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ABSTRACT OF THE THESIS

Spaceflight-Induced Osteoarthritis in Temporomandibular Joint (TMJ),
a Non-Weight-Bearing Joint, and Treatment with
Bisphosphonate-Modified PEGylated INELL-1 (BP-NELL-PEG)

by

Diana-Beatrix Velicu
Master of Science in Oral Biology
University of California, Los Angeles, 2020

Professor B Chia Soo, Chair

Purpose: Spaceflight induces osteoporosis by mechanical unloading. Interestingly, recent studies
report that microgravity also directly affects osteoblasts (OB) and osteoclasts (OC) in vitro, by
upregulating OC activity and disrupting the OB cytoskeleton. Non-weight-bearing bones, such as
those in the temporomandibular joint (TMJ), provide important insight into cellular-level effects
of microgravity in vivo without confounding changes in load. NELL-1 is a novel osteogenic growth
factor, which upon PEGylation (NELL-PEG) demonstrates enhanced pharmacokinetics and
promising potential as a systemic therapy for osteoporosis in mice. To test NELL-PEG systemic
therapy in spaceflight-induced osteoporosis, we have collaborated with CASIS and NASA through
the Rodent Research 5 (RR-5) mission. This study is a branch of the RR-5 mission and, for the
first time, focuses on the TMJ to investigate how space microgravity and NELL-1-based
treatment affect non-load-bearing bones in vivo. Methods: To meet the mission’s technical

demands, we conjugated NELL-PEG with bioinert bisphosphonate as a bone-targeting molecule



(BP-NELL-PEG, or ‘BP-NP’) to enhance NELL-PEG’s pharmacokinetics and safety. Eight-
month-old female BALB/c mice (n=10/group) were randomly assigned to 4 groups: (1) Flight +
PBS, (2) Flight + BP-NP, (3) Ground + PBS, and (4) Ground + BP-NP. Flight and Ground groups
were housed in the International Space Station and the Kennedy Space Center, FL, respectively,
for 9 weeks. Mice received 10mg/kg BP-NP or PBS via intraperitoneal injection every 2 weeks.
At 9 weeks, TMJ were analyzed with micro-CT and histology. Results: Micro-CT of subchondral
bone in the mandibular condyle showed significantly increased BV/TV in Flight + PBS compared
to Ground + PBS. BP-NP treatment showed an even greater increase in BV/TV, in both Ground
and Flight groups. There were no significant changes in bone mineral density with either flight or
BP-NP treatment. Histological analysis revealed pronounced changes in the condyle cartilaginous
zones with BP-NP. Most strikingly, BP-NP treatment showed a 3-fold increase in thickness of the
calcified hypertrophic zone in Ground and Flight groups. Conclusion: Spaceflight induces
subchondral bone changes in the TMJ, a non-weight-bearing joint, suggesting that microgravity
has direct effects on OB and OC and site-specific effects on bone. In addition, BP-NP systemic

therapy results in striking chondrogenic and osteogenic changes in the TMJ.
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1. INTRODUCTION

1.2 Osteoporosis and Oral Health

Osteoporosis (OP) is a systemic disease that affects over 200 million people around the
world, and more than 53 million people in the US alone!-®. The biomedical impact of osteoporosis
and its complications is massive, and treatment is predicted to cost over $25 billion worldwide by
20257, All bones in the body are affected by osteoporosis!?, including mandibular condyles!!-!3.
Clinical studies have suggested that bone degeneration is present in mandibular condylar head and

bone mineral density (BMD) is significantly decreased!® !

in osteoporotic patients. Condylar
resorption has been frequently observed in the presence of decreased level of estrogen in
postmenopausal women and osteoarthritis of the temporomandibular joint (TMJ-OA)'% 7. An
additional studiy has analyzed the bone volume and BMD of the condylar bone in 254
postmenopausal female patients, and demonstrated that reduced condylar bone quality is highly
correlated with TMJ-OA development'®. Temporomandibular joint (TMJ) deformations pose a
significant reconstructive challenge and contribute to the progression of temporomandibular
disorder (TMD) that is reported to affect 100 million working adults and thus account for the
second largest musculoskeletal burden in the US alone!®. Over the past years, several studies have
tried to elucidate the relationship between TMD and other joint diseases and degenerative diseases,
but still the mechanism is not completely understood. In addition, studies have indicated that the
prevalence of TMD is becoming more complex as the age distribution of reported TMD pain is
increasingly widespread!® 2°. Depending on the population, the reported TMD prevalence in

children and adolescents ranges from 16-68%?2!2? and in the aging population it ranges from 20-

40%2- 2,



Various researchers have been devoted to identifying the key mechanism that underlies
TMD and its relationship with osteoporosis. Case reports have detected the presence of ankylosis
of the TMJ and open bite after long-term use of bisphosphonates®* %, being the most commonly
used anti-resorptive drug. Additionally, there is a high incidence of developing Osteonecrosis of
the Jaw (ONJ) secondary to BP therapy in cancer patients*® 2’. From the orthodontic perspective,
osteoporotic therapy seems to complicate orthodontic treatment by restraining tooth movement
and causing degeneration of the TMJ?3,
1.2 Micro-gravity induced osteoporosis

