivoTag680XL. Organs were imaged ex vivo at 48h post-IV injection, using
IVIS Lumina II optical imaging system. Compared with unmodified NELL-1 and NELL-PEG groups, BP-NELL-
PEG showed a higher protein retention on the targeted bone tissues of femur, tibia, vertebrae, and the head, with
reduced deposition in vital organs such as brain, lung, kidney, and spleen. The quantification of the protein retention
amount in different organs is presented in the bar graphs at the bottom. NELL-PEG or BP-NELL-PEG vs control,
*p<0.05, **p<0.01; NELL-PEG vs BP-NELL-PEG, #p<0.05.
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Figure 11. Micro-CT trabecular bone analysis of IP vs SC injection groups for NELL-PEG systemic treatment.
OVX or Sham surgeries were performed on 12-week-old female BALB/c mic. 4 weeks later, mice were treated with
PBS or NELL-PEG therapy (IP or SC injected). As shown in (A), trabecular bone BMD of distal femur increased by
21.3% compared to OVX. There is no significant difference between OVX and SC treated group. (B) The BV/TV of
distal femur increased by 16.6% with IP injection, but did not significantly increase with SC injection. (C) Some
increase was observed for Tb.Th with both IP and SC injections, although not significant. (D-E) For proximal tibia,
BMD increased by 10.6% and BV/TV by 18.7% with IP injection. SC injection had comparable treatment effects but
were not as strong as with IP injection. The region of interest for femoral and tibial trabecular bone analysis was
defined as 3mm extending from the growth plate (a clearance of 0.lmm from the growth plate was maintained). *
p<0.05, ** p< 0.01. BMD, bone mineral density; BV/TV, bone volume/tissue volume; Tb.Th, trabecular thickness;
NP, NELL-PEG; IP, intraperitoneal; SC, subcutaneous.
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Figure 12. Micro-CT and biomechanical loading test results for systemic NELL-PEG therapy at different doses.
(A-B) In order to further confirm the injection dose, we included a Smg/kg IP injection group along with a 10mg/kg
IP injection group (dose previously confirmed) and an OVX control group. (A) shows representative images for distal
femur and lumbar vertebrae generated from 3D reconstruction of trabecular bone micro-CT datasets. There is
appreciable increase in bone volume in treatment groups compared to control, both in lumbar and femur, with the
10mg/kg injection group showing more trabecular bone volume than Smg/kg. (B) shows the quantified results for
trabecular bone BMD, BV/TV and Tb/Th. As shown in the bar graphs, Smg/kg NELL-PEG significantly increased
BMD at lumbar vertebrae by15.8% but not at distal femur. Tb.Th at both lumbar vertebrae and distal femur were
increased. However, 10mg/kg NELL-PEG therapy had more consistent results, BV/TV (17.6% at distal femur, 12.5%
at lumbar vertebrae), BMD (16.8% at distal femur, 20.9% at lumbar vertebrac) and Tb.Th were all increased
significantly by treatment and with no site differences. (C). Finite element analysis was utilized to test the ability to
resist fractures of femoral trabecular bone. Trabecular bone mesh models of equal cubic volume and consistent femoral
location were generated for each sample. The physiologic force was chosen to be 0.5 MPa (mega Pascals) based on
literature for mice. The force was applied from a superior to inferior direction, loading the axial cross-section. Blue
regions represent stronger bones which are more resistant to fracture, as shown in the NELL-PEG treated group, and
yellow and red regions, as shown in the OVX control group, represent weaker bone. (D) The bar graph shows the Von
Mises stress values for both groups. A high von Mises stress value denotes lower strength, while a lower value is
indicative of higher strength. The OVX control group showed significantly higher Von Mises stress with larger
variations compared to treatment group. For the micro-CT analysis, the region of interest for femoral and tibial
trabecular bone was defined as 4mm extending up from the distal growth plate of femur and 3mm extending down
from the proximal growth plate of tibia (a clearance of 0.lmm from the growth plate was maintained for all the
samples). *p<0.05. BMD, bone mineral density; BV/TV, bone volume/tissue volume; Tb.Th, trabecular thickness;
Tb.Sp, trabecular separation.
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Figure 13. Systemic NELL-PEG therapy regenerates dento-alveolar bone in OVX mice. Micro-CT analysis was
performed at 8 weeks of treatment (n=10/group). (A) 2D sagittal cuts through mid-crown of the maxillary first molar.
ROI (in red) was hand-drawn to enclose intra-radicular space under the molar. (B) 3D reconstruction of the analyzed
region (top row) and overview (bottom row). (C) Quantification of BMD, BV/TV, and Tb.Th, N, and Sp. *p<0.05,
**p<0.01. NP, NELL-PEG; ROI, region of interest; BMD, bone mineral density; BV/TV, bone volume/tissue volume;
Tb.Th, trabecular thickness; Tb.Sp, trabecular separation.
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Figure 14. Micro-CT and DXA results of treatment effects comparison between NELL-PEG and BP-NELL-
PEG. After the OVX model was confirmed to successfully induce bone loss, different treatment groups were injected
