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Abstract
Impact Statement

Parathyroid hormone (PTH) is critical for treatment
of hypoparathyroidism. Improvements in PTH deliv-
ery are still of high interest; current PTH treatment
requires repeated recombinant hormone injections
and is associated with side effects and non-com-
pliance. This work provides proof-of-concept data
for using adeno-associated viral (AAV) vectors to
delivery PTH as a gene therapeutic. A dose escala-
tion study identified a systemic AAV dose that was
expressed in multiple tissues, induced high levels
of PTH circulating in the blood, and caused endo-
crine effects. By achieving levels of PTH consistent
with hyperparathyroidism in mice, this dose can be
translated to future evaluation of PTH gene therapy
in disease models powered with therapeutic end-
points. Conversely, this study may have implications
as a model to study hyperparathyroidism disease
states since transgene expression allowed for con-
tinuous PTH secretion over prolonged time periods.

Delivering the parathyroid hormone (PTH) gene has been attempted preclinically in
a handful of studies, but delivering full-length PTH (1-84) using adeno-associated
viral (AAV) vectors has not. Given the difficulty in achieving therapeutic levels of
secreted proteins using gene therapy, this study seeks to determine the feasibility
of doing so with PTH. An AAV vector was used to deliver human PTH driven by
a strong promoter. We demonstrate the ability to secrete full-length PTH from
various cell types in vitro. PTH secretion from hepatocytes was measured over
time and a fluorescent marker was used to compare the secretion rate of PTH in
various cell types. Potency was measured by the ability of PTH to act on the PTH
receptors of osteosarcoma cells and induced proliferation. PTH showed potency
in vitro by inducing proliferation in two osteosarcoma cell lines. In vivo, AAV was
administered systemically in immunocompromised mice which received xenografts
of osteosarcoma cells. Animals that received the highest dose of AAV-PTH had
higher liver and plasma concentrations of PTH. All dosing groups achieved
measurable plasma concentrations of human PTH that were above the normal
range. The high-dose group also had significantly larger tumors compared to control
groups on the final day of the study. The tumors also showed dose—dependent
differences in morphology. When looking at endocrine signaling and endogenous
bone turnover, we observed a significant difference in tibial growth plate width in
animals that received the high-dose AAV as well as dose—dependent changes in
blood biomarkers related to PTH. This proof-of-concept study shows promise for

further exploration of an AAV gene therapy to deliver full-length PTH for hypoparathyroidism. Additional investigation will determine
efficacy in a disease model, but data shown establish bioactivity in well-established models of osteosarcoma.
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Introduction

Hypoparathyroidism treatment requires daily recombinant
hormone injections. Hypoparathyroidism affects around
77,000 adults in the United States.! It is a disease in which
patients fail to produce sufficient amounts of PTH or PTH
lacks activity.? This results in low calcium levels, elevated
phosphorus in the serum, and chronically reduced bone
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turnover rates.®> Patients suffer from symptoms such as
fatigue, brain fog, mouth numbness, twitching in face, and
insomnia.* The most common type of hypoparathyroidism
is acquired postoperatively after thyroid or parathyroid
surgery.’

Hypoparathyroidism is increasingly being recognized as
an endocrine disorder with unmet need. One challenge is
overcoming the short half-life of PTH which is measured
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to be around 4min in native form and about 2h for thPTH
1-84.57 There are several companies adding hypoparathy-
roidism to their pipelines with a range of novel therapeu-
tics from cell and gene therapies to small molecules. Drugs
in development aim to reduce injection frequency, or have
improved stability to be administered orally.8

Gene therapy for hypoparathyroidism, however, has only
been attempted preclinically thus far. In one example, CMV-
PTH plasmids were delivered via polymeric micelles which
were orally administered to rats.” PTH was measured to be
slightly above detection limits and calcium levels increased
for fourweeks postdelivery. Other groups have used plas-
mids, polycationic liposomes, and adenovirus to deliver
the PTH transgene into various small animal models.!0-12
Adeno-associated virus (AAV) has been a widely utilized
tool in gene therapy with over 150 clinical trials initiated
in the last fiveyears.!®* While AAV is not a perfect solution
for gene delivery, a new industry is rising around trying to
overcome the shortfalls of AAV vectors by creating designer
viruses, mitigating immunogenicity, and improved purifica-
tion methods.'* Here, we propose utilizing AAV to deliver
full-length human PTH. In this proof-of-concept study, we
demonstrate for the first time that AAV-hPTH can be used
to secrete PTH from exogenous cell types and has bioactivity
in effector cells.

While the dynamicity and complexity of PTH is accepted
by bone metabolism and endocrinology specialists, it is
still not fully characterized and robust in vitro assays are
lacking.!®> One fairly well-understood PTH pathway is the
expression of PTH receptors (PTHR1) on osteosarcoma cells.
Many studies have shown the ability of both recombinant
and endogenous PTH to induce proliferation of these cell
types.!>18 In addition, rodent studies have been conducted
to assess the prevalence of bone neoplasms as a result of
long-term use of recombinant PTH, as human PTH has high
homology with both mouse and rat PTH.*2° Using this prin-
ciple, we show that PTH secreted from A AV-transduced cells
and in mice can induce osteosarcoma cell proliferation. The
potency of PTH demonstrated here using AAV vectors holds
promise for further characterization as an efficacious gene
therapy.