We propose to utilize a spaceflight-induced osteoporosis model in aged mice because it
provides four key benefits. (1) Microgravity generates the highest state of osteoporosis that is not
reproducible by a single osteoporosis model on the ground. According to the International
Osteoporosis Foundation, 1 out of 3 women over 50 will experience fractures due to osteoporosis,
just as 1 out of 5 men?*-3!. Studies show that after the age of 50 we lose around 0.5% of bone per
year. Strikingly, astronauts lose around 1.5% of bone per month spent in space®* 33, which is 36
folds more compared to Earth. (2) Another benefit of utilizing a microgravity model for this study
is that it allows investigation of key mechanisms for TMJ degeneration in the context of
osteoporosis while excluding the factor of estrogen deficiency as a possible confounding factor.
(3) Microgravity accelerates the cellular and physiologic effects of aging. (4) Microgravity also
directly affects osteoblasts (OB) and osteoclasts (OC) in vitro, by upregulating OC activity and
disrupting the OB cytoskeleton. Non-weight-bearing bones, such as those in the TMJ, provide
important insight into cellular-level effects of microgravity in vivo without confounding changes
in load. Exposure to microgravity could induce a rapid degeneration in the cell system that mimics

aging in older population. Thus it can be considered as an excellent model for degenerative



diseases®* that also allows us to efficiently study biological process that occurs in normal aging
process4-3¢,

Previous in vitro studies performed in real microgravity, reported that microgravity
increases osteoclast activity by enhancing resorption pit formation®’, while osteoblasts
demonstrated reduced proliferation and activity, differentiation and decreased responsiveness®s.
As a consequence, the absence of gravitational forces acts on a cellular level to induce bone loss,
through both an increase in bone resorption by osteoclasts and a decrease in osteoblast cellular
integrity.

The current study plans to utilize samples collected from our research group’s collaborative
mission with the Center for the Advancement of Science in Space (CASIS; the sole manager of
the International Space Station, US National Laboratory) and NASA, entitled the Rodent Research
5 (RR-5) mission. This mission consists of America’s first live-return of animals, Man’s very first
live-return of drug-treated animals, and most importantly, World’s first successful live-return of
rodents with zero mortality and physical/psychological morbidity, which would allow high-quality

data. The Flight experiment has completed in August 2017, and a multi-team dissection took place

in November 2017 to dissect individual organs and appropriately store them for future analyses.

1.3 Review of the temporomandibular joint

The temporomandibular joint (TMJ) is a ginglymoarthroidal joint that is able to have both
rotational and translational movements®’. The TMJ is formed by the mandibular condyles that fit
into the mandibular fossae of the temporal bone. Between the two bony structures lies the articular
disc. Besides the main structures, nerves, vessels and ligaments are present.

The composition and development of the TMJ is different compared to other weight-

bearing joints in the body. As a result, certain diseases might not target the TMJ or affect it



differently. In synovial joints, the articular surfaces are covered by hyaline cartilage. The TMJ,
however, is covered by fibrocartilage*®. One distinctive characteristic of the fibrocartilage is that
it contains both type I and type II Collagen, in comparison with the hyaline cartilage, that only
contains type II Collagen*'. Hyaline cartilage is better able to tolerate compressive loading than
fibrocartilage, while fibrocartilage is more resistant to sheer forces*?. Moreover, fibrocartilage is
less likely to change with aging, it has a better potential to repair and it is less likely to break down
over time. Because of these molecular differences, the TMJ may be targeted differently by various
factors such as sex hormones, that can lead to degenerative changes.

An additional difference between the TMJ and other joints is that the mandibular condyles
are covered with secondary cartilage compared to other joints that are covered with primary
cartilage®. Secondary cartilage develops along with bones that are forming through
intramembranous ossification following bone formation. In contrast, primary cartilage growth and
development begins in the central layer of the epiphyseal growth plate and it is specific to long
bones.

1.4 Temporomandibular joint osteoarthritis (TMJ-OA)

Osteoarthritis is a degenerative joint disease that can affect any joint in the body causing
severe pain and dysfunction. Temporomandibular joint osteoarthritis (TMJ-OA) is an important
subtype in the classification of temporomandibular disorders (TMD). The pathogenesis of the
majority of TMJ-OA is multifactorial and complex or unknown. TMJ-OA is characterized by
progressive cartilage degradation, subchondral bone remodeling, chronic inflammation of the
synovial tissues and pain. The diagnosis of TMJ-OA is mainly based on the on the radiographic
morphology of the condyles and articular eminence, including erosive resorption, sclerosis,

osteophyte formation, attrition, and cyst-like changes**.



The correlation between OP and TMJ-OA is controversial and has yet to be determined.
OP and OA are both prevalent conditions associated with ageing and female gender®. Current
studies suggest that each patient affected with one condition must be evaluated individually for the
future occurrence of the other disease. The existence of a common genetic factor has been
recognized from family studies, as well as the risk of fractures. A recent study performed on human
subjects with healthy and osteoarthritic TMJs, suggested that a low condylar bone quality was
significantly correlated with TMJ-OA development. Moreover, the condylar bone mineral density
(CT HU) and bone volume fraction (BV/TV) can be used together as a potential diagnostic tool
for TMJ-OA (both values are decreased in TMJ-OA)'S.
The purpose of this study is to assess the effects of space microgravity at the condylar level and

to evaluate the outcomes of NELL-1 therapy on the TMJ.