with NELL-1 based therapies (n=8 per group). After 4 injections, performed every other week (8weeks of treatment
in total), results were as shown above. For micro-CT analysis, the region of interest for femoral and tibial trabecular
bone was defined as 4mm extending up from the distal growth plate of femur and 3mm extending down from the
proximal growth plate of tibia (a clearance of 0.1lmm from the growth plate was maintained for all the samples). (A)
For the distal femur, both BP-NP at 10mg/kg or Smg/kg increased BMD significantly. Both treatment groups increased
BMD and BV/TV to levels higher than Sham control. Significant treatment effects were also present in the NP
10mg/kg group, but only in BV/TV, and were not as prevalent as with BP-NP groups. For DXA BMD at the distal
femur, BP-NP 10mg/kg group had the highest BMD change at 8.6% at the end time point (Wk12). (B) Proximal tibia
results had similar trends as distal femur. For both BP-NP 10mg/kg and Smg/kg groups, significant increases in BMD
and BV/TV were observed, compared to OVX control. There was no significant difference between Sham and BP-
NP groups in BMD, but for BV/TV, both groups had higher bone volume than Sham. For proximal tibia, BP-NP
10mg/kg group showed significantly higher BMD changes compare to control at around 9.8%. BP-NP 5mg/kg and
NP 10mg/kg group had comparable results of 5-6% increase to BMD. (C) For lumber vertebra, BP-NP 10mg/kg group
showed significant increases in BMD compared to OVX control. Similar BMD changes were seen in lumbar vertebrae
DXA results as well. The BP-NP 10mg/kg group had almost 10% increase in BMD. For all DXA analyses, the
signifcance shown is in comparison to OVX control with only the end time point marked. * p<0.05, ** p<0.01. NP
10, NELL-PEG at 10mg/kg; BP-NP 5, BP-NELL-PEG at 5mg/kg; BP-NP 10, BP-NELL-PEG at 10mg/kg; BMD,
bone mineral density; BV/TV, bone volume/tissue volume.
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Figure 15. Colony-forming unit fibroblasts (CFU-F) assay results. (A) CFU-F-derived colonies were stained using
Alkaline Phosphatase. ALP stained colonies were quantified by manual microscopy counting. The BP-NP 10mg/kg
group exhibited significant increases in ALP expression compared to the control group. (B) Giemsa Stain Solution
was used to stain the same colony culture plates to quantify total colony numbers. The BP-NP 10mg/kg group still
had the most BMSC colonies, at around the same level as Sham control. Representative images of each group are
presented below the bar graphs in (C). *p < 0.05, ** p<0.01. BMSC, bone marrow stem cell; NP 10, NELL-PEG at
10mg/kg; BP-NP 10, BP-NELL-PEG at 10mg/kg; BP-NP 5, BP-NELL-PEG at Smg/kg; ALP, alkaline phosphatase.
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Figure 16. Conjugated bisphosphonate has no therapeutic effects in vivo. To further confirm that the BP
conjugated to NELL-PEG was inactivated, we performed 4 injections, every other week, and scanned the samples at
the end of the study to compare trabecular bone quality and quantity. For micro-CT analysis, the region of interest for
femoral and tibial trabecular bone was defined as 4mm extending up from the distal growth plate of femur and 3mm
extending down from the proximal growth plate of tibia (a clearance of 0.1lmm from the growth plate was maintained
for all the samples). For lumbar vertebrae, the region of interest covered the trabecular bone region of the entire
vertebral body, not including the epiphyseal plate or cortical bone. (A-B) For distal femur and proximal tibia, BP-NP
at 10mg/kg had significant treatment effects and increased BMD and BV/TV to levels greater than Sham control.
There was no significant difference between OVX control and BP-BSA group, indicating that the injections did not
promote bone growth. (C) For lumbar vertebrae, the BP-NP 10mg/kg group showed increases for both BMD and
BV/TV, although not significant. As in long bone, BP-BSA did not exhibit any treatment effects. For (A-C) DXA,
general trends of BMD change were consistent between all three bone sites. BMD at Wk 12 of both BP-BSA and
OVX control groups did show significant differences from the starting point. The BP-NP 10mg/kg group showed
significant bone growth at the end of the study. There were 8.7%, 10.5% and 12.3% of BMD increase at distal femur,
proximal tibia and lumbar vertebra separately. *p<0.05, ** p<0.01. BP-NP 10, BP-NELL-PEG at 10mg/kg; BP-BSA,
BP-Bovine serum albumin at 5.11mg/kg; Wk, week.
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Figure 17. Osteoclasts culture with different in vitro treatments. Bone marrow cells were flushed from mouse
humeri and cultured with different treatment agents for 6 days continuously during the osteoclasts induction stage (NP
and BP-NP at 800ng/ml, BP-BSA at 408.8ng/ml of protein content to ensure the same molar concentration of BP
molecules). (A) shows both BP-NELL-PEG and NELL-PEG treatment exhibited strong anti-osteoclasts effects, with
no significant difference between them. There was no difference between blank control and BP-BSA, showing that
BP conjugated to BSA is inactivated. (B) The dotted graph shows the distribution of TRAP staining for each group.