Materials and methods
AAV vector production

Human eukaryotic elongation factor 1 al (EFla, 1179bp)
promoter was used along with a post-transcriptional regula-
tory element (WPRE, 598 bp).1? The EF1a-PTH-WPRE plas-
mid was designed with the full-length (448 bp) PTH cDNA
sequence (accession no. NM_001316352) and cloned into an
AAV backbone (Applied Biologic Materials, Canada). The
AAV-EF1a-PTH-IRES-GFP-WPRE plasmid was designed
and purchased from VectorBuilder (Chicago, IL, USA).
Plasmid maps for PTH plasmids can be found in the
Supplementary Information. The AAV-CMV-GFP plasmid
was purchased from Clontech (Mountain View, CA, USA).
Rep/Cap serotype 2 and pHelper plasmids (Clontech) were
used for triple plasmid cotransfection to produce virus in
adherent HEK293T cells (ATCC, Manassas, VA, USA). Briefly,
cells were seeded at 45% confluency (7 X 104 cells/cm?)
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and allowed to adhere overnight. The Rep/Cap and Helper
plasmids were combined with the AAV-EF1a-PTH plasmid
at a 1:1:1 molar ratio and incubated in Opti-MEM medium
with PEI (Polyplus Sciences) for 15min to form complexes.
The solution was added dropwise to cell cultures in Opti-
MEM media. Media were replaced 24 h after transfection and
were collected after 96h.2!

The supernatant was collected and filtered through a
0.22-uM filter and processed using tangential flow filtra-
tion (Pall Biotech, Port Washington, NY, USA) with a 100-
kDa membrane cassette. Viral particles were resuspended
in sterile phosphate-buffered saline (PBS) containing 0.01%
Pluronics-F68 solution. Each batch was quantified using
quantitative polymerase chain reaction (QPCR) AAV titration
kit (Applied Biologic Materials) and analyzed using Quant
Studio3 (Invitrogen, Waltham, MA, USA). Only batches with
yields >5 X 10%2vg/cell were used for experiments. Viral
solutions were stored at ~80 C until use.

Cell culture and in vitro transduction

HepG2 hepatocytes were seeded at 25% confluence in 12-well
plates and allowed to adhere overnight in Eagle’s minimum
essential medium (EMEM) complete (ATCC) with 10% fetal
bovine serum (FBS) (GIBCO) and 1% antibiotic/antifungal.
AAV vectors were added at a multiplicity of infection (MOI)
of 5 X 10* and volume was brought up to 0.5mL using antibi-
otic-free medium and incubated for 24 h before medium was
changed to complete medium.

For cellular secretion rate, HepG2, HEK293, and U20S
cells were seeded at 25% confluence in a 12-well plate in com-
plete medium (EMEM, Dulbecco’s modified eagle medium
(DMEM), and McCoy’s 5A, respectively) and allowed to
adhere overnight. AAV vectors were added an MOI of 5 X 10*
and volume was brought up to 0.5mL using antibiotic-free
medium and incubated for 24 h before medium was changed
to complete medium.

Sa0S-2 cells and U20S osteosarcoma cells were seeded
at 5% confluence in 48-well plates and allowed to adhere
overnight in McCoy’s 5A complete with 10% FBS and 1%
antibiotic/antifungal. AAV vectors were added at varying
MOI. Volume was adjusted to 0.25mL using antibiotic-free
medium and incubated for 24 h. For potency assays, serum-
free medium was used, and cells were subcultured weekly.

In vitro assays

A continuous-flow, culture perfusion system optimized in
our lab was used as previously described.?? In brief, a 12-well
plate was modified to include plug-flow input and output
streams to measure media samples at a rate of 0.2mL per
hour for 120h. To measure transduction efficiency for all in
vitro experiments, GFP-positive cells were counted as a per-
centage of total cell count using image cytometry on day 3
post-transduction (Celigo, Nexcelom, Lawrence, MA, USA).
PTH secretion for HEK293, HepG2, and U20S cells was
determined by transducing cells with the AAV2-EF1a-PTH-
IRES-GFP vector. PTH was measured by collecting media
that was incubated for 24 h between day 3 and 4 post-trans-
duction via enzyme-linked immunoassay (ELISA) (Applied



Biologic Materials). The ELISA detects the 84 amino acid
sequence of human PTH, but cross-reactivity was not vali-
dated. Per cell secretion was determined by calculating total
PTH per well divided by the number of transduced cells.

The PTH potency assay was performed by transducing
osteosarcoma cell lines (SaOS-2 and U20S) with AAV2-
EF1a-PTH-IRES-GFP vectors. Supernatant from 24h of
accumulation was measured post-transduction via ELISA.
Normalized proliferation was measured by tracking cell
confluence over time and comparing it to the time-matched
control wells which were transduced with AAV2-EF1a-GFP
vectors. Confluence was quantified using brightfield image
cytometry (Celigo, Nexcelom).