1.5 NELL-1 background

NEL-like molecule-1 (NELL-1) is a unique secretory molecule that was first discovered in
human unilateral craniosynosytosis**->°. It is a protein that weights 700 kDa and it is recognized
as a potent pro-osteogenic and chondrogenic cytokine*. Previously, it was reported that the
functions of NELL-1 also include suppression of osteoclast activity, increase in mesenchymal stem

cell (MSC) numbers, and suppression of adipogenesis®!->3

. In previous findings NELL-1 was
shown to be a direct downstream effector of the osteogenic transcription factor Runt-related
transcription factor-2 (Runx2)°*. Mechanistically, it binds to Integrin p1 and CNTNAP 4 receptors
and activates the Wnt/B-catenin signaling pathway>>. Exogenous NELL-1 promotes robust bone
formation in various animal models including femoral®®, calvarial defect™, and spinal fusion

models in rodents and sheep®’%°. An association between NELL-1 and osteoporosis was also

described in a genome-wide linkage study that identified NELL-1 polymorphisms in patients with



reduced BMD®!. The newly discovered protective function against osteoporosis led us to pursue
the therapeutic use of human recombinant (r)NELL-1 for the reversal of osteoporosis®® . An
intramedullary injection model of local NELL-1 treatment in ovariectomized (OVX) rats and

sheep showed increased endosteal and trabecular bone formation®? 63

. Meanwhile, systemic
(intravenous) NELL-1 administration reversed OVX-induced osteoporotic bone loss in mice®.
These findings led us to examine the effects of systemically administered NELL-1-based therapy
on spaceflight-induced bone loss, which is reported to be 10 folds greater than osteoporosis
observed in postmenopausal women® and up to 36 folds more extensive than that of osteoporosis
on the ground®> 33,

Currently, there is no FDA approved osteoporosis therapy for a long-term use with a
combined osteogenic and anti-resorptive property. Such therapy is in dire need particularly for
extreme cases of bone loss such as osteoporosis complicated by disuse atrophy and spaceflight-
induced osteoporosis®>. Numerous studies have shown the involvement of Wnt/B-catenin pathway
in reducing osteoblastogenesis and osteoclastogenesis in the microgravity settings, leading to a
rapid bone loss> ¢4 ¢, Preliminary studies suggest that NELL-1 also exerts a systemic, protective
function against osteoporotic bone loss via modulating both osteoblast (OB) and osteoclast (OC)

62, 67,68

activity . One of the first clues to the integral role of NELL-1 signaling in the balance of OB

3462 Bone marrow stromal

versus OC activity came from the isolation of NELL-1 deficient cells
cells (BMSC) isolated from Nell-1 haploinsufficient mice showed marked impairment in
osteogenesis and pre-osteoclasts showed inappropriate activation, leading to increased number,
size, and depth of resorption pits®2. On the other hand, osteoprogenitor cells cultured from Nell-

1+/- mice showed increased proliferation and differentiation®?. Subsequent studies have continued

to verify the properties of NELL-1 as a Wnt/B-catenin regulator that acts on both anabolic (pro-



osteoblastic) and antiosteoclastic®® %87°, With these findings, we anticipate that NELL-1 as a
positive Wnt/B-catenin regulator will provide a new strategy as a dual-function therapy for treating
bone loss in the space and on Earth.

1.6 PEGylation of NELL-1

PEGylation is an FDA approved method to enhance the bioavailability of the protein for
systemic application’!. Excitingly, PEGylation of NELL-1 (NELL-PEG) remarkably enhances its
plasma half-life and systemic pharmacokinetics®®, extending the dosing interval from two days
(g2d) to q7d, and even ql4d to meet the technical demands of our ongoing NASA spaceflight
study, supporting its clinical use. With PEGylation, the half-life of NELL-1 was increased by up

to 6 folds without any considerable toxicity to the vital organs®’: 68,

1.7 Conjugation of NELL-PEG with inactive bisphosphonate (BP)

The RR-5 mission with NASA demanded a reduced dosing frequency to at least every-14-
days (q14d) because astronauts could only access the animals every 2 weeks onboard the ISS
National Lab. As such, we had engineered NELL-1 to increase target-specificity to add retention
in bone tissues. We have conjugated NELL-PEG with inactive BP (alendronate), thereby
increasing protein uptake by bone. Using BP as a bone seeking molecule is a highly investigated
method in the field of medical pharmacology?>: 7>7¢. Even when BP is used in a minute amount at
a non-therapeutic dose, it still retains the bone seeking property and creates a reservoir of BP
conjugated drug on the bone surface?> 7276, As OC resorbs the bone, the drug is released, binds to
the receptors of OB and promotes bone formation.

For this study, the MW of BP and NELL-1 were 250 Da and 400 KDa, respectively, and
they were conjugated at a ratio of 3:1. For treatment groups, 10mg/kg of BP-NELL-PEG was

intraperitoneally injected every 2 weeks. This dosage of BP-NELL-PEG contained 75ug/kg of



conjugated BP: a negligible amount which is well below pharmacological dose. In addition, protein
conjugation on the nitrogen of BP inactivates the BP molecule and removes its anti-OC function.
Confirmation was done by the use of BP-BSA (Bovine Serum Albumin protein) as control, which
was intravenously (IV) injected into mice. Interestingly, BP conjugation also allowed a significant
deposition of NELL-1 in the craniofacial bone for the first time, as shown in the biodistribution
data on NELL-1 vs. NELL-PEG vs. BP-NELL-PEG at 48hrs post-IV injection. As such, BP-
NELL-PEG is expected to demonstrate more potent effects than either NELL-1 or NELL-PEG in
craniofacial bones.