(C) The representative images of TRAP staining. *p<0.05, ** p<0.01. NP, NELL-PEG; BP-NP, BP-NELL-PEG; BP-
BSA, BP-Bovine serum albumin; TRAP, tartrate-resistant acid phosphatase.
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Figure 18. Motor function test of live-return groups. Rota rod tests were performed on live-return groups
immediately upon live-return (LAR+wk0) and 4wks after (LAR+wk4). We found that 5 weeks of spaceflight caused
20% reduction in motor function compared to ground controls regardless of BP-NELL-PEG treatment (B) or not (A).
Motor function was only recovered by around 10% after 4 weeks on earth in PBS groups, but the NELL-1 therapy
treated groups recovered over 20% for both the length of time that mice can stay on the rod and the maximal speed
that the mice can handle. *p<0.05, **p<0.01. LAR, live-return; Flight, space flight group; GC, ground control; BP-
NP, BP-NELL-PEG.
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Figure 19. Flight Operation DXA results. (A) proximal tibia DXA comparison for terminal and live return groups.
For TERM groups, microgravity exposure resulted in significant bone loss in proximal tibia after 5 and 9 weeks of
space travel, for both BP-NELL-PEG treated and untreated animals, compared to ground controls (gray triangle vs
green triangle, gray circle vs blue circle). For the flight treatment group (green triangle), the BMD% is significantly
higher at both 5 and 9 weeks in space time points compared to flight PBS group (blue circle). For the ground treatment
group (gray triangle), the BMD% is significantly higher at 9 weeks in space compared to ground PBS group (gray
circle). For LAR groups, significant treatment effects were observed at 5 weeks into space flight for flight groups
(orange triangle vs pink circle) and persisted even after 4 weeks of recovery on Earth (5 weeks in space followed by
4 weeks on Earth) for ground control groups (gray triangle vs gray circle). (B) lumbar vertebrae 6 DXA comparison
for terminal and live return groups. For all groups, microgravity effects were observed only after 5 weeks in space for
PBS groups (gray circle vs blue circle, gray circle vs orange circle). As for treatment, in TERM groups, BP-NELL-
PEG treatment increased the BMD% significantly at both 5 weeks in space and 9 weeks in space in flight groups
(green triangle vs blue circle). For LAR groups, treatment was significant at both 5 weeks in space time point and end
time point (5 weeks in space followed by 4 weeks on Earth) in flight groups (orange triangle vs pink circle); ground
groups showed significant treatment result at the end time point (gray triangle vs gray circle). * label for NELL-1
therapy treatment significance; + label for microgravity effects significance. *p<0.05, +p<0.05; +p<0.05, ++p<0.01.
BP-NP, BP-NELL-PEG; TERM, terminal groups; LAR, live return groups; GC, ground control groups; Flight, flight
groups.
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Figure 20. Micro-CT trabecular bone analysis of distal femur (flight operation samples). High-resolution micro-
CT was used to scan femur samples for trabecular bone analysis. The region of interest for femoral trabecular bone
was defined as 1mm extending up from the distal growth plate (a clearance of 0.3mm from the growth plate was
maintained for all the samples). BP-NELL-PEG treatment increased bone quality and quantity in almost all measured
parameters, regardless of whether animals were on ground or in space. Thresholds were set as 150 for cortical bone
analysis and 90 for trabecular bone analysis. *p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001. TERM, terminal
groups; LAR, live return groups; BP-NP, BP-NELL-PEG; ROI, region of interest; BMD, bone mineral density;
BV/TV, bone volume/tissue volume; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation.
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Figure 21. Micro-CT trabecular bone analysis of proximal tibia (flight operation samples). High-resolution
micro-CT was used to scan tibia samples for trabecular bone analysis. The region of interest for tibial trabecular bone
was defined as Imm extending up from the proximal growth plate (a clearance of 0.1mm from the growth plate was
maintained for all the samples). Thresholds were set as 150 for cortical bone analysis and 90 for trabecular bone
analysis. BP-NELL-PEG treatment increased tibial bone quality and quantity regardless of whether animals were on
ground or in space. *p<0.05, ** p<0.01, ***p<0.001. TERM, terminal groups; LAR, live return groups; BP-NP, BP-
NELL-PEG; ROI, region of interest; BMD, bone mineral density; BV/TV, bone volume/tissue volume; Tb.Th,
trabecular thickness; Tb.Sp, trabecular separation.
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Figure 22. Micro-CT trabecular bone analysis of lumbar vertebrae (flight operation samples). High-resolution
micro-CT was used to scan lumbar vetebrae samples for growth plate analysis. The region of interest for lumbar
growth plate was individually specified, extending up from the distal fused zygapophyses to include the entire distal
growth plate region. A threshold of 90 was used for analysis. BP-NELL-PEG treatment significantly increased bone