Experimental animals

NOD.Cg-Prkdcscid 112rgtmWil/Sz] (NSG) mice, aged
8-10weeks, were used, and allowed food and water ad [libi-
tum. Eight male and eight female mice were assigned ran-
domly to sex-matched AAV-dosing groups: high (5 X 1010
viral genomes), medium (1 X 1010 viral genomes), low
(5 X107 viral genomes), and negative (5 X 10'° viral genomes
AAV-GFP). All animals received 50 L AAV solution in sterile
saline via tail vein. 100-uL blood was collected 20 days post-
AAV injection in heparin-coated tubes via tail vein to meas-
ure plasma PTH. Three weeks post-AAV injection, 2.5million
S5a0S-2 cells were injected subcutaneously on the dorsal
flank of each mouse in 100uL. Tumor length and width
was measured via digital caliper every fivedays postinjec-
tion until one or more tumors grew beyond 1cm in diam-
eter. Tumor volume was calculated as (length X width?)/2.
Mice were euthanized and tumors were extracted, imaged,
measured, and weighed. Liver samples were flash-frozen
in liquid nitrogen and stored at —80°C. Efficiency of AAV
delivery was measured by quantifying the concentration
of PTH in the liver and the number of AAV genome cop-
ies per ng of genomic DNA in the liver by qPCR. DNeasy
kit was used (QIAGEN, Hilden, Germany) to extract DNA
from homogenized samples. qPCR was performed using
primers for the inverted terminal repeat (ITR) region on
AAV as follows: 5-GGAACCCCTAGTGATGGAGTT-3’
and 5-CGGCCTCAGTGAGCGA-3.” For protein extraction,
CelLytic MT lysis buffer (MilliporeSigma, Burlington, MA,
USA) was used.

Bone tissue collection and analysis

At the time of euthanasia, tibias were dissected and placed
immediately in 10% neutral-buffered formalin solution for
fixation overnight. After fixation, samples were rinsed with
PBS and decalcified over 1-2weeks. Decalcification was
performed by placing samples in 20X volume of 20% w/v
EDTA solution using H20 and NaOH to adjust pH to 7.4.
EDTA solution was replaced twice a week until decalcifica-
tion was complete when bone was soft and pliable. After
decalcification, samples were paraffin embedded, sectioned,
and stained with Hematoxylin and Eosin (H&E). Slides were
imaged using an Evos XL Core microscope at 20X. H&E
images of the tibial head were used to measure the width
of the growth plate. Growth plate was identified as the
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epiphysial region between trabecular bone areas on images
and all zones were included resting, proliferative, and hyper-
trophic zones. Five measurements were taken across the
growth plate for each sample using Image] software (Java).
Measurements were averaged and compared across groups.

Blood biomarker analysis

To measure the changes in bone-related proteins in the blood,
plasma samples collected at euthanasia were analyzed
using a Multiplex panel and Luminex xMap technology
(Millipore). The Mouse Bone MAP Panel (Millipore) con-
tained magnetic beads which can be detected with unique
fluorophores for each analyte using the Luminex analyzer
(MAGPIX; Luminex, Austin, TX, USA). The analytes were
as follows: adrenocorticotropic hormone (ACTH), interleu-
kin-6 (IL-6), osteoprotegerin, insulin, leptin, Dickkopf WNT
signaling pathway inhibitor 1 (DKK1), sclerostin, tumor
necrosis factor alpha (TNFA), and fibroblast growth factor
23 (FGF23). Each analyte was measured using an antibody-
immobilized bead which was tagged with a unique magnetic
bead fluorophore. The assay was performed according to the
manufacturer protocol which utilized a magnetic separation
block for plate washing steps, an eight-point standard curve
and two quality controls. Fifty events per bead were meas-
ured from 50 uL samples. Analysis was performed using the
median fluorescent intensity (MFI) data to calculate the con-
centrations in samples.

AAV8 osteosarcoma study

The study was repeated with AAVS8 serotype vector for
EF1a-PTH. Vector was produced as previously described.
NSG mice, aged 8-10weeks, were used, and allowed food
and water ad [ibitum. Sixteen male mice were assigned
randomly to AAV dosing groups with higher dosing this
time: high (1 X 10! viral genomes), medium (5 X 101 viral
genomes), low (1 X 1010 viral genomes), and negative
(510" viral genomes AAV-GFP). SaOS-2 injection and
tumor monitoring were carried out in the same manner as
the previous study.

As before, PTH concentration was measured on day 21
postinjection of AAV via ELISA and mice were euthanized
42 days postinjection of tumor cells. In this trial, endpoint
blood collection was used to measure calcium, phospho-
rus, total procollagen type 1 N-terminal propeptide (P1NP),
and C-terminal telopeptide of type 1 collagen (CTX). For
the phosphorus measurement, CEDEX BioAnalyzer was
used with PhosphateBio metabolite kit (Roche, Basel,
Switzerland) according to the manufacturer protocol. For the
calcium measurement, a calcium colorimetric assay (Abcam,
Cambridge, UK) was used according to the manufacturer
protocol. Briefly, 25 pL of plasma was added to each well
in duplicate, assay was performed, absorbance was read
via VarioSkan plate reader (Invitrogen) and concentration
was calculated from a six-point standard curve. CTX and
total PINP were measured using ELISA (Immunodiagnostic
Systems, East Boldon, UK) according to the manufacturer
protocols. 20 and 5uL of plasma were used in duplicate for
each sample for CTX and P1NP kits, respectively.
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Figure 1. Exogenous cell types can be engineered to secrete PTH in vitro. (A) The AAV vector used for all experiments contains the human cDNA sequence for the
full 115 residue human prepro-PTH peptide. Through endogenous post-translational modification pathways, secreted PTH is 84 amino acids in full form. (B) Kinetic
secretion of PTH by HepG2 cells after transduction with AAV2-EF1a-PTH. Cells were perfused with media at 0.2mL/h over 110h to track secretion and expression
over time. At maximal rates, 10° cells secreted 5pg/h of human PTH. N=4 per group. (C) Three cell lines were transduced with AAV-EF1a-PTH-IRES-GFP at an MOI
of 5000. Per cell secretion rate was obtained by sampling the PTH concentration in the well at 72 h post-transduction/the number of transduced cells per well. Mean
values shown are three well replicates in two experiments for total of n=6 per group. Data are shown as mean values = SD. (A color version of this figure is available