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.i. 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.

2. MATERIALS AND METHODS
All experimental procedures followed the guidelines of the Chancellor’s Animal Research

Committee at UCLA and NASA Institutional Animal Care and Use Committees (IACUC). The



mice housed at UCLA were in pathogen-free ventilated cages, in a light and temperature-
controlled environment, and had food and water ad libitum.

This study is a branch of the Rodent Research-5 mission and analysis was conducted on 40
32-week-old female BALB/c mice (Taconic Biosciences, NY). The age was selected based on a
ground pilot study that revealed that female BALB/c mice attained their bone density plateau after
32 weeks.

Animals were housed at the Kennedy Space Station (KSC) 4 weeks before the mission and
were randomly assigned into groups as shown in Table 1. This project focuses, for the first time,
on the effects of space microgravity on the TMJ and treatment with BP-NELL-PEG.

On June 3%, 2017, KSC-housed mice were transported to the ISS as part of SpaceX CRS-
11. Starting week 1 and every other week thereafter, mice have received intraperitoneal injections
with either PBS for BP-NELL-PEG (10mg/kg). The Ground Control groups were housed at KSC
and matched exactly with the Flight groups. At the end of the mission (9 weeks long), mice
returned to Earth and were euthanized and frozen. Carcasses were returned to UCLA for dissection
and analyses.

In order to demonstrate that conjugated BP is inactivated, we performed a ground
experiment using 4 BALB/c mice that matched the animals from our RR-5 mission. Rodents were
injected four times, every other week, with 5.11mg/kg BP-bovine serum albumin (BP-BSA). The
dose of BP matched the amount of BP used to conjugate the BP-NELL-PEG compound. This
experiment serves as a control, as the conjugation method between BP and BSA was exactly the
same as the BP-NELL-PEG conjugation. At the end of the study, mice were harvested, and

analyses were performed using the same parameters.



Qualitative and quantitative analyses were performed on both microCT scans and histology

images at the subchondral bone region and the corresponding covering cartilage.

2.1 Harvesting Procedure

All animals were euthanized by CO» (3L/min) displacement of oxygen, that continued for
an additional minute after breathing stopped, followed by cervical dislocation. Each animal was
carefully dissected to separate out different organs and the cranium was isolated for this project.
All samples were fixated in 4% paraformaldehyde (PFA) for 48h and transferred to 70% ethanol

thereafter.

2.2 Micro-CT Scan and Analysis

The mice craniums 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),
with the same correction settings used for all scans regardless of experimental group. After
acquisition and reconstruction of datasets, 3D morphometric analyses of the mandibular condyle
and mandible were performed using CT-Analyzer software (SkyScan 1172, Belgium). First,
images were reoriented to align the long axis of the mandibular condyle parallel to the coronal
plane. The region of interest was then determined separately on the right mandibular condyle for
each cranium, as is depicted in Fig. 1, in order to isolate the superior aspect of the condyle. We
selected the following region of interest (ROI): the most convex points on the medial and lateral

edges of the condyles were connected and the volume between this line and the superior surface

10



of the condyle was analyzed, as in Fig. 1. This was done by first roughly delimiting this region
with the freehand tool (including soft tissues around the condyle), and then using the shrink-wrap
tool in order to shrink the ROI to only the bony tissue of the condyle. In order to perform the
shrink-wrap operation and calculate morphometric parameters, we set a threshold for bone of 75
to 255, based on qualitative analysis of the scanned images from all experimental groups at
multiple threshold values. Specifically, the lower threshold was varied from 50-90 with the upper
threshold held at 255, and the condyle was observed for how well each threshold (1) included as
much bone tissue as possible while (2) excluding non-bony tissue, such as marrow within
trabecular pores (Fig. 2). Morphometric parameters were then computed from the binarized images
based on the threshold, using direct 3D techniques (marching cubes and sphere-fitting methods),
and included bone mineral density (BMD, g/cm3), percent bone volume, or more accurately
percentage absolute calcified tissue volume (BV/TV, %), trabecular number (Tb.N, mm™),
trabecular thickness (Tb.Th, mm), trabecular separation (Tb.Sp, mm), and total porosity (Porosity,
%). All quantitative and structural parameters followed the nomenclature and units recommended
by the American Society for Bone and Mineral Research (ASBMR) Histomorphometry
Nomenclature Committee”’.

Additionally, mandibular length measurements were performed according to the protocol
published in Vora et. al”® to assess whether there is a growth process at the condylar level with
BP-NELL-PEG treatment. Additional measurements were included as depicted in Fig. 3.

2.3 Histology Analysis

After the completion of micro-CT, all samples were preserved in 70% ethanol before being

processed for histology. Craniums were decalcified in 19% EDTA solution for 14 days,

dehydrated, and processed for paraffin embedding. For consistency and accuracy, craniums were
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dissected in two halves and positioned on a flat surface. The temporomandibular joint area was
isolated using 90-degree cuts allowing the samples to be analyzed in coronal view. Five-micron
thick sections were cut, and the slides were stained with Hematoxylin and Eosin (H&E), Masson’s
Trichrome, Safranin-O and Alcian Blue as per standard protocols. Histological specimens were
analyzed using the Olympus BX51 microscopes and images were captured with Olympus DP73
digital camera and cellSens Imaging Software (Tokyo, Japan).