quality and quantity, regardless of whether animals were on ground or in space. *p<0.05, ** p<0.01, ***p<0.001,
**%*%p<(0.0001. TERM, terminal groups; LAR, live return groups; BP-NP, BP-NELL-PEG; ROI, region of interest;
BMD, bone mineral density; BV/TV, bone volume/tissue volume; Tb.Th, trabecular thickness; Tb.Sp, trabecular
separation.
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Figure 23. The osteoclasts TRAP staining results of the live return groups. Osteoclasts were isolated from flushed
bone marrow cells and cultured for macrophage and osteoclast induction. TRAP staining was used to stain osteoclasts.
The images on the left are representative of staining from each group. Quantification of TRAP staining is shown in
the bar graph to the right. BP-NELL-PEG treated flight group had significantly higher osteoclast number compared
to the PBS group. The flight treatment group had significantly higher osteoclast counts compared to the ground
treatment group. **p<0.01, ****p<0.0001. LAR, live-return; Flight, flight groups; GC, ground control groups; BP-
NP, BP-NELL-PEG; TRAP, tartrate-resistant acid phosphatase.
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Figure 24. Colony-forming unit fibroblasts (CFU-F) assay results of the live return groups. BMSCs from all
groups were flushed from mouse humeri and cultured. Colonies were first stained with ALP, then with Giemsa. BMSC
content was quantified by counting colonies. Representative images for each group are shown on the left. ALP staining
showed that in both BP-NELL-PEG treated groups, regardless of whether animals were in space or on ground, there
were significantly more osteogenic colonies. There was no difference between flight and ground treatment groups.
Giemsa staining showed significantly more colonies stained in both flight and ground treatment groups. Microgravity
significantly reduced the number of colonies in both BP-NELL-PEG treated groups and PBS control groups. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001. LAR, live-return; Flight, flight groups; GC, ground control groups; BP-NP,
BP-NELL-PEG; ALP, alkaline phosphatase.
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Figure 25. Dynamic histomorphometric analyses results of terminal groups. For bone fluorescent-labelling
studies, mice were injected intraperitoneally with calcein (20 mg/kg), alizarin Dynamic histomorphometric analyses
red complexon (50 mg/kg) and calcein (20 mg/kg) at week 3, 5 and 7 post-launch, respectively. (A) shows the region
of interest (ROI) used for analysis. The fixed area located beneath the growth plate of distal femur trabecular bone
was selected as the ROI (3 measurement fields per sample). All image acquisition and analyses were performed in a
blinded manner. (B) shows representative images of bone labeling of the different groups. Three lines of calcein and
alizarin red are clearly visible. BP-NELL-PEG treated groups show generally wider distances between each label. (C)
The quantification for dynamic histomorphometry. The MAR (mineral apposition rate, mm per day) were measured
in unstained sections under ultraviolet light. The flight treatment group had significantly higher MAR compared to its
PBS control. (D) The bone formation rate with a bone surface referent (BFR/BS, um’*um™ per year) was calculated
from the MAR. The bone formation rate per bone surface (BFR/BS) is the volume of mineralized bone formed per
unit time and per unit bone surface. Following the MAR trend, the BP-NP treated flight group had much higher
BFR/BS rates compared to PBS controls. *p<0.05, **p<0,01. TERM, terminal groups; Flight, flight groups; GC,
ground control groups; BP-NP, BP-NELL-PEG; MAR, mineral apposition rate; BFR/BS, bone formation rate per
bone surface.
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Figure 26. Histological, immunohistochemistry and TRAP staining of terminal groups. The black boxes in the
1* row of images show the region of interest for staining. H&E and toluidine blue staining exhibited greater trabecular
bone formation at the distal femoral metaphysis in the BP-NP treated group compared to control. Osteocalcin (OCN)
immunostaining exhibited a greater number of OCN positive cells with intense staining in the BP-NP treated groups
and TRAP staining exhibited an increase in TRAP positive cells in treated femurs compared to control. ROI, region
of interest; BP-NP, BP-NELL-PEG; TRAP, tartrate-resistant acid phosphatase.
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Figure 27. H&E staining for femur bone marrow lipid counts. histology images on the left are representative of
the femur bone marrow with quantification of adipocytes shown in the bar graph to the right. Results showed
significantly decreased lipid vacuoles with BP-NELL-PEG treatment and significantly increased lipid vacuoles with
microgravity exposure. BP-NP, BP-NELL-PEG. *p<0.05, ***p<0.001.
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Group Flight Duration Treatment Animal #
9 weeks BP-NELL-PEG 10
Flight (Terminal groups) PBS control 10
4 weeks BP-NELL-PEG 10
(Live-return groups) PBS control 10
9 weeks BP-NELL-PEG 10
(Terminal groups) PBS control 10
Ground 4 weeks BP-NELL-PEG 10
(Live-return groups) PBS control 10
Baseline 20
Total 100