in the online journal.)

Statistical analysis

Data are shown as mean value * standard deviation for
each group. All statistical analyses were performed using
GraphPad Prism. For in vitro potency assays, a two-way
analysis of variance (ANOVA) with multiple comparisons
and Tukey’s post hoc analysis was used to determine sta-
tistical significance (P <0.05) for each group compared to
the control at each timepoint. For all other analyses, one-
way ANOVA with Tukey’s post hoc analysis was used to
determine statistical significance (P <0.05) for weight and
endpoint volume. Dose—dependent significance was evalu-
ated using a one-way ANOVA for each analyte with a test for
linear trend between means in left-to-right order (P <0.05).

Results
In vitro transduction

The relatively short size of full-length, human PTH makes
it a good candidate for transgene expression in the AAV
genome. Endogenously, the 115 residue prepro-peptide is
synthesized by parathyroid chief cells in the parathyroid
gland. It is then translocated to the ER where it is cleaved to
pro-PTH.2 Within the trans-Golgi network, it is cleaved to
PTH and either secreted or stored. The entire de novo synthe-
sis is believed to last 30 min.2* Where most of the treatments
in development have focused on the 84 or 34 amino sequence
for PTH, we have utilized the full-length 115 amino acid
sequence which results in a secreted form which is 84 amino
acids (Figure 1(A)).

Because full-length, human PTH has not been secreted
previously using an AAV vector, we first sought to detect
PTH from ELISA in cell cultures. A hepatocyte cell line,
HepG2, was used to represent a similar cell type transduced
in vivo when AAV is delivered systemically. Our continu-
ous-flow perfusion system allowed for precise quantification

of the secretion rate of cells over time (Figure 1(B)).2? PTH
secretion was measured over time for fivedays post-
transduction. For each well, PTH secretion averaged about
6pg per hour at peak expression which occurred around
72h post-transduction.

Various cell types have different secretory capacities
which may be protein dependent. To demonstrate how this
may vary for PTH specifically, we compared the secretion
rates of HepG2 cells to HEK293 and osteosarcoma cells
(U208S). As shown in Figure 1(C), when normalized to the
number of transduced cells, HEK293 cells had the highest
secretion rate of about 0.8 pg per cell per day. While there
was no statistically significant difference, HepG2 had the
next highest rate which was over double the rate of U20S
cells, around 0.4pg per cell. This should be a factor when
considering an administration route for gene therapy, as it
shows that the cell type transduced may alter the PTH levels
even after transduction efficiency has been accounted for.

In vitro potency assay

After determining that PTH can be secreted from various cell
types, it is important to measure whether it is biologically
active. Most in vitro potency assays for PTH have been on
the nanogram/mL or microgram/mL scale, which may not
be physiologically relevant as the normal range in human
serum is 14-65 pg per milliliter.!”!8 In our potency assay, the
historically chosen osteosarcoma cell lines for PTH expo-
sure were used: SaOS-2 and U20S. While both cell types
express the parathyroid hormone receptor 1 (PTHR1), both
cell types are typically used for both chemotherapy potency
assays as well as PTH-related studies. It has been shown
that PTHR1 expression levels vary between them, as well
as their response to PTHR1-inhibiting drugs, but a few
have commented on which cell line responds to PTH more
effectively.?526
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Figure 2. Secreted PTH is potent and capable of inducing osteoblast proliferation. (A) Osteosarcoma (U20S and Sa0S-2) cells were transduced with AAV-EF1a-
PTH-IRES-GFP at varying multiplicity of infection (MOI). (B) The concentrations of PTH across different groups from U20S wells correlated positively with GFP+ cell
populations. (C) Transduction efficiency for each MOI and cell type as determined by GFP + cell number compared to total cell population. Normalized proliferation of
U20S (D) and Sa0S-2 (E) human osteosarcoma cell lines over time. The cells transduced at the highest MOI (5000) exhibited the highest levels of proliferation at all
timepoints for both groups. Mean values shown are from four well replicates in two experiments for total of n=8 wells per group. Data are shown as mean values = SD.

(A color version of this figure is available in the online journal.)