In addition to the qualitative histological analysis, we also developed a protocol to
quantitatively assess the changes in length and morphology of the condyles on histology. Gross
histomorphometric measurements were performed on the condylar head in the coronal plane at
five different landmarks: medial-most, medial, median, lateral and lateral-most (Fig. 4).
Additionally, cartilaginous layer thickness was measured for the articular, polymorphic, mature
and hypertrophic zones.

To generate the landmarks for the histomorphometric measurements, a vertical line was
drawn through the long axis of the condyle in the histology images. Horizontally, a line that
delimitates the lower border of the condylar head was drawn (defined as the most convex point on
the lower border of the condylar head). The angle formed by the two lines was bisected obtaining
the medial and lateral landmarks. In addition, to obtain the landmarks for the layer measurements,
a perpendicular line was drawn from the previously selected points, and quantification was carried
out along the line. The layers were defined according to the morphology of the cells present in the
area: articular zone contains flat cells, the polymorphic zone presents disorganized cells with
nuclei in the center of the cell, the mature region presents hypertrophic cells with big centered

nuclei, and the hypertrophic zone contains hypertrophic cells with small or no nuclei (Fig. 5).
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2.4 Statistical Analysis

The Shapiro-Wilk test was applied prior to data analysis to assess the normality of the
dataset for each experimental group. After the normality test revealed a Gaussian distribution for
each dataset, two-way analysis of variance (2-way ANOVA) followed by the Tukey test were used
to compare all the measurements. All tests were performed using GraphPad Prism (GraphPad
Prism version 8.0.0 for MacOS, GraphPad Software, San Diego, California, USA). The baseline
significance level was established at an alpha of 0.05, although many comparisons produced an
alpha level of 0.01 or less. Significant differences are indicated with bars and asterisks (* for <0.05,
** for <0.01, *** for <0.001, and **** for <0.0001) or different letter labels (two groups with
different letters indicate statistically significant difference; two groups with the same letter indicate

nonsignificance).

3. RESULTS

3.1 Spaceflight Microgravity Induced TMJ-OA in the condyles

As previously mentioned, the diagnosis of TMJ-OA is mainly based on the radiographic
changes seen at the condylar level. Among these changes include remodeling of subchondral bone
with subsequent flattening of the condyles. Moreover, TMJ-OA is also characterized by cartilage
degradation.

We hypothesized that spaceflight microgravity will lead to a reduced cartilage thickness
and subchondral bone loss and remodeling. Comparing our ground and flight PBS groups (on
microCT and histology) we can observe TMJ-OA like changes after 9 weeks of spaceflight (Fig.
6). Looking at the subchondral bone, microCT reveals condylar flattening and remodeling in the
flight PBS group. BMD changes are not significant; however, BV/TV has increased, and porosity

has decreased with flight. This finding is not surprising, as with the subchondral bone remodeling,
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the superior portion on the condyles was lost and the remaining bone appears to be more compact.
At the cartilage level, histomorphometric measurements show a slight decrease of the condylar

cartilage after spaceflight, however the decrease is not statistically significant (p<0.05).
3.2 Qualitative Results

3.2.1 Bone Analysis Results

For the Flight PBS control, we observed increased subchondral bone resorption and surface
irregularity in the condylar head compared to Ground PBS. We also noted increased red stained
tissue in Flight PBS compared to Ground PBS. In the treatment groups, both Ground and Flight
groups showed increased volume and convexity of the condylar bone towards the medial
(histology; coronal sections) and posterior (microCT; sagittal sections) directions. Moreover, the
red stained tissue was not observed in the condylar head in both treatment groups (Fig. 7).

3.2.2 Cartilage Analysis Results

We observed apparent but insignificant differences between the Ground PBS and Flight
PBS groups. However, with BP-NELL-PEG treatment, there was a striking increase in
hypertrophic and mature zones, with hypertrophic-like tissue encroaching down to the condylar
neck. Despite the increased proliferation of cartilage, microCT findings showed that the area was
highly mineralized with similar tissue density to bone (Fig. 8).

3.3 Quantitative Results

3.3.1 Bone Mineral Density (BMD)

BMD of the condyles was slightly increased in the BP-NELL-PEG groups compared to the
PBS and BP-BSA groups, however the difference is not statistically significant (p<0.05) (Fig. 9).
This result is consistent with the visual analysis presented in color scaled images and demonstrates

that the tissue proliferation at the subchondral bone level has similar mineralization compared to
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our control groups. Moreover, comparing the PBS and BP-BSA groups, the results indicate that
the low dose of BP used in the conjugation of BP-NELL-PEG shows no difference in mineral

density at the condylar level (p<0.05) (Fig. 9).

3.3.2 Bone Volume to Total Volume Ratio (BV/TV)

Regarding the bone volume to total volume ratio (BV/TV), both BP-NELL-PEG groups
showed an increase compared to the BP-BSA and PBS groups (p<0.05) (Fig. 9). There is a
statistically significant difference between the PBS and BP-BSA groups (p<0.05), indicating a
potential osteodegenerative process in the BP-BSA group, and further confirming the inactivation
of BP-BSA with conjugation. Overall, BV/TV results might indicate that there is an increased
osteogenic activity in the BP-NELL-PEG treatment group compared to the BP-BSA and PBS
groups.