Table 1. Experimental groups of Flight Operation (Rodent Research-5 mission)
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Sites Measurements Mean (+ SD) Maximum Minimum
Distal femur EPD (mm) 3.81 (+0.15) 4 3.58
EPA (°) 14.62 (+1.8) 17 11
Proximal tibia EPD (mm) 2.36 (+0.08) 2.5 2.25
EPA (°) 7.54 (+1.44) 10 5
Lumbar vertebrae
L5 Height (mm) 3.02 (+0.09) 3.14 2.85
Width (mm) 1.64 (+0.10) 1.76 1.47
L6 Height (mm) 3.04 (+0.09) 3.21 2.92
Width (mm) 1.51 (+0.05) 1.59 1.42
ID (mm) 1.13 (+0.79) 2.07 -0.81

Table 2. Results of anatomic analysis

EPA, epiphyseal plate angle; EPD, epiphyseal plate distance; ID, distance between the intervertebral space of L5/6

and intercristal line; SD, standard deviation.
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Inter-observer reliability Intra-observer reliability

Sites ICC 95% CI ICC 95% CI

Distal femur 0.945 0.923,0.972 0.964 0.939, 0.995
Proximal tibia 0.932 0.0887, 0.973 0.952 0.924, 0.988
L6 0.801 0.764, 0.843 0.835 0.810, 0.858
L5 0.743 0.647,0.831 0.783 0.683, 0.879

Table 3. Inter- and Intra-Observer Reliability of DXA BMD Measurement at Various Trabecular Bone-Rich
Sites

BMD, bone mineral density; CI, confidence interval; DXA, dual energy X-ray absorptiometry; ICC, intra-class

correlation.
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Sites Terms New method Conventional method
Distal femur Mean (%) 2.77 2.64
SD 0.076" 0.108
[\ 2.726 4.089
Proximal tibia Mean 2.89 2.97
SD 0.0727° 0.089
[\ 2.516 2.994
Lumbar Vertebrae Mean 3.96 1.94
SD 0.099* 0.147
(O\Y 2.507 7.576

Table 4. Results of BMD Percentage Changes of Every 2 weeks in DXA by New and Conventional Methods

a Significant at p < 0.01 compared to SD of conventional method.
b Significant at p < 0.05 compared to SD of conventional method.

CV, coefficient of variation.
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