To simplify the assay, U20S and SaOS-2 cells were directly
transduced so that secretion into the media would influence
proliferation. To create a dose-dependent response, MOI of
viral genomes (vg) per cell was increased per group (Figure
2(A)). Using a dual-expression vector that expressed both
PTH and GFP, the exact number of transduced cells per well
was determined. As shown in Figure 2(B), the PTH concen-
tration in each well increased as the number of transduced
cells increased, which was a product of higher MOIL. PTH
was measured from varying MOI groups and quantified
using ELISA. Figure 2(B) shows the individual well data
for MOI 5000 and 2500vg/cell, at which the PTH was in
detectable range for the assay. In addition, the 24-h accumu-
lation concentrations were higher on day 4 post-transduction
than on day 2. At the highest MOI, concentration reached
upward of 300 pg/mL on day 4. Transduction efficiency was
also quantified as the number of GFP-positive cells com-
pared to total cell count on day 3 post-transduction. The
percent of transduced cells was similar between cell types
and increased with MOI (Figure 2(C)).

Proliferation as a function of PTH was tracked using
brightfield image cytometry to quantify the percent

confluence in each well. Cells were kept in serum-free media
which allowed long-term growth tracking for 21 days. For
both cell types, the greatest proliferation compared with the
time-matched control was in the group transduced at an
MOI of 5000vg/cell and was statistically significant at all
time points. Overall, SaOS-2 cells responded better since the
MOI 2500vg/cell group showed significant proliferation at
days 14 and 21 while U20S did not. In addition, SaOS-2 cells
had a higher relative proliferation at around fourfold while
U20S cells were maximal at twofold. For both cell types,
however, it shows that PTH secreted from osteosarcoma cells
induces proliferation. It is important to note that the magni-
tude of 10>pg/mL is 10 times high than physiologic range
but much lower compared to that of other studies which
measure proliferation in response to PTH in the nanogram
or microgram per milliliter range.!8

AAV-PTH expression in mice

To show bioactivity of secreted PTH mediated by AAV
vectors in vivo, an osteosarcoma tumor model was used.
Subcutaneous xenografts of human SaOS-2 cells have been
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Figure 3. PTH expression in mice after AAV2 injection. (A) Plasma PTH concentrations (pg/mL) 20days after AAV injection for each dose group. (B) Protein was
extracted from liver samples after euthanasia (day 42) and measured via ELISA for PTH concentration shown as pg/mg liver tissue for each group. N=4 mice per
group. Data are shown as mean values =+ SD. (C) AAV viral genome copies were measured in DNA extracted from liver samples using gPCR and are represented as
copy number/ug genomic DNA. (A color version of this figure is available in the online journal.)

NS: non-significant.
P <0.0001.

used previously to study osteosarcoma in immunocompro-
mised mice.?” AAV vectors were administered intravenously
via tail vein to NSG mice at varying doses of 5 X 1010, 1 X 101°,
5X10° AAV2-EF10-PTH vg per mouse. A control group was
administered 5 X 1019vg AAV2-CMV-GFP which served as a
sham control group. SaOS-2 cells were injected three weeks
post-AAV transduction. The PTH concentrations in the
serum increased with AAV dose when measured the day
before cell injection (day 20 postinjection), which is shown
in Figure 3(A). Concentrations at this timepoint represent
steady state, as it has been shown that concentrations of
proteins from AAV gene therapy delivered systemically in
mice at this timepoint.?® The high-dose AAV animals had the
highest concentration of PTH which was nearly a log-order
higher than physiologic range. The low- and medium-dose
groups had similar concentrations between 150 and 250 pg/
mL. At the time of euthanasia, PTH concentration was also
detected in liver sample and the highest dose group had an
average of 95pg/mg while the sham-GFP group was near
or below the detection limit of the assay on average (25pg/
mg) as shown in Figure 3(B). In addition, we detected AAV
viral genomes in the liver samples using primers on the ITR
sequence. AAV dose correlated with the viral genome copies
detected in the liver (Figure 3(C)). The high-dose PTH group
had 389vg copies/ng DNA on average while the medium-
and low-dose PTH groups averaged 59.9 and 21.4vg copies/
png DNA, respectively. The sham (GFP) group had similar
concentrations to the high-dose group.

Osteosarcoma tumor growth

Due to the proliferative effect of PTH on osteosarcoma cells,
the higher the PTH concentration in plasma, the faster the
tumor was expected to growth compared to the sham group
(GFP). The timeline for the study starting with AAV injection
through euthanasia on day 42 postcell injection is shown in

Figure 4(A). The tumor growth was measured using digital
calipers every fivedays. As shown in Figure 4(B), tumors
began to grow exponentially around day 20 and tumors in
the high-dose group grew more aggressively than the other
groups. At day 42 postcell injection, the high-dose group
tumors exceeded 1cm in diameter, so all mice were eutha-
nized. Tumor weight-matched trends seen in tumor volume
where tumors in the high-dose group weight significantly
more than those in any other group (Figure 4(C)). Tumors
varied in shape, size, and appearance. As shown in Figure
4(D) and (E), the low-dose group tumors were small, pale,
and often contained multiple nodules. Alternatively, the
high-dose tumors were larger and had more vasculariza-
tion. While a dose—dependent response was not exhibited
across all groups, the study does show that high levels of
PTH increased tumor growth rates for the high-dose group
compared to the sham group.