3.3.3 Porosity (%)

Porosity analysis describes the measurement of “void fraction” and characterizes the empty
spaces within bone. This parameter is highly correlated with the overall mechanical strength of the
bone. In our study, porosity of the condyles significantly decreased in the BP-NELL-PEG groups
compared to the BP-BSA and PBS groups, for both flight and ground mice (Fig. 9). There is also
a significant difference between the BP-BSA and PBS groups (p<0.05), further confirming BP
inactivation with conjugation. These results correlated with BMD and BV/TV indicate a potent
net osteogenic effect in the BP-NELL-PEG treatment group.

3.3.4 Trabecular Number (Th.N), Trabecular Thickness (Tb.Th.) and Trabecular
Separation (Tb.Sp.)

8 weeks of total treatment resulted in a lower number of trabeculae in the BP-NELL-PEG

groups compared to the BP-BSA and PBS groups (p<0.05), in addition to the decrease in porosity.
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There is a statistically significant difference in trabecular number between BP-NELL-PEG and
BP-BSA groups as well as between BP-NELL-PEG and PBS groups (p<0.05) (Fig. 9). There is
also a statistically significant difference between BP-BSA and PBS groups (p<0.05).

Additionally, trabecular thickness has increased in the BP-NELL-PEG group compared to
the BP-BSA groups and PBS groups (p<0.05) (Fig. 9). There is also statistically significant
difference between the BP-BSA and PBS groups (p<0.05).

Finally, the BP-BSA had the highest trabecular separation compared to the BP-NELL-PEG
groups and PBS groups (p<0.05) (Fig. 9).

All in all, the microCT results how no difference in BMD among groups, a higher BV/TV,

lower, trabecular number and separation with BP-NELL-PEG treatment.

3.3.5 Mandibular Length Measurements Results

Length measurements were performed to assess whether there is a change in the
mandibular length after 8 weeks of BP-NELL-PEG treatment on ground and spaceflight. Our
results show a slight decrease with BP-NELL-PEG treatment in both Ground and Flight groups;
however, the values are not statistically significant (p<0.05). These results indicate that the
changes observed in the condyle are most likely attributed to bone remodeling processes and not

due to growth (Fig. 10).

3.3.6 Histomorphometric Measurements Results

The gross morphological measurements were performed on histology images comparing
the PBS and BP-NELL-PEG groups (both ground and flight). The results of the gross
morphological analysis showed generally an increase in cartilage thickness with BP-NELL-PEG
treatment (Fig. 11). The greatest and most statistically significant increase is in the radius of the

condyle, between the flight PBS and flight BP-NELL-PEG groups at the medial and median
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landmarks (p<0.05). There is no significant difference in the medial-most, lateral and lateral-most
measurements.

In the layer analysis, we have characterized the cell zones according to their morphology.
For the articular zone, we can observe a slight decrease in thickness with BP-NELL-PEG treatment
in both ground and flight groups compared to the PBS control groups; however, the changes are
not statistically significant (p<0.05) (Fig. 12). In the polymorphic zone, there is a decrease in
values for the BP-NELL-PEG treatment groups compared to the ground PBS group. This finding
might be attributed due to the increase in the mature and hypertrophic zones that would generate
a compressive force on the polymorphic zone (Fig. 12). In the mature zone, the values are
increased for the BP-NELL-PEG groups compared to the PBS control groups (for both ground and
flight groups). The highest increase was 84% at the median landmark between the flight BPS and
BP-NELL-PEG treatment (p<0.05) (Fig. 12). The most striking difference was located in the
hypertrophic zone. In the treatment groups, this layer has increased on average by 386.66%
compared to our PBS control groups. We are attributing these findings to the BP-NELL-PEG
treatment’s effect on the TMJ. There is a tremendous significance behind the hypertrophic zone
increase, because this is the deepest cartilage layer in the condyle that will later transform into

calcified cartilage and further on in bone, during the endochondral ossification process (Fig. 13).

4. DISCUSSIONS
For the first time in the literature, our study is focusing on the effects of the microgravity
on the TMJ and potential treatment against TMJ-OA using BP-NELL-PEG therapy. TMJ is a non-
weight-bearing joint which means that there will not be any changes in the load due to
weightlessness. Therefore, the effects that we observe in the Flight PBS group are attributed to

spaceflight microgravity.
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9-week flight duration led to subchondral bone remodeling and flattening of the condyles.
However, our samples did not show a decrease in BV/TV, Tb.Th and increase in Tb.Sp as reported
by Jiang et. al’”’. We consider that spaceflight led to an unquantifiable amount of bone loss (as seen
in Fig. 6), and in the remodeling process the outer portion of the subchondral bone that contained
the highest number of porosities was lost. This generated a lower value in porosity and trabecular
number.