Effects on endogenous signaling

Bone turnover is another metric to observed PTH-induced
changes. The growth plate width in rodents can be influ-
enced by bone turnover rates because unlike humans, the
epiphysial plate does not fuse in rodents. In addition, PTH
treatment has been shown to increase the width of the
growth plate in mice and rats.?? PTH binds specifically to
the receptors in growth plate cartilage cells. In this study,
we compared the growth plate widths of the tibial head to
determine if the AAV-EF1a-PTH dose affected longitudi-
nal growth. Tibial growth plate width was measured using
the Image] software to measure five different widths along
the images of H&E sections. As shown in Figure 5(A), the
growth plate width of the tibial head in animals treated
with the high dose of AAV was significantly wider than
any other group. Animals from the medium- and low-dose
groups had growth plate widths that were not significantly
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different from control animals. A representative image of the
growth plate region with arrows indicating how the width
was measured is shown in Figure 5(B).

Blood biomarker analysis

Given that secreted human PTH impacted bone growth in
these mice, we wanted to determine if other bone turno-
ver markers were affected. To do so, we utilized a multiplex
assay that allowed quantification of nine bone-related ana-
lytes in the plasma. PTH has a complex effect on endocrine
homeostasis and bone metabolism. Changes can be detected
by measuring the concentration of proteins in the blood that
are altered by PTH concentration. Some of these markers
are directly related to PTH changes like DKK1, osteoprote-
gerin and sclerostin. Others are indirectly affected by PTH-
induced changes in calcium reabsorption and phosphorus
excretion in the kidneys or the gut. For this mechanism, PTH

has been shown to influence metabolic markers such as insu-
lin, leptin, and FGF23. Other biomarkers that are involved
in PTH feedback include ACTH and inflammatory markers
such as IL-6 and TNFA.

These analytes were multiplexed in a magnetic bead panel
which was used to assay plasma from day 42 post-tumor cell
injection (euthanasia). The results in Figure 6 show signifi-
cant dose-dependent changes in blood biomarker concen-
trations. As shown in the top three panels (Figure 6(A) to
(©)), there was a significant increase of ACTH, FGF23, and
leptin concentrations in the blood with increasing AAV dose.
These metabolic and endocrine responses were the most dra-
matic of all analytes. We show a positive correlation between
AAV dose and leptin which was the most dramatic response
shown (P <0.01). For this biomarker, both the medium- and
high-dose groups had elevated leptin levels compared to
the sham controls. For the bone-specific biomarkers, we
observed a variable response (Figure 6(D) to (F)). There
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NS: non-significant.
**P<0.01.

was not a significant dose-response in blood levels of scle-
rostin and DKKI. Interestingly, the osteoprotegerin levels
in the medium-dose group were lower than the sham, and
the levels were elevated in the high-dose group compared
with sham controls. The final biomarkers in Figure 6(G)
to (I), IL-6, insulin, and TNFA, showed variable response.
For both proinflammatory markers, IL-6 and TNFA,
the levels of PTH groups were all lower on average than
sham controls. Finally, we measured insulin levels in the
plasma. There was a significant decrease in insulin levels
with increasing AAV dose, indicating a negative correlation.
Interestingly, the medium-dose group had the lowest aver-
age concentration of insulin of all groups.

The biomarker analysis was used to determine the effect of
PTH on endogenous endocrine signaling in the mice. Dose—
dependent effects were seen in biomarkers ACTH, FGF23,
leptin, insulin, and osteoprotegerin, which shows additional
support for the bioactivity of human PTH secreted from AAV.

High-dose AAV8 osteosarcoma study

The results from the osteosarcoma trial show that only the
highest dose of AAV2-EF1a-PTH resulted in significant
effects on tumor growth in relatively small sample sizes.
To determine if this phenomenon would continue with an
increase in dose, the study was repeated in only male mice
to minimize variation. In addition, AAV serotype 8 was used,
which has been shown to achieve higher expression when
injected systemically in mice. In this AAV8 study, the experi-
mental design remained the same, but the highest dose was
increased to 1 X 10" vg/mouse.

The PTH concentration in the plasma was again measured
at day 21 post-AAV injection, which is shown in Figure 7(A).
The mean concentration of PTH in the 1 X 10 vg AAVS
group was significantly higher than the medium (5 X 1017)

dose group. For dose-matched groups between studies, there
was no significant different in PTH concentration between
doses of AAV2 or AAVS. The PTH concentration in the
GFP-sham group was undetectable by human PTH ELISA.
Similarly, endpoint tumor diameter was not significantly
different between the studies for dose-matched groups.
The highest dose group (1 X 10" vg) had tumors of similar
size to the 5X 109vg dose group, as shown in Figure 7(B).
Interestingly, the liver expression as measured by qPCR was
slightly higher in the AAVS study, but not significantly dif-
ferent than the AAV2 study for all dose-matched groups. The
highest dose AAVS8 group was significantly higher than the
5X10% dose group.

Given that the PTH concentrations, endpoint tumor diam-
eters, and liver expression were similar for dose-matched
groups in the AAV2 and AAVS studies, the endpoint blood
samples in this study were prioritized for measuring other
blood biomarkers related to PTH signaling. First, the blood
metabolites, calcium and phosphorus were measured. In
states of hyperparathyroidism, calcium levels are elevated
while phosphorus levels are depleted. In our AAVS study,
we observed that calcium levels did increase with dose, and
the group given the highest dose had significantly higher
calcium levels than controls (Figure 7(D)). Similarly, phos-
phorus levels decreased with increasing AAV dose, but
were not significantly different than sham controls (Figure
7(E)). Finally, we measured blood markers for bone turno-
ver. PINP and CTX concentrations in the blood are markers
of bone formation and resorption, respectively. In primary
hyperparathyroidism disease states, these markers are often
elevated because increased PTH acts on the signaling path-
ways in osteoblasts and osteoclast cells.® In this study, we
show that increasing AAV dose and therefore PTH concen-
tration, increased both P1NP and CTX concentrations in the
blood. In Figure 7(F), PINP was significantly elevated in all
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TNFA: tumor necrosis factor alpha.
*P<0.05; **P<0.01.

PTH-dosing groups compared to the sham-GFP controls. For
CTX, as shown in Figure 7(G), levels increased with dose,
and were significantly different at the highest dose com-
pared to sham controls.

Discussion

For in vitro assays, SaOS-2 and U20S cells are very typi-
cally used when examining the PTH pathway. However, we
have shown that the response to PTH may vary between cell
types. We did not explore the mechanism of why SaOS-2
cells responded better than U20S cells at similar MOlIs, and

further investigation would need to examine the PTHRI1
expression levels between these cell lines at varying PTH
exposure levels and timepoints. Future studies may also
explore how the response of full-length PTH from AAV
compares to the recombinant forms of the protein in a dose-
matched manner.

One barrier to measuring PTH treatment efficacy in small
animal models is the disease model available. The simplest,
most representative primary hypoparathyroidism model is a
parathyroidectomy. In mice, this model is not commercially
available due to the high attrition rate from the difficulty to
perform surgery. The next smallest animal model is rats, in
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which the surgical parathyroidectomy can be performed, but
requires at least 10 times the dose of AAV vector to achieve
the same dose per kilogram body weight. Using this simple
cancer model, we developed a checkpoint for bioactivity
of AAV-mediated PTH treatment. In addition, bioactivity
of PTH using this delivery method could be applied in the
future to model and study hyperparathyroidism in which
continuous PTH exposure is needed. Prolonged exposure
of PTH has drastically different effects than intermittent
recombinant treatments, and current models of hyperpar-
athyroidism often require osmotic pumps. AAV dose could
be titrated to create varying levels of disease severity.

In this dose escalation study, we did see notable differences
in gross tumor morphology. For both the low-and medium-
dose groups, there were animals with multiple small tumors.
Interestingly, this phenomenon was not observed in the
negative control. Alternatively, the high-dose group tumors
formed single, large tumors which were highly vascularized.
This difference in growth has not been observed in de novo
tumors before, but larger, repeated studies could be used to
determine if the PTH concentration caused the effect.

Given that the plasma and liver concentration of PTH
as well as the AAV copy number were significantly higher
in the high-dose groups, we have shown that PTH concen-
tration is causal of the osteosarcoma tumor growth in this
model. However, only one timepoint was used to measure
the PTH concentration in the blood, which limits the abil-
ity to draw conclusions based on long-term exposure. We
assayed human PTH (1-84) but did not explore cross-reac-
tivity with mouse PTH. The sham group dosed with GFP
served as a control that exhibited normal levels of mouse
PTH, which in most cases, were below the detection limit
of our assay. While concentrations in other tissues were not
measured, it has been shown that AAV2 and AAVS expres-
sions are significantly higher in the mouse liver compared
with other organs when AAV is administered systemically.3!
At higher doses, other systemic effects of high levels of PTH
may also become apparent. However, this model was per-
formed in a highly immunocompromised mouse model
in which the differential effects of AAV serotypes may be
diminished. The lack of difference between AAV2 and AAVS
expressions at similar doses suggests that the expression in



immune privileged mice would be lower so higher doses
may be needed in disease models to achieve therapeutic
concentrations.

Systemic bioactivity was observed through bone growth
plate width and blood biomarker analyses. Growth plate
width showed the same trend as was observed in tumor
growth which was that only the high-dose AAV resulted
in PTH levels high enough to have a significant influence.
This suggests that, like tumor growth, a certain systemic
concentration of PTH must be reached to influence lon-
gitudinal bone growth. These studies were performed in
adult mice, which may reduce the effects PTH can induce
on growth plate width. Similar results were observed in a
rat study where growth plate was significantly increased
by PTH treatment in 8-week-old rats but only slightly in
30-week-old rats.?? However, this shows that high-dose AAV
resulted in PTH-induced changes not only to human tumor
cell proliferation, but also the endogenous bone metabolism
in these mice.

In addition, we saw linear trends in blood biomarkers
with increasing AAV dose. These blood biomarkers were
measured at the time of euthanasia, which was approxi-
mately nineweeks after AAV injection. The PTH effects on
these pathways show that AAV injections have prolonged
expression for at least nine weeks. Several of the mark-
ers were directly related to PTH pathways, while others
had a response but the markers themselves are indirectly
related to PTH. Because the PTH concentrations resulting
from AAV doses were in excess of normal ranges, we com-
pared the relative biomarker changes to those observed in
hyperparathyroidism disease states. Human PTH has been
used previously to measure bioactivity in mice and the use
of sham groups provided controls to compare to baseline.
Induction of hyperparathyroidism was observed in several
serum protein concentrations. In reference to ACTH, we
suspect that this may be partially due to the tumor growth,
making it an indirect effect of elevated PTH. ACTH is
involved in the hypothalamus-pituitary—adrenal axis and
can become elevated in stress response and increases in cor-
tisol. However, it has been shown in some reports that PTH
stimulates steroid secretion of ACTH from adrenocortical
cells.3> We do not know if these markers are influenced by
the PTH concentration alone or if the tumor cells influenced
these markers.