Based on our results, BP-NELL-PEG therapy resulted in an increase of the mature and
hypertrophic layers in the mouse mandibular condyle as seen in the histology figures. Interestingly,
similar histological findings were reported in studies that focused on the effect of bisphosphonate
(BP) treatment alone on the TMJ. Kimura et al.®® described an increased condylar volume and
significant proliferation and thickening of the cartilage layers for WT mice that were treated with
alendronate as BP. However, the age of the animals used in this study was three months old
(growing mice) compared to our adult mice, 10 months at the time of harvest. Moreover, the total
amount of BP injected was about 40 times more (12.5 mg/kg/month versus 150 pg/kg/month in
our study). A similar study carried out on growing mice (Kim et al.,2009)8!, has reported an
increase of the hypertrophic zone following alendronate treatment. The total dose of alendronate
that was used was 14 mg/kg/month, higher than a regular BP dose administered in vivo. There are
significant differences between the afore-mentioned studies and ours in terms on animal age,
dosage and treatment length. We consider that the changes observed in our BP-NELL-PEG treated
mice are indeed a result of NELL-1, and not BP (Alendronate). The low amount of BP has no
therapeutic effects on the TMJ as it was demonstrated in our microCT analysis. We have observed
similar BMD values, as well as similar bony architecture in the PBS and BP-BSA groups at the

condylar level. These results are consistent with the findings of Shi®? on long bones. Additionally,
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an in vitro experiment carried out by the same author using osteoclast cultures, showed that BP-
NELL-PEG and NELL-PEG treatment demonstrated strong anti-osteoclastic effects, with no
significance between groups. Moreover, there was no difference between the blank control and the
BP-BSA culture, further demonstrating that the low dose of BP conjugated with BSA is inactivated
and BP loses its anti-OC effects.

Besides the effects that we observed on the histology images, microCT showed similar
BMD values in the BP-NELL-PEG groups as in the PBS and BP-BSA groups suggesting that the
cartilaginous tissue proliferation presents the same mineralization as our controls. Moreover,
BV/TV values also increased in the BP-NELL-PEG groups due to decreased percentage of
porosities. Overall, the quality of the newly formed tissue is higher than our control groups and we

consider this a positive finding. Further studies are required to test our conclusion.

5. CONCLUSIONS

Based on our results, two months of spaceflight microgravity resulted in increased surface
irregularity and condylar flattening. Although the decrease in cartilage thickness was not
statistically significant, based on the microCT and histology images, our animal model shows
TMIJ-OA-like characteristics.

BP-NELL-PEG treatment in both ground and flight groups led to increased subchondral
bone volume and decreased the percentage of porosities. Moreover, the condylar shape post-
treatment is more convex towards medial and posterior directions (as seen in microCT and
histology images). Mandibular length measurements showed no difference among groups. Hence,
we conclude that there is no growth at the mandibular level on skeletally mature mice, but a
replacement process at the condylar level. Further studies are necessary to determine whether the

changes are favorable.
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Two months of spaceflight did not cause a significant change in the cartilage layers.
However, BP-NELL-PEG treatment significantly increased the mature and hypertrophic zones of
the cartilage, with calcified tissue with cartilage-like phenotype encroaching down to the condylar

neck.

6. STUDY LIMITATIONS
Although we observe significant differences with BP-NELL-PEG treatment, we cannot
conclude whether the effects are favorable or not. One of the biggest limitations of our study was
the lack of cell culture from the cranium necessary for RNA sequencing and protein analyses. Our
conclusions are solely based on morphometric and visual analyses. Moreover, there was no
recovery period after the spaceflight. A recovery group would have helped observing the evolution
of the mature and hypertrophic cartilage zones and would better support our conclusions.

Nevertheless, our findings are very exciting and unfold several future directions in TMJ studies.

7. FUTURE DIRECTIONS

While this is the first study that focuses on the effects of microgravity on the TMJ as well
as treatment with BP-NELL-PEG, further studies are necessary to validate our results. However,
this would require another spaceflight mission and extremely high costs. Simulated microgravity
using hindlimb suspension is a potential alternative to space microgravity, however the effects on
the bone and cartilage are still controversial and might not mimic real microgravity with complete
fidelity.

As we observed striking changes in our BP-NELL-PEG groups, we will need to investigate
whether these effects are positive or negative when translated clinically. Immunohistochemistry

analysis using bone and cartilage specific markers such as osteocalcin (OCN), receptor activator
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of nuclear factor kappa- ligand (RANKL), Collagen I, II and X, as well as tartrate-resistant acid
phosphatase (TRAP) enzymatic activity will help interpreting our results.

Overall, our preliminary data suggesting a similar bone density, less porosities and higher
condylar volume following BP-NELL-PEG treatment could potentially be a promising therapy

against TMJ-OA.
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FIGURES

TMIJ Region of Interest
(Red Box)

PBS BP-NELL-PEG

Figure 1. MicroCT Region of Interest (ROI) (A) Representative image of the rodent cranium on microCT
and the TMJ region of interest, (B) Volume of interest (VOI) selection- representative microCT and
histology images: the most medial and lateral points on the condylar head were connected and the volume
between this line and the superior surface of the condyle was analyzed.
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Figure 2. MicroCT threshold selection. The condyles were observed for how well each threshold (1)
included as much bone tissue as possible while (2) excluding non-bony tissue, such as marrow within
trabecular pores. All measurements were performed with a threshold of 75.
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Figure 3. Mandibular length measurements landmarks. Mandibular length measurements were
performed on microCT according to the landmarks presented in Vora et al.” (depicted in red lines) and
additional measurements chosen by the authors (depicted in blue lines). Li=lower incisor tip, LI=lower
incisor base, Gn=gnathion, Go=gonial process, Co=condylar process.