FGF23, however, is directly related to PTH levels in the
blood. In the endogenous mechanism, PTH and FGF23 are
involved in a negative feedback loop, where PTH stimulates
FGF23 production which then suppresses PTH production.3
In this system, we show that PTH is stimulating FGF23 pro-
duction, but because PTH is driven by an exogenous EFla
promoter, there is no inhibition of PTH production. Leptin
production is also shown to be positively correlated with
PTH production but is most often cited as stimulating PTH
production.? In our system, we increased PTH production
and saw increased leptin production which suggests PTH
can also drive changes in this pathway.

For bone-specific biomarkers, DKK1, sclerostin, and oste-
oprotegerin, it important to note that these are often meas-
ured in the bone tissue rather than in the blood. Transcription
of these markers may be altered locally, but not to the extent
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to affect systemic concentrations in blood. In a study which
investigated the correlation of these biomarkers with PTH
levels in patients with hyperparathyroidism, sclerostin was
significantly decreased and DKK1 was significantly ele-
vated.?® Patients with hyperparathyroidism typically have
decreased serum levels of osteoprotegerin, but it has been
shown in certain studies that in instances where PTH is
extremely high, osteoblasts are maximally stimulated and
osteoprotegerin levels are elevated.’* While we cannot be
sure this was the response in mice, the PTH levels were over
5 and 20 times higher than the normal range in the medium-
and high-dose groups, respectively. For osteoprotegerin,
the variation may be explained by the PTH and osteoblast
stimulation threshold where PTH levels in the medium-dose
groups did not reach maximal stimulation and represent
a typical hyperparathyroidism model while the high-dose
group had over stimulation of osteoblast cells, and therefore
increased osteoprotegerin levels.

For proinflammatory cytokines, it has been shown that
patients with hyperparathyroidism have elevated levels
of TNFA, but IL-6 responses are shown to be variable.3738
This is believed to be related to the stress response from the
pathophysiology of the disease. In this study, we would
expect IL-6 and TNFA levels to be elevated due to the
tumor-stress response. Interestingly, there was no signifi-
cant dose-dependent change in either proinflammatory
cytokine.

It has been shown that patients with primary hyper-
parathyroidism exhibit insulin resistance and often have
increased insulin concentrations and that parathyroid sur-
gery corrects insulin levels.? This mechanism needs fur-
ther investigation but is thought to be related to vitamin D
due to the relationship between vitamin D deficiency and
type 2 diabetes.*? In models of hyperparathyroidism with
25-OH-VitD deficiency, insulin secretion is decreased, which
is the trend observed in this study.*!

Finally, in an additional osteosarcoma study, we increased
the dose to 1 X 10" with an AAV8 vector which was expected
to increase expression and PTH concentration compared
to the AAV2 study. Interestingly, there was no difference
in expression, concentration, or tumor growth for dose-
matched groups between AAV2 and AAVS studies. This
suggests that the differential effects of serotype may be sup-
pressed in immunocompromised mice compared to immune
privileged mice. We did observe significantly increased
PTH concentrations and liver expression in the 1 X 10! dose
group compared to the 5X 10'° vg/mouse. Because of this,
we chose to analyze important biomarkers that are often
analyzed when studying hyperparathyroidism. With com-
parable tumor effects and expression in the AAV2 study, we
observed dose-dependent changes in calcium, phosphorus,
PINP, and CTX concentrations in the plasma in the AAVS
study. Calcium and phosphorus were related as expected,
inversely. Higher PTH concentration resulted in higher cal-
cium and lower phosphorus levels. For PINP and CTX, both
increased with increasing PTH dose, but interestingly, PINP
displayed more dramatic increases at low and medium doses
compared with CTX, suggesting that PTH influences osteo-
blastic activity with higher sensitivity than osteoclastic. This
is consistent with reports of PTH treatment that increase the
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anabolic window by more drastically increasing PINP levels
compared to CTX level increases.*

In this study, full-length PTH was secreted from multiple
cell types in vitro, induced osteosarcoma cell proliferation,
induced tumor growth in an osteosarcoma mouse model,
and included endogenous bone as well as biomarkers. This
serves as a checkpoint for using AAV to measure efficacy
of PTH therapy in disease model rats. In addition, it shows
potency in the most-studied model of the PTH pathway:
osteoblastic proliferation. By minimizing animal numbers
in this dose escalation study, we provide initial evidence
that could be used to inform future powering endpoints. In
future studies, AAV-mediated PTH can be compared with
recombinant hormone efficacy and optimized for dose stud-
ies. In conclusion, AAV-mediated full-length PTH secretion
is feasible both in vitro and in vivo and demonstrates bioactiv-
ity on osteoblastic cells and systemically in mice. Based on
this proof-of-concept study, AAV-mediated PTH delivery
should be explored as a potential therapeutic treatment for
hypoparathyroidism.
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