Gn

24

Co



Figure 4. Histomorphometric measurements protocol. (A) To generate the landmarks for the
histomorphometric measurements, a vertical line was drawn through the long axis of the condyle in the
histology images. Horizontally, a line that delimitates the lower border of the condylar head was drawn
(defined as the most convex point on the lower border of the condylar head). The angle formed by the two
lines was bisected obtaining the medial and lateral landmarks, (B) Landmarks: 1-medial-most, 2-medial, 3-
median, 4-lateral, 5-lateral-most, (C) To obtain the landmarks for the layer measurements, a perpendicular
line was drawn from the previously selected points, and quantification was carried out along the line, (D)
The layers were defined according to the morphology of the cells present in the area: 1-articular zone, 2-
polymorphic zone, 3-mature zone, 4-hypertrophic zone.
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PBS

BP-NELL-PEG

Figure 5. (A) Histomorphometric layer analysis landmarks. A=articular zone, P=polymorphic zone,
M=mature zone, H=hypertrophic zone; (B) Representative histology images of the condyle in Masson’s
Trichrome and H&E staining. (*BP-NP=BP-NELL-PEG)
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A. PBS Ground B. PBS Flight

Figure 6. Confirmation of TMJ-OA-like changes in the Flight PBS group. 8-week flight duration led
to subchondral bone remodeling and flattening of the condyles. We consider that spaceflight led to an
unquantifiable amount of bone loss, and in the remodeling process the outer portion of the subchondral
bone that contained the highest number of porosities was lost. This generated a lower value in porosity and
trabecular number.
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Figure 7. Bone analysis results (qualitative). We have performed histology analysis in bone-specific
stains. In Flight PBS control, we observed increased subchondral bone resorption and surface irregularity
in the condylar head compared to Ground PBS. We also noted increased red stained tissue in Flight PBS
compared to Ground PBS. In the treatment groups, both Ground and Flight groups showed increased
volume and convexity of the condylar bone towards medial (histology; coronal sections) and posterior
(microCT; sagittal sections) direction. Moreover, the red stained tissue was not observed in the condylar
head (above the yellow line on the Trichrome staining images) in both treatment groups.
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Figure 8. Cartilage analysis results (qualitative). The same H&E, Masson’s Trichrome and Alcian Blue
stains are reoriented/sized for better view of the cartilage component. Reference boxes (red box for articular
+ polymorphic zone; orange box for mature zone; and white box for hypertrophic zone) were included. We
observed insignificant difference between Ground PBS and Flight PBS. However, with BP-NELL-PEG
treatment, there was a strikingly increased hypertrophic and mature zones, with hypertrophic chondrocytes
encroaching down to the condylar neck. Despite the increased proliferation of cartilage beyond therapeutic
levels, microCT findings showed increased mineralization of the area.
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Figure 9. MicroCT results for PBS, BP-BSA and BP-NELL-PEG groups. Different lowercase letters

indicate significant differences among groups. Significance level p<0.05.
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Figure 10. Mandibular length measurements results. Length measurements were performed on the
microCT to determine whether we can observe any growth in skeletally mature mice. Our results show no
difference among groups, concluding that our microCT and histology findings are caused by bone
remodeling at the condylar level.
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Figure 11. Histomorphometric analysis results. Single-blind measurements of cartilage zone thickness.
(A) Labelled radial measurements on histology coronal section. (B) Interestingly, histological
measurements show that BP-NP treatment contributed to statistically significant medial and upwards
condylar remodeling in the 10-month-old skeletally mature mice. Measurements were completed on H&E
and Masson’s Trichrome stains by one examiner based on a prewritten protocol and standardized
landmarks. Histology completed bilaterally and all results are consistent. (** p <0.01)
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Figure 12. Histomorphometric layer analysis results. Single-blind measurements of cartilage zone
thickness. (A) Cartilaginous zones include A = Articular zone, P = Polymorphic zone, M = Mature zone, H
= Hypertrophic zone. Measurements were completed as shown on H&E and Masson’s Trichrome stains, at
medial, median, and lateral landmarks on the articular surface. (B) Strikingly, we observed a 3-fold increase
in thickness of the calcified hypertrophic zone in BP-NELL-PEG treatment groups, in both Ground and
Flight groups. Treatment also resulted in a statistically significant decrease in polymorphic zone thickness,
within Ground and Flight groups. Histology completed bilaterally. (* p <0.05, ** p <0.01, *** p <0.001,
and **** p <0.0001).
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Figure 13. Representative histology images with approximately labelled hypertrophic zone.
Highlighted hypertrophic zone displays a striking increase in thickness in BP-NELL-PEG treatment groups.
Condyle morphology is also visibly altered with treatment, with increased volume and convexity of the
condyle in the medial direction. All condyles showed similar trends.
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RODENT RESEARCH-5 MISSION ANIMALS
Group Flight duration Treatment Animal #
BP-NELL-PEG 10
9 weeks PBS Control 10 ANIMALS USED FOR THIS STUDY
Flight 4 weeks BP-NELL.PEG 10 Group Flight duration Treatment Animal #
(Live-return) PBS Control 10 Flight 9 weeks BP-NELL-PEG 10
BP-NELLPEG 0 ‘ PBS Control 10
Ground el PBS Control 10 Ground 9 weeks BPP';: z::::j 13
4 weeks BP-NELL-PEG 10
(Live-return) PBS Control 10 Total i
Baseline 20
Total 100

Table 1. Experimental groups. The total number of the NASA Rodent Research-5 mission was 100,
however the study included another group (Live return) that was not analyzed in our study. We have used
the animals that were on the spaceflight mission for the full duration of the flight (n=40). Additionally, we
used 4 8-months old BALB/c mice that were treated with BP-BSA serving as controls for the BP
inactivation.